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Preface

Oligonucleotides are comprised of nucleoside bases, sugars, and triphosphates. These
nucleic acids are biological macromolecules found in all life forms encoding genetic
information.

The chemical composition of nucleic acids was extensively studied in the early 1900s

and five nucleotide bases including uracil have been identified. Although the elemental
compositions were known, the correct structures were not established until the chemical
synthesis of nucleotides was performed. Following various milestone inventions by eminent
scientists like Emil Fischer and Albert Kossel, James Watson, Francis Crick, and Rosalind
Franklin discovered the double helical structure of DNA, for which Watson and Crick were
awarded the Nobel Prize. This discovery helped to solve the most significant biological
riddle of the time and advance oligonucleotide-based research.

In recent decades, a plethora of modified nucleotides have been synthesized using nucleic
acid chemistry. These molecules have proved to be useful for gene therapy and DNA-based
diagnostics. Diverse forms of structures, chemistries, and mechanisms of action exist for
oligonucleotide-based therapeutics. These drug candidates target either mRNAs or pro-
teins. Antisense oligonucleotides (ASOs), siRNAs, antagomirs, splice-switching oligonu-
cleotides, and DNAzymes target mainly RNA moiety, while immunostimulatory sequences
and aptamers target proteins. The recent approval of many oligonucleotide-based drug
candidates is indicative of the extensive vitality of the field. The unique base-pairing
properties of nucleic acids have already been exploited to develop biosensors for disease
diagnosis. The ability of single-stranded oligonucleotides or aptamers to self-assemble
into complex structures may possess enormous potential in future nanoscale engineering
and DNA-based computing. This book discusses the various biological processes targeted
and the corresponding oligonucleotide interventions. It includes six chapters that discuss
new developments in modified oligonucleotides and various theranostic applications of
oligonucleotides.

I would like to give my heartfelt thanks to all the authors and contributors as well as

the staff at IntechOpen. I believe that the case studies of modified bases, cutting-edge
fluorescence in situ hybridization (FISH) technology and other techniques discussed in
this book will provide guidance and support to researchers in the field as well as future
developers in the oligonucleotide industry.

Arghya Sett

Postdoc Research Scientist,

Institute of Organic Chemistry and Biochemistry,
Czech Academy of Sciences,

Prague, Czech Republic
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Chapter1

Introductory Chapter:
Oligonucleotides — Overview and
Applications

Arghya Sett

1. Introduction

Oligonucleotides are polymers of nucleic acids which are building blocks of life.
It is one of the key elements of the central dogma of life. Any nucleotide consists of
a pentose sugar (ribose in case of RNA and de-oxy ribose for DNA), a phosphate
group and any one nitrogenous base (nine-member double ring bases adenine,
guanine as purines and six-membered single ring base thymine, uracil and cytosine as
pyrimidines). On basis of structure and stability, researchers are working to expand
the genetic alphabets [1]. This will extend the diversity of the oligonucleotides and
demystification of mystical doctrine like “RNA world hypothesis” [2].

2. Applications
2.1 Oligo-based therapeutics

Oligonucleotides have several applications from encoding, transmitting and
expressing genetic information to storage of information, disease diagnostics and
even oligonucleotide-based therapeutics. As DNA, RNA is omnipresent in our body,
due to its non-immunogenicity, and it also easily be exploited as cargo for drug
delivery at specific locations of cellular organelles.

Among whole proteome of our body, only 10-14% of proteins have active binding
sites which are “druggable” [3]. To address this issue, nucleic acid-based strategies
can exploit translational machinery of the mammalian cells. Antisense oligonucle-
otides (ASOs) like short single-stranded DNA, phosphorothioate DNA, siRNAs,
micro RNAs and locked nucleic acids are key players in drug development processes.
There is plethora of ASO-based drugs approved by FDA against several diseases like
Duchenne Muscular Dystrophy (DMD), viral diseases, Type2 diabetes, cancer and
others. However, poor cellular uptake and rapid degradation or renal filtration DNA-
based therapeutics needs modification of delivery module to facilitate internalization
and retain their active form [4].

2.2 Oligo-based sensing methods

Besides the carrier of genetic information, breakthroughs in DNA-based biotech-
niques, CRISPR-based gene editing and other tools revolutionized the nucleotide-based
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sensing platforms. Among these sensing techniques, PCR, RT-PCR, antisense technol-
ogy, single nucleotide polymorphisms in cancer and other deadly genetic disorders
played an important role and often been converted into convenient biosensors. In the
current COVID pandemic era, DNA-based POC diagnostics played a critical role in
early and rapid detection of viral infections and followed to better patient management
[5]. Even, to combat the urgent medical emergencies against SARS-CoV2, synthetic
DNA-based vaccine was a lifesaver in the process of vaccine development. These
nucleotide-based vaccines are amenable to scale-up, cheaper, cold-chain free stable,
which are of critical attributes for delivery to resource-limited spaces.

Oligonucleotides having specific target binding or catalytic functions are termed
as “Functional DNA”, Such an example of functional DNA is “Aptamers”, also called
“Magic bullets” are considered to be chemical equivalent of monoclonal antibodies
for their specificity and sensitivity to their cognate targets [6]. The target repertoire is
diverse ranging from small molecules, metabolites, to proteins, cell surface receptors,
cells and tissues and even whole organisms. Another major variant of functional DNA is
ribozymes or deoxy ribozymes which are analogues of enzymes having specific recog-
nition sites and cleavage activity. They also catalyze certain biochemical reactions. Due
to stability, specificity, and variability for the base-pairing hybridization for detection
and diagnosis, oligonucleotide-based biosensors are the key shareholder in clinical
diagnosis, genome mutation detection and environmental pollutant detection [7, 8].

Recent developments in DNA nanotechnology include advent of various modified
functional DNAs (XNAs), DNA computing, logic gates, DNA-based signal amplifica-
tion strategy which further extended the applications of DNA-based sensors in POC
detection, live cell imaging and monitoring, disease prognosis and overall, in health
management systems [9].

This book presents a collection of new developments in modified oligonucleotides,
cutting edge theranostic applications of oligonucleotides which provide insights and
comprehensive overview of this exciting topic to the scientific community.

Author details
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Chapter?2

The Importance of the Fifth
Nucleotide in DNA: Uracil

Jamie Z. Roberts and Melissa ]. LaBonte

Abstract

Uracil is a ribonucleotide found in both DNA and RNA, with the main difference
between the two being the presence of thymine in DNA and uracil in RNA. Although
thymine and uracil are similar in function and can form the same base pairs with
adenine, the presence of uracil in DNA can affect DNA stability and modulate cell-
specific functions. Without repair mechanisms to remove uracil from DNA, cytosine
deamination can occur, resulting in gene drift that is not tolerable in organisms. While
the deamination of cytosine in DNA signals damage, a corresponding deamination in
RNA would yield normal RNA constituents. To correct this, uracil DNA glycosylases
detect and remove uracil bases from uracil-containing DNA, but not natural thymine-
containing DNA. The mechanisms of uracil incorporation into DNA, its roles in DNA,
cellular mechanisms to detect and remove uracil, and the clinical utility of uracil in
DNA will be discussed in this chapter.

Keywords: uracil, uracil-DNA glycosylase, cytosine deaminase, DNA integrity,
DNA damage, base excision repair

1. Introduction

Conservation of DNA integrity is important during replication to ensure that
daughter cells have accurately replicated DNA to promote genetic continuity. The
accumulation of aberrations within the DNA sequence, if left unrepaired, can lead
to genetic drift and subsequent detrimental effects following subsequent rounds
of replication. Given that the rate of DNA replication occurs at a frequency of 500
nucleotides/minute/replication fork, only a small number of errors (~1 nucleotide per
1 x 10° nucleotides) arise during the replication process [1]. Evolution has enabled the
cell to develop proof-reading mechanisms that minimise the potential disruption and
preservation of its genetic code [2, 3]; however, errors remain and with time contribute
to increased genomic instability and an altered metabolic landscape as required for a
sufficient supply of macromolecules, including nucleotides, to drive proliferation [4-6].

Uracil is one of the most frequently occurring error bases in DNA, occurring
through mutagen hydrolytic deamination of cytosine to uracil or through substantial
uracil DNA misincorporation, and the cell has, therefore, evolved different strategies
to target and repair this type of DNA damage. In the absence of uracil-DNA repair,
relatively fast cytosine deamination and the toxicity of the resulting uracil will result
in a gene drift which is likely not tolerated by an organism.
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2. Evolution of the genome: why thymine was key

The genome of all organisms on earth today is coded by 4 nucleobases, which are the
two purines, adenine (A) and guanine (G), and the 2 pyrimidines, cytosine (C) and thy-
mine (T). The nucleobases are commonly conjugated to (deoxy)ribose, which are termed
nucleosides, and they can then be further conjugated to phosphate groups, giving them
the name nucleotides. As deoxynucleotide triphosphates (ANTPs), the nucleobases A, T,
G and C are commonly incorporated into DNA, held in a sequence via covalent attach-
ments to the DNA backbone (made up of covalently attached deoxyribose and phosphate
ina chain), making a DNA strand. A DNA strand is paired with another DNA strand
(forming the classic double-helix structure of DNA) which are complementary to one
another via hydrogen bonds between nucleobases within adjacent strands of the DNA
helix. In ‘normal’ DNA, A:T and G:C always pair with one another. Uracil (U) is another
nucleobase that is mostly found in RNA, which is synthesised via nucleotide triphos-
phates (NTPs). RNA can form similar structures to DNA, except that A:U pair together
instead of A:T and that the RNA backbone incorporates ribose instead of deoxyribose.
RNA is also able to encode genetic information (mRNA) but is more diverse and carries
out functions similar to proteins (tRNA and ribozymes). One might ask what the need is
for these two similar systems for carrying genetic information and why are they differ-
ent? To answer these questions, it helps to explore the evolution of the genome.

Life on earth is thought to have originated ~3.8 billion years ago from what is
termed the ‘primordial soup’ (or prebiotic soup). In this prebiotic world the ‘RNA
world’ hypothesis states that the first complex organic molecules to form were RNA
based. To support this hypothesis, analysis of carbonaceous meteorites that have
fallen to earth have found to contain a range of carbon-molecules, including U, A
and G (but not C), which is thought to represent the composition of a very young
earth (reviewed here [7]). Additionally, a formamide-based scenario has purposed
that formamide (available in the prebiotic earth [8]) could be the starting point for
generating all the RNA-components, under conditions that are thought to be present
in the prebiotic earth, with U being generated in good yield [9-12]. This leads to the
belief that the hereditary genetic information might have been RNA. It is thought
that, eventually, there was transition to a DNA-based hereditary system since the
deoxyribose-containing DNA backbone is much more stable than ribose-containing
RNA backbone [13-15] and RNA replication seems to be far more error prone than
DNA replication [16]. In turn, this allowed the evolution of larger, more complex
genomes and, therefore, complex multicellular organisms to form.

Potentially, at some point RNA and other molecules were concentrated in a
membrane-like structure (making certain catalytic reactions feasible), forming the
first RNA cells with metabolism. RNA can catalyse reactions (ribozymes), encode
genetic information, transport amino acids (tRNA) and catalyse peptide-bond forma-
tion (ribosomes). The idea that RNA was first to carry out these critical functions
of the cell is based on ribosomal RNA being extensively involved in peptide-bond
formation, suggesting that proteins potentially became essential later in evolution
[17]. To allow for the transition from an RNA to DNA cell, the evolution of a mecha-
nism to convert NTPs (containing ribose) to dNTPs (containing deoxyribose) must
have occurred. Ribonucleotide reductases (RNRs) frequently catalyses the conversion
of nucleotide diphosphates (NDP)/NTP in eukaryotic/prokaryotic cells into dNDP/
dNTP, respectively, and are thought to have a common ancestor [18, 19]. Interestingly,
it is thought that the first DNA cell would have incorporated U (instead of T) into its
genome. This is backed up by the fact that RNR can directly convert ATP, UTP, GTP
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and CTP into its corresponding dNTPs; however, dTTP needs extra steps involving
deoxyuridine monophosphate (dUMP) conversion to dTMP, via thymidylate synthase
(TS or TYMS), and two phosphorylation steps by kinases to produce dTTP [20].

Due to this convoluted route to produce dTTP, yet dUTP is synthesised in a simpler
manner, it would make sense in an evolutionary context that the initial DNA cell first
incorporated U into its DNA, which was then later replaced by T.

One might ask why the need of T-based DNA when U-based DNA performs the
same task and is energetically easier to make? C deamination produces U, which hap-
pens at a relatively fast rate. A deaminated C will produced a G:U mismatch and led to
mutated DNA during replication. In U-based DNA, a U produced via C deamination
and U that is normally incorporated in DNA are chemically identical and, therefore,

a G:U mismatch would be difficult to identify as damaged DNA, in the context of
primitive cells without sophisticated DNA repair mechanisms. To overcome this issue,
cells evolved to incorporate T instead of U into their DNA, making U produced from
C deamination completely foreign instead. This meant that T-based DNA produced
more stable genomes, which is especially important for evolving and maintaining
large complex genomes found in, for example, multicellular organisms.

For T-based DNA to be viable, the cell evolved three key enzymes: dUTP nucleo-
tidohydrolase (dUTPase), thymidylate synthase (TS) and uracil-DNA glycosylases
(UDGs). After dUTP synthesis via RNR, dUTP is potently dephosphorylated to
dUMP by dUTPase. In a two-fold mechanism, this reduces dUTP levels, reducing U
misincorporation into the DNA, and produces the TS substrate (dUMP, as discussed
in the previous paragraph), leading to an increase in dTTP. The relative levels of
the dUTP:dTTP pools determines the rate of U misincorporation into DNA, due to
DNA polymerase having difficulty distinguishing between dTTP and dUTP, which
are identical molecules except for a single methyl group. In fact, DNA polymerases
readily incorporate dUTP as well as dTTP based on their representative concentration
and nucleotide availability [21]. If U is misincorporated or C deamination occurs, a
UDG removes U, creating an abasic site where no nucleobase is present in a strand of
DNA, and a primitive form of DNA damage repair could have corrected it. With the
evolution of these 3 proteins, cells were able to detect C deamination (which is always
mutagenic) rapidly, repair it and reduce U misincorporation as well.

3. Biosynthesis of NTPs

Nucleotide synthesis begins with U(ridine monophosphate) and I(nosine mono-
phosphate) [22-24]. The success of DNA replication is dependent upon a number of
factors including the availability of balanced nucleotide pools and the cellular ability
to recognise misincorporated bases in DNA and initiate their removal and subsequent
repair. In the quiescent state, the genomic content of the cell is at its’ minimum.
Following stimulation to enter the cell cycle and initiate S-phase, DNA biosynthesis
is up-regulated and therefore access to the required deoxynucleotide triphosphates
(dNTPs) is vital for errorless replication of the genetic material [25]. The enzyme
ribonucleotide reductase (RNR) is the initiating factor that induces the reduction of
ribonucleoside diphosphates into their respective deoxyribonucleoside diphosphates
(dNDPs) [26, 27]. Additional phosphorylation of the nucleosides occurs through the
action of nucleoside diphosphate kinase (NDPK), converting the dNDP’s to dNTP.
However, the synthesis of dTTP requires additional steps within the biosynthesis
pathway (Figure 1; for an in-depth review, see ref. [28]).
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Figure 1.

Ur%zcil biosynthesis and incorporation into genomic RNA and DNA. A simplified schematic showing how uracil
(U, purple) and thymidine (T, red) are incorporated into DNA. Normally, uracil is metabolised to UDP then
UTR, allowing it to be incorporated into RNA. UDP can also be processed by ribonucleotide reductase (RNR,
composed of RRM1/2/2B subunits) to AUDPE, which is further metabolised to AUTP. Cells have evolved a system
where AUTP levels are kept low by dUTPase converting it into AUMP, which is a substrate for dTTP production.
This maintains a high cellular dATTP:AUTP vatio, ensuring minimal uracil misincorporation into DNA since
DNA polymerase has similar affinities for dTTP and dUTP. Arrows indicate the direction of a metabolic reaction
by an enzyme, double ended arrows indicate a single enzyme can perform a metabolic reaction in both divections.
Abbreviations: U = uracil, U = uridine, dU = deoxyuridine, (d) UMP = (deoxy)uridine monophosphate,
(d)UDP = (deoxy)uridine diphosphate, (d)UTP = (deoxy)uridine triphosphate, dT = deoxythymidine, (d)
TMP = (deoxy)thymidine monophosphate, (d) TDP = (deoxy)thymidine diphosphate, (d)TTP = (deoxy)
thymidine triphosphate, CH2-FH4 = 5,10-methylenetetrahydrofolate, FH2 = dihydrofolate, DNA Pol = DNA
polymerase p, RNR = ribonucleotide veductase, and dUTPase = dUTP nucleotidohydrolase.

4, Uracil

Uracil is a base analogue of thymine and is found in both DNA and RNA (Figure1).
As a pyrimidine nucleotide it has an amino acid group at the 2" position and a carboxy
group at the 5’ position. U and T are equivalent in their information storage, transmis-
sion and their base pairing with adenine.

In DNA, U is present in pyrimidine dimers, tri- and tetradiphosphate conjugates,
DNA repair intermediates and DNA damage-based U incorporation. It is classified as an
antimetabolite, which means it can block enzymes that participate in cellular metabolism,
where its incorporation into DNA has several biological and pharmacological effects.

Uracil’s presence in DNA has been identified to be an important key intermediate
in both adaptive and innate immunity (see Section 4.2). In adaptive immunity, U is
introduced into DNA by the enzyme activation-induced deaminase (AID), where in
B lymphocytes its presence modulates the antibody binding site or initiation of Ig
isotype switching [29, 30]. In innate immunity, U in DNA serves as an intermediate
in the restriction of viral pathogens with the assistance of the family of APOBEC
polynucleotide deaminases, where there is a C:U hypermutation of the viral genome
leading to its degradation [31].

Beyond these positive immunity roles of U in DNA, the DNA incorporation of U
can negatively impact the cellular functionality of the genetic information storage
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system, destabilize the Watson-Crick DNA helical structure, inhibit DNA replication,
cell growth and development, highlighting the importance of cellular mechanisms to
detect and remove inappropriate uracil from DNA.

4.1 Modifications to uracil

Of all the bases, U is the most modified in RNA [32, 33], while in DNA, U has been
reported to undergo modifications including methylation [32], hydroxymethylation
[34] and oxidation [35]. Methylation, the addition of a methyl group to the nitrogen
atom in the ring structure of uracil, can occur at several sites on the base, including
the N1 and N3 positions [32]. Hydroxymethylation, the addition of a hydroxymethyl
group to the N3 position, is a common modification [32, 35]. Oxidation can also lead
to the formation of several different uracil derivates, such as 5-hydroxymethyluracil
and 5-formyluracil [35]. Other less prevalent modifications may include glutathionyl-
ation, nitration or phosphorylation [36]. These modifications can affect the stability
and function of the DNA molecule and may also play a role in regulating gene expres-
sion and the development of diseases such as cancer [37, 38].

4.2 Maintenance of uracil-free DNA uracil

Hydrolytic depurination produces about 10,000 abasic sites per cell per day, while
hydrolytic deamination of cytosines produces 70-200 uracil bases per day in DNA
[13]. The inappropriate U is recognized by family of human UDGs, which cleaves
the N-glycosidic bond and thereby generates an abasic sites in the DNA, which are
themselves cytotoxic and potentially mutagenic [39]. As mentioned in Section 2, U
can arise in DNA either by C deamination or by U mis-incorporation. Deamination of
C to U is always mutagenic, if not corrected, as U:G mismatches always leads to C—T
or G—A transitions during DNA synthesis and is, interestingly, the most frequent
spontaneous mutation of cells, and often found in human tumours. On the other
hand, misincorporation of U should not lead to a mutation during DNA synthesis,
since U:A pairs would lead to T:A pairs; however, DNA repair mechanisms can be
error-prone and, therefore, it is best for the cell to avoid U DNA misincorporation
from the onset, as discussed in Section 2.

In almost all the organisms, the nucleotide pools are essential for the correct DNA
replication and U is one of the most frequently occurring error bases in DNA; dif-
ferent strategies for “keeping free” the organism of unbalanced levels of nucleotides
exists [22]. In this direction, four superfamilies of NTP (nucleoside triphosphate)
pyrophosphatases including the nudix hydrolases, trimeric dUTPase, inosine tri-
phosphate pyrophosphatases (ITPases) and all « NTP pyrophosphatases function to
hydrolyze the a-p phosphodiester bond of (d)NTPs to monophosphate and pyrophos-
phoric acid (PPi) focussing on the non-canonical NTPs [22, 23]. The deoxycytidine
triphosphatase (dCTPase) and dUTPase are the two main nucleotide hydrolases
involved in the elimination of non-canonical nucleotides [22, 24].

The most important mechanisms to maintain U-free-DNA are dUTPase and
UDGs [40-42].

4.2.1dUTPase

The function of dUTPase is to hydrolyze dUTP to dUMP and pyrophosphate,
providing a dUMP precursor for the dTMP synthesis, maintaining the balanced
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dUTP/dTTP ratio and ultimately DNA integrity [43]; this reaction facilitates the cells
avoidance of dUTP DNA misincorporation by DNA polymerases during replication
(Figure 1) [44].

Two distinct protein isoforms of dUTPase, one nuclear and the other mito-
chondprial, in human cells have been reported [45]. Nuclear dUTPase (DUT-N) and
mitochondrial dUTPase (DUT-M) are encoded by two distinct mRNA species of 1.1
and 1.4 kilobases respectively, nonetheless, the dUTPase gene (DUT) encode both
nuclear and mitochondrial isoforms and arise to mature form by splicing process
using different exon patterns [46].

In normal cells, the expression of dUTPase varies, where fluctuations in expres-
sion are dependent upon the current state of the cell cycle. Stimulation from
mitogenic signals to initiate mitosis triggers the cell to progress from the resting
Go-phase into G;/S-phase [47]. It is during S-phase of the cell cycle when the DUT-N
is increased to provide the dUMP substrate required for dTMP synthesis and subse-
quent deoxythymidine triphosphate (dTTP) for incorporation into newly synthesized
DNA [48]. Overall, the specific activity is over 16,000 nmol of dUMP hydrolyzed per
min/mg of dUTPase [49].

4.2.2 Base excision repair

There are four UDGs present in mammalian cells: UNG, SMUG1, TDG and MBD4
[50] that function to recognize and remove U from DNA. This family of enzymes
provides redundancy which may be required for specific circumstances and highlights
the importance of this repair process. UNG remains central to the repair of U:A mis-
incorporated uracil, whereas all family members are involved in the U:G repair [29].

The process of uracil repair produces an abasic sites, which forms part of Base
Excision Repair (BER) pathway in humans, a process that repairs small, non-helix
distorting base lesions in the genome [51]. Briefly, a UDG detects U within DNA
and ‘flips’ it out of the double-helix and cleaves the U leaving an abasic site. An
AP-endonuclease (APE) then cleaves the DNA-backbone 5’ of the abasic site, creat-
ing a single-strand break [52]. During short-patch BER, DNA polymerase p (POLf)
inserts the correct nucleotide into the abasic site and has lyase activity that removes
the deoxyribosephosphate (dRP) left over from the abasic site [53]. The open 3’ end
(that is left over after DNA polymerase activity) can then be sealed by DNA ligase
III (LIG3) and its co-factor XRCC1, removing what is a single-strand break [54, 55].
Alternatively, during long-patch BER; POLS, POLe and PCNA inserts multiple nucle-
otides from the abasic site, displacing the downstream DNA (which also contains dRP
atits 5’ end), creating a flap [53]. The flap endonuclease 1 (FEN1) then removes this 5’
flap of DNA [56] and DNA ligase 1 (LIG1) is able to seal the single-strand break in the
DNA backbone left after this process [57]. See Figure 2 for BER schematic.

4.3 Uracil-DNA glycosylases
4.3.1UNG

In humans, two splice variants of Uracil-N-Glycosylase (UNG) are expressed from
its gene (UNG), with both isoforms containing an identical sequence except for their

N-terminal which is unique to each protein. UDG/UNG are interchangeably used to
refer to this protein; however, in this text we will refer to the protein as UNG and the
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Figure 2.

Dg‘ection and removal of uracil in DNA by base excision vepair pathway. A simplified schematic showing the two
arms of the base excision repair (BER) pathway in the repair of uracil that is either misincorporated (dU:dA)

or mismatched (dU:dG) in DNA. A uracil DNA glycosylase, UDG/SMUG1/TDG/MBD4 in humans, detects
and flips’ out the uracil base from the DNA and cleaves it, leaving an abasic site. AP endonuclease (APE) then
nicks the DNA backbone 5’ to the abasic site, creating a single-strand DNA break. From there, BER pathway

will either proceed down the short patch BER or Long patch BER depending on the type of damage, stage of

the cell cycle, and cell differentiation state. In short patch BER, DNA Polp fills in the gap of the abasic site with
the correct base and is also cleaves the deoxyribosephosphate (5' dRP) left over from the abasic site. After DNA
polymerisation, a single-strand DNA break is present and is ligated by LIG3:XRCC1. In long patch BER, DNA
Pol8:Pole:PCNA inserts multiple bases from the abasic site, creating a ‘flap’ of single-stranded DNA. FEN1 is
able to cleave this flap and LIGz1 seals the single-strand DNA break left over from the process. Abbreviations: 5'
dRP = deoxyribosephosphate, dA = deoxyadenine, dG = deoxyguanine, dU = deoxyuridine, dT = deoxythymidine,
APE = Apurinc endonuclease, BER = base excision vepair, DNA Polff = DNA polymerase, FEN1 = flap
endonuclease 1, LIG = DNA ligase, MBD4 = methyl-CpG-binding domain protein 4, SMUG1 = single-strand
selective monofunctional uracil DNA glycosylase, TDG = thymine DNA glycosylase, UDG = uracil DNA
glycosylase, and XRCC1 = X-ray vepair cross-complementing protein 1.
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superfamily encompassing all the uracil-targeting DNA glycosylases will continue to
be referred to as UDG. UNG1 is expressed constitutively in the mitochondria, first

as a 35 kDa precursor which is then processed at the N-terminal to a 29 kDa protein,
and UNG?2 is a 36 kDa serine/threonine phosphoprotein located in the nucleus, which
maintains its N-terminal sequence. U detection and removal is predominantly carried
out by UNG, in human cells, since it has the highest activity with single-stranded
(ss)DNA and is very active with double-stranded (ds)DNA compared to the other
UDGs present in human cells (SMUG1, TDG and MBD4) [50, 58, 59]. Additionally,
UNG has at least 10" times higher turnover than the other three human UDGs

[50, 59, 60], with UNG2 being the only DNA glycosylase present in the nucleus that
is able to remove U:A pairs close to passing replication forks [61, 62], where UNG is
mostly located in replication foci during S-phase [59, 61, 63]. Due to the efficiency

of UNG compared to the other UDGs in humans, it is thought that UNG is predomi-
nantly responsible for removing U:G mismatches [59, 60]; however, this has not been
directly reported except of U:G mismatches produced by activation-induced cytosine
deaminase (AID), which are critical in the adaptive immune system.

When an infection occurs in humans, our adaptive immune system will try to
generate antibodies specifically for that antigen, which will allow the infection to be
efficiently cleared out. B lymphocytes are responsible for generating antibodies, but to
generate specific antibodies they need a mechanism to induce heterogeneity, which is
achieved via somatic hypermutation (SHM) and class switch recombination (CSR) [29].
The Ig loci produces the heavy chain of an antibody and codes for the Ig variable region
(produces part of heavy chain that directly binds to antigen) and the Ig constant region
(determines class of antibody, which could be IgM, IgG, IgA or IgE). AID deaminates
Cs in specific regions of thisloci [31]. During CSR, UNG2 targets U and, with APE,
generates abasic sites with single-strand breaks. Since AID generates clustered regions
of U-containing DNA, this can produce double-strand breaks once UNG2 and AP
endonuclease have processed enough of them. This then triggers non-homologous end
joining and connects the Ig variable region to a new constant region and determines
the class of the antibody. During SHM, AID introduces U into Ig variable region and
UNG?2 removes these producing abasic sites and error prone polymerases then introduce
mutations and alter the DNA sequence. Overall, this means various B lymphocytes
produce unique antibodies coded from their Ig loci. The unique antibody is exposed on
the surface of the B lympocyte and if that antibody has affinity to the antigen presented
to it, it will survive and produce Plasma cells, which produce the cloned antibody and
then allow the adaptive immune system to target the antigen [64].

In addition to UNG’s role in the adaptive immune system, UNG is also involved in
the innate immune system. Virally infected cells are exposed to proviral DNA (viral
DNA that is yet to become active), which will allow the virus to propagate further
by hijacking cellular functions. To counteract this, cells express APOBEC3 enzymes
(another DNA cytosine deaminase) that can associate with proviral DNA, before it
integrates into the cell’s genome, and proceeds to deaminate C—U [65]. This then
either leads to degradation of the proviral DNA (with the help of AP endonuclease)
or if the proviral DNA does integrate within the genome of the host it is hypermu-
tated (G:C—A:T) and, therefore, non-functional. Other functions of UNG may also
include removal of some oxidative products of C including alloxan, isodialuric acid
and 5-hydroxyuracil; but it is unknown if this is true in vivo [66]. Additionally, UNG2
might be involved in TET-mediated demethylation of cytosine, which would reverse
the epigenetic silencing of certain genes [67].
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4.3.2 SMUG1

Single-strand-selective Monofunctional Uracil-DNA Glycosylase (SMUG1) was
named so because it was originally thought to prefer ssDNA to dsDNA as a substrate
[68]; however, it was later found to be specific for dsDNA [60]. SMUG1 is expressed
as a 30 kDa protein and is evenly distributed in the nucleus, accumulates in nucleoli
and is also found in the cytosol [59]; additionally, unlike the UNG gene, the SMUG1
gene is not regulated by the cell cycle [69]. Like UNG, SMUGT’s substrate specific-
ity is greater for U:G mismatches than U:A pairs; however, the catalytic activity of
SMUGT1 is slower than UNG’s [59]. While SMUGI has been thought to act as a backup
to UNG in SHM and CSR in mice, it is worth noting that mice express higher levels
of SMUGTI (relative to UNG) than humans do and that UNG/SMUGTI have different
roles in initiating BER in mice vs. humans [60, 70]. In addition to its role as a UDG,
SMUGT1 is the major DNA glycosylase in removing hydroxymethyluracil (5-hmU, an
epigenetic modification [71]) from DNA [59, 72-74], with UNG seemingly not having
any significant involvement [75].

4.3.3TDG

Thymine DNA Glycosylase (TDG) is a 46 kDa protein that is located in the nucleus
and plasma membrane of the cell. Despite UNG, SMUG1 and TDG sharing less than
10% amino acid similarity they all have similar structures and are located on the
same arm of chromosome 12; additionally, they all may have evolved from the same
ancestral gene [76]. In contrast to UNG, TDG is highly expressed during G1 and G2-M
phases of the cell cycle and not in S-phase, while UNG is highly expressed only in
S-phase [77]. TDG is known to remove U:G and T:G mismatches (derived from deam-
inated 5-methylcytosine (5-mC)) from DNA, with better efficiency with U:G mis-
matches [78]; however, seems to overall have a very slow turnover rate. Additionally,
TDG has higher affinity for U:G mismatches, but also has a very high affinity for
abasic sites opposite Gs [79] and it has been reported that TDG SUMOylation helps
dissociate it from abasic sites [80]. TDG is also able to remove 5-hmU, thymine glycol
halogenated pyrimidines and eC (caused by lipid peroxidation) when they are paired
with G. Unlike UNG and SMUG1, when TDG is knocked out of mice it is embryoni-
cally lethal [81]. Rather than associating the lethality with TDG’s U-DNA glycosylase
activity, it is thought this is due to disruption of TDG’s association with promoters,
transcription factors, transcriptional coactivators and DNA methyltransferase which
impairs the epigenetic regulation of developmental genes [81, 82]. Furthermore, TDG
has been reported to directly induce DNA demethylation by removing 5-formylC
(5-fC) and 5-carboxyC (5-aC) (both derived from TET-mediated oxidation of 5-mC),
which leads to BER and repair of the site a non-modified C [83, 84].

4.3.4 MBD4

Methyl-CpG Binding Domain 4 DNA glycosylase (MBD4) is a 66 kDa protein that
is predominantly found in the nucleus of the cell. While UNG, SMUG1 and TDG have
a similar structure to one another, MBD4 has a N-terminal methyl-binding domain
(MBD) which is connected to the C-terminal glycosylase domain that, additionally,
has a different structural fold to the other 3 UDGs [85]. However, similar to TDG,
MBD4 is able to remove U, T, 5-hmU thymine glycol halogenated pyrimidines and eC
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when they are paired with G, and MBD4 is not regulated by the cell cycle, the same as
SMUGI1 [69]. SMUGT’s DNA glycosylase activity might predominantly occur near CpG
sites since mice with MBD4 knocked out had an increase in C—T transition mutations
at CpG sites (DNA methylation sites) [86, 87]. MBD4 has also been reported to have
additional roles in apoptosis, transcriptional regulation and active demethylation [82].

4.4 UNG vs. SMUG1 vs. mismatch repair

While UNG seems to be the predominant UDG in removing genomic U, it does not
appear to be essential in the overall process. SMUG1 knockout mice’s organs had no
increase in genomic U, while UNG knockout mice’s organs had a 1.9-2.2-fold increase [75].
However, a UNG/SMUG1 double knockout a much greater increase, especially in the liver
(25-fold increase), suggesting that while SMUG1 cannot fully compensate for UNG loss
itis able to act as a backup [75]. Surprisingly, mice and humans deficient in UNG induce
issues related to immunity like problems with CSR and inducing lymphoid hyperplasia
[88-91]; however, UNG/SMUGT1 single and double knockout mice do not have reduced
one-year survival rates [72]. This would suggest that cells can tolerate U, to a certain level
atleast, and that the major issues that arise from UNG loss seem to be immune-related,
likely due to its importance in the adaptive immune system (as discussed in Section 4.2).
Paradoxically, cell death induced by too high a levels of genomic U might be induced
by the cell’s own DNA repair mechanism that induces ssDNA breaks that could lead to
dsDNA breaks that are cytotoxic (similar to the mechanism of CSR), in a cancer setting at
least [92]. If this is the case, then that would indicate a significant role for UNG/SMUGL in
inducing the cell death in this setting, rather than the high levels of genomic U.

While UNG/SMUGI1 double knockout does not reduce one-year survival rates, a
triple knockout including MutS homolog 2 (MSH2), a critical enzyme in the DNA
repair mechanism termed Mismatch Repair (MMR) severely reduced survival rates
when compared to mice with a single MSH2 knockout [72]. This could suggest that
while UNG and SMUGI are complementary to each other’s function in removing
genomic U, MMR might act as a last resort when the two proteins are lost; however, it
is worth mentioning that MSH2 loss alone significantly decreased one-year survival
by itself [72]. Furthermore, UNG/SMUG1/MSH2 triple knockout mice also had an
increased chance of cancer development (compared to other knockout combina-
tions), which was mostly lymphoma (maybe due to high C deaminase activity in
immune cells via AID), suggesting that these three proteins are key to maintaining
genomic stability, potentially via the removal of genomic U [72].

Overall, one could hypothesis that high levels of genomic U, in the acute setting,
could lead to cell death induced by the DNA repair machinery not being able repair
the damage it inflicts initially for repair; however, if high levels of genomic U occur
when UNG/SMUG1/MMR are not present then the cells would not initially die but
over time would acquire a high amount of mutations, leading to either death or
cancerous phenotypes. Though, a lot more work is needed to validate this hypothesis
but visualising cell death ina UNG/SMUG1/MMR deficient cell with high levels of
genomic U might reveal some answers.

5. Therapeutic-induced thymine-less death

As mentioned, U:A pairs in DNA arise from dUTP misincorporation by DNA
polymerase since they use dTTP and dUTP with similar efficiencies. In fact, several
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studies have confirmed that DNA-cytosine deaminase or U:G mismatches constitute
a major mutational DNA lesion that contributes to various diseases, including cancer
development and progression [93]. To counteract uracil in DNA, the cell has evolved
the two proteins TS and dUTPase (see Section 4.1), which lowers the dUTP:dTTP
ratio and thereby reduces dUTP use by DNA polymerases by having more dTTP
available. The first step is by dUTPase, which converts dUTP into dUMP; thus, dUTP
levels are decreased and TS’s substrate (dUMP) is increased simultaneously. TS then
converts dUMP into dTMP by attaching a methyl group to the C5 position of U’s
aromatic ring, the methyl group being donated by 5,10-methylenetetrahydrofolate
(5,10-CH,THEF, a folate derivative). Two extra kinase steps are then needed to convert
dTMP into dTTP, which can be readily processed for DNA synthesis.

Originally, it was rationalized that targeting the pyrimidine biosynthesis path-
way would be an effective method in treating cancer, based on several findings
including the observation that U was specifically incorporated into the nucleic acid
fractions of rat tumours [94]. This eventually led to the development of the fluoro-
pyrimidine 5-Fluoruracil (5-FU) in 1957 [95], one of the best know chemotherapies
for cancer treatment in modern times. 5-FU’s mechanism of action as an anti-cancer
therapy seem to be complicated but what is known is that metabolites produced
from it can are incorporated into DNA and RNA, which induces cellular stress and
then subsequent cell death in cancer cells. Additionally, one of 5-FU’s metabolites
(FAUMP) is able to inhibit and it is through this method a range of fluoropyrimi-
dines and antifolates (which indirectly inhibit TS) have been designed and used for
treatment of large range or cancer types, in which their uses still seem to be grow-
ing today [96].

Building on 5-FU’s clinical success, several additional cancer therapies such
Pemetrexed, Capecitabine, Methotrexate and Raltitrexed were developed and are
currently used in cancer chemotherapy regimens to inhibit TS and modify the
cancer cell’s viability as a consequence of the depletion of dTTP pools, called thy-
mine less-death. Thymine less-death results from an imbalance in dUTP/TTP levels,
where dTTP is depleted and there is an increase in dUTP, misincorporation of uracil
into DNA and following attempted repair results in DNA double-strand breaks
(DSB) [97, 98]. To a global understanding of involved mechanism it is important
to highlight that the dUMP pools needed for TMP biosynthesis depends on dCMP
deamination and UDP reduction by deoxycytidylate deaminase (DCD) and RNR,
respectively [39].

6. Conclusions

Uracil, a non-canonical DNA base, has been identified as one of the major bases
misincorporated into DNA either through the process of cytosine deamination or
through the introduction by DNA polymerase. The presence of uracil in DNA, while
important for specific adaptive and innate immune functions, in other contexts
threatens genetic stability and continuity, where dysregulated genomic uracil levels
has been linked to various disease, including cancer. Several key enzymes have been
identified to collaborate in maintaining uracil-free DNA through modulation of uracil
levels within the cell by dUTPase, as well as the uracil-DNA glycosylase family (UNG,
SMUGI, TDG, MBD4), who function to recognize and excise uracil from DNA, where
UNGI1 and UNG2 are the most competent and widely used for uracil misincorporation
in DNA.
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Nomenclature

5-aC 5-carboxyC

5-fC 5-formylC

5-FU 5-Fluorouracil

5-hmU Hydroxymethyluracil

A Adeninie

AID Activation-induced deaminase

APE AP-endonuclease

APOBEC Apolipoprotein B MRNA editing enzyme catalytic subunit
ATP Adenosine triphosphate

BER Base exicision repair

C Cytosine

CSR Class switch recombination

CTP Cytosine triphosphate

dCTPase Deoxycytidine triphosphatase

DNA Deoxyribonucleic Acid

dNTPs Deoxynucleotide triphosphosphates
dRP Deoxyribosephosphate

DSB Double-strand breaks

dTMP Deoxythymidine monophosphate
dTTP Deoxythymidine triphosphate
dUMP Deoxyuridine monophosphate
dUTP Deoxyuridine triphosphate
dUTPase dUTP nucleotidehydrolase

FEN1 Flap endonuclease 1

G Guanine

GTP Guanosine triphosphate

ITPase Inosine triphosphate pyrophosphatases
LIG3 DNA ligase III

MBD4 Methyl-CpG binding domain 4 DNA glycosylase
MMR Mismatch repair

mRNA Messenger RNA

MSH2 MutS homolog 2

NDPK Nucleoside diphosphate kinase
NTPs Nucleotide triphosphosphates
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PCNA
POL
RNA
RNR
SHM
SMUG1
T

TDG
tRNA
TS

U

UDG
UNG
UTP

Proliferating cell nuclear antigen
DNA polymerase 8

Ribonucleic Acid

Ribonucleotide reductase
Somatic hypermutation
Single-strand-selective monofunctional uracil-DNA glycosylase
Thymine

Thymine DNA glycosylase
Transfer RNA

Thymidylate synthase

Uracil

Uracil-DNA glycosylase
Uracil-N-Glycosylase

Uracil triphosphate
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Chapter 3

Modified (2',5") Oligonucleotides:
The Influence of Structural and
Steriochemical Factors on Biological
and Immunotropic Activity

Elena Kalinichenko

Abstract

The synthesis of a large number of analogs of natural 2-5A and the results of
studies to clarify the relationship between the structure and spatial organization
(stereochemistry) and the biological properties of analogs 2-5A have convincingly
demonstrated that by changing the structure and/or stereochemistry of molecules,
it is possible to achieve either strengthening of known properties or giving new
ones. The replacement of the adenosine fragment with 1-deazaadenosine (c'A) or
3-deazaadenosine (c’A) at various positions of the 2-5A chain demonstrated the role
of each of the nitrogen atoms of the adenine heterocycle in the processes of binding
and activation of RNase L. The use of conformationally rigid fluorodeoxyadenylates
in enzymatic reactions made it possible to differentiate the role of structural and
stereochemical factors and demonstrate the influence of molecules’ stereochemistry
on their biological properties. Oligomers with ribo-[(2',5") A;Ara] and lixo-[(2',5')
A,A™] conformation in the (A3) terminal fragment showed activity against diseases
associated with disorders of T-cell immunity, autoimmune diseases, viral infections,
lymphocytic malignant transformations, prevention of transplant rejection after bone
marrow transplantation and, possibly, in the treatment of complications associated
with the reaction of the transplanted tissue and the recipient’s tissue.

Keywords: 2-5A, (2',5') oligoadenylates analogs, RNase L, stereochemistry, NK-cells,
lytic activity, phagocytosis, immunosuppressive activity

1. Introduction

(2',5") Oligoadenylates represent one of the elements of cellular endogenous
antiviral defense which is induced by interferon in response to RNA molecules
synthesized in virally infected cells [1, 2]. The key role of 5'-triphosphorylated (2'-5")
oligoadenylates, 2-5A [ppp(A2'p5'),A, n = 2:15; mainly, trimer, n = 2] (Figure1), in
the antiviral effect of interferon is widely recognized. Oligoadenylates bind and then
activate 2-5A-dependent endoribonuclease (RNase L) contributing to the hydrolysis
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Figure 1.
Structures of 5'-phosphates of the trimer 2',5'-oligoadenylic acid [pppA2'p5'A2'p5’'A (2-5A)] and
dephosphorylated analog [Core].

of viral mRNA and, consequently, the inhibition of viral protein synthesis [3-5]. Low
molecular weight oligomers are present in nanomolar (10~ M) concentration in living
organisms and play a crucial role in the antiviral effects of interferon, maintaining
early pregnancy, endochondral ossification, myogenesis, neuronal differentiation,
apoptosis, heat-shock response, etc. Findings obtained from biochemical examina-
tions of the cellular endogenous antiviral defense aroused great interest in analyzing
of the 2-5A system general functioning mechanisms, as well as biochemical role
played by its specific components [6-10].

However, 2-5A is rapidly cleaved by 2’-5'-phosphodiesterase [11, 12]. Moreover,
the molecule has a large negative charge and is incapable to penetrate the cell
membrane. These shortcomings can be eliminated by modifying the molecule while
retaining the ability to bind to RNase L. Modifications can be made to the base,
sugar, or phosphate fragments. But the development of new modified oligonucle-
otides is a challenge due to chemical, electronic, and steric problems. Additionally,
the scope of application of oligonucleotides can be expanded through their struc-
ture chemical modification. Therefore, synthetic oligonucleotides are currently
used for a wide range of purposes including biotechnology, molecular biology,
diagnostics, and therapy.

In this review, the main focus will be on ppp(A2'p5’),A and dephosphorylated
trimers modified in the nucleotide part, and the analysis of effects of structural and
stereochemical characteristics on some biological properties including immunotropic
activity.

2. (2'-5')Oligoadenylates modified on the heterocyclic base
The contribution of various functional groups of each individual 2-5A nucleo-
side moiety is highly specific to both RNase L binding and activation. There have

been scientific publications in which ppp(A2'p5’),A or trimer thereof were modi-
fied in the nucleotide part and subsequently assessed for their sustained ability
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to activate endonuclease. As a result of these studies, structural requirements
emerged that are important for RNase L activation (reviewed in [4, 13]). Adenine
bases were modified in several positions [14, 15], or even substituted by other base
moieties [15, 16]. Substitution of H-8 in adenine with a Br atom [17], a methyl
group [18], or a hydroxyl group [19] seems to change mainly the base-to-ribose ori-
entation, which may have implications for endonuclease binding capacity. Despite
the assumption of minor role of the central adenosine residue [14], its substitution
by uridine reduces binding and activation significantly [16]. These studies have
generally shown that the presence of adenosine in all positions of the 2-5A chain is
crucial for the mediator activity and minimal modifications of heterocyclic bases
might be acceptable.

Substitution of the adenosine moiety with 1-deazaadenosine (c'A) or
3-deazaadenosine (c’A) at different positions of the 2-5A chain first allowed to
establish the role played by each of the adenine heterocycle nitrogen atoms in RNase L
binding and activation [20-22].

The 2-5A analogs where adenosine was sequentially substituted by inosine show
that (A1) NH,-C6-N1 moiety of the adenosine residue is critical for binding to RNase
L. The same 2'-terminal (A3) adenosine residue moiety is required for the enzyme
activation [14]. However, during the examination of the structure/biological activity
dependence, a substitution of adenosine by inosine shall be considered as it causes
two simultaneous alterations of the chemical structure including the transformation
of adenine primary exocyclic 6-amino group into a keto function and the transfor-
mation of adenine N1 nitrogen atom into a NH part of hypoxanthine (Figure 2).
Thus, previous data did not allow us to draw a definite conclusion as to what caused
the loss of binding and/or activating ability of the above analogs substituted for
inosine—the loss of exocyclic adenosine NH,-C6 group or transition of the tertiary
adenine N1 nitrogen atom to the secondary atom in hypoxanthine? The use of 2-5A
1-deazaadenosine analogs resolved the above ambiguity since the substitution of
adenosine by 1-deazaadenosine removes solely the adenine N1 nitrogen atom turn-
ing it into a CH moiety yet leaving the exocyclic primary amino function unchanged
(Figure 2) [20, 21].

The pA(c'A) A deaza analog containing c'A in the trimer middle chain link was
highly active which is consistent with data on the inosine analog pA(I) A activity [14].
Substitution of (A1) moiety with both c'A, p(clA) A,, and inosine, p(I) A, reduces
the ability to activate RNase L by about a factor of 33. So the loss of activity is due to
the absence of tertiary N1 nitrogen atom and not the absence of the exocyclic amino
group. These results are consistent with data provided in [23] which showed that 2-5A

NH, o}

N-_5 1 N /H
() IR f (L
HO N2 HO N Z
S \O/ 3 _\/0\/ N\ O/

HO  OH HO OH HO  OH

Adenosine 1-Dezazaadenosine (c'A) Inosine

Figure 2.
Structural formulas of adenosine (A), 1-dezazaadenosine (c'A), and inosine (I).
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analog containing 1-(p-D-ribofuranosyl)-1H-1,2,4-triazolo-3-carboxamide (ribavi-
rin) in (A1) moiety activates recombinant RNase L from human CEM cell extracts
more effectively compared to the parent trimer. The carboxamide group of ribavirin
is probably better in mimicking NH,—C6-N1 moiety 5’-terminal adenosine compared
to c'A. It should also be noted that N1 of (A1) nitrogen atom of adenosine moiety can
be pivotal in binding (2'-5') oligomers with RNase L. Deazaadenosine analog pA,(*A)
showed a 20-fold increase in activating ability compared to pA,(I) and as much asa
5-fold decrease compared to the parent tetramer pA,. Obviously, the NH,-C6 exocy-
clic amino group of 2-5A (A3) adenosine moiety is responsible for the conformational
“switch” that induces activation of RNase L.

It was shown that substitution of 5'-terminal or 2'-terminal adenosine for c’A pro-
duced respective analogs including p5' (c>A)2'p5'A2'p5’'A and p5'A2'p5'A2'p5' (c’A)
which were not inferior to the parent tetramer in activating RNase L (ECsp < 1 nM)
[22]. In contrast, p5'A2'p5’(c’A)2'p5’'A showed a reduced ability to activate RNase
L (ECsp <10 nM). These data are consistent with substantial stereochemical dis-
crepancies between A2'p5’ (c3A)2’p5/A and the parent core (2',5’) trimer whereas
a specific recognition of N3 atom of mid-adenosine (A2) is unlikely. The extensive
conformational analysis of c’A-substituted core trimers compared to the initial
parent core trimer showed close stereochemical resemblance between the par-
ent core trimer and (c’A)2'p5'A2'p5’'A and A2'p5'A2'p5’ (c’A) analogs which is a
strong evidence of syn orientation of the base with respect to the glycoside bond.
Conversely, A2'p5’'(c’A)2'p5'A analog deviated rather significantly from the spatial
arrangement of the parent core trimmer. The extensive conformational analysis of
the c’A-substituted core trimers versus the parent natural core trimer displayed close
stereochemical similarity between the natural core trimer and (c’A)2'p5'A2'p5'A
and A2'p5'A2'p5’'(c’A) analogs, thereby strong evidences for the syn base orientation
about the glycosyl bond of the c’A residue of the latter were found. On the contrary,
an analog A2'p5'(c’A)2'p5’ A displayed rather essential deviations from the spatial
arrangement of the parent natural core trimer.

Synthesis data of 2-5A analogs containing 6-(benzylamino)purine riboside
(AdoBn), a nucleoside with cytokinin activity are of interest. The second type of
modification of the heterocyclic base was a replacement for virazole (ribavirin), a
synthetic nucleoside that exhibits a wide range of antiviral activity against a wide
variety of viruses. Compounds with high antiviral activity were found among the
obtained oligomers. Studies of biological properties exhibited by these 2-5A ana-
logs [23, 24] showed that these compounds had HIV-1 reverse transcriptase inhibi-
tory and recombinant human ribonuclease L activity [25]. Specifically, trimers
containing AdoBn at any positions of the oligonucleotide chain have been shown to
impede the HIV-1-induced formation of syncytium by 1500 times (vs. three times
for 2',5'A; parent trimer). It is also in evidence that all virazole-containing trimers
at a concentration of 300 pmol have been shown to inhibit HIV-1 reverse tran-
scriptase by 99.5-99.7% (33% for parent trimer). The ability of AdoBn-containing
compounds to inhibit this enzyme is based on the position of the modified nucleo-
side unit in the oligomer chain and is greatest for the trimer containing the above
moiety in the 5’'-terminal position. The ability of the studied 2’,5’'-oligonucleotides
to activate recombinant human ribonuclease L defined as the percentage of
poly(U)-3'-[**P]pCp hydrolysis in the presence of these compounds also depends
on the structure of these oligoadenylates. Thus, the trimer containing a virazole
moiety in the 5'-terminal position of the chain inhibited ribonuclease L by 87.7%
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(50% for the parent trimer). AdoBn-containing compounds as the 5'-terminal and
central link—by 37.4% and 34.8%, respectively, whereas the heterobase modified
2’-terminal unit of oligoadenylates resulted in a complete loss of ability to activate
ribonuclease L [25].

3. (2'-5")Oligoadenylates modified in the carbohydrate moiety

3.1 The role of structural and stereochemical factors in binding and activation
of RNase L

The synthesis of parent 2-5A analogs modified in the carbohydrate moiety and the
study of their physicochemical and biological properties helped to establish the role
of structural and stereochemical factors of this unique class of cell biomolecules.

The substitution of ribose 3'-OH groups of ppp(A2'p5’),A with hydrogen proved
that 3'-OH groups of (A2) moiety are essential for biological activity (Figure 3).
However, this group is perhaps required for degradation by 2’-5’'-phosphodiesterase
since (A2'p5),A with (A2) substituted by xyloadenosine was resistant to 2'-5’-phos-
phodiesterase activity [26]. For 2'-5'-phosphodiesterase, 3'-OH groups of the
second residue and free 2'- and 3'-OH groups of the 2’'-terminal residue [27-30] are
required.

The results of examinations to assess relationship between the structure and
spatial arrangement (stereochemistry), on the one hand, and the biological properties
of 2-5A analogs, on the other hand, clearly showed that the known properties can be
enhanced or new properties can be added by changing the structure and/or stereo-
chemistry of their molecules. For example, the use of fluorodeoxyadenylates, parent
oligomer analogs, in which adenosine moieties are consecutively substituted by a
conformationally rigid fluoronucleoside molecule for enzyme reaction tests allowed
to differentiate the role of structural and stereochemical factors and demonstrate the
effect of molecule stereochemistry on their biological properties [31].

Substitution of the 3'-hydroxyl group of adenosine furanose ring with a fluorine
atom in two different configurations, ribo (Ag) and xylo (AF), contributes to the
overriding population of different conformations of the pentofuranose moiety due
to stereochemical differences in the gauche effects of the fluorine atom and other
electronegative substituents of furanose rings. It was demonstrated that the confor-
mational features of individual fluoronucleosides Ar and Af, which are mainly in the

NH,
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2-5A- R = phosphate or pyrophosphate H

Figure 3.
Stereochemical structures of 3'-fluoro-ribo-adenosine (Ag), 3'-fluoro-xylo-adenosine (AF), and the structure of
5'-phosphates of the 2',5'-oligoadenylic acid trimer.
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N- or S-conformation, respectively, are also preserved in the respective fluoronucleo-
side moiety of the trimer. These datademonstrated that the fluorine atom present in
the carbohydrate part of the molecule is a key factor of the conformation of these
molecules [31].

Stereochemical features of 2-5A xylo- and ribo-fluorodeoxy analogs make these
compounds unique stereochemical analogs of the parent oligomer, which enables
to discriminate the role of structural and stereochemical factors in biological
processes. Indeed, on the one hand, a pair of Ar and A substituted analogs in a
certain position of the chain is structurally related to 3’'-deoxyadenosine (cordy-
cepin) analogs, while on the other hand, the sugar rings Ap and A are in different
conformations, S and N, respectively. These stereochemical differences between
Apand A" are preserved when included in the (2'-5') oligomer molecule instead
of adenosine, and determine largely its stereochemistry. The syn«<anti orientation
change of the heterocyclic base of Ap and A fluoronucleosides with prevalent
syn- or anti-conformers, respectively, results in a variety of stacking interactions
of heterocyclic bases and thereby changed oligonucleotide chain conformation as
awhole. The introduction of xylo-fluoronucleoside (AF) into the central (A2) 2-5A
moiety produced an oligomer more resistant to (2’,5')-phosphodiesterase com-
pared to the parent trimer. At the same time, the presence of 3'-deoxy-, 3'-fluoro-
xylo (AF), or 3'-fluoro-ribo (Ar) adenosine in the (A3) moiety of oligoadenylate
produced different degrees of hydrolysis despite their structural resemblance
suggesting the role of the spatial arrangement of the molecule in the recognition
thereof by phosphodiesterase active site [32].

The study of the ability of 2-5A fluorodeoxyanalogs to bind and activate RNase L
showed that the analog whose fluorine atom in the xylo-configuration in the mid-
moiety is nine times more active than the parent mediator, 2-5A and about 280 times
more effective than isomeric ribo-trimer [32-34]. The results suggest that anti—syn
stereochemical differences between pppAA (Ag) and pppAA(AF), on the one hand,
and related 8-bromo- and -methyl-analogs, on the other hand, cause differences in
the degree of RNase L activation. Data presented in [32-34] suggest the syn-orienta-
tion is a major contribution to this process. The pppA(AF) Ag poor ability to activate
RNase L supports this assumption.

It is noteworthy that 2-5A fluorine-substituted analogs are important for the
analysis of stereochemical patterns of RNase L activation. The syn-orientation of
the base both at 5'- terminal of the oligomer and in the central site and the prevalent
N-conformation of pentofuranose residues are probably required to form a productive
complex between the enzyme, mediator, and substrate. In addition, the syn-orien-
tation of the base in (A3) moiety of the oligomer is positive for RNase L activation.
These reasonably substantiated assumptions are quite paradoxical and a question
suggests itself: could this unusual syn-orientation of bases being in the transient state
during RNase L activation be the second - after the unusual (2'-5") phosphodiester
bond in the oligomer—unique property of this mediator?

The syn-orientation of the heterocyclic base in (A1) or (A2) units of the oligomer
chain, together with the predominant N-conformation of pentofuranose residues, is
obviously required to form a productive complex between the enzyme, mediator, and
substrate. The syn-orientation of the base in (A3) moiety of the oligomer is also posi-
tive for RNase L activation. The trimer stereochemical features have been established
to be pivotal in shaping RNase L binding and activation rather than the presence of
C3’-OH group in 2-5A (A2) moiety.
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3.2 Influence of structural (stereochemical) features of 3'-fluoroanalogs 2-5A on
human NK cell lytic activity

The 2-5A system is not probably responsible for all interferon (INF) biological
effects, however, varied evidence suggest that 2-5A, as well as 5'-dephosphorylated
analogs are involved in various biochemical processes in animal cells including INF
antiviral effect [35]. The INF ability to regulate lytic activity of parent killer cells (NK
cells) [36, 37] is considered one of the key factors of INF antitumor effect [38]. Itis
noteworthy that NK cells are responsible for lysis of virtually any tumor and virally
infected cells irrespective of antibodies or complement with no prior immunization
needed [39, 40].

(2'-5")Oligoadenylates, similarly to IFN, increase the NK cell lytic activity at
an optimum concentration of 50 pM thus mimicking IFN action [41]. The study of
effects produced by the parent trimer, A3, and 3'-deoxyadenosine analog (3'dA;)
on NK cells showed that the increased NK cell activity is typical only for oligo-
mers with a (2'-5") phosphodiester bond. The (3'-5')oligoadenylic acid trimer,
(3'-5")A; produced no effect on NK cell lytic activity even at a concentration of
300 pM. Adenosine and 3’'-deoxyadenosine at a concentration of 150 pM also did
not change NK cell activity, which rules out the effect of trimers as depot forms
of nucleosides. It was assumed that the stereochemistry of (3’-5')- and (2'-5')
phosphodiester bonds caused differences in the effects on NK cell lytic activity of
these oligomers [41].

Based on these data, similar activity of A; and (3'dA); in respect to NK cells
seems unexpected. Indeed, both trimers are widely different in their spatial structure
[31, 42]—the parent trimer being a conformationally flexible molecule, and for
(3'dA)3, only one spatial structure is predominantly occupied. Apparently, the (3'dA);
molecule is not more rigid thermodynamically compared to the parent trimer, A3, and
is capable of taking a spatial arrangement similar to that of the parent trimer when
interacting with NK cells.

The effect of conformationally different molecules of xylo and ribo 3'-fluorode-
oxyanalogs of (2'-5")oligoadenylic acid on human parent killer (NK cells) was studied
[43, 44]. Treatment of human effector NK cells with fluorodeoxyanalogs 2-5A has
been generally shown to result in a significantly augmented cytotoxic activity toward
target cells. Moreover, the degree of augmentation in NK cell activity varied signifi-
cantly and depended on the conformation of the fluorodeoxyanalog (Table1).
Stereochemistry of (2'-5') (AHYA; and (2'-5') A(AF)A trimers is determined by the
predominant population of the furanose ring N-conformation and syn-orientation
of the heterocyclic base around the glycosidic bond of AF fragment. Relevant ribo-
isomers, (2'-5") (Ap)A; and (2'-5') A(Ap) A are similar to the parent trimer, (2'-5") A3,
having anti-conformation of all heterobases yet rigid S-conformation of Ap furanose
ring. All 2-5A ribo-fluorodeoxyanalogs were much more active on NK cells compared
to xylo-analogs or the parent mediator, which is obviously due to a closer conforma-
tional resemblance of ribo- fluorodeoxyanalogs with the parent oligomer compared to
isomeric xylo-analogs.

3.3 Effect of 2-5A fluorodeoxyanalogs on macrophage phagocytic activity

Another type of immune cells, mononuclear phagocytes (MPs) are cells, which are
directly engaged in the formation of humoral and cellular immune responses. Their
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(2’-5) LUy Increased . LU30* Increased . LUSO' Increased .
Oligoadenylate activity (%) activity (%) activity (%)
Control 11.0 0 71 0 2.0 0

As 162 47 10.0 41 45 125
(ANHA, 8.0 -27 6.7 -56 2.0 0
A(AFA 10.0 -9 71 0 38 90

Ay (AF) 16.0 46 94 32 42 108
(Ap)A, 16.6 51 10.0 41 5.0 150
A(ApA 14.3 30 10.0 41 55 175

Ay (Ag) 11.5 4.5 8.3 17 4.5 125
A(AF)(Ap) 12.2 1 8.0 13 43 115

*One lytic unit was assumed equal to the number of effector cell (natural killers) lysing 20% (LU2), 30% (LUs3), and
50% (LUsy), respectively, of target cells during the study period. K-562 erythroleukemia cells were used as target cells
and labeled with a non-radioactive chelate complex of europium diethylenetriaminepentaacetate (EuDTPA).

**The g)ercentage of increased lytic activity of N-lymphocytes was calculated by the formula: {[(LE/10° treated cells/

LE/10

control cells)] - 1} x 100.

Table 1.

Effect of 3'-fluorodeoxyanalogs on NK-lymphocyte activity.

phagocytic activity entailing absorption and killing of certain types of microorgan-

isms is one of many results of MP functioning.

The study of the effect of 2-5A on MPs showed that 2-5A analogs should have three
phosphate residues at the 5'-end and at least three adenosine moieties to increase
macrophage phagocytic activity. Moreover, it was found that MPs of various animal
species have a 2-5A receptor, which has a high specificity. Substitution of adenosine

moiety for inosine did not contribute to binding to the 2-5A receptor and thus did not
increase macrophage phagocytic activity [45, 46].

Compound Concentration Compound Concentration
1x107 (M) 1x10°° (M)
IcL(%) relative activity IcL(%) relative activity

PPPA; 46 1.0 A; 31 1.0
ppp(ADA, 56 12 (ANA, 27 0.9
pppA(ANA 37 0.8 A(ANA 16 0.5
pppAL(AT) 34.5 0.75 Ay (AT 21 0.7
pPP(ARA, 92 2.0 (Ap)A, 40 13
PPPA(AR)A 57.5 1.25 A(Ap)A 43 14
PPPAL(A) 69 15 Ay (Ap) £ 135
PPPA(A”) (Ar) 31 0.67

Values shown have been obtained from six to nine independent experiments. The phagocytic activity of macrophages

was expressed in terms of the chemiluminescence index: 1., (%)=

CL,~CL,
L,

1.100, where CL; is the maximum

1
chemiluminescence (mV) of native P388D1 cells and CL2 is the maximum chemiluminescence (mV) of activated

P388D1 cells.

Table 2.

Effect of fluorodeoxyanalogs 2-5Aa on the phagocytic activity of mouse macrophages of the P388D1 line.
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It was demonstrated that all 2-5A ribo-fluorodeoxyanalogs were much more superior
in activating P388D1 cells than xylo-analogs, and the parent oligomer [47, 48]. Probably,
anti-conformation of the heterocyclic base with the dominant S-conformation of
carbohydrate moieties is more preferable for 2-5A receptor of P388D1 cells compared to
the parent trimer where the furanose ring is located in the dynamic S&N equilibrium
with prevalent anti-orientation of adenine bases [31]. Conformational rigidity of the
carbohydrate ring of the xylonucleoside, A", which was found to be largely occupied in
N-conformation along with syn-orientation of the base resulted in reduced activation of
P388D1 cells induced by (2'-5") oligoadenylates. However, significant differences exist
between xylo-and ribo-analogs in their ability to increase phagocytic activity (Table 2).

4. (2'-5')oligoadenylates containing epoxy-groups rather than 2',3'-cis-diol
group

The use of 2-5A analogs in kidney transplant surgeries in monkeys was demon-
strated in [49]. Based on the results, 2-5A analogs were selected from a variety of
synthesized compounds in which 2'(3’)-terminal adenosine moiety of the molecule
was substituted with 9-(2,3-anhydro-f-D-ribofuranosyl)adenine [(2',5') AyAga] or
9-(2,3-anhydro-p-D-lyxofuranosyl)adenine [(2',5")A, A (Figure 4).

These compounds (i) were more resistant to snake venom phosphodiesterase
compared to the parent trimer, (2',5") A3, (ty/; hydrolysis 16 h, 10.5 h, and 27 min,
respectively), (ii) exhibited no toxicity in mice at a concentration of 1 mg per kg of
body weight and (iii) showed peculiar characteristics of lymphocytes in blastogenic
response in the presence of mitogens during the iz vitro experiments (Tables 3 and 4).
The effects produced by these isomeric analogs were much more pronounced and they
differed from 2’-5'A; in their response to concanavalin A (Con A)- and lipopolysac-
charide (LPS)-induced lymphocyte blastogenic response (Table 3). Con A primarily
stimulates T-lymphocyte division whereas LPS acts on -lymphocytes.

Biochemical test results convincingly demonstrated the potential of two analogs
(2,5") A3, (2/,5')AyARa, and (2',5")A,A for the treatment of various conditions
including those associated with T-cell immunodeficiency diseases, autoimmune
diseases, viral infections, lymphocytic malignant transformations, graft failure
prevention following the bone marrow transplantation and perhaps, complications
associated with the recipient’s transplant rejection.

NH, NH,
N NN N
ad ] y f\“‘
HO o N N) . NH, J— HO ':)1 <N ‘ N) NH,
o a2l SN ) o N__\n i
H b0 % J y NH, a2 | By |
- N SN )
o A3 {Nf\ ’ ° / N SN
H b0 N) a3 ¢
o N)

(2',5")A2ARA (2',5") A2AA

Figure 4.
2-5A dephosphorylated analogs containing epoxy-groups rather than 2',3'-cis-diol group in A3 moiety in ribo-
[(2',5')A,ARa] and lyxo-(2 '5)A,AM] configurations.
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Mitogen DNA synthesis by incorporation of [’H]-thymidine (pulse/min)
Control Connection (5 x 10 M)
(2/,5)A; (2,5 )A2ARa (2,5') A,A™
Con A (5 pg/mL) 22.296 18.934 16.399 15.749
LPS (0.1 pg/mL) 27133 1.588 21.464 10.828
Table 3.

Comparative analysis of in vitro mammalian lymphocyte blastogenic response.

Control DNA synthesis by incorporation of [*H] -thymidine (pulse/min)

Concentration (2',5')AAga (M)

5x10°° 5x107 5x10°® 5x107 5x107
Con A 1733 3.865 5.383 1.599 777
(5 pg/mL) [7732] [2237] [1355] [6915] [1425]
5.428 [5.108]
LPS 7665 6.018 4767 7348 672
(0.1 pg/mL) [131] [292] [655] [3342] [1213]
10.766 [5.513]

‘Data for (2',5') A; at the same concentration are shown in square brackets.

Table 4.
Concentration dependence of in vitro lymphocyte blastogenic vesponse as affected by (2',5') A,Ara vs. (2',5')A;

The potential use of (2',5') A,Ara and (2,5)A,AM analogs for kidney transplanta-
tion in rabbits and monkeys has been thoroughly studied [49]. Daily intravenous
injection of (2',5') AyAga to rabbits at a dose of 5 pg/kg of body weight ensures
the normal functioning of the transplanted kidney in 4 out of 10 animals within
3 months. The lymphocyte blastogenic response in positive rabbits was suppressed by
about 10 times by concanavalin (Con A) stimulation within 2 weeks after surgery.

Immunotropic activity of (2',5') AyAga and (2,5)A,AM analogs vs. (2/,5')A; was
assessed in a group of monkeys aged 4. The parent trimer (2',5') A; showed no immu-
nosuppressive activity at a concentration of 0.5 mg/kg (data not shown). Moreover,

a single intravenous injection resulted in a ~ 50% increase in T-helpers and T-killers
responsible for the transplant rejection.

The results of the (2,5") A;Aga study are summarized in Table 5. It should be
emphasized that the analog inhibits interleukin-2 (IL-2) and T-lymphocyte sub-
population and concurrently stimulates aIFN and yIFN in blood lymphocytes for
2-3 weeks with a single injection at a concentration of 50 pg/kg (Table 5) and 25 pg/
kg (data not shown).

After cross-allotransplantation of the kidney in two groups of monkeys, they were
followed up for 3 months. Of note, normal functioning of the transplanted kidney
occurred within 10 hours after the operation.

The data shown in Table 5 suggest selective suppression of T-lymphocyte subpopu-
lation immediately after surgery, subsequent recovery to preoperative levels followed by
mild reduction of T-helper and T-killer populations, and slight increase in T-suppressor
count. This trend persisted throughout the postoperative follow-up period.

Experiments in monkeys have shown that intravenous (2'-5") A,Ag, given every
48 hours at a concentration of 50 pg/kg provides immunosuppression, protects the
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Type of assay Days after the introduction of the trimmer

0 1 2 8 12 21
IgG (g/L) 96 78 15.0 148 132
IgA (g/L) 28 27 0.8 0.9 0.4
IgM (g/L) 06 05 11 09 08
T-helpers (%) 30 29 15 5.0 7.0 30.6
T-suppressors (%) 43 31 19 74 13 44
T-killers (%) 12 9 7 44 9 193
alFN*) (plasma) 16 32 4 — 4 4
yIFN*) (lymphocytes) 4 8 32 — 32 8
olFN*) (lymphocytes) 32 32 64 — 64 32
IL-2 8 4 4 — 4 4

Units of IFN per 10.000 lymphocytes.

Tables.
Effect of a single intravenous injection of trimer (2',5')A,Aga at a dose of 50 ug/kg on the immune system of
macaque Rh monkeys.

Type of assay 2 days pre-oper. Days postoperation

S0ug/ke 1 5 8 13 18
IgG (g/L) 13 — 122 128 — —
IgA (g/L) 0.4 - 21 25 - -
IgM (g/L) 0.8 — 0.8 0.9 — —
T-helpers (%) 30 8 399 32 347 14.5
T-suppressors (%) 44 40.6 44 47 477 57.5
Tokillers (%) 19 5 19 2 26 16

Table 6.

Effect of intravenous administrations of (2'-5')A,Aga (50 ug/kg) on the immune system of macaque Rh. Monkeys
after kidney transplantation. Intravenous administration (50 pg/kg) on day 2, 6, and 12 after surgery and every
sixth day thereafter.

graft from rejection, and resumes normal functioning of the kidney transplant.
T-helper and T-killer counts during the first two most critical postoperative weeks
were reduced by 2-3 times remaining at 30% of a normal value (Table 6).

5. Conclusions

As aresult of studies to clarify the relationship between the structure and spatial
organization (stereochemistry), on the one hand, and the biological properties of
analogs 2-5A, on the other one, it was convincingly shown that by changing the
structure and/or stereochemistry of their molecules, it is possible to achieve either
strengthening of known or giving new properties. The different functional groups of
each individual 2-5A nucleotide fragment make a highly specific contribution to the
binding and activation of RNase L, as well as to hydrolytic stability.
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The use of conformationally rigid 3'-fluorodeoxyanalogs 2-5A and core trimer
2-5A on the example of human NK lymphocytes and mouse macrophages of the
P388D; line allows us to evaluate the influence of structural and stereochemical
factors on the cells of the immune system. Ribo-fluorodeoxyanalogs 2-5A had a more
significant activating effect on human NK lymphocytes and phagocytic activity than
xylo-analogs or a natural mediator, which is probably due to the closer conformational
similarity of ibo-fluorodeoxyanalogs with a natural oligomer than with isomeric
xylo-analogs.

Analogs 2-5A, (2',5") A;Aga, and (2,5)A,AM are undoubtedly of considerable
interest for transplantology as drugs that prevent kidney rejection, ensure the normal
functioning of the transplanted kidney and at the same time do not increase the level
of T-helper and T-killer cells in experimental animals in postoperative period.

Undoubtedly, the search for approaches to the directed regulation of the natural
protective function of the body with the help of analogs of the core trimer 2-5A can
lead to the detection of compounds with high therapeutic potential.
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Combinatorial Oligonucleotide
FISH (COMBO-FISH): Computer
Designed Probe Sets for
Microscopy Research of Chromatin
in Cell Nuclei

Michael Hausmann and Eberhard Schmitt

Abstract

Genome sequence databases of many species have been completed so that it is
possible to apply an established technique of FISH (Fluorescence In Situ Hybridiza-
tion) called COMBO-FISH (COMBinatorial Oligonucleotide FISH). It makes use of
bioinformatic sequence database search for probe design. Oligonucleotides of typical
lengths of 15-30 nucleotides are selected in such a way that they only co-localize at the
given genome target. Typical probe sets of 20-40 stretches label about 50-250 kb
specifically. The probes are either solely composed of purines or pyrimidines, respec-
tively, for Hoogsteen-type binding, or of purines and pyrimidines together for Wat-
son-Crick type binding. We present probe sets for tumor cell analysis. With an
improved sequence database analysis and sequence search according to uniqueness, a
novel family of probes repetitively binding to characteristic genome features like
SINEs (Short Interspersed Nuclear Elements, e.g., ALU elements), LINEs (Long
Interspersed Nuclear Elements, e.g., L1), or centromeres has been developed. All
types of probes can be synthesized commercially as DNA or PNA probes, labelled by
dye molecules, and specifically attached to the targets for microscopy research. With
appropriate dyes labelled, cell nuclei can be subjected to super-resolution localization
microscopy.

Keywords: DNA database analysis, computer designed oligonucleotide probes,
specific fluorescence labeling of genome targets, fluorescence microscopy of
chromosomes and cell nuclei, super-resolution localization microscopy for chromatin
architecture research

1. Introduction

Although first models assuming that chromatin in the interphase nucleus is well
organized in distinct territories and domains, can be found in the late 19th and early
20th centuries [1, 2], experimental methods of visualization of genome architecture
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were missing until the 1970s/1980s [3]. With the breakthrough of three-dimensional
(3D) light microscopy, especially 3D fluorescence confocal laser scanning microscopy
also developments of specific labeling techniques like fluorescence in situ hybridiza-
tion (FISH; for review see [4]) started their story of success in genome research and
medical diagnostics.

FISH is based on the principle that a DNA probe either amplified in bacteria
or by PCR represents the nucleic acid sequence of a given target DNA in the cell
nucleus or of a metaphase chromosome [5]. Such a probe has to be thermally or
chemically denatured into single DNA strands (if not synthesized by PCR) that
can bind complementary to the single, that is, denatured DNA strands of given
targets [6, 7]. The probes are labeled with fluorochromes. If these single-stranded
probe molecules are added in excess to the denatured target strands, they
specifically bind to their complementary target DNA so that a DNA-DNA hybrid
with fluorescence labeling is formed [8]. Using various probes labeled with fluoro-
chromes of different colors, multi-target visualization can be processed simulta-
neously [5].

With automated methods for artificial synthesis of high-purity DNA or PNA [9]
oligonucleotides, probe sets of custom-made oligonucleotides have become available
for many genomic target sites. Also, highly repetitive sequences in centromeres or
telomeres were labeled [10]. By means of so-called “oligopaint” probes (fluorescently-
labeled single-stranded DNA oligonucleotides) covering target sites by huge
amounts of oligonucleotides, sequential, highly specific labeling of various targets
from 5 kb up to a few Mb was performed. Oligopaint procedures depend on molecular
biology techniques while COMBO-FISH probe design is fully based on computer
database investigations. Further details of oligopaint can be found in References
[11-14].

Standard FISH probes as well as oligopainting probes work on probe-target
base-pairing according to the Watson—Crick binding scheme, that is, the single-
stranded probe complementarily binds to one target strand. This requires heat or
chemical denaturation of the complete DNA in a cell nucleus [6, 7] which could
impact the preservation of chromosome morphology and especially chromatin
nano-structure [15]. In addition, FISH under vital conditions appears to be nearly
impossible.

PNA oligonucleotide probes show a higher target affinity than DNA probes. This
allows PNA probes sufficient access to DNA targets without additional heat denatur-
ation, because native chromatin acts in an equilibrium state of single- and double-
strand conformation [16]. Experimentally, this was only shown for repetitive DNA
targets [17] but not in oligopainting experiments of complex targets.

In principle, COMBinatorial Oligonucleotide FISH (COMBO-FISH) potentially
has several advantages over standard FISH and could also overcome all such draw-
backs mentioned above. COMBO-FISH has been invented in the late 1990s [18] and
experimentally realized in the early 2000s [19]. It only uses a few short oligonucleo-
tides for specific labeling of a target. These COMBO-FISH probes can be synthesized
as DNA or PNA sequences binding complementarily either as a Watson—Crick
double-strand or as a Hoogsteen triple-strand [20-22] (Figure 1). A low number of
probes labeling a target strand reduces synthesis costs and (triple)-strand binding
without a strong denaturation step conserves chromatin morphology and organiza-
tion with the nowadays advantage that the native chromatin structure can be ana-
lyzed on the nano-scale by super-resolution localization microscopy in 3D conserved
cell nuclei [23-25].
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Figure 1.

Snapshot of a molecular dynamics simulation showing Watson—Crick double-strand pairing and triplex structures
of the two classical Hoogsteen pairs for parallel binding: C + *GC (left) and T*AT (right). Note: This figure was
originally published in [20] and is reproduced with general permission of the publisher.

2. COMBO-FISH: principle and applications

In contrast to standard FISH where probes are usually cut and amplified by
molecular biology techniques, COMBinatorial Oligonucleotide FISH (COMBO-FISH)
follows a completely different strategy for probe design [19, 20, 26, 27]. If a genome of
a species is sequenced and the sequence is cataloged in a database, oligonucleotide
probes can be searched and a set of probes can be designed in silico. Also, their
specificity is controlled by computer analysis searching for all possible binding sites of
each probe [20, 28, 29].

Any given genome target that should be specifically labeled, can be selected in a
DNA sequence database and the numbers of the beginning and end nucleotides are
determined exactly. This cannot only be done for human but also for any other species
with completely known DNA sequences that can be read in established DNA database
archives like NCBI.

The process works as follows [20]: firstly, the beginning and end numbers of a
given target (for instance, a gene) are selected. Then oligonucleotide stretches of
15-30 distinct bases are determined in such a way that just the combination of those
stretches is singularly co-localizing at the given target site. All binding sites of each
probe are determined. Finally, several probe combinations may be excluded from
consideration: (a) these are those that have accessory binding sites at other locations
in a genome than at the given target site or (b) those that co-localize at several loci in
the same genome (Table 1). In addition to these principles governing the basic probe
selection, further characteristic features (experimental and theoretical) can be taken
into account to ensure a stable homogenous hybridization protocol. Among these, the
most important ones are oligonucleotide length, binding energy [28], homo-purine/-
homo-pyrimidine sequences [30, 31], melting temperature [32], CG-content [32], etc.
(see Table 2 as an example). Typically, such oligonucleotide stretches included in a
probe set have a length of 15-30 nucleotides each.

Several probe sets created according to this procedure (e.g., ABL, BCR, Her2neu,
GRB7, AMACR, etc., see below) have been published or will be shown in the next chapter.
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Gene Position on chromosome Base position B R
NRAS 1p13.2 4773158.4824158 62 35
AKT3 1q44 1714365.2069716 55 37
MSH2 2p22.3-p22.1 5331083.5503008 80 49
GNLY 2p12-qi1 17,295,832..17300298 113 33
RASSF1 3p21.3 587,156..598306 134 61
FHIT 3p14.2 3106362.3371407 84 50
PIM1 6p21.2 27,935,054..27940329 101 52
ABCB1 (MDR) 7q21.1 12,367,353..12576743 85 54
MET 7q31 41,489,038..41613011 90 26
CMYC 8q24.12-q24.1 191,836..197827 113 57
CDKN2A(p16) 9p21 21,935,774..21963322 101 53
PTEN 10q23.3 897,571..1000507 66 41
ATM 11q22.3 11,636,339..11779887 44 27
KRAS2 12p11.2 2,778,774..2824914 69 43
RB1 13q14 17452380.17630614 64 34
PNN 14q13 19,564,443..19572199 52 32
SNRPNup 15q12 3595436.3750373 40 21
IGF1R 15q25-q26 297,646..606403 101 59
FANCA 16q24.3 610,999..690100 49 32
D178125 17p12-p11.2 7,147,833..7148031 105 30
ERBB2 17 1593840.1622888 159 77
LAMA3 18q11.2 2,933,849..3024059 120 59
AKT2 19q13.1-q13.2 13,007,022..13060073 81 43
MYBL2 20q13.1 7,348,623..7398038 77 39
PTPN1 20q13.1-q13.2 14,179,798..14253995 78 45
ZNF217 20q13.2-q13.3 17236471.17252494 69 39
PCNT2 2l1qtel 3053753.3175376 71 38
PDGFB (SIS) 22q13.1 18,834,148..18855844 114 60
TBX1 22q11.2 2892106.2918996 64 38

Note: This table was originally published in [20] and is veproduced with general permission of the publisher.

Table 1.

Examples of COMBO-FISH target sites (“Gene”), their positions according to the banding annotation (“Positions
on chromosome”), start and end position in the human data base (“Base position”), possible number of probes
(“B”) and the finally remaining specifically co-localizing probes (“R”).

Finally, the computer-optimized probe set can be synthesized as DNA probes,
PNA probes, SMART probes, or TINA (Twisted Intercalating Nuclear Acid) probes
with high purity [30, 33-35]. PNA probes have a peptide backbone instead of a sugar—
phosphate backbone of DNA. SMART probes also called molecular beacons consist of
a stem-loop conformation quenching fluorescence by the closed loop until loop
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Probe ID Length GC content Tm® Molar mass Sequence
(bp) (%) (°C) (g/mol)

AMACR1 16 43.8 40.6 6110.2 AGG AAG AAG GGG AAA A
AMACR2 16 43.8 34.4 6110.2 GGA GGA AAA GAG AAA
AMACR7 15 40.0 312 5781.0 AGA AAG AAA AGA GGG
AMACR9 17 353 30.6 6068.1 CTT CTC TTC TTT CTC TT
AMACR10 17 58.8 45.3 6471.5 GAA GAG GAA AGG GAG GG
AMACRI11 16 37.5 37.9 5763.9 TCT TCC TTT TCC CTT
AMACR12 16 43.8 30.6 6110.2 GGA GAG AAG AAA GAA
AMACR13 17 76.5 57.9 6519.5 GGG GGG AAG GGG AGG GA
AMACR14 15 66.7 433 5399.7 CCC CTC CCT CTT TCC
AMACR16 16 62.5 455 5703.9 TTC CTC CCT CCC CTC T
AMACR17 15 40.0 317 5459.7 TTT CTC CTC TTT TCC
AMACR23 15 60.0 37.0 5829.0 GAG AAG AAG AGG GGG
AMACR26 15 53.3 37.0 5813.0 AAG GAA GGA AGA GGG
AMACR?27 15 53.3 29.9 5813.0 GAA GAG AAG GGA GAG
AMACR?28 16 37.5 34.6 6094.2 AGG GAA AGA AGA AAA G
AMACR30 15 66.7 39.9 5845.0 GAA GAG GGG GGA GAG
AMACR31 15 53.3 34.0 5429.7 CCT CCT TTC CTT CTC
AMACR32 15 50.0 329 5733.9 CTC CTC TIT CTC CTC T
AMACR33 15 333 28.2 5765.0 AAA AGA AGG AAA GAG
AMACR36 16 43.8 373 5748.9 TCC CTT TTC TTC TCC T
AMACR37 17 41.2 34.1 6053.1 CTT TCC TCT TCT TTC TC
AMACR38 17 412 36.9 6423.5 AGA GAA AGA GGA AAA GG
AMACR39 17 52.9 422 6455.5 AGA GGA AGA AAG GGA GG
AMACR40 16 37.5 34.6 5763.9 CTT CTIT CCT TCC TTIT T
AMACR43 15 46.7 34.0 5797.0 AGA GGA GAA AGG GAA
AMACRA45 15 40.0 27.1 5459.7 CTC TCT CCT TCT TTT
AMACR46 17 52.9 423 6023.1 TTT CTC CTC CCC TCT CT
AMACR48 15 46.7 34.7 5444.7 TCT TCT TCC TTT CCC
AMACR50 15 40.0 34.9 5781.0 AAA AGG GAG GAA AAG

Note: This table was oviginally published under CC BY license in [32].
“Melting temperature (median value of the denaturation curve).

Table 2.
Example of a COMBO-FISH probe set for AMACR and some physical values considered in the selection of
oligonucleotide stretches.

opening when probe and target are binding. TINA probes are oligonucleotides with
additional anchoring molecules incorporated. Custom made oligonucleotide probes
usually carry one dye molecule at one end or both ends each.
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Depending on the base composition of the oligonucleotide probes, they can be
designed in their 3'-5 direction either for Watson-Crick binding (duplex forming
probes result in complimentary probe-target double strands) or for Hoogsteen bind-
ing (triplex forming probes result in triple strands to homo-purine or homo-
pyrimidine sequences as targets of the intact double strand) (Figure 1). COMBO-
FISH probes targeting in Watson—Crick configuration are more flexible since they can
be designed in a mixture of purine and pyrimidine bases. Hoogsteen binding probes
use solely either purines or pyrimidines. It should mentioned that also exceptional
(non-homo) Hoogsteen triples exist which can be incorporated into the probe design.

Due to the optical diffraction of a microscope lens, the point image of a fluores-
cence dye molecule spreads to an image of typically about 250 nm using a high
numerical aperture lens. So the fluorescence of a probe combination within a target
size less than typically about 250 kb merges into a homogeneous COMBO-FISH
“spot”. Typical examples are shown in Figure 2.

Detailed protocols for COMBO-FISH labeling of blood cells, fibroblasts, tumor cul-
ture cells, or tissue cells are described elsewhere [27, 29]. These protocols can be applied
for duplex or triplex forming probe sets. COMBO-FISH for labeling of specific gene
targets in cell nuclei has been described for several applications as for instance: The gene
of the receptor tyrosine kinase 2 (HER2/NEU) [28, 34] (Figure 2A and B), the gene of
the growth factor receptor-bound protein 7 (GRB7) [34], the breakpoint cluster region
(BCR) on chromosome 22 [30], the ABL proto-oncogene 1 (ABL) on chromosome 9
[19, 30, 31], and T-box 1(TBX1) [33] (Figure 2C and D), the promotor region of the
FMR1 gene [36] (Figure 2E) and the Alpha-Methylacyl-CoA Racemase coding gene
(AMACR) on chromosome 5 [32] (Table 2; Figure 2F). Using the probe set for the ABL
gene region and Spatially Modulated Illumination Microscopy [37], significant volume
changes of the labeled regions were observed in cell nuclei of CML patients before and
after medical treatment [35]. Beyond gene target labeling by probe sets of several

Figure 2.

Example fluorescence microscopy images of COMBO-FISH labeling (arrows) of gene targets: (A) HER2/NEU gene
labeling in a cell nucleus and (B) on metaphase (combination of 18 oligonucleotide probes); (C) TBX1 gene
labeling in a cell nucleus and (D) in an early stage of mitosis (combination of 15 oligonucleotide probes); (E)
FMR1 promotor region labeling on chromosome X of a male cell nucleus (combination of 20 oligonucleotide
probes); AMACR gene labeling in a cell nucleus (combination of 29 oligonucleotide probes; see Table 2). Note:
With the exception of the nucleus in (E), no counterstain was applied.
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different probe-sequences co-localizing at a given target only, also unique probes were
found that were specifically labeling either interspersed genome regions by one copy
each or centromeres by multi-copies (see chapter 4). Such an 18mer oligonucleotide
PNA probe repetitively binding on centromere 9 was micro-injected into lymphocyte
cell nuclei under in vivo conditions. After further incubation of the labeled cells, the
sample was fixed and subjected to microscopy. The results indicated that the probe
material was binding to the target region in the nuclei before fixation [33].

3. COMBO-FISH probe sets for genes and breakpoint regions in oncology

Cancer cells are mutations of former “normal” cells. One reason for cancer cell
malfunctions are over-expressions of genes, which are mainly caused by two reasons,
either one gene is over-expressed or one gene is amplified and additionally to the
original gene the copies also express. The latter frequently occurring in solid tumors
leads to measureable copy number increases which can be used as diagnostic parame-
ter in tumor biology and medicine. In contrast to solid tumors, blood cell tumors show
structural aberration-like translocations in the early stages which can then be followed
by numerical aberrations of larger chromosome parts or even whole chromosomes.
Translocation chromosomes are resulting by fusion of two parts of different chromo-
somes that were broken very exactly at breakpoints within a certain breakpoint
region; for example, for CML (chronic myeloid leukemia) a famous hallmark is the
Philadelphia chromosome with the translocation ABL-BCR t(9,22) (q34,q11), in which
a fusion of a part of the abl-region on chromosome 9 with part of the ber-region on
chromosome 22 takes place (for review [38]). Since the breaks occur very exactly at
certain breakpoints the fusion region can be transcribed into a functioning protein that
does normally not exist in a cell and that is involved in CML-induction.

Although appropriate target sites for homo-purine or homo-pyrimidine probes
only make about a few percent of the genome, some prominent tumor genes and
breakpoint regions can be specifically labeled by uniquely co-localizing sets of COMBO-
FISH probes. Others can only be labeled by a set overlapping on neighboring regions.
Probe sets for Her2/neu, abl, and ber have been published elsewhere [29-31, 34]. In
the following we will show further examples.

It has been observed that in various types of cancer such as breast, ovarian, and
squamous cell cancer an amplification of 20q13 occurs. When analyzing such cancers it
has been found that often the region which encodes ZNF217 is amplified and an
increased expression of the specific region of ZNF217 has been observed. In some cases
also neighboring gene encoding sequences are also amplified. It has to be mentioned that
the detection of the copy number of ZNF217 can be done by standard FISH, but the
shortest available sequence to detect ZNF217 has a length of about 245 kb [39], which
means—compared to the length of ZNF217 of about 16 kb—that further amplifications
within the probe-binding sequence might not have been visualized using this method.
To further reduce the length of the detected target, a COMBO-FISH probe set was
designed (Table 3). As a result, we obtained 25 oligonucleotide probes within a range of
133 kb. When reducing the number of sequences to 21 by removing the first and the last
three probes the length of the considered DNA region can be downscaled to 91 kb.

The gene TP53 (sometimes called p53) encodes the “tumor protein 53” (P53). Its
purpose is to maintain genomic stability and to control cell growth. Moreover, it is
important for the induction of apoptosis and the coordination of repair processes.
Labeling of this gene can be obtained by five COMBO-FISH probes only (Table 4).
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Probe number Beginning nucleotide number

19,588 22,316,443 agggaggaaggagggaggaaggaagga
19,595 22,329,806 agagaaaagagagaaaa
19,600 22,332,226 agggaagaggaagagg
19,601 22,333,382 cctctetcttecctetecttecectet
19,606 22,338,710 ttecttctttecttecttttett
19,607 22,338,734 cttecttttctceec
19,609 22,340,472 gagggaggagggaggoaaaa
19,616 22,347,605 ggggaaagaaagaaa
19,623 22,352,916 tcttetettttetttecttttect
19,628 22,357,318 ctettteceettett

19,641 22,373,058 ggggagagaagaagg
19,643 22,373,175 ctttctcecttttecctee
19650 22,376,231 ccttttctceectecectecectecect
+19,659 22,389,995 cttctttectectttt
19,662 22,396,940 ctttccteectetetet
19,665 22,403,663 ctcctecttectecect
19,671 22,407,703 cccttteccetectecct
19,674 22,410,694 ggaggggaagaagaggg
19,675 22,411,085 aaggagaagagaaagagag
19,676 22,411,601 888388888 gageeeegagy
19,677 22,412,039 aggagaggggaaaag
19,685 22,421,078 aggaggaaagagaggg
19,710 22,436,400 ggggagggggaaaag
19,724 22,445,917 gagagagagagagagagagaagaaa
19,729 22,449,049 agaaagaaaagagaaagaagagaagag

+, probe completely on ZNF217; *, probe partly on ZNF217.

Table 3.
List of COMBO-FISH probe targets for ZNF217 and its surroundings (target sequences ave written from left to
right in the 5'-XXXX-3' direction).

Probe number Beginning nucleotide number

7042 7,177,418 agaggagggggagaag

7046 7,181,933 aggaagaggaaggaga

7067 7,193,067 cttctttecctcect

7068 7,193,145 aaagaaggggaggga

7069 7,193,288 ttttctetctetctecteeectete
Table 4.

List of COMBO-FISH probe targets for TP53 (target sequences are written from left to right in the 5'-XXXX-3'
direction).
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The detection of 10 fluorochromes (dye molecules at both ends of each oligonucleo-
tide probe) would require not only a sensitive microscope but also a background free
preparation. Since in tumors P53 is inactivated (sometimes associated by a copy
number loss of the gene, see, e.g., [40]), the protein MDM2 which can inactivate P53
when overexpressed can be investigated. In cells with an overexpression of MDM2 an
extreme inactivation of the tumor suppressor protein can occur via binding of MDM2
to the transactivation domain of TP53. However, the treated gene, MDM2, does not
contain sufficient homo-purine/homo-pyrimidine sequences so that a probe set has to
be designed with an overlap on neighboring regions (Table 5).

Probe number

Beginning nucleotide number

24,602 31,285,270 gaagagaagaaaggaga
24,603 31,287,071 aagagggaaggaaggg
24,605 31,288,864 cttttctectecttet

24,608 31,292,189 aaggaagaggagaag
24,609 31,292,783 aagagagagaggggaggaaa
24,618 31,301,112 ctcectetecccctecctctttteectectt
24,626 31,312,583 tctetettectettett

24,648 31,336,603 aaggaggaaggagaggaaaa
24,651 31,339,431 aagagaagggaggggaa
24,656 31,341,897 gggaaggaggagaaggggggage
24,657 31,342,918 cttctctctetcteccee
24,659 31,344,079 gggagaagggaagga
+24,663 31,349,552 aaaaggaagggagaaag
+24,682 31,375,469 gggaaaaggaagaag
24,690 31,388,934 ttttctcecectteecccttet
24,692 31,390,072 aagagggaggooaaaag
24,694 31,390,823 gggaaggggagggaaggggagoooag
24695 31,390,850 ggaggaaagaagaaaaggaagggaaggggageg
24,696 31,390,925 aggaagaggagaaggaaggaagaaaggaaagaaa
24,699 31,392,284 aaggaggaagagaaag
24,700 31,392,733 tttcteccttettet

24,704 31,397,317 tttecttcteectttetet
24,706 31,398,270 ctttctttectttectett
24,710 31,407,205 aagaggggaagggagag
24,724 31,422,982 aggaaaagaagaaaaga
24,726 31,425,374 aaagaaggagggaaa

+, probe completely on MDM?2; *, probe partly on MDM2.

Table 5.

List of COMBO-FISH probe targets for MDM2 and its surroundings (target sequences are written from left to

right in the 5'-XXXX-3' direction).
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CD44 is a receptor for hyaluronic acid, which plays an important role in cell migra-
tion, tumor growth and progression. Accumulating evidences have shown that the CD44
gene is abundantly expressed in cancer-initiating cells (CICs), and has thus been impli-
cated as a CIC marker [41, 42] in several malignancies of hematopoietic and epithelial
origin, including gastric cancer. Moreover, CD44 gene amplification was also found in
gastric cancer. Table 6 shows the targets for an appropriate CD44 gene probe set.

Fusion proteins originate from reciprocal translocations. Sets of oligonucleotides
were designed in such a way that translocations get cognizable. There are two
breakpoint regions—one on every chromosome. Therefore, four sets of oligonucleotides
are needed: One before and after the breakpoint on the two chromosomes. For micros-
copy labeling with different colors is necessary; the sets of the first chromosome need to
be labeled for instance with a red dye and the ones on the second chromosome, for
instance, with a green dye. After hybridizing there are the following possible results: (a)
Two red spots and two green spots are close together for each color, but the red ones are
clearly separated from the green ones. This is the normal case without translocation. (b)
There are two parts where one red and one green spot are next to each other. In this case
the translocation has occurred: Both chromosomes broke at the major breakpoint and
the wrong ends were joined. With four colors more details are visible. For example,
when one color is visible on two locations, another breakpoint has been observed.

The minimum requirement for detecting clusters of homo-purine/homo-
pyrimidine sequences on DNA is 6 oligonucleotides within a range of 250 kb. It is not
necessary that the oligonucleotides are all located on the breakpoint regions itself. To
get bright and emphasized signals, sets with 30 oligonucleotids each were designed for
the following examples: ABL - BCR t(9,22) (q34,q11); AML1 - ETO t(8;21)(q22;q22);
MYC - IGH t(8,14) (q24,q32); PML - RARA t(15,17) (q22,q21);PLZF - RARA t(11,17)
(g23,921). Since these lists would extend the article to an inacceptable size, the lists
will be available from the authors on request.

4. COMBO-FISH with repetitively binding, unique single probes, and
applications of super-resolution localization microscopy

The following chapter will focus on further novel developments of COMBO-FISH
using probe sets of only one uniquely binding oligonucleotide [29] that binds repeti-
tively to a given target like a centromere so that the merging fluorescence leads to a
microscopic signal. In Figure 3, examples for centromere 9 [33] and 17 [34] are shown.

COMBO-FISH probes carrying one fluorochrome molecule at one end of each
oligonucleotide are ideal nano-probes for Single Molecule Localization Microscopy
[23, 24, 43] (SMLM) in order to analyze chromatin structure and architecture on the
nano-scale in subchromosomal regions of cell nuclei [32, 43-47].

As an example, multiple copies of a repetitive probe for a tri-nucleotide expansion
region were hybridized and analyzed quantitatively in cells with Fragile-X syndrome
(FXS) or Martin-Bell-Syndrome. FXS belongs to the group of the so-called “trinucle-
otide repeat expansion disorders” consisting of the expansion of a trinucleotide fre-
quency ((CGG)n-expansion) in the 5 untranslated region of the Fragile-X Mental
Retardation 1 gene (FMR1) on the X-chromosome. The enlargement of the CGG
triplet-repeat results in a deactivation of the FMR1 gene and mental retardation of the
patient. Multiplets of 6 trinucleotide units ((CGG)¢ or (CCG)¢ probes) were synthe-
sized showing high specificity to the (CGG)-repeat expansion of the FMR1 gene;
thereby a minimum of accessory binding sites were found due to the 6-times
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Probe number Beginning nucleotide number

24,971 35,103,408 gaaggggagaaggaggaaaggggaaggaaaggag
—24,972 35,108,828 gagggagggagagaaa
24,973 35,109,919 aagagggggaggggaa
24,975 35,112,662 agagagaggggagaggagagaaa
24,977 35,119,179 ctcectecttectecte
24,978 35,120,540 ttttcctcectctece
24,980 35,121,359 ctccttetecctttt
—24,981 35,122,451 tctetetttetetttctetetetcte
24,982 35,123,378 gggeggggaagaggag
24,984 35,126,758 agggagagaaagaaa
24,985 35,129,005 tectttteecttect
24,986 35,132,494 tttcttceectetet
—24,987 35,135,378 cctetctectttette
—24,988 35,136,463 aggaaggagagaaagagag
24,991 35,139,280 gaaagggaaaaggaaag
—24,992 35,139,595 agagagagggagaaag
24,993 35,140,078 aaaaggggaggaaag
—24,994 35,141,641 tctettteectetet
24,996 35,146,244 tcttettttctectttt
—24,998 35,147,116 tcttecteectecectetetee
24,999 35,147,168 tetecttettectettt
25,004 35,151,365 ccttttctetetece
25,013 35,169,216 aaaggggggaagaggg
25,014 35,173,890 tettetetectececee
25,019 35,181,667 ggggaaagagaagaa
—25,021 35,185,117 ccctcteectecteee
25,022 35,185,516 aaggagaaagagaagg
25,026 35,192,486 agaaagaagaagaaaag
25,027 35,192,612 ccctctecectececteteteectee
—25,028 35,192,661 cttectttctettct

—, probes are excluded since they form secondary clusters.

Table 6.
List of COMBO-FISH probe targets for the CD44 gene (tavget sequences are written from left to right in the 5'-
XXXX-3' direction).

repetition. Considering the probe length of six trinucleotide units together with one
dye molecule at one end, the results of SMLM indicated small chromatin loops for the
expansion region rearranging chromatin on the nanoscale so that a deactivation could
be explained by geometric reasons in the genome architecture [36].
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.

Figure 3.

Exga::'nple fluorescence microscopy images of COMBO-FISH labeling of centromere targets: (A) centromere 17
labeling in a lymphocyte cell nucleus with the repetitively binding probe (Alexa647-5'-cttctgtcttctttttata-3') and
(B) with the repetitively binding probe (Alexa488-5'-tataaaaagaagacagaag-3'). In (C) an overview image of
centromere 9 labeling in lymphocyte cell nuclei with the repetitively binding probe (Alexas46-5'-
aatcaacccgagtgcaat-3') is shown indicating a hybridization efficiency better than 90%.
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Figure 4.

(A) ALU-distribution along the genome: The intensity of the bars indicates the frequency within a 500 kb section of
the given chromosome. Red: Position of the designed 17mer ALU probe. The sequence associated with the ALU
probe appears in the entive genome at different frequency densities. Blue: Corresponding positions of the ALU
consensus sequence. The number of emergence of the 17mer probe sequence was compared with the density of the
ALU consensus sequence by using the program “Repeatmasker” [50]. Green: Distribution of a selected 17mer from
the L1 element. Although this 17mer appears very often in the genome, the frequency density is significantly
different from the selected ALU consensus 17mer. (B) Examples of SMLM images of cell nuclei after COMBO-
FISH labeling with the 17mer ALU probe. Note: (A) was originally published under CC BY license in [48].

Although established programs for the design of COMBO-FISH probes and probe
sets were available [20, 26], novel so-called alignment-free investigations of k-mers,
their frequencies and their positioning along the nucleotide sequence of a chromo-
some [48, 49] have found oligonucleotide probes that uniquely bind in a given repe-
tition rate to chromatin sequences repetitively occurring as interspersed motives [29].
New generations of specific COMBO-FISH probes were elucidated against SINEs
(Short Interspersed Nuclear Elements, e.g., ALU elements [32, 48, 50], Figure 4),
LINEs (Long Interspersed Nuclear Elements, e.g., L1 [32]), or centromeres [44]. With
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(A) SMLM overlay image of Alu densities (green), a centromere 9 points cluster (ved), and overlaying regions
(blue). Note: Only one image plane (no projection) is shown, where one centromere 9 is located. A magnified point
coordinate representation of the white box is shown below. (B)—(D) Estimates of chromosome 9 architecture by its
centromere and genomic Alu. (B) Plot of the raw point matrix obtained from SMLM data of (A). A circular
approximation of a chromosome 9 tevritory (black circle) modeled from the theovetical distribution of Alu
elements (blue dots) around the chromosome 9 centromere (red dots). Lower image: Magnification of the region of
interest in the upper image. (C) Idiogram of chromosome 9 showing the positional distribution of Alu probe
binding sites (red), Alu consensus sequences (blue), and binding sites of a probe against genomic L1 elements
(green). (D) The radial distribution of Alu signal points around a centromere 9 cluster centroid averaged over 38
centromere 9 clusters. Note: These figures were originally published under CC BY license in [32].

these probes, first evaluations of the spatial organization of chromosome 9 were
calculated (Figure 5) [32].

Using quantitative SMLM, the in such a way designed ALU COMBO-FISH probe
has also been successfully applied in extending the standard methods of biological
dosimetry, which aims at reconstructing or estimating from chromosome aberrations
the dose from former radiation exposure [48, 50]. In addition, a novel improved
preparation protocol circumvents any heat treatment for target denaturation so that
mixed purine—pyrimidine probes can be used, that usually undergo Watson—Crick
double-strand pairing (Figure 1). This so-called low-temperature protocol is the pre-
requisite to combine oligonucleotide-based COMBO-FISH and immunofluorescence
staining by means of specific antibodies [29, 48].

5. Conclusion

COMBO-FISH offers a highly variable toolbox of labeling combinations and strat-
egies for chromatin architecture and bio-medical research. Here we have introduced
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three strategies: (a) Design of a COMBO-FISH probe set which consists of several
oligonucleotide probes that specifically co-localize at a given genome target as for
instance, a tumor-relevant gene that could be involved in gene copy number changes
or tumor-inducing translocations. (b) Design of a COMBO-FISH probe set which
consists of one oligonucleotide probe which in many copies specifically co-localize at a
given genome target as for instance a centromere. (c) Design of a COMBO-FISH
probe set which consists of one oligonucleotide probe that uniquely occurs at several
given repetitively occurring genome targets only as for instance SINEs or LINEs. The
efficiency of the probe set can be further enhanced by incorporating structural [51-53]
and dynamical parameters determined by molecular dynamics simulations (e.g.,
AMBER [54-56], GROMOS [57, 58], CHARMM [59, 60]) into the probe design, which
we currently investigate.

In combination with super-resolution localization microscopy and novel tools of
data evaluation and interpretation by geometric and topological algorithms [61-64]
COMBO-FISH probes offer new perspectives in understanding the reaction of
chromatin as a system as a whole during gene expression, proliferation, or stress
response [47].
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Chapter 5

The Natural Antisense
Transcript-Targeted Regulation
Technology Using Sense
Oligonucleotides and Its Application

Mikio Nishizawa, Tetsuya Okuyama and Richi Nakatake

Abstract

Natural antisense transcripts (NATSs or AS transcripts) are frequently transcribed
from many eukaryotic genes and post-transcriptionally regulate gene expression. The
AS transcript is classified as noncoding RNA and acts as a regulatory RNA in concert
with RNA-binding proteins that bind to cis-controlling elements on the mRNA,
microRNAs, and drugs. The AS transcript that overlaps with mRNA regulates mRNA
stability by interacting with mRNA, and the network of mRNAs, AS transcripts,
microRNAs, and RNA-binding proteins finely tunes the output of gene regulation,
i.e., mRNA levels. We found that single-stranded ‘sense’ oligonucleotides correspond-
ing to an mRNA sequence decreased the mRNA levels by interfering with the mRNA-
AS transcript interactions of several genes, such as inducible nitric oxide synthase
(iNOS) and interferon-alphal (IFN-A1) genes. In contrast, AntagoNAT oligonucle-
otides, which are complementary to AS transcripts, are sense oligonucleotides when
they overlap with mRNA, but they increase the levels of specific mRNAs. Collectively,
the sense oligonucleotide is a powerful tool for decreasing or increasing mRNA levels.
The natural antisense transcript-targeted regulation (NATRE) technology using sense
oligonucleotides is a method with a unique modality for modulating cytosolic mRNA
levels and may be used to treat human diseases in which AS transcripts are involved.

Keywords: antisense transcript, noncoding RNA, microRNA, mRNA stability,
sense oligonucleotide, locked nucleic acid

1. Introduction

The transcripts whose sequences are complementary to those of mRNA have been
reported in many genes regardless of species, from bacteria to mammals. Because
protein is encoded by mRNA, whose sequence is the same as the sense strand of a
gene, i.e., double-stranded DNA, the transcript has been called a natural antisense
transcript (NAT or AS transcript) [1, 2]. The AS transcripts do not code for proteins
or only short peptides and are classified as one class of noncoding RNA (ncRNA).
Accumulating genome-wide transcriptome analyses have demonstrated that natural
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antisense transcripts are transcribed from many eukaryotic genes [3]. HUGO pro-
posed the nomenclature of human gene symbols for natural antisense transcripts AS
(suffix) [4]. In this chapter, we use ‘AS transcript’ as a natural antisense transcript.

In contrast, classical types of ncRNA species, such as ribosomal RNA (rRNA), trans-
fer RNA (tRNA), small nuclear RNA (snRNA), and small nucleolar RNA (snoRNA),
are well known and have definite functions in gene expression. These classical ncRNAs
do not overlap mRNAs. Among other ncRNA species, microRNA (miRNA or miR),
which is 20-23 nucleotides (nt) in the length, was found in nematodes and mammals.
This very short ncRNA species, which is complementary to the 3’-untranslated region
(3'UTR) of several mRNAs, inhibits translation and induces mRNA degradation [5].
Therefore, microRNA hybridizes with mRNA to regulate its functions.

Furthermore, long ncRNAs (IncRNAs), which are more than 200 nt long [6], were
found. At first, their functions were unclear, but it has gradually been revealed that
these IncRNAs are involved in gene expression [7]. To date, huge number of IncRNA
sequences have been reported by RNA-seq analysis and deposited in public databases,
such as LNCipedia 5 (human IncRNA transcripts) [8]. Nowadays, ncRNA species,
including miRNA, and IncRNAs, are known as regulatory RNAs [9].

Many studies have demonstrated that the AS transcript, one class of IncRNA, is
involved in various steps during gene expression [7]. When focusing on the AS transcript
that overlaps with an mRNA, this type of AS transcript interacts with mRNA and plays
an important role in gene expression, especially at post-transcriptional levels [1, 2].
Interestingly, most AS transcripts are transcribed at low levels [1, 2]. The analyses and
application of AS transcripts are summarized by the reviews, for example, see [1, 2, 10].

During our functional analyses of AS transcripts, we found the mRNA-AS tran-
script interactions that regulate mRNA stability (described later). Although con-
ventional methods, i.e., antisense and short interference RNA (siRNA) technologies
[11, 12] were available for the analyses of AS transcript functions [13], we first used
synthetic sense oligonucleotides that are complementary to the AS transcript. We
found that sense oligonucleotides resulted in decreases in cytoplasmic mRNA levels,
which may be applied to ‘knockdown of mRNA’

Here, our method to regulate mRNA levels based on the mRNA-AS transcript inter-
actions is described, and the application of this technology to treat disease is discussed.

2. Natural antisense transcripts that overlap with mRNAs
2.1 Structures of natural antisense transcripts

The AS transcript is frequently transcribed from inducible genes [14]. Our previous
studies showed that an AS transcript harbors an overlapping sequence with 3'UTR of
an mRNA [14]. Such a 3'UTR possesses a few AU-rich elements (AREs), which may be
involved in mRNA stability because AREs may be the targets of miRNAs and RNA-
binding proteins [15, 16]. Interestingly, the location of AREs in the 3'UTR of iNOS
mRNA is conserved among species (rat, mouse, and human) [17, 18].

The sizes of AS transcripts are variable and show a smear pattern or discrete bands in
Northern blot analysis. The former example is AS transcripts that are transcribed from
rat inducible nitric oxide synthase (iNOS, NOS2) gene, and the size is ranging from 600
t0 1000 nt (Figure 1) [19]. iNOS catalyzes the production of the inflammatory mediator
nitric oxide (NO). iNOS is induced by various inflammatory stimuli; interleukin (IL)-
1beta to hepatocytes and bacterial lipopolysaccharide (LPS) to macrophages [17, 18].
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Figure 1.

mi%NA and AS transcripts transcribed from the inducible nitric oxide synthase (iNOS) gene. The rat iNOS gene
is schematically depicted. The iNOS gene consists of 27 exons, and the AS transcript overlaps with the exon 27,
which includes the 3'UTR (white box) of the mRNA. The iNOS mRNA harbors AREs in its 3'UTR. The iNOS AS
transcript starts at the end of exon 27 and stops at various sites, vesulting in various sizes of the transcripts, which
do not harbor a poly(A) tail. Figure reproduced with modification from [19] with permission.
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Figure 2.

mRNA and AS transcripts transcribed from interferon alpha1 (IFN-A1) gene. The human IFN-A1 gene consists
of a single exon, which encodes IFN-alphaz1 [20]. The coding sequence (from ATG to TAA) gives conserved stem-
loop structures in the IFN-A1 mRNA, i.e., stem-loops (SL) and bulged-stem loop (BSL) [21]. These structures
are vesponsible for chromosome region maintenance 1 (CRM1)-dependent nuclear export of IFN-A1 mRNA [21].
The IFN-A1 mRNA harbors ARE:s in its 3'UTR. Two AS transcripts are shown, both of which are spliced and
harbor poly (A) tails. Nucleotides are numbered from the transcription initiation site. Figure veproduced with
modification from [20] with permission.

The latter examples are about 4-kilobase (kb) AS transcript that is transcribed
from the human interferon-alphal (IFN-A1) gene (Figure 2) [20]. IFN-A1 gene
encodes the cytokine IFN-alphal and is one subset of human IFN-A genes, which
consist of 13 subsets [22]. Viral infection induces IFN-alphal, a member of the type I
interferon family, which is a main innate immunity response. AS transcripts are also
transcribed from other subtypes of IFN-A genes [23].

Another example is the AS transcript from the rat tumor necrosis factor-alpha
(Tnf) gene, which is about 2.5-kb long [24]. AS transcripts are transcribed from
many genes that are involved in inflammation, such as mRNAs that encode alpha
subunit (p19) of IL-23 (IL-23A), chemokine (C-C motif) ligand 2 (CCL2), chemokine
(C-X;5-C) motif ligand 1 (CX3CL1), p65 and p50 subunits of nuclear factor kappaB
(NF-kappaB) [14]. Additionally, AS transcript is transcribed from the human gene
encoding ephrin type A receptor 2 (EPHA?2), which is a receptor tyrosine kinase
whose over-expression is observed in various cancers [25, 26].

2.2 mRNA-AS transcript interactions and mRNA stability
2.2.1iNOS mRNA-AS transcript intevaction
When the AS transcript overlaps with the relevant mRNA, the interaction between

the AS transcript and mRNA is expected. Indeed, the AS transcript is transcribed
from the rat INOS gene and interacts with and stabilizes the INOS mRNA [19].
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A putative mechanism of the mRNA-AS transcript interaction and mRNA degradation by the introduction of
a sense oligonucleotide (iNOS gene). (A) Stable complex on the iNOS mRNA. When the iNOS AS transcript is
expressed, it partially hybridizes with a single-stranded loop in the iNOS mRNA that havbors a cap structure
(open circle) and a poly(A) tail. By recruiting an RNA-binding protein, it forms an mRNA-AS transcript-
protein complex to stabilize the iNOS mRNA in the cytoplasm. (B) Interference with the mRNA-AS transcript
interaction. Because a sense oligonucleotide to the iINOS mRNA harbors the same sequence as the mRNA, it
competitively inhibits the hybridization of iNOS mRNA with the iNOS AS transcript, leading to interference
with the mRNA-AS transcript intevaction and then the mRNA degradation. This mechanism confers to the basis
of the NATRE technology.

Further analyses demonstrated that the iNOS AS transcript interacts with the iINOS
mRNA at the single-stranded loop or bulge of the overlapping region between the
mRNA and AS transcript (Figure 3) [19].

Because the orientation of RNA is 5'-to-3', base complementarity indicates that
the secondary structure of AS transcript is a mirror image of that of mRNA. This
means that stem-loop structures in the AS transcript are formed at the complemen-
tary sites in the corresponding mRNA, leading to loop-loop hybridization between
the mRNA and AS transcript [1, 2]. This loop-loop hybridization forms a short
RNA:RNA duplex (usually <10 base pairs), which is thermodynamically unstable
due to the low melting temperature of the duplex. Then, RNA-binding proteins
(e.g., HuR) bind to the iNOS mRNA and/or AS transcript to stabilize the mRNA-
AS transcript-protein complex, which protects from the degradation of RNAs and
facilitates translation in the cell [19].

2.2.2 INF-A1 mRNA-AS transcript interaction

As another putative mechanism, the human IFN-A1 AS transcript interacts with
and stabilizes IFN-A1 mRNA by blocking the microRNA binding to IFN-A1 mRNA
[20]. IFN-A1 AS transcript is expressed at a low level. After the AS transcript tran-
siently interacts with IFN-A1 mRNA, it moves on and targets the next mRNA mol-
ecule in a ‘hit-and-run’ fashion [1, 20].

Sense oligonucleotides to BSL of IFN-A1 mRNA (see Figure 2) decreased IFN-A1
mRNA levels. Because a potent binding site of a microRNA (miR-1270) is present in
BSL, miR-1270 may bind to BSL of IFN-A1 mRNA. A microRNA-binding site is also
called a microRNA-responsive element (MRE). Next, a short AS oligoribonucleotide
(asORN), which is the part of IFN-A1 AS transcript corresponding to BSL, was
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A %ﬂodel of interactions among transcripts to vegulate mRNA levels. mRNA1 has a site of interaction (loop) with
AS transcript1 and an MRE for microRNA3. AS transcripta stabilizes mRNA1, whereas microRNA destroys
mRNA1 through its MRE. AS transcript2 transcribed from another gene has common MREs. AS transcript2
sponges microRNA3, vesulting in the sequestration of microRNA3. Therefore, AS transcript2 competes with
microRNA3 and functions as a ceRNA. A typical example is seen among IFN-A1 mRNA and AS transcripts from
the specific subsets of IFN-A gene family. See details in the text.

introduced into the cells (This is not NATRE technology.). IFN-A1 asORN increased
IFN-A1 mRNA levels, but it did not alter IFN-A1 AS transcript levels [20]. These data
imply that IFN-A1 asORN stabilizes IFN-A1 mRNA by simulating the AS transcript.

When the levels of transcripts were measured, miR-1270 was much more excess
to IFN-A1 AS transcript [23]. Although IFN-A1 AS transcripts include several MREs,
they are stoichiometrically unable to sponge all miR-1270 molecules. Further study
indicated another mechanism.

When microRNAs are shared by mRNAs and AS transcripts, the transcripts
function as competing endogenous RNAs (ceRNAs). Several AS transcripts are
transcribed from the specific subsets of IFN-A gene family (IFN-A1, A7, A8, A10,
and A14 genes) and harbor common MREs for miR-1270 [23]. MiR-1270 can bind to
both mRNA and AS transcript from IFN-A gene, as well as mRNAs from the specific
subsets of IFN-A gene family (IFN-A8, A10, A14, and A17 genes). Because the mRNAs
and AS transcripts share MREs for miR-1270, they sponge and sequester the miR-
1270 molecules. Collectively, IFN-A mRNAs and AS transcripts from IFN-A gene
family form a ceRNA network to antagonize miR-1270 [23, 27]. This network finely
tunes IFN-A1 mRNA levels by common MREs that are present in the mRNAs and AS
transcripts at the post-transcriptional level. Possible interactions among transcripts
are depicted in Figure 4. See detailed discussion in [28].

2.2.3 Tnf mRNA-AS transcript intevaction

Different from the iNOS and IFN-A1 mRNA cases, AS transcripts sometimes
downregulate gene expression. The stability of T#f mRNA is modulated by RNA-
binding proteins that bind to the AREs in its 3'UTR: human homolog R of embryonic
lethal-abnormal visual protein (HuR), which stabilizes the mRNA; and tristetraprolin

71



Oligonucleotides - Overview and Applications

A
Stabilization of mMRNA
mRNA O AAA
AAA
RNA-binding
tei
protein Sense oligonucleotide
> :
AS transcript <! .
AS transcript
Figure 5.

A putative mechanism of the increase in mRNA levels by the introduction of a sense oligonucleotide (Tnf gene).
(A) The Tnf mRNA that forms with a destabilizing RNA-binding protein. The Tnf AS transcript partially
hybridizes with a single-stranded loop in the Tnf mRNA. An RNA-binding protein forms an mRNA-AS
transcript-protein complex. (B) Interference with the mRNA-AS transcript interaction. A sense oligonucleotide
to the Tnf mRNA competitively inhibits the hybridization of Tnf mRNA with the Tnf AS transcript, releasing a
destabilizing RNA-binding protein. Finally, the Tnf mRNA becomes stable in the cytoplasm.

(TTP), which destabilizes the mRNA [24]. A putative mechanism of mRNA destabi-
lization is schematically shown in Figure 5 and discussed in [1, 2]. Possible involve-
ment of microRNA in the Tnf mRNA-AS transcript interaction is also mentioned [24].

Other than these mechanisms, there are several AS transcript-mediated mecha-
nisms that regulate gene expression [7]. For example, AS transcripts may epigeneti-
cally repress transcription at the chromatin level.

3. Natural antisense transcript-targeted regulation technology

3.1 Natural antisense transcript-targeted regulation technology using sense
oligonucleotides

If the mRNA-AS transcript interactions are inhibited, it is speculated that an
mRNA-AS transcript-protein complex is not formed and that the mRNA becomes
unstable [1, 2]. According to this hypothesis, we used single-stranded sense oligonu-
cleotides to block the mRNA-AS transcript interactions at a post-transcriptional level.
The sense oligonucleotide harbors the same sequence as that of the relevant mRNA.

We first applied the sense oligonucleotide corresponding to the iNOS mRNA
sequence to decrease the INOS mRNA levels in hepatocytes [19]. In a search of the
literature to date, there are not any other reports on applying sense oligonucleotides
to knockdown AS transcript(s) and finally mRNA. After refinement of this method
and confirmation of its versatility, we established this method as a natural antisense
transcript-targeted regulation (NATRE) technology using sense oligonucleotides
[14, 18]. The introduction of sense oligonucleotides may regulate the mRNA levels of
AS transcript-expressing genes. Similarly, the sense oligonucleotides to other mRNAs
reduced the levels of IFN-A1 and other mRNAs [14, 20]. Therefore, the introduc-
tion of sense oligonucleotides may be used as loss-of-function experiments of AS
transcripts.
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In the absence of an AS transcript, a sense oligonucleotide cannot hybridize with
the relevant mRNA and does not affect mRNA stability. Therefore, the presence of AS
transcript and mRNA-AS transcript interactions are essential for the NATRE technol-
ogy using sense oligonucleotides.

3.2 Design of sense oligonucleotides
3.2.1 Prediction of secondary structure

A sense oligonucleotide should harbor an overlapping sequence of an mRNA-
AS transcript interaction, i.e., a single-stranded loop or bulge [18, 20]. The
single-stranded loops are the potential sites of mRNA-AS transcript interactions.
To seek the single-stranded regions of an mRNA where the relevant AS transcript
interacts with, secondary structures of mRNA (especially, 3'UTR) were predicted
using the mfold program [29]. Other prediction programs can be used. Regions
conserved among predicted mRNA (especially 3'UTR) structures are selected,
and candidates of several sense oligonucleotides are designed from the stem-loop
regions.

Generally, it is unnecessary to predict the secondary structures of AS transcripts.
As mentioned above, the overlapping sequence of an AS transcript is complementary
to that of the corresponding mRNA. Therefore, the secondary structures of the AS
transcript are a mirror image of the mRNA. The stems and loops of the AS transcript
are formed at the same positions as the mRNA.

3.2.2 Design of sense oligonucleotides

The sense oligonucleotide consists of either synthetic oligodeoxyribonucleotide
(DNA) or synthetic oligoribonucleotides (RNA) with modifications of the oligonucle-
otide backbone, sugars, bases, and the 5'-phosphate (described later). The sequences
of sense oligonucleotides (about 20 nt long in our cases) designed according to the
mRNA sequence included at least one single-stranded loop in the conserved region
[14, 19]. From the sequences of sense oligonucleotides, the elements that may provoke
innate immunity responses through Toll-like receptors (TLR3, 7, 8, and 9) should be
eliminated, such as GU-rich motifs (e.g., 5'-GUGU-3'), CG, GGG, GGGG, and CCCC
[14, 19, 30]. It is possible that some oligonucleotides show off-target effects, even after
the exclusion of these motifs. To attain the specificity of a target mRNA and avoid
off-target effects, homology search in the DDBJ/EMBL/GenBank databases should be
performed. Trials and errors are necessary to select effective sense oligonucleotides
among several candidates.

Note that not all the candidate sense oligonucleotides reduce the levels of specific
mRNA species, whereas some oligonucleotides increase the mRNA levels. As above-
mentioned, AS transcripts modulate the expression of each gene either positively
or negatively; the AS transcript stabilizes mRNA (Figures 3 and 4) or destabilizes
mRNA (Figure 5).

Changes in mRNA levels also depend on the region of the mRNA-AS transcript
interactions [14, 24]. Six sense oligonucleotides to the 3'UTR of the rat T#f mRNA
were designed to the regions whose secondary structures were conserved [24].
Among them, only one sense oligonucleotide decreased Tnf mRNA levels, four
increased, and one did not alter. RNA-binding proteins, e.g., HuR and TTP, may
change the effect of each sense oligonucleotide.
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Additionally, both several RNA-binding proteins and microRNAs control the
mRNA stability (see Section 2.2). Therefore, it is difficult to predict whether knock-
down of AS transcript using a sense oligonucleotide causes either an increase or
decrease in mRNA levels (see also Section 3.3).

3.2.3 Negative controls of sense oligonucleotides

Several types of oligonucleotides are frequently used as negative controls. A nega-
tive control that is suitable for your experiments should be selected because not all the
negative controls work well in the experiments.

3.2.3.1 Sense oligonucleotides to stems

A sense oligonucleotide to stem regions is used as a negative control. A stem region
consists of double-stranded RNA:RNA hybrid and is not involved in the interactions
with an AS transcript [20].

3.2.3.2 Mismatch oligonucleotides or mutated oligonucleotides

Mismatch oligonucleotides are designed by introducing mutated bases at the site
of mRNA-AS transcript interactions [20, 31].

3.2.3.3 Random oligonucleotides

Random oligonucleotides (20 nt) harbor random sequences, i.e., 5'-Npo-3' (N = A,
C, G, or T) with phosphorothioate bonds [18].

3.2.3.4 Scrambled oligonucleotides and mock transfection

A scrambled oligonucleotide is designed by base shuffling without changing
the base composition of the relevant sense oligonucleotide [31]. Homology search
screened by the BLAST program must eliminate candidates harboring unexpected
homology to other mRNAs in the DDBJ/EMBL/GenBank databases.

When a sense oligonucleotide is introduced into cells using a transfection reagent,
mock transfection is also necessary as a negative control of transfection. The mock
transfection requires a transfection reagent alone, and an oligonucleotide is not
introduced to the cells [18, 20].

3.2.4 Modification of sense oligonucleotides

A variety of nucleases are present in the cells and blood, such as exonuclease,
endonuclease, and ribonuclease (RNase) H1. RNase activity is very high in various
cell lines, as well as blood and cells in many organs, including the liver. To protect
sense oligonucleotides from these nucleases, phosphorothioate bonds and modi-
fied nucleic acids are commonly introduced to replace the phosphodiester bonds
and (deoxy)ribose rings of native nucleotides, respectively [32, 33]. Indeed, iNOS
sense oligonucleotides without modification did not reduce iINOS mRNA levels
[18]. Locked nucleic acid (LNA) [34] and 2’-O-methyl nucleic acid (OmeNA) are
frequently used as modified nucleic acids. In our cases, iNOS sense oligonucleotides
were substituted with partial phosphorothioate bonds and LNAs or OmeNAs
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reduced the levels of INOS mRNA and iNOS protein in hepatocytes [18, 19]. This
is a critical point at which modifications are included to obtain effective sense
oligonucleotides.

3.2.5 Conjugation of sense oligonucleotides

When modified, but non-conjugated oligonucleotides are introduced in the
body, they are transferred to the liver and kidney. To improve iz vivo delivery to
an organ or a tissue, sense oligonucleotides are often conjugated at their ends with
cell-penetrating arginine-rich peptides and cell-permeable hydrophobic molecules
[32, 33]. Cell-penetrating arginine-rich peptides are derived from the Tat protein
of human immunodeficiency virus (HIV)-1 [35] and synthetic arginine oligomer
peptides (Arge); and cell-permeable hydrophobic molecules are cholesterol [36]
and Cy; spacer.

The conjugation does not affect the potency of iNOS oligonucleotides to decrease
iNOS mRNA expression [18]. When an iNOS sense oligonucleotide conjugated to
these molecules was introduced into hepatocytes, all conjugated sense oligonucle-
otides were as effectively decreasing iINOS mRNA levels as the non-conjugated sense
oligonucleotide [18]. Appropriate conjugation may facilitate the delivery of sense
oligonucleotides to target tissues or organs (see Section 3.7).

3.3 Regulation of mRNA levels by sense oligonucleotides in culture cells

Because the modification of sense oligonucleotides is essential, modified sense
oligonucleotides were used for the introduction to cells. The in vitro effects of NATRE
technology (including AntagoNAT technology) on mRNA levels in the cells are
summarized in Table 1.

mRNA levels’ Gene from which AS transcript Technology Reference
transcribed (product)

Decrease iNOS (iNOS/NOS2) NATRE [18, 19]
1123A (IL-23, alpha subunit) NATRE [14]
IFN-A1 (IFN-alpha1) NATRE [20]
EPHA2 (EPHA2) NATRE [26]

Increase Ccl2 (CCL2) NATRE [14]
Ccl20 (CCL20) NATRE [14]
Cx3xl1 (CX3CL1) NATRE [14]
Cd69 (CD69) NATRE [14]
RelA (NF-kappaB, p65 subunit) NATRE [14]
Tnf (TNF-alpha) NATRE [24]
Bdnf (BDNF) AntagoNAT [37]
Gdnf (GDNF) AntagoNAT [37]

"Genes were classified by the main effect of sense oligonucleotides on the mRNA levels.

Table 1.
Examples of the in vitro effects of NATRE technology on mRNA levels.
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3.4 Administration of sense oligonucleotides to animals

When NO is excessively produced by iNOS in hepatocytes and Kupffer cells
(resident macrophages) of the liver, it leads to multiple organ failure [38].
Endotoxemia model rats with hepatic failure are often used to evaluate drugs. These
model rats are prepared either by intravenous injection of D-galactosamine (GalN)
and LPS [38-40], or by LPS injection after partial hepatectomy [38, 41]. These rats
resemble the animals suffering from sepsis or septic shock.

After optimization of the sequence and modification of iNOS sense oligonucle-
otides in hepatocytes, the best sense oligonucleotide was administered into the endo-
toxemia model rats [38]. When the sense oligonucleotide was intravenously injected
with GalN and LPS to rats, the survival rate was markedly increased, and apoptosis in
the hepatocytes markedly decreased in the sense oligonucleotide-treated rats [38].

Because LNA is efficiently accumulated in the liver [34], the LNA-modified
iNOS sense oligonucleotide may function in the liver where the iNOS gene is highly
expressed. Taken together, NATRE technology using iNOS sense oligonucleotides may
be applicable to treat sepsis and septic shock.

3.5 AntagoNAT technology

To increase mRNA levels by modulating the mRNA-AS transcript interactions, an
AntagoNAT oligonucleotide has been used, which is an antagonist to an AS transcript
(NAT) and defined as a single-stranded antisense oligonucleotide to a specific AS tran-
script [37]. Each AntagoNAT oligonucleotide contained a mixture of OmeNAs and LNAs.

When an AS transcript overlaps with its corresponding mRNA, the AntagoNAT is
identical to a sense oligonucleotide. Therefore, AntagoNAT technique is very close to
NATRE technology. Both technologies use sense oligonucleotides to knockdown AS
transcript. However, NATRE technology has been applied to decrease mRNA levels,
whereas AntagoNAT technology has been applied to increase mRNA levels.

It has been reported that AntagoNAT-mediated knockdown of brain-derived
neurotrophic factor (Bdnf) and glial-derived neurotrophic factor (Gdnf) AS tran-
scripts resulted in increased levels of Bdnf and Gdnf mRNAs in HEK293T cells [37].
The underlying mechanism may be similar to those indicated in Figure 5, or to other
mechanisms that were previously mentioned [7].

AntagoNAT oligonucleotides can be administered to animals. When Bdnf-
AntagoNAT was intracerebroventricularly delivered, the Bdnf mRNA levels increased
in the mouse brain [37]. Collectively, the Bdnf-AntagoNATs functioned in vitro and in
vivo, although it increased the Bdnf mRNA levels.

AntagomiR (antagomir), which is a synthetic oligonucleotide complementary to a
microRNA, is used to sequester endogenous microRNA [42]. Each antagomir sequence is
identical to a specific mRNA and similar to several mRNAs that share microRNA-binding
sites (seed sequences). Therefore, antagomirs are another type of sense oligonucleotides.
When microRNA is involved in the mRNA-AS transcript interactions, the antagomir
technology may be applied to analyze these interactions. See an example in [23].

3.6 Comparison with other methods

The mechanisms of two conventional technologies, i.e., antisense and siRNA
technologies [11], are schematically shown (Figure 6).
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Figure 6.

Mechanisms of conventional mRNA knockdown technologies. (A) Antisense technology. The mRNA that
hybridizes with an antisense oligonucleotide is digested by RNase Hi. (B) siRNA technology. siRNA recruits
Argonaut (Ago) proteins to form RISC, which destroys mRNA. See details in the text.

3.6.1 Antisense technology

A single-stranded antisense oligonucleotide hybridizes with an mRNA and forms
alocal DNA:RNA hybrid. RNase H1 recognizes DNA:RNA hybrids and selectively
digests the RNA strand, leading to the degradation of the mRNA. Therefore, the
antisense oligonucleotides should be DNA. The presence of an AS transcript is not
essential for this method.

3.6.2 siRNA technology

siRNA is a synthetic double-stranded RNA, and one strand of the siRNA (i.e.,
guide strand) is complementary to a target mRNA. Typical siRNA consists of 19 base
pairs and 2-nt 3’ overhangs. siRNA interacts with Argonaut (Ago) proteins to form
RNA-induced silencing complex (RISC) and then binds to the target mRNA. The
guide strand of siRNA hybridizes with the mRNA (especially, 3'UTR) in the RISC,
resulting in degradation of the target mRNA. The other RNA strand (i.e., passenger
strand) is destroyed during the RISC formation. This mechanism mimics mRNA
degradation by microRNA.

As mRNA knockdown methods, NATRE technology using sense oligonucleotides
is compared with conventional methods, i.e., antisense technology and siRNA tech-
nology (Table 2). Other than these technologies, there are various oligonucleotide
technologies that are applied to therapies of disease.

77



Oligonucleotides - Overview and Applications

NATRE technology Antisense technology siRNA technology
Targets AS transcript (direct) mRNAs mRNAs
and mRNA (indirect)
Oligonucleotides Single-stranded DNA Single-stranded DNA Double-stranded RNA
(strand) or RNA (sense) (antisense) (both)
Underlying mRNA-AS transcript None None
mechanism interactions”
mRNA degradation RNases and other RNase H1 RISC
nucleases
Disadvantage Impossible when Difficult to optimize the Difficult when stable
mRNA-AS transcript sequence to the relevant secondary structures are

interactions are absent

mRNA

present

Examples of human
application

Not yet (Successful
results in animal
experiments)

Mipomersen,
casimersen, etc. [11]

Patisiran, givosiran, etc.
[11]

“The backbone, sugars, bases, and the 5'-phosphate of the oligonucleotide are modified.

"MicroRNAs may interfere with these interactions.

Table 2.
Comparison of the methods to knockdown mRNA:s.

3.6.3 RNA aptamers

Aptamers are oligoribonucleotides that form 3D structures and function like
proteins, such as ligands and antibodies [42]. For example, pegaptanib, which is an
aptamer drug developed for the treatment of macular degeneration, blocks vascular
endothelial growth factor (VEGF) by preventing its binding to VEGF receptors [42].
Although there are no reports about the mRNA knockdown using aptamers up to
date, the aptamers that simulate RNA-binding proteins may be utilized to modulate
mRNA levels by affecting the mRNA-AS transcript interactions.

3.7 Drug delivery system (DDS)

The introduction of oligonucleotides to cells requires transfection reagents using
liposomes, e.g., Lipofectamine (Thermo Fisher Scientific Inc., Waltham, MA, USA)
and using iron nanoparticles, e.g., MATra A reagent (IBA, Gottingen, Germany) or
PolyMag Magnetofection reagent (OZ Biosciences, Marseille, France).

To improve the in vivo delivery of sense oligonucleotides, several techniques have
been developed [32, 33]. Because LNA is efficiently accumulated in the liver [34],
iNOS sense oligonucleotides were modified with LNAs [38].

Recently, N-acetylgalactosamine (GalNAc) has been conjugated at the ends of
the oligonucleotides to efficiently deliver the oligonucleotides to the liver [11, 43].
Because the liver and kidney receive high blood flow and permeability of their
capillaries is high, sense oligonucleotides conjugated with GalNAc will improve the
delivery and accumulation in these organs. To cross the blood-brain barrier, Bdnf-
AntagoNATs in liposomes were delivered by nasal approaches [44, 45]. Additionally,
aptamers capable of entering the cells may facilitate the delivery of oligonucleotides
into the cells [42].

Because guinea pigs maintain a functional MX1 gene for the IFN-alphal pathway,
they were infected with influenza virus to verify that the AS transcript-mRNA
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regulatory axis exerts iz vivo control of innate immunity [46]. When an AS oligori-
bonucleotide (asORN) to guinea pig IFN-A1 mRNA in poly (D,L-lactide-co-glycolide
(PLGA) nanoparticles was pulmonary-administered, it inhibited iz vivo viral prolif-
eration by modulating IFN-A1 mRNA levels. Although this experiment is not NATRE
technology, PLGA nanoparticles can be used to deliver sense oligonucleotides to
animals. Various lipid nanoparticles (LNPs) have been used to deliver nucleic acids,
including oligonucleotides, in the body [47]. New-generation LNPs can deliver long
RNA, such as LNP-based mRNA vaccines for COVID-19 [47].

4. Perspectives

Administration of oligonucleotides, including NATRE technology, is a unique
therapeutic modality. Because the sequence of an oligonucleotide specifies the gene,
one mRNA is selectively downregulated or upregulated (Figure 7). For example,
administration of an iNOS sense oligonucleotide to endotoxemia/sepsis model rats
showed little effects on endothelial NOS (eNOS) and neuronal NOS (nNOS) (unpub-
lished data). Enzyme inhibitors (e.g., NOS inhibitors) generally have a broader
specificity. Furthermore, it is rare that antibodies against oligonucleotides are raised.

NATRE technology is a powerful method to modulate iz vitro and in vivo gene
expression. Note that sense oligonucleotides to the mRNAs can be designed to
inducible genes and many other genes. iNOS AS transcript was successfully admin-
istered to endotoxemia/sepsis model rats and improved their survival rate [38]. As
shown in Table 1, many genes involved in inflammation are candidates suitable for
clinical uses in the future. When a gene that is involved in diseases is selected, sense
oligonucleotides to this gene can be easily designed and examined. Instead of sense
oligonucleotides, antisense oligoribonucleotides (asORN) may be used to increase
mRNA levels. Indeed, IFN-A1 asORN inhibited the proliferation of Influenza virus in
guinea pigs [46].

Sense oligonucleotides may apply to cancer, neurodegenerative disorders, and other
diseases. For example, EPHA? is over-expressed in various cancers, and the EPHA2

Degradation of
the target mRNA

Target mRNA = " 1.

o 1= v ™

— Inhibition RNA-RNA @
Sgnse _— " interaction
oligonucleotide Diseases to be treated

Inflammatory disease
A—— Sepsis and septic shock
Cancer
Neurodegenerative disorder
Viral infection
Other diseases

AS transcript

Figure7.
The NATRE technology using sense oligonucleotides. The principle of the NATRE technology is schematically
shown. Potential thevapeutic application using this technology is also shown.
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AS transcript may be involved in a subtype of breast cancer [26]. It is possible that
sense oligonucleotides inhibit cancer progression and proliferation of cancer cells.
Furthermore, the administration of Bdnf- and Gdnf-AntagoNATs to mice [44, 45] may
facilitate the regeneration of neurons and glial cells in the central nervous system.
When a gene that is involved in diseases is found, sense oligonucleotides to this gene
can be designed. Furthermore, sense oligonucleotides can be designed in the genome
of a pathogenic virus to inhibit viral multiplication.

Drugs and some constituents in functional foods and crude drugs of Japanese
Kampo medicine mimic sense oligonucleotides by modulating mRNA stability [1].
When sodium salicylate reduced iNOS mRNA levels in hepatocytes, decreased mRNA
stability was speculated [48]. It was reported that acetyl salicylate (aspirin) interacts
with RNA by intercalating with the RNA duplex and destabilized the helix, resulting
in a conformational change of the stem-loop structure of the RNA [49]. Because the
drug-RNA interaction may affect mRNA stability, drugs and constituents may inter-
fere with iINOS mRNA-AS transcript interactions like sense oligonucleotides. Indeed,
several drugs or constituents in functional foods and crude drugs decreased the levels
of both INOS mRNA and AS transcript: dexamethasone (anti-inflammatory drug)
[50], cucurbitacin B (triterpenoid in the fruit of Momordica charantia) [51], sakurane-
tin (flavonoid in the bark of Prunus jamasakura) [52], and standardized oligomerized-
polyphenol from Litchi chinensis fruit extract (OPLFE) [53]. The investigation of the
drugs and constituents may clarify the mechanism of action of the sense oligonucle-
otide in future.

5. Conclusion

When AS transcript is transcribed from a gene, NATRE technology can be applied
to any gene to down- or up-regulate mRNA levels. NATRE technology using sense oli-
gonucleotides may be useful to specifically inhibit mRNA-AS transcript interactions.
Therefore, this method may be applied to many genes and contribute to the treatment
of various human diseases in the future.
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Chapter 6

Identification of RNA
Oligonucleotide and Protein
Interactions Using Term Frequency
Inverse Document Frequency and
Random Forest

Eugene Uwiragiye and Kristen L. Rhinehardt

Abstract

The interaction between protein and Ribonucleic Acid (RNA) plays crucial roles in
many biological aspects such as gene expression, posttranscriptional regulation, and
protein synthesis. However, the experimental screening of protein-RNA binding
affinity is laborious and time-consuming, there is a pressing desire of accurate and
reliable computational approaches. In this study, we proposed a novel method to
predict that interaction based on both sequences of protein and RNA. The Random
Forest was trained and tested on a combination of benchmark datasets and the term
frequency-inverse document frequency method combined with XgBoost algorithm
was used to extract useful information from sequences. The performance of our
method was very impressive, and the accuracy was as high as 94%, the Area Under the
Curve of 0.98 and the Matthew Correlation Coefficient (MCC) of 0.90. All these high
metrics, especially the MCC, show that our method is robust enough to keep its
performance on unseen datasets.

Keywords: protein, RNA, interaction, random forest, TFIDF, machine learning

1. Introduction

The protein-RNA pairs are highly involved in various regulatory processes. Find-
ing the binding sites of the RNA-binding Proteins (RBP) is therefore an important
research goal. Studies have shown that RBPs bind to RNA molecules by recognizing
both sequences (sequence motifs) and secondary structure contexts (structure
motifs) [1-4]. Some of them have been based on sequence-derived features such as
amino acid composition, dipeptide composition, composition-transition-distribution
of seven physicochemical properties, evolutionary information in terms of position-
specific scoring matrices and functional domain composition [5-7]. Although progress
has been made in the implementation of predictive methods for RBPs, insufficient
attention has been paid to the development of predictive methods for RNA-protein
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interactions (RPI). The history is brief, and there are not many existing computational
tools because of the scarcity of available data [8].

The machine learning (ML) methods, which have become standard tools in many
fields of science and engineering, are computationally efficient methods that employs
computer science, artificial intelligence, computational statistics, and information
theory to fit high-dimensional models to large amounts of data. The ML methods read
in data points which are generated within some application domain and each data
point is characterized by two properties, such as features (predictor variables) and
labels (predicted variables). The machine learning algorithms aims at learning to
predict the label of a data point based solely on the features of this data point or
identify the pattern those data points if they are neither classified nor labeled. The ML
algorithms applied to labeled data points is called supervised learning in contrast to
unsupervised learning which does not require knowing the label value of any data
point. The dataset we used in this research was tagged with known labels (binding
pairs are labeled as positive while non-binding pairs are labeled as negative). While
the principle behind supervised ML sounds trivial, the challenge of modern ML
applications is the data points non-linearity and complexity. This research focuses
on three supervised learning algorithms: Logistic Regression, Random Forest, and
Multinomial Naive Bayesian.

The logistic regression is a binary classification method that can be applied to data
points with feature vector X € R” and binary labels y. These binary labels take on values
from a label space that contains two different label values (most cases y = {0,1}). The
linear operator /(x) = w”x, with w € R”, can take an arbitrary real random number and
can predict the label y when compared to a given threshold. The data point with feature
x would be classified as y = 1 if the s (x) > 0 and y = 0 if the h(x) < 0. The multinomial
naive Bayesian is a simple but important probabilistic model which is defined by a
function % from the feature space X to the label space Y (% : X — Y) such that the
predicted value 2 (x), x € X, agrees enough with the true value y € Y. The random forest
is a flowchart-like description of a function from the feature space to label space that
maps the features to their respective labels. While a random forest can be applied to an
arbitrary feature space, we will discuss it for a specific space later in this paper.

In 2011, Pancaldi and Bahler [8-10] predicted the RNA-binding proteins and
messanger-RNA using two conventional machine learning classifiers: support vector
machine (SVM) and random forest (RF), while Bellucci et al. developed an algorithm
called catRAPID to facilitate the predictions of 592 RPIs from the Protein Database Bank
(PDB). They used the physicochemical properties of sequences as features and found
three most predictive features: secondary structure propensities, hydrogen bonding,
and van der Waals [8, 11]. The two benchmark datasets, called RPI369 and RPI2241,
were constructed from PRIDB (a database of protein-RNA interfaces) [8, 12, 13] and
achieved remarkable prediction accuracies on these two datasets using Conjoint Triad
Feature (CTF) and normalized 4-gram frequencies. In 2013, the CatRAPID Omics was
generated as an improved CatRAPID that used the information on protein and RNA
domains involved in macromolecular recognition [8, 14, 15]. Zhao Hui-Zhan et al.

[8, 16] proposed a deep learning model to predict RPIs using bi-gram from Position
Specific Scoring Matrix (PSSM) approaches to extract features from proteins, and
k-mers approach combined with a stacked auto-encoder for RNAs feature extraction.

In 2015, Suresh et al. [8, 17] integrated sequence information and predicted struc-
ture together to produce an accurate prediction of non-coding RNA-protein pairs on a
newly constructed dataset, called RPI1807. When tested on the RPI369 and RPI2241
datasets mentioned above, some improvements were achieved on prediction
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accuracies. In 2017, Liu et al. proposed a semi-supervised method called LPI-NRLMF
[18, 19] to predict IncRNA-protein interactions by neighborhood regularized logistic
matrix factorization. One year later, Zhao et al. came up with IRWNRLPI method
[20], integrating random walk and neighborhood regularized logistic matrix factori-
zation for IncRNA-protein interactions prediction and LPI-BNPRA method using the
bipartite network projection recommended algorithm to identify IncRNA-protein
interactions. The last four semi-supervised methods and the BNPMDA method pro-
posed by Chen et al. [21] in late 2018, performed well only on interactive pairs with a
high predictive accuracy but weakly for non-interactive pairs. In 2018, Hu et al.
proposed HLPI Ensemble method [22] for identifying IncRNA-protein interactions in
human only, which integrated three common machine learning algorithms, SVM, RF
and Extreme Gradient Boosting (XGB).

All the machine learning methods discussed above, use handcrafted features from
proteins. In this study we proposed a new method, called TF-IDF borrowed from
natural language processing, to extract features from RPI pairs. The TF-IDF standing
for Term Frequency-Inverse Document Frequency takes as input a sequence of
strings and transform it into a vector of numerical values.

2. Material and methodology

According to Hongchu Wang and Pengfei Wu in 2017 [8] there are 1973 RPI
complexes available in the Protein Data Bank (PDB), which contains over 15,000
protein chains and more than 3000 RNA chains. However, according to research
using high-throughput sequencing techniques (such as RNA-Seq), at least 30,000
IncRNAs were identified by 2013. In this study we combined the three different
datasets; The RPI2241 dataset, containing 2241 RNA-protein pairs was extracted from
PRIDB [13] and reconstructed by Wang in 2013, the RPI488, a non-redundant IncRPI
dataset based on structural complexes which consists of 488 IncRNA-protein pairs,
including 245 non-interacting pairs and 243 interacting pairs from Pan et al. [23, 24]
and the RPI12737 dataset containing 12,737 experimentally validated RNA-protein
pairs that extracted from NPInter v2.0 database [25]. This dataset contains the same
number of non-interacting RNA-protein pairs (negative examples) as the number of
interacting RNA-protein pairs. After the dataset combination, we cleaned the data by
removing all pairs containing a non-amino acid character for proteins or a non-
nucleotide for RNA. The difference between lengths of sequences could increase the
sparsity of the TF-IDF data frame and affect the performance of our predictive model.
The exploratory data analysis gave more details on the dataset (see Table 1). The first
quartile of proteins lengths was 252 while the third quartile was 614, which means that
the lengths of 50% of our combined dataset lie between 252 and 614. After all consid-
erations, we decided to use this 50% of the dataset, containing 10,715 clean pairs, to
train and test the predictive model.

2.1 Transformation of the sequence into text format

The biological sequences are sequences of successive letters without space with
different lengths which are relevant to their biochemical structure and for their
biological function. The bioinformaticians use the alignment process to arrange the
primary structure of a protein to identify regions of similarity that may be a conse-
quence of functional, structural, or evolutionary relationships between the sequences.
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Dataset Positive pairs Negative pairs #RNA #Protein
RPI488 243 245 25 247
RPI2241 2241 2241* 841 2042
RPI12737 12,737 12737* 4636 449

*The number with star means that the negative pairs were not reported. All non-veported pairs ave considered as negative.

Table 1.
Description of different dataset used in random fovest training.

This approach leaves a lot of holes in a sequence when a region from sequence of
interest is not similar to the region of the other sequence. The alignment of multiple
sequences is not as simple as it may seem at the first glance and the position feature of
amino acids is threatened. Therefore, we propose a method which conserves the
position feature of amino acids in the sequence by translating sequences into terms to
apply the same representation technique for text data. T232he window with a
subrange in the sequence that gives the best metrics was used and slipped through the
given sequence with a fixed step, and each nucleotide (amino acid) segment was
stored as a term. The shortest size of the sliding window that gave better metrics
values was the size 3. As in the example below, the illustration of sequence transfor-
mation using a sliding window with size from one to four (Figure 1).

2.2 TF-IDF for feature engineering

The natural language processing has various types of approaches to transform the
sequence of words into numerical values, such as the bag of words, words embedding,
the term frequency inverse document frequency (TF-IDF), and so on. The TF-IDF
measures the frequency of a term in a sequence which highly depends on the length of
the sequence. The purpose of this method is to vectorize sequences [26-30]. To solve the
sequence issue with the complicated alignment, TF-IDF method uses the combination of
all possible terms in the dataset to have vectors of the same length with two extreme
cases where TF value will be zero if the term does not appear in the dataset and 1 if all
terms in the sequence are the same. The Term Frequency (TF) is used to measure how
many times a term is present in a sequence and The Inverse Document Frequency assigns
lower weight to frequent terms and assigns greater weight for the terms that are infre-
quent [31-33]. The TFIDF is the most widely used term weighting scheme. Yang and
Huang [34] used it for calculating term weight according to the location and length of the

KMNCDFNQR¥*** e *  Initial Sequence

Outcome of window size |

K M N D F N Q R Kk Tommmmmmmmmmmmmmmmmmmmmm e
KM MN NC CD DF FN NQ QR ** ----==nsmmmmmnss » Outcome of window size 2

............ » Outcome of window size 3

KMN MNC NCD CDF DFN FNQ NQR ***

» Outcome of window size 4

KMNC MNCD NCDF CDFN DFNQ FNQR **** ="~

Figure 1.
Hllustration of a sequence to text format using a sliding window of different sizes.
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keyword and Tian Xia and Yanmei Chai [35] implemented it by calculating distribution
based on local term weighting and global term weighting to improve the efficiency of IR
and TC systems and many researchers used the TF-IDF for feature engineering [36-38]
to solve classification problems in reasonable time, efforts, and resources.

Assuming S a set of sequences: S = {s: s is a sequence} and T a set of terms: T = {t: t
is a term.

TF would be a function defined as follow:

Numb t
TF: TS 25 [0,1]: (t:5) 5 TE(t, 5) = —ore of apprearence of (1)
Number of terms in s

Where t is a given term in a sequence s. The IDF function or normalization
function which calculates the importance of a sequence in the dataset will be defined
as follow:

N
IDF(S,) : Sy 2 R: S, = IDF(S,) = @

t

Where Sr is the set of all sequences containing the term t and N is the number of all
sequences in the dataset and s; = |St|. Thereafter, the TF-IDF is the multiplicative
value of TF(t,s) and IDF(s,)

N «N
TFIDF(t, 5) = TF(t, s) % IDF(S;) = —t 3)
N; % S;

WhereN; is the number appearances of term t in a sequence s and N, is the number
of sequences containing the term t (Figure 2).

Calculate the total number of Find the sequence containing the
terms in a sequence —| term t

Calculate the number of
occurrences of the term t

F 9

n a sequence

l

Are all sequences taken
into consideration?

|

Caleulate the TF-IDF values

Figure 2.
The term frequency-inverse document frequency flowchart.
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2.3 Feature selection

The TF-IDF method vectorises the RNA and RBP sequences and transforms them
into a 2D data frame with 10,715 rows and 7461 columns. I this situation, the dimen-
sionality reduction is required. The XgBoost method, an optimized implementation of
gradient boosted decision trees in python libraries, was used to estimate the impor-
tance of TF-values. That estimation consists in comparison of all attributes to each
other, to rank them based on their contribution to the general classification. Extreme
gradient boosting (XGBoost) is a new method that It can take weak feature classifiers
and into one strong classifier [39] due to its gradient boosting algorithm, efficiency,
flexibility, and portability [40, 41]. The XGBoost was used in the literature to discover
and retain the features that highly impact the prediction [42-46] and was ten time less
computationally expensive compared to other popular techniques [42].

2.4 Dataset balancing

In the 10,715 samples we have, 6333 were labeled as positive samples (interacting
pairs) while other 4382 were labeled as negative samples. The 1951 samples of difference
between two classes are not enormous. However, most machine learning algorithms do
not work very well with such imbalanced datasets [31, 47, 48]. This why we tried to
train our model on unbalanced dataset and balance it thereafter. There are several
techniques to balance datasets [32] but we chose to use two of them: Random Over-
sampling by using the bootstrapping method to increase the size of the minority class,
and Under sampling that applies a nearest-neighbors algorithm [48] and “edit” the
dataset by removing samples which do not agree “enough” with their neighborhood.

3. Predictive model: random Forest

The prediction of RPIs was done after training and testing the Random Forest among
other classifiers. The RF is a supervised machine learning algorithm that is constructed
from decision tree algorithms developed by Tin Kam Ho in 1995 [33, 34] and used to
solve classification and regression problems. The random forest establishes the result
according to the mean predictions of all the decision trees. A decision tree consists of
decision nodes, leaf nodes, and a root node. The algorithm behind the decision tree
divides the training set into branches, which further split into new branches branches
until a leaf node is attained (a leaf node cannot be splitted into other branches). This
sequence of branches uses the Classification And Regression Tree (CART) methodology
combined to the resampling with replacement [25]. The random forest has multiple
parameters that can be optimized by most of them were kept by default. Among the
parameters the criterion Gini and the minimum of sample required to split fixed at two
trees and hundred branches were chosen for better results.

3.1 Classification trees (Forest)

A decision tree is a way of representing knowledge obtained in the inductive
learning process. The space is split using a set of conditions, and the resulting
structure is the tree. Assuming we have 7 pairs and TF-values vectors {X;} ;with
outcomes y,, our dataset can be presented as follow:
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Dataset = {(Xl, yl), (Xz, J’z)’ e (Xm J’n)} (4)

Each TF-value vector is X = (Xp1, Xi2> ... Xka) and d is the number of TF-values
from RNA and RBP altogether.

The decision tree is defined as binary process where a decision is made based on
whether the TF-value X; is inferior to a threshold t or not. This threshold depends on
the node at which the decision is made. The top node contains all examples (X, y,),
and these examples are subdivided into children nodes according to the possibility of
classification at that node. The subdivision of examples continues until every node at
the bottom has examples which are in one class only.

3.2 The Gini criterion

The Random Forest as a python implementation of the scikit-learn library, this is
made by the parameter ‘criterion ‘. This parameter is the function used to measure the
quality of a split and it allows users to choose between ‘Gini °, or ‘entropy ‘. We
preferred the Gini criterion because computationally, entropy is more complex since it
makes use of logarithms and consequently, the calculation of the Gini Index will be
faster. The Gini criterion is used to measure the diversity at each tree node when the
TF-value and optimal threshold are chosen. Assuming the set of all examples is S and
the set of examples at the node j is Sj, then S is a partition of children node sets, i.e.:

S= UQS] where L is the number of children nodes

Each sample §j is portioned into two classes C1 = interacting pair and C2 = non-
interacting pair. The proportion of a sample Sj in the set of all examples and the
proportion of Sj with a class Ci are respectively defined as follow:

ISil
P(S) =14
S:NC;
P(CilS}) = | ]s | (5)

The Gini criterion is the variation g(Sj) in the set Sj defined as follow:

¢(5) = Y P(CIS) - P(GIS) ©

The variation g(Sj) reaches the maximum when the set Sj is equally divided in the
class Ci and the minimum when the set Sj is just made by one of the two classes. The
variation the full subdivision Sj (known as Gini Index) is defined as the weighted sum
of their respective proportions in the set of all examples.

Gini Index = P(S1)(g(S1) + P(S2)(g(S2) + ... P(S1)(g(S1) @)
3.3 The random vector

A random vector is defined as an array X of random variables defined on the same
probability space. In this study the array is the TF-values vectors
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X = (X3, X5 ... X,;) where X;are column vectors (8)

The random y = {yy, V2, ... ya} with y;€ {0,1} is the classification of examples where
1 represent a protein-RNA interaction (RPI) while O represent a non-interaction. The
model vector (X,y) is defined on the same probability space as the random vector X.

The goal of this predictive model is to build a classifier which predict the random
vector y (classes) from random vector X (TF-values) based on the examples in the
dataset from paragraph 3.1. This classifier is based on a family of classification trees
and the ensemble of those trees is called Random Forest.

3.4 Ten-fold cross-validation method

The cross-validation is a resampling procedure used to evaluate machine learning
models on a limited data sample. The procedure has a single parameter called k that
refers to the number of groups that a given dataset is to be split into, and it is called k-
fold cross-validation (k = 10 for this study). The 80% was used for the 10-fold cross
validation, randomly shuffled and split into 10 groups. Among the 10 groups, only one
group was kept as validation data to test the model and the remaining 9 sub-samples
were used as training data. Importantly, each observation in the validation set is
assigned to an individual group and stays in that group for the duration of the
procedure. This means that each sample is given the opportunity to be used in the hold
out set 1 time and used to train the model 9 times. The 10 results were then averaged
to produce a single estimate by summarizing the mean of the model scores. The
metrics we used to evaluate the model performance are Accuracy, Specificity, Sensi-
tivity and MCC (Matthews Correlation Coefficient)

TP + TN

AAcCuracy = p TN + PN + TN
N
Ficity —
Specificity TN + P
TP

SenSlthlty = m

MCC — TP+ TN — FP % FN ©)
/(TP + TN)(FP + FN)(TP + FN)(TP + FP)

Where TP, FP, TN, and FN stand for True Positive, False Positive, True Negative
and False Negative respectively.

3.5 Independent test

The remaining 20% of the dataset was used to test the classifier performance to the
unseen data. This test dataset was completely independent of the data sample used in
10-fold cross validation. The goal was to train the Random Forest with parameters
having the best performance on new data.

4, Results and discussion

We have applied the sliding window approach to transform RNA and protein
sequences into text format using different window’s sizes starting from size 2. We
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constated that there was not much difference between the model performance when
using a sliding window size of 3,4 or 5 and the performance started decreasing at
window size of 6. Therefore, we chose the window’s size 3 because it gives the best
results in less time. After we applied the TF-IDF to the dataset we got a data frame of
10,715 rows and 7461 attributes. The Random Forest applied to this dataset gave a
good performance with a scope of improvement because all 7461 features do not have
the same importance in the prediction. We applied the XgBoost algorithm to select the
best features. The best threshold showed that 232 features contribute to the prediction
at 0.2% at least. The performances of different classifiers are summarized in Table 2.
The receiver operating characteristic (ROC) curves of the three classifiers confirms
our preference of the Random Forest to other classifiers. The Area under the curve is
0.98, 0.95 and 0.93 for Random Forest, Logistic Regression and Multinomial Naive
Bayesian respectively (Figure 3). Sometimes, one algorithm can overperform other
algorithms for one metric measure and loses for other metrics. But in this study, the

Classifiers 10-Fold cross validation Independent test

Spe Sen Acc McCC Spec Sen Acc McCC
RF 0.96 0.94 0.95 0.92 0.95 0.94 0.94 0.90
LR 0.96 0.89 0.92 0.84 0.93 0.89 0.91 0.83
MNB 0.95 0.89 0.92 0.84 0.93 0.88 091 0.82

RF = Random Forest; LR = Logistic Regression; MNB = Multinomial Naive Bayesian.

Table 2.
Comparative summary of three different predictive models.

Xi<il . Do e e R T L Parentnode
NO es
S - Child node 1
Yes
PRy _  Childnode 2
X3<a3
Interaction
Yes
NO

Interaction

Figure 3.
Illustration of classification trees with three nodes. The thresholds ti depends on each note and ave learned duving
the training process.
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Random Forest overperformed other two classifiers in all metrics and more impor-
tantly for Matthew Correlation Coefficient (MCC) because it is an ensemble-based
algorithm using the resampling with replacement method to reduce variance. This
method makes that the Random Forest takes a lot of time to be trained but it is worth
it because: a tree-based learning algorithm, on large datasets, allows to quantitative
and qualitative input variables, can be immune to redundant variables or variables
with high correlation which may lead to overfitting in other learning algorithms and
has few parameters to tune (Figures 4 and 5).

3
TF-IDF data frame
with 7361 features

Random

. & 6333 positives
- Over-sampling P

6333 Negatives

6333 Positives
4382 Negatives

Random Forest 232 most important XgBoost
Accuracy:0.95 |, 100 trees and 2 B features *—] n=0.2%
MCC: 0.92 branches
b
Random Forest
,:;Cc::r;c;éo.so 100 trees and 2
i branches
Figure 4.
A systematics review of imbalanced data challenges and dimensionality veduction.
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Representation of ROC of the AUC for three classifiers showing that the random Forest curve is higher than other
classifiers.
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5. Conclusions

The Term Frequency Inverse Document Frequency borrowed from natural lan-
guage processing was combined with the sliding window to transform the RNA and
protein sequences into a data frame of numerical values and 232 most contributing
TF-values were selected using the XgBoost feature importance. Based on these fea-
tures, we trained the Random Forest classier on 10,132 samples and tested it on 2534
remaining samples. The results in the Table 2 show that the Random Forest
overperformed all other predictive models that we trained on this dataset for com-
parison such as Logistic Regression and Multinomial Naive Bayesian. The highest AUC
for the Random Forest, combined with the high specificity and sensitivity, provides
an indication of its ability to correctly predict all classes in large datasets. The Random
Forest is computationally expensive, but there is a significant performance difference
compared to other classifiers which is worth the training time.
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