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Abstract: Recent advances in high-throughput sequencing techniques have significantly accelerated
the development of personalized diagnostic tools and cancer treatments. However, a comparative
analysis of experimental animals that share similar genetic, physiological, and behavioral traits
with humans remains the basis for understanding the pathological mechanisms associated with
human diseases, including cancer. The generation and characterization of suitable animal models
mimicking tumor growth and progression thus represents an important “component” of tumor
biology research. The presented Special Issue contains ten review articles, which, based on data
obtained from various animal models, summarize a number of aspects of the tumor formation
process that include gastrointestinal neoplasia, breast cancer, hematological malignancies, melanoma,
and brain tumors. This Special Issue nicely illustrates how the study of suitable living models
uncovers not only the fundamental molecular and cellular bases of neoplastic growth, but might also
indicate approaches to efficient cancer treatments.

Keywords: cancer; mouse models; non-mouse models; gene editing; stem cells; solid tumors;
hematologic malignancies

The use of animal models to study the process of cell transformation and tumor formation has
become a routine experimental approach. Initially, various types of neoplasms were induced in the
experimental animal by exogenous substances or radiation. These techniques were extended by
genetic models. Such models were first obtained by selecting “random” phenotypes, and later also by
targeted genome modifications. Additionally, xenotransplantation techniques for implanting tumor
cells or tumor tissue fragments directly into animals’ bodies have been developed. Another technical
improvement that accelerated and streamlined the preparation of animal models was based on the
introduction of the method of conditional genetic modifications (especially the Cre/loxP system),
which enabled tissue-specific and time-defined genetic changes. A breakthrough was brought by
the introduction of programmable nuclease technology and the clustered regularly interspaced short
palindromic repeats (CRISPR)/CAS9 system. The tumor process is associated with a number of genetic
changes in the particular cell type, and these inventions have led to well-defined and sophisticated
tumor models that resemble the complex pathological situations observed in human tumor tissue.
This Special Issue has been dedicated to animal models used for cancer research and contains ten
review articles. Not surprisingly, most of them are dedicated to rodents (especially mice and rats) as
the main experimental model used in tumor biology.

Non-mammalian models are dominated by zebrafish (Danio rerio). The use of fish in biomedical
research has its obvious advantages. These are, in particular, the relatively low costs of their breeding
(related to a high reproductive capacity), extracorporeal development of embryos, and the possibility
of performing genetic manipulations. The above advantages are somewhat complicated by the fact
that during evolution, the zebrafish genome has undergone duplication, and its genes thus have
more paralogs. The resulting redundancy or, conversely, species-specific variability of the original
function of the studied gene might complicate the analysis and interpretation of the obtained results.
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On the other hand, the natural transparency of zebrafish embryos and the existence of a mutant strain
called casper, whose individuals are transparent even in adulthood, making it possible to monitor
the growth and distribution of tumor cells directly in a living organism. Another complication is the
relatively small amount of commercially available antibodies that recognize fish antigens. However,
this disadvantage can be very well compensated for by the use of transgenic “reporter” strains, a large
number of which are currently available. The above-mentioned features, together with the fact that the
development of the hematopoietic system has cellular bases and regulatory mechanisms very similar
to those described in mammals, make zebrafish a unique model for the study of hematooncological
diseases. This is well illustrated by examples of myeloproliferative neoplasms (MPN) [1] and acute
myeloid leukemias (AML) [2]. A comprehensive summary of zebrafish as a model in tumor biology
with a detailed presentation of various types of studied neoplasms and techniques is given in a review
article by M. Hason and P. Bartunek [3].

Carcinoma of the colon and rectum (colorectal cancer (CRC)) represents one of the most
frequently diagnosed neoplasia in developed countries. Therefore, it is also not surprising that
the two articles included in the Special Issue are dedicated to mouse models of intestinal cancer.
The majority of CRCs progress through the conventional adenoma—carcinoma pathway. In recent
years, there have been considerable efforts to unify the classification of colorectal tumors. These efforts
have led to the establishment of the system of four consensus molecular subtypes (CMSs) defined
by multiple characteristics that include gene expression profiles, microsatellite instability, genomic
DNA methylation status, and differences in the status of the immune response and various signaling
pathways. In their review, M. Stastna and colleagues have presented a broad spectrum of mouse
intestinal cancer models that display pathological changes in Wnt, Hippo, p53, epidermal growth factor
(EGF), and transforming growth factor  (TGFf) signaling. They have also described microsatellite
instability models and models of chemically induced tumorigenesis. Importantly, the authors reflect
the categorization of human CRC into the CMS groups and indicate a possible assignment of the
described mouse model to the CMS group [4]. The mammalian gut is a complex organ consisting
not only of cells intrinsic for the organism, but also containing vast amounts of bacteria. Importantly,
microbial colonization of the gut is essential for the development and function of the immune system,
proper digestion and acquisition of nutrients, and vitamin production. In a well-structured and
interesting comprehensive article, A.A. Leystra and M.L. Clapper present the topic of the influence of
intestinal microbiome compositions on the phenotypes of mouse models with colon cancer. The article
further summarizes the factors that significantly affect the composition of the intestinal microbiome in
experimental mice. Importantly, the authors also propose strategies that might help to evaluate the
effect(s) of the differing microbiome composition on the output of experiments related to intestinal
tumorigenesis [5].

The issue of intestinal neoplasias is related to the article of K. Chawengsaksophak, which is fully
dedicated to the role of the caudal type homeobox 2 (Cdx2) gene in esophageal and gastrointestinal
cancer and leukemias, as shown by the analysis of mice and zebrafish models. Cdx2 is an important
factor in defining the positional identity of cells. Pathological situations associated with tissue damage
and its subsequent regeneration may cause changes to the cell identity called metaplasia, or an abnormal
localization of otherwise morphologically and cytologically normal tissue. Importantly, metaplasias
represent a significant factor in the development of cancer. An aberrant expression of the Cdx2 gene
induces a shift in cellular identity towards more posterior types and, in animal models, it results in an
intestinal type of metaplasia of the esophageal epithelium (so-called Barrett’s esophagus) and stomach.
In contrast, a loss of the Cdx2 gene in the colon induces neoplasias producing gastric markers. Finally,
leukemia is one of the neoplasms for which Cdx2 (over)production is typical [6].

Two articles are dedicated to hematooncological models. L. Lanikova and colleagues thoroughly
describe the genetic basis (the so-called mutation landscape) of MPN, which are represented by
polycythemia vera, essential thrombocytosis and primary myelofibrosis. The authors introduce mouse
and fish models with these disorders. They also provide examples of how the technology of induced
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pluripotent stem cells (iPSCs) has initiated a new era in human disease modeling. For example, iPS cells
prepared from MPN allow for the reconstruction of the clonal hierarchy and investigation of the effects
of oncogenic mutations at their endogenous settings [1]. The article by H. Skayneh and co-workers
deals with zebrafish and rodent (rat, mouse) AML models. AML is a very common hematological
neoplasia with a heterogeneous genetic basis, and suitable animal models are a key tool for the analysis
of individual AML (sub)types. The authors also report the use of Drosophila as an invertebrate model
to study the chromosomal translocation t (8:21) (q22; q22), which is very frequent in AML [2].

The article by V. Horak and colleagues focuses on animal models used in the study of melanoma.
Melanoma is a very aggressive and deadly type of cancer, the incidence of which is increasing
worldwide, especially in the Caucasian population. The introductory part comprehensively describes
our current knowledge about the genetic changes and molecular mechanisms related to the origin
and progression of the disease. A detailed description of animal models follows, which includes
not only mouse models, but also dog and horse models, as well as three non-mammalian animal
models (zebrafish, Xiphophorus and Drosophila). The most extensive part of the review is dedicated
to the Melanoma-Bearing Libechov Minipig. The origin of this genetic model dates back to the late
1960s, and the knowledge about this model is thus very deep and extensive. The (mini)pig as a model
for melanoma research has a number of advantages. The structure and distribution of melanocytes
in the pig skin is more similar (unlike mouse skin) to the situation in the human skin. Moreover,
the relatively long lifespan (12-18 years) allows the long-term monitoring of the experimental animals.
Large animals also allow blood or tissue samples to be taken repeatedly during their life (and disease
progression) of the experimental individuals [7].

Research over the last few decades has clearly shown that dysfunction of the evolutionarily
conserved Wnt, Notch, and TGFf signaling pathways may have critical consequences for cellular fate,
often leading to cell transformation and tumorigenesis. The article by N. Baloghova and colleagues
offers a new perspective on the regulation of these signaling pathways by the ubiquitin-proteasome
(UPS) system. The authors summarized (in an “exhaustive” manner) the results obtained in the mouse
models [8]. It should be emphasized that for therapy based on UPS function manipulation, a thorough
understanding of the molecular mechanisms affecting the protein stability is essential. Additionally,
a subsequent validation of this knowledge in living animal models is also required.

The last two review articles offer a somewhat different view of the use of animal models in tumor
biology. R.A. Moorhead evaluates the possibility of whether the consumption of soy products or
soy-derived isoflavones might prevent (or reduce) the risk of breast cancer. The author summarizes
that while epidemiological studies conducted in Asian countries show that high levels of soy and soy
product consumption are associated with a reduced risk of breast cancer, experiments using mouse or
rat breast tumor models (with tumors induced by chemical carcinogens or ectopic oncogenes) have
not been confirmatory [9]. Obviously, the negative outcomes of the experiments could be related
to the overall experimental design; however, the main issue might be that rodents metabolize soy
isoflavones differently than humans. The article by A. Michaelidesova and co-workers describes the
basic characteristics of various types of brain tumors, radiotherapy techniques, and possible side
effects of radiotherapy. For obvious reasons, it is difficult to study neurogenesis in the adult human
brain, but postnatal neurogenesis has been studied in detail in rodents, as nicely summarized in this
article—[10]. Here, again, it should be emphasized that the question of neurogenesis in the adult
human brain is still controversial. Which brings me back to the idea that some caution is needed when
generalizing the results obtained in animal models.

I thank all the authors and reviewers of the published articles and I wish the readers
inspiring reading.
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Abstract: While epidemiological studies performed in Asian countries generally show that high
levels of dietary soy are associated with reduced breast cancer risk, studies in Western countries
have typically failed to show this correlation. In an attempt to model the preventative actions of soy
on mammary tumor development, rodent models have been employed. Thirty-four studies were
identified that evaluated the impact of soy products or purified soy isoflavones on mammary tumor
initiation (studies evaluating established mammary tumors or mammary tumor cell lines were not
included) and these studies were separated into mammary tumors induced by chemical carcinogens
or transgenic expression of oncogenes based on the timing of soy administration. Regardless of
when soy-based diets or purified isoflavones were administered, no consistent protective effects
were observed in either carcinogen-induced or oncogene-induced mammary tumors. While some
studies demonstrated that soy or purified isoflavones could reduce mammary tumor incidence, other
studies showed either no effect or tumor promoting effects of soy products or isoflavones. Most
importantly, only five studies found a decrease in mammary tumor incidence and six studies observed
a decrease in tumor multiplicity, two relevant measures of the tumor preventative effects of soy or
isoflavones. The variable outcomes of the studies examined were not completely surprising given that
few studies employed the same experimental design. Future studies should be carefully designed to
more accurately emulate soy consumption observed in Asian cultures including lifetime exposure to
less refined soy products and potentially the incorporation of multigenerational feeding studies.

Keywords: soy; isoflavones; mammary tumor prevention; rodent models; chemical carcinogens;
transgenic mice

1. Introduction

It has been estimated that approximately 35% of human cancers are preventable through changes
in lifestyle such as maintaining a healthy body weight, eliminating alcohol and tobacco, and adhering
to cancer screening guidelines [1]. One lifestyle change that has been specifically associated with
breast cancer is the consumption of high levels of dietary soy. Several epidemiologic studies found
that women from cultures consuming high levels of dietary soy have an ~3-fold reduced risk of
developing breast cancer compared to women that only consume small amounts of soy [2-6]. Several
meta-analyses of the epidemiologic studies found that high consumption of soy reduced the risk of
breast cancer in both pre- and post-menopausal women in studies performed on Asian populations but
not on women from Western countries [6-8]. A 2019 meta-analysis found that individuals consuming
high levels of isoflavones had similar breast cancer rates as those consuming low levels of isoflavones.
When this meta-analysis only evaluated studies that reported the intake of soy foods, individuals
consuming high levels of soy foods had a significant reduction in breast cancer risk compared to those
in the low soy-food consumption group [9]. Therefore, although most studies suggest that consuming
high levels of dietary soy may reduce the risk of developing breast cancer, there is no clear consensus.

Genes 2019, 10, 566 ; doi:10.3390/genes10080566 5 www.mdpi.com/journal/genes
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However, some of this variation may stem from the population examined, types of soy products
consumed (refined vs unrefined, fermented vs unfermented, and soy foods vs isoflavones), as well as
the timing and duration of soy consumption. Ideally, randomized human prevention trials should be
performed; however, these types of studies would take decades to complete, may raise ethical concerns
of feeding developing fetuses or newborns specialized diets without their consent, and it would be
difficult to maintain compliance to specific diets for such a long duration.

Since human randomized clinical trials are not feasible, animal models have been utilized with
the most common being rodent models. Rodent mammary glands share features with the human
breast including epithelial-lined ducts surrounded by myoepithelial cells, fibroblast and stroma [10].
In addition, both the mouse mammary gland and human breast respond to similar growth factors,
cytokines and hormones during pubertal ductal development, alveologenesis and involution [10].
There are, however, differences in human and rodent mammary glands including the number of
mammary glands, increased density of fibrous tissue in human breasts as well as more complex
lobulo-alveolar structures in human breasts [11].

This review focuses on rodent models designed to assess the preventative actions of dietary soy
products or purified isoflavones and includes papers published since 1995. For studies prior to 1995,
please see the review by Barnes [12]. The efficacy of dietary soy or purified isoflavones in reducing
breast cancer progression or tumor recurrence has been investigated but is beyond the scope of this
review. While it is possible that soy isoflavones impact tumor cell progression or recurrence using
similar mechanisms as those that prevent mammary tumor initiation, it is also possible that these
tumor stages are regulated by distinct mechanisms and thus this review has focused on soy’s impact
on tumor initiation and not progression or recurrence.

2. Soy and Isoflavones

Soy products are derived from soybeans and contain a number of compounds including protease
inhibitors, phytosterols, saponins, and phytoestrogens known as isoflavones. Most of the work has
focused on the isoflavone component of soybeans and the main isoflavones are genistein, daidzein
and glycitein [13]. Isoflavones have chemical structures similar to mammalian estrogens and thus can
bind to estrogen receptor-a (ERx) and ERp [14-16]. The affinity of isoflavones for ERx and ERp is
also different with isoflavones preferentially binding to ER [17-20]. However, soy isoflavones have
relatively weak estrogenic activity compared to endogenous estrogens [21,22] and thus, it is thought
that dietary isoflavones partially impede endogenous estrogen signaling [14,23,24]. Since elevated
lifetime estrogen exposure is a breast cancer risk factor [25], soy isoflavones may reduce breast cancer
risk by suppressing the effects of endogenous estrogen. In addition to altering estrogen signaling, soy
isoflavones have been reported to decrease lipid peroxidation and oxidative DNA damage through
their antioxidant properties [24,26-28], promote apoptosis [26,29], inhibit angiogenesis [27,30-32] and
regulate DNA methylation [33]. It should be noted that most mechanistic studies of soy isoflavones
are performed in vitro using isoflavone concentrations exceeding 25 micromolar, while circulating
levels of isoflavones in rodents and humans consuming soy-rich diets are typically less than 1-5
micromolar [29,31,32,34-36]. Moreover, in vitro studies cannot account for modifications of isoflavones
during normal metabolism that can influence the relative abundance of isoflavone metabolites and their
bioactivity [37]. While most of the studies have focused on the isoflavone components of soy, other
soybean components such as protease inhibitors, phytosterols and saponins that may also influence
breast cancer risk [38—40].

Not all sources of dietary soy are equal. Asian cultures typically consume minimally processed
soybeans and more fermented soy products such as miso or tempeh where isoflavones are primarily in
their aglycone form (genistein, daidzein and glycitein) [41]. In contrast, Western societies typically
consume non-fermented soy products such as soy milk or tofu which contains isoflavones primarily in
their glucosides form (genistin, daidzin and glycitin). In addition, soy products in North America often
undergo extensive extraction and purification processes producing a product known as isolated soy
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protein (ISP) or soy protein isolate, which lacks most of the carbohydrates and fiber, leaving a product
that is approximately 90% protein. This processing also influences the levels of isoflavones [42-44] and
removes a number of soy compounds including protease inhibitors, phytosterols and saponins that
may alter the protective properties associated with soybeans [42].

3. Rodent Mammary Tumor Models

One of the first and most common rodent models used to evaluate the impact of soy isoflavones on
mammary tumor develop is the administration of 7,12-Dimethylbenzathracene (DMBA) to rats. DMBA
is typically given as a single dose to pubertal female rats through injection or oral gavage and tumor
incidence is close to 100% with tumor onset ranging from 8-21 weeks, depending on the concentration
of DMBA administered [45]. Mammary tumors induced by DBMA are typically minimally invasive but
remain hormone-dependent and thus are reasonable models for estrogen dependent breast cancers [46].
Other chemical carcinogens have also been used including N-methyl-N-nitrosourea (NMU) and ethyl
methanesulfonate (EMS), which are typically provided as a single administration to pubertal female
rats and 2-amino-1-methyl-6-penylimidazo[4-b]pyridine (PhIP) is administered orally to rats four
times per week for two weeks. Although chemically induced rat mammary tumor models share
features with human breast cancer they frequently induce mutations in Hras [47-50], a phenomenon
not frequently observed in human breast cancers. However, a more recent study evaluating genetic
alterations induced by DMBA in mice frequently observed mutations in Pi3kca and Pten, two relevant
human breast cancer genes [51]. Chemical carcinogens are used less frequently in mice as mice are more
resistant to chemically induced mammary tumors than rats and require multiple doses of chemical
carcinogens [51].

With the generation of genetically modified mice, alterations in specific oncogenes or tumor
suppressor genes became possible. The most widely used transgenic mammary tumor model is
MMTV-neu transgenic mice. MMTV-neu mice express elevated levels of EbbB2 (rodent equivalent of
human HER-2) in mammary epithelial cells as well as other epithelial cells where the mouse mammary
tumor virus (MMTV) promoter is expressed [52-54]. MMTV-neu mice develop mammary tumors with
a median onset of 5-10 months [55-57] and these tumors have characteristics similar to human HER2+
tumors [58]. Another MMTYV driven transgene that induces mammary tumor development is Wrnt1.
MMTV-Wnt1 transgenic mice develop mammary tumors expressing both luminal and myoepithelial
genes and cluster most closely with normal human breast tissue [58]. One limitation with MMTV-driven
transgenes is that the oncogene is expressed at low levels throughout the animal’s lifespan. The MMTV
promoter is responsive to steroid hormones [59-62] and thus its activity is highest during puberty and
gestation with low levels of MMTYV promoter activity prior to puberty. As it remains unclear when the
initiating events for breast cancer occur, expression of an oncogene at all developmental stages may or
may not accurately reflect oncogene expression in humans.

Two non-MMTV-driven transgenes have been used to study the impact of dietary soy on mammary
tumor development: C(3)1/SV40 and Mt-hGH. C(3)1/SV40 transgenic mice express the simian virus 40
large T antigen driven by the rat prostatic steroid binding protein C3(1) 5’-flanking sequence. Female
mice develop mammary tumors by 4 months of age and male mice develop prostate tumors by 1 year
of age [63]. Mammary tumors from C(3)1/SV40 transgenic mice share characteristics with human
basal-like tumors [58]. Mt-hGH transgenic mice express elevated levels of human growth hormone
driven by a murine metallothionein promoter. These mice develop mammary tumors by 27-43 weeks
of age [64]. Gene expression analysis has not been performed on these mammary tumors but the
authors describe the tumors as malignant papillary adenocarcinomas [64].

In addition to the transgenic mice describe above, MTB-IGFIR transgenic mice [65] have also been
used to investigate soy isoflavone’s impact on mammary tumorigenesis [66]. MTB-IGFIR transgenic
mice overexpress the human insulin-like growth factor receptor (IGF-IR) in mammary epithelial cells in
a doxycycline-inducible manner [65]. Mammary tumors rapidly develop in 100% of the mice and these
mammary tumors cluster most closely with human basal-like breast cancers [67]. The MTB-IGFIR
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transgenic mice overcome one of the limitations of constitutive transgenic models (i.e., MMTV-driven
transgenes) in that the IGF-IR transgene is only expressed when doxycycline is present and thus
transgene expression can be initiated in pubertal or adult mice [65,68].

4. Timing of Soy Exposure

A key difference in the studies evaluating the impact of soy isoflavones on mammary tumor
development in rodent models is the timing of soy isoflavone administration. Most of the early studies
and even some of the more recent studies initiate the feeding of soy diets or purified isoflavones in
postnatal rodents. This experimental approach would presumably emulate the human situation where
children or adolescents switch their diet to one containing high levels of soy. However, Asian cultures,
where reduced breast cancer rates are observed, would presumably consume high levels of soy at all
stages of life including during pregnancy and lactation as well as during childhood, adolescence and
adulthood. Therefore, lifetime exposure (gestation, lactation and postnatal development) may more
accurately model the isoflavone consumption of cultures with reduced breast cancer rates.

Given the potential importance of the timing of soy exposure this review has been organized
into two main sections: mammary tumor development following postnatal soy/isoflavone exposure,
and mammary tumor development following lifetime soy/isoflavone exposure. There were also four
studies that investigated soy exposure only during the perinatal developmental window, which have
been included in this review.

5. Mammary Tumor Development Following Postnatal Soy Isoflavone Administration

Twenty-three studies were identified that evaluated mammary tumorigenesis following the
administration of soy-based diets or purified isoflavones during postnatal development; fourteen using
chemical carcinogens in rats [69-82] and nine using transgenic mice [83-91]. For this review, postnatal
administration was defined by the initiation of soy-based diets or isoflavones at weaning or later and the
design of these studies and the main findings are summarized in Table 1. The impact of soy isoflavones
on mammary tumor development were highly variable. This was not completely surprising given the
differences in (1) the chemical carcinogen or oncogene used, (2) the source and concentration of soy
products or purified isoflavones, and (3) the timing of soy/isoflavone administration. Within the 14
chemical carcinogen studies, 8 found that soy/isoflavones had some protective effect against mammary
tumorigenesis (tumor incidence, latency, multiplicity or size) [70-74,76,79,82] but only 2 of these studies
observed a truly protective effect against mammary tumor development as measured as a significant
decrease in tumor incidence [71,72], while 3 studies demonstrated a significant reduction in tumor
multiplicity [74,76,79]. Three of the studies using chemical carcinogens found that soy/isoflavones
promoted mammary tumor incidence, multiplicity, or size [72,75,80].

The findings were also highly variable in the transgenic mouse models with four of the nine
studies showing at least some protective effect against mammary tumorigenesis (tumor incidence,
latency, multiplicity or size) [83,86-88], with two of these studies observing a significant decrease in
tumor incidence [83,88]. Three of the studies found no effect [84,89,91] and three of the studies found
that soy isoflavones promoted at least one mammary tumor property [83,85,90]. The transgenic data
was more difficult to evaluate as often other characteristics (i.e., high fat diet, estrogen levels) and
different concentrations of isoflavones were assessed in the same study. For example, the study by
Zhang et al. [83] assessed the impact of soy on mammary tumor development in MMTV-neu mice
with low (ovariectomized mice), normal or high (estradiol injection) levels of estrogen. In this study
it was observed that diets high in soy increased tumor incidence in the low estrogen group, but the
soy diet reduced tumor incidence in the high estrogen group (explaining why this study is referenced
as soy-based diets having demonstrated both tumor protective and tumor promoting effects in the
discussion above).
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Genistein is the most studied individual soy isoflavone as it is the predominant isoflavone in soy and
it can bind to estrogen receptors [92]. When evaluating only those studies that utilized purified genistein,
eight studies [69-71,73,79-81,87,89] examined the impact of postnatal genistein administration on
mammary tumor development with six of these studies performed on rats [69-71,73,79-81] and two
in mice [87,89]. Three of the studies evaluating genistein in rats demonstrated some protective effect
such as increased tumor latency or decreased tumor size [70,71,73]. Only one study demonstrated
a significant decrease in tumor incidence [71]; however, a second study found a decrease in tumor
multiplicity [74]. Of the two studies evaluating postnatal genistein administration in transgenic mice,
one study observed an increase in tumor latency but no significant effect on tumor size, incidence or
multiplicity [87], while the second study found no significant differences in tumor incidence or growth
rate [89].

6. Mammary Tumor Development Following Lifetime Soy Isoflavone Administration

Fewer studies have evaluated the benefits of lifetime soy isoflavone exposure in rodent models of
mammary tumor development and these studies are summarized in Table 2. Lifetime soy/isoflavone
exposure was defined as soy/isoflavone administration during gestation, lactation and postnatal
development. Only two studies using chemical induction of mammary tumors were found and both
utilized NMU. While one study demonstrated a significant reduction in tumor incidence and prolonged
tumor latency [93], the other study found no significant difference in tumor incidence [94].

Table 2. Lifetime Soy/Isoflavone Administration.

Species Isoflavone Diet/Timing Tumor Inducer Main Finding Refs

1 injection of 50 mg/kg body Tumor incidence reduced, and

. rocl ; B .
rat ISP, gestation day 4-EOS weight NMU at PND50 latency mcr.easfe.d in SPI group; [93]

tumor multiplicity not affected

. R 1 injection of 50 mg/kg body No significant differences in y

rats ISP, gestation day 4-EOS weight NMU at PND51 tumor incidence or multiplicity (41

Decreased tumor incidence and

. 90 mg/kg Prevastein (46.19% wt/wt MMTV-neu on high fat diet . increased tum01.r latency m
mice . . X . k ... isoflavone group with corn oil but ~ [96]
isoflavones) 2 weeks prior to mating-EOS  with either corn oil or fish oil S : .
no significant differences in group
with fish oil

Soy containing 4RF21, breeding-weaning
mice and then 4RF21, SPI or isoflavone poor MMTV-neu No difference in tumor incidence [95]
concentrate, PND21-EOS

MTB-IGFIR (IGF-IR induced Tumor onset reduced, and

ice o i -
fice 20% ISF, breeding-FOS at PND45 or PND100) incidence increased in ISP group

[66]

1T EOS = end of study; PND = post-natal days; ISP = isolated soy protein; NMU = N-methyl-N-nitrosourea.

There were also three studies using transgenic mice. One study using MMTV-neu mice found that
mice fed a diet containing the isoflavone-enriched product, Prevastein, had reduced tumor incidence
and prolonged tumor latency in the group that were fed a high-fat diet based on corn oil, but not in the
group with a diet based on fish oil. Meanwhile, the other study found no impact on tumor incidence
in MMTV-neu transgenic mice fed a high soy diet compared to controls [95]. In the study using
MTB-IGFIR mice, tumor incidence was increased and tumor latency was decreased in MTB-IGFIR
mice fed a diet containing 20% ISP compared to casein-fed MTB-IGFIR mice [66].

7. Mammary Tumor Development Following Perinatal Soy Isoflavone Administration

For this review, perinatal exposure was defined by soy or isoflavone administration between
conception and weaning. Using this definition, there were six studies identified, four of which used
chemical carcinogens in rats [94,97-99] and two studies that used MMTV-neu transgenic mice [91,96].
These studies are summarized in Table 3. None of the studies demonstrated a decrease in tumor
incidence in soy/isoflavone treated rodents; however, three of the studies using chemical carcinogens
found a decrease in tumor multiplicity [94,98,99]. One study using MMTV-neu transgenic mice found
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no significant difference in the tumor incidence or onset in Prevastein-treated mice compared to control
mice [96] while the other study found that tumor multiplicity and size increased in the medium- and
high-Prevastein groups compared to controls [91].

Table 3. Perinatal Soy/Isoflavone Administration.

Species Isoflavone Diet/Timing Tumor Inducer Main Finding Refs
250 mg daidzein/kg diet 2 week prior to 1 oral dose, 40 mg DMBA at  No significant differences in tumor onset or
rat . © L [97]
mating-weaning PND50 incidence
25 or 250 mg genistein/kg diet 1 oral dose, 80 mg/kg DMBA Tumor multiplicity reduced in isoflavone
rat 8 . 98]
conception-weaning at PND50 group
No significant effect on tumor latency or
at 20 ug genistein injected on PND7, 10,14, 1 injection, 10 mg DMBA at incidence but multiplicity and growth rate 199]
" 17 and 20 PND45 significantly lower in genistein group vs
control group
X - 1 injection of 50 mg/kg body  No significant differences in tumor incidence )
rats SPI, gestation day 4-EOS weight NMU at PND51 but multiplicity significantly reduced 1041
No significant difference in tumor incidence
mice 0, 18, 90 or 270 mg/kg Prevastein (46.19%  MMTV-neu on normal or but tumor multiplicity and size significantly [91]
wt/wt isoflavones), conception-weaning high fat diet increased in medium and high isoflavone
group
90 mg/kg Prevastein (46.19% wt/wt . .
mice isoflavones) 2 weeks prior to MMTV-new on high fat diet No differences in tumor incidence or onset [96]

. N with either corn oil of fish oil
mating-weaning

8. Conclusions and Future Considerations

The most appropriate measure of reduced breast cancer risk would be a reduction in tumor
incidence (number of animals that develop mammary tumors) in rodents fed diets containing soy or
isoflavones compared to rodents fed control diets. Of the 34 studies evaluated, only 5 demonstrated a
significant reduction in tumor incidence in response to diets enriched with soy products or purified
isoflavones. Tumor multiplicity was reduced in soy-fed mice in an additional 6 studies and thus 11 of
34 studies demonstrated that soy products or purified isoflavones reduced either the percentage of
rodents that developed mammary tumors or the number of tumors that developed in each animal.
When focusing on the studies that evaluated the administration of the purified soy isoflavone genistein,
4 of the 8 studies demonstrated that postnatal genistein reduced at least one tumor characteristic,
with only 2 of these studies demonstrating a decrease in tumor incidence or multiplicity. Given that
less than a third of the studies demonstrated a decrease in tumor incidence or multiplicity suggests
that the current studies have failed to demonstrate a consistent, protective effect of soy isoflavones in
preventing mammary tumor development.

Before concluding that either rodent models are unsuitable for breast cancer prevention
studies or high levels of dietary soy do not reduce breast cancer risk, further research should
be encouraged. However, a number of factors require careful consideration, including (i) the type of
soy (unrefined/refined, fermented/unfermented, or purified isoflavones), (ii) the experimental model
(mice, rats or another model such as primates), and (iii) when to initiate soy-based diets and how
long these diets should be continued. Future studies should emulate the human data that most
clearly implicates that the consumption of dietary soy reduces breast cancer risk, and these are the
epidemiologic studies showing that lifetime/multigenerational exposure to diets containing unrefined,
fermented soy products by some Asian cultures reduces breast cancer risk. Therefore, diets containing
high levels of unrefined and possibly fermented soy products should be tested. The unrefined soy
products would maintain most of the soybean components such as protease inhibitors, phytosterols and
saponins that are typically lost during the refinement process. With respect to timing, lifetime exposure
to soy-based diets should be the minimum and multigenerational exposure should be evaluated. No
study investigating mammary tumor development following multigeneration soy exposure could be
found, and it is possible that soy induces epigenetic alterations in the gametes of animals with lifetime
soy exposure that then impacts the gene expression and tumor sensitivity of their offspring.
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The most relevant animal model is more debatable. Although non-human primates likely represent
the best model, large dietary studies in non-human primates genetically altered to express relevant
human oncogenes or lacking key tumor suppressor genes are not feasible and would raise ethical
concerns. Therefore, genetically altered mice or rats expressing inducible, tissue-specific oncogenes or
inducible, tissue-specific knockouts utilizing known human tumor suppressor genes probably represent
the most appropriate model since this system (i) uses known oncogenes and tumor suppressor genes
and thus the mechanisms of tumor initiation will be more relevant to human breast cancer, (ii) permits
oncogene expression or tumor suppressor gene ablation in postnatal animals which presumably
emulates the timing of spontaneous activation of an oncogene or loss of a tumor suppressor gene in
humans, and (iii) several inducible mouse models are currently available and their genetic similarity to
different human breast cancer subtypes is often known.

However, a main concern with rodent models is that rodents and humans metabolize soy
isoflavones differently [100,101]. These alterations in metabolism influence the amount of isoflavones
present in their aglycone form and the amount of daidzein that is converted to equol [101]. Only
approximately 30% of the western population produces equol [102] as a product of isoflavone
metabolism while equol production has been reported in 50-60% of Asian adults [103-106]. One
hundred percent of mice and rats produce equol [101]. Soy metabolism is further complicated
by the fact that diets high in soy can alter the composition of the gut microbiome [107] and thus
influence circulating isoflavone levels. Isoflavone levels in tissue has been poorly studied. Chang et al.
(2000, genistein) evaluated the levels of genistein in rats and found genistein in a number of tissue
including the mammary gland and tissue typically contain a higher percentage of the aglycone form of
genistein than the plasma [98,108]. Only a small number of studies have evaluated isoflavone levels
in human breast tissue, and the limited data suggests that isoflavones or particular metabolites do
not preferentially accumulate in breast tissue [41]. Given the differences in isoflavone metabolism,
future animal studies should measure plasma and tissue isoflavone levels so isoflavone levels and
composition in animal models can be compared to those achievable in humans.
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Abstract: Acute myeloid leukemia (AML) is one of the most frequent, complex, and heterogeneous
hematological malignancies. AML prognosis largely depends on acquired cytogenetic, epigenetic,
and molecular abnormalities. Despite the improvement in understanding the biology of AML,
survival rates remain quite low. Animal models offer a valuable tool to recapitulate different AML
subtypes, and to assess the potential role of novel and known mutations in disease progression.
This review provides a comprehensive and critical overview of select available AML animal models.
These include the non-mammalian Zebrafish and Drosophila models as well as the mammalian rodent
systems, comprising rats and mice. The suitability of each animal model, its contribution to the
advancement of knowledge in AML pathophysiology and treatment, as well as its advantages and
limitations are discussed. Despite some limitations, animal models represent a powerful approach to
assess toxicity, and permit the design of new therapeutic strategies.

Keywords: Zebrafish; Drosophila; rats; mice; NPM-1; FLT3 ITD; ETO-1; IDH1/2

1. Introduction

Acute myeloid leukemia (AML) is an aggressive and heterogeneous hematological group of
neoplasms characterized by increased proliferation of myeloid progenitor cells and a reduced capacity
to differentiate. This results in the accumulation of myeloblasts in the bone marrow (BM), which
negatively impacts hematopoiesis and leads to BM failure [1]. AML is one of the most common
acute leukemia in adults [2]. Its incidence rate is 2.5 per 100,000 cases/year and the median overall
survival (OS) is approximately nine months [3]. AML treatment and prognosis largely depend on the
patients’ age [4-6]. AML was historically divided into eight major groups according to cell morphology
and immune phenotype (MO to M7) [7]. This classification has been revised several iterations since
then [8-12]. Exome sequencing in AML patients led to the current classification through identification
of more than 20 driver recurrent mutations [13]. These mainly include Nucleophosmin-1 (NPM1),
DNA methyltransferase 3A (DNMT3A), Fms-like tyrosine kinase-3 (FLT3), isocitrate dehydrogenase (IDH),
Ten—Eleven Translocation 2 (TET-2), Runt-related transcription factor (RUNX-1), CCAAT enhancer binding
protein & (CEBPA), additional sex comb-like 1 (ASXL1), mixed lineage leukemia (MLL), tumor protein p53
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(TP53), c-KIT [14]. These mutations dictate the response to treatment, rates of complete remission,
disease-free survival, overall survival, and classify AML into three prognostic risk factors (favorable,
intermediate, and adverse) (Table 1).

Animal models provide an excellent tool to understand the biology of pathological mechanisms
involved in human diseases. Diverse animal species were used to answer pivotal questions related to
disease progression, genetic mutations, immunity, and response to treatment. Among these models,
Zebrafish was exploited to generate different mutations mimicking several subtypes of human AML.

Table 1. 2017 European LeukemiaNet (ELN) prognostic groups according to genetic abnormalities of
acute myeloid leukemia (AML) [12].

Prognostic Group Genetic Mutations and Abnormalities

. (8;21)/RUNX1-RUNXI1T1

. inv(16) or t(16;16)/CBFB-MYH11
Favorable e Mutated NPM1 without FLT3-ITD

e  or with FLT3-ITD loW *

e Biallelic mutated CEBPA

e  Mutated NPM1 and FLT3-ITD high *

Wild-type NPM1 without FLT3-ITD or with FLT3-ITD oW *
t(9;11)/MLLT3-KMT2A
Cytogenetic abnormalities not classified as favorable or adverse

Intermediate

t(6;9)/ DEK-NUP214
t(v;11q23.3)/KMT2A rearranged
(9;22)/BCR-ABL1

inv(3) or t(3;3)/GATA2, MECOM(EVI1)
Complex karyotype

Monosomal karyotype

Wild-type NPM1 and FLT3-ITD high *
e Mutated RUNX1 T

e Mutated ASXL1 T

e  Mutated TP53

Adverse

* Low Jow allelic ratio (<0.5); hsh, high allelic ratio (>0.5); T these mutations should not be used as an adverse
prognostic marker if they co-occur with favorable-risk AML subtypes.

2. Zebrafish: Characteristics and Relevance to Human Blood Malignancies

Danio rerio, commonly known as Zebrafish, shares genetic and molecular mechanisms of
hematopoiesis with humans [15]. This model offers many advantages, including low-cost, optically
transparent embryos, high fecundity, rapid embryogenesis, and short gestation time. The genome
editing in zebrafish was known since 1970s, when the first transgenic zebrafish was generated by
inserting naked linear DNA [16]. Since then, the genetic manipulation of this model evolved to include
clustered regularly interspaced short palindromic repeats (CRISPR) technology [17], which renders
zebrafish an attractive model for studying specific gene involvement and for drug screening in blood
malignancies [18-20].

During normal zebrafish hematopoiesis, both the primitive and definitive waves arise from the
mesoderm germ layer under the control of the Transforming Growth Factor beta (TGF-f3) superfamily
proteins, known as bone morphogenic proteins (BMP such as bmp2b and bmp?7) [21-23]. The generated
transient primitive erythroid and myeloid cells are essential for the embryonic development, while the
hematopoietic stem cells (HSCs) and progenitor cells (HSPCs) produce blood lineages in the adult
fish [24]. In the below section, we will provide an overview of AML models of Zebrafish (summarized
in Table 2).
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2.1. AML Models of Zebrafish

2.1.1. Spi-1: MYST3/NCOA2-EGFP

MYST3 (MOZ) is a member of the MOZ, YBF2, SAS2, TIP60 (MYST) family of histone
acetyl-transferases (HAT), while NCOAZ2 (TIF2) is a member of the p160 HAT family [25-28]. The first
AML model in Zebrafish was created by expressing the fusion protein, MYST3/NCOA2 (MOZ/TIF2).
This fusion targets hematopoietic cells under the control of spi-1 (pu.1), an early myeloid promoter [29].
pu.lis an ETS-domain transcription factor expressed in both immature lymphoid/hematopoietic cells
and myeloid cells during zebrafish hematopoiesis [30]. Cells expressing pu.1 differentiate into myeloid
progeny, whereas cells with low pu.1 expression shift to the erythroid fate [31]. After an extended latent
period, a small percentage of transgenic fish developed AML [29]. These animals presented with an
extensive invasion of kidneys by myeloid blast cells, proving the oncogenic potency of MYST3/NCOA2
fusion gene [29]. Although this model is useful as a chemical library screen, especially for compounds
that target epigenetic regulation of gene expression [29], the long latency and low incidence waned the
enthusiasm for its use.

2.1.2. hsp70: AML1-ETO

A chromosomal translocation between chromosomes 8 and 21 (£(8;21)(q22;q22)) occurs in 12-15%
of AML patients [32]. This chromosomal rearrangement yields a fusion transcription factor encoding
AML1 (RUNX1) linked to ETO, forming the AML1-ETO fusion product [33-35]. This translocation was
introduced under the control of the heat shock promoter sp70 in zebrafish embryos (hsp70: AMLI-ETO).
Transgenic Zebrafish recapitulated the human AML features, at both the cytological and transcriptional
levels [36]. The expression of this fusion protein led to the accumulation of non-circulating hematopoietic
cells, whereby the intermediate cell mass was enriched with myeloperoxidase positive neutrophils
and morphologically immature hematopoietic blasts [36]. The disruption of definitive hematopoiesis
led to switching the cells fate from the erythroid to the myeloid lineage [36]. Overexpression of the
transcription factor reversed the observed phenotypes, implicating scl, as major player downstream
of AMLI-ETO [36]. This model enabled the screening of a small molecule library and discovery of
compounds that antagonize the activity of AML1-ETO in the hematopoietic progenitor cells (HPCs) [36].
Inhibition of COX-2 and f-catenin signaling antagonized AML1-ETOs effects on HPCs differentiation
and may have implications in human AML [37].

2.1.3. MYCN: HSE: EGFP

MYCN (N-myc) proto-oncogene is upregulated in many types of hematological malignancies [38,39]
including 20 to 40% of pediatric AML patients [40]. To unravel the molecular and transcriptional
networks by which MYCN induces malignancy, Shen et al. established a transgenic embryonic zebrafish
model, Tg (MYCN: HSE: EGFP), expressing the murine MYCN under a heat shock promoter [41]. MYCN
overexpression induced immature myeloid blast cell expansion and reprogrammed the hematopoietic
cell fate through MYCN downstream-regulated gene 1b (ndrglb) and other lineage-specific
hematopoietic transcription factors regulation [41]. The primitive hematopoiesis was enhanced
through scl and Imo2 upregulation. Furthermore, erythroid differentiation was blocked through
downregulation of gatal, while myelopoiesis was promoted by pu.1 overexpression [41]. This model
presents a high AML incidence (~75% of transgenic zebrafish) and a rapid onset occurrence, providing
a platform for whole-organism chemical suppressor screens, to identify compounds that can reverse
MYCN function in vivo [41].

2.1.4. FLT3-ITD and NPM1c+ Models in Zebrafish

FLT3-ITD and NPM1 are two major players in defining the prognosis and response to treatment
in AML patients. FLT3 is a tyrosine kinase receptor that plays a major role in hematopoiesis through
the regulation of proliferation, differentiation, and apoptosis of HPCs [42]. It is highly expressed on
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leukemic blasts of 70-100% of AML patients [43,44]. Several mutations occur in the FLT3 receptor,
the most common of which leads to an internal tandem duplication (ITD) [45]. FLT3-ITD occurs in 20%
of AML patients and is strongly associated with poor prognosis [46,47]. NPM1, a shuttling protein
between the nucleoplasm and the cytoplasm, plays several roles, notably ribosomal biogenesis [48,49].
NPM1 is mutated (NPM1c+) in around 30% of AML patients with normal karyotype [50]. NPM1c+ is
continuously translocated to the cytoplasm contributing to leukemogenesis [50].

FLT3-ITD plays a role in embryonic primitive and definitive hematopoiesis in zebrafish. Transgenic
zebrafish embryos with human FLT3-ITD showed expansion and clustering of myeloid cells [51].
Thus far, the impact of FLT3-ITD on adult zebrafish remains underexplored.

Bolli et al. generated a transgenic zebrafish model expressing NPM1c+, which perturbed primitive
hematopoiesis by promoting the early expansion of pu.1+ myeloid cells [52]. This phenotype was
even more pronounced in a p53-deficient background [52]. An increase in the number of gatal+/lmo2
indicating expansion of erythro-myeloid progenitors (EMPs) was also observed. These EMPs highly
expressed both c-myb and CD41 but not RUNXI, suggesting a disruption of definitive hematopoiesis
where these cells could be the main target of NPMlc+. This model provides a tractable in vivo
system for the study of the mechanisms through which hematopoietic development is perturbed in the
presence of NPM1c+ [52].

Transgenic zebrafish models expressing either human FLT3-ITD or NPM1 proteins under the
control of pu.1 promoter were also generated [53]. For that purpose, spi-1: FLT3-ITD-2A-EGFP/CG2
expressing mutant FTL3-ITD and spi-1: NPM1-Mut-PA/CG2 expressing mutant NPM1 constructs
were designed. This double mutant transgenic fish (FLT3-ITD/NPM1.Mut) exhibited an accelerated
rate of myeloid leukemogenesis [53]. By the age of six months, around 66% of the transgenic fish
produced significantly increased precursor cells in the kidney marrow along with dedifferentiated
myeloid blasts [53].

2.1.5. Spi-1: CREB-EGFP

The cAMP response element binding protein (CREB) plays a major role in hematopoiesis through
the regulation of proliferation and differentiation of myeloid progenitor cells [54]. Overexpression
of CREB is associated with immortalization, growth factor-independent proliferation and blast-like
phenotype in BM progenitor cells [55]. CREB is highly expressed in BM samples of both adult and
pediatric AML patients [56]. Tregnago et al. generated a transgenic zebrafish model (spi-1: CREB-EGFP)
expressing the CREB gene downstream pu..1 promoter in the myeloid cell lineage. CREB overexpression
resulted in upregulation of erythroid and myeloid genes, altering primitive hematopoiesis. Among
adult transgenic zebrafish, 80% of the fish developed AML after 9-14 months through the blockage of
myeloid differentiation [57]. These fish showed aberrant expression of a set of 20 genes in common
with pediatric AML. The most intriguing is the CCAAT-enhancer-binding-protein-5 (C/EBPb) that acts
downstream CREB. It resulted in impaired myeloid differentiation that could be reversed through
inhibition of the CREB-C/EBPS axis. These findings are complementary with the data obtained by
screening for CREB and C/EBPS in pediatric AML patients, offering an opportunity to test for novel
therapeutics through this model [57].

2.1.6. Spi-1: SOX4-EGFP

SOX4 is a transcription factor belonging to the SOX (Sry-related high-mobility groupbox)
family [58]. In AML patients, SOX4 overexpression results in poor prognosis and short overall
survival [59]. SOX4 was reported to contribute to the leukemic phenotype of C/EBPx mutant AML
in murine models as well as in human AML. C/EBP« protein typically inhibits the self-renewal of
leukemic cells and restores cellular differentiation. SOX4 overexpression results in C/EBP« inactivation,
enabling leukemic cells proliferation and AML development [60,61].

Lu et al. generated a transgenic zebrafish model Tg (spi-1:50X4-EGFP) expressing SOX4 protein
downstream the spi-1 myeloid promoter. Early developmental stages of transgenic zebrafish did not
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reveal a difference of expression of SOX4. However, by the age of five months, Tg (spi-1:50X4-EGFP)
zebrafish kidneys started showing mild vacuoles in the renal tubule which evolved into effacement,
distorted structure, and increased infiltration of myeloid cells by the ages of 9 and 12 months. A higher
number of myeloid progenitor cells and excess blast cells with focal aggregation were observed in the
kidney marrow blood cells of 9-, 12-, and 15-months old fish but not younger ones, highlighting that
myeloid transformation is age-dependent [59].

2.1.7. IDH 1/2 Mutation

Mutations identified in a family of enzymes involved in the citric acid cycle, isocitrate
dehydrogenases 1/2 (IDH1/2), account for 16% of AML patients [62]. These mutations substitute
arginine residue almost exclusively at codon 132 in IDH1 (IDH1-R132H) and codons 140 and 172 in
IDH2 [62]. To study the involvement of IDH in AML, zidh1 was either suppressed or deleted and
resulted in the blockage of differentiation and accumulation of early myeloid progenitor cells, while
decreasing macrophage and natural killer progenitor cells [63]. The importance of IDH1 mutation was
asserted when plasmids of IDH1-R132H were injected into zebrafish embryos [63]. An increase in
2-hydroxyglutarate (2-HG) level, a reduction of 5-Hydroxymethylcytotsine (5-hmC), and an expansion
of myelopoiesis were obtained in these embryos. A human IDH1-R132H-specific inhibitor significantly
ameliorated both hematopoietic and 2-HG responses in human but not zebrafish IDH1 mutant
expression [63]. This result is not surprising and highlights some of the drawbacks using Zebrafish as
a model for human diseases. On the other hand, studies on zidh2 were restricted to the regulation of
embryonic hematopoiesis in zebrafish but with no relevance to the human AML [63].

Even with the drawbacks of not possessing many mammalian-like organs, zebrafish still provides
an excellent, affordable, and rapid platform for evaluating several aspects of AML. The variations in the
biological microenvironment might impede drug delivery and performance in humans. Additionally,
zebrafish are ectothermic (cold-blooded), so their physiology is not identical to humans, which might
affect enzyme kinetics and metabolism. The genetic diversity detected between individual zebrafish
belonging to the same strain confounds data and could be misleading [64]. The sparsity of reagents to
study zebrafish at the molecular level is contrasted by the abundance of mouse-specific reagents.

3. Rodent Models

Due to the complexity and heterogeneity of AML in humans, rodent models have been instrumental
in providing a platform for answering pivotal questions related to AML pathogenesis, disease
progression, and developing new effective therapeutic approaches. Among these models, rats and
mice represent the closest accepted mammalian models to AML.

3.1. Rats

Several transplantable leukemia rat models were established using carcinogens, radiations, and
pollutants [65-67].

Transplantable Rat Models

Acute Myeloid Leukemia/ Chronic Meylogenous Leukemia (AML/CML) leukemia: Repeated
intravenous injections of 7, 12-dimethylbenz (a) anthracene (DMBA) into WOP/H-Onc strain or
Wistar/H-Onc strain, induced leukemia in 10% of the rats in 5-9 months. This leukemia has myeloid
characteristics as revealed by hematological and histological examination, as well as infiltration of
myeloid blasts into several organs (BM, liver, spleen, and lymph nodes). This myeloid nature showed
similarities with both human CML (as demonstrated by high peroxidase and Sudan black B positive
cells and reduction in alkaline phosphatase positivity) and human AML (non-specific esterase activity,
highly reduced in the peripheral blood but slightly reduced in BM). These findings do not support the
use of these rats as an exclusive AML model [68].
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Brown Norwegian Myelogenous Leukemia (BNML): The transplantable promyelocytic leukemia
in BN rat (BNML) was first described in 1971. This slow growing leukemia shares many common
characteristics with AML, including the disappearance of normal hematopoiesis [69]. Similarities
in in vitro colony forming assays between AML patients and BNML rats validated it as a model for
AML [70,71]. Several therapeutic modalities were optimized using this model; these include the
combination of anthracyclines, [72,73] Ara-C, [74,75], 4'-(9-acridinylamino) methanesulfon-m-anisidide
(AMSA) [76], and other therapeutics [77-79]. One of the most significant advantages in the BNML model
is its contribution to the improvement of minimal residual disease (MRD) detection by karyotyping [80]
and multidimensional flow cytometry [81,82].

3.2. Mice

Mice offer an invaluable model due to their small size, cost-effectiveness, and easy maintenance,
availability of research tools, and ease of manipulation to produce and recapitulate several human
diseases, including cancer. Since hematopoiesis in mice has been well characterized, they provide a
reasonably reproducible model to study AML pathogenesis and potential therapies. Murine AML
models include induced, transgenic animals, and humanized mouse models (Table 3) among others.

3.2.1. Chemically-Induced Model

AML models were generated using the L1210 and p388 cell lines, isolated from DBA/2 mice
chemically exposed to the carcinogen 3-methylcholantrene [83]. These models were transplantable
and provided a platform for testing chemotherapeutic drugs, studying their kinetics, and evaluating
their anti-leukemic effectiveness [84]. The L1210 model was used to screen anthracyclines [85] and
antimetabolites [86,87] including Cytarabine [88]. The p388 model was used to investigate the efficacy
of natural products as topoisomerase II inhibitors [89]. These models allowed significant improvement
in the treatment of AML, including the currently used Cytarabine [90]. The main limitation of using
these animal models is the induction of more lymphoid than myeloid leukemia, and the needed
prolonged exposure to those carcinogens to develop leukemia [91].

3.2.2. Radiation-Induced Model

The correlation between radiation and leukemia was established in patients exposed to x-rays,
and survivors of nuclear attacks. Among this cohort of subjects, children presented mostly with ALL,
whereas adults were more prone to CML and AML [92-95]. All established radiation-induced AML
models carry deletions on chromosome 2, where the hematopoietic transcription factor Sfpil/pu.1 is
located [96].

RF Model

The RF strain was developed by Furth in 1933 at the Rockefeller Institute [97]. In this model,
myeloid leukemia was developed following exposure to fission neutron irradiation or gamma
irradiation [98]. In the RF model, a single dose of ionizing radiation-induced myeloid leukemogenesis
in 4-6 months, with symptoms reminiscent to human AML [99]. FIt3-ITD mutations were identified in
10% of RF mice [100], which correlates with the occurrence of this mutation in human AML [101].

SJL/] Model

This model is characterized by high spontaneous frequency of reticulum cell neoplasm type B
at an early age [102]. The radiation-induced AML in this model is similar to the secondary human
AML occurring after irradiation of Hodgkin disease patients [103]. The efficient development of
AML required the addition of promoting factors, such as corticosteroids and growth factors, colony
stimulating factor CSF-1, known to be high in AML patients [104].
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C3H/He and CBA Models (CBA/Ca, CBA/Cne, and CBA/H)

These models were generated in 1920, by cross-breeding Bragg albino with DBA mice. While
C3H/He was specifically selected for the high incidence of mammary tumors [105], CBA was selected
for a lower incidence of mammary tumors. The C3H/He was detected 24 h after irradiation in
BM cells; this indicates that chromosomal 2 alteration is responsible for the initiation of myeloid
leukemogenesis [106]. CBA showed chromosome 2 and 4 aberrations [107,108]. Moreover, an 8%
decrease in DNA methylation was observed after exposure to radiation. This hypomethylation
played a role in leukemogenesis [109]. The CBA model is considered the most favorable model in
radiation-induced AML because of low spontaneous leukemia incidence (0.1 to 1%), high incidence of
AML after exposure to radiation or benzene, with lower latency, compared to other models, and more
importantly, it mimics human AML at the cytological, histopathological, and molecular levels.

3.2.3. Virally Induced Leukemia Models

Murine leukemia viruses (MuLV) induce non-B and non-T cell leukemia in mice [110,111] and are
considered among the simplest retroviruses that shed light on the pathogenesis of leukemia [112,113].
A model was created by injecting cell-free filtrates, including replication-deficient spleen focus forming
virus (SFFV) and a replication-competent Friend MuLV [114,115]. It was noticed that the same infection
of MuLV induces several subtypes of AML (Table 4), resembling French—-American-British (FAB)
classification of human AML [116]. Furthermore, MuLV-induced AML led to the discovery of several
genes with a significant role in the regulation of growth, death, lineage determination, and development
of hematopoietic precursor cells [117]. MuLV induced AML is considered a critical landmark for
understanding the pathogenesis of human AML, since it unraveled relevant unknown oncogenes to
leukemogenesis (Table 4).

3.2.4. Transposon Models

Sleeping Beauty (SB) transposon is an insertional mutagenesis system, allowing overexpression or
inactivation of specific genes depending on the transposon orientation and integration site [118,119].
SB consists of a mobilized piece of DNA, transposon, and a transposase enzyme [120]. In a transgenic
animal with a humanized NPM1c+ knock-in allele, this system enhanced the incidence and onset
of AML in NPM1c+ mice [121]. An advantage of this model was the identification of mutations in
leukemia genes [121].

3.2.5. Transgenic Models: Single Mutation

PML-RARa t(15;17)

Acute promyelocytic leukemia (APL) is a subtype of AML, characterized by t(15;17) chromosomal
translocation, resulting in the promyelocytic leukemia-retinoic acid receptor « (PML-RAR«) fusion
protein [122,123]. PML-RAR«x was expressed in three mouse models under the myeloid regulatory
promoters. Under the CD11b promoter, transgenic mice showed abnormal myelopoiesis and increased
radiation sensitivity, however, did not develop any leukemia [124]. Mice expressing the transgene
under the human cathepsin G (HCG) and human MRP8 (h1MRP8) promoters [124-126] developed APL
phenotypes after a long period of latency [125,126]. These two models recapitulated the remissions
seen after all trans-retinoic acid (ATRA) treatment in human APL [125,126].

AML1-Eight-Twenty One Oncoprotein

AMLI1-Eight-Twenty One oncoprotein (ETO) chimeric product, encoded by the t(8;21), occurs
in around 12-15% of AML [32]. Knock-in mice expressing AML1-ETO is embryonic lethal due
to the complete absence of liver-derived definitive hematopoiesis [127,128]. Embryonic livers
contained dysplastic multilineage hematopoietic progenitors that had an abnormally high self-renewal
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capacity in vitro, a phenotype typical of leukemic cells [129]. To bypass the embryonic lethality,
inducible transgenic models were generated. These mice expressed AML1-ETO in their BM progenitor
cells [130,131]. Although abnormal maturation and proliferation of progenitor cells were observed,
mice failed to develop leukemia [130,131]. Expression of AML1-ETO under the control of hMRP8
promoter was unable to develop AML until their exposure to a robust DNA-alkylating mutagen,
N-ethyl-N-nitrosourea [132]. To further enhance AML development, this mouse model was modified
by either the expression of other factors or mutations in tyrosine kinases such as ¢-KIT, FLT3-ITD,
or the TEL- platelet-derived growth factor receptor 3 (PDGFbR) [133,134].

CBFB-MYH11

The beta subunit of the core binding complex (CBFB) is a heterodimeric core-binding transcription
factor, with a critical role in hematopoiesis [135]. CBF products, due to chromosomal translocations,
account for approximately 25% of pediatric and 15% of adult AML patients [136]. The translocation
Inv(16) (p13;q22) is a result of the binding of CBFB subunit to the tail region of the smooth muscle myosin
heavy chain (SMMHC) gene, MYH11 [137]. The resulting fusion protein (CBFB-MYH11) competes with
the binding of CBF to target genes, disrupting transcriptional regulation, thus contributing to leukemic
transformation [137]. Similar to embryos with homozygous mutations in AML1 [128], knock-in
embryonic mice (Chfp*/C-MYHIT) Jacked definitive hematopoiesis and died during gestation [138].
Chemically or retrovirally induced mutations in heterozygous CBFB-MYH11 adults led to AML
development [138,139]. A conditional knock-in mouse model expressing CBFB-MYH11 fusion protein
in adult mice (Cbfb*°°M) was also generated [140] and led to AML development in 90% of the mice
within five months [140].

Mutant Nucleophosmin-1 (NPM1c+)

Mutations in the Nucleophosmin-1 (NPM1) gene represent one of the most frequent genetic
aberrations in AML [141] and account for 30% of AML patients [50]. Transgenic mice harboring the
NPMIc+ mutation developed myeloproliferation in BM and spleen, supporting a role of NPM1c+ in
AML [142]. Chou et al. generated a knock-in transgenic mouse model by inserting the most frequent
mutation, TCTG called mutation A, in the C-terminus of wt-NPM1 [143]. Mice homozygous for
the transgene encountered embryonic lethality, whereas one-third of the heterozygotes (NpmIwt/c+)
developed the fetal myeloproliferative disease but not AML [143]. Conditional expression of NPM1c+
with further genetic manipulations resulted in two models [121,144]. In one model, one-third of the
transgenic mice developed leukemia after a long period of latency associated with AML features [144].
In the other model, the expression of humanized NPM1c+ in the hematopoietic stem cells caused HOX
overexpression, enhanced self-renewal, and expanded myelopoiesis [121].

Fms-Related Tyrosine Kinase 3 Internal Tandem Repeats

The second most common genetic aberrations in de novo AML patients occur in the fms-related
tyrosine kinase 3 internal tandem repeats (FLT3-ITD) gene on chromosome 13. These associate with
poor prognosis and short overall survival (OS) [145]. A transgenic mouse model expressing FLT3-ITD
under the vav hematopoietic promoter was created [146]. The majority of transgenic mice developed a
myeloproliferative syndrome (MPS) characterized by megakaryocytic hyperplasia and thrombocytosis
but not AML [146]. In FLT3-ITD knock-in mice, loss of FLT3 wild-type allele contributed to myeloid
expansion and aggressiveness of the MPS disease [147]. Several other models expressing this mutation
also revealed MPS but not AML [148,149].

Mixed Lineage Leukemia (MLL)

The translocation t(9;11)(p22;q23) produces the fusion product MLL-AF9 [150,151]. In one
model, embryonic stem cells were generated from an in-frame fusion of AF9 with exon 8 of mouse
MLL [152]. Other models conditionally expressed MLL-AF9 [153]. These models developed only
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AML despite the widespread activity of the MLL promoter [152,153]. Conditional expression of
MLL-AF9 in long-term hematopoietic stem cells (LT-HSC) produced aggressive AML with extensive
tissue infiltration, chemo-resistance, and expressed genes related to epithelial-mesenchymal transition
in solid cancers [154]. MLL early introduction results in abnormalities of myeloid cell proliferation
and differentiation [155]. Moreover, HOXa9 was found to be essential for the MLL-dependent
leukemogenesis in vivo [156].

The translocation t(4;11)(q21;q23) produces the fusion product MLL-AF4. This translocation is
associated with pro-B-ALL and rarely AML [157]. Although several models have been established
for this translocation, only few models resulted in AML. MLL-AF4 models generated using both a
knock-in [158] and Cre-inducible invertor model [159] produced large B-cell lymphoma rather than the
immature acute leukemia observed in humans [158,159]. The MLL-AF4 expression in hematopoietic
precursors, during mouse embryonic development, developed long latency B-cell lymphoma [159,160].
Furthermore, MLL-AF4 knock-in followed by in vitro inducible transduction generated mice with both
AML and pre-B-ALL as well as a few MLLs [161].

Leukemia with the t(11;19)(q23;p13.3) translocation express MLL-ENL fusion proteins capable of
malignant transformation of myeloid and/or lymphoid progenitor(s). Immortalized cells containing
MLL-ENL proviral DNA or enriched primary hematopoietic stem cells transduced with MLL-ENL
induced myeloid leukemia in syngeneic and SCID recipients [162]. Using an in vitro B-cell
differentiation system, retroviral transduction of MLL-ENL generated a leukemia reminiscent of
human MLL-ENL ALL [163]. Other models expressed MLL-ENL-ERTm, the ligand-binding domain
of the estrogen receptor modified to specifically recognize synthetic but not endogenous estrogens,
using retroviral transduction approach [164]. Several other models were generated encountering more
mutation along with MLL-ENL [165,166].

IDH 1/2

A conditional knock-in mouse model was created by inserting the mutated human IDH1 (R132H)
into the endogenous murine idh1 locus. IDH1 (R132H) was expressed in all hematopoietic cells under
the vav promoter (vav-KI mice) or specifically in cells of the myeloid lineage (LysM-KI mice) [167].
Transgenic mice showed increased number of early hematopoietic progenitors and developed
splenomegaly and anemia with extramedullary hematopoiesis, characteristics of a dysfunctional
BM niche, along with partial blockage in myeloid differentiation [167]. Moreover, LysM-KI cells have
hypermethylated histones and changes to DNA methylation similar to those observed in human IDH1-
or IDH2-mutant AML, demonstrating the induction of leukemic DNA methylation signature in the
mouse model [167].

3.2.6. Transgenic Models: Compound Transgenic Mouse Models

K-RAS-G12D + PML-RAR«

4% and 10% of APL patients with PML-RAR« fusion had oncogenic N-RAS and K-RAS mutations,
respectively [168,169]. The conditional expression of oncogenic K-RAS and PML-RARe in mice
induced a rapid-onset and highly penetrant, lethal APL-like disease [170].

These mice may be used to test for the therapeutic efficacy of inhibitors of RAS post-translational
modifications and RAS downstream signaling [170].

N-RASD12 + BCL-2

N-RAS, a protein belonging to the family of RAS GTP-ases, is mutated in patients at risk of
leukemic transformation after chemotherapy and/or radiotherapy [171]. N-RAS mutation at codon
12 is the most frequent abnormality in myelodysplastic syndromes (MDS), associated with AML
transformation and poor OS [172]. B-cell lymphoma 2 (BCL-2) protein is an apoptosis regulatory
protein. BCL-2 is overexpressed in AML patients [173], which blocks the differentiation of myeloid
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progenitors [174]. Both mutants have been previously identified as risk factors for AML in MDS
patients [172].

Two murine models of initiation and progression of human MDS/AML were generated [175].
The transplantable model expressing hBCL-2 in a primitive compartment by mouse mammary tumor
virus-long terminal repeat (MMTVtTA /TBCL-2/NRASD12) represents human MDS, whereas the
constitutive MRP8 [BCL-2/NRASD12] model is closer to AML [175]. Both models showed expanded
leukemic stem cell (Lin~/Sca-1*/c-Kit") populations. hBCL-2 is observed in the increased RAS-GTP
complex within the expanded Sca-1* compartment [175]. The difference of hBCL-2 oncogenic
compartmentalization associates with the pro-apoptotic mechanisms in MDS and the anti-apoptotic
in AML mice [175]. Downregulation of hBCL-2 in MDS mice partially reversed the phenotype and
prolonged survival; however BM blasts and tissue infiltration persisted [175]. This model revealed that
the two candidate oncogenes BCL-2 and mutant N-RAS can cooperate to give rise to malignant disease
with a penetrance of around 80% and a latency period of 3 to 6 months [175].

Mixed Lineage Leukemia-Partial Tandem Duplication + FLT3-ITD

Mixed lineage leukemia-partial tandem duplication (MLL-PTD) is expressed in 5 to 7% of cytogenetically
normal (CN)-AML patients [176,177]. Approximately 25% of these patients have constitutive activation
of FLT3-ITD, conferring a poor prognosis [178]. To recapitulate the MIPTPWT f1t3TDWT AML found in
humans, a double knock-in mouse model was generated by expressing these two mutated genes under
their respective endogenous promoters [179]. After a period of latency, this model developed AML
with a short life span, extensive extramedullary involvement, and increased aggressiveness [179].
Reminiscent of this subtype of AML in humans, these transgenic mice have normal chromosomal
structures, reduced MLL-WT expression, loss of FLT3-WT, and increased total FLT3 expression [179-182].
Moreover, increased HOXAY transcript levels were observed, rendering this model valuable for the
assessment of epigenetic modifying agents combined with tyrosine kinase inhibitors [179].

NUP98-HOXD13 + FLT3-ITD

The chromosomal translocation t(2;11)(q31;p15) leads to the fusion of Nucleoporin (NUP9S),
a structural component of the nuclear pore complex, to the homeobox protein NHD13 (HOXD13),
inducing leukemogenesis [183]. NUP98-HOX fusions are observed in human and murine MDS [184].
Clinical and experimental evidence demonstrated that high rate of FLT3-ITD mutations was observed
in patients with NUP98 translocations [185]. High-level transcriptional expression of NUP98-HOX
correlated with higher transcript levels of FLT3 and an increased incidence of FLT3 activating
mutations [185]. A novel model combining an FLT3-ITD mutation with NHD13 (HOXD13) was
generated using their respective endogenous promoters [186]. Initially, these transgenic mice developed
leukemia with both primitive myeloid and lymphoid origin. Later, strictly myeloid leukemia with
minimal differentiation were monitored [186]. Indeed, NHD13 transgene enhanced the overexpression
of the HOX genes, HOXA7, HOXA9, HOXB4, HOXB6, HOXB7, HOXC4, and HOXC6 [186], shown to
play an important role in HSC self-renewal and are upregulated in acute leukemia [187-189]. Nevertheless,
mice encountered a spontaneous loss of heterozygosity with a high frequency, resulting in the loss of
WT FLT3 allele, [186], a characteristic of patients with FLT3-ITD mutations [180]. These transgenic mice
provide a model to study the molecular pathways underlying MDS-related AML [186].

NPM1c+/FLT3

NPMilc+ and FLT3-ITD double mutations are found in about 40% of AML patients [190].
A compound transgenic mouse model with a double mutation in NPM1 and FLT3 was generated
by crossing conditional Npm10%=¢4* with constitutive FIt3'T?* mice [191]. Inducing recombination
of Npm1o*=¢A in hematopoietic stem cells was accomplished by crossing the double heterozygous
mice into Mx1-Cre transgenic mice [191]. Double mutant mice developed AML and died by the age
of 31-68 days. Peripheral blood showed increased leukocyte counts, reduced numbers of circulating
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B and T lymphocytes along with a marked population of immature blasts, while BM cells exhibited
increased self-renewal potential [191]. Solid organs were infiltrated with abnormal myeloid cells
inducing splenomegaly and hepatomegaly by the time of death, highlighting the role of this double
mutation in leukemogenesis [191].

N-RAS-G12D + CBFB-MYH11

A knock-in mice (NrastSL-G12D; Chfp>6M) with an allelic expression of oncogenic N-RASG12P and
CBFB-MYH11 developed leukemia in a cell-autonomous manner, with a short median latency and
high leukemia-initiating cell activity [192]. Mice displayed an increased survival of pre-leukemic
short-term HSCs and myeloid progenitor cells with a sustained blocked differentiation induced by the
fusion protein [192]. Nras!SL-C12D; Chfp>0M Jeukemic cells were sensitive to pharmacologic inhibition
of the MEK/ERK signaling pathway [192], highlighting the importance of this pathway in AML and
proposing MEK inhibitors as potential therapeutic agents in inv16/ N-RASG1ZD AML [192].

NPMlc + N-RAS-G12D

One of the most common mutations with NPMlc+ is the N-RAS mutation occurring in 20%
of NPMlc+ AML patients [190]. NPM1 and N-RAS double mutant transgenic mice (Npm1Y+;
NrasG12D/*) developed high penetrance, enhanced self-renewal capacity in hematopoietic progenitors,
and AML-like myeloid differentiation bias [193]. At the genomic level, frequent amplification of
the mutant N-RAS-G12D allele was observed, along with other somatic mutations in AML driver
genes [193]. Within the HOX genes, which were overexpressed, HOXa genes and downstream targets
were crucial for the survival of the double-mutant mice [193].

WT1-R394W + FLT3-ITD

Wilms tumor 1 (WT1) is a zinc finger transcriptional regulator of target genes implicated in
cell differentiation and quiescence [194]. Mutations in WT1 occur in 10-15% of CN-AML, and it
is frequently associated with mutations in several genes [194,195]. FLT3-ITD and WT1 mutations,
when present concomitantly, identify a group of AML patients that fail to respond to the standard
induction chemotherapy, which results in poor OS [195,196]. Double mutant mice FIt3*/ITD/W1+/R3%4W
displayed manifestations of shortened survival, myeloid expansion in the BM, anemia, and erythroid
dysplasia [197]. Although this model did not appear sufficient to consistently recapitulate human
AML, it demonstrated that the combined mutations resulted in a more aggressive disease than either
mutant genotype [197].

3.2.7. Humanized Models

Humanized mouse models, injected with AML cell lines or patient-derived AML blasts, offered a
faster approach and were instrumental in studying different aspects of AML. Several models were
attempted to study AML in Nude mice with little success [198,199]. This section will focus on promising
models for AML studies.

SCID Mice

The severe combined immuno-deficient (SCID) mice lacking B and T cell immunity [200], represent
essential humanized AML mouse models [201]. Indeed, patient-derived AML cells engraftment
enabled the identification of leukemia-initiating cells (LIC), expressing CD34* CD38~ surface markers,
recapitulating the human HSCs signature [202]. Engraftment of AMLs from different FAB classes into
SCID mice reflected their intrinsic biologic behavior, suggesting a clinical correlation to the growth and
dissemination of these leukemic subtypes [203]. However, lack of species cross-reactivity of cytokines
and the innate host immunity against human AML cells resulted in poor engraftment of the BM [204].
In an attempt to overcome these limitations, exogenous human cytokines and growth factors were
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provided, which resulted in better engraftment of human cells [202,204-206]. One limitation of this
model is the “leakiness” of the SCID mutation occurring in around 10% of the mice [207]. These mice
present functional B and T cells, enhanced natural killer (NK) cell activity, and complement activation
decreasing the engraftment efficiency [208]. An attempt to bypass this problem uses radiation and/or
anti-asialo-GM1 antibody pretreatment. Unfortunately, it reduced the survival of the host, rendering
this model unsuitable for human xenograft [209,210].

NOD/SCID Mice

To further improve tumor engraftment, a non-obese diabetic (NOD/SCID) model exhibiting
further impairment of NK activity, reduced mature macrophage, and total lack of B and T cells
was generated [211]. This model yielded higher engraftment rates with fewer human AML
cells, yet with preserved morphological, phenotypical, and genotypical characteristics of the AML
donors [212-215]. This model was used successfully in the screening for new therapeutics in
AML [216]. In addition, human AML cells engraftment enabled the fractionation of LICs (CD34*
CD38") into CD34*/CD71~/HLA-DR [217], CD34 Thy1 hematopoietic stem cells [218] and CD34/CD117
(or ckit) [219] subpopulations. Nevertheless, the NOD/SCID model presents the limitation by which
higher engraftment rates required the supplementation of human cytokines or transplantation of
growth-factor producing cells [220,221]. Moreover, long term engraftments (more than 8.5 months)
were disabled due to the development of thymic lymphomas and restoration of NK cells activity during
this period [211]. A variant with NOD/SCID background is the NSS model (N/S-S/GM/3) expressing
Steel factor (SF), granulocyte macrophage-colony-stimulating factor (GM-CSF) and interleukin-3 (IL-3)
human growth factors was generated [222]. NSS displayed enhanced engraftment of pre-leukemic
myeloid cell cultures, as well as primary human AML samples, suggesting that the NSS mouse is a
better host for at least a subset of AML samples [223].

NSG Mice

NODY/SCID mice were further immunosuppressed to generate the NOD/SCID b2-microglobulin
null mice with a complete abolishment of the NK cell activity [224]. Importantly, a NOD/SCID
IL2-Ry~/~ or NSG model was generated by deletion or truncation of the gamma chain of IL-2R [225].
In addition to all the abnormalities of their predecessors, NSG mice possess a defective production of
IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 as well as a severe impairment of the dendritic cell (DC) and their
capacity to produce interferon y (IFN-y) upon stimulation [225,226]. Engraftment of newborn NSG
mice with human CD34* HSCs leads to the generation of a complete hematopoietic system, including
red blood cells and platelets [226]. Studies revealed a significantly higher potential of AML cells
engraftment in adult NSG mice in comparison to previous immunodeficient hosts [227,228]. Attempts
to create different subtypes of AML were successful in NSGs [228]. NSG mice xenotransplanted with
five well-characterized AML cell lines established AML models of particular relevance and significance
to drug-sensitivity studies [228]. These models were exploited to study the in vivo potency of an
Imidazoquinoxalines immunomodulatory drug, EAPB0503, and showed its specific activity in NPM1c+
AML subtype [229]. The usability of NSG model allowed the evaluation of the effect of a synthetic
retinoid ST1926, or its encapsulated form in nanoparticles (ST1926-NP). El-Houjeiri et al. demonstrated
that ST1926-NP is more potent in NSG injected with THP-1 cells [230]. MOLM-13-injected NSG mice
showed strong efficacy to chemotherapy (cytarabine, 50 mg/kg) and 5+3 regimen of daunorubicin
(1.5 mg/kg) [231]. These models enabled the in vivo tracking of UCB-NK cells, demonstrating their
capability to migrate to BM and inhibit progression of human leukemia cells. Administering a low
dose of human IL-15 enhanced survival of these mice, emphasizing the role of innate immunity in AML
outcome [232]. In that sense, utilization of NSG model enabled the assessment of the combination of
HSPC-NK cell adoptive transfer with the hypomethylating agents (HMAs), azacitidine (AZA), and
decitabine (DAC). Cany et al. signified that the therapeutic combination exerted a significant delay in
AML progression in these mice [233].
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4. Drosophila Melanogaster

AMLI-ETO

The chromosomal translocation t(8:21)(q22;q22) is frequent and common in AML. It represents up
to 40% of AML subtype M2 of the FAB classification [256]. The fusion gene resulting in this translocation
encodes for the chimeric protein AML1-ETO, which contains the N-terminus of AML1 (including its
DNA binding domain) and most of the ETO protein [33,257], and inhibits the expression of AMLI target
genes leading to leukemogenesis [258]. The detailed molecular mechanism governing this interference
is poorly understood, which enticed the generation of several animal models to understand its mode
of action. AMLI1-ETO alone is not sufficient to induce leukemia unless accompanied by secondary
mutations [130,131,259]. The simplicity of genetics and ease of manipulation in Drosophila presents it
as an attractive model to study this complex translocation. In addition, Drosophila hematopoiesis is
comparable to that of mammals [260]. Two AMLI1-ETO models of genetically engineered Drosophila
were generated. In the first model, AML1-ETO is a constitutive transcriptional repressor of AML1
target genes. In the second model, AML1-ETO dominantly interferes with AML1 activity by potentially
competing for a common co-factor [261]. The transcription factor Lozenge (Lz) that is similar to human
AMLI1 protein is necessary for the development of crystal cells, one of the major Drosophila blood cells,
during hematopoiesis [262]. Using these models and by comparison with loss-of-function phenotypes
of Lz, AML-1-ETO was shown to act as a constitutive transcriptional repressor [261]. Osman et al.
reported that AMLI-ETO inhibits the differentiation of crystal cell lineage, and induces an increase
in the number of circulating LZ+ progenitors. Moreover, large scale RNA interference screen for
suppressors of AML1-ETO in vivo showed that calpainB is required for AML1-ETO-induced leukemia
in Drosophila. Surprisingly, calpainB inhibition in Kasumi-1 cells (AML patient cell line carrying
t(8;21) translocation) leads to AML1-ETO degradation and impairs their clonogenic potential [263].
Another study identified pontin/RUVBL1as a suppressor of AML1-ETO. Indeed, PONTIN knock-down
inhibits the proliferation of t(8;21) positive cells, and that PONTIN is essential for Kasumi-1 clonogenic
potential and cell cycle progression [264]. Thus, AML1-ETO can be recapitulated in Drosophila blood
for investigating its mechanism and identifying potential targeted therapeutics for this AML subtype.

Despite advances in our understanding of many molecular mechanisms, in vitro research falls
short in determining overall effect of treatment modalities or drug discovery. AML is an intricate
disease where culture consisting of a single cell line system, can never recapitulate the complexity of the
disease. In the difficulty of obtaining primate models of AML, small rodents, zebrafish, and Drosophila
with well characterized genetic background and relative ease of manipulation, are the backbone of
current work where leukemic cells are interfaced with the host immunity, metabolic environment and
importance of the niche ation. Not one model is sufficient to address all posed questions. However,
collectively, these models have expanded our knowledge and understanding of several pathways and
important players in AML pathogenesis.

Author Contributions: All authors listed have made a substantial, direct and intellectual contribution to the
work, and approved it for publication. H.S., B.J.,, R H., M.H. writing—original draft preparation, N.D., A.B.
writing—review and editing, M.E.S. and H.E.H. supervision, review and editing.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lowenberg, B.; Downing, J.R.; Burnett, A. Acute myeloid leukemia. N. Engl. J. Med. 1999, 341, 1051-1062.
[CrossRef] [PubMed]

2. Yamamoto, J.F; Goodman, M.T. Patterns of leukemia incidence in the United States by subtype and
demographic characteristics, 1997-2002. Cancer Causes Control 2008, 19, 379-390. [CrossRef] [PubMed]

38



Genes 2019, 10, 614

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Maynadie, M.; Girodon, F.; Manivet-Janoray, I.; Mounier, M.; Mugneret, F.; Bailly, F.; Favre, B.; Caillot, D.;
Petrella, T.; Flesch, M.; et al. Twenty-five years of epidemiological recording on myeloid malignancies: Data
from the specialized registry of hematologic malignancies of Cote d’Or (Burgundy, France). Haematologica
2011, 96, 55-61. [CrossRef] [PubMed]

Dohner, H.; Weisdorf, D.J.; Bloomfield, C.D. Acute Myeloid Leukemia. N. Engl. ]. Med. 2015, 373, 1136-1152.
[CrossRef] [PubMed]

Deschler, B.; Liibbert, M. Acute myeloid leukemia: Epidemiology and etiology. Cancer 2006, 107, 2099-2107.
[CrossRef] [PubMed]

Lowenberg, B.; Suciu, S;; Archimbaud, E.; Haak, H. Stryckmans, P; de Cataldo, R.; Dekker, A.W,;
Berneman, Z.N.; Thyss, A.; van der Lelie, J.; et al. Mitoxantrone versus daunorubicin in induction-consolidation
chemotherapy—The value of low-dose cytarabine for maintenance of remission, and an assessment of
prognostic factors in acute myeloid leukemia in the elderly: Final report. European Organization for the
Research and Treatment of Cancer and the Dutch-Belgian Hemato-Oncology Cooperative Hovon Group.
J. Clin. Oncol. 1998, 16, 872-881. [PubMed]

Bennett, ].M.; Catovsky, D.; Daniel, M.-T.; Flandrin, G.; Galton, D.A.G.; Gralnick, H.R.; Sultan, C. Proposals
for the Classification of the Acute Leukaemias French-American-British (FAB) Co-operative Group. Br. |.
Haematol. 1976, 33, 451-458. [CrossRef] [PubMed]

Vardiman, J.W.; Harris, N.L.; Brunning, R.D. The World Health Organization (WHO) classification of the
myeloid neoplasms. Blood 2002, 100, 2292-2302. [CrossRef]

Vardiman, ].W.; Thiele, J.; Arber, D.A_; Brunning, R.D.; Borowitz, M.].; Porwit, A.; Harris, N.L.; Le Beau, M.M.;
Hellstrom-Lindberg, E.; Tefferi, A.; et al. The 2008 revision of the World Health Organization (WHO)
classification of myeloid neoplasms and acute leukemia: Rationale and important changes. Blood 2009, 114,
937-951. [CrossRef]

Arber, D.A_; Orazi, A.; Hasserjian, R.; Thiele, J.; Borowitz, M.].; Le Beau, M.M.; Bloomfield, C.D.; Cazzola, M.;
Vardiman, ].W. The 2016 revision to the World Health Organization classification of myeloid neoplasms and
acute leukemia. Blood 2016, 127, 2391-2405. [CrossRef]

Dohner, H.; Estey, E.H.; Amadori, S.; Appelbaum, ER.; Buchner, T.; Burnett, A K.; Dombret, H.; Fenaux, P;
Grimwade, D.; Larson, R.A.; et al. Diagnosis and management of acute myeloid leukemia in adults:
Recommendations from an international expert panel, on behalf of the European LeukemiaNet. Blood 2010,
115, 453-474. [CrossRef] [PubMed]

Dohner, H.; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, ER.; Buchner, T.; Dombret, H.; Ebert, B.L.;
Fenaux, P,; Larson, R.A ; et al. Diagnosis and management of AML in adults: 2017 ELN recommendations
from an international expert panel. Blood 2017, 129, 424-447. [CrossRef] [PubMed]

Weinstein, ].N.; Collisson, E.A.; Mills, G.B.; Shaw, K.M.; Ozenberger, B.A.; Ellrott, K.; Shmulevich, I.;
Sander, C.; Stuart, .M. The Cancer Genome Atlas Pan-Cancer Analysis Project. Nat. Genet. 2013, 45,
1113-1120. [CrossRef] [PubMed]

Ley, T.J.; Miller, C.; Ding, L.; Raphael, B.J.; Mungall, A.].; Robertson, A.; Hoadley, K.; Triche, T.]., Jr.; Laird, PW.;
Baty, ].D.; et al. Genomic and epigenomic landscapes of adult de novo acute myeloid leukemia. N. Engl. |.
Med. 2013, 368, 2059-2074. [PubMed]

Howe, K.; Clark, M.D.; Torroja, C.F,; Torrance, J.; Berthelot, C.; Muffato, M.; Collins, J.E.; Humphray, S.;
McLaren, K.; Matthews, L.; et al. The zebrafish reference genome sequence and its relationship to the human
genome. Nature 2013, 496, 498-503. [CrossRef]

Stuart, G.W.; McMurray, ].V.; Westerfield, M. Replication, integration and stable germ-line transmission of
foreign sequences injected into early zebrafish embryos. Development 1988, 103, 403—412. [PubMed]
Hwang, W.Y.; Fu, Y.; Reyon, D.; Maeder, M.L.; Tsai, 5.Q.; Sander, ].D.; Peterson, R.T.; Yeh, J.R.; Joung, J.K.
Efficient genome editing in zebrafish using a CRISPR-Cas system. Nat. Biotechnol. 2013, 31, 227-229.
[CrossRef]

Rasighaemi, P,; Basheer, F,; Liongue, C.; Ward, A.C. Zebrafish as a model for leukemia and other hematopoietic
disorders. J. Hematol. Oncol. 2015, 8, 35. [CrossRef]

Macrae, C.A.; Peterson, R.T. Zebrafish as tools for drug discovery. Nat. Rev. Drug Discov. 2015, 14, 721-731.
[CrossRef]

39



Genes 2019, 10, 614

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Pruvot, B.; Jacquel, A.; Droin, N.; Auberger, P.; Bouscary, D.; Tamburini, J.; Muller, M.; Fontenay, M.; Chluba, J.;
Solary, E. Leukemic cell xenograft in zebrafish embryo for investigating drug efficacy. Haematologica 2011, 96,
612-616. [CrossRef]

Dick, A.; Hild, M.; Bauer, H.; Imai, Y.; Maifeld, H.; Schier, A.F.; Talbot, W.S.; Bouwmeester, T.;
Hammerschmidt, M. Essential role of Bmp7 (snailhouse) and its prodomain in dorsoventral patterning of
the zebrafish embryo. Development 2000, 127, 343-354. [PubMed]

Schmid, B.; Fiirthauer, M.; Connors, S.A.; Trout, J.; Thisse, B.; Thisse, C.; Mullins, M.C. Equivalent genetic
roles for bmp7/snailhouse and bmp2b/swirl in dorsoventral pattern formation. Development 2000, 127,
957-967. [PubMed]

Kishimoto, Y.; Lee, K.H.; Zon, L.; Hammerschmidt, M.; Schulte-Merker, S. The molecular nature of zebrafish
swirl: BMP2 function is essential during early dorsoventral patterning. Development 1997, 124, 4457-4466.
[PubMed]

Paik, E.J.; Zon, L.I. Hematopoietic development in the zebrafish. Int. ]. Dev. Boil. 2010, 54, 1127-1137.
[CrossRef] [PubMed]

Carapeti, M.; Aguiar, R.C.; Goldman, J.M.; Cross, N.C. A novel fusion between MOZ and the nuclear receptor
coactivator TIF2 in acute myeloid leukemia. Blood 1998, 91, 3127-3133.

Coulthard, S.; Chase, A.; Watmore, A.; Swirsky, D.M.; Orchard, K.; Vora, A.; Goldman, ].M. Two cases of
inv(8)(p11q13) in AML with erythrophagocytosis: A new cytogenetic variant. Br. J. Haematol. 1998, 100,
561-563. [CrossRef] [PubMed]

Aguiar, R.C.; Chase, A.; Coulthard, S.; Macdonald, D.H.; Carapeti, M.; Reiter, A.; Sohal, J.; Lennard, A_;
Goldman, ].M.; Cross, N.C. Abnormalities of chromosome band 8p11 in leukemia: Two clinical syndromes
can be distinguished on the basis of MOZ involvement. Blood 1997, 90, 3130-3135.

Liang, J.; Prouty, L.; Williams, B.J.; Dayton, M.A.; Blanchard, K.L. Acute mixed lineage leukemia with an
inv(8)(p11q13) resulting in fusion of the genes for MOZ and TIF2. Blood 1998, 92, 2118-2122.

Zhuravleva, J.; Paggetti, J.; Martin, L., Hammann, A.; Solary, E.; Bastie, ].-N.; Delva, L. MOZ/TIF2-induced
acute myeloid leukaemia in transgenic fish. Br. |. Haematol. 2008, 143, 378-382. [CrossRef]

Hsu, K.; Traver, D.; Kutok, J.L.; Hagen, A; Liu, T.-X.; Paw, B.H.; Rhodes, J.; Berman, ].N.; Zon, L.L;
Kanki, J.P; et al. The pu.1 promoter drives myeloid gene expression in zebrafish. Blood 2004, 104, 1291-1297.
[CrossRef]

Voso, M.T.; Burn, T.C.; Wulf, G; Lim, B.; Leone, G.; Tenen, D.G. Inhibition of hematopoiesis by competitive
binding of transcription factor PU. Proc. Natl. Acad. Sci. USA 1994, 91, 7932-7936. [CrossRef] [PubMed]
Rowley, J.D. Identificaton of a translocation with quinacrine fluorescence in a patient with acute leukemia.
Ann. Genet. 1973, 16, 109-112. [PubMed]

Erickson, P; Gao, J.; Chang, K.S.; Look, T.; Whisenant, E.; Raimondi, S.; Lasher, R.; Trujillo, J.; Rowley, J.;
Drabkin, H. Identification of breakpoints in t(8;21) acute myelogenous leukemia and isolation of a fusion
transcript, AML1/ETO, with similarity to Drosophila segmentation gene, runt. Blood 1992, 80, 1825-1831.
[PubMed]

Miyoshi, H.; Shimizu, K.; Kozu, T.; Maseki, N.; Kaneko, Y.; Ohki, M. t(8;21) breakpoints on chromosome 21
in acute myeloid leukemia are clustered within a limited region of a single gene, AMLI1. Proc. Natl. Acad. Sci.
USA 1991, 88, 10431-10434. [CrossRef] [PubMed]

Nisson, P.E.; Watkins, P.C.; Sacchi, N. Transcriptionally active chimeric gene derived from the fusion of the
AMLI1 gene and a novel gene on chromosome 8 in t(8;21) leukemic cells. Cancer Genet. Cytogenet. 1992, 63,
81-88. [CrossRef]

Yeh, J.R.; Munson, K.M.; Chao, Y.L.; Peterson, Q.P.; Macrae, C.A.; Peterson, R.T. AML1-ETO reprograms
hematopoietic cell fate by downregulating scl expression. Development 2008, 135, 401-410. [CrossRef]
[PubMed]

Yeh, J.-R.]J.; Munson, K.M.; Elagib, K.E.; Goldfarb, A.N.; Sweetser, D.A.; Peterson, R.T. Discovering chemical
modifiers of oncogene-regulated hematopoietic differentiation. Nat. Methods 2009, 5, 236-243. [CrossRef]
[PubMed]

Hirvonen, H.; Hukkanen, V,; Salmi, T.T.; Miakeld, T.P,; Pelliniemi, T.T.; Knuutila, S.; Alitalo, R. Expression of
L-myc and N-myc proto-oncogenes in human leukemias and leukemia cell lines. Blood 1991, 78, 3012-3020.
[PubMed]

40



Genes 2019, 10, 614

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hirvonen, H.; Hukkanen, V.; Salmi, T.T.; Pelliniemi, T.T.; Alitalo, R. L-myc and N-myc in hematopoietic
malignancies. Leuk Lymphoma 1993, 11, 197-205. [CrossRef] [PubMed]

Ross, M.E.; Mahfouz, R.; Onciu, M.; Liu, H.-C.; Zhou, X.; Song, G.; Shurtleff, S.A; Pounds, S.; Cheng, C.;
Ma, J.; et al. Gene expression profiling of pediatric acute myelogenous leukemia. Blood 2004, 104, 3679-3687.
[CrossRef] [PubMed]

Shen, LJ.; Chen, EY.; Zhang, Y.; Cao, L.E; Kuang, Y.; Zhong, M.; Wang, T.; Zhong, H. MYCN transgenic
zebrafish model with the characterization of acute myeloid leukemia and altered hematopoiesis. PLoS ONE
2013, 8, €59070. [CrossRef] [PubMed]

Mackarehtschian, K.; Hardin, J.D.; Moore, K.A.; Boast, S.; Goff, S.P.; Lemischka, I.R. Targeted disruption of
the flk2/flt3 gene leads to deficiencies in primitive hematopoietic progenitors. Immunity 1995, 3, 147-161.
[CrossRef]

Carow, C.E.; Levenstein, M.; Kaufmann, S.H.; Chen, J.; Amin, S.; Rockwell, P.; Witte, L.; Borowitz, M.J.;
Civin, C.I; Small, D. Expression of the hematopoietic growth factor receptor FLT3 (STK-1/Flk2) in human
leukemias. Blood 1996, 87, 1089-1096. [PubMed]

Rosnet, O.; Biihring, H.J.; Marchetto, S.; Rappold, I.; Lavagna, C.; Sainty, D.; Arnoulet, C.; Chabannon, C.;
Kanz, L.; Hannum, C.; et al. Human FLT3/FLK2 receptor tyrosine kinase is expressed at the surface of normal
and malignant hematopoietic cells. Leukemia 1996, 10, 238-248. [PubMed]

Kiyoi, H.; Ohno, R.; Ueda, R.; Saito, H.; Naoe, T. Mechanism of constitutive activation of FLT3 with internal
tandem duplication in the juxtamembrane domain. Oncogene 2002, 21, 2555-2563. [CrossRef] [PubMed]
Horiike, S.; Yokota, S.; Nakao, M.; Iwai, T.; Sasai, Y.; Kaneko, H.; Taniwaki, M.; Kashima, K.; Fujii, H.;
Abe, T.; et al. Tandem duplications of the FLT3 receptor gene are associated with leukemic transformation of
myelodysplasia. Leukemia 1997, 11, 1442-1446. [CrossRef] [PubMed]

Kiyoi, H.; Naoe, T.; Nakano, Y.; Yokota, S.; Minami, S.; Miyawaki, S.; Asou, N.; Kuriyama, K.; Jinnai, I.;
Shimazaki, C.; et al. Prognostic implication of FLT3 and N-RAS gene mutations in acute myeloid leukemia.
Blood 1999, 93, 3074-3080.

Yu, Y.; Maggi, L.B.; Brady, S.N.; Apicelli, A.J.; Dai, M.-S.; Lu, H.; Weber, ].D. Nucleophosmin Is Essential for
Ribosomal Protein L5 Nuclear Export. Mol. Cell. Boil. 2006, 26, 3798-3809. [CrossRef]

Savkur, R. Preferential cleavage in pre-ribosomal RNA byprotein B23 endoribonuclease. Nucleic Acids Res.
1998, 26, 4508-4515. [CrossRef]

Falini, B.; Mecucci, C.; Tiacci, E.; Alcalay, M.; Rosati, R.; Pasqualucci, L.; La Starza, R.; Diverio, D.; Colombo, E.;
Santucci, A.; et al. Cytoplasmic nucleophosmin in acute myelogenous leukemia with a normal karyotype. N.
Engl. ]. Med. 2005, 352, 254-266. [CrossRef]

He, B.-L; Shi, X.; Man, C.H.; Ma, A.C.H.; Ekker, S.C.; Chow, H.C.H.; So, C.W.E.; Choi, WW.L.; Zhang, W.;
Zhang, Y.; et al. Functions of flt3 in zebrafish hematopoiesis and its relevance to human acute myeloid
leukemia. Blood 2014, 123, 2518-2529. [CrossRef] [PubMed]

Bolli, N.; Payne, E.M.; Grabher, C.; Lee, ].S.; Johnston, A.B.; Falini, B.; Kanki, ].P.; Look, A.T. Expression of the
cytoplasmic NPM1 mutant (NPMc+) causes the expansion of hematopoietic cells in zebrafish. Blood 2010,
115, 3329-3340. [CrossRef] [PubMed]

Lu, J-W.; Hou, H.-A.; Hsieh, M.-S.; Tien, H.-E; Lin, L.-I. Overexpression of FLT3-ITD driven by spi-1 results
in expanded myelopoiesis with leukemic phenotype in zebrafish. Leukemia 2016, 30, 2098-2101. [CrossRef]
[PubMed]

Cheng, J.C.; Kinjo, K.; Judelson, D.R.; Chang, J.; Wu, W.S.; Schmid, I.; Shankar, D.B.; Kasahara, N.; Stripecke, R.;
Bhatia, R.; et al. CREB is a critical regulator of normal hematopoiesis and leukemogenesis. Blood 2008, 111,
1182-1192. [CrossRef] [PubMed]

Kinjo, K.; Sandoval, S.; Sakamoto, K.M.; Shankar, D.B. The Role of CREB as a Proto-oncogene in Hematopoiesis.
Cell Cycle 2005, 4, 1134-1135. [CrossRef] [PubMed]

Crans, H.N.; Sakamoto, K.M. Transcription factors and translocations in lymphoid and myeloid leukemia.
Leukemia 2001, 15, 313-331. [CrossRef] [PubMed]

Tregnago, C.; Manara, E.; Zampini, M.; Bisio, V.; Borga, C.; Bresolin, S.; Aveic, S.; Germano, G.; Basso, G.;
Pigazzi, M. CREB engages C/EBPdelta to initiate leukemogenesis. Leukemia 2016, 30, 1887-1896. [CrossRef]
Gubbay, J.; Collignon, J.; Koopman, P.; Capel, B.; Economou, A.; Miinsterberg, A.; Vivian, N.; Goodfellow, P.;
Lovell-Badge, R. A gene mapping to the sex-determining region of the mouse Y chromosome is a member of
anovel family of embryonically expressed genes. Nature 1990, 346, 245-250. [CrossRef]

41



Genes 2019, 10, 614

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Lu, J.W.; Hsieh, M.S_; Hou, H.A.; Chen, C.Y,; Tien, H.F; Lin, L.I. Overexpression of SOX4 correlates with
poor prognosis of acute myeloid leukemia and is leukemogenic in zebrafish. Blood Cancer J. 2017, 7, €593.
[CrossRef]

Zhang, H.; Alberich-Jorda, M.; Amabile, G.; Yang, H.; Staber, P.B.; Di Ruscio, A.; Welner, R.S.; Ebralidze, A.;
Zhang, J.; Levantini, E.; et al. Sox4 is a key oncogenic target in C/EBPalpha mutant acute myeloid leukemia.
Cancer Cell 2013, 24, 575-588. [CrossRef]

Fung, TK.; Leung, A.Y.; So, C.W. Sox4you: A new player in C/EBPalpha leukemia. Cancer Cell 2013, 24,
557-559. [CrossRef] [PubMed]

Paschka, P; Schlenk, R.F; Gaidzik, V.I; Habdank, M.; Kronke, J.; Bullinger, L.; Spath, D.; Kayser, S.;
Zucknick, M.; Gotze, K; et al. IDH1 and IDH2 Mutations Are Frequent Genetic Alterations in Acute Myeloid
Leukemia and Confer Adverse Prognosis in Cytogenetically Normal Acute Myeloid Leukemia with NPM1
Mutation Without FLT3 Internal Tandem Duplication. ]. Clin. Oncol. 2010, 28, 3636-3643. [CrossRef]
[PubMed]

Shi, X.; He, B.-L.; Ma, A.C.H.; Guo, Y.; Chi, Y.; Man, C.H.; Zhang, W.; Zhang, Y.; Wen, Z.; Cheng, T.; et al.
Functions of idh1 and its mutation in the regulation of developmental hematopoiesis in zebrafish. Blood
2015, 125, 2974-2984. [CrossRef] [PubMed]

Guryev, V.; Koudijs, M.].; Berezikov, E.; Johnson, S.L.; Plasterk, R.H.; van Eeden, E]J.; Cuppen, E. Genetic
variation in the zebrafish. Genome Res. 2006, 16, 491-497. [CrossRef] [PubMed]

Svejda, ].; Kossey, P.; Hlavayova, E.; Svec, F. Histological picture of the transplantable rat leukaemia induced
by x-irradiation and methylcholanthrene. Neoplasma 1958, 5, 123-131. [PubMed]

Huggins, C.B.; Sugiyama, T. Induction of leukemia in rat by pulse doses of 7,12-dimethylbenz(a)anthracene.
Proc. Natl. Acad. Sci. USA 1966, 55, 74-81. [CrossRef] [PubMed]

Huggins, C.B.; Grand, L.; Ueda, N. Specific induction of erythroleukemia and myelogenous leukemia in
Sprague-Dawley rats. Proc. Natl. Acad. Sci. USA 1982, 79, 5411-5414. [CrossRef] [PubMed]

Somfai, S.; Szentirmay, Z.; Gal, E Transplantable Myeloid Rat Leukaemia Induced by
7,12-Dimethylbenz(a)anthracene. Acta Haematol. 1973, 49, 281-290.

Bekkum, D.W.; van Hagenbeek, A. Relevance of the BN leukemia as a model for human acute myeloid
leukemia. Blood Cells Mol. Dis. 1977, 3, 565-579.

Van Bekkum, D.W.; Van Oosterom, P.; Dicke, K.A. In vitro colony formation of transplantable rat leukemias
in comparison with human acute myeloid leukemia. Cancer Res. 1976, 36, 941-946.

Hagenbeek, A.; van Bekkum, D.W. Comparitive evaluation of the L5222 and the BNML rat leukaemia models
and their relavance to human acute leukaemia. Leuk. Res. 1977, 1, 75-256. [CrossRef]

Nooter, K.; Sonneveld, P.; Deurloo, J.; Oostrum, R.; Schultz, F.; Martens, A.; Hagenbeek, A. Repeated
daunomycin administration in rats. Cancer Chemother. Pharmacol. 1984, 12, 187-189. [CrossRef] [PubMed]
Sonneveld, P; Van Bekkum, D.W. Different distribution of adriamycin in normal and leukaemic rats.
Br. J. Cancer 1981, 43, 464-470. [CrossRef] [PubMed]

Colly, L.P; Van Bekkum, D.W.; Hagenbeek, A. Enhanced tumor load reduction after chemotherapy induced
recruitment and synchronization in a slowly growing rat leukemia model (BNML) for human acute myelocytic
leukemia. Leuk. Res. 1984, 8, 953-963. [CrossRef]

Aglietta, M.; Sonneveld, P. The relevance of cell kinetics for optimal scheduling of 1-beta-D-arabinofuranosyl
cytosine and methotrexate in a slow growing acute myeloid leukemia (BNML). Cancer Chemother. Pharmacol.
1978, 1,219-223. [CrossRef] [PubMed]

Hagenbeek, A.; Martens, A.C. AMSA: In vivo log cell kill for leukemic clonogenic cells versus toxicity for
normal hemopoietic stem cells in a rat model for human acute myelocytic leukemia (BNML). Eur. ]. Cancer
Clin. Oncol. 1986, 22, 1255-1258. [CrossRef]

Ermens, A.A.; Kroes, A.C; Lindemans, J.; Abels, J. 5-Fluorouracil treatment of rat leukemia and a reappraisal
of its application in human leukemia. Anticancer Res. 1986, 6, 797-800. [PubMed]

Kroes, A.C.M.; Lindemans, J.; Schoester, M.; Abels, J. Enhanced therapeutic effect of methotrexate in
experimental rat leukemia after inactivation of cobalamin (vitamin B12) by nitrous oxide. Cancer Chemother.
Pharmacol. 1986, 17, 114-120. [CrossRef] [PubMed]

Sonneveld, P.; Holcenberg, J.; Van Bekkum, D. Effect of succinylated Acinetobacter glutaminase-asparaginase
treatment on an acute myeloid leukemia in the rat (BNML). Eur. . Cancer (1965) 1979, 15, 1061-1063.
[CrossRef]

42



Genes 2019, 10, 614

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Arkesteijn, G.J.A.; Martens, A.C.M.; Jonker, R.R.; Hagemeijer, A.; Hagenbeek, A. Bivariate flow karyotyping
of acute myelocytic leukemia in the BNML rat model. Cyfometry 1987, 8, 618-624. [CrossRef]

Martens, A.C.M.; Hagenbeek, A. Detection of minimal disease in acute leukemia using flow cytometry:
Studies in a rat model for human acute leukemia. Cytometry 1985, 6, 342-347. [CrossRef] [PubMed]
Martens, A.C.M.; Van Bekkum, D.W.; Hagenbeek, A. Minimal residual disease in leukemia: Studies in an
animal model for acute myelocytic leukemia (bnml). Stem Cells 1990, 8, 27-38. [CrossRef] [PubMed]

Law, L.W.; Taormina, V.; Boyle, PJ. Response of acute lymphocytic leukemias to the purine antagonist
6-mercaptopurine. Ann. N. Y. Acad. Sci. 1954, 60, 244-250. [CrossRef] [PubMed]

Skipper, H.E.; Perry, S. Kinetics of normal and leukemic leukocyte populations and relevance to chemotherapy.
Cancer Res. 1970, 30, 1883-1897. [PubMed]

Casazza, A.M.; Pratesi, G.; Giuliani, F; Di Marco, A. Antileukemic Activity of 4-Demethoxydaunorubicin in
Mice. Tumori J. 1980, 66, 549-564. [CrossRef]

Law, L.W.; Dunn, T.B.; Boyle, PJ.; Miller, ].H. Observations on the Effect of a Folic-Acid Antagonist on
Transplantable Lymphoid Leukemias in Mice. ]. Natl. Cancer Inst. 1949, 10, 179-192.

Kline, I.; Venditti, ].M.; Mead, J.A.; Tyrer, D.D.; Goldin, A. The antileukemic effectiveness of 5-fluorouracil
and methotrexate in the combination chemotherapy of advanced leukemia L1210 in mice. Cancer Res. 1966,
26, 848-852. [PubMed]

Kline, I; Venditti, ].M.; Tyrer, D.D.; Mantel, N.; Goldin, A. Chemotherapy of leukemia L1210 in mice
with 1-beta-D-arabinofuranosylcytosine hydrochloride. II. Effectiveness against intracerebrally and
subcutaneously inoculated leukemic cells. Cancer Res. 1966, 26, 1930-1937. [PubMed]

Jensen, P.B.; Roed, H.; Skovsgaard, T.; Friche, E.; Spang-Thomsen, M. Antitumor activity of the two
epipodophyllotoxin derivatives VP-16 and VM-26 in preclinical systems: A comparison of in vitro and
in vivo drug evaluation. Cancer Chemother. Pharmacol. 1990, 27, 194-198. [CrossRef] [PubMed]

Skipper, H.E.; Schabel, EM.; Wilcox, W.S. Experimental evaluation of potential anticancer agents. XXI.
Scheduling of arabinosylcytosine to take advantage of its S-phase specificity against leukemia cells. Cancer
Chemother. Rep. 1967, 51, 125-165. [PubMed]

Kawasaki, Y.; Hirabayashi, Y.; Kaneko, T.; Kanno, J.; Kodama, Y.; Matsushima, Y.; Ogawa, Y.; Saitoh, M.;
Sekita, K.; Uchida, O.; et al. Benzene-Induced Hematopoietic Neoplasms Including Myeloid Leukemia in
Trp53-Deficient C57BL/6 and C3H/He Mice. Toxicol. Sci. 2009, 110, 293-306. [CrossRef] [PubMed]

Preston, D.L.; Kusumi, S.; Tomonaga, M.; Izumi, S.; Ron, E.; Kuramoto, A.; Kamada, N.; Dohy, H.; Matsuo, T.;
Matsui, T.; et al. Cancer incidence in atomic bomb survivors. Part IIl. Leukemia, lymphoma and multiple
myeloma, 1950-1987. Radiat. Res. 1994, 137 (Suppl. 2), S68-597. [CrossRef] [PubMed]

Weiss, H.A_; Boice, ].D.; Muirhead, C.R.; Little, M.P.; Darby, S.C.; Day, N.E. Risks of Leukemia in Japanese
Atomic Bomb Survivors, in Women Treated for Cervical Cancer, and in Patients Treated for Ankylosing
Spondylitis. Radiat. Res. 1999, 152, 280.

Tomonaga, M. Leukaemia in Nagasaki atomic bomb survivors from 1945 through 1959. Bull. World Health
Organ. 1962, 26, 619-631. [PubMed]

Finch, S.C. Radiation-induced leukemia: Lessons from history. Best Pract. Res. Clin. Haematol. 2007, 20,
109-118. [CrossRef] [PubMed]

Silver, A.; Moody, J.; Dunford, R.; Clark, D.; Ganz, S.; Bulman, R.; Boulffler, S.; Finnon, P.; Meijne, E.;
Huiskamp, R.; et al. Molecular mapping of chromosome 2 deletions in murine radiation-induced AML
localizes a putative tumor suppressor gene to a 1.0 cM region homologous to human chromosome segment
11p11-12. Genes Chromosome Cancer 1999, 24, 95-104. [CrossRef]

Furth, J.; Seibold, H.R.; Rathbone, R.R. Experimental studies on lymphomatosis. Am. |. Cancer 1933, 19,
521-604.

Ullrich, R.L.; Preston, R.J. Myeloid leukemia in male REM mice following irradiation with fission spectrum
neutrons or gamma rays. Radiat. Res. 1987, 109, 165-170. [CrossRef]

Wolman, S.R.; McMorrow, L.E.; Cohen, M.W. Animal model of human disease: Myelogenous leukemia in
the RF mouse. Am. J. Pathol. 1982, 107, 280-284.

Finnon, R.; Brown, N.; Moody, J.; Badie, C.; Olme, C.-H.; Huiskamp, R.; Meijne, E.; Sutmuller, M.;
Rosemann, M.; Bouffler, S.D. FIt3-ITD mutations in a mouse model of radiation-induced acute myeloid
leukaemia. Leukemia 2012, 26, 1445-1446. [CrossRef]

43



Genes 2019, 10, 614

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Small, D. FLT3 mutations: Biology and treatment. Hematol. Am. Soc. Hematol. Educ. Program 2006, 178-184.
[CrossRef] [PubMed]

Dunn, T.B. Normal and Pathologic Anatomy of the Reticular Tissue in Laboratory Mice, With a Classification
and Discussion of Neoplasms. J. Natl. Cancer Inst. 1954, 14, 1281-1433. [PubMed]

Pedersen-Bjergaard, J.; Philip, P; Pedersen, N.T.; Hou-Jensen, K.; Svejgaard, A.; Jensen, G.; Nissen, N.I. Acute
nonlymphocytic leukemia, preleukemia, and acute myeloproliferative syndrome secondary to treatment
of other malignant diseases. II. Bone marrow cytology, cytogenetics, results of HLA typing, response to
antileukemic chemotherapy, and survival in a total series of 55 patients. Cancer 1984, 54, 452-462. [PubMed]
Haran-Ghera, N.; Krautghamer, R.; Lapidot, T.; Peled, A.; Dominguez, M.G.; Stanley, E.R. Increased
circulating colony-stimulating factor-1 (CSE-1) in SJL/] mice with radiation-induced acute myeloid leukemia
(AML) is associated with autocrine regulation of AML cells by CSF-1. Blood 1997, 89, 2537-2545. [PubMed]
Chia, R.; Achilli, F; Festing, M.EW.; Fisher, EM.C. The origins and uses of mouse outbred stocks. Nat. Genet.
2005, 37, 1181-1186. [CrossRef] [PubMed]

Ban, N.; Kai, M.; Kusama, T. Chromosome Aberrations in Bone Marrow Cells of C3H/He Mice at an Early
Stage after Whole-Body Irradiation. J. Radiat. Res. 1997, 38, 219-231. [CrossRef] [PubMed]

Rithidech, K.; Dunn, ].J.; Bond, V.P;; Gordon, C.R.; Cronkite, E.P. Characterization of genetic instability in
radiation- and benzene-induced murine acute leukemia. Mutat. Res. Mol. Mech. Mutagen. 1999, 428, 33-39.
[CrossRef]

Cleary, H. Allelic loss on chromosome 4 (Lyr2/TLSR5) is associated with myeloid, B-lympho-myeloid, and
lymphoid (B and T) mouse radiation-induced leukemias. Blood 2001, 98, 1549-1554. [CrossRef]
Giotopoulos, G.; McCormick, C.; Cole, C.; Zanker, A.; Jawad, M.; Brown, R.; Plumb, M. DNA methylation
during mouse hemopoietic differentiation and radiation-induced leukemia. Exp. Hematol. 2006, 34, 1462-1470.
[CrossRef]

Siegler, R.; Rich, M.A. Pathogenesis of Virus-Induced Myeloid Leukemia in Mice. |. Natl. Cancer Inst. 1967,
38, 31-50.

McGarry, M.P; Steeves, R.A.; Eckner, RJ.; Mirand, E.A.; Trudel, PJ. Isolation of a myelogenous
leukemia-inducing virus from mice infected with the friend virus complex. Int. ]. Cancer 1974, 13,
867-878. [CrossRef] [PubMed]

Rein, A. Murine Leukemia Viruses: Objects and Organisms. Adv. Virol. 2011, 2011, 1-14. [CrossRef]
[PubMed]

Gross, L. Development and serial cellfree passage of a highly potent strain of mouse leukemia virus. Proc.
Soc. Exp. Biol. Med. 1957, 94, 767-771. [CrossRef] [PubMed]

Linemeyer, D.L.; Menke, J.G.; Ruscetti, S.K.; Evans, L.H.; Scolnick, E.M. Envelope gene sequences which
encode the gp52 protein of spleen focus-forming virus are required for the induction of erythroid cell
proliferation. J. Virol. 1982, 43, 223-233. [PubMed]

Ruscetti, S.; Wolff, L. Malignant transformation of erythroid cells in vivo by introduction of a nonreplicating
retrovirus vector. Science 1985, 228, 1549-1552.

Perkins, A.S. The Pathology of Murine Myelogenous Leukemias. Curr. Top. Microbiol. Immunol. 1989, 149,
3-21.

Largaespada, D.A. Genetic heterogeneity in acute myeloid leukemia: Maximizing information flow from
MuLV mutagenesis studies. Leukemia 2000, 14, 1174-1184. [CrossRef]

Dupuy, A.J. Transposon-based screens for cancer gene discovery in mouse models. Semin. Cancer Biol. 2010,
20, 261-268. [CrossRef]

Largaespada, D.A. Transposon-mediated mutagenesis of somatic cells in the mouse for cancer gene
identification. Methods 2009, 49, 282-286. [CrossRef]

Collier, L.S.; Adams, D.J.; Hackett, C.S; Bendzick, L.E.; Akagi, K; Davies, M.N.; Diers, M.D,;
Rodriguez, E].; Bender, A.M.; Tieu, C.; et al. Whole-body Sleeping Beauty mutagenesis can cause penetrant
leukemia/lymphoma and rare high-grade glioma without associated embryonic lethality. Cancer Res. 2009,
69, 8429-8437. [CrossRef]

Vassiliou, G.S.; Cooper, J.L.; Rad, R.; Li, J.; Rice, S.; Uren, A; Rad, L.; Ellis, P.; Andrews, R.; Banerjee, R.; et al.
Mutant nucleophosmin and cooperating pathways drive leukemia initiation and progression in mice.
Nat. Genet. 2011, 43, 470-475. [PubMed]

44



Genes 2019, 10, 614

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Kakizuka, A.; Miller, WH.; Umesono, K.; Warrell, R.P; Frankel, S.R.; Murty, V.V.,; Dmitrovsky, E.; Evans, R M.
Chromosomal translocation t(15;17) in human acute promyelocytic leukemia fuses RAR alpha with a novel
putative transcription factor, PML. Cell 1991, 66, 663-674. [CrossRef]

De Thé, H.; Lavau, C.; Marchio, A.; Chomienne, C.; Degos, L.; Dejean, A. The PML-RAR alpha fusion mRNA
generated by the t(15;17) translocation in acute promyelocytic leukemia encodes a functionally altered RAR.
Cell 1991, 66, 675-684. [CrossRef]

Early, E.; Moore, M.A.; Kakizuka, A.; Nason-Burchenal, K.; Martin, P.; Evans, R M.; Dmitrovsky, E. Transgenic
expression of PML/RARalpha impairs myelopoiesis. Proc. Natl. Acad. Sci. USA 1996, 93, 7900-7904.
[CrossRef] [PubMed]

Grisolano, J.L.; Wesselschmidt, R.L.; Pelicci, P.G.; Ley, TJ. Altered myeloid development and acute leukemia
in transgenic mice expressing PML-RAR alpha under control of cathepsin G regulatory sequences. Blood
1997, 89, 376-387. [PubMed]

Brown, D.; Kogan, S.; Lagasse, E.; Weissman, I.; Alcalay, M.; Pelicci, P.G.; Atwater, S.; Bishop, J.M.
A PMLRARalpha transgene initiates murine acute promyelocytic leukemia. Proc. Natl. Acad. Sci. USA 1997,
94, 2551-2556. [CrossRef] [PubMed]

Wang, Q.; Stacy, T.; Binder, M.; Marin-Padilla, M.; Sharpe, A.H.; Speck, N.A. Disruption of the Cbfa2
gene causes necrosis and hemorrhaging in the central nervous system and blocks definitive hematopoiesis.
Proc. Natl. Acad. Sci. USA 1996, 93, 3444-3449. [CrossRef]

Okuda, T.; Van Deursen, J.; Hiebert, SSW.; Grosveld, G.; Downing, ].R. AMLI1, the Target of Multiple
Chromosomal Translocations in Human Leukemia, Is Essential for Normal Fetal Liver Hematopoiesis. Cell
1996, 84, 321-330. [CrossRef]

Okuda, T; Cai, Z,; Yang, S.; Lenny, N.; Lyu, C.J.; Van Deursen, ].M.; Harada, H.; Downing, J.R. Expression of
a knocked-in AML1-ETO leukemia gene inhibits the establishment of normal definitive hematopoiesis and
directly generates dysplastic hematopoietic progenitors. Blood 1998, 91, 3134-3143.

Rhoades, K.L.; Hetherington, C.J.; Harakawa, N.; Yergeau, D.A.; Zhou, L.; Liu, L.Q.; Little, M.T,; Tenen, D.G.;
Zhang, D.E. Analysis of the role of AML1-ETO in leukemogenesis, using an inducible transgenic mouse
model. Blood 2000, 96, 2108-2115.

Higuchi, M.; O’Brien, D.; Kumaravelu, P; Lenny, N.; Yeoh, E.-].; Downing, ].R. Expression of a conditional
AMLI-ETO oncogene bypasses embryonic lethality and establishes a murine model of human t(8;21) acute
myeloid leukemia. Cancer Cell 2002, 1, 63-74. [CrossRef]

Yuan, Y.; Zhou, L.; Miyamoto, T.; Iwasaki, H.; Harakawa, N.; Hetherington, C.J.; Burel, S.A.; Lagasse, E.;
Weissman, I.L.; Akashi, K.; et al. AML1-ETO expression is directly involved in the development of acute
myeloid leukemia in the presence of additional mutations. Proc. Natl. Acad. Sci. USA 2001, 98, 10398-10403.
[CrossRef] [PubMed]

Nick, H.J.; Kim, H.G.; Chang, C.W.; Harris, K.W.; Reddy, V.; Klug, C.A. Distinct classes of c-Kit-activating
mutations differ in their ability to promote RUNX1-ETO-associated acute myeloid leukemia. Blood 2012, 119,
1522-1531. [CrossRef]

Schessl, C.; Rawat, V.P; Cusan, M.; Deshpande, A.; Kohl, TM.; Rosten, PM.; Spiekermann, K.;
Humpbhries, R.K.; Schnittger, S.; Kern, W.; et al. The AMLI-ETO fusion gene and the FLT3 length mutation
collaborate in inducing acute leukemia in mice. J. Clin. Investig. 2005, 115, 2159-2168. [CrossRef] [PubMed]
Wang, S.; Wang, Q.; Crute, B.E.; Melnikova, LN.; Keller, S.R.; Speck, N.A. Cloning and characterization of
subunits of the T-cell receptor and murine leukemia virus enhancer core-binding factor. Mol. Cell. Boil. 1993,
13, 3324-3339. [CrossRef] [PubMed]

Schoch, C.; Kern, W.; Schnittger, S.; Biichner, T.; Hiddemann, W.; Haferlach, T. The influence of age on
prognosis of de novo acute myeloid leukemia differs according to cytogenetic subgroups. Haematologica
2004, 89, 1082-1090. [PubMed]

Liu, P; Tarlé, S.; Hajra, A.; Claxton, D.; Marlton, P.; Freedman, M.; Siciliano, M.; Collins, F. Fusion between
transcription factor CBF beta/PEBP2 beta and a myosin heavy chain in acute myeloid leukemia. Science 1993,
261,1041-1044. [CrossRef] [PubMed]

Castilla, L.H.; Garrett, L.; Adya, N.; Orlic, D.; Dutra, A.; Anderson, S.; Owens, J.; Eckhaus, M.; Bodine, D.;
Liu, PP. The fusion gene Cbfb-MYH11 blocks myeloid differentiation and predisposes mice to acute
myelomonocytic leukaemia. Nat. Genet. 1999, 23, 144-146. [CrossRef] [PubMed]

45



Genes 2019, 10, 614

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Castilla, L.H.; Perrat, P.; Martinez, N.J.; Landrette, S.F; Keys, R.; Oikemus, S.; Flanegan, J.; Heilman, S.;
Garrett, L.; Dutra, A.; et al. Identification of genes that synergize with Cbfb-MYH11 in the pathogenesis of
acute myeloid leukemia. Proc. Natl. Acad. Sci. USA 2004, 101, 4924-4929. [CrossRef]

Kuo, Y.H.; Landrette, S.F; Heilman, S.A.; Perrat, PN.; Garrett, L.; Liu, PP,; Le Beau, M.M.; Kogan, S.C.;
Castilla, L.H. Cbf beta-SMMHC induces distinct abnormal myeloid progenitors able to develop acute myeloid
leukemia. Cancer Cell 2006, 9, 57-68. [CrossRef]

Verhaak, R.G.W. Mutations in nucleophosmin (NPM1) in acute myeloid leukemia (AML): Association
with other gene abnormalities and previously established gene expression signatures and their favorable
prognostic significance. Blood 2005, 106, 3747-3754. [CrossRef] [PubMed]

Cheng, K.; Sportoletti, P; Ito, K.; Clohessy, ].G.; Teruya-Feldstein, J.; Kutok, J.L.; Pandolfi, P.P. The cytoplasmic
NPM mutant induces myeloproliferation in a transgenic mouse model. Blood 2010, 115, 3341-3345. [CrossRef]
[PubMed]

Chou, S.H.; Ko, B.S.; Chiou, J.S.; Hsu, Y.C.; Tsai, M.H.; Chiu, Y.C.; Yu, L.S; Lin, SW.; Hou, H.A.; Kuo, Y.Y,; et al.
A knock-in Npm1 mutation in mice results in myeloproliferation and implies a perturbation in hematopoietic
microenvironment. PLoS ONE 2012, 7, e49769. [CrossRef] [PubMed]

Mallardo, M.; Caronno, A.; Pruneri, G.; Raviele, P.R.; Viale, A.; Pelicci, P.G.; Colombo, E. NPMc+ and
FLT3_ITD mutations cooperate in inducing acute leukaemia in a novel mouse model. Leukemia 2013, 27,
2248-2251. [CrossRef] [PubMed]

Gilliland, D.G.; Griffin, J.D. The roles of FLT3 in hematopoiesis and leukemia. Blood 2002, 100, 1532-1542.
[CrossRef] [PubMed]

Lee, B.H.; Williams, L.R.; Anastasiadou, E.; Boulton, C.L.; Joseph, S.W.; Amaral, S.M.; Curley, D.P; Duclos, N.;
Huntly, B.J.P; Fabbro, D.; et al. FLT3 internal tandem duplication mutations induce myeloproliferative or
lymphoid disease in a transgenic mouse model. Oncogene 2005, 24, 7882-7892. [CrossRef] [PubMed]

Li, L.; Bailey, E.; Greenblatt, S.; Huso, D.; Small, D. Loss of the wild-type allele contributes to myeloid
expansion and disease aggressiveness in FLT3/ITD knockin mice. Blood 2011, 118, 4935-4945. [CrossRef]
[PubMed]

Lee, B.H.; Tothova, Z.; Levine, R.L.; Anderson, K.; Buza-Vidas, N.; Cullen, D.E.; McDowell, E.P.; Adelsperger, J.;
Frohling, S.; Huntly, B.J.; et al. FLT3 mutations confer enhanced proliferation and survival properties to
multipotent progenitors in a murine model of chronic myelomonocytic leukemia. Cancer Cell 2007, 12,
367-380. [CrossRef]

Kharazi, S.; Mead, A.J.; Mansour, A.; Hultquist, A.; Boiers, C.; Luc, S.; Buza-Vidas, N.; Ma, Z.; Ferry, H.;
Atkinson, D.; et al. Impact of gene dosage, loss of wild-type allele, and FLT3 ligand on FIt3-ITD-induced
myeloproliferation. Blood 2011, 118, 3613-3621. [CrossRef]

Iida, S.; Seto, M.; Yamamoto, K.; Komatsu, H.; Tojo, A.; Asano, S.; Kamada, N.; Ariyoshi, Y.; Takahashi, T.;
Ueda, R. MLLT3 gene on 9p22 involved in t(9;11) leukemia encodes a serine/proline rich protein homologous
to MLLT1 on 19p13. Oncogene 1993, 8, 3085-3092.

Nakamura, T.; Alder, H.; Gu, Y; Prasad, R.; Canaani, O.; Kamada, N.; Gale, R.P; Lange, B.; Crist, W.M.;
Nowell, P.C.; et al. Genes on chromosomes 4, 9, and 19 involved in 11q23 abnormalities in acute leukemia
share sequence homology and/or common motifs. Proc. Natl. Acad. Sci. USA 1993, 90, 4631-4635. [CrossRef]
[PubMed]

Corral, J.; Lavenir, L; Impey, H.; Warren, A ].; Forster, A; Larson, T.A.; Bell, S.; McKenzie, A.N.; King, G.;
Rabbitts, T.H. An MlI-AF9 Fusion Gene Made by Homologous Recombination Causes Acute Leukemia in
Chimeric Mice: A Method to Create Fusion Oncogenes. Cell 1996, 85, 853-861. [CrossRef]

Collins, E.C.; Pannell, R.; Simpson, E.M.; Forster, A.; Rabbitts, T.H. Inter-chromosomal recombination of
Mill and Af9 genes mediated by cre-loxP in mouse development. EMBO Rep. 2000, 1, 127-132. [CrossRef]
[PubMed]

Stavropoulou, V.; Kaspar, S.; Brault, L.; Sanders, M.A; Juge, S.; Morettini, S.; Tzankov, A.; lacovino, M.;
Lau, I-].; Milne, T.A_; et al. MLL-AF9 Expression in Hematopoietic Stem Cells Drives a Highly Invasive
AML Expressing EMT-Related Genes Linked to Poor Outcome. Cancer Cell 2016, 30, 43-58. [CrossRef]
Johnson, J.J.; Chen, W.; Hudson, W.; Yao, Q.; Taylor, M.; Rabbitts, T.H.; Kersey, J.H. Prenatal and postnatal
myeloid cells demonstrate stepwise progression in the pathogenesis of MLL fusion gene leukemia. Blood
2003, 101, 3229-3235. [CrossRef] [PubMed]

46



Genes 2019, 10, 614

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Ayton, PM.; Cleary, M.L. Transformation of myeloid progenitors by MLL oncoproteins is dependent on
Hoxa7 and Hoxa9. Genome Res. 2003, 17, 2298-2307. [CrossRef] [PubMed]

Meyer, C.; Hofmann, J.; Burmeister, T.; Gréger, D.; Park, T.S.; Emerenciano, M.; Pombo-De-Oliveira, M.D.S.;
Renneville, A ; Villarese, P.; MacIntyre, E.; et al. The MLL recombinome of acute leukemias in 2013. Leukemia
2013, 27, 2165-2176. [CrossRef] [PubMed]

Chen, W.; Li, Q.; Hudson, W.A.; Kumar, A.; Kirchhof, N.; Kersey, ].H. A murine MlI-AF4 knock-in model
results in lymphoid and myeloid deregulation and hematologic malignancy. Blood 2006, 108, 669—677.
[CrossRef] [PubMed]

Metzler, M.; Forster, A.; Pannell, R.; Arends, M.].; Daser, A.; Lobato, M.N.; Rabbitts, T.H. A conditional model
of MLL-AF4 B-cell tumourigenesis using invertor technology. Oncogene 2006, 25, 3093-3103. [CrossRef]
Barrett, N.A.; Malouf, C.; Kapeni, C.; Bacon, W.A.; Giotopoulos, G.; Jacobsen, S.EW.; Huntly, B.J.;
Ottersbach, K. Mll-AF4 Confers Enhanced Self-Renewal and Lymphoid Potential during a Restricted
Window in Development. Cell Rep. 2016, 16, 1039-1054. [CrossRef]

Krivtsov, A.V.; Feng, Z.; Lemieux, M.E.; Faber, J.; Vempati, S.; Sinha, A.U.; Xia, X; Jesneck, |.; Bracken, A.P;
Silverman, L.B.; et al. H3K79 methylation profiles define murine and human MLL-AF4 leukemias. Cancer
Cell 2008, 14, 355-368. [CrossRef] [PubMed]

Lavau, C.; Szilvassy, SJ.; Slany, R.; Cleary, M.L. Immortalization and leukemic transformation of a
myelomonocytic precursor by retrovirally transduced HRX-ENL. EMBO ]. 1997, 16, 4226-4237. [CrossRef]
[PubMed]

Zeisig, B.B.; Garcia-Cuéllar, M.P,; Winkler, TH.; Slany, R.K. The Oncoprotein MLL-ENL disturbs
hematopoietic lineage determination and transforms a biphenotypic lymphoid/myeloid cell. Oncogene 2003,
22,1629-1637. [CrossRef] [PubMed]

Zeisig, B.B.; Milne, T.; Garcia-Cuéllar, M.-P,; Schreiner, S.; Martin, M.-E.; Fuchs, U.; Borkhardt, A.; Chanda, S.K.;
Walker, J.; Soden, R.; et al. Hoxa9 and Meis1 are key targets for MLL-ENL-mediated cellular immortalization.
Mol. Cell. Boil. 2004, 24, 617-628. [CrossRef] [PubMed]

Kennedy, J.A.; Hope, K.J.; Dick, ].E.; Barabé, F. Modeling the Initiation and Progression of Human Acute
Leukemia in Mice. Science 2007, 316, 600-604.

Ugale, A.; Séwén, P.; Dudenhoffer-Pfeifer, M.; Wahlestedt, M.; Norddahl, G.L.; Bryder, D. MLL-ENL-mediated
leukemia initiation at the interface of lymphoid commitment. Oncogene 2017, 36, 3207-3212. [CrossRef]
[PubMed]

Sasaki, M.; Knobbe, C.B.; Munger, ].C.; Lind, E.E; Brenner, D.; Briistle, A.; Harris, 1.S.; Holmes, R.;
Wakeham, A.; Haight, J.; et al. IDH1(R132H) mutation increases murine haematopoietic progenitors and
alters epigenetics. Nature 2012, 488, 656-659. [CrossRef]

Callens, C.; Chevret, S.; Cayuela, ].M.; Cassinat, B.; Raffoux, E.; de Botton, S.; Thomas, X.; Guerci, A.;
Fegueux, N.; Pigneux, A_; et al. Prognostic implication of FLT3 and Ras gene mutations in patients with
acute promyelocytic leukemia (APL): A retrospective study from the European APL Group. Leukemia 2005,
19, 1153-1160. [CrossRef]

Bowen, D.T.; Frew, M.E.; Hills, R.; Gale, R.E.; Wheatley, K.; Groves, M.].; Langabeer, S.E.; Kottaridis, P.D.;
Moorman, A.V.; Burnett, A K; et al. RAS mutation in acute myeloid leukemia is associated with distinct
cytogenetic subgroups but does not influence outcome in patients younger than 60 years. Blood 2005, 106,
2113-2119. [CrossRef]

Chan, L.T.; Kutok, J.L.; Williams, LR.; Cohen, S.; Moore, S.; Shigematsu, H.; Ley, T.].; Akashi, K.; Le Beau, M.M.;
Gilliland, D.G. Oncogenic K-ras cooperates with PML-RAR alpha to induce an acute promyelocytic
leukemia-like disease. Blood 2006, 108, 1708-1715. [CrossRef]

Taylor, C.; McGlynn, H.; Carter, G.; Baker, A.-H.; Warren, N.; Ridge, S.A.; Owen, G.; Thompson, E.;
Thompson, PW.; Jacobs, A. RAS and FMS mutations following cytotoxic therapy for childhood acute
lymphoblastic leukaemia. Leukemia 1995, 9, 466-470. [PubMed]

Padua, R.A.; Guinn, B.-A_; Al-Sabah, A.L; Smith, M.; Taylor, C.; Pettersson, T.; Ridge, S.; Carter, G.; White, D.;
Oscier, D.; et al. RAS, FMS and p53 mutations and poor clinical outcome in myelodysplasias: A 10-year
follow-up. Leukemia 1998, 12, 887-892. [CrossRef] [PubMed]

Karakas, T.; Maurer, U.; Weidmann, E.; Miething, C.C.; Hoelzer, D.; Bergmann, L. High expression of bcl-2
mRNA as a determinant of poor prognosis in acute myeloid leukemia. Ann. Oncol. 1998, 9, 159-165.
[CrossRef] [PubMed]

47



Genes 2019, 10, 614

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Benito, A.; Grillot, D.; Nufiez, G.; Fernandez-Luna, J.L. Regulation and function of Bcl-2 during
differentiation-induced cell death in HL-60 promyelocytic cells. Am. J. Pathol. 1995, 146, 481-490. [PubMed]
Omidvar, N.; Kogan, S.; Beurlet, S.; Le Pogam, C.; Janin, A.; West, R.; Noguera, M.-E.; Reboul, M.; Soulié, A_;
Leboeuf, C.; et al. BCL-2 and Mutant NRAS Interact Physically and Functionally in a Mouse Model of
Progressive Myelodysplasia. Cancer Res. 2007, 67, 11657-11667. [CrossRef] [PubMed]

Steudel, C.; Wermke, M.; Schaich, M.; Schakel, U.; Illmer, T.; Ehninger, G.; Thiede, C. Comparative analysis
of MLL partial tandem duplication and FLT3 internal tandem duplication mutations in 956 adult patients
with acute myeloid leukemia. Genes Chromosomes Cancer 2003, 37, 237-251. [CrossRef] [PubMed]

Shih, L.Y.; Liang, D.C.; Fu, ].E; Wu, ].H.; Wang, PN,; Lin, T.L.; Dunn, P; Kuo, M.C.; Tang, T.C.; Lin, TH.; et al.
Characterization of fusion partner genes in 114 patients with de novo acute myeloid leukemia and MLL
rearrangement. Leukemia 2006, 20, 218-223. [CrossRef]

Whitman, S.P.; Ruppert, A.S.; Marcucci, G.; Mrézek, K.; Paschka, P.; Langer, C.; Baldus, C.D.; Wen, J.;
Vukosavljevic, T.; Powell, B.L.; et al. Long-term disease-free survivors with cytogenetically normal acute
myeloid leukemia and MLL partial tandem duplication: A Cancer and Leukemia Group B study. Blood 2007,
109, 5164-5167. [CrossRef]

Zorko, N.A.; Bernot, KM.; Whitman, S.P; Siebenaler, R.E; Ahmed, E.H.; Marcucci, G.G.; Yanes, D.A_;
McConnell, K.K.;; Mao, C.; Kalu, C.; et al. Mll partial tandem duplication and FIt3 internal tandem duplication
in a double knock-in mouse recapitulates features of counterpart human acute myeloid leukemias. Blood
2012, 120, 1130-1136. [CrossRef]

Whitman, S.P; Archer, K.J.; Feng, L.; Baldus, C.; Becknell, B.; Carlson, B.D.; Carroll, A.J.; Mrézek, K,;
Vardiman, J.W.; George, S.L.; et al. Absence of the wild-type allele predicts poor prognosis in adult de novo
acute myeloid leukemia with normal cytogenetics and the internal tandem duplication of FLT3: A cancer
and leukemia group B study. Cancer Res. 2001, 61, 7233-7239.

Whitman, S.P; Liu, S.; Vukosavljevic, T.; Rush, L.J.; Yu, L.; Liu, C.; Klisovic, M.I; Maharry, K.; Guimond, M.;
Strout, M.P; et al. The MLL partial tandem duplication: Evidence for recessive gain-of-function in acute
myeloid leukemia identifies a novel patient subgroup for molecular-targeted therapy. Blood 2005, 106,
345-352. [CrossRef] [PubMed]

Dohner, K.; Tobis, K.; Ulrich, R.; Frohling, S.; Benner, A.; Schlenk, R.F. Prognostic Significance of Partial
Tandem Duplications of the MLL Gene in Adult Patients 16 to 60 Years Old With Acute Myeloid Leukemia
and Normal Cytogenetics: A Study of the Acute Myeloid Leukemia Study Group Ulm. J. Clin. Oncol. 2002,
20, 3254-3261. [CrossRef] [PubMed]

Raza-Egilmez, S.Z.; Jani-Sait, S.N.; Grossi, M.; Higgins, M.].; Shows, T.B.; Aplan, P.D. NUP98-HOXD13 gene
fusion in therapy-related acute myelogenous leukemia. Cancer Res. 1998, 58, 4269-4273. [PubMed]

Slape, C.; Lin, Y.W.; Hartung, H.; Zhang, Z.; Wolff, L.; Aplan, P.D. NUP98-HOX translocations lead to
myelodysplastic syndrome in mice and men. Journal of the National Cancer Institute. Monographs 2008,
64-68. [CrossRef] [PubMed]

Palmqvist, L.; Argiropoulos, B.; Pineault, N.; Abramovich, C.; Sly, L.M.; Krystal, G.; Wan, A.; Humphries, R K.
The FIt3 receptor tyrosine kinase collaborates with NUP98-HOX fusions in acute myeloid leukemia. Blood
2006, 108, 1030-1036. [CrossRef] [PubMed]

Greenblatt, S.; Li, L.; Slape, C.; Nguyen, B.; Novak, R.; Duffield, A.; Huso, D.; Desiderio, S.; Borowitz, M.].;
Aplan, P; et al. Knock-in of a FLT3/ITD mutation cooperates with a NUP98-HOXD13 fusion to generate
acute myeloid leukemia in a mouse model. Blood 2012, 119, 2883-2894. [CrossRef]

Giampaolo, A.; Felli, N.; Diverio, D.; Morsilli, O.; Samoggia, P.; Breccia, M.; Coco, EL.; Peschle, C.; Testa, U.
Expression pattern of HOXB6 homeobox gene in myelomonocytic differentiation and acute myeloid leukemia.
Leukemia 2002, 16, 1293-1301. [CrossRef]

Amsellem, S.; Pflumio, E; Bardinet, D.; Izac, B.; Charneau, P.; Roméo, P.-H.; Dubart-Kupperschmitt, A.;
Fichelson, S. Ex vivo expansion of human hematopoietic stem cells by direct delivery of the HOXB4
homeoprotein. Nat. Med. 2003, 9, 1423-1427. [CrossRef]

Soulier, J.; Clappier, E.; Cayuela, J.-M.; Regnault, A.; Garcia-Peydr6, M.; Dombret, H.; Baruchel, A.;
Toribio, M.-L.; Sigaux, E. HOXA genes are included in genetic and biologic networks defining human acute
T-cell leukemia (T-ALL). Blood 2005, 106, 274-286. [CrossRef]

48



Genes 2019, 10, 614

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Papaemmanuil, E.; Gerstung, M.; Bullinger, L.; Gaidzik, V.I; Paschka, P.; Roberts, N.D.; Potter, N.E.;
Heuser, M.; Thol, E; Bolli, N.; et al. Genomic Classification and Prognosis in Acute Myeloid Leukemia.
N. Engl. ]. Med. 2016, 374, 2209-2221. [CrossRef]

Mupo, A.; Celani, L.; Dovey, O.; Cooper, J.L.; Grove, C.; Rad, R.; Sportoletti, P.; Falini, B.; Bradley, A.;
Vassiliou, G.S. A powerful molecular synergy between mutant Nucleophosmin and FIt3-ITD drives acute
myeloid leukemia in mice. Leukemia 2013, 27, 1917-1920. [CrossRef] [PubMed]

Xue, L.; Pulikkan, J.A.; Valk, PJ.; Castilla, L.H. NrasG12D oncoprotein inhibits apoptosis of preleukemic cells
expressing Cbfbeta-SMMHC via activation of MEK/ERK axis. Blood 2014, 124, 426-436. [CrossRef] [PubMed]
Dovey, O.M.; Cooper, J.L.; Mupo, A.; Grove, C.S.; Lynn, C.; Conte, N.; Andrews, R.M.; Pacharne, S.;
Tzelepis, K.; Vijayabaskar, M.S.; et al. Molecular synergy underlies the co-occurrence patterns and phenotype
of NPM1-mutant acute myeloid leukemia. Blood 2017, 130, 1911-1922. [CrossRef] [PubMed]

Ellisen, L.W.; Carlesso, N.; Cheng, T.; Scadden, D.T.; Haber, D.A. The Wilms tumor suppressor WT1 directs
stage-specific quiescence and differentiation of human hematopoietic progenitor cells. EMBO J. 2001, 20,
1897-1909. [CrossRef] [PubMed]

Summers, K.; Stevens, J.; Kakkas, I.; Smith, M.; Smith, L.L.; MacDougall, E; Cavenagh, J.; Bonnet, D.;
Young, B.D.; Lister, T.A.; et al. Wilms’ tumour 1 mutations are associated with FLT3-ITD and failure of
standard induction chemotherapy in patients with normal karyotype AML. Leukemia 2007, 21, 550-551.
[CrossRef] [PubMed]

Hou, H.-A.; Huang, T.-C.; Lin, L.-I; Liu, C.-Y.; Chen, C.-Y.; Chou, W.-C.; Tang, J.-L.; Tseng, M.-H.; Huang, C.-F.;
Chiang, Y.-C.; etal. WT1 mutation in 470 adult patients with acute myeloid leukemia: Stability during disease
evolution and implication of its incorporation into a survival scoring system. Blood 2010, 115, 5222-5231.
[CrossRef]

Annesley, C.E.; Rabik, C.; Duffield, A.S.; Rau, R.E.; Magoon, D.; Li, L.; Huff, V.; Small, D.; Loeb, D.M.;
Brown, P. Knock-in of the Wt1 R394W mutation causes MDS and cooperates with FIt3/ITD to drive aggressive
myeloid neoplasms in mice. Oncotarget 2018, 9, 35313-35326. [CrossRef]

Nara, N.; Miyamoto, T. Direct and serial transplantation of human acute myeloid leukaemia into nude mice.
Br. J. Cancer 1982, 45, 778-782. [CrossRef]

Caretto, P; Forni, M.; d'Orazi, G.; Scarpa, S.; Feraiorni, P.; Jemma, C.; Modesti, A.; Ferrarini, M.; Roncella, S.;
Foa, R;; et al. Xenotransplantation in immunosuppressed nude mice of human solid tumors and acute
leukemias directly from patients or in vitro cell lines. Res. Clin. Lab. 1989, 19, 231-243.

Bosma, G.C.; Custer, R.P; Bosma, M.J. A severe combined immunodeficiency mutation in the mouse. Nature
1983, 301, 527-530. [CrossRef]

De Lord, C.; Clutterbuck, R.; Titley, J.; Ormerod, M.; Gordon-Smith, T.; Millar, J.; Powles, R. Growth of
primary human acute leukemia in severe combined immunodeficient mice. Exp. Hematol. 1991, 19, 991-993.
Lapidot, T; Sirard, C.; Vormoor, J.; Murdoch, B.; Hoang, T.; Caceres-Cortes, J.; Minden, M.; Paterson, B.;
Caligiuri, M.A; Dick, J.E. A cell initiating human acute myeloid leukaemia after transplantation into SCID
mice. Nature 1994, 367, 645-648. [CrossRef] [PubMed]

Yan, Y.; Salomon, O.; McGuirk, J.; Dennig, D.; Fernandez, J.; Jagiello, C.; Nguyen, H.; Collins, N.; Steinherz, P.;
O'Reilly, R.J. Growth pattern and clinical correlation of subcutaneously inoculated human primary acute
leukemias in severe combined immunodeficiency mice. Blood 1996, 88, 3137-3146.

Lapidot, T.; Pflumio, F; Doedens, M.; Murdoch, B.; Williams, D.; Dick, J. Cytokine stimulation of multilineage
hematopoiesis from immature human cells engrafted in SCID mice. Science 1992, 255, 1137-1141. [CrossRef]
[PubMed]

Goan, S.R.; Fichtner, L; Just, U.; Karawajew, L.; Schultze, W.; Krause, K.P.; Von Harsdorf, S.; Von Schilling, C.;
Herrmann, F. The severe combined immunodeficient-human peripheral blood stem cell (SCID-huPBSC)
mouse: A xenotransplant model for huPBSC-initiated hematopoiesis. Blood 1995, 86, 89-100. [PubMed]
Cashman, ].D.; Lapidot, T.; Wang, ].C.; Doedens, M.; Shultz, L.D.; Lansdorp, P.; Dick, ].E.; Eaves, C.J. Kinetic
evidence of the regeneration of multilineage hematopoiesis from primitive cells in normal human bone
marrow transplanted into immunodeficient mice. Blood 1997, 89, 4307-4316.

Nonoyama, S.; Smith, EO.; Bernstein, L.D.; Ochs, H.D. Strain-dependent leakiness of mice with severe
combined immune deficiency. J. Immunol. 1993, 150, 3817-3824.

Carroll, AM.; Hardy, R.R.; Bosma, M.]. Occurrence of mature B (IgM+, B220+) and T (CD3+) lymphocytes in
scid mice. . Immunol. 1989, 143, 1087-1093.

49



Genes 2019, 10, 614

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

Kudo, T,; Saijyo, S.; Saeki, H.; Sato, N.; Tachibana, T.; Habu, S. Production of a Human Monoclonal Antibody to
a Synthetic Peptide by Active In Vivo Immunization Using a SCID Mouse Grafted with Human Lymphocytes.
Tohoku ]. Exp. Med. 1993, 171, 327-338. [CrossRef]

Shpitz, B.; Chambers, C.A.; Singhal, A.B.; Hozumi, N.; Fernandes, B.J.; Roifman, C.M.; Weiner, L.M.;
Roder, J.C.; Gallinger, S. High level functional engraftment of severe combined immunodeficient mice with
human peripheral blood lymphocytes following pretreatment with radiation and anti-asialo GM. J. Immunol.
Methods 1994, 169, 1-15. [CrossRef]

Shultz, L.D.; Schweitzer, P.A.; Christianson, S.W.; Gott, B.; Schweitzer, 1.B.; Tennent, B.; McKenna, S.;
Mobraaten, L.; Rajan, T.V.; Greiner, D.L. Multiple defects in innate and adaptive immunologic function in
NOD/LtSz-scid mice. J. Immunol. 1995, 154, 180-191. [PubMed]

Bonnet, D.; Dick, J.E. Human acute myeloid leukemia is organized as a hierarchy that originates from a
primitive hematopoietic cell. Nat. Med. 1997, 3, 730-737. [CrossRef] [PubMed]

Ailles, L.E.; Gerhard, B.; Kawagoe, H.; Hogge, D.E. Growth characteristics of acute myelogenous leukemia
progenitors that initiate malignant hematopoiesis in nonobese diabetic/severe combined immunodeficient
mice. Blood 1999, 94, 1761-1772. [PubMed]

Lumkul, R.; Gorin, N.-C.; Malehorn, M.T.; Hoehn, G.T.; Zheng, R.; Baldwin, B.; Small, D.; Gore, S.; Smith, D.;
Meltzer, PS.; et al. Human AML cells in NOD/SCID mice: Engraftment potential and gene expression.
Leukemia 2002, 16, 1818-1826. [CrossRef] [PubMed]

Marx, J. Cancer research. Mutant stem cells may seed cancer. Science 2003, 301, 1308-1310. [CrossRef]
[PubMed]

Ye, P; Zhao, L.; McGirr, C.; Gonda, T.J. MYB down-regulation enhances sensitivity of U937 myeloid leukemia
cells to the histone deacetylase inhibitor LBH589 in vitro and in vivo. Cancer Lett. 2014, 343, 98-106.
[CrossRef] [PubMed]

Blair, A.; Hogge, D.E.; Sutherland, H.J. Most acute myeloid leukemia progenitor cells with long-term
proliferative ability in vitro and in vivo have the phenotype CD34(+)/CD71(-)/HLA-DR. Blood 1998, 92,
4325-4335.

Blair, A.; Hogge, D.E.; Ailles, L.E.; Lansdorp, PM.; Sutherland, H.J. Lack of expression of Thy-1 (CD90)
on acute myeloid leukemia cells with long-term proliferative ability in vitro and in vivo. Blood 1997, 89,
3104-3112.

Blair, A.; Sutherland, H.J. Primitive acute myeloid leukemia cells with long-term proliferative ability in vitro
and in vivo lack surface expression of c-kit (CD117). Exp. Hematol. 2000, 28, 660-671. [CrossRef]

Ahmed, F; Ings, S.J.; Pizzey, A.R.; Blundell, M.P.; Thrasher, A.J.; Ye, H.T.; Fahey, A.; Linch, D.C.; Yong, K.L.
Impaired bone marrow homing of cytokine-activated CD34+ cells in the NOD/SCID model. Blood 2004, 103,
2079-2087. [CrossRef]

Bonnet, D.; Bhatia, M.; Wang, ].C.Y.; Kapp, U.; Dick, ].E. Cytokine treatment or accessory cells are required to
initiate engraftment of purified primitive human hematopoietic cells transplanted at limiting doses into
NOD/SCID mice. Bone Marrow Transplant. 1999, 23, 203-209. [CrossRef] [PubMed]

Feuring-Buske, M.; Gerhard, B.; Cashman, J.; Humphries, R.K.; Eaves, C.J.; Hogge, D.E.; Humpbhries, R.
Improved engraftment of human acute myeloid leukemia progenitor cells in beta 2-microglobulin-deficient
NOD/SCID mice and in NOD/SCID mice transgenic for human growth factors. Leukemia 2003, 17, 760-763.
[CrossRef] [PubMed]

Wunderlich, M.; Chou, E-S.; Link, K.I.; Mizukawa, B.; Perry, R.L.; Carroll, M.; Mulloy, J.C. AML xenograft
efficiency is significantly improved in NOD/SCID-IL2RG mice constitutively expressing human SCF, GM-CSF
and IL-3. Leukemia 2010, 24, 1785-1788. [CrossRef] [PubMed]

Koller, B.H.; Smithies, O. Inactivating the beta 2-microglobulin locus in mouse embryonic stem cells by
homologous recombination. Proc. Natl. Acad. Sci. USA 1989, 86, 8932-8935. [CrossRef] [PubMed]

Ito, M.; Hiramatsu, H.; Kobayashi, K.; Suzue, K.; Kawahata, M.; Hioki, K.; Ueyama, Y.; Koyanagi, Y.;
Sugamura, K.; Tsuji, K.; et al. NOD/SCID/gamma(c)(null) mouse: An excellent recipient mouse model for
engraftment of human cells. Blood 2002, 100, 3175-3182. [CrossRef] [PubMed]

Ishikawa, F.; Yasukawa, M.; Lyons, B.; Yoshida, S.; Miyamoto, T.; Yoshimoto, G.; Watanabe, T.; Akashi, K.;
Shultz, L.D.; Harada, M. Development of functional human blood and immune systems in NOD/SCID/IL2
receptor {gamma} chain(null) mice. Blood 2005, 106, 1565-1573. [CrossRef] [PubMed]

50



Genes 2019, 10, 614

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Agliano, A.; Martin-Padura, I.; Mancuso, P.; Marighetti, P.; Rabascio, C.; Pruneri, G.; Shultz, L.D.; Bertolini, F.
Human acute leukemia cells injected in NOD/LtSz-scid/IL-2Rgamma null mice generate a faster and more
efficient disease compared to other NOD/scid-related strains. Int. |. Cancer 2008, 123, 2222-2227. [CrossRef]
[PubMed]

Saland, E.; Boutzen, H.; Castellano, R.; Pouyet, L.; Griessinger, E.; Larrue, C.; de Toni, F; Scotland, S.; David, M.;
Danet-Desnoyers, G.; et al. A robust and rapid xenograft model to assess efficacy of chemotherapeutic agents
for human acute myeloid leukemia. Blood Cancer J. 2015, 5, €297. [CrossRef]

Nabbouh, A.L; Hleihel, R.S.; Saliba, J.L.; Karam, M.M.; Hamie, M.H.; Wu, H.-C.J.H.-C.].M.; Berthier, C.P;
Tawil, N.M.; Bonnet, P.-A.A.; Deleuze-Masquefa, C.; et al. Imidazoquinoxaline derivative EAPB0503:
A promising drug targeting mutant nucleophosmin 1 in acute myeloid leukemia. Cancer 2017, 123, 1662-1673.
[CrossRef]

El-Houjeiri, L.; Saad, W.; Hayar, B.; Aouad, P; Tawil, N.; Abdel-Samad, R.; Hleihel, R.; Hamie, M.;
Mancinelli, A.; Pisano, C.; et al. Antitumor Effect of the Atypical Retinoid ST1926 in Acute Myeloid Leukemia
and Nanoparticle Formulation Prolongs Lifespan and Reduces Tumor Burden of Xenograft Mice. Mol. Cancer
Ther. 2017, 16, 2047-2057. [CrossRef]

Mu, H.; Konopleva, M.; Jacamo, R.; Carter, B.Z.; McQueen, T.; Andreeff, M. Comparison of Induction
Chemotherapy in NSG and NOD- Rag1 ™! IL.2rg ™' Mouse Models of FLT3 Mutant AML. Blood 2017,
130, 2692.

Cany, J.; van der Waart, A.B.; Tordoir, M.; Franssen, G.M.; Hangalapura, B.N.; de Vries, J.; Boerman, O.;
Schaap, N.; van der Voort, R.; Spanholtz, J.; et al. Natural killer cells generated from cord blood hematopoietic
progenitor cells efficiently target bone marrow-residing human leukemia cells in NOD/SCID/IL2Rg(null)
mice. PLoS ONE 2013, 8, e64384.

Cany, J.; Roeven, M\W.H.; Hoogstad-van Evert, J.S.; Hobo, W.; Maas, F.; Franco Fernandez, R.;
Blijlevens, N.M.A.; van der Velden, W.J.; Huls, G.; Jansen, J.H.; et al. Decitabine enhances targeting
of AML cells by CD34(+) progenitor-derived NK cells in NOD/SCID/IL2Rg(null) mice. Blood 2018, 131,
202-214. [CrossRef] [PubMed]

Hayata, I.; Ishihara, T.; Hirashima, K.; Sado, T.; Yamagiwa, J. Partial deletion of chromosome No. 2 in
myelocytic leukemias of irradiated C3H/He and RFM mice. . Natl. Cancer Inst. 1979, 63, 843-848. [CrossRef]
Fredrickson, T.N.; Langdon, W.Y.; Hoffman, P.M.; Hartley, ].W.; Morse, H.C., 3rd. Histologic and cell surface
antigen studies of hematopoietic tumors induced by Cas-Br-M murine leukemia virus. . Natl. Cancer Inst.
1984, 72, 447-454. [PubMed]

Askew, D.S.; Bartholomew, C.; Buchberg, A.M.; Valentine, M.B.; Jenkins, N.A.; Copeland, N.G.; Thle, J.N.
His-1 and His-2: Identification and chromosomal mapping of two commonly rearranged sites of viral
integration in a myeloid leukemia. Oncogene 1991, 6, 2041-2047. [PubMed]

Rassart, E.; Houde, J.; Denicourt, C.; Ru, M.; Barat, C.; Edouard, E.; Poliquin, L.; Bergeron, D. Molecular
Analysis and Characterization of Two Myeloid Leukemia Inducing Murine Retroviruses. Curr. Top. Microbiol.
Immunol. 1996, 211, 201-210. [PubMed]

Bergeron, D.; Poliquin, L.; Houde, J.; Barbeau, B.; Rassart, E. Analysis of proviruses integrated in Fli-1
and Evi-1 regions in Cas-Br-E MuLV-induced non-T-, non-B-cell leukemias. Virology 1992, 191, 661-669.
[CrossRef]

Bergeron, D.; Poliquin, L.; Kozak, C.A.; Rassart, E. Identification of a common viral integration region in
Cas-Br-E murine leukemia virus-induced non-T-, non-B-cell lymphomas. J. Virol. 1991, 65, 7-15.

Mucenski, M.L.; Taylor, B.A.; Jenkins, N.A.; Copeland, N.G. AKXD recombinant inbred strains: Models for
studying the molecular genetic basis of murine lymphomas. Mol. Cell. Boil. 1986, 6, 4236-4243. [CrossRef]
Mucenski, M.L.; Taylor, B.A.; Ihle, ].N.; Hartley, ].W.; Morse, H.C., 3rd; Jenkins, N.A.; Copeland, N.G.
Identification of a common ecotropic viral integration site, Evi-1, in the DNA of AKXD murine myeloid
tumors. Mol. Cell. Biol. 1988, 8, 301-308. [CrossRef] [PubMed]

Fredrickson, T.N.; Silver, ].E. Susceptibility to Friend helper virus leukemias in CXB recombinant inbred
mice. J. Exp. Med. 1983, 158, 1693-1702.

51



Genes 2019, 10, 614

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

Silver, J.; Buckler, C.E. A preferred region for integration of Friend murine leukemia virus in hematopoietic
neoplasms is closely linked to the Int-2 oncogene. |. Virol. 1986, 60, 1156-1158. [PubMed]

Chesebro, B.; Portis, J.L.; Wehrly, K.; Nishio, J. Effect of murine host genotype on MCF virus expression,
latency, and leukemia cell type of leukemias induced by Friend murine leukemia helper virus. Virology 1983,
128, 221-233. [CrossRef]

Bordereaux, D.; Fichelson, S.; Sola, B.; Tambourin, P.E.; Gisselbrecht, S. Frequent involvement of the fim-3
region in Friend murine leukemia virus-induced mouse myeloblastic leukemias. J. Virol. 1987, 61, 4043-4045.
[PubMed]

Nazarov, V.; Wolff, L. Novel integration sites at the distal 3" end of the c-myb locus in retrovirus-induced
promonocytic leukemias. J. Virol. 1995, 69, 3885-3888. [PubMed]

Shen-Ong, G.L.; Wolff, L. Moloney murine leukemia virus-induced myeloid tumors in adult BALB/c mice:
Requirement of c-myb activation but lack of v-abl involvement. J. Virol. 1987, 61, 3721-3725. [PubMed]
Bedigian, H.G.; Johnson, D.A; Jenkins, N.A.; Copeland, N.G.; Evans, R. Spontaneous and induced leukemias
of myeloid origin in recombinant inbred BXH mice. . Virol. 1984, 51, 586-594. [PubMed]

Copeland, N.G.; Buchberg, A.M.; Gilbert, D.J.; Jenkins, N.A. Recombinant Inbred Mouse Strains: Models for
Studying the Molecular Genetic Basis of Myeloid Tumorigenesis. Curr. Top. Microbiol. Immunol. 1989, 149,
45-57.

Nakamura, T.; Largaespada, D.A.; Shaughnessy, ].D.; Jenkins, N.A.; Copeland, N.G. Cooperative activation
of Hoxa and Pbx1-related genes in murine myeloid leukaemias. Nat. Genet. 1996, 12, 149-153. [CrossRef]
Moskow, ].J.; Bullrich, E; Huebner, K.; Daar, 1.O.; Buchberg, A.M. Meisl, a PBX1-related homeobox gene
involved in myeloid leukemia in BXH-2 mice. Mol. Cell. Boil. 1995, 15, 5434-5443. [CrossRef] [PubMed]
Li, J.; Shen, H.; Himmel, K.L.; Dupuy, A.J.; Largaespada, D.A.; Nakamura, T.; Shaughnessy, ].D.; Jenkins, N.A;
Copeland, N.G. Leukaemia disease genes: Large-scale cloning and pathway predictions. Nat. Genet. 1999,
23, 348-353. [CrossRef] [PubMed]

Buchberg, A.M.; Bedigian, H.G.; Jenkins, N.A.; Copeland, N.G. Evi-2, a common integration site involved in
murine myeloid leukemogenesis. Mol. Cell. Boil. 1990, 10, 4658-4666. [CrossRef] [PubMed]

Largaespada, D.A.; Brannan, C.I; Jenkins, N.A.; Copeland, N.G. Nfl deficiency causes Ras-mediated
granulocyte/macrophage colony stimulating factor hypersensitivity and chronic myeloid leukaemia.
Nat. Genet. 1996, 12, 137-143. [CrossRef] [PubMed]

Tian, E.; Sawyer, ].R.; Largaespada, D.A.; Jenkins, N.A.; Copeland, N.G.; Shaughnessy, ].D. Evi27 encodes a
novel membrane protein with homology to the IL17 receptor. Oncogene 2000, 19, 2098-2109. [CrossRef]
Peterson, L.F.; Zhang, D.-E. The 8;21 translocation in leukemogenesis. Oncogene 2004, 23, 4255-4262.
[CrossRef] [PubMed]

Kozu, T.; Miyoshi, H.; Shimizu, K.; Maseki, N.; Kaneko, Y.; Asou, H.; Kamada, N.; Ohki, M. Junctions of the
AMLI1/MTGS(ETO) fusion are constant in t(8;21) acute myeloid leukemia detected by reverse transcription
polymerase chain reaction. Blood 1993, 82, 1270-1276.

Tonks, A,; Pearn, L.; Musson, M.; Gilkes, A.; Mills, K.I; Burnett, AK.; Darley, R.L. Transcriptional
dysregulation mediated by RUNX1-RUNX1T1 in normal human progenitor cells and in acute myeloid
leukaemia. Leukemia 2007, 21, 2495-2505. [CrossRef]

De Guzman, C.G.; Warren, A.].; Zhang, Z.; Gartland, L.; Erickson, P.; Drabkin, H.; Hiebert, SW.; Klug, C.A.
Hematopoietic Stem Cell Expansion and Distinct Myeloid Developmental Abnormalities in a Murine Model
of the AML1-ETO Translocation. Mol. Cell. Boil. 2002, 22, 5506-5517. [CrossRef]

Crozatier, M.; Meister, M. Drosophila haematopoiesis. Cell. Microbiol. 2007, 9, 1117-1126. [CrossRef]
Wildonger, J. The t(8;21) translocation converts AML1 into a constitutive transcriptional repressor. Development
2005, 132, 2263-2272. [CrossRef] [PubMed]

Lebestky, T. Specification of Drosophila Hematopoietic Lineage by Conserved Transcription Factors. Science
2000, 288, 146-149. [CrossRef] [PubMed]

52



Genes 2019, 10, 614

263. Osman, D.; Gobert, V.; Ponthan, F.; Heidenreich, O.; Haenlin, M.; Waltzer, L. A Drosophila model identifies
calpains as modulators of the human leukemogenic fusion protein AML1-ETO. Proc. Natl. Acad. Sci. USA
2009, 106, 12043-12048. [CrossRef] [PubMed]

264. Breig, O.; Bras, S.; Martinez Soria, N.; Osman, D.; Heidenreich, O.; Haenlin, M.; Waltzer, L. Pontin is a critical
regulator for AML1-ETO-induced leukemia. Leukemia 2014, 28, 1271-1279. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

53






B ocnes Py

Review

Effects of Radiation Therapy on Neural Stem Cells

Anna Michaelidesova 2, Jana Konifova "2, Petr Barttinék ! and Martina Zikova 1-*

1 Laboratory of Cell Differentiation, Institute of Molecular Genetics of the Czech Academy of Sciences,

v. V. i., Videniska 1083, 142 20 Prague 4, Czech Republic

Department of Radiation Dosimentry, Nuclear Physics Institute of the Czech Academy of Sciences,
v. v. i., Na Truhléice 39/64, 180 00 Prague 8, Czech Republic

*  Correspondence: mzikova@img.cas.cz; Tel.: +420-241063113

check for
Received: 13 June 2019; Accepted: 22 August 2019; Published: 24 August 2019 updates

Abstract: Brain and nervous system cancers in children represent the second most common neoplasia
after leukemia. Radiotherapy plays a significant role in cancer treatment; however, the use of such
therapy is not without devastating side effects. The impact of radiation-induced damage to the brain
is multifactorial, but the damage to neural stem cell populations seems to play a key role. The brain
contains pools of regenerative neural stem cells that reside in specialized neurogenic niches and
can generate new neurons. In this review, we describe the advances in radiotherapy techniques
that protect neural stem cell compartments, and subsequently limit and prevent the occurrence and
development of side effects. We also summarize the current knowledge about neural stem cells and
the molecular mechanisms underlying changes in neural stem cell niches after brain radiotherapy:.
Strategies used to minimize radiation-related damages, as well as new challenges in the treatment of
brain tumors are also discussed.

Keywords: neural stem cells; brain and nervous system cancers; neurogenic niches; radiotherapy;
sparing of neurogenic regions

1. Introduction

During 2018, 17 million new cancer cases and 9.6 million cancer-associated deaths were reported
worldwide [1]. According to the International Agency for Research on Cancer, the worldwide estimated
incidence of brain and nervous system cancers in 2018 for both sexes and all ages was 3.5 per 100,000
population, being the 18th most common cancer site [2]. The incidence of brain and nervous system
cancers for both sexes and ages from 0 to 19 years old was 1.2 per 100,000, making it the second most
common cancer site after leukemia for this age group [2].

Primary brain tumors can be divided into several categories, such as tumors of neuroepithelial
tissue (e.g., astrocytoma, glioblastoma), ependymal, choroid plexus, pineal parenchymal, embryonal
(medulloblastoma), meningeal tumors, and primary central nervous system (CNS) lymphomas [3].
The most commonly diagnosed CNS tumors, occurring as much as 10 times more frequently than
primary malignant brain tumors, are intracranial or brain metastases (BM) [4,5]. Brain metastases are
mostly connected to lung, breast, colon, and skin (melanoma) primary cancers [4-7]; they occur in
approximately 30% of all cancer patients [8], and most of the BM patients develop multiple intracranial
BMs [9]. They are mostly located at the gray—white matter, with 80% occurrence in the cerebral
hemispheres, 15% in the cerebellum, and 5% in the brainstem [9].

There are several options for cancer treatment including surgery, chemotherapy, immunotherapy,
hormonotherapy, radiotherapy, and others. Selection of the most appropriate treatment strategy
depends on several parameters, such as the cancer site/type and stage [10]. In general, radiotherapy
seems to be an appropriate treatment in more than 50% of all cancer patients [11] and it is, next to
surgery, the standard treatment strategy for most primary CNS malignancies and BMs [7,12].
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Chemotherapeutic treatment of CNS tumors is hampered by the blood-brain barrier (BBB),
which protects the brain from exposure to toxins, and, thus— blocks the entry of many water-soluble
drugs from the blood into the brain parenchyma [7,13]. One of the most studied proteins that
play a significant role in the BBB is efflux transporter permeability glycoprotein, also known as
ATP-binding cassette sub-family B member 1 (ABCB1) [12]. It was shown that inhibition of this
protein in in vivo models increases the brain penetration of several chemotherapeutic agents [14-17].
Unfortunately, clinical trials using permeability glycoprotein inhibitors showed unacceptable toxicities
and were terminated early [18]. More recently, inhibition of a related protein, breast cancer resistance
protein ABCG2, was found to increase the permeability of BBB in the mouse [19], thus identifying an
alternative molecular target for potential adjuvant therapy. Radiotherapy can also disrupt the BBB,
increasing the penetration of chemotherapeutic agents to the brain [13,20-22]. Due to this effect of
radiotherapy, it is often beneficial to use a combination of radiotherapy and chemotherapy, known as
chemoradiotherapy [23,24].

Brain radiotherapy improves the lives of cancer patients and concurrently, advances in these
techniques allow a significant increase in the proportion of patient survivors. However, the use of
these therapies is not without devastating side effects that impact the patients” autonomy, as well as
their social and professional life. Although the effect of radiation-induced damage to the brain is
multifactorial, injury to the neural stem cell (NSC) compartments and damage to NSC populations is
hypothesized to be central to the pathogenesis of radiation-induced cognitive decline. Sensitivity of
NSC compartments to radiation has been extensively studied using rodent models, also permitting the
study of possible links between cancer therapy and the onset of cognitive deficits.

2. Radiotherapy Techniques

2.1. Techniques for Delivering Radiation Therapy

The main aim of radiotherapy is to destroy cancer cells while causing minimal damage to the
surrounding healthy tissues. Indeed, this is not always possible, and in some cases even not applicable,
for example during total body or whole brain irradiation.

Radiotherapy can be divided into external and internal. In external radiotherapy, ionizing
radiation is delivered to the patient’s body using external beams consisting of either photons, electrons,
neutrons, protons, or other ions (e.g., carbons). Internal radiotherapy can be divided into brachytherapy
and nuclear medicine. In brachytherapy, small sources of ionizing radiation are delivered inside or to
the proximity of the tumor [25], and, in the case of nuclear medicine, radiopharmaceutical agents are
delivered into the patient’s body using specialized molecular vehicles [26].

The therapeutic dose is mostly delivered to the patients in several doses (so-called fractionation).
This means that the patient is not irradiated in one session, but the dose is delivered in parts. It was
shown that the time needed for the repair of cancer cells is longer than in case of normal (healthy)
cells. This means that by using multiple optimally spaced irradiation sessions, normal cells will have
time to repair and the cancer cells will be preferentially eliminated [27]. Another factor that makes
fractionation beneficial is the cell cycle dependency of cellular radiosensitivity. In an asynchronous cell
population, cells in M phase will be more likely killed by radiation than cells in G; or S phase. Thus,
irradiating cancer cells in more than one session increases the probability of their elimination [28].

In general, irradiation limited to cancer cells only is impossible. The radiation is usually directed
to a restricted body volume (defined by the physician), which is selected based on the tumor histology
and location. Most used for external radiotherapy are photon beams (X-rays). These X-rays are
generated inside a clinical linear accelerator (LINAC). A wide X-ray beam is then extracted from the
LINAC for patient irradiations. The LINACs are able to rotate around the patient and are equipped
with collimators that reduce the size of the photon beam to a square region that through an additional
collimation system, mostly a Multi-leaf collimator (MLC), can be adjusted to copy the treatment
volume shape.
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In most cases, the treatment dose is not delivered from one direction only, but sophisticated
treatment planning systems are used for the calculation of the most appropriate dose distributions.
The treatment plan is always constructed based on the actual patient’s anatomy obtained mostly
by computed tomography. Recently, a large percentage of treatment plans are prepared using the
approach of intensity-modulated radiotherapy (IMRT), where the dose is delivered using non-uniform
beams by the use of MLC from multiple directions. This approach enables the physician to achieve
delivery of the full treatment dose only within the designated treatment volume, with maximal sparing
of the healthy tissues [29].

2.2. Brain Radiotherapy

In case of brain tumors, the whole brain, or only parts of it, can be irradiated [30]. Whole brain
radiation therapy (WBRT) has been routinely used since the 1960s in cases of multiple BMs [31,32].
As the incidence of BM in NSC regions was found to be low, sparing of the neurogenic compartments
could help reducing the neurocognitive decline observed after WBRT [31]. The neurogenic niches can
be spared using the above-mentioned IMRT techniques based on photons or alternatively, delivering
protons using the pencil-beam scanning (PBS) mode [33]. In PBS, it is possible to irradiate the patient’s
volume using a thin pencil beam, which is redirected using magnets to smaller sub-volumes of the
total volume to facilitate more conformal irradiation while sparing healthy tissues.

Although shown to prolong a patient’s life, WBRT is also associated with several side effects such as
hair loss, skin irritation, nausea, hearing loss, cerebral edema, radionecrosis, neurological deterioration,
cognitive and endocrine dysfunctions, and dementia [32,34]. Less side effects were observed when
using stereotactic radiosurgery (SR). During SR, a high dose is delivered using multiple focused
beams to the brain regions where metastases are located. This can be achieved by the use of modified
LINAC S, i.e., use of stereotactic tubes or microMLC in order to restrict the beam size to a smaller
area, multiple ®°Co sources from several directions (Gammaknife), or robotic LINAC (Cyberknife).
Stereotactic radiosurgery is in general less invasive and is mostly executed in one session due to the
possibility to irradiate small tissue volumes and minimally affect the healthy tissues [32]. In many
cases, SR can be used instead of surgery in combination with WBRT [35], or as an adjuvant therapeutic
strategy after resection of the metastases [8]. In addition to these external beam techniques, radioactive
sources can be implanted into the tumor cavity during surgery (intracranial brachytherapy) [8,25].
These radioactive implants can be placed into the patient permanently or temporarily. As temporary
implants necessitate an additional surgery, permanent implants are more preferred [8].

In external radiotherapy and brachytherapy, cancer cells cannot be irradiated selectively, but always
a targeted volume is irradiated, which contains healthy cells as well. However, nuclear medicine offers
the possibility to treat cancer using targeted radiotherapy. During targeted radiotherapy, molecular
vehicles are used to selectively deliver a radionuclide to malignant cell populations [26]. For example,
glioblastoma multiforme cells highly express G protein-coupled receptor neurokinin 1, so a modified
substance P as its ligand (?'*Bi-DOTA-Substance P, where ?13Bi is a short-range alpha particle emitter)
can be used for targeting neurokinin type 1 receptor-producing cells [36]. The used radionuclides
mostly emit electrons with a range of a few millimeters, or they can emit alpha particles with a range
of only a few cell diameters [26]. The low range of these beta and alpha emitters, respectively, reduces
irradiation of the healthy tissues and thus the unwanted side effects of radiotherapy.

2.3. Side Effects of Radiation Therapy

The unwanted side effects of radiation therapy can be divided into three categories: acute,
subacute, and late [37]. Acute effects are mostly caused by BBB disruption leading to cerebral edema,
and they may be improved using corticosteroid medications [38—40]. These effects occur during
the first few weeks of radiotherapy and are characterized by drowsiness, headache, fever, nausea,
and vomiting [39,40]. Subacute effects occur one to six months post-irradiation, and they include
several symptoms such as headache, somnolence, weakness, anorexia, and aggravation of preexisting
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deficits [39,40]. Late effects are mostly irreversible, and they appear more than six months after the
treatment and are associated with white matter damage caused by vascular injuries, demyelination,
or radiation-induced necrosis [39—41]. These effects can be mild, such as tiredness, or significant,
such as memory loss, dementia [39], leukoencephalopathy [42], and secondary-induced brain tumors
(meningioma, glioma, sarcoma) [40]. Importantly, late effects are even more severe for pediatric
patients; childhood cancer survivors are increasingly predisposed to cognitive deficits [33,43]. It was
observed that long-term survivors of brain cancer irradiations in childhood suffer losses in intelligence
quotient, learning disabilities, hormonal deficits, growth and psychomotor retardation [38]. Some of
these pathological states are associated with the radiation damage to the neurogenic niche, which is
involved in memory formation, spatial processing, and mood regulation [44].

3. Neural Stem Cells

The adult brain has long been considered limited in its regenerative capacity; it was believed
that neurogenesis ceased after development. However, over 50 years ago, this concept was changed
after neurogenesis in the adult mammalian brain was discovered [45]. Since then, enormous progress
has been made in the understanding of this process. Neural stem cells are undifferentiated cells that
are defined by their replicative potential and their ability to differentiate into multiple neuronal and
glial cell types, as well as their capacity for long-term self-renewal. The adult brain contains two NSC
pools located in the sub-ventricular zone of the lateral ventricles (V-5VZ) [46] and the dentate gyrus
of the hippocampus [47]. Both NSC pools produce new neurons that can integrate into functional
circuits [48,49]. Although high proliferative capacity is a feature of the ‘stemness”, another unique
characteristic of NSCs is their ability to stay dormant for long periods, providing a reserve pool of
cells available for tissue regeneration throughout life [50]. As radiotherapy exerts its effect on dividing
cells, leading them to stop proliferation, the cognitive decline in patients indicates a dysfunction in
mitotically active NSCs.

Most of the findings on NSC behavior derive from studies in rodent models, and the knowledge
about NSCs in human brain is still very limited. Whether neurogenesis in humans exists has been
investigated using various approaches, such as BrdU incorporation [51] and carbon dating [52], and has
brought conclusive evidence about the presence of adult neurogenesis in the human brain. However,
two recently published reports with opposite conclusions have reopened discussion concerning
the existence of human adult hippocampal neurogenesis. Sorrells et al. [53] reported that there is
no evidence of hippocampal neurogenesis in humans after adolescence, while Boldrini et al. [54]
demonstrated the opposite by showing that adult neurogenesis persists during life, although with
a small decrease with aging. Comparative analyses of adult neurogenesis have uncovered a large
variance in this phenomenon among different species [55]. The neurogenesis in the V-SZV niche differs
between humans and mice, based on the cell types that form this area [56]. Also, newly formed neural
progenitors in this zone have distinct fates, becoming medium spiny neurons in human striatum [57],
instead of forming olfactory interneurons as in mice [58].

Studies in the adult mouse brain demonstrated that NSCs are not homogenous cells, but rather a
combination of distinct subpopulations recognizable mainly by their state of quiescence or activation.
Neural stem cells display regional heterogeneity, which is acquired from their embryonic origin and
niche patterning. Neural stem cells in the adult V-SZV niche originate from a subpopulation of
embryonic radial glial cells, which became specified during development and maintain their quiescence
until reactivation in adulthood [59]. Current progress in single-cell transcriptomics provides extremely
useful information about the different states of NSCs and suggests a high degree of transcriptional
dynamics throughout these states. Multiple molecular markers are currently used to distinguish
particular NSC subsets, which in combination with the use of transgenic mice, flow cytometry, and
single-cell RNA sequencing, reveal the complexity within the NSC population. Purification of V-SZV
NSCs revealed four types of cells: dormant NSCs, quiescent NSCs (qNSCs), activated NSCs (aNSCs),
and progenitor cells (NPCs). Most NSCs are gNSCs that express glial fibrillary acidic protein (GFAP)
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and prominin-1 (PROM1) markers. These cells give rise to activated, cycling and epidermal growth
factor receptor (EGFR)-positive aNSCs, which differentiate into highly proliferative NPCs and finally
to neuroblasts [60-63] (Figure 1).

> > > {
qNSCs aNSCs NPCs neuroblasts

ssrocyte markers [T |
celycle markers | B . |
neurogenesis markers | é O
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aNSCs I Ascl1, Cecna2, Cdk1, Cdk4, Cdk6, Egfr, Mcm2, Mki67, Nes, Notch2, Rpl32, Sox2 |
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Figure 1. Cell subtypes involved in progression from quiescent neural stem cells (NSCs) to neuroblasts.
Schematic representation of lineage progression. QNSCs give rise to activated neural stem cells
(aNSCs), which differentiate into highly proliferative progenitor cells (NPCs) and finally to neuroblasts.
Expression of key genes related to particular cell subtypes is depicted. Ascl1, achaete-scute family bHLH
transcription factor 1; Ccna2, cyclin A2; Cdk1, cyclin dependent kinase 1; Cdk4, cyclin dependent kinase
4; Cdké, cyclin dependent kinase 6; Clu, clusterin; Dcx, doublecortin; DIx1, distal-less homeobox 1; Dix2,
distal-less homeobox 2; Dix6as1, distal-less homeobox 6, opposite strand 1; Egfr, epidermal growth
factor receptor; Gfap, glial fibrillary acidic protein; 1d2, inhibitor of DNA binding 2; Id3, inhibitor of
DNA binding 3; Mcm2, minichromosome maintenance complex component 2; Mki67, antigen identified
by monoclonal antibody Ki-67; Nes, nestin; NeuroD1, neurogenic differentiation 1; Notch2, notch 2;
Nrxn3, neurexin 3; Prom1, prominin-1; Prox1, prospero homeobox 1; Psa-Ncam, polysialylated neural
cell adhesion molecule; Rpl32, ribosomal protein L32; S100b, S100 protein, beta polypeptide, neural;
Slcla2, solute carrier family 1 (glial high affinity glutamate transporter), member 2; Sox2, SRY (sex
determining region Y)-box 2; Sox9, SRY (sex determining region Y)-box 9; Sp8, trans-acting transcription
factor 8; Sp9, trans-acting transcription factor 9; Tbr2, eomesodermin; Tubb3, tubulin, beta 3 class IIL.

Moreover, additional subpopulations in intermediate states have recently been discovered.
Pseudotemporal ordering, based on single-cell transcription profiling data, revealed three
subpopulations of aNSCs, which exhibit differential expression of specific genes, placing these
subpopulations in a continuum between quiescence and activation [64]. In addition, single-cell RNA
sequencing in dentate gyrus revealed that hippocampal NSCs also exhibit molecular heterogeneity [65].

The adult mouse brain contains two neurogenic niches located in V-SVZ and the dentate gyrus
of the hippocampus. The neurogenic niche is a microenvironment supporting and nourishing NSCs
through the secretion of local factors, nutrients and oxygen necessary for their maintenance. Local
stimuli from the niche, as well as circulating blood factors can affect the NSC state and differentiation
potential, and in consequence, neurogenesis in adult brain [66] (Figure 2).
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Figure 2. Neurogenesis in adult mouse brain. (A) Sagittal view of adult mouse brain focusing on
two neurogenic niches where NSCs reside—the ventricular-subventricular zone (V-SVZ) of the lateral
ventricle (LV) and dentate gyrus (DG) of the hippocampus (H). Cornu Ammonis 1 (CA1) and Cornu
Ammonis 3 (CA3) subfields of the hippocampus are depicted. (B) Schematic representation of the
organization and composition of the adult mouse V-SVZ niche. gNSCs share many characteristics
with aNSCs, including contact with blood vessels. White arrows show the flow of the cerebrospinal
fluid. (C) Schematic representation of the cell types present in the mouse subgranular zone (SGZ) and
granule cell layer (GCL) in the dentate gyrus of the hippocampus.

Adult NSCs also receive feedback signals from cells at later stages in the lineage. For instance,
neuroblasts secrete non-synaptic y-aminobutyric acid (GABA) that binds to GABA type A receptor
(GABAR) expressed by qNSCs and inhibits their proliferation [67,68]. Interestingly, it was also shown
that adult neurogenesis could be modulated depending on hunger or satiety, via hypothalamic control.
The hypothalamus, a brain area regulating physiological states, provides long-range signals to the
V-SZV niche and promotes proliferation of specific NSC populations [69].

4. Molecular Mechanism Underlying Brain Radiotherapy

The cytotoxicity caused by radiation is mainly the result of DNA damage. Radiation induces
several forms of DNA damage, which include single-strand breaks, double-strand breaks, sugar and
base modification, and DNA-protein crosslinking [70]. Among these, double-strand breaks are the
dominant form of damage caused by ionizing radiation that when unrepaired can lead to lethality
of cells [71]. In response to DNA damage, cell cycle checkpoints become activated to block cell cycle
progression, allowing cells to repair the damage [72]. Depending on the phase of the cell cycle at which
cells are damaged, the cells can be blocked at either the G1/S or G/M checkpoints. If the damage is
irreversible, apoptosis, programmed cell death, is triggered to eliminate the injured cells. Apoptosis
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after irradiation has been described in both neurogenic niches of experimental animals. Radiotherapy
kills proliferating cells in V-SVZ of the brain in young adult rats [73]; similarly, apoptosis occurs in
dentate gyrus of the adult rat hippocampus [74,75].

Radiation therapy reduces adult neurogenesis through two mechanisms. lonizing radiation,
by inducing acute apoptosis in dividing cells, reduces the pool of mitotic NSCs, mainly aNSCs
and NPCs, and consequently reduces generation of new neurons [76,77]. However, at moderate
doses of irradiation, proliferation in the V-SZV niche restarts 2-3 days after exposure by recruiting
qNSCs [73,78]. Similar effects of irradiation on neurogenesis recovery have been reported in the
hippocampus following moderate dose exposure [79]. A key feature of NSCs is their proliferative
capacity that ensures regeneration of damaged tissue through the activation of qNSCs [61,78]. A vast
majority of slowly dividing gNSCs survive a moderate dose of radiation exposure and enter the cell
cycle to regenerate the irradiated neurogenic niche [78]. Transcriptomic analysis of gqNSCs sorted from
the V-SVZ zone of 2-month-old mice revealed that genes upregulated after whole-brain irradiation
are mainly associated with cell cycle, DNA/RNA processes, translation, and ribosomal activity [80].
This illustrates the transcriptomic shift of irradiated gNSCs towards cell cycle entry. Interestingly,
gene set enrichment analysis also showed enrichment in genes associated with the tricarboxylic acid
cycle and respiratory electron transport, indicating that the cell cycle entry of gNSCs after radiation
was accompanied by a shift toward an oxidative metabolism. Furthermore, it was shown that the
GABA}R signaling regulates qNSC cell cycle entry by using specific GABA R agonists/antagonists
and that the radiation-induced depletion of neuroblasts, the major GABA source, provokes qNSCs to
exit quiescence in the irradiated V-SVZ [78].

Radiation exposure of neonatal brain has been shown not only to diminish the cognitive function,
but also to enhance carcinogenesis. The analysis shows that juvenile mouse V-SZV has a larger number
of proliferating progenitors than the adult brain [81,82]. However, the neonatal progenitor cells
have diminished ability to undergo proliferative arrest compared to adult progenitors and recover
the proliferative capacity more rapidly. Thus, neuroblasts in neonates are derived from irradiated
proliferating cells, and this may influence the level of genomic DNA alterations they contain and
consequently their ability to become carcinogenic [81].

Another mechanism that affects neurogenesis after radiation exposure are changes within the
NSC microenvironment. The exposure to high doses causes permanent inhibition of proliferation
and neurogenesis in the neurogenic niche [83], which is a direct consequence of the changes in the
NSC niche [84,85]. Even if qNSCs survive irradiation and, thus, are potentially able to reconstitute
neurogenesis, such regeneration may be counteracted by sustained inflammation and vascular damage
in the stem cell niche. Radiation may also lead to premature differentiation of neural precursors and
adoption of glial fate [84,86,87]. After high doses of radiation, the neurogenic niche is chronically
altered and generates a hostile environment. Experiments demonstrated that irradiated neuronal
precursors are able to differentiate in vitro, but transplanted non-irradiated precursors cells are unable
to differentiate in an irradiated hippocampus [84]. This illustrates that the alteration of neurogenesis
that occurs following irradiation is largely due to modifications of the neurogenic niche. In irradiated
mice, a marked increase in transforming growth factor 31 (TGF-$1) production by endothelial cells in
the stem cell niche was observed. The increased synthesis of TGF-1 by brain endothelial cells provokes
gNSC dormancy and increases susceptibility of proliferative NSCs to apoptosis [85]. In co-cultures,
irradiated brain endothelial cells induce apoptosis of NSCs via TGF-3/Smad3 signaling. Interestingly,
the inhibition of TGF-f signaling improves neurogenesis in irradiated mice by preventing apoptosis of
neural progenitors and by inducing proliferation of NSCs, and, consequently, restores production of
new neurons [85].

Although radiation kills proliferating cells in both neurogenic niches, differential recovery of
NSCs in V-SVZ and dentate gyrus of the hippocampus after moderate doses has been reported in the
brains of young rats. While an initial response to radiation injury is similar in both neurogenic niches,
the long-term effect on NSCs and neurogenesis in these two areas differs significantly. The dentate
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gyrus of the hippocampus is severely affected in the long term, whereas V-SVZ appears to recover
with time [88].

Cranial irradiation not only affects the NSC populations, but also causes vascular damage.
Irradiation disrupts the vasculature of the niche, reduces the microvessel area, the number of
microvessels and the number of microvessel branching points in the hippocampus of young mice [89].
Proliferative neural precursor cells tend to be clustered around vessels [90]. This association is lost in
the irradiated hippocampus, where the distance between microvessels and the resident NSC population
is increased [84,91].

A microglial inflammatory response accompanied by an abnormal increase of cytokines occurs in
NSC niches after brain radiation exposure and, in consequence, negatively affects neurogenesis and
cognition. Microglia do not originate from NSCs, but differentiate through the monocyte lineage from
hematopoietic stem cells and act as the resident macrophages of the central nervous system. Rola
et al. [92] observed that after irradiation, reduced neurogenesis within the dentate gyrus of young mice
occurs in conjunction with a chronic inflammatory reaction. An increase in the number of microglia
present in the brain is correlated with increased radiation doses [93]. Whole-brain irradiation induces
regionally specific pro-inflammatory environments with elevated expression of cytokines, including
tumor necrosis factor «, interleukin 1 3 and monocyte chemotactic protein 1 [94] (Figure 3).
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Figure 3. Radiation disrupts the V-SVZ niche. Schematic representation of mice V-SVZ niche after
radiation. Following radiation, the V-SVZ niche shows a depletion of proliferating aNSCs, NPCs, and
neuroblasts, a vascular damage and an increase in the number of microglia. Compare with schematic

microglia

representation of mice V-SVZ niche in a pre-radiation condition (Figure 2B).
5. Strategies to Minimize Radiation-Related Damages in the Neurogenic Niche

The high-precision technologies that individualize target volume and dose of radiation therapy
are increasingly used to limit injury to neurogenic niches. These techniques have been described above;
we mention for example SR that is increasingly used technique with mild toxicity to patients [95].
Similarly, PBT offers the potential to minimize late-onset damages [96]; maximal sparing of the healthy
tissues also ensures the using of IMRT technology [29].
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Much effort is currently dedicated to find pre-irradiation treatments that may prevent the negative
effects of radiation on the niche and NSCs. This is particularly important in the course of irradiation
of the juvenile brain, where the consequences are more severe in comparison to irradiation of the
adult brain. Lithium was shown to reduce damage and enhance neurogenesis, and has been explored
as a pre-treatment option. Pre-irradiation administration of lithium resulted in reduced apoptosis
and microglial activation [97,98]. Lithium increases proliferation of hippocampal NSCs and rescues
radiation-induced cell cycle arrest in vitro. Treatment with 3mM LiCl was sufficient to increase NSCs
in S phase, boost neurosphere growth, and reduce DNA damage [99]. It was shown that much of the
lithium effect in hippocampal progenitors is attributable to the activation of Wnt canonical pathway by
inhibition of glycogen synthase kinase 3 [100]. Another neuroprotective agent that can be a useful
supplement to hippocampal sparing is natural polyphenol resveratrol. Resveratrol was shown to
inhibit radiation-induced apoptosis in the hippocampus [101] and has a neuroprotective effect on
irradiated NSCs in hippocampal slice cultures [102]. The resveratrol’s neuroprotective effect was
dependent on its ability to selectively induce expression of mitochondrial superoxide dismutase,
enzyme whose function is to clear mitochondrial reactive oxygen species and, as a result, to reduce
oxidative stress and damage [103]. Several studies demonstrated that melatonin, a regulator of
circadian rhythm produced in the pineal gland, appeared to ameliorate radiation-induced injury in
various organs of rats [104]. Melatonin is known to be an effective antioxidant that scavenges free
radicals produced by radiation before they induce DNA damage, and it also stimulates activities
of antioxidant enzymes [105]. It was shown that melatonin has a protective effect on NSCs against
lipopolysaccharide-induced inflammation [106], decreases apoptosis, and upregulates neural stem cell
marker nestin in the V-SZV zone of irradiated rats [107].

Neuroinflammation is a significant component of the brain’s response to radiation. Interleukin
6, a mediator of the inflammatory response produced by microglia, was found to block neuronal
differentiation of hippocampal NSCs, and administering a common nonsteroidal anti-inflammatory
drug indomethacin to irradiated rats partly restored neurogenesis [108]. Jenrow et al. [109] administered
pro-inflammatory cytokine production inhibitor MW-151 following irradiation and demonstrated a
treatment-induced increase in migratory neuroblasts within the dentate gyrus of the hippocampus of
adult rats. The peroxisomal proliferator-activated receptors (PPARs) are ligand-activated transcription
factors [110], which have been shown to confer neuroprotection in a variety of models [111].
Administration of PPAR« agonist fenofibrate preserved hippocampal neurogenesis and prevented
radiation-induced cognitive impairment [112,113]; the application of pioglitazone, the PPARy agonist,
significantly recovered cognitive impairment in irradiated rats [114]. Furthermore, radiation-induced
impairment of hippocampal neurogenesis in rats was mitigated by using combined administration of
avorvastatin and angiotensin converting enzyme inhibitor ramipril [115].

The effect of selective inhibition of autophagy on NSCs in the dentate gyrus after cerebral
irradiation was studied using mice with neural-specific deletion of autophagy related 7 gene, which is
involved in autophagy induction and autophagosome formation. Selective inhibition of autophagy
reduced radiation-induced cell death and caspase-dependent apoptosis in the dentate gyrus and
cerebellum; moreover, the levels of pro-inflammatory cytokines decreased [116]. These results suggest
that autophagy might be another potential target for preventing radiotherapy-induced cell death and
its associated long-term effects.

A new strategy that could be used to prevent radiation-induced injury is stem cell therapy.
As cranial irradiation induces progressive depletion of NSCs, the use of NSCs replacement constitutes a
novel alternative to combat radiation-induced cognitive decline. Studies demonstrated that irradiated
rats engrafted with human NSCs (hNSCs) showed less decline in cognition when compared to
irradiated animals. Transplantation promotes not only early, but also long-term recovery of the
irradiated brain [117,118]. However, there are concerns regarding stem cell use due to the possibility
of teratoma formation and immune rejection, which subsequently requires immunosuppression [119].
The hNSC-derived microvesicles then provide attractive alternatives to stem cells, avoiding teratoma
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formation in the brain and minimizing the host graft rejection. It was shown that cranial grafting
of microvesicles secreted from hNSCs attenuates neuroinflammation and preserves the structural
integrity of the irradiated microenviroment and consequently improves cognition of irradiated rats [120].
The supplementation of whole brain irradiated mice with fetal mouse NSCs, injected via the tail
vein, led to exogenous NSCs differentiation into neuronal and glial lineages but moreover, NSCs also
differentiated into brain endothelial cells, which was accompanied by the restoration of cerebral blood
flow [121]. Radiation-related symptoms cannot be attributed only to the disruption of neurogenesis.
Brain irradiation damages brain white matter and causes demyelination and oligodendrocytes have
been investigated to be a target of high-dose radiation [122]. Oligodendrocyte progenitors, derived
from human pluripotent stem cells and grafted to rat’s forebrain, were able to remyelinate the irradiated
brain and to rescue animal’s cognitive deficits. Additional recovery from motor deficits requires
concomitant oligodendrocyte progenitors transplantation into the cerebellum [123]. The effects of
intranasal administration of human mesenchymal stem cells (hMSCs), as a neuroprotective strategy
for cranial irradiation, was investigated by Soria et al. [124]. The transplantation of hMSCs alters the
gene expression profile of irradiated brain, modulates genetic pathways associated with inflammation,
immune system and cell motility, and reduces oxidative damage and neuronal loss in brains of irradiated
mice. The authors demonstrated that intranasally delivered hMSCs promote radiation-induced brain
injury repair and improved neurological function, and suggest the therapeutic use of hMSCs as a
non-invasive approach to prevent neurological complications of radiotherapy.

Additional strategies that promise to support the treatment of brain tumors are metabolic
therapies, such as caloric restriction, intermittent fasting or a ketogenic diet [125]. Current treatment of
primary brain cancers utilizes a multifactorial approach involving maximal safe resection, followed
by radiotherapy and simultaneous chemotherapy [126]. Under normal physiological conditions,
brain cells obtain energy from either glucose or ketones. Tumor cells rely preferentially on anaerobic
glycolysis rather than on respiration, a phenomenon known as the Warburg effect [127]. High glucose
levels accelerate brain tumor growth and angiogenesis while preventing apoptosis [128]. A strong
dependence on glucose renders cancer cells vulnerable to therapy that targets glucose metabolism.
The restricted diet is, thus, well suited as a non-toxic metabolic therapy for the treatment of malignant
brain cancers as demonstrated in many case reports [129-131]. Moreover, it has been demonstrated
that chemotherapy and high-dose radiation, used in the treatment of brain tumors, creates a tumor
microenviroment that is rich in glucose and glutamine and this can further contribute to tumor
progression [132]. In the tumor microenviroment, the neoplastic cell populations are associated with
macrophages/monocytes cells. These associated cell populations contribute to tumor progression
through the release of pro-inflammatory and pro-angiogenic factors [132-134]. Nevertheless, several
studies in rodents demonstrated that caloric restriction not only leads to reduced tumor growth but also
mitigates inflammation, improves macrophages function [135], and lowers cytokines expression [136].

6. Concluding Remarks

Whether hippocampal neurogenesis persists throughout life in the human brain is not fully
resolved. It was believed that the human hippocampus continues to generate new neurons, but a report
by Sorrells et al. [53] concluded that neurogenesis does not continue in the human adult hippocampus,
or is extremely rare. Moreover, this study also reminds us that simple translation of results from
animal studies to humans may be problematic. On the contrary, persistent hippocampal neurogenesis
was demonstrated in aging brains and detected in patients with mild cognitive impairments and
Alzheimer’s disease [137,138]. Importantly, a study by Tobin et al. [137] also provided evidence that
the extent of neurogenesis, particularly the number of newly forming neurons, is associated with
better cognitive diagnosis. Nevertheless, they also showed that the number of neuroblasts greatly
varied between individuals. The evidence for adult neurogenesis in the human brain comes from
studies using thymidine analogs that are incorporated into the DNA of dividing cells, and from studies
that only used immunohistochemistry to detect cell proliferation markers in human postmortem
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brains. It should be emphasized that there are many potential technical obstacle to studying post
mortem brain tissues. One of them is the post mortem brain interval which can have deleterious
effect on brain antigenicity and should be taken into consideration during tissue selection for analysis.
Another important limitation that applies to studies of human neurogenesis are fixation time and tissue
processing, the limitation of antibodies and marker specificity and interpersonal variability of marker
expression. To finally resolve if neurogenesis persists in the human adult brain will need a more
complete analysis by using for example, single-cell RNA sequencing, standardization of methodologies
and the creation of an open-access brain bank from a large cohort of patients [139,140].

The human brain tumors classification is currently based mainly on microscopic morphology and
immunochemistry; nevertheless, many tumors are characterized by a distinct molecular signature which
enables their genomic classification. For instance, medulloblastomas comprise an explicit subgroup
with distinct molecular characteristics [141,142] and provide a clear example of how a detailed
understanding of genomics can guide the treatment procedure. Evidence that medulloblastomas,
which display active Wnt-signaling pathway, lacks the blood—-brain barrier and, therefore, are highly
vulnerable to chemotherapy [143] led to a series of studies testing reduced-intensity radiotherapy in
patients with this disease subtype [144]. This also shows that although recent technical advances in
radiotherapy allow localized and concentrated treatment, reducing of radiotherapy for some types of
brain tumors is one of the main challenges [144,145].

Although it is difficult to examine adult neurogenesis in humans, postnatal neurogenesis has been
well studied in rodents. Animal studies have shown that proliferative and migratory capacities of
neural precursors are disrupted by irradiation, however depletion of neuroblasts provokes qNSCs to
exit quiescence and activate. The mechanisms that could explain reduction of neurogenesis and the
resultant negative long-term side effects of radiation therapy, is the premature exhaustion of a finite
NSC pool that is a detrimental consequence of aberrant NSCs activation [146] together with the chronic
alteration of the neurogenic microenviroment. Nevertheless, radiotherapy is still the standard treatment
strategy for most human brain tumors, which by increasing the radiation dose can lead to improved
tumor outcomes. This ambiguity of radiation treatment is necessary to keep in mind when treating
brain tumors. Determining the subcategories of individual tumors and following the expression of
biomarkers in time will help in deciding which patients will benefit from radiation treatment.
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Abstract: Colorectal cancer (CRC) is a heterogeneous disease that includes both hereditary and
sporadic types of tumors. Tumor initiation and growth is driven by mutational or epigenetic changes
that alter the function or expression of multiple genes. The genes predominantly encode components
of various intracellular signaling cascades. In this review, we present mouse intestinal cancer models
that include alterations in the Wnt, Hippo, p53, epidermal growth factor (EGF), and transforming
growth factor 3 (TGFf) pathways; models of impaired DNA mismatch repair and chemically induced
tumorigenesis are included. Based on their molecular biology characteristics and mutational and
epigenetic status, human colorectal carcinomas were divided into four so-called consensus molecular
subtype (CMS) groups. It was shown subsequently that the CMS classification system could be
applied to various cell lines derived from intestinal tumors and tumor-derived organoids. Although
the CMS system facilitates characterization of human CRC, individual mouse models were not
assigned to some of the CMS groups. Thus, we also indicate the possible assignment of described
animal models to the CMS group. This might be helpful for selection of a suitable mouse strain to
study a particular type of CRC.

Keywords: carcinoma; consensus molecular subtypes; intestine; oncogenes; signaling cascades;
tumor suppressors; tumorigenesis

1. Introduction

Cancer of the colon and rectum (colorectal cancer (CRC)) is one of the most commonly diagnosed
cancer types in Western countries. In the United States (US), the lifetime risk of CRC is 5%, and the death
rate of diagnosed patients exceeds 30% [1]. Approximately 85% of colorectal tumors arise sporadically,
and 15% are underlined by hereditary predispositions (reviewed in Reference [2]). The early stages of
colorectal tumors are predominantly associated with mutations in the tumor suppressor adenomatous
polyposis coli (APC) [3], resulting in aberrant activation of the Wnt signaling pathway. A subsequent
mutation usually affects the Kirsten rat sarcoma viral oncogene homolog (KRAS) gene, which further
enhances Wnt signaling and thereby facilitates the adenoma growth [4,5]. In addition, mutations
inactivating tumor protein 53 (encoded by the TP53 gene) and some of the SMAD (an acronym
of Caenorhabditis elegans sma and Drosophila melanogaster mothers against decapentaplegic genes)
family member genes accumulate in the cancer cell; these mutations further promote progression of
premalignant intestinal polyps toward carcinomas [6-8].

Colitis-associated colorectal cancer (CAC) arises as a result of chronic inflammation in the intestine
and accounts for 1-2% of all CRCs (reviewed in Reference [9]). CAC tumors are situated within
the colon in the areas of active inflammation and develop similarly to CRC via accumulation of
numerous mutations in intestinal epithelial cells (reviewed in Reference [10]). However, while sporadic
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CRC is underlined by APC disruption, the earliest mutation event in CAC mainly affects the TP53
gene [11]. Nevertheless, as in case of sporadic CRC, early activation of Wnt signaling is critical for the
colitis-to-cancer transition [12]. TP53 mutations were found in up to 89% of CAC patients [13], while
other mutations present in sporadic CRC were less frequent, e.g., the APC gene alterations were found
in less than 30% of CAC specimens [14]. In addition, KRAS mutations were detected in approximately
30-40% of both sporadic CRC and CAC [13,15,16]. CAC differs from sporadic CRC not only in the
order of acquired mutations, but also by the type of mutations in individual genes. For example,
in sporadic CRC, mutations in the TP53 gene mainly impair the protein ability to bind DNA; however,
in CAC such mutations are less frequent. In contrast, several “gain of function” (GOF) alterations of
the TP53 gene that increase tumor invasiveness, attenuate apoptosis, and increase genomic instability
were predominantly found in CAC [13,17].

The classification of colorectal tumors underwent significant changes over the last few years.
The original approach of CRC classification was based on gene expression analysis, which, however,
often showed considerable differences depending on the dataset used and experimental approach
employed by individual research groups. To unify the classification of intestinal tumors, Guinney and
colleagues performed a large-scale data analysis by linking six previously published CRC subtyping
algorithms [18-23]. The analysis resulted in the system of four consensus molecular subtypes (CMSs).
Individual CMSs were defined not only by gene expression, but also by other characteristics such as
mutation counts, somatic copy number alterations (SCNAs), i.e., gain or loss in copies of genomic DNA,
microsatellite instability (MSI), cytosine-phosphate diester-guanine nucleotide (CpG) island methylator
phenotype (CIMP), and differences in the immune response and activation status of various signaling
pathways. The authors created a “gold standard” of CRC classification, where each CMS group is
defined by certain biological properties, gene expression profiles, and clinical course [24]. According
to this classification, most intestinal tumors (78% of 4151 tumors analyzed) may be assigned to one of
the four CMS groups: CMS1 (also named “MSI immune”; 14% cases), CMS2 (“canonical”; 37%), CMS3
(“metabolic”; 13%), and CMS4 (“mesenchymal”; 23%) (Table 1). Tumors from the CMS1 group differed
markedly from all other groups by high mutation counts and low SCNA counts, pronounced MSI, and
wide-spread DNA hypermethylation. They overexpressed proteins involved in DNA damage repair
and frequently carried mutations in the B-Raf proto-oncogene (BRAF); however, mutations in APC,
TP53, and KRAS often occurred as well. The tumors also exhibited strong immune cell infiltration
and activation, they predominantly occurred in the right colon, and patients had a low survival rate
after relapse. In contrast, tumors from other groups had elevated SCNA counts, possibly related
to high chromosomal instability (CIN). CMS2 group tumors displayed more frequent gains in the
copy number of oncogenes and losses in tumor suppressor genes in comparison to other groups
displaying CIN, i.e., CMS3 and CMS4 groups. The CMS2 tumors also exhibited elevated epithelial
differentiation and hyperactivation of the Wnt pathway and increased Myc-dependent transcription.
On the other hand, gene signatures indicating epithelial-mesenchymal transition (EMT) and matrix
remodeling were underrepresented. Moreover, CMS2 group patients had tumors distributed within
the left colon and rectum and better survival rates than those in other groups. Although tumors from
the CMS3 group displayed high CIN in comparison to the CMS2 and CMS4 groups, they showed
less SCNA counts and higher CIMP, and they were “hypermutated”. CMS3 group tumors displayed
the highest incidence of KRAS mutations, which are possibly linked to metabolic deregulation found
in this type of CRC. Finally, CMS4 group tumors had typically high SCNA counts, hyperactivated
transforming growth factor 3 (TGFf) signaling, and increased expression of genes involved in EMT,
angiogenesis, and matrix remodeling. Interestingly, CMS4 group tumors as the only group showed a
gene expression profile indicating infiltration by both mesenchymal and immune cells. Patients from
the CMS4 tumor group had the worst overall and relapse-free survival rates of all CMS groups [24].
Whereas the CMS classification is mainly based on analysis of sporadic CRC, the question arises with
regard to how to assign CAC malignancies to the system. Since the initial mutation in CAC affects
the TP53 gene, CAC tumors could be included in the CMS2 or CMS4. However, CMS2 group tumors
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displayed decreased immune infiltration, which does not correspond to elevated pro-inflammatory
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) signaling in CAC. On the other
hand, tumors from the CMS1 group showed high immune infiltration and, in addition, CMS4 group
neoplasms exhibited robust complement activation that was reported to contribute to CAC in the
mouse model [25]. In conclusion, CAC characteristics do not completely fall into any particular CMS
group. Moreover, although CAC tumors share multiple mutations with CRCs, the mutations are
accumulated in a different order and the tumors develop in a specific microenvironment caused by
chronic inflammation. Thus, CAC lies beyond the categorization developed for CRC.

Table 1. Biological characteristics of consensus molecular subtype (CMS) groups of colorectal tumors.

CMS1 CMS2 CMS3 CMS4
MSI Immune Canonical Metabolic Mesenchymal
14% 37% 13% 23%

MSI high MSI negative Mixed MSI status MSI low
CIMP high CIMP negative CIMP low CIMP negative
SCNA low SCNA high SCNA moderate SCNA high

BRAF mutations TP53 mutations KRAS mutations TP53 mutations
epithelial signature epithelial signature mesenchymal signature
Wnt and Myc target . EMT activation and
: enhanced metabolism . .
genes upregulation matrix remodeling

stromal infiltrationTGFf3
signaling activation
worse survival after worse relaps-free and
relaps overall survival

immune infiltration

BRAF, B-Raf proto-oncogene; CIMP, cytosine-phosphate diester-guanine nucleotide (CpG) island methylator
phenotype; EMT, epithelial-mesenchymal transition; KRAS, Kirsten rat sarcoma viral oncogene homolog; MSI,
microsatellite instability; SCNA, somatic copy number alterations; TP53, tumor protein 53 (adopted from
Reference [24]).

The conclusions of the Guinney et al. study were used by Linnekamp and co-workers, who tested
different CRC cell lines and, based on their properties, categorized them into the individual CMS
groups [26]. Using different gene expression datasets from publicly available databases, 43 CRC
cell lines were classified into individual CMS groups. Although the assignment into a particular
CMS group often varied depending on the dataset used, 66% of the CRC cell lines showed consistent
assignment to a specific CMS group across the datasets tested. The study also included mutational
changes in CRC cell lines and alterations in the status of five major pathways that are frequently
deregulated in CRC. The Wnt, p53, and receptor tyrosine kinase (RTK)/Ras pathways displayed similar
alterations in CRC cells as in patient samples, whereas phosphatidylinositol-3-kinase (PI3K) and TGFf
pathways were mutated in CRC-derived cell lines with significantly lower frequencies than in tumor
specimens. Furthermore, 18 cell lines were grown as xenografts and, even after multiple transfer, the
cells maintained the original gene expression profiles. Moreover, cells isolated from 33 CRC patients
were cultured in vitro as organoids. Interestingly, according to gene expression, organoids might
also be classified into the four CMS groups. Importantly, with one exception, organoids retained the
same expression patterns observed in the original tumor specimens [26]. Studies of CRC specimens,
CRC-derived cell lines, and organoids brought considerable simplification, clarification, and unification
of CRC characterization. However, elucidation of the molecular mechanisms involved in tumor
initiation and progression requires analysis in living organisms. Although several recent articles
provided an overview of mouse models suitable for studying CRC [27,28], individual mouse models
and strains remain to be assigned to the particular CMS group. Since CRC is a highly heterogeneous
disease and the individual tumor subtypes display various characteristics, it is important to select the
right preclinical model to best mimic the human disease and thereby reduce misleading conclusions.
Therefore, in the following chapters, mouse models that are broadly used to study mutations frequently
observed in human CRC are discussed, and the possible assignment of a specific cancer model to some
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of the CMS group(s) is suggested. We anticipate that many of the mouse models do not easily align
with the established CMS classification. Nevertheless, for each CMS group, mouse strains that best
fit the group characteristics are summarized in Table 2. Finally, the best studied so-called canonical
branches of the particular signaling pathways are discussed throughout the review. These pathways are
believed to function in an analogous manner in both human and mouse. Nonetheless, species-specific
differences are indicated when appropriate.

Table 2. Selected mouse models suitable for studying tumors belonging to the particular CMS group.
Since CMS4 tumors are mainly characterized by activation of the transforming growth factor 3 (TGFf3)
pathway in stromal cells, we did not include any mouse model to this category. It should be noted that
mouse strains allowing downregulation of TGFf signaling are available. However, tumors developed
in these mice fit well into the CMS2 group. N/A, not available.

Generated Allele or Strain Name Advantages Disadvantages Reference
SO0 Acry‘pt hyperprohferahon,lhlgh not all the animals
Bra incidence of tumors, mucinous [29]
develop tumors
phenotype
o s tumors develop in
CMS1 M1 100% tumor development within 4 many other tissues, 130]
months .
short lifespan
90 % of mice developed adenomas mosaic
Msh2loxPRoxP iflin-Cre and adenocarcinomas, tumor recombination in [31]
formation is restricted to the intestine the tissue
) multiple intestinal tumors, early relatively rare
ApcMin tumor development, recapitulates tumorigenesis in [32]
human FAP syndrome the colon
. . S tamoxifen
it orintaton O o dopenden
Lgr5-EGFP-IRES-CreERT2 P durng ‘ variability of the .
defined) time period
CMS2 phenotype
early tumor development, large short lifespan due
Catnb*10%(ex3) Kyt1-19-Cre amount of tumors, microadenomas in to extensive [34]
the colon tumorigenesis
. . . tumors develop in
ApeMin 53 mcreased_ numl_::er and invasivity of many ofher tissues, [35]
intestinal tumors .
short lifespan
Apcloxt4+ [ ST KrasG12D combination of Apc and Kras .
. . crossbreeding [36]
Rapbp1-Cre mutations, adenomas in the colon
CMS3
in K ASPIZ AT increased number of intestinal tumors .
Ap M Keras Al-Cre with higher effect in the colon crossbreeding (371
CMS4 N/A

2. Mouse Models of Chemically Induced Colorectal Tumorigenesis

Since different chemical compounds cause different mutations, utilization of chemical mutagens
results in generation of a variety of tumors that fall into all CMS groups. Consequently, chemically
induced tumors mimic the wide range of genetic alterations found in sporadic CRC and CAC.
Additionally, chemical induction of intestinal tumors can be used to study the tumorigenic properties of
chemical substances commonly found in the human diet or environment. One group of such chemical
substances are heterocyclic aromatic amines that are present in grilled or roasted meat. For example,
2-amino-1-methyl-6-phenylimidazol[4,5-b] pyridine (PhIP) was used several times to induce tumors
in the mouse or rat colons; however, the tumor incidence was relatively low [38,39], although the
tumor incidence was increased when PhIP treatment was combined with a high-fat diet [40]. Other
tumorigenic substances are alkylnitrosamide compounds such as methylnitrosourea. This topical
carcinogen does not require metabolic activation and, thus, may be administered directly into the colon
lumen. Tumors induced by methylnitrosourea are formed mainly in the distal colon and rectum [41].
The lesions are well differentiated and frequently invade the submucosa. However, tumor induction
by intrarectal administration of the mutagen is not high, and reproducibility of such experiments
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depends on the skill of the experimenter (reviewed in Reference [42]). The most frequently used
chemicals for CRC induction are 1,2-dimethylhydrazine (DMH) [43] or its metabolite azoxymethane
(AOM). AOM is a potent carcinogen that causes a wide spectrum of mutations in key genes encoding
components of multiple intracellular signal transduction cascades [44-47]. Upon administration, AOM
is metabolized to methylazoxymethanol, and subsequently to formaldehyde and a methyldiazonium
ion. The latter is highly reactive and causes alkylation of DNA bases. Repetitive administration of
AOM leads to development of epithelial neoplasia initiated by abnormal colonic crypts, so-called
aberrant crypt foci (ACF); ACF further progress to adenoma and malignant adenocarcinoma [48].
AOM-treated mice generate tumors predominantly in the distal colon; the tumors reach the advanced
carcinoma stage within a few months after the mutagen administration. This can be considered an
advantage, since the majority of genetic mouse models—in contrast to humans—produce tumors
mainly in the small intestine. Moreover, as described in the following chapters, genetic manipulations
of tumor suppressors or oncogenes predominantly induce multiple tumors that severely disturb the
absorptive function of the epithelium. The tumor burden leads to preconscious animal death before
individual tumors reach advanced stages [49]. Interestingly, it was reported that various laboratory
mouse strains displayed different sensitivity to AOM (the sensitivity is manifested by the number of
induced lesions) [50].

To create a model of colorectal tumors associated with chronic inflammation, a protocol combining
AOM with an inflammatory agent, dextran sulfate sodium (DSS) salt, was introduced. Chronic
inflammation leads to the formation of a microenvironment enriched with immune cells that produce
pro-inflammatory cytokines and growth factors and, simultaneously, increase the local levels of reactive
oxygen species. Subsequently, cell proliferation and the risk of DNA damage are increased. In the
case of a long-lasting inflammatory response, cell transformation and tumorigenesis occur with high
frequency. The inflammatory response and cell survival are promoted by the NF-«B signaling pathway.
As shown in mice with conditional deletion of IkB kinase {3 (IKKp), impairment of NF-«kB signaling in
colonic epithelial cells led to decreased tumor incidence without affecting the level of inflammation in
AOM/DSS-treated mice [51]. Another advantage of the AOM and DSS combination is further reduction
in the time needed for tumor formation. A single dose of AOM followed by five days of DSS treatment
resulted in development of multiple colon tumors within 10 weeks [52,53]. This procedure proved to
be very reliable and reproducible and was used to induce CAC in mice. Given the different mutation
site in genes such as Ctnnbl (the Ctnnbl gene encodes (3-catenin), it is evident that the combination of
AOM and an inflammatory agent induces a different spectrum of tumors in comparison to induction by
the carcinogen alone (reviewed in Reference [54]; all indicated models of chemically induced colorectal
tumorigenesis are summarized in Table S1, Supplementary Materials).

3. Mouse Models of Aberrant Wnt Signaling

The canonical (i.e., 3-catenin-dependent) Wnt signaling pathway maintains the balance between
proliferation and differentiation of intestinal epithelial cells. Consequently, mutations resulting in
aberrant activation of Wnt signaling initiate and promote tumorigenesis. Tumor suppressor gene APC
encodes a key negative regulator of the pathway and it represents the most frequently mutated gene
in CRC (reviewed in Reference [55]). Mutations in APC occur in all CMS tumor groups, with the
highest representation in CMS2 (83%) and the lowest in CMS1 (40%). Concordantly, hyperactivation
of the canonical Wnt signaling pathway was observed predominantly in CMS2 group tumors [24].
This chapter presents mouse models carrying (inducible) mutations in the Apc and Ctnnbl genes, as
well as models enabling hyperactivation of the Wnt pathway by Wnt agonists R-spondins (RSPOs;
corresponding models are summarized in Table S2, Supplementary Materials).

Wnt signaling is initiated upon Wnt ligand binding to the cell surface receptor Frizzled and
co-receptor low-density lipoprotein receptor-related protein 5/6 (LRP5/6). The binding initiates a
cascade of events leading to disintegration of the so-called 3-catenin destruction complex, a cytosolic
protein complex that regulates (3-catenin stability (reviewed in Reference [56]). The APC protein
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interacts with -catenin and establishes a protein core for the destruction complex, which further
contains glycogen synthase kinase 33 (GSK3p), casein kinase 1 (CK1), and scaffold proteins axis
inhibition 1 and 2 (AXIN1 and AXIN2) (reviewed in References [57-59]). Mutations in the APC or
CTNNBI genes prevent formation of the destruction complex. This results in 3-catenin stabilization and
[-catenin entry into the nucleus. Nuclear 3-catenin, together with transcription factors from the T-cell
factor/lymphoid enhancer-binding factor (TCF/LEF) family, activates transcription of genes important
for cell proliferation and cell survival [60-62] (Figure 1). Approximately 90% of sporadic colorectal
tumors carry a mutation in APC and up to 5% in the CTNNB1 gene (reviewed in References [63,64]).
Relatively rare are mutations in Wnt negative regulators AXIN1/2 and in transcription factor TCF4
(reviewed in References [65,66]).
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Figure 1. The canonical Wnt signaling pathway. (a) In the absence of Wnt ligand, a cytosolic protein
complex composed of adenomatous polyposis coli (APC), axis inhibition (Axin), casein kinase 1 «
(CK1a), glycogen synthase kinase 3 3 (GSK33), and (3-transducin repeat-containing E3 ubiquitin protein
ligase (3TrCP) mediates phosphorylation and ubiquitination of 3-catenin ((3-cat). Phosphorylated
[-catenin is subsequently degraded by the proteasome. In such a situation, transcription factors from
the T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) family are held in an inactive state by
interaction with transcription repressor Groucho that blocks transcription of Wnt signaling target
genes. (b) Binding of the Wnt ligand to receptor Frizzled and co-receptor low-density lipoprotein
receptor-related protein (LRP) leads to LRP phosphorylation that induces Axin recruitment to the cell
membrane. As a result, the destruction complex is disassembled and -catenin translocates to the cell
nucleus to activate, in cooperation with TCF/LEF factors, transcription of Wnt target genes. R-spondin
(RSPO) ligand binds the leucine-rich repeat-containing G-protein coupled receptor (Lgr) 4/5, which

results in internalization and subsequent proteasomal degradation of transmembrane E3 ubiquitin
ligases zinc and ring finger 3 (ZNRF3) and ring finger 43 (RNF43). The ligases mediate turnover of the
Wnt receptor Frizzled and their inhibition enhances Wnt signaling. (c) Truncated APC protein does not
retain the ability to scaffold the destruction complex, resulting in 3-catenin stabilization and aberrant
expression of Wnt target genes, i.e., even without the presence of the Wnt ligand.
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The APC locus was discovered by studying a rare hereditary syndrome, familial adenomatous
polyposis (FAP) [67,68]. Inherited mutation in the APC gene leads to development of hundreds to
thousands adenomatous polyps predominantly located in the colon and rectum; the occurrence of
polyps in the small intestine is less common. Because of frequent random inactivation of the second
APC allele and successive accumulation of additional tumor-promoting mutations, the polyps progress
to carcinoma by the age of 35 (reviewed in Reference [69]). Since most colorectal tumors harbor a
mutation in the APC gene, a large proportion of mouse genetic intestinal cancer models target (or
involve) the Apc gene (Figure 2).
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Figure 2. The domain structure and truncated variants of mouse adenomatous polyposis coli (Apc)
protein. The scheme indicates positions of germline Apc mutations utilized in mouse models. The
names of mutations correspond to the terms used in the studies describing a particular cancer model;
the region which was deleted in the ApcASAM allele is underlined; A indicates deletion; AA, amino
acid; AAR, amino-acid repeats; Axin, Axis inhibition; DLG, discs large; EB1, end-binding protein 1;
SAMP, serine-alanine-methionine—proline.

The human APC protein consists of 2843 amino acids, and its interactions with other proteins
of the 3-catenin destruction complex are mediated by several domains (amino-acid repeats) located
in the central part of the protein. There are three 15-amino-acid repeats (15AARs) that bind
[-catenin constitutively and seven 20-amino-acid repeats (20AARs) that bind p-catenin inducibly
(the interaction with 20AARs depends on the phosphorylation status of -catenin) [70]. Three
serine-alanine-methionine—proline (SAMP) amino-acid repeats are responsible for interactions with
AXIN1/2 [71]. The N-terminal part of APC contains another protein interaction domain that includes
eight so-called armadillo repeats. Finally, the C-terminus of the protein interacts with proteins involved
in microtubule assembly, cell polarity, and chromosome segregation. More than 60% of APC mutations
are located in a mutation cluster region (MCR) in exon 15, and, in most cases, the mutations result in loss
of the C-terminal portion of APC protein [72,73]. The amino-acid sequence and domain composition of
the Apc protein is evolutionarily conserved in metazoan species ranging from Drosophila to humans [74].
As the sequence identity of the human and mouse Apc proteins exceed 89%, the mouse represents a
suitable mode to study the involvement of Apc truncations in intestinal cancer.
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3.1. Multiple Intestinal Neoplasia (Min) Mice

The Apc*™Mi" mouse strain is a frequently used genetic mouse model to study CRC. Similarly to
FAP patients, these mice (generated by random chemically induced mutagenesis) carry a nonsense
germline mutation in one Apc allele that results in Apc truncation at codon 851 [32,75]. The Min
mutation is autosomal dominant with 100% penetrance; while at homozygote state the mutation is
embryonically lethal, the heterozygote animals are viable. After random inactivation of the second
allele, adult Apc*Mi* mice develop multiple intestinal polyps. The polyps predominantly develop in
the small intestine, and to a much lesser extent in the colon. Occasionally, tumors might also appear in
the mammary glands and stomach [76,77]. Importantly, the incidence of polyps is dependent on the
genetic background and may be influenced by the diet. For example, intestinal polyps developed with
100% penetrance in Apc*™i" mice on the C57BL/6 background do not progress to carcinoma as the
animals die at young age (16 to 18 weeks) due to anemia, inflammation, and other symptoms associated
with digestive tract damage. In addition, the mice developed a large number of small intestinal tumors
and a relatively low number of tumors in the colon [75]. In contrast, only 7% tumor incidence was
observed in Apc+/Mi” mice of the FVB/Nj genetic background [78]. Recently, Sodrig and colleagues
reported extensive colon carcinogenesis in Apc”M" mice of the AKR/J background [79]. Strikingly,
Cooper and co-workers documented that the presence of the Min allele in the animals (presumably)
of the same genetic background but originating from separate colonies might be manifested by a
remarkably differing phenotype. The authors of the study purchased Apc*/Mi" males of the C57BL/6
background from the Jackson Laboratory and crossed them with the wild-type (wt) C57BL/6 females
originating from the Jackson Laboratory or from the domestic facility. The animals of the latter mouse
“strain” designated Apc*/Min=FCCC developed more colorectal adenomas showing an increased rate of
malignant progression and rectal prolapse [80]. Importantly, the animals were housed in the same
animal facility and kept on the same diet, excluding exogenous sources of the observed phenotypic
differences. Nevertheless, it was shown previously that the “Western type” of diet (increased fat and
reduced fiber, calcium, and vitamin D content) significantly increased the incidence of Apc-deficient
intestinal tumors [81-84]. Finally, different gene variants were examined to either enhance or attenuate
the Apc+/Mi" phenotype. More than 10 genes called modifiers of Min (Mom) were discovered to date.
The mechanism of action of Mom genes was described elsewhere [85].

3.2. Models Producing Mutant Apc Variants Longer Than Apc Protein Expressed from the Apc™i Allele

Although the Apc*™" strain is a commonly used model for intestinal neoplasia, most human
mutations present in sporadic or hereditary intestinal neoplasms generate a longer form of APC protein
than the one expressed from the ApcM" allele. In human tumors, at least one APC allele produces a
truncated protein retaining a functional 3-catenin binding 20A AR motif [86,87]. Therefore, two mouse
alleles—designated Apc'32?T and Apc’3?? (original allele names are used throughout the review)—were
generated; the alleles express the truncated Apc protein retaining one 20AAR. Apc*/322T mice produced
over 200 small intestinal polyps by the age of 10 to 12 weeks, which represented a more severe
phenotype than the one observed in Apc*Mi" animals. Surprisingly, although expression profiling
showed that the messenger RNA (mRNA) levels of stem-cell marker leucine-rich repeat-containing
G-protein coupled receptor 5 (Lgr5) were increased, nuclear 3-catenin levels were lower than in
Apc”Mm mice [88,89]. Since both strains, i.e., Apc+ﬂ322T and Apc’f/Mi” mice, were backcrossed with
C57BL/6 animals, the discrepancy between the smaller amount of nuclear f3-catenin and the more
severe phenotype observed in Apc*/1322T
Nevertheless, the above observation can be explained by the finding that, when a certain level of
nuclear -catenin is exceeded, the production of intestinal tumors is (paradoxically) reduced [90].
In contrast, Apc*/'3%? mice have a milder intestinal phenotype than Apc*™i" mice, as they developed
about 30 polyps by the age of 12 to 14 weeks. Moreover, the animals were affected by hyperlipidemia,
a disorder characterized by abnormally elevated levels of lipids in the blood, at a younger age than

mice cannot be explained by different genetic backgrounds.
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Apct™Mit mice [91,92]. The difference between the pathological manifestations documented in these

mouse strains is striking, as the positions of the Apc protein truncation are only 13 amino acids apart.
However, it might be explained by the differences in the gene targeting strategies used to generate the
animals. Unfortunately, mice harboring the Apc!3%? allele are not available in Europe or United States,
and a detailed protocol describing the strain generation was not reported in English.

As mentioned, the C-terminus of APC is frequently lost in CRC, indicating that it is essential for
the APC tumor suppressive role [93]. For functional studies of the C-terminal portion of the protein, a
mouse model named ApcASAMP was created. In these mice, a central region of the Apc gene, which
encodes six 3-catenin binding 20AAR motives and all AXIN-binding SAMP repeats, was deleted, while
the C-terminus was retained intact. Apc*/A5*MP mice exhibited the same phenotype as mice harboring
the Apc!322T allele, which suggested that the presence of the C-terminal part of Apc is not sufficient to
suppress tumorigenesis [94]. Moreover, three additional alleles were created; the alleles were designated
Apcl®38N | Apc1638T and Apc!57°T. The Apc!638N allele was generated by insertion of the phosphoglycerate
kinase (PGK)-neomycin selectable marker cassette into exon 15 of Apc in reverse orientation. The
insertion should have caused a truncating mutation at codon 1638. However, truncated Apc was not
detectable by Western blotting, suggesting that Apc mRNA translation was possibly attenuated by the
anti-sense transcript generated from the neomycin expression cassette; thus, the Apc638N allele is, in
fact, a null allele [95]. While Apc!®38N1638N homozygotes died prenatally, heterozygous Apc*/1638N
were viable and developed several (five to six) adenomas and adenocarcinomas located close to the
periampullary area of the small intestine. Moreover, all Apc*/1638N mice developed cutaneous follicular
cysts and desmoid tumors [96]. Therefore, Apc*13N mice phenocopied some of the symptoms
observed in humans with the attenuated adenomatous polyposis coli (AAPC) syndrome. Hereditary
AAPC is manifested by fewer than intestinal 100 polyps, delayed age of the polyp onset, and presence
of severe desmoid tumors, osteosarcomas, and epidermoid cysts [97-99]. The Apc!638T
generated by insertion of the PGK-hygromycin resistance cassette into exon 15 of the Apc gene in the

sense orientation. In this arrangement, a truncated 1638-amino-acid-long polypeptide was indeed
1638T/1638T

mice

allele was

mice were viable and tumor-free, thus
1638N/1638N 41 d Apc+/7638N strains.

1638T/1638T 3nimals

produced from the Apc locus. Surprisingly, Apc
displaying a remarkably different phenotype than that observed in Apc
Nevertheless, when compared to wild-type (wt) mice, the small intestine of Apc
was significantly shorter, migration and proliferation of intestinal epithelial cells was faster, and the
numbers of Paneth and goblet cells were increased [100]. Moreover, Apc!6387/1638N and Apcl638T/Min
heterozygotes died prenatally, indicating haploinsufficiency of the Apc1638T allele [101]. Heterozygous
Apc*/1572T animals producing the Apc protein truncated at codon 1572 were viable, but developed
multifocal mammary adenocarcinomas with pulmonary metastases; homozygous Apc!>7271572T died
during embryonic development. Interestingly, in the tumor cells derived from this particular strain, a
[-catenin/TCF luciferase reporter assay (TOP-FLASH) [102] and co-immunoprecipitation of 3-catenin
and APC indicated intermediate activation of the Wnt/f3-catenin pathway. Such a level of Wnt signaling
is possibly insufficient for development of intestinal neoplasia, but it might initiate breast cancer [103].

3.3. Models Producing Mutant Apc Variants Shorter Than Apc Protein Expressed from the ApcMin Allele and
a Strain with Complete Apc Deletion

This chapter discusses seven mouse models that carry a short form of Apc, i.e., shorter than
the protein expressed from the ApcMi" allele. Additionally, we discuss the phenotype observed in
animals after complete loss of the Apc protein, i.e., after removal of all Apc exons. The Apc®?42
was generated by inserting a -geo gene trap cassette between exons 7 and 8. The targeting results
in production of a fusion protein containing a truncated 242-amino-acid-long polypeptide lacking
the armadillo repeat domain. Apc*2?#2 mice developed adenomas in the small intestine and colon
with higher frequency than Apc*Mi" mice, suggesting that the loss of the armadillo repeats increased
tumorigenesis [104]. The Apc®#7# allele was created by duplication of exons 7-10 that cause a frameshift
and immature stop in the Apc coding sequence. Apc*/2474 heterozygotes exhibited a phenotype

allele
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similar to Apc*Mi" mice (polyps mainly in the small intestine and occasional mammary tumors) [33].

The Apc®7° allele was constructed by insertion of the PGK-diphtheria toxin receptor selectable marker
cassette into the Apc locus. The insertion leads to expression of a truncated transcript encoding a
716-amino-acid-long Apc polypeptide. Interestingly, although the protein produced in Apc*271¢ mice
is longer than in Apc*/2?42 and Apc*/247# animals, the number of polyps (>400) in Apc*/2716 mice was
remarkably higher than in the first two mouse strains [105].

Three independent research groups generated mouse strains harboring conditional knock-out
(cKO) alleles of the Apc gene with exon 14 flanked, i.e., “floxed”, by loxP sequences [106-108].
Non-recombined homozygotes of all three strains (the non-recombined alleles were termed Apc®50,
ApcKO, and Apc3lox14 respectively) were viable without any phenotype. Cre-mediated excision of exon
14 results in formation of the stop codon and production of a truncated Apc protein; Cre-recombined
alleles were indicated as Apc®'P, Apc2580, and Apc®!#, respectively. Shibata and colleagues injected
a Cre-expressing adenovirus into the lumen of the colorectal region of Apc®50%°895 mice, which
resulted in formation of colorectal adenomas in 80% of experimental animals [106]. To generate
heterozygous animals harboring a germline knock-out Apc allele, Apc™8© and Apc3*¥14+ mice were
crossed with EIIA-Cre- and MeuCre40-expressing animals, respectively. In EIIA-Cre transgenic mice,
Cre is expressed in the preimplantation embryo from early adenoviral (EIIA) promoter active in all
tissues; in MeuCre40 mice, the Cre recombinase is expressed in all tissues. Animals from both strains
developed numerous intestinal tumors, and subsequent analysis indicated that the wt Apc allele was
inactivated by allelic loss [34,107]. Moreover, tamoxifen-induced recombination of the Apc®XO alleles
in ApcKOKO [ 015 EGFP-IRES-CreERT2 and Apc®XOFKO Villin-CreERT2 animals allowed tissue-specific
Apc inactivation in intestinal stem cells or in all intestinal epithelium cells, respectively [109,110]. In
the latter strains, massive crypt hyperproliferation followed by intestinal microadenoma formation
was observed already several days after tamoxifen administration (Figure 3) [111].

wild-type Apc™®*° Villin-CreERT2 Apc " °Lgr5-EGFP-IRES-CreERT2

Figure 3. Crypt hyperplasia and microadenomas arising in the Apc-deficient small intestine.

Immunohistochemical localization of proliferating cell nuclear antigen (PCNA; brown cell nuclei) in
mice of the indicated genetic background. The middle microphotograph shows the hyperplastic
crypt compartment developed in Apc®KOFKO Villin-CreERT2 mice seven days after tamoxifen
administration; the right image shows microadenomas (red arrowheads) formed in the AchKO/CKO
Lgr5-EGFP-IRES-CreERT2 small intestine 21 days after tamoxifen administration. Sections were

counterstained with hematoxylin (blue nuclear signal); scale bar: 0.3 mm (adopted from Reference [111]).

In addition to the mouse strains harboring floxed exon 14, Robanus-Maandag and colleagues
generated a strain with floxed exon 15 (Apc!®°%). Deletion of this particular exon in germ cells generated
Apc*/A15 mice that displayed a phenotype reminding of Apc*M" mice. Additionally, the Apc*/15¥
mice were crossed to transgenic mice expressing Cre recombinase from the fatty acid-binding protein
(Fabpl) gene promoter; the promoter is active in epithelial cells of the distal small intestine and colon.
These mice survived longer (than Apc*/21%) and developed about 40 tumors in the ileum, colon, and
rectum [112].

82



Genes 2019, 10, 788

Whereas the majority of human colorectal tumors harbor truncated APC, the null variant of the
APC gene is relatively uncommon. In order to study the effect of complete loss of APC, Cheung and
colleagues produced a mouse strain harboring cKO alleles allowing deletion of all 15 Apc exons (the
recombined allele was designated Apc®1-1°). Apc*/2°1-15 heterozygotes had a more severe intestinal
phenotype than Apc+/Min +/Ael-15
by Apc promoter hypermethylation or loss of heterozygosity, it was evident that, in the mouse model,
the presence of a truncated Apc protein is not required for intestinal tumor development. Interestingly,
although the amount of B-catenin protein was similar in tumors of Apc*/2°I-15 and Apc*/Min
the levels of B-catenin-dependent transcription seemed to be lower in Apc™2¢1-1% animals [113].
This confirmed that the “just optimal” 3-catenin level is necessary for tumor initiation and growth [90].

mice. Importantly, as the wt Apc allele was inactivated in Apc animals

mice,

3.4. Models Expressing Stabilized p-Catenin

Although APC mutations initiate the majority of human CRCs, a subset of human colorectal
tumors with intact APC carries protein-stabilizing mutations in CTNNBI1. For (3-catenin ubiquitination
and subsequent proteasomal degradation, the conserved N-terminal serine and threonine residues (533,
537, T41, and S45) have to be phosphorylated. These amino acids are encoded by exon 3 of the CTNNB1
gene; the same exon is considered to be a mutation hotspot in human CRC. Missense mutations or short
deletion affecting the critical amino-acid residues (the mutational changes preserve the open reading
frame) prevent 3-catenin phosphorylation and, thus, lead to production of a stable protein (reviewed
in References [114,115]). In order to model tumors that are initiated by alterations in the CTNNB1
gene, Harada and colleagues generated mice harboring a conditional Ctnnb1 allele where exon 3 was
flanked by loxP sites (Ctnnb10X(€3/l0x(ex3)) These mice were crossed with knock-in mice expressing Cre
recombinase under the control of the cytokeratin 19 promoter (Krt1-19"); the promoter drives Cre
expression in the intestinal epithelium starting at early embryonic stages. Heterozygous Ctnnb1*/°x(ex3)
Krt1-19*C" animals developed over 3000 polyps in the duodenum and proximal jejunum and only
microadenomas in the colon by the third week after birth. Alternatively, Ctnnb1/¥(ex3/oxx3) mice were
crossed with the Fabpl©" strain; heterozygous Ctnnb10X3) FabpICre animals developed 200 to 700
polyps in the small intestine by the age of 4-5 weeks [116]. In summary, the models of 3-catenin
oncogenic activation recapitulated a severe phenotype observed in some Apc-deficient mice.

3.5. Alleles Allowing Aberrant (Over) Expression of Wnt Agonists R-Spondins

Secreted RSPOs bind the Lgr 4/5/6 receptor to potentiate the Wnt signaling pathway output.
The signaling function of the RSPO/LGR complex has multiple effects and, inter alia, leads to inhibition
of transmembrane E3 ubiquitin ligases zinc and ring finger 3 (ZNRF3) and ring finger 43 (RNF43).
These ligases act on Wnt receptor Frizzled, mediating its turnover. However, binding of the RSPO
ligand to the LGR receptor results in ZNRF3 and RNF3 internalization and subsequent degradation in
lysosomes. The mechanism leads to increased availability of the Frizzled receptors on the cell surface
and, thus, enhanced Wnt signaling (Figure 1b) (reviewed in Reference [117]).

Approximately 10% of CRC specimens harbor chromosomal rearrangements that involve loci
encoding RSPO genes. These chromosomal rearrangements are mainly based on gene fusions of
RSPO2 or RSPO3 with another highly expressed gene, such as protein tyrosine phosphatase receptor
type K (PTPRK), eukaryotic translation initiation factors 3e (EIF3E), and piezo-type mechanosensitive
ion channel component 1 (PIEZO1) [118,119]. All these gene fusions result in aberrant RSPO2/3
overexpression. To investigate this type of CRC, Hilkens and colleagues developed a conditional Rspo3
transgenic mouse (Rspo3"%) where Rspo3 was expressed in cells producing Cre recombinase. The mice
were crossed to Lgr5-EGFP-IRES-CreERT2 [110] mice, and Cre-mediated Rspo expression was induced
by tamoxifen. The animals developed hyperplasia in the small intestine, cecum, and proximal colon.
The incidence of neoplasia (mainly adenoma and adenocarcinoma) was 2.5 tumors per mouse on
average, and moderate upregulation of Wnt target genes was observed [120]. Additional mouse models
were generated by Cas9-mediated fusion of Rspo2 or Rspo3 with EIF3E and Ptprk, respectively, using
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the tetracycline-inducible clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9
system. Since the chromosomal rearrangements occurred randomly after the Cas9-mediated DNA
cleavage, this model adequately reproduced the condition that is commonly found in human CRC.
Two weeks after doxycycline administration, i.e., after Cas9 induction, adenomas were observed in
the mouse small intestine. Nevertheless, in both models, tumor growth was rather attenuated, and
hyperplastic or dysplastic lesions were formed only. Surprisingly, contrary to the model of Hilkens and
co-workers, no significant increase in Wnt target gene expression in the EIF3E-Rspo2 or Ptprk-Rspo3
intestines was noted [121].

4. Mouse Models of Inactive Hippo Signaling

The Hippo signaling pathway was originally discovered in Drosophila as a signaling mechanism
controlling the organ size. However, later studies identified involvement of the Hippo signaling in other
important processes such as cell division, differentiation, and maintenance of cell pluripotency [122].
The core complex of the mammalian Hippo signaling pathway includes serine/threonine STE20-like
protein kinase 1 (MST1; alternative name STK4) and related MST2 (STK3), large tumor suppressor
kinase 1/2 (LATS1/2), scaffold proteins salvador family WW domain-containing protein 1 (SAV1),
and mono-polar spindle-1 one binder kinase activator 1A/1B (MOB1A/1B). When the Hippo pathway
is not active, the effectors yes-associated protein 1 (YAP1) and tafazzin (TAZ) can freely enter the
cell nucleus, where they associate with transcription co-factors from the transcriptional enhancer
factor 1 and abacus A family (TEAD). The YAP1 (TAZ)-TEAD complex activates transcription of
pro-proliferative and anti-apoptotic genes. Conversely, when Hippo signaling is activated (by growth
inhibiting signals), YAP and TAZ are phosphorylated by LATS1/2. The modification prevents their
transport to the nucleus and drives their ubiquitination and degradation (reviewed in Reference [123]).
The pathway is further controlled by ubiquitination-independent proteasome activator subunit 3
(PSMES, alternative name regenerating islet-derived protein 3 (REGy)), which can degrade LATS1 and,
thus, activate YAP1.

Neither deregulation of the Hippo pathway nor mutations in genes encoding the pathway
components were reported in relation to a particular CMS group. Nevertheless, some CRCs
show a positive correlation between poorer prognosis and overexpression of YAP1, TAZ, TEAD4,
and REGy [124-128]. In addition, YAP1 and TAZ proteins interact with 3-catenin. The interaction
leads to inhibition of 3-catenin nuclear localization and results in downregulation of Wnt signaling.
Moreover, since active Hippo signaling inhibits cells growth and proliferation, the signaling in fact
opposes pro-proliferative Wnt pathway-mediated cellular processes. Consequently, models altering
the Hippo pathway status might complement studies involving aberrant Wnt signaling.

The first model simulating the inactive Hippo pathway was represented by a transgenic mouse
strain allowing doxycycline-inducible Yap1 production/activation. Upon doxycycline administration,
the mice ubiquitously expressed a mutated form of Yap1 (Yap15'%74), which is not phosphorylated on
critical serine 127 and, thus, escapes degradation. The mice (examined five days after activation of Yap1
expression) displayed massive cell proliferation in multiple organs. The most pronounced phenotype
was observed in the intestine, where the entire epithelium appeared dysplastic. Interestingly, the
proliferation was not restricted to the intestinal crypts, but dividing cells were also detected in the
villus region. In addition, mature goblet or Paneth cells were absent throughout the intestine [129].
Additionally, the same research group generated a mouse strain with Yap15'274 expression regulated
by intestinal epithelium-specific expression of reverse tetracycline transactivator (rtTA). Interestingly,
the phenotype of these mice was fundamentally different from the animals expressing Yap151274
ubiquitously. Strikingly, seven days after induction of Yap151%74, the intestinal epithelium exhibited
progressive degeneration associated with loss of dividing cells in the crypts [130]. It was suggested
that, in the whole-body Yap1 activation model, paracrine Yapl-dependent signals originated from
stromal cells might support adjacent epithelial cells, and this type of support is absent in animals with
tissue-specific Yap15127A expression [123]. Nevertheless, the discrepancy between the phenotypes
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observed in the above-described models remains unclear. Another model of the inactive Hippo
pathway was based on null alleles of the Mst1 gene (Mst1"") and conditional Mst2 alleles (Mst2f);
to achieve epithelial inactivation of Mst2, the latter strain was intercrossed with transgenic Villin-Cre
mice [109]. The Mst1™! or Mst2ff Villin-Cre mice were born in Mendelian ratios, but their average
lifespan was 13 weeks only. The mice displayed a significantly expanded stem-cell compartment
and reduced numbers of differentiated cells in both small intestine and colon; moreover, adenomas
were present in the distal part of the colon. Interestingly, whereas the total amount of 3-catenin
was not—in comparison to control wt mice—changed, the level of nuclear 3-catenin was increased.
Additionally, the phenotype of Mst1™!! Mst2ff Villin-Cre mice was suppressed after inactivation of
one or both Yap1 alleles [131]. Rather surprisingly, inactivation of Yap1 per se in the intestine had
no obvious phenotype. However, when subjected to DSS treatment, the regenerative capacity of the
Yapl-deficient intestinal epithelium animals was abolished [132]. Enhanced Hippo signaling was also
investigated in REGy ™~ mice. REGy deficiency increased expression of Lats1, and, as a consequence,
the cellular level of phosphorylated Yapl was upregulated. Nevertheless, after DSS-induced colitis,
REGy™~ mice developed lower amounts of smaller and less proliferating colorectal tumors when
compared to wt mice [128]. In summary, the described models (the corresponding strains are listed in
Table S3, Supplementary Materials) indicated that impaired Hippo signaling via Yapl1 is involved in
intestinal tumorigenesis.

5. Mouse Models of p53 Pathway Deficiency

Activation of tumor suppressor p53 represents a fundamental mechanism blocking cancer cell
proliferation and/or survival. Consequently, p53 loss is associated with initiation, progression, and
invasiveness of various malignancies (reviewed in Reference [133]). In a healthy cell, the p53 level is
kept low by action of E3 ubiquitin ligase mouse double minute 2 homolog (MDM2) [134]. Nevertheless,
when the cell is exposed to adverse conditions such as oxidative stress, DNA damage, or replication
stress, p53 is stabilized and induces apoptotic pathways (reviewed in Reference [135]). Moreover,
to block cell-cycle progression, p53 activates transcription of many target genes involved in cell-cycle
regulation. A prototypic p53-induced gene is represented by cyclin-dependent kinase inhibitor 1A
(CDKN1A), which encodes cyclin-dependent kinase (CDK) inhibitor p21 (alternative name CIP1/WAF1);
p21 prevents cells from entering the synthesis (S) phase (reviewed in Reference [136]). Loss of the
P53 function was detected in 50-70% of all colorectal tumors [16,137]; nevertheless, p53 mutations
were mostly detected in advanced tumors. Thus, p53 inactivation represents one of the crucial
events in adenoma-carcinoma transition. Moreover, TP53-mutant tumors appear to be more resistant
to chemotherapy, resulting in poorer prognosis of the treated patient (reviewed in Reference [24]).
Mutations in the TP53 gene were found in tumors of all CMS types, ranging from 27% to 62% in
the CMS1 or CMS2 group, respectively [24]. The most frequently mutated region of the TP53 gene
consisted of exons 5-8 that encode a sequence-specific DNA-binding domain. Intriguingly, mutations
in codons 175, 245, 248, 273, and 282 were repeatedly identified in several studies [35,138,139]. These
predominantly missense mutations affect the p53 ability to bind target DNA, and consequently they
inhibit the transcriptional regulatory role of p53. Interestingly, different TP53 mutations might impact
CRC properties, especially lymphatic or vascular invasion and metastasis (reviewed in Reference [140]).
Inactivation of the p53 target gene CDKN1A was detected in 79% of colorectal tumors, and it showed
a clear correlation with TP53 deficiency [141]. Strikingly, p21 loss inversely correlated with high
CIMP and MSI. Moreover, in CIMP- and MSI-high CRCs, the deficiency was independent of the TP53
status [142]. Therefore, colorectal tumors with mutated p21 were assigned to the CMS2 or CMS4
groups that display low CIMP and MSI and contain a high proportion of p53-mutated tumors [24].

A whole-body knockout of the Trp53 gene in the mouse was described more than 25 years
ago. The study confirmed the tumor suppressive role of p53; p53-deficient mice were predisposed
to formation of many different types of tumors, predominantly lymphomas, osteosarcomas,
and adenocarcinomas [143,144]. Combinations of p53 deficiency with other mouse tumor models
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modulated the rate, localization, and number of gastrointestinal tumors. For example, Apc*/Mi" Trp53/~
mice developed increased amounts of more invasive intestinal adenomas than Apc*™i" mice harboring
wt p53 [145]. In addition, Trp537/~ Terf~ mice suffered from more severe colitis than Tcrf ™~ mice
and developed inflammation-associated adenocarcinomas in the cecum and colon [146]. Interestingly,
AOM/DSS treatment in p53-deficient mice resulted in nuclear accumulation of 3-catenin accompanied by
robust activation of Wnt-responsive genes. However, increased Wnt/(3-catenin-dependent transcription
was not seen when animals were treated with DSS only [147].

Interestingly, in the case of CAC, p53 deficiency influenced not only the incidence, but also the
morphology of the tumors. Comparison of tumors isolated from DSS-treated Trp537~, Trp53*~, and
Trp53** mice showed that Trp537/~ tumors are rather flat (84.6%), while Trp53*/~ and Trp53** lesions
are mostly polypoid (83.3% and 100%, respectively; polypoid tumors represent neoplastic lesions
whose height is greater than one-half of their diameter). Moreover, polypoid neoplasia often carried (in
75% of cases) mutations in the Ctnnbl gene, and tumor cells displayed nuclear localization of 3-catenin.
The results suggest that different tumorigenic mechanisms affect not only the formation, but also the
morphology of CAC [148].

In addition to the FAP syndrome, there are several other hereditary polyposis syndromes including
the Peutz-Jeghers syndrome (PJS). Individuals with PJS develop gastrointestinal hamartomatous
polyps due to an inactivating germline mutation in the liver kinase B1 (LKBI) gene (alternative name
serine/threonine kinase 11 (§TK11)). In contrast to the polyps developed in FAP patients, malignant
transformation of PJS hamartomas is very rare (reviewed in Reference [149]). LKB1 physically associates
with p53 and promotes p53-dependent apoptosis [150]. Importantly, restoration of LKB1 activity in
(originally) LKB1-defective cancer cells induced p21 expression followed by cell-cycle arrest [151,152].
In order to investigate the LKB1 function in PJS, mice harboring mutation in the Lkbl gene were
generated. Homozygous germline deletion of Lkbl was embryonic lethal; however, heterozygous
mice developed hamartomatous gastric and small intestinal polyps [153]. In addition, Lkb1*/~ Trp537~
mice displayed increased incidence and earlier formation of tumors that retained a hamartomatous
character [154], indicating that combined deficiency in both genes might accelerate tumor formation.

As already indicated, CDK inhibitor p21 (Cdknla) is important regulatory protein involved in
cell proliferation. Surprisingly, although p537~ mice develop multiple tumors, spontaneous tumor
development was not observed in young Cdknla™" mice [155,156]. However, when the mice were
reared for one year or longer, formation of hematopoietic, endothelial, and epithelial tumors was
noted [157]. Importantly, Cdknla-deficient mice developed increased numbers of ACFs along the
entire length of the colon after treatment with AOM [158]. Moreover, tumor incidence and metastatic
potential was further potentiated by whole-body irradiation [159]. Similarly to Trp537/~ ApctMin
mice, the increased tumor burden was observed in Cdknla™~ Apc*fl“g animals [160]. The results
suggested that the p53—p21 pathway plays an important role in the inhibition of growth of Apc-deficient
tumors. Indeed, in human tumors, p21 loss indicates poor prognosis [161]. In conclusion, mutations
inactivating p53 were manifested by increased incidence of neoplasia in other organs than the intestine.
Therefore, to model CRC, p53 pathway-deficient mice were mainly employed in combination with
other genetic modifications (or with irradiation and mutagen exposure) to provoke (or accelerate)
intestinal tumor development and progression. Models described in this chapter are listed in Table 54
(Supplementary Materials).

6. Mouse Models of Aberrant Activation of the Epidermal Growth Factor Signaling Pathway

The signaling pathway initiated by interaction of the epidermal growth factor (EGF) ligand and
the EGF receptor [(EGFR; alternative names avian erythroblastic leukemia viral (v-erb-b) oncogene
homolog (ERBB1) or human epidermal growth factor receptor 2 (HER1)] represents a signaling cascade
inducing pleiotropic effects in the target cell. The effects include proliferation and inhibition of apoptosis;
therefore, the pathway activity is tightly regulated (reviewed in Reference [162]). Ligand binding to
EGER triggers sequential activation of mitogen-activated protein kinases (MAPKs), which transduces
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the signal to the cell nucleus. In more detail, EGFR functions as a transmembrane receptor tyrosine
kinase that undergoes autophosphorylation upon interaction with EGF. A phosphorylated intracellular
portion of the receptor interacts with the Src homology 2 (SH2) domain of the cytoplasmic proteins
growth factor receptor-bound protein 2 (GRB2) and son of sevenless (SOS). Receptor complex-bound
SOS promotes the exchange of guanosine diphosphate (GDP) to guanosine triphosphate (GTP)
associated with small G-proteins from the RAS family. GTP-loaded Ras proteins in turn activate Raf
protein kinases, the initial kinases in the MAPK cascade (reviewed in Reference [162]).

In human sporadic CRC, several principal components of the MAPK pathway, i.e., EGFR, KRAS,
NRAS, and BRAF, are recurrently mutated. Generally, activating mutations in proto-oncogenes KRAS
and BRAF were present in human tumors corresponding to the CMS3 (68%) and CMS1 (42%) groups,
respectively. Whereas BRAF mutations were almost exclusively present in these CMS groups, KRAS
mutations were also detected, although to a lesser extent, in the CMS2 and CMS4 groups. Interestingly,
in tumor-derived intestinal organoid cultures, KRAS mutations were found in all CMS groups except
for CMS3 [26]. Mutations in NRAS were mostly detected in the CMS3 group (9%) [24].

To analyze the impact of genetic alterations in the EGFR pathway on CRC initiation or progression,
a number of mouse models were used. According to mouse studies, mutations in the EGFR pathway
alone are not sufficient to initiate colon tissue transformation [163,164]. Nevertheless, oncogenic
mutations in genes involved in EGFR-mediated signaling are considered to be driver mutations
as they emerge in early (pre-neoplastic) lesions. In fact, activating mutations in KRAS and BRAF
were already detected in tumor-initiating cells [165,166]. Additionally, when these genetic alterations
are combined with mutations in genes encoding Trp53 or Wnt pathway components, they facilitate
colorectal tumor progression.

6.1. Mouse Strains Expressing Mutant Epidermal Growth Factor Receptor

Activating mutations in the EGFR gene were found in 10% of the analyzed human tumor specimens.
Moreover, 7% of CRCs harbored activating mutations in EGFR paralog ERBB2/HER2 [167]. The EGFR
function in CRC was assessed using mice carrying the Egfr [168] and Egfr*® [169] loss-of-function
alleles, and Egfr'™™¢ [170] null allele using various genetic backgrounds. Whereas EGFR gene
amplification and activating mutations in the receptor kinase domain are frequent in human CRC
samples [171,172], experiments in mice showed that the EGFR activity is indispensable for tumors
developed in Apc+/Mi” mice [170] or in AOM/DSS-induced neoplasia [168]. To assess the Egfr function
in immune-mediated colitis, ngrw”5/wa5 mice were treated with AOM/DSS and crossed with interleukin
10 (1110)-deficient (II107~) mice, a strain that represents a model of spontaneous colitis with many
characteristics of human inflammatory bowel disease (IBD). Although the incidence of tumors in
AOM/DSS-treated Egfr****15 mice was comparable to wt controls, tumor progression was significantly
increased. In 40% of AOM/DSS-treated ngrw”5/w”5 mice, invasive adenocarcinomas were formed;
tumors in wt mice remained non-invasive. In contrast, [1107~ ngrw“5/“’”5 mice exhibited elevated tumor
formation and progression in comparison to Il107~ Egfr** mice. Since the tumors in [1107/~ Egfr*¥e>
animals developed without administration of (any) mutagen, this model might be more applicable to
studying tumorigenesis in IBD patients. Nevertheless, the results of these experiments paradoxically
indicated an unexpected tumor-suppressive function of EGFR signaling in chronic colitis [169].

6.2. Mouse Models Producing Mutant Kras and Nras

KRAS mutations that “lock” the protein in the active GTP-bound state were detected in
approximately 40% of human CRCs [173]. Mutations in the homologous NRAS gene were identified
in less than 5% of sporadic CRCs. As KRAS is the most frequently mutated oncogene participating
in EGFR signaling in human CRC, great effort was made to characterize the KRAS function using
animal models. In human tumors, activating KRAS mutations are localized to the region that encodes
the GTP-binding domain, specifically to codons 12 and 13. Accordingly, mouse alleles harboring
substitutions in amino-acid glycine at position 12 or 13 (G12 and G13) were used to model colorectal
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carcinogenesis. In general, phenotypical and histological analyses of the Kras-mutant colonic epithelium
converged on the fact that the Kras oncogene enhanced proliferation but was insufficient for cell
transformation. However, in combination with other driver mutations, such as in Apc or Trp53, mutant
Kras indeed promoted tumor progression [164,174]. Additionally, several research groups generated
mouse strains carrying Kras alleles with inducible substitution of the glycine 12 residue to aspartate
(G12D) or valine (D12V). Johnson and colleagues prepared two “latent” alleles (KrasAT LAy,
which were activated by spontaneous (mutual) recombination of wt and oncogenic Kras
of exon 1. The Kras™! allele contains only one copy of the mutated exon 1, while the Kras
contains two copies. Thus, in vivo recombination of the Kras"! allele produces both wt and Kras
allele (in a 1:1 ratio), whereas the Krast42 allele generates the oncogenic KrasC12P allele only. The
frequency of recombination ranged from 1073 to 1077 per cell generation, which (surpassingly) ensured
sufficient cell numbers expressing mutant Kras. Mice harboring the latent allele developed colonic
aberrant crypt foci (ACF), which represent pre-neoplastic epithelial lesions with enhanced proliferation
and potential for malignant growth [165]. However, ACF found in Kras"A! and Kras4? mice did not
progress to form more advanced tumors. This suggested that Kras was not sufficient for malignant
transformation of epithelial cells [164]. Interestingly, the presence of Kras! and Kras'4?
Apc™in and Trp537/~ genetic background had—presumably due to the low incidence of oncogenic
Kras allele activation—no or little effect on ACF progression, The only detectable effect was occurrence
of several adenocarcinomas in the duodenum [164].

In order to maximize the effect of oncogenic Kras, additional alleles were designed. Guerra
and colleagues generated mice harboring the conditional Kras®'?V-IRES-g-geo allele and crossed the
animals with mice that expressed tamoxifen-inducible Cre-ERT2 recombinase from the promoter of the
large subunit of RNA polymerase II (RERTn); the allele produced upon Cre-mediated recombination
was named Kras"?2. Since the homozygous Kras"%V12 animals died during embryonic development,
heterozygous Kras*V12 RERTn*/FRT mice were utilized in further experiments. However, these mice did
not reveal any pathologic changes in the intestinal epithelium [175]. In contrast, the similar inducible
KrasG12D
of cells in the colon crypts of Kras®1?P Fabpl™® mice [163,174]. Moreover, the oncogenic form of Kras
in the colon of Apc-deficient mice (Apc?o*14* KrasG1?D/* Fapbl-Cre strain) markedly increased the
number of tumors, and, by blocking cell differentiation, KrasY? induced tumor progression [174].
Interestingly, the NrasG'2P allele in the analogous genetic background neither enhanced proliferation
of the healthy colonic epithelia nor promoted progression of Apc-deficient adenomas. However,
the mutant NrasG!?P allele had the capacity to suppress DSS-mediated apoptosis in the colonic
epithelium [174]. Finally, mice harboring the KrasG!?P-IRES-EGFP allele (the allele was designated
Kras$P12) were crossed with Ah-Cre mice that produce Cre in various tissues after induction with
-naphthoflavone [176]. The KrasAsP12 Ah-Cre mice developed several adenomas in the small intestine
and colon within two years after Cre induction. However, after crossing with Apc*/Min
induction with B-naphthoflavone, the compound mutants (Kras"'2 Ah-Cre Apc*™i) displayed a
much severer phenotype than Apc*" mice, i.e., decreased lifespan and elevated amounts of small
intestinal and colonic tumors [177]. As an alternative approach to Cre-expressing mouse strains,
Hung and colleagues accelerated colon adenocarcinoma progression by injection of adenoviral Cre
into the colon of Apc®KOKO Kigst/G12D mice [178]. Most recently, a novel KrasA146T
less frequent mutation in the Kras guanine nucleotide-binding domain found in human CRC was
established and expressed after Fabp1°*-mediated recombination in the colon of wt and Apc2/ox14+
However, the effect of the mutated protein on the intestinal epithelium was milder when compared to
the phenotype observed in animals expressing the KrasC1?P allele [179].

and Kras

G12D yariant

LAZ allele
G12D

alleles on the

allele, which was specifically activated in the intestinal epithelium, caused hyperproliferation

mice and Cre

allele that mimics

mice.

6.3. Mouse Models Harboring Mutant Braf Alleles

Another recurrently mutated gene in the EGFR pathway that was genetically manipulated in mice
is BRAF [180]. The BRAF gene was mutated in approximately 10% of colorectal adenocarcinomas [37].
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The majority of BRAF mutations in human cancers are localized to the region encoding a kinase domain;
the gene alterations mainly result in amino-acid substitution from valine (V) to glutamic acid (G) in
codon 600 (V600E missense mutation; the mutation was formerly known as V599E) [180,181]. To study
the function of aberrantly activated BRAF in tumorigenesis, Mercer and colleagues generated the
mouse allele Braf/®"F that allows Cre-inducible expression of the oncogenic Braf variant [36]. Shortly
after the study was published, Dankort and colleagues produced a similar Cre-inducible Braf"®%F allele
and used the allele to analyze the Braf function in lung adenocarcinomas [182]. Unfortunately, none of
these mouse models were employed to study colon tumorigenesis. Finally, in 2013, intestine-specific
recombination of the third version of the Braf"®’F allele was carried out by cross-breeding of Braf*/V6%0
mice with the Villin-Cre strain. Expression of the Braf"®’F oncogene in the mouse intestinal epithelium
resulted in crypt hyperplasia with a high rate of tumor progression. Although the presence of the
BrafV®" allele was sufficient to transform cells, gene expression and immunohistochemical analysis of
advanced tumors showed that additional mutations in genes encoding the Wnt and p53 pathways
components were required for tumor progression [183]. Additionally, organoids derived from the
Braf"®"E mouse were employed in experiments (the allele activation was achieved by infection of
organoid cells with Cre-expressing lentivirus) showing that age-related epigenetic changes are an
important oncogenic driver in intestinal cells expressing mutant Braf [184].

Interestingly, CIMP- and MSI-high tumors, which fall to the CMS1 group of CRC with mutations
in BRAF, often exhibit significant mucinous cell differentiation [29,185]. Moreover, a correlation
between enhanced expression of mucins and the presence of somatic BRAF"%°F mutation was reported
recently [186]. Major glycoprotein secreted by intestinal goblet cells Mucin-2 functions as an important
homeostasis-preserving protein involved in formation of the mucinous layer protecting the intestinal
epithelium [187]. The protective role of Mucin-2 against tissue damage was documented in Muc27/~
mice that developed adenomas in the small intestine, colon, and rectum [188]. Since mucinous tumors
frequently display poorer prognosis, we might speculate that elevated mucin expression results in
increased tumor resistance towards treatment.

In addition to MAPK signaling, the EGFR pathway activates the phosphoinositide 3-kinase
(PI3K)/protein kinase B (PKB/AKT)/mammalian target of rapamycin (mTOR) signaling cascade
(reviewed in Reference [162]). Mutations of critical components involved in PI3K-mediated signaling,
i.e., in PIK3, phosphatase and tensin homolog (PTEN; the gene encodes a dual-specificity phosphatase
that antagonizes PI3K signaling [189]), and AKT occurred in 13-32%, 14%, and 1-6% of human CRC
samples, respectively [190,191]. Recently, Mitchell and Phillips reviewed the mouse models of mutant
PI3K in disease, covering CRC in detail [192]. In addition, mouse models mimicking mutations in the
Pten and Akt genes were described elsewhere [193-196]. Thus, for the sake of brevity, we do not discuss
the mouse models of aberrant EGF signaling that include alterations in the Pik3, PTEN, and AKT genes;
the mouse strains that are mentioned in this chapter are listed in Table S5 (Supplementary Materials).

7. Mouse Models of Impaired TGFf3 Signaling

The TGFf signaling pathway is indispensable for intestinal homeostasis as it inhibits proliferation
and supports differentiation of intestinal epithelial cells. Hence, the pathway represents an important
tumor-suppressive mechanism. Therefore, TGFf( signaling is often altered in sporadic CRC (reviewed
in Reference [197]). In brief, TGFf ligands exist in three isoforms (TGF[31/2/3) and form active homo-
or heterodimers. The ligand dimers bind to TGFf receptors type II (TGFB-RII) that subsequently
recruit and phosphorylate the TGFp-RI receptors. In the cytoplasm, phosphorylated TGF{3-RI
further bind receptor-regulated SMAD signal transducers (R-SMADs), which upon phosphorylation
bind the common partner SMAD4. The R-SMAD/SMAD4 complexes then shuttle into the nucleus,
where they interact with a variety of transcriptional factors and regulate gene expression (reviewed in
Reference [198]).

The most common mutations of the TGFf pathway in CRC are in the TGFBR2 gene encoding
the type II receptor (nearly 30% of CRCs). Since the TGFBR2 gene contains a microsatellite sequence

89



Genes 2019, 10, 788

in its coding region, mutated TGFBR2 was found in more than 80% of MSI-high tumors (reviewed
in Reference [199]). Mutations in individual SMAD genes are present in approximately 10% of CRC
and predict—due to their association with disease progression and lymph node metastasis—poor
prognosis [200]. Mutations in SMAD4 are the most frequent and are associated with mucinous tumor
histology [201]. Increasing incidence of SMAD4 mutations in advanced malignancies also suggests
that this transcription co-factor is involved in tumor progression [202,203]. In addition, hereditary
germline SMAD4 mutations are associated with the juvenile polyposis syndrome characterized by
increased incidence of hamartomatous intestinal polyps that gradually progress to carcinomas [204].
Mutations in SMAD2 and SMAD3 are less frequent than in SMAD4, although they are very similar
with respect to the mutation type and distribution in the gene region [201].

Intriguingly, the CMS4 group tumors indicated the gene expression signature of active TGFf
signaling [24]. Similarly, gene set enrichment analysis of CRC cell lines and tumor-derived organoids
revealed increased activation of the TGFf pathway in the CMS4 group cell lines and organoids. Recent
studies identified cancer-associated fibroblasts (CAFs) present in the tumor stroma as a “source”
of the gene expression signature, indicating elevated TGFf signaling [205,206]. Importantly, active
TGEFf signaling in the tumor microenvironment increases the count of tumor-initiating cells in the
tumor [205]. Moreover, tumors enriched in TGFf-specific transcription tend to form metastases,
resulting in poor prognosis [207]. Interestingly, mutations in the TGFf3 pathway are less frequent in
commercially available cell lines and tumor organoids than expected from the analysis of human tumor
specimens [26]. This is consistent with the fact that the tumor stroma is primarily responsible for the
TGFp signaling gene signature.

In accordance with the fact that the TGF pathway is involved in the immune response regulation,
Tgﬂol‘/ ~ mice displayed extensive inflammation and died within one month after birth [208,209].
However, cross-breeding of Tgfb1~/~ mice with immunodeficient Rag2~/~ mice generated viable
animals that developed tumors in the cecum and colon [210]. Homozygous knock-out of the Smad2 and
Smad4 genes was embryonic lethal; however, deletion of one Smad4 allele only yielded gastrointestinal
hamartomas in the stomach and duodenum with histopathological features reminding of JPS [211]. In
contrast, Smad3 homozygous deletion did not affect embryogenesis; however, Smad3-deficient mice
developed invasive colorectal tumors that metastasized to the lymph nodes [212].

Colorectal tumors arising as a result of impaired TGFf signaling did not display elevated
Wnt signaling [213]. This mirrored the fact that upregulation of the TGFp and Wnt signaling
pathways was observed in different CMS groups (CMS4 vs. CMS2 group, respectively) [24].
Nevertheless, deficiency in Tgfbr1/2 or Smad3/4 further accelerated intestinal tumor development
and increased malignancy of lesions formed in the Apc-deficient intestine [214-218]. Analogously,
compound heterozygous disruption of the Apc and Smad2 genes enhanced tumor progression and
invasiveness [219]. Interestingly, mice with conditional Tgfbr2 knock-out in the intestinal epithelium
(Tgfbr2B2fox/E2flox Villin-CreERT?2) displayed impaired mucosal regeneration after irradiation and,
moreover, developed invasive carcinomas in the colon upon colitis-inducing DSS treatment. Thus, the
genetic alteration of the TGF pathway appears to be sufficient to generate CAC in the inflammatory
microenvironment without any need for Apc inactivation [30]. Mouse strains described in this chapter
are listed in Table S6 (Supplementary Materials).

8. Mouse Models of DNA Mismatch Repair Deficiency

The mismatch repair (MMR) mechanism provides corrections of base-base mismatches and loops
in DNA strands that originate from incorrect base insertions (or deletions) during DNA replication.
Nucleotide selectivity and polymerase proofreading result in the error rate of approximately 107° to
10~° mismatches during DNA replication. Importantly, the functional MMR system further decreases
the error rates to as low as 10710 [220]. The canonical MMR pathway in humans consists of two major
functional components having names derived from homologous bacterial genes, mutator S (MutS) and
mutator L (MutL). MutS contains the MutS homolog 2 (MSH2) protein, which forms a heterodimer
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with the MSH6 protein, in the case of base substitutions and small loop repairs, or with MSH3, in the
case of larger DNA loops. Heterodimer MutL, formed with MutL homolog 1 (MLH1) in combination
with postmeiotic segregation increased 1/2 (PMS1/2) or MLH3, is involved in the recognition and repair
of non-Watson-Crick base pairs. MMR deficiency leads to a higher mutation rate and occurs in cancers
with MSI. Thus, intestinal tumors with mutations in the MMR pathway genes were assigned to the
CMS1 group. As might be expected, the increased presence of neoantigens generated as a result of
non-functional MMR also leads to significant infiltration of the CMS1 group tumors by immune cells.
Impaired MMR is also associated with hereditary nonpolyposis colorectal cancer, so-called Lynch
syndrome. Moreover, increased MSI was found in patients with ulcerative colitis [221].

Loss of the MMR function is mainly caused by inactivating mutations in the MLH1, MSH2, MSH3,
MSH6, and PMS1/2 genes. Additionally, epigenetic changes, e.g., hypermethylation of the MLH1
promoter, may also be involved in silencing of gene expression of some MMR pathway components
(reviewed in Reference [222]). Colorectal tumors associated with MMR deficiency exhibit several
characteristic features such as proximal colon localization, mucinous or undifferentiated phenotype, and
lymphocytic infiltrations [223]. In mice, homozygous deletion of the MMR genes is mostly compatible
with the animal life; however, inactivation of the genes might result in lymphomas and other tumor
types including adenomas formed in all segments of the gastrointestinal tract (the corresponding models
of the deficient MMR pathway are listed in Table S7, Supplementary Materials). For example, MIh17~
and Msh27/~ mice developed tumors predominantly in the small intestine and survived no longer
than one year [31,224]. Msh37~ mice did not exhibit any cancer predispositions; nevertheless, Msh6 7~
mice developed lymphomas of the skin and uterine carcinomas. Interestingly, combination of Msh6
and Msh3 null alleles promoted intestinal tumorigenesis [225]. In addition, no neoplastic lesions were
observed in Pms17~ mice; in contrast, Pms2~/~ animals developed lymphomas and sarcomas and died
(without any occurrence of intestinal neoplasia) at the age of 17 months [226]. The absence of the MIh3
gene product caused MSI accompanied by impaired DNA damage response and tumor development
throughout the lower gastrointestinal tract. In these animals, tumor incidence was further increased
by a simultaneous germline deletion of the Pms2 gene; the resulting phenotype then mirrored the
situation observed in MIh17~ mice [227]. Mice harboring Msh2 cKO alleles and EIla-Cre transgene (the
transgene allows constitutive gene recombination of floxed sequences in the zygote [228]) recapitulated
the phenotype observed in Msh27/~ mice, i.e., they displayed MMR deficiency and developed intestinal
tumors. In contrast, intestinal inactivation of Msh2 in Msh2°KOFKO Villin-Cre mice was compatible
with near-standard life expectancy. Strikingly, these mice developed intestinal tumors with truncating
somatic Apc mutations [229]. Intriguingly, somatic mutations truncating Apc were also detected in
tumors developed in Msh2~~ mice [230].

It is evident that MMR deficiency leads to increased predisposition of intestinal cells to mutations
that further potentiate tumor growth. For example, Msh2 7~ mice harboring the inducible oncogenic
Kras"1? allele developed a higher number of colon adenomas when compared to Msh27~ animals
producing wt Kras [231]. Similarly, germline deletion of MIh1 or Msh2 increased colon tumor incidence
in Apc*/1938N and Apc*Min mice, respectively [224,230]. Moreover, mutations in the particular “MMR
gene” might also influence the way in which the second (wt) Apc allele is inactivated. For example,
similarly as in the case of Msh2-deficient mice, MIh37/~ Apc*/633N mice showed increased frequency
of frameshift mutations in the wt Apc allele; however, these frameshift mutations were, in contrast
to mutations induced by MSI, in the non-repetitive sequences. Furthermore, combined homozygous
deletion of MIh3 and Pms2 caused increased incidence of base substitutions in Apc. Moreover, the
position of the genetic changes in the wt Apc allele was also dependent on which MMR gene was
mutated. For example, Apc mutations in MIh37~ Pms27/~ or Mlh17/~ mice occurred preferentially in
the mutation hotspot in codons 854, 929, 1211, and 1464 [227,232,233]. In conclusion, although all of the
“MMR genes” belong to one signaling pathway, the phenotype caused by their (combined) mutations
varies with respect to the genetic change, tumor type, and tumor incidence.
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9. Future Perspectives

In this review, we summarized some currently available mouse models of intestinal tumorigenesis.
We also attempted to assign the models to the recently introduced CMS system used for classification
of human CRCs. Although many mouse strains develop different types of neoplasia as a result of a
single mutational event, multiple genetic alterations are necessary to obtain a progressed solid tumor
in a “reasonable” time period. Since the initial mutation in the majority of human sporadic colorectal
carcinomas occur in the APC gene, the effect of mutations in other possibly driver genes is often studied
on the Apc-deficient genetic background. Alternatively, to mimic human CAC, the gene of interest can
be modified in animals with DSS-induced colitis.

In relation to assignment of individual CRCs to one of the CMS groups, the question arises whether
such an assignment, which indicates the gene expression profile of the resected tumor, is retained
during tumor progression. Numerous experiments showed that combination of multiple genetic
changes and the inflammatory response have a profound influence on the gene expression profile and
cell composition of the primary lesion. This fact indicates that CMS group “switching” is common.
Consequently, the necessity for sequential (multiple) genetic changes (or epigenetic alterations) limits
the usage of the mouse cancer models. Nevertheless, there are recent examples showing that these
limitations can be overcome. For example, mouse models using sleeping beauty (SB) transposon-based
insertional mutagenesis allowed simultaneous inactivation of multiple genes. Moreover, usage of the
SB system in mice that already carried a driver mutation were employed to either study the importance
of the order of certain genetic changes, or to detect low-frequency mutations in the genes that cooperate
with the particular driver mutation [234,235]. In addition, intestinal organoid cultures were used to
introduce multiple genetic alterations into the genome of intestinal epithelium cells. The indisputable
advantage of using organoids is the possibility to work with primary human cells obtained directly
from the tumor (or healthy) tissue. Moreover, organoid preparation and genetic manipulations are
much faster than generation of a new genetically modified mouse strain. For example, in 2015, two
laboratories used the CRISPR/Cas9 system to sequentially introduce four mutations in APC, TP53,
KRAS, and SMAD4 genes into human cells growing as colon organoids [236,237]. We anticipate that
organoids, although a very suitable in vitro model, do not contain all cell types present in a tumor
growing in a particular organ. Thus, conclusions drawn from the results obtained in organoids do
not necessarily correspond to the situation in vivo. Nevertheless, to obtain a more comprehensive
and detailed picture, the existing mouse cancer models should be more thoroughly characterized.
A high-throughput gene expression and proteomic analysis of mouse tumors induced by different
genetic alterations would undoubtedly yield more accurate information on the tumor characteristics
developed in a given mouse model.

Supplementary Materials: The following supplementary tables are available online at http://www.mdpi.com/
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hyperactivated Wnt signaling; Table S3: Mouse models of the deregulated Hippo pathway; Table S4: Mouse
models of the impaired p53 pathway; Table S5: Mouse strains modeling aberrant EGF signaling; Table S6: Mouse
models of impaired TGF( signaling; Table S7: Mouse models of DNA mismatch repair deficiency.
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Abstract: Myeloproliferative neoplasms (MPN) are genetically very complex and heterogeneous
diseases in which the acquisition of a somatic driver mutation triggers three main myeloid cytokine
receptors, and phenotypically expresses as polycythemia vera (PV), essential thrombocytosis
(ET), and primary myelofibrosis (PMF). The course of the diseases may be influenced by
germline predispositions, modifying mutations, their order of acquisition and environmental
factors such as aging and inflammation. Deciphering these contributory elements, their mutual
interrelationships, and their contribution to MPN pathogenesis brings important insights into the
diseases. Animal models (mainly mouse and zebrafish) have already significantly contributed to
understanding the role of several acquired and germline mutations in MPN oncogenic signaling.
Novel technologies such as induced pluripotent stem cells (iPSCs) and precise genome editing (using
CRISPR/Cas9) contribute to the emerging understanding of MPN pathogenesis and clonal architecture,
and form a convenient platform for evaluating drug efficacy. In this overview, the genetic landscape
of MPN is briefly described, with an attempt to cover the main discoveries of the last 15 years.
Mouse and zebrafish models of the driver mutations are discussed and followed by a review of recent
progress in modeling MPN with patient-derived iPSCs and CRISPR/Cas9 gene editing.

Keywords: MPN (myeloproliferative neoplasms); zebrafish; mice; iPSCs; JAK2; MPL;
CALR; thrombosis

1. Introduction

Philadelphia chromosome-negative classical myeloproliferative disorders (more recently coined
as neoplasms, MPN) are represented by polycythemia vera (PV), essential thrombocytosis (ET),
and primary myelofibrosis (PMF). They are characterized by hyperplasia of at least one myeloid
lineage in the bone marrow and an increased number of mature and entirely functional erythrocytes,
platelets, or leukocytes, as popularized by Dameshek in the early 50s [1]. MPNs arise from a single
somatically mutated hematopoietic stem cell (HSC), and the expansion of the mutated clone is
accompanied by hyperplasia of a single phenotype-defining lineage. A high hemoglobin (Hb%)
constitutes PV, and normal Hb% and high platelets constitute ET; however, PV patients often have
elevated platelet counts, and both PV and ET may also have an elevated leukocyte count. In PMEF,
typical findings are anemia, neutrophilia, and thrombocytosis, or in a minority, thrombocytopenia
and leukopenia, splenomegaly, immature granulocytes, increased clusters of differentiation 34+ cells
(CD3*), nucleated red cells, teardrop-shaped red cells (dacrocytes) in the blood, marrow fibrosis,
and often osteosclerosis. The high rate of proliferation is driven by the so-called ‘driver mutation” in
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genes that are important for normal myeloproliferation, Janus kinase 2 (JAK2), and thrombopoietin
receptor (C-MPL, MPL), or in ET and PMF, mutated calreticulin gene (CALR), which has acquired a novel
MPL-activating function [2,3]. The fact that the clonal architecture, microenvironment, and mutational
profile change in a given patient over time results in different phenotypes, supports the idea that MPNs
are not distinct biological entities but rather a continuum in which ET transforms to PV, or chronic
phase PV and ET transform to PMEF, and all three transform to acute leukemia [4].

In addition to the driver mutations, loss-of-function or neomorph mutations in genes that code for
epigenetic regulators, and that are shared with myelodysplastic syndromes (MDS) and acute myeloid
leukemia (AML), can act as disease modifiers in MPN [5]. Besides somatic mutations, other factors
such as germline variants can modulate the risk of MPN development, favor the acquisition of somatic
mutations, and influence the clinical course of the disease. Furthermore, several germline mutations
have been described in hereditary erythrocytosis and hereditary thrombocytosis, benign conditions
represented by polyclonal hematopoiesis that, clinically, can mimic MPN and pose a difficulty in
diagnosis and therapeutic management [6].

2. Mutational Landscape of MPN

Precise diagnosis of MPN is often challenging and has been shown to occur years after the
initiation of the disease (5-10-15 years) [7]. It has been proposed that about 95-98% of PV patients carry
a mutation in the JAK2 gene, with an occurrence in ET patients of about 60% and in PMF patients of
about 55% [8]. Somatic mutation MPL W515 occurs in 3-8% of patients with ET and PME. Mutations in
CALR occur in 20-35% patients with ET and PMF [3]. Noticeably, the activation of thrombopoietin
(TPO) receptor (TPOR) leads to a phenotype of ET and PMEF, not the PV phenotype. There are also
MPN patients who do not carry any of the aforementioned mutations, so-called ‘triple-negative’ MPN
patients. Triple-negative patients either carry a mutation that is as yet unknown or remains to be
elucidated, or are influenced by another factor affecting their HSCs and progenitors. In fact, it has been
shown that acquiring a somatic driver mutation is rather a late event in the disease process, and that
other factors, such as chronic inflammation, can predispose patients’ cells to MPN transmission [9-11].
Additionally, polymorphisms in genes involved in DNA damage response and in the JAK/STAT
pathway may increase the risk of MPN development. This includes the polymorphisms in the JAK2
gene known as the JAK2 46/1 haplotype. The 46/1 haplotype was discovered by a genome-wide
association study, and is a 280 Kb-long region of chromosome 9p that includes three genes in their
entirety: the JAK2 gene, insulin like 4 (INSL4), and insulin like 6 (INSL6). Surprisingly, INSL4 and
INSL6 genes are not expressed in hematopoietic cells. There seems to be a strong association between
the 46/1 haplotype and the occurrence of the JAK2 V617F mutation; however, the precise mechanism
remains to be elucidated [2,12-14]. A subset of patients carrying the JAK2 46/1 haplotype may also be
predisposed to homologous recombinations of JAK2, followed or not by a mutation in the JAK2 gene
on the recombined allele [15].

The most frequently occurring gain-of-function JAK2 V617F mutation gives rise to a constitutively
active JAK2 kinase, which drives the JAK/STAT signaling that leads to excessive proliferation and
survival of myeloid progenitor cells and accounts for >95% of driver mutations in PV and >55% in
ET and PME. Exon 12 of the JAK2 gene is a less-frequent PV driver mutation (about 1%). Other JAK2
mutations contributing to the MPN phenotype are under investigation [16,17]. These mutations lead to
the PV phenotype and include non-synonymous substitutions, deletions and duplications, all affecting
aregion adjacent to the pseudokinase domain located between F533 and F547 [4,18]. The germline JAK2
mutations were identified both in the pseudokinase (V6171, R564Q S755R) and in the kinase (R867Q,
R938Q) domain [19-21], giving rise to the thrombocytosis phenotype. In some cases, the germline
JAK2 mutations were found to co-exist with JAK2 V617F, further enhancing its signaling and likely
predisposing the progenitor cells to the acquisition of JAK2 V617F [22,23]. Further, two germline JAK2
mutations, E846D and R1063H, were described in a case of hereditary erythrocytosis accompanied by
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megakaryocytic atypia [24], with R1063H being initially described in three out of 93 PV patients that
were positive for JAK2 V617F [17].

Mutations in the JAK2 gene have been found to occur in all the cells of the hematopoietic tree
starting from the HSC population, including not only a myeloid but also a lymphoid lineage [25].
Several studies point to the fact that JAK2 V617F does not provide the HSC population with
a proliferation advantage [26-29]. Patient JAK2-mutant xenografts in immunodeficient animal models
suggest that JAK2 mutations do not result in a self-renewal advantage. Instead, rather than enhanced
self-renewal, JAK2 V617F-positive cells expand at the progenitor level. These observations suggest
that the JAK2 V617F mutation alone is not sufficient to initiate MPN diseases, and that additional
factors are required [30,31]. This is consistent with the fact that JAK2 V617F mutation occurs in the
normal population [32,33], accounting for the so-called entity of clonal hematopoiesis of indeterminate
potential (CHIP) [34,35]. Intriguingly, these individuals bearing JAK2 V617F and other CHIP somatic
mutations, typically at a very low allelic burden, have increased risk of cardiovascular disease and
some (but not an inevitable) risk of MPN progression. An alternative plausible explanation would be
that the expansion of the progenitor pool, rather than the stem cell pool, is sufficient to induce the
pathogenesis of MPN when driven by the JAK2 mutation. This theory is supported by studies of native
clonal hematopoiesis showing that a pool of long-term multipotent progenitors are the main drivers of
adult hematopoiesis [36].

Activating mutations in the myeloproliferative leukemia virus (MPL) gene, encoding TPOR,
can be either germline, such as in rare cases of familial essential thrombocytosis (MPL S505N) [37],
or somatic. Surprisingly, the MPL S505N mutation has also been reported to be acquired in some
rare cases of ET [38]. The most frequent somatic mutation in MPL is a mutation of the tryptophan
residue at the 515 position (MPL W515) [39,40]. The mechanism by which these mutations alter TPOR
signaling lies in modifying the geometry of the TPOR dimers, thus leading to transphosphorylation
of the pre-bound JAK2 proteins. This results in constitutively active JAK2/STAT signaling initiated
through TPOR [41,42].

Calreticulin is a multifunctional protein. It plays a role in calcium homeostasis as it binds
calcium ions, rendering them inactive. Calreticulin also serves as a chaperone in the endoplasmic
reticulum. However, the ET and PMF CALR mutations (more than 50 have been described) are all
insertions or deletions that lead to frameshift mutations, resulting in their different 3’protein tails (an
entirely different peptide downstream from CALR mutations) that acquire unique properties. This new
C-terminal sequence is rich in positively charged amino acids and, unlike unmutated CALR (which
is located in the cytoplasm), these unique CALR-mutated peptides are transported to the cellular
membrane and activate thrombopoietin receptor. They are even secreted and activate non-mutated
cells, thus acting as the roque cytokines [43,44].

There are other acquired mutations often reported in MPN patients. These are not restricted
to MPN and frequently also occur in other hematological malignancies. They do not directly drive
the clonal proliferation; nevertheless, they influence the course and progression of the disease and
thus contribute to the heterogeneity of MPN. Among the most frequently reported are mutations in
epigenetic regulators, splicing factors, and transcription factors, such as the tumor protein 53 (TP53).
Out of these, the most frequently mutated are epigenetic regulators TET methylcytosine dioxygenase 2
(TET2) and DNA (cytosine-5)-methyltransferase 3A (DNMT3A). Mutations in epigenetic regulators
such as enhancer of zeste homolog 2 (EZH2), additional sex combs like 1 (ASXL1), and a splicing factor,
arginine/serine-rich 2 (SRSF2), are associated with poor prognosis and risk of AML transformation [2].

As the JAK2 V617F mutation can drive the pathogenesis of all three classical MPNSs, the question
arises of how the progression of the disease differs in persons with the same mutation. A correlation
between the level of expression and the phenotype has been found, with low expression being
associated with an ET-like phenotype, and higher expression with a PV-like phenotype [2]. This is
supported by the fact that JAK2 exon 12 mutations exclusively lead to the PV phenotype and have
been shown to activate STAT5 signaling to a greater extent [45]. Secondly, uniparental disomy (UPD)
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of chromosome 9 giving rise to JAK2 V617F homozygosity is more likely associated with PV and PMF,
and only rarely with ET [46,47]. This theory is also supported by knock-in mouse models, in which
the ratio of mutant to wild-type Jak2 correlates with the degree of erythrocytosis [30,48]. This is also
replicated in vivo in ET, when the patients that show greater JAK2 V617F allele burden have a higher
degree of erythrocytosis and leukocytosis [49].

JAK2 V617F binds to, and stimulates, all three receptors involved in the pathogenesis of MPN
erythropoietin receptor (EPOR), TPOR and granulocyte-colony stimulating factor receptor (G-CSFR).
In cases of familial MPN exhibiting hereditary thrombocytosis and triple-negative MPN, it is proposed
that the inherited JAK2 mutations signal through TPOR rather than EPOR [20,21]. Differential signaling
of STATs might induce differential clinical phenotypes, such as thrombocytosis being induced by
TPOR/STATT1 signaling and erythrocytosis by EPOR/STATS5 [2,21,50,51]. The acquisition of somatic
mutations in disease modifiers also influences the course of the disease. Further, the order of the
mutation acquisition matters. It was shown that prior mutation of TET?2 altered the transcriptional
program activated by JAK2 V617F in a cell-intrinsic manner and induced the ET phenotype. In contrast,
patients in whom the JAK2 V617F was acquired first more likely present PV [52].

3. Experimental Models of MPN

In addition to the clinical data, mutational landscape exploration in patients’ samples, and in vitro
experiments with cell lines simulating the impact of known alterations on hematopoietic signaling
pathways, several experimental models were also created to unravel the myeloproliferative diseases’
mechanisms and dynamics. In brief, among all animal models, zebrafish have offered unsurpassed tools
for in vivo functional testing of genetic variants at the cell and organism level. Zebrafish (Danio rerio)
have been used as a model organism to study vertebrate hematopoiesis during the past two decades.
They display many appealing features—easy manipulation with transparent embryos and the capacity
to carry out large-scale genetic and chemical screens, allowing convenient genetic manipulation and
in vivo imaging of normal and aberrant hematopoiesis [53]. The majority of hematological malignancies
modeled by zebrafish represent lymphoblastic and myeloid leukemias where the transgenic lines
express oncogenic fusion genes and mutations commonly found in patients [54]. MPN modeling
in zebrafish introduced jak2a V581F (an ortholog of human JAK2 V617F), which shared features
with human PV [55]. Meanwhile, zebrafish expressing calr mutants have developed mpl-dependent
thrombocytosis [56], and a subset of zebrafish with disrupted asx! genes increased their numbers
of myelomonocytes [57]. These models illustrate that the signaling machinery related to the MPN
phenotype is conserved between human and zebrafish and has a great potential to uncover the unique
mechanisms underlying MPN.

Several mouse models have been created to characterize the role of aberrant Jak2 signaling within
the hematopoietic compartment. Retroviral transduction models, transgenic and knock-in mice bearing
Jak2 V617F concomitantly with epigenetic modifier mutations were used to study MPN maintenance
and progression (reviewed elsewhere in detail [58]). The early retroviral transduction models [59-62]
confirmed the role of mutated Jak2 protein in MPN pathology, in which all mice developed a PV-like
disease with noticeable erythrocytosis, leukocytosis, and splenomegaly, demonstrating that the Jak2
V617F mutation is sufficient to induce an MPN-like condition in mice. The more advanced transgenic
mouse models allowing quantitative expression of Jak2 V617F [48,63,64] indicated a correlation
between the mutant Jak2 protein expression levels and MPN phenotypes progressing from ET to PV
and PMF with increasing Jak2 V617F allelic burden, thus emulating the continuous progression in
MPN sub-types. In 2010, four independent groups recreated Jak2 V617F expression in the bone marrow
compartment through knock-in models with Cre-mediated recombination under the control of a specific
hematopoietic promoter [58]. These mice allowed the impact of Jak2 mutation to be studied in its
endogenous environment with the native expression ratio. Once again, all studies confirmed the pivotal
role of the Jak2 V617F mutation in the onset of MPN disease and recapitulated earlier observation that
the Jak2 allele burden might affect the disease phenotype. Interestingly, all models developed a severe
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PV-like disorder that later progressed to myelofibrosis. Only the model by Li et al. using a human JAK2
V617F cDNA construct under the control of endogenous murine Jak2 promoter showed a modest ET-like
phenotype, as in human ET, with only 10% of mice developing a PV-like disease, and only after 26 weeks,
with marked erythrocytosis or bone marrow fibrosis [65]. Considering the crucial role of erythropoietin
signaling in development of the disease [66,67], it is possible that the extensive polycythemia phenotype
in these models (more severe than expected from patient studies) might reflect stronger signaling
triggered by the murine EpoR when compared to human EPOR [68,69]. Double-mutant mouse models
of Jak2 V617F and epigenetic regulator Tet2 loss-of-function, xenotransplantation-based models [70],
and models using fetal liver cells expressing one or both alleles transplanted into lethally irradiated
recipients [71], developed an aggressive MPN-like phenotype with rapid progression to myelofibrosis,
and exhibited decreased overall survival. Detailed analysis of double-mutant early stem cells (so-called
LSK, Lin~Scal*cKit*) showed a strong competitive advantage over wild-type cells, suggesting that
mutated Tet2 cooperates with Jak2 V617F in vivo to promote stem cell self-renewal and proliferation
while enhancing production of late-stage stem/progenitors and resulting in disease progression through
combinatorial effects [70,71]. Similar to Tet2, mouse models combining the loss-of-function mutation of
Ezh2 with Jak2 V617F developed an aggressive MPN-like phenotype with an overall expansion of the
LSK stem/progenitor compartment [58].

Thrombotic events are very frequent and significantly contribute to morbidity and mortality in
patients with MPN, mainly PV and ET [72]. However, the pathological processes associated with
thromboembolic complications in these patients are not completely understood. Several experimental
evidences suggest that JAK2 V617F-associated abnormalities in erythrocytes, leukocytes, and platelets,
as well as dysfunctions of endothelial cells, might play a role [72,73]. It was shown that Jak2 V617F mice
had increased atherosclerosis caused by cellular defects in erythrocytes and macrophages, leading to
increased erythrophagocytosis but defective efferocytosis [74]. Zhao et al. identified the important
role of pleckstrin-2 (Plek2) in erythroid cell survival and enucleation during terminal erythroid
differentiation [75]. By crossing Plek2-knock-out mice with Jak2 V617F-knock-in mice, they were
able to ameliorate the myeloproliferative phenotype and additionally rescue Jak2 V617F-induced
widespread vascular occlusion and lethality in mice [76]. Jak2 V617F-driven MPN mouse models
have also increased neutrophil extracellular trap formation, which promotes the pro-thrombotic
phenotype [77]. The pathologic thrombus formation in a thrombosis model using Jak2 V617F mice was
also suppressed by blocking 31 and 32 integrin activity [78]. Remarkably, JAK2 V617F mutation can be
present not only in blood cells, but also in endothelial cells of JAK2 V617F-positive MPN patients [79,80].
Mouse models that allow the expression of Jak2 V617F only in endothelial cells have shown that
vascular endothelial cell expression of Jak2 V617F is sufficient to promote a pro-thrombotic state.
Furthermore, treatment with hydroxyurea has reduced thrombosis and decreased the pathological
interaction between leukocytes and Jak2 V617F-expressing endothelial cells through direct reduction
of endothelial P-selectin expression [81]. Overall, these findings have identified new key players in
blood clotting activation in MPNs, and suggest new therapeutic targets (e.g., Plek2, 31/32 integrins)
and applications (e.g., achieving lower levels of hematocrit in patients due to the direct role of JAK2
V617F-positive erythrocytes in promoting advanced atherosclerosis [74]).

The pathogenic role of increased ectopic expression of murine Tpo receptor [82] or high
thrombopoietin production by hematopoietic cells [83] were known long before MPL mutations
were discovered in MPN patients [38,39]. In 2006, the retroviral transduction mouse model generated
by Pikman et al. [39] expressing the most common Mp! mutation, W515L, resulted in a fully penetrant
myeloproliferative disorder characterized by marked thrombocytosis, which increased reticulin fibrosis
and induced splenomegaly due to extramedullary hematopoiesis. Importantly, the effect of Mpl W515L
was lost when Jak2 was deleted from recipient cells (Mx-Cre-Jak2flox/flox knock-out cells) [84], and Jak2
V617F/Mpl~/~ transgenic mice [85] exhibited reduced thrombocythemia, neutrophilia, splenomegaly,
and neoplastic stem cell pools. This suggests that Mpl expression, but not TPO, has a fundamental
effect on MPN development and severity. In addition, these results have demonstrated that the Mpl
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WH515L clone relies on the presence of wild-type Jak2 kinase to maintain the MPN phenotype and vice
versa, that wild-type Mpl is indispensable in the development of Jak2 V617F MPN-like diseases in
mice. The mouse models with mutated Calr cover the two most commonly seen mutations in humans,
CALRdel52 and CALRins5 [86], and are consistent with the ET phenotype in humans—all the models
displayed isolated thrombocytosis with no significant effect on erythrocyte or leukocyte counts [58].

In conclusion, mouse models are a useful tool for studying the impact of the most prominent
mutations on progression of MPN diseases. Since there are only limited data available describing
the biochemical compatibility of human and mouse cytokines and their interaction with appropriate
receptors (EPOR, MPL, or G-CSFR), it is important, particularly in murine models and derived cell lines,
to co-express same-species receptors and use same-species cytokines, or to appropriately describe and
discuss the experimental set-up. In addition, advances in understanding the critical role of JAK2/STAT
signaling have allowed the design of potential MPN therapies, such as JAK2 inhibitors and murine
models, which have been proven to be suitable candidates for screening and testing new promising
compounds, although these do not fully allow the MPN heterogeneity seen in human patients to
be addressed.

The derivation of human-induced pluripotent stem cells (iPSCs) in 2007 [87] began a new era
in the modeling of human diseases, and introduced the generation of disease- and clone-specific
iPSC lines that preserve the genetic identity of hematopoietic stem/progenitor clones. The first
MPN-specific iPSCs were derived from CD3* cells isolated from the peripheral blood of both PV
and PMF patients with heterozygous JAK2 V617F mutations and an allele burden of approximately
50% [88]. The reprogramming protocol was based on Yamanaka retroviral factors (Oct4, Sox2, Kif4 and
c-Myc), which were transduced to pre-activated CD3** cells, and in total 11 clones were expanded and
characterized. The expanded JAK2 V617F iPSC clones displayed characteristics of pluripotent human
embryonic stem cells with normal karyotypes and allowed direct differentiation into hematopoietic cells
(CD**+/CD*"). Further evaluation of erythroid potential identified a two-fold proliferation advantage
in the JAK2 V617F clones over the normal controls. In addition, PV-iPSC-generated hematopoietic

D3** cells.

progenitor cells showed a PV-unique gene expression pattern corresponding to the primary C
This pivotal experiment showed that, similar to human iPSCs derived from fibroblasts and normal
CD*** cells, MPN cells can be directly reprogrammed with efficiencies comparable to those of normal
cells. In contrast, MDS and AML cells are significantly more refractory to the reprogramming [89].
While bone marrow genetic heterogeneity hampers the isolation of individual oncogenic subclones,
generation of MPN-iPSCs allows reconstruction of the clonal hierarchy and investigation of the
effects of the mutations in their endogenous loci. In addition, advanced genome editing techniques
(e.g., CRISPR/Cas9 technology) offer allele-specific gene targeting based on homologous donors and the
generation of isogenic corrected lines. It has already been shown that the efficacy of the CRISPR/Cas9
system in targeting the JAK2 V617F allele in PV-iPSCs is more than 80% [90]. Whereas high-frequency
off-target mutagenesis induced by CRISPR/Cas9 nucleases have been reported in some human cells [91],
the targeted deep sequencing of edited PV-iPSCs clones has revealed high specificity with only minimal
off-target effects [90,92].

The attempt to decipher the pre-JAK2 V617F predisposing genetic lesions by PV-iPSCs has identified
several candidate genes that, however, await further functional characterization [93]. Isogenic human
erythroblasts and hematopoietic progenitors generated from PV patient-specific iPSCs have been
used to examine responses to clinically used kinase inhibitors, especially JAK2 inhibitors. Saliba et al.
used inhibitors targeting different signaling pathways (INCB018424 (Ruxolitinib)—JAK2 and JAK1;
TG101348 (SAR302503)—JAK2 and FLT3; Ly294002—PI3K; RAD001—mTOR and AUY922—HSP90)
and showed inhibition of erythroid growth in a dose- dependent manner in all the generated cell lines,
regardless of their JAK2 status [94]. The main disadvantage of retrovirally generated iPSCs is the
methylation-induced silencing of transgenes and the random integration of retroviruses, which may
affect the differentiation potential of the derived iPSC lines. Non-integrational, virus-free iPSC
derivation by episomal vectors can overcome these problems, and was used by Ye et al. to generate
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iPSCs with distinct JAK2 V617F allele compositions from one female PV patient [95]. The authors
investigated the capacity of INCB018424 (Ruxolitinib), TG101348 (SAR302503), and CYT387 to suppress
mutated JAK2 V617F in PV-iPSC-derived myeloid and erythroid cells. Similar to the previous study
and to the clinical findings [96,97], all three drugs non-selectively inhibited erythropoiesis in normal
and PV-iPSC lines; however, the JAK inhibitors had a lower inhibitory effect on the self-renewal of
iPSC-derived CD%** hematopoietic progenitors, explaining the failure to eradicate the JAK2 V617F clones
after the treatment. Generation of human iPSCs from ET and PMF patients carrying MPL V501L and
CALRins5 has been reported, but detailed analysis of their erythroid and megakaryocytic differentiation
potential is still ongoing [98,99]. Transcriptomic and proteomic analyses of megakaryocyte progenitors
derived from CALR mutants and CRISPR/Cas9-corrected isogenic iPSC lines are ongoing as well [100].
Overall, MPN-iPSCs recapitulate the disease phenotype in vitro, and have been proven suitable for
studying MPN pathogenesis, clonal architecture, and drug efficacy.

4. Conclusions

MPN molecular pathogenesis has been extensively elucidated by discoveries of MPN driver
and modifier mutations during the last 15 years. Thanks to the combination of in vitro studies and
animal modeling, it is now clear that aberrant hematopoietic cytokine receptors/JAK2 cooperation
and, consequently, abnormal signaling of their downstream partners, can replicate most of the MPN
phenotypes. Nevertheless, the molecular mechanisms of the disease’s initiation are still not completely
understood, and the exact role of the contribution of important disease-modifying factors such as aging,
inflammation, and germline genetic predisposition await further study. Undoubtedly, JAK2 V617F
mutation is frequently present, but has insufficient penetrance to give rise to the MPN disease or
three different MPN phenotypes. Therefore, it will be important in the future to model the oncogenic
cooperation between MPN driver and other acquired or germline mutations with extrinsic factors and
genetic abnormalities (e.g., by using a combination of CRISPR/Cas9 and iPSCs techniques). Initial studies
have already produced interesting new insights by modelling the DNA-damaging inflammatory
microenvironment using induced pluripotent stem cell-derived CD3** progenitor-enriched cultures
from a JAK2 V617F PV patient. It was shown that JAK2 V617F PV progenitors utilize dual-specificity
phosphatase 1 (DUSP1) activity as a protection mechanism against DNA damage accumulation,
promoting their proliferation and survival in the inflammatory microenvironment [101].
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Abstract: The Wnt, TGF-$3, and Notch signaling pathways are essential for the regulation of cellular
polarity, differentiation, proliferation, and migration. Differential activation and mutual crosstalk
of these pathways during animal development are crucial instructive forces in the initiation of the
body axis and the development of organs and tissues. Due to the ability to initiate cell proliferation,
these pathways are vulnerable to somatic mutations selectively producing cells, which ultimately
slip through cellular and organismal checkpoints and develop into cancer. The architecture of the
Wnt, TGF-f, and Notch signaling pathways is simple. The transmembrane receptor, activated by the
extracellular stimulus, induces nuclear translocation of the transcription factor, which subsequently
changes the expression of target genes. Nevertheless, these pathways are regulated by a myriad
of factors involved in various feedback mechanisms or crosstalk. The most prominent group of
regulators is the ubiquitin—proteasome system (UPS). To open the door to UPS-based therapeutic
manipulations, a thorough understanding of these regulations at a molecular level and rigorous
confirmation in vivo are required. In this quest, mouse models are exceptional and, thanks to the
progress in genetic engineering, also an accessible tool. Here, we reviewed the current understanding
of how the UPS regulates the Wnt, TGF-$, and Notch pathways and we summarized the knowledge
gained from related mouse models.

Keywords: ubiquitin-proteasome system; cancer; mouse model; gene inactivation

1. Introduction

As revealed by the analysis of The Cancer Genome Atlas (TCGA), the Wnt, transforming growth
factor-p3 (TGF-f3), and Notch signaling pathways belong among the ten evaluated and curated canonical
signaling pathways that are altered in most cancers [1]. It is the central role in governing and controlling
cell proliferation which makes these pathways as well as their regulators vulnerable to cancer-associated
somatic mutations [2—4]. The ubiquitin-proteasome system (UPS)-dependent regulation of Wnt, TGF-3,
and Notch signaling is well known and established. Importantly, it represents a gateway for therapeutic
modification and micromanagement of these signaling pathways, especially in the context of cancer [5,6].
To understand and exploit these possibilities it is necessary to evaluate the knowledge in vivo. Thus,
the ambition of this review was to summarize the current understanding of how the UPS regulates
Wnt, TGF-$3, and Notch signaling. Additionally, we wanted to highlight the physiological roles of the
ubiquitin ligases responsible for these regulations as they have been reported from currently available
mouse models. Of note, the role of deubiquitinases (DUBs) was out of the scope of this text and is
reviewed elsewhere [7].
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Genes 2019, 10, 815

2. The Ubiquitin—Proteasome System

The ubiquitin—proteasome system regulates many cellular processes, including cell cycle,
differentiation, DNA repair, and the immune response (for a review, see Reference [8]). Its main
function is to achieve the precise temporal and spatial expression of a diverse repertoire of proteins.
Essentially, the UPS delivers unneeded or damaged proteins to the proteasome where they are unfolded
and ultimately chopped into small peptides. At a molecular level, the proteasome is a multisubunit
protein complex with a central hollow part involved in the proteolysis and two proximal parts involved
in the recognition of the substrate and its ATP-dependent unfolding. The selectivity of the UPS is
accomplished by specific recognition of the target protein (i.e., substrate) which has to be covalently
modified by a chain of small protein ubiquitin—polyubiquitinated (Figure 1a).
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Figure 1. The ubiquitin—proteasome system. (a) The mature free ubiquitin monomer protein is
either recycled from the ubiquitinated substrate or cleaved from the polyubiquitin precursor. Both of
these reactions are catalyzed by deubiquitinases (DUBs). Ubiquitin is then activated (E1), conjugated
(E2), and finally ligated to the cognate substrate via ubiquitin ligases (E3). The polyubiquitinated
substrate is later transferred to the proteasome, unfolded, and proteolytically degraded to small
peptides or free amino acids. For more details see the text. (b) RING E3s catalyze the direct transfer
of ubiquitin from E2~ubiquitin to the substrate. HECT (homologous to EGAP C-terminus), and RBR
(RING-between-RING) E3s accept ubiquitin from E2 to form an E3~ubiquitin thioester intermediate
via transthiolation reaction. For more details see the text.

2.1. Ubiquitination

The ubiquitination is achieved via an enzymatic cascade in which ubiquitin is activated by covalent
linkage to the E1 ubiquitin-activating enzyme. This activation is dependent on ATP-driven adenylation
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of ubiquitin followed by the covalent association of ubiquitin with the E1 enzyme via a thioester bond
and subsequent transfer of the activated ubiquitin to the E2 ubiquitin-conjugating enzyme through
trans-thioesterification [9]. In the final step, the E3 ubiquitin ligase mediates the transfer of ubiquitin
to the lysine residue in the substrate [10]. The covalently linked ubiquitin then serves as an acceptor
for another ubiquitin molecule, ultimately producing long polyubiquitin chains. The polyubiquitin
chains can be linked via different lysine residues in the ubiquitin. At least for certain E3 ubiquitin
ligases the type of polyubiquitin chain seems to be dependent on the different usage of the specific
E2 enzyme [11]. Currently, there are more than thirty genes in human genome encoding proteins
harboring E2 activity [12]. Some of them specifically modify proteins with linear ubiquitin chains (e.g.,
lysine 63-K63) that are not recognized by the proteasome but are involved in cellular signaling [13].
Others (e.g., K48, K11) are involved in proteasome-dependent degradation or their role is currently not
clear (e.g., K27) [14]. Notably, a key regulatory step of the ubiquitination reaction is dictated by the E3
ubiquitin ligase, which determines substrate selection and a choice of polyubiquitin chain.

2.2. Ubiquitin Ligases

The human genome encodes between 600-1000 E3 ubiquitin ligases. They are responsible for
substrate selection and coordination towards the E2 enzyme (for a review, see References [15,16]).
Currently, there are four main classes of ubiquitin ligases classified on the basis of the functional
and structural features: RING (really interesting new gene), U-box, HECT (homologous to E6AP
C-terminus), and RBR (RING-between-RING) [9]. The RING E3s catalyze the direct transfer of ubiquitin
from E2~ubiquitin to the substrate. The HECT and RBR E3s harbor a catalytic cysteine residue in
their structure that accepts ubiquitin from E2 to form an E3~ubiquitin thioester intermediate via
transthiolation reaction (Figures 1b and 2). This step is followed by the transfer of ubiquitin to the
substrate lysine via aminolysis reaction.

The E3 ligases recognize the cognate substrates using different mechanisms. The specificity of
ubiquitination is achieved via protein—protein interaction between a ubiquitin ligase and a substrate.
This interaction can be direct or indirectly mediated by a protein or a small molecule adapter. The direct
interaction is usually regulated by post-translational modification of the substrate or the ubiquitin
ligase. In certain cellular processes, ubiquitin ligases have to be locally enriched to effectively bind
and mediate substrate ubiquitination. A typical example is the RING finger 8 (RNF8) ubiquitin ligase,
which is sequestrated at DNA damage sites where it targets a diverse spectrum of proteins (including
histones) [17,18].

2.2.1. RING-Type Ubiquitin Ligases

The RING ubiquitin ligases constitute two main classes based on the number of subunits (for
a review, see References [6,19]). Monosubunit RING ligases form homo- and heterodimers or act
as monomers. A typical example of these ubiquitin ligases is the mouse double minute 2 homolog
(MDM2) protein. In the absence of DNA damage, MDM2 binds the p53 tumor suppressor and mediates
its ubiquitination, with consequent proteasomal degradation [20]. The DNA damage-activated
Ataxia-telangiectasia mutated (ATM) kinase inhibits MDM2-p53 interaction leading to p53 stabilization
and activation of p53-dependent DNA damage response [21,22].

Multisubunit E3 ubiquitin ligase complexes, such as Cullin-RING ligases (CRLs), mediate
ubiquitination of numerous substrates via variable substrate recognition modules [19]. They represent
a dominant group of ubiquitin ligases. In mammals, there are eight different cullins which associate
with large numbers of adaptor proteins, forming more than 200 CRLs. Many of these ubiquitin ligases
are deregulated in a wide range of disorders including cancer and autoimmune syndromes [6,23,24].
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Figure 2. The modular structure of ubiquitin ligases involved in the Wnt, TGF-3, and Notch pathways.

2.2.2. U-box-Type Ubiquitin Ligases

A specific group of RING-type ubiquitin ligases is U-box, containing ubiquitin ligases (for a review,
see Reference [25]). A U-box is a 70 amino acid long domain with a similar fold as the RING domain.
In contrast to RING, the U-box domain lacks conserved cysteine residues and it is not coordinated
with zinc atoms. Nevertheless, the molecular mechanism underlying ubiquitination is similar for both
U-box and RING-type ubiquitin ligases.

A typical example of U-box-type ubiquitin ligase is the C terminus of the Hsc70-interacting protein
(CHIP) [26]. Upon heat stress, CHIP recognizes its substrates in the context of activated heat shock
proteins, controlling the stability and fate of misfolded proteins.

2.2.3. HECT-Type Ubiquitin Ligases

The human genome encodes 28 HECT ubiquitin ligases (for a review, see Reference [27]). They are
characterized by a modular structure which comprises the N-terminal substrate-binding domain and
the C-terminal HECT domain [27]. The HECT domain contains two lobes connected by a flexible
hinge loop. The N-terminal lobe binds E2~ubiquitin and the C-terminal lobe harbors the catalytic
cysteine involved in the transfer of ubiquitin to substrates lysines. There are three different HECT-type
ligase families: the NEDD (neural precursor cell expressed, developmentally downregulated) family,
characterized by the tryptophan-rich WW domain involved in recognition of the PY motif; the HERC
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(HECT and RCC domain) family, which contains the regulator of chromosome condensation (RCC)
1-like domains; and the HECT family, with a spectrum of different protein—-protein interaction domains.

A typical example of the HECT-type ubiquitin ligase is Smad ubiquitination regulatory factor 2
(SMURE2) protein [28]. The SMUREF2 protein is a HECT-type E3 ubiquitin ligase from the NEDD4
subfamily. The WW domain, located in the N-terminal part of SMURF2 ubiquitin ligase, recognizes
PPxY (PY) motifs in SMURF-targeted substrates [29]. One of the SMURF2 substrates is a TGF-
receptor I (TGE-BRI) [30]. The SMUREF?2 protein binds this receptor indirectly via Small mothers against
decapentaplegic 7 (Smad?), an inhibitor of TGF-§3 signaling. The SMURF2 interacts with Smad? in the
nucleus. The complex of SMURF2 and Smad7 is then translocated to the cytosol where it recognizes
and ubiquitinates TGF-BRI. This represents the strong negative feedback necessary to control TGF-f3
signaling and its dynamics.

2.2.4. RBR-Type Ubiquitin Ligases

There are 14 RBR E3s identified in the human genome (for a review, see Reference [31]). They all
contain a RING1-IBR-RING2 motif. The RING1 domain interacts with E2~ubiquitin and mediates the
transfer of ubiquitin to the catalytic cysteine of the RING2 domain. It was shown that RING2 forms
a thioester intermediate with the C terminus of ubiquitin in a HECT E3-like manner and, consequently,
transfers ubiquitin on the lysines of the selected substrates. An example of an RBR ubiquitin
ligase is Parkin [32]. Parkin is involved in the recognition of proteins on the outer mitochondrial
membrane [33]. Upon stress exposure, Parkin mediates mitochondria ubiquitination and its clearance
via mitophagy [34].

3. Wnt Signaling Pathway and Its Regulation by Ubiquitin Ligases

Wnt ligands are extracellular soluble proteins. They are secreted by a diverse spectrum of
cells and they are instrumental in the regulation of cell identity, migration, and proliferation [35,36].
Genes encoding the components of the Wnt signaling pathway are often misregulated or mutated in
human cancers, especially in tissues with fast cellular renewal (e.g., breast, intestine, skin, prostate or
lung). This is due to the central role of the Wnt signaling pathway in stem cell recovery and progenitor
cell pool formation.

The Wnt signaling pathway is initiated upon Wnt binding to its cognate receptor. This is followed
by the sequence of activation steps which lead to translocation of the 3-catenin transcription co-activator
to the nucleus (Figure 3). Nuclear (3-catenin associates with DNA-binding transcriptional factors from
the T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) family and activates the Wnt-dependent
transcriptional program.

In more detail, the intracellular signaling is triggered by Wnt binding to the complex of its receptor
Frizzled (Fzd) and co-receptor from the lipoprotein receptor-related protein family (LRP5/6) [37].
When inactive, the Fzd protein level and its membrane localization are regulated negatively by two
closely related ubiquitin ligases, RNF43 and Zinc-RING finger 3 (ZNRF3) [38,39]. These transmembrane
ligases from the RING family interact with Fzd in the extracellular part and mediate ubiquitination of
its cytosolic loops via the intracellular RING domain. This interaction is dependent on the intracellular
protein Dishevelled, which (in the absence of Wnt stimulation) promotes Fzd degradation [40].
Upon the Wnt ligand engagement to Fzd, RNF43/ZNRF3 is inhibited by sequestration to the complex
of leucine-rich repeat-containing G-protein coupled receptor (LGR4/5) transmembrane proteins.
This interaction is mediated by a Wnt agonist from the R-spondin family [38].
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Figure 3. The Wnt signaling pathway and its regulation by ubiquitination The canonical Wnt signaling
pathway is triggered by Wnt ligand binding to the complex of its receptor, Frizzled, and co-receptors
LRP5/6. The activated receptor associates with the Dishevelled (DVL) protein and inhibits the 3-catenin
destruction complex. The stabilized 3-catenin translocates and accumulates in the nucleus, where it
activates the Wnt-dependent transcriptional program. For details see the text.

The essential part of signal transduction initiated from the Fzd receptor relies on 3-catenin
destruction complex inhibition. This multisubunit complex consists of several regulatory and accessory
proteins. Its major role is to mediate 3-catenin phosphorylation by coordination of priming casein kinase
1 (CK1) and functionally redundant processing kinases glycogen synthase kinase 3o and 33 (GSK3«
and GSK3p, respectivelly) [41-43]. Adapter proteins adenomatous polyposis coli (APC) and AXIN are
responsible for this dynamic and precise phosphorylation machinery [44,45]. In detail, AXIN allows
[3-catenin Ser45 to be phosphorylated by CK1. This phosphorylation creates a docking site for GSK-3/j3,
which subsequently phosphorylates 3-catenin at Thr41, Ser37, and Ser33. The phosphorylated
N-terminal part of 3-catenin serves as a binding site (degron) for a 3-transducin repeat-containing
protein (B-TrCP) [46,47]. The B-TrCP is a canonical Cullin 1 (CUL1)-dependent F-box-containing
substrate adapter. It associates via the S-phase kinase-associated protein 1 (SKP1) adapter and CUL1
scaffold proteins with the RING protein Ring-box 1 (RBX1). The RBX1 mediates (3-catenin ubiquitination
and degradation.

The Fzd activation by Wnt ligands results in Dishevelled-dependent oligomerization of LRP6
co-receptor and its CK1y/GSK3-mediated phosphorylation [48,49]. In the AXIN-dependent manner,
the cytosolic destruction complex is sequestrated to the membrane. This process inhibits the interaction
of the destruction complex with (3-catenin. Importantly, it was suggested that upon the activation of
the Wnt signaling, the destruction complex is not inhibited per se. Rather, it leads to the inhibition of
B-TrCP-dependent ubiquitination. Phosphorylated non-ubiquitinated 3-catenin stays in the complex
and blocks the association of newly translated molecules [50]. Stabilized (non-phosphorylated)
f-catenin then translocates and accumulates in the nucleus, where it interacts with DNA-binding
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transcriptional factors from the TCF/LEF family [45]. The sustained Wnt signaling leads to the strong
association of the 3-catenin/TCF complex with target gene promoters, engagement of transcriptional
co-activators, and, ultimately, to the activation of the Wnt-dependent transcriptional program.

The (3-catenin destruction complex itself is a target for several ubiquitin ligases. The main substrate
of the UPS-dependent regulation is the AXIN protein. The seven in absentia homolog 1 (SIAH1)
ubiquitin ligase mediates ubiquitination of the AXIN protein [51]. The SIAH1 recognizes the AXIN
VxP (Val-x-Pro) motif involved in AXIN-GSK3 interaction. The GSK3 counteracts SIAH-dependent
AXIN ubiquitination, and, correspondingly, SIAH inactivation leads to the Wnt signaling attenuation.
This regulatory process is important for sustained Wnt/B-catenin signaling. In a similar manner,
poly ADP-ribosylated (PARylated) AXIN is a target of the ubiquitin ligase RNF146. PARylation of
AXIN is dependent on the Tankyrase enzyme [52]. It was shown that RNF146 interacts directly
with poly-ADP-ribose through its WWE domain and promotes degradation of many PARylated
proteins [53,54]. The AXIN RNF146-dependent degradation seems to be dependent on a physiological
context [55]. Both Xenopus and Drosophila models have shown the role of Tankyrase in AXIN
degradation, but based on the findings from Drosophila studies, there seems to be redundancy on the
RNF146 side [56,57]. HECT-type ubiquitin ligase, SMURF1, was shown to ubiquitinate the AXIN
protein in a cell-cycle-dependent manner. Its interaction with AXIN is inhibited during G2/M which
correlates with increased Wnt signaling [58]. The SMURF1-mediated AXIN ubiquitination does not
lead to its degradation. Instead, Lys29-linked polyubiquitination of AXIN disrupts its interaction with
the Wnt coreceptors LRP5/6, consequentially inhibiting Wnt signaling activation [59]. Close homolog
of SMURF1, SMURE2, interacts with AXIN in a canonical WW-dependent manner. Ectopic expression
of SMURF2 leads to AXIN protein level downregulation, and SMURF2 mediates AXIN ubiquitination
in vitro [60]. The other subunit of the $-catenin destruction complex, APC, is also a target for the
UPS. The RNF61 ubiquitin ligase, otherwise known as Makorin 1 (Mkrn1), binds to the armadillo
repeats region of APC and targets it for proteasomal degradation. Inactivation of RNF61 leads to Wnt
signaling inhibition, and this inhibition is rescued by concurrent APC knockdown [61].

The Dishevelled (Dishevelled 1-3) protein level is regulated by three other HECT-like ubiquitin
ligases NEDD4L, NEDD4, and ITCH [62-64]. They were all shown to promote Dishevelled
ubiquitination. Ubiquitin ligase NEDD4 positively regulates the maturation of cell-cell junctions in
cooperation with the small GTPase Ras-related C3 botulinum toxin substrate 1 (Racl). Activated Racl
promotes Nedd4-mediated ubiquitination and degradation of Dishevelled 1 [64]. A close homolog
of NEDD4, NEDD4L, attenuates Wnt/f3-catenin signaling by regulation of Dishevelled 2 stability.
The Wnt5a-induced c-Jun N-terminal kinase (JNK)-dependent phosphorylation of NEDDA4L is critical for
its activity towards Dishevelled 2 [62]. The inhibition of Wnt signaling via the ubiquitin ligase NEDD4L
was observed in both Xenopus and human models [62,65]. The mammalian ortholog of Drosophila
Suppressor of Deltex (Su(Dx)), ITCH, inhibits Wnt signaling upstream of (3-catenin, by targeting
activated Dishevelled 2 to proteasomal degradation [63]. The role of Dishevelled protein is not limited
to the -catenin destruction complex inhibition and its sequestration to the activated receptor. It is
also involved in activation of the non-canonical pathway controlling planar polarity and proper tissue
architecture. This pathway is 3-catenin-independent and it is actively inhibited by ubiquitin ligase
RNF43 and its interaction with Dishevelled protein. Transmembrane RING-type ubiquitin ligase RNF43
inhibits the non-canonical pathway in a ubiquitination-independent manner, and cancer-associated
mutations of RNF43 do not have any effect on this activity [66]. Another E3 ubiquitin ligase promoting
Dishevelled ubiquitination and degradation in the non-canonical pathway is the Cullin3-dependent
substrate-binding adapter Kelch-like protein 12 (KLHL12). The KLHLI12 binds Dishevelled in
a Wnt-dependent manner, and KLHL12-dependent degradation of Dishevelled antagonizes the
convergent extension movements of cells during gastrulation in zebrafish [67]. The study in the
Xenopus model shows that another RING-type ubiquitin ligase membrane-associated ring-CH-type
finger (MARCH?2) is targeting Dishevelled during head development. The MARCH2 interaction
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with Dishevelled is dependent on the Dishevelled interaction partner Dapperl, and ubiquitinated
Dishevelled is degraded in the lysosomal compartment [68].

Nuclear bound [3-catenin is a target of several ubiquitin ligases. They mostly serve as crosstalk
hubs from different pathways and signaling checkpoints involved in the control of the proper shutdown
of the activated pathway. In hypoxic conditions, the Von Hippel-Lindau (VHL) tumor suppressor
inhibits the Wnt pathway via promoting degradation of activated 3-catenin. It is dependent on
VHL-induced stabilization of the ubiquitin ligase Jadel [69]. This is relevant for clear cell renal cell
carcinomas (CCRCCs) with mutated VHL. The active VHL stabilizes Jadel by interaction with its
- and B-domain. The stabilized Jadel interacts with the B-catenin N-terminus and mediates its
ubiquitination and degradation [70,71]. Of note, Jadel does not belong to either HECT- or RING-type
ligases. It contains two pleckstrin homology domain (PHD) fingers, and its intrinsic ubiquitin ligase
activity has not yet been supported by independent observations. Casitas B-lineage lymphoma (c-CBL)
is another ligase that binds preferentially to active 3-catenin [72,73]. Wnt-dependent nuclear c-CBL
seems to selectively inhibit pro-angiogenic Wnt effects [72].

One of the paradigms in Wnt signaling is that in the absence of Wnt stimulation, TCF/LEF factors
are acting as transcription repressors and that this repression is abrogated by p-catenin binding.
Mechanistically, TCF factors associate with repressors from the TLE (transducin-like enhancer) family
in the absence of Wnt signaling, and this interaction is blocked by competitive binding between TLE
repressors and activated (3-catenin. The TLE factors are subsequently targeted by the E3 isolated by
differential display/ubiquitin protein ligase E3 component n-recognin 5 (EDD/UBR5) ubiquitin ligase
from the HECT family for ubiquitination and degradation [74]. Besides TLE factors, EDD ubiquitinates
phosphorylated p-catenin, as well. Instead of degradation, it was observed that in the context
of B-catenin, EDD promotes the growth of Lys29- and Lysl1-linked ubiquitin chains, supposedly
to potentiate 3-catenin stability and signaling [75]. This pathway is probably redundant or cell
context-dependent, as it was shown that in colorectal cancer it is rather the ubiquitin ligase RNF6
which promotes Wnt signaling via controlling the stability of the TLE3 factor [76].

The UPS-based quality control is another regulatory mechanism in the Wnt signaling pathway.
This is important for endoplasmatic reticulum (ER)-associated protein production and restricted to
secreted and transmembrane proteins. It was shown that in the absence of Wnt ligands, the cargo
protein EVIis degraded via ER-associated degradation (ERAD) [77]. Additionally, the Wnt co-receptor
LRP6 is targeted to the ERAD pathway as well [78,79]. Upon ubiquitination of its intracellular
part, LRP6 presumably interacts with a ubiquitin-binding protein which acts as a chaperone for its
correct folding. The successfully folded LRP6 is palmitoylated and transported to the cell surface [80].
If folding is impaired, another round of polyubiquitination targets LRP6 to the ERAD pathway.

The Wnt signaling pathway is also sensitive to common stress-inducers such as heat stress.
Activation of heat shock proteins leads to activation of the U-box ubiquitin ligase CHIP, which is
involved in ubiquitin-dependent clearance of misfolded proteins [81]. One of the substrates of CHIP
ubiquitin ligase is 3-catenin [82]. The recognition of 3-catenin via CHIP rather represents a general
mechanism involved in unfolded protein and heat shock response than specific regulation of the Wnt
signaling pathway.

3.1. Mouse Models of Ubiquitin Ligases Involved in the Wnt Signaling Pathway

As mentioned above, Wnt signaling plays a crucial role in an array of developmental and
homeostatic processes. Mouse models defective in the Wnt signaling pathway reflect this fact and
display various defects. The phenotypes span from higher cancer incidence, stem cell depletion to
defects in tissue polarity and anteroposterior patterning [45,83-85]. The role of several ubiquitin
ligases that have been shown to regulate the Wnt signaling pathway in vitro was confirmed in the
cognate mouse models. This was true for ZNRF3/RNF43, RNF146, RNF61, SMURF1/2, and partially for
-TrCP1/2 and Nedd4 ubiquitin ligases [39,55,86-89]. However, the mouse models of other ubiquitin
ligases did not confirm the function in Wnt signaling and show either different or more general
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physiological functions. These observations probably arise from the fact that these ubiquitin ligases
have other physiological substrates and control different processes. The other possible explanation is
that the involvement of these ligases in physiological Wnt signaling is subtle. Therefore, these mouse
models require more detailed analysis or challenges such as aging or stress response to show and
confirm in vitro observations.

3.1.1. p-Transducin Repeat-Containing Protein (3-TrCP)

Both 3-TrCP1 and 3-TrCP2 (also known as F-box and WD repeat domain, containing 1/11) are
highly evolutionarily conserved F-box proteins [23]. They serve as substrate adapters for the CRL
ubiquitin ligase. They both recognize a phosphodegron through seven WD-repeats assembled to
a typical propeller structure. They are currently assigned to many different substrates including
NFkB Inhibitor « (IkBx), 3-catenin, and a canonical regulator of circadian rhythm Period2 [23,90].
Both 3-TrCP1 and -TrCP2 are biochemically indistinguishable in vitro and it is not clear if they
recognize a unique set of substrates in vivo.

Mice deficient in 3-TrCP1-are viable, with normal circadian rhythm and only minor defects in
fertility. Animals do not exhibit any apparent defects up to 16 months of age [86,91-93]. Isolated
mouse embryonic fibroblasts (MEFs) have a reduced growth rate, increased size, and abnormal ploidy.
Upon Wnt3a stimulation, they show more stable nuclear 3-catenin accumulation.

The B-TrCP-deficient male germ cells do not enter meiosis but instead undergo apoptosis.
The early mitotic inhibitor 1 (Emil) accumulation appears to contribute to the slight impairment
in spermatogenesis and male fertility [23,92]. Another study shows that simultaneous inactivation
of B-TrCP2 expression via inducible shRNA (which reduced 3-TrCP2 to ~10% of the original level)
leads to more severe testicular defects in otherwise viable and healthy animals. Authors of the
study were able to rescue the defect by 3-TrCP2 restoration and attributed the observed defect to
ineffective degradation of the Snaill transcription factor [94]. This transcription factor is important for
epithelial-mesenchymal transition and its degradation is necessary for the proper development of cell
adhesion within the seminiferous tubules. Depletion of Snaill completely rescues spermatogenesis
in B-TrCP1-deficient mice. Another research group used testis-specific inactivation of 3-TrCP2 in
the context of 3-TrCP1-deficient mice. The authors also observed spermatogenesis impairment but
attributed this defect to inappropriate degradation of the Doublesex- and mab-3-related transcription
factor 1 (Dmrtl) involved in the mitosis—meiosis transition in mouse male germ cells [91].

Ubiquitin ligase 3-TrCP1 is also an important factor in other tissues” homeostasis. Contrary
to the epidermal or intestinal epithelium, mammary glands of B-TrCP1-deficient female mice
display a hypoplastic phenotype [95]. A B-TrCP1-deficient retina shows a complete absence of
cholinergic amacrine cells (CACs), decrease in tyrosine hydroxylase-expressing amacrine cells,
and reduction in the number of retinal ganglion cells. The population of precursors of CACs is reduced,
whereas the population of precursors of retinal ganglion cells increases [96]. The intestine-specific
tamoxifen-inducible ablation of both 3-TrCP1 and 3-TrCP2 results in 3-catenin and IkBx stabilization
and leads to mucositis, a deleterious gut mucosal inflammation resulting in mucosal barrier defects.
The increased NF-kB-independent production of interleukin 1 (IL-1p) is responsible for mucosal
barrier defects, and inhibition of IL-1(3 partially rescues the inflammatory phenotype [97].

Contrary to the mild phenotype of 3-TrCP1 deficiency, inactivation of 3-TrCP2 results in the
developmental arrest and the embryonic death before E10.5 [98]. Embryos lacking 3-TrCP2 manifest
accumulation of the cyclin-dependent kinase (CDK) inhibitor p19Arf in the yolk sac, but the concomitant
inactivation of p19Arf does not rescue the lethal phenotype.

3.1.2. Zinc and RING Finger 3/ RING Finger 43 (ZNRF3/RNF43)

Both ZNRF3/RNF43 are RING-type transmembrane ubiquitin ligases containing the
protease-associated ectodomain in the extracellular part. As mentioned, they target the Fzd receptor and
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mediate its ubiquitination and degradation which leads to attenuation of Wnt signaling. Both RNF43
and ZNRF3 are mutated in pancreatic carcinomas and colorectal and endometrial cancer [99,100].

Mice deficient in Znrf3 die shortly after birth. They have impaired lens development and about
20% of embryos show neural tube closure defects [38]. Simultaneous deletion of both genes (Zn#f3 and
RNF43) in the intestine leads to the epithelial hyperproliferation phenotype similar to one observed
in Apc™" mice with constitutively active B-catenin [39]. This phenotype is dependent on paracrine
delivery of Wnt3, and the simultaneous inactivation of the Wnt-secretion co-factor Porcupine abrogates
the enhanced epithelial proliferation [101]. Expectedly, the adrenocortical deletion of ZNRF3, but not
RNF43 (which is not expressed at a significant level in the adrenal cortex), leads to a hyperproliferative
phenotype as well. The ZNFR3-dependent expansion is restricted only to the inner zone of the adrenal
cortex and does not phenocopy p-catenin hyperactivation [102]. A ZNRF3 deficiency also leads to
a disrupted testis determination. This is in agreement with the observation that testis development
depends on Wnt signaling inhibition [103]. Mice without Znrf3 have a gonadal reversal in E12.5 and it
depends on ectopic Wnt signaling during sex determination [104].

3.1.3. RING Finger 146 (RNF146)

Ubiquitin ligase RNF146 contains the N-terminal RING domain and the WWE domain. It mediates
the ubiquitination of proteins PARylated by Tankyrase and its expression level was significantly elevated
in a subset of non-small cell lung cancer and colorectal cancer [105].

Mice deficient in RNF146 die during embryogenesis. They are smaller with a delayed bone
formation in the calvarium [55]. Mice with the osteoblast-specific RNF146 deletion die perinatally
due to the fact of respiratory failure. Embryos have a short stature, fail to close fontanelles, exhibit
hypomineralization of the calvarium, have small clavicles, and are osteopenic, with low serum
levels of osteocalcin. The phenotype mimics some features observed in patients with cleidocranial
dysplasia. Loss of RNF146 results in AXIN stabilization in osteoblasts and inhibition of the Wnt
signaling pathway. Defective expression of the Wnt target fibroblasts growth factor 18 (FGF18) leads
to inhibition of mitogen-activated protein kinase (MAPK) activity and, subsequently, to decreased
osteoblast proliferation. As a consequence of reduced osteocalcin production, the osteoblasts-specific
Rnf146-deficient mice exhibit an increase in bone marrow fat stores and glucose intolerance [55].

Contrary to its role in osteoblasts, Wnt signaling inhibits osteoclastogenesis [106]. A major
osteoclast factor Rankl restricts Wnt activation via suppression of Rnfl46 expression and
Axin stabilization. ~Accordingly, macrophage-specific deletion of Rnfl46 triggers accelerated
osteoclastogenesis [107]. Besides Axin, RNF146 is responsible for the degradation of the SH3
domain-binding protein 2 (SH3BP2). Stabilized SH3BP2 potentiates RANKL signaling and
osteoclastogenesis, mimicking its “gain-of-function” mutations found in patients with hereditary
cherubism [108,109].

3.1.4. RING Finger 61 (RNF61)

Ubiquitin ligase RNF61 is a member of the putative RNA-binding protein family characterized by
unusual C3H-Zinc finger domains and the RING domain. Telomerase reverse transcriptase (TERT),
phosphatase and tensin homolog (PTEN), adenomatous polyposis coli (APC) or AMP-activated protein
kinase (AMPK) are among its potential substrates.

Mice deficient in Rnf61 show chronic AMPK activation in both liver and adipose tissue, resulting
in significant suppression of the diet-induced metabolic syndrome [88]. Although no clear connection
exists between this phenotype and deregulated Wnt signaling, there is well-described crosstalk between
AMPK and f-catenin activity [110-112]. Moreover, AMPK activation by metformin was recently
shown to inhibit 3-catenin stabilization [113]. Thus, Rnf61-dependent ubiquitination and degradation
of AMPK and APC could represent an interesting feedback mechanism between Wnt signaling and
metabolism activity.
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3.1.5. Seven in Absentia Homolog (SIAH)

Seven in Absentia Homolog 1/2 ubiquitin ligases are homologous proteins consisting of the
N-terminal RING domain, two zinc-finger domains, and the substrate-binding domain. There is
anumber of substrates subjected to degradation mediated by STAH1/2 ubiquitin ligases. Under hypoxic
conditions, SIAH1/2 mediate ubiquitination and degradation of prolyl hydroxylase 1 (PHD1) and
PHD3. As a consequence, the hypoxia-inducible factor 1-« (HIF1x) is stabilized and the hypoxia
response transcription program is initiated [114].

Seven in Absentia Homolog la-deficient mice exhibit growth retardation or early lethality
(about 70% of SIAH1a-deficient pups die during the nursing period). They are sterile with defective
spermatogenesis due to the impairment of meiotic progression [115]. Mice deficient in Siahla suffer
from osteopenia [116]. Interestingly, Siah2-deficient mice are normal, healthy, and fertile. They have
a significant expansion of myeloid progenitor cells and osteoclasts in the bone marrow [117]. Embryos
lacking both SIAH genes die within several hours of birth. They do not have any obvious defects,
and the cause of death remains to be determined. Notably, both Siahl and Siah2 have been shown to
play a role in hypoxia and unfolded protein response (UPR) and their absence can result in a complex
phenotype caused by oxidative and proteotoxic cellular stress [117-120].

3.1.6. E3 Isolated by Differential Display (EDD)

The EDD/UBR5 ubiquitin ligase belongs to the HECT ligase family. It has the UBA
(ubiquitin-associated) domain in its N-terminus, a centrally located UBR-type zinc finger involved in
the recognition of N-terminal degrons and the C-terminal HECT domain. E3 isolated by differential
display is predominantly localized in the nucleus. The EDD was shown to target RNF168 ubiquitin
ligase and TLE/Groucho repressors for proteasomal degradation [121]. It is deregulated in many types
of cancer, e.g., breast and ovarian cancer or mantle cell carcinoma [122].

E3 isolated by differential display-deficient mice have significant developmental arrest
characterized by defective vascular development in the yolk sac and allantois, along with defective
chorioallantoic fusion [123]. The authors discussed that these extraembryonic defects presumably
compromise fetal-maternal circulation, leading to a general failure of embryonic cell proliferation
and widespread apoptosis. It is of note that mice deficient in Wnt receptor Fzd5 have similar defects
in the yolk sac and placental vasculogenesis [124]. Nevertheless, there is no study of Wnt signaling
deregulation in Edd-deficient mice. To investigate the EDD physiologic role in this pathway and
generally in mouse development, it is necessary to prepare conditional mouse models. So far only
limb bud-specific Edd deletion has been reported with no obvious morphological or developmental
defects [125].

3.1.7. Neural Precursor Cell Expressed, Developmentally Downregulated 4 (Nedd4)

The Nedd4 ubiquitin ligase belongs to the NEDD-type HECT ligase family. It has a characteristic
structure common for all NEDD4 family members: the N-terminal C2 domain, four WW domains,
and the C-terminal HECT domain. The NEDD4 was proposed to interact with the tumor suppressor
PTEN and to mediate its ubiquitination. It has been also shown to play a role in the regulation of
Epithelial Na* channel (ENaC) and RNA polymerase 2. The NEDD4 is often overexpressed in many
types of human malignancies, e.g., prostate, bladder, colorectal, gastric or breast carcinoma [126].

Mice heterozygous for Nedd4 are moderately insulin-resistant but protected against high-fat diet
(HFD)-induced obesity. They show less body weight gain, less fat mass, and smaller adipocytes [127].
Knockout mice die perinatally [128-130]. They are growth-retarded around E11.5 with signs of
subcutaneous bleeding in more than half of embryos. AtE18.5, embryos do not display any spontaneous
movement. The neural circuits are still active as the embryos react to mild pinches. Diaphragm muscles
are significantly thinner and fragile with wavy and disorganized muscle fibers. Mice have an impaired
innervation pattern in diaphragm muscles, leaving a gap at its ventral region. The Schwann cells
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differentiation is intact but they have a lower number of axons and motoneurons, impaired formation
of neuromuscular synapses, and abnormal neuromuscular synaptic activity [128]. In another study,
Nedd4-deficient neurons had more immature dendrites and showed significantly reduced apical
dendrite branching, synaptic transmission, and synapse numbers. The authors revealed that the major
substrate of Nedd4 involved in neuronal branching regulation is the Ras-related protein 2a (Rap2a)
and that the expression of dominant-negative Rap2A rescues correct dendritogenesis [129]. Another
research group presents that Nedd4-deficient mice show prominent heart defects (double-outlet right
ventricle and atrioventricular cushion defects) and vasculature abnormalities [131]. Follow-up research
pinpointed that the inhibitor of insulin signaling the growth factor receptor-bound protein 10 (Grb10)
is a major substrate of the Nedd4 ubiquitin ligase. Its stabilization is responsible for delayed embryonic
development, reduced growth, body weight, and neonatal lethality. Mechanistically, the stabilized
Grb10 inhibits the insulin-like growth factor 1 receptor (Igf1R) cell surface localization. The Grb10
heterozygosity rescues the Nedd4 deficiency lethal phenotype [130]. Vascular-specific deletion of
Nedd4 displays deformed aortas with disarranged elastin fibers. It also results in increased vascular
calcification and bone-related marker expression in aortas [132]. The bone-specific Nedd4-mutant
mice show enhanced bone mass accrual and upregulated gene expression of osteogenic markers in the
bone. Bone formation is decreased, and the proliferation of primary osteoblasts isolated from calvaria
is higher. The number and surface area of tibial osteoblasts are higher as well [133]. The neural crest
cell-specific Nedd4 deficiency results in significant craniofacial defects with reduction of a cranial
bone and decrease in osteoblasts numbers. The Nedd4 seems to be essential for neural crest stem
cell self-renewal and survival [134,135]. T cells from Nedd4-deficient fetal liver chimeras display
anaive T cell phenotype. T cells develop normally but proliferate less and their ability to activate B
cells is diminished. Biochemically, upon CD28 co-stimulation, Nedd4 controls the stability of another
ubiquitin ligase Cbl-b. Inappropriately stabilized Cbl-b ligase targets the T cell receptor (TCR) and its
components and ultimately blocks T cell activation and function [136]. Interestingly, Nedd4 deficiency
abrogates T cell hyperactivity in Cbl-b-deficient mice [137]. Animals with intestine-specific deletion of
Nedd4 when crossed with APC*™" mice have enhanced tumor growth and Wnt signaling [89].

3.1.8. Neural Precursor Cell Expressed, Developmentally Downregulated 4-Like (NEDD4L)

The NEDDA4L ubiquitin ligase is a close homolog to NEDD4 and they share a common structure.
The NEDDA4L regulates numerous ion channels, especially ENaC [29]. As mentioned in Section 4.1.,
NEDD4L also mediates degradation of phosphorylated Smad2 and Smad3, and associates with
TGF-BRI via the Smad?7 adaptor leading to destabilization of the receptor. The polymorphism causing
premature truncation of the NEDDAL protein is associated with essential hypertension [138].

Neural precursor cell expressed, developmentally downregulated 4-like heterozygous mice are
viable but hyperactive [139]. The mouse model of NEDDA4L with complete deficiency suggests that
the Nedd4L major ubiquitination target is ENaC [140,141]. This sodium channel is involved in
the reabsorption of sodium ions in the kidney, colon, and lungs [142]. It is also necessary for the
saltiness perception associated with taste buds [143]. Neural precursor cell expressed, developmentally
downregulated 4-like binds to the PY motifs of ENaC subunits via its WW domains. This interaction
is responsible for ENaC ubiquitination and subsequent downregulation on the apical membrane.
There are two independent mouse models of Nedd4L deficiency. The possibly hypomorphic Nedd4L
knockout model has a relatively mild phenotype with higher blood pressure in both normal and
high-salt diets. Concurrent administration of the ENaC inhibitor amiloride rescues the hypertension
phenotype. Moreover, a chronic high-salt diet leads to cardiac hypertrophy [144]. In the second
model of Nedd4L deficiency, the embryos have collapsed alveolar spaces and die perinatally [145].
The kidney-specific knockout mice suffer from a progressive kidney injury phenotype associated with
increased sodium ion reabsorption, hypertension, and reduced levels of aldosterone. The phenotype is
manifested by fibrosis, higher apoptosis, and cystic tubules [146]. In the mast cell-specific knockout,
NEDDA4L limits the intensity and duration of immunoglobulin E (IgE)-Fc. RI-induced positive signal
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transduction. It appears that in mast cells, the tyrosine kinase Syk is the main substrate for the NEDD4L
ligase [147].

3.1.9. ITCH

The ITCH ubiquitin ligase belongs to the NEDD-type HECT ligase family. It contains the
N-terminal C2 domain, four WW domains, and the HECT domain. Ubiquitin ligase ITCH regulates the
stability of transmembrane receptors through monoubiquitination and intracellular proteins through
polyubiquitination. It drives the monoubiquitinated and polyubiquitinated substrates to lysosomal
and proteasomal degradation, respectively [148]. Reportedly, for proliferation- and survival-associated
proteins c-Jun, JunB, p63, Notch, and glioma-associated oncogene homolog 1 (GLI1), TGF-f3 activated
kinase 1 binding protein 1 (TAB1) belong to their substrates [149,150]. Mutations in ITCH cause
inflammation, including inflammatory bowel disease or nephritis, and the ITCH deficiency is associated
with multisystem autoimmune disease [151].

The non-agouti-lethal Ifchy mice suffer from severe immune and inflammatory defects which result
in persistent scratching of the skin [152,153]. On the C57BL/10 background, Itch deficiency is associated
with the spontaneous development of a late-onset and progressively lethal systemic autoimmune-like
disease, characterized by lymphoproliferation in the spleen, lymph nodes, and medulla of the thymus
and by chronic pulmonary interstitial inflammation. The usual cause of death of these animals
is hypoxia. On the JU/Ct background, Itchy mice develop an inflammatory disease of the large
intestine [153].

For Itchy mice, T cells proliferate and adopt an activated phenotype. Production of the Th2 (T
helper cell type 2) cytokines IL-4 and IL-5 is augmented upon stimulation, and the Th2-dependent
serum concentrations of IgG1 and IgE are increased [154]. The phenotype is partially caused by the
dysregulation of regulatory T (Treg) cells in the absence of the ITCH ligase. Treg cell-specific ablation
of the Itch E3 ubiquitin ligase causes massive multiorgan lymphocyte infiltration and skin lesions,
chronic Th2 cell activation, and the development of severe antigen-induced airway inflammation.
The Itch-deficient Treg cells express a higher amount of Th2 cytokines and they are able to instruct
naive T cells to differentiate into Th2 effector cells [155]. The follow-up research has shown that Itch is
essential for the differentiation of follicular B helper T cells (Tgr), germinal center response, and IgG
production following acute viral infection. The development of Tgy cells is halted in early stages,
and Itch acts intrinsically in CD4+ T cells. At the molecular level, during Tgy cell development, the Itch
ubiquitin ligase controls the stability of the transcription factor Foxol [156]. Mice deficient in the
E3 ubiquitin ligases CBL-b and Itch show an increase in T cell activation and display spontaneous
autoimmunity. The double-mutant T cells show increased phosphorylation of the TCR-( chain, but TCR
complex stability and membrane location are intact [157].

Keratinocyte-specific knockout of ITCH revealed its contribution to skin development and wound
healing which is independent of the immunological phenotype observed in Itchy mice [158]. Moreover,
Itchy females have reduced implantation sites, decreased corpora lutea, and increased estrous cycle
length [159]. Mice deficient in Itch fed a HFD do not gain weight and do not show insulin resistance.
It seems that Itch deficiency protects mice from obesity-related non-alcoholic fatty liver disease.
Deficient animals have an accelerated metabolism and higher expression of genes involved in fatty
acid oxidation. As a result of aberrant T helper cells activation, mutant mice exhibit a lower amount of
M2 (obese adipose tissue)-type macrophages [160]. Moreover, Itch deficiency renders mice resistant to
tumor necrosis factor-o (TNF-a)-induced acute liver failure in three distinct models [161].

The E3 ubiquitin ligase Itch negatively regulates the development and function of hematopoietic
stem cells (HSCs). Specifically, HSCs deficient in Itch are more competent, have longer repopulating
activity, accelerated proliferation rates, and sustained progenitor properties. They also display
an accumulation of the activated Notch1 receptor. Consistently, knockdown of Notch1 in Itch-deficient
HSCs results in reversion of the phenotype [162].
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3.1.10. Casitas B-Lineage Lymphoma (CBL)

Both ¢-CBL and CBL-b are close homologs from the CBL family and share the N-terminal
tyrosine-kinase-binding domain, a linker, and the RING domain [163,164]. Expression of c-CBL is
broad with the highest level in the thymus and testes. In activated T cells, it is a prominent target of
tyrosine kinases [165].

Mice deficient for either c-CBL or CBL-b show T cell hyperactivation, which is driven by
lowering the TCR affinity/avidity threshold and loss of the co-receptor signal requirement [166-169].
While c-Cbl-deficient mice have hyperactive thymocytes, CBL-b-deficient mice have activated mature
T cells. Double-positive (CD4+CD8+) thymocytes lacking c-CBL display a higher amount of the
membrane-bound TCR/CD3 complex—CD4 and CDS8 receptors and tyrosine kinases Lck and Fyn [166].
Anelevated level of the TCR complex can be a result of TCR ¢-chain stabilization [170,171]. Mice deficient
in Cbl-b have a normal thymus and thymocyte development, but they display hyperproliferation
of peripheral T cells. Similarly to CBL-b deficiency, there is no requirement for the second signal,
and sole CD3 stimulation leads to T cell activation and proliferation. As a result of inadequate control
of T cell activation, the CBL-b mouse model is susceptible to experimentally induced or spontaneous
autoimmune diseases such as arthritis and diabetes [172]. Effector T cells in these animals are also
insensitive to Treg on the cellular level mediated suppression of its mediator TGF-{3 [173].

As mentioned above, the c-CBL-deficient mice phenotype is mainly associated with thymocytes
hyperactivation and proliferation. On the biochemical level, they display increased protein activation
of the tyrosine kinase Lck and Zap-70 and the downstream effectors linker for activation of T cells
(Lat) and SH2 domain containing leukocyte protein of 76 kDa (Slp-76). Protein kinase Zap-70 is able
to mediate c-CBL interaction with TCR( but it is probably not the direct target of its ubiquitin ligase
activity [170]. Based on the results from c-CBL-deficient thymocytes, it seems that c-CBL can regulate
different stages of T cell development, maturation, and selection processes.

The mammary fat pads of c-CBL-mutant female mice show increased ductal density and
branching [167]. The decrease in motility of c-CBL-deficient osteoclasts results in a decreased ability of
osteoclasts to invade and resorb bone and mineralized cartilage in vivo [174]. Mice deficient in c-Cbl
exhibit an increase in whole-body energy expenditure, decrease in adiposity, and an increase in food
intake, reduced circulating insulin, leptin, and triglyceride levels and improved glucose tolerance [175].
These changes are accompanied by a significant increase in mouse activity (2 to 3 fold).

Both ¢-CBL and CBL-b double knockout (DKO) mice are embryonically lethal before E10.5,
which suggests that these ligases have important overlapping functions in embryonic development.
T cell-specific DKO leads to an exaggeration of the immune phenotype as T cells become hyperresponsive
upon CD3 stimulation [168]. The DKO T cells do not downregulate surface TCR after antibody
engagement, which results in continuous TCR signaling [168]. The germinal center B cells deficient
in both ligases display an early exit of high-affinity antigen-specific B cells from the germinal center
reaction and, therefore, impaired clonal expansion [176]. The mouse model of mast cell-specific
deficiency of both ligases shows that CBL-b, but not c-CBL, functions as a negative regulator of
FceRI-induced degranulation [177]. The mouse DKO model in HSCs develops a myeloproliferative
disorder. The HSCs of c-CBL-deficient mice exhibit only an augmented pool size, hyperproliferation,
greater competence, and enhanced long-term repopulating capacity [178]. The mammary gland-specific
DKO shows CBL-b and ¢-CBL redundant function in mammary stem cell renewal [179].

4. TGF-p Signaling Pathway

Transforming growth factor- belongs to a distinct family of extracellular soluble protein ligands
involved in diverse developmental and homeostatic processes of higher eukaryotes [180]. During
maturation, TGF-f homodimer forms a complex with a LAP (latency-associated peptide) originally
derived from the region of the TGF-f protein between the signaling peptide and the C-terminally
located active TGF-f3 ligand. This small latent complex (SLC) associates with latent TGF-f3-binding
protein 1 (LTBP1) and it is sequestrated to the fibronectin-based extracellular matrix [181]. Following
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proteolytic activation, the released TGE-f3 binds to the TGF-f3 receptor II (TGF-BRII) and initiates
transphosphorylation of the associated TGF-f receptor I (TGF-BRI) (Figure 4) [182]. These events lead
to full activation of the serine/threonine kinase located in the intracellular part of TGF-BRI. The activated
receptor transduces the signal to downstream factors belonging to the family of regulatory-Smad
(r-Smad) transcription factors—Smad2 and Smad3. Phosphorylation of these factors depends on
the FYVE (Fablp, YOTB, Vaclp and EEA1) domain containing protein Smad anchor for receptor
activation (SARA) or hepatocyte growth-factor-regulated tyrosine kinase substrate (HGS) [183,184].
These membrane-associated proteins are responsible for delivering Smad factors to the vicinity
of the activated receptor complex. Once phosphorylated, Smad2/3 form a trimer complex with
Smad4 (co-Smad4) and translocate to the nucleus. The Smads mad homology 1 (MH1) domain is
responsible for the specific association with target gene promoters, whereas the mad homology 2
(MH2) domain is responsible for interactions with transcriptional co-factors, transactivators, and other
regulators [185,186]. The fully assembled complex initiates expression of TGF-f target genes and,
ultimately, activates transcriptional programs which govern and execute tasks like cell cycle inhibition
or transdifferentiation [187,188].
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Figure 4. The TGF-f3 signaling pathway and its regulation by ubiqutination TGF-f3 released from the LTBP1
complex binds to TGF- receptor II (TGEF-BRII) and initiates transphosphorylation and activation of the
associated TGF-f3 receptor I (TGF-fRI). The fully activated receptor transduces the signal to downstream
factors belonging to the family of r-Smad (regulatory-Small mothers against decapentaplegic) transcription
factors—Smad2 and Smad3. Smad2/3 form a trimer complex with Smad4 (co-Smad), translocate to the
nucleus, and initiate transcription of TGF-f3 target genes. For details see the text.

4.1. TGF-p Signaling Pathway and its Regulation by Ubiquitin Ligases

The Smad homolog Smad7 is one of the early target genes of TGF-f3 signaling [189]. It lacks the
N-terminally located MH1 domain but still contains the receptor-binding MH2 domain. In the linker
region between N- and C-terminal parts, Smad?7 contains the PPxY motif which is responsible for E3
ubiquitin ligase SMURF2 (Smad ubiquitination regulatory factor 2) association [190,191].
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Ubiquitin ligase SMURF2 associates with Smad?7 in the nucleus and their complex subsequently
translocates to the cytosol. The complex then interacts with the activated receptor and causes its
proteasome-dependent degradation, which ultimately leads to the inhibition or attenuation of TGF-3
signaling. During the TGF-3 stimulated epithelial-mesenchymal transition (EMT), SMURF-dependent
ubiquitination and degradation of TGF-BRI is blocked by concurrent action of another ubiquitin ligase
TNF receptor-associated factor 4 (TRAF4), a member of the RING domain containing E3 ubiquitin
ligase family [192-194]. Transforming growth factor (3 receptor-associated TRAF4 potentiates TGF-f3
signaling by mediating ubiquitination and proteasome degradation of SMURF. At the same time,
it was shown that TRAF4 is also responsible for signaling-type Lys63-linked ubiquitination of TGF-fR,
leading to its association with TGF-f3 activated kinase 1 (TAK1). Ubiquitin ligase SMURF2 also interacts
with Smad2/3. It mediates Smad2 ubiquitination and targets it for degradation [195]. Its activity
towards Smad3 is much weaker and leads to multiple monoubiquitinations of Smad3. This seems
to have no effect on Smad3 stability, but rather on its ability to form a complex with Smad4 [196].
Interestingly, SMURF?2 also targets Smad inhibitors Sloan-Kettering Institute (SKI) proteins. It binds
them indirectly using Smad2 as an adapter [197].

Another E3 ubiquitin ligase that has been shown to effectively regulate the canonical TGF-f3
pathway is NEDD4L (NEDD4-like). The activated Smad complex is phosphorylated in the nucleus
in a series of events initiated by CDK8/9 [198]. These transcription-associated kinases prime the
Smad complex to another round of phosphorylation via GSK3f3. The GSK33-phosphorylated motif is
recognized by the WW domain of the HECT-type ubiquitin ligase NEDD4L [199]. NEDD4L-dependent
ubiquitination leads to the proteasome-dependent degradation of Smad2/3 and attenuation of TGF-f3
signaling. Interestingly, the WW domain is flanked by two serines targeted by serum/glucocorticoid
regulated kinase 1 (SGK1). This phosphorylation inhibits NEDDAL interaction with Smads and
promotes their stability. The ubiquitin ligase NEDDA4L and another HECT-type ligase WW domain
containing E3 ubiquitin protein ligase 1 (WWP1) were also shown to recognize TGF-RI in a similar
manner as SMURF (Smad7-dependent). The receptor ubiquitination decreases its stability on the
membrane and leads to its internalization and subsequent degradation.

Additionally, the HECT-type ITCH ligase positively regulates TGF-f3 signaling as well. It binds
Smad2 but does not have any effect on its stability. It rather promotes, in a HECT-dependent manner,
its association with TGF-BR [200]. A possible explanation can be drawn from other studies which
have shown that ITCH promotes TGF-{3 signaling by mediating TGF-R-dependent degradation of
Smad-signaling inhibitors, Smad?7 and Ras association domain family 1 isoform A (RASSF1A) [201,202].

The Smad?7 protein is also a substrate for ubiquitin ligases RNF111 (Arkadia) and RNF12 (RLIM),
which both localize to the nucleus and most probably target Smad? in this compartment [203-206].
Importantly, RNF111 has a chain of Small ubiquitin-like modifier (SUMO)-interacting motifs in
its N-terminal part, and it is possible that it recognizes its substrates once they are sumoylated.
Moreover, it has displayed activity towards Smad transcriptional co-repressors SKIL and SKI [207-209].
The protein involved in 3-catenin degradation, AXIN, was shown to be a scaffold protein linking the
RNF111 ubiquitin ligase and Smad7 [205]. It seems that Rnf12 can recognize Smad? in the context of its
interaction with SMUREF [210]. In T cells, CBL-b is another RING ligase targeting Smad?7. CBL-b and
Smad? interact physically and genetically, as it was shown that Smad? inactivation restores the TGF-(3
signaling defect in CBL-b-deficient T cells [211].

Cullinl-dependent ubiquitin ligase B-TrCP was shown to mediate degradation of TGF-pR.
The p-TrCP protein does not bind to the receptor directly but via the linker protein FAS-associated
factor 1 (FAF1) [212]. Upon phosphorylation by the AKT kinase, FAF1 relocates to the plasma
membrane where it interacts with TGF-fR and mediates its ubiquitination via the 3-TrCP-ubiquitin
ligase. This represents interesting crosstalk between PI3-K and TGF-f signaling.

Additionally, the E3 ubiquitin ligase TRIM33 (TIF-1y or ectodermin) was also shown to interact
with the Smad2/3 complex [213,214]. There are conflicting studies regarding its role in TGF-f3
signaling. It was proposed that TRIM33 and Smad4 associate with the r-Smads in a mutually exclusive
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manner [215]. Another study suggests that TRIM33 is a bona fide ubiquitin ligase for Smad4 which
mediates chromatin-associated Smad4 monoubiquitination [216].

Last two ubiquitin ligases involved in TGF- signaling are MYC binding protein 2 (MYCBP2)
and S-phase kinase associated protein 2 (SKP2) [217-219]. Putative RING finger E3 ubiquitin ligase
MYCBP2 could regulate Smad stability in neurons. Drosophila MYCBP2 homolog Highwire (Hiw)
interacts with the Drosophila Smad homolog Medea. Highwire-mutant flies have also unrestrained
synaptic growth [218]. Biochemically, Hiw controls the level of Drosophila TGF-fR (Tkv) and this could
be involved in restricting Medea signalization in Drosophila neurons and intestinal stem cells [217].
The cullinl ubiquitin ligase-dependent substrate adapter SKP2 mediates degradation of Smad4.
It preferentially binds cancer-associated forms of Smad4 [219].

4.2. Mouse Models of Ubiquitin Ligases Involved in the TGF-f Signaling Pathway

Since the TGF-f3 signalling pathway has a crucial role in diverse developmental processes, mouse
models deficient in its core components exhibit a wide range of developmental defects [220,221].
As mentioned above, several ubiquitin ligases have been suggested to regulate the TGF-f3 signalling
pathway. However, mouse models of their deficiency show that these ubiquitin ligases often have
different functions. While phenotypes of RNF111 (Arkadia) and TRIM33-deficient mice supported
a crucial role in the TGF-f signaling pathway, the mouse models examining the deficiencies of other
ubiquitin ligases failed to bring evidence of involvement in TGF-§ signaling [214,222]. They seem to
have other physiological substrates instead and, thus, control different processes as discussed in more
detail below.

4.2.1. Smad Ubiquitination Regulatory Factor (SMURF)

Ubiquitin ligases SMURF1/2 share a high protein sequence homology (>70%) and their domain
architecture is similar. Structurally they belong to NEDD-type HECT ligases. The N-terminal protein
kinase C (PKC)-related C2 domain is followed by two or three WW PPxY/substrate interacting domains,
respectively, and the catalytical C-terminal HECT domain. As mentioned above, SMURF1-2 were
implicated in activated Smad2/3 and TGF-BRI degradation. Intracellular localization of SMURF1/2 is
ambiguous as they were found in both the cytosol and the nucleus. Overexpression of SMURF1/2 was
found in many cancer tissues and is associated with worse patient survival.

Individual SMURF1- and SMURF2-deficient mice are viable and fertile without any noticeable
defects in embryogenesis [223,224]. The SMURF1 absence leads to an age-dependent bone mass
increase due to the enhanced osteoblast activity [223]. One line of evidence shows that SMURF1
inhibits mesenchymal stem cell (MSC) differentiation and their osteoblastic potential via controlling
the stability of the transcriptional factor JunB. Simultaneous inactivation of JunB in vitro rescued the
osteogenic potential of MSCs to the normal level [225]. Another group revealed that the osteoblast
Smurfl ubiquitin ligase activity was directed towards another factor, Map kinase kinase 2 (Mekk?2),
an upstream kinase in the Jnk signaling cascade. Hyperactive Jnk signalization was then responsible
for the higher activity of osteoblasts [223]. It was also reported that bone loss observed in mice
with artificially increased TNF-o signaling was dependent on SMURF1 activation [226]. Another
age-dependent phenotype of SMURF1-deficient mice was the spontaneous development of hepatic
steatosis. In hepatocytes, the SMURF1 deficiency leads to upregulation of the expression of peroxisome
proliferator-activated receptor y (PPARYy) and its target genes involved in lipid synthesis and fatty
acid uptake. In this context, however, SMURF1 does not mediate protein degradation of PPARy but
rather inhibited its activity via the non-proteolytic K63-linked ubiquitin modification. Treatment of
SMURF1-deficient mice with a PPARy antagonist, GW9662, reversed the lipid accumulation in the
mutant mice liver [227].

The SMURF2-deficient mice display an expanded HSC compartment in the bone marrow with
a higher repopulating capacity especially in aged animals [224]. The Smurf2 deficiency renders mice
susceptible to spontaneous tumorigenesis, most notably the B-cell lymphoma, which resembles human
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diffuse large B-cell (DLBC) lymphoma with molecular features of germinal or post-germinal center
B cells [228]. Mechanistically, Smurf2 is responsible for the degradation of Yin Yang 1 (YY1), a key
germinal center transcription factor. Stabilized YY1 is responsible for transactivation of the c-Myc
oncogene and activation of B cell proliferation [229].

Transgenic mice deficient for both SMURF1 and SMURF2 display complex developmental defects.
Approximately one-third of mutant embryos display gastrulation defects characterized by abnormal
posterior structures. The rest of the embryos gastrulate normally but show gross developmental
abnormalities including an open neural tube and lateral expansion of the neuroectoderm [87]. This is
a feature characteristic for mice with defects in planar cell polarity (PCP) and convergent extension
movements (CE). Indeed, mice with only one of the four SMURFS alleles (e.g., SMURF1~/*; SMURF2 /")
show stereocilia misalignment on the cochlear organ of Corti. Mechanistically, SMUREF deficiency is
responsible for inappropriate activation of the non-canonical Wnt signaling pathway. Wnt engagement
to FZD receptor leads to Dishevelled 2 protein phosphorylation and its translocation to the membrane.
The phosphorylated Dishevelled 2 binds the Prickle protein, a major regulator of PCP. This interaction
is mediated by the Dishevelled 2 constitutive partner PAR6. The whole complex is later recognized by
SMUREF which is responsible for the ubiquitination and degradation of Prickle. Inappropriate Prickle
degradation leads to PCP and CE defects in SMURF1/2 DKO mice [87].

4.2.2. RING Finger 111/Arkadia

As mentioned above, RNF111 contains several SUMO-binding motifs and it can possibly recognize
sumoylated substrates [230]. Mutations affecting RNF111 function were documented in patients with
ovarian and colorectal cancer [231].

In mice, the Arkadia recessive mutation was generated using gene-trap mutagenesis. Heterozygous
Arkadia mice are normal and healthy, yet they have reduced expression of several TGF-f3 target
genes [231]. Developmental abnormalities of homozygous animals appear early in mouse
embryogenesis. An antero-visceral endoderm (AVE) is formed but the embryo lacks a node,
has a reduced head, fails to undergo turning, and dies very early at midgestation [232]. Similarly
to Trim33-deficient mice, Arkadia mice exhibit defects associated with deregulated Nodal signaling.
Embryonic cells show an accumulation of phosphorylated Smad?2/3 proteins, yet surprisingly most
of Nodal/Smad target genes are downregulated. As a result, Arkadia mice have a very similar
phenotype-like Smad2-deficient embryos [222].

4.2.3. S-Phase Kinase-Associated Protein 2 (SKP2)

S-phase kinase-associated protein 2 (SKP2) is the F-box protein which is characterized by five
leucine-rich repeats in its N-terminus. S-phase kinase-associated protein 2 controls the stability of the
CDK inhibitor p27 during the G1/S-phase transition [233]. The p27 protein is specifically recognized
upon threonine phosphorylation and in the context of its complex with adapter proteins CDK regulatory
subunit 1 (CKS1), CDK2, and cyclin E [234,235].

S-phase kinase-associated protein 2 knockout mice are small but viable [236]. Their cells have
enlarged nuclei with polyploidy, aberrant centrosomes, and accumulated p27 protein. Simultaneous
inactivation of the CDKN1B/p27 gene reverts the phenotype [237]. When subjected to partial
hepatectomy, SKP2-deficient mice exhibit proliferation-independent liver regeneration (via cellular
enlargement) [238]. Similarly, scraping of the corneal epithelium in SKP2-deficient mice leads to
defected wound healing [239]. Again, the phenotype was reversed by concurrent deletion of the
CDKN1B/p27 gene.

4.2.4. MYC Binding Protein 2 (MYCBP2)

The MYCBP2 is a putative atypical RING ligase. It is a large protein containing the RCC1-like
GEF domain, two PHR-family-specific domains, the RAE1-binding domain, the F-box binding domain
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1, the Myc binding domain, and the C-terminal RING domain. Expression of MYCBP2 was found to
be reduced in patients with acute lymphoblastic leukemia [240].

In mice, the genetic screen and targeted inactivation revealed MYCBP2 function in motor neuron
pathfinding. In Magellan-mutant embryos, with the mutation causing MYCBP2 protein truncation,
motor axons display navigation defects [241]. Surprisingly, they respond to guidance cues with
normal sensitivity in vitro. Motor and sensory neurons from Magellan mutants show abnormal axon
and growth cone morphologies. The phenotype is probably caused due to the disruption of the
polarized distribution of the dual leucine zipper kinase (DLK), which acts upstream from p38Mapk and
regulates microtubule stability. In accordance, the Magellan phenotype could be reversed by stabilizing
microtubules with taxol or inhibiting p38Mapk activity. In a parallel study, the targeted conditional
mutant shows that, as in invertebrates, MYCBP2 function is essential for shaping motor neurons
terminals and the formation of major CNS axon tracts including those of the internal capsule. Major CNS
axon tract phenotypes are partially caused by cell-non-autonomous mechanisms in a Dlk-independent
manner [242]. The discrepancies among these models could be a result of different genomic deletions
in the MYCBP2 gene locus. In comparison to the Magellan mutant with the C-terminally truncated
protein, the motor neuron-specific knockout mice have only 70 amino acid region proximal to the
RCC1 domain deleted [241,242]. A follow-up study took advantage of these two models and prepared
their cross [243]. The study focused on the previous observation that the MYCBP2 regulates mTOR
signaling [244]. In agreement with this observation, mTOR signaling is attenuated in both models but,
surprisingly, there are no mTOR signaling alterations in the prepared cross. This suggests that Mycbp2
regulates mTOR signaling via two independent pathways. Moreover, defective mTOR signaling is
responsible only for certain neurodevelopmental defects (corpus callosum) associated with MYCBP2
deficiency but does not rescue the whole phenotype (defects in axon fiber tracts of the internal capsule
and anterior commissure). Additionally, another study revealed that loss of MYCBP2 results in
prolonged survival of severed axons in both the peripheral and central nervous systems. Survival of
these axons depends on stabilization of mononucleotide adenyltransferase 2 [245].

4.2.5. Tripartite Motif Containing 33 (TRIM33)

Tripartite motif containing 33 ubiquitin ligase is a member of the tripartite motif (TRIM) protein
family. In its N-terminus, it has the RING finger, two B-box domains, and the coiled-coil domain.
The C-terminal part of this protein is composed of the plant homeodomain (PHD) followed by the
bromodomain. Tripartite motif containing 33 was found to be mutated or downregulated in several
human cancers, like chronic myelomonocytic leukemia [246].

Mouse embryos deficient in Trim33 die at E9 [214,247]. They display a dramatic developmental
delay. At E8.0-8.5 (3-6 somite pairs in controls), the TRIM33 mutant embryos are aligned at the base
of the yolk sac, and, although they have formed the anterior-posterior body axis and recognizable
head folds, it is difficult to identify any other embryonal structures. They are smaller and lack a clear
distinction between epiblast and extra-embryonic ectoderm. Morphological and histological analyses
demonstrated that TRIM33 mutants display remarkable defects in embryonic polarity and tissue
patterning. The phenotype of mutant embryos was opposite to those observed in Nodal, Smad2,
and Smad4 knockouts. Nodal induces and patterns the anterior visceral endoderm, and sustains
trophoblast development. In TRIM33-deficient embryos, Nodal signaling becomes unrestricted leading
to dramatic changes in the embryo body plan. In the epiblast, TRIM33 deficiency shifts mesoderm
fates towards node/organizer fates. As a result of impaired primitive streak development embryos
have defective mesoderm formation.

Mice with TRIM33 inactivation in monocytes, bone-marrow-derived macrophages, peritoneal
macrophages, and neutrophils are normal and healthy. They show sustained expression of interferon-{31
at late stages of toll-like receptor-mediated activation in macrophages [248]. Hematopoietic stem
cells’ specific loss of TRIM33 resulted in significant changes in erythroid, B-lymphoid, and myeloid
compartments and decreased HSC capacity in transplantation assays [249]. The following study
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shows that a block in erythroid maturation in bone marrow was compensated with enhanced spleen
erythropoiesis [250]. Another study on TRIM33 deficiency in HSCs showed that four-month-old
mutant mice develop an accelerated aging phenotype in HSCs. The authors suggested that TRIM33
inhibition of TGF-f signaling was important for the balance between lymphoid and myeloid lineage
differentiation and that myeloid- and lymphoid-biased HSC populations respond differently to TGF-f3
signaling. As the TGF-{ signaling pathway was involved in the inhibition of HSC reentry into the cell
cycle, disturbance in this signaling in TRIM33-mutant HSCs could result in the aging phenotype [251].
Tripartite motif containing 33-null mammary gland development appeared to be normal with no
obvious developmental defects during the lifespan of virgin mice. However, after giving birth, the mice
developed a significant lactation defect. Therefore, TRIM33 is probably essential for the terminal
differentiation of alveolar epithelial cells in the mammary gland at the end of pregnancy.

4.2.6. RING Finger 12 (RNF12)

Ubuquitin ligase RNF12 has the C-terminally located RING domain and the central basic
domain (BD). It is involved in X-chromosome inactivation (XCI) and in mediating ubiquitination and
degradation of pluripotency marker reduced expression protein 1 (REX1) [252,253]. Mutations in
RNF12 were reported in X-linked intellectual disability.

Mice deficient in RNF12 mice display early embryonic lethality specific for female embryos
due to the defectively imprinted XCI, precluding the development of embryonic trophoblast tissues.
Males carrying a germline knockout of RNF12 (A/Y) appear healthy and are fertile [254]. There is a study
showing that only 50 percent of male neonates survive and those that die are significantly smaller,
with altered lung branching and maturation [255]. Importantly, RNF12 is essential for triggering
imprinted XCI but dispensable for random XCI [256]. Its crucial role is to maintain high Xist RNA levels,
Xist clouds, and X-silencing in female embryos at blastocyst stages [257]. Mammary gland-specific
knockout of RNF12 shows its requirement for alveolar morphogenesis and milk production. It acts as
a survival factor for milk-producing alveolar cells. While mammary glands of virgin females contain
many living RNF12-negative epithelial cells, lactating glands are only RNF12-positive. Moreover,
decreased expression of RNF12 correlates with mammary gland involution [258].

4.2.7. WW Domain Containing E3 Ubiquitin Protein Ligase (WWP)

Ubiquitin ligases WWP1/2 belong to the NEDD-type HECT ligase family [259]. They contain
the N-terminal C2 domain, four WW domains, and the C-terminal HECT domain. They are both
cytosolic and nuclear. Potential WWP1 substrates include TGF-BRI, Smad2 or Erb-B2 receptor tyrosine
kinase 4 (ERBB4). Moreover, WWP2 was shown to mediate degradation of PTEN or the transcription
factor OCT4. Interestingly, WWP1 is overexpressed in many types of cancer, especially prostate, breast,
and liver, whereas WWP2 is frequently overexpressed in oral cancer.

Mice deficient in Wwpl1 are viable and fertile without any obvious abnormalities. Embryos are
born at the normal Mendelian ratio and grow relatively healthily. They develop increased bone mass as
they age. This phenotype is associated with increased bone formation rates and normal bone resorption
parameters [260,261]. They develop malformations of the craniofacial region. At the molecular level,
Wwp?2 is associated with Goosecoid, a transcriptional activator of the key cartilage regulatory protein
Sox6. Importantly, WWP2 facilitates Goosecoid monoubiquitination, a post-translational modification
required for its optimal transcriptional activity [260]. Mice defiecent in WWP2 also have reduced body
and organ size and they resemble PTEN transgenic mice (Super-PTEN). In support of this, they have
elevated and stabilized PTEN protein levels and reduced phosphorylation of the AKT kinase [262].
The bone marrow-derived macrophages have a stronger response to poly(I:C) challenge (regarding
secreted TNF-a and IL-6 cytokines) and are more susceptible to poly(I:C)-induced death. These findings
suggest that WWP2 negatively regulates TLR3-mediated innate immune and inflammatory responses.
Indeed, WWP2 was shown to target adapter protein in TLR3-mediated NF-«B and IRF3 activation
pathways (TRIF) for ubiquitination and degradation [261].
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Mice deficient in both WWP1 and WWP2 display defects in axon-dendrite polarity in pyramidal
neurons and abnormal laminar cortical distribution [263]. Interestingly, knockout of miR-140,
encoded in WWP2 intron, displayed similar phenotypic changes as those upon WWP1 and WWP2
deletion. The authors of the study delineated a novel regulatory pathway that involves the Sox9
transcription factor as a major regulator of WWP1/WWP2/miR-140 locus expression, and consequentially,
axon specification, acquisition of pyramidal morphology, and accurate laminar distribution of
cortical neurons.

5. Notch Signaling Pathway

The highly conserved Notch signaling pathway is critical for cell fate determination during
development and tissue homeostasis [264,265]. It translates extracellular stimuli to transcriptional
programs involved in cell cycle regulation and cellular differentiation [266,267]. The core architecture
of this pathway is simple with only a few important canonical proteins (Figure 5) [268]. The human
genome encodes five Notch ligands (Jagged 1/2 and Delta-like 1/3/4) and four Notch receptors
(Notch 1-4). Notch ligands are transmembrane proteins expressed by various types of cells and
tissues. Notch receptors are single-pass type I transmembrane proteins. They have a different
amount of EGF-like repeats in the extracellular part. During maturation, these repeats are fucosylated
by O-fucosyltransferase, and fucosyl moieties are further modified by the Fringe family of 1,3
N-acetylglucosaminyltransferases [269]. Such glycosylations represent “the code” which is responsible
for specific recognition of ligands by different receptors. After glycosylation, the extracellular part
of the Notch receptor is cleaved by the furin-like convertase (S1 cleavage) [270]. The non-covalently
linked heterodimer is subsequently transported from Golgi to the cell surface. There are two
additional domains between the membrane and EGF-like repeats—Lin20-Notch repeats (LNR) and
heterodimerization domain (HD). Both are involved in ligand-dependent receptor activation.

Upon the receptor binding, the endocytic system is activated in the ligand-bearing cell.
This forcefully drags the ligand-receptor complex towards the interior of this cell and, consequently,
relaxes the structure of the LNR/HD domains. Once relaxed, the membrane-proximal region of the
Notch extracellular domain (NECD) becomes a substrate for a disintegrin and metalloprotease 10/17
(ADAM10/17) metalloproteinases (S2 cleavage) [271,272]. They subsequently cleave NECD, which is
then engulfed by a ligand-presenting cell via a transendocytosis [273]. The residual extracellular
part is cleaved in the last proteolytic step (S3 cleavage). This is accomplished by y-secretase,
a membrane-bound protein complex involved in intramembrane proteolytic cleavage [274]. After this
step, the Notch intracellular domain (NICD) is released to the cytosol and transported to the nucleus.
The NICD has several domains. The N-terminally located proline-glutamate—serine-threonine-rich
(PEST) domain is followed by a nuclear localization signal, seven ankyrin repeats, transactivation
domain (TAD), and C-terminal RBP-Jk—associated molecule (RAM). Inside the nucleus, NICD interacts
via the RAM domain and ankyrin repeats with the CSL/RBP-Jk transcription factor and its co-factor
Mastermind (MAMLL1) [275,276]. In the absence of Notch receptor activation, CSL interacts with the
co-repressor complex (CoR) [277,278]. This complex is tethered to promoters of Notch target genes,
actively repressing them. The interaction with NICD and MAML1 leads to the displacement of the CoR
complex and the recruitment of transcription co-activators (e.g., p300). This is followed by activation
of target genes’ expression, including the Hairy enhancer of split 1 (HES1) family of transcriptional
repressors, the CDK inhibitor p21, and others [266].
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Figure 5. Notch signaling pathway by ubiqutination upon binding of Jagged/Delta (JAG/DLL) ligands
to the Notch receptor (N1); the endocytic system is activated in the ligand-bearing cell. This leads to two
sequential proteolytic events. The first is metalloproteinase-dependent (ADAM10/17) and it releases
the extracellular domain of the Notch receptor which is afterward engulfed via transendocytosis.
The second proteolytic cleavage is membrane bound and dependent on y-secretase activity. After this
step, NICD (the Notch intracellular part) is released to the cytosol and transported to the nucleus
where it interacts with the CSL/RBP-Jk transcription factor and its co-factor Mastermind (MAMLI).
The complex is tethered to promoters of Notch target genes. For details see the text.

5.1. Notch Signaling Pathway and its Regulation by Ubiquitin Ligases

The Notch receptor is a short-lived protein which is targeted by multiple ubiquitin ligases. Several
HECT-type ubiquitin ligases regulate its membrane localization and endocytic recycling, promoting
“non-activated Notch receptor degradation”. Knockdown of the ITCH ubiquitin ligase leads to impaired
Notch1 ubiquitination and lysosomal degradation [279]. Ubiquitin ligase ITCH interacts with the Notch
receptor indirectly via the x-arrestin 1 (ARRDC1) and (3-arrestins complex [280]. Interestingly, ITCH is
also the main ubiquitin ligase involved in the NUMB-dependent Notch1 receptor inhibition [281].
Adapter protein NUMB, a major inhibitor of Notch signaling, is also a target of the RING-type
ubiquitin ligase LNX2. This ubiquitin ligase, by mediating NUMB degradation, thus potentiates Notch
signaling [282]. The WWP2 ubiquitin ligase was shown to mediate Notch1 polyubiquitination in
a manner dependent on activated Dishevelled 2. Dishevelled 2 binds to the ubiquitin ligase WWP2
and unlocks its ligase activity from autoinhibition [283]. Of note, Dishevelled 2 involvement could
point to possible signaling crosstalk between the Wnt and Notchl pathways. Moreover, WWP2 also
appeared in the screen for Notch3 interacting partners. It mediated ubiquitination of its active form
and blocked Notch3 signaling in the context of ovarian cancer [284]. In general, ubiquitination
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of transmembrane receptors often regulates the receptor endocytosis and inappropriate activation.
This was confirmed for Notch receptor. Its endocytosis is clathrin-dependent and requires epsinl
and the adaptor protein complex 2 (AP2) ubiquitin ligase Nedd4. Inactivation of Nedd4 leads to
stabilization of membrane-bound Notch and signaling enhancement [285]. Another ubiquitin ligase
involved in the regulation of the Notch cell surface stability is Deltex-1 (DTX1), which colocalizes with
Notch1 on tubulovesicular recycling endosomes. Inactivation of DTX1 leads to Notch1 stabilization
and cell surface relocation via the RAB4A-mediated transport route. Nevertheless, DTX1 does not
mediate direct ubiquitination of the Notch receptor. The main DTX1 substrate in the endosomal
compartment is PI5P4Ky, a lipid kinase involved in PI(4,5)P2 production. It is PI5P4KYy activity which
is necessary for cell surface localization and stability of the Notchl receptor [286]. The activated
form of Notch (NICD) is also targeted by several other ubiquitin ligases, the most important being
FBXW?. Phosphodegron-interacting protein FBXW7 belongs to the CRL family of RING-type ubiquitin
ligases and recognizes the PEST region of NICD. This recognition is preceded by the sequence of
priming and processing phosphorylations. The canonical priming kinase of the FBXW7 degron is
CDKS8, but integrin-linked kinase (ILK) is also able to phosphorylate it [287,288]. Like in other FBXW7
substrates, the processing kinase is GSK3 [289,290]. Moreover, the NUMB/ITCH complex and RNF8,
a ubiquitin ligase involved in DNA damage response, are able to mediate NICD ubiquitination and
degradation as well [281]. In support of RNF8 function as the Notch ubiquitin ligase, data from The
Cancer Genome Atlas (TCGA) show an inverse correlation between RNF8 expression and Notch
activity [291]. The ubiquitin ligase MDM?2 targeting the p53 tumor suppressor plays an important
role in potentiating the Notch signaling pathway via its interaction with Notch inhibitor NUMB.
The mechanism remains to be elucidated [292,293].

Not only the receptors but also Notch ligands are regulated by ubiquitination. The ubiquitination
is required for proper trafficking and presentation of the active ligands on the cell membrane and is
provided by the E3 ubiquitin ligases Neuralized (NEUR) and Mindbomb (MIB) [273,294,295].

5.2. Mouse Models of Ubiquitin Ligases Involved in the Notch Signaling Pathway

Activation of the Notch receptor signaling pathway is important for embryonic development
since it plays a critical role in cell fate determination. Expectedly, mice defective in this pathway often
exhibit embryonic lethality and developmental abnormalities [296-298]. Several mouse models of
ubiquitin ligases mentioned above confirm the role of these ligases in Notch signaling pathway in vivo.
Mice deficient in Mib1 ubiquitin ligase clearly exhibit the Notch-defective phenotype, and mutant mice
die early during embryogenesis with many developmental defects. On the other hand, mouse models
of ubiquitin ligases which mediate degradation of many different proteins, for example FBW7, reflect
this fact in their phenotypic complexity. Importantly, several mouse models do not support the
importance of cognate ubiquitin ligases in the Notch signaling pathway, as discussed here [299-301].

5.2.1. F-box and WD Repeat Domain Containing 7 (Fbxw?7)

Human FBXW? is a well-characterized F-box protein that binds to its substrates in a similar
manner like 3-TrCP. It is also a haploinsufficient tumor suppressor with mutations found in many
human cancers [302,303]. It regulates the stability of many substrates involved in the cell cycle and
survival, including p100, c-Myc, c-Jun, cyclin E, NF1, and Notch [304,305].

F-box and WD repeat domain containing 7-deficient mouse embryos die around E10.5-11.5.
The phenotype clearly reflects that endothelial tissues represent a major site of embryonic
Fbxw7 expression. The embryos have significant abnormalities in brain and yolk sac vascular
development [306,307]. They also exhibit defects in major trunk veins formation and heart chamber
maturation. The animals have the upregulated endothelial cell-specific isoform of the Notch receptors
family, Notch4, as well as Notch target genes HEY1 and HES1. Although the phenotype suggests
a potential involvement of the Notch signaling pathway hyperactivation, no genetic rescue experiment
has been done yet [307]. The T cell-specific deletion of FBXW? leads to thymic hyperplasia and
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subsequent development of the thymic lymphoma. T cells from knockout mice are immature,
accumulate the Myc protein—another canonical FBXW7 substrate—and fail to exit from the cell
cycle [308]. The targeted deletion of FBXW7 in HSCs revealed the essential role of Fbxw?7 in
maintaining the HSCs pool. In Fbxw7-deficient animals, HSCs are prematurely depleted due to the fact
of active cell cycling and p53-dependent apoptosis. The HSC reconstitution capacity and quiescence
are impaired [309]. Mice with conditionally inactivated intestinal FBXW7 develop a hyperproliferative
phenotype. They show impairment in goblet cell differentiation and the accumulation of highly
proliferating progenitor cells [310]. The brain-specific deletion results in perinatal death of embryos.
Animals lack suckling behavior and have morphological abnormalities in the brain structure. On the
cellular level, they have a clear impairment of neural stem cells differentiation, resulting in a decrease of
mature neurons. They also have disequilibrium in neural cell differentiation towards astrogenesis [311].
The hepatic inactivation results in hepatomegaly and steatohepatitis. Mutant hepatocytes accumulate
SREBP and NOTCHI1 proteins. The long-term Fbxw?7 deficiency leads to the proliferation of the biliary
system and appearance of hamartomas as well as the imbalanced ratio between cholangiocyte and
hepatocyte lineages [312].

5.2.2. Mindbomb and Neuralized (Mib and Neur)

Mindbomb 1/2 proteins contain two substrate-recognizing domains—the ankyrin repeats domain
and several RING domains. Neuralized 1/2 proteins consist of the neuralized homology repeats
responsible for protein—protein interactions and the C-terminal RING domain. As described previously,
Mib and Neur ubiquitin ligases target Notch ligands and influence Notch signaling.

Mindbomb 2-, NEURI1-, and NEUR2-deficient mice are viable with entirely normal
appearance [299]. Mindbomb 1-deficient embryos are severely growth retarded at E9.5 and
die at E10.5 from a lack of placental connection and defects in somitogenesis, vasculogenesis,
and cardiogenesis [299-301]. The phenotype of these embryos clearly shows defective Notch
signaling [296,313]. The yolk sacs have a blistered appearance with only small capillaries and complete
lack of large vitelline-collecting vessels. Embryos lack heart looping and have an enlarged balloon-like
pericardial sac and a smaller dorsal aorta. Other typical signs of Notch-related defects include irregular
somitogenesis, absence of mesenchymal cells, and lack of second branchial arches. Knockout embryos
show a strong neurogenic phenotype. The head of embryos appear normal but the neurons prematurely
differentiate and undergo apoptosis. The reduction of progenitors leads to a loss of both astrocytes and
oligodendrocytes. The embryos also lack intraembryonic hematopoietic progenitors [314]. Inducible
inactivation of MIB1 (from E10 to E12), shows MIB1 continuous requirement in neuronal system
development as it exhibits the suppression of glial differentiation [315].

The tissue-specific deletion of the Mib1 gene shows its central role in Notch signaling and mouse
development. Endoderm-specific inactivation causes a loss of endocrine progenitors and 3-cells [316].
Its inactivation in the mouse myocardium mimics the phenotype of myocardial-specific deletion of
Jaggedl. Embryos have left ventricular non-compaction. They show reduced ventricular Notchl
activity, a dilated heart with a thin compact myocardium, and a large, non-compacted trabeculae
protruding toward the ventricular lumen [317]. Mice with Mib1 inactivated in the bone marrow
develop the myeloproliferative disease (MPD). They exhibit hepatosplenomegaly, accumulation of
immature granulocytes, and anemia. Interestingly, the transplantation of wild-type bone marrow cells
into the Mib1-null microenvironment results in a de novo MPD [318]. The absence of Mib1 during the
development of the lymphatic system results in the developmental arrest of T cells and marginal zone
B cells [319].

5.2.3. Deltex-1 (Dtx1)

Deltex-1 is a RING-finger ubiquitin ligase containing the proline-rich motif and the N-terminal
Notch-binding WWE domains. Deltex-1regulates Notch signaling by controlling PI5P4Ky stability [286].
It is downregulated in a subset of gastric adenocarcinomas [320].
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Deltex-1-deficient mice have diminished Treg-dependent T cell anergy resulting in autoantibody
production, augmented T cell activation, and increased inflammatory response [321]. The mice
are otherwise healthy and fertile and T and B cell development seems intact [322]. Biochemically,
Treg-initiated T cell anergy is dependent on the Foxp3 transcriptional factor. Deltex-1, which is
transcriptionally activated by the nuclear factor of activated T cells (Nfat), controls Foxp3 activity
via degradation of the FOXP3 inhibitor Hiflx. In Deltex-1-deficient Treg cells, the stabilized Hiflo
suppresses FOXP3 and, subsequently, Treg’s ability to impose T cell anergy. Simultaneous knockout
of Hiflx restores FOXP3 and rescues the defective suppressive activity in Deltex-1-deficient Treg
cells in vivo [321,323]. It is not clear if Deltex-1 regulation of the Notch signaling pathway could
be part of T cell anergy activation. As mentioned above, Deltex-1 is a positive regulator of Notch
signaling [286]. Moreover, Notch was shown to act as the Foxp3 positive regulator [324,325]. Whether
Deltex-1 activates Foxp3 also via potentiated Notch signaling or if Notch activation serves as positive
feedback to sustain strong T cell anergy remains to be investigated.

5.2.4. RING finger 8 (RNFS)

Ubiquitin ligase RNF8 has the C-terminal RING domain and the N-terminal forkhead-associated
(FHA)-domain [326]. The FHA-domain is necessary for DNA-damage association. It binds to the
ATM-phosphorylated N-terminus of the mediator of DNA damage checkpoint protein 1 (MDC1) [327].
Specifically, RNF8 targets histones by K63-linked ubiquitination, which is recognized by another
ubiquitin-ligase RNF168 and leads to the recruitment of DNA repair proteins.

Transgenic embryos lacking Rnf8 are growth retarded with reduced hematopoietic populations.
They have impaired class switch recombination and accumulation of unresolved immunoglobulin
heavy chain-associated DNA double-stranded breaks. They are more susceptible to ionizing radiation,
exhibit increased genomic instability, and have elevated risk for tumorigenesis [328]. Mouse males
deficient in Rnf8 are sterile with defective ubiquitination of the XY chromatin. They are proficient
in meiotic sex chromosome inactivation but deficient in global nucleosome removal [329]. Mutant
mice also exhibit neuronal degeneration and reactive astrocytosis. Importantly, Rnf8-deficient neurons
appear more susceptible to X-ray-induced DNA damage and Rnf8-deficient mice display memory
impairment and reduced exploratory behavior in the open-field test. This defect could correlate
with higher neuronal loss in these animals [330]. Cerebellar granule cell-specific RNF8 knockout
displays a higher number of parallel fiber presynaptic boutons and functional parallel fiber/Purkinje
cell synapses. It also revealed that RNFS is involved in suppression of granule neuron/Purkinje cell
transmission [331].

5.2.5. Mouse double minute 2 (MDM?2)

Mouse double minute 2 is a ubiquitin ligase with the C-terminal RING domain, the central acidic
domain and the adjacent zinc finger region, and the N-terminal p53-binding domain that indicates its
main function—to facilitate p53 ubiquitination and subsequent degradation. Despite some conflicting
data, MDM2 was reported to be overexpressed in many different types of malignancies and it is usually
related to a worse prognosis [332].

Mice with a hypomorphic allele of MDM?2 have defects in hematopoietic lineages. They develop
mild anemia and the size of their lymphoid organs is significantly reduced due to the lower number
of lymphocytes [333]. Mice with full inactivation of both MDM?2 alleles die early in development,
and this phenotype is almost completely reversed with concurrent inactivation of murine p53 [334].
Interestingly, mice with lowered levels of MDM2 were resistant to tumor formation, but otherwise
were healthy and did not age prematurely [335].

6. Concluding Remarks

The importance of the ubiquitin-proteasome system has been emerging over the last three
decades. Its discovery helped us to understand the biochemical nature of processes underlying major
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developmental and homeostatic events in the life domain. Each and every signaling pathway or
cellular process depends on the UPS. The architecture of this system has both pleiotropic and specific
facets. The pleiotropy is represented via proteasome while the specificity is ensured by a wide group
of enzymes called ubiquitin ligases. Apparently, the UPS is essential for cellular and organismal
homeostasis. This holds true especially for cancer cells which have to overcome the instability of the
genetic information, and the control of the proteome is one way to do it. Therefore, they are fully
dependent on proteasome function and this can be therapeutically exploited. The success of proteasome
inhibitor bortezomib in multiple myeloma treatment fulfilled some of these expectations. Moreover,
the re-discovery of thalidomide, a specific modulator of the ubiquitin ligase cereblon, for successful
treatment of multiple myeloma initiated change of the focus towards the more specific approaches.
It also proves that the right therapeutic options arise from fusion of the chemistry, the molecular
biology, and the animal models. As presented in this review, there are numerous ubiquitin ligases
which were found to be involved in the cancer-associated signaling pathways, but only few were
confirmed to play the same role in vivo (Figure 6). Moreover, some of these ubiquitin ligases were
shown to have a completely different function than expected. It is of the utmost importance to consider
these observations and findings.

Wnt signaling TGF-B signaling Notch signaling
pathway pathway pathway
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Figure 6. Schematic representation of mouse models of the selected ubiquitin ligases summarizing
their physiological role in the Wnt, TGF-3, and Notch signaling pathways.

With the emerging technologies in genetic engineering, it should not be an option but a must to
prove our results in mouse models. Because these models will not only confirm what we think we
achieved in Petri dishes, they will be an important part of the next step—how to translate these results
into better cancer therapy.
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Abstract: Colorectal cancer (CRC) is a leading cause of cancer-related deaths worldwide. Mouse
models are a valuable resource for use throughout the development and testing of new therapeutic
strategies for CRC. Tumorigenesis and response to therapy in humans and mouse models alike are
influenced by the microbial communities that colonize the gut. Differences in the composition of the
gut microbiota can confound experimental findings and reduce the replicability and translatability of
the resulting data. Despite this, the contribution of resident microbiota to preclinical tumor models
is often underappreciated. This review does the following: (1) summarizes evidence that the gut
microbiota influence CRC disease phenotypes; (2) outlines factors that can influence the composition
of the gut microbiota; and (3) provides strategies that can be incorporated into the experimental
design, to account for the influence of the microbiota on intestinal phenotypes in mouse models
of CRC. Through careful experimental design and documentation, mouse models can continue to
rapidly advance efforts to prevent and treat colon cancer.

Keywords: colorectal cancer; mouse models; microbiota; antitumor immunity

1. Introduction

Colorectal cancer (CRC) remains the second leading cause of cancer-related deaths worldwide [1].
Although research advances during the past decade have led to some of the most exciting breakthroughs
in cancer treatment, including immune checkpoint blockade, the majority of CRC cases fail to respond
to these new therapies [2,3]. A critical need exists to develop new strategies for the early detection,
prevention, and treatment of colorectal cancer, as well as to elucidate the basis for the ineffectiveness of
existing therapies. Such studies rely heavily on preclinical in vivo models that recapitulate the biology
of human disease.

Studies in both chemically induced and genetically engineered mouse models of CRC have
enhanced our understanding of colon tumor initiation, progression, and response to therapy. Such
models continue to play an essential role in assessing promising chemopreventive, chemotherapeutic,
and immunomodulatory agents for their ability to impact tumor development. However, as in
humans, interpretation of the resulting study data is often compromised by significant inter-individual
variability in tumor development and response to therapy. This heterogeneity can exist within a single
genetically defined strain of mice and is even observed among caged littermates maintained under
identical environmental and dietary conditions [4]. Our ability to refine existing in vivo models to
more accurately mimic human colon tumor biology is predicated on a more in-depth understanding of
the factors that contribute to phenotypic variability and impact therapeutic response.

Tumorigenesis and response to therapy in humans and mice alike are influenced by the
microenvironment in which the colon tumor arises. Complex interactions among the commensal
microbiota and the tissue-resident immune cells within the colon provide a dynamic microenvironment
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that is well equipped to rapidly respond to stimuli. Perturbations in the microenvironment directly
impact the homeostasis of the colonic epithelium and dictate propensity for disease. Despite mounting
evidence for the critical role the resident microbiota play in influencing the frequency of tumor initiation,
rate of progression, and response to therapy, there is an underappreciation for these factors when
selecting and developing animal models of CRC.

The present review provides mounting evidence that the bacteria that colonize the mammalian
gut play a pivotal role in tumorigenesis and the response to therapy in classic mouse models of
CRC (Table 1). Numerous environmental and genetic factors are discussed that can impact disease
phenotypes in mouse models by altering the composition of the gut microbiota (Figure 1). Finally,
strategies are presented that investigators can employ to improve reproducibility and translatability of
findings from mouse models of colon tumorigenesis and control factors that influence the composition
of the microbiota.

Table 1. Influence of microbiota on disease phenotype in common mouse models of CRC
(colorectal cancer).

Impact of Microbiota on Colon

Tumor Induction Mouse Model Phenotype

References

Mice administered continuous
broad-spectrum antibiotics develop
fewer colon tumors, whereas mice
administered intermittent antibiotics
Sporadic Familial ApcMin/+ ApMinA716/+ develop more tumors. Infection of
Adenomatous Polyposis Cdx2-Cre Apcflox/+ ApcM™+ mice by Fusobacterium
nucleatunt, or ApcMin716/+ mice by
enterotoxigenic Bacteroides fragilis
and/or pks+ Escherichia coli increases
tumor multiplicity.

[5-9]

Germ-free mice do not develop
intestinal inflammation. Differences in
the composition of microbiota influence

severity of sporadic colitis in mice
housed at different institutions.

Infection with E. coli increases
tumorigenesis following azoxymethane

(AOM) treatment.

Inflammation 1107~ [10-13]

Germ-free and antibiotic
(broad-spectrum)-treated Apc
Msh27/= Msh27/~ mice develop fewer colon [14]
tumors than ‘conventional’ untreated
mice (bearing natural microbiota).

Min/+
DNA mismatch repair

deficiency

Treatment with either AOM or dextran
sodium sulfate (DSS) changes the
composition of the gut microbiota.

Germ-free mice exhibit delayed tissue

repair and develop more tumors than
conventional mice. Conventional
C57BL/6 mice develop more tumors
than the genetically identical mice
colonized with microbiota from
wild-caught mice.

Chemical induction AOM/DSS [15-17]

E. coli modifies the response of tumors
to chemotherapy. Depletion of
Transplantation CT26 MC38 microbiota by broad-spectrum [18-20]
antibiotics attenuates the response of
tumors to immunotherapeutics.
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Figure 1. Many aspects of the murine environment can impact the composition of the gut microbiota,
activity of the immune system, and ultimately the penetrance of disease phenotypes in mouse models
of colon tumorigenesis.

2. Gut Microbiota Modulate Colon Tumorigenesis

The mammalian gut contains trillions of bacteria that coexist to form a complex ecosystem. Many
of these microbes live in symbiosis with the host, metabolizing partially digested food, producing
vitamins and nutrients, providing protection from opportunistic pathogens, and participating in the
maturation, education, and activation of the tissue-resident and systemic immune system [21,22].
In delicate balance with the gut microbiota, the host epithelium and stroma form a tight barrier,
consisting of a layer of mucin and antimicrobial products, in an attempt to protect the mucosa and
underlying vasculature from invading microbes. Additional protection is afforded by the stroma of the
gut, which is heavily infiltrated by tissue-resident immune cells that are poised to do the following:
(1) respond rapidly to damage to the intestinal epithelium by producing wound-healing factors; and
(2) mount a rapid response to invasion of the mucosal barrier by foreign microbes. The healthy
colonic immune system is maintained as a balance of pro-inflammatory cells that are primed to
respond to pathogens and danger-associated antigens and anti-inflammatory cells that suppress
potentially damaging responses to commensal microbes and their byproducts. Perturbations in the
composition of the gut microflora and/or direct contact of the microbes with the intestinal epithelium
can skew the balance between pro-inflammatory and anti-inflammatory immune responses. Such
alterations promote colon pathogenesis, leading to autoimmune activity, inflammatory bowel disease,
and tumorigenesis.

Reduced microbial diversity, due to changes in the identity, richness, and relative abundance of
microbial taxa, can be detected within the gut of mice with both spontaneous and chemically induced
colon tumorigenesis prior to tumor formation. For example, ApcMi"* mice spontaneously develop
intestinal tumors due to a point mutation in codon 850 of the Apc tumor-suppressor gene. A reduction
in microbial diversity was observed prior to the formation of visible tumors in C57BL/6] ApcMiv/+
mice as compared to age and strain-matched C57BL/6] mice with wild-type Apc [23]. This decrease in

167



Genes 2019, 10, 900

diversity was driven primarily by an increase in the relative abundance of Bacteroidetes spp. within the
colon of ApcM™*+ mice [23]. Similar findings have been reported for a murine model of chemically
induced colitis-associated neoplasia. The azoxymethane/dextran sodium sulfate (AOM/DSS) mouse
model is employed routinely as a prototypic model for the study of inflammatory signaling in a setting
that recapitulates inflammation-associated colon tumorigenesis (ulcerative colitis) in humans. In this
model, injection of the classic colon carcinogen AOM (single or multiple doses) initiates the colonic
epithelium. Subsequent administration of DSS, a tumor-promoting agent, induces ulceration of the
colonic mucosa followed by wound healing and proliferation of the epithelium. Interestingly, treatment
with AOM/DSS resulted in broad shifts in the composition of the gut microbiota, as compared to that
of healthy (untreated) mice, prior to the formation of visible tumors [15]. An increase in the relative
abundance of members of the Bacteroides genus and a concomitant decrease in members of the Prevotella
genus and unclassified genera within the Porphyromonadaceae family led to the observed reduction in
diversity [15]. Taken together, these findings from spontaneous and chemically induced colon tumor
models indicate that differences in the composition of the microbiota can be detected in mice that
eventually develop tumors compared to mice that do not.

2.1. Evidence that Microbiota Can Restrain Colon Tumorigenesis

Depletion of microbiota can lead to an increase in the incidence and multiplicity of colon tumors
in some mouse models of CRC. Intermittent, long-term administration of broad-spectrum antibiotics
to ApcMi"* mice produced shifts in the microbial composition of the gut and increased tumor number
over time [5]. Exposure to antibiotics caused a dramatic decrease in the overall abundance and
diversity of microbes, as indicated by an increase in the relative abundance of three genera (Enterococcus,
Ureaplasma, and Peptoclostridium) and a decrease in many others (including Bacteroides, Lactobacillus, and
Desulfovibrio). Antibiotic treatment caused a ~1.5-fold increase in the number of tumors throughout
the intestine. Likewise, antibiotic use is associated with an increased risk of colon tumorigenesis
in humans [24]. Thus, reduced microbial abundance may lead to an increase in the incidence and
multiplicity of colon tumors in humans and mouse models alike.

Animals exhibiting a complete absence of commensal microbiota face an increased risk of
developing colon tumors following exposure to an inflammatory stimulus. Germ-free (GF) AOM/DSS
mice developed more tumors than conventional AOM/DSS mice that had been colonized with diverse
and largely undefined microbiota since birth [16]. Delayed activation of tissue-repair pathways was
observed within the gut of AOM/DSS-treated GF animals lacking commensal bacteria. Animals
colonized with microbiota exhibited an acute inflammatory response to initial DSS treatment within
12 days, as characterized by increased cytokine signaling and recruitment of inflammatory cells
involved in tissue repair. In contrast, GF animals failed to initiate an acute inflammatory response to
the epithelial damage induced by DSS; tissue repair did not begin until 3—4 weeks later. The delayed
onset of tissue repair in GF mice relative to conventional mice was coupled with dysregulation of
repair pathways, resulting in hyperproliferation and formation of microadenomas. Ultimately, GF mice
developed more and larger tumors than conventional mice. The increased tumor burden observed
in GF mice was partially reversed by administering lipopolysaccharide, a microbial byproduct, in
the drinking water. Complete rescue was achieved by colonizing GF mice with microbiota from
conventional mice prior to AOM/DSS treatment. Together, these findings suggest that commensal
microbes and their byproducts assist in the initiation of appropriate tissue repair and recovery from
inflammatory insults.

Laboratory mice colonized with microbiota from wild-caught mice displayed a dramatic increase
in gut microbial diversity and a decrease in the number and size of AOM/DSS-induced tumors relative
to conventional AOM/DSS-treated laboratory mice [17]. Changes in the phylum-level composition of
the gut microbiota included an increased relative abundance of Bacteroidetes and Proteobacteria and a
reduction in Firmicutes, Tenericutes, and Verrucomicrobia in wild-caught vs. C57BL/6 mice. Following
AOM/DSS treatment, C57BL/6 mice colonized with microbiota from wild-caught mice developed less
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inflammation and ~3-fold fewer colon tumors than AOM/DSS-treated C57BL/6 mice colonized with
microbiota from conventional laboratory C57BL/6 mice. Thus, increased diversity of the gut microbiota
was associated with decreased tumorigenesis in the AOM/DSS-treated C57BL/6 model, perhaps due to
modulation of the inflammatory response to DSS treatment.

Colonization of mice with mixtures of specific strains of bacteria can reduce tumorigenesis. One
such mixture of bacteria, a probiotic called “VSL#3”, consists of Lactobacillus casei, Lactobacillus pantarum,
Lactobacillus acidophilus, Lactobacillus delbrueckii subsp. Blugaricus, Bifidobacterium longum, Bifidobacterium
breve, Bifidobacterium infantis, and Streptococcus salivarius. Administration of VSL#3 to conventional
mice resulted in a significant decrease in the number and size of colon tumors per mouse following
AOM/DSS treatment [25,26]. These experiments provide proof-of-concept that modulation of the
abundance of specific strains of bacteria in the gut can restrain colon tumorigenesis.

2.2. Evidence that Microbiota Can Promote Colon Tumorigenesis

Microbiota likely perform dual roles in tumorigenesis. Many commensal species protect
against invasion of the gut epithelium by pathogens, while other species promote inflammation
and pro-tumorigenic signaling. Thus, depletion of bacteria can be either harmful or beneficial in a
context-dependent manner. In contrast to the above studies where microbial depletion resulted in
increased tumorigenesis, other studies have yielded opposing data. Mice treated with broad-spectrum
antibiotics prior to and throughout AOM/DSS administration developed ~2-fold fewer tumors
than those that didn’t receive antibiotics [15]. Similarly, treatment of Cdx2-Cre Apcfl®/* mice with
broad-spectrum antibiotics led to a 2-fold decrease in the number of spontaneous colon tumors, as
compared to untreated animals [27]. Furthermore, GF and broad-spectrum antibiotic-treated ApcM/+
Msh27/~ mice with microsatellite instable disease developed fewer colon tumors than conventional
mice [14]. When combined, these studies provide convincing evidence for the pro-tumorigenic role of
microbiota in a number of distinct animal models.

Experiments involving the inoculation of mice with microbiota from either healthy or diseased
hosts provide direct evidence of the ability of the microbiota to either protect against or promote
tumorigenesis. Mice colonized with gut microbiota from tumor-bearing animals prior to treatment
with AOM and DSS developed ~2-fold more colon tumors than similarly treated mice colonized with a
‘healthy’ gut microbiota obtained from tumor-free mice that were not treated with either agent [15].
Similarly, AOM-treated mice colonized with microbiota from CRC patients developed more severe
inflammation as well as a higher tumor incidence and grade than mice that received microbiota from
healthy donors or no microbiota [28]. These findings demonstrate that the composition of the gut
microbiota can impact inflammatory responses and subsequent tumor formation in mouse models of
colon tumorigenesis.

2.3. Contribution of Specific Bacteria to Colon Tumorigenesis

Clearly, the composition of the gut microbiota influences the incidence and multiplicity of colon
tumors that develop in mouse models. However, only a few individual species of human microbes have
been identified that reproducibly promote colon tumorigenesis in immunocompetent mouse models.

2.3.1. Fusobacterium Nucleatum

Fusobacterium nucleatum, a commensal microbe that can become pathogenic under conditions of
reduced microbial diversity, is enriched within the colon of patients with colonic adenomas and/or
cancer as compared to healthy subjects [29]. ApcMiV* mice colonized with F. nucleatum develop more
aberrant crypt foci and tumors in the colon than sham-colonized ApcMi* mice, as well as a greater
number of small intestinal adenomas and adenocarcinomas [29]. Tumors from mice colonized with
F. nucleatum exhibit higher expression of pro-inflammatory genes, including Ptgs2, Il1b, 116, 118, Tnf,
and Mmp3, than tumors from sham-colonized controls. These findings suggest that F. nucleatum may
drive the development and progression of intestinal tumors via activation of inflammatory pathways.
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2.3.2. Bacteroides Fragilis

Bacteroides fragilis, another common commensal bacterium, has also been implicated in the
development and growth of colon tumors in both humans and mice [6-9]. Enterotoxigenic B. fragilis
(ETBF) induces colon tumorigenesis in Apc™M™*+ mice by inducing pro-inflammatory IL-17 and NF-«B
signaling throughout the colonic mucosa [6,8]. Prompt clearance of ETBF with the antibiotic cefoxitin
can mitigate these effects [7]. Use of a nontoxigenic strain of B. fragilis that does not produce BFT upon
colonization is insufficient to enhance either inflammatory signaling or tumorigenesis as compared
to sham-colonized ApcMiV* mice. Thus, toxin production by EBFT is required for induction of
inflammatory signaling and subsequent enhanced tumorigenesis [6].

2.3.3. Escherichia Coli

Strains of Escherichia coli that carry the pks gene locus and thus produce colibactin, a known
genotoxin, enhance tumor formation and growth in both humans and mice. Expression of genes at the
pks island of pks+ E. coli is enhanced in mice during carcinogenesis [30]. Colonization of GF [1107/~
mice, which are susceptible to inflammation due to deletion of the /10 gene, with either pks+ or pks—
E. coli results in the induction of severe colitis [10]. Colonization of AOM-treated GF /107~ [10] or
AOM/DSS [31] mice with pks+ E. coli increased the number of colon tumors per animal beyond that
of mice colonized with pks— E. coli. In contrast, pks+ E. coli was insufficient to induce either colonic
inflammation or tumorigenesis in AOM-treated GF 110+ (wild-type) mice [10]. Together, these
findings indicate that expression of the pks locus in E. coli may cooperate with inflammation to promote
tumor growth and progression within the colon.

2.4. Activities of the Microbiota that Impact the Homeostasis of the Colonic Mucosa

2.4.1. Biofilm Formation

Under homeostatic conditions, the colonic epithelium produces a layer of mucin that serves as a
barrier between the commensal microbiota and the colonic mucosa. Successful invasion of the mucin
layer by bacteria results in the formation of a dense, matrix-enclosed aggregation of multiple species of
bacteria that adhere tightly to surfaces [32]. Such biofilms perform a potentially pathogenic function
within the colon by doing the following: (1) bringing the bacteria in closer proximity with the mucosal
surface of the colon; (2) protecting the bacteria from external insults, including antibiotic treatment;
and (3) facilitating cooperation between multiple bacterial species through nutrient exchange and
horizontal gene transfer, to enhance survival of the community [32]. In humans, bacterial biofilms are
frequently detected on adenomas and cancers alike; one study identified biofilms on 50% of the CRCs
examined [33]. These biofilms are not restricted to the tumor, but can extend to the nontumor tissue.
Normal tissue covered with biofilm displays pro-tumorigenic changes, as depicted by reduced crypt
cell expression of E-cadherin, increased epithelial cell expression of IL-6, and increased proliferation
relative to biofilm-free tissue [33]. These changes, which occur irrespective of whether the tissue is
from a CRC patient or healthy subject, provide evidence that the biofilm may promote tumorigenesis.

Biofilms found in the colons of CRC patients are commonly co-colonized with E. coli and ETBF [9].
Co-colonization of ApcMi"A716/+ mice or AOM-treated wild-type mice with pathogenic strains of both
pks+ E. coli and ETBF significantly increased colon tumor multiplicity relative to co-colonization
with a single pathogenic strain of either E. coli or ETBF and the nonpathogenic strain of the other.
Co-colonization with both pathogenic strains of bacteria also resulted in enhanced pks+ E. coli invasion
into the biofilm and tissue relative to colonization with pks+ E. coli alone. This observation suggests
that ETBF may be required to break down the protective mucus layer, thus allowing pks+ E. coli to
come in direct contact with epithelial cells. Thus, multiple species of pathogenic bacteria can cooperate
within biofilms to promote tumorigenesis.

While colonic biofilms containing pathogenic bacteria promote tumorigenesis, biofilms colonized
by beneficial bacteria could hypothetically promote host defense and protect against tumorigenesis.
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Bacterial biofilms can promote good health in some tissues, such as the oral cavity [34]. However, the
existence of similar health-promoting roles for intestinal biofilms remains controversial [32]. Additional
research is required to determine if biofilms containing nonpathogenic bacteria can form and persist
in close contact with the healthy colonic mucosa and, if so, what impact (if any) they have on colon
cancer risk and treatment response.

2.4.2. Metabolites Produced by Microbiota

Intestinal bacteria participate in the metabolism of carbohydrates, lipids, and amino acids that
pass through the gut. Products of this metabolism influence the pH, oxidative environment, energy
availability, and presence of carcinogens in the microenvironment of the colonic mucosa [35,36]. Many
of these metabolites either promote or restrain colon tumorigenesis. For example, the genotoxin
colibactin, produced by pks+ E. coli, promotes tumorigenesis by inducing DNA damage [37]. In contrast,
colonization of GF mice with Butyrivibrio fibrisolvens increases the amount of the protective short chain
fatty acid (SCFA) butyrate within the colon relative to uncolonized GF mice [38]. Butyrate production
is inversely correlated with tumor multiplicity in AOM/DSS-treated mice; B. fibrisolvens-colonized
mice fed a high fiber diet develop 3-fold fewer colon tumors than GF mice maintained on the same
diet. This protective effect is lost when mice are colonized with a mutated strain of B. fibrisolvens
incapable of metabolizing soluble fiber to butyrate, providing strong evidence for the ability of
butyrate to inhibit tumor formation in these animals. Butyrate and other SCFAs likely modulate
colon tumor formation in part by reducing colonic inflammation [39,40]. Mice deficient in SCFA
receptors exhibit more severe colitis in response to repeated DSS treatment relative to wild-type
mice [39]. In addition, SCFA receptor-deficient animals develop greater numbers of colonic tumors
after AOM/DSS treatment than wild-type mice. Interestingly, SCFAs can induce the activation and
expansion of colon-resident immune cells and attenuate colonic inflammation in a T-cell transfer model
of colitis [40]. The anti-inflammatory properties of butyrate cooperate with other chemopreventive
dietary components including (n-3) polyunsaturated fatty acids (PUFAs) to dramatically reduce
severity of inflammation, accumulation of DNA damage, risk of tumor formation, and growth of tumor
cells [41]. These findings illustrate that production of metabolites by gut microbial communities may
promote or restrain colon tumorigenesis by modulating DNA damage and inflammatory immune
responses to harmful stimuli. Thus, evaluating metabolite production by the gut microbiota may
provide greater mechanistic insight into how microbiota interact with the colonic mucosa to either
promote or restrain colon tumorigenesis.

2.4.3. Interactions with Tissue-Resident Immune Cells

Gut microbiota shape the maturation of the immune system and its activation in mice, starting at
a young age. Mice that remain GF throughout development exhibit abnormally organized immune
organs, including spleens and lymph nodes, as compared to pups that are colonized with microbes
at birth [42]. Although many of these defects can be corrected by microbial colonization later in life,
some persist [43]. For example, mice that do not encounter bacterial antigens prior to weaning exhibit
immune intolerance to bacterial antigens upon gut-barrier disruption by DSS in early adulthood
(30 days of age), resulting in increased expansion of gut mucosal T cells, fewer Tregs, and more severe
colitis than mice exposed to bacterial antigens prior to weaning [44].

Gut microbiota regulate the recruitment and activation of pro-inflammatory lymphocytes,
including T-helper 17 (Th17) and y6 T-cells within the colon [45,46]. For example, inoculation
of germ-free mice with feces from patients with CRC resulted in increased recruitment of Th17 cells to
the colon as compared to mice inoculated with feces from healthy subjects [28]. Invasion of the colonic
epithelial layer by gut microbiota also enhanced Th17 cell recruitment and stimulation [27,47,48].
Similarly, mice colonized with bacteria exhibited greater yd T-cell recruitment and stimulation
in the intestine than antibiotic-treated or GF mice [46]. These lymphocytes in turn produced
pro-inflammatory cytokines, including IL-23 and downstream IL-17, upon activation. IL-17 production
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from tumor-infiltrating Th17 and y0T cells increased colon tumor development in ApcMi“/+ mice [49].
Conversely, ablation of IL-23 signaling in immune cells resulted in reduced expression of IL-17 and
fewer tumors within the colon of Cdx2-Cre Apcflo¥/+ mice [27]. Together, these findings indicate that
pro-inflammatory signaling by the adaptive immune system can promote colon tumor growth.

Gut microbiota also regulate the recruitment and activation of the immunosuppressive T regulatory
cell (Treg) population within the colon. Tregs are common residents of the colon and oppose the activity
of pro-inflammatory lymphocytes. Colons of GF mice harbor fewer Tregs than colons of conventional
mice, a phenotype which could be rescued by colonization of mice with strains of Clostridium but
not by colonizing with other bacterial strains [50]. Colonization of GF mice with a mixture of 17
strains of Clostridia, including Clostridium species C. asparagiforme, C. bolteae, C. scindens, C. indolis,
C. ramosum, and C. hathewayi, substantially increased the number of activated Tregs in the intestines
of poly-colonized animals relative to GF and mono-colonized animals [51]. Furthermore, Tregs from
GF mice exhibit reduced immunosuppressive function, as measured by IL-10 production, compared
to Clostridium-colonized and conventional mice [50]. Thus, gut microbiota, including some strains
of Clostridium, stimulate Tregs and protect against inflammation. Consistent with the finding that
pro-inflammatory signaling from the immune system promotes tumorigenesis, ablation of Tregs in
the setting of colitis and prior to tumor formation results in more severe colitis and the formation of
a greater number of colon tumors in AOM/DSS-treated mice [52]. However, ablation of Tregs after
tumor formation results in increased infiltration of the tumor by cytotoxic T cells, and a decrease
in the number and size of the colon tumors. These data provide support for two opposing roles
for Treg-induced immunosuppression during colon tumorigenesis: (1) protection against colonic
inflammation and tumor initiation; and (2) a reduction in antitumor immunity after tumor initiation
that promotes tumor growth.

3. Gut Microbiota Modulate the Response of Colon Tumors to Chemotherapy

3.1. Activation of Autophagy in Cancer Cells

In addition to directly modulating tumorigenesis through antitumorigenic and protumorigenic
interactions with the colonic epithelium and underlying stroma, bacteria can also modify the response
of tumors to therapy. For example, high levels of F. nucleatum in tumor tissues are associated
with decreased recurrence-free [53] and overall survival [54] in CRC patients, indicating a potential
role for F. nucleatum in modulating chemotherapy resistance. In vitro, coculture of CRC cell lines
with F. nucleatum increased autophagy-related gene expression relative to culture in the absence of
bacteria or coculture with other bacterial species, including Prevotella intermedia, Parvimonas micra,
and Peptostreptococcus anaerobius [53]. Consequently, CRC cells cocultured with F. nucleatum exhibited
reduced apoptosis in response to treatment with common CRC chemotherapies, such as 5-fluorouracil
(5-FU) or oxaliplatin. Similar results were obtained in vivo: injection of xenograft tumors with
F. nucleatum activated autophagy and in turn attenuated the antitumor activity of 5-FU or oxaliplatin.
F. nucleatum-dependent chemotherapy resistance could be overcome by treatment of cells or mice
with an autophagy inhibitor. Together, these data indicate that tumor-infiltrating F. nucleatum can
activate autophagy and thus contribute to chemotherapy resistance in CRC. Interestingly, F. nucleatum
levels predict response to adjuvant chemotherapy in esophageal squamous cell carcinoma, indicating a
potential role for tumor-associated bacteria, such as F. nucleatum, in modulating the response of CRC,
as well as extra-intestinal cancers to therapy [55].

3.2. Metabolism of Chemotherapeutic Agents

Metabolism of some therapeutic agents by specific gut-colonizing bacteria leads to structural
alterations and changes in drug efficacy. In one study, 30 different chemotherapeutic agents were
incubated for two hours in vitro with E. coli prior to filter-sterilization, and then added to cancer
cell lines [18]. Preincubation of six agents, including 5-fluorocytosine and CB1954, with E. coli
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enhanced their cytotoxicity. Preincubation decreased the cytotoxicity of 10 other drugs, including
Doxorubicin and Gemcitabine, as compared to those that were not preincubated with E. coli. Drugs
with altered cytotoxicity exhibited changes on HPLC chromatograms indicative of biotransformation.
The altered efficacy of some chemotherapeutic agents was further confirmed in vivo, using CT26
colon carcinoma isografts. Flank tumors were injected with E. coli or mock-colonized with sterile
PBS, and chemotherapeutic efficacy was assessed by monitoring tumor volume over time, following
intraperitoneal injection of either Gemcitabine or CB1954. Gemcitabine was less efficacious in decreasing
the growth of tumors colonized with E. coli. Mice developed larger tumors and exhibited shorter
survival times, as compared to mock-colonized mice treated in a similar manner. Conversely, the
efficacy of CB1954 was enhanced in mice bearing tumors colonized with E. coli, leading to a decrease in
tumor size and enhanced survival. When combined, these data indicate that common tumor-invasive
bacteria, such as E. coli, can alter the biotransformation and efficacy of chemotherapeutic agents in vitro
and in vivo. The potential impact of gut-colonizing bacteria on therapeutic efficacy may extend beyond
the colon; the therapeutic response of lymphomas, melanomas, and lung carcinomas, as well as other
tumor types, has been reported to correlate with changes in the composition of the gut microbiota [56].

3.3. Promotion of Antitumor Immunity

The gut microbiota can indirectly influence tumor response to therapy by modulating the antitumor
immune response. Disruption of microbiota with broad-spectrum antibiotics impairs tumor response
to CpG-oligonucleotide and anti-CTLA4 immunotherapies [19,20]. These therapies induce tumor cell
death in mice bearing MC38 colon carcinoma isografts by promoting production of IL-17 and reactive
oxygen species by tumor-infiltrating immune cells [19,20]. However, secretion of cytotoxic species
by tumor-infiltrating immune cells was attenuated in mice treated with broad-spectrum antibiotics
prior to immunotherapy. Consequently, mice treated with antibiotics and immunotherapies had larger
tumors and shorter lifespans than mice treated with immunotherapy alone. Interestingly, the efficacy
of anti-CTLA4 treatment in antibiotic-treated MC38-grafted mice could be rescued by colonizing
mice with B. fragilis, immunizing with B. fragilis polysaccharides, or performing adoptive transfer
with B. fragilis-specific T cells. Thus, activation of the immune system with microbial by-products is
required for efficient tumor-cell killing in this model [20]. These effects are not limited to colon cancers;
many genera of bacteria, including Akkermansia, Bifidobacterium, Collinsella, and Enterococcus, have
been implicated in modulating response to immune checkpoint blockade in extra-intestinal cancers
(e.g., melanoma, non-small cell lung cancer, and renal cell carcinoma) in both preclinical and clinical
settings [57]. Thus, gut microbiota can modulate response to immunotherapy through activation of the
immune system.

Given the critical role of the microbiota in shaping the maturation and activation of the immune
system, it is likely that they also influence the efficacy of newly developed immunotherapeutics.
Interestingly, antibiotic treatment prior to and following vaccination reduced vaccine-induced immune
responses in humans, indicating that the microbiota may participate in vaccine-mediated immunity [58].
A recent surge of interest in stimulating antitumor immunity has resulted in the design of vaccines
against antigens commonly expressed on CRC cells [59]. Vaccination of mice with antigens that are
aberrantly expressed on colon tumor cells has been shown to prevent tumor formation [60], growth [61],
and colonization in distant organs [62]. However, despite promising results in preclinical models,
clinical trials to test the therapeutic efficacy of vaccines in CRC patients have yielded mixed results [59].
Future studies are needed to assess the similarity of the microbial and immune microenvironment
of tumors in preclinical CRC models with that of human tumors, thus dictating the relevance of the
observed efficacy of these vaccines in mice to a clinical setting.

4. Factors that Influence the Composition of the Gut Microbiota

Clearly, gut bacteria influence colon tumor formation, progression, and response to therapy in
mouse models and humans alike, through interactions with the mucosal epithelium, metabolism of
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therapeutic compounds, and modulation of tissue-resident immune cells. Thus, variability in the colonic
microflora of mouse models of CRC can influence disease penetrance, phenotypes, and experimental
outcomes in these animals. These observations underscore the importance of understanding factors
that influence the composition of the gut microbiota in mouse models.

4.1. Genetics

Genetic differences between mice may influence the resident gut microbiota [63-65]. Although
genetic differences among strains likely influence the composition of the colonic microflora, specific
strain influences are difficult to separate from strong environmental pressures, including cohort and
litter effects. However, gene mutations and deletions that impact gut epithelial and/or immune
homeostasis do appear to influence the resident gut microbiota. For example, when GF II107~ mice
were acclimated to nonsterile conditions at weaning, the IL-10 deficient mice initially colonized (and
maintained) a greater abundance of bacteria from the Enterobacteriaceae family, including E. coli, than
wild-type mice [30]. Mutations in Apc may also drive divergent evolution of microbiota; six-week-old
female C57BL/6] ApcMiV* mice possess less diverse gut microbiota but greater relative abundance of
Bacteroidetes spp than age- and gender-matched C57BL/6] wild-type mice [23]. However, animals in this
study were born to dams in separate colonies and housed independently, providing an opportunity for
natural drift of the colonizing microbiota in each strain. An evaluation of littermates (ApcMi* and
wild-type) would be the best approach to deciphering the impact of mutations in genetic drivers of
colon tumorigenesis on the gut microbiota.

4.2. Birth Mother

The composition of the colonic microbiota of a young mouse is initially dictated at or before
birth by the mother [66,67]. Strain-specific differences in the composition of the gut microbiota largely
disappear when embryos of multiple strains are implanted into a single mouse; instead, each pup
develops the biome of the birth dam irrespective of strain. Thus, littermates tend to be colonized
with highly analogous microbiota. Similarities are shared across generations; litters born to dams that
are sisters are colonized with similar microbiota, whereas litters born to dams that are not sisters are
colonized with divergent microbiota [68]. Importantly, colonization of pups by microbes from the
dam can influence disease penetrance: C57BL/6 mice born from dams bearing conventional laboratory
microbes developed more and larger tumors in response to AOM/DSS treatment than C57BL/6 mice
born from dams bearing microbiota of wild-caught mice [17].

4.3. Age

The composition of gut microbiota changes rapidly in mice prior to weaning. Microbiota in
young mice tend to be less diverse than that of older mice [69,70]. After initial colonization by vaginal
microbes from the dam, the gut microbiota of pups shift, within the first few days of life, toward
a low-diversity composition dominated by Lactobacillus [67]. As mice switch from nursing to solid
food, the diversity of the gut microbiota increases rapidly to match the composition of the dam'’s fecal
material. After weaning, the microbiota equilibrates with that of co-housed animals, likely due to
sharing of microbiota via ingestion of feces [65].

Aging leads to changes in the microbiota that can drive pro-inflammatory processes. Elderly
mice (e.g., 18 months of age) exhibit increased systemic inflammation relative to young adult mice
(2 months of age), characterized by increased serum levels of proinflammatory cytokines (IL-13 and
TNF«) [71]. Age-induced changes in systemic inflammation correlate with decreased integrity of
the gut barrier, and the increased relative abundance of specific genera of gut microbiota, including
Odoribacter, Butyricimonas, Gelria, Anaerosporobacter, Clostridium, and Oxalobacter. The expression of
pro-inflammatory genes was upregulated in the colonic mucosa of GF mice after colonization with
microbiota from elderly mice vs. colonization with microbiota from young mice [72].
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4.4. Housing

Gut microbiota are dynamic, and changes occur naturally over time. Even mice that start with
highly similar and defined gut microbiota, including germ-free mice that are simultaneously acclimated
to a nonsterile environment or gavaged with specific bacteria, develop divergent gut microbiota
over time [69,70,73]. In one study, GF mice were inoculated with a defined microbiome and then
housed either in microisolators or in individual ventilated cages [69]. The microbiota that developed
in mice housed in microisolator cages differed from that of mice housed in individual ventilated cages.
Irrespective of the type of cage, taxa were identified over time that were not present in the original
inoculum. Furthermore, the number of genera detected increased significantly within three months,
demonstrating that the composition of the gut microbiota among animals in a single cage can drift
rapidly away from that of the original inoculum. Consistent with this observation, animals housed
in the same cage exhibit significantly less inter-individual variation in the composition of the gut
microbiota than animals housed in independent cages [65]. This natural microbial drift may contribute
to variability in disease phenotype and experimental outcomes between cages. For example, the degree
of inflammation observed in mice treated with a colitis-inducing agent varies significantly more among
mice housed in different cages than in mice housed together in the same cage [70].

4.5. Diet

Diet heavily influences the composition of gut microbiota in the adult host. Shifts in the
composition of the microbiota of laboratory mice can be detected within 48 hours following a dietary
modification [74]. These shifts may influence disease penetrance. Mice fed a diet high in the milk
protein casein harbor gut microbiota with less diversity, characterized in part by decreased relative
abundance of Firmicutes and increased Bacteroidetes, and develop more severe DSS-induced colitis
than mice fed a diet low in casein. A diet high in psyllium, a soluble plant fiber, increased microbial
diversity and decreased severity of DSS-induced colitis in mice compared to a diet high the insoluble
fiber cellulose. The aggravating effects of casein protein and protective effects of soluble fiber on
DSS-induced colitis are attenuated in GF mice relative to conventional mice, indicating that gut
microbiota are responsible in part for modulating disease severity.

The way in which the rodent chow and water are sterilized prior to administration influences
the composition of the gut microbiota in recipient mice. The number of bacterial species in the
gut of mice maintained on irradiated chow is lower than that of mice maintained on autoclaved or
untreated chow [75]. In addition, the relative abundance of microbial phyla, including Firmicutes
and Bacteroidetes, are altered. Mice given autoclaved water, as compared to that sterilized by
H,SOy acidification, exhibit a reduction in microbial diversity and a change in the abundance of
various microbial taxa [76]. Interestingly, NOD mice maintained on acidified drinking water develop
Type 1 Diabetes (T1D) more rapidly than NOD mice maintained on neutral pH drinking water [77].
The change in incidence and rate of developing T1D is preceded by differences in the number and
relative abundance of specific genera of gut microbes, including a decreased prevalence of Bacteroides.
In addition, Parabacteroides and Prevotella are acquired when mice are switched from acidified water to
neutral pH water. Thus, the ability of the gut microbiota to impact disease susceptibility in mouse
models is influenced by the nutrient composition of the diet, and the manner in which the diet and
drinking water are sterilized.

4.6. Institution

The influence of environmental factors on the composition of the gut microbiota is compounded
over generations, and thus identical strains of mice housed at different institutions can exhibit dramatic
differences in the composition of their gut-resident microflora. Examination of the gut microbiota
of C57BL/6] breeding stocks from 21 different animal facilities revealed profound differences [75].
Variability in animal housing, handling, and care likely contributed to this heterogeneity; treatment of
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the chow (untreated, irradiated, or autoclaved), type of housing (whether using individually ventilated
cages or not), the vendor who supplied the mice, and the presence of other mouse strains in the facility
all influenced the number of bacterial species identified and their relative abundance.

Importantly, differences in the composition of the microbiota at different institutions has been
shown to influence disease susceptibility when utilizing the same mouse model [78]. 11107~ mice
serve as a prototypic example of the impact of institutional-specific microbiota on disease severity.
The investigators who initially developed the 1107/~ mouse observed that mice exhibited severe
enterocolitis, resulting in anemia, weight loss, and mortality by 4-12 weeks of age. Colitis was
attenuated in mice housed under specific pathogen-free (SPF) conditions relative to those housed
under conventional conditions [79]. Subsequent studies revealed that SPF 117107~ mice housed at some
institutions readily developed extensive colitis, while 107~ mice housed at other institutions fail to
develop colitis [11-13]. Furthermore, Il107~ mice infected with H. hepaticus developed more severe
colitis than uninfected mice at one institution but not at another; GF mice never developed colitis [12,13].
Thus, the penetrance and severity of disease phenotypes in mouse models can change dramatically
when mice are rederived at new institutions, likely due to colonization by different microbiota.

4.7. Immune System

The composition of the gut microbiota is influenced significantly by the immune system of the
mouse. Mice that lack functional adaptive immune systems harbor biomes with a modified composition
relative to wild-type mice [80-82]. For example, the intestinal microbiota of immunodeficient C57BL/6]
Rag17/~ mice that lack mature lymphocytes contain taxa that are significantly different from those of
C57BL/6] wild-type (Rag1*/*) mice, including decreased relative abundance of Lactobacillales and
increased species of Verrucomicrobiales, such as Akkermansia muciniphila [80]. However, the abundance
of A. muciniphila in Ragl~'~ mice bearing bone marrow grafted from Rag1*/* mice was similar to
that of Rag1*/* mice, indicating that the adaptive immune system may play a role in modulating the
abundance of some microbial species within the gut. Inflammation produced as a consequence of
immune dysregulation likely also influences gut microbial communities. This may explain the shifts in
microbiota observed in mice after DSS treatment, as well as shifts in the gut communities of I 107/~
vs. wild type littermates [15,30]. These data serve as evidence of the ability of the immune system to
shape the gut microbial communities.

5. Implications for Model Selection and Experimental Design

Gut microbiota coexist in a delicate balance with the colonic mucosa and have the power to
either restrain or promote colon cancer. Unfortunately, factors that influence the microbiota can
have unexpected consequences in preclinical tumor models, negatively influencing experimental
reproducibility and the broad applicability of findings. Phenotypes initially attributed to specific gene
mutations or mouse strains may instead arise as a result of litter or cage effects [63,64]. Mouse models
that readily develop colonic inflammation at one institution can remain totally healthy at another
center [12,13]. Therapies that appear effective in specific mouse models may lose their potency or
have unexpected side effects in other models and/or humans due to differences in gut microbiota and
immunity [18,83,84]. Through in-depth characterization of the model to be used and with significant
attention to experimental design and systematic reporting, researchers can circumvent major sources
of variability that hinder translatability, thus ensuring that their data are accurate and can be used to
advance the efforts to prevent and treat colon cancer.

5.1. Characterizing Microbiota to Improve Mouse Models of CRC

As discussed above, variations in the gut microbiota of laboratory mice can influence disease
phenotypes and experimental outcomes in mouse models of CRC. Characterization of the gut microflora
throughout an experiment allows investigators to do the following: (1) quantify the number and
abundance of microbial genera present in the model; (2) determine how the microbiota change over
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the course of the experiment; and (3) understand how the microbiota interact with the colonic mucosa
to influence disease phenotypes in the model. Characterization is routinely accomplished through
16s rRNA gene sequencing, which can identify and quantify the microbial genera present within the
gut [85]. Using this approach, the number and identity of each unique genus, as well as its abundance
among the total microflora, can be assessed. Importantly, the methods used to collect, store, and
analyze microbiota from colon samples can influence the sequencing results [86,87]. For example,
sequencing results can vary significantly depending upon which regions of the 16s gene are selected for
analysis [87]. Furthermore, the sequencing platform selected can yield different results; the Illumina
MiSeq and Ion Torrent PGM sequencing platforms differ in their sensitivity to detect specific microbial
species and assessment of overall diversity, as indicated by scores calculated from sequencing data [86].
As an alternative to 16s rRNA targeted sequencing, shotgun whole genome sequencing (WGS) is
sometimes used [85]. This approach provides additional information about the gut-resident microbiota,
as it allows detection of genes required for the production of toxins and other key metabolites that
can influence microbial activity within the gut. Notably, WGS detects more total species, identifies
different relative abundances, and yields higher diversity scores than 16s rRNA sequencing of the same
samples [88]. Given the dramatic impact that gut-microbiome-sequencing methods can have upon the
results obtained, standardization and clear reporting of procedures used throughout an experiment are
critical for accurate interpretation and direct comparison of results to those obtained by others.

While knowledge of the overall composition of the gut microbiome represents a step toward
greater understanding of how the microflora influence disease phenotypes in mouse models, it provides
limited information about the functional activity of the microbes. Emerging technologies, including
transcriptomics, proteomics, and metabolomics, allow investigators to examine the activity of members
of the resident microbiota [85]. These data should enhance our understanding of how the microbiota
interact with the colonic mucosa to either restrain or promote tumorigenesis, and may ultimately
inform strategies to improve therapeutic interventions. Furthermore, these data are anticipated to
facilitate the more accurate interpretation of variable experimental results obtained from preclinical
CRC models.

5.2. Modifying Microbiota to Improve Mouse Models of CRC

Some institutions have tried to standardize the gut microflora of laboratory mice via rederivation
using dams colonized with defined microbial inoculum, such as the altered Schaedler flora [75].
Although this results in initial colonization with defined species, it does not prevent rapid drift from
the composition of the initial inoculum, based on institutional- and cage-specific environmental factors,
such as those described above [65,69,75]. Many institutions maintain their mouse colonies under
specific pathogen-free (SPF) conditions; however, ‘SPF status’ provides no information about the
composition of the microbiota and does not imply similarity to SPF mice at other institutions. SPF mice
are tested regularly to ensure they remain free of a set of predefined pathogens. Since each institution
defines its own criteria for acceptable pathogens and SPF status, the gut microbiota of SPF mice at
different institutions and from different vendors can vary dramatically both in the types and relative
abundance of microbial species present [75,89].

Manipulation of the gut microbiota may be required to establish mouse models that more
accurately mimic human immune responses throughout tumorigenesis and dictate response to
therapy. While mouse strains have been used to test immunotherapies alone or in combination
with conventional chemotherapeutic agents [60-62,90,91], these models are usually selected without
considering whether the tumor immune microenvironment recapitulates that of human cancer patients.
In any event, the microenvironment of the tumor clearly impacts the response of the tumor to therapeutic
interventions [18,83]. Given the important role of the microbiota in the tumor microenvironment,
through direct interactions with both the tumor and resident immune cells, one approach to mimicking
the tumor microenvironment in mice may be to ‘humanize’ the murine gut with microbiota from the
human gut. Unfortunately, microbial species from humans colonize mice with variable efficiency,
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resulting in a bias for certain species (especially members of the Bacteroides and Parabacteroides genera)
over others [92,93]. In addition, immune infiltration and activation within the gut of mice bearing
human-derived microbiota is less mature than that within the gut of mice bearing conventional
microbiota [44]. Additional research is required to determine whether mice bearing ‘humanized” gut
microflora accurately model various aspects of human disease progression, including activation of the
immune system and response to therapy.

Alternatively, embracing the natural microflora of the mouse may lead to models that better
recapitulate human immune responses. The diversity of gut microbiota in wild mice is significantly
higher than that of conventional laboratory mice [84]. Rederivation of laboratory mice by transplantation
of C57BL/6 embryos into pathogen-free, wild-caught pseudopregnant Mus musculus domesticus results
in ‘wildling” C57BL/6 mice colonized with the diverse microbiota of wild mice. Although genetically
identical to conventional C57BL/6 mice, the immune cell landscape of the gut of most wildlings
differed from that of conventional mice, including increased numbers of cytotoxic T cells and decreased
numbers of NK cells. Interestingly, immune responses of wildling mice more closely mimicked human
immune responses to CD28-superagonist therapy and TNF-o blockade than that of conventional
laboratory mice. Additional research is required to determine whether wildling mice also phenocopy
human immune responses during therapeutic treatment of colon tumors.

5.3. Experimental Design—Correcting for Factors that Influence Gut Microbiota in Experiments

While some factors that influence the colonic microflora can be controlled, such as sterilization
of drinking water, other factors, including natural drift within colonies over time, are more elusive.
Given the staggering number of subtle environmental factors that can influence gut microbial diversity
and composition, many of which are beyond the control of the investigator, it is impossible to
perfectly standardize and replicate all conditions performed within a single laboratory, much less
across all laboratories worldwide. In fact, controlling and standardizing all variables that influence
microbial composition and phenotypic outcomes within mouse models of CRC is not desirable. Lack
of heterogeneity between mice, as seen in humans, may contribute to biases in study results. Such
findings may be highly specific to the conditions of the experiment instead of broadly applicable and
translatable to the inherent heterogeneity of humans [94-96]. Instead, some environmental variability
between subjects within an experiment may be ideal, providing it is applied equally across all groups.
Heterogeneity can be introduced quite naturally into an experiment by enrolling mice in batches
over time, thus ensuring that subtle changes in the environment are introduced over the course of
the experiment. Batch-specific effects can then be estimated and accounted for through appropriate
statistical modeling approaches.

To correct for factors that strongly influence the microbiota, appropriate randomization of mice
to study groups is essential. Block randomization, based on factors that are likely to confound
experimental outcomes (e.g., litter), ensures that confounding variables are equally spread across all
treatment groups. Housing of animals should be carefully considered and recorded. Co-housing mice
from multiple experimental groups will help standardize the microbiota across animals in each group.
However, if the outcome of the experiment is dependent in part on the gut microbes, co-housing
animals may make it difficult to detect the effect, as mice will participate in coprophagy and thus share
microbiota. Regardless of the approach employed, it is important to provide these details so other
investigators can understand and replicate the experiments.

5.4. Reporting Experimental Details

In an effort to improve reproducibility in animal research, Kilkenny et al. published a set of
comprehensive guidelines for reporting animal research [97]. The ARRIVE guidelines encourage
researchers to report strain and environmental factors that might influence the composition of the
gut microbiota and immune system in experimental models, including providing international strain
nomenclature, genotype, age, sex, and weight, as well as the husbandry conditions, housing type,
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diet, time of day the experiment was performed, and the pathogen status of the experimental animals.
While it is impossible to control and replicate all environmental conditions that contribute to diversity
of the gut microbiota and immune system, cataloguing and reporting these factors make it easier
for other researchers to replicate studies precisely and identify the basis for results that differ. Thus,
thorough and systematic reporting of study variables by following the ARRIVE guidelines could
improve replicability and lead to the discovery of unexpected interactions between environmental,
microbiological, immunological factors and cancer biology.

New insights into colon tumor biology are continuously arising from the careful study of both
well-established and newly designed mouse models. Clearly, interactions between the gut microbiota
and the host immune system influence colon-tumor outcomes. Through careful characterization of
mouse models, appropriate study design, and clear reporting of environmental and experimental
conditions, mouse models can continue to rapidly advance our understanding of the complex biology
that contributes to colon cancer initiation, progression, and therapeutic response.
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Abstract: National cancer databases document that melanoma is the most aggressive and deadly
cutaneous malignancy with worldwide increasing incidence in the Caucasian population. Around
10% of melanomas occur in families. Several germline mutations were identified that might help to
indicate individuals at risk for preventive interventions and early disease detection. More than 50%
of sporadic melanomas carry mutations in Ras/Raf/mitogen-activated protein kinase (MAPK/MEK)
pathway, which may represent aims of novel targeted therapies. Despite advances in targeted
therapies and immunotherapies, the outcomes in metastatic tumor are still unsatisfactory. Here,
we review animal models that help our understanding of melanoma development and treatment,
including non-vertebrate, mouse, swine, and other mammal models, with an emphasis on those
with spontaneously developing melanoma. Special attention is paid to the melanoma-bearing
Libechov minipig (MeLiM). This original swine model of hereditary metastatic melanoma enables
studying biological processes underlying melanoma progression, as well as spontaneous regression.
Current histological, immunohistochemical, biochemical, genetic, hematological, immunological,
and skin microbiome findings in the MeLiM model are summarized, together with development
of new therapeutic approaches based on tumor devitalization. The ongoing study of molecular
and immunological base of spontaneous regression in MeLiM model has potential to bring new
knowledge of clinical importance.

Keywords: melanoma; mutation; genetics; animal model; swine; MeLiM; progression; spontaneous
regression; devitalization

1. Introduction

Skin cancer is a heterogeneous group of oncological diseases that demonstrate worldwide
increasing incidence and include cutaneous melanoma (also known as malignant melanoma) and
non-melanoma skin cancers (with basal cell carcinoma and squamous cell carcinoma being the most
frequent). Non-melanoma skin cancers are more frequent, affect mainly the elderly population, and
demonstrate relatively lower aggressiveness, metastatic activity, and mortality. On the contrary,
melanoma represents the least frequent but most aggressive skin cancer resulting in 65% of all skin
cancer deaths. Skin damage caused by sunlight (ultraviolet radiation) exposure is the main risk factor
for development of such skin malignancies [1-4].

Melanoma cells arise from neoplastic transformation of melanocytes, which are pigmented cells
originating from melanoblasts. Melanoblasts are non-pigmented precursors derived from multipotent
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neural crest cells, which migrate during embryonic development to the target tissues. Mature pigmented
melanocytes are dispersed in the basal layer of the epidermis and in hair follicles, where they are
responsible for skin and hair color. Moreover, melanocytes are naturally present in the iris of the eye,
inner ear, nervous system, heart, and other organs [5]. The cutaneous melanoma is the most frequent
form. Rarely, neoplastic transformation can arise during fetal development, manifesting as neonatal
congenital melanoma [6]. More common is postnatal neoplastic transformation, giving rise to several
distinct melanoma variants [7]. In affected humans, long-term monitoring of growing skin lesions and
their particular biological analyses are not possible for ethical reasons. Thus, various animal models
serve as indispensable objects for detailed research of melanoma and development of new therapeutic
procedures. Swine represents an invaluable model with anatomical and physiological resemblance
and considerably similar skin architecture to human [8,9].

2. Human Melanoma

2.1. Incidence

The incidence of cutaneous melanoma steadily increased over the last 50 years, particularly in
fair-skinned populations in Europe, North America, Australia, and New Zealand [10]. The highest
incidence is recorded in Queensland, Australia (approximately 50 cases per 100,000 people per year);
in European populations, the incidence reaches 15-20 cases per 100,000 per year [11]. Almost 100,000
new cases are predicted to be diagnosed in 2019 in the United States, making melanoma the fifth most
frequently diagnosed cancer [12]. Rising incidence was also reported for young and middle-aged
people [10,13]. The increasing incidence is accompanied by increasing mortality from such a disease.
However, due to education on melanoma prevention, early diagnosis, and advances in treatment,
a descent in mortality is expected in the following years, at least in developed countries.

2.2. Risk Factors

The risk of melanoma development depends mainly on interaction between environmental
exposure and susceptibility of the host [13]. The major environmental cause of melanoma is sun
exposure, particularly intermittent (short and intense) sun exposure and the number of sunburns [14].
Additional environmental factors, such as exposure to cosmic radiation (e.g., in airway pilots and
crew), polycyclic aromatic hydrocarbons, benzene, heavy metals, and other chemicals, were suggested
to play a part in the etiology of the disease. However, the information from studies of such factors is
not strong [14].

The most important host risk factors are the number and type of melanocytic nevi. Presence of a
high number of nevi, large nevi (diameter over 2 mm), and/or dysplastic or atypical nevi, even on
body parts not chronically exposed to sunlight, is associated with an increased risk of melanoma [14].
For example, individuals with more than 100 normal nevi are at almost seven-fold higher risk than
people with fewer than 15 nevi [14]. Skin, hair, and eye colors, ability to tan, and propensity to burn
are additional host factors influencing melanoma development [13,14]. As approximately 10% of
cases occur in families, genetic factors contribute to the susceptibility to melanoma. The discovery
of melanoma susceptibility genes and their mutations could lead to development of more accurate
prediction and screening tools to identify high-risk populations and to identify new therapeutic targets
or prevention strategies [14,15].

2.3. Genetic Background in Melanoma

2.3.1. Germline Mutations in Familial Melanoma

In the human population, an increased incidence of melanoma observed in relatives of affected
individuals led to the suggestion of a hereditary cause [16]. First genetic studies on melanoma cell lines
established from patient metastases identified loss of heterozygosity in several autosomal and X-linked
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loci [17]. Five years later, deletion within the human chromosome 9p.21 region was identified [18].
The linkage analysis of melanoma prone families from Australia confirmed the existence of a melanoma
susceptibility gene in region 9p [19]. Kamb et al. identified a candidate gene in the 9p region as
the cyclin-dependent kinase inhibitor 2A (CDKN2A) gene, encoding the p16™K#A protein, which is
an inhibitor of cyclin-dependent kinase 4 (CDK4). All three identified mutations in the CDKN2A
gene changed the p16 amino-acid sequence [20]. Many CDKN2A gene mutations were later observed
in populations of various countries including southern Sweden [21], Massachusetts, United States
of America (USA) [22], United Kingdom [23], France [24], and Queensland, Australia, where the
mutations were found only in high-risk families [25]. An additional transcript variant of CDKN2A gene
was discovered in 1995 by Quelle et al., sharing exons 2 and 3 with p16 but having a different exon 1,
and was named p19ARF in mouse [26]. The human counterpart (p14RF) was identified three years
later [27]. Currently, germline CDKN2A mutations are observed in 20-40% of families with hereditary
melanoma across continents [28]. More than 60 different mutations in the CDKN2A gene were found
in hereditary melanoma families, with the majority of them represented by missense mutations in
p16 [29]. In contrast, incidence of somatic CDKN2A mutations in sporadic melanomas is very low [30].

In 1995, a mutated CDK4 was found in cultured melanoma cells and metastatic tissue. This mutation
prevented binding of p16™K4A to CDK4, thus obstructing inhibition of the CDK4 enzyme activity [31].
A CDK4 mutation was later found in two unrelated melanoma families [32], and the role of CDK4
mutations in melanoma development was confirmed [24]. In 17 familial melanoma pedigrees, two
germline mutations in CDK4 were observed by Puntervol et al. [33]. Both CDKN2A and CDK4 represent
high-susceptibility genes for malignant melanoma, i.e., mutation in such genes greatly increases the
chance of melanoma development.

Additional gene mutations were identified as causal for predisposition to melanoma itself or
in combination with other cancers in the last decade. Germline mutations in the breast cancer 1
(BRCAT)-associated protein-1 (BAP1) gene were found in highly metastatic uveal melanoma [34] and
later also in familial cutaneous melanoma [35,36]. The BAP1 mutations frequently lead to loss of BAP1
expression (e.g., due to homozygous deletions, premature stop codon, or missense mutations). Loss of
BAP1 expression was observed in 5% of cutaneous melanomas by immunohistochemistry [37]. The BAP1
functions as part of the DNA damage response proteins promoting repair of DNA double-strand
breaks [38]. However, the exact mechanism of BAPT mutations that promote melanoma genesis is yet
to be elucidated [39].

Germline mutation in telomerase reverse transcriptase (TERT gene) [40] and other proteins,
which protect the ends of chromosomes from deterioration and the cells from senescence, were also
reported in melanoma affected families. Mutations in the protection of telomeres 1 (POT1) gene may
lead to insufficient capping of telomeres by the shelterin complex and may also regulate telomerase
function [39]. Loss-of-function, missense mutations or other POT1 variants were observed in familial
melanoma patients in the United Kingdom, the Netherlands, and Australia [41] and in another
study also in Italy, USA, and France [42]. Incidence of pathogenic germline mutations of POT1 is
low (~2-5%) [43]. Mutation in additional shelterin complex genes (adrenocortical dysplasia protein
homolog, ACD; telomeric repeat-binding factor 2-interacting protein 1, TERF2IP) were found in familial
melanoma patients [44].

Mutations in the microphthalmia (mi) locus in mice are causative for several defects, including small
unpigmented eyes and lack of skin melanocytes [45]. A human homolog, microphthalmia-associated
transcription factor (MITF) gene codes for a transcription factor activating expression of tyrosinase,
a rate-limiting enzyme in melanin biosynthesis [46]. MITF is also a major transcriptional regulator of
melanoma inhibitor of apoptosis (ML-IAP) expression in melanoma tissues. This suggests that MITF
has pro-survival activity in melanoma progression [47]. MITF germline mutations increase risk of
cutaneous melanoma development by three- to five-fold [39]. MITF amplification is more prevalent in
metastatic disease and correlated with decreased patient survival [48]. Mutations in the MITF gene are
found not only in melanomas but also in other cancers, such as renal cell carcinoma [49].
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As mutations in high-susceptibility genes greatly increase risk of melanoma development,
individuals carrying CDKN2A, CDK4, BAP1, POT1, or MITF mutations should be educated on the
importance of melanoma prevention and early detection and should undergo regular medical skin
examination [15]. Unfortunately, it still remains uncertain how these mutations influence patient
phenotypes, as the melanoma risk is influenced by variations in penetrance, environmental exposure,
and coinheritance with low-susceptibility genes [29,39].

Low-susceptibility genes are genes with variants increasing risk of melanoma development with
lower penetrance. Melanocortin 1 receptor (MCIR) gene variants are associated with red hair and fair
skin, a skin phototype with higher risk of melanoma development [50,51]. Presence of MCIR variants,
together with CDKN2A mutations, significantly increases melanoma risk [52].

The protective role of calcitriol, a hormonal derivate of vitamin D3, was confirmed in melanoma
studies [53,54]. Several polymorphisms of the vitamin D receptor (VDR) gene have a supporting effect
in melanoma formation and correlate with a negative outcome in affected patients [55].

Epidermal growth factor (EGF) is relevant to wound healing, proliferation of epidermal tissues, and
tumorigenesis. Functional polymorphisms of this gene are associated with melanoma development [56].

Many other gene variants may increase melanoma risk. Due to the only partial penetration
and combination with other (host, environmental) factors, low-susceptibility genes are difficult
to identify. More detailed information and additional gene candidates can be found in several
reviews [14,39,57-60]. Genome-wide association studies (GWAS) are used to investigate the entire
genomes for single-nucleotide polymorphisms or other gene variants associated with diseases. GWAS
allow examination of genes previously not known to be connected to a disease, especially in
polygenic diseases with incomplete penetrance, such as many cancers. Results from 11 GWAS
in melanoma identified more than 20 loci, including skin pigmentation, epidermal development,
telomere maintenance, and cell-cycle progression gene loci, to be associated with melanoma [61].
Pigmentation-related genes, such as MCIR (discussed above), oculocutaneous albinism type 2 (OCA2),
Agouti signaling protein (ASIP), tyrosinase (TYR), Tyrosinase-related protein 1 (TYRPI), solute carrier
family 45 member 2 (SLC45A2), and a locus encoding interferon regulatory factor 4 (IRF4) and exocyst
complex component 2 (EXOC?2), associate with increased risk of melanoma and also other cutaneous
malignancies (basal cell carcinoma, squamous cell carcinoma) [62,63].

2.3.2. Somatic Mutations in Sporadic Melanoma

The majority (~90%) of cutaneous melanoma cases occur sporadically without any records in
family pedigree. Such tumors result from somatic mutations and other changes accumulated in the
pigmented tissues during the life of an individual. In the majority of sporadic human melanomas,
mutations activating the mitogen-activated protein kinase (MAPK/MEK) pathway (Figure 1) are
present, affecting mainly BRAF, NRAS, or neurofibromin 1 (NF1) genes (see below).

BRAF encodes B-Raf signal transduction serine-threonine kinase regulated by Ras and activating
the MAPK signaling cascade [64]. About 50% of cutaneous melanomas carry a mutation in BRAF gene,
which is in approximately 50% cases represented by V600E substitution, followed by V600K (10-15%)
and several less frequent mutations [65]. Interestingly, mutation BRAF V600E was detected also in a
majority of benign nevi [65].

The Ras proteins are essential regulators the MAPK and the phosphatidylinositol 3-kinase (PI3K)
pathways [66]. In 10-15% of melanomas, mutations in NRAS occur, predominantly in codon 61.
Such NRAS mutations are an adverse prognostic factor [67]. Mutations in KRAS are rare in cutaneous
melanoma (2% of cases), in contrast to other cancers such as colorectal cancer [67]. Interestingly, KRAS
mutations were detected in several mouse melanoma models and melanoma cell lines [67].
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Figure 1. Mitogen-activated protein kinase (MAPK/MEK) and phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (Akt) pathways involved in sporadic melanoma. Mutations frequently present in
melanoma tissue are highlighted in red.
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Neurofibromin 1 is a negative regulator of Ras. NF1 inactivation leads to the constitutive activation
of the MAPK and PI3K pathways. Mutations inactivating NF1 were reported in approximately 50% of
melanomas [66].

Increased expression of receptor tyrosine protein kinase erbB-3, also known as human epidermal
growth factor receptor 3 (HER3), a member of the EGFR family of receptor tyrosine kinases, was
described as a marker of poor prognosis in melanoma [65]. Less than 2% of cutaneous melanomas
carry mutation in transmembrane receptor tyrosine kinase KIT [11,65].

Amplifications of the MITF gene were observed in 20% of metastatic melanomas and are associated
with decreased five-year survival. It was suggested that MITF can be activated by the MAPK pathway
in malignant melanoma development [66].

Mutation in other molecules and pathways outside of the MAPK pathway were also reported in
sporadic melanoma, e.g., mutations and deletions in phosphatase and tensin homolog (PTEN), which
encodes a phosphatase and a key regulator of the PI3K signaling pathway, as well as mutations in p53,
telomerase catalytic subunit TERT, cell-cycle regulating proteins, and many others [65,66,68].

According to the most prevalent significantly mutated genes, The Cancer Genome Atlas Network
recently provided a schema for cutaneous melanoma genomic classification into four subtypes: mutant
BRAF, mutant RAS, mutant NF1, and triple-WT (wild-type) [69]. Elucidation of important mutations
in melanoma led in the last decade to the development of targeted therapies that improved survival of
melanoma and also other cancer patients. The examples include B-Raf inhibitors that are used in B-Raf
V600E and V600K mutated cancers or MEK inhibitors for treatment cancers with activated upper parts
of the MAPK cascade [64]. The genetic classification of melanoma represents a significant step toward
personalized medicine from both prognostic and treatment points of view [70].

2.4. Regression

Spontaneous regression is a disappearance of the tumor or its part in the absence of any treatment.
It occurs more frequently in melanoma than in other human tumors [71]. However, this observation
might be biased by easier identification and visualization of cutaneous tumor regression compared to
internal cancers such as breast cancer and colon cancer [72]. Signs of depigmentation can develop in
local parts of the melanoma lesions. Such partial regression is observed in about 20% of primary human
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melanomas. The complete melanoma regression is a very rare phenomenon with only 57 described
cases in years 1866-2009 [73] or 52 well-documented cases in the literature between 1963 and 2014 [74].

Spontaneous regression is probably related to high immunogenicity of the malignant melanoma,
which is able to attract infiltrating immune cells into the tissue. These cells then destroy the tumor and
create an inflammatory environment that further activates the immune system [75,76]. The possible
triggers of regression may include trauma (including surgery), infection, or immune response of
the patient [73,77]. Histopathologically, the early regression involves inflammatory changes with
lymphocytic infiltration, as well as the presence of melanophages [73]. Later, dense fibrotic tissue is
formed with few or no lymphocytes, and the tissue changes are similar to those observed in a scar [78].

Opinions on the prognostic significance of spontaneous regression remained controversial for
years. On the base of current clinical and histological data, the regression of melanoma seems to
be a positive prognostic factor associated with a lower possibility of metastases in sentinel lymph
nodes [78,79].

2.5. Therapy of Melanoma

Current melanoma therapies rely mainly on surgical excision, chemotherapy, targeted therapy,
and immunotherapy. Tumors in situ are treated by surgical excision, which is highly effective for
early cancer stages and patients with early diagnosed melanoma (stage 1A or 1B), showing a 10-year
survival rate of 94-98% [80]. Surgery may be combined with lymphadenectomy in patients with
positive findings in sentinel lymph node biopsy. In specific cases, the surgery may be combined with
radiotherapy [70]. Metastatic disease is mostly inaccessible by surgery. Chemotherapy is used in
selected late-stage melanoma patients with progressive or relapsed disease [81].

The identification of mutations in the B-Raf kinase constitutively activating the MAPK pathway
triggered new targeted therapies with small-molecule inhibitors of B-Raf and/or MEK kinases. These
inhibitors initially showed an excellent response with a significant reduction of tumor burden.
Unfortunately, MAPK inhibitors frequently face the development of drug resistance within months of
application [81,82].

As melanoma is a highly immunogenic tumor, attempts to boost the patient’s immune system
against the tumor by immunotherapy or vaccines are applied in advanced melanoma stages. Since
1998, interleukin-2 (IL-2) was approved for such a purpose, followed by interferon «-2b (IFNx-2b) in
2011 [81]. Current immunotherapies are aimed at increasing cytotoxic cluster of differentiation 8 (CD8)*
cell number or efficacy, mostly by targeting cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)
and the programmed cell death protein 1 (PD-1)/programmed death-ligand 1 (PDL-1) pathways [70].
Development of such drugs, called immune checkpoint inhibitors, marks a major progress in treatment
of several solid tumors including metastatic melanoma [81]. Additional immune checkpoint inhibitors
targeting new molecules are in clinical trials [83-85]. Numerous clinical trials are also ongoing to
explore efficacy, safety, and tolerability of immunotherapies in combination with chemotherapy, MAPK
pathway inhibition, oncolytic viruses, gut microbiota modulation, and other approaches [83,84,86].

3. Animal Models

Direct melanoma research in affected humans is not possible for procedural and ethical reasons.
Therefore, various animal models were developed that allow detailed study of cancer development,
growth, and metastasis, as well as potential therapy of this life-threatening disease. Selected animal
models are introduced in the sections below with an emphasis on those with spontaneously
developing melanoma.

3.1. Non-Mammalian Models

Non-mammalian species, particularly Drosophila melanogaster and Danio rerio, are popular to study
the development of various diseases including cancer, mainly because of easy breeding, short generation
interval, and the possibility of genetic modification, allowing cell transplantation experiments and

190



Genes 2019, 10,915

drug screening [87-90]. Optical transparency of certain models/developmental stages is advantageous
for in vivo imaging [90].

Non-vertebrate species such as fruit fly (Drosophila melanogaster) are particularly useful for the
study of gene and pathway regulations associated with tumor development or progression [91].
Current transgenic tools allow knockdown or overexpression of any fruit-fly gene in almost any tissue
at any stage of development or adulthood [90]. In melanoma, fruit fly was used to study the effect of
Tum1 (tumorous-lethal) mutation on melanotic neoplasm growth [92].

Central American fish Xiphophorus was historically among the first fishes in cancerogenesis studies,
as, in this fish, various cancers, including melanoma, spontaneously evolve in nature. In 1928, monitoring
of Xiphophorus offspring led to the discovery of hereditary melanoma transmitted by Mendelian genetics.
Such experiments laid a base for existence of cancer-causing genes, currently called “oncogenes” [88,93].
In Xiphophorus, melanoma can be also induced by various physical and chemical means, such as
ultraviolet (UV) radiation [94,95], X-rays, N-methyl-N-nitrosourea, or N-ethyl-N-nitrosourea [93].
A Xiphophorus gene associated with aggressive melanoma formation was identified as Xiphophorus
melanoma receptor tyrosine-protein kinase (Xmrk). The Xmrk gene encodes a membrane tyrosine kinase,
which has homology to the epidermal growth factor receptor (HER gene) [96].

Zebrafish (Danio rerio) was the first fish species used to study chemical cancerogenesis [87].
Availability of genetic manipulation enabled generation of transgenic zebrafish models. Patton et al.
generated transgenic zebrafish expressing common V600E mutant BRAF under the control of the MITF
promotor. In p53-deficient fish, activated B-Raf induced development of invasive melanomas [97].
Since that time, many transgenic zebrafish models were created for oncogenesis studies [98-102].
Transplantation experiments revealed that human melanoma cells grafted to zebrafish kept their
phenotype, ie., proliferated, migrated, stimulated angiogenesis, and produced melanin [103].
Transplantation of the ZMEL1 melanoma cell line derived from a transgenic zebrafish into transparent
zebrafish strain reliably gives rise to widespread metastases [104].

Medaka (Oryzias latipes) represents an additional fish model for melanoma studies. Medaka is
easy to breed, produces externally developing transparent embryos, does not have naturally occurring
tumors, and transgenic technologies are available to modify its genome. Transgenic medaka was
developed to express the Xmrk gene under the control of a pigment cell-specific promoter. Several
stable transgenic medaka lines with spontaneously developing melanomas at 100% penetrance were
created [105]. The transcriptomic comparison of medaka and human melanoma revealed molecular
conservation between fish models and human tumors at various levels, including the expression of
classical melanoma markers, upregulation of N-cadherin, downregulation of E-cadherin, inhibitors of
cell-cycle, growth-promoting genes, and inhibitors of apoptosis [106].

3.2. Mammalian Models

3.2.1. Mouse Models

The first mouse melanoma models were created by the subcutaneous application of melanoma
cells [107] or chemical induction [108]. Later, for study of genetically determined melanoma, the
transgenic mice were developed by integration of a recombinant gene comprising the tyrosinase
promoter and the simian virus 40 early (SV40E) region. Affected animals developed ocular
and cutaneous melanomas, which were histopathologically similar to the human ones [109].
These Tyr-SV40E mice were used in a donor-acceptor study, where grafts of full-thickness skin
from a high-susceptibility line were transplanted to the host of a low-susceptibility line (of the same
inbred strain). Pigment cells persisted as expected; however, at the outermost rim of all the grafts,
a blackened edge arose. Later, the hyperpigmentation spread to surrounding skin, and one or more
cases of local thickening arose, signaling vertical growth. These tissue areas became early melanomas.
It was noteworthy that all melanomas were strictly confined within the grafts. The origin of melanomas
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from the host grafts was confirmed by Southern blot analysis of DNA [110]. These results indicate that
mouse is a useful model for both allograft and xenograft studies [111].

In 1996, spontaneous melanoma formation was observed as a side effect of the construction of a
transgenic mouse strain. Such a result showed how uncontrollable the insertion of genetic information
can be, affecting areas other than originally intended [112]. Affected animals from this study were
used for establishment of a transgenic melanoma-bearing mouse line that allows the detailed study of
development and spreading of melanoma lesions in mice [113].

Current melanoma research relies mostly on syngeneic, xenograft, and genetically engineered
models. In syngeneic models, mouse melanoma cells are inoculated into inbred animals of the same
genetic background. Due to the presence of a fully functional immune system, syngeneic models
allow the investigation of melanoma behavior, metastases formation [114], and immune cell role in
tumor microenvironment or cancer immunotherapies [115]. The most commonly used model is B16
melanoma cell grafting to C57BL/6 mice [116].

Severe combined immunodeficiency (SCID) mice became one of the most popular animal models of
many human diseases including cancer due to the possibility of inoculating different cell lines and even
xenografts without rejection. Patient tumor-derived xenografts (PDX) into immunocompromised mice
are widely used to study the response to therapeutic agents [117] or metastasis formation [116]. However,
PDX mice lack a functional immune system, which hampers the investigation of immunotherapies.
Thus, mouse PDX models with partially or completely humanized immune systems were recently
developed. The human immune system can be introduced to irradiated or immunodeficient mice by
grafting of purified human CD34* hematopoietic stem cells [118].

Genetically engineered mouse models are extensively used to study the effects of genetic alterations
in melanoma initiation, progression, and metastasis, as well as for drug efficacy assessment [116].
Transgenic models were the subject of several recent reviews, where detailed information can be
found [116,119,120]. The presence of germline mutations in genetically engineered mouse models
may affect developmental and reproductive fitness, as well as lead to the formation of tumors in other
tissues [119]. Inducible or tissue-specific gene expression may help to overcome such limitations.
For that purpose, RCAS/TVA mouse models were developed. Such systems use an RCAS viral vector,
derived from the avian sarcoma-leukosis virus, which can deliver genes up to 3 kb. Mammalian
cells to be affected by this vector must be engineered to express receptors allowing avian virus entry
(TVA) on their surface, e.g., transgenic mice expressing TVA early in melanocyte development from
the tyrosinase-related protein 2 (TRP2) promoter [119]. The RCAS/TVA model allows investigation
of the carcinogenic potential of candidate oncogenes in somatic cells in vivo [121]. A different
model uses conditional melanocyte-specific expression of BRAF V600E mutation combined with
conditional PTEN tumor suppressor gene silencing under the control of Cre recombinase expression
from the tyrosinase promoter (BPT-mouse), leading to metastatic melanoma formation with 100%
penetrance [122]. The Cre/LoxP system was later used for spatiotemporal control of other oncogene
expression in melanoma development [120].

Interestingly, the induction of cutaneous melanoma with ultraviolet radiation was not very
successful in non-transgenic mice. Therefore, several transgenic mice lines were established that are
susceptible to melanoma induction by UV [123-125].

Each mouse model system possesses unique advantages and disadvantages [115,116,119].
Moreover, the interpretation of results from mice melanoma models should take into account the
different location on melanocytes in skin, which is dermal in mice in contrast to epidermal in
human [125,126]. Such a different microenvironment may influence melanoma growth and spreading.

3.2.2. Dog Models

Spontaneously developed pigmented lesions are common in dogs and share some features with
human pigmented lesions. In purebred dogs (especially Standard and Miniature Schnauzers, Doberman
Pinschers, Scottish Terriers, Irish and Gordon Setters, and Golden Retrievers), the prevalence of this
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disease is higher, which indicates its genetic basis [127]. Canine dermal melanoma is largely a benign
tumor; however, uveal, oral, and mucocutaneous melanomas are aggressive forms frequently metastatic
into regional lymph nodes and lungs. They are poorly responsive to conventional therapy [128].
The oral cavity is the most frequent location of canine melanomas (approximately 60% of cases) and
such tumors mimic human mucosal melanomas [129]. Results from a study of tumor suppressors in
melanoma samples and melanoma cell lines derived from dog tumors indicate that loss of function
of certain proteins is a common occurrence that may contribute to the origin of canine melanomas.
The most frequent abnormality was significant reduction or loss of p16 protein expression. In the case
of p53 tumor suppressor, the exclusion of protein from the nuclear compartment was seen in almost all
of the studied samples [130]. Transcriptomic analysis of canine oral melanoma revealed mutations in
NRAS and PTEN genes, but not in BRAF [131], as well as upregulation of matrix metalloproteinase 2
(MMP2) and downregulation of MMP7 [132]. Activation of the PI3K/protein kinase B(Akt) pathway
was detected in malignant melanomas on distant extremities [133]. In a genomic study of 27 canine
malignant melanoma tumors, mutations in genes including BAP1, KIT, KRAS, NRAS, PTEN, and TP53
were found, while no mutation in TERT promoter, BRAF, CDK4, MITF, or NF1 genes was detected.
In approximately 20% tumors, mutations in PTPR] (protein tyrosine phosphatase, receptor type J),
a putative tumor suppressor gene not previously shown to have frequent inactivating point mutations
in cancer, was observed [134]. Dog melanomas and their epidemiological, clinical, histological, and
genetic comparison to human ones were the subject of a recent excellent review by Prouteau and
André, where additional information can be found [129].

3.2.3. Equine Models

Spontaneous occurrence of dermal melanomas was seen in horses with a gray coat color [135].
In Camargue-type gray-skinned horses, multiple melanomas were observed. Most horses had tumor(s)
underneath the tail, and less often in the perianal region, on lips, in the eyelids, and in genitals.
The skin tumors were rarely seen in other body regions. In some of the strongly affected animals, the
metastases developed; however, clinical examination and other observations suggest that melanomas
in these horses are clinically different to those in human patients [136]. In graying white horses from
the Old Kladruber strain, melanomas usually naturally occur at the age of 5-6 years, and statistically
significant differences between the sire lines indicate a possible influence of heritable factors [137].
The 4.6-kb duplication in the intron of the syntaxin 17 (STX17) gene was found to cause the graying in
horses and is associated with a high incidence of melanoma and vitiligo-like skin depigmentation [138].
Transcription factor MITF is appropriate for the identification of melanocytic cells in horse melanoma.
Moreover, the receptor for activated C kinase 1 (RACK1) protein was found as a useful marker to
discriminate melanoma cells from healthy skin and melanocytic lesions [139].

4. Swine Melanoma Models

Spontaneous occurrence of melanoma in pigs is generally very low. Skin tumors were occasionally
observed in pigmented meat breeds such as Duroc, Bazna, and Iberian pig. Metastases into lymph
nodes and visceral organs were found in the affected Duroc pigs [140-143]. An extensive study of
747,014 swine carcasses (without information about breed) revealed 220 cases (i.e., 0.03% only) with
cutaneous and lymph node lesions suggestive of melanoma. Histological analysis of samples taken
from 176 cutaneous lesions revealed that almost all of them (with the exception of two non-regressing
melanomas) were spontaneously regressing [144]. Monitoring offspring from the crossing of Duroc
pigs suggested the inherited characteristics of melanocytic tumors [145]. Using selective breeding,
three minjature pig models with hereditary melanoma were established: the Sinclair miniature swine,
the Munich miniature swine Troll, and the melanoma-bearing Libechov minipig (MeLiM). Melanomas
in these three models show similarities such as early postnatal development, histopathology, and
spontaneous regression connected with depigmentation.
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4.1. Sinclair Miniature Swine

The Sinclair miniature swine was derived from the Hormel miniature pig (also known as the
Minnesota miniature pig) that was developed as a small pig model at the Hormel Institute (University
of Minnesota, Austin, USA). A portion of the original Sinclair herd was moved to the University of
Missouri (Columbia, USA) in 1965 and then to the Sinclair Comparative Medicine Research Farm
(Columbia, USA). The first Sinclair swine with cutaneous melanoma observed in this strain appeared
in 1967 [146]. The incidence of melanoma changed during development of this pig model. The initial
incidence of pigmented cutaneous lesions was 21% [146]. In subsequent generations, the incidence was
highly influenced by selective breeding, reaching the highest level around 60% in newborn offspring
of both affected parents [147,148]. Black pigs showed multiple primary skin lesions of variable size
and appearance (exophytic, flat, ulcerated, locally necrotic) that were often present already at birth
(congenital) or developed postnatally. On the contrary, no tumors were found in piglets with the red
coat color.

Cutaneous pigmented lesions in the Sinclair miniature swine have a variety of histopathologic
forms showing many similarities to human lesions. They were classified as benign nevi, superficial
spreading melanoma, or nodular melanoma metastatic to lymph nodes and visceral organs (mainly
lungs and liver). Skin tumors spontaneously regressed during postnatal life, and this was often
accompanied by a local or generalized depigmentation of skin and bristles. Complete regression of
melanoma including metastatic regional lymph nodes was also observed [147,149-152]. The proportion
of animals with melanoma regression ranged between 85% and 100%. Detailed histological evaluation
of the regressing melanomas revealed a biphasic immunological process. The first phase took place
mainly during the second month after birth and was characterized by massive macrophage infiltration.
This initial phase displayed tumor mass with less variation and was followed by regrowth of the
residual melanoma tissue. The second phase (starting around the beginning of the fourth month of age)
showed lymphocyte infiltration and complete elimination of melanomas [153]. Immunophenotyping
of tumor-infiltrating lymphocytes in the second regression phase revealed significantly more cytotoxic
(CD4~/CD8*) T-lymphocytes compared to peripheral blood, whereas percentages of the T-helper
(CD4*/CD8") lymphocytes and double-positive (DP) CD4*/CD8" T-lymphocytes were reduced.
The percentage of B-lymphocytes (CD1%) was very low [154]. These results demonstrate that the
cytotoxic T-lymphocytes play the main role in the final elimination of melanoma cells during the
second regression phase. However, role of specific antibodies in the spontaneous regression cannot
be excluded, as antibodies against melanoma antigens were found in sera collected from the Sinclair
miniature swine with spontaneously regressing melanoma. Their levels increased with the age
of the pigs, usually preceding or appearing together with tumor regression and depigmentation.
This suggests an antibody-mediated immune response directed against common antigens presented
by both malignant and normal swine pigmented cells [155]. Findings in melanoma cells derived from
spontaneously regressing Sinclair melanomas suggested that spontaneous regression is associated with
higher sensitivity of the melanoma cells to apoptosis [156], the loss of telomerase activity, reduction of
telomeric repeats, extensive DNA fragmentation, and formation of apoptotic bodies [157]. Since 1994,
the Sinclair miniature swine is produced for research purposes by Sinclair Bio-Resources (Auxvasse,
Missouri, USA) as a spontaneously regressing pig melanoma model.

Inheritance of melanoma in the Sinclair miniature swine was intensively studied. However, exact
genetic determinants responsible for its development remain to be discovered. A two-locus model
was suggested for expression of the exophytic form of melanoma on the basis of complex segregation
analysis. One locus lies within the swine major histocompatibility (SLA) complex. The other, yet
unidentified, putative dominant tumor-initiator locus segregates independently of the SLA complex.
The melanoma-producing allele at this locus is inherited in the heterozygous state and requires a
somatic mutation of the normal allele to initiate melanoma development. SLA haplotype B was
associated with the expression of Sinclair melanoma. A single dose of the B haplotype is required for
full penetrance of the dominant allele at the tumor-initiator locus [158-160]. Cytogenetic analyses of
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three melanoma cell lines from the Sinclair miniature swine revealed specific common chromosomal
abnormalities. Structural alteration in chromosomes 2, 3, 6, 7, and 12 were found that probably
represent the initial step of melanoma development. In addition, monosomies of chromosomes 2, 4, 7,
10, and 17 and three marker chromosomes (labeled M1, M2, and M3) resulting from chromosomal
translocations were detected [161].

4.2. Munich Miniature Swine Troll

The Munich miniature swine Troll is historically the second swine model with hereditary melanoma.
Literature data about this model and its experimental utilization are very limited. It was established
at the University of Munich, Germany, in 1986. One melanoma-bearing boar and two unaffected
sows were founders of this herd. They were derived from the herd originally developed from the
Hanford and the Columbian miniature swine at the Medical Service Munich. Selective breeding of
melanoma-affected animals increased the incidence of malignant tumors to 70%. Benign melanocytic
lesions were also observed in addition to melanomas in darkly pigmented (black and red) animals.
Skin lesions were already present at birth or they mostly developed within the first two months of life.
Complete spontaneous regression of melanomas accompanied by hair and skin depigmentation was
also observed in the Munich miniature swine Troll; however, the frequency of regressing pigs was not
given. Breeding of Munich miniature swine Troll (manifesting cutaneous melanomas) with the German
Landrace (white color, without any skin lesions) and analyses of F1-, F2-, and B1l-generations showed
that the dominant allele I at the I-locus (responsible for white phenotype) suppressed melanoma lesions.
This is explained by a mutation of the KIT gene, leading to a failure of melanoblast migration and
subsequent lack of melanocytes in the skin of white pigs. The segregation data for skin melanomas in
this breed are best explained by a three-locus model with two recessive alleles per locus. An influence
of SLA haplotypes on the penetrance of melanocytic lesions was not observed in the Munich miniature
swine Troll [162,163]. Anin vitro study with melanoma cells of Munich miniature swine Troll suggested
a low importance (if any) of blood natural killer (NK) cells for spontaneous regression of melanoma
in this animal model [164]. Elevated expression of porcine endogenous retroviruses was detected in
melanomas and cell cultures derived from pulmonary metastasis in this swine melanoma model [165].
A similar observation of human endogenous retrovirus K was also reported for human melanomas [166].
Endogenous retroviruses can support cancer formation by inducing chromosomal translocations in
somatic cells and promoting immunosuppressor pathways [167]. The publication of Dieckhoff et al. in
2007 [165] is the latest that can be found through PubMed about melanoma research on the Munich
miniature swine Troll. Thus, it is not clear if this animal melanoma model still exists.

5. The Melanoma-Bearing Libechov Minipig

5.1. Development of the MeLiM Model

Pigs were kept in the Institute of Animal Physiology and Genetics (IAPG) of the Czech Academy
of Sciences in Libechov originally for the study of blood groups since 1966. Firstly, two boars and
two sows of the Goettingen miniature swine from the University of Goettingen (Institute of Animal
Breeding and Genetics, Germany) were imported in December 1966 and another two sows of the
same strain in August 1967. The Minnesota miniature pigs from the Hormel Foundation (Austin,
USA) and Vietnamese pigs from German zoos were used as foundation stock for development of
the Goettingen miniature swine [168]. Then, two imports of the Minnesota miniature pigs (Hormel
Foundation, Austin, USA) followed, consisting of two boars and three sows in September 1967 and
two boars in February 1969. To maximize genetic variability for the analysis of a wide range of
pig blood groups, animals of these two strains of miniature pigs were crossed with pigs of several
commercial meat breeds (Canadian Landrace, Cornwall, and Large White) and with Vietnamese
pigs. The first few black piglets with cutaneous melanomas were observed in this genetically highly
heterogeneous pig population in 1989. They came from mating of two boars (brothers) with four related
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sows, all without any cutaneous lesions. Selective breeding of melanoma-bearing animals for several
generations confirmed genetic predisposition to melanoma with its incidence around 50%. This new
pig melanoma model was designated by the acronym MeLiM (melanoma-bearing Libechov minipig;
originally melanoblastoma-bearing Libechov minipig) [169,170]. Long-term monitoring of the MeLiM
strain showed that values of melanoma incidence varied during individual years depending on tumor
burden of parents. For this reason, more affected parental pigs were included in the breeding program,
thus increasing melanoma incidence in the MeLiM roughly to 80% in 2018. Tumor devitalization
(ischemization) was successfully applied in very affected pigs (see Section 5.8) to increase survival
and allow their use in breeding. Currently, eight sows and four boars of the MeLiM line are bred to
produce piglets used in experiments.

Extensive cooperation was established between IAPG (Laboratory of Tumor Biology (LTB)) and
other research institutions in the Czech Republic (Czech University of Life Sciences Prague; First Faculty
of Medicine of the Charles University Prague; Institute of Microbiology and Institute of Molecular
Genetics of the Czech Academy of Sciences, Prague; University of Veterinary and Pharmaceutical
Sciences, Brno) for characterization of the MeLiM model. The study of melanoma inheritance in the
MeLiM strain was carried out in international cooperation with the INRA/CEA (Institute National de
la Recherche Agronomic/Commissariat a I’'Energie Atomique, Laboratoire de Radiobiologieet Etude
du Génome (LREG), Jouy en Josas, France). Repeated exports of MeLiM animals (melanoma-bearing
and melanoma-free) of both sexes and various ages were made from LTB to LREG. They included
two boars (age one year) with two pregnant sows (age three years) in June 1997, four boars with six
sows (all five months old) in October 1998, six sows (age 6-12 months) in November 2002, and three
boars with four sows (age 14-18 months) in June 2008. To reveal genes responsible for melanoma
susceptibility in the MeLiM strain, the transported animals were crossed with healthy Duroc pigs in
LREG. It is not clear whether the offspring of transported pigs at LREG are currently maintained as a
pure MeLiM strain or only as MeLiM x Duroc hybrids. Thus, results obtained in the original MeLiM
strain kept in IAPG Libechov and in the MeLiM strain derived from the pigs transported into INRA
(Jouy en Josas) may differ.

5.2. Histopathological, Biochemical, and Immunohistochemical Characterization

Variability in color coat is observed in the MeLiM animals that reflects the multi-hybrid
characteristics of this strain. Pigs are usually black (Figure 2a); however, rusty-red, brown, or white
(with black spots) individuals are also rarely found (Figure 2b). Small white spots can infrequently
appear in colored animals. Black pigs are the most affected by melanoma. Cutaneous tumors are
usually multiple, of deep-black pigmentation, nodular type (with local necrosis in larger tumors), and
they are distributed on all body parts (Figure 2c). Rusty-red and brown animals show only one or a few
cutaneous melanomas, and white pigs with black spots are without skin lesions. Nevi and superficial
spreading melanomas also appear in affected pigs.

Similarly as in the Sinclair miniature swine, skin lesions are found already at birth or they develop
shortly thereafter during the first two months of postnatal life. They grow exophytically, reaching sizes
of about 15-70 mm, exceptionally up to 150 mm (Figure 2d). Histological observation of cutaneous
nodular melanomas revealed variable concentration of brown-black melanoma cells. In the dermis,
they formed areas with compact aggregation or were dispersed showing vertical spreading from the
basal layer of epidermis into a deeper layer of the dermis (stratum papillare and stratum reticulare)
and invading the hypodermis. Thus, these tumors correspond to Clark’s level V of human melanoma.
The epidermis was considerably reduced or totally destroyed [169,171]. The malignant characteristic of
melanoma in the MeLiM strain is confirmed by presence of numerous metastases. They are commonly
found in the lymph nodes (Figure 2e), lungs, and spleen (Figure 2f). Heavily affected animals also
demonstrate metastases in other visceral organs such as the stomach, liver, small and large intestine,
pancreas, kidneys, heart, and thymus [169,172-174].
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(e) )

Figure 2. Melanoma-bearing Libechov minipig (MeLiM) swine model of hereditary melanoma:
(a) black boar of the MeLiM strain after spontaneous regression of melanoma (without any changes in
pigmentation) (age three years); (b) originally black sow of the MeLiM strain (age four years) after
spontaneous regression of melanoma (with almost total depigmentation), together with piglets of
different coat color (age three weeks); (c) MeLiM piglet with multiple cutaneous nodular melanomas
(age six weeks); (d) MeLiM piglet showing several large nodular melanomas with local necrosis and
beginning cachexia (age seven weeks). Note the vastly increased cervical lymph node (arrow) due to
melanoma metastasis; (e) very enlarged inguinal lymph node totally infiltrated by metastatic melanoma
cells (taken from MeLiM piglet with melanoma progression, age six weeks), scale in cm; (f) autopsy
of MeLiM piglet that died from melanoma progression (age four weeks). Numerous melanoma
metastases (seen as black spots) in visceral organs (lungs, liver, stomach, and spleen) clearly document
the malignant characteristic of melanoma in the MeLiM model.

The presence of tyrosinase messenger RNA (mRNA) in the blood is assumed to indicate melanoma
metastases [175]. While tyrosinase mRNA was detected by RT-PCR in the blood of MeLiM animals
with advanced disease [176], how much this represents the presence of migrating cells contributing to
metastasis formation is still unclear. In addition to RT-PCR for the detection of selected pigmented-cell
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specific mRNAs, novel and more specific techniques are currently being developed for the detection of
circulating melanoma cells, applicable for human disease staging, diagnosis, and prognosis [177,178].

Basic biochemical and ultrastructural characterization of the MeLiM melanoma was performed by
Borovansky et al. [179]. A very high concentration of melanosomes with a high proportion of melanin
(almost 40% of the organelle dry weight) corresponds to deep-black pigmentation of the tumor. Aberrant
forms of melanosomes were found by electron microscopy similarly as in the Sinclair miniature swine [180]
and human nodular melanoma [181]. Three main melanosome enzymes involved in melanogenesis,
biochemical melanoma differentiation, and metastatic activity, i.e., tyrosinase, a-mannosidase, and
y-glutamyltransferase [182-184], were detected in the MeLiM melanoma tissue [179].

Immunohistochemical analyses showed further similarities of the MeLiM melanoma with
the human one. High expression of RACKI was observed in the cytoplasm of cutaneous and
metastatic pig melanoma cells. These tumor cells showed also nuclear staining for MITF, a specific
marker of the melanocytic lineage. Because of similar findings in human cutaneous melanomas and
melanoma metastases, RACK1 expression could serve as a potential marker of malignancy of human
melanoma [185]. Expression of the S100 protein, used for human melanoma diagnosis [186], was also
found in cryosections of progressing MeLiM melanomas and cells derived from them in vitro (V. Horak,
unpublished observation). Four extracellular matrix proteins, collagen IV, laminin [187], tenascin C,
and fibronectin [188,189], as well as matrix metalloproteinase 2 (the enzyme degrading the extracellular
matrix) [189], were immunohistochemically found in extracellular spaces of cutaneous melanomas,
suggesting their production by the MeLiM melanoma cells. All these proteins can support tumor
cell proliferation, migration, and metastases [190-193]. More than a three-fold increase of tenascin C
mRNA in MeLiM melanoma tissue compared to contralateral normal skin was observed, accompanied
by elevated protein level [188]. Tenascin C is highly upregulated during wound healing, accompanied
by rapid angiogenesis, fibroblast migration to the damaged area, and re-epithelialization by migrating
keratinocytes. Elevated tenascin C level is also frequently found in human melanomas, where this
protein supports malignant melanocyte survival, invasion, and metastasis [194].

A new computer-supported method for spatial mapping of various metals in tissue sections
was developed recently using MeLiM melanomas as a suitable cancer model [195]. The method is
based on image registration of digital data obtained from scans of two neighboring cryosections, of
which the first one is processed by standard histological staining and the second one is analyzed
for metallic content by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
Detailed histological analysis of cutaneous melanomas sampled from MeLiM pigs aged 4-22 weeks
revealed four structurally different tissue zones—growing melanoma tissue (GMT), early spontaneous
regression (ESR), late spontaneous regression (LSR), and fibrous tissue (FT)—whose presence, size,
and proportion in melanoma tissue changed with animal age and advancing melanoma regression.
This pilot study showed the highest concentrations of zinc and cooper in growing melanoma tissue,
whereas the lowest ones were found in fibrous tissue. Both these metals are important players in
various cancer diseases. Zinc level is increased in the majority of human melanomas but copper level
is elevated only in some of them [196]. Application of matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI MSI) revealed four ion peaks, m/z 3044, 6011, 6140, and 10180, which
were overexpressed in MeLiM melanoma tissue in comparison to healthy skin. Moreover, the ion
peaks at m/z 6011 and 6140 were overexpressed in the GMT region. These findings agree with the
high zinc content observed in this region in a previous study, leading to the assumption that both
peaks represent metallothioneins [197]. Elevated metallothionein content in the MeLiM melanoma
was already detected previously by the adsorptive transfer stripping differential pulse voltammetry
Brdicka reaction [198]. Overexpression of metallothioneins was associated with a poor prognosis in
human cutaneous melanoma [199]. These recent studies of MeLiM melanoma show the usefulness of
this swine model for basic melanoma research and suggest possibilities for its further use in the search
for markers of melanoma progression and spontaneous regression that could serve in clinical practice.
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5.3. MeLiM Melanoma Progression and Spontaneous Regression

In the MeLiM model, multiple cutaneous melanomas found on various parts of body develop
differently over time for each individual. Two main situations may occur—cancer progression and/or
spontaneous regression [200]. Small cutaneous tumors (found at birth or developed shortly thereafter)
initially grow in all affected piglets.

In a smaller part of affected piglets (about 5-30% depending on disease burden in parents), cancer
progression continues. Melanoma progression mainly affects black piglets, while it is very rare in
rusty-red and brown ones. Cutaneous melanomas grow further reaching a large size (Figure 3a), with
occasional bleeding and local necrosis. These heavily affected piglets initially lag in bodyweight gains
behind their less affected (spontaneous regression showing) siblings (Figure 3b). At the later stage,
they lose weight and develop strong cachexia with melanoma progression. Extensive metastases are
observed in the lungs, lymph nodes, and spleen. Metastases in lymph nodes, mainly in cervical and
inguinal areas, are also macroscopically visible in some animals due to their increasing size (Figure 2d,
arrow). Additionally, metastases are present in the liver, various parts of the gastrointestinal system
(Figure 2f), thymus, heart, and brain [169,173]. The animals with progressive melanoma usually die
during the first three months of age. The main cause of death seems to be breathing difficulties and
insufficient oxygen supply of the whole organism due to severe damage of lung tissue with a vast
number of melanoma metastases.

(b)

Figure 3. Progression and spontaneous regression in MeLiM model: (a) three growing cutaneous
nodular melanomas (with local necrosis) are well visible after shaving off the bristles (age 11 weeks);
(b) comparison of two MeLiM siblings, one with melanoma progression causing heavy cachexia and
body size reduction (left side) and one with spontaneous regression and normal body size (right side)
(age 10 weeks); (c) flattening and graying of originally nodular melanoma (arrowhead) and halo around
one smaller melanoma (arrow), together with partial depigmentation of skin and bristles observed in
MeLiM pig with ongoing spontaneous regression of melanoma (age four months); (d) partial bristle and
skin depigmentation versus preserved black pigmentation in two MeLiM siblings with spontaneous
regression of melanoma (age 5.5 months); scales in cm.
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Spontaneous regression of melanoma is observed in the majority of MeLiM piglets. After the
initial period of growth, tumors begin to flatten, reduce in size, and change color from black to gray.
Piglet body weight reaches normal or almost normal values. Melanoma regression is usually associated
with skin and bristle depigmentation (Figure 3¢, white arrowhead). It starts as sparsely dispersed white
bristles over the body or localized discoloration around several cutaneous tumors. A halo effect around
some melanomas is also observed (Figure 3¢, black arrow). Then, depigmentation gradually extends
to the surrounding parts of the body. This depigmentation spreads sometimes to almost the entire
body leading to the originally black pig becoming nearly white (Figure 2b) [169,171]. A specific CD4
haplotype was observed in T-lymphocytes to be related to the depigmentation during regression [201].
However, the black pigmentation is rarely maintained in MeLiM pigs with spontaneous regression
(Figure 3d). Skin depigmentation was also observed in melanoma patients with spontaneous regression
and/or treated by immunotherapy [72]. These color changes of the skin suggest the activation of
immune cells against an antigen that is common to melanoma cells and normal melanocytes.

The spontaneous regression is a very dynamic process in which melanoma cells are gradually
destroyed and tumor tissue is replaced with the fibrous tissue. Vincent-Naulleau et al. monitored
spontaneous regression of melanoma in a colony of MeLiM pigs that was derived from the MeLiM
animals transported from the Czech Republic to France and in their Duroc crossbreeds. They observed
that the time course of spontaneous regression was dependent on tumor growth. In fast-growing
tumors, spontaneous regression appeared between the third and fourth month, whereas slow-growing
tumors demonstrated it between the fifth and seventh month. Moreover, two regression phases were
observed in some exophytic tumors that were present at birth. The early regression (between the
second and the third month) was followed by a transitional period of relapse and tumor growth
(between the 2.5th and 4.5th month) and finally with the latest regression phase (between the 3.5th
and sixth month) [171]. Our time-lapse immunohistochemical study of exophytic melanomas taken
from pigs of the original MeLiM strain (from three weeks to eight months of age) showed only one
regression phase. Expressions of fibronectin, tenascin C, collagen IV, laminin, and MMP2 increased up
to the 10th week of age. In older animals, gradual destruction of melanoma cells and rebuilding of
melanoma tissue into the fibrous tissue was observed. In agreement with this process, the expression
of collagen IV, laminin, and MMP2 declined, whereas the expression of fibronectin and tenascin C
raised in the arising fibrous tissue. The age of 10 weeks seems be a turning point in the transition
between the initial melanoma growth phase and subsequent spontaneous regression phase [187,189].

Spontaneous regression does not occur synchronously in all melanoma sites on the body.
Its duration depends on the number and size of melanoma deposits. The whole process of spontaneous
regression is usually completed around 6-12 months of age.

5.4. Genetic Findings

The development of melanoma in pigs is a polygenic process [202]. The CDKN2A locus causative in
human familial melanoma was studied in MeLiM pigs; however, haplotype analysis, allelic association,
and linkage analysis led to exclusion of this gene from candidates for melanoma susceptibility [203].
Later experiments revealed that MeLiM melanoma is inherited as an autosomal dominant trait with
incomplete penetrance. The inheritance of melanoma was seen preferably in black animals. Association
of regions harboring CDK4 and BRAF genes was not found; however, another three candidate regions
which correspond to human regions with melanoma candidate loci were observed [204]. For the black
coat color, a variant allele of the MCIR gene was found (marked as MCIR*2) to be associated with
melanoma development. This is in agreement with the fact that human variant alleles of MC1R may
increase melanoma risk independently of UV exposure [202]. Comparative expression analysis revealed
that the RACK1 gene is overexpressed in melanoma metastases compared to normal melanocytes.
This finding is consistent with results observed in human melanoma patients [185]. Functional studies
highlighted that the MITF gene has potential involvement in porcine melanoma biology; however,
direct association of this gene with melanoma development was not confirmed [205]. A 450-kb
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duplication in the KIT gene was found to be responsible for white or belt coat color in pig, as it
prevents migration of embryonic melanoblasts to skin. Diverse KIT mutations were found in various
human cancers, including melanoma, and one variant showed a significant association with cutaneous
invasion, melanoma development, and tumor ulceration in the MeLiM strain [206].

Genome-wide time-dependent profiling was conducted to analyze molecular mechanisms involved
in MeLiM spontaneous melanoma regression. Among other results, downregulation of genes involved
in cell cycle and DNA replication, recombination, and repair was observed in tumors at the 28th, 49th,
and 70th day of age in a piglet with spontaneous regression, suggesting the reduced proliferative capacity
of melanoma cells. Moreover, upregulation of monocyte/macrophage-related genes at the same time
points was accompanied by tumor-infiltrating macrophage infiltration observed in tumor histological
sections. At three months of age, upregulation of different T-cell receptor (TCR) chains, as well as
T-cell-associated cytokines, together with dramatic downregulation of genes involved in melanogenesis,
confirms T-cell activation and loss of melanoma cells at the later phases of regression [207]. In addition,
suppression subtractive hybridization was used to study gene expression in progressive and regressive
MeLiM melanoma tissue. Verification by RT-PCR and immunohistochemistry confirmed upregulation
of CD9 and retinoic acid responder 1 gene (RARREST) in regressive tumors, while MITF was upregulated
in progressive melanomas [208].

A genome-wide association study performed on 190 animals of the MeLiM x Duroc pedigree
revealed several loci on chromosomes 2, 5,7, 8, and 16, showing significant associations with melanoma
occurrence and progression (i.e., clinical ulceration and presence of metastasis). The most significant
region associated with melanoma occurrence was located on chromosome 5 harboring the NUAK1 gene
encoding AMP-activated protein kinase (AMPK)-related protein kinase 5 (ARK5) [209]. ARK5 is known
to promote survival and invasion of cancer cells and is probably activated by the Akt kinase [210].
GWAS analysis of tumor ulceration revealed a region on chromosome 16 nearby the IRX4 gene
(iroquois homeobox gene) [209], previously identified as a risk factor in human prostate cancer [211].
Interestingly, IRX4 is located only 600 kb from the TERT gene. Mutations in TERT promoter are
associated with both familial and sporadic melanoma [40]. Genes associated with metastasis in MeLiM
were identified on chromosomes 2 (coding long non-coding RNAs (IncRNAs) with functions in tumor
suppression and metastasis formation) and on chromosome 8, harboring the HERC3 (probable E3
ubiquitin—protein ligase) gene [209]. HERC3 is an endosomal protein with probable ubiquitin-protein
ligase function. HERC3 mutations were observed in gastric and colorectal cancers [212]. In MeLiM
melanoma, an additional 12 loci, previously reported to associate with melanoma in human, were
identified. Several novel gene candidates associated with MeLiM melanoma, not yet reported in
human, were also revealed [209].

MicroRNAs (miRNAs) are in the center of current research because they play important roles in all
processes in the cell, and they also participate in melanoma development [213]. Analysis of miRNA in
MeLiM tumors revealed significant upregulation of let-7b, miR-193b, miR-21, miR-221, and miR-222 in
regressive tumors in contrast to miR-92a, which was upregulated in progressive tumors. The expression
of miR-92a, let-7b, and miR-193b in regressive MeLiM tumors was in contrast to previous findings in
progressive human tumors, suggesting that such miRNAs could be potential actors in the regression
process in MeLiM cutaneous melanoma. MiR-193b could regulate cell-cycle-related genes during
regression of cutaneous melanoma [214].

5.5. Hematological Findings

Hematological monitoring is an integral part of the diagnosis of cancer and of the subsequent
treatment. Values of various hematological parameters, such as leukocyte and neutrophil counts
and their ratios (neutrophil-lymphocyte and platelet-lymphocyte ratios), can be used as prognostic
markers in different types of cancer [215-218] including melanoma [219,220]. Elevated leukocyte count
with neutrophilia was found in metastatic melanoma patients [221]. A baseline neutrophil-lymphocyte
ratio lower than five was associated with improved survival of metastatic melanoma patients treated
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with ipilimumab [222]. Another study of patients with early-stage (I-III) melanoma showed worse
survival with a baseline neutrophil-lymphocyte ratio lower than 2.5 [223]. Thrombocytosis [224]
and low concentration of blood hemoglobin [225] predicted metastatic disease and worse survival
in melanoma patients. Anemia is commonly found in cancer patients indicating a poor prognosis.
It is a multifactorial process that is often connected with iron deficiency as a major causal factor [226],
manifesting as decreased erythrocyte count and lower hematocrit. The level of blood iron and iron
homeostasis is important for both innate and adaptive immunity response [227,228]. One of the many
important functions of iron is the regulation of immune cell distribution [229].

Hematological analyses are also important for monitoring animal cancer models, as shown
in our recent study [200]. Basic hematological parameters of MeLiM animals with melanoma
progression or spontaneous regression were compared to healthy (white, melanoma-free) animals
from 5-18 weeks of age. Iron deficiency and microcytic hypochromic anemia were observed in
all MeLiM pigs. The group of pigs with melanoma progression was characterized by the lowest
values of red blood cell count, hematocrit, and concentration of hemoglobin, as well as by the
highest number of platelets. Moreover, a very high number of neutrophils was found (measuring
differential white blood cell counts), driving the high number of white blood cells observed in these
animals. In the spontaneous regression group, higher values of red blood cell count, hematocrit,
and concentration of hemoglobin, together with a lower number of platelets, were ascertained.
Thus, monitoring hematological parameters enables distinguishing (together with macroscopic,
histologic, immunological, and immunohistochemical observations) MeLiM piglets with progression
and spontaneous regression in early postnatal development. These findings extend the characterization
of the MeLiM model and show its further similarities with melanoma patients.

5.6. Immunological Findings

Immune cells infiltrating tumors, including melanoma, are responsible for anti-tumor
immunological surveillance. However, some tumor-associated immune cell types (such as macrophages
and neutrophils) can also support cancer progression depending on tumor milieu [230,231]. A higher
infiltration of cutaneous melanomas with lymphocytes is associated with better prognosis and longer
survival of melanoma patients. The cytotoxic CD8* T-lymphocytes collaborating with the CD4*
T-helper cells were found to be the most important components [232,233]. Promising results of
treatment of metastatic melanoma patients with adoptive transfer of tumor-infiltrating lymphocytes
(TILs) confirmed their anti-cancer effectiveness [234].

The MeLiM animals with melanoma spontaneous regression represent a promising immunological
model for monitoring immune cells participating in anti-melanoma reaction. Flow cytometry revealed
two DP T-lymphocyte subpopulations, i.e., melanoma-associated CD4+/CD8high T-lymphocytes
in peripheral blood and CD4*/CD8M8" TILs in melanoma tissue (together with CD4~/CD8*
T-lymphocytes), which expanded during melanoma regression. They showed a similar expression
of selected CD markers between different pigs and different melanoma loci among the same pig,
suggesting that they are effector/memory af3 T-cells considerably involved in spontaneous regression
of MeLiM melanoma [235]. It is important to mention, that CD4*/CD8* cells are more frequent in
pigs, reaching up to 60% of total T-cell counts in adult pig blood, in contrast to 3% in human [236].
The number of DP T-cells naturally increases during the life of pigs [237], which may mask the increase
caused by MeLiM regression. Nonetheless, MeLiM peripheral DP cells differ in the intensity of
CD8 expression, with CD8M8" expression in the melanoma-bearing animals in later stages of tumor
regression compared to CD8!°" positivity in their melanoma-free littermates (both groups at the
age of eight months). Importantly, a unique DP cell subpopulation was identified in the blood of
regressive MeLiM animals, representing one T-cell clone carrying a mono-specific TCRf receptor,
which is supposed to be responsible for melanoma regression [235]. Our unpublished data about
cytokine production of DP T-cells suggest that these cells represent a non-naive (activated, recirculating)
lymphocyte subpopulation with immunomodulatory activity. Compared to single-positive T-cell
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populations, where 30% and 50% of CD4 single-positive and cytotoxic T-cells produced IFNy and/or
tumor necrosis factor o« (TNFaw), respectively, almost 60% of DP T-cells were cytokine producers.

Although the significance of CD4*/CD8* DP T-cells in cancer conditions remains unclear, they are
mentioned to play an important role at peripheral sites. Their functions are probably the consequence
of various microenvironments found across different types of tumors. Anti-tumor actions of DP cells
were described in various tumor types [236]. Bagot et al. isolated a clone of DP cells with a CD4*/CD8*
dim phenotype from the cutaneous infiltrate of a patient with T-cell lymphoma. These cells were major
histocompatibility complex class I (MHC I) restricted and cytolytic against autologous tumor cells
in vitro [238]. Concerning clinical outcomes, De Marchi et al. described the presence of CD4*/CD8*
T-cells in cutaneous lesions in mycosis fungoides. Their presence was associated with a slightly slower
progression of the disease [239]. A significant increase of DP cells was also noted in human malignant
melanomas and their metastases. Increased numbers of DP cells were observed in about 60% of
melanomas compared to peripheral blood. A high proportion of these cells were TNF-«x-producing in
response to autologous melanoma cells. They were also characterized by higher secretion of IL-13,
IL-4, and IL-5 compared to single-positive cells [240].

5.7. Skin Microbiome

Microbiome is a term for the community of microorganisms (bacteria, archaea, fungi, protozoa,
viruses) living at a given environment, e.g., on the epithelial surfaces of the mammalian body:.
The local microbiome affects functions of the epithelial barrier and regulates immunity [241]. In cancer,
microorganisms may directly contribute to cancer development (e.g., in gastric, colorectal, cervical, and
hepatocellular cancer or lymphoma) and may modify patients” immunity and response to therapy [242].
The gut microbiome is increasingly recognized as a modulator of response to anti-cancer treatment,
particularly to immune checkpoint inhibitors [242-244]. The skin microbiome is much less explored.
In human, the skin microbiome was analyzed in a search for a diagnostic tool for melanoma and
melanocytic nevi. However, no significant differences between melanoma and nevi microbiomes were
found [245].

In MeLiM piglets, the possible involvement of skin microbiome in melanoma development
was studied. Melanoma surface and healthy skin (5 cm from the melanoma lesion) were compared
by matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS)
of cultured microorganisms [246], as well as 16S ribosomal RNA (rRNA) analysis [247]. Using
MALDI-TOF, a clear significant difference between the proportions of bacteria on healthy skin and
melanoma was observed, with Staphylococcus sciuri, Lactococcus lactis, and Staphylococcus cohnii being
typical for healthy skin, while Staphylococcus chromogenes, Staphylococcus hyicus, and Enterococcus
faecalis were abundant on the melanoma surface [246]. To monitor the possible involvement of skin
microorganisms in melanoma development, skin and melanoma scrapes were analyzed by 16S rRNA
PCR and denaturing gradient gel electrophoresis (PCR-DGGE) in six-, eight-, 10-, and 12-week-old
MeLiM piglets, which is the age when the regressive/progressive phenotype develops. Similarly to
MALDI-TOF results, the predominance and distribution of bacterial genera were different between skin
and melanoma samples. The melanoma surface microbiome showed significantly higher microbial
diversity than healthy skin, which might be partially caused by melanoma ulceration. The number
of Fusobacteria was higher in melanoma samples compared to healthy skin and also in progressing
melanomas compared to regressing ones. In addition, the quantity of Fusobacterium necrophorum
increased with the age of piglets with progressing melanoma [247]. In human, the abundance of
Fusobacterium (particularly F. nucleatum) in the gut is connected with colorectal cancer development and
progression [248-250]. Additional studies of the MeLiM model are needed to elucidate the possible
effects of the skin microbiome on melanoma development or immune reactions in the skin.
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5.8. Experimental Therapy of MeLiM Melanoma by Tumor Devitalization

Tumor devitalization (also called devascularization) was developed by the Czech surgeon Karel
Fortyn (1930-2001) and suggested as a surgical operation technique for treatment of solid tumors.
The principle of this technique is total closure of blood supply (ischemization) to tissue by ligating
all vessels—arteries and veins—with non-absorbable material and leaving the treated tissue in situ.
This procedure was firstly experimentally tested in healthy (tumor-free) miniature pigs held in IAPG.
Segments of the small or large intestine were devitalized by ligation of the mesenteric arteries and
veins. Both ends of the devitalized intestine were also ligated (forming a blind loop), left in situ
together with its content, and the intestinal passage was renewed by anastomosis. The experimental
minipigs survived without any health complications, and the isolated intestinal segments were
gradually destroyed over four weeks without causing sepsis [251]. Based on these promising results,
devitalization was successfully applied in several elder patients (age 57-82 years) with inoperable
colorectal carcinoma. Revision operations showed a small fibrous residue at the site of the original
tumor only, and visceral metastases, ascertained before devitalization, were not found. No cancer
recurrence was observed in the patients. They died 4-7 years later of a heart attack or stroke [252].
Recently, another case report of a patient with invasive metastatic colorectal carcinoma who survived
more than 14 years after devitalization, with no sign of malignancy revealed on computed tomography
(CT) scans at present, was published [253]. Using healthy minipigs in IAPG as an anatomical and
physiological model similar to human, devitalization of the kidney [254,255], stomach [256], rectum,
and sigmoideum [257] was also carried out to acquire practical skills and experimental knowledge as a
prerequisite for possible clinical utilization. In all cases, the devitalized tissues were resorbed and no
side effects were observed.

Development of the MeLiM strain with hereditary melanoma gave us a very suitable animal model
to experimentally test the effects of tumor devitalization in vivo. Devitalization of cutaneous melanoma
is a relatively simple surgical technique. Partially overlapping mattress stitches are conducted around
the tumor base and strongly tightened; then, the tumor is left in situ without any excision [174]. More
than 40 MeLiM animals of both sexes (age 1-2 months) with progressively growing multiple cutaneous
nodular melanomas and metastases in inner organs (lymph nodes, spleen, and liver) were used in
the first larger study. Devitalization of single cutaneous melanoma led to a gradual melanoma cell
destruction in all other non-treated cutaneous melanomas, as well as inner organ metastases, over
4-6 months. Neither side effects (with the exception of local or generalized depigmentation) nor any
health complications were ascertained [169]. Melanoma cell destruction was also well documented
biochemically, showing a great reduction in a-mannosidase and tyrosinase activities in non-treated
melanomas taken six months after devitalization of another cutaneous melanoma [179].

Increased expression of two heat-shock proteins (HSPs)—HSP70 and gp96—was demonstrated
immunohistochemically and by Western blotting in the devitalized melanoma as early as one day
after treatment, which persisted for the next two weeks. The growing proportion of tumor-infiltrating
lymphocytes (cytotoxic T-lymphocytes and DP T-lymphocytes) was proven thereafter by flow cytometry
in non-treated cutaneous melanomas [258]. Both monitored HSPs are able to form complexes with
immunogenic peptides derived from cancer cells and, through antigen-presenting cells, they activate
cytotoxic T-lymphocyte responses against the HSP-bound peptides [259-261]. Based on these findings,
HSP70 and gp96-peptide vaccines derived from autologous tumor lysate were tested as a novel
promising approach for the treatment of various malignancies including metastatic melanoma.
Vitespen (formerly Oncophage) was the first personalized gp96-peptide cancer vaccine developed by
the Antigenics Inc. (New York, NY, USA) and used in randomized clinical trials [262-266]. Our finding
from devitalization experiments in the MeLiM model are in accordance with this therapeutic trend.
Long-term overexpression of HSPs, followed by significant tumor lymphocyte infiltration, suggests
that melanoma devitalization in the MeLiM model elicits a cell-mediated anti-tumor immune response.
Thus, devitalization can be considered as an immunotherapeutic technique (auto-vaccination by
necrotic tumor tissue from devitalized melanoma). At present, we apply melanoma devitalization for
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therapy of the MeLiM pigs with progressing melanoma to prolong survival and allow their inclusion
as parental animals in the MeLiM herd. Their utilization in breeding schemes increases the incidence
and severity of melanoma in this animal model.

6. Concluding Remarks

Enormous work was done in melanoma research, and even more remains to be elucidated.
The study of intrinsic tumors and in vitro cultured cells, as well as the employment of animal models,
enables us to be closer to understanding the disease etiology. The new genetic discoveries may
help us to find new therapeutic targets or molecular reporters to monitor the disease development
or therapy efficacy. Understanding the role of the immune system in melanoma control is crucial
for immunotherapies.

Animal models are indispensable in melanoma research. Various mouse models are prevailingly
utilized; however, swine models seem to be more appropriate due to anatomical, physiological,
biochemical, and genetic similarities with human. Using genetic engineering, various transgenic
swine models are available for biomedical research [267,268] including cancer [269,270]. However, no
transgenic melanoma swine model was developed until now.

Several advantages of pig models highlight their importance in melanoma research. The pig skin
structure and melanocyte distribution in pigmented skin more closely resemble the human situation
(in contrast to mouse skin). Larger litters enable studying progression and regression by comparing
sibling pairs. The long lifespan (12-18 years in miniature pig [271]) enables long-term monitoring of
pig breeds and experimental outcomes. Large animal models also allow repeated blood and tissue
sampling during the life of the individual to monitor the disease development. For example, repeated
sampling in MeLiM model allows us to monitor spontaneous regression course and the involvement
of immune cells in the disease control. Outcomes of such studies have the potential to bring new
knowledge that would be usable in studies of human melanoma and its treatment.

Two already established and well-characterized swine models with spontaneous, hereditary
melanoma—the Sinclair miniature swine and the melanoma-bearing Libechov minipig—showing
many similarities with human melanoma, seem to be the best choice for melanoma study. These models
closely resemble each other with respect to melanoma development, its spontaneous regression, and
histopathological findings. However, genes responsible for predisposition to melanoma remain to
be identified in both strains. The Hormel (Minnesota) miniature pig used in the establishment of the
Sinclair and MeLiM models could carry susceptibility genes for melanoma. The Sinclair miniature
swine is generally usable as a spontaneously regressing melanoma model because this biological
process appears in most animals. The advantage of the MeLiM model is that, in addition to the
spontaneous regression of melanoma observed in most animals, melanoma progression causing death
is regularly observed in about 5-30% of affected pigs (depending on the disease burden in parenting
individuals). Using repeated tissue and blood analyses and monitoring the health status of piglets
from birth, we are able to distinguish pigs with spontaneously regressing melanoma from those with
progressing melanoma and use them separately for studying the regression phenomenon and for the
development of new techniques for melanoma treatment. Cooperation with research groups that are
interested in large animal model melanoma research is desirable to maintain this unique swine model.
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Abbreviations

BAP1: BRCAl-associated protein-1, CDK4: cyclin-dependent kinase 4, CDKN2A: cyclin-dependent kinase
inhibitor 2A, CTLA-4: cytotoxic T-lymphocyte-associated protein 4, DP: double-positive, EGF: epidermal
growth factor, GWAS: genome-wide association study, HER: human epidermal growth factor receptor, HSPs:
heat-shock proteins, IFN: interferon, IL: interleukin, MALDI-TOF MS: matrix-assisted laser desorption/ionization
time of flight mass spectrometry, MAPK: mitogen-activated protein kinase, MC1R: melanocortin 1 receptor,
MeLiM: melanoma-bearing Libechov minipig, miRNAs: microRNAs, MITF: microphthalmia-associated
transcription factor, NF1: neurofibromin 1, PD-1: programmed cell death protein 1, PD-L1: programmed
death-ligand 1, PDX: patient-derived xenograft, PI3K: phosphatidylinositol 3-kinase, POT1: protection of
telomeres protein 1, PTEN: phosphatase and tensin homolog, RACK1: receptor for activated C kinase 1, SCID:
severe combined immunodeficiency, SLA: swine leukocyte antigen (swine major histocompatibility complex
(MHQ)), TIL: tumor-infiltrating lymphocytes, TNF: tumor necrosis factor, Xmrk: Xiphophorus melanoma receptor
tyrosine-protein kinase.
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Abstract: The Cdx2 homeobox gene is important in assigning positional identity during the finely
orchestrated process of embryogenesis. In adults, regenerative responses to tissues damage can
require a replay of these same developmental pathways. Errors in reassigning positional identity
during regeneration can cause metaplasias—normal tissue arising in an abnormal location—and this
in turn, is a well-recognized cancer risk factor. In animal models, a gain of Cdx2 function can elicit
a posterior shift in tissue identity, modeling intestinal-type metaplasias of the esophagus (Barrett’s
esophagus) and stomach. Conversely, loss of Cdx2 function can elicit an anterior shift in tissue identity,
inducing serrated-type lesions expressing gastric markers in the colon. These metaplasias are major
risk factors for the later development of esophageal, stomach and colon cancer. Leukemia, another
cancer in which Cdx2 is ectopically expressed, may have mechanistic parallels with epithelial cancers
in terms of stress-induced reprogramming. This review will address how animal models have refined
our understanding of the role of Cdx2 in these common human cancers.

Keywords: metaplasia; Cdx; cancer; animal models

1. Introduction

During the development of the embryo, the specification of cellular and tissue identity is dictated
according to location. This is achieved through a combination of inductive cues and cell-intrinsic
genetic factors. Our current understanding of the fundamental molecular mechanisms that underly
these processes, referred to as pattern formation, was initially spurred by the study of the fruit fly,
Drosophila melanogaster, over a century ago [1]. In 1894 William Bateson reported a peculiar mutation
in D. melanogaster, in which a leg developed in the place of antennae. This he termed “homeosis”,
developmental anomalies which cause one body part to develop in the likeness of another. Genetic
mutations which cause homeosis are called homeotic mutations.

Many homeotic mutations have been identified in D. melanogaster. These include the bithorax
mutation, where an extra pair of wings are present instead of a pair of halteres, and the aforementioned
Antennapaedia mutation, where legs developed in the place of antennae. The gene responsible for
the Antennapaedia mutation would be identified almost 90 years later [2] and others soon followed.
Comparative sequence analyses indicated that several homeotic genes, including the Antennapaedia
gene, contained a conserved 180 nucleotide sequence—the homeobox [3-5]. Although many genes
important for pattern formation were found to contain a homeobox sequence, homeotic transformations
in D. melanogaster were only associated with those genes mapping to a single genetic locus, termed the
HOM-C locus [6-8].

In human, the HOM-C homologues are termed the HOX clusters. Duplication events during
mammalian evolution have produced four separate HOX clusters: HOXA, HOXB, HOXC and HOXD [9].
The expression of genes within both the HOX and HOM-C clusters are spatio-temporally regulated;
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those located at the 3"-end are expressed earlier and in more anterior regions, while those located at the
5’-end are expressed later and in more posterior regions [10-13].

Mutations in HOX genes do not cause the dramatic anatomical transformations observed
in D. melanogaster, as mammalian development is much less dependent on segmental structures.
Only branchial arches, the hindbrain and somites appear to develop on a truly segmental basis, and here
the role of HOX genes in controlling development of these structures is well documented [13]. In the
mouse, loss-of-function mutations of Hox genes often cause anterior homeotic transformations—an
anterior transformation being when a segmental unit acquires the characteristics of one more rostral.
Anterior transformations of the axial skeleton have been reported for several Hox null mutants,
including Hoxa2 [14,15], Hoxb4 [16], Hoxc8 [17], Hoxd3 [18] and Hoxd13 [19].

An additional paralogous Hox cluster (ParaHox) also exists and, like the Hox cluster, also exhibits
spatio-temporal co-linearity [20]. Both gene clusters are evolutionarily ancient, splitting from a
common ancestral ProfoHox cluster prior to the split between Bilaterians and Cnidarians, i.e., before
the establishment of body plans with bilateral symmetry [21]. In humans, the ParaHox cluster consists
of three genes, GSH, PDX1 and CDX2.

As with many of the Hox genes, loss-of-function mutation of Cdx2 in mice is associated with
anterior homeotic transformation of the axial skeleton [22]. Similarly, loss-of-function mutation of the
related paralogue Cdx1 also causes anterior homeotic shifts [23] and these patterning defects become
further exacerbated in Cdx1/Cdx2 compound mutants [24]. Null mutants of the third paralogue, Cdx4,
do not exhibit skeletal defects, but exacerbate the axial patterning defects of both Cdx1 and Cdx2
mutants [25]. These findings illustrate not only functional overlap, but show that their collective
activity is required to achieve wild-type levels of functional activity—i.e., their functional overlap
does not equate to functional redundancy. As such, any genetic or environmental factors that alter
Cdx protein levels can have significant effects on establishing positional identity. This is true not
only during embryogenesis, but also following regenerative tissue repair in adult tissues, where the
reestablishment of positional identity can be required. Incorrect reprogramming of tissue identity in
adult tissues is termed metaplasia and metaplasia is increasingly recognized as a major risk factor for
developing cancer. This review will focus on the function of Cdx2 and, less so, its paralogues, Cdx1 and
Cdx4, and how genetically engineered mutations of these genes have provided us with animal models
that have spurred our understanding of the important links between metaplasia and cancer.

2. Metaplasia is an Important Etiological Factor in Cancer

Metaplasia has long been recognized as a risk factor for cancer development and most often
follows a common sequence: an environmental insult will cause tissue damage and, in the course of
renewal, this tissue may transdifferentiate into a tissue type inappropriate for its location. An early
recognized example is the often observed transition from a normal columnar bronchial epithelium
to a squamous epithelium in the lungs of smokers, a metaplastic change that is believed to be the
site of origin of lung cancers [26]. In 1985, Jonathan Slack proposed that many of these epithelial
metaplasias may be analogous to homeotic transformations [27]. He proposed that epithelial stem cells
may sometimes be reprogrammed back to an early ontological state and then, as normal progression
proceeds, can acquire a new stable epigenetic state that is phenotypically anteriorized or posteriorized.
This hypothesis was bolstered by findings showing an anterior shift in epithelial identity in the focal
regions of the large intestine of Cdx2 mutant mice, occurring concomitant with anterior shifts in the
axial skeleton [22,28,29]. Later studies would show that targeted overexpression of Cdx2 could induce
metaplasias in the gut, in which anterior epithelial structures were replaced with posterior structures,
i.e., directly analogous to a posterior homeotic shift [30-34] (Table 1, Figure 1). Thus, Cdx2 insufficiency
was associated with shifts in the opposite direction to conditions where Cdx2 was overexpressed.
Nevertheless, in both cases, the shifts were associated with cancer progression pathways. As will
be discussed in the following sections, these animal models have been valuable in furthering our
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understanding of cancers of the esophagus, stomach and colon, as well as its less understood oncogenic

role in leukemia.

Table 1. Animal cancer models generated through the genetic manipulation of Cdx genes.

Mutation Phenotype Reference
Homozygotes: preimplantation lethality
Cdx2KO Heterozygotes:. anteriqr homeotic shift of Vgrt'ebrae, [22,28,29]
nondysplastic colonic tumors often containing
metaplastic/heterotopic foci with gastric features

Cdx2CKO; Apct/dt4 Mixed tumors with adenomatous and serrated features [35]
Tg(Foxa3—-Cdx2) Metaplasia in stomach [33]
Tg(Atp4a—Cdx2) Metaplasia in stomach [32]
Tg(K14-Cdx2) Non-intestinal type metaplasia in esophagus [31]
Tg(Krt7rtTA); Tg(otet-Cdx2) Intestinal type metaplasia in esophagus [34]
Tg(krt5:cdx1b-EGFP) 1 Metaplasia in esophagus [30]

! Transgenic zebrafish model.

Metaplasia Cancer
esophagus
acid reflux_ —> # Esophageal cancer
stomach H.pylori > _— Stomach cancer
intestine
? ,i — 3 i Adenocarcinoma
—_—y

Serrated tumour

® metaplasia Cdx2"
metaplasia Cdx2
# * metaplasia induced cancer

Figure 1. Simplified schematic diagram depicting how metaplasia caused by the alteration of Cdx2
expression can progress to cancer.

Environmental insults can induce reprogramming of the gut epithelium. These metaplasias
and metaplasia-like (i.e., serrated polyps in the colon) alterations can confer risk for subsequent
development of cancers of the gastrointestinal tract.

3. Esophageal Cancer

3.1. Barrett’s Esophagus is a Major Risk Factor for Human Esophageal Adenocarcinoma

Barrett’s esophagus is a metaplastic change of normal squamous esophageal epithelium to an
abnormal columnar epithelia with gastric and intestinal features [36,37]. The metaplasia arises as a
consequence of the epithelial damage and inflammatory response wrought by chronic acid reflux.
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Patients diagnosed with Barrett’s esophagus have an approximate 100-fold increased risk of developing
esophageal adenocarcinoma [38] and, because this metaplastic transformation appears irreversible,
preventative measures have relied on controlling acid reflux, primarily through the use of proton pump
inhibitors (PPIs) [39]. A recent clinical trial has shown that patients with existing Barrett’s esophagus
can still reduce their risk of developing adenocarcinoma by taking PPIs [40].

Not being present in the normal esophagus, CDX2 expression is a biomarker for Barrett’s
esophagus [41-44]. Moreover, CDX2 expression can often be found in esophageal squamous epithelia
inflamed by acid reflux, suggesting that its expression precedes the metaplastic transformation [41,45].
CDX2 is a direct transcriptional target of the key inflammatory mediator NF-«kB [46]. Thus, it is
likely that the onset of CDX2 expression is due to activated NF-«B, which has also been shown to be
present in pre-metaplastic inflamed squamous epithelia [47,48]. CDX2 expression is maintained if the
metaplasia advances to an adenocarcinoma, but expression diminishes as the cancer loses epithelial
morphology [49,50].

3.2. Animal Models Reveal Functional Roles for Cdx2 in Barrett's Esophagus

A keratin 14 promoter was used to force Cdx2 overexpression to the squamous epithelia of mouse
esophagus [31]. This was sufficient to induce metaplastic changes in the esophagus that resembled
Barrett’s esophagus, but lacked the intestinal goblet cells that are characteristic of the disease in humans.
The transition from squamous to columnar epithelia was also associated with a decrease in barrier
function, leading to the hypothesis that the transformed epithelia could, in turn, be more sensitive to
reflux esophagitis, reinforcing the transition [31]. A similar model was generated in zebrafish, using a
keratin 5 promoter, to drive expression of cdx1b [30]. Like the transgenic mouse model, the zebrafish
model exhibited similar metaplastic changes in the esophagus but, once again, without any appearance
of goblet cells. More recently, a discrete transitional columnar epithelium was found to exist at the
junction of the stomach and esophagus [34] and may represent the true source of Barrett’s esophagus.
Keratin 7 was identified as a specific marker of this transitional epithelium and, by employing a keratin
7 promoter to confine inducible Cdx2 overexpression to this cell-type, a metaplasia that included goblet
cells was observed [34]. Currently, this compound transgenic model (Krt7rtTA; otet-CDX2-T2A-mCherry)
represents the best animal model for replicating Barrett’s esophagus.

4. Stomach Cancer

4.1. CDX2 and the Metaplastic Origins of Human Stomach Cancer

The current model for human gastric carcinogenesis, proposed in 1992 [51], follows a similar
course to the model for esophageal carcinogenesis discussed earlier, in that an initial pro-inflammatory
stimulus will lead to inflammation (gastritis), followed by intestinal metaplasia, and, ultimately,
to adenocarcinoma. In the stomach, the major environmental stimulus initiating this pathway,
and thereby conferring the risk of cancer development, is chronic infection with Helicobacter pylori [52].

Two major types of metaplastic lineages have been identified adjacent to cancers of the stomach:
an intestinal-type metaplasia with the characteristic presence of goblet cells [53] and a spasmolytic
polypeptide-expressing metaplasia (SPEM) which expresses trefoil factor 2 (TFF2), then designated as
spasmolytic polypeptide [54]. SPEM exhibits similarities to glands of the antrum (the caudal-most region
of the stomach) [55,56]. SPEM may represent a reparative response to acute gastritis, while goblet-cell
intestinal metaplasia may require a chronic inflammatory environment.

CDX2 expression is detected in gastric intestinal metaplasia but not in normal gastric
mucosa [57-59]. CDX2 could also be detected in chronic gastritis without evidence of metaplasia,
suggesting that the onset of CDX2 expression preceded the metaplastic change [60]. As the metaplasias
progresses to carcinoma, CDX2 levels are often reduced [58].
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4.2. Animal Models Reveal Functional Roles for Cdx2 in Stomach Cancer

Cdx2 overexpression in the gastric mucosa of transgenic mice using the parietal cell-specific
H*/K*-ATPase subunit b promoter resulted in gastric intestinal-type metaplasia that spontaneously
developed into adenocarcinomas [61,62]. Another line, employing the Foxa3 promoter to drive Cdx2
overexpression, also exhibited intestinal-type metaplasia but progression to adenocarcinoma was not
observed [33]. The significant overlap in phenotype is somewhat surprising, as Foxa3 is expressed
during embryonic development while the H/K*-ATPase promoter is only active postnatally in the
acid-producing parietal cells. It is possible that the phenotype may be indirectly influenced by parietal
cell loss, as gastrin knockout mice, which exhibit impairment of stomach acid production, also exhibit
intestinal-type metaplasia that eventually progresses to stomach cancer [63,64].

Modelling the action of the major risk factor for stomach cancer, H. pylori infection, has proven
more difficult in mice, as this is heavily mouse strain-dependent [65] and produce SPEM rather than
intestinal-type metaplasia [66]. For replicating the human disease, the Mongolian gerbil has been
superior, recapitulating upon H. pylori infection the progression from gastritis to intestinal metaplasia
and, eventually, to gastric cancer [67-69].

5. Colon Cancer

5.1. CDX2 is a Tumour Suppressor in Human Colorectal Cancer

Most colorectal cancers arise from an epithelial-derived adenomatous precursor lesion that,
with further mutations in oncogenes and tumor suppressor genes, can clonally progress to
carcinoma [70]. This adenoma-carcinoma pathway is most often initiated by activating mutations of
the WNT pathway [71]. An alternative pathway, broadly termed the ‘serrated pathway’, maintains
epithelial gland morphology and mucin production in the benign precursor lesions. It has been
estimated that 20%-30% of colorectal cancers arise by this alternative pathway, although classification
can be difficult as the cancer progresses and loses its serrated morphology [72,73]. This pathway is
most often associated with activating mutations in the BRAF oncogene [72,74], and is considered to
follow a more aggressive course than the conventional pathway [75]. Loss of CDX2 expression has
recently emerged as a biomarker for colon cancers arising via the serrated pathway, often coinciding
with activated BRAF mutations [76,77]. It also has been identified as a prognostic marker in stage II
colon cancer, where it was suggested that patients with CDX-negative cancers would benefit from
adjuvant chemotherapy, rather than the common practice of treating all stage II patients with surgery
alone [78].

Are serrated pathway cancers derived from metaplastic changes in the colonic epithelium?
Suggestive of an anteriorization of epithelial identity is the fact that these cancers often express gastric
epithelial markers, including mucin 2 (MUC2), MUC5AC, MUC6 and annexin A10 (ANXA10) [79-81].
Perhaps more compelling is that loss of CDX2 expression is associated with a gain in PDX1 expression,
the ParaHox gene responsible for patterning the midgut [77].

5.2. Animal Models Reveal Functional Roles for Cdx2 in Colorectal Cancer

A possible role for Cdx2 in colon cancer was initially suggested based on the knockout phenotype
in mice; heterozygous mice had numerous tumors, although they never spontaneously advanced to
carcinoma [22,29]. Upon closer examination, these tumors consisted of small foci of histologically
normal forestomach epithelia that were surrounded in successive order by cardia, corpus, antrum
and small intestine epithelia [82]. This observation was ascribed as a heterotopia, analogous to a
metaplastic transformation, only with its origins occurring during embryological development instead
of as a consequence of mucosal injury and repair. To model the latter, a Cre-ERT transgene under
the Cyplal promoter, was used to achieve mosaic inactivation of a Cdx2/f allele, thus allowing the
study of Cdx2 deficient lesions in the context of wild-type mucosa [83]. The Cdx2 deficient lesions
were found to express a number of gastric genes but did not form normal gastric mucosa, presumably
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because of incompatible mesenchymal signaling [83]. Under current classifications, these lesions could
be interpreted as “serrated”. Could they therefore be susceptible to transformation via activating
mutations of BRAF?

Mouse models combining Cdx2 inactivation and oncogenic BRAF (BRAFV®00F) activation were
recently described and indeed, this led to invasive carcinogenesis along the serrated pathway [77,84].
Tamoxifen-regulated Cre protein (CreERT2) was used to inducibly inactivate loxP-containing alleles of
Cdx2 (Cdx291) or to inducibly activate an oncogenic BRAF allele (BRAFV®YOE) in the adult intestinal
epithelium. Mutation of either allele individually had little to no effect on median survival; however,
their combined mutation resulted in progression to carcinoma. Immunohistochemical analyses of
tumors revealed ectopic expression of typical serrated pathway markers such as annexin A10 and
mucin 5AC [77].

Mouse models have also provided information that loss of Cdx2 expression can influence not only
the serrated pathway, but also the classical adenoma-carcinoma pathway. The classical pathway is
associated with activating mutations of the Wnt signaling pathway, most predominantly through loss
of function of the Wnt-signaling inhibitor, Apc [71]. Mutations in the human APC gene are causative
for the cancer syndrome Familial Adenomatous Polyposis (FAP), as well as for sporadic cancers arising
predominantly in the distal colon [85]. FAP can be modeled in mice carrying mutations of the Apc
gene, including the truncated mutant Apc®71° [86], but tumors in mice arise predominantly in the small
intestine. When the Apch(’ mutant allele is combined with the Cdx2+/~ heterozygous mutation, there
is a large increase in the number of adenomatous polyps in the distal colon, more closely reflecting the
tumor distribution in human FAP [87].

More recently, it was reported that the tumor-promoting effect of Cdx2 deficiency on the classical
adenoma—carcinoma pathway may be non-cell autonomous [35]. This discovery was enabled by a
complex mouse model, where mosaic inactivation of a Cdx2/ allele was combined with a mutant
Apct/814 allele to drive adenoma formation and a conditionally activated fluorescent reporter allele
(tdTomato) to trace cells that underwent Cre-mediated recombination. As expected, adenomas contained
high levels of nuclear 3-catenin, a measure of hyperactive Wnt signaling arising due to the loss of
heterozygosity of the Apc tumor suppressor allele. However, these cells were never red (Cdx2 negative).
The Cdx2-negative cells were not contributing to the adenoma, but instead created an environment
that promoted neoplasia of Cdx2-positive cells—i.e., Cdx2 was acting as a “non-cell-autonomous tumor
suppressor” [35].

Previous studies had shown that Cdx2*/~ mice are more susceptible to DSS-induced colitis [88].
Perhaps the permissive environment is pro-inflammatory. Indeed, NF-«B, a key mediator for
inflammatory responses, was activated only in the Cdx2-positive cells that were adjacent to the
regions of incomplete metaplasia [35]. These activated cells also expressed high levels of nitric oxide
synthase (iNOS), indicating that these cells were under increased nitrosative and oxidative stress and
therefore more susceptible to DNA damage. Supporting this hypothesis, treatment with the iNOS
inhibitor aminoguanidine reduced the tumor load in mice carrying a mutant Cdx2 allele (Apct/A14;
Cdx2*/~), while having no effect on mice with only wild-type Cdx2 alleles (Apc*/214; Cdx2*/*) [35].

6. Leukemia

6.1. CDX2 is a Proto-Oncogene in Human AML

A possible role for CDX2 in human acute myeloid leukemia (AML) was first suggested following
the identification of a novel chromosomal rearrangement, t (12; 13)(p13;q12), in a patient with AML.
The rearrangement yielded an ets variant gene 6-CDX2 (ETV6-CDX2) fusion protein [89] and, as ETV6
is an important regulator of HSC survival and is frequently affected by translocations [90,91], it was
thought that this fusion may be oncogenic. However, when the fusion protein was transduced into
murine hematopoietic progenitors, it caused only minor myeloproliferation, and not transplantable
AML [92]. It is now accepted that it was the full-length CDX2 protein, driven from an alternative ETV6
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promoter, that was leukemogenic. Indeed, transduction of full-length CDX2 into murine hematopoietic
progenitors does result in transplantable lethal AML [92].

Up to 89% of AML cases, and up to 81% of acute lymphoblastic leukemia (ALL) cases,
express CDX2 [93-96] and at least for ALL, CDX2 expression levels were directly associated with
the aggressiveness of the disease [93,95]. Thus CDX2 is one of the most frequently expressed
proto-oncogenes in human leukemia.

Known downstream targets of CDX2, namely the HOX genes, had also been identified as
proto-oncogenes in AML [97,98]. Forced expression of Hoxa9 or Hoxal0 are also capable of inducing
rapid AML in mice [99,100], and aberrant expression of human HOX genes, including HOXA9,
correlates with clinical measures of disease burden [101-104].

During hematopoiesis, HOX genes of the A and B cluster are highly expressed in normal murine
and human hematopoietic stem and committed progenitor cells, and become silenced during the
course of normal differentiation [105,106]. Bone marrow from Hoxa9 deficient mice has a profound
deficiency in the number of hematopoietic stem cells and progenitors [107,108]. On the other hand,
CDX2 is not detected in hematopoietic stem or progenitor cells from healthy subjects, neither in human
nor in mouse [109]. Also, there were no significant effects on hematopoiesis in knockout mouse
models of any of the CDX genes [22,25,109,110]. Thus, although CDX2 and the HOX genes have
similar roles in leukemogenesis, the similarities are not readily apparent in regards to the process of
normal hematopoiesis. A true functional role would only be revealed as a result of important scientific
discoveries in zebrafish.

6.2. Cdx Genes are Required for Normal Hematopoiesis in Zebrafish

The first indication that Cdx genes may have a functional role in hematopoiesis came from studies
in zebrafish, when the causative mutation underlying the autosomal recessive mutation kugelig (kgg)
was identified in the cdx4 gene [111]. Homozygous kgg embryos die early in development (day 5 to 10
post fertilization) with severe tail defects and a prominent reduction in hemoglobin-staining erythroid
cells. This phenotype was consistent with the expression pattern of cdx4, which became restricted to
the posterior end of the embryo during early somitogenesis, prior to the emergence of the posterior
blood islands. Furthermore, the in vivo injection of cdx4 mRNA was able to rescue hematopoiesis in
these kgg mutants [111].

Zebrafish contain a duplication of the Cdx1 gene (cdxla and cdx1b), while lacking a Cdx2
orthologue. Therefore, although they contain the same number of Cdx genes as in mammals, they lack
the prototypical ParaHox cluster. Nevertheless, like in mammals, the zebrafish cohort of Cdx genes
does exhibit some degree of functional redundancy. Indeed, morpholino-mediated knockdown of
cdxla in kgg mutant fish exacerbates the phenotype, causing a complete failure to specify blood [112].

The hematopoiesis defect in cdx4 mutant zebrafish is reminiscent of anterior homeotic
transformation of the axial skeleton observed in mouse loss of function mutants [22,110], as there
appeared to be a posterior shift in the boundary between anteriorly localized hemangioblasts, fated to
develop into endothelial cells and the posteriorly localized hemangioblasts, fated to develop both blood
and endothelial cells [111]. Both populations are labelled with scl (tall), which coexpresses with cdx4
in the posterior blood islands [111]. Even though scl overexpression is able to expand hematopoietic
cell numbers when overexpressed in wild-type zebrafish embryos [113], it was incapable of rescuing
hematopoiesis in cdx4 mutant kgg embryos [111]. Thus, the hematopoietic defect did not seem to be
due to an overt lack in the number of scl+ hemangioblast progenitors, but rather a failure to pattern
these progenitors to favor differentiation towards the erythrocyte lineage.

An evolutionarily conserved role of Cdx genes in regulating the expression of Hox
genes [110,114,115] appears to underly the failure to pattern scl+ hemangioblasts in zebrafish. Indeed,
kgg mutants exhibit large alterations in hox expression patterns, which can be restored upon ectopic
cdx4 expression [111]. Overexpression of several of the most downregulated hox genes (hoxb6b, hoxb7a
and hoxa9a) successfully rescues hematopoiesis in kgg mutants [111], and overexpression of hoxa9a
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(but not hoxb7a) rescues the complete hematopoietic failure observed upon combined cdx1a and cdx4
deficiency [112].

6.3. Cdx Genes Control Mammalian Hematopoiesis

The implications from these studies in zebrafish were that a functional role for mammalian CDX
genes may be masked by functional redundancies and that the CDX genes may exert their function
not at the level of hematopoetic stem cells, but by pre-patterning their early mesodermal progenitors
during embryogenesis. This possibility could be simply assessed by the in vitro differentiation of
embryonic stem cell lines, since differentiation towards hematopoietic lineages involves a transition
through a hemangioblast intermediate.

In vitro differentiation of single Cdx gene deficient murine embryonic stem cell lines resulted in
only minor reductions in the numbers of multipotential blood progenitor colonies [116]. Knockdown
of either Cdx1 or Cdx2 by RNA interference in a Cdx4-deficient background resulted in more severe
reductions, while combined knockdown of both Cdx1 and Cdx2 in the Cdx4-deficient background
resulted in an almost complete failure of hematopoiesis [116]. In embryos where Cdx2 was conditionally
inactivated in a Cdx1~/~ background, there were defects in primitive hematopoiesis as well as yolk sac
vascularization [117]. Thus a previously unrecognized role for Cdx genes in hematopoiesis was made
evident when all genes in the family were inactivated.

The role of Cdx genes in pre-patterning early presomitic mesodermal progenitors, which will
later give rise to hematopoietic lineages, can first of all be inferred by their ability to pattern
the somitic mesoderm, resulting in the prototypical anterior homeotic transformation of the
vertebrae [22,110]. Also, upon in vitro differentiation of human and mouse embryonic stem cells, Cdx
gene expression peaks at the same time as hemangioblasts are specified and, if inducibly overexpressed
during this time window, strongly enhances the production of hematopoietic progenitors [118-120].
The effect on hemangioblast production is likely the result of both a decreased amount of
posterior unsegmented mesoderm [121] and an anterior shift in patterning the mesoderm [122].
In zebrafish, the tbx5a-expressing anterior cardiogenic mesoderm was expanded in cdx1a/4 mutants [122].
Similarly, in mice, ectopic Thx5 expression was observed in the yolk sac of Cdx1/2 compound conditional
null mutants at the expense of hematopoietic markers [123]. Current evidence supports a mechanism
of action for Cdx genes in which they stably repress cardiac loci in early Mesp1+ mesoderm by directly
recruiting the SWI/SNF epigenetic silencing complex [123]. Thus, the expression of Cdx biases these
progenitors to hematopoietic lineages at the expense of cardiac lineages.

7. Summary

Metaplasias, long recognized as a cancer risk factor, have been suggested to be analogous to
developmental homeosis, where normal tissues develop in an abnormal location [27]. Homeobox
genes, including Cdx2, are important factors in conferring positional identity to developing tissues,
whether during embryogenesis or during the regenerative process following tissue injury. Animal
models in which Cdx2 overexpression is targeted to the esophagus show Barrett’s metaplasia (Barrett’s
esophagus), characterized by the presence of intestinal-type epithelia in place of normal squamous
epithelia. [30,31,34]. Similarly, targeted overexpression of Cdx2 in the stomach also causes metaplasia,
with a posteriorization of epithelial identity [32,33]. These tissue alterations model pre-neoplastic
metaplasias that are common in humans. Conversely, loss of Cdx2 in the colon causes metaplasia-like
alterations, in which epithelia are misallocated towards an identity characteristic of more anterior
structures [22,28,29], and this has provided important insights into understanding the progression of
human serrated-type colonic tumors.

It is easy to recognize epithelial metaplasias, as any change in the reacquiring of positional
identity in an epithelial stem cell will be conferred as a change in phenotype in its regionally
constrained cell progeny. However, this is not the case for another cancer in which Cdx2 is ectopically
expressed—leukemia. Nevertheless, it is possible that the same sequence of events is occurring in
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leukemia—chronic inflammatory damage triggering a regenerative response, which results in the
acquisition of a more “posteriorized” epigenetic state.

While the importance of CDX2 in human cancer pathology is indisputable, its functional role has
been more difficult to define. It has been designated, somewhat contradictorily, as both as an oncogene
and a tumor suppressor. But, unlike prototypical oncogenes and tumor suppressor genes, there is
no strong statistical evidence for cancer-associated mutations or loss of heterozygosity. The issue is
that these terms describe cell-intrinsic functions, while the core function of CDX2, as a designator of
positional identity, is, by definition, relativistic. Therefore, a true understanding of its role in cancer
progression must be context-dependent. Indeed, the conceptual advances in this field, as discussed in
this review, have been driven almost exclusively by the judicious use of animal models.
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Abstract: Zebrafish (Danio rerio) is a valuable non-mammalian vertebrate model widely used to
study development and disease, including more recently cancer. The evolutionary conservation
of cancer-related programs between human and zebrafish is striking and allows extrapolation of
research outcomes obtained in fish back to humans. Zebrafish has gained attention as a robust
model for cancer research mainly because of its high fecundity, cost-effective maintenance, dynamic
visualization of tumor growth in vivo, and the possibility of chemical screening in large numbers of
animals at reasonable costs. Novel approaches in modeling tumor growth, such as using transgene
electroporation in adult zebrafish, could improve our knowledge about the spatial and temporal
control of cancer formation and progression in vivo. Looking at genetic as well as epigenetic alterations
could be important to explain the pathogenesis of a disease as complex as cancer. In this review, we
highlight classic genetic and transplantation models of cancer in zebrafish as well as provide new
insights on advances in cancer modeling. Recent progress in zebrafish xenotransplantation studies
and drug screening has shown that zebrafish is a reliable model to study human cancer and could
be suitable for evaluating patient-derived xenograft cell invasiveness. Rapid, large-scale evaluation
of in vivo drug responses and kinetics in zebrafish could undoubtedly lead to new applications in
personalized medicine and combination therapy. For all of the above-mentioned reasons, zebrafish is
approaching a future of being a pre-clinical cancer model, alongside the mouse. However, the mouse
will continue to be valuable in the last steps of pre-clinical drug screening, mostly because of the
highly conserved mammalian genome and biological processes.

Keywords: zebrafish; epigenetics; xenotransplantation; drug screen; pre-clinical cancer model

1. Introduction

In the last four decades, a significant amount of time and money have been invested into the
investigation of cancer. Cancer is a collective term for a large number of genetically diverse diseases
that share common hallmarks at the cellular and molecular level. The diversity of tumors seems to
be one of the biggest challenges for treating cancer patients as the inter-individual differences are
enhanced by intratumor heterogeneity. Intratumor heterogeneity is the cellular variability of cancerous
tissue and has been found in the vast majority of cancer types. Tumor cells differ in their genomes,
transcriptomes, proteomes as well as their epigenomes. Further, cancer cells undergo subclonal
evolution during tumor growth. In consequence, cancer cell metabolism, as well as its proliferative
and metastatic potential, rapidly changes in time [1-3]. Until now, there is no easy way to address the
great diversity of cancer malignancies, nor in approaching cancer therapy. Usually, the identification
and the targeting of frequent driver mutations is a rational approach to cancer treatment. The field
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of current cancer research has been innovative in the last years by focusing on tumor cell growth,
evolution, and heterogeneity, especially by looking into these processes in live animals. A trend
towards targeted therapy and combination therapy has been facilitated by testing in various animal
models in vivo [4]. The murine model has been routinely used in cancer research mostly because
of the physiological as well as the genetic similarities to human. However, the main disadvantage
of mice for cancer research is that it is basically impossible to study early tumor dissemination and
changes in the tumor microenvironment at the cellular level. Further, the mouse is not suitable for
large-scale small molecule screening. Many of the hurdles posed by unknown tumor driver mutations
or treatment resistance could be partially overcome by patient-derived cancer cell xenotransplantation
(PDX) followed by whole-animal high-throughput small molecule screening. Another drawback of the
murine model, specifically for PDX, is the fact that the tumor graft needs to be transplanted into an
immunocompromised adult recipient [5-7]. Human cancer research is not limited only to mammalian
models [4,8,9].

Fish, as non-mammalian vertebrate models of cancer, are not new to the field. Their advantages for
biomedical research are the relatively low-cost maintenance at high numbers of animals, the external
development which allows in vivo imaging, and the large number of progeny. The first model of
melanoma in fish was established in platyfish (Xiphophorus). It was shown that the genetic hybrids of
the pigmented platyfish (Xiphophorus maculatus) and the non-pigmented swordtails (Xiphophorus helleri)
spontaneously develop melanoma. This model is one of the earliest animal cancer models [10,11].
Another example is medaka (Oryzias latipes), a small freshwater fish which has helped to uncover new
aspects of cancerogenesis, again mostly in melanoma pathogenesis [10,12]. Zebrafish (Danio rerio)
has gained the most attention as a robust animal for studying development and disease. Due to
its cost-effective maintenance, high fecundity, fast external development, optical clarity, and small
size of the embryos as well as adults, this little fish has become a popular model organism for
developmental biology [4,8,9,13,14]. Thanks to the transparency of zebrafish embryos and larvae it is
possible to visualize tumor cell growth and dynamics at early stages of cancer development in vivo [15].
A zebrafish genetic strain that maintains much of its transparency throughout adulthood, known as
casper, has been created as well [16]. Further, the efficiency and relative ease of genetic manipulation
for mutant and transgene production makes zebrafish a versatile animal for disease modeling. Major
players of human cancer-related pathways have their homologs in the zebrafish genome [17-19]. There
are well-established zebrafish transgenic lines with fluorescently labeled tissues available that can add
new insights into cancer cell growth, dissemination, and tumor microenvironment in real-time [20-22].
Aspects of human disease can be recapitulated and followed in vivo in zebrafish at the molecular level
because of its highly evolutionarily conserved genes and signaling pathways [23]. In the last decade,
human cancer cell xenotransplantation into zebrafish has been developed as well. Thus, zebrafish has
joined the mouse as a new model for xenograft assays. The possibility to maintain high numbers of
larvae at one place and time makes zebrafish a convenient model for small molecule screening in drug
discovery [24-26]. This is of high importance in the emerging field of PDX small molecule screening.
Zebrafish accelerates the pre-clinical development process as its embryos are suitable for large-scale
whole animal screening [19,27,28].

Zebrafish is a poikilothermic fish with a preferred temperature around 28 °C. This might be
adverse in studies where the mammalian homeostatic temperature would be important. However,
in short time periods, zebrafish can tolerate temperatures ranging from 6 to 38 °C [29]. Another
drawback of zebrafish is the teleost genome duplication, where there are genes in more than one copy
(paralogs). This means that some genes could be redundant in function or that their function could be
sub-divided from the ancestral genes’ function. This fact might complicate molecular genetic studies
in zebrafish [30,31]. Additionally, there is a lack of commercially available antibodies against zebrafish
proteins. This disadvantage is at least partially compensated by the availability of reporter transgenic
zebrafish lines [15].
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In this review we will provide an insight into zebrafish models of cancer, focusing on genetic
modeling of cancer in zebrafish, on recent research progress in transplantation studies, and small
molecule drug screening models; and on novel approaches in modeling tumor growth in zebrafish, for
example by using transgene electroporation in adult zebrafish (TEAZ) [32]. We will further discuss
the use of zebrafish in following cancer metastasis real-time in vivo. Metastasis is a process critical in
cancer malignancy, therefore we will further look at the role of tumor microenvironment on influencing
cancer cells spreading out of the site of primary tumors [33] which was shown in zebrafish xenograft
studies [33]. Another issue, which we want to address in this review, is the importance of epigenetic
machinery in such a complex matter as tumor biology. Human whole-genome sequencing has revealed
recurrent somatic mutations in many genes encoding epigenetic regulators, several of them were found
to be associated with specific cancer types [34-36].

2. Genetic Models of Cancer in Zebrafish

Disease-modeling in zebrafish is versatile and can be approached from many angles, either
by creating gene-targeted mutations and stable transgenes or by creating a fish with transient
overexpression or downregulation of certain genes. First, forward genetic screens done in
zebrafish revealed that the use of common mutagens, such as ethylnitrosourea (ENU) or
N-methyl-nitrosoguanidine (MNNG), cause the development of various neoplasms, for example,
adenoma or rhabdomyosarcoma (RMS) [37,38]. One of the first models of cancer in zebrafish which
was found in an ENU screen was the fish with a mutation in the tumor suppressor 53 (tp53M214K). TP53 is
the most frequently mutated tumor suppressor gene found in human cancers. These mutant tp537°
animals develop malignant peripheral nerve sheath tumor (PNST) which are often recognized as a
subtype of sarcoma. PNST was rarely seen in wild-type (WT) fish. The zebrafish phenotype partially
recapitulates the situation observed in TP53 inactivated human patients. They, however, develop a
wide array of cancer types in addition to sarcomas, such as breast cancer, brain tumor, or leukemia [39].
A newer zebrafish model with p53%/4¢! 1oss-of-function deletion allele created in the CG1 syngeneic
zebrafish strain was described more recently. These zebrafish develop various types of tumors besides
PNST, such as leukemia or germ cell tumors, which is more akin to the situation in human patients [40].

In consecutive years, many new techniques have emerged for gene manipulation and transgene
introduction into the zebrafish genome. All these reverse genetic approaches aim to generate a
loss-of-function phenotype or they aim to transfer genes found mutated in human cancer patients into
the fish. This could also mean creating a zebrafish model with a mutation in an orthologous gene to
a human cancer-related phenotype [41]. It has been shown that zebrafish can develop lymphoma,
resembling acute T-cell lymphoblastic leukemia (T-ALL), with lymphoid tissue-specific overexpression
(under rag2 promoter) of the mouse mMyc oncogene. This was another implication for the field that
zebrafish can indeed acquire tumors similar to mammals [42,43]. Tumor induction was observed also
ina ng:KRASGIZD overexpressing zebrafish which developed RMS in time [44]. The tumorigenesis
followed by Langenau et al. was even more pronounced when initiated in tp537 deficient zebrafish.
The developing tumors were transplantable into other zebrafish recipients [42,43]. These studies were
the first ones to describe that tumor suppressor genes and oncogenes can recapitulate cancer phenotypes
as we know them from patients, in zebrafish. Together with the evidence for evolutionarily conserved
drivers of tumorigenesis, this led to the establishment of zebrafish as a model for human cancer
pathogenesis. A contemporary model of melanoma in zebrafish has demonstrated the cooperative
function of tp53'/’ mutation with the activating mutation in the serine/threonine kinase BRAF [45,46].
This transgenic zebrafish expresses the mutated form of BRAF"%9°F most commonly found in human
melanoma under the control of the melanocyte-specific mitfa promoter. BRAFV%E on its own is not
sufficient to evoke melanoma in zebrafish. Transgenic animals without tp537 mutation form nevi.
Nevi are sites with high melanocyte proliferation which do not advance into malignant melanoma [45].
Many transplantation studies have used cancer cells derived from BRAFV%E_tp537 zebrafish and we
will review them further in Section 3 of this paper.
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TP53 is often concurrently mutated in human cancers bearing BRCA2 mutations. The tumor
suppressor gene BRCA2 affects both the meiotic and mitotic cell cycle. Recently, brca2 mutant zebrafish
in a tp537 background were examined for cell cycle arrest and genomic stability. This model, as it is
not embryonically lethal compared to many BRCA2 mouse models, allows for in vivo studies in adult
animals [47]. In brca2 mutant zebrafish, it was previously shown that there is an increased incidence
of benign testicular tumors [48]. Concurrent mutations of brea2/tp53 led to soft tissue sarcomas,
predominantly to PNSTs. Surprisingly, brca2 mutation in females significantly reduced the survival
rate after they have developed tumors compared to males with the same genotype. This study further
supports the link between brca2 mutation and cancer aneuploidy with poor survival prognosis [47].

Melanoma has been extensively studied in zebrafish since the first description of the BRAFV¢F
model. Melanoma emerges in a form of transformed melanocytes, which are cells derived from the
embryonic neural crest and produce pigment. This disease is commonly driven by mutations in BRAF
and RAS in human patients [49]. Melanomic lesion initiation and the mechanism of sporadic melanoma
formation was evaluated in zebrafish crestin:EGFP expressing embryos and in adults. In embryos,
crestin is expressed in neural crest cell progenitors and it is re-expressed in melanoma tumors of adult
fish. Neural crest cells were shown to be a key element in melanoma initiation in the BRAFV®0Etp537
zebrafish. [50]. RAS signaling is extensively studied in zebrafish as well. There is a zebrafish model of
Costello syndrome driven by HRAS mutation derived from human patients (HRASC'?Y). These fish
develop craniofacial and spinal abnormalities. Older fish harboring this mutation were prone to tumor
formation, including lymphoma, melanoma, or sarcoma [51]. This model has been further upgraded by
the Gal4-UAS system and by the melanocyte-specific expression of HRASG?V under the kita promoter.
The transgenic fish start to develop tumor masses by 2—4 weeks of life so the progress of the disease
is relatively fast. Adult tumors show similarities to human melanoma and they are transplantable.
This is in contrast to mitfa expressing melanocyte progenitors which form melanoma less efficiently
in the same Gal4-UAS setup [52]. Another type of BRAFV%E driven cancer was characterized more
recently in zebrafish. This model of thyroid carcinoma was described in transgenic fish expressing
BRAFV0E in thyrocytes, under the expression of thyroglobulin promoter (tg) [53]. Treatment with
MEK and BRAF inhibitors suppressed the oncogenesis and restored normal thyroid morphology.
The authors propose in this study a novel potential target responsible for BRAFV%E driven thyroid
follicle transformation in a TWIST2 zebrafish orthologue—twist3. twist3 is an important transcriptional
regulator of epithelial-to-mesenchymal transition (EMT)—a critical process in tumorigenesis, in the
acquisition of tumor resistance, and in metastatic spread of tumor cells out of the primary tumor
site [33]. Inactivation of this gene led to the suppression of BRAFV%E induced effects and led to thyroid
morphology restoration and rescued hormone production [53]. Previously, MITF, a melanocyte-specific
transcription factor, has been found to be important in melanoma pathogenesis. The inhibition of its
activity leads to a dramatic regression in melanoma growth [54]. Recently, the effect of constitutively
activated HRAS®'?Y on microRNAs (miRNAs) expression level was studied. The transgenic HRASG2Y
zebrafish develops different types of cancer, however, the authors focused on melanoma onset and
progression. Activated RAS signaling was found to promote the expression of six different miRNAs.
Among them, the most interesting miRNAs are targeting the jmjd6 gene. jmjd6 was found to be a
critical player in zebrafish melanoma pathogenesis as its increased expression was correlated to more
aggressive phenotypes [55]. Zebrafish has also been used to evaluate the effects of mutated RAS in
the induction of RMS. A mosaic transgenic zebrafish over-expressing the human mutated version
of KRASC1?D under the rag2 promoter developed RMS in nearly 50% of cases until adulthood [44].
However, mutation of KRAS in human patients leads most often to pancreatic adenocarcinomas.
ptfla:KRASC12V expressing zebrafish was shown to develop invasive exocrine pancreatic cancer which
partially resembled the carcinoma found in human [56]. Recently, there has been an update to this study
which presents a zebrafish model with inducible expression of KRASC!?V that highly recapitulates
human pancreatic neoplasia leading to pancreatic adenocarcinoma [57].
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Zebrafish has proven to be a good model for the study of hepatocellular carcinoma (HCC). HCC is
the prevailing type of liver cancer worldwide. It has been shown in zebrafish that the liver-specific
expression of the human ribose-5-phosphate isomerase A (RPIA) under the expression of fabp10a
promoter can mediate hepatocarcinogenesis. These transgenic zebrafish develop HCC. Further,
[-catenin signaling is activated which in the end elevated the expression of downstream target genes.
Levels of phosphorylated ERK were also elevated in the livers of RPIA transgenic fish. Combination
therapy with f3-catenin and ERK inhibitors synergistically reduced RPIA-induced cellular proliferation
in zebrafish. [58] RPIA was found to be a valuable therapeutic target [58]. Many recent studies are
looking at the pathogenesis of KRAS-driven cancer. A zebrafish model with inducible expression of a
mutated version of KRASV!? in the intestine (under the ifabp promoter) developed tubular adenoma of
the intestine until adulthood [59]. The effects of cancer cachexia, a syndrome affecting cancer patients,
which can result in weight loss, muscle wasting, and is predictive of low survival, was studied in an
inducible KRASS12V-driven HCC zebrafish model [60]. The effects of overfeeding in these zebrafish
were striking. Overfeeding accelerated cancer progress and in the end leptin, an obesity hormone,
was found to be upregulated in the hepatocytes of overfed groups with carcinoma. Knockout fish
lacking the leptin receptor had better survival rates in HCC as their WT siblings. Chemical targeting of
the leptin receptor also increased the survival rate of tumor-bearing fish [60]. Another interesting study
has shown that sex hormones have an effect on HCC pathogenesis with males being more susceptible
to HCC development as well as having a higher mortality rate than females [61]. A transgenic zebrafish
expressing the double oncogene Myc/xmrk developed a severe HCC with different progression in
males and females. The effects of androgen and estrogen treatment were tested. Androgen could
promote cell proliferation and estrogen had an inhibitory effect on cancer cell growth and therefore
might have a protective role in HCC [61]. The role of cyp7al in tumor-liver cross-talk was studied in a
kras©12P GI2D expression in the posterior intestine
resulted in the formation of intestinal tumors which led to liver inflammation, hepatomegaly, and death.
This was the result of defective metabolism as anomalies in cyp7al expression can lead to altered
cholesterol-bile alcohol flux in zebrafish. This is an illustration of the importance of tumor—organ
interactions and generally of the importance of metabolic homeostasis in tumorigenesis [62]. From all
of the above-mentioned studies, it is evident that RAS signaling defects are common in various types of
cancer and the oncogenic activity of RAS is not limited only to melanoma or sarcoma. BRAF and RAS
mutations seem to be mutually exclusive in cancer, however, there are rare cases when these players of
the same signaling pathway coincide, which might be interesting for further studies [63,64]. The above-
mentioned studies have shown that zebrafish is indeed a reliable model to describe cellular as well as
molecular mechanisms of malignancies caused by recognized tumor suppressors and proto-oncogenes
such as TP53, BRAF, or RAS.

Hematopoietic programs are strikingly well conserved between human and zebrafish, making it
possible to study hematopoietic diseases in fish. Many models of leukemia have already been established
in zebrafish. Most of them are based on known human mutations, deletions, or translocations [17,65].
The individual types of leukemia are so diverse, that many of the factors affecting the onset and
progression of these types of cancer are still unknown. There have been many studies done in zebrafish
since the first model of Myc-induced T-ALL [42]. A Cre-lox regulated conditional model of zebrafish
T-ALL was developed because the original rag2-mMyc expressing zebrafish developed severe disease
phenotypes and typically died around three months of age [66]. The underlying causes of myeloid
and lymphoid malignancies are very diverse and our understanding of their disease mechanisms is
incomplete. Therefore, it is of high interest to have reliable animal models which would allow to better
understand the molecular pathogenesis of hematopoietic malignancies. There are classic models of
myeloid leukemia in zebrafish, based on chromosomal rearrangements known from humans as well as
murine models, based on oncogene mutations or oncogene overexpression [67]. The fusion of AMLI
with ETO is one of the most commonly found fusions in acute myeloid leukemia (AML). A zebrafish
model with inducible embryonic overexpression of AMLI-ETO recapitulates the phenotype observed

-induced zebrafish model of intestinal cancer. kras
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in human patients [68]. Myelo-erythroid progenitor cells are re-programmed and the accumulation
of granulocytic cells is observed in this model of AML. The phenotype was treatable and reverted to
normal state after the use of Trichostatin A, a histone deacetylase inhibitor [68]. Looking at the classic
fusion protein of AMLI-ETO in another zebrafish study revealed the functional effect of TLET and TLE4
loss in AML. The authors have found out that TLE proteins might have a tumor-suppressive role in the
development of myeloid leukemia [69]. In another transgenic zebrafish model of AML, the fusion
protein of MYST3-NCOA?2 is expressed under the myeloid cell-specific promoter spil. Only a small
amount of fish, about 1%, developed myeloid leukemia until adulthood. Immature myeloid blast cells
were accumulating in the kidney of diseased animals [70]. All of the above-mentioned studies were
among the first ones to describe AML in the zebrafish model.

Various fusions of TEL-JAK2 were found in human patients of myeloid or lymphoblastic leukemia.
The expression of tel-jak2a fusion protein can disrupt normal embryonic hematopoiesis in zebrafish [71].
Different forms of the zebrafish tel-jak2a fusion protein were overexpressed in zebrafish myeloid cells.
The authors were able to distinguish two phenotypes when they used two distinct versions of tel-jak2a
fusions in zebrafish. One phenotype was similar to T-ALL and the other one to atypical chronic
myelogenous leukemia (CML). The effects of two different types of TEL-JAK2 fusions generally found
in human patients were compared in the zebrafish fel-jak2a model. This study has shown that different
types of fusions of the same genes can lead to corresponding phenotypes in zebrafish (ALL and CML
respectively), as observed in human patients [72].

Receptor tyrosine kinases are important players in hematopoiesis. FMS-like tyrosine kinase 3
(FLT3) is crucial in hematopoietic stem and progenitor cells and it plays a role in the development
and differentiation of hematopoietic stem cells, dendritic cell progenitors, B-cell progenitors, and
natural killer (NK) cells. An internal tandem duplication (ITD) of FLT3 is found in about 30% of AML
patients [73]. The overexpression of human FLT3-ITD and FLT3-TKD in zebrafish leads to a leukemic
phenotype with expanded myelopoiesis during early embryogenesis. The main cell type expanded
was monocyte-like, which is typical for AML [74]. A model of myelodysplastic syndrome (MDS)
where zebrafish tet2 (ten-eleven translocation methylcytosine dioxygenase 2) was disrupted, mimics a
frequently observed loss-of-function mutation found in humans. These zebrafish developed normally
but progressive dysplasia of myeloid progenitors appeared with age [75]. TET2 encodes a member of
the TET family of DNA methylcytosine oxidases which mediate demethylation of DNA within genomic
CpG islands. The disease developed from pre-myelodysplasia to MDS in adult kidney marrows.
The fish had first decreased numbers of erythrocytes and expanded numbers of myelomonocytes and
progenitor cells in the marrow but normal peripheral blood counts. With age, they progressed to full
MDS with decreased counts of erythrocytes in blood [75]. All the discussed genetic models of cancer
with their exact genotypes are summarized in Table 1. A representation of cancer types discussed in this
section is depicted in Figure 1 with individual sites of tumors within an adult zebrafish. Further models
of tumorigenesis [8,19,76] and leukemia in zebrafish are compiled in other review papers [65,67,77-79].

With this extensive list of transgenic and mutant zebrafish models of cancer, we are not aiming
to be fully comprehensive. It is merely a broad demonstration of the fact that nearly any cancer
type, from carcinomas through melanoma to leukemia, could be studied in zebrafish. All in all,
with properly combining tumor suppressors/oncogenes or their mutated version with tissue-specific
promoter expression it is possible to generate cancer in zebrafish which is often closely resembling
human cancer phenotypes at the histological and molecular level.
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Table 1. Genetic models of cancer in the zebrafish.
Cancer Genotype Zebrafish Background Reference
Peripheral nerve sheath tp53M214K WT [39]
tumor (PNST) brea2Q058X 1p53M214K WT or tp53M214K [47]
PNST, angiosarcoma, 155 3deliel CG1 syngeneic [40]
leukemia, germ cell tumor P zebrafish strain
rag2:KRASCG12D WT; a-actin:GFP;
Rhabdomyosarcoma (RMS) rag2:dsRed? p53M214K [43,44]
BRAPV6OOE tp53M214K i’p53M214K [45]
BRAFV600E tp53M214K crestin:EGFP; tp53M214K [50]
BRAFY 600 yjtfgve? mitfa®’ [54]
Mel
clanoma hsp70L:GFP-HRASC12Y N.A. [51,55]
kita:GalTA4,UAS:mCherry
UAS:GFP-HRASSV12 N-A. [52,55]
kita:Gal4TA, UAS:mCherry
UAS:eGFP-HRASCV12 WT or tp53M214K [55]
UAS:eGFP-jmjd6
Thyroid cancer tg:BRAFVO0E p Asto: TdTomato-pA WT [53]
P u ptfla:eGFP-KRASC12V WT [56]
ancreatic cancer pifla:CREERT2
ubb:lox-Nuc-eCFP-stop-lox-GAL4-VP16 N.A. [57]
UAS:eGFP-KRASC12Y
fabp10a: RPIA; myl7:GFP N.A. [58]
Hepatocellular cancer (HCC)  fabp10:rtTA2s-M2, TRE2:eGFP-krasG12 WT or lepr*’ [60]
fabp10:TA; TRE:Myc; krt4:GFP WT [61]
fabp10:TA; TRE:xmrk; krt4:GFP
Intestinal tumors pDs-ifabp:LexPR-Lexop:eGFP-kras"1? N.A. [59]
5XUAS:EGFP-P2A-krasC12P
fabp10a:mCherry 5
fabp10a:mCherry-P2A-cyp7al WT or cyp7al (621
+ various Gal4 lines
Testicular tumor brea2Q058X WT [48]
rag2:mMyc
T-cell acute lymphoid mgfi:GFI; WI [42,43]
leukemia (T-ALL) rag2:dsRed2
rag2:loxP-dsRED2-loxP-eGF P-mMyc WT [66]
spil:tel-jak2a WT [72]
) ) hsp70:AMLI-ETO WT [68,69]
Acute 1)’“2121;\‘/’[15 leukemia spil:MYST3NCOA2-¢GFP NA. [70]
pHSFLT3-WT-T2a-eGFP
pHSFLT3-ITD-T2a-eGFP WT [74]
FLT3-ITD-T2a-mRFP
Chronic myeloid leukemia _y
(ML) spil:tel-jak2a WT [71,72]
MyelOdySI(’;ZsD“SC) syndrome tet2 cmyb:eGFP; cd41:eGFP [75]

WT: Wild type; N.A: Not Available.
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Figure 1. Zebrafish models of cancer. Zebrafish develops cancer phenotypes similar to human cancer
in different tissues and organs. All of these cancer types and their zebrafish models are discussed in
Section 2. Genetic models of cancer. PNST—peripheral nerve sheath tumor; HCC—hepatocellular
carcinoma; RMS—rhabdomyosarcoma; '—male; ¢—female.

2.1. Zebrafish and New Methods for Cancer Modelling

In this section, we will discuss in more detail the most popular and widely used gene manipulation
techniques which were engaged in the majority of above-discussed zebrafish cancer-modeling
studies [80-86]. In zebrafish it is possible to perform forward and reverse genetic screens and
directly assess the role of various genes in cancer related phenotypes [87]. Currently, the most widely
used techniques for zebrafish gene manipulation are antisense morpholino oligonucleotides (MOs) [83],
ZFNs (zinc finger nucleases) [84], TALENS (transcription activator-like effector nucleases), [85] and the
CRISPR (clustered regularly interspaced short palindromic repeats) system [86].

MOs are small synthetic oligonucleotides which are able to block mRNA translation in vivo.
Zebrafish MO gene knockdown phenotypes were extensively compared to knockout phenotypes over
the years. There is a discussion about off-target effects of MOs [88,89] and the fact that they often do
not fully copy phenotypes of genome-edited mutants generated by TALENs [90] or CRISPRs [88,91] is
concerning. Despite these challenges, MOs are still used in the zebrafish community and with proper
validation and with the utilization of appropriate controls they can facilitate the generation of large
numbers of experimental embryos really fast. The accepted rule today is to confirm the MO specificity
by either repeating the knockdown in tp537 mutant embryos or to simultaneously knockdown tp53 in
morphants [92]. Another substantial drawback of MOs, however, is that they are active only in a short
time frame of early embryonic development until they get diluted out [83].

The use of site-directed nucleases is convenient for multiplex gene targeting. This way, the often-
complicated disease genotypes could be created in one round of genome editing. Further, it is possible
to create not only knock-outs and loss-of-function alleles but also knock-ins, where whole open reading
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frames can be inserted into the zebrafish genome [93]. As the first tool for targeted mutagenesis in
zebrafish ZFN was successfully used in the example of the golden gene disruption. The resulting
homozygous mutant embryos lacked pigmentation. This study showed that ZFN may be applicable to
general gene disruption in zebrafish [84]. There were consequent studies which successfully employed
ZFN in targeted mutagenesis. A zebrafish model of neurofibromatosis 1 (NF1) was generated by
ZFN targeting of nfla and nf1b genes. The mutant embryos exhibited similar phenotypes to the ones
observed in NF1 patients, as oligodendrocyte hyperplasia and melanophore hypoplasia [94]. Another
example of ZFN utilization in zebrafish is the model of MDS generated by mutating Tet2 discussed
above in Section 2 [75].

TALEN has been overly popular for almost a decade. It was actually in zebrafish where it was
shown for the first time that TALENS are able to produce heritable gene disruptions in the vertebrate
genome [85]. Bedell et al. [95] updated the TALEN system and created and tested its capabilities to
effectively edit the zebrafish genome. cadherin 5 (cdh5) mutant zebrafish was created. It had vascular
defects, cardiac edema, and loss of circulating blood cells [95]. An important fact is that TALENs can
create mutations in somatic tissues at a high success rate, including bi-allelic mutations. This fact was
utilized in a proof of principle study which aimed to analyze the role of somatic mutations of the
retinoblastoma (rb1) tumor suppressor gene. Genetically mosaic adult mutants developed tumors
mostly in the brain. Homozygous germline mutants of rb1 are embryonically lethal, therefore it is
desirable to study the aspects of its somatic inactivation [96]. Brain tumor models, including PNST
and medulloblastoma, a type of frequently occurring pediatric brain cancer, were created with the
TALEN technology. The cdkn2a/b gene was inactivated in the zebrafish tp537 background which led
to an acceleration in PNST development. The authors also further examined the role of rb1 somatic
inactivation in tp537 background. Interestingly, these mutants developed medulloblastoma-like brain
tumors specifically [97]. A complete loss-of-function tp53%/! zebrafish deletion mutant was created
by TALEN. These animals develop various types of tumors, including PNST, angiosarcoma, leukemia,
or germ cell tumors. This is in contrast to the established tp537 mutant with the tp53M214K point
mutation and it could be explained by the different nature of these two mutations. Tumor onset and
pathogenesis might differ based on the nature of {p53 mutation [40].

The CRISPR/Cas9 technique has evolved quite rapidly in the last five years and has been widely
used in the field of zebrafish disease modeling. The Cas9 endonuclease recognizes specific DNA
sequences in an RNA-dependent manner. The guide RNA (gRNA) is engineered in a way that
it interacts both with the Cas9 enzyme as well as it binds and targets specific parts of genomic
DNA [86,98]. A comprehensive study called CRISPRscan provided insight into the mutagenic activity
of the CRISPR/Cas9 system in vivo in zebrafish. The study looks at the stability of sgRNAs (single
gRNAs), at the specificity of recognized genomic target sequence, and finally at the use of truncated
sgRNAs as an efficient alternative to regular sgRNAs [99]. Zebrafish disease models created by
CRISPR-based approaches are numerous and widely used today. It is possible to target multiple
genes simultaneously with high efficiency. However, the possibility of off-target activity has to be
always considered [100]. A recent study of Ablain et al. [101] focused on the identification of cancer
driver genes in melanoma. There are still some incompletely described genetic subtypes of melanoma.
Specifically, for example, the “triple wild-type” melanoma which lacks mutations in either of the genes
usually found mutated - BRAF, NRAS, and NF1 genes. Mucosal melanoma, which is discussed in this
study, is characterized by genomic instability and a heterogeneous set of mutated genes found in patient
samples. SPRED]1 (sprouty-related, EVH1 domain containing protein 1) loss was found as a new driver
in mucosal melanoma and the majority of cases with SPRED1 loss were genetically “triple wild-type”
tumors. To evaluate the function of SPRED1 in vivo, zebrafish was used and a new CRISPR-based
platform, termed MAZERATI (Modeling Approach in Zebrafish for Rapid Tumor Initiation), was
utilized. This system uses two MiniCoopR vectors, one with Cas9 and gRNA expression and the other
one expressing the oncogene of interest [101]. One of the main drawbacks of CRISPR/Cas9, and also
of the other site-directed nucleases mediated mutagenesis, is the time needed for breeding germline

243



Genes 2019, 10, 935

mutants to get a stable line. To be able to screen for loss-of-function phenotypes in FO founder animals
the mutagenesis efficiency would have to be close to 100%. Scientists have tried to overcome this
hurdle by assembling Cas9 protein with sgRNA into a ribonucleoprotein complex (RNP) in vitro before
injecting it into the cell of zebrafish embryos. This approach led to high mutagenesis rates in target
genes with no significant off-target mutagenesis detected. The so-called crispants maintain highly
specific mutant phenotypes, however, unpredictable mosaic allele combinations could occur which
can hinder phenotype readouts [102]. There is another study which described a similar approach of
creating FO knockout mutants with Cas9 RNP complexes. The authors injected redundant sets of RNPs
targeting a single gene and have screened 50 transcription factor genes with this system. In around 90%
of FO embryos, knockout phenotypes were observed. Around 17% of the embryos had morphologic
defects indicating toxicity and possible off-target effects but these levels of toxicity were claimed to be
acceptable [103].

Novel types of Cas enzymes have been recently discovered in bacterial strains, such as the
Casl2a (Cpfl) enzyme. The benefit of Cpfl is its greater specificity, that it can process a guide RNA
array (crRNA) and that a single targeting guide RNA is shorter, compared to Cas9 sgRNAs [104,105].
Cpfl from Lachnospiraceae bacterium (LbCpfl) has been successfully used in zebrafish for genome
editing. This enzyme is fully active at 28 °C [106]. New versions of Cas have been developed in vitro,
for example the dead version of Cas (dCas). dCas is not enzymatically active but it can be coupled
with transcriptional activators (VP64, a synthetic tetramer of the Herpes Simplex Viral Protein) or
repressors (KRAB, Kruppel-associated box protein domain). This way it is possible to use CRISPR/Cas
for gene up-regulation or down-regulation [100,107].

The conventional zebrafish cancer models, created by either of the above-mentioned techniques,
are done by injecting nucleic acids into one-cell stage embryos. There are certain difficulties with
addressing cancer development and pathogenesis in these transgenic and mutant animals. In some
cases, the onset and localization of developing tumors are not biologically accurate. Furthermore, tumor
spread and evaluation of metastases could be difficult. Some of these drawbacks of the genetically
engineered models could be addressed with the technique of cancer cell transplantation into zebrafish
embryos and adults [19]. We will discuss these approaches in Section 3 of this article. There is, however,
a new exciting method, referred to as transgene electroporation in adult zebrafish (TEAZ), which has
been recently developed and used for site-specific de novo tumor initiation in zebrafish adults [32].
With this technique it is possible to inject DNA constructs, containing tissue-specific promoters and
genes of interest, into adult tissue. The authors have created a model of aggressive melanoma where
the tumor onset took only about seven weeks, compared to four months in conventional models.
The versatility of TEAZ has been tested in other tissues such as the heart or the brain. This technique
is invaluable, as it is rapid and the expression of genes of interest can be spatially and temporally
controlled in adult zebrafish [32].

2.2. Zebrafish Cancer Models and Epigenetics

Epigenetic regulators are important factors in development and disease as they regulate gene
activation and inhibition. Epigenetic information is reversibly written in the chemical modifications
of DNA bases as well as in histone proteins in nucleosomes. The epigenetic machinery consists of
transcription factors and chromatin modifiers which regulate gene expression. The disruption of
epigenetic mechanisms was shown to be among key drivers of various types of cancer. This dysfunction
can be caused by mutations of genes encoding epigenetic regulators. Misbalance can also be caused
by exposure to external or internal factors, such as nutrition or inflammation, which can further
affect the stability of epigenetic marks [108,109]. Human whole-genome sequencing has revealed
recurrent somatic mutations in genes encoding epigenetic regulators, many of them were found
to be associated with cancer. In many cases, mutations of epigenetic regulators are the so-called
driver mutations which are often present in a specific cancer type. These drivers contribute to cancer
pathogenesis to a great extent. In other cases, somatic mutations of epigenetic regulators can represent
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an additional hit in tumorigenesis which is primarily caused by a mutation of a proto-oncogene or a
tumor suppressor [34,110].

Many of the classical models of leukemia, comprising fusion genes, involve an epigenetic regulator
as one of the fused genes. This causes deregulation of hematopoiesis and the consequent malignant
transformation of cells. For myeloid malignancies, the most prevalent mutations in epigenetic regulators
are in TET?2, isocitrate dehydrogenase 1 and 2 (IDH1, IDH2), additional sex combs-like 1 (ASXL1),
enhancer of zeste homolog 2 (EZH2), and DNA methyltransferase 3A (DNMT3A) [111,112]. As most
downstream actions of epigenetic regulators are in theory, reversible, they represent a priority target
for therapeutic screens. In the case of solid tumors, there is also evidence about the role of epigenetic
regulators in their pathogenesis. There are many cases where the dysfunction of the same epigenetic
regulator has a different role in a wide variety of cancers. The development and implementation of a
wide array of epigenetic regulator enzyme inhibitors progressed quite fast in the last years. However,
it is still a long way to find specificity and selectivity as well as to overcome the pleiotropic effect of
these inhibitors outside of the tumor tissue [113-115].

The function of epigenetic regulators is usually not exclusive for a specific tissue, nor cancer
type, as mentioned above. Ectopic overexpression of EZH2 in a benign prostate cancer cell line was
shown to act as an oncogene and is correlated with poor prognosis of the disease [116]. On the
other hand, the role of EZH2 in myeloid and lymphoid disorders seems to be tumor suppressive.
EZH?2 mutations were associated with poor prognosis. EZH2 interacts with other proteins which
together form the polycomb repressive complex 2 (PRC2). This suggests that diverse mutations can
have different effects on the function of the whole complex, hence the broad number of phenotypes
caused by EZH2 mutations [117]. Interestingly, it has been shown that gain-of-function mutations
in the TP53 tumor suppressor led to a broad upregulation of chromatin remodeling enzymes,
for example members of the COMPASS methyltransferase pathway, resulting in an increase of
histone acetylation and methylation [118]. A genetic screen done in zebrafish identified the histone
H3 lysine 9 histone methyltransferase, SUV39H1, out of other chromatin-modifying factors, as a
tumor suppressor. This methyltransferase was shown to be important in suppressing RMS formation
in rag2-hKRASS1?P-induced tumors [80]. The tumor-suppressive role of SUV39H1 has been shown
before in a mouse model of retinoblastoma [119] and this tumor-suppressive role is recapitulated
in zebrafish, supporting its importance and evolutionary conservation [80]. The importance of the
histone methyltransferase SETDB1 was shown in a zebrafish model of BRAFV®"F tp537 melanoma.
The zebrafish used in this study had an additional mutation in mitfa and therefore was lacking
melanocytes as well as melanoma. The growth of melanocytes in mitfa:BRAFV0F; tp537; mitfa’ fish
was rescued with the miniCoopR vector system which simultaneously expressed candidate human
genes of interest [81]. SETDBI significantly enhanced the aggressiveness of melanoma and accelerated
tumor onset. HOX genes were shown to be dysregulated in the presence of upregulated SETDB1
so SETDBI acts as an oncogene in melanoma pathogenesis [81]. Novel epigenetic drug targets have
been found thanks to a transgenic zebrafish model of AML expressing the human NUP98-HOXA9
(NHA9) fusion oncogene. These embryos are anemic with myeloid cell expansion and adult animals
develop myeloproliferative neoplasms. NHA9 function depends on downstream activation of meis1
(myeloid ecotropic integration site 1), of the COX (cyclooxygenase) pathway, and of dnmtl (DNA
(cytosine-5)-methyltransferase 1) [82]. The authors used a combination of inhibitors targeting DNMT
or COX together with HDAC (histone deacetylase). A strategy for an alternative epigenetic-based
treatment of aggressive AML is suggested in this study with zebrafish as a prospective pre-clinical
disease model [82]. A study about oncogene drivers in the rb1 zebrafish model of embryonal brain
tumors has found new epigenetic drivers of oncogenesis. Specifically, the authors found more than 170
chromatin regulating genes to be differentially expressed in b1 tumors, for example, histone deacetylase
1 (hdacl) and retinoblastoma binding protein 4 (rbbp4) [36]. Zebrafish models of epigenetic regulators
involved in cancer are summarized in Table 2.
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Table 2. Epigenetic regulators in zebrafish cancer.

Cancer Zebrafish Genotype Epigenetic Regulator Function Reference
RMS rag2-hKRASC12P SUV39H1 Tumor suppressor [80]
Melanoma BRAFV600E tp53M214K SETDB1 Oncogene [81]
AML NUP98-HOXA9 dnmtl Oncogene [82]
. more than 170 tested
Retinoblastoma rb1/rbl e.g., hdacl, rbbpd Oncogenes [36]

3. Transplantation Models—Allografts and Xenografts

Tumor cell transplantation is a relevant method for tumor invasiveness assessment. Tumor cells
from a donor can be grown in a recipient of the same species (allograft) or another species (xenograft).
Zebrafish develops cancer, which is invasive and transplantable, in a similar way to humans. Thanks
to the natural transparency of zebrafish embryos, and the transparent casper strain, it is possible to
track and image cancer cell growth in vivo [16]. Zebrafish embryos can engraft transplanted cancer
cells until the onset of the adaptive immune system at around seven days post fertilization (dpf).
Further maturation of cells leading to immune competence can last until two to four weeks post
fertilization [24,28,120]. After surpassing this time window, there are a couple of ways how to deal with
the high frequency of transplant rejection when introducing foreign cells into a host organism. The first
technique, still widely used, is the sub-lethal irradiation of recipient animals to deplete immune cells
in zebrafish [121,122] and mouse [123]. The second way how to introduce and transplant cells from a
donor to recipient is to use genetically immunocompromised animals as recipients. This approach has
been successfully used for a long time in mouse [5] and the first immunodeficient zebrafish was used
for the first time by Tang et al. [124]. These models will be further discussed in the following sections.

3.1. Zebrafish as a Model for Allogeneic Transplantation

The first study describing mMyc-induced T-cell leukemia in zebrafish has also shown the possibility
to transplant zebrafish leukemic cells into y-irradiated adult WT zebrafish [42]. Apart from y-irradiation,
it is also possible to decrease the immune response of zebrafish by dexamethasone treatment [125]
and there is also a clonal syngeneic zebrafish strain (CG1) which was published as a model for
allogeneic tissue and cell engraftment [126]. Transplantation of T-ALL derived cells into syngeneic
zebrafish revealed that up to 16% of the transplanted cells are self-renewing and have tumor-initiating
potential [127].

Another approach to graft introduction is to employ genetically immunocompromised animals,
which lack some or all of the functional cells of the adaptive immune system. Typically, the murine
severe combined immunodeficiency (SCID) model has been used for these purposes [5] and other
immune-deficient murine models as well [128]. In zebrafish, there are few published immunodeficient
strains. The first established immunocompromised zebrafish model harbors a frameshift mutation at
amino acid E450 of the recombination activating gene 2 (rag2) gene, resulting in a premature stop codon
(rag2F450F). These fish lack mature T-cells and have a reduced number of B cells. The authors used
this mutant fish for allograft transplantations into adult fish [124]. Later, a comprehensive study was
published about allografts of T-ALL, embryonal RMS, and melanoma in rag2E4% zebrafish in the
transparent casper background. The authors optimized cell transplantation and were able to follow
fluorescently labeled cancer cell growth, tumor formation, and metastasis in adult recipients [129].
A further study published new zebrafish immunodeficient models with affected T-cells, B-cells,
and presumptive NK cells. Two zebrafish strains were created in this study. The first, containing a
frameshift at aspartic acid residue 3612 resulting in a premature stop codon of the DNA-dependent
protein kinase (prkdcP3¢12F), resulted in a lack of T- and B-cells. The other, containing a frameshift
at proline residue 369 which leads to a premature stop codon in janus kinase 3 (jak3"36%F), resulted
in a lack of T-cells and NK cells [130]. Both mutants were crossed into the casper background to
allow better options for in vivo imaging of single cells. However, low survival rates were observed
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after transplantation to the jak3"36%® mutant zebrafish. On the contrary, prkdcP3¢'2% mutants are able

to engraft allogeneic transplants with high efficiency and survive at high numbers. Unfortunately,
probably due to still functional NK cells in this mutant, xenografts of human melanoma, breast cancer
nor pancreatic adenocarcinoma cells were able to survive, and their growth in the adult mutant fish
regressed a week post-transplantation [130].

In recent years a zebrafish melanoma cancer cell line ZMEL has been widely used to rapidly study
melanoma pathogenesis and inhibition. ZMEL was derived from melanomas of the mitfa-BRAF60F
tp53’/’ transgenic fish [131]. ZMELs have been since used for transplantation studies to assess melanoma
pathology and metastatic behavior in zebrafish [132]. Hyenne et al. have recently published a paper
focusing on the fate of tumor extracellular vesicles (EVs) derived from ZMELs. They show that EVs
can be tracked in vivo in zebrafish and that they activate macrophages and promote metastases [133].
Zebrafish models of allogeneic transplantation are summarized in Table 3.

Table 3. Cancer allograft transplantation models in zebrafish.

Transplanted Cancer Type  Developmental Stage Injection Site Reference
T-ALL Adult Intraperitoneal cavity [42,66,124,127]
= RMS Adult Intraperitoneal cavity [124,127]
5 Melanoma Adult Intraperitoneal cavity [124]
E‘ T-ALL, RMS, Intraperitoneal cavity,
g melanoma, Adult retro-orbital, [129,130]
= neuroblastoma intramuscular
Melanoma Adult N.A. [131]
Adult Subcutaneous
48 h post-fertilization Circulation (duct of [131]
4 Melanoma (hpf) Cuvier)
E Retro-orbital
N Adult Intravenous (cardinal [132]
vein)
48 hpf Circulation [133]

3.2. Zebrafish Xenotransplantation Model for the Evaluation of Cancer Progress and Metastasis

Zebrafish as a tool in human cancer xenotransplantation studies could overcome some of the
drawbacks of the murine model. The main benefits of zebrafish are most prominent when using
embryonal stages for xenotransplantation. With the small-sized transparent embryos lacking a
mature immune system, it is possible to transplant and track high numbers of animals. This factis a
powerful reason for the utilization of zebrafish as a pre-clinical screening model which could lead to
patient-derived cancer cell xenotransplantation and to new options for personalized medicine [19].
Most of the recent transplantation studies in zebrafish use embryonal stages of 48 hours post fertilization
(hpf) as the stage for transplantation. However, some of the first zebrafish xenograft studies were
done in the blastula stage of the embryo. Transplanted melanoma cells survived, divided, stayed in
de-differentiated stage but did not form tumors in zebrafish embryos. This was the first observation
of human melanoma cells in zebrafish [134]. In a study utilizing the same type of melanoma
xenotransplantation into zebrafish blastula, the authors compared different types of human cutaneous
and uveal melanoma cancer cell lines. They found out that aggressive melanoma cells secrete Nodal.
The expression of Nodal correlated with melanoma aggressiveness and progression, and caused
developmental defects of the zebrafish embryo [135]. Haldi et al. optimized the parameters for
zebrafish xenotransplantation where they propose the 48 hpf developmental stage as the best for
transplantation. At this stage, developmental cell migration is finished, therefore cancer cell migration
after injection is likely to be an active process. Human melanoma cells together with other types of
cancer cell lines, which they transplanted into zebrafish, were able to survive and formed tumors in the
embryo [136]. The site of transplantation might be variable but usually it is the yolk sac, cardinal vein,
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Duct of Cuvier, or the hindbrain. Depending on the site of transplantation different phenotypes of
tumorigenesis could be followed, for example, cancer cell invasion, extravasation, and metastasis [137],
or the interaction of cells with the tumor microenvironment [138]. The importance of increased
incubation temperature of zebrafish embryos after xenotransplantation should not be discounted as
temperature was shown to be critical for achieving efficient cancer cell proliferation rates [139]. The first
study which showed that zebrafish could be used for human PDX provided a simple and fast method
for testing the metastatic behavior of primary cancer cells. The authors used a whole set of cancer cell
lines as well as primary human cancer cells from pancreas, colon, and stomach carcinomas. Tumor
cell invasion and micrometastasis were evaluated and followed in vivo also thanks to the flil:eGFP
zebrafish strain with fluorescently labeled vasculature [140]. It is obvious from the studies mentioned
above, that zebrafish embryos can engraft human cancer cells and recapitulate disease pathogenesis.
Therefore, PDX studies in zebrafish are emerging more often and they can be valuable in accelerating
the design of personalized cancer therapy.

Zebrafish has been used to study the tumor microenvironment from the point of tumor-induced
angiogenesis. Tumor neovascularization is an important element in tumor growth and metastatic
spread. Cancer cells are releasing angiogenic growth factors into the tumor environment which promote
neovascularization. Zebrafish embryos enable real-time in vivo visualization of the first steps of tumor
neovascularization. VEGFR2:G-RCFP transgenic zebrafish embryos with green endothelial cells were
transplanted with tumorigenic FGF2-overexpressing mouse aortic endothelial cells and various human
cancer cells. The authors showed neovascularization at the tumor site and were able to discriminate
between highly and poorly angiogenic tumor cells. The site of transplantation was by the yolk sac,
close to the subintestinal veins (SIVs) which originate from the duct of Cuvier. These results were
comparable to the effects seen in mouse [141,142]. The contribution of VEGFR2* individual endothelial
cells to the formation of the tumor vascular network was assessed in the flk1:EGFP transgenic zebrafish
with fluorescently labeled blood vessels. SU5416, a VEGFR2 inhibitor, significantly inhibited the
growth and vascularization of murine melanoma xenografts in zebrafish. There was almost no effect
on normal vessel formation [143]. Angiogenesis and anti-angiogenic miRNAs have been studied in
a zebrafish prostate cancer cell xenograft [144]. Recently, stellettin B, a naturally occurring marine
triterpenoid, was tested in a zebrafish xenograft model of glioblastoma. Stellettin B was shown to
significantly inhibit angiogenesis in vitro as well as in vivo in zebrafish [145]. There is a recent paper
focusing on human melanoma xenotransplantation and the role of interleukin 8 (CXCL8) together
with bcl-xL on cancer cell dissemination and angiogenesis in the zebrafish. The authors suggest that
the autocrine CXCL8/CXCR?2 signaling pathway can escalate melanoma aggressiveness [146]. These
studies have shown that zebrafish is a good in vivo model for rapid identification of inhibitors which
could have significance in the development of antiangiogenic cancer therapy.

As we have already discussed in Section 2 of this review, the conservation of hematopoietic
programs between human and zebrafish is remarkable. Corkery et al. transplanted human leukemic
cancer cell lines into casper. The cells, circulating in the embryonic vasculature, were able to proliferate
in vivo and survived until 7 dpf in the embryos. The authors have tested treatment with known
inhibitors of leukemic cell growth, such as imatinib mesylate, in vivo. There was a significant decrease
in the number of leukemic cells in treated groups compared to controls [147]. Another study looked
into pathogenesis and inhibition of human leukemic cell growth but added CD34* leukemic blast cells
sorted from blood of AML patients. The xenografted cancer cells were able to survive in zebrafish and
were inhibited by imatinib and other antileukemic drugs [148]. Patient-derived T-ALL was successfully
engrafted in zebrafish where specific drug response was determined in vivo. The authors identified a
gain-of-function NOTCHI mutation in patient derived T-ALL primary cells. These cells were sensitive
to y-secretase inhibition [149]. Multiple myeloma (MM) has been studied in zebrafish where the authors
evaluated various therapeutic agents after transplanting human MM cell lines as well as primary
CD138* MM cells derived from patients. The cells were able to survive, grow, and disseminate in
casper and they responded to inhibitors. Furthermore, patient-derived cells responded well to the same
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drugs such as the ones used in patients. This way it might be possible to use zebrafish PDX to assess
drug efficacy and sensitivity [150]. Cancer progress is often characterized by cell dissemination and
subsequent homing to the bone marrow. Sacco et al. xenotransplanted human bone marrow-derived
MM cells or MM cell lines. The authors then followed cell homing into the area of caudal hematopoietic
tissue (CHT), which is the region of zebrafish embryonal hematopoiesis and could represent a bone
marrow-like niche. The cells homing to CHT had differentially expressed genes, regulating for example
cell adhesion or angiogenesis [151].

Zebrafish has proven to be a good model for the study of human breast and prostate cancer
tumorigenesis and invasion. The lack of genetic models of de novo cancers of this type in zebrafish,
because of missing mammary glands and prostate tissue, are compensated by xenotransplantation
studies. Many of the following studies use seemingly unrelated types of cancer cell lines, however,
the authors are usually trying to find correlations between in vitro and in vivo invasion abilities and
general pathogenesis as well as the potential of cancer cells to metastasize in vivo. In the last decade,
the most commonly studied types of solid tumors in zebrafish are melanoma [152], breast, prostate,
colon, and pancreatic cancers [153] and glioblastoma [154]. Here, we will walk through the course of
time and illustrate on the diversity of xenograft studies how zebrafish contributed to our understanding
of tumorigenesis and helped to describe new potential therapeutics.

Eguiara et al. have developed a rapid assay for cancer stem-like cell identification in a zebrafish
breast cancer xenograft model. Cells, which were first grown in culture in mammospheres, were more
invasive in zebrafish embryos than cells grown in a monolayer. Curcumin treated cells showed
significantly decreased migration and tumor formation in vivo [25]. It has been shown that the zebrafish
genome contains estrogen-responsive genes and that estrogen-related signaling pathways are relevant
compared to humans. Therefore, zebrafish can be a model for estrogen-dependent cancer research,
and estrogen responsiveness is highly conserved between zebrafish and humans [155]. Ghotra et al.
developed a whole animal imaging assay for following cancer metastasis and dissemination in vivo
in zebrafish. The behavior of xenografted cancer cells corresponded to findings from rodent models.
The authors compared highly and low malignant cell lines of breast, colorectal, and prostate cancer. Their
results suggest that E-cadherin silencing by shRNA boosted breast carcinoma cell dissemination. [156].
Breast cancer invasiveness is known to be controlled by the transforming growth factor beta (TGF-3)
signaling pathway. Metastatic properties of different breast cancer cell lines were assessed for their
invasiveness and malignity after xenotransplantation into zebrafish. Inhibition of TGF-f3 signaling
with TGF-§3 receptor kinase inhibitors prevented the invasion of cancer cells, which correlated with
findings from a mouse metastasis model [157]. TGF-f3 induced EMT was further investigated in a
zebrafish model of breast cancer metastasis. The transcription factors Snail and Slug have been found
to be important in the process of EMT regulation. The authors claim that overexpression of Snail
and Slug could promote metastasis and the invasion of single cancer cells in vivo [158]. However,
this signaling pathway and its effects on cancer cell migration seem to be more complicated. Integrins
represent a class of receptor proteins promoting adhesion and cell proliferation. Integrins are interesting
therapeutic targets in breast cancer treatment. Disruption of 31 integrin mediates cell adhesion, triggers
TGEF-f signaling, and EMT. It was revealed that the loss of the (3; integrin subunit can block breast
tumor growth but also enhance the dissemination of tumor cells [159]. A specific prometastatic switch
has been described in E-cadherin positive triple-negative breast cancer (TNBC) cells. The balance
between miR-200 microRNAs and the transcription factor zinc finger E-box-binding homeobox 2 (ZEB2)
appears to be important for TGF-f signaling and modulates cell survival, proliferation, and migration.
The authors suggested reconsidering the use of drugs targeting 31 integrins in TNBC [159]. The role
of bone morphogene proteins (BMP) in breast cancer pathogenesis is less well described than that of
TGEF-p. BMP signaling is regulated by different Smad proteins located downstream in the signaling
pathway. BMP signaling was shown to exert anti-metastatic signals in breast cancer cells. [160].

The CXCR4-CXCL12 signaling axis has also been studied in a zebrafish TNBC xenograft model.
As TNBC is a highly aggressive type of breast cancer with limited treatment option it is essential
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to explore new treatment alternatives. The authors have shown that human cancer cells expressing
CXCR4 could recognize zebrafish ligands and as a result, they initiate early metastasis. Chemical
inhibition by IT1t, a CXCR4 antagonist, blocked TNBC metastasis and thus CXCR4 was proposed as a
new pharmacological target in TNBC [161]. Recently, a further role of CXCR4 signaling was described
in tumor-immune cell communication. Specifically, the role of neutrophil motility in the onset of
micrometastasis formation was shown to be dependent on CXCR4 signaling [162].

It is widely accepted that the ability of cancer cells for self-renewal, also termed stemness, is a
marker of highly proliferative, aggressive, dedifferentiated tumor cells. These cells often overexpress
marker genes typically found active in embryonic stem cells, such as SOX2 and OCT4 [163,164].
The role of AKT and SOX2 in breast carcinoma was evaluated in zebrafish. AKT can stabilize SOX2 in
breast carcinoma cells and CSCs seem to be dependent on AKT signaling. Therefore, inhibiting AKT
might provide a new way of targeting SOX2 positive breast carcinoma cells [165].

Mercatali et al. used PDX from bone metastasis of a breast cancer patient and compared the
behavior of PDX to established breast cancer cell lines. Primary cells from patients extravasated from
vessels and invaded into the CHT of zebrafish. Therefore, zebrafish might be a good preclinical model
to identify breast cancer prognostic markers as well as to predict response to therapy [166].

The most commonly found cancer type in males is prostate cancer. To achieve the best results
in prostate cancer treatment, it is desirable to detect it in early stages, when it is prostate-confined.
The effect of a nonreceptor spleen tyrosine kinase SYK on the dissemination of prostate cancer cells has
been studied in a zebrafish and mouse xenograft model. The role of SYK in epithelial cancer is divergent.
Silencing of SYK prevented cancer cell dissemination in vitro and in vivo and pharmacological inhibition
of SYK led to a similar decrease in cancer invasiveness [167]. In another study, the androgen-dependent
LNCaP prostate cancer cell line was xenotransplanted into zebrafish. Administration of exogenous
testosterone to LNCaP xenografted zebrafish increased cancer cell proliferation compared to controls.
This effect was reversed by the anti-androgen receptor drug, enzalutamide. In contrast, the proliferation
of a non-androgen-dependent prostate cancer cell line was not affected by testosterone or enzalutamide
treatment. The authors suggested that testosterone administration should be considered in zebrafish
xenograft studies of prostate cancer [168]. The invasiveness of the PC3 prostate cancer cell line in
zebrafish was recently evaluated and it was suggested as a good model for drug targeted screening
for prostate cancer. PC3 cells in this study overexpressed calcitonin receptor (CTR), which led to
overall enhanced aggressiveness. The authors have looked for prostate cancer-specific markers to
better describe and to detect prostate cancer in patients early [169].

Zebrafish as a model for retinoblastoma [170] and glioblastoma [154,171-174] has been popular in
the last couple of years. Many of these studies highlight the significance of zebrafish in finding novel
treatment targets and evaluating cancer inhibitor efficacy in vivo. Glioblastoma is a very heterogeneous
and complex type of cancer and is invasive. Despite surgical resection, radiotherapy, and aggressive
treatment survival rates are low and the prognosis often negative [175].

Zebrafish has been also recently used as a model of colorectal carcinoma in search of new treatment
methods. Marine guanidine alkaloids [176], clinically standard combinatorial therapy [27] as well as
bromelain, a pineapple extract [177], have been tested in zebrafish colorectal cancer xenografts. Despite
gastric cancers being among the leading cancer types in terms of death rates worldwide, there are not
many models of gastric cancer in zebrafish. Recently, two studies described the possibilities to search for
a potential treatment of gastric cancer in zebrafish xenografts. Wu et al. have tested chemotherapeutic
treatments on primary cancer cells derived from gastric cancer patients in zebrafish. Their PDX model
was shown to be reliable and looks promising in searching for personalized treatment [178]. In another
study concerning gastric carcinoma Triphala, a traditional medicinal formulation was tested. Triphala
has inhibited the growth of xenografted cells and their metastasis, probably through inhibiting the
phosphorylation of EGFR/Akt/ERK signaling cascade proteins [179]. Human oral squamous cell
carcinoma has also been studied in the zebrafish xenograft model. The authors have investigated the
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effects of sandensolide, extracted from the herb Sinularia flexibilis. Sandensolide can induce apoptosis
and could be used as a supporting agent in the treatment of oral cancer [180].

Although zebrafish do not have lungs it can recapitulate cancer-tumor microenvironment
interactions reliably. A human non-small-cell lung cancer (NSCLC) xenograft model has been
used to study the efficacy as well as the toxicity of three anti-angiogenic drugs. All tested compounds
showed anti-angiogenic effects and the inhibition of tumor growth in zebrafish. [181]. Another study
revealed the role of autophagy in zebrafish NSCLC xenografts. The authors demonstrated that the
combined use of a sub-lethal dose of C2-ceramide and autophagy inhibitors could be promising in
NSCLC treatment [182].

The zebrafish model is a good platform for studying rare cancer pathogenesis, for example, Ewing
sarcoma (EWS). EWS is rare aggressive childhood cancer. The most commonly found gene fusion in
this cancer is EWSRI-ETS. New combination therapy was proposed in a zebrafish xenograft model of
EWS. Nutlin-3, a tp53 activator, and YK-4-279, a EWSR1-ETS inhibitor, were shown to be a promising
combination therapy for a subset of EWS patients [183].

Transplantation of human cancer cells into zebrafish is an established technique which provides
in vivo environment for real-time visualization of cell-cell interactions. Furthermore, zebrafish PDX
can support the discovery of potential targeted anti-cancer treatments. Recent successes in zebrafish
PDX might help pre-clinical research to significantly shorten the time needed for drug approval,
mostly by drug repurposing. Zebrafish models of human cancer xenotransplantation are summarized
in Table 4.

Table 4. Human cancer xenograft transplantation models in zebrafish.

Transplanted Cancer Type Developmental Stage Injection Site Reference
Melanoma Blastula Blastodisc [134]
Melanoma (uveal and cutaneous) Blastula N.A. [135]
Melanoma and colorectal cancer 48 h post-fertilization (hpf) Yolk sac; h'mdbra.m ventricle; [136]
circulation
Uveal melanoma 48 hpf Yolk sac [152]
Melanoma 48 hpf Yolk sac [146]
Colorectal cancer 48 hpf Yolk sac [139]
Colorectal cancer 48 hpf Yolk sac [27,176,177]
Pancreatic cancer 48 hpf Yolk sac [140]
Melanoma, adenocarcinoma, triple

Yolk sac, proximity of

2 negative breast' cancer (TNBC) and 48 hpf subintestinal veins (SIV) [141,142]
g ovarian cancer
; Colorectal cancer,Amelanoma (both 48 hpf Yolk sac [143]
3 murine)
Prostate cancer 48 hpf Yolk sac [144,167]
Prostate cancer, androgen dependent
and independent 48 hpf Yolk sac [168]
Prostate cancer 48 hpf Subcutane;)aucslé above yol [169]
Breast, prostate_, colon, pancreatic 48 hpf Yolk sac [153]
cancer, fibrosarcoma
Breast cancer 48 hpf Yolk sac [25]
Breast, prostate, colorectal cancer 48 hpf Yolk sac [156]
Breast cancer, non-invasive and 48 hpf Duct of Cuvier [157]
metastatic
Breast cancer 48 hpf Duct of Cuvier [158]
Breast cancer 48 hpf Yolk sac [159]
Breast adenocarcinoma and TNBC 48 hpf Duct of Cuvier [161]
TNBC and prostate cancer 48 hpf Duct of Cuvier [162]
Breast cancer 48 hpf Yolk sac [165]
Breast cancer and TNBC 48 hpf Duct of Cuvier [166]
TNBC 48 hpf Duct of Cuvier [165]
AML, CML 48 hpf Yolk sac [147]
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Table 4. Cont.

Transplanted Cancer Type Developmental Stage Injection Site Reference
AML, T-ALL 48 hpf Posterlol(‘ If(azt;;l)mal vein [148]
T-ALL 48 hpf Yolk sac [149]
Multiple myeloma (MM) 48 hpf Yolk sac [150]
MM, Waldenstrom’s . .
macroglobulinemia, TNBC 48 hpf Pericardium (51
CML, HCC, prostate cancer (sorted 48 hpf Yolk sac [184]
- for cancer stem cells) Adult Trunk near dorsal aorta
9] Yolk sac
=1
= AML, HCC ‘11\8 dhl:l)tf Trunk near dorsal aorta; [185]
3 u heart
Retinoblastoma 48 hpf Vitreous cavity [170]
Glioblastoma 52 hpf Yolk sack; brain [154]
Glioblastoma 36 hpf Hindbrain [171]
Glioblastoma 72 hpf Brain [172]
Glioblastoma and colon cancer Blastula Blastoderm [174]
Gastrointestinal tumors — pancreas, 48 hpf Yolk sac; liver [140]
stomach, colon
Gastric cancer 48 hpf Yolk sac [178,179]
Oral squamous cell carcinoma 48 hpf Yolk sac [180]
Non-small-cell lung cancer (NSCLC) 48 hpf Yolk sac [181]
NCSLC 48 hpf N.A. [182]
. 48 hpf Yolk sac
Ewing sarcoma (EWS) Juvenile (35 dpf) Eye vessels [183]
Various types of human cancer Adult Irgzg(e;illt;l’;eis:c‘gy [186]
AML blast cells 48 hpf PCV [148]
T-ALL from bone marrow 48 hpf Yolk sac [149]
MM cells from plasma 48 hpf Yolk sac [150]
= MM cells from bone marrow 48 hpf Pericardium [151]
E Glioblastoma 36 hpf Brain [173]
Glioblastoma blastula Blastoderm [174]
Gastric cancer 48 hpf Yolk sac [178]
Glioblastoma, melanoma, breast .
Adult Peri-ocular muscle [186]
cancer, RMS

3.3. Drug Screening in Zebrafish and Its Future as a Pre-clinical Model

Drug screening in zebrafish has become highly popular over the last 10 years. Previously,
high-throughput screening for new drugs was basically conducted in vitro in cultured cells and the
hits were taken to rodent models where they often failed, proving to be either ineffective or toxic.
It is not trivial to assess all biological properties and characteristics of a compound in vitro without
having information from the whole animal [19]. Zebrafish embryonal screens can be carried out at
a medium (manual cancer cell transplantation) to high throughput (automated yolk sac cancer cell
transplantation, de novo cancer, or cancer-related biological pathways) rates, however, the limiting
factor is that not all of the steps could be easily automatized. Therefore, compound screens exceeding
1000 compounds have not been done on xenograft zebrafish models, but they were focused more
on targeting specific cancer biology related pathways in zebrafish embryos [28,187]. For example,
a library of 2000 compounds was tested for inhibition of angiogenesis in zebrafish embryos. Among
seven hit compounds, rosuvastatin was further characterized for its antiangiogenic and antineoplastic
effects in vitro as well as in vivo in mouse prostate cancer xenografts [188]. In a similar screening
study, zebrafish was used to look for neural crest cell growth inhibitors. Leflunomide, an inhibitor of
dihydroorotate dehydrogenase, was found as a hit inhibiting also the growth of human melanoma cells,
which are originally derived from the embryonic neural crest [189]. Ridges et al. performed a drug
screen focused on compounds which are able to eliminate immature T-cells and therefore, prospective
for eradicating T-ALL cells as well. For this purpose, they used the Ick:eGFP transgenic zebrafish line
with fluorescently labeled thymic T-cells. After finding primary compound hits which reduced the
number of T-cells significantly, these compounds were tested in a human T-ALL cell line. Lenaldekar,
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a compound with previously unknown biological activity, was identified. Further, its activity was
validated in adult T-ALL zebrafish and in a murine xenograft model [190]. A further study looking for
potential T-ALL inhibitors in the zebrafish Myc-induced T-ALL model was based on hits found in cell
culture. An antipsychotic drug targeting protein phosphatase 2A (PP2A), perphenazine, was found to
be highly effective in suppressing T-ALL cell growth [191]. Recently, clotrimazol has been discovered
as a potential cure for melanoma. The authors further described the effects of clotrimazole co-treatment
with other oncogene-specific inhibitors, as Lonafarnib, in vivo in zebrafish [192].

In this way, further potential inhibitors for cancer treatment were identified in zebrafish
compound screens, with suggested antineoplastic features mediated by cell cycle delay [193],
anti-angiogenic [145,194,195], or anti-lymphangiogenic [196] effects. This approach to compound
screening, however, usually requires detailed knowledge about the exact disease pathogenesis and
about the target pathway or at least about the biological process which is disordered. Drug treatment is
usually done easily by dispensing chemotherapeutics into the fish water as embryos can absorb small
molecules dissolved in water. However, it might be difficult to treat zebrafish with water-insoluble drugs,
because the carrier solvents for efficient administration may be toxic. For long-term administration
of therapeutics in adult zebrafish, a specific protocol for oral gavage has been published [197] and
successfully used [186]. Measurement of cancer cell growth can be partially automated as well, by using
an automated fluorescent microscopy strategy [156,184]. Using compound libraries containing FDA
approved drugs leads to drug repurposing and could accelerate the translation of hits from zebrafish
screens to the clinic as in the case of perphenazine [191,198]. Zebrafish has been used as a preclinical
model for characterization of nanomedicines as well [199].

The zebrafish cancer xenograft model is an excellent alternative for studying tumor progression
and for testing novel therapeutics even in the absence of appropriate transgenic models. Despite
lacking tissues such as lung, prostate, or mammary gland, many xenotransplantation studies have
proved that zebrafish can recapitulate tumor phenotypes seen in humans, as discussed in the previous
section. The effects on tumor microenvironment, as well as the process of metastasis, can be followed
real-time and in vivo in zebrafish. The only hurdle which had to be overcome was finding a way for
reliable xenotransplantation into adult zebrafish, where the previous immunocompromised models
have failed [124,130] and y-irradiation can be demanding. Cancer stem-like cells (CSCs) have been used
for xenotransplantation in adult casper immunocompromised by ionizing radiation [184]. In this study,
leukemic cells, human prostate cancer cells, as well as liver cancer cells were sorted for high aldehyde
dehydrogenase (ALDH) expression. ALDH expression is one of the markers widely used for sorting
CSCs from bulk populations of cancer cells. These CSCs were able to rapidly grow in recipients and it
was possible to re-transplant them. The authors have established a CSC xenotransplantation model in
zebrafish which they suggested as suitable for drug screening purposes [184]. Khan et al. have used
busulfan treatment in a recent study and were able to successfully xenograft AML cells and HCC cells
into adult zebrafish. The cancer cells survived in the fish for up to 15 days post transplantation [185].
A new double mutant immunodeficient zebrafish model suitable for cancer xenotransplantation was
published only recently. This fish has the prkdcP312#9P3612f muytation together with the mutated
12rgaY YY1 gene [186]. This combination of mutations is currently widely used also in murine
xenograft models [200]. Yan et al. have developed specific procedures for adult immunodeficient
zebrafish xenotransplantation, maintenance, treatment, and tumor growth evaluation. They have
transplanted a wide variety of cancer cell lines as well as patient-derived primary cancer cells and
compared their results from xenografted adult fish to results from xenografted mice. Their results seem
to be very promising and this model of adult zebrafish xenografts, mainly PDX, might be valuable in
the future of cancer research as a reliable pre-clinical model comparable to the mouse [186]. Altogether,
the significance of zebrafish as a preclinical model for cancer research is undoubtful. The high
reproductive rate of zebrafish and the relatively low-cost maintenance enables high-throughput whole
animal screening. There are other papers extensively reviewing zebrafish as a model for cancer cell
transplantation [26,33,76] and as a pre-clinical model in drug discovery [28,201].
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4. Conclusions

Zebrafish has proven to be reliable for modeling and visualizing human cancer cell biology and
dynamics, including metastases or tumor tissue neo-angiogenesis, in vivo. Further, the involvement of
epigenetic modulators in tumor biology could improve our understanding of such complex diseases as
cancer. The availability of transgenic and mutant models, as well as the possibility to transplant cancer
cells into zebrafish, provides a wide array of options for studying human cancer. Although zebrafish is
a non-mammalian model organism, it has striking evolutionary conservation of disease-related genes
and pathways with humans. Searching for novel drugs could be done in vitro at large scale but the
effects on the whole living organism might be markedly different. Screening for targeted treatment
in zebrafish xenografts could provide new opportunities for anticancer personalized therapy in the
future as recent research has shown that zebrafish studies are reliable in modeling human cancer.
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