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Preface to “Current Knowledge in Thyroid Cancer—
From Bench to Bedside” 

In recent years, studies in the field of thyroid cancer have been performed in order to identify and 

verify thyroid specific biomarkers, as well as cancer-specific changes in gene expression patterns and 

alterations of the protein content. Furthermore, new drugs, small molecules and antibodies were 

developed and tested in vitro and in vivo. Trials investigated the ratio between therapeutic and adverse 

effects. Tyrosine kinase inhibitors (TKI) have become a new therapeutic option of both differentiated 

thyroid cancer and medullary thyroid cancer. In the last few years, new substances for targeted systemic 

therapy have been approved after their efficacy was demonstrated in Phase III trials. Most of them show a 

moderate response. However, adverse effects are common. TKI are used in patients with advanced 

metastatic thyroid cancer that is radioiodine (RAI)-refractory. 

In this Special Issue, original studies on the pathophysiology, diagnosis, and therapy of thyroid 

cancer, including genetics, proteomics, metabolomics, molecular and cell biology, will be published. It 

will also cover reports on patients, providing novel mechanistic insights into the underlying pathogenesis 

or new aspects that may impact clinical therapy, and recent study results in order to review the current 

status of new therapy options in thyroid cancer. 

Daniela Grimm 

Special Issue Editor 
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Abstract: Fine needle aspiration cytology (FNAC) represents the gold standard for determining the
nature of thyroid nodules. It is a reliable method with good sensitivity and specificity. However,
indeterminate lesions remain a diagnostic challenge and researchers have contributed molecular
markers to search for in cytological material to refine FNAC diagnosis and avoid unnecessary
surgeries. Nowadays, several “home-made” methods as well as commercial tests are available to
investigate the molecular signature of an aspirate. Moreover, other markers (i.e., microRNA, and
circulating tumor cells) have been proposed to discriminate benign from malignant thyroid lesions.
Here, we review the literature and provide data from our laboratory on mutational analysis of FNAC
material and circulating microRNA expression obtained in the last 6 years.

Keywords: fine needle aspiration cytology (FNAC); indeterminate lesions; next generation
sequencing; gene expression classifier; microRNAs (miRNAs)

1. Thyroid Nodules

In countries where iodine deficiency has been corrected by iodine prophylaxis, thyroid nodules
are found in approximately 4–7% of the population [1]. However, in countries affected by moderate or
severe iodine deficiency, the prevalence is even greater [2]. Subclinical nodules, detected by thyroid
ultrasound, are found in over 50% of women older than 60 years, a number similar to that reported in
autopsy series.

Any type of nodule may be found as a single lump in an otherwise normal thyroid gland
or in the context of a multinodular goitre. Regardless of the presentation, the large majority are
benign hyperplastic nodules, frequently an expression of underlying nodular goitre or autoimmune
thyroiditis. Thyroid cancer is found in less than 10% of hypo-functioning nodules that are solid or
mixed on thyroid ultrasound (US) and more than 80% of them are differentiated thyroid cancer of the
follicular epithelium.

Surgical treatment of thyroid nodules without selection would expose millions of people annually
to surgery. Since only a small proportion of these nodules finally result malignant at histology, this
approach would imply a tremendous number of unnecessary surgeries and high financial costs.
Thyroid nodules must therefore undergo rigorous selection based on a rational diagnostic protocol.

Int. J. Mol. Sci. 2017, 18, 775 1 www.mdpi.com/journal/ijms
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2. Diagnostic Evaluation of Thyroid Nodules: Fine-Needle Aspiration Cytology (FNAC)

The ultimate objective of the diagnostic protocol is to differentiate between benign and
malignant nodules. Nowadays, the problem has largely been solved by fine-needle aspirate cytology.
In expert hands, FNAC has an overall accuracy of 95%. The sensitivity is between 43% and 98% and
the specificity is between 72% and 100%, with positive and negative predictive values of 89–98%
and 94–99%, respectively [3]. False positive and false negative results are between 1–11% and
0–7%, respectively.

The Bethesda Classification System [4], a six diagnostic category system, is at present the most
widespread reporting system for thyroid fine needle aspiration (FNA) cytology. The categories are:
(I) non-diagnostic/unsatisfactory; (II) benign; (III) atypia of undetermined significance/follicular
lesion of undetermined significance (AUS/FLUS); (IV) follicular neoplasm/suspicious for follicular
neoplasm (FN); (V) suspicious for malignancy (SUSP) and (VI) malignant.

Category I refers to samples where inadequate or insufficient material is present for a diagnosis
or the interpretation is precluded by technical artefacts. In different series, the rate of inadequate
cytologies varies between 15% and 20% and in these cases it is recommended to repeat the procedure
after some weeks or months [5–8]. Around 70% (range 53–90%) of aspirates are classified as category II,
meaning that the features are consistent with a nodular goitre or thyroiditis. Meanwhile 4% (1–10%) are
classified as category VI when unequivocal features of papillary, medullary or anaplastic carcinoma or
lymphoma are present, and 10% (5–23%) are classified as category V. A particular issue is represented
by category III and IV, representing nearly 20% of FNACs. In this case, the aspirate is represented
by a monotonous population of follicular cells arranged on cohesive groups, whose cellular and
nuclear features are similar whether the nodule is benign or malignant. The distinction is based on the
presence of vascular and capsular invasion, which is detectable only at histology. In a meta-analysis
of 25,445 thyroid FNAC [4] cases reported from eight studies using the Bethesda System, 9.6% of
all samples were diagnosed as AUS/FLUS (category III) and 10.1% were diagnosed as follicular
neoplasm/suspicious for follicular neoplasm (FN/SFN) (category IV) with an average cancer risk at
final histology of 15.9% and 26.1%, respectively. It is evident that, both the AUS/FLUS and FN/SFN
have a cancer risk that cannot be ignored. However, at final histology, only about 25% of the lesions
result malignant, so the risk of cancer is not high enough to definitely support surgery as treatment of
all indeterminate lesions.

3. Protein-Based Assays to Increase FNAC Performance

To avoid unnecessary surgeries and to increase FNAC performance especially for Categories
III and IV, several markers have been proposed in the past years. Among those studied by
immunocytochemistry, galectin-3 is one of the most reliable. Galectins are carbohydrate-binding
proteins that are members of the β-galactoside binding lectin family. Galectin-3, (Gal-3) appears to
be necessary for the maintenance of transformed thyroid papillary cancer (PTC) cell lines in vitro [9].
The use of Gal-3 in the detection of thyroid malignancy in indeterminate or suspicious FNA has a
sensitivity that ranges from 20% to 100% and a specificity ranging from 62% to 100% [10–17]. In case
of indeterminate FNAC with a positive staining for Gal-3, surgery is strongly recommended, however
no specific suggestions can be made in case of Gal-3 negative staining [14]. Similar results have
been described with the Hector Battiflora Mesothelial-1 (HBME-1), a monoclonal antibody developed
against the microvillous surface of mesothelial cells, which has shown a sensitivity of 79–87% and
a specificity of 83–96% [12,13,18–20] in Bethesda categories III and IV. Another proposed marker is
CD44v6, a polymorphic family of immunologically related cell-surface glycoproteins, which have a
functional role in regulating cell–cell and cell–matrix interactions, cell migration, tumor growth and
progression [21–24]. The combined use of CD44v6 and Galectin-3 in indeterminate lesions showed 88%
sensitivity, 98% specificity with a positive predictive value (PPV) of 91%, and a diagnostic accuracy of
97% [15].
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Although the usage of different markers has been tested to improve the diagnostic efficacy in
FNAC, so far none of the tested molecules has provided sufficient sensitivity and specificity to advocate
its use in routine practice (not recommended by the America Thyroid Association (ATA).

4. Use of Molecular Markers in the Differential Diagnosis of Thyroid Nodules

The discovery of genetic alterations specific for differentiated thyroid cancer have provided
molecular markers to be searched for in the material obtained by FNA, thus increasing the diagnostic
accuracy of traditional cytology. The need to search for genetic alterations in FNAC sample should
be considered especially for Bethesda categories III and IV. However, the revised guidelines for the
management of thyroid cancer published by ATA in 2015 [25] do not provide strong recommendation in
support of the use of molecular markers to help the management of patients with indeterminate cytology.

The most frequent genetic alterations detected in papillary and follicular thyroid carcinoma
(PTC and FTC, respectively) are B-Raf proto-oncogene, serine/threonine kinase (BRAF), rat
sarcoma (N-H-KRAS) point mutations, and REarranged during Transfection proto-oncogene
(RET)/PTC, and Paired box 8/Peroxisome proliferator activated receptor gamma (PAX8/PPARγ)
rearrangements [26,27]. Telomerase reverse transcriptase (TERT) promoter and Tumor protein 53 (TP53)
mutations are more frequent in less differentiated carcinomas [28–30]. Nowadays, there are three
diffuse approaches to investigating the molecular profile of FNA: (1) the seven genes panel; (2) the
Afirma classifier and (3) next generation sequencing (NGS) assays.

4.1. Seven Genes Mutational Panel

The first study analyzing the contribution of molecular testing to thyroid fine-needle aspiration
cytology was published in 2010 [31]. In this work, the authors considered BRAF and RAS gene
mutations, as well as RET/PTC, and PAX8/PPAR-γ gene rearrangements in 117 indeterminate
cytologies. Among these, 35 (29.9%) cases had a neoplastic outcome and 20 (17.1%) cases were found
to be carcinoma. Positive molecular results were found in 12 cases, all of which were PTC. The authors
found that the cancer probability for AUS/FLUS and FN/SFN with molecular alteration was 100%,
while the probability for AUS/FLUS and FN/SFN without molecular alteration was 7.6%.

In the same year, another study [32] analyzed 174 consecutive FNAC (all categories) for BRAF,
RAS, RET, TRK, and PPAR-γ alterations. Mutations were found in 67/235 (28.5%) cytological samples.
Of the 67 mutated samples, 23 (34.3%) were mutated by RAS, 33 (49.3%) by BRAF, and 11 (16.4%) by
RET/PTC. The presence of mutations at cytology was associated with cancer in 91.1% of the cases and
with follicular adenoma in 8.9% of the time. The accuracy of molecular analysis was 90.2%, with a
sensitivity of 78.2%, specificity of 96.2%, PPV of 91% and negative predictive value (NPV) of 89.9%.
Considering only categories III and IV (n = 41), the authors found that 7/41 (17%) samples were
mutated (2 BRAF, 2 RET-PTC, 3 RAS). At final histology, all but one (follicular adenoma) were PTC.
Of the 34 samples with no mutation, 33 were benign lesions and only one was PTC. Specificity was
97%, sensitivity was 85% and accuracy 95%.

The most complete work aimed to disclose the clinical utility of molecular testing of thyroid
FNA samples with indeterminate cytology was published in 2011 [33]. Nikiforov and co-workers
analyzed the presence of BRAF, N-H and K-RAS point mutations and RET/PTC1-3, PAX8/PPARγ
rearrangements in 1056 consecutive thyroid FNA samples with indeterminate cytology. In 967/1056
(92%) cytologies, the material was adequate for molecular analysis. They found 87 mutations including
62 RAS (71.3%), 19 BRAF (21.8%), 1 RET/PTC (1.1%) and 5 PAX8/PPARγ rearrangements (5.8%).
In the AUS/FLUS category, sensitivity was 63%, specificity 99%, PPV 88%, NPV 94% and accuracy 94%.
For the FN/SFN group, sensitivity was 57%, specificity 97%, PPV 87%, NPV 86% and accuracy 86%.
In AUS/FLUS, FN/SFN categories the detection of any mutation conferred the risk of histological
malignancy of 88 and 87%, respectively. The risk of cancer in mutation-negative nodules was 6%, 14%,
and 28%, respectively.
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In conclusion, mutation panels intended to identify malignancies in indeterminate lesions must
include at least BRAF and RAS point mutations (H, K and NRAS), and RET/PTC, PAX8/PPAR-γ
rearrangements. Several “homemade” methods comprising PCR with final Sanger sequencing and
some commercial kits are available to screen for these alterations with the limitation that they cannot
rule out malignancy with a NPV > 95%.

Since the publication of our previous work [32], we applied molecular testing in clinical routine,
especially for FNAC categories III and IV. We collected 197 consecutive indeterminate samples
and searched for BRAF, RAS (H, K and NRAS), and TERT point mutations, and RET/PTC1-3 and
PAX8/PPAR-γ rearrangements. End point PCR, real time PCR, denaturing high performance liquid
chromatography (DHPLC) and direct sequencing were used for the analysis [32]. The exam was
performed on 176/197 (89.4%) of the sample as in 21/197 (10.6%) the collected material was inadequate
for the investigation. We found 17 mutations (9.6%) including 3 BRAF, 2 HRAS, 5 NRAS, 1 KRAS and
6 RET/PTCs. These 17 patients were subjected to surgery and 15/17 (88.2%) were confirmed malignant
at final histology (3 FTC, 5 PTC and 7 follicular variant PTC) whereas 2/17 (11.7%) were follicular
adenoma (1 NRAS and 1 RET/PTC). Among the 159 nodules negative for mutations, 23 underwent
surgery for other reasons (i.e., ultrasound characteristics, patient's decision, increased nodule size
over time) and 21/23 (91.3%) were confirmed benign lesions at histology whereas 2/23 (8.6%) were
malignant (2 microcarcinomas). The PPV was 88.2% and the NPV was 91.3%, with an accuracy of 90%
(Table 1). One-hundred and thirty-six nodules/176 (77.2%) negative for mutation and not subjected to
surgery are still under follow up. In a period of time from 1 up to 6 years, no increase in nodule size or
changes in ultrasound features were observed. Twenty-two/136 (16.2%) samples repeated a second
FNAC and a category II was found for these lesions confirming the results of molecular test. Despite
the encouraging results, the method of the “seven genes” has the limitation that collected material can
be inadequate to perform the complete panel, thus increasing the number of false negative results.

Table 1. Results from mutation analysis on indeterminate lesions treated with surgery.

Atypia of Undetermined Significance/Follicular Lesions of Undetermined Significance (AUS/FLUS)

Follicular neoplasma/suspicious for follicular neoplasma (FN/SFN)
(n = 40)

Histology Malignant Histology Benign
Sensitivity 88.2%
Specificity 91.3%
PPV 88.2%
NPV 91.3%
Accuracy 90%

Mutation positive (n = 17)

7 RAS (6 FVPTC, 1 FTC)
3 BRAF (3 PTC)
5 RET/PTC (1 FVPTC, 2
PTC, 2 FTC)

1 NRAS (FA)
1 RET/PTC (FA)

Mutation negative (n = 23) 2 microcarcinoma 21 (9 FA, 12 HN)

PTC = papillary thyroid cancer; FTC = follicular thyroid cancer; FVPTC = follicular variant of PTC; FA = follicular
adenoma; HN = hyperplastic nodules; PPV = positive predictive value; NPV = negative predictive value.

4.2. Afirma Classifier

The Afirma test is a gene expression classifier (GEC) [34] which uses the expression of 142 genes
to categorize thyroid nodules into benign or suspicious (rule out method). The test was validated
in a multi-institutional (for a total of 49 clinical sites) prospective double-blind study funded by
industry (Veracyte) in indeterminate nodules [35]. Authors obtained 577 cytologically-indeterminate
aspirates, 413 of which had corresponding histopathological specimens from excised lesions. After
inclusion criteria were met, only 265 aspirated were allocated to GEC and were included in the
final analysis [35]. Of these 265, 85 (32%) were confirmed to be malignant at histology. In the 265
indeterminate cytology nodules, the sensitivity of the Afirma test was 92% (95% confidence interval
(CI), 84%, 97%, 78/85) and the specificity was 52% (95% CI, 44%, 59%, 93/180). In another study by
same authors [36] on 339 cytologically-indeterminate nodules (165 AUS/FLUS; 161 FN; 13 suspicious
for malignancy), 174/339 (51%) were GEC benign and 148/339 (44%) were GEC suspicious. Among
GEC-suspicious nodules, 121 were surgically removed and 53 (44%) were malignant, confirming the
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previous study in terms of sensitivity and specificity. Recent studies, have shown results from the
GEC classifier in indeterminate cytologies obtaining high sensitivity but lower specificity compared to
previous reports thus stressing the need of additional, independent, non-industry supported studies
to establish the performance of the classifier [37–39]. In summary, based on the above studies, Afirma
test sensitivity has been reported to range from 83% to 100% and specificity from 7 to 52%, where the
prevalence of malignancy in histopathologically confirmed study populations has ranged from 17% to
51% [35,37,38,40].

4.3. Thyroseq and Other NGS Platform

Targeted next generation sequencing (NGS) is a promising method to simultaneously examine
multiple genes with high sensitivity potentially achieving not only high PPV but also high negative
predictive value (NPV) [41] and with low input of starting material (5 to 10 ng).

ThyroSeq is a NGS-based gene mutation and fusion panel initially designed to target 12 cancer
genes with 284 mutational hot spots [41], showing 100% accuracy with a sensitivity of 3–5% of mutant
alleles. In the first work reporting data from Thyroseq, the authors analyzed 229 thyroid neoplastic and
non-neoplastic samples and found mutation in 70% of PTCs (19/27), 83% of papillary thyroid cancer
follicular variant (PTCFV) (25/30), 59% of FTC (21/36), 30% of poorly differentiated thyroid carcinoma
(3/10), 74% of anaplastic thyroid cancer (ATC) (20/27) and in 73% of medullary thyroid carcinomas
(11/15). The majority of samples were mutated for BRAF and RAS. Other studies confirmed the high
PPV of the ThyroSeq (88% and 87% for AUS/FLUS and FN, respectively) [42,43] and indicate that the
test could potentially be used as a “rule in” test.

In 2014, results from ThyroSeq v2, an enhanced version of the test, on AUS/FLUS and FN cytologies
were published [44]. ThyroSeq v2 allowed the analysis of 14 genes (more than 1000 mutations) and
RNA alterations (approximately 42 fusions) reaching a sensitivity and specificity of 90% and 93%,
respectively, a PPV of 83%, an NPV of 96%, and accuracy of 92% [44]. These results suggested that
ThyroSeq v2 may potentially works as both “rule out” and “rule in” test for nodules with indeterminate
cytology. Finally, owing to the limited studies and data from literature, the value of ThyroSeq v2 needs
further investigation. Moreover, clinical validation results are not available yet, whereas data for lung
and other tumors show that next generation sequencing is as robust as Sanger sequencing in routine
diagnostics and, in addition, is able to reveal mutations in low percentage and screen the mutational
status of different critical samples offering innovative diagnostic opportunities [45–48]. Furthermore,
methodological problems like result interpretation (e.g., for unknown mutations), definition of cut offs
for mutation calling, and bioinformatics analysis need to be solved and common standard operation
procedures (SOPs) need to be defined. On the matter of bioinformatics analysis, a recent report
describes a solution called “SeqReport” [49]. This module automatically imports patient data and
related NGS run information and allows comprehensive review of all variants by users linking
to both COSMIC and dbSNP databases and manual review of variants. In addition, the program
automatically locates variants with low frequency or coverage and compares the status of Sanger
sequencing confirmation. In this method, the cut off values are determined for each multigene panel
during validation. Human errors are minimized and the creation of clinical report is automatic also
with appropriate clinical comments.

Le Mercier and colleagues [50] performed a pilot study with a commercially available NGS-based
50-gene panel kit (Ion AmpliSeq Cancer Hotspot Panel version 2; Thermo Fisher Scientific, Gent,
Belgium) to evaluate 34 indeterminate FNA samples. The panel is designed to amplify 207 amplicons
covering approximately 2800 COSMIC mutations from 50 oncogenes and tumor suppressor genes.
The authors identified cytologies with a “molecular test negative” (including patients carrying germline
polymorphisms, mutations of unknown clinical significance, or no mutation) or “molecular test
positive” for patients carrying pathogenic mutations reaching a sensitivity and specificity of 71%
and 89%, respectively. The PPV and NPV were 63% and 92%, respectively, with an accuracy of 85%.
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ThyroSeq v2 actually has shown the best results in terms of sensitivity, specificity, PPV and NPV but
further studies including a larger number of cases are required for the Ion AmpliSeq Panel.

5. Role of miRNAs in the Differential Diagnosis of Thyroid Lesions

MicroRNA (miRNAs) are small molecules of RNA (approximately 22 nt), non-encoding for
protein which negatively regulate gene expression-targeting specific mRNAs [51]. miRNAs can be
detected in plasma and serum as they circulate in the blood in a stable, cell-free form [52]. Furthermore,
tumor cells have been shown to release miRNAs into the circulation [52] and profiles of miRNAs in
plasma and serum have been found to be altered in cancer and other disease states [53–55]. Larger
scale miRNA analysis has proven that miRNA expression enables the distinction of benign tissues from
their malignant counterparts [56,57]. The mechanisms of miRNA implication in cancer development
are linked to downregulation of tumor suppressor genes or upregulation of oncogenes.

Several studies have demonstrated a different miRNA signature between benign and malignant
thyroid tissues [58–65] unfortunately using different detection systems (microarray and/or Quantative
RT-PCR (Q-RT-PCR) and producing inconsistent results in terms of selected miRNAs, sensitivity and
specificity. However, all authors concluded that a limited set of miRNAs can be used for the differential
diagnosis between benign and malignant lesions in the surgical samples with high accuracy, implying
the potential role of miRNAs in differentiating the nature of thyroid nodules in FNAC. Again, the most
important question is question is whether the analysis of miRNAs in cytological samples can improve
FNAC results, particularly for indeterminate lesions [61,66–74]. All the studies which addressed this
issue obtained a similar diagnostic odds ratio (mean 20.3) and concluded that a set of multiple miRNAs
seems to be more sensitive (sensitivity of 87%) than a single miRNA (sensitivity of 71%) although
there is discrepancy in terms of set of miRNA proposed. Pooling together the results from these
studies, however, a relative small set of 15 miRNAs emerge as the more powerful diagnostic panel
for indeterminate lesions. The panel is composed of miRNA7, -146, -146b, -155, -221, -222, -21, -31,
-187, -30a-3p, -30d, -146b-5p, -199b-5p, -328 and miRNA197. Future prospective and retrospective
research are recommended on a large cohort of indeterminate lesions to validate the diagnostic value
of this panel.

As pointed out previously, FNAC represents the gold standard for the differential diagnosis of
thyroid nodules, however it is an invasive technique compared to blood sampling. Thus, the idea
is to use miRNAs as a serological marker for thyroid cancer (TC) diagnosis from the moment that
TC releases miRNAs into the bloodstream. Three studies addressed this issue [75–77], two of them
in the Chinese population [77,78] and only one study in the Caucasian population [77]. Although
these studies found different set of miRNAs, the preliminary results are promising for future research
showing a good sensitivity (ranging from 61.4 to 94%) and specificity (ranging from 57.9% to 98.7%).

We performed a study on serum miRNA expression (miRNA95 and miRNA190) on
982 consecutive patients undergoing FNAC at our institute. We collected serum from 114/982 (11.6%)
subjects with a Bethesda III and IV FNAC result. Seventy-five/114 (65.7%) underwent surgery and at
final histology we had 11 follicular adenomas (FA), 32 hyperplastic nodules (HN), 27 PTCs, 4 FTCs
and 1 Hurthle cell carcinoma (HC). miRNAs were extracted from 200 μL of serum using the miRNeasy
Serum/Plasma Kit (Qiagen, Milan, Italy) and retro-transcribed by miScript II RT Kit (Qiagen). Two μL
of cDNA was used as template for real time PCR (RT-PCR) to measure miRNA expression levels with
the miScript SYBR Green PCR Kit (Qiagen) with specific primers for miRNA-95 and -190 (Qiagen).
RT-PCR was performed in duplicate on the Rotor-gene Q MDx (Qiagen) under the following cycling
conditions: 95 ◦C for 15 min, 40 cycles at 94 ◦C for 15 s, 55 ◦C for 30 s and 70 ◦C for 30 s. Relative
expression levels were calculated using the 2−ΔΔCt method with the miRNA-16 as endogenous control.
miRNA expression correctly identified 38/43 (specificity of 88.4%) of the benign lesions and 27/32
(sensitivity of 84.3%) of malignant sample. We had 5 false positive (FP) (5 HNs) and 5 false negative
(FN) (4 PTCs, 1 FTC) results, obtaining a final accuracy of 86.7% (Table 2). Despite the promising
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results, molecular analysis on FNAC has a better performance and further studies are required to
identify the optimal set of circulating miRNAs specific for indeterminate lesions.

Table 2. Results from microRNA (miRNA) expression analysis on indeterminate lesions treated
with surgery.

Histology
miRNA Expression Negative

for Malignancy
miRNA Expression

Positive for Malignancy
Performance

Benign at histology 38 (11 FA, 27 HN) 5 (5 HN) Sensitivity 84.3%
Specificity 88.4%

PPV 88.4%
NPV 84.3%

Accuracy 86.7%
Malignant at histology 5 (1 FTC, 4 PTC) 27 (23 PTC, 3 FTC, 1 HC)

PTC = papillary thyroid cancer, FTC = follicular thyroid cancer, FA = follicular adenoma, HN = hyperplastic nodules,
HC = Hurtlhe cell carcinoma, PPV = positive predictive value, NPV = negative predictive value.

Serum normally contains low amounts of total RNA, of which miRNAs only constitute 0.4–0.5%.
In addition, serum samples may be affected by technical problems, such as hemolysis and it is not
known whether circulating serum expression can be influenced by other comorbidities. In this view,
the analysis on FNAC may be preferable.

In 2016 two studies [78,79] were published on clinical validation of the RosettaGX Reveal test,
a miRNA-based assay which evaluates a set of 24 miRNAs (by real time PCR) specific for cytologically
indeterminate thyroid nodules. The assay can be used directly on FNA smears and it is able to
categorize benign or suspicious nodules even when as little as 1% of thyroid cells is present or less than
5 ng RNA are extracted. The overall NPV reported was 99%, with sensitivity of 98% and specificity
of 78%.

6. Proteomics: An Interesting Alternative Approach to Stratify Thyroid FNAC

Proteomics is the large-scale study of proteins and it is widely used to discover cancer
biomarkers. In the field of thyroid cancer, proteomics has been initially applied on thyroid tissue
specimens and cancer cell lines [80–89], using different techniques such as surface-enhanced laser
desorption/ionization-time-of-flight-mass spectrometry (SELDI-TOF-MS), liquid chromatography–
mass spectrometry (LC/MS) and MS alone. All these studies ended by identifying specific protein
signatures for malignant and benign lesions with a final selection of clusters of proteins with
discriminating abilities. In particular, proteins involved in oxidative stress, metabolic pathways,
nuclear stability, turnover of thyroglobulin, and kinase signaling are those more represented in
thyroid cancer. Techniques such as matrix-assisted laser desorption/ionization (MALDI)-TOF-MS and
MALDI-imaging mass spectrometry (MALDI-IMS) have been applied in several studies [90–95] to
cytological thyroid specimens. Most of these studies used ex vivo FNA [90,91,93–95] and one study [94]
used pre-surgical FNAC obtaining an overall sensitivity of 87% and specificity of 94% in discriminating
benign from suspicious samples, with a good reproducibility among studies. Proteomics could serve
to improve the preoperative diagnosis of indeterminate lesions, but some aspects such as the limitation
in the availability of these technologies and the lack of uniformity among techniques, need to be
addressed before its introduction in clinical practice.

7. Conclusions

In summary, the purpose of thyroid molecular testing is to discriminate the nature of thyroid
nodules and reduce the diagnostic uncertainty of cytologically indeterminate lesions prior to surgery.
Mutation panels intended to identify malignancies must include at least BRAF, and RAS point
mutations as well as RET/PTC, NTRK, and PAX8/PPARγ rearrangements. Several “home-made”
methods and some commercial kits are available to screen for these alterations with the limitation that
they cannot rule out malignancy with an NPV >95%. GEC recognizes benign lesions on the basis of
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an expression pattern of mRNA extracted from one or two dedicated FNA needle passes. A negative
result in the Afirma test has resulted in a major decrease in the number of surgeries performed in
samples classified as Bethesda categories III and IV. However, Afirma shows a low PPV. On the other
hand, the risk of malignancy calculated by ThyroSeq or other NGS platforms is superior to that of the
Afirma, reaching an NPV of 95% or more, with good sensitivity and high PPV. The identification of
new biomarkers (i.e., miRNA, proteomic profiles) in the thyroid needs to be corroborated in larger
studies with final histology as a gold standard and adequate follow up before use in the clinical
routine [96]. Therefore, molecular testing must be always performed in specialized laboratories and
results interpreted within the context of the clinical, radiographic, and cytological findings. In addition,
clinicians may take into account that the interpretation of molecular testing and its utility are strongly
influenced by the prevalence of cancer in each cytological category [96] which can differ among centers.
Due to this aspect, molecular test performance may vary significantly.
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Abstract: Molecular markers are helpful diagnostic tools, particularly for cytologically indeterminate
thyroid nodules. Preoperative RET/PTC1 rearrangement analysis in BRAF and RAS wild-type
indeterminate thyroid nodules would permit the formulation of an unambiguous surgical plan.
Cycle threshold values according to the cell count for detection of the RET/PTC1 rearrangement
by real-time reverse transcription-polymerase chain reaction (RT-PCR) using fresh and routine
air-dried TPC1 cells were evaluated. The correlation of RET/PTC1 rearrangement between fine-needle
aspiration (FNA) and paired formalin-fixed paraffin-embedded (FFPE) specimens was analyzed.
RET/PTC1 rearrangements of 76 resected BRAF and RAS wild-type classical PTCs were also analyzed.
Results of RT-PCR and the Nanostring were compared. When 100 fresh and air-dried TPC1 cells
were used, expression of RET/PTC1 rearrangement was detectable after 35 and 33 PCR cycles,
respectively. The results of RET/PTC1 rearrangement in 10 FNA and paired FFPE papillary thyroid
carcinoma (PTC) specimens showed complete correlation. Twenty-nine (38.2%) of 76 BRAF and RAS
wild-type classical PTCs had RET/PTC1 rearrangement. Comparison of RET/PTC1 rearrangement
analysis between RT-PCR and the Nanostring showed moderate agreement with a κ value of 0.56
(p = 0.002). The RET/PTC1 rearrangement analysis by RT-PCR using routine air-dried FNA specimen
was confirmed to be technically applicable. A significant proportion (38.2%) of the BRAF and RAS
wild-type PTCs harbored RET/PTC1 rearrangements.

Keywords: RET/PTC gene rearrangement; air-dried FNA specimen; RT-PCR; Nanostring
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1. Introduction

The evaluation of a thyroid nodule is a very common clinical problem. Epidemiologic studies
have shown the prevalence of palpable thyroid nodules to be approximately 5% in women and 1% in
men living in iodine-sufficient parts of the world [1,2]. In contrast, high-resolution ultrasound (US)
can detect thyroid nodules in 19–68% of randomly selected individuals, with higher frequencies in
women and the elderly [3,4]. The clinical importance of thyroid nodules rests with the need to exclude
thyroid cancer, which occurs in 7–15% of cases depending on age, sex, radiation exposure history,
family history, and other factors [5,6]. Differentiated thyroid cancer (DTC) includes papillary and
follicular cancer, and comprises the vast majority (>90%) of all thyroid cancers [7]. In the United States,
approximately 63,000 new cases of thyroid cancer were predicted to be diagnosed in 2014 [8] compared
with 37,200 in 2009 when the last ATA guidelines were published. The yearly incidence has nearly
tripled from 4.9 per 100,000 in 1975 to 14.3 per 100,000 in 2009 [9].

The most prevalent type of thyroid malignancy in Korea is papillary thyroid carcinoma (PTC),
which constitutes more than 97% of the cases, followed by follicular thyroid carcinoma (FTC),
comprising 1.5% of the thyroid cancer [10]. Compared to Western countries, the prevalence of PTC is
much higher. Therefore, the evaluation of a thyroid nodule in Korea is primarily a search for PTC.

Fine-needle aspiration (FNA) is the safest and most reliable test that can provide a definitive
preoperative diagnosis of malignancy [11]. The sensitivity and specificity of FNA are reported to be
68–98% and 56–100%, respectively [12]. However, 15–30% of thyroid FNA diagnoses are “atypia of
undetermined significance (AUS)/follicular lesion of undetermined significance (FLUS)”, “follicular
neoplasm or suspicious for follicular neoplasm (FN/SFN)”, and “suspicious for malignancy” [13].
This leads to an increased rate of unnecessary surgery, as only about 25% of the indeterminate cases
will receive a postoperative malignant diagnosis by histological examination [11]. Moreover, patients
with a diagnosis of indeterminate category usually undergo hemithyroidectomy, and about 25% of the
patients need to have a second stage completion thyroidectomy in most centers [12]. Two-stage surgery
has higher morbidity than initial total thyroidectomy undertaken with a definitive malignant diagnosis
on FNA. Preoperative molecular analysis using a panel of genetic alterations would overcome the
limitation of FNA diagnosis. The most common genetic alteration in thyroid cancer is the activation of
the mitogen-activated protein kinase pathway. Activation of this pathway occurs through mutually
exclusive mutations of the BRAF and RAS genes and rearrangements of the RET/PTC and NTRK.
The overall prevalence of the BRAF mutations is approximately 45% (range, 27.3–87.1%) [14,15], with
a significantly higher prevalence in Asia—especially Korea—relative to Western countries [15–17].
The mutations of the RAS genes are the second most common genetic alterations in thyroid tumors,
and are mostly present in follicular-patterned lesions. The prevalence of RAS mutations in follicular
variant of papillary thyroid carcinoma (FVPTC) varies from 26.5% to 33.3% in Korea, where most of
the follicular patterned thyroid malignancy is FVPTC [18,19].

RET proto-oncogene rearrangements are commonly seen in PTC. These rearrangements play a role
in pathogenesis of PTC, and derive from the fusion of the RET tyrosine kinase domain sequence with
50 sequences of heterologous genes. The resulting chimeric oncogenes are termed RET/PTCs [20–24].
RET/PTC rearrangements are typically common in tumors from patients with a history of radiation
exposure (50–80%) and PTC of children and young adults (40–70%) [25,26]. The distribution of
RET/PTC rearrangements within this tumor is quite heterogeneous, and varies from the involvement
of almost all neoplastic cells to presence in only a small fraction of the tumor cells [27,28]. To date,
13 different types of RET/PTC rearrangements have been reported; RET/PTC1 and RET/PTC3 account
for more than 90% of all rearrangements.

The prevalence of the RET/PTC rearrangements in PTC varies widely in different populations
(range, 0–86.8%) [29–31], with significant variability in mutational frequency—even within the same
geographical regions. Rates of 0–54.5% have been reported in Asia [30–32], 2.4–72.0% in the United
States [17,33], and 8.1–42.9% in Europe [34,35]. The marked variations may reflect the small size
of the studies, geographic variability, or different sensitivities of the detection methods [36,37].
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When this variability is considered, the prevalence of RET/PTC rearrangements in Asia is generally
low [29–32,38,39]. The subclonal occurrence of RET/PTC rearrangement in PTC can influence
the sensitivity of some methods, and might explain why the reported prevalence of RET/PTC
rearrangements in PTCs varies in different studies. Very recent studies demonstrated that RET/PTC
rearrangements in benign thyroid nodules are not an uncommon occurrence, and suggested that its
presence could be associated with a faster nodular enlargement [40–42]. A variety of methods have been
used to identify RET/PTC rearrangements. These include real-time reverse transcription-polymerase
chain reaction (RT-PCR), Southern blot analysis, fluorescence in situ hybridization, and NanoString
nCounter Gene Expression Assay.

Most preoperative detection of these rearrangements has been performed in fresh FNA material.
Recently, detection of the PAX8/PPARG and RET/PTC rearrangements in routine air-dried FNA samples
was reported [43–48]. The FNA approach suffers from the limitation that indeterminate FNA specimens
usually contain small numbers of atypical cells, and these cells are often mixed with many inflammatory
cells, benign follicular cells, and stromal cells. Therefore, harvesting the cells of interest is the key step
in molecular analysis of the FNA specimen.

Preoperative RET/PTC1 rearrangement analysis in BRAF and RAS wild-type indeterminate
thyroid nodules would permit the formulation of an unambiguous surgical plan, while foregoing
the need for other less-specific diagnostic tests like repeat FNA and intraoperative frozen section
evaluation. We have previously reported the value of the preoperative BRAF and RAS mutation
analysis in diagnosing PTC in routine air-dried FNA specimens [18,49–51]. In our institution,
we recommend surgery for BRAF or RAS-positive thyroid nodules with preoperative cytological
diagnosis of AUS/FLUS and FN/SFN categories, and have been able to detect considerable numbers
of PTCs in cytologically-indeterminate nodules [50]. Considering that 88% of the PTCs harbor either
a BRAF or a RAS mutation (Thyroid, 2017, Epub ahead of time), we hypothesized that detection of
RET/PTC rearrangements on BRAF and RAS mutation wild-type FNA specimens of the indeterminate
thyroid nodules will improve the diagnostic yield of PTC. An algorithmic approach is cost-effective
and efficient—especially in BRAF mutation-prevalent populations.

In this study, we investigated the clinical feasibility of preoperative RET/PTC1 rearrangement
analysis as an ancillary diagnostic tool in routine air-dried FNA samples. We also evaluated the
RET/PTC1 rearrangement status for 76 BRAF and RAS wild-type classical PTC cases.

2. Results

2.1. Detection of the RET/PTC1 Rearrangement in a Fresh TPC1 Cell Line

The Ct value was increased when the cell numbers used for analysis were decreased and showed
an inverse correlation (Table 1 and Figure 1). RET/PTC1 rearrangement was detectable after 35 PCR
cycles when 100 TPC1 cells were used.

Table 1. Ct values and cell counts of RET/PTC1 rearrangement analysis by RT-PCR using fresh cultured
TPC1 cells.

Cell Number RET/PTC1 (Ct) GAPDH (Ct)

1000 30.3 23.1
500 31.2 24.2
250 34.1 27.1
100 35.6 29.4
50 36.7 30.6

16



Int. J. Mol. Sci. 2017, 18, 806

Figure 1. Threshold cycle (Ct) values and cell counts of RET/PTC1 rearrangement analysis by real-time
reverse transcription-polymerase chain reaction (RT-PCR) using fresh cultured TPC1 cells. GAPDH:
glyceraldehyde-3-phosphate dehydrogenase.

2.2. Detection of the RET/PTC1 Rearrangement in Routine Air-Dried TPC1 Cell Line

When RET/PTC1 rearrangement was analyzed using various numbers of smeared, alcohol-fixed,
and Papanicolaou-stained PTC1 cells, the cell number and the threshold cycle (Ct) value also showed an
inverse correlation (Table 2 and Figure 2). The expression of RET/PTC1 rearrangement was detectable
after 33 PCR cycles when 100 cells were used.

Table 2. Ct values and cell counts of RET/PTC1 rearrangement analysis by RT-PCR using RNA extracted
from routine air-dried and Papanicolaou-stained TPC1 cells.

Cell Number RET/PTC1 (Ct) GAPDH (Ct)

1000 32.3 29.4
500 33.9 31.1
250 34.2 32.8
100 33.3 31.1
50 34.6 33.3

Figure 2. Ct values and cell counts of RET/PTC1 rearrangement analysis by RT-PCR using RNA
extracted from routine air-dried and Papanicolaou-stained TPC1 cells.
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2.3. Correlation of the RET/PTC1 Rearrangement between Routine Air-Dried FNA and Paired FFPE PTC
Tissue Specimens

When RET/PTC1 rearrangement was analyzed using PTC cells from archival air-dried FNA
slides aspirated from the patients proven to have a histopathological diagnosis of PTC, RET/PTC1
rearrangement was detected in all 6 cases even though the Ct values of the archival specimen
were higher than those of formalin-fixed paraffin-embedded (FFPE) PTC tissue specimens (Table 3).
Four cases lacking RET/PTC1 rearrangement in tissue specimen also failed to reveal rearrangement
in FNA samples. These results confirmed that RET/PTC1 rearrangement analysis by RT-PCR can be
applied in preoperative FNA samples as an ancillary diagnostic tool.

Table 3. Correlation of RET/PTC1 rearrangement status between routine air-dried fine-needle aspiration
(FNA) and paired formalin-fixed paraffin-embedded (FFPE) specimens.

Ct of FFPE Specimen Ct of FNA Specimen

Case RET/PTC1 GAPDH Case RET/PTC1 GAPDH

1 26.15 27.40 1 35.05 35.86
2 26.15 29.23 2 36.41 37.54
3 26.32 28.96 3 37.03 34.79
4 40 34.67 4 >50 36.74
5 24.64 28.84 5 37.66 35.86
6 31.71 29.92 6 34.26 35.47
7 24.71 26.98 7 36.62 36.78
8 >50.00 28.64 8 >50.00 31.69
9 >50.00 27.55 9 >50.00 30.34

10 >50.00 29.31 10 >50.00 30.01

2.4. Detection of the RET/PTC1 Rearrangement in Resected BRAF and RAS Wild-Type PTC Cases Using
FFPE Tissue Specimen

Of 600 surgically resected FFPE specimens histologically diagnosed as PTC, classical type, 518 had
BRAF mutations and 6 had RAS mutations. Among 76 BRAF and RAS wild-type PTCs, 29 (38.2%)
cases turned out to have RET/PTC1 rearrangement. Considering that alteration of BRAF, RAS, and RET
genes are mutually exclusive, 29 (4.8%) of 600 classical PTC cases harbored RET/PTC1 rearrangement.

2.5. Comparative Analysis of RT-PCR with the NanoString nCounter Gene Expression Assay for Detecting
RET/PTC1 Rearrangement in FFPE PTC Tissue Specimen

Twenty-six cases showed correlation on both methods (5 positives and 21 negatives), whereas
five cases showed discrepancy between the two methods (three cases positive for Nanostring but not
for RT-PCR, two cases positive for RT-PCR but not for Nanostring). Two different analysis methods
showed moderate agreement with a κ value of 0.56 (p = 0.002).

3. Discussion

The value of molecular markers on preoperative FNA specimens has been described in various
thyroid nodules [18,47,49–53]. RET/PTC rearrangements are commonly found in adult sporadic
PTCs with a marked variable prevalence in different studies owing to geographic variability or
different sensitivity of the detection methods [17,29–37]. The reported prevalence rates of RET/PTC
rearrangements varied largely among studies. While geographical factors and radiation exposure
can partially account for this wide range of prevalence, the methodology applied appears to be the
most important factor to explain this variability. Searching for RET/PTC rearrangements by a less
sensitive method may have the drawback of leaving some PTCs undiagnosed, but has the advantage
of reducing false positive findings. Indeed, while sporadic cells harboring RET/PTC rearrangements
can be present in benign nodules, its clonal occurrence is exclusive to PTC. Hence, the less sensitive
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RT-PCR seems to be more suitable for diagnostic purposes. RET/PTC rearrangements analysis on
thyroid tumor has not been extensively performed in Korea, given the prevalence of the BRAF V600E
mutation in PTC in Korea.

In this report, we assessed the clinical usability of preoperative RET/PTC1 rearrangement analysis
as an ancillary diagnostic tool for BRAF and RAS wild-type indeterminate thyroid nodules, and
explored the RET/PTC1 rearrangement status in a large number of PTC cases. These explorations
have never been done in Korea, to our knowledge. We routinely use atypical follicular cells marked
by the cytopathologists and dissected from routine air-dried FNA samples to increase the sensitivity.
Since clinical FNA samples contain limited numbers of cells to perform several steps required for
deciding optimum number of cells for successful analysis and cutoff values, we performed same
analysis using fresh TPC1 cells which are equivalent to the fresh FNA samples in step 1 and air-dried
Papanicolaou-stained TPC1 cells equivalent to the archival FNA slides in step 2.

The Ct values in Table 2 tend to decrease when the cell numbers were increased; however, both Ct

values of the RET/PTC1 and GAPDH expression using 250 cells are greater than those using 100 cells.
Since Ct values of the housekeeping gene expression also showed the same phenomenon, we assumed
that a considerable amount of RNA in 250-cell groups might have been deteriorated. At any rate,
we found that RET/PTC1 expression could be measured when 50–100 air-dried Papanicolaou-stained
TPC1 cells were used.

When we compared the Ct values of fresh and air-dried Papanicolaou-stained TPC1 cells according
to the cell numbers, the Ct values were slightly decreased when air-dried Papanicolaou-stained cells
were used. We assumed that this finding might have resulted from the imprecise cell count in step 2.
Fresh cells were counted using a hemocytometer, whereas air-dried and Papanicolaou-stained cells
were counted on a slide using a square micrometer under the microscope. The expression of RET/PTC1
rearrangement detectable after 33 PCR cycles when routine air-dried 100 TPC1 cells were used suggests
that RET/PTC1 expression could be detected in routine air-dried FNA samples containing 100 cells.

When RET/PTC1 rearrangement status from ten FNA and paired FFPE samples were compared,
the results showed complete agreement. The higher Ct value of FNA samples compared to the matched
FFPE samples could be attributed to the much smaller numbers of cells in FNA samples. The other
reason might be the different RNA extraction method used for the two different samples.

Since BRAF mutations, RAS mutations, and RET/PTC rearrangements are mutually exclusive,
we analyzed the RET/PTC1 rearrangement status on both BRAF (V600E and K601E) and RAS
(NRAS codons 12, 13, 61; HRAS codons 12, 13, 61; KRAS codons 12, 13, 61) wild-type PTC cases
to save cost and effort. The main limitation of our experiment is that we only performed RET/PTC1
rearrangement, even though the prevalence for RET/PTC3 arrangement in previous Korean report
was 0%. Another reason for analyzing RET/PTC1 is that we were able to secure a cell line harboring
only the RET/PTC1 rearrangement.

Among 76 surgically resected both BRAF and RAS wild-type FFPE specimens histopathologically
diagnosed as PTC, classical type, 29 (38.2%) cases turned out to have RET/PTC1 rearrangement;
this means that RET/PTC1 rearrangement was detected in 29 (4.8%) of 600 classical-type PTCs.
Two previous studies reported REP/PTC rearrangements in Korea. One study failed to identify any
RET/PTC1, 2, 3 rearrangements in 24 cases of PTC by RT-PCR [31]. The other study detected 2 (6.5%)
RET/PTC1, 2 (6.5%) RET/PTC2, and no (0%) RET/PTC3 rearrangements in 31 PTCs by RT-PCR [38].
Both studies used fresh frozen tumor tissue. The slight discrepancy could be explained by the
difference of the sample size. The slightly lower prevalence of RET/PTC1 rearrangement compared to
the second study might also be attributed to the poor RNA preservation in the FFPE specimens.

The NanoString nCounter Gene Expression Assay is a robust and highly reproducible method for
detecting the expression of up to 800 genes in a single reaction with high sensitivity and linearity across
a broad range of expression levels. The methodology serves to bridge the gap between genome-wide
(microarrays) and targeted (real-time quantitative PCR) expression profiling. The nCounter assay is
based on direct digital detection of mRNA molecules of interest using target-specific, color-coded
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probe pairs. It does not require the conversion of mRNA to cDNA by reverse transcription or the
amplification of the resulting cDNA by PCR. The expression level of a gene is measured by counting
the number of times the color-coded barcode for that gene is detected, and the barcode counts are then
tabulated [54]. Comparative analysis of RT-PCR with the Nanostring method for detecting RET/PTC1
rearrangement in FFPE PTC tissue showed moderate agreement with a k value of 0.56 (p = 0.002).
There is a discrepancy between these two methods (three cases positive for Nanostring but not for
RT-PCR, two cases positive for RT-PCR but not for Nanostring). The discrepancy might be attributed
to the different RNA extraction methods and cut-off values of each method. In three cases with
discrepancy, the results were near to the cut-off value. Another reason might be attributed to the
difference of tumor portion used in two different methods. Since we did not initially plan to compare
RT-PCR with Nanostring, we made the tumor sections only for RT-PCR analysis. Therefore, the tumor
portions which were used for Nanostring might have been slightly different from the initial tumor
portion. Next generation sequencing (NGS) is being used to study genetic alterations in institutions
worldwide. However, it may be a long time until NGS becomes a routine part of thyroid cancer
practice in Korea, since only NGS panels relevant for the therapeutic modality have been approved by
the Korean government. Furthermore, only large institutions like university hospitals can adopt NGS
in practice. Therefore, algorithmic approach of BRAF mutation analysis followed by RAS mutation
and RET/PTC1 rearrangement may be of more practical help to refine FNA diagnosis of indeterminate
thyroid nodules.

We confirmed the technical applicability of RET/PTC1 rearrangement analysis using routine
air-dried FNA samples as an ancillary diagnostic tool through several steps of the experiment.
The presence of RET/TPC1 rearrangement in a significant proportion (38.2%) of the patients with
BRAF and RAS wild-type PTCs can be used to diagnose and manage patients with BRAF and RAS
wild-type indeterminate thyroid nodules. Since the BRAF V600E mutation, NRAS codon 61 mutation,
and RET/PTC1 rearrangement comprise more than 90%, 75%, and 50% of the BRAF mutations, RAS
mutations, and RET/PTC rearrangements [18,50], an algorithmic approach of BRAF V600E mutation
analysis followed by NRAS 61 mutation and RET/PTC1 rearrangement analysis would cost-effectively
and efficiently overcome a diagnostic limitation of the thyroid FNA by triaging considerable numbers
of PTCs in cytologically indeterminate nodules.

4. Materials and Methods

4.1. Total RNA Extraction and First-Strand Synthesis

Total RNA from fresh and fixed TPC1 cells (derived from human thyroid papillary carcinoma,
classic type and harboring RET/PTC1 rearrangement) was extracted using MasterPure Complete
DNA and RNA Purification Kit (Epicentre, Madison, WI, USA). Total RNA from formalin-fixed
paraffin-embedded (FFPE) specimen was extracted using a High Pure FFPE RNA isolation kit
(Roche Diagnostics, Mannheim, Germany). First-strand synthesis was performed on 2 μg of total
RNA using a Tetro cDNA synthesis kit (Bioline, London, UK). Tetro reverse transcriptase with diethyl
pyrocarbonate water and cDNA reverse transcribed product from the TPC1 cells were used as negative
and positive controls, respectively.

4.2. RT-PCR

Amplification was performed by RT-PCR using a LightCycler 480 Instrument (Roche Diagnostics),
and measurement was performed using LightCycler quantification software version 1.5 (Roche
Diagnostics). The RT-PCR reaction mixture was prepared in a Light Cycler® 480 Multiwell Plate
96 containing 0.5 μM of each primer set (RET/PTC1 and glyceraldehyde-3-phosphate isomerase, GAPDH),
0.25 μM of the probes, 2X of LightCycler 480 Probes Master (Roche Diagnostics), and 1–2 μg (1 μg for
the cell and 2 μg for the FFPE tissue) of cDNA template in a final reaction volume of 20 μL (Table 4).
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Table 4. Primers and probes sequences for RT-PCR.

RET/PTC1 Primers and Probes Sequences

Forward primer (5′–3′) CGC GAC CTG CGC AAA
Reverse primer (5′–3′) CAA GTT CTT CCG AGG GAA TTC C
TaqMan Probe (5′–3′) FAM-CCA GCG TTA CCA TCG AGG ATC CAA AGT-BHQ1

GAPDH

Forward primer (5′–3′) GTT CGA CAG TCA GCC GCA TC
Reverse primer (5′–3′) GGA ATT TGC CAT GGG TGG A
TaqMan Probe (5′–3′) FAM-ACC AGG CGC CCA ATA CGA CCA A-BHQ1

4.3. NanoString nCounter Gene Expression Assay

Tumor portion on the hematoxylin and eosin-stained FFPE tissue slides was marked by the
pathologist, and total RNA was isolated from two to three FFPE tissue sections (10 μm thick) using an
miRNeasy FFPE Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The
probe sets were custom designed and synthesized by NanoString Technologies (Seattle, WA, USA),
and nCounter assays were performed according to the manufacturer’s protocol. Briefly, 500 ng of
total RNA was hybridized to nCounter probe sets for 16 hours at 65 ◦C. Samples were then processed
using an automated nCounter Sample Prep Station (NanoString Technologies, Inc., Seattle, WA, USA).
Cartridges containing immobilized and aligned reporter complexes were subsequently imaged on
an nCounter Digital Analyzer (NanoString Technologies, Inc.). Reporter counts were collected using
the NanoString’s nSolver analysis software version 1, normalized, and analyzed. A total of eight
expression probes were designed, four (5′-1 to 5′-4) proximal and four distal (3′-1 to 3′-4) to most
commonly-known junction sites for RET fusions. An imbalance between 5′ and 3′ probe signals was
indicative of the presence of a RET fusion transcript. We used a cutoff of three-fold for 3′/5′ ratio.
Therefore, a case was considered positive for rearrangement if 3′/5′ imbalance was three-fold or more.

We used Cohen’s κ coefficient to measure agreement between RT-PCR and Nanostring method.

4.4. Detection of the RET/PTC1 Rearrangement in Fresh TPC1 Cell Line

Total RNA was extracted by Master Pure Complete DNA and RNA Purification Kit (Epicentre)
using a fresh cell colony formed from 1000 cultured TPC1 cells (provided by Nagataki, Nakasaki
University, Japan). RT-PCR was performed and the minimum number of cycles (Ct value) needed to
detect the expression of RET/PTC1 rearrangement and GAPDH was determined. Similarly, the number
of the cells was reduced to 500, 250, 100, and 50, and RT-PCR was performed to evaluate Ct

values according to cell count. The whole procedure was performed in triplicate after TPC1 cells
were harvested

4.5. Detection of RET/PTC1 Rearrangement in Routine Air-Dried TPC1 Cell Line

To make a condition identical to that in the routine air-dried FNA preparation, cultured TPC1
cells were smeared on a slide and fixed with 95% ethanol according to the routine FNA preparation in
our cytology laboratory. The fixed cells were stained by the routine Papanicolaou procedure. After the
coverslips were removed from the smeared slides, the atypical cells of interest were dissected with
a 26-gauge needle under the light microscope. Approximately 50, 100, 250, 500, and 1000 cells were
dissected using a square micrometer under the microscope. A needle tip was carefully submerged in a
tube containing extraction buffer supplied by MasterPure Complete DNA and RNA Purification Kit
(Epicentre), and total RNA was extracted. RT-PCR was performed, and Ct values for the expression of
RET/PTC1 rearrangement and GAPDH were evaluated using 50, 100, 250, 500, and 1000 air-dried and
alcohol fixed TPC1 cells, respectively. The whole procedure was performed in triplicate after TPC1
cells were harvested.
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4.6. Correlation of RET/PTC1 Rearrangement between Routine Air-Dried FNA and Paired FFPE PTC
Tissue Specimens

PTC cells from the archival FNA slides from the Department of Pathology, Konkuk University
Medical Center were used. The slides that were selected were from samples aspirated from ten thyroid
nodules with histopathological diagnosis of classical-type PTC. Study approval was obtained from
the Institutional Review Board (KUH1210043). After the coverslips were removed from the slides,
approximately 100 atypical follicular cells were dissected with a 26-gauge needle under the light
microscope, and total RNA was extracted using MasterPure Complete DNA and RNA Purification
Kit (Epicentre). RT-PCR was performed, and Ct values of the RET/PTC1 rearrangement and GAPDH
expression were evaluated. Tumor portion on the hematoxylin and eosin-stained FFPE tissue slides
was marked by the pathologist, and total RNA was isolated from two-to-three FFPE tissue sections
(10 μm thick) using High Pure FFPE RNA isolation kit (Roche Diagnostics). RT-PCR was performed
and Ct values of the RET/PTC1 rearrangement and GAPDH expression were evaluated. The Ct values
defining the analysis as positive is greater than 40 cycles.

4.7. Detection of the RET/PTC1 Rearrangement in Resected BRAF and RAS Wild-Type PTC Cases Using
FFPE Tissue Specimen

Archival thyroid neoplasm that had been surgically removed between 2010 and 2014 at Konkuk
University Medical Center were blindly re-evaluated according to the 2004 World Health Organization
classification of thyroid neoplasm by the two pathologists (Tae Sook Hwang, who is an endocrine
pathologist, and Young Sin Ko). In case of a disagreement and to reach a consensus, another endocrine
pathologist (Chan-Kwon Jung) independently reviewed the cases. Of the 600 classical PTC cases
selected, 518 had BRAF mutation and 6 had RAS mutation. Finally, 76 BRAF and RAS wild-type
classical PTC cases were selected. Tumor portion on the hematoxylin and eosin-stained FFPE tissue
slides was marked by the pathologist, and total RNA was isolated from two-to-three FFPE tissue
sections (10 μm thick) using High Pure FFPE RNA isolation kit (Roche Diagnostics). RT-PCR was
performed, and Ct values of the RET/PTC1 rearrangement and GAPDH expression were evaluated.
The Ct value defining the analysis as positive is greater than 40 cycles.

4.8. Comparison Analysis of RT-PCR with the NanoString nCounter Gene Expression Assay for Detecting
RET/PTC1 Rearrangement

RET/PTC1 rearrangement status was also analyzed by the Nanostring method, using 31 cases
having sufficient cancer tissue remaining for the comparative analysis.

5. Conclusions

RET/PTC1 rearrangement analysis by RT-PCR using routine air-dried FNA specimen was
confirmed to be technically applicable and significant population (38.2%) of the BRAF and RAS
wild type PTCs harbor RET/PTC1 rearrangement. Preoperative RET/PTC1 rearrangement analysis in
BRAF and RAS wild type indeterminate thyroid nodules would permit a formulation of unambiguous
surgical plan, while foregoing the need for other less specific diagnostic test such as repeat FNA
and intraoperative frozen section evaluation. An algorithmic approach is cost-effective and efficient
especially in BRAF mutation prevalent populations.
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Abbreviations

AUS Atypia of undetermined significance
Ct Threshold cycle
FFPE Formalin-fixed paraffin-embedded
FN Follicular neoplasm;
FNA Fine needle aspiration
FLUS Follicular lesion of undetermined significance
FVPTC Follicular variant of papillary thyroid carcinoma
FTC Follicular thyroid carcinoma
NGS Next generation sequencing
RT-PCR Real-time reverse transcription-polymerase chain reaction
SFN Suspicious for follicular neoplasm
PTC Papillary thyroid carcinoma
TPC1 Thyroid papillary carcinoma 1
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Abstract: Cell-free DNA (cfDNA) quantity and quality in plasma has been investigated as a
non-invasive biomarker in cancer. Previous studies have demonstrated increased cfDNA amount
and length in different types of cancer with respect to healthy controls. The present study aims to test
the hypothesis that the presence of longer DNA strands circulating in plasma can be considered a
biomarker for tumor presence in thyroid cancer. We adopted a quantitative real-time PCR (qPCR)
approach based on the quantification of two amplicons of different length (67 and 180 bp respectively)
to evaluate the integrity index 180/67. Cell-free DNA quantity and integrity were higher in patients
affected by nodular thyroid diseases than in healthy controls. Importantly, cfDNA integrity index
was higher in patients with cytological diagnosis of thyroid carcinoma (Thy4/Thy5) than in subjects
with benign nodules (Thy2). Therefore, cfDNA integrity index 180/67 is a suitable parameter for
monitoring cfDNA fragmentation in thyroid cancer patients and a promising circulating biomarker
in the diagnosis of thyroid nodules.

Keywords: cell-free DNA; integrity index; plasma; qPCR; papillary thyroid carcinoma

1. Introduction

Cancer-derived DNA in blood represents a promising biomarker for cancer diagnosis. Previous
studies have demonstrated an increase of cell-free circulating DNA in different types of cancer [1] in
comparison to the general population.

Even if it is well known that DNA concentration in plasma is elevated in cancer patients [1]
and can be influenced by tumor characteristics [2], the hypotheses on its origin are still controversial
and details on the mechanism of release are not completely disclosed [3]. Circulating free-DNA is
released from apoptotic or necrotic cells, reflecting a differential DNA origin. Necrosis is common in
solid malignant cancers and generates a spectrum of DNA fragments of different size, due to random
digestion by DNases. In contrast, cell death in normal blood nucleated cells occurs mostly via apoptosis
that generates small and uniform DNA fragments. Support for this hypothesis has been reported
by several papers [2,4–12] and confirmed in recent studies demonstrating increased DNA length in
plasma from patients with breast [13,14], prostate [15], colorectal [16–18] and lung cancer [19].
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In addition, total cell-free DNA (cfDNA) concentration may also be altered in patients with
various benign diseases such as trauma, stroke, burns, sepsis, and autoimmune diseases, thus limiting
its value for diagnosis of cancer [20]. For this reason, the simple cell-free DNA quantitative analysis
cannot provide the expected clinical specificity.

To this purpose, the search of qualitative alterations of DNA, such as mutations, loss of
heterozygosity (LOH), microsatellite instability and epigenetic changes, were shown to improve
the cancer specificity [2]. Tumor biomarkers identified in plasma of cancer patients may have a high
diagnostic and prognostic value, however, the detection of these alterations is limited by the frequency
of their occurrence in each tumor type and their tumor-specificity so that the development of different
assays can be necessary when dealing with tumors with different mutational signatures.

Our attention is focused on fragmentation of plasma DNA. We extensively studied the
characteristics of cfDNA in plasma of melanoma patients, evidencing that total quantity and integrity
index could provide useful information to discriminate the tumor affected population from healthy
individuals [9]. The test is based on the hypothesis that DNA fragments in plasma are longer than
those of healthy individuals on account of an inefficient nuclease activity.

This manuscript studies patients affected by differentiated papillary thyroid carcinoma to test
the hypothesis that the presence of longer DNA strands circulating in plasma can be considered
a biomarker for tumor presence also in the case of thyroid cancer. We adopted a qPCR approach
based on the quantification of two amplicons of different length (67 and 180 bp respectively) to
evaluate the integrity index 180/67 whose performance had been previously evaluated in a case study
composed of melanoma patients. Control subjects and subjects affected by benign pathologies have
been considered as the references. Our aim is to investigate the ability of this parameter to provide
diagnostic information related to the cytomorphological classification of this tumor performed on fine
needle aspirates (FNA) of the nodular lesion.

2. Results

2.1. Plasma DNA Concentration and Integrity in Basal Blood Samples

Total cfDNA was quantified by the qPCR assay targeting the 67 bp amplicon on the APP gene
(see Methods section). Quantitative values of cfDNA concentration in plasma are reported in Table 1
and graphically represented in Figure 1a. Patients affected by nodular thyroid diseases (respectively
Thy2, Thy3 and Thy4/Thy5 cytology) showed higher levels of total cfDNA than healthy individuals
(p < 0.001).

Table 1. Quantitative values of cell-free DNA (cfDNA) markers in the case study.

(cfDNA) (ng/mL pl) App 180 (ng/mL pl) Integrity Index 180/67

Healthy n = 49
Median 5.12 2.42 0.56
Range 0.99–26.71 0.40–12.68 0.08–1.81

Thy2 n = 25
Median 11.88 9.03 0.67
Range 5.10–296.52 4.55–261.04 0.22–1.24

Thy3 n = 44
Median 12.41 9.02 0.83
Range 2.26–128.44 0.20–199.07 0.01–2.21

Thy4 + Thy5 n = 28
Median 11.47 10.15 1.02
Range 1.31–62.60 2.19–82.65 0.22–2.02

Analogously, cfDNA quantity according to the qPCR assay targeting the 180 bp amplicon on the
APP gene (see Methods section) was constantly higher in each patient’s cytology group (Thy2, Thy3
and Thy4/Thy5) than healthy controls with a p value lower than 0.001. The results are reported in
Table 1 and Figure 1b.
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(a) (b) 

Figure 1. Box plots reflecting the distribution in cases (Thy2, Thy3 and Thy4/Thy5) and controls
(healthy subjects) of total cfDNA quantity (a), and cfDNA quantity according to a qPCR assay targeting
a 180 bp amplicon on the APP gene (b). Each box indicates the 25th and 75th percentiles. The horizontal
line inside the box indicates the median, and the whiskers indicate the extreme measured values. Dots
and stars represent outliers.

Cell-free DNA integrity assessed by means of the integrity index 180/67 (see Methods section)
was significantly higher in Thy2 (p = 0.01), Thy3 (p = 0.002) and Thy4/Thy5 (p < 0.001) patients than
control subjects.

Subjects affected by benign thyroid nodules (Thy2) showed an integrity index significantly lower
(p = 0.013) than that found in patients with cytological diagnosis of thyroid cancer (Thy4/Thy5).

The values of integrity index for each patient’s group are reported in Table 1 and Figure 2.

Figure 2. Cell-free DNA integrity in the categories of the case study: healthy subjects, Thy2, Thy3
and Thy4/Thy5. Box plots indicate the 25th and 75th percentiles. The horizontal line inside the box
indicates the median, and the whiskers indicate the extreme measured values. Dots represent outliers.
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We did not find any significant difference in cfDNA quantity and integrity stratifying patients on
the basis of sex and age.

2.2. cfDNA Fragments

The absolute concentration of cfDNA fragments with length ranging from 67 to 180 bp, calculated
by subtracting the absolute concentration of the longer amplicon from that of the shorter one, was
significantly lower in Thy4/Thy5 patients (median = −0.12, range −20.05–28.62) than subjects with
Thy2 nodules (median = 3.40, range −2.24–47.94, p = 0.010) and healthy controls (median = 2.22, range
−1.98–14.16, p = 0.013).

Alternatively, the percentage of cfDNA fragments between 67 and 180 bp was calculated by
subtracting the absolute concentration of the longer amplicon to that of the shorter one and normalizing
for total cfDNA quantity (assessed by the shorter amplicon).

Healthy controls presented about 44% of these fragments, with a significant difference with
respect to Thy2 (33%, p = 0.010), Thy3 (17%, p = 0.002) and Thy4/Thy5 (−2%, p < 0.001) patients.

Thy2 subjects showed a higher percentage of fragments between 67 and 180 bp than Thy4/Thy5
patients (p = 0.013).

2.3. Plasma DNA Integrity in Post-Surgery Blood Samples

The specificity of the assay was demonstrated considering the variation of plasma DNA
concentration and integrity from the pre-surgery value to that found after treatment, few months later.
Specifically, for a group of 17 patients, an additional blood draw was taken 3–6 months after surgery
and radioactive iodine treatment when appropriate.

While no statistical differences were evidenced, independently from the amplicon length, between
pre-surgery total cell-free DNA concentration and that found at the follow-up time, the after surgery
sample showed a lower integrity index (median = 0.59, range 0.36–1.67) than that taken before surgery
(median = 0.87, range 0.32–1.30, p = 0.035, Figure 3).

Figure 3. Integrity index in samples before (PRE) and after (POST) surgery. Box plots indicate the 25th
and 75th percentiles. The horizontal line inside the box indicates the median, and the whiskers indicate
the extreme measured values. Dots represent outliers.
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After surgery, thyroid cancer patients showed a higher percentage of small (67–180 bp)
DNA fragments (median = 41.02 range −30.28–67.87) in comparison to the pre-surgery condition
(median = 12.99 range −67.18–64.00, p = 0.035).

2.4. ROC (Receiver Operating Characteristic) Curve Analysis

The predictive capability (i.e., diagnostic performance) of cfDNA quantity and integrity in thyroid
cancer was investigated by means of the area under the ROC curve by comparing healthy subjects
with patients with cytological diagnosis of thyroid carcinoma (Thy4/Thy5).

All the three markers showed a good predictive capability with an area under the ROC curve
(AUC) of 0.765 (p < 0.001), 0.982 (p < 0.001) and 0.796 (p < 0.001) for cfDNA quantity by 67 bp amplicon,
cfDNA quantity by 180 bp amplicon and integrity index, respectively (Figure 4).

Figure 4. Receiver Operating Characteristic (ROC) curve of cfDNA quantity assessed by two qPCR
assays targeting respectively a 67 and a 180 bp amplicon on the APP gene and cfDNA integrity index
180/67 in patients with cytological diagnosis of thyroid carcinoma (Thy4/Thy5) and control subjects.

ROC curve analysis was also used to investigate the diagnostic performance of the markers under
study by comparing Thy2 subjects with Thy4/Thy5 patients. Among the three considered parameters,
only cfDNA integrity showed a good AUC (0.699) with a significant p value (p = 0.013).

3. Discussion

Assays performed on tumor surrogate samples are attractive mainly because of limited
invasiveness of sample collection. CfDNA determination may represent an affordable way to impact
on a potential diagnostic, prognostic and monitoring tool in oncology.

Notwithstanding a presumed lack of specificity of the simple estimation of the quantity and
quality of total cfDNA, our previous results in melanoma patients show that, by jointly considering
a panel of four biomarkers including two tumor-specific ones, the highest predictive capability was
given by total cfDNA followed by integrity index 180/67 [21].
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Thus, the aim of the present work was to study cfDNA quantity and the qualitative parameter
integrity index 180/67 in thyroid cancer patients; to date, the latter aspect has not been investigated.

The study focused on the quantitative determination of circulating DNA by means of two qPCR
assays differing in the amplicon length (67 and 180 bp respectively).

It is generally accepted that the 180 bp-fragment reflects apoptosis, which is the prevalent
mechanism of cell death in normal cells, while necrosis, producing much longer DNA fragments,
seems to occur more frequently in tumor cells [22,23].

A statistically significant increase could be evidenced in nodular goiter patients when compared to
healthy subjects for both the absolute measurements of DNA concentration and the deriving integrity
index, similarly to already published results for different types of cancer. In fact, notwithstanding
a great heterogeneity in the pre-analytical and analytical steps, most of the papers based on qPCR
approaches to measure DNA fragmentation in plasma report an increase of integrity index in tumor
patients in comparison to the healthy population [6,7,10,13–19].

Besides qPCR, other approaches such as electrophoresis, electron and atomic force microscopy and,
more recently, massive parallel sequencing have been adopted for the determination of cfDNA fragment
size [5], providing insights into different aspects of cfDNA. However, among the above mentioned
approaches qPCR represents a fast, reliable and cheap method to investigate cfDNA integrity.

The most relevant result in our study is the significant difference in cfDNA integrity index between
subjects with benign nodules (Thy2) and patients with cytological diagnosis of thyroid carcinoma
(Thy4/Thy5). This finding supports cfDNA integrity as a promising biomarker in the diagnosis of
thyroid nodules.

Another important finding is the significant reduction of the considered integrity index evidenced
3–6 months after surgery. This result could be an indication of successful removal of the tumor,
analogously to what is reported by Gang et al. [24], and demonstrates the relationship between cfDNA
integrity index and tumor presence.

By evaluating the percentage of fragments in the range of length 67–180 bp, we evidenced
differences between the cytological categories of the case study (Thy2, Thy3 and Thy4/Thy5) and
control subjects, and a higher percentage of fragments in subjects with Thy2 nodules with respect to
Thy4/Thy5 patients. Analogously, post-surgical thyroid cancer patients show a higher percentage of
small DNA fragments (67–180 bp) in comparison to the pre-surgery condition. The same fragment
distribution could be evidenced in our previous study on melanoma patients [9] with the smaller
fragment being more abundant in control subjects with respect to melanoma and after tumor removal.
These analogous results confirm that total cfDNA analysis (quantity and quality) can be considered a
tumor-independent marker.

In conclusion, cfDNA integrity index 180/67 turned out to be a suitable parameter for monitoring
cfDNA fragmentation in thyroid cancer patients. These data support the hypothesis that a panel of
circulating biomolecular markers can be a non-invasive, valuable tool in the diagnosis of differentiated
thyroid cancer and are in line with our previous findings on the detection of BRAFV600E mutation in
plasma from patients with this disease [25]. As a perspective in thyroid patients, further studies using
DNA integrity index to monitor patients’ outcome and the effect of therapy are advisable. Moreover,
based on our previous experience in melanoma, a multimarker approach, taking into account different
biomarkers related to both cfDNA quantity and quality [21], as well as markers of tumor origin, should
be pursued.

4. Materials and Methods

4.1. Patients

The presence of cfDNA circulating in plasma and its integrity features were evaluated in
97 patients (71 females and 26 males, age range 18–90 years, median 56 years) admitted to the
Endocrinology Unit of Careggi Teaching Hospital because of nodular goiter between 2011 and 2015.
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Patients were submitted to US-FNA according to the adopted guidelines [26] and the cytological
diagnoses were made in accordance with the five diagnostic groups of the British Thyroid Association,
2007: Thy 1—non-diagnostic; Thy 2—non-neoplastic, Thy 3—follicular lesions, Thy 4—suspicious
of malignancy, Thy 5—diagnostic of malignancy [27]. When more than 1 nodule was sampled by
US-FNA in multinodular goiters, the worst cytology was considered.

Our case study is composed as follows: Thy2 (n = 25), Thy3 (n = 44), Thy4 (n = 24) and Thy5
(n = 4).

Seventeen patients affected by PTC were submitted to a second blood draw 3–6 months after
surgery (mean 4.4 months, range 2.7–6.4 months). In this period of time, 12 patients also underwent
radioactive iodine (RAI) treatment according to the adopted guidelines [28,29].

Healthy subjects were used as control populations, (n = 49, 26 females and 23 males, age range
25–89 years, median 53 years).

The research protocol was conducted in accordance with the guidelines in the Declaration of
Helsinki and approved by the local review board “Comitato Etico Regione Toscana Sezione Area Vasta
Centro” (code: CEAVC BIO 16.026, 2017); all the patients signed an informed consent.

4.2. DNA Extraction

Peripheral blood (5 mL) was collected in an ethylenediaminetetraacetic acid (EDTA) tube,
transported within one hour to the laboratory and centrifuged twice at 4 ◦C for 10 min (1600 and 14,000
rcf). Plasma aliquots were stored at −80 ◦C before use. DNA was extracted from 2 mL of plasma,
using the QIAsymphony Circulating DNA Kit (Qiagen, Hilden, Germany).

4.3. Plasma DNA Integrity Index 180/67 by qPCR

The quantity and integrity of the cell-free DNA circulating in plasma was evaluated by a
quantitative real-time PCR (qPCR) targeting the human APP (Amyloid Precursor protein, chr. 21q21.2)
gene (accession NM_000484). The assays were designed in a way that the forward primer and the
probe were the same for all amplicons, whereas the reverse primer varied (see ref. [9] for sequences and
qPCR protocol). The lengths of the amplicons selected for this study were 67 and 180 bps respectively.

Absolute quantification of the shorter amplicon (67 bp) on the gene APP was performed in plasma
samples to accurately measure the amount of free circulating DNA per mL plasma, using primers
and probe previously reported [30]. This assay was assumed to be able to measure the total amount
of circulating plasma DNA, including fragments down to 67 bp of length. Quantification of DNA
concentration was obtained by interpolation on an external reference curve ranging from 10 to 105

pg/reaction of genomic DNA. (A DNA preparation obtained by Sigma-Aldrich was employed as
the standard).

The ratio between the absolute concentration of the longer amplicon (180 bp) and the shorter
one (67 bp) defined the integrity index 180/67, which was used to assess the fragmentation of cfDNA.
Higher integrity index values indicate that all the cfDNA molecules are at least 180 bp in length in the
APP gene. Lower integrity indexes mean that cfDNA contains fragments below 180 bp in the same
target sequence.

4.4. Statistical Analysis

Statistical analysis was carried out using the SPSS statistics software package version 24 (IBM,
Armonk, NY, USA). Quantitative results were evaluated by Mann–Whitney and Wilcoxon signed-rank
test. p values lower than 0.05 were considered statistically significant. The predictive capability
(i.e., diagnostic performance) of each biomarker was investigated by means of the area under the
ROC (Receiver-Operating Characteristics) curve (AUC). The ROC curve measures the accuracy of
biomarkers when their expression is detected on a continuous scale, displaying the relationship
between sensitivity (true-positive rate, y-axes) and 1-specificity (false-positive rate, x-axes) across
all possible threshold values of the considered biomarker. A useful way to summarize the overall
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diagnostic accuracy of the biomarker is the area under the ROC curve (AUC), the value of which is
expected to be 0.5 in the absence of predictive capability, whereas it tends to be 1.00 in the case of high
predictive capacity [31].
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Abstract: Distinguishing between follicular thyroid cancer (FTC) and follicular thyroid adenoma
(FTA) constitutes a long-standing diagnostic problem resulting in equivocal histopathological
diagnoses. There is therefore a need for additional molecular markers. To identify molecular
differences between FTC and FTA, we analyzed the gene expression microarray data of 52 follicular
neoplasms. We also performed a meta-analysis involving 14 studies employing high throughput
methods (365 follicular neoplasms analyzed). Based on these two analyses, we selected 18 genes
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differentially expressed between FTA and FTC. We validated them by quantitative real-time
polymerase chain reaction (qRT-PCR) in an independent set of 71 follicular neoplasms from
formaldehyde-fixed paraffin embedded (FFPE) tissue material. We confirmed differential expression
for 7 genes (CPQ, PLVAP, TFF3, ACVRL1, ZFYVE21, FAM189A2, and CLEC3B). Finally, we created
a classifier that distinguished between FTC and FTA with an accuracy of 78%, sensitivity of 76%,
and specificity of 80%, based on the expression of 4 genes (CPQ, PLVAP, TFF3, ACVRL1). In our
study, we have demonstrated that meta-analysis is a valuable method for selecting possible molecular
markers. Based on our results, we conclude that there might exist a plausible limit of gene classifier
accuracy of approximately 80%, when follicular tumors are discriminated based on formalin-fixed
postoperative material.

Keywords: follicular thyroid adenoma; follicular thyroid cancer; gene expression; microarray;
meta-analysis

1. Introduction

Follicular neoplasms are the most controversial area in the thyroid pathology. According to
World Health Organization (WHO) follicular adenoma is a benign, encapsulated tumor of the thyroid
showing follicular cell differentiation [1]. This tumor demonstrates no evidence of capsular or vascular
invasion. Follicular carcinoma is a malignant tumor showing evidence of follicular cell differentiation.
The distinction between follicular adenoma and carcinoma is based on the presence of capsular and/or
vascular invasion. Capsular invasion is defined by tumor penetration through the entire thickness
of the capsule [1]. The invading tumor nests should present a connection with main tumor mass.
The interpretation of capsular invasion may be sometimes problematic. According to the literature
data and our experience there is a group of patients with only partial capsular invasion but presenting
metastases of follicular carcinoma [2]. Yamashina analyzed entire circumference of tumor capsules
of follicular neoplasms and observed that tumors with only capsular invasion in initial sections also
presented vascular invasion on additional slices adjacent to tumor capsule [3]. Therefore it would be
advisable to evaluate gene expression of follicular adenomas and follicular carcinomas.

Between 2000 and 2014, numerous studies have investigated the gene expression (mRNA) profile
that would differentiate follicular thyroid adenoma (FTA) from follicular thyroid cancer (FTC) to
improve the diagnostic process and to find features of follicular thyroid tumours important for
malignant potential (Table S1) [4–17]. However, reproducibility of results obtained between mentioned
publications was rather low. This could be a consequence of slight molecular differences between
FTC and FTA [18,19] or the insufficient sample size used in these studies. Genetic alterations, such as
RAS gene family somatic mutations or PAX8/PPARG translocations, although very promising in initial
studies, were not found to be specific for follicular carcinoma, as these genetic alterations occurred
in both FTCs and FTAs with similar frequencies [20–22]. These doubts stimulated us to carry on
a meta-analysis.

In our study, we also raised the problem of oncocytic tumors. WHO involves oncocytic thyroid
carcinoma (OTC) to FTC and respectively oncocytic adenoma to FTA. Oncocytic tumors (Hurthle cell
tumors) are believed to have a different gene expression profile [23,24]. Ganly et al. demonstrated on
the basis of mutational, transcriptional, and copy number profiles that Hurthle cell carcinoma was a
unique thyroid cancer distinct from papillary thyroid cancer (PTC) and FTC [24].

In the present study we decided to base on FTC definition, proposed by the WHO. Nevertheless,
we tried to check whether an inclusion of oncocytic follicular carcinoma does not influence on molecular
markers selection. OTC is composed predominantly of oncocytic cells. These tumors are associated
with a higher frequency of extrathyroidal extension, local recurrence, nodal metastases in more than
30% of cases and occasionally distant lung and bone metastases [1]. Compared with conventional
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follicular carcinomas, oncocytic follicular carcinomas are more aggressive [1]. Therefore, it may be
reasonable to involve oncocytic feature in our analysis.

Most recent thyroid studies have focused on identifying molecular markers supporting
pre-operative FNAB examination to exclude malignancy [25,26]. In 2010, Chudova et al. published a
study focused on determining the general preoperative distinction between benign and malignant
thyroid nodules, which appeared promising and resulted in the establishment of the Afirma
classifier [25]. Our approach, used in the present study, is different.

In our study, we utilised two different approaches to select new gene-expression markers for
differentiating between FTC and FTA tumours. We performed a two-step analysis: first a statistical
testing of a large gene expression microarray dataset of FTC and FTA previously generated in our
laboratory [18,27], and next, a meta-analysis of all available datasets, to select the most robustly
represented markers [4–17] (Figure 1). Such approach allowed us to select independent genes coming
from own dataset and from a meta-analysis. Meta-analysis by combining the results of various
studies enabled us to draw common conclusions. The results of both analyses were further validated
by quantitative real-time polymerase chain reaction (qRT-PCR) using an independent dataset of
follicular tumours.

Figure 1. Presentation of a study scheme.

38



Int. J. Mol. Sci. 2017, 18, 1184

2. Results

2.1. Supervised Analysis of Gene Expression Microarrays

Fresh-frozen (FF) material from 52 tumors (27 FTC, 25 FTA) was used for our gene expression
microarray experiment and divided into primary and secondary sets. The primary one was considered
as highly reliable dataset and contained all samples that were independently and concordantly
diagnosed by two thyroid pathology experts. The secondary set contained samples that were diagnosed
by only one expert, equivocal samples diagnosed by two experts and a one sample that was
discordantly diagnosed according to malignancy.

To select potential molecular markers useful in the distinction between FTA and FTC, we considered
genes that were differentially expressed in the primary and secondary microarray datasets. We compared
the lists of genes obtained in the analysis of the primary and the secondary sets and selected only those
that were significant in both sets. Our secondary microarray set contained borderline and ambiguous
cases, and we established genes as valuable and characteristic when they were also differentially
expressed in this set.

There were 72 differentially expressed probe sets (representing 56 distinct genes) and 6 non-annotated
probe sets. Eight genes were selected (ACVRL1, CLEC3B, DIP2B, GABARAPL2, ZFYVE21, LIMK2,
ZMYND11, and MAFB) for validation by qRT-PCR (Table 1). Those genes were characterised by low false
discovery rate (FDR) value, high fold-change, and from our point of view, they could be biologically
interesting. Another selection criterion was that these genes were not previously validated as markers
differentiating FTCs from FTAs.

As it has been shown that the oncocytic FTC is a unique thyroid cancer distinct from non-oncocytic
FTC [24] we decided to perform an additional analysis. We excluded oncocytic samples from microarray
dataset (just for the sake of this particular analysis) and evaluated the significance of eight selected
genes in the dataset comprising of non-oncocytic samples only to investigate the differences between
FTC and FTA (7 FTC and 11 FTA). All these genes showed significant differential expression between
FTC and FTA in this dataset (Table 1).
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2.2. Meta-Analysis

We included 14 papers in which the difference in gene expression between FTC and FTA was
assessed by a high throughput method (expression microarrays, serial analysis of gene expression
(SAGE), high-throughput differential screening by serial analysis of gene expression (HDSS),
adapter-tagged competitive polymerase chain reaction (ATAC-PCR)) (Table S1). The papers were
published during the years 2000–2014 and in total 365 samples (201 FTA and 164 FTC) were analyzed.

All reported genes differentiating FTC and FTA were extracted from these publications.
We identified 600 genes reported in at least one publication, while 57 genes were reported in more than
one publication. Fifty out of those 57 genes were reported with concordant direction of change (Table 2).
Seven genes (CA4, EGR2, FAM189A2, KCNAB1, CPQ, SLC26A4, TFF3) were reported in 3 publications.
Two of these genes (CA4, and KCNAB1) were already evaluated by qRT-PCR as described in our
previous study [27].

Among the genes selected based on the meta-analysis, ten genes were chosen for qRT-PCR
validation. We chose five down-regulated genes that occurred in three papers (EGR2, FAM189A2,
SLC26A4, TFF3, CPQ), four up-regulated genes that occurred in two papers (CKS2, GDF15, ASNS,
DDIT3), and one down-regulated gene that occurred in two papers and simultaneously showed
significant differences in expression in our primary microarray dataset (PLVAP).

Table 2. The results of a meta-analysis of 14 papers, in which differences in gene expression profile
between follicular thyroid cancers (FTC) and follicular thyroid adenomas (FTA) were assessed by a
high throughput method. Ten genes (highlighted in bold) were selected for our qRT-PCR validation.

No.
Entrez

Gene ID
Symbol Name

Number
of Papers

References
Gene

Regulation

1 762 CA4 carbonic anhydrase IV 3 [5,9,16] down
2 1959 EGR2 early growth response 2 3 [5,14,16] down

3 9413 FAM189A2 family with sequence similarity 189,
member A2

3 [5,9,12] down

4 7881 KCNAB1 potassium voltage-gated channel,
shaker-related subfamily, beta member 1 3

[6,9,16]
Confirmed
by us [27]

down

5 10404 CPQ carboxypeptidase Q 3 [9,11,14] down

6 5172 SLC26A4 solute carrier family 26 (anion exchanger),
member 4

3 [6,14,16] down

7 7033 TFF3 trefoil factor 3 (intestinal) 3 [5,6,10] down
8 185 AGTR1 angiotensin II receptor, type 1 2 [13,16] down
9 822 CAPG capping protein (actin filament), gelsolin-like 2 [14,17] down

10 1306 COL15A1 collagen, type XV, alpha 1 2 [5,13] down
11 1363 CPE carboxypeptidase E 2 [9,17] down
12 3491 CYR61 cysteine-rich, angiogenic inducer, 61 2 [8,16] down
13 1733 DIO1 deiodinase, iodothyronine, type I 2 [6,12] down
14 11072 DUSP14 dual specificity phosphatase 14 2 [5,16] down
15 129080 EMID1 EMI domain containing 1 2 [5,7] down

16 953 ENTPD1 ectonucleoside triphosphate
diphosphohydrolase 1 2 [9,14] down

17 8857 FCGBP Fc fragment of IgG binding protein 2 [5,17] down

18 2354 FOSB FBJ murine osteosarcoma viral oncogene
homolog B 2 [16,17] down

19 2697 GJA1 gap junction protein, alpha 1, 43 kDa 2 [5,11] down
20 55830 GLT8D1 glycosyltransferase 8 domain containing 1 2 [5,11] down
21 221395 GPR116 G protein-coupled receptor 116 2 [5,9] down
22 3043 HBB hemoglobin, beta 2 [12,15] down
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Table 2. Cont.

No.
Entrez

Gene ID
Symbol Name

Number
of Papers

References
Gene

Regulation

23 3309 HSPA5 heat shock 70 kDa protein 5
(glucose-regulated protein, 78 kDa) 2 [9,17] down

24 3400 ID4 inhibitor of DNA binding 4, dominant
negative helix-loop-helix protein 2 [5,8] down

25 3590 IL11RA interleukin 11 receptor, alpha 2 [5,11] down
26 9452 ITM2A integral membrane protein 2A 2 [9,16] down
27 3708 ITPR1 inositol 1,4,5-trisphosphate receptor, type 1 2 [5,11] down
28 3725 JUN jun proto-oncogene 2 [5,16] down
29 3912 LAMB1 laminin, beta 1 2 [5,11] down
30 744 MPPED2 metallophosphoesterase domain containing 2 2 [16,17] down
31 22795 NID2 nidogen 2 (osteonidogen) 2 [5,7] down

32 3164 NR4A1 nuclear receptor subfamily 4, group A,
member 1 2 [12,16] down

33 22925 PLA2R1 phospholipase A2 receptor 1, 180 kDa 2 [12,16] down
34 83483 PLVAP plasmalemma vesicle associated protein 2 [9,13] down
35 5583 PRKCH protein kinase C, eta 2 [9,14] down
36 23180 RFTN1 raftlin, lipid raft linker 1 2 [5,9] down
37 8490 RGS5 regulator of G-protein signaling 5 2 [9,13] down
38 6414 SEPP1 selenoprotein P, plasma, 1 2 [5,14] down
39 7038 TG Thyroglobulin 2 [10,17] down

40 4982 TNFRSF11B tumor necrosis factor receptor superfamily,
member 11b 2 [5,11] down

41 7173 TPO thyroid peroxidase 2 [10,17] down

42 440 ASNS asparagine synthetase
(glutamine-hydrolyzing)

2 [5,9] up

43 771 CA12 carbonic anhydrase XII 2 [5,12] up
44 1164 CKS2 CDC28 protein kinase regulatory subunit 2 2 [16,17] up
45 1649 DDIT3 DNA-damage-inducible transcript 3 2 [5,7] up
46 2358 FPR2 formyl peptide receptor 2 2 [5,11] up
47 9518 GDF15 growth differentiation factor 15 2 [9,17] up
48 2896 GRN Granulin 2 [4,8] up
49 3486 IGFBP3 insulin-like growth factor binding protein 3 2 [5,10] up
50 23089 PEG10 paternally expressed 10 2 [5,11] up

Table 2 shows the Entrez ID, gene symbol, gene name, number of papers in which a particular gene occurs, references
to the papers, regulation direction (up–up-regulated in FTC; down–down-regulated in FTC).

2.3. Principal Component Analysis

We selected 593 genes that occurred at least once in the meta-analysis (excluding seven genes with
discordant direction of change). We identified HG-U133 PLUS 2 Affymetrix microarray probe sets for
these genes. There were 1460 such probe sets (for some genes there was more than one probe set). Next,
we performed PCA of our own microarray samples (combined primary and secondary dataset) based
on these 1460 probe sets (Figure 2, upper plot). Similarly, we selected 50 genes that occurred at least
twice in investigated papers (excluding the genes with discordant direction of change). We identified
HG-U133 PLUS 2 Affymetrix microarray probe sets for these genes. There were 112 such probe sets.
We performed PCA based on these 112 probe sets (Figure 2, lower plot). Although gene selection was
independent of the microarray dataset, we achieved good discrimination of benign and malignant
tumors in both analyses. However, the discrimination was not perfect, because a few FTA samples
clustered with the FTC group, and a few FTC samples clustered with the FTA group.
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Figure 2. Principal component analysis (PCA) results. PCA plots of samples from our own microarray
dataset, based on genes selected in the meta-analysis that occurred in at least one paper (upper plot) or
at least two papers (lower plot).

2.4. qRT-PCR Validation

qRT-PCR was used to validate 18 genes selected based on the analysis of our own microarray
dataset and the meta-analysis (Table 3). GABARAPL2, DDIT3, and SLC26A4 amplification was not
possible in the FFPE samples (probably due to low endogenous expression), and therefore, it was
excluded from validation.

Log-transformed expression levels of the remaining 15 genes were analysed using the Student’s
t-test (Table 3). Two FTC samples were extreme outliers (the expression was higher than third quartile
(Q3) + 6 × interquartile range (IQR)) in two distinct genes. These samples were excluded from further
analysis. Differential expression of CPQ, PLVAP, TFF3, ACVRL1, ZFYVE21, FAM189A2, and CLEC3B
was confirmed by qRT-PCR contrary to the expression of ZMYND11, LIMK2, DIP2B, MAFB, CKS2,
ASNS, EGR2, and GDF15. All confirmed genes were downregulated in FTC and the direction of change
agreed between qRT-PCR data and microarray/meta-analysis data. Boxplots of qRT-PCR results for
significantly differentially expressed genes are shown on Figure 3. Based on our results, the following
genes that most significantly differentiated between FTC/FTA were selected by a meta-analysis: CPQ
(PGCP), PLVAP, and TFF3.
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Table 3. Comparison of gene expression between FTC (29 samples) and FTA (40 samples) in qRT-PCR
dataset (t-test and two-way ANOVA calculated p-values corrected for multiple tests by FDR method).
FDR corrected p-values below 0.05 are highlighted in bold.

No. Gene
Gene

Selection
t-Test—FDR

Corrected p-Value
Fold Change
(FTC/FTA)

Two-Way
ANOVA—FDR

Corrected p-Value

1 ACVRL1 Microarrays 0.0017 0.58 0.0036
2 ZFYVE21 Microarrays 0.0024 0.69 0.0036
3 CLEC3B Microarrays 0.027 0.75 0.045
4 ZMYND11 Microarrays 0.068 0.81 0.17
5 LIMK2 Microarrays 0.093 0.79 0.17
6 DIP2B Microarrays 0.23 0.86 0.04
7 MAFB Microarrays 0.44 0.89 0.56
8 GABARAPL2 Microarrays Amplification not possible in FFPE samples
9 CPQ Meta-analysis 0.000001 0.49 0.0004
10 PLVAP Meta-analysis 0.00001 0.51 0.0001
11 TFF3 Meta-analysis 0.0004 0.48 0.0036
12 FAM189A2 Meta-analysis 0.0094 0.68 0.016
13 GDF15 Meta-analysis 0.058 1.49 0.99
14 CKS2 Meta-analysis 0.69 1.07 0.94
15 ASNS Meta-analysis 0.90 1.02 0.17
16 EGR2 Meta-analysis 0.90 0.97 0.89
17 DDIT3 Meta-analysis Amplification not possible in FFPE samples
18 SLC26A4 Meta-analysis Amplification not possible in FFPE samples

Two-way analysis of variance (ANOVA) was used in order to adjust for oncocytic feature and the results are shown
in column “two-way ANOVA—FDR corrected p-value”.

Figure 3. The normalized relative expression levels of positively validated genes in the FFPE dataset of
69 samples. Boxplots superimposed with scatterplots are shown. The line inside each box corresponds
to median. Upper and lower edges of boxes correspond to first (Q1) and third (Q3) quartiles,
respectively. The whiskers extend to smallest and largest observations within 1.5 times interquartile
range (IQR) from the box. Black dots represent RAS mutation carrying samples, and grey dots represent
samples without RAS mutation.
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A multivariate ANOVA with two factors: malignancy and oncocytic feature was also performed,
in order to evaluate the differential expression between FTC and FTA after adjusting for the effect
of oncocytic feature. All seven genes significant in the Student’s t-test were also significant in this
ANOVA analysis (Table 3). Adding the additional variables such as age, gender, and RAS mutation
status did not substantially modify the ANOVA results.

2.5. Classifier Performance

To evaluate the usefulness of selected genes as diagnostic support, we performed sample
classification based on the FFPE dataset. Log-transformation of the gene expression values and
a leave-one-out cross-validation of the classifier was performed. In each iteration, the samples
were divided into two independent sets: all but one sample were used for significance threshold
tuning, gene selection, and classifier training, and the remaining sample was used for testing.
Diagonal linear discrimination analysis (DLDA) algorithm was used for the classifier training. After
performing all iterations, the classifier’s performance was calculated. The accuracy, sensitivity, and
specificity were 78% (95% confidence interval (CI): 67–87%), 76% (95% CI: 56–90%), and 80% (95% CI:
64–91%), respectively. The classifier involved 4 genes with p-value below 0.0005 in the Student’s
t-test, namely CPQ, PLVAP, TFF3, and ACVRL1. When accuracy was calculated for non-oncocytic
(45 tumors) and oncocytic (24 tumors) tumors separately it was 84% (95% CI: 71–94%) and 67% (95% CI:
45–84%), respectively.

A receiver operating characteristic (ROC) curve was also created in order to assess the diagnostic
efficacy of the classifier (Figure 4). The area under the ROC curve (AUC) equals 0.84.

Figure 4. Receiver operating characteristc (ROC) curve analysis for the predictive power of 4-gene
classifier, estimated in qRT-PCR dataset. Using a cutoff probability of 50% (marked with black dot), we
obtained sensitivity of 76% and specificity of 80%. The calculated area under the ROC curve was 0.84.

2.6. RAS Mutation Status

The presence of the RAS gene mutation was investigated in freshly frozen FTC (27) and FTA
(25) samples. We identified 3 FTC samples with NRAS codon 61 mutation and 1 with KRAS codon
61 mutation (in total 14.8%). In the FTA samples, we identified only 1 mutated sample with NRAS
codon 61 mutation (4%) (Table S2). The frequencies of RAS gene mutations in malignant and benign
samples did not differ significantly.

The status of the RAS gene mutations was also analysed in FFPE specimens, however due to
limitations related to sample quantity, 14 samples were not fully profiled (only NRAS codon 61 was
analysed and mutations were excluded in these samples). Among 31 FFPE FTC specimens, 2 samples
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with NRAS codon 61 mutation and 1 with HRAS codon 12 mutation were identified (9.7%) (Table S3).
More RAS mutations were observed in FFPE FTA samples; however, the difference was not significant.
Among 40 FFPE FTA specimens, 3 samples with NRAS codon 61 mutations, 1 sample with KRAS
codon 12 mutation, and 1 with HRAS codon 61 mutation were detected (12.5%) (Table S3). However,
analysis of the total prevalence of RAS mutations in FTC and FTA, regardless of the method used for
tissue preservation (FF vs. FFPE) demonstrated that there was no difference in the occurrence of RAS
mutations between FTC and FTA: 12% and 9.3%, respectively.

3. Discussion

The differential diagnostics between FTC and FTA is still challenging, particularly because in a
molecular sense these lesions lie on a continuum, with similar molecular profiles. Perhaps the 2nd or
3rd molecular hit converts adenoma to carcinoma [28,29] In our study, we performed a meta-analysis
of markers differentiating FTC and FTA to summarise the results obtained over a 15-year period
(2000–2014), and described in multiple papers.

We obtained a list of 50 genes that were significantly differentially expressed in concordant
direction in two or more such papers. We selected 10 genes from the meta-analysis and positively
validated 4 of them: CPQ, PLVAP, TFF3, and FAM189A2. While, of the 8 genes selected from our own
gene expression microarray dataset, three genes: ACVRL1, CLEC3B, and ZFYVE21, were positively
validated by qRT-PCR (Table 3).

Due to small number of RAS mutation positive samples, we were not able to establish its influence
on the expression of genes selected for qRT-PCR validation (Figures S1 and S2).

Finally, we created a gene classifier involving 4 genes (CPQ, PLVAP, TFF3, and ACVRL1) that
showed a diagnostic accuracy of 78%, sensitivity of 76%, and specificity of 80% for FTC and FTA
differentiation. We are aware that our set of genes requires confirmation by an independent clinical
study, similar to the study by Alexander et al. [30], which positively verified the clinical utility of a gene
classifier proposed by Chudova et al. [25]. However, there are some important differences between
Afirma and our approach. While FNAB-based Afirma classifier, used in a preoperative diagnostics,
considered all malignant tumors and differed them from benign ones, our classifier was devoted to
discriminate only between FTC and FTA on the basis of postoperative material. We did not consider
the results of fine-needle aspiration biopsy (FNAB) at any time during our analyses as well as did
not link our results to Bethesda Categories. We hope that our classifier may help in such cases where
there is a dilemma in a post-operative diagnostics in FTA/FTC distinction. Thus, our work may not be
considered as a kind of confirmation of Afirma results.

Transcription profiling, as a method for selection of gene expression markers for distinguishing
follicular neoplasms, has been used for over a decade. However, to date, no powerful molecular
markers have been established. Similarly, our previous study did not fully accomplish this goal [27].
Therefore, we decided to strengthen our results by performing a meta-analysis of all available studies
related to FTC and FTA differentiation [4–17].

The analysis of genes differentially expressed in FTC and FTA in our own gene expression
microarray dataset revealed 56 genes. Genes with higher fold-changes and lower p values (Table S4),
as well as those related to other types of cancer or tumour aggressiveness were preferably selected
for qRT-PCR validation. One of these genes, ACVRL1 correlated with tumour progression in patients
with head and neck cancers [31]; whereas two other genes: ZFYVE21, and CLEC3B were related to
cancer invasiveness [32,33]. Four genes, obtained from the meta-analysis were subsequently positively
validated CPQ, PLVAP, TFF3, and FAM189A2.

Based on the meta-analysis, it appears that building an accurate classifier to differentiate FTCs
from FTAs is impossible, even using a large dataset of follicular tumour samples (365 samples in
meta-analysis). Therefore, we propose that an accuracy of approximately 80% constitutes a plausible
limit of FTC vs. FTA gene classifier performance when analysis is performed in postoperative
formalin-fixed material [27].
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Possible reason for not satisfying classifier accuracy is that follicular tumours are too similar
at the gene expression level. Another hypothetic possible reason is that FTC and FTA classes may
have been incorrectly assigned prior to the microarray experiments. Histopathological diagnosis in
case of follicular tumours can be influenced by intraobserver variability [34]. To circumvent this, we
involved two experienced pathologists in the diagnostic process. It is possible however, that some
minimally invasive FTCs did not yet demonstrate any signs of vascular or capsular invasion, and were
classified as FTAs.

We assume that FTCs and FTAs are biologically different as they have different clinical outcomes.
We are however aware that to date, histopathology constitutes the best option in differential
diagnostics of follicular tumours, but a gene-classifier may provide more information in difficult
cases. Therefore, we may try to use classifiers ([27], current classifier) to distinguish FTCs and FTAs
without histopathological data (unsupervised approach). The results from an unsupervised approach
can then be compared to histopathological evaluation, with focus on cases showing discrepancy
between the histopathology and classifier data.

It is possible, that we may not reach better classifier performance because of over-simplification
that we applied in our analysis. We assumed that both FTC and FTA tumours are internally
homogenous, but quite often they are not and they may encompass different zones of differentiation
or different histopathological features [35]. Neither FTA nor FTC are completely similar. Considering
diversity of biology we cannot expect to cover the whole biological variance with four genes only.

In the present study we decided not to include PTC, because it demonstrated its own, characteristic
gene expression profile [36] and the differences between PTC and FTC were quite intense [37].
We believe that an inclusion of PTC to malignant samples may lead to inadequate conclusions, whereas
without PTC the study is much cleaner.

The low number of RAS-positive samples did not allow an evaluation of the impact of the
RAS gene mutations on the gene expression profile. However, RAS-positive samples did not cluster
differentially compared to samples not carrying mutations based on the unsupervised PCA analysis,
which suggests small biological differences (Figures S3 and S4). Interestingly, the prevalence of RAS
somatic mutations in our own FF FTC dataset was 12%, while other studies show the prevalence of
RAS mutation at 60% [38]. This result might be attributable to the population in the studied region of
Europe. Unfortunately, we were not able to analyse of the RAS gene mutations in 14 samples due to
limited amount of material.

We are aware that our findings would be more robust if we use a single technique of tissue
preservation but to a much larger group and the using of FFPE material for validation had a possible
limitation. Performing gene expression on FFPE is very challenging and these results could even
improve when using cryopreserved samples instead. However, malignant follicular thyroid neoplasms
are rare and we had to base on the available material. We did our best to collect as large group as it was
possible. We used qRT-PCR with multiple reference genes, to assure that we can amplify sequences
coming from reference genes in our tumor samples. Moreover, the results obtained in our study were
validated on the independent set of samples. We believe that our results constitute an essential input
into the better understanding of molecular biology of follicular thyroid neoplasms.

4. Materials and Methods

4.1. Material

4.1.1. Clinical Materials for Gene Expression Microarray Analysis Using Our Own Thyroid Samples

Fresh-frozen (FF) material from 52 tumours (27 FTC, 25 FTA) was used for our gene expression
microarray experiments. The samples and microarray data have been already used in our previous
studies and are reused in the current study [18,27]. Surgical procedures on patients were conducted in
Polish and German centres, at the MSC Institute—Oncology Center in Gliwice, University of Leipzig,
University of Halle, and Mainz University Hospital. Samples collected in hospitals were subsequently
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sent to our laboratory in Gliwice for microarray molecular profiling. Because the diagnosis of follicular
thyroid tumours may be often equivocal [34], we attempted to obtain the evaluation of each pathology
slide by two pathologists. However, we had access to the paraffin slides in only a part of the samples.
If the slide was available for us, the sample was evaluated by two highly qualified pathologists. If the
slide was not available for us, we based on the primary diagnosis, stated in the origin hospital by a
single pathologist.

Next, the clinical material was divided into primary and secondary sets of tumors, depending
on the concordance in histopathological diagnosis. The primary set contained all samples that were
independently and concordantly diagnosed by two thyroid pathology experts (Dariusz Lange, Gliwice,
and Steffen Hauptmann, Halle (Saale)). The secondary set contained samples that were diagnosed by
only one expert, equivocal samples diagnosed by two experts and one sample that was discordantly
diagnosed according to malignancy. A description of the material and the frequency of oncocytic
tumors is shown in Table 4 (detailed description is given in Table S2).

The study was approved by the local ethics committees (Bioethics Committee of MSC
Institute—Oncology Center in Gliwice; approvals: DK/ZMN-493-1-10/09, 20 November 2002 and
KB/492-17/11, 9 February 2011), and informed consent was obtained from all patients.

Table 4. Fresh-frozen material used for microarray analysis.

Set Histotype Samples % of Men
Median Age

(Years)

Frequency of
Oncocytic
Tumours

Concordance of
Pathologic Diagnosis

by 2 Experts

Primary set FTC 13 38.5% 66 46.2% 100%
FTA 13 0% 42 15.4% 100%

Secondary set FTC 14 21.4% 69 7.1% 28.6%
FTA 12 25% 49.5 0% 75%

Total - 52 21.2% 60.5 17.3% 75%

4.1.2. Clinical Materials for Validation Studies

FFPE tissue was used for validation in qRT-PCR experiments. The FFPE tissue consisted of 40 FTA
and 31 FTC samples from patients treated in the MSC Institute—Oncology Center in Gliwice. The same
set of samples was used in our previous study [27]. Diagnosis of FFPE tumours was based on the
independent diagnoses of two pathologists. Material description and frequency of oncocytic tumours
is presented in Table 5 (detailed description is given in Table S3 in Supplementary Material). Fresh
frozen and FFPE datasets were independent datasets; there was no patient overlap between them.

Table 5. FFPE material used for qRT-PCR validation.

Histopathological
Diagnosis

Number of
Samples

% of Men
Median Age

(Years)
Frequency of

Oncocytic Tumours

FTC 31 32.3% 59 61.3%
FTA 40 12.5% 45 15%
Total 71 21.1% 52 35.2%

4.1.3. RAS Mutation Screening

All 123 samples of thyroid follicular tumour used for gene expression microarray (52 samples)
and qRT-PCR experiments (71 samples) were screened for RAS mutations using the Sanger sequencing
method with the ABI 3130xl Genetic Analyzer. Three RAS genes (H-, K-, N-RAS) sequences in
commonly mutated codon sites (12, 13, and 61) were analysed. Different primer sets (different
size of amplicon) for FF and FFPE samples were used due to sample degradation in FFPE samples
(details Table S5).
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4.2. Gene Expression Microarray-Based Analysis of Our Own Follicular Tumours

4.2.1. Gene Expression Microarray Experiment

FF materials from 52 follicular thyroid tumours (27 FTC, 25 FTA) were used for microarray
analysis. RNA was isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany). The RNA quality
was assessed with capillary electrophoresis (Bioanalyzer 2100) and all the samples had the RNA
integrity number (RIN) higher than 7. An Affymetrix (Santa Clara, CA, USA) HG-U133 PLUS 2 array
experiment was performed as described previously [27].

4.2.2. Gene Expression Microarray Data Preprocessing

All microarray data analyses were performed in an R/Bioconductor environment. The microarray
data preprocessing was performed in the same way as described in our previous study [27]. The
quality of the microarray data was analysed using arrayMvout 1.12.0 library [39]. The raw data were
preprocessed using the GCRMA method [40]. The microarray data discussed in this publication have
been deposited in NCBI’s Gene Expression Omnibus [41], and are accessible through GEO Series
accession number GSE82208 (available online: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE82208).

4.2.3. Supervised Analysis of Our Own Gene Expression Microarray Data

The selection of differentially expressed genes was performed independently on the primary
and secondary microarray dataset (FF material) (Figure 1), in order to take into account the different
levels of diagnosis certainty in the two sets. The following criteria were used for the primary dataset:
normalized mean expression of the gene above 4.5, the variance of the gene above the 20th percentile,
p-value in Student’s t-test below 0.001, a fold-change above 1.5 in either direction of the change.
The following, less strict criterion was used for the secondary dataset: p-value in Student’s t-test < 0.05.

For genes selected for validation study, an additional analysis was performed in order to assess
the significance of difference between FTC and FTA in microarray dataset comprised of non-oncocytic
samples only. The genes were considered significant if the unadjusted p-value in the Student’s t-test
was below 0.005 in primary dataset and below 0.05 in secondary dataset.

In order to adjust p-values for multiple comparisons, false discovery rate (FDR) was estimated by
Benjamini and Hochberg procedure [42].

4.3. Meta-Analysis of All Published Papers

The meta-analysis included all 14 papers in which the difference in gene expression between
FTC and FTA was assessed by a high throughput method (gene expression microarrays, SAGE,
HDSS, ATAC-PCR); which were published during 2000–2014; and found in PubMed, Google
Scholar, or by screening the reference lists of selected papers (Table S1). The following criteria
were used for the selection of papers: “follicular thyroid carcinoma/cancer/tumour/adenoma AND
microarray/gene expression”.

The lists of genes that were reported by the authors as differentially expressed between FTC and
FTA, were extracted from each paper. Different types of gene identifiers were used in each study, such
as gene symbols, gene names, GenBank accession numbers, cDNA sequences, Affymetrix identifiers,
RefSeq accession numbers, and UniGene accession numbers. All gene identifiers were converted to
EntrezID, the lists of genes were compared, and common genes were extracted. Finally, ten genes
among the most frequently occurring ones were chosen for qRT-PCR validation (Figure 1).

Principal Component Analysis of Microarrays Based on the Meta-Analysis Identified Genes

To visually inspect whether the genes selected in the meta-analysis are able to separate FTC and
FTA on an independent dataset, Principal Component Analysis (PCA) was conducted. We performed
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PCA on our own microarray samples, based on genes that occurred at least once in the meta-analysis
(Figure 2 upper plot). We also performed PCA on these samples, based on the genes that occurred at
least twice in the meta-analysis (Figure 2 lower plot).

4.4. qRT-PCR Validation

4.4.1. qRT-PCR Experiment

FFPE materials from 71 follicular thyroid tumours (31 FTC, 40 FTA) were used for qRT-PCR
analysis. RNA was isolated using the FFPE RNeasy Mini Kit (Qiagen) from 5 slices of paraffin blocks
selected by a histopathologist. qRT-PCR was carried out for 18 genes (gene names given in Table S6,
primer probe design given in Table S7). This experiment was performed with the 7900HT Fast Real-Time
PCR (Life Technologies, Carlsbad, CA, USA) using Universal Probe Library fluorescent probes (Roche,
Basel, Switzerland) and the 5′-nuclease assay, starting from 200 ng of total RNA. All experiments
were performed twice. Results were normalised using the Pfaffl method [43] and the GeNorm
application [44] with a combination of 3 normalisation genes: EIF3A (eukaryotic translation initiation
factor 3, subunit A), EIF5 (eukaryotic translation initiation factor 5), and HADHA (hydroxyacyl-CoA
dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (trifunctional protein), alpha subunit).
Obtained normalised relative expression levels were further log-transformed (Figure S5).

Differences between FTC and FTA were tested using the Student’s t-test. In addition, two-way
analysis of variance (ANOVA) was used in order to adjust for oncocytic feature. False Discovery Rate
(FDR) correction was applied and genes with FDR < 0.05 in both analyses were considered as significant.

4.4.2. Classifier Performance

The classifier was created and validated on the FFPE dataset using CMA package [45] in
R/Bioconductor environment. The DLDA was used as a classification algorithm. Student’s t-test
was used for gene selection with significance level threshold tuned over a grid of significance levels.
The performance of the classifier was evaluated by the doubly nested leave-one-out cross validation
(LOOCV) approach in order to obtain an unbiased estimate of the accuracy [46]. The outer loop was
used for estimating the classifier accuracy, and the inner loop was used for optimising the significance
level threshold.

The ROC curve was also created to assess the diagnostic efficacy of the classifier (Figure 4). In the
outer leave-one-out loop, for each sample, the probability that the sample belongs to the FTC class
was calculated, based on DLDA algorithm. Varying the threshold for the probability, the ROC curve
was plotted.

5. Conclusions

In our study, we have demonstrated that meta-analysis is a valuable method for selecting possible
molecular markers. We showed that genes CPQ, PLVAP, TFF3, ACVRL1, ZFYVE21, FAM189A2,
and CLEC3B are differentially expressed between FTC and FTA. Furthermore, we propose a 4-gene
classifier, which discriminates between benign and malignant follicular neoplasms with the accuracy
of 78%. Based on our results, we conclude that there might exist a plausible limit of gene classifier
accuracy of approximately 80%, when follicular tumors are discriminated based on postoperative
formalin-fixed material.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/6/1184/s1.
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Abbreviations

ANOVA Analysis of variance
ATAC-PCR Adapter-tagged competitive polymerase chain reaction
AUC Area under the ROC curve
DLDA Diagonal linear discrimination analysis
FDR False discovery rate
FF Fresh-frozen
FFPE Formaldehyde-fixed paraffin embedded
FNAB Fine needle aspiration biopsy
FTA Follicular thyroid adenoma
FTC Follicular thyroid cancer
HDSS High-throughput differential screening by serial analysis of gene expression
IQR Interquartile range
LOOCV Leave-one-out cross validation
OTC Oncocytic thyroid carcinoma
PCA Principal component analysis
Q1 First quartile
Q3 Third quartile
qRT-PCR Quantitative real-time polymerase chain reaction
RIN RNA integrity number
ROC Receiver operating characteristc
SAGE Serial analysis of gene expression
WHO World Health Organization
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Abstract: Pre-surgical diffusion weighted imaging (DWI) is increasingly important in the context of
thyroid cancer for identification of the optimal treatment strategy. It has exemplarily been shown that
DWI at 3T can distinguish undifferentiated from well-differentiated thyroid carcinoma, which has
decisive implications for the magnitude of surgery. This study used DWI histogram analysis of whole
tumor apparent diffusion coefficient (ADC) maps. The primary aim was to discriminate thyroid
carcinomas which had already gained the capacity to metastasize lymphatically from those not yet
being able to spread via the lymphatic system. The secondary aim was to reflect prognostically
important tumor-biological features like cellularity and proliferative activity with ADC histogram
analysis. Fifteen patients with follicular-cell derived thyroid cancer were enrolled. Lymph node status,
extent of infiltration of surrounding tissue, and Ki-67 and p53 expression were assessed in these
patients. DWI was obtained in a 3T system using b values of 0, 400, and 800 s/mm2. Whole tumor
ADC volumes were analyzed using a histogram-based approach. Several ADC parameters showed
significant correlations with immunohistopathological parameters. Most importantly, ADC histogram
skewness and ADC histogram kurtosis were able to differentiate between nodal negative and nodal
positive thyroid carcinoma. Conclusions: histogram analysis of whole ADC tumor volumes has
the potential to provide valuable information on tumor biology in thyroid carcinoma. However,
further studies are warranted.

Keywords: thyroid carcinoma; diffusion weighted imaging; lymphatic metastatic spread; ADC
histogram analysis; histopathologic features; Ki-67; p53
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1. Introduction

The incidence of thyroid cancer, being the most abundant endocrine malignancy, is rapidly
increasing [1]. The vast majority of thyroid neoplasms is follicular cell-derived and subsumed under
the umbrella categories of papillary thyroid cancer, follicular thyroid cancer, poorly differentiated
thyroid cancer, and anaplastic thyroid cancer [2]. Although the overall five-year survival rates of
thyroid cancer are 94% in women and 85% in men [3], certain entities of the disease are perpetually
associated with poor outcomes (for example the tall cell variant of papillary thyroid cancer and
undifferentiated thyroid cancer [1]). Some of the differentiated entities—most of all papillary thyroid
cancer variants—frequently metastasize locally via the lymphatic system [4], and resultant local
recurrence is not an uncommon scenario [5], leading to significant morbidity.

A variety of therapeutic options is available for thyroid cancer [6], but surgery still remains the
predominant treatment [7]. Radical surgery is the most important form of therapy for undifferentiated
thyroid cancer [8], and surgical treatment of significant nodal disease in well differentiated thyroid cancer
is widely accepted to be associated with improved outcomes in terms of survival and recurrence rates [9].
Nonetheless, extensive surgery in this specific context carries a high risk of therapy-related morbidity
like phrenic nerve palsy, brachial plexus palsy, cranial nerve injury, chyle leak, and pneumothorax [10].

Considering the broad spectrum of aggressiveness in thyroid cancer and the resulting necessity
for customized treatment, employing presurgical imaging is of great importance, as it allows the
thyroid surgeon to identify disease subtypes being associated with increased mortality and morbidity
such as metastasizing and undifferentiated thyroid cancer.

Diffusion-weighted magnetic resonance imaging (DWI) has the potential to reveal tumor
architectural details like cellular density and proliferative activity in different malignant entities [11,12].
Using a standard echo-planar imaging (EPI) technique, DWI has the capability to differentiate
between malignant and benign thyroid nodules [13]. Furthermore, DWI can distinguish manifestations
of papillary thyroid cancer with extra-glandular growth from those confined to the thyroid [14].
Using a RESOLVE sequence (which is less prone to susceptibility and motion-induced phase artifacts,
has less T2* blurring and provides higher resolution than standard EPI DWI, [15]) in a 3T scanner,
DWI even has the capability to distinguish between differentiated and undifferentiated subtypes of
thyroid carcinoma [16].

However, in the clinical setting, obtained DWI data is commonly analyzed using a two-dimensional
region of interest in the slice of the apparent diffusion coefficient (ADC) map representing the maximum
diameter of the tumor. This approach does not account for the regularly encountered heterogeneity of
whole tumors and certainly does not reflect the complex micro-architectural properties of malignantly
transformed tissue.

An enhanced approach using every voxel of the tumor to compute a histogram of intensity levels
could help to further increase prediction of histological features of tumors by magnetic resonance
imaging (MRI) [17]. This way, the magnitude of tumor heterogeneity probably is revealed in a fashion
superior to the commonly used two-dimensional method [17].

To the best of the authors’ knowledge, only one study used ADC histogram analysis in thyroid
cancer to differentiate benign from malignant nodules and furthermore reveal extra-thyroidal growth of
papillary thyroid cancer [18]. So far, no studies demonstrated predictability of lymph node involvement
by ADC histogram analysis of the primary tumor. Therefore, the primary aim of this study was
to investigate the potential of ADC histogram analysis (including percentiles, entropy, skewness,
and kurtosis) on data obtained with RESOLVE DWI to distinguish between nodal-negative and
nodal-positive thyroid cancer. The discriminability of metastatic from non-metastatic thyroid cancer is
of great clinical importance. Hence, this study investigated a promising translational approach
that might have the potential to significantly increase the value of clinical-oncological imaging.
The secondary aim was to correlate ADC histogram parameters with expression of important prognostic
markers like p53 and Ki-67. Last, it aimed to compare our findings with the results of previous studies,
which investigated the potential of DWI to predict histopathological features in thyroid cancer.
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2. Results

2.1. Diffusion Weighted Imaging and Immunohistopathology of Thyroid Carcinoma

For reasons of clarity and comprehensibility, results of MRI and histopathology were organized
in tables. Figure 1 shows MRI findings of a patient with follicular thyroid carcinoma, presenting as
heterogeneous enlargement of the right thyroid lobe. The corresponding immunohistological images
are shown in Figure 2. The calculated DWI parameters of all investigated thyroid carcinomas are
summarized in Table 1 and the corresponding histopathological data is given in Table 2.

Figure 1. Imaging findings in a patient with follicular thyroid carcinoma. (A) Magnetic resonance
imaging (T2w axial section) showing a massive inhomogenous enlargement of the right thyroid
lobe; (B–E) represent the apparent diffusion coefficient (ADC) maps of the tumor; (F) is the ADC
histogram of the whole lesion. The calculated ADC parameters (×10−5 mm2·s−1) are as follows:
ADCmin = 18.2; ADCmean = 113.3; ADCmax = 315.0, mode = 114.4, ADCmedian = 108.1, P10 = 58.2,
P25 = 83.2, P75 = 138.7, and P90 = 176.6. Histogram based parameters are as follows: skewness = 0.59,
kurtosis = 3.88, and entropy = 3.21. The z-axis in Figure 1F gives the voxel count.

Figure 2. Immunohistochemistry of follicular thyroid carcinoma. (A) Shows Ki-67 staining (cell count: 1407,
Ki-67 immunoreactiviy: 11%) and (B) shows p53 staining (cell count: 1811, p53 immunoreactivity: 36%)
of the tumor displayed in Figure 1.
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Table 1. Diffusion weighted imaging and related histogram parameters of thyroid carcinoma based on
n = 15 patients.

DWI Related Parameters Median Range Minimum–Maximum

ADCmean, ×10−5 mm2·s−1 124.30 90 73–163
ADCmin, ×10−5 mm2·s−1 14.90 53 0.2–53
ADCmax, ×10−5 mm2·s−1 250.70 179 147–325
P10 ADC, ×10−5 mm2·s−1 72.10 85 30–114
P25 ADC, ×10−5 mm2·s−1 91.90 84 52–136
P75 ADC, ×10−5 mm2·s−1 140.40 99 93–192
P90 ADC, ×10−5 mm2·s−1 172.82 116 97–213

Median ADC, ×10−5 mm2·s−1 118.00 94 71–165
Mode ADC, ×10−5 mm2·s−1 101.40 88 53–141

Kurtosis 3.64 1.90 2.89–4.79
Skewness 0.30 1.79 −0.97–0.81
Entropy 3.27 1.98 2.75–4.72

Table 2. Estimated immunohistopathological parameters of thyroid carcinoma (n = 15).

Parameters Median Range Minimum–Maximum

Cell count, n 1407 1808 439–2247
Ki 67, % 32.0 90 9–99
p53, % 4.0 94 0–94

Total nuclear area, μm2 71,735 148,620 14,649–163,269
Average nuclear area, μm2 53.0 61 33–94

2.2. Correlation Analysis

Table 3 displays results of the correlation analysis between immunohistopathological parameters
and ADC fractions as well as histogram related parameters. Correlation analysis identified the
following, significant correlations: ADCmean with p53 (r = 0.548, p = 0.034), ADCmax with Ki67
(r = −0.646, p = 0.009) and p53 (r = 0.645, p = 0.009), ADCp75 with p53 (r = 0.537, p = 0.025), ADCp90
with Ki67 (r = −0.568, p = 0.027) and p53 (r = 0.588, p = 0.021), ADCmedian with p53 (r = 0.556, p = 0.032),
ADCmodus with p53 (r = 0.534, p = 0.040), and kurtosis with cell count (r = −0.571, p = 0.026). Figure 3
summarizes the significant correlations graphically and displays them as dot plots.

Figure 3. Cont.
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Figure 3. Graphic summary of the significant correlations between imaging and immunohistological
findings. R2-values for the plots shown in Figure 3 are as follows; (A) ADCmean & p53: r2 = 0.438;
(B) ADCmax & p53: r2 = 0.425; (C) ADCmax & Ki-67: r2 = 0.464; (D) ADCp75 & p53: r2 = 0.499;
(E) ADCp90 & p53: r2 = 0.431; (F) ADCp90 & Ki-67: r2 = 0.360; (G) ADCmedian & p53: r2 = 0.440;
(H) ADCmodus & p53: r2 = 0.377; (I) ADCkurtosis & cell count: r2 = 0.160.

Table 3. Results of Spearman’s rank order correlation analysis between DWI and immunohistological
parameters (n = 15).

ADC Parameters and
Histogram Values

Cell Count p53 Ki-67 Total Nuclear Area Average Nuclear Area

ADCmean, ×10−3 mm2·s−1 r = 0.429 r = 0.548 r = −0.325 r = 0.389 r = 0.034
p = 0.111 p = 0.034 p = 0.237 p = 0.152 p = 0.904

ADCmin, ×10−3 mm2·s−1 r = 0.256 r = 0.244 r = −0.241 r = 0.163 r = −0.208
p = 0.358 p = 0.381 p =0.386 p = 0.562 p = 0.456

ADCmax, ×10−3 mm2 s−1 r = 0.372 r = 0.645 r = −0.646 r = 0.461 r = 0.155
p = 0.173 p = 0.009 p = 0.009 p = 0.084 p = 0.580

ADC p10, ×10−3 mm2·s−1 r = 0.361 r = 0.409 r = 0.289 r = 0.275 r = −0.079
p = 0.187 p =0.130 p = 0.296 p = 0.321 p = 0.781

ADC p25, ×10−3 mm2·s−1 r = 0.375 r = 0.509 r = 0.361 r = 0.311 r = −0.064
p = 0.168 p = 0.053 p = 0.187 p = 0.260 p = 0.820

ADC p75, ×10−3 mm2·s−1 r = 0.450 r = 0.537 r = −0.343 r = 0.411 r = 0.055
p = 0.092 p = 0.025 p =0.211 p =0.128 p = 0.845

ADC p90, ×10−3 mm2·s−1 r = 0.289 r = 0.588 r = −0.568 r = 0.300 r = 0.075
p = 0.296 p = 0.021 p = 0.027 p = 0.277 p = 0.790

Median ADC, ×10−3 mm2·s−1 r = 0.414 r = 0.556 r = −0.314 r = 0.361 r = −0.020
p = 0.125 p = 0.032 p = 0.254 p = 0.187 p = 0.945

Mode ADC, ×10−3 mm2·s−1 r = 0.496 r = 0.534 r = −0.357 r = 0.432 r = −0.149
p = 0.060 p = 0.040 p = 0.191 p = 0.108 p = 0.682

Kurtosis
r = −0.571 r = −0.262 r = −0.314 r = −0.411 r = −0.182
p = 0.026 p =0.346 p = 0.254 p = 0.128 p = 0.516

Skewness
r = −0.229 r = −0.004 r = −0.389 r = 0.011 r = 0.186
p = 0.413 p = 0.990 p = 0.152 p = 0.970 p = 0.507

Entropy r = 0.243 r = −0.240 r = 0.289 r = 0.225 r = 0.316
p = 0.383 p = 0.389 p = 0.296 p = 0.420 p = 0.251

2.3. Group Comparisons

Histogram analysis derived ADC values are compared between the nodal negative and the nodal
positive group in Figure 4. Levene’s Test revealed homoscedasticity for the nodal-negative and the
nodal-positive group only regarding ADCskewness (p = 0.015). For all remaining ADC derived histogram
parameters, Levene’s Test showed heterogeneity of variance when comparing the nodal-negative
and the nodal-positive group. Hence, group comparisons were performed using unpaired t-test for
ADCskewness and Mann-Whitney-U Test for all remaining parameters. The corresponding p-values
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are given in Table 4. Statistically significant differences were only identified for skewness (p = 0.031)
and kurtosis (p = 0.028). No other significant differences or trends were delineable when comparing
thyroid carcinoma patients with restricted vs. advanced infiltration pattern (results not presented).

Figure 4. Graphically summarizes the differences in histogram parameters between nodal negative
and nodal positive patients with thyroid carcinoma. (A) Shows significantly increased ADC
histogram skewness in noda-positive compared to nodal-negative patients; (B) demonstrates
significantly increased values of ADC histogram kurtosis in nodal-positive compared to nodal negative
thyroid carcinomas.

Table 4. Group comparison of ADC and histogram parameters of thyroid carcinomas with (N1/2,
n = 10 patients) and without lymphatic metastatic dissemination (N0, n = 5 patients).

ADC Parameters and
Histogram Values

N0 Mean ± SD N1/2 Mean ± SD
Group Comparison:

p-Values

ADCmean, ×10−5 mm2·s−1 125.25 34.1 111.41 25.00 0.513
ADCmin, ×10−5 mm2·s−1 28.26 17.30 14.02 16.90 0.075
ADCmax, ×10−5 mm2·s−1 238.44 69.40 259.43 38.50 0.768
P10 ADC, ×10−5 mm2·s−1 82.15 26.17 69.14 23.50 0.371
P25 ADC, ×10−5 mm2·s−1 102.25 30.00 89.19 23.30 0.440
P75 ADC, ×10−5 mm2·s−1 147.26 39.14 131.75 26.43 0.440
P90 ADC, ×10−5 mm2·s−1 170.69 44.15 156.55 28.50 0.440

Median ADC, ×10−5 mm2·s−1 124.14 34.86 109.19 25.50 0.513
Mode ADC, ×10−5 mm2·s−1 112.32 25.56 101.39 27.50 0.594

Kurtosis 3.23 0.29 3.81 0.57 0.028
Skewness −0.12 0.64 0.41 0.21 0.031
Entropy 3.56 0.66 3.5 0.71 0.768

3. Discussion

This study aimed to investigate the potential of 3T RESOLVE DWI using an ADC histogram
analysis approach to distinguish between limited and advanced thyroid cancer with reference to
the status of lymphatic metastatic dissemination. To the author’s best knowledge, this work is the
first to show differences in ADC histogram parameters between nodal-positive and nodal-negative
thyroid cancer.

In detail, skewness and kurtosis of the ADC histograms were significantly increased in
nodal-positive compared to nodal-negative thyroid cancer. This finding corresponds to previous
studies in other malignant tumors, exemplarily clear cell renal cell carcinoma, and rectal cancer,
which revealed that increased skewness of ADC histograms is associated with a more advanced
disease stage [19,20]. Furthermore, an increase in ADC histogram skewness was observed in patients
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suffering from recurrent high grade glioma who showed disease progress under anti-proliferative
chemotherapy, indicating ongoing proliferation of glioma cells within the tumor [21]. The association
between changes in ADC values and altered cellularity in tumors is a well-known phenomenon [22].
Considering this, the findings of the aforementioned studies and our results we hypothesize that the
process of lymphatic metastatic spread of thyroid cancer is linked to profound changes in the tissue
microarchitecture, related to proliferation of distinct tumor cell clusters and subsequent migration via
the lymphatic system, which finds its reflection in corresponding changes of the ADC histogram.

Additionally, this study found significant correlations between ADC histogram analysis derived
values of thyroid cancer and corresponding immune-reactivity for p53. p53 has great importance as
tumor suppressor and controls cell fate via induction of apoptosis, cell cycle arrest and senescence [23].
Under normal conditions, p53 remains undetectable for its rapid proteasomic degradation [23].
In thyroid cancer, p53 has been used as prognostic marker being associated with favorable
outcome [24,25]. ADC mean, ADC max, ADC median, ADC modus, ADC p75 and ADC p90 correlated
significantly with p53 expression. In general, increased ADC values of tumors have been shown
to be associated with good therapeutic responses [26]. It was thereupon concluded that increased
ADC values of thyroid cancer—in consent with previously published work—indicate a favorable
prognosis. Furthermore, a clear inverse correlation of ADC max and ADC p90 with Ki-67 expression
was identified. Ki-67 is a nuclear protein strictly associated with cell division and widely used in the
clinical routine to assess proliferative activity [27].

Increased proliferation of cells, as indicated by increased expression of Ki-67, consecutively
decreases the corresponding extracellular space in a given volume of tissue and thereupon reduces
water diffusibility, which is reflected by decreased ADC values [22]. Thus—in accordance to other
malignancies [11,28,29]—decreased ADC values are associated with an increased proliferation rate
within thyroid cancer tissue.

This study furthermore identified a significant inverse correlation between cell count and
kurtosis. Only few studies investigated the potential of ADC kurtosis to reflect histological properties,
for example Chandarana and colleagues were able to differentiate clear cell from papillary subtype of
renal cell cancer by means of ADC kurtosis [30]. It is therefore concluded that ADC histogram kurtosis
provides additional insight in tumor-architectural details, but further studies are necessary to validate
this finding in order to further elaborate the significance of this parameter. Conventionally, ADCmean

and ADCmin were used to investigate histopathological features like cellularity of tumors in vivo [22].
However, classical ADC parameters like ADCmean and ADCmin are strongly scanner-dependent and
cannot be used to compare patients investigated in different MRI devices without normalization.
In contrary, histogram parameters estimate characteristics of the ADC distribution, which is not
scanner-dependent like the absolute ADC values. Therefore, ADC derived histogram parameters
(skewness, entropy, kurtosis) might be superior when investigating histopathological features in vivo
using more than one MRI scanner in a singular study.

This study suffers from few limitations. The major limitation is the small number of patients
included in this study. Furthermore, this study did not include all clinically relevant subtypes of thyroid
cancer, exemplarily medullary thyroid carcinomas were not investigated. Therefore, future works
including greater cohorts with different histopathological subtypes have to confirm these findings
and further elucidate the relationship between histopathological findings and ADC alterations. Also,
ADC histogram analysis was performed by a single, experienced reader. The suitability of histogram
analysis for the clinical routine necessitates assessment of inter-reader and intra-reader variability
including readers with different levels of experience. A future work needs to investigate these
phenomena in a larger cohort.

ADC histogram analysis can provide more detailed information on diffusion characteristics
of tumors than commonly obtained ADC parameters. For example, a previously published study
demonstrated that common ADC parameters (mean, max, and min) did not reflect histopathological
features like cellularity and proliferative activity in thyroid carcinoma [16]. In contrast, this study
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demonstrated that certain ADC histogram parameters reflect distinct histopathological features very
well. Although it has proven to be a very sensitive tool for detection of microstructural changes,
the specificity of ADC histogram parameters for the underlying histological changes is unclear.
Characteristic changes of ADC histogram parameters in different tumor entities might be related
to very different histological changes. Therefore, the significance of ADC histogram analysis should be
investigated in a tumor-specific manner.

4. Materials and Methods

This retrospective study was approved (No. 2014-99) by the local research ethics committee of the
Martin-Luther-University Halle-Wittenberg.

4.1. Patients

The radiological database for thyroid carcinoma was reviewed. In total, 20 patients were identified,
but only 15 patients with histopathologically confirmed thyroid carcinoma had received proper DWI
(using the RESOLVE sequence) and were therefore enrolled in our study.

The patient group was comprised of one male and 14 female patients. The mean age was 67 years
(with a standard deviation of 12.9 years). The distribution of histopathological subtypes was as
follows; follicular thyroid carcinoma: n = 4, papillary thyroid carcinoma: n = 5, anaplastic thyroid
carcinoma: n = 6. Five patients were diagnosed with nodal negative thyroid cancer, and 10 patients had
pathologically confirmed lymph node metastases. One patient was diagnosed with distant metastatic
disease (pulmonary and pleural manifestation). Infiltration pattern ranged from restriction to the
thyroid gland to advanced infiltration including infiltration of the trachea, esophagus, and internal
jugular vein. An overview of demographic, clinical and pathological information is given in Table 5.

Table 5. Demographic and pathological data of the investigated thyroid carcinoma patients.

Case Age Gender Histological Subtype Infiltration Pattern M Stage N Stage

1 91 female anaplastic trachea 0 1
2 60 female papillary trachea 0 1
3 73 male papillary trachea, esophagus 0 1
4 68 female papillary trachea, esophagus internal jugular vein 0 0
5 73 female papillary trachea 0 1
6 67 female anaplastic Trachea internal jugular vein 1 2
7 73 female anaplastic trachea, esophagus 0 0
8 41 female follicular trachea 0 1
9 72 female anaplastic none 0 1
10 59 female anaplastic trachea 0 1
11 83 female papillary trachea 0 0
12 77 female follicular trachea 0 1
13 52 female anaplastic trachea 0 0
14 51 female follicular trachea 0 0
15 66 female anaplastic trachea 0 1

4.2. MRI

MRI of the neck was performed for all patients using a 3T device (Magnetom Skyra, Siemens,
Erlangen, Germany). The imaging protocol included the following sequences:

1. axial T2 weighted (T2w) turbo spin echo (TSE) sequence (TR/TE: 4000/69, flip angle: 150◦,
slice thickness: 4 mm, acquisition matrix: 200 × 222, field of view: 100 mm);

2. axial T1 weighted (T1w) turbo spin echo (TSE ) sequences (TR/TE: 765/9.5, flip angle: 150◦,
slice thickness: 5 mm, acquisition matrix: 200 × 222, field of view: 100 mm) before and
after intravenous application of contrast medium (gadopentate dimeglumine, Magnevist®,
Bayer Schering Pharma, Leverkusen, Germany);

62



Int. J. Mol. Sci. 2017, 18, 821

3. axial DWI (readout-segmented, multi-shot EPI sequence; TR/TE: 5400/69, flip angle 180◦,
slice thickness: 4 mm, acquisition matrix: 200 × 222, field of view: 100 mm) with b values
of 0, 400 and 800 s/mm2. ADC maps were generated automatically by the implemented software
package and analyzed as described previously [28].

All images were available in digital form and were analyzed by an experienced radiologist without
knowledge of the histopathological diagnosis on a PACS workstation (Centricity PACS, GE Medical
Systems, Milwaukee, WI, USA). Figure 1 shows a representative axial T2 weighted image of follicular
thyroid carcinoma and corresponding axial ADC images of the whole tumor, which were used for
histogram analysis (also displayed in Figure 1).

4.3. Histogram Analysis of ADC Values

DWI data was transferred in DICOM format and processed offline with a custom-made
Matlab-based application (The Mathworks, Natick, MA, USA) on a standard windows operated
system. The ADC maps were displayed within a graphical user interface (GUI) that enables the reader
to scroll through the slices and draw a volume of interest (VOI) at the tumor’s boundary. The VOI
was created by manually drawing regions of interest (ROIs) along the margin of the tumor using all
slices displaying the tumor (whole lesion measure). All measures were performed by one author
(AS). The ROIs were modified in the GUI and saved (in Matlab-specific format) for later processing.
After setting the ROIs, the following parameters were calculated and given in a spreadsheet format:
ROI volume (cm3), mean (ADCmean), maximum (ADCmax), minimum (ADCmin), median (ADCmedian),
modus (ADCmodus), and the following percentils: 10th (ADCp10), 25th (ADCp25), 75th (ADCp75),
and 90th (ADCp90). Additionally, histogram-based characteristics of the VOI—kurtosis, skewness,
and entropy—were computed. All calculations were performed using in-build Matlab functions.

4.4. Histopathology and Immunohistochemistry

All thyroid carcinomas were surgically resected and histopathologically analysed. In every case,
the proliferation index was estimated on Ki-67 antigen stained specimens using MIB-1 monoclonal
antibody (DakoCytomation, Glostrup, Denmark) as reported previously [31]. Furthermore, p53 index
was estimated using monoclonal antibody p57, clone DO-7 (DakoCytomation). Two high power fields
(0.16 mm2 per field, ×400) were analysed. The area with the highest number of positive nuclei was
selected. Figure 2 exemplarily shows Ki-67 and p53 immunostaining of a follicular thyroid carcinoma.
Additionally, cellular density was calculated for each tumor as average cell count per five high
power fields (×400). Furthermore, average nuclear area and total nuclear area were estimated using
ImageJ package 1.48v (National Institute of Health, Bethesda, MD, USA) as described previously [11].
All histopathological sections were analysed using a research microscope Jenalumar equipped with
a Diagnostic instruments camera 4.2 (Zeiss, Jena, Germany).

4.5. Statistical Analysis

Statistical analysis was performed using IBM SPSS 23™ (SPSS Inc., Chicago, IL, USA). Collected
data was first evaluated by means of descriptive statistics. Correlative analysis was then performed
using Spearman’s correlation coefficient in order to analyze associations between histogram analysis
derived values of ADC and (immuno-) histopathological parameters. Subsequently, Levene’s Test
for homogeneity of variance was performed to assess the equality of variances of ADC derived
histogram parameters between different groups of thyroid carcinoma patients in order to identify
the suitable test for group comparisons. In case of homoscedasticity, unpaired t test was performed
to compare values among different (e.g., the metastatic and the non-metastatic) groups. In case of
heteroscedasticity, Mann-Whitney-U test was performed to compare values among the different groups.
Group comparisons were performed for nodal negative vs. nodal positive patients and patients with
restricted (thyroid gland and trachea) vs. advanced (trachea, esophagus, jugular vein) infiltration
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pattern. Since only one patient with distant metastatic disease was included, a sufficient group
comparison between M0 and M1 patients could not be performed. p-Values ≤ 0.05 were considered as
statistically significant.

5. Conclusions

This exploratory study revealed significant differences in ADC histogram skewness and kurtosis
comparing nodal negative and nodal positive thyroid cancer. Significant correlations between different
ADC parameters were identified with p53, Ki-67, and cell count, substantiating the potential of ADC as
an important prognostic imaging biomarker. This information certainly has the potential to aid thyroid
surgeons in identifying the optimal treatment strategy for patients with thyroid cancer. Further studies
investigating a greater cohort of patients are necessary to confirm these findings.
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Abstract: The Epidermal Growth Factor Receoptor (EGFR) family member human epidermal growth
factor receptor 2 (HER2) is overexpressed in many human epithelial malignancies, representing
a molecular target for specific anti-neoplastic drugs. Few data are available on HER2 status in
differentiated thyroid cancer (DTC). The present study was aimed to investigate HER2 status in
sporadic cancers of follicular cell origin to better clarify the role of this receptor in the stratification of
thyroid cancer. By immunohistochemistry and fluorescence in-situ hybridization, HER2 expression
was investigated in formalin-fixed paraffin-embedded surgical specimens from 90 DTC patients,
45 follicular (FTC) and 45 papillary (PTC) histotypes. No HER2 immunostaining was recorded in
background thyroid tissue. By contrast, overall HER2 overexpression was found in 20/45 (44%) FTC
and 8/45 (18%) PTC, with a significant difference between the two histotypes (p = 0.046). Five of
the six patients who developed metastatic disease during a median nine-year follow-up had a
HER2-positive tumor. Therefore, we suggest that HER2 expression may represent an additional aid to
identify a subset of patients who are characterized by a worse prognosis and are potentially eligible
for targeted therapy.

Keywords: sporadic differentiated thyroid cancer; HER2 (Human Epidermal Growth Factor Receptor
2); immunohistochemistry; FISH (fluorescence in situ hybridization)

1. Introduction

The human epidermal growth factor receptor 2 (HER2) is a cell surface receptor belonging
to the Epidermal growth factor receptor (EGFR) family of receptors, which includes four distinct,
but closely related tyrosine kinase receptors: EGFR, HER2 (HER2/c-neu), HER3, and HER4 [1,2].
HER2 has no known cognate ligand and may become active upon hetero-dimerization with other
family members, such as EGFR. Upon activation, EGFR and HER2 undergo dimerization and
tyrosine auto-phosphorylation, thus leading to activation of proliferative and anti-apoptotic pathways,
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principally the MAPK, Akt, and JNK pathways. Through such effects on cell-cycle progression,
apoptosis, angiogenesis, and tumor-cell motility, HER2 is implicated in the development and
progression of cancer [1,2].

The HER2 gene is frequently amplified and the protein overexpressed in several human
epithelial malignancies, including breast, gastric, ovarian, and colon-rectal cancers [3–9]. In such
tumors, HER2 amplification/overexpression has been linked to a poor overall outcome and a
poorly differentiated phenotype [3–7]. It has also been considered a useful indicator of response to
specifically targeted therapies, such as trastuzumab, that inhibit the extracellular domain of HER2 [8,9].
Many studies have been addressed to determine the HER2-positive rate, mainly in breast and gastric
carcinomas, utilizing a well codified scoring system [10,11], and HER2 status assessment is currently
being used in such cancers to determine patient eligibility for treatment with trastuzumab [8,9,12,13].

Studies on HER2 have also been performed in thyroid cancer cells and tissues [14–26].
Interestingly, a wide variation in HER2 overexpression was reported in such studies, with positivity
rates varying from 0% up to 70%, which may largely be attributed to inter-study technical and
interpretive variations. Due to these conflicting findings, there is no consensus in the currently
available literature regarding the potential prognostic and therapeutic value of this marker in thyroid
cancer [16,18,23,24]. More recently, HER2 expression has been linked to the expression of estrogen
receptors in thyroid tumor tissue [27] and associated with BRAFV600E mutation and a more aggressive
phenotype in familial papillary thyroid cancers (PTCs) [28].

In the present study, we investigate HER2 expression status in a surgical series of sporadic
differentiated thyroid carcinomas of follicular cell origin to better clarify the role of this receptor in the
stratification of thyroid cancer.

2. Results

2.1. Clinical-Pathological Findings

The clinical-pathological features of the 90 differentiated thyroid cancer (DTC) patients (73 F
and 17 M, mean age 51.6 ± 12.7 years, median 49 years) are summarized in Table 1. The 45 patients
with PTC comprised 34 females and 11 males who ranged in ages from 28 to 71 years (median age,
49 years). Histologically, the papillary carcinomas were as follows: 16 classic variant, 21 follicular
variant, 4 Hürthle cell variant, and 4 sclerosing variant. The 45 patients with follicular thyroid cancer
(FTC) comprised 39 females and 6 males aged 22–76 years (median age, 55 years). The follicular
carcinomas included 34 that were minimally invasive and 11 that were widely invasive.

All patients had undergone total or subtotal thyroidectomy. In 61% of the patients, the tumor
was <2 cm, pT1 according to TNM classification [29], and 11% had lymph node metastases (Table 1).
No patient exhibited distant metastases at the time of surgery.

All patients were followed up for at least five years after thyroidectomy at our Endocrine Unit
(median follow-up duration 8.7 years, range 5–20 years). During follow-up, 6 out of 90 (6.7%) patients
(all females, aged 43–76 years, median 45 years) developed metastases: one was affected by PTC in the
classic variant pT1b stage, two by PTC follicular variant in the pT2 stage, and three by FTC in the pT3
stage. All PTC metastatic patients except for one (with lung metastases) had lymph-nodes metastases,
located in the right lateral neck (n = 1), left lateral neck (n = 1), anterior central compartment (n = 3),
and upper mediastinum (n = 1). The three FTC patients had lung and skeletal metastases.
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Table 1. Clinical and pathological features of the 90 differentiated thyroid cancer (DTC) patients at the
time of surgery.

Variables PTC Cases (n = 45) FTC Cases (n = 45)

Age (years, mean ± SD) 50.6 ± 12.3 52.7 ± 13.2

Sex

Male 11 6
Female 34 39

M:F 1:3 1:6.5

Histological features

Classic variant, n = 16 Minimally invasive, n = 34
Follicular variant, n = 21
Hürtle cell variant, n = 4 Widely invasive, n = 11
Sclerosing variant, n = 4

Primary Tumour pT [29]

T1 34 (13 T1a and 21 T1b) 21 (9 T1a and 12 T1b)
T2 10 13
T3 1 11
T4 / /

Node metastasis (NX/N0/N1) [29]

pNX 12 20
pN0 23 25
pN1 10 (N1a) /

The symbol/means no case.

2.2. Immunohistochemical (IHC) and Fluorescence In Situ Hybridization (FISH) Results

Twenty-seven specimens (17 PTC and 10 FTC) presented unamplified HER2 status and were
therefore scored 0. The remaining 63 cases (28 PTC and 35 FTC) stained for HER2 with a variable
intensity ranging from 1+ to 3+ (Table 2). A not negligible number of tumors, mostly papillary histotype
(15 cases, 13 PTC and 2 FTC), exhibited a low (1+) and patchy expression of HER2, with a granular
or diffuse cytoplasmic distribution of the staining. Such cases with no membranous staining were
considered negative.

Table 2. Human epidermal growth factor receptor 2 (HER2) expression in thyroid cancer tissue *.

HER2 Status FTC (n = 45) PTC (n = 45) p

IHC Negative/low (0, 1+) 12 (26.6%) 30 (66.6%) 0.020
Equivocal (2+) 15 7
Positive (3+) 18 8
IHC/FISH

Positive cases
(3+ and amplified) 20 (44.4%) 8 (17.7%) 0.046

* HER2 status has been assessed by using immunohistochemistry (IHC) to detect protein expression.
Fluorescence in situ hybridization (FISH) was also performed in cases that tested 2+ at IHC, as specified
in the Materials and Methods section to detect gene amplification.

HER2 was clearly overexpressed (3+) at IHC with membranous staining in 26 cases: 18 FTC,
of which 6 were widely invasive (see example in Figure 1A), and 8 PTC (2 classic, 5 follicular variant,
and 1 Hürthle cell variant) (see example in Figure 1B). Twenty-two tumors (15 FTC and 7 PTC) were
scored as 2+ by IHC for HER2. All 2+ cases (Figure 2A) were evaluated by FISH: two FTC revealed
HER2 amplification (Figure 2B), while the others were unamplified (Figure 2C). Therefore, the overall
rate of HER2-positive cases was 31% (28/90 cases). Specifically, HER2 amplification/overexpression
was found in 20/45 (44%) FTC and 8/45 (18%) PTC, with a significant difference between the two
histotypes (x2 = 3.96; p = 0.046) (Figure 3). Normal thyroid parenchyma surrounding the tumor lacked
expression of HER2.
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Figure 1. An evident diffuse membranous HER2 immunopositivity was seen in FTC (A, ×400) as well
as in the classic variant of papillary thyroid cancer (PTC) (B, ×400) (Mayer’s hemalum counterstain).

 

Figure 2. IHC equivocal (2+) follicular thyroid cancer (FTC) case (A, ×400) (Mayer’s hemalum
counterstain) that showed a corresponding HER2 amplification by FISH (B, ×660). Another unamplified
HER2 FTC case (C, ×460).

Figure 3. Percentages of FTC and PTC cases which tested positive for HER2 at both FISH and IHC (3+).
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No significant correlation was found between HER2 expression and tumor size, as well as lymph
node metastases at the time of surgery. However, among the six patients who developed metastatic
disease during follow-up, five had a HER2-positive tumor. Three tumors (2 PTC and 1 FTC) stained 3+
at IHC; and the remaining two FTCs stained 2+ at IHC and revealed HER2 amplification at FISH. Thus,
5 out of 28 HER2-positive tumors and 1 out of the remaining 62 HER2-negative tumors developed
metastatic disease during the follow-up (x2 = 8.18; p = 0.004).

None of our cancers was iodine refractory. Concerning iodine uptake, in our cohort of DTC
patients, the intensity of 131-radioiodine uptake observed (visual analysis) in thyroid remnant and,
mainly, in lymph-node metastases at post-therapy whole body scan (pT-WBS) did not differ in cases
overexpressing HER2 compared to negative ones.

3. Discussion

In the present study, we assessed HER2 status in a series of sporadic differentiated thyroid cancers
(DTCs) and found that HER2 was overall overexpressed in about one-third of cases; in particular,
the expression rate was significantly higher in the follicular (FTC) histotype compared to the papillary
(PTC) one.

To date, many studies have evaluated HER2 expression in thyroid cancer with controversial results,
largely due to inter-study differences in the size and setting of the examined series and, most of all,
to the subjective assessment and lack of uniform methodology [14–26]. Indeed, studies reported in the
literature in the past several decades markedly differ by the methodological approach used to assess
HER2 status [14–26]. Moreover, the criteria for scoring HER2 expression were different, and, in many
studies, cytoplasmic staining patterns were reported as positive immunostaining for HER2 [16–18,22,23,26].
As a consequence, the results of these studies are not comparable and therefore not conclusive.

The present study aimed to evaluate HER2 status using a method as reproducible and as
standardized as possible, similar to other cancers. Indeed, a similarly wide variation in HER2
overexpression has been reported in many other tumor types [3–8]. Therefore, as the prognostic
and therapeutic relevance of HER2 status has grown, the need to achieve a standardized HER2
assessment method has also arisen in neoplastic sites different from the stomach and breast [11]. In the
present study, we utilized the updated ASCO-CAP scoring system reported in breast cancer [10].
Applying such strict criteria to our DTC series, we reported an overall HER2 expression of 31%.
In detail, both PTC (18%) and FTC (44%) cases were found to overexpress HER2 in our series, and the
expression rate was significantly different between the two histotypes in favor of the follicular one.
These data may suggest a prognostic impact of HER2 status in DTC, further supported by the finding
that, in nearly all patients who had metastases diagnosed during follow-up, HER2 was overexpressed
in the primary tumor. Obviously, such results should be confirmed in a larger series to better determine
whether HER2 amplification/overexpression can be considered an additional prognostic aid to identify
cases characterized by a more aggressive disease, such as in other epithelial cancers [3,8–10,13].

Other studies have shown the absence of HER2 amplification in normal thyroid tissue, as well as
increased expression during malignant progression in DTC [18,19,21,22]. These findings are in
agreement with ours, although the importance of a standardized scoring methodology should be
emphasized in order to explain the partially contradictory results on DTC. In detail, Sugishita et al. [24]
investigated HER2 expression in a surgical series of 69 DTC, including 61 PTC and only 8 FTC,
and found that 14 PTC and 2 FTC had a score 3+ at IHC. Amplification of HER2 gene was confirmed
via FISH in 10 PTC 3+ plus 4 PTC cases 2+, and in one FTC, with an overall expression rate of 21.7%
(23% considering the sole PTC). Therefore, the highest rate of HER2 expression was recorded in PTC.
However, there are some limitations in the above-mentioned study [24]. First of all, the authors set an
arbitrary cut-off value for the FISH ratio of 1.3 to score their cases because of the low rate of HER2 gene
amplification they had found. If they had applied the HER2 amplification criteria for breast and gastric
cancer (i.e., FISH ratio > 2.0) strictly to thyroid cancer, as we did, all cases would be judged as negative.
Thus, these data are not comparable to ours. Secondly, the series from Sugishita et al. included only
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8 FTC, without any morphological evidence of HER2 expression [24]. Successively, another surgical
series of 69 DTC has been investigated for HER2 expression [25], but again a low number of FTC was
included (11 cases). Although the authors utilized a HER2 scoring methodology equivalent to ours,
they reported a very low rate of HER2 overexpression, since no FTC and only four (6.9%) PTCs showed
HER-2 overexpression [25]. Therefore, the rate of HER2 expression in PTC was definitely lower than
that previously reported elsewhere [24]; in addition, Mdah et al. [25] failed to find HER2 expression
in FTC. More recently, Caria and co-workers reported a scattered HER2 expression, restricted to less
than 10% of tumor cells, in a few cases of familial PTC [28]. In particular, 5/13 (38.5%) of familial PTC
cases showed 5.1%–10% HER2+ cells, while no sporadic PTC cases exceeded the cut-off value [28].
Moreover, when familial PTCs were analyzed via IHC using an anti-c-erbB2 antibody to detect HER2
protein expression, inconsistent results compared to the FISH analysis were obtained, also possibly
biased by the age of the available histological sections (7–20 years) [28]. Finally, no data about HER2
expression were recorded about different varieties present in PTC, nor in relation to the metastatic
event in PTC [28].

In the present study, we analyzed a large sporadic DTC registry including the same number of
PTC and FTC cases. Consequently, our data appear to be statistically more significant in comparison
to the reported studies [24,25,28] and reveal a significant HER2 expression related to histotype,
greatly favoring FTC. Moreover, its overexpression is more evident in metastatic DTC compared to
non-metastatic ones. These findings might have potential practical implications. HER2 may be helpful
in identifying a subset of DTC patients characterized by a worse prognosis, but eligible for potential
targeted therapies with HER2 inhibitors, such as trastuzumab. This may be relevant in iodine-refractory
cancers, since novel molecular targets and therapeutic strategies are currently under investigation
for these tumors, whose treatment is still a major challenge [30,31]. Moreover, HER2 expression
may be used for prognostic application in the context of other well-accepted clinic-pathological
prognostic parameters for DTC (age, gender, pTNM stage, histological subtype), since very few new
markers revealed prognostic value per se [32,33]. If our observations are confirmed in a larger series,
HER2 overexpression may play a role not only in the development and progression of a subset of
thyroid carcinomas, but also in their prognostic and therapeutic stratification.

4. Materials and Methods

4.1. Sample Collection

Ninety sporadic differentiated thyroid tumors (DTCs) (45 papillary (PTCs) and 45 follicular (FTCs)
thyroid cancers) with available formalin-fixed paraffin-embedded tissue blocks were selected from
the files of the Department of Pathology of our University Hospital. The surgical samples were from
90 patients (73 F and 17 M, aged 28–76 years) who were diagnosed and followed up at the Endocrine
Unit of our University Hospital over the last twenty years. The clinical records of the 90 patients
were reviewed.

Histological classification was performed by two pathologists with experience in thyroid
pathology (Giovanni Tuccari, Antonio Ieni and Giovanni Branca), according to the World Health
Organization guidelines [34]. Institutional review board approval was obtained.

4.2. Immunohistochemistry

For each case, 5-μm-thick sections from representative tissue blocks of the tumor were obtained.
Immunohistochemistry (IHC) was performed twice on each specimen using, firstly, the monoclonal
antibody against HER2-pY-1248 (Phosphorylation site specific) (clone PN2A, Dako; w.d. 1:100)
and, successively, the Hercep Test (Dako, Glostrup, Denmark), with an automated procedure
(DAKO Autostainer Link48), according to the manufacturer’s instructions. An antigen retrieval
pre-treatment was performed in 3 cycles in a 0.01 M citrate buffer, pH 6.0, in a microwave oven
at 750 W. Staining intensity, the percentage of positive cells, and cellular localization were evaluated
both in the tumor and in the adjacent non-neoplastic thyroid tissue.
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Since there are no established criteria for thyroid cancer, we adapted the current breast criteria for
scoring HER2 in our DTC. Staining intensity and cellular localization in the tumor were evaluated
and scored according to the updated ASCO-CAP scoring system for breast cancer [10]. Accordingly,
the degree of HER2 staining was scored from 0 to 3+. HER2 positivity was defined as 3+ when
strong membranous staining was noted in at least 10% of cells, 2+ when weak to moderate complete
membranous staining was evident in 10% of tumor cells, 1+ when a faint or weak and incomplete
membrane staining was observed, and 0 when no staining was observed or when staining was present
in less than 10% of neoplastic cells.

Immunohistochemical evaluations were carried out twice and blindly by two pathologists
(Giovanni Tuccari, Antonio Ieni and Giovanni Branca). In the case of disagreement, cases were
jointly discussed using a double-headed microscope until agreement was reached.

4.3. Fluorescence In Situ Hybridization

In cases showing 2+ immunostaining, as determined by IHC with the Hercept test, fluorescence in
situ hybridization (FISH) analysis was performed using a HER2 FISH PharmDx™ kit (Dako, Glostrup,
Denmark), according to the manufacturer’s instructions, to detect amplification of the HER2 gene,
as for breast cancer [35]. Gene amplification was recorded when the ratio HER2/centromeric probe for
chromosome 17 (CEP17) signal was ≥2.0.

Specimens of breast carcinoma were used as appropriate positive controls for both IHC and FISH
analysis (Figure 4A). Negative controls were obtained either by omitting the primary antiserum or
by replacing the primary antiserum with normal mouse serum, in a parallel section of the same cases
(Figure 4B).

 

Figure 4. Breast carcinoma tissue section as positive control (A, 200×) and negative control (B, 200×).

4.4. Statistical Analysis

Once tested for normal distribution and variance, data (mean ± standard deviation) were analyzed
by the two-tailed Student’s t-test, a chi-square test with Yates’ correction for continuity, and linear
regression analysis. The level of statistical significance was always set at p < 0.05.
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Abstract: Extensive research is dedicated to understanding if sporadic and familial papillary thyroid
carcinoma are distinct biological entities. We have previously demonstrated that familial papillary
thyroid cancer (fPTC) cells exhibit short relative telomere length (RTL) in both blood and tissues
and that these features may be associated with chromosome instability. Here, we investigated the
frequency of HER2 (Human Epidermal Growth Factor Receptor 2) amplification, and other recently
reported genetic alterations in sporadic PTC (sPTC) and fPTC, and assessed correlations with RTL
and BRAF mutational status. We analyzed HER2 gene amplification and the integrity of ALK, ETV6,
RET, and BRAF genes by fluorescence in situ hybridization in isolated nuclei and paraffin-embedded
formalin-fixed sections of 13 fPTC and 18 sPTC patients. We analyzed BRAFV600E mutation and RTL
by qRT-PCR. Significant HER2 amplification (p = 0.0076), which was restricted to scattered groups
of cells, was found in fPTC samples. HER2 amplification in fPTCs was invariably associated with
BRAFV600E mutation. RTL was shorter in fPTCs than sPTCs (p < 0.001). No rearrangements of other
tested genes were observed. These findings suggest that the association of HER2 amplification with
BRAFV600E mutation and telomere shortening may represent a marker of tumor aggressiveness, and,
in refractory thyroid cancer, may warrant exploration as a site for targeted therapy.

Keywords: papillary thyroid carcinoma; HER2 (Human Epidermal Growth Factor Receptor 2); Telomere;
FISH (fluorescence in situ hybridization)

1. Introduction

The most common histological subtype of non-medullary thyroid carcinoma (NMTC) is papillary
thyroid carcinoma (PTC), which represents 75%–85% of all thyroid cancer. Although mostly sporadic
(sPTC), there is some evidence for a familial form of PTC (fPTC) not associated with known Mendelian
syndromes. Familial PTC is observed in approximately 5%–10% of NMTC cases [1] and, despite
the extensive research dedicated to understand if it is a distinct biological entity than sPTC [2], this
distinction remains controversial. Indeed, the most common somatic alterations, such as mutations
in RAS and BRAF and rearrangements of RET/PTC and NTRK1, exhibit similar prevalence and
distribution in both sPTC and fPTC [3]. No oncogenic germline mutations of these genes have been
detected in fPTC cases [4]. However, there is an ongoing debate on the possible association of HAPB2
germline mutation to the predisposition to familial forms of NMTC [5–8]. Generally speaking, most
PTC can be treated effectively with surgery and radioactive iodine therapy. However, for cases in
which these treatments are not effective, targeted drugs might be considered. Kinase inhibitors, such
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as sorafenib and lenvatinib, are now used as targeted drugs [9,10]. Less frequent genetic alterations,
such as rearrangements of ALK [11] and ETV6 [12], identified in sPTC, but not yet investigated in
fPTC, also represent new therapeutic targets. In addition, the amplification of the HER2 gene, reported
in highly-malignant PTC nodules [13], might be added to the list of drug-targetable genes. The
HER2 amplification in PTC was observed by fluorescence in situ hybridization (FISH), and average
telomere length in HER2-positive (HER2+) PTC was significantly shorter than HER2-negative (HER2−)
PTC [13]. Of possible significance, shorter average telomere length has also been reported in fPTC
compared to sPTC [14]. These observations prompted us to verify HER2 amplification and telomere
length status in 13 fPTC and 18 sPTC. Tumors were also investigated for integrity of the RET gene,
which is rearranged in 10%–40% of PTC, and ALK, ETV6, and BRAF genes, which are rearranged in a
minority of PTC. BRAFV600E mutation, which is associated with an aggressive biological behavior [15],
was also evaluated. Our results indicate an increased prevalence of occasional HER2 gene intermediate
amplification in fPTC compared to sPTC, and shorter telomeres in all fPTC, including those with HER2
amplification, compared to sPTC. In addition, all HER2+ samples invariably possessed the BRAFV600E

mutation, but not vice versa. The association might represent a marker of tumor aggressiveness and,
in refractory thyroid cancer, may indicate possible exploration for targeted therapy. Additionally,
the simultaneous occurrence of these three specific molecular alterations may be suggestive of the
existence of a specific fPTC subgroup.

2. Results

2.1. Human Epidermal Growth Factor Receptor 2 (HER2) Amplification in Familial Papillary Thyroid
Carcinoma (fPTC) and Sporadic Papillary Thyroid Carcinoma (sPTC)

HER2 amplification was evaluated in 13 fPTC (seven females, mean age at diagnosis of 53.7 ± 14.2;
six males, mean age at diagnosis 49.0 ± 21.5) and 18 sPTC (15 females, mean age at diagnosis 46.6 ± 7.8;
three males, mean age at diagnosis 43.6 ± 13.6). We found that isolated fPTC and sPTC nuclei
were HER2− according to the Wolff criteria (originally developed for breast cancer formalin-fixed
paraffin-embedded (FFPE) examination) [16], although a number of cases showed scattered HER2+
cells, ranging from 1.4% to 9% in fPTC and from 1% to 2.4% in sPTC (Figure 1A,B). Based on these
observations, and on the lack of specific criteria for the evaluation of HER2 amplification in thyroid
tumors, we analyzed the distribution of HER2+ cells in these cases to determine if they met the criteria
for the presence of genetic heterogeneity (>5% and <50%) according to Vance [17]. We found significant
genetic heterogeneity in the distribution of HER2 amplification in fPTC compared to sPTC (p = 0.0076)
(Figure 1C–E). We found that 5/13 (38.5%) fPTC cases showed 5.1% to 10% HER2+ cells. FISH on FFPE
from sPTC confirmed the findings obtained from isolated nuclei that no sPTC case exceeded the cut-off
value. When fPTCs were analyzed by immunohistochemistry using an anti-c-erbB2 antibody [18] to
detect HER2 protein expression, inconsistent results compared to the FISH analysis were obtained.
However, this result was possibly biased by the age of the available histological sections (7–20 years).
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Figure 1. Distribution of HER2 (human epidermal growth factor receptor 2) amplification in familial
papillary thyroid carcinoma (fPTC) and sporadic papillary thyroid carcinoma (sPTC) nuclei. Arrows
point to isolated nuclei with extra copies of the HER2 gene (red spots) in the presence of disomy
17 (chromosome 17 centromere-specific alphoid repetitive DNA, green spots) in fPTC (A); and
sPTC (B); and in nuclei in formalin-fixed paraffin-embedded (FFPE) sections of fPTC (C); and sPTC
(D). The distribution of the amplification in FFPE sections of fPTC versus sPTC was significant
(p = 0.0076) (Fisher exact test) and indicative of genetic heterogeneity heterogeneity according to
Vance criteria [17] (E). Scare bar = 10 μm.

2.2. Rearrangements of ALK, BRAF, ETV6, and RET Genes

We found no rearrangements of ALK, BRAF, and ETV6 genes by fluorescence in situ hybridization.
We found one case of sPTC with a RET rearrangement, the remaining cases exhibited neither
disruptions nor numerical changes in RET gene (see examples in Figure 2A,B).

Figure 2. Examples of fluorescence in situ hybridization (FISH) in isolated nuclei for the identification
of genes specifically rearranged in papillary thyroid carcinoma (PTC). Arrows point to the split of
the red/green signal of a RET break-apart [19] probe in the case of sPTC, indicating broken RET (A);
and to un-split red/green signals of an ALK break-apart probe in the case of fPTC, indicating unbroken
ALK (B). Red spot: 300 kb probe DNA fragment; Green spot: 442 kb probe DNA fragment; Scare
bar = 10 μm.
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2.3. Telomere Length and BRAFV600E Mutation in fPTC and sPTC Patients

Relative telomere length was significantly shorter in fPTC samples than in sPTC samples:
median = 0.93 (25th–75th percentile: 0.6–1.2) vs. 1.9 (25th–75th percentile: 1.8–2.3) for fPTC vs.
sPTC, respectively (p < 0.001) (Figure 3). This result was not due to a difference in the patient’s age
and sex, as sporadic cases were selected to be age/sex-matched with familial patients (Table 1).

Figure 3. fPTC and sPTC relative telomere length (RTL). RTL was measured by q-PCR, and was
expressed as the ratio (T/S) of the telomere (T) repeat copy number to a single-copy gene (S).
The difference in RLT between fPTC and sPTC samples was significant (p < 0.001) (Mann-Whitney
U-test). Triangles represent the RTL of each case; the upper and lower lines represent the interquartile
range of the distribution (25th–75th percentile); the middle line represents the median.

BRAFV600E mutation was detected in 9/13 (69.0%) fPTC and 14/18 (78%) sPTC (p = 0.68), which
was not statistically significant. All HER2+ fPTC were BRAFV600E-positive (BRAF+), although not all
BRAF+ fPTC were HER2+ (Figure 4).

 
Figure 4. Distribution of HER2 amplification and BRAFV600E mutation in fPTC and sPTC tumors.
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3. Discussion

Amplification of the HER2 gene in thyroid cancer was first uncovered by FISH analysis of
follicular cells from highly malignant PTC nodules [13]. They observed that HER2+ PTC exhibited
shorter telomeres than HER2− PTC. PTC is an entity mostly recognized as sporadic, although the
familial form may account for approximately 5% of cases [1,2]. Familial PTC may occur in combination
with other Mendelian cancer syndromes (familial adenomatous polyposis, Gardner’s syndrome,
Peutz-Jeghers syndrome, and Cowden’s syndrome) or may be unassociated with other neoplasms
in familial aggregates. However, although the risk of developing extra-thyroidal malignancy in
non-Cowden’s syndrome is documented [21,22], the clinical correlation between sporadic breast cancer
(20% of which are HER2+) [23] and PTC is still controversial [24,25], and the co-occurrence of both
disorders in the same individual is a subject of extensive debate [26,27]. None of our fPTC patients had
clinical or pathological evidence of hereditary syndromes associated with NMTC, breast cancer, or other
types of sporadic tumors, except for one male patient who had a previous squamous cell carcinoma of
the auricle. The thyroid cancer of this patient was not associated with any genetic alterations of the
genes examined here. As more than 5%, but fewer than 50%, of nuclei were found to be amplified in
our FFPE sections, we use the Vance criteria [17] in the interpretation of our results. Our data indicated
a significant difference in HER2 amplification (p = 0.019) in fPTC compared to sPTC. This finding
indicates a degree of genetic heterogeneity in the fPTC group and suggests that HER2+ cells in fPTC
possibly undergo apoptosis to a lesser extent than in sPTC. The observation adds thyroid carcinoma
to the list of tumors that exhibit HER2+. HER2+ is indeed observed in a growing number of other
tumors, including advanced gastric and esophageal cancer [28], ovarian [29], colon [30], bladder, lung,
uterine, cervix, head and neck, and endometrial cancer [31]. The extracellular domain of the HER2
receptor has an essential role in cell proliferation and anti-apoptotic processes, making HER2+ breast
and gastric/gastroesophageal cancers more likely to respond to targeted therapies in combination
with chemotherapy than HER2− tumors. A wide range of solid tumors showing deregulation of
HER2 expression are regarded as biologically aggressive. Familial PTC is often associated with a
more severe phenotype than its sporadic counterpart [32], and often harbor BRAFV600E mutation.
BRAFV600E is considered to have a prognostic value in PTC [33], and usually identifies differentiated
thyroid tumors with advanced clinicopathological features. BRAFV600E is also strongly associated with
PTC patient mortality [15]. In contrast to lung adenocarcinoma, in which HER2 amplification and
BRAFV600E mutation appear to be mutually exclusive events [34], here we found that all HER2+ fPTC
bore the BRAFV600E mutation, although not all BRAFV600E-positive nodules had HER2 amplification.
Of significance, none of the BRAFV600E-positive sPTC were HER2+, despite the high frequency of
BRAFV600 mutations in this cohort. It is not entirely clear how this discrepancy should be interpreted,
considering the limited size of our cohorts. In addition, we do not know whether HER2 amplification
and BRAFV600E mutation coexist in the same cells within a tumor or if they are segregated in different
clones. We do not know, either, if the condition is different in our HER2+ fPTC versus sPTC with
HER2+ cells <5%.

The other evaluated genes, ALK, BRAF, ETV6, and RET, exhibited extensive integrity. The only
case bearing a RET disruption was BRAFV600E-negative. Moreover, we found a significant difference
(p < 0.001) of RTL in fPTC nodules compared to sPTC nodules, in agreement with our previous
investigations [14,35]. Telomere length regulation plays a crucial role in genome instability and
tumorigenesis [36]. Dysfunctional telomeres can increase chromosome instability by causing either
fusion of chromosomes or fusion of sister chromatids, bringing the formation of anaphase bridges and
the beginning of the so-called breakage-bridge-fusion cycles [37]. Although biased by the small number
of patients investigated in our two cohorts (forced by the low frequency of fPTC), our data stigmatize
significantly shorter RTL in fPTC cells versus sPTC cells. This result is in line with the reported
predisposition of fPTC patients toward spontaneous chromosome fragility [35]. This observation poses
the basis for further investigation exploring the existence of a possible specific three-dimensional
(3D) altered telomere organization in fPTC. Telomere remodeling is a feature of cancer cells [38] and
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may identify tumor subgroups [39,40]. On the other hand, alterations in the telomere 3D profile
have been reported in a murine model of thyroid tumors [41]. Recurrent somatic mutations in the
promoter of TERT, the catalytic subunit of the enzyme telomerase, has been reported in PTC [42],
often in concomitance with mutated BRAF [43]. A subclonal distribution in the rare PTC that harbor
the alteration, in contrast to a clonal distribution in the poorly-differentiated and anaplastic tumors
has been observed [44]. Unfortunately, the scanty material available from our cases prevented the
possibility to establish a putative association of TERT promoter mutations with telomere length in
our PTCs.

Our finding on RTL are, substantially, in keeping with the Sugishita data [13]. However, in contrast,
38.5% of our fPTC, but none of our sPTC, showed HER2 amplification, indicating an apparently
preferential association with fPTC. In this regard, the small number of patients investigated in our
two cohorts might constitute a bias. Nevertheless, as a whole, the finding of BRAFV600E mutation in
association with HER2+ genetic heterogeneity, short telomere length, and prevalence of multifocal
tumors seems to not be a rare molecular event in fPTC and may characterize a subgroup of fPTC.
The response of refractory fPTC patients of this subgroup to target therapy of trastuzumab and
lapatinib should be explored.

4. Materials and Methods

4.1. Sample Collection

The PTCs (13 fPTC and 18 sPTC) considered in the present study were selected from the
pathological files of the University of Siena. Familial recurrence of the disease was defined as the
presence of at least one first-degree relative with differentiated thyroid carcinoma in the absence of
any other familial syndrome. None of the fPTC patients presented with any other sporadic tumor,
including breast cancer, except for one male patient with a previous squamous cell carcinoma of the
auricle. The histology of all tumor samples was classified according to the World Health Organization
guidelines [20]. The fPTC cases were selected from 13 families, randomly choosing one affected subject
from each family (the oldest affected subject): seven females (mean age at diagnosis of 53.7 ± 14.2,
with an age range of 29–69 years) and six males (mean age at diagnosis of 49.0 ± 21.5, range 24–81).
Four fPTC tumors were classified as follicular variants and nine were classical PTC. Seven out of the
13 families (53.8%) had three or more affected members, two out of 13 (15.3%) had two members
with PTC and at least three members operated for multi-nodular goiter, and four out of 13 had only
two members affected by thyroid cancer. In these cases, the phenomenon of genetic anticipation was
observed with the second generation acquiring the disease at an earlier age and having more advanced
disease at presentation.

The sPTC cases were from 15 females (mean age at diagnosis of 46.6 ± 7.8, range 31–64) and three
males (mean age at diagnosis 43.6 ± 13.6, range 31–58). Fourteen were classified as classical PTC,
two as follicular variants, one as a diffuse sclerosing variant, and one as a trabecular variant (Table 1).
Informed consent was obtained from each patient after a full explanation of the purpose and nature
of all of the procedures to be used. All data from the patients were handled in accordance with local
ethical committee-approved protocols and in compliance with the Helsinki declaration

4.2. Fluorescence In Situ Hybridization

Thick sections (30 μm) were obtained from formalin-fixed paraffin-embedded (FFPE) tissue
blocks of the thyroid nodules or, to assess probe cut-off, from the apparently tumor-free tissue of the
contralateral lobe. Nuclei were isolated as reported [45], and were investigated by FISH, using specific
probes and a standard protocol [46].
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4.3. Detection of HER2 Gene Copy Number Alterations or Amplification

HER2 amplification was determined by counting the total numbers of HER2 and CEP17
(chromosome 17 centromere-specific alphoid repetitive DNA, Abbott Molecular, Abbott Park, IL,
USA) signals per nucleus with a mean of 89.5 (range 34–175) nuclei. The ratio of HER2 signals to CEP17
(centromeric probe for chromosome 17) signals was calculated according to ASCO/CAP (American
Society of Clinical Oncology/College of American Pathologists Guideline) criteria refined for breast
cancer [16].

Nodules with, or suspected to have, HER2 amplification were then re-evaluated by FISH on 4
μm histological sections to assess the distribution of possible clones. The tumor area, marked by the
pathologist [47], was entirely scored. As more than 5%, but fewer than 50%, of nuclei were found to be
amplified, the Vance criteria were used to define the distribution of abnormal cells [17].

Consecutive histologic sections were used to assess HER2 expression by immunohistochemistry.
The expression of HER2 protein was determined using anti-c-erbB2 antibody (Dako, Glostrup,
Denmark) in accordance with the manufacturer’s instructions.

Detection of ALK, BRAF, ETV6, and RET rearrangements. Commercially available break-apart
or single gene probes for ALK, BRAF (Abbott Molecular, Abbott Park, IL, USA), and ETV6 (Kreatech
Diagnostic, Amsterdam, The Netherlands) were used to verify gene integrity in nuclei isolated from
FFPE tissue blocks. An arbitrary cut-off of 3% was employed, as control cells showed no split signal in
200 scored nuclei per sample. For the RET gene, a homebrew probe and a previously described cut-off
value were used [19]. Microscopic analysis was performed with an Olympus BX41 epifluorescence
microscope and a charge-coupled device camera (Cohu, San Diego, CA, USA) interfaced with the
CytoVision system (software version 3.9; Applied Imaging, Pittsburg, PA, USA).

4.4. Telomere Length and BRAFV600E Mutation

DNA was extracted from fresh or FFPE tissues, using the QIAamp® DNA Mini Kit (Qiagen,
Milano, Italy) following the manufacturer’s instructions. RTL of sPTC was determined by quantitative
PCR, carried out on 30 ng/μL genomic DNA using an MJ Mini Personal Thermal cycler (Bio-Rad,
Milano, Italy) as described [14]. RTL values of the fPTC examined in the present study were reported
previously [14]. Relative telomere length was calculated as the ratio of telomere repeats to a single-copy
gene in experimental samples using standard curves. This ratio is proportional to the average telomere
length. The 36B4 gene, which encodes acidic ribosomal phosphoprotein P0, was used as the single-copy
gene [14]. For analysis of the BRAFV600E mutation, DNA was amplified in a final volume of 50 μL of
2× PCR Master Mix (AmpliTaq Gold® PCR Master Mix, Applied Biosystems, Milano, Italy) and a final
primer concentration of 200 nM. Primer sequences, PCR conditions, and interpretation of results were
as previously described [48].

4.5. Statistical Analyses

Mann-Whitney U-test (IBM SPSS Statistic version 2.1 software, Armonk, NY, USA) was used for
statistical analysis of differences in RTL. Fisher exact test was used to compare HER2 gene amplification.
All p-values were two-sided and p less than 0.05 was considered significant.

Epidemiological data are presented as the mean ± SD and median when necessary. The t-test
for independent data was performed for normal variables. To evaluate significant differences in data
frequency we analyzed 2 × 2 contingency tables by the Fisher exact test. Tables with sizes larger than
2 × 2 were examined by the Chi-squared test.
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Abstract: Nuclear genetic alterations have been widely investigated in papillary thyroid cancer
(PTC), however, the characteristics of the mitochondrial genome remain uncertain. We sequenced the
entire mitochondrial genome of 66 PTCs, 16 normal thyroid tissues and 376 blood samples of healthy
individuals. There were 2508 variations (543 sites) detected in PTCs, among which 33 variations
were novel. Nearly half of the PTCs (31/66) had heteroplasmic variations. Among the 31 PTCs,
28 specimens harbored a total of 52 somatic mutations distributed in 44 sites. Thirty-three variations
including seven nonsense, 11 frameshift and 15 non-synonymous variations selected by bioinformatic
software were regarded as pathogenic. These 33 pathogenic mutations were associated with older age
(p = 0.0176) and advanced tumor stage (p = 0.0218). In addition, they tended to be novel (p = 0.0003),
heteroplasmic (p = 0.0343) and somatic (p = 0.0018). The mtDNA copy number increased in more
than two-third (46/66) of PTCs, and the average content in tumors was nearly four times higher than
that in adjacent normal tissues (p < 0.0001). Three sub-haplogroups of N (A4, B4a and B4g) and eight
single-nucleotide polymorphisms (mtSNPs) (A16164G, C16266T, G5460A, T6680C, G9123A, A14587G,
T16362C, and G709A) were associated with the occurrence of PTC. Here we report a comprehensive
characterization of the mitochondrial genome and demonstrate its significance in pathogenesis and
progression of PTC. This can help to clarify the molecular mechanisms underlying PTC and offer
potential biomarkers or therapeutic targets for future clinical practice.

Keywords: mitochondrial DNA; mitochondrial DNA copy number; haplogroup; papillary
thyroid cancer

1. Introduction

Mitochondria are semiautonomous organelles responsible for bioenergetic metabolism, aging and
apoptosis [1]. Otto Warburg et al. first proposed that metabolic reprogramming occurred in cancer
cells evidenced by highly activated glycolysis even in the presence of oxygen, and this was regarded
as a hallmark of cancer [2]. This phenomenon, called the Warburg effect, is probably triggered by
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insufficient energy supply that is the result of the combination of mitochondrial defects and activated
cellular proliferation [3]. Mitochondrial DNA (mtDNA) is a 16,569 bp, double-stranded circular
molecule encoding 13 polypeptides, two ribosomal RNAs (rRNAs) and 22 transfer RNAs (tRNAs)
for mitochondrial respiration. The replicative origins and transcriptive promoters are located in the
non-coding displacement-loop (D-loop) region [4]. Accumulated evidence demonstrates that mtDNA
variations and copy number alterations are common in human cancers [5]. Pathogenic mtDNA
mutations can severely affect mitochondrial respiration and overproduce endogenous reactive oxygen
species (ROS) contributing to anti-apoptosis, proliferation and metastasis of cancer [5,6].

Papillary thyroid cancer (PTC) is the main histological type of thyroid cancer. Most PTC patients
have favorable outcome with the 30-year survival rate more than 90% after routine treatment by
thyroidectomy with or without radioiodine ablation [7]. However, a small group of PTC patients
suffer from tumor persistence, recurrence and even death [8]. Investigating the underlying molecular
mechanisms of PTC can provide promising biomarkers and therapeutic targets for early diagnosis
and treatment, thus improving prognosis and survival quality of patients, especially those with
aggressive tumor behavior and adverse outcomes. The malignant transformation and progression of
thyroid cancer is driven by accumulated genetic alterations. Among them, the BRAFV600E mutation is
the most significant factor for PTC and is associated with high-risk clinicopathological features and
unfavorable outcomes [9]. Therefore, many researchers suggest that BRAFV600E mutation can be a
valuable biomarker and therapeutic target for diagnosis, risk stratification, prognostic prediction and
treatment of PTC [9].

In spite of the research achievements in understanding the nuclear genome, the role of
mitochondrial genome in pathogenesis and progression of thyroid cancer is still incompletely
characterized. Previous researchers have found abnormally excessive mitochondria and prevalent
mtDNA alterations in thyroid cancer. However, the majority of these studies are restricted to the
oncocytic subtype of thyroid cancer and only focused on mutation hotspots of mtDNA [10–12]. Here we
comprehensively characterized the mitochondrial genome in papillary thyroid cancer by sequencing
the entire mtDNA of 66 PTCs, 16 normal thyroid tissues and 376 blood samples of healthy individuals.
The mtDNA variation distribution, haplogroup and copy number were further analyzed.

2. Results

2.1. Distribution of mtDNA Variations

A total of 2508 variations in 543 sites were identified in 66 PTC cases, and the D-loop region
was the hotspot of mtDNA (Figure S1a,b). Single-base substitution was the main component of
mtDNA variations, in addition to 76 deletions (13 sites) and 112 insertions (10 sites) (Figure S1c).
About 30.9% (101/327) transitions and 60% (12/20) transversions were non-synonymous, suggesting
that transversion was more likely to alter the encoded amino-acid and affect the structure or
function of protein (Figure S1d). In the protein-coding region, most variations were synonymous
(Figure S1e). ATPase6 (14/22, 63.6%), Cytb (20/45, 44.4%), ND4L (3/8, 37.5%) and ND5 (25/71,
35.2%) genes harbored relatively high ratio of nonsynonymous variation (Figure S1e,f). A total of
33 variations—including 11 non-synonymous, seven nonsense and eight frameshift variations—in
25 PTC patients were novel, and all of them were singular (Table 1). Heteroplasmy was one of the
most important characteristics of mitochondrial genome, presenting in nearly half of the 66 PTCs
(31/66). Among the heteroplasmic variations, 52 somatic mutations (44 sites) in 28 PTC patients and
28 germline variations (20 sites) in 16 patients were detected (Table S1).
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2.2. The mtDNA Variations in Non-Coding Region

There were 103 substitutions and 10 frameshift alterations in D-loop region. Nearly all the
insertions and deletions were located in mitochondrial microsatellite instability (mtMSI) regions,
such as poly-C in np 303–315 or np 16184–16193 and poly-CA stretch in np 514–523. In the RNA
region, 20, 21 and 29 variations were, respectively, identified in 12S rRNA, 16S rRNA and tRNAs.
The published secondary structures of RNAs were used to localize the alterations in the stem and loop
structure [13]. A total of seven variations in 12S rRNA, one alteration in 16S rRNA and 13 alterations
in tRNAs changed the Waston–Crick base-pairing. According to their frequencies in control groups
and conservation of the altered nucleotides, 13 variations were identified as potentially deleterious
and five of them had been reported in diseases (Table S2, Figure 1).

Figure 1. Potential pathogenic tRNA variations in PTC Schematic structures of eight mitochondrial
tRNAs are shown. Arrows point out the position of tRNA variation.

2.3. The mtDNA Variations in Protein-Coding Region

A total of 234 synonymous, 113 non-synonymous, seven nonsense and 11 frameshift variations
were detected in protein-coding region. All the nonsense and frameshift variations brought in
advanced stop-codon (UAG, UGA) and leaded to premature termination of protein synthesis (Table 2,
Figure 2). Among the 113 non-synonymous alterations, 26 variations were selected as potentially
pathogenic based on their frequencies in control groups and conservation of the altered amino-acid
(Table 3). These 26 selected variations were further evaluated by seven bioinformatic programs,
and 15 of them were predicted as deleterious by more than half of the programs (Table 3). Therefore,
these 33 mutations in 32 patients, including 15 nonsynonymous, seven nonsense and 11 frameshift
mutations, were classified as pathogenic mutations. These pathogenic mtDNA mutations were
associated with patients’ older age (p = 0.018) and advanced tumor stage (p = 0.022), and tended to be
novel (p < 0.001), heteroplasmic (p = 0.034) and somatic (p = 0.002) (Table S3).
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Figure 2. The nonsense and framshift mutations: (a) Seven nonsense mutations directly
introduce stop-codon and thus create premature termination of protein synthesis immediately;
and (b) Seven frameshift alterations bring stop-codon in the following transcription and induce
truncated polypeptide.

2.4. The Alteration of mtDNA Copy Number

In comparison with corresponding normal tissues, more than two-thirds (46/66) of the PTCs
had increased mtDNA copy number. The average mtDNA content in tumors was nearly four times
higher than that in adjacent normal tissues (p < 0.0001) (Figure 3). Interestingly, mtDNA content
in the tumor of patient No. 48 was more than 38 times higher than the corresponding normal
tissue. However, our analysis showed that increased mtDNA content had no significant association
with clinicopathological features. No obvious association was observed between mtDNA content
with novel or heteroplasmic mtDNA variations, PTC-associated mutations or mtMSIs (309insC/CC
and 523del/insCA).
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Figure 3. Copy number analysis of mtDNA in thyroid cancer: comparison of the average mtDNA copy
number between PTC cases (T) and their corresponding normal tissues (N). Two-sided Mann–Whitney
U test was used to analysis the difference, and p < 0.05 was considered as significant.

2.5. Analysis of Haplogroup and mtSNP

The entire mtDNA sequences of 66 PTCs were assigned to Asian mtDNA lineage and
classified into 11 haplogroups distributed between macro-haplogroups M (n = 30) and N (n = 36).
Sub-haplogroups were descended from macro-haplogroups M (C, D, G and Z) and N (A, B, F,
N, R and Y) (Figure 4). Although no statistical significance was found in haplogroup M or N,
the sub-haplogroups A4 (OR 3.903, 95% CI 1.070–14.23, p = 0.027), B4a (OR 3.903, 95% CI 1.070–14.23,
p = 0.027) and B4g (OR 11.5, 95% CI 1.027–128.8, p = 0.013) descending from haplogroup N tended
to be associated with the occurrence of PTC (Table S4). Frequencies of 15 mtSNPs were statistically
different between PTC and healthy groups, and eight of them (A16164G, T16362C, C16266T, G5460A,
T6680C, G9123A, A14587G, and G709A) may be associated with a predisposition to developing PTC
according to their frequencies between PTC and normal thyroid groups (Table S5).

Figure 4. Phylogenetic tree was constructed to reveal the underlying lineages of 16 mtDNA
haplogroups in 66 PTC cases.

3. Discussion

In spite of generally indolent behavior and favorable prognosis associated with papillary thyroid
cancer, tumor recurrence and distant metastasis are intractable issues in the clinical treatment of a
subset of PTC patients [8]. Identifying high-risk patients and offering appropriate, more aggressive
therapy in the early stages has been an important goal for clinical researchers. Considering the crucial
role of mitochondria in carcinogenesis, investigation of mitochondrial genome may provide potential
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biomarkers and therapeutic targets for clinical practice. Here we identified 33 pathogenic mtDNA
mutations in the protein-coding region, and found three sub-haplogroups and eight mtSNPs that
were associated with PTC predisposition. In addition, the average mtDNA copy number in PTCs was
significantly higher than that in corresponding normal tissues.

The mutation load of mtDNA is 10–20 times higher than nuclear DNA, probably because the
protect and repair system in mitochondria is insufficient and mtDNA is more vulnerable to oxidative
stress generated by oxidative phosphorylation [14]. The D-loop region is a mutation hotspot of mtDNA
due to the unique triple-stranded DNA structure [15]. The mtMSIs in the D-loop region can modify
the binding affinity of transacting elements and direct the formation of persistent RNA-DNA hybrids
regulating the efficiency of replication and transcription, which are probably produced by direct
oxidative attack, slippage or mis-incorporation during replication and inefficient repair of polymerase.
The mtDNA copy number varies in different cell types and microenvironments, and is precisely
modulated by alterations in the D-loop region. The content of mtDNA is important for functional
maintenance of mitochondria, but alterations in mtDNA and their significance in different types of
cancer are still discrepant [16]. Our analysis found excessive replication of mtDNA in PTCs. However,
no significant association was presented between mtDNA content and clinicopathological features,
and no obvious association was observed between mtDNA content with novel or heteroplasmic
mtDNA variations, PTC-associated mutations or mtMSIs. Probably, other factors also take part in the
increased copy number of mtDNA. Corver et al. demonstrated that the presence of near-homozygous
genome (NHG), rather than damaging or disruptive mtDNA mutations, was correlated with oncocytic
phenotype which showed a strikingly mitochondrial proliferation [10]. Interestingly, mtDNA content
in tumor of No. 48, a conventional variant PTC, was more than 38 times higher than corresponding
normal tissue. In this specimen, we identified a novel frameshift alteration 14495–14502 del (AAAT)
in the ND6 gene, which directly resulted in a premature stop-codon (UAG) being introduced and
truncated the polypeptide from 175 amino-acid to 58 amino-acid. Thus we speculate that the highly
increased mtDNA copy number may have been triggered by defective mitochondrial function caused
by this novel deletion [10,16].

Heteroplasmy is a unique characteristic of mitochondrial genome, and also a typical feature of
pathogenicity [17]. Once the pathogenic threshold is surpassed, the heteroplasmic level can affect
the biochemical and clinical phenotype from mild functional deficiency to complete disassembly of
the mitochondrial complex [18]. In our study, nearly half of the PTC cases harbored heteroplasmic
variations. Among these heteroplasmic variations, 52 variations were somatic and the majority of them
were novel—which dramatically increases their likelihood of being cancer-specific [19]. These somatic
variations may confer a neoplastic advantage for tumor cells, and their successive introduction within
a developing tumor may provide necessary genetic diversity to satisfy the adaptive evolution and
drive tumor progression [20].

Cybrid models have demonstrated that the mitochondrion, but not nuclei, is the master
contributor to mitochondrial dysfunction [21]. Pathogenic mtDNA mutations can hamper the electron
transport chain (ETC) and generate excessive electrons, which triggers cancer-associated pathways
and in turn produces more mutations aggravating the respiratory deficiency. It is reported that
more than half of the pathogenic mutations are located in tRNAs which comprise only 10% coding
capacity of mitochondrial genome, while the protein-coding region occupying about 70% mtDNA
accounts for 40% disease-related mutations. The two rRNAs harbor only about 2% of the pathogenic
mutations [20]. In the RNA genes, we identified 13 possibly detrimental variations and five of them
had been previously reported in diseases according to the Mitomap database. For example, G3244A in
tRNALeu(UUR), next to the famous pathogenic mutation A3243G, was first detected in mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) and later found in
several cancers including oncocytic thyroid tumors [22,23]. The A5514G in tRNATrp damaging an A–U
base-pair in ACC-stem was identified in neonatal onset mito-disease and analyzed to be damaging by
clinicopathology and biochemistry [24]. The T5628C in tRNAAla disrupted an extremely conserved
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A–U base-pair in the anti-codon stem and resulted in nine unmatched nucleotides (rather than the
seven in normal cells) which decreased the energetic stability of tRNAAla [25].

In the coding region, seven nonsense and 11 frameshift mutations introduced premature
stop-codons (UAG, UGA) in protein synthesis and resulted in loss-of-function or even disassembly
of the complex. Among them, both 10952insC and 11032–11038delA have been detected in renal
oncocytoma [26], and 11032-11038delA was also found in prostate cancer [27]. The 12425delA
has been previously identified in a girl having chronic renal failure, persistent lactic acidosis and
myopathy [28]. A similar variation 12425insA has been reported in several cancers in a heteroplasmic
status [29,30]. These nonsense and frameshift mutations, together with 15 non-synonymous mutations
selected by bioinformatics programs, were regarded as pathogenic, and may interfere the OXPHOS
system of mitochondrial respiration and contribute to the molecular pathogenesis of thyroid cancer.
The association between these pathogenic mtDNA mutations and advanced tumor stage suggests the
possible involvement of mtDNA mutations in malignant transformation and progression. Apart from
pathogenic mutations, “non-pathologic” mtSNPs can also affect carcinogenesis and progression of
cancer in multifactorial manners. Haplotypes, classified by specific combinations of tightly linked
mtSNPs, are also correlated with the predisposition to specific cancers [31]. For example, haplogroup
U increased the risk of prostate cancer and renal cancer in white North American individuals [32],
but decreased the risk of breast cancer in European-American women [33].

The application value of mtDNA variations in early diagnosis, risk stratification, prognostic
prediction and disease monitoring of cancer have been widely investigated and discussed. Since
mtDNA is a small size and close-circular molecular entity and does not undergo recombination,
mtDNA variations are more fixed and persistent than nuclear alterations. Due to the high copy number
of mtDNA, detecting mtDNA biomarkers can be more sensitive and powerful than nuclear ones.
Therefore, mtDNA biomarkers may have special advantage in samples of limited cellularity including
fine-needle aspiration or core-needle aspiration of thyroid nodule. Furthermore, mitochondria are
potential therapeutic targets for cancer treatment and can be specifically targeted by antioxidant
compounds, selective gene-therapy or approaches changing the mtDNA variation load. Dai et al.
demonstrated that mitophagy induced by rapamycin can eliminate pathogenic mtDNA mutations and
increase ATP restoration [34]. Recently, several researchers reported that resistance to BRAF inhibition
was partly caused by increased mitochondrial biogenesis and oxidative respiration, and therapies
inhibiting this metabolic reprogramming restored the function of the BRAF inhibitor and improved
treatment efficiency [35,36].

The major limitation of our study is that we do not analyze the mitochondrial genome in anaplastic
thyroid cancer (ATC), which has more aggressive behaviors and worse prognosis than PTC. We plan to
analyze the mitochondrial characteristics in ATC and evaluate their clinical and prognostic significance.
Furthermore, we can compare the role of mitochondrial genome in different histological types of
thyroid cancer.

4. Materials and Methods

4.1. Sample Collection

A total of 66 PTC patients underwent primary surgery in the First Affiliated Hospital,
Zhejiang University School of Medicine (Hangzhou, China) were enrolled. None of them had a history
of cancer or radiotherapy before surgery. Histopathology of tumor specimens was independently
evaluated by two experienced pathologists according to the World Health Organization (WHO)
classification [37]. Among the 66 PTCs, two were follicular variant and the others were classical
variant. Tumors and adjacent normal tissues were immediately frozen in −80 ◦C after resection.
The 16 normal thyroid tissues were used to distinguish tissue-specific variations, and 376 blood samples
of healthy individuals from the same geographic region were collected to identify polymorphisms in
this population. All the samples were obtained with informed consent. The study was conducted in
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accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee
of the First Affiliated Hospital, College of Medicine, Zhejiang University (2015-443, 30 December 2015).

4.2. Sequencing of the Mitochondrial Genome

Genomic DNA was isolated from frozen tissues and blood samples using a commercial kit
(QIAamp DNA Mini Kit from QIAGEN, Hilden, Germany). Concentration and purity of DNA
were analyzed by spectrometry. The entire mitochondrial genome was PCR-amplified by 24 pairs of
overlapping primer as described previously [38]. The PCR products were detected by electrophoresis in
1% agarose gel and then sequencing by the ABI 3700 automated DNA sequencer (Applied BioSystems,
Foster City, CA, USA) using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied BioSystems).

4.3. Sequence Analysis and Haplogroup Classification

The sequences of mtDNA were aligned to the revised Cambridge Reference Sequence (rCRS)
(GeneBank accession number: NC_012920) to identify mtDNA variations [39]. The variation load
referred to the percentage of variations per gene or complex, which was calculated as follows:
total number of altered nucleotides per gene or complex/total number of nucleotides per gene or
complex ×100. Variations not recorded in the Mitomap database (http://www.mitomap.org) were
regarded as novel. All the heteroplasmic variations were confirmed by repeat analysis of the other
strand and compared with the corresponding positions in adjacent normal tissues. The mtDNA
haplogroups were classified according to the updated phylogenetic tree of mtDNA (mtDNA tree
Built 16) provided by PhyloTree (http://www.phylotree.org) [31].

4.4. Phylogenetic Conservation Analysis and Pathogenic Prediction

Inter-species conservation of the altered amino acids or nucleotides was evaluated by
mitochondrial sequences of 41 primates (Table S6). The conservation index (CI) was defined as
the percentage of species having wild-type amino-acid or nucleotide by comparing the amino-acid
or nucleotide of human with the other 40 species. The higher the conservation of the altered
amino-acid or nucleotide was, the greater the pathogenic possibility will be. The variations with
potential pathogenicity were selected based on the following criteria: (1) presented in less than
1% of 376 healthy individuals—those variations existed in more than 1% healthy controls were
regarded as polymorphisms; (2) were absent in normal thyroid samples, and those variations also
identified in normal thyroid samples were regarded as tissue-specific variations; and (3) the altered
amino-acids or nucleotides had high conservation (CI > 75%), which indicated the high possibility
of functional consequence. Furthermore, the potentially pathogenic variations in protein-coding
region were evaluated by 7 bioinformatic programs including PolyPhen-2 (http://genetics.bwh.
harvard.edu/pph2/), SIFT (http://sift.jcvi.org/), MutationAssessor (http://mutationassessor.org/),
Provean (http://provean.jcvi.org/index.php), SNP & GO (http://snps-and-go.biocomp.unibo.it/),
Align GVGD (https://www.biostars.org/) and PANTHER (http://fathmm.biocompute.org.uk/).
The variations that were predicted as deleterious by more than half of these 7 programs had high
possibility to be “pathogenic” for mitochondrial function and associated with PTC.

4.5. Determination of mtDNA Copy Number

The mtDNA content relative to nuclear encoded 18s RNA was determined by quantitative
real-time PCR in ABI Prim 7900HT system using FastStart Universal SYBR Green Master Mix
(Roche Diagnostics GmbH, Mannheim, Germany). The primers used for amplification of mtDNA
copy number were: the forward primer 5′ CACCCAAGAACAGGGTTTGT 3′ and the reverse
primer 5′ TGGCCATGGGTATGTTGTTAA 3′. Another pair of primers was designed to amplify
18s RNA: the forward primer 5′ TAGAGGGACAAGTGGCGTTC 3′ and the reverse primer 5′

CGCTGAGCCAGTCAGTGT 3′. The total volume of PCR mixture was 10 μL including 2 μL DNA
(2 ng/μL), 3 μL primers (10 μM) and 5 μL SYBR Green Master Mix. The action was conducted as
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follows: 50 ◦C for 2 min, 95 ◦C for 10 min and followed by 45 cycles of 95 ◦C for 5 s, 58 ◦C for 30 s and
72 ◦C for 1 min. All the reactions were repeated 3 times. Non-template control and a serial dilution of
reference DNA were used in each reaction.

4.6. Statistical Analysis

All the statistical analyses were conducted by SPSS software (version 21.0) (SPSS Inc., Chicago, IL,
USA). The Pearson chi-square test was performed to analyze the clinicopathological significance of
mitochondrial characteristics. Two-sided Mann–Whitney U test was used to analyze the difference
of the average mtDNA copy number between PTC cases and their corresponding normal tissues.
The odds ratios (ORs) with 95% confidence intervals (CIs) were calculated to clarify the association of
haplogroups and single-nucleotide polymorphisms (mtSNPs) with PTC occurrence. For all analyses,
p < 0.05 was regarded as statistically significant.

5. Conclusions

Here, we have reported a comprehensive characterization of the mitochondrial genome in
PTC, and demonstrated that pathogenic mtDNA mutations, as well as some specific mtSNPs and
haplogroups, may be involved in the pathogenesis and progression of PTC. These results provide an
alternative dimension to clarify the molecular mechanisms underlying PTC carcinogenesis, and present
possible novel biomarkers and therapeutic targets for the diagnosis, risk stratification, prognostic
prediction and treatment of papillary thyroid cancer.
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Abstract: Tenascin C expression correlates with tumor grade and indicates worse prognosis in several
tumors. Epidermal growth factor receptor (EGFR) plays an important role in driving proliferation in
many tumors. Loss of E-cadherin function is associated with tumor invasion and metastasis. Thyroid
transcription factor-1 (TTF-1) is involved in rearranged during transfection (RET) transcription in
Hirschsprung’s disease. Tenascin C, EGFR, E-cadherin, TTF-1-expression, and their correlations
with RET mutation status were investigated in 30 patients with medullary thyroid carcinoma (MTC)
(n = 26) or C-cell hyperplasia (n = 4). Tenascin C was found in all, EGFR in 4/26, E-cadherin in
23/26, and TTF-1 in 25/26 MTC. Tenascin C correlated significantly with tumor proliferation (overall,
r = 0.61, p < 0.005; RET-mutated, r = 0.81, p < 0.01). E-cadherin showed weak correlation, whereas
EGFR and TTF-1 showed no significant correlation with tumor proliferation. EGFR, E-cadherin, and
TTF-1 showed weak correlation with proliferation of RET-mutated tumors. Correlation between
TTF-1 and tenascin C, E-cadherin, and EGFR was r = ´0.10, 0.37, and 0.21, respectively. In conclusion,
MTC express tenascin C, E-cadherin, and TTF-1. Tenascin C correlates significantly with tumor
proliferation, especially in RET-mutated tumors. EGFR is low, and tumors expressing EGFR do not
exhibit higher proliferation. TTF-1 does not correlate with RET mutation status and has a weak
correlation with tenascin C, E-cadherin, and EGFR expression.

Keywords: tenascin C; epidermal growth factor receptor (EGFR); E-cadherin; thyroid transcription
factor-1 (TTF-1); medullary thyroid carcinoma

1. Introduction

Medullary thyroid carcinoma (MTC) may arise sporadically in about 75% of cases or as part of
multiple endocrine neoplasia type 2 (MEN2) syndrome in 20%–25% of cases [1]. MEN 2 syndromes
are caused by activating mutations of the proto-oncogene rearranged during transfection (RET) [2].
On the other hand, a loss of function mutation of RET leads to Hirschsprung’s disease [3].

Tenascin C is an extracellular glycoprotein complex expressed by a variety of cells including
epithelial, stromal, and tumor cells [4]. It is overexpressed in a wide variety of tumors including
gliomas, where it was originally discovered [5]. In most cases, the expression of tenascin C correlates
with the tumor grade and is indicative of a worse prognosis [6]. Koperek et al. [7] found tenascin C
expression in medullary microcarcinoma and C-cell hyperplasia and suggested that stromal tenascin C
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expression seems to be an indicator of a further step in carcinogenesis of MTC, irrespective of a RET
germ-line mutation.

Mutations of epidermal growth factor receptor (EGFR) have been found in several tumor entities
including gliomas, breast cancer, and non-small lung cancer [8]. In the case of MTC, mutations are
rarely found, and their significance is unknown [9]. Rodríguez-Antona et al. [9] showed that EGFR
overexpression in MTC is seen in as many as 13% of tumors and that metastases show stronger
positivity than primary tumors. Furthermore, EGFR overexpression is linked to RET activation.
However, in the presence of RET, EGFR does not appear to play an important role in signaling [10].

Loss of function of the molecule E-cadherin in tumors is associated with invasion and
metastasis [11,12]. Naito et al. [13] found that expression of E-cadherin was reduced or absent in 50%
or more of thyroid cancer cases, and concluded that this loss of E-cadherin expression may be involved
in regional lymph node metastasis and in malignant potential of thyroid neoplasms.

Thyroid transcription factor-1 (TTF-1) is involved in gene expression of thyroperoxidase [14]
and thyreoglobulin [15]. TTF-1 expression is seen in follicular cell neoplasms [16] as well as in
MTC [17]. In the parafollicular cells of MTC, TTF-1 modulates the activity of genes involved in calcium
homeostasis [18]. It was recently shown that TTF-1 is also involved in the transcription of human RET
in Hirschsprung’s disease [19].

In MTC, the Ki-67 index correlates with the stage of the disease [20]. Primary tumors that had
metastasized were found to have higher Ki-67 indices than primary tumors that had not metastasized.
Recurrent lymph node metastases were shown to have higher Ki-67 indices than the primary tumors.
The Ki-67 index can therefore be used as a prognostic marker in MTC.

In this study, we investigated the expression of tenascin C, EGFR, E-cadherin, and TTF-1 in
MTC, and their correlation with RET mutation status. Furthermore, EGFR mutation status in MTC
was evaluated.

2. Results

Tenascin C showed positive staining results in all the 26 tumors (Figure 1). In contrast, all
four cases of C-cell hyperplasia stained negative for tenascin C. The tumor-staining pattern was
homogeneously located in all areas of the tumor. However, 14 out of 26 tumors showed expression in
the whole tumor field, with the remaining 12 tumors showing partial expression. Except for one case
that showed much stronger staining in the periphery, no predominance for tumor center or invasion
front could be detected.

(a) (b)

Figure 1. Staining results of tenascin C: (a) 40ˆ magnification, showing cytoplasmic staining;
(b) 10ˆ magnification, depicting staining of the extracellular matrix and the lymph follicle-like
accumulation of tumor cells.
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Expression of tenascin C was primarily located in the extracellular matrix but also in the plasma
membrane and the cytoplasm of parafollicular cells. In areas of lymphocyte infiltration expression
levels of tenascin C were particularly high. In non-pathological areas, staining was observed in
endothelial cells of blood vessels. The average immunoreactivity score for tenascin C staining was
4.69 ˘ 2.18. The score ranged from 0 (all negative stained samples) to a maximum score of 7.5.

Staining with E-cadherin showed positive expression in 27 out of 30 cases. However, highest
expression was observed in three cases of C-cell hyperplasia, while one case of C-cell hyperplasia
showed no staining. Expression of E-cadherin was particularly high in the thyroid follicles. Altogether
staining in all areas of the tumor was observed in 15 cases of MTC, with 8 MTC cases showing partial
expression and 3 MTC cases showing no expression at all. There were no significant differences in
E-cadherin expression between MTC and C-cell hyperplasia. As expected form a membrane bound
protein, E-cadherin expression was primarily observed in the plasma membrane of cells (Figure 2).
Immunoreactivity scores in E-cadherin samples ranged from 1 to 9 (full range) with a mean score
of 4.69 ˘ 2.4.

(a) (b)

Figure 2. (a) 40ˆ magnification, depicting the staining results of Ki-67 (note the proliferating cell in the
center); (b) 40ˆ magnification, showing strong plasma-membrane expression of E-cadherin.

EGFR expression was very weak, with six positively stained cases consisting of four cases of
MTC and two cases of C-cell hyperplasia. Staining was primarily found in the cytoplasm of cells and
endothelial cells. The highest staining intensity was found in non-neoplastic follicular cells scattered
amid the tumor mass (Figure 3). Inside the tumor area, staining was relatively weak. The mean
immunoreactivity score was 1.58 ˘ 1.20.

(a) (b)

Figure 3. (a) 10ˆ magnification, showing thyroid transcription factor-1 (TTF-1) expression in
a metastasis in a Meckel’s diverticulum; (b) 40ˆ magnification, illustrating epidermal growth
factor receptor (EGFR) expression in follicular cells scattered between medullary thyroid carcinoma
(MTC) cells.
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With exception of the metastasis to the adrenal gland all tissue samples, including the metastasis
in a Meckel’s diverticulum showed TTF-1 expression (Figure 3). The entire tumor area and all of the
follicles showed strong staining with the TTF-1 antibody. The samples only differed in the staining
intensity, which was moderate to strong. The mean immunoreactivity score was 7.77 ˘ 1.89.

The staining results for the proliferation marker Ki-67 showed positive staining results in all
30 samples. As expected, protein expression was only seen in the nucleus (Figure 2). Immunoreactivity
scores ranged from 1.5 to 6.75 after correction with the correlation coefficient. The mean score was
3.35 ˘ 1.57. The four cases of C-cell hyperplasia had the lowest Ki-67 expression (p < 0.001) with only
1–2 cells per high power field. Tenascin C expression correlated moderately to strongly with the level
of the proliferation marker Ki-67 in the tumor tissue. A weak correlation could be observed with
E-cadherin, whereas EGFR and TTF-1 showed no significant correlation (Table 1).

Table 1. Correlation of tenascin C, EGFR, E-cadherin, and TTF-1 expression with the proliferation
marker Ki-67.

MTC Tenascin C EGFR E-Cadherin TTF-1

Overall MTC
r-value 0.61 ´0.04 ´0.19 0.13
p-value <0.005 ns <0.05 ns

RET-mutated MTC
r-value 0.81 0.14 ´0.11 ´0.12
p-value <0.01 ns ns ns

Wild-type MTC
r-value 0.08 – ´0.40 0.72
p-value ns – ns <0.001

EGFR: epidermal growth factor receptor; TTF-1: thyroid transcription factor-1; MTC: medullary thyroid
carcinoma; RET: rearranged during transfection; r: Pearson correlation coefficient; p: probability of obtaining a
positive test result; ns: not significant.

All 15 tumors that showed RET mutation were analyzed regarding their expression of tenascin C,
EGFR, E-cadherin, and TTF-1. They were then correlated with the proliferation marker Ki-67. Tenascin
C expression showed a very strong correlation with the proliferation of RET-mutated tumors, while
EGFR, E-cadherin, and TTF-1 showed a very weak correlation (Table 1).

The group of RET-mutated tumors was then split in germ-line-mutated (n = 7) and
somatic-mutated (n = 8) tumors. Expression profiles of both groups were then correlated with
proliferation in those tumors. In the case of the germ-line-mutated tumors, tenascin C expression
correlated highly (r = 0.86) with proliferation. A weak correlation could be observed with E-cadherin
and TTF-1 (r = ´0.26 and ´0.33, respectively), whereas EGFR only showed a very weak correlation
(r = ´0.11). In the case of MTC with somatic RET mutation, tenascin C still showed a moderate-to-strong
correlation with proliferation (r = 0.67). EGFR correlation with proliferation was moderate (r = 0.51),
while E-cadherin and TTF-1 showed low (r = 0.39) and very low correlations (r = 0.02), respectively.

MTC with RET wild-type were also investigated. Tenascin C showed a very weak correlation,
E-cadherin a weak to moderate correlation, and TTF-1 a strong correlation with tumor proliferation
(Table 1). EGFR analysis was not performed in this group because none of the specimens showed
positivity for EGFR. Only EGFR expression differed significantly between RET-mutated and RET
wild-type tumors (r = 0.51, p = 0.001). Tenascin C, E-cadherin, and TTF-1 did not differ in their
respective expression levels.

RET-mutated and wild-type tumors were compared to evaluate whether the mutation status
of RET affects TTF-1 expression. No significant difference in TTF-1 expression was found between
both groups. RET-mutated MTC showed no correlation with TTF-1 expression for germ-line- and
somatic-mutated tumors (r = ´0.33 and 0.02, respectively, p-value is not significant (p ns)). TTF-1
expression correlated with tenascin C, EGFR, and E-cadherin expression. Tenascin C correlation was
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very weak (r = ´0.10, p ns), while the EGFR and E-cadherin correlation was weak (r = 0.37 and 0.21,
respectively, p ns).

EGFR positively stained tumors (all RET wild-type) did not show a significantly higher Ki-67
index, as compared with EGFR negatively stained tumors.

A weak to moderate correlation (r = 0.08–0.40, p ns) between calcitonin levels and Ki-67 was found.
Preoperative calcitonin levels only showed a weak correlation with tenascin C expression (r = 0.18,
p < 0.05) and Ki-67 (r = 0.10, p ns). Post-operative calcitonin levels correlated moderately with tenascin
C expression (r = 0.53, p < 0.005) and Ki-67 (r = 0.40, p ns). Except for the inverse correlation for EGFR
(r = ´0.38, p < 0.05), post-operative calcitonin levels showed weak to no correlation with E-cadherin,
TTF-1, and EGFR expression (r = 0.22, 0.08 and 0.07, respectively, p ns).

Both pre-operative and post-operative calcitonin levels were not significantly different between
RET-mutated and wild-type tumors.

3. Discussion

In this study, we found tenascin C expression in all MTC, but in none of the C-cell hyperplasia
cases. Tenascin C was primarily located in the stromal areas of tumors, but could also be detected in the
cytoplasm and plasma membrane. Our results are in agreement with the findings by Koperek et al. [7]
of tenascin C expression in all cases of MTC and in only 52% of C-cell hyperplasia cases. The difference
in tenascin C expression in C-cell hyperplasia is most likely due to the larger study group used
by Koperek et al. Our study cohort included only 30 patients because of the rarity of the disease.
Furthermore, we investigated only four C-cell hyperplasia and two MTC metastases. The relationship
between tenascin C expression and tumor proliferation needs to be further investigated. It seems
that RET mutation is associated with a higher level of tenascin C expression, even though we found
no significant difference between RET-mutated and wild-type MTC. It might be that, with a larger
study cohort, a significant difference between RET-mutated and wild-type MTC could be established.
Furthermore, it seems that the bc-24 clone used for tenascin C staining does not uniquely bind to
tenascin C, but to other tenascin subtypes over the EGF-like repeats. Therefore, the results might not
solely represent tenascin C, but also the expression of other tenascin isoforms.

EGFR plays an important role in driving proliferation in a variety of tumors [8]. In the study of
Rodriguez-Antona et al. [9], EGFR expression was shown in a subset of 18 tumors, and it was thus
concluded that EGFR might be a target for drug therapy. We therefore evaluated if MTC expresses
EGFR and, if so, to what degree. In our study, EGFR expression could be detected in six cases (15%),
with few staining cells and scattered expression. Our results are consistent with the reported EGFR
expression of 9% and 35% in primary MTC and metastasis, respectively. Additionally, it seems that
EGFR expression is significantly higher in MTC carrying a RET mutation [9]. Due to these reports, we
performed EGFR mutation analysis on three cases with the highest EGFR expression. However, no
mutations could be detected using the Cobas® EGFR mutation analysis kit. Our results are consistent
with the finding by Rodriguez-Antona et al. [9] of nucleotide changes of unknown significance in only
one sample. It thus seems that, although some EGFR expression can be detected, the role of EGFR in
MTC is of a minor nature. Therefore, the absence of activating mutations questions the use of EGFR
inhibitor drugs. This suggestion is further backed by Vitagliano et al. [21], who found that EGFR
downstream signaling is of minor significance in the presence of active RET.

We also looked at the expression of E-cadherin, a plasma membrane protein important for cell–cell
adhesion [11,12]. In our findings, E-cadherin showed staining in 26 cases of MTC (87%). The remaining
samples showed no staining including one case of C-cell hyperplasia. Naito et al. [13] reported that
low E-cadherin expression was associated with a higher malignant potential as well as regional lymph
node metastasis. We therefore compared the expression levels of E-cadherin in C-cell hyperplasia and
MTC, which showed no statistical significance. This is probably due to the small number of cases with
C-cell hyperplasia in our study cohort.
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In our study, with the exception of a metastasis in the adrenal gland, TTF-1 staining was
moderate to strong in all tissue samples. We also found TTF-1 expression in a metastasis in a Meckel’s
diverticulum. These data seem to indicate that TTF-1 can be used as a useful marker for detecting
primary MTC or metastasis, as previously suggested by Katho et al. [17].

The expression of the proliferation marker Ki-67 was generally low in our study cohort.
As expected, C-cell hyperplasia showed the lowest Ki-67 indices, which were significantly lower
than those found in MTC. Ishihara et al. [22] reported that breast cancers staining positive for tenascin
carried a less favorable prognosis. We therefore evaluated if the expression of tenascin C in MTC
correlates with tumor proliferation. We found that the Ki-67 index correlated moderately to strong
with tenascin C expression. It might therefore be that tenascin C expression can be used as a marker
for the malignant potential of a MTC. On the other hand, we observed that E-cadherin shows weak
inverse correlation to tumor proliferation. As previously found by Naito et al. [13], low E-cadherin
expression correlates with higher malignant potential of the tumor. This might also be true for our
study group, but the size of our cohort may be a limiting factor.

The RET proto-oncogene is an important molecule in the development of MTC. We investigated
if RET mutation correlates with a higher expression of tenascin C, EGFR, E-cadherin, or TTF-1.
Furthermore, we evaluated whether proliferation is higher in RET-mutated MTC. We found that
tenascin C expression in RET-mutated tumors showed a high correlation to proliferation. However,
except for a significantly higher degree of EGFR expression in RET wild-type tumors, no significant
difference in the expression of E-cadherin or TTF-1 could be detected between RET-mutated and
wild-type MTC. Rodriguez-Antona et al. [9] also found that EGFR expression was higher in
RET-mutated tumors, depending on the localization of the mutation.

We thereafter investigated RET-mutated tumors where the mutation was germ-line-derived or
a somatic mutation. The expression profiles of the tumors in each group were then correlated with
the proliferation marker Ki-67. Tenascin C correlated highly to proliferation in the germ-line-mutated
group, whereas EGFR, E-cadherin, and TTF-1 showed a weak correlation. In the somatic-mutated
tumors, tenascin C correlation was lower but showed a higher correlation to EGFR.

Calcitonin has proven to be a useful marker in the diagnosis and prognosis of MTC [23]. We found
that both basal and pentagastrin stimulated calcitonin levels did not differ significantly between
RET-mutated and wild-type MTC. Furthermore, no correlation between basal calcitonin levels and the
Ki-67 index, tenascin C, EGFR, E-cadherin, or TTF-1 was observed. A moderate correlation was found
between post-operative calcitonin levels and both Ki-67 index and tenascin C expression. However,
due to the low level of correlation, it is possible that these results are stochastic.

The role of TTF-1 in the development of Hirschsprung’s disease by RET interaction has been
recently outlined [19]. Furthermore, not only papillary thyroid carcinoma but also MTC show
expression of TTF-1 [17]. Garcia-Barcelò et al. [24] found that mutations in single nucleotide
polymorphisms (SNPs) of NKX2 (codes for TTF-1) and the RET promoter region correlated with
the decreased TTF-1 binding and activation of RET, leading to Hirschsprung’s disease. It is known
that a loss of RET activation leads to Hirschsprung’s disease [3], whereas a gain in function leads to
MTC [2]. It is possible therefore that TTF-1 expression in RET-mutated MTCs might be higher, leading
to consecutive RET activation. However, we found no significant difference in TTF-1 levels between
RET-mutated (germ-line- and somatic-mutated) and RET wild-type tumors. Our data seem thus to
indicate that TTF-1 does not play a role in the consecutive activation of RET. Moreover, we observed
that TTF-1 has a weak correlation with EGFR and E-cadherin, but no correlation with tenascin-C
or the Ki-67 index. However, the role of TTF-1 in MTC has yet to be established by a study with a
larger cohort.

4. Materials and Methods

In the present study, 30 patients (16 females, 14 males; age: 2–81 years, mean age: 51 ˘ 18 years)
with diagnosed MTC (n = 26) or C-cell hyperplasia (n = 4) at the Medical University of Salzburg were
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investigated. Eight patients showed MEN (MEN2A, 7 patients; MEN2B, 1 patient). All subjects gave
their informed consent for inclusion before they participated in the study. The study was conducted
in accordance with the Declaration of Helsinki, and the protocol (Approval: 14 February 2014) was
approved by an institutional review board.

Routinely performed formalin-fixed paraffin embedded (FFPE) tissue was obtained from the
primary thyroid site in 22 patients, lymph node metastasis in 6 patients, metastasis in a Meckel’s
diverticulum in 1 patient, and metastasis in the adrenal gland in 1 patient.

Genetic analysis of RET mutations was carried out in 21 patients, 6 of them with MEN2. RET
gene mutations were detected in 15 patients (Table 2), while 6 patients showed RET wild-type.

Table 2. Rearranged during transfection (RET) mutations detected in the study group.

Mutation Detected Sporadic MTC/MEN2

Codon 769 on Exon 13 (n = 5) Sporadic
Codon 904 on Exon 15 (n = 3) Sporadic

Codon L790F on Exon 13 + Codon 769 on Exon 13 (n = 3) MEN2A (familial)
Codon L790F on Exon 13 + Codon 904 on Exon 15 (n = 1) MEN2A

Codon 790 on Exon 13 (n = 1) MEN2A
Codon 634 on Exon 11 (n = 1) MEN2A
Codon 836 on Exon 14 (n = 1) Sporadic

n, number of patients; MEN, multiple endocrine neoplasia.

Preoperative serum calcitonin levels (2.2–3293.4 ng/L, mean: 596.4 ng/L) were measured in
23 patients and pentagastrin tests (calcitonin: 17.7–2936.7 ng/L; mean: 708.3 ng/L) were performed in
11 patients. At time of the study, serum calcitonin levels (0.7–289,951.0 ng/L, mean: 11,056.6 ng/L) and
pentagastrin test results (calcitonin: 2.6–971.7 ng/L; mean: 188.9 ng/L) were available in 29 patients
and 16 patients, respectively. The normal calcitonin levels were <15 ng/L for males and <5 ng/L
for females.

The expression of tenascin C, EGFR, E-cadherin, TTF-1, and Ki-67 was evaluated by
immunohistochemistry. The primary antibodies used, with the working dilutions and pH of antigen
retrieval buffers, are listed in Table 3.

Table 3. List of primary antibodies, working dilutions and pH of antigen retrieval buffers used.

Antibody Source Clone Type Species pH-Retrieval Working Dilution

Tenascin C
Sigma Aldrich™ bc-24 mc Mouse pH 6 1:4000

Santa Cruz™ bc-24 mc Mouse pH 6 1:4000

EGFR Dako™ E30 mc Mouse pH 6 1:20

E-Cadherin Thermo Scientific™ SPM471 mc Mouse pH 9 1:100

TTF-1 Novocastra™ SPT24 mc Mouse pH 9 1:50

Ki-67 Dako™ MIB-1 mc Mouse pH 9 1:500

EGFR: epidermal growth factor receptor; TTF-1: thyroid transcription factor-1; mc: monoclonal antibody.

EGFR mutation analysis was performed using the Roche™ Cobas® EGFR mutation kit (Roche
Molecular Systems, Inc., Branchburg, NJ, USA) on a Cobas® 4800 platform, v2.0 (Roche Molecular
Systems, Inc.).

Statistical Analysis

Excel® software (Microsoft Corporation, Vienna, Austria) was used for the statistical evaluation
of results.
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Correlation analysis of tenascin C, EGFR, E-cadherin, and TTF-1 with the Ki-67 index was done
by using the Pearson correlation coefficient test. For the assessment of statistical significance, the t-test
for unpaired variance was used. Statistical significance was defined as p < 0.05.

5. Conclusions

MTC express tenascin C, E-cadherin, and TTF-1. Tenascin C expression correlates significantly
with tumor proliferation, especially in RET-mutated tumors. EGFR expression is low in MTC and
tumors showing EGFR expression do not exhibit higher proliferation. However, EGFR expression
is significantly higher in MTC with RET mutation. No EGFR mutation was found in MTC. TTF-1
expression does not correlate with RET mutation status. TTF-1 expression has a weak correlation with
tenascin C, E-cadherin, and EGFR expression.
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Abstract: Differentiated thyroid cancer (DTC) is a rare malignant disease, although its incidence
has increased over the last few decades. It derives from follicular thyroid cells. Generally speaking,
the prognosis is excellent. If treatment according to the current guidelines is given, cases of recurrence
or persistence are rare. DTC requires special expertise by the treating physician. In recent years,
new therapeutic options for these patients have become available. For this article we performed
a systematic literature review with special focus on the guidelines of the American Thyroid
Association, the European Association of Nuclear Medicine, and the German Society of Nuclear
Medicine. For DTC, surgery and radioiodine therapy followed by levothyroxine substitution remain
the established therapeutic procedures. Even metastasized tumors can be cured this way. However,
in rare cases of radioiodine-refractory tumors, additional options are to be discussed. These include
strict suppression of thyroid-stimulating hormone (also known as thyrotropin, TSH) and external local
radiotherapy. Systemic cytostatic chemotherapy does not play a significant role. Recently, multikinase
or tyrosine kinase inhibitors have been approved for the treatment of radioiodine-refractory DTC.
Although a benefit for overall survival has not been shown yet, these new drugs can slow down
tumor progression. However, they are frequently associated with severe side effects and should be
reserved for patients with threatening symptoms only.

Keywords: differentiated thyroid cancer; radioiodine therapy; targeted therapy; tyrosine kinase
inhibitors

1. Introduction

Patients with differentiated thyroid carcinoma have an excellent prognosis. The multimodal
therapeutic approach is risk-adapted to achieve optimal treatment of differentiated thyroid cancer
(DTC) and to minimize treatment-related morbidity. The treatment includes surgery (near-/total
thyroidectomy) usually followed by remnant ablation using radioiodine according to the guidelines of
the American Thyroid Association (ATA) and European Association of Nuclear Medicine (EANM) as
well as a risk-stratified follow-up including hormone substitution.

However, in patients with primary or secondary radioiodine-refractory thyroid carcinoma the
prognosis becomes significantly poorer. External beam irradiation may be used for locoregional control.
Receptor tyrosine kinase inhibitors (TKIs) have shown clinical effectiveness in iodine-refractory DTC.

In this review, we present the current state of treatment of DTC.

2. Epidemiology and Classification

DTC is a rare disease with mostly excellent prognosis. The appearance of DTC depends on age,
sex, family history, radiation exposure and many other factors [1]. DTC occurs in 7–15% of patients
with thyroid surgery. In the year 2014, approximately 63,000 new cases of DTC were diagnosed in the
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US [2] compared to 2009 with only 31,200 new cases. In Germany there are about 6000 new cases of
DTC per year. The growing incidence of thyroid cancer and the tumor shift to diagnosis of smaller
tumors is due to the increased usage of diagnostic methods, such as ultrasound of the neck [3].

Differentiated thyroid cancer includes papillary and follicular cancer that derive from thyrocytes
and express the sodium iodine symporter. DTC represents the majority (90%) of all types of thyroid
cancer [4]. One study predicts that papillary thyroid cancer will become the third most expensive
cancer in women, with costs of US$ 19–21 billion in the US in 2019 [5].

Worldwide, there are many clinical practice guidelines for diagnosis, therapy and follow-up of
DTC. The European Thyroid Association (ETA) published new guidelines for the management of DTC
in 2013 [6]. The Society for Nuclear Medicine and Molecular Imaging and European Association of
Nuclear Medicine published their most recent guidelines for radioiodine therapy of differentiated
thyroid cancer in 2012 and 2008, respectively [7,8]. The Japanese Association of Endocrine Surgeons
and the Japanese Society of Thyroid Surgeons recently reviewed their guidelines in 2014 [9]. The new
ATA guidelines for management of differentiated thyroid cancer for adults were published in 2015 [10].
The updated ATA guidelines for management of DTC for children were also published in 2015 [11].

The risk classification of DTC using multiple staging systems is based on a combination of the size
of the primary tumor, specific histology, extrathyroidal spread of the tumor and the age at diagnosis.
It helps to predict the risk of local recurrence and developing metastases and the mortality in patients
with DTC. The TNM classification depends on the size of primary tumor, the number and localization
of metastatic lymph nodes and number of distant metastases (Table 1) [12]. The American Joint
Committee on Cancer (AJCC) uses the combination of TNM Classification and an age of more than
55 years at diagnosis as risk factor [13]. The differentiation of lymphatic invasion and angioinvasion
is of high importance, because angioinvasion is associated with an intermediate risk of recurrence.
A common risk-stratification of DTC is based on the TNM classification (see also Section 4.2) [14]:

• high-risk group: pT3, pT4, each N1, all M1;
• low-risk group: pT1b, pT2, cN0/pN0, cM0;
• very low risk-group: pT1a, cN0/pN0, cM0.

Table 1. TNM Classification of thyroid cancer, 8th edition (modified from [12]).

TX Primary Tumor Cannot be Assessed

T0 No evidence of primary tumor

T1 Tumor size maximum 2 cm, limited to the thyroid

T1a Tumor size maximum 1 cm, limited to the thyroid

T1b Tumor size >1 cm up to a maximum of 2 cm, limited to the thyroid

T2 Tumor size >2 cm up to 4 cm, limited to the thyroid

T3 Tumor size >4 cm, limited to the thyroid, or any tumor with macroscopic extrathyroidal extension
(Musculus sternohyoideus, Musculus sternothyreoideus, Musculus omohyoideus)

T3a Tumor size >4 cm, limited to the thyroid

T3b Any tumor with macroscopic extrathyroidal extension (M. sternohyoideus, M. sternothyreoideus, M. omohyoideus)

T4a Any tumor size with extrathyroidal extension beyond the thyroid capsule and invasion of subcutaneous soft tissue, larynx,
trachea, esophagus and/or recurrent laryngeal nerve

T4b Any tumor size with invasion of prevertebral fascia, mediastinal vessels or carotid artery

NX Regional lymph nodes cannot be assessed

N0 No regional lymph node metastases

N1 Regional lymph node metastases

N1a Lymph node metastases unilateral in level VI or upper mediastinum

N1b Metastases in other unilateral, bilateral or contralateral cervical lymph nodes (level I, II, III, IV and V) or retropharyngeal

M0 No distant metastases

M1 Distant metastases
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The American Thyroid Association defines in their current guideline a stratification based on the
risk of structural disease recurrence [10]:

• high-risk group: gross extrathyreoidal extension, incomplete tumor resection, distant metastases,
or lymph node >3 cm;

• intermediate-risk: aggressive histology, minor extrathyreoidal extension, vascular invasion,
or >5 involved lymph nodes (0.2–3 cm);

• low-risk: intrathyreoidal DTC, ≤5 lymph nodes micrometastases (<0.2 cm).

In the last few years new molecular and genetic biomarkers, such as BRAF (V600E),
phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit α (PIK3CA), tumor protein p53
(TP53), RAC-α serine/threonine-protein kinase 1 (AKT1) and telomerase reverse transcriptase (TERT)
became more important for the management of diagnosis, therapy and observing of DTC. The role
of RAS is discussed controversally. Table 2 shows the impact of the two well-evaluated molecular
markers BRAF and TERT [15]. Some of these alterations might be interesting molecular targets for
new therapies.

Table 2. Mutations of BRAF and TERTp in follicular-derived thyroid carcinoma and clinicopathological
impact (modified from [15]).

Mutation Histology Clinicopathological Associations

BRAF papillary thyroid carcinoma (PTC)

recurrence, multifocality, extrathyreoidal
extension, lymph nodes metastasis, advanced
stage, absence of capsule, vascular invasion,
more aggressive histological subtype

BRAF micro PTC multifocality, extrathyreoidal extension,
advanced stage, lymph node metastasis

BRAF thyroid carcinoma derived from
follicular cells no association

TERT papillary thyroid carcinoma
more advanced stage by tall cell variant, higher
tumor size, vascular invasion, older age, poor
outcome, lymph node and distant metastasis

TERT thyroid carcinoma derived from
follicular cells

more aggressive histologic variants, concomitant
presence of mutated RAS/BRAF, age > 45, higher
tumor size, vascular invasion, persistent or
recurrent disease, lymph node metastasis

2.1. Papillary Thyroid Cancer

Papillary thyroid carcinoma (PTC) is the most common form of DTC. Histologically it is a tumor of
follicular cells of the thyroid gland with characteristic nuclear signs. There are more than 10 histological
variants of papillary thyroid cancer documented, can be seen in Table 3 [16,17]. Due to this microscopic
diversity, different risk stratifications are needed.

The tall cell variant is one of the tumor entities with unfavorable outcome. This type of thyroid
cancer is presented in tall columnar cells and occurs in older age showing a higher rate of lymph node
metastases. In nearly 80% of these tumors the BRAF (V600E) mutation is found [18]. A new aggressive
variant of papillary thyroid carcinoma, which is characterized by cells with hobnail appearance and
apically placed nuclei, was described recently. The BRAF (V600E) mutation is found frequently and
associated with distant metastases [19]. In children and adults affected by the Chernobyl incident the
solid variant of PTC appears predominantly. Mortality within the first 10 years after initial diagnosis
and treatment is low (<1%) [20,21]. It is very important to recognize that there are histological
differences compared to poorly differentiated carcinomas, because of the very different therapy
strategy. In poorly differentiated thyroid cancer the capability to take up (radio) iodine is clearly
reduced (e.g., decreased expression of sodium iodine symporter) and therefore not sufficient to
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achieve a significant therapeutic effect. Another form of PTC is the diffuse sclerosing variant. It is
characterized by a higher incidence of lymph node and distant metastases. Nevertheless, overall
mortality appears low. The encapsulated follicular variant of papillary carcinoma very rarely shows
capsular or vascular invasion. Histologically it is characterized by follicular growth, typical nuclear
features of papillary carcinoma and total tumor encapsulation. RAS mutations can be detected
frequently. The non-encapsulated follicular variant of papillary cancer shows BRAF (V600E) mutations
quite often [22,23]. This tumor is associated with lymph node metastases in about 25–30% and low
rates of distant metastases.

Table 3. WHO classification of papillary and follicular carcinoma of the thyroid (modified from [17]).

Histology Histological Variants

Papillary carcinoma

Classic (usual)
Clear cell variant
Columnar cell variant
Cribriform-morular variant
Diffuse sclerosing variant
Follicular variant
Macrofollicular variant
Microcarcinoma (occult, latent, small, microtumor)
Oncocytic or oxyphilic variant (follicular/nonfollicular variant)
Solid variant
Tall cell variant
Warthin-like variant

Follicular carcinoma

Clear cell variant
Oncocytic (Hürthle cell) variant
Mucinous variant
With signet-ring cells

PTC presents distant metastases mainly in bones or lungs.
Papillary microcarcinoma is a PTC < 1 cm corresponding to the classification of the World

Health Organization (WHO) which is often found incidentally. In some autopsy studies the papillary
microcarcinoma was found in 6–35% of the thyroids by incident [10]. Papillary microcarcinoma may
also exhibit RET proto-oncogene (RET)/PTC-rearrangements or BRAF (V600E) mutations.

2.2. Follicular Thyroid Cancer

Follicular thyroid carcinoma (FTC) is a malignant tumor, histologically derived from follicular
thyroid cells, showing transcapsular or vascular invasion and missing the typical nuclear signs of
papillary carcinoma. In the traditional classification of FTC there are two groups: minimally invasive
and widely invasive [24–26]. The widely invasive FTC shows an extensive vascular invasion, often
also associated with extrathyroidal growth.

Oncocytic follicular carcinoma is a special form of FTC with some microscopic differences
compared to conventional FTC. One of them is the accumulation of innumerable mitochondria. Due to
its histological differences, oncocytic carcinoma shows some different biological behavior with a higher
ability to metastasize to lymph nodes and a possibly higher rate of recurrence and tumor-related
mortality [27–29].

2.3. Familial Tumor Syndromes

Some of the histopathological variants of DTC are associated with familial tumor syndromes.
For example, the cribriform-morular form of papillary thyroid cancer is frequently seen in patients
with a germline mutation in adenomatous polyposis coli gene [30,31]. About 40% of patients with this
special histological form of papillary thyroid carcinoma show simultaneously a familial adenomatous
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polyposis (FAP) [32]. Due to this high rate of association of cribriform-morular PTC and FAP it is very
important to complete the diagnostic work-up with colonoscopy and genetic counseling.

Another type of FTC is associated with the germline mutation of the phosphatase and tensin
homolog (PTEN) gene [33–35]. The follicular variant of thyroid carcinoma is in this case very
characteristic and should be known by pathologists. The syndrome is associated with a high risk of
appearance of other tumors, such as colon hamartomas or breast and endometrium tumors. Genetic
counseling is recommended.

3. Diagnostic Approach to Thyroid Nodules

The prevalence of sonographically-detected thyroid nodules in the U.S. is described between 19%
and 35% [36]. Toxic adenomas are found in up to 4 percent of the population. In Europe the incidence
of thyroid nodules is higher in some areas. In Germany, a country with relative iodine deficiency,
nodules are found in 33% of the population.

Risk factors for malignancy are exposure to ionizing radiation through radiotherapy or fallout
especially in younger years, familial thyroid carcinoma, or syndromes that are associated with thyroid
cancer like PTEN, Cowdens disease or multiple endocrine neoplasia type 2 (MEN2). Warning signs in
clinical examination are rapid nodule growth, fixation in the surrounding tissue, vocal cord paralysis,
possibly accompanied by hoarseness.

The diagnostic cornerstone of thyroid nodules remains the ultrasound examination. It should be
performed in any case of known or suspected thyroid nodules or cervical lymphadenopathy to assess
if further diagnostic is needed. Sonographic patterns suspicious of malignancy are microcalcifications,
irregular margins, solid consistency, hypoechogenity, extrathyroidal extension (ETE) and a tall shape
rather than a wide one. Intranodulary vascularization does not seem to have a clear correlation with
malignancy [10].

Roughly one third of thyroid nodules are larger than 1 cm and eligible for scintigraphy [37].
The guidelines of the German Society of Nuclear Medicine recommend a scintigraphic examination of
every thyroid nodule >1 cm. By routinely performing a Tc-99m thyroid scan autonomous adenomas
that have not yet an impact on thyroid-stimulating hormone (TSH) level can be detected without
subjecting the patient to the risks and stress of fine-needle aspiration (FNA). This applies especially to
groups at increased risk for complications like patients that are treated with coagulation inhibitors.
The diagnostic algorithm for evaluation of thyroid nodules according to the German guidelines that
was recently published by Feldkamp et al. is shown in Figure 1 [38].

 

Figure 1. Diagnostic algorithm for the evaluation of thyroid nodules (modified from [38]). TSH:
thyroid-stimulating hormone.

114



Int. J. Mol. Sci. 2017, 18, 1292

The ATA guidelines recommend measurement of the TSH level if a thyroid nodule is found.
A radionuclide scan (Tc-99m, preferable I-123) should be performed only if TSH level is subnormal [10].
Nevertheless, the American guidelines cannot be applied to the rest of the world without adjustment for
differences in the patient populations. Except for clearly benign cysts, for every lesion of a certain size
ultrasound guided fine-needle aspiration biopsy (FNA) is recommended (Table 4) [10]. Furthermore,
the measurement of serum calcitonin is recommended when new thyroid nodules are detected time to
rule out medullary thyroid cancer that derives from c-cells and is not added to group of DTC.

Table 4. Sonographic patterns and risk of malignancy (modified from [10]).

Ultrasound Features
Estimated Risk of

Malignancy
Sonographic

Pattern
FNA Size Cutoff

Solid hypoechogenic nodule or solid hypoechogenic
component of a partially cystic nodule with one or
more of the following features: irregular margins,
microcalcification, taller rather than wide shape, rim
calcifications with small extrusive soft tissue
component, evidence of extrathyroidal extension (ETE)

>70–90% Highly
suspicious >1 cm

Solid hypoechogenic nodule with smooth margins
without microcalcification, taller rather than wide
shape or signs of ETE

10–20% Intermediate
suspicion >1 cm

Isoechogenic solid nodule or partally cystic nodule
with eccentric solid areas without microcalcification,
taller rather than wide shape or signs of ETE

5–10% Low suspicion >1.5 cm

Spongiform or partially cystic nodule without any of
the sonographic features described above <3% Very low

suspicion

>2 cm, alternative:
observation without fine
needle aspiration (FNA)

Purely cystic nodules without solid components <1% Benign No biopsy

Cytological analysis is performed according to the Bethesda System for Reporting Thyroid
Cytopathology. The findings are graded into six categories:

I: nondiagnostic/unsatisfactory;
II: benign;
III: atypia of undetermined significance/follicular lesion of undetermined significance;
IV: follicular neoplasm/suspicious for follicular neoplasm;
V: suspicious for malignancy;
VI: malignant.

If the FNA biopsy is graded non-diagnostic/unsatisfactory, biopsy should be repeated. Numerous
molecular tests can be applied to distinguish malignant from benign lesions, such as BRAF (V600E),
PIK3CA and TERT promoter, AKT1, and TP53, although there is no explicit recommendation in
the current guidelines. Accordingly, adjustments are to be expected in the future [15]. For more
non-diagnostic biopsies in a row, the decision for close surveillance without intervention or for surgery
should be made in dependence of the sonographic pattern [10].

4. Therapy of Differentiated Thyroid Carcinoma

DTC should be treated interdisciplinary in facilities with an appropriate expertise in order to
ensure an optimal long-term treatment quality. Specialists in surgery, endocrinology, pathology and
nuclear medicine should be available. The therapeutic approach is individualized and risk-adapted.

4.1. Surgery

For widely invasive follicular thyroid carcinomas and FTC with vascular infiltration,
thyreoidectomy is recommended. Lymph node dissection is recommended if lymph node metastases
can be detected pre- or intraoperatively by sonographic examination and/or palpation. The solitary
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minimally invasive FTC without vascular invasion does not require a second surgical intervention
as completion, if the tumor has been completely removed (R0). Thyreoidectomy and lymph node
dissection of the central compartment are recommended for prognostically unfavorable variants.

For all papillary thyroid carcinomas >1 cm and/or for all metastasized or macroscopically invasive
PTC irrespective of size, thyreoidectomy is recommended [10,39]. If lymph node metastases have
been detected sonographically or intraoperatively, lymph node dissection in the affected compartment
should be done to reduce the risk of (local) recurrence. On the other hand, the diagnostic or therapeutic
extirpation of only single lymph nodes as a part of the primary intervention is not recommended.
Although at present the importance of central lymph dissection with prophylactic intention is still
unclear, the high probability of lymph node metastases is a substantial argument to expand the surgical
procedure. Furthermore, it is difficult to exclude lymph node metastases pre- or intraoperatively.
After all, the increased risk of a local recurrence associated with an increased morbidity due to the
surgical intervention in the situation of relapse should be mentioned. On the other hand, the main
arguments against a prophylactic dissection are the lack of evidence regarding a better outcome of
the patients and the remarkably higher complication rate due to the more extensive intervention
(e.g., vocal cord paralysis, parathyreoprival tetany). Specifically, papillary thyroid microcarcinoma
that is found incidentally does not require a further surgical treatment.

After all, accurate histopathological examination of the specimen after (hemi)thyroidectomy and
lymphadenectomy (if done) is regarded as the gold standard and is indispensable for the management
and further diagnostic and therapeutic approach.

4.2. Adjuvant Radioiodine Therapy

Radioiodine therapy (RIT) has been established for more than 60 years. The benefit was
demonstrated in DTC patients with a high risk for recurrence. In patients with very low-risk DTC
a positive effect of a RIT on tumor-free and overall survival has not been proven by prospective
clinical trials.

RIT is defined as the systemic administration of I-131 (radioiodine as sodium iodide or potassium
iodide) to irradiate thyroid remnants as well as non-resectable or incompletely resected DTC.

Adjuvant ablative RIT of thyroid remnants or tumor tissue is the optimal precondition for
the follow-up including determination of serum thyroglobulin (Tg) and I-131 whole-body scans.
The rationale that underlies this approach is to detect a local recurrence or distant metastases in
an early and potentially curable stage to minimize mortality. However, regional or distant metastases
frequently are only detectable by rising Tg levels after a successful remnant-ablation. It was shown
that an ablative RIT decreases the rate of recurrence and mortality over a follow-up period of more
than 10 years [40–43]. RIT is indicated in high-risk DTC (pT3, pT4, each N1, every M1), in low-risk
DTC (pT1b, pT2, cN0, pN0, M0) and in small papillary thyroid carcinoma (very low-risk DTC),
if there are risk factors (see Section 4.7) [44,45]. Furthermore, RIT can be used for the treatment of
radioiodine-positive tumor residues, lymph node and distant metastases with curative or palliative
intention. In the case of tumor activity shown by an increasing serum level of thyroglobulin without
a macroscopically detectable tumor using morphological and functional imaging RIT can be carried
out after carefully weighing risks and benefits [14].

To ensure a high uptake of radioiodine (I-131) in remnant tissue, (suspected) tumor, or metastases,
an elevated serum level of TSH is required (>30 mU/L). This level is believed to increase the
expression of the sodium iodine symporter (NIS) in benign and malignant follicular cells of the
thyroid [46]. According to the guidelines of the ATA and EANM [8,10] this TSH level can be reached by
waiting not less than 3 weeks after thyroidectomy or after a withdrawal (4–5 weeks) of levothyroxine
(LT4). The subsequent period of hypothyroidism decreases the quality of life significantly in many
patients. The physical and psychological symptoms of hypothyroidism include gain of weight,
impaired renal function, cardiovascular abnormalities, dyslipidemia (exacerbation), constipation,
dry skin, hoarseness, fatigue, sleep disturbance, impaired ability to concentrate and depression [47].
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Alternatively, recombinant TSH (rhTSH) can be administered intramuscularly (2 times 0.9 mg rhTSH)
to avoid inconvenience and morbidity due to the lack of thyroid hormone. This drug is approved for
radioiodine ablation (without known distant metastases) of T1–4 tumors, diagnostic whole-body scan
and preparation for testing of serum Tg in adults [48–51].

Absolute contraindications of RIT are pregnancy and breastfeeding. Relative contraindications
include depression of the bone marrow (especially if the administration of high activities of I-131 is
planned), a restriction of salivary gland function, pulmonary function restriction (if a high accumulation
of I-131 in lung metastases is possible) and symptomatic metastases of the central nervous system,
because local edema and inflammation caused by RIT and hypothyroidism can lead to severe
compression effects [8].

The activity of I-131 for remnant ablation is still discussed controversially. The HiLo study
(Great Britain) and the ESTIMABL study (France) both compared ablative RIT with 1.1 GBq I-131
versus administration of 3.7 GBq (100 mCi) I-131 after thyroid hormone withdrawal or stimulation
with rhTSH in patients with low-risk carcinoma [52,53]. Both studies showed that RIT with only 1.1
GBq (30 mCi) I-131 is not inferior compared to the higher activity in regard to the success of ablation.
However, the definition of “success of ablation” used in both studies is not accepted by all departments
and associations. Several authors report that the rate of a second RIT increases when low therapy
activities were used initially [54,55].

In the ESTIMABL study the diagnostic I-131-whole-body scan 8 months after I-131 ablation was
limited to patients with elevated Tg antibodies and disturbed Tg recovery. Even in this subgroup
this concept was not consistently implemented. Based on an observation study, iodine-accumulating
metastases are possible with a measurable Tg level of up to 1 ng/mL [56]. Due to the open question
of the “optimal” activity for remnant ablation, the German Society of Nuclear Medicine for example
recommends a single administration of 1 to 3.7 GBq (about 30–100 mCi) I-131 [14]. Preablation scanning
with Tc-99m pertechnetate on the day of ablation (as used in the HiLo trial [52]) can give very useful
information in clinical decision making. In low-risk DTC patients with a large remnant (multiple foci
or one large focus) ablation with 3.7 GBq (30 mCi) may be prefered.

Although RIT is generally well tolerated, the procedure has some potential short- and long-term
side effects [8]. Short-term risks/side effects are: thyroiditis due to irradiation, swelling of the tumor
or metastases (including compression symptoms), gastritis and nausea, sialadenitis and abnormalities
of taste and smell, bone marrow depression, and hypospermia.

Long-term risks and side effects include permanent bone marrow depression, second primary
malignancy after RIT with a high cumulative activity (leukemia and solid tumors) [57], chronic
sialadenitis (including abnormalities of taste and smell, xerostomia,) and pulmonary fibrosis
(in patients with diffuse iodine-avid pulmonary metastases). Due to the risk of chronic hypospermia
or azoospermia, sperm banking should be considered if high cumulative activities are expected [58].
These risks have to be weighed against the expected benefits of the RIT.

4.3. Metastatic Differentiated Thyroid Carcinoma

Distant metastases occur in patients with differentiated thyroid carcinoma with a prevalence of
up to 10%. In particular, they affect lung and bone [59]. If a sufficient uptake of I-131 in metastases is
measurable, different therapeutic approaches are to be weighed regarding risk and benefit.

If locoregional lymph node metastases are detectable, surgery should be performed. I-131 is
used for iodine-avid metastases for treatment control after surgery or as an alternative therapy if no
surgery is possible/planned (e.g., additional detection of distant metastases requiring RIT, previously
performed radiotherapy, previous lymph node dissection).

In the case of micronodulary metastases of the lung RIT is carried out as a treatment with
curative intent. Macronodulary pulmonary metastases should also be treated with I-131 in a curative
intention but a complete remission is unlikely. Alternatively, (or in combination) the resectability can
be evaluated.
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The complete surgical resection of isolated bone metastases leads to an improved outcome.
A combination of different therapeutic approaches like percutaneous radiotherapy, RIT and local
interventional therapy could be helpful if symptomatic metastases of the bone cannot be (completely)
resected. The same strategy is applied to brain metastases [14].

For the treatment of metastases, standard activities of 4–11 GBq (about 100–300 mCi) I-131 are
given depending on individual patient characteristics like age, renal function, bone marrow depression
and tumor load.

4.4. Thyroid Hormone Treatment

After thyroidectomy, life-long thyroid hormone therapy is required, usually as monotherapy with
levothyroxine (LT4). Since TSH is able to promote the growth of remaining DTC cells, the dosage of LT4
should initially be high enough to achieve a suppression of thyrotropin. The thyroid function should
be checked after 6 to 8 weeks. Depending on the result the dosage should be adjusted. An elevated
level of triiodothyronine has to be avoided.

A long-term suppression of TSH to values <0.1 mU/L is currently only recommended for
high-risk patients and patients with persistent disease indefinitely in the absence of specific
contraindications [10]. In these cases, a better prognosis was demonstrated for the suppression
of thyrotropin. No evidence-based data are available for optimal duration of TSH suppression.

According to the guidelines of the ATA, serum TSH should be maintained between 0.1 and
0.5 mU/L in patients with high-risk disease but excellent or intermediate response to therapy for up
to 5 years and also in patients with a biochemical incomplete response taking into account the initial
ATA risk classification published by Haugen et al. [10]. This recommendation is rated as weak with
low-quality evidence. If the response to therapy is excellent biochemically and clinically in patients
with a low risk for recurrence and there is no evidence of disease in the course of time, the serum level
of TSH may be kept in a range of 0.5–2.0 mU/L, because there is no data showing a benefit of TSH
suppression for low-risk patients.

Individual patient-related factors such as osteoporosis or osteopenia and cardiac co-morbidities
like atrial fibrillation should always be taken into account during thyroid hormone therapy and
weighed against the risk of recurrence. Especially in elderly patients >60 years, the use of TSH
suppressive therapy should be carefully considered since the risk of such complications is significantly
increased [60].

4.5. Follow-Up

Although the cumulative relapse rate is up to 30%, the life expectancy of DTC patients
(pT1-3, pN0-1, M0) is not significantly different from the general population after therapy according
to the current guidelines. Lifelong follow-up examinations should be carried out because relapses
can occur even after decades and may be cured again. Initial checks should be carried out every
six months (e.g., for the first 5 years after diagnosis). If there are no pathological findings later on,
annual examinations are adequate [61]. The follow-up examination is based on the medical interview,
clinical examination, cervical sonography, determination of TSH, triiodothyronine, levothyroxine,
and thyroglobulin including Tg antibodies. In the case of postoperative hypoparathyroidism, the
substitution therapy (cholecalciferol, calcium) should be checked and adapted (if necessary) to
minimize the risk of osteoporosis.

A diagnostic whole-body scan is obligatory 6–12 months after initial RIT, a second scan is only
needed in the case of relapse [10,62].

The criteria for a disease-free stage 6–12 months after primary therapy of DTC with total
thyroidectomy ± radioiodine therapy are no clinical signs of DTC, no pathological uptake in
the I-131 whole-body scan (only after remnant ablation) and a serum Tg below the detection
limit (under suppression and after TSH stimulation, with absence of Tg antibodies) [10,62,63].
Under these conditions patients have a very low probability of relapse. If there are signs of
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relapse (e.g., elevated/rising serum levels of Tg) and no radioiodine-accumulating tumor tissue
is detectable, clinical diagnostics should include the search for non-radioiodine-avid tumor tissue
using F-18-fluorodeoxy-glucose positron emission tomography (FDG-PET) combined with computed
tomography ideally under TSH-stimulation.

4.6. Tyrosine Kinase Inhibitors

For poorly differentiated thyroid carcinoma without relevant iodine metabolism and therefore
very low radioiodine uptake, RIT is not a therapeutic option. Radioiodine resistance is currently
defined as lesions without iodine uptake under TSH stimulation, progression in size in the year
following RIT or persistent metastases after a cumulative dose of 22 GBq (600 mCi) I-131 of radioiodine.
In these cases, complimentary diagnostic using FDG-PET/computed tomography (CT) is essential.
FDG uptake is typically increased in poorly differentiated lesions that can be overlooked on radioiodine
scans. Prognosis for radioiodine resistant thyroid cancer with distant metastases is very poor, with
an estimated median survival time of about 2.5 to 3.5 years [64,65].

Chemotherapy comes at high toxicity with disappointing response rates [66]. For these patients
a strict LT4 regime with TSH suppression is the best way to go. On showing rapid progression under
such a regime, therapy options were few until recently.

Tyrosine kinase inhibitors like vandetanib, sorafenib and lenvatinib are a relatively new approach to
systemic therapy in these cases. Tyrosine kinase receptors, the target structure of TKI, are trans-membrane
proteins that mediate cell survival and proliferation [67]. If mutated, they can cause uncontrolled cell
proliferation, dedifferentiation and apoptosis reduction. A large part of DTC show at least one mutation
of RAF, RET or paired box gene 8 (PAX8)/peroxisome proliferator-activated receptor gamma (PPARγ)
which makes them targets for TKI therapy. Furthermore, TKIs block receptors of the vascular endothelial
growth factor (VEGF), fibroblast growth factor receptors and platelet-derived growth factor and thus
inhibit tumor angiogenesis and lymphangiogenesis and cause hypoxia in malignant tissue [68]. TKIs,
already approved for the treatment of irresectable liver cancer and renal carcinoma, promise to be
an effective new tool for the treatment of poorly differentiated thyroid carcinoma (PDTC) [66].

A recent review on the use of sorafenib, sunitinib and lenvatinib showed a benefit for
progression-free survival of up to five months [69]. While initially showing partial response or at
least disease stabilization after sorafenib, the first TKI approved for thyroid cancer, patients almost
always develop resistance over the course of the following one to two years. Switching to another TKI
is possible at this point [70]. A study using lenvatinib was able to indicate prolonged progression-free
survival regardless of BRAF or RAS mutation status, suggesting a diminished role of these pathways [71].
However, a benefit in overall survival could not be found.

Therapy with kinase inhibitors may be accompanied by severe side effects. Induced hypertension
is one of the most common; the underlying pathophysiology is yet unclear. Vasoconstriction following
reduced nitric oxide production via inhibition of the VEGF-PI3K pathway is discussed. A reduction
of peripheral arterioles due to antiangiogenic effects resulting in increased peripheral resistance and
an activation of the endothelin-1-system causing vasoconstriction have also been suggested [72].
Other side effects may include diarrhea, fatigue, hepatotoxicity, skin changes, nausea, increased LT4
dosage requirement, changes in taste and weight loss and associated with a severe decrease of quality
of life [69].

Keeping this in mind kinase inhibitors can certainly not be considered as a standard regime or
an alternative to TSH-suppression. For patients with radioiodine-refractory DTC they can be a useful
complementation to standard therapy.

While undergoing TKI therapy patients can display somewhat inconclusive lab results. Normally
a reliable parameter, thyroglobulin levels can fluctuate under TKI treatment. These changes do
not necessarily represent the actual course of the disease as it is monitored in anatomical imaging.
Sufficient therapeutic monitoring not only by relying on lab tests but also on CT or PET/CT diagnosis
to determine a morphologic or metabolic response is essential [73].
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Considering the extensive side effects, this therapy should be reserved for patients with rapid
tumor progression and severe to life threatening symptoms. In these cases, the decision for TKI
therapy should be made in a interdisciplinary manner, carefully weighed against local strategies like
radiotherapy and local surgery [74]. TKI treatment should only be performed by a team of physicians
experienced with side effects management.

The European guidelines for treating differentiated thyroid carcinoma are from 2008. Kinase
inhibitors are therefore not considered there [8] and a unanimous European recommendation is
still awaited.

4.7. Papillary Microcarcinoma

Because of the excellent prognosis of papillary microcarcinoma (PTMC), a hemithyroidectomy
without RIT is regarded as sufficient therapy, if there is no sign of local invasion, lymph node and/or
distant metastases. The substitution of LT4 should keep the serum level of TSH in a euthyroid
metabolic state.

In a meta-analysis, PTMC showed a prevalence of distant metastases of 0.4%, a probability of
locoregional relapse of 2.5% but also a prevalence of micrometastases in locoregional lymph nodes of
12–50% [45]. The risk of lymphogenic micrometastases increases with increasing tumor diameter [75].
Using single photon emission computed tomography (SPECT) combined with CT, other studies
showed a prevalence of lymph node metastases up to 57% [76,77]. The relapse-free survival in patients
with PTMC after 5 years was 78.6% without RIT compared to 95.0% in patients that have had a remnant
ablation with RIT [78]. The recommendation for a RIT in PTMC is based on the extent of resection and
the individual risk profile. Risk factors are multifocality, infiltration of the thyroid gland, histological
variants of papillary thyroid carcinoma, low degree of differentiation, tumor diameter 6–10 mm,
molecular markers like BRAF-V600E mutation, infiltrative tumor growth, surrounding desmoplastic
fibrosis and previous percutaneous irradiation of the neck [14]. In patients with a residual thyroid
gland (e.g., after lobectomy) an ablative RIT is not indicated.

5. Summary and Conclusion

Differentiated thyroid cancer is a rare tumor entity but shows a strongly increasing incidence over
the last decades. It derives from the follicular epithelium of the thyroid and shows basic biological
characteristics of healthy thyroid tissue. The expression of the sodium iodide symporter is the key
feature for specific iodine uptake. Patients with DTC have an excellent prognosis.

The therapeutic approach including surgery and remnant ablation with radioiodine should
be risk-adapted to achieve an optimal treatment and to minimize treatment-related morbidity.
Overtreatment should be avoided.

With regard to so-called low-risk carcinoma defined by the ATA there are controversial therapeutic
approaches. The guidelines of the ATA recommend a lobectomy under certain conditions. Following
the guidelines of the EANM a thyreodectomy with RIT should be performed (except PTC pT1a).
However, long-term studies are currently not available. These studies are certainly necessary
(against the background of the slow growth of the well-differentiated thyroid carcinoma) to decide
which approach is appropriate. A risk-stratified follow-up is required since recurrences can occur over
years. Furthermore, thyroid hormone substitution must be controlled.

The life span of most DTC patients does not differ from general population when appropriate
treatment is given. The prognosis becomes poorer in patients with radioiodine refractory thyroid
carcinoma. TKI have shown clinical effectiveness in iodine-refractory DTC with regard to progression
free survival. A positive effect on overall survival could not be shown yet and has to be evaluated in
further studies. However, therapy should be carried out in centers with special expertise.

In the current guidelines of the ATA and EANM there is no evidence-based treatment concept
(or strong recommendation) for every situation. There are still open questions:
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• The value of RIT under the condition of increasing serum level of Tg without a detectable
correlatation in the morphological or functional imaging (i.e. iodine-negative whole-body scan);

• The benefit of a remnant ablation in patients with papillary microcarcinoma (very low risk of
relapse, lymph node metastasis possible);

• Optimal activities of I-131 for safe and effective radioiodine ablation;
• The role of rhTSH as preparation for RIT to treat incomplete or non-resectable local recurrence

or metastases;
• The role of a short LT4 withdrawal to reduce blood levels of iodine before RIT or diagnostic

whole-body scan.

An analysis by the Cancer Genome Atlas Research Network identifies previously unknown genetic
alterations and molecular subtypes of PTC. These alterations may lead to a more accurate diagnosis of
tumors and potentially more targeted treatment [79]. Although in the current guidelines no explicit
recommendation concerning the determination of molecular markers in the cyto-/histopathological
specimen is made, further adjustments are to be expected in the future.

Author Contributions: The manuscript was written by Benedikt Schmidbauer, Karin Menhart and Jirka Grosse,
the systematic literature research and corrections were done by Dirk Hellwig and Jirka Grosse, Jirka Grosse
concieved the manuscript.

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

Abbreviations

AKT1 RAC-α serine/threonine-protein kinase 1
ATA American Thyroid Association
CT computed tomography
DTC differentiated thyroid carcinoma
EANM European Association of Nuclear Medicine
ETE extrathyroidal extension
ETA European Thyroid Association
FAP familial adenomatous polyposis
FNA fine-needle aspiration biopsy
FTC follicular thyroid carcinoma
FDG-PET F-18-fluorodeoxy-glucose positron emission tomography
LT4 levothyroxine
MEN2 multiple endocrine neoplasia type 2
PAX8 paired box gene 8
PDTC poorly differentiated thyroid carcinoma
PIK3CA phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit α
PPARγ peroxisome proliferator-activated receptor gamma
PTC papillary thyroid carcinoma
PTEN phosphatase and tensin homolog
PTMC papillary microcarcinoma
RET RET proto-oncogene
rhTSH recombinant thyrotropin
RIT radioiodine therapy
SPECT single photon emission computed tomography
TERT telomerase reverse transcriptase
Tg serum thyroglobulin
TKI receptor tyrosine kinase inhibitors
TP53 tumor protein p53
TSH thyroid-stimulating hormone (also known as thyrotropin)
VEGF vascular endothelial growth factor
WHO World Health Organization
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Abstract: The treatment of thyroid cancer has promising prospects, mostly through the use of surgical
or radioactive iodine therapy. However, some thyroid cancers, such as progressive radioactive
iodine-refractory differentiated thyroid carcinoma, are not remediable with conventional types of
treatment. In these cases, a treatment regimen with multi-kinase inhibitors is advisable. Unfortunately,
clinical trials have shown a large number of patients, treated with multi-kinase inhibitors, being
adversely affected by hypertension. This means that treatment of thyroid cancer with multi-kinase
inhibitors prolongs progression-free and overall survival of patients, but a large number of patients
experience hypertension as an adverse effect of the treatment. Whether the prolonged lifetime is
sufficient to develop sequelae from hypertension is unclear, but late-stage cancer patients often have
additional diseases, which can be complicated by the presence of hypertension. Since the exact
mechanisms of the rise of hypertension in these patients are still unknown, the only available strategy
is treating the symptoms. More studies determining the pathogenesis of hypertension as a side
effect to cancer treatment as well as outcomes of dose management of cancer drugs are necessary
to improve future therapy options for hypertension as an adverse effect to cancer therapy with
multi-kinase inhibitors.

Keywords: thyroid cancer; hypertension; vascular endothelial growth factor; multi-kinase inhibitors;
lenvatinib; sorafenib; sunitinib

1. Introduction

The most common and effective strategies to treat thyroid cancer are surgery, radioactive iodine
(RAI) therapy and thyroid-stimulating hormone (TSH) suppression treatment. This therapy regimen
shows good results in patients affected by differentiated thyroid carcinoma (DTC) as well as a
long-term survival rate of up to 90% [1]. The therapy options for de-differentiated thyroid cancers
or for recurrent thyroid cancer are extremely limited. Poorly differentiated thyroid cancer types
(PDTC) do not respond to RAI treatment and have a remarkably reduced survival rate. Under these
circumstances, multi-kinase inhibitors, such as lenvatinib, sorafenib and sunitinib, may be useful.
The multi-kinase inhibitors target an important step in the development of tumors. When a tumor
reaches a critical level in its development, oxygen must be delivered through blood vessels and not
simply by diffusion. At this point, the tumor produces new blood vessels and thereby obtains the
required oxygen and nutrition to grow. The multi-kinase inhibitors work anti-angiogenically by
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preventing the transmission of signals from multiple tyrosine kinases, which are essential for the
development of a new vasculature [2].

Along with their effects as cancer drugs, multi-kinase inhibitors have been shown to cause several
unwanted side effects; examples are proteinuria, stomatitis, diarrhea and hypertension, the latter of
which had been observed in up to half of the treated patients [3].

Hypertension, or elevated blood pressure, is a physical condition in which the pressure in the
blood vessels is persistently raised and the heart must labor against higher systolic and/or higher
diastolic pressure. Hypertension exists per definition when the systolic blood pressure (SBP) equals or
exceeds 140 mmHg and/or the diastolic pressure (DBP) equals or exceeds 90 mmHg, whereas normal
blood pressure is defined as 120 mmHg systolic and 80 mmHg diastolic [4].

Hypertension can physically be described by Ohm’s law:

blood pressure = cardiac output × total periphery resistance

Isolated hypertension, when not extremely elevated, is not dangerous and many people live with
raised blood pressure without even being aware of it. However, hypertension can have severe impacts
on overall health, numerous studies have shown that patients with hypertension have a higher risk of
cardiovascular and renal diseases [5].

The aim of this review is to create an overview of hypertension as an adverse effect (AE) of
multi-kinase inhibitors when treating metastatic RAI-refractory thyroid cancer. In addition, this review
will focus on the function of multi-kinase inhibitors, and on the mechanisms of the development of
hypertension. It will reflect the importance of hypertension as an AE.

This review will consider and address the following questions: (1) How do multi-kinase
inhibitors cause hypertension? (2) How can we manage hypertension induced by tyrosine kinase
inhibitor (TKI)-treatment? (3) Is the relationship between the efficacy of cancer treatment and the
AE of hypertension favorable? (4) Is hypertension as a side effect of the multi-kinase inhibitors a
severe concern?

2. Background

2.1. Thyroid Cancer

The thyroid gland is located in front of the tracheal tube. The function of the thyroid gland is
to produce the thyroid hormones T3 and T4, which stimulate a great number of processes in the
human body, such as metabolic rate, protein synthesis, development, and they also influence the
cardiovascular system. Furthermore, the thyroid produces calcitonin, which plays a role in calcium
homeostasis. The thyroid gland can be enlarged both by benign and malignant causes: it is often
enlarged due to a dietary iodine deficiency that is not cancer associated (struma), but other tumors
of the thyroid are caused by malignant alterations [6]. Thyroid cancer can be classified into several
categories: differentiated (DTC), covering papillary (PTC) and follicular (FTC), medullary (MTC)
and anaplastic thyroid cancer (ATC). The cancer cells in DTC appear similar to normal thyroid cells,
whereas poorly differentiated thyroid cancer (PDTC) is comprised of cancer cells that do not share the
same characteristics or abilities as normal thyroid cells [7].

PDTC is accountable for up to 10% of thyroid cancer forms and is more aggressive than DTC.
Unfortunately, the prognosis for PDTC is not encouraging: the 5-, 10- and 15-year survival rates are
50%, 34% and 0%, respectively [8]. MTC has a 10-year survival rate of 75%–80% [9], whereas the 5-year
survival rate for DTC is as high as 98% due to successful treatment, such as surgery, RAI ablation
and treatment with thyroid stimulating hormone [10]. Regrettably, about 20% of patients experience
recurrence of the disease. The recurrent form of thyroid cancer is poorly differentiated and thereby
more malignant; this makes it for example resistant to RAI ablation because due to an inability to take
up iodine [11].
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The incidence of thyroid cancer in Denmark in 2012 was estimated to be 220 new cases, both sexes
included, which places it in the intermediary group below the most common cancer types as colorectal,
breast and prostate cancer [12]. In 2012, the incidence worldwide was 298,102 new cases for both sexes
representing 2.1% of all cancers [13].

2.2. Multi-Kinase Inhibitors

Most thyroid cancer types have promising prospects as a result of surgical treatment and
radioactive iodine ablation. PDTC, RAI-refractory carcinomas and tumors showing resistance to
various forms of available treatment must be treated with alternatives in the hope of a good result [14].

Angiogenesis is the formation of new blood vessels from pre-existing vasculature and is a normal
physiological process that starts during fetal development and persists in adults during inflammation
and vascular or wound healing [15]. Angiogenesis is utilized by tumors to create new blood supply,
so forming a path for the delivery of oxygen and nutrients, and in turn supporting tumor growth.
Several factors play a role in the creation of new blood vessels, both in normal physiology and in
pathophysiology. The growth of a tumor is determined by its nutrient supply. By diffusion alone, only
very limited amounts can reach the tumor, and especially its core, so that for continued expansion, an
increased internal blood supply is necessary. The central hypothesis is that an increase in tumor size
must be preceded by expansion of tumor vasculature, which is stimulated by the tumor. Tumor cells
take advantage of the normal physiological process involving the secretion of vascular endothelial
growth factor (VEGF). VEGF is of high importance in the induction of new vessel formation and in the
survival of endothelial cells [16–18]. Therefore, angiogenesis is a critical process for the development
and subsequent growth of tumors.

The superfamily of VEGF comprises VEGF-A, VEGF-B, VEGF-C, VEGF-D and placental growth
factor (PGF). Their corresponding tyrosine kinase receptors, the vascular endothelial growth factor
receptors (VEGFRs) VEGFR-1, -2 and -3, are distinguished according to their affinities to different
VEGFs. VEGFR-1 and -2 are found in endothelial cells, while VEGFR-3 is expressed in lymphatic
endothelial cells. VEGFR-1 binds VEGF-A, VEGF-B and PGF, whereas VEGFR-2 binds VEGF-A
and proteolytically modified VEGF-C and VEGF-D. Finally, VEGFR-3 is activated by VEGF-C and
VEGF-D [19–21].

In addition, growth factors platelet derived growth factor (PDGF), epidermal growth factor (EGF),
and fibroblast growth factor (FGF) also play a significant role in angiogenesis [19,20]. The ligand
FGF and its receptor FGFR play an important role in cell growth, proliferation, differentiation and
survival of thyroid cancer cells, where FGFR-1, -3 and -4 are overexpressed and expression of FGFR-2
is reduced. Binding of a growth factor to one of the receptors leads to a tyrosine kinase activation
of either the mitogen activated protein kinase (MAPK) or the phosphatidylinositol-3-kinase (PI3K)
pathway that eventually affect oncogenic gene expression [22].

There are two main pathways by which VEGF signaling can be interfered pharmacologically.
Direct inhibition of VEGF is one possibility: an immunoglobulin designed specifically for VEGF targets
and binds before the interaction with the corresponding receptor [23]. Another pathway focuses
on inhibition of the phosphorylation cascade triggered after the binding of ligand and receptor by
blocking the signal from the tyrosine receptor and thereby preventing the oncogenic features such as
angiogenesis, proliferation and growth. Lenvatinib, sorafenib and sunitinib (Table 1) are drugs used in
cancer therapy that inhibit multiple tyrosine kinases in thyroid cancer treatment [22].

Table 1. Characteristics of lenvatinib, sorafenib, and sunitinib.

Drug Targets Half-Life Bioavailability Metabolism

Lenvatinib VEGF-R1-3, FGFR1-4, PDGF-RA, c-KIT, RET 28 h 85% Hepatic CYP3A4

Sorafenib VEGF-R1-3, PDGF-RA-D, C-RAF, B-RAF 25–48 h 38%–49% Hepatic CYP3A4

Sunitinib VEGF-R1-3, PDGF-RA-D, c-KIT, RET, CD114, CD135 40–60 h 50% Hepatic CYP3A4
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Lenvatinib is an orally taken TKI that targets VEGF-R1/-3, FGFR1-4, ret proto-oncogene (RET),
and platelet derived growth factor receptor (PDGFRβ). By blocking these receptors, lenvatinib disturbs
angiogenesis of the tumor, invasion of tissue and metastasis. By inhibiting VEGF-R1/-3, lenvatinib
disrupts angiogenic processes in the tumor. Furthermore, lenvatinib inhibits RET, which is important
for controlling tumor growth and, by hitting FGFR and PDGFRβ, it also influences the tumor’s
microenvironment, as presented in Figure 1 [22].

Figure 1. Lenvatinib inhibits signaling from VEGFR, PDGFRβ, FGFR and RET. It decreases angiogenesis
and lymphogenesis, stunts tumor growth and damages the tumor’s microenvironment [11,22].
VEGFR (vascular endothelial growth factor receptor), PDGFR (platelet derived growth factor receptor),
FGFR (fibroblast growth factor receptor), RET (rearranged during transfection), RAS (rat sarcoma),
PI3K (phosphatidylinositol-3-kinase), AKT (protein kinase B), mTOR (mammalian target of rapamycin),
RAF (rapidly accelerated fibrosarcoma kinase), MAPKK (mitogen activated protein kinase kinase),
ERK (extracellular signal regulated kinase).

Sunitinib (Sunitinib malate; Sutent; Pfizer, New York, USA) is a multi-targeted TKI used in the
treatment of metastatic renal cell carcinomas (RCC) and gastrointestinal stromal tumors, and is under
evaluation for other malignancies [11]. It inhibits VEGFR-1 and -2, platelet-derived growth factor
receptors, stem cell factor receptor (c-KIT), FLT3 as well as RET kinases. Sunitinib acts on VEGF
receptors and on RET and is therefore a suitable drug to treat RAI-refractory thyroid cancer. Sunitinib
is still not approved for thyroid cancer therapy by the FDA, and therefore therapy approaches applying
sunitinib are still off-label [11].

Sorafenib (NEXAVAR®) is widely used in cancer therapy and is an oral serine-threonine TKI that
targets VEGFR-1/–3, PDGFR, BRAF, RET/PTC, and c-kit. The agent has an anti-proliferative effect and
an anti-angiogenic activity by blocking the intracellular signal transduction of VEGFR2 in endothelial
cells [11]. Sorafenib is a FDA-approved drug for patients with RAI-refractory metastatic thyroid cancer.
The approval of sorafenib is based on the results of the randomized DECISION (stuDy of sorafEnib
in loCally advanced or metastatIc patientS with radioactive Iodine refractory thyrOid caNcer) trial.
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This was an international, multi-center, placebo-controlled study involving 417 thyroid cancer patients.
The patients (400 mg oral sorafenib twice daily) lived on average nearly 11 months longer without
disease progression compared to the placebo group [24–26].

2.3. Hypertension

The effects of VEGF are not only present in cancer cells: healthy endothelial cells also express
VEGFRs and, because of this property, unwanted consequences may appear [20,27,28]. Hypertension
is the most common adverse effect in the treatment of the tyrosine kinase inhibitors. VEGF is known
to regulate the vasomotor tonus and maintains blood pressure by dilating small arterioles and venules.
In case of an anti-VEGF therapy the result is a reduced density of microvessels (Figure 2). Hypertension
has been reported to occur at a higher incidence in patients with DTC and treated with sorafenib [29].
Hypertension usually occurs in the first six weeks of treatment with sorafenib; therefore, blood pressure
(BP) should be monitored regularly (at least once a week) at the start of sorafenib therapy [30].

In the SELECT trial (ClinicalTrials.gov number, NCT01321554), lenvatinib, compared to placebo,
revealed significant improvements in progression-free survival and the response rate in patients
with RAI-refractory thyroid cancer, but it also induced more adverse effects [31]. Treatment-related
adverse effects (TEAE) of any grade, occurring in more than 40% of lenvatinib-treated patients were
hypertension (in 67.8% of the patients), diarrhea (in 59.4%), fatigue or asthenia (in 59.0%), decreased
appetite (in 50.2%), decreased weight (in 46.4%), and nausea (in 41.0%) [31]. Cabanillas et al. [32]
investigated 58 patients with advanced, progressive, RAI-refractory DTC, receiving lenvatinib 24 mg
once daily in 28-day cycles until disease progression, unmanageable toxicity, withdrawal, or death.
TEAE were evaluated: 44 patients had hypertension (all grades 76%) and six patients had grade 3
TEAE (10%). Most patients with hypertension and proteinuria were managed successfully without
lenvatinib dose adjustments [32].

There is no unanimous agreement on how these cancer drugs result in hypertension, but some
hypotheses have gained a footing in explaining why. One explanation depends on reduced
production of the vasodilator, nitric oxide (NO). Blockage of VEGF induces vasoconstriction. VEGFR-2
signaling generates nitric oxide (NO) and prostaglandin I2, which induces endothelial cell-dependent
vasodilatation in arterioles and venules. Inhibition of VEGFR-2 signaling reduces NO synthase
expression and NO synthesis. Normally, activation of VEGFR-2, by VEGF or shear stress in the vessel
walls, induces the PI3K pathway, resulting in an increased production of the vasodilator NO and hence
a reduction of peripheral resistance and blood pressure. VEGF inhibition results in an increase in
vascular resistance, followed by hypertension. The multi-kinase inhibitors prevent the phosphorylation
cascade and thus the formation of NO, leading to a rise in blood pressure [33]. In addition, an increase
in blood pressure may also result from the VEGF/VEGFR inhibition in the kidney. VEGF and VEGFR
are also expressed in podocytes. Electron microscopy images revealed glomerular lesions associated
with VEGF-targeted therapies [34]. The reduced VEGF activity influences renal endothelial cells and
podocytes and results in a dysregulation of VEGF expression and a downregulation of tight junction
proteins with the consequence of proteinuria. As an alternative explanation to the theory of the lack
of NO, an increased amount of the vasoconstrictor endothelin-1 (ET-1) has been suggested. ET-1
binds to its receptors in endothelial cells causing the smooth muscle cells to contract and thus increase
resistance in the vessels and raise the blood pressure [35,36].

A study has considered a third theory that suggests hypertension is due to a decrease in the
number of small arterioles and capillaries, leading to higher peripheral resistance and thereby to
increased blood pressure. The authors found that patients treated with anti-angiogenic medicaments
showed fewer mucosal capillaries. However, the study was not able to determine whether the observed
effects were a consequence of a direct lack of small arterioles or simply a hypo-perfusion of these, since
the technique used for recording the numbers of vessels depended on perfusion. Both a decreased
number of arterioles or a stopping of perfusion of existing ones could explain a rise in blood pressure,
since the blood is distributed in fewer vessels, increasing resistance inside them [37].
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Some studies have shown a rapid increase in blood pressure, which challenges the understanding
of the mechanisms giving rise to hypertension, and argues against a structural or anatomical
explanation of acute induced hypertension. However, rapid rises of hypertension make a theory
of active vasomodulators more likely [38]. Risk factors for hypertension occurring upon TKI therapy
are of older age, obesity, high sodium intake, alcohol abuse, smoking or reduced physical activity.
A pre-existing high blood pressure or certain VEGF polymorphisms might be associated with a lower
risk of grade 3 or 4 hypertension.

 

Figure 2. The effects of VEGF on blood pressure and capillary vascularization under: physiological
conditions (left); and TKI therapy (right) (adapted from [39]). VEGF (vascular endothelial growth
factor), VEGFR (vascular endothelial growth factor receptor), PI3K (phosphatidylinositol-3-kinase),
AKT (protein kinase B), eNOS (endothelial nitric oxide synthase), sGC (soluble guanylyl cyclase),
ET-1 (endothelin-1), ETA (endothelin receptor type A), NO (nitric oxide), cGMP (cyclic guanosine
monophosphate).

2.4. Efficacy of Cancer Drug Treatment

A recent study [31] has monitored the efficacy of lenvatinib, compared with placebo, in adults with
DTC, RAI-refractory cancer and without prior treatment with a multi-kinase inhibitor. The primary
endpoints were either progression of the cancer disease or death. Patients treated with lenvatinib
had a median progression-free survival of 18.3 months, whereas placebo-treated patients had a
progression-free survival of only 3.6 months. The six month progression-free survival rate for the
patients treated with lenvatinib was 77.5%, while the rate for placebo-treated patients was 25.4%.
Patients receiving lenvatinib also had more AE. Treatment-related AE of any grade occurred in more
than 40% of patients in the lenvatinib group; for example, hypertension (in 67.8% of the patients),
diarrhea (in 59.4%), and others [31].

Another study published in December 2015 showed similar results: Japanese patients with DTC,
RAI-refractory disease and a progression in disease in the last 13 months were eligible. Patients treated
with lenvatinib experienced a median progression-free survival of 16.5 months, while the placebo
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group had a progression-free survival of 3.7 months. The six-month progression-free survival rate was
70.0% for lenvatinib-treated patients and 31.7% for placebo-treated patients [40]. The most common
AE (any grade) in Japanese patients from the SELECT trial was hypertension (86.7%).

Taken together, the findings of the SELECT trial provided the basis for the FDA approval of
lenvatinib for the treatment of progressive RAI-refractory thyroid cancer. Another study investigated
59 patients with unresectable progressive MTC [41]. They received lenvatinib (24 mg daily, 28-day
cycles) until disease progression, unmanageable toxicity, withdrawal, or death. Lenvatinib had a high
objective response rate, a high disease control rate, and a short median time to response. Toxicities
were managed with dose modifications and medications. Most hypertension and proteinuria events
were grade 1 or 2 and managed with standard drug therapy. The median duration of treatment was
264 days (range, 13–547 days). Withdrawal from therapy due to hypertension: one patient (2%).

Hypertension is a condition that affects the cardiovascular system in the body. It is an
abstract condition because not all patients have the same tolerance of raised pressure. Some may
experience serious cardiovascular outcomes, while others can live their whole life with hypertension
without showing any symptoms. Studies show that hypertension is associated with many different
cardiovascular diseases, where almost all have a high mortality rate, such as intracerebral hemorrhage,
subarachnoid hemorrhage, stable angina pectoris, myocardial infarction, aorta aneurysm and heart
failure [42].

Most patients with hypertension as an adverse effect continue the treatment of cancer. In a
lenvatinib-versus-placebo study, only 1.1% of patients had to stop the treatment because of
hypertensive effects and 19.9% were given a lower dose because of a rise in BP [31]. Nearly all patients
with this form of hypertension manage the symptoms with normal anti-hypertensive drugs. Patients
with unmanageable hypertension and signs of organ damage, renal dysfunction or cardiovascular
diseases need intervention in the form of either a lower dose or a total stop of treatment [38].
Hypertension, and other AE from TKI-treatment are currently under investigation. Several clinical
trials are investigating this concern, both examining the direct AE of lenvatinib, but also whether lower
doses of the drug can show the same effect while giving fewer unwanted effects. An overview of
recent studies is given in Table 2.

Table 2. Overview of recent clinical trials studying lenvatinib, sunitinib, and sorafenib, website used
on 7 March 2017 [43].

Title Design Objective Status

A phase I trial of lenvatinib (multi-kinase
inhibitor) and capecitabine (Antimetabolite)

in patients with advanced malignancies.
NCT02915172

Interventional
open label

This phase I study aims to find the
highest tolerable dose of lenvatinib

and Capecitabine that can be given to
patients with advanced cancer.

Not yet
recruiting

Post-marketing surveillance of lenvatinib
mesylate in patients with unresectable

thyroid cancer.
NCT02430714

Observational
cohort

prospective

The objective of this study is to find
unknown adverse reactions, adverse
drug reactions, efficacy, safety and
effectiveness factors, incidence of
hypertension, hemorrhagic, and

thromboembolic effects and
liver disorder.

Recruiting

A multi center, randomized, double-blind
phase II trial of lenvatinib (E7080) in
subjects with iodine-131 refractory

differentiated thyroid cancer (RR-DTC) to
evaluate whether an oral starting dose of 20
mg or 14 mg daily will provide comparable
efficacy to a 24 mg starting dose, but have a

better safety profile.
NCT02702388

Interventional
double blind
randomized

This randomized double-blinded
study aims to investigate whether a
lower starting dose of lenvatinib can
provide comparable efficacy whilst
showing a better safety profile for

the patients.

Active Not
recruiting
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Table 2. Cont.

Title Design Objective Status

An open label phase I dose escalation
study of E7080 administered to patients

with solid tumors.
NCT00280397

Interventional
open label

This study investigates the maximum
tolerable dose and the related effects of

E7080 (lenvatinib) given to patients
with solid tumors with no

successful treatment.

Completed

A phase II study of E7080 in subjects with
advanced thyroid cancer.

NCT01728623

Interventional
open label

This study was performed to evaluate
the safety, efficacy and

pharmacokinetics of E7080 (lenvatinib),
taken orally daily in patients with

advanced thyroid cancer.

Completed

An open label phase I dose escalation
study of E7080.
NCT00121719

Interventional
open label

This study aims to find the maximum
tolerated dose of lenvatinib in patients

with solid tumors or lymphomas.

Active Not
recruiting

Phase II, multi-center, open-label, single
arm trial to evaluate the safety and

efficacy of oral E7080 in medullary and
iodine-131 refractory, unresectable

differentiated thyroid cancers, stratified
by histology.

NCT00784303

Interventional
open label

non-randomized

This is a phase II study that aimed to
investigate the safety and efficacy of
oral E7080 (lenvatinib) in medullary

and iodine-131 refractory, unresectable
differentiated thyroid cancer.

Completed

Phase II study assessing the efficacy and
safety of lenvatinib for anaplastic thyroid

cancer (HOPE).
NCT02726503

Interventional
open label

This phase II study aims to investigate
the efficacy and safety of lenvatinib for
unresectable anaplastic thyroid cancer.

Recruiting

A multi-center, randomised, double-blind,
placebo-controlled, phase III trial of
lenvatinib (E7080) in I-131-refractory

differentiated thyroid cancer in China.
NCT02966093

Interventional
double blind
randomized

This phase III study primarily aims to
compare progression-free survival of

participants with radioiodine refractory
differentiated thyroid cancer treated

with lenvatinib or placebo, and
secondarily to investigate

adverse events.

Not yet
recruiting

Post-marketing surveillance of Lenvima
in Korean patients.

NCT02764554

Observational
prospective

This study aims to observe the safety
profile of lenvatinib (Lenvima) in

normal clinical practice.
Recruiting

Prospective, non-interventional,
post-authorization safety study that

includes all patients diagnosed as
unresectable differentiated thyroid

carcinoma and treated with
sorafenib (JPMS-DTC).

NCT02185560

Observational

Safety study that includes all patients
diagnosed as unresectable differentiated

thyroid carcinoma (DTC) and treated
with sorafenib within a certain period.

Recruiting

Safety and efficacy of sorafenib in
patients with advanced thyroid cancer: a

Phase II clinical study.
NCT02084732

Interventional

Describe the clinical activity and safety
profile of sorafenib in the treatment of
patients with advanced thyroid cancer

(metastatic or recurrent) among a
selected group of patients refractory to

or ineligible to radioactive iodine
(RAI) therapy.

Recruiting

Prospective, non-interventional,
post-authorization safety study that

includes all patients diagnosed as
unresectable differentiated thyroid

carcinoma and treated with
sorafenib (JPMS-DTC).

NCT02185560

Observational

This is a non-interventional, multi
center post-authorization safety study
that includes all patients diagnosed as

unresectable differentiated thyroid
carcinoma (DTC) and treated with
sorafenib within a certain period.

Recruiting
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Table 2. Cont.

Title Design Objective Status

Thyroid cancer and sunitinib (THYSU).
NCT00510640 Interventional

The objective of the trial is to determine
the objective tumor response rate
(efficacy) in patients with locally

advanced or metastatic anaplastic,
differentiated or medullary thyroid
carcinoma treated with sunitinib; a

secondary objective is to evaluate the
safety of sunitinib in these patients

Completed

Sutent adjunctive treatment of
differentiated thyroid cancer (IIT Sutent).

NCT00668811
Interventional

The primary objective is to assess
clinical benefit rate, defined as complete

response, partial response, or stable
disease per RECIST criteria.

The secondary objective will be to
assess the safety of Sutent in this

patient population.

Completed

The study NCT02915172 includes both a phase I and a phase II study. The phase I study
aims to decide the highest tolerable dose of lenvatinib and capecitabine in patients with advanced
cancer. The initial dose for the first included group is 10 mg orally taken lenvatinib in a 21-day cycle.
The phase II study wishes to determine whether the maximal tolerated dose found in the phase I study
can be used for treating patients with advanced cancer including thyroid cancer. NCT02915172 takes
place at the MD Anderson Cancer Center, Texas, USA, which is also the responsible party. The study
will include 46 participants over the age of 18. The study was set to start December 2016 and the final
data collection date is set to December 2022.

NCT02430714 and NCT02764554 are post-marketing surveillance studies of lenvatinib in patients
with unresectable thyroid cancer. In NCT02430714, a dose of 24 mg orally taken once daily is
administered to the patients and, in NCT02764554, the participants are in groups with 4 mg and 10 mg
orally taken lenvatinib. The primary outcome is to decide the number of AE in the following year.
NCT02430714 is conducted by the Japanese pharmaceutical company Eisai Co., Ltd., Japan, recruiting
400 participants including children, adults and seniors from centers in Osaka and Tokyo, Japan.
The study was set to start May 2015 and the final data collection date is March 2025. NCT02764554
is performed by the Korean pharmaceutical company Eisai Korea Inc. The estimated number of
enrolled patients is 3000 including children, adults and seniors recruiting from Seoul, Republic of
Korea. The start date of the surveillance study was September 2016 with a final data collection date of
July 2021.

The study NCT02702388 investigates whether a lower dose, than the currently approved dose
of 24 mg orally taken lenvatinib once daily, shows a comparable effect but a better safety profile in
patients with RAI-refractory DTC. The two experimental starting doses are 20 mg and 14 mg reducing
down to a dose of 4 mg. NCT02702388 includes 41 participants over the age of 18. The start date
was set to March 2016 and the final data collection date is May 2019. The 78 centers of the study are
located in Australia, Austria, Belgium, Denmark, France, Germany, Italy, Philippines, Poland, Portugal,
Romania, Spain, Sweden, United Kingdom and United States of America. The responsible party of the
study is Eisai Inc.

The aim of the studies NCT00280397 (solid tumors) and NCT00121719 (solid tumors) is to
investigate the maximal tolerated dose of lenvatinib and furthermore, to provide a summary of AE
and the pharmacokinetic properties of lenvatinib. NCT00280397 started in January 2006 and had
its final data collection date in September 2008. The study consisted of 27 participants with an age
span from 20 to 75 years. The study was performed by Eisai Inc. with a center in Tokyo, Japan.
The study found the maximal tolerated dose of lenvatinib to be 13 mg, when orally taken two times
daily two-weeks-on/one-week-off [44]. NCT00121719 began in July 2005 with a final data collection
date in June 2009. Eighty-seven participants over the age of 18 were enrolled in the study. The study
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was conducted by Eisai Inc. with centers in Amsterdam, Netherlands and Glasgow, United Kingdom.
The study found the maximal tolerated dose of lenvatinib to be 25 mg orally taken once daily.

The studies NCT01728623, NCT02726503, NCT00784303, and NCT02966093 intend to determine
the overall- and progression-free survival rates of participants treated with 24 mg lenvatinib orally
taken once daily, moreover the studies aim to investigate the AE of the drug. NCT02726503 also studies
the efficacy on ATC (Phase II) and NCT00784303 furthermore investigates the tumor response rate
and the pharmacokinetic profile of lenvatinib. NCT01728623 started September 2012 and had its last
data collection date in July 2015. In this study 37 participants over the age of 20 years were enrolled
from three centers in Japan. The responsible party of the study was Eisai Inc. NCT02726503 started in
January 2016 and has its last data collection date in July 2018. The study consists of 39 participants
over the age of 20 years recruiting from 12 Japanese hospitals. The responsible party of this study is
the Translational Research Informatics Center, Kobe, Hyogo, Japan. NCT00784303 started in August
2009 and had its last data collection date in April 2011. One hundred sixteen participants over the age
of 18 were enrolled from 51 centers in the United States, Australia, France, Germany, Italy, Poland and
the United Kingdom. The responsible party is Eisai Inc. NCT02966093 is set to start in January 2017
and has its final data collection date in January 2020. The estimated number of participants is 150 over
the age of 18. Recruiting from 13 centers in China. Eisai Co., Ltd. is the responsible party of this study.

Study NCT02185560 aims to analyze patients of all ages and sexes, suffering from unresectable
differentiated thyroid carcinoma and receiving sorafenib treatment. Standard follow-up length will be
9 months (or until lost to follow-up). For patients with a possible follow-up of 24 months, additional
data, such as survival status and keratoacanthoma and/or squamous cell cancer development will be
collected. Primary end points are the number of participants with adverse and serious adverse drug
reactions as well as the number of participants with serious AE as a measure of safety and tolerability.
This study is conducted by Bayer Clinical Trials.

The Phase 2 study NCT02084732, conducted by the Instituto Nacional de Cancerologia, Columbia,
is also directed towards an assessment of the safety and efficacy of sorafenib in the treatment of patients
with advanced thyroid cancer. It is currently in the recruiting stage and is open for adult patients
of both sexes. The follow-up period is 24 months, and besides its primary objective of determining
the clinical activity and safety profile of sorafenib in the treatment of patients with advanced thyroid
cancer, its secondary aims are the measurement of PFS and the description of AE associated with
sorafenib used in advanced thyroid cancer.

Study NCT02185560 is similar in design and scope to NCT02185560 discussed above, just
substituting sorafenib with sunitinib. Bayer Clinical Trials is the responsible party.

Study NCT00510640 has been conducted by the University Hospital Bordeaux, France under
collaboration with Pfizer. Patients suffering from locally advanced or metastatic anaplastic,
differentiated or medullary thyroid carcinoma receive 50 mg/day sunitinib for four weeks followed by
a rest-period of two weeks. Cycles are repeated until disease progression or severe toxicity. Based on
tolerability, doses can be reduced to 12.5 mg/day. Adult patients of both sexes are eligible. The primary
outcome measure of this study is the objective response rate (ORR) (the proportion of patients with
confirmed complete (CR) or partial response (PR) according to the RECIST), secondary outcome
measures are the safety of sunitinib in patients with thyroid carcinoma and time to disease progression,
response, and duration of response. The study is completed, and no results are published so far.

In the study NCT00668811 a total of 23 patients with advanced differentiated thyroid cancer
received 37.5 mg/day sunitinib for treatment cycles of 28 days. Adult patients with advanced DTC
were eligible and of the 23 subjects, 74% (17) were male. The primary objective is to assess clinical
benefit rate, defined as complete response, partial response, or stable disease and the secondary
objective is to assess the safety of sunitinib in this patient population. Overall, this study found,
that sunitinib was relatively well tolerated and had good anti-tumor activity for this kind of thyroid
cancer [45]. The responsible party for this study was the Washington Hospital Center in collaboration
with the company Pfizer.
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For an overview of adverse effects observed in larger clinical trials with lenvatinib, sofrafenib,
and sunitinib, see Table 3.

Table 3. Overview of serious AE observed in clinical trials investigating TKI treatment; website used
on 7 March 2017 [43].

Clinical Trial Title ID Dose (mg/day) # of Patients Most Frequent Serious Adverse Effects

SELECT: A multi center,
randomized, double-blind,
placebo-controlled, phase 3
trial of Lenvatinib (E7080) in
131I-refractory differentiated
thyroid cancer.
NCT01321554 [31,40]

24 Per os (PO) 261

4% Pneumonia
3% Hypertension
3% Dehydration
2% Physical health deterioration
2% Renal failure
2% Pulmonary embolism
2% Sepsis

An open label phase I dose
escalation study of E7080
(solid tumors).
NCT00121719

0.1–32 PO 93

5% Abdominal pain
5% Vomiting
4% Hypertension
3% Physical health deterioration
3% Pyrexia

Sorafenib in treating patients
with advanced anaplastic
thyroid cancer.
NCT00126568 [46]

2 × 400 PO 20

15% Disease progression
10% Death
10% Dyspnea
5% Thrombosis
5% Pulmonary disorders

Nexavar® versus placebo in
locally advanced/metastatic
RAI-refractory differentiated
thyroid cancer.
NCT00984282 [24–26]

2 × 400 PO 207

5% Secondary malignancy
4% Dyspnea
4% Musculoskeletal disorders
3% Pleural effusion
2% Fever

A continuation study using
sunitinib malate for patients
leaving treatment on a
previous sunitinib study.
NCT00428220

37.5 PO 223

5% Disease progression
4% Abdominal pain
3% Vomiting
3% Diarrhea
2% Physical health deterioration
2% Pyrexia
2% Anemia

Sutent adjunctive treatment of
differentiated thyroid cancer
(IIT Sutent).
NCT00668811 [45]

37.5 PO 23

13% Hypertension
13% Leukopenia
9% Hand-foot syndrome
9% Anorexia
4% Neutropenia
4% Lymphopenia
4% Thrombocytopenia
4% Nausea
4% Gastrointestinal bleeding

2.5. Management of Multi-Kinase Inhibitor-Caused Hypertension

It is important to measure baseline BP in order to better determine cardiovascular risk factors after
administering treatment. If the BP < 120/80 mmHg, TKI therapy can begin [47]. BP monitoring under
TKI therapy should be performed every week for the first eight weeks, and before any infusion or cycle.
When patients show prehypertension values (120 < SBP < 140 mmHg and 80 < DBP < 90 mmHg), it is
important to search for cardiovascular risk factors. If no risk factors are present, TKI treatment can
begin and BP should be controlled accordingly. In cases when cardiovascular risk factors are detectable,
an antihypertensive therapy, for example, calcium channel blockers (CCB), should be started 3–7 days
before the start of TKI therapy.
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Nebivolol is a β-adrenoceptor antagonist (BAA) whose antihypertensive effect is mainly related
to a reduction in peripheral resistance; therefore, this is a good candidate for treating the TKI-induced
rise in BP [48]. However, it is important to consider each patient individually, as there is no golden
standard for treatment of TKI-induced hypertension and because every patient is diverse in his or
her anamnesis. Some patients may take medicine that affects the metabolism of the antihypertensive
or the anti-angiogenic drug and an individual plan must be made for each patient. For example,
the multi-kinase inhibitor sunitinib affects the CYP3A4 enzyme, which is of high importance in
metabolizing many drugs. This property of sunitinib is important to keep in mind when planning an
antihypertensive strategy [49].

Hypertension should be monitored and treated according to standard medical practice,
i.e., it should be managed as in patients without cancer. For a patient without comorbidities, the target
blood pressure should be <140/90 mmHg. For patients with chronic kidney disease, the target BP
is <135/85 mmHg, and for patients with proteinuria, drugs inhibiting the renin-angiotensin system
should be applied. The anti-angiogenic therapy should be continued without dose reduction unless
severe or persistent hypertension is present [47].

It is difficult to determine which is the best antihypertensive drug because there has been a lack
of controlled clinical studies until now. In general, there are several classes of antihypertensive drugs,
which can be applied. When a patient exerts signs of proteinuria, angiotensin converting enzyme
inhibitors (ACEi) or angiotensin 2 receptor antagonists can be given. In addition, calcium channel
blockers such as amlodipine can be considered. Non-dihydropyridine drugs such as verapamil or
diltiazem should be avoided because of CYP3A4 metabolism. They are contraindicated in combination
with oral angiogenesis inhibitors. In addition, medicaments increasing NO, like nitrates, or the BAA
nebivolol can be applied. Common treatments of hypertension involve BAA, CCB, diuretics, ACEi,
angiotensin-II receptor antagonists (AIIA), and NO donors [49]. The current treatment of TKI-induced
hypertension uses therapeutic options that are already established and is summarized in Table 4.
Studies have shown that dihydropyridine CCBs, such as amlodipine, have a great effect on relaxing
smooth muscle cells and thereby lowering the total periphery resistance and hence the blood pressure.
ACEi and AIIA have also shown good results in the antihypertensive treatment and concurrent
renal-protecting effects in these treated cancer patients [39,50].

Finally, based on the proposed mechanisms regarding the lack of NO production, therapeutic
considerations may include NO derivatives. Agents that increase NO bioavailability, such as
long-acting nitrates are interesting. By giving long lasting precursors of NO, the desired effect is
to neutralize or minimize the multi-kinase inhibitor-induced hypertension. In general, NO donors are
known to be well tolerated and cause relatively harmless adverse effects such as headache, flushing,
nausea and hypotension. Therefore, long lasting NO donors are suggested as a first line treatment [51].

An alternative and newer way to manage TKI-induced hypertension is the application of
endothelin receptor antagonists, because it is assumed that ET-1 concentration increases in patients
treated with multi-kinase inhibitors. This kind of hypertensive treatment is a novel regimen to handle
the AE. Studies have shown that the combination of two or three of the suggested treatments may
have a beneficial effect on TKI-induced hypertension [39,52].
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Table 4. Different antihypertensive drugs for the management of TKI-induced hypertension.

Class Drug Dose Recommendation

CCB
Dihydropyridines Amlodipine 2.5–10 mg/day

Great potency for reducing
arterial smooth muscle cell
contractility [39], effective
therapy [49].

ACEi

Enalapril Start with 5–20 mg/12–24
h, then max 40 mg/12–24 h

Particularly indicated in the
setting of proteinuria [39],
effective [49].Ramipril

Start with 2.5 mg/day,
then 5 mg/day after
2 weeks, after another
2 weeks max 10 mg/day

ARB

Losartan 50–100 mg/day
Particularly indicated in the
setting of proteinuria [39],
effective [49].

Valsartan 80–320 mg/day

Irbesartan 150–300 mg/day

BBA Nebivolol 2.5–5 mg/day
Indicated for DTC; begin
therapy of hypertension with a
BBA [53].

Diuretics/Thiazides Hydrochlorothiazide Start with 12.5–25 mg/day,
then 12.5 mg/day

Less-effective than CCB, ACEi
or ARB [39], but often used [54].

Nitrate derivates

Long-acting nitrates:
Isosorbide dinitrate

(ISDN) or Isosorbide
mononitrate (ISMN)

40–60 mg/day
Adequate response in
hypertension refractory to ACEi
and CCB [51].

α-blockers Prazosin 2–20 mg/day Used as additional therapy if BP
is not sufficiently controlled.

CCB, calcium channel blockers; ACEi, Angiotensin converting enzyme inhibitors; ARB, angiotensin II receptor
blockers; BBA, β-adrenoceptor antagonists; d, day.

2.6. Discussion

Hypertension as an AE of multi-kinase inhibitor treatment is an important and frequent concern
over TKI treatment. As summarized in the previous sections, numerous AE are occurring with
multi-kinase inhibitor treatment of cancer. Grade 1 and grade 2 hypertension, experienced by patients
treated with TKI, can frequently be managed without the need for dose reduction or discontinuation of
treatment. Hypertension is linked with several cardiovascular and renal diseases, and higher mortality,
which make it crucial to investigate [54–59].

Not all patients who meet the requirements of the definition of hypertension are affected.
Some will never feel any change in their state of health or experience any pathogenic outcomes
as a result of hypertension. Meanwhile, other groups of patients suffer from the impact of hypertension
consisting of either cardiovascular events or even death. In particular, patients already suffering from
risk factors, such as diabetes mellitus, cardiovascular conditions, chronic renal disease or are weakened
in other ways are affected [60].

The patients treated with multi-kinase inhibitors, such as lenvatinib and sorafenib, are already in
a late stage of their cancer illness and it must be assumed that this group of patients is, in some way,
weakened or have sequelae from either the illness itself or from previous treatment. When considering
whether hypertension as an AE is critical, it is important to be aware of the individual patient’s
anamnesis and general state of health. If the patient shows no previous signs of, for example,
cardiovascular events, hypertension usually takes some time to affect the well-being of the patient or
to induce life-threatening conditions.

Currently, treatment with multi-kinase inhibitors prolongs progression-free survival by about
12 to 16 months, from a starting point of a couple of months to half a year. Whether this time is
enough to develop life-threatening conditions arising from unwanted effects such as hypertension
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is questionable, but must be considered when evaluating AE. Some above-mentioned studies [31,32]
showed that patients either had to stop treatment entirely or lower the dose because of an alarming
rise in BP. Other studies suggested the presence of hypertension as a biomarker for a good response
to the anti-angiogenic treatment and therefore that hypertension may be necessary, but must also be
treated [1,20,32,61]. Similarly, the sunitinib-associated rise in BP, as well as neutropenia, is discussed
as biomarkers in metastatic renal cell carcinoma patients: both side effects were associated with
longer progression-free survival and a higher overall-survival rate [20]. At the moment, various
possible anti-angiogenic biomarkers are under examination, such as hypertension, altered VEGF
plasma levels, interleukin (IL)-8 polymorphisms, or a change in tumor microvessel density. Today,
promising candidates are detected, but important challenges limit their translation into practice.

Since there is still no generally accepted explanation for the cause of hypertension as an AE in
multi-kinase inhibition, a specific therapy to manage this form of hypertension is not given. Various
strategies of treating hypertension are suggested, some with good results, but these treatments are
only symptomatic and also have accompanying side effects. Therefore, it is important to perform more
studies investigating the mechanisms of hypertension induced by TKI, as well as to know the risk
factors and the frequency of hypertension induced by anti-angiogenic drugs in different cancer types.

3. Conclusions

The multi-kinase inhibition by targeted therapy offers new strategies of treating cancer diseases
that otherwise are considered untreatable. Unfortunately, many AE follow this kind of treatment,
especially hypertension.

Hypertension is a well-known systemic AE of treatment with VEGF-inhibitors. Treatment
induced-hypertension has been associated with sunitinib therapy for different forms of cancer.
The TKIs are included in international clinical guidelines as first-line and second-line therapy in
metastatic renal cell carcinoma (mRCC). Hypertension is an adverse effect of these drugs and the
degree of hypertension associates with the anti-tumor effect in mRCC [62]. More recent phase II trials
have shown a significant risk of treatment-induced hypertension with sunitinib in patients suffering
from pancreatic neuroendocrine tumors [63] and endometrial carcinoma [64].

In addition, the incidence of treatment-associated hypertension with sorafenib was increased in
patients with hepatocellular carcinoma [65] and non-small cell lung cancer [50]. Besides to locally
recurrent or metastatic, progressive, RAI-refractory differentiated thyroid cancer, lenvatinib is indicated
for the treatment of patients with advanced renal cell carcinoma in combination with everolimus
following prior anti-angiogenic therapy. The frequency of hypertension, which is a known class
effect of VEGF-targeting agents, was increased in both treatment groups in which lenvatinib was
administered [66].

Therapy with multi-kinase inhibitors leads to a relatively large increase in the progression-free
survival of patients with late stage metastatic thyroid cancer and not all patients are directly affected by
the rise in BP. For some groups of patients with diseases other than thyroid cancer, either simultaneously
or previously, hypertension is a great concern that can be dangerous for the individual. Currently,
biomarkers for the prediction of the effectiveness of anti-angiogenic therapy are being investigated [67]
and in this course, it might be helpful to analyze possible predictors of AE such as hypertension, too.
Management of hypertension is somewhat possible, but not with a curative result, and is thereby only
symptomatic with the antihypertensive drugs listed in Table 4. Hence, it is important to focus on
different regimens for managing high blood pressure, or even to use other strategies to specifically
target the cancer cells without causing systemic adverse events.

In summary, the relationship between angiogenic inhibitors and a rise in BP has now been
established: angiogenic inhibitors used to treat cancer may exacerbate cardiac risk factors. Introduction
or even prophylactic use of antihypertensive drugs can allow maintenance of therapy despite the
onset of hypertension. In addition to cancer therapy, the reduction of hypertension risk factors should
be addressed.
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4. Outlook

Several studies have already shown hypertension and other unwanted events in response to
multi-kinase inhibition treatment. Future and on-going studies have adjusted their aims to consider
the AE of this type of treatment, since many studies with these aims are now registered. It is of
great interest and import to examine how to reduce or eliminate AE by dose-finding studies or by
determining the mechanisms inducing hypertension and thus being able to properly treat this effect.

5. Materials and Methods

Literature and information used for this review can be found using online databases, such
as Pubmed, Scopus and clinicaltrials.gov by using the search terms “multi-kinase inhibitors”,
“antiangiogenesis”, “multi-kinase inhibitors and hypertension”, “thyroid cancer” and others.
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Abbreviations

AIIA angiotensin II receptor antagonists
ACEi angiotensin converting enzyme inhibitors
AE adverse effects
AKT protein kinase B
ATC anaplastic thyroid cancer
CCB calcium channel blockers
cGMP cyclic guanosine monophosphate
DTC differentiated thyroid cancer
EGF endothelial growth factor
eNOS endothelial nitric oxide synthase
ERK extracellular signal regulated kinase
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Abstract: Thyroid cancers are common endocrine malignancies that comprise tumors with different
clinical and histological features. Indeed, papillary and follicular thyroid cancers are slow-growing,
well-differentiated tumors, whereas anaplastic thyroid cancers are undifferentiated neoplasias that
behave much more aggressively. Well-differentiated thyroid carcinomas are efficiently cured by
surgery and radioiodine, unlike undifferentiated tumors that fail to uptake radioactive iodine and
are usually resistant to chemotherapy. Therefore, novel and more effective therapies for these
aggressive neoplasias are urgently needed. Whereas most genetic events underlying the pathogenesis
of well-differentiated thyroid cancers have been identified, the molecular mechanisms that generate
undifferentiated thyroid carcinomas are still unclear. To date, one of the best-characterized genetic
alterations leading to the development of poorly differentiated thyroid tumors is the loss of the p53
tumor suppressor gene. In addition, the existence of a complex network among p53 family members
(p63 and p73) and their interactions with other factors that promote thyroid cancer progression has
been well documented. In this review, we provide an update on the current knowledge of the role of
p53 family proteins in thyroid cancer and their possible use as a therapeutic target for the treatment
of the most aggressive variants of this disease.

Keywords: thyroid cancer; p53; p63; p73; genetic alterations; p53 inhibition mechanisms; target
therapies

1. Introduction

Thyroid cancer is the most common endocrine neoplasm, accounting for about 1.7% of total
cancer diagnoses each year in the USA [1]. Worldwide, disease incidence has increased three-fold over
the past 30 years because of both a higher prevalence in thyroid gland screening and environmental
and life-style changes [2]. The risk of developing a thyroid tumor depends on genetic factors, age,
gender, histological type, radiation exposure, and geographical region [3]. Neoplastic transformation
of the follicular epithelium generates well-differentiated thyroid cancers (WDTC), including papillary
(PTC) and follicular (FTC) thyroid carcinomas, and undifferentiated tumors represented by poorly
differentiated (PDTC) and anaplastic thyroid carcinomas (ATC). PTCs and FTCs account for 85% and
10% of all thyroid carcinomas, respectively, with the remaining tumors unevenly distributed between
PDTCs and ATCs [4].

The treatment for WDTC is based on surgery, radioactive iodine, and thyroid hormone therapy [5].
On the other hand, PDTCs or ATCs are refractory to hormone therapy and lack expression of
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the Sodium/Iodide Symporter (NIS) required for radioactive iodine uptake. Moreover, although
metastases are observed in 10 to 20% of patients with ATC, most of them succumb to locally invasive,
inoperable disease [6]. Furthermore, ATC is usually refractory to conventional chemotherapy [6] with
more than 50% of affected individuals dying within one year from diagnosis [7].

Multiple studies have improved our understanding of the mechanisms underlying thyroid
carcinogenesis. Presently, we know that several forms of thyroid cancer are characterized by mutually
exclusive somatic mutations and/or gene rearrangements, which trigger increased cell proliferation
and survival [8–10]. PTCs are often characterized by activating mutations of the BRAF (V600E
substitution) that have been reported in up to 70% of cases. Rat Sarcoma (RAS) point mutations in
codons 12, 13, and 61 and rearrangements of the Rearrangement During Transfection (RET) gene
(generating RET/PTC chimeric oncogenes) represent other frequent genetic alterations (Figure 1). These
events share a common downstream signaling pathway as they lead to the improper activation of the
mitogen-activated protein kinase (MAPK) [11].

 

Figure 1. Schematic representation of thyroid cancer hystotypes and their causative genetic events.
Papillary (PTC), Follicular (FTC) and Anaplastic Thyroid carcinomas (ATC) originate from thyroid
follicular cells. PTCs display BRAF (V600E substitution) and/or Rat Sarcoma (RAS) mutations as
well as Rearrangement During Transfection (RET)/PTC rearrangements. FTCs present PPARc/Pax8
rearrangements, RAS, mutations and PTEN inactivating mutations or deletions. ATCs are characterized
by PTEN and CTNNB1 mutations and p53 inactivation. Furthermore, ATCs may arise from FTCs and
PTCs as a result of p53 loss of function, dysregulation of the PTEN/PI3K/AKT pathway or additional
genetic alterations. Dashed lines indicate genes and mechanisms involved in progression to ATC.

FTCs display a different genetic profile (Figure 1) characterized by the presence of peroxisome
proliferator-activated receptor c/paired box 8 (PPARc/Pax8) genetic rearrangements (30%), RAS
activating point mutations (20–40%) and PTEN inactivation by point mutations, deletions, or promoter
methylation (<10%) [12].

On the other hand, ATCs can be initiated by the coexistence of activating mutations in CTNNB1
(β-catenin encoding gene) and inactivation of both p53 and PTEN [13]. In addition, ATCs may arise
from WDTC when PTEN inactivation (in the case of FTC) or BRAF activation (in the case of PTC) are
associated with p53 loss of function (Figure 1). Finally, ATC may display mutations in the catalytic
subunit alpha of the phosphatidyl-inositol-3-kinase (PIK3CA) that, in addition to PTEN inactivation,
cause constitutive activation of the AKT pathway resulting in a more aggressive phenotype [14].
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These alterations represent prognostic markers associated with tumor progression and potential
targets that could become therapeutically actionable in the near future. In this review we intend to
clarify the role of the p53 protein family in thyroid tumorigenesis. Furthermore we provide an update
on the new therapeutic approaches involving p53 for the treatment of the most aggressive variants of
the disease.

2. The p53 Protein Family

p53, p63 and p73 are tumor suppressor genes encoding for proteins with high homology. The
common protein domains consist of an amino-terminal transactivation domain (TAD), a central DNA
binding domain (DBD), a carboxy-terminal oligomerization domain (OD), and a proline-rich sequence
recognition domain (PRD) [15] (Figure 2A).

The TAD is the binding site for several transcription regulators [16]. The DBD mediates binding to
target DNA sequences [17] while the OD induces oligomers formation that influence DNA-binding and
transcriptional activity [18]. In addition to the aforementioned domains, p63 and p73 present a sterile
α motif domain (SAMD) that modulates protein-protein interactions [19,20] and a transactivation
inhibitory domain (TID) that regulates their transcription activity [21] (Figure 2A).

p53, p63 and p73 express different internal promoters located at the amino-terminus of each gene.
The alternative activation of each promoter leads to the expression of several isoforms containing a
complete N-terminal transactivation domain (TA-isoform) and/or an N-terminally truncated isoform
lacking the transactivation domain (Figure 2B). In addition, several COOH-terminus transcripts,
originated by alternative splicing, have been identified in p53 family members: α, β, and γ in the case
of p53 and p63; α, β, γ, δ, ε, ζ, η, and φ in the case of p73 [15] (Figure 2B).

Since p53, p63, and p73 play a pivotal role in DNA damage response, cell differentiation,
proliferation, and death, they currently represent very appealing targets in anticancer drug
development [22,23]. Early evidence suggested significant redundancy in the biologic role of
the p53 family members. However, additional findings have also indicated non p53-redundant
functions for TAp63 and TAp73 as they regulate genes that are not p53 transcriptional targets [24].
Furthermore, while p53 is a tumor suppressor inactivated in half of human cancers, p63 and p73 rarely
display mutations in their sequence. It was later demonstrated that TAp63 and TAp73 transactivate
distinct but functionally overlapping subsets of known p53-regulated genes involved in cell-cycle
arrest and apoptosis [25,26]. It should also be noted that although TAp63 and TAp73 show tumor
suppressor properties in different tumors [27,28], several reports suggest an oncogenic function for
these proteins as they may inhibit p53 DNA binding activity [29–31]. Likewise, the p63 and p73 ΔN
variants were considered dominant-negative inhibitors of their respective TA isoforms and of the p53
tumor-suppressor. Indeed, their overexpression in a wide range of tumors is usually associated with
an inferior prognosis [17]. However, later experiments also revealed a physiologic role for ΔN isoforms
as expression modulators for different p53 family members. For example, p53 and TAp73 are both
transcriptional inducers of ΔNp73, thus defining a negative regulatory loop in which p53 and TAp73
activation leads to their functional inhibition by ΔNp73 [26].

In summary, the need to account for a plethora of biological parameters—such as the TA/ΔN
p63/p73 ratios, p63/p73 protein-protein interactions, and p63/p73 binding to the promoter of different
p53-target genes—has yet to define an unequivocal role for p63 and p73 in human tumorigenesis [16].
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Figure 2. p53 family proteins and isoforms. (A) Functional domains of the p53 family members. Red,
Transactivation Domain (TAD); yellow, Proline-Rich sequence Domain (PRD); blue, DNA Binding
Domain (DBD); pink, Oligomerization Domain (OD); green, Sterile α Motif Domain (SAMD); purple,
Transactivation Inhibitory Domain (TID); (B) p53, p63 and p73 intron/exon structure. Introns are
depicted in gray, while exon coloring reflects the corresponding functional domains. All three genes
express multiple splice variants and contain different internal promoters. p53 includes TAp53, Δ40p53
(generated by an alternative splicing of intron 2), Δp53 (produced by alternative splicing of exons 7/9),
and Δ133p53 (generated using an internal promoter in intron 4). The alternative splicing of intron 9
gives rise to α, β, and γ isoforms. In p63, the proximal P1 promoter yields the TA isoforms, while the
distal P2 promoter in intron 3′, gives rise to ΔNp63 truncated variants. In addition, the COOH-terminal
splicing leads to p63 α, β and γ isoforms for both the TA and ΔN variants. As for p73 the P1 promoter
generates the TA isoforms, while the P2 distal promoter in intron 3′, gives rise to ΔNp73 truncated
variants. Moreover, p73 can use an additional NH2-terminal splicing site, within exon 2, that produces
ΔN like proteins Ex2p73, Ex2/3p73 and ΔN’p73. The COOH-terminal splicing leads to p73 α, β, γ, δ, ε,
ζ, η, and φ isoforms for both TA and ΔN variants.
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2.1. p53 and Thyroid Cancer

It is well documented that thyroid carcinoma initiation and progression occurs through the
gradual accumulation of multiple genetic alterations. One of the pivotal molecular alterations
discriminating ATCs from WDTCs is the inactivation of the p53 tumor suppressor gene. p53 mutations
are common in undifferentiated thyroid tumors (50–80% in ATCs) [32,33]. However, several findings
indicate that alterations in the p53 sequence may also play a role in the early stages of thyroid
cancerogenesis. Indeed, p53 mutations were recently found in up to 40% of PTCs and in 22% of
oncocytic FTCs [34,35]. Usually, p53 point mutations are located in the region between exons 5 and
8 [36].

DNA damaging agents activate p53, leading to its binding of specific DNA responsive elements
that transcriptionally regulate selected target genes. In thyroid cancer cells, p53 tumor suppressor
activity is inhibited by three different mechanisms hindering p53 transcriptional activity, protein
stability, and downstream signaling.

Frasca and colleagues reported that overexpression of high mobility group A factors (HMGA1a,
HMGA1b, and HMGA2) functionally disables all p53 family members [15,37] possibly by reducing
their DNA-binding activity [37–39] (Figure 3A). The POZ/BTB and AT hook containing zinc finger
protein (PATZ1) is down-regulated in PDTCs and ATCs. As PATZ1 facilitates p53 binding to its
responsive elements. Its down-regulation in thyroid cancer cells reduces p53 biological activity
favoring both epithelial-mesenchymal transition and cell migration [40] (Figure 3A).

 

Figure 3. p53 inactivating mechanisms in thyroid cancer. (A) HGMA1 over-expression (red) and
PATZ1 down-regulation (blue) inhibit p53 ability to bind to its DNA responsive elements; (B) ABRO-1
down-regulation (blue) and PBF over-expression (red) decrease p53 stability through an increase in
ubiquitin-mediated p53 degradation; (C) MDM-S, MDM4-211, and MDM-2 over-expression (red),
following ubiquitin E3 ligase HUWE1 down-regulation (blue), inhibit p53 transactivation activity
through p53 poly-ubiquitination and by blocking p53 interaction with the DNA binding sites of its
target genes; (D) Mechanisms leading to reduced apoptotic sensibility in thyroid cancer cells include
(1) WIP1 over-expression (red) and (2) decreased HIPK2 expression (blue) causing a reduction of p53
levels (blue) and subsequent increases of Gal-3 (red).
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p53 stability is regulated through a process of ubiquitin-dependent protein degradation. In
thyroid cancer cells, the over-expression or down-regulation of different p53 regulatory proteins
heavily influence this mechanism.

Zhang et al. reported that Abraxas brother 1 (ABRO1), a component of the BRISC multiprotein
complex that specifically cleaves “Lys-63”-linked ubiquitin, is frequently downregulated in thyroid,
breast, liver, and kidney tumors [41]. The authors showed that ABRO1 stabilizes p53 by facilitating
its interaction with deubiquitinase USP7. Depletion of ABRO1 in thyroid cancer reduces this
interaction causing p53 poly-ubiquitination and enhancing cellular transformation of thyroid neoplastic
clones [41] (Figure 3B). Likewise, the proto-oncogene PTTG1-Binding Factor (PBF) is highly expressed
in WDTC [42], where it interacts with p53 thereby enhancing its poly-ubiquitination, which depends
on the E3 ligase activity of MDM2 [43] (Figure 3B).

Murine double minute (MDM) family members are key regulators of p53 expression and
function. Both MDM2 and MDM4 negatively regulate p53 [44,45] (Figure 3C). Furthermore,
Prodosmo et al. found that MDM-S and MDM4-211—shorter MDM4 spliced variants expressed
in thyroid tumors—were strong in vitro p53 inhibitors [46] (Figure 3C). The HECT, UBA, and WWE
domain-containing protein 1 (HUWE1) is a ubiquitin E3 ligase for MDM2 that shows deregulated
expression in several human cancers. Recently, Ma and colleagues demonstrated that HUWE1 is
down-regulated in human thyroid carcinomas thus increasing MDM2 expression and reducing p53
protein stability [47] (Figure 3C).

Alterations in p53 signaling can also contribute to thyroid carcinogenesis by determining
checkpoint defects, genomic instability, and inhibition of apoptosis.

Wild type p53 induced phosphatase 1 (WIP1) is a member of the PP2C family of evolutionarily
conserved protein phosphatases and is considered a novel proto-oncogene [48,49]. Originally
described as a p53-regulated gene, it is overexpressed in several tumors including PTCs where
it inhibits p53 as well as p38MAPK and p16 [50] (Figure 3D). Galectin-3 (Gal-3) is an anti-apoptotic
molecule that is down-regulated by wild-type p53 [51]. Thyroid tumors usually display low levels of
transcription factor Homeodomain Interacting Protein Kinase 2 (HIPK2) that reduces p53 activation
resulting in Gal-3 overexpression thus promoting neoplastic transformation [52] (Figure 3D). Zou
et al. have recently described an additional mechanism contributing to p53 inactivation in a
murine thyroid cancer model. They demonstrated that mice with thyroid-specific expression of
the BRAFV600E mutation rapidly developed thyroid carcinomas. In this model, high levels of
thyroid-stimulating hormone upregulated the PI3K/AKT pathway thus reducing p53 expression
and suppressing BRAFV600E-induced senescence [53]. A further mechanism disregulating p53
downstream signaling involves FOXE1, a single-exon coding gene belonging to the forkhead/winged
helix-domain protein family. FOXE1 is essential for thyroid gland development and has also been
implicated in thyroid cancerogenesis following the discovery of inactivating mutations detected in
neoplastic thyrocytes [54–56]. Recent evidence suggests that myosin-9 (MYH9) is a binding partner of
the papillary thyroid cancer susceptibility candidate 2 (PTCSC2) long noncoding RNA. The interaction
between MYH9 and PTCSC2 inhibits the FOXE1 promoter. In turn, lack of FOXE1 results in the
transcriptional repression of THBS1 and IGFBP3, pivotal members of the p53 signaling pathway [57].

2.2. p63 and Thyroid Cancer

The p63 gene is infrequently mutated in human cancer. p63 overexpression has been reported
in basal and squamous cell carcinomas of the head and neck, in thymomas, basal-like breast cancer,
adenocarcinoma of the prostate, and poorly differentiated cervical tumors. p63 may also be aberrantly
expressed in thyroid cancer [27,58–60].

Several evidences support the tumor suppressor role of TAp63 after interaction with ΔNp63 or
other p53 family members. Furthermore, TAp63 induces cell death and suppress metastasis formation
by decreasing mobility and invasion [27].
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Different studies reported a possible role for p63 in thyrocyte neoplastic transformation [15,30].
Malaguarnera et al. demonstrated that, unlike normal thyroid cells and benign adenomas, most thyroid
neoplasias express TAp63α. They also showed that endogenous TAp63α does not play a p53-like role
as it fails to induce p21, BAX, and MDM2 and therefore does not cause cell growth arrest and apoptosis.
Furthermore, they reported that TAp63α antagonizes p53 by interfering with the binding of more
transcriptionally active p63 homologues (TAp63β and TAp63γ) and that of TAp73 [30]. As both TAp63α
and ΔNp63α successfully inhibit p53-dependent suppression of colony formation, these findings imply
that in thyroid cancer cells both TAp63α and ΔNp63α display a tumor-promoting role [15]. In this
respect, Lazzari and colleagues have reported that HIPK2 induces ΔNp63α phosphorylation causing
its proteasomal degradation. This mechanism removes the dominant negative effect of ΔNp63α on
p53 restoring its pro-apoptotic activity [61].

2.3. p73 and Thyroid Cancer

Different studies have reported p73 expression in human thyroid tumors, even if the role of p73
in thyroid cancer progression is still controversial [15,62,63]. Both TAp73α and ΔNp73 were detected
by RQ-PCR and immunoblots in the large majority of thyroid cancer cell lines isolated from different
histotypes (papillary, follicular, and anaplastic), but not in normal cultured thyrocytes [15,64]. Likewise,
TAp73 and ΔNp73 transcripts were found in a consistent number of human thyroid carcinomas,
although no correlation was found with their clinical and pathological characteristics [65]. Puppin and
colleagues published evidence suggesting that ΔNp73α transcriptionally stimulates periostin gene
expression in papillary, follicular, and undifferentiated thyroid cancer cells [66] (Figure 4A).

As periostin is associated with accelerated tumor growth, increased neoangiogenesis and higher
metastatic potential [67], ΔNp73α expression results in a more aggressive cancer phenotype [68,69].
Vella et al. reported that ΔNp73α represses the PTEN promoter [63]. PTEN down-regulation increases
PIP3 half-life reducing its conversion in PIP2. High levels of PIP3 increase AKT phosphorylation
causing MDM2-mediated ubiquitination and p53 degradation [70–72] (Figure 4A). PTEN repression
by ΔNp73α requires binding to a DNA region outside of the canonical p53 site, confirming that p53
and its family members may recognize different sequences on the same promoter. In this scenario,
the functional interactions among p53 family members may be either synergistic or antagonistic
with respect to tumor suppression. This is in line with previous reports showing that, in different
thyroid cancer models, co-expression of p53 and TAp73α may alternatively result in TAp73α
down-regulation [62] or stronger p53 tumor suppressor activity [73]. In the latter case, TAp73α
inhibits MDM2-mediated p53 protein degradation by reducing MDM2 binding to p53 and by directly
antagonizing p53 activity on the MDM2 promoter (Figure 4B).
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Figure 4. p73 pathway activation in thyroid cancer. (A) ΔNp73α binding on the p53 promoter causes the
activation of periostin (1) and a reduction in PTEN expression (blue) (2). Transcriptional repression of the
PTEN promoter determines an activation of the PI3K-Akt pathway resulting in MDM2 phosphorylation
that enhances MDM2-dependent degradation of p53; (B) TAp73α blocks p53-dependent transcription
on the MDM2 promoter. In turn, this leads to reduced MDM2 expression and increased p53 stability.

3. Novel Therapeutic Approaches for Undifferentiated Thyroid Cancer

The aforementioned advances in understanding the contribution of p53 family members to
the pathogenesis of thyroid cancer have provided several opportunities for the use of molecular
targeted therapies.

Multiple clinical trials using various multi-kinase inhibitors (MKIs) have led to the FDA and
EMA approval of Sorafenib [74] and Lenvatinib [75] for undifferentiated thyroid cancer. Grassi
and colleagues have also investigated SP600125, a reversible ATP-competitive MKI with anticancer
properties against undifferentiated thyroid cancer. The compound reduces cell migration while
killing human thyrocytes through the activation of mutant p53 and the concomitant inhibition of the
ROCK/HDAC6 pathway [76] (Figure 5).

Besides MKIs, additional strategies for thyroid cancer treatment are currently being investigated
that employ strategies that modulate epigenetic changes in thyroid cancer DNA, restore the
transcriptional activity of mutant p53, and block signal transduction downstream of different p53
family members.

Studies on histone post-translational modifications that support tumor development and
progression have focused on DNA methyltransferases (DNMT) inhibitors such as 5′-azadeoxycytidine
with the aim of enabling thyroid cancer differentiation, thus restoring its sensitivity to radioactive
iodine treatment [77]. This effect has also been investigated with the MEK1/MEK2 inhibitor
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Selumetinib [78]. Thailandepsin A (TDP-A) is a novel class I histone deacetylase inhibitor that induces
a dose- and time-dependent anti-proliferative effect on human thyroid cancer cells mainly attributed to
activation of the extrinsic apoptotic pathway coupled with cell cycle arrest [79]. Proteasome inhibitors
such as Bortezomib have also been tested on thyroid cancer cells leading to significant inhibition of
neoplastic thyrocyte proliferation [80,81].

Figure 5. Strategies to reactivate p53 in thyroid cancer. (A) SP600125 and (B) PRIMA-1 reactivate
mutant p53 via conformational changes. In thyroid cancer, modifications caused by PRIMA-1 induce
global DNA demethylation through the up-regulation of GADD45a and TET1 and down-regulation of
DNMT1, 3a, and 3b; (C) Zn(II)-curc reduces mutant p53 expression by restoring wild-type p53-DNA
binding activity to target gene promoters.

p53 reactivation and induction of massive apoptosis (PRIMA-1) is a compound that reactivates the
DNA binding ability of mutant p53 by restoring its conformation through two different mechanisms:
(i) it induces Hsp90 over-expression thus enhancing its binding to mutant p53 and (ii) it covalently
binds to mutant p53 [82]. Qiang and colleagues have recently defined the mechanism responsible for
PRIMA-1-dependent rescue of mutant p53 function in thyroid cancer cells [83]. They showed that
PRIMA-1 causes global DNA demethylation in cancer cells expressing mutant p53 mainly through
inhibition of DNMT 1, 3a, and 3b, and upregulation of GADD45a. PRIMA-1 also increased the
expression of the ten-eleven translocation (TET) family of 5mC-hydroxylases, particularly TET1,
further contributing to DNA demethylation. Messina et al. studied the effect of PRIMA-1 in thyroid
cancer cell lines with both wild-type and D259Y and K286E p53 mutants. They found that PRIMA-1
successfully killed undifferentiated thyroid carcinoma cells carrying mutant p53 that were refractory
to chemotherapy [84] (Figure 5).

A curcumin-based zinc compound [Zn(II)-curc] also reduced mutant p53 expression in thyroid
cancer cells, reactivating p53 tumor suppressor activity and resulting in increased response to
anti-cancer therapies [85] (Figure 5).

Finally, the mammalian target of rapamycin (mTOR) pathway inhibitor Everolimus has been
studied in a phase II trial of 40 patients with locally advanced or metastatic thyroid cancer [86]
producing stable disease in 29 (76%) patients and a median Progression Free Survival of 47 weeks (95%
CI 14.9–78.5).
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4. Conclusions

The concept of precision medicine postulates that effective treatment strategies should be tailored
to the individual variability of both the patient and her/his disease. While alterations in p53 sequence,
stability, and downstream signaling are heavily involved in thyroid carcinogenesis, the role of the
remaining p53 family members in the development and progression of thyroid cancer has yet to be
fully elucidated. Nevertheless, increasing evidence indicates that p53 family members contribute to
the development of multiple thyroid cancer variants and an ever-increasing number of therapeutic
molecules targeting these proteins may soon be available in the clinical setting.

Conflicts of Interest: The authors declare no conflict of interest.
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WDTC Well Differentiated Thyroid Cancer
PDTC Poorly Differentiated Thyroid Cancer
ATC Anaplastic Thyroid Cancer
RET Rearranged During Transfection
PTC Papillary Thyroid Cancer
FTC Follicular Thyroid cancer
MAPK Mitogen-Activated Protein Kinase
PPARc Peroxisome Proliferator-Activated Receptor C
PAX8 Paired Box 8
RAS Rat Sarcoma
PI3K Phosphatidyl-Inositol-3-Kinase
PTEN Phosphatase and Tensin Homolog
CTNNB1 Catenin beta 1
TAD Transactivation Domain
DBD DNA Binding Domain
OD Oligomerization Domain
PRD Prolin-Rich Sequence recognition Domain
SAMD Steril Alpha Motif Domain
TID Transactivation Inhibitory Domain
HMGA High Mobility Group A
PATZ1 POZ7BTB and AT Hook containing Zinc-finger Protein
ABRO1 Abraxas Brother 1
PBF PTTG1-Binding Factor
MDM Murine Double Minute
HUWE1 HECT, UBA, and WWE Domain-Containing Protein 1
WIP1 Wild Type p53 Induced Phosphatases 1
Gal-3 Galectin-3
HIPK2 Homeodomain Interacting Protein Kinase 2
FOXE1 Forkhead7Winged Helix-Domain Protein
MYH9 Myosin-9
PTCSC2 Papillary Thyroid Cancer Susceptibility Candidate 2
THBS1 Thrombospondin 1
IGFBP3 Insulin-Like Growth Factor Binding Protein 3
MKIs Multi-Kinase Inhibitors
HDAC Histone Deacetylase
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ROCK Rho Kinase
DNMT DNA Methyltransferase
MEK Mitogen-Activated protein kinase kinase
TDP-A Thailandepsin A
PRIMA-1 p53 Reactivation and Induction of Massive Apoptosis
GADD45A Growth Arrest and DNA Damage Inducible Alpha
TET Ten-Eleven Translocation
mTOR Mammalian Target of Rapamycine
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Abstract: Physical and mental health requires a correct functioning of the thyroid gland,
which controls cardiovascular, musculoskeletal, nervous, and immune systems, and affects behavior
and cognitive functions. Microgravity, as occurs during space missions, induces morphological
and functional changes within the thyroid gland. Here, we review relevant experiments exposing
cell cultures (normal and cancer thyroid cells) to simulated and real microgravity, as well as
wild-type and transgenic mice to hypergravity and spaceflight conditions. Well-known mechanisms
of damage are presented and new ones, such as changes of gene expression for extracellular matrix
and cytoskeleton proteins, thyrocyte phenotype, sensitivity of thyrocytes to thyrotropin due to
thyrotropin receptor modification, parafollicular cells and calcitonin production, sphingomyelin
metabolism, and the expression and movement of cancer molecules from thyrocytes to colloids are
highlighted. The identification of new mechanisms of thyroid injury is essential for the development
of countermeasures, both on the ground and in space, against thyroid cancer. We also address
the question whether normal and cancer cells show a different sensitivity concerning changes of
environmental conditions.

Keywords: thyroid gland; thyroid cancer; microgravity; hypergravity; space environment

1. Introduction

The effects of the space environment are mainly due to cosmic radiation, microgravity,
and a confined habitat. Physical and mental equilibrium is very likely to be subject to significant
perturbations during prolonged space missions. Astronauts are subjected to several physiological
variations, such as cardio-circulatory, musculoskeletal, and immune disorders, together with changes of
mental conditions, mood, and personality during and after re-entry from space missions [1]. The space
research in the field is currently attracting more and more attention among researchers since, in the
near future, an increasing number of astronauts will visit the International Space Station (ISS) and
beyond for prolonged times and space is presently considered as the “next frontier” for humankind [1].
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The mammalian thyroid gland consists of two lobes structurally composed by follicles and
interfollicular spaces. Follicles are surrounded by thyrocytes which synthesize triiodothyronine (T3)
and tetraiodothyronine (T4), while C cells in interfollicular spaces secrete calcitonin [2].

The diversity of cell types and the complexity of its hormone functions render the thyroid gland
particularly relevant in the functioning of the entire organism. Therefore, maintaining good physical
and mental health requires a correctly functioning thyroid gland.

2. How Gravity Influences Thyroid Function

All living organisms have evolved under the influence of the constant gravity force on Earth,
which maintains the architecture and function of each kind of cell. The human organism possesses
a series of adaptations to gravity changes not only at systemic, but also at the cellular level,
such as the regulation of the circadian rhythm, the activation of mechanotransduction pathways,
and inducing modifications in immune response, metabolism, and cell proliferation [3–5]. Additionally,
genes that modify chromatin structure and methylation have been identified, suggesting that long-term
adaptation to gravity may be mediated by epigenetic modifications [5].

2.1. Simulated Microgravity

Usually the impact of microgravity is simulated on the ground by different approaches: prolonged
head-down tilt bed rest in humans induces comparable physiological changes with respect to fluid
distribution, muscle, and bone loss as in space missions. Small animals, plants, and cell cultures are
studied in ground-based facilities under conditions of a randomized influence of gravity. In the case
that the exposed system does no longer perceive gravity as a stimulus, and the method applied does not
induce non-gravitational effects, the term “simulated microgravity” is justified. Our assumption bears
several prerequisites. The exposed system should possess a sensor for the detection of gravity and
the threshold of the system should be less than the residual acceleration induced by the experimental
conditions. In case of thyroid cells, a gravisensor has not yet been identified and, consequently,
a threshold of graviperception is unknown. However, this type of cell reveals a large number of
physiological changes under altered gravity conditions which might bring us closer to the identification
of a general cellular gravisensory mechanism, which has also been postulated for other cell systems [6].

Microgravity is characterized by the prevention of sedimentation. On the ground this is achieved
on so-called clinostats, in which samples are rotated around one axis positioned perpendicular to the
direction of the gravity vector. By placing the sample container in the center of rotation and keeping its
diameter small (in the range of a few mm) the induced residual accelerations can be kept as minimal
as possible. A clinostat with one rotation axis (2D clinostat) is operated constantly in one direction
which results in a static change of the gravity vector and in turn—at appropriate speed—prevention
of sedimentation.

3D clinostats and random positioning machines (RPM) are further machines used for
ground-based microgravity experiments aiming to simulate microgravity conditions [7,8]. Here,
two rotation axes are mounted in a gimbal mount and their movement with respect to speed and
direction is controlled by an algorithm [9]. While 3D clinostats are commonly rotating continuously,
but with changed speed of the two axes at random, in a random positioning machine not only
the velocity, but also the direction of rotation is altered in a real random mode. Comparative
studies between the different experimental approaches are necessary to identify, experimentally,
the induced non-gravitational effects, such as shear forces [8,10] and to avoid misinterpretations.
Finally, simulations have to be verified in real microgravity.

Normal thyroid cells (HTU-5 strain) cultured on a 3D clinostat (with a rotation of 60◦/s) show
apoptotic signs highlighted by electron microscopy analysis, activation of caspase-3, increase in Fas
and Bax, and elevation of 85-kDa apoptosis-related cleavage fragments resulting from enhanced
poly (ADP-ribose) polymerase activity [11]. Within 12 h of 3D clinorotation the monolayer of
human follicular thyroid carcinoma cells (ML-1 line) turns spontaneously into three-dimensional
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multicellular tumor spheroids with an increase of extracellular matrix proteins and of TGF-β1, while
thyroglobulin, fT3 and fT4 secretion are reduced [12] (Figure 1). Within 24–48 h of exposure on
a random positioning machine (RPM), ML-1 cells show an upregulation of intermediate filaments,
cell adhesion molecules (vimentin and vinculin), extracellular matrix proteins (collagen I and
III, laminin, fibronectin, chondroitin sulfate), and Fas protein, while Bcl-2 is downregulated [13].
Laser scanning confocal microscopy of HTU-5 and ML-1 cells immuno-stained with anti-cytokeratin
demonstrate that cytokeratin filaments extend from the center, are thickened, coalesce, and shortened,
while the vimentin network forms a coiled aggregate, more closely associated with the nucleus as
compared to control cells [14]. Changes of enzymes involved in carbohydrate metabolism, protein
synthesis, and degradation are present in HTU-5 normal thyroid cells, in FTC-133, and in CGTH W-1
thyroid cancer cells [15]. During long-term exposure on a RPM (7–14 days) thyroid cancer cells form
larger and more spheroids than normal thyroid cells, what can be related to an earlier production of
the cell adhesion molecule osteopontin [16].

 

Figure 1. Formation of 3D spheroids: RO82-W-1 cells cultured for 3/7 days at static 1× g results in
a 2D monolayer, while incubation on the RPM or on a clinostat shows 3D aggregates (multicellular
spheroids; MCS). (A) RO82-W-1 cells cultured for 3 d at static 1× g; (B) MCS (arrows) formed on
the RPM after 3 days; (C) MCS (arrow) formed on the clinostat after 3 days; (D) MCS (arrows) of
RO82-W-1 cells cultured for 7 days on the clinostat; (E) RO82-W-1 cells cultured for 7 days at static 1× g;
(F) Adherent cells and large MCS (arrow) formed on the RPM after 7 days. For more details see [17].
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2.2. Real Microgravity

Short-term effects of real microgravity—in the order of seconds—can be studied with research
platforms such as drop towers or parabolic flights (during which microgravity lasts a few seconds),
and by sounding rockets (microgravity condition lasts minutes). During the TEXUS-44 mission
(launched on 7 February 2008 from Kiruna, in Northern Sweden), FRTL-5 cells were treated with
TSH (Thyroid-stimulating hormone) at the onset of microgravity and were fixed after 6 min and
19 s, just at the end of the microgravity period [18]. The study has clearly shown that FRTL-5 cells
undergo relevant changes in real microgravity conditions: they aggregate, chromatin condensates,
and TSH receptors are shed in the culture medium. This caused impaired production of cAMP and
of proteins involved in cell signaling, such as PKC-ζ, PPAR-γ, and SMase and, consequently, failed
to respond to TSH stimulation [18]. Live-cell imaging experiments with the fluorescence microscope
FLUMIAS during a parabolic flight campaign and the TEXUS-52 mission, showed cytoskeletal changes
of FTC-133 cells in real-time. These changes occur rapidly after entrance into microgravity. Under
the microscope disturbance of F-actin bundles were detected. Another important finding was the
formation of filopodia- and lamellipodia-like structures [19].

2.3. Hypergravity

During the initial launch phase of parabolic flights and spaceflight, hypergravity forces due to
rocket acceleration are accompanied by launch vibration. In longer space missions hypergravity is not
such an important issue, however, during parabolic flights each of the approximately 30 parabolas
normally include about 22 s of microgravity intercalated by periods of normal and hypergravity,
which may influence structural and functional changes in plant, animal, and human cells. In ML-1
thyroid cancer cells hypergravity (1.8× g) does not change ACTB, KRT80, or COL4A5 mRNA for
extracellular matrix proteins, but upregulates the mRNAs for the metastasis suppressor protein 1
and for the cytoskeleton-associated LIM domain and actin binding protein 1 [20]. Experiments with
Nthy-3-1-ori cells at 1.8× g showed that ITGA10 expression is not gravity-dependent in normal thyroid
cells [21]. Hypergravity is also studied on the ground by slow-rotating centrifuges [22]. The exposition
of TSH-stimulated FRTL5 cells to hypergravity (5× g and 9× g) increases cAMP production [23].
In ML-1 cells in culture, centrifugation at 1.8× g induces significant variations of growth factor
mRNAs. A PKCα-independent mechanism of IL6 gene activation seems to be very sensitive to
physical forces [24]. In rats, hypergravity increases TSH response and T3 production [25]. Repeated
five-day 2× g treatment of rats influences cell structure, enzymes, such as SMase and SM-synthase,
and hormone content in the thyroid gland, which differ in quantity or quality from the changes arisen
under the primary five days at 2× g, pointing out the animal capability for “memorizing the change
of gravity level” [26]. The 2× g exposure upregulates TSHR (thyroid stimulating hormone receptor)
surface proteins in mouse thyroids, but the response to TSH treatment remains unchanged without
variations of cAMP, because hypergravity delocalizes TSHR [27]. In fact, immunofluorescence analysis
of TSHR demonstrates that in control mice maintained in the vivarium the receptor is present on
the surface of thyrocytes that surrounded follicles with a precise location, whereas in 2× g samples
the fluorescent signal is higher and spreads over the entire surface of the thyrocytes [27]. The cell
membrane loses the β-subunit of the receptor in the culture medium together to cholesterol (CHO),
whereas SM remains unchanged [28]. On the other hand, the SM metabolism also has no variations;
in fact, SMase and SM-synthase 1 expression is not affected by 2× g exposure [29], indicating that
membrane CHO, and not SM, is critical for TSH–TSHR interaction. In addition, 2× g exposure induces
the loss of parafollicular cells and the reduction of calcitonin production [30].

3. Space Environment Drives Thyroid Cells in Culture toward the Change of Cell Phenotype

Proliferating and quiescent FRTL5 cells have been used in two different space missions
performed by the European Space Agency (ESA): the Eneide mission with astronaut Roberto Vittori
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(15–25 April 2005), and the Esperia mission with astronaut Paolo Nespoli (23 October–7 November 2007).
In these missions, the behavior of thyrocytes in culture in the space environment has been analyzed [30].
During space missions, FRTL5 cells do not respond to TSH treatment; the space environment influences
cell proliferation causing a pro-apoptotic condition in cells: this status is characterized by specific
expression levels of STAT3, RNA polymerase II, and Bax, and by Smase- and SM-synthase-specific
activities [31]. The SMase/SM-synthase activity ratio is very high in apoptotic cells, lower in
pro-apoptotic cells, low in proliferating cells, and very low in quiescent cells. A comparison of
the SMase/SM-synthase ratio value in space mission cells with that of proliferating, quiescent,
pro-apoptotic, and apoptotic cells demonstrates that the space mission cells are in a pro-apoptotic
state; thus, the SMase/SM-synthase ratio has been proposed as a biomarker for thyroid cell fate
very useful in space missions [31]. FTC-133 analysis at the re-entry from the Shenzhou-8 mission
(November 2011, 10 days) shows that the space environment induces a scaffold-free formation of
extraordinarily large three-dimensional aggregates [32] and changes in the expression of genes and
proteins involved in cancer cell proliferation, metastasis, and survival, shifting the cells toward a less
tumor-aggressive phenotype [33]. Strong evidences from lipidomics studies, cancer preclinical models,
and clinical trials have shown the key role of lipid molecular species in supporting cancer generation
and progression. Such effects may result from fundamental changes in lipid raft composition, persistent
ER stress which, through three distinct ERS sensor proteins: ATF6 (activating transcription factor
6), PERK (protein kinase RNA-like endoplasmic reticulum kinase) and IRE1 (inositol-requiring
trans-membrane kinase/endonuclease 1), activate the unfolded protein response (UPR), and disruption
of the lipid-mediated crosstalk between cancer and stromal cells. All of the processes mentioned above
may be influenced by the space environment.

3.1. Thyroid Glands of Wild-Type and Transgenic Mice on Board the International Space Station

The effect of long-term exposure to the space environment on thyroid glands in vivo was shown
for the first time by participating in the longest-duration spaceflight mission ever endured by any
living animal within the “tissue sharing” team headed by Cancedda [1]. During the mission, six mice
had been exposed to the space environment for 91 days (28 August–27 November 2009) on board the
International Space Station (ISS), while kept inside the “mouse drawer system” (MDS). Both wild-type
(WT) and transgenic mice (TG) with an overexpression of the pleiotropin (PTN) gene, which is under
the control of the same specific human bone promoter of the osteocalcin gene, have participated in
the mission. The thyroids of TG mice were analyzed with respect to bone metabolism in space and in
a corresponding 1× g reference on the ground. Post-flight thyroid glands showed changes in follicular
and parafollicular cells with different modifications in signal lipid and protein content [1,28,30].

3.2. Structural Changes

No significant changes in the proportions of major and minor axes of the glands between mice in
space or on the ground were noted, but in the thyroid gland of WT ground control follicles showed
variable size and spatial orientation. In contrast, spaceflight animals have a more homogenous thyroid
tissue structure, with ordered follicles in which thyrocytes are thicker and the nuclear volume is
increased; consequently, the thyroid epithelium vs. colloid volumetric ratio is higher in space than
on the ground [1]. In addition, the interfollicular space is strongly reduced with the loss of C cells
and defects of calcitonin production [30]. Since, on the ground, a spatial integration of follicular
and parafollicular cells, and a functional coordination of both epithelial cells, are observed [34],
the space environment evidently induces modifications of follicular cells responsible for C cell changes,
causing defective bone homeostasis via thyroid disequilibrium [30]. The loss of thyrocytes arranged in
a continuous rim around the colloid and irregularity in the parafollicular spaces with the reduction of
calcitonin expression may, in part, be due to the confinement in MDS [35]. Overexpression of PTN on
the ground does not protect the thyroid gland from the confinement-induced calcitonin reduction [35],
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whereas the space environment counteracts the effect of confinement, retains the thyroid C cells in
shape, and strongly reduces the loss of C cells, thus exerting a protective action [30].

3.3. Modulation Ligand-Receptor: TSH–TSHR

In WT mice, the space environment induces both TSHR increased expression and different cell
distribution, in comparison with the control mice maintained in the vivarium [1]. While in control
mice thyroids, the TSHR is distributed uniformly on the thyrocyte surface, after spaceflight the
receptor localizes instead in the intracellular junctions and cell membranes, while it is not found in
the nuclei. Additionally, caveolin-1 is overexpressed in the space environment and its distribution
is highly consistent with the TSHR localization [1]. It has been demonstrated that TSHR is a G
protein-coupled receptor [36] associated with both no-raft and raft fractions of cell membranes [37].
In cancer cells, a wide range of signaling proteins and receptors regulating pro-oncogenic and apoptotic
pathways during all stages of carcinogenesis reside in lipid rafts. Importantly, lipid rafts and their
main component, cholesterol, are increased in the membranes of many types of cancer cells, as well as
in the membranes of tumor-released exosomes. Important oncogenetic pathways and their aberrant
activation correlate with increased lipid rafts. Lipid rafts may also be involved in cancer dissemination:
they participate in cancer cell migration by regulating cytoskeletal reorganization and focal adhesion
functions. Cholesterol-depleting agents inhibit the formation and activation of specific lipid raft entities
called “clusters of apoptotic signaling molecule-enriched rafts” (CASMERs), which are co-aggregations
of lipid rafts with death receptors and their downstream apoptotic molecules. They activate the
apoptotic response independently of death receptor ligands.

Furthermore, lipid rafts are rich in SM, CHO [38], and caveolin-1 [39]. SM present in lipid rafts
is rapidly metabolized with SMase and SM-synthase enzymes by changing the structure/function
of rafts and generating the lipid second messengers involved in signal transduction [40]. The space
environment increases the levels of SMase and SM-synthase, moves SMase from the nucleus to the
cytoplasm and the cell membrane, and increases its activity [29]. Therefore, in the space environment
there is a remodeling of cell membranes which become rich in lipid rafts containing TSHR, caveolin-1,
and SMase. This induces the thyroid gland to respond to TSH treatment more intensively as compared
to the thyroids of control mice. Thus, the cAMP release in spaceflight animals is higher than that of
control animals [1]. Thyrotropin regulates the TSHR-rafts complexes: TSH activates cells through
a specific signal transduction pathway and causes the disappearance of the raft-TSHR complexes
because it stimulates their monomerization and rapid exit [39]. The production of cAMP by activation
of the TSHR, continues in the pre-Golgi compartment and the spatial patterns of downstream signals
are influenced by the location of the TSHR-cAMP signal [41]. Cytosolic protein kinase A (PKA) I
and PKA II, which are mainly located in the Golgi complex, are activated by cAMP that spreads
across the basolateral membrane; several other targets, situated in different cellular compartments,
are also phosphorylated by PKAs [42,43]. The increase of TSHR in the thyroids of spaceflight animals
is a compensatory mechanism, and explains the strong response to TSH after stimulation. The stress
is, in part, due to the confined environment since, in the thyroids of mice maintained in MDS on
the ground, intermediate changes between those of control spaceflight animals are observed [35].
During the confinement, TSHR and cAMP slightly increase without any displacement of the receptor
within the cell, while no changes were found in SMase expression, localization and activity [35].
Therefore, confinement can only be a predisposing factor and the data in spaceflight animals are due
to the combination of stress, confined environment, microgravity, and radiation [35].

3.4. How Space Environment Affects Cancer Proteins in Thyroid Glands

In the thyroid gland, Galectin 3 (Gal-3) plays a significant role in the pathogenesis of
well-differentiated carcinoma, particularly in papillary carcinoma [44]. Gal-3, together with human
bone marrow endothelial cell-1 (HBME-1) and Cytokeratin-19 (CK-19), are markers most commonly
used to assist in distinguishing different thyroid lesions [45]. In addition, MIB-1 index is useful
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for evaluating proliferative activity and predicting the aggressiveness of thyroid carcinoma [46].
In the space environment, the MIB-1 proliferative index and CK-19 are negative in the thyroid tissue,
whereas HBME-1 and Gal-3 show a higher expression in comparison with thyroid tissue in 1× g
controls [47]. Gal-3, usually present in the cytoplasm, nucleus, and extracellular space, diffuses from
thyrocytes in the colloid because of the remodeling of cell membrane proteins and lipids which occurs
in microgravity. Alshenawy suggests that no single marker is completely sensitive and specific for
the diagnosis of thyroid lesions, but only their combination [48] and Gal-3 + HBME-1 is considered
highly significant for distinguishing benign from malignant lesions [49]. The possibility that HBME-1
and Gal-3 overexpression might indicate a thyroid tissue premalignant state cannot be excluded,
considering that, in microgravity, follicle cells appear two times larger with darker colloids [1], similar
to those of papillary carcinoma [50].

4. Cancer versus Non-Cancer Cells

When reviewing literature, the question becomes obvious whether normal cells differ in their
sensitivity towards a change in the influence of gravity compared to cancer cells. Furthermore, we have
to answer whether spaceflight induces carcinogenesis, understand the underlying mechanisms, and
develop countermeasure or protection devices. Studies with normal and cancer thyroid cells might
bring us closer to the answers. Table 1 reviews the current data.

Table 1. Research on thyroid cells under the effects of altered gravity (green: normal cells, yellow:
cancer cells).

Cells
Exposure

Device
Dur. Analyses and Most Important Findings Ref.

HUMAN CELLS

Primary
thyrocytes

s-μg
RCCS 14 d

• Morphology: spheroid formation
• Protein content: thyroglobulin↑, KGF↑ [51]

HTU-5
s-μg
RPM

1 d
2 d
3 d

• Immunofluorescence microscopy: cytokeratin filaments thickened and
shortened, extended from poorly defined organizing centers; vimentin
formed a coiled aggregate closely associated with the nucleus

[14]

3 d

• STRING network analysis
• Mass spectrometry: high quantities of glycolytic enzymes and marginal

quantities of citric acid cycle enzymes
[15,52]

Nthy-3-1-ori

s-μg
RPM

7 d
14 d

• Morphology: spheroid formation
• Gene expression of genes involved in cytoskeleton forming (ACTB↑,

TUBB↑, PFN1↑), growth (OPN↗, CPNE1↑, TGM2↑→, NGAL↑,
COL1A1↑, VEGF↓↑) and signaling (IL6↑, IL8↑, IL17↗, PBK↑, CASP9↑,
ERK1/2↑)

• Protein content (MAP profiling): IL-6↑, BDNF↑, MMP-3↑, VEGF↓

[16]

1.8× g
SAHC

2 h

• Gene expression of genes involved in apoptosis (TNFA↓), extracellular
matrix (VCAM↑), growth (OPN↓), cytoskeleton (ABL2↑, ACTB↑,
ITGA10→), signaling (CTGF↑).

[21]

Vibration
Vibraplex

• Gene expression of genes involved in apoptosis (ANXA2↓, TNFA↓),
extracellular matrix (ADAM19↓, ITGB1↓), cytoskeleton (ACTB↓, VIM↓),
and signaling (PRKAA1↓,PRKCA↓)
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Table 1. Cont.

Cells
Exposure

Device
Dur. Analyses and Most Important Findings Ref.

HUMAN CELLS

r-μg
PFC 22 s

Relationship between cytoskeleton and ECM under altered gravity

• Morphology: F-actin/cytokeratin cytoskeleton altered, no signs of
apoptosis or necrosis

• Microarray: 2430 significantly regulated transcripts
• Gene expression of genes involved in forming cytoskeleton (ACTB↑,

LIMA1↗), and extracellular matrix (KER80↑, COL4A5↓, OPN↑, FN↑).
MTSS1↓

[20]

s-μg
RPM
(CN)

12 h

• Morphology: spheroid formation
• Protein content: ECM proteins↑, TGF-β↑
• Protein secretion: Tg↓, fT3↓, fT4↓,

[12]

2 d
• Morphology: spheroid formation, signs of apoptosis
• Protein content: apoptosis: Fas↑, p53↑, Bax↑, Casp3↑ [53]

1 d
2 d

• Morphology: spheroid formation, induced apoptosis
• Protein content: fT3↓, fT4↓, elevated intermediate filaments, cell

adhesion molecules, and extracellular matrix proteins
[13]

ML-1
1 d
2 d
3 d

• Immunofluorescence microscopy: cytokeratin filaments coalesced and
shortened, extended from poorly defined organizing centers; enormous
elevation on vimentin filaments

• Protein content: Talin↑, α-tubulin↑, β-tubulin↑, β1-integrin↑
[14]

3 d
7 d

• Morphology: spheroid formation
• Protein content: IL-6↑, MCP-1↑, integrin-β1↓ in spheroids [17]

s-μg
RPM

7 d
11 d

Proteome analysis

• Protein content: glutathione S-transferase P↑, nucleoside diphosphate
kinase A↑, heat shock cognate 71 kDa protein↑

• Mass spectrometry: 202 different polypeptide chains identified
compared to 1g controls (glycolytic enzymes, structural proteins,
cytoplasmic actin, tubulin, various heat shock proteins), many proteins
showed different Mascot scores

[54]

1.8g
SAHC
MuSIC

22 s
• Gene expression of genes involved in forming cytoskeleton (ACTB→,

LIMA1↑), and extracellular matrix (KER80→, COL4A5→). MTSS1↑ [20]

2 h
• Gene expression of genes involved in cytoskeleton modulation (EZR↑,

RDX↑, MSN→), growth factors (EGF→, CTGF↑), and signaling (IL6↓↑,
IL8↓↑, PRKAA1↘↑, PKC→)

[24]

Vibration
Vibraplex

22 s
• Gene expression of genes involved in forming cytoskeleton (ACTB→,

LIMA1→), and extracellular matrix (KER80→, COL4A5→). MTSS1→ [20]

2 h

• Gene expression of genes involved in cytoskeleton forming (MYO9B→,
TUBB→, VIM→) and cytoskeleton modulation (EZR→, RDX→,
MSN→), growth factors (EGF→, CTGF↗), and signaling (IL6↓, IL8↘,
PRKAA1↘, PKC↘)

[24]

UCLA
RO82-W-1

s-μg
RPM
CN

3 d
7 d

• Morphology: spheroid formation
• Protein content: integrin-β1↓ in spheroids [17]
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Table 1. Cont.

Cells
Exposure

Device
Dur. Analyses and Most Important Findings Ref.

HUMAN CELLS

s-μg
RPM 3 d

• Morphology: collagen-chains found
• Gene expression: VIM↓, TUBB↓, ACTB↓ [55]

CGTH W-1

• STRING network analysis: Considerable number of candidates for gravi-sensitive
proteins detected. Clusters of strongly interacting enzymes involved in carbohydrate
metabolism, protein

• Mass spectrometry: low quantities of glycolytic enzymes and marginal quantities of
citrate cycle enzymes, abnormal LDH A-chains

[15,52]

Vibration
Vibraplex 2 h

• Gene expression of genes involved in cytoskeleton forming (ACTB↑, MYO9B→,
TUBB↓, VIM→, ITGB1↑) and cytoskeleton modulation (EZR↗, RDX→, MSN↑),
growth factors (EGF↗, CTGF↑), and signaling (IL6↑, IL8→, PKC↑)

[24]

r-μg
Space

10 d

Shenzhou-8/SIMBOX-mission

[32,33]

• Morphology: spheroid formation
• Microarray: 2881 significantly regulated transcripts; genes involved in several

biological processes: apoptosis, cytoskeleton, adhesion/extracellular matrix,
proliferation, stress response, migration, angiogenesis, signal transduction,
regulation of cancer cell proliferation and metastasis

• Gene expression of genes involved in extracellular matrix (OPN↓), growth (EGF↑,
CTGF↑, VEGFA↓, VEGFD↑), and signaling (IL8↓)

12 d

ISS/Cellbox 1-mission

[56]
• Morphology: no spheroid formation
• Mass spectrometry: 180 different polypeptide chains identified
• Protein content: enhanced production of proteins related to the extracellular matrix

r-μg
TEXUS-52 369 s

• Life-cell imaging (FLUMIAS) with FTC-133 cells expressing the Lifeact-GFP marker
protein for the visualization of F-actin: significant alterations of the cytoskeleton [19]

FTC-133

r-μg
PFC ~3 h

• Microarray: 63 significantly regulated transcripts
• Gene expression during the PFC was often regulated in the opposite direction

compared with the RPM or Space
[33]

• Life-cell imaging
• Gene expression of genes involved in cytoskeleton forming (EZR↑) and signaling

(SEPT11↓)
[19]

s-μg
CN

4 h
1 d
3 d

• Morphology:
spheroid formation • Protein content: decreased cytokine release

[10]

s-μg
RPM

4 h
1 d
3 d

Gene expression:
CAV1↓ and
CTGF↓ in spheroids

• Protein content: increased cytokine release

1 d

Analysis of MCS formation

• Morphology: spheroid formation, apoptosis enhanced
• Microarray: 487 significantly regulated transcripts
• Protein content: NF-κB p65↑
• Gene expression: AD: IL6↑, IL8↑, CD44↑, OPN↑, ERK1/2↓, CAV2↓, TLN1↓, CTGF↓;

MCS: ERK2↓, IL6↓, CAV2↓, TLN1↓, CTGF↓

[57]

3 d

Proteomic analysis with focus cytoskeletal and membrane-associated proteins to
understand forming of larger MCS by FTC-133 cells

• FF-IEF/SDS-PAGE/mass spectrometry:

integrin α5 chains, myosin-10 and filamin B only found in protein solution of
FTC-133 cells → possible role in binding fibronectin

• Gene expression: VIM↑, TUBB↑, ACTB↓

[55]
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Table 1. Cont.

Cells
Exposure

Device
Dur. Analyses and Most Important Findings Ref.

HUMAN CELLS

s-μg
RPM 3 d

• STRING network analysis: considerable number of candidates for
gravi-sensitive proteins detected. Clusters of strongly interacting
enzymes involved in carbohydrate metabolism, protein formation,
degradation, and cell shaping and proteins regulating cell growth.

• Mass spectrometry: high quantities of glycolytic enzymes and moderate
quantities of citric acid cycle enzymes, abnormal LDH B-chains

[15,52]

s-μg
RPM 10 d

• Morphology: spheroid formation
• Microarray: 2881 significantly regulated transcripts
• Gene expression: of genes involved in extracellular matrix (OPN↑),

growth (EGF↑, CTGF↑, VEGFA↓, VEGFD↑), and signaling (IL8↓)

[32,33]

FTC-133

s-μg
RPM

7 d
14 d

• Morphology: formation of larger and numerous spheroids than
normal cells

• Gene expression of genes involved in cytoskeleton forming (ACTB↑,
TUBB↑, PFN1↑), growth (OPN↑, CPNE1↑, TGM2↑, NGAL↑, COL1A1↓,
VEGF↓→) and signaling (IL6↑, IL7↑, IL8↑, IL17↗, PBK→, CASP9↑,
ERK1/2↑, FLT1↑→, FLK1↑→)

• Protein content (MAP profiling): IL-6↑, MIP-1α↑, IL-1β↑, IL-1ra↑,
IL-12p40↑, IL-12p70↑, IL-15↑, IL-17↑, SCF↑, VEGF↓, NGAL↑

[16]

1.8× g
SAHC 2 h

• Life-cell imaging
• Gene expression of genes involved in cytoskeleton forming (ACTB↑,

EZR↑, RDX↑, MSN↑) and signaling (LCP1↑)
[19]

Vibration
Vibraplex 2 h

• Life-cell imaging
• Gene expression of genes involved in cytoskeleton forming (MSN↓)

and signaling

ANIMAL MODELS

s-μg
CN 5–7 d • Activity: less-responsive to TSH stimulation in terms of cAMP [58]

FRTL-5 (rat)
5g/9g
LSC 1 h

• cells functionally respond to the variable gravity force in
a dose-dependent manner in terms of cAMP production
following TSH-stimulation

[23]

r-μg
TEXUS-44 379 s

• Morphology: irregular shape, rearrangement of the cell membrane
• Activity: no response to TSH, shedding of TSH-R in the supernatant
• Protein content: Bax↑, sphingomyelin-synthase↑

[18]

r-μg
Space

91 d
• Morphology: increase in average follicle size
• Protein content: sphingomyelinase↑, sphingomyelin-synthase↑ [29,30]

Thyroid
gland

(mouse)
3 mo

• Morphology: thyroid follicles appeared more organized
• Protein content: caveolin-1↑, TSH-R↑ [1]

90 d • Protein content: HBME-1↑, galectin-3↑ [47]

2× g
centrifuge 90/91 d

• Protein content: TSHR↑ , caveolin-1↑, STAT3↓
• cholesterol↓ , cAMP→ [28,30]

AD, adherent cells; CN, clinostat; Dur., duration; d, day; h, hour; LSC, low speed centrifuge; MCS, multicellular
spheroids; mo, month; MuSIC, multi-sample incubator centrifuge; PFC, parabolic flight campaign; r-μg, real
microgravity; RPM, random positioning machine; s-μg, simulated microgravity; s, second; SAHC, short-arm human
centrifuge; ↑, upregulation; ↓, downregulation; ↗, slight upregulation; ↘, slight downregulation; →, not regulated.

Table 1 shows that normal, as well as cancerous, thyroid cells react to altered gravity conditions.
In addition to morphological changes (the induction of spheroid formation), primarily, the gene
expression of those genes, which are involved in cytoskeleton formation, cytoskeleton modulation,
and extracellular matrix, is altered. Up to now, it is difficult to say whether normal cells are
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more sensitive than cancer cells. Ivanova et al. found that long-term exposure to hypergravity
stimulated cGMP efflux in cultured human melanocytes and non-metastatic melanoma cells, whereas
highly-metastatic melanoma cells appeared to be insensitive to hypergravity, most probably due to
an upregulated cGMP efflux at 1× g [59].

At the current status, a statement of a differential gravity response of normal versus cancerous
thyroid cells is difficult. It cannot be excluded that experimental parameters, for example, radiation,
hardware geometry, cell density, and experiment operations during spaceflight as well as in ground
facilities influence the results. Thus, they have to be clearly defined and described. Further experiments
are needed to address the gravity impact on thyroid function with respect to the risk of astronauts to
develop thyroid cancer during long-term spaceflights.

5. Summary and Perspective

Life, as we know it in our planet, evolved not taking into account the effects of microgravity and
space radiation. The space environment induces several changes in thyroid glands under the influence
of the pituitary gland. These observations may be instrumental for developing protective measures
and countermeasures, to be adopted for the health and safety of all individuals exposed on Earth to
extreme living and/or working conditions, and to astronauts prior to exposing them to unpredictable
and unsustainable risks during long-term space flight missions.
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Abbreviations

2D Two-dimensional
3D Three-dimensional
fT3 Free triiodothyronine
fT4 Free thyroxine
g Gravity, acceleration
MCS Multicellular spheroids
MIB-1 Ki-67 equivalent antibodies
PKA Protein kinase A
PKC Protein kinase C
PPAR Peroxisome proliferator-activated receptor
RPM Random Positioning Machine
SM Sphingomyelin
STAT3 Signal transducer and activator of transcription 3
TSH Thyroid-stimulating hormone
TSHR Thyroid-stimulating hormone receptor
μg Microgravity
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Abstract: Several years ago, we detected the formation of multicellular spheroids in experiments with
human thyroid cancer cells cultured on the Random Positioning Machine (RPM), a ground-based
model to simulate microgravity by continuously changing the orientation of samples. Since then,
we have studied cellular mechanisms triggering the cells to leave a monolayer and aggregate to
spheroids. Our work focused on spheroid-related changes in gene expression patterns, in protein
concentrations, and in factors secreted to the culture supernatant during the period when growth is
altered. We detected that factors inducing angiogenesis, the composition of integrins, the density of
the cell monolayer exposed to microgravity, the enhanced production of caveolin-1, and the nuclear
factor kappa B p65 could play a role during spheroid formation in thyroid cancer cells. In this
study, we performed a deep proteome analysis on FTC-133 thyroid cancer cells cultured under
conditions designed to encourage or discourage spheroid formation. The experiments revealed more
than 5900 proteins. Their evaluation confirmed and explained the observations mentioned above.
In addition, we learned that FTC-133 cells growing in monolayers or in spheroids after RPM-exposure
incorporate vinculin, paxillin, focal adhesion kinase 1, and adenine diphosphate (ADP)-ribosylation
factor 6 in different ways into the focal adhesion complex.

Keywords: cellular compartments; mass spectrometry; proteomics; pathway analysis; random
positioning machine

1. Introduction

Multicellular spheroids (MCS) are interesting models of cancer [1,2]. They resemble natural
tumors more than cell monolayers, but they are not as complex as those [3]. Spheroids may be
generated in various ways [1]. One example is their exposure to real (r-μg) and simulated microgravity
(s-μg) [3]. s-μg can be achieved by application of the Random Positioning Machine (RPM), a device
created to simulate microgravity on Earth. During RPM-exposure, human cells are oriented randomly
with respect to the gravity vector, so that cell sedimentation does not occur [3]. In addition, the RPM is

Int. J. Mol. Sci. 2017, 18, 546 175 www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2017, 18, 546

an interesting tool for novel applications, such as three-dimensional cell culturing as well as tissue
engineering [3].

Technical characteristics for microgravity-dependent spheroid formation include the following:
matrices are not required, frictional forces are extremely low, and cell-cell contact is established
by cell surface features. Spheroid formation under microgravity in vitro includes a cell leaving
a two-dimensional monolayer and joining neighbor cells in a three-dimensional manner. This process
is supposed to mirror, in part, the change of a cancer cell’s kind of growth in vivo as it is observed
during metastasis [4]. Hence, knowing the detailed cellular changes of spheroid formation may
provide information about cellular events occurring during metastasis.

For more than a decade we have aimed to define the cellular mechanisms causing the transition
from two- to three-dimensional growth in cells cultured under r-μg or s-μg. Meanwhile, we know
that subconfluent cultures of FTC-133 thyroid cancer cells divide into two populations when they are
exposed to r-μg or s-μg [5,6]. One continues to grow adherently on the bottom of the culture dish
and the other one forms three-dimensional aggregates (spheroids), which detach from the surface of
the culture dish and float in the culture medium. Interestingly, FTC-133 cells do not form spheroids
when they are exposed to s-μg created by an RPM or r-μg during spaceflight after previously forming
confluent monolayers [7]. Under these conditions, all cells continue to grow within a monolayer,
independent of the gravitational force they are exposed to.

In order to gain more information about the molecular mechanisms causing this differential
growth behavior, we studied FTC-133 cells after encouraging or discouraging spheroid formation
in vitro [5–7]. The harvested samples were analyzed by applying microscopy, gene array technology,
quantitative real time-PCR, and Multi-Analyte Profiling with the aim to examine cell morphologies,
gene expression patterns, and proteins which could be associated with the transition from a two- to
a three-dimensional growth pattern [5,6,8,9]. Taken together, these efforts revealed that exposure of
FTC-133 cells to microgravity enhances apoptosis and promotes nuclear factor kappa B (NFκB) p65
activities, while the caveolin 1 (CAV-1) gene is down-regulated during spheroid formation [6,10–12].
Most interestingly, several factors triggering angiogenesis were found in supernatants of thyroid
cells exposed to the RPM [8]. In addition, Western blotting and mass spectrometry (MS) experiments
revealed increased concentrations of several proteins, including vinculin, during growth on the RPM,
while caveolin-1 proteins were enriched in confluent FTC-133 cultures which do not form spheroids,
even if incubated on a RPM [7,12].

In this study, we applied advanced MS [13] and analyzed cells harvested after growth under five
distinct conditions, as shown in Table 1. The proteins detected were assigned to their original cell
compartments and the canonical pathways, wherein they are active, were assigned using modern
computer programs. Thereby, we recognized that different proteins regulating the structure of the focal
adhesion complexes were detectable in spheroid forming cells compared to cells that continued an
adherent growth under equal conditions. The results challenged the conclusion that variable structures
of the cell adhesion complex determine whether the cell leaves or perseveres in a given cell monolayer.

Table 1. Cell preparation and number of proteins detected.

Culture Condition 1 2 and 3 4 5 and 6

Sample Number #1 #2 #3 #4 #5
Pre-incubation 2 days 2 days 5 days 5 days

Following 3 days incubation under . . . 1g s-μg 1g s-μg
Kind of growth at time of harvest Adherent Spheroid Adherent Adherent Adherent

Number of proteins detected 4419 4505 4544 4621 4961
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2. Results and Discussion

2.1. Spheroid Formation

In the present study, three flasks completely filled with cell suspension were incubated under
each of the different culture conditions shown in Table 1. At the time of harvest, cells grown according
to culture conditions 1, 4, 5, and 6 had formed monolayers only, while cells incubated under culture
conditions 2 and 3 were separated into two parts: one grew as spheroids; the other one within adherent
monolayers (Table 1). Hence, by these in vitro experiments, we reproduced earlier studies where
FTC-133 thyroid cancer cells formed monolayers in plastic flasks if incubated under normal gravity.
When subconfluent monolayers of this cell type were exposed to a spaceflight or to an RPM, one part
of their cells formed spheroids [5,6]. Interestingly, spheroid formation did not occur when confluent
monolayers were grown on the RPM or in space [7]. After harvest, the cells of three flasks of the same
condition were pooled. This way, we obtained five samples (Table 1) usable for mass spectrometry
(MS). Sample 1 contained cells grown in a monolayer, cultured under culture condition 1. Sample 2
included cells that formed spheroids under culture conditions 2 and 3, sample 3 was comprised of
cells grown adherently under culture conditions 2 and 3. Sample 4 contained cells cultured under
culture condition 4 and grown in a monolayer, as well as sample 5, which comprised cells grown as
a monolayer only, although the cells had been cultured on the RPM (see culture conditions 5 and 6).
As no spheroids were found when confluent monolayers were exposed to the RPM, a sample 6 could
not be collected. All the samples were flash frozen immediately after harvest and stored until their
preparation for MS.

2.2. Quantitative Overview on Proteins Detected by Mass Spectrometry

In order to see possible differences in the protein expression of the FTC-133 cells cultured
under different conditions, MS was performed on the cell preparations of each of the five samples
indicated above. The analyses revealed a total of 5924 different human proteins in FTC-133 cells.
Of those, 3841 proteins were detected in all cells, independent of their incubation history. A total
of 4419, 4505, 4544, 4621, and 4961 proteins were found in samples 1, 2, 3, 4, and 5, respectively
(Table 1). Hence, applying modern electrospray ionization (ESI) MS technology we found much
more than the 821 different proteins which we had detected about eight years ago when we applied
matrix-assisted laser desorption/ionization (MALDI) technology after protein pre-separation with the
help of electrophoretic techniques [14,15]. Interestingly, we confirmed more than 95% of the proteins,
which had been detected previously in the examined thyroid cell lines FTC-133, ML-1, CGTH-W1, and
HTU-5. Of the 35 proteins detected previously but not in the current experiment, 22 were present in
ML-1, HTU-5, or CTGH-W1 cells, but only 15 were detectable in FTC-133 eight years ago. The first
result might be explained by differences in the protein patterns in different thyroid cell lines. The second
result could be due to a shift of isoforms as carbonic anhydrase 12, secernin 1, and high mobility group
protein 1-like 10 appeared now instead of carbonic anhydrase 13, secernin 2, and high mobility group
protein 1-like 1. However, it could also be due to the pre-separation procedure performed earlier as, for
example, most of these proteins had either a rather high or low isoelectric point [16].

In order to gain information about the biological roles of the proteins detected by MS, we
assigned the detected FTC-133 proteins to their original cellular compartments using Elsevier Pathway
Studio®software. The analysis revealed that the coverage of major cellular compartments by the
detected proteins was very similar in all cells treated by the different incubation methods. For example,
100% of all proteins typical for large ribosomal subunits and 93% of proteins characteristic for small
ribosomal proteins were found in all five samples, while on average 27.6%, 30.2%, and 29.6% of
known human membrane, cytoplasmic, and nuclear proteins, respectively, were detected (Table 2).
Furthermore, less than 21% of proteins normally secreted into the extracellular space were detected
in each sample. This may be explained by the washing of the cell samples prior to protein analysis.
However, proteins of other cellular components such as mitochondria, endoplasmic reticulum, and

177



Int. J. Mol. Sci. 2017, 18, 546

nucleolus were found at average rates of 48.8%, 36.8%, and 49.8%, respectively, and of the focal
adhesion complexes at 65% (Table 2). Comparing the numbers of Tables 1 and 2, one may suggest
that MS revealed around 40% of the proteins that can be found in the human cell proteome [13].
Of course, a protein not detected in our study does not directly imply that the protein is not expressed
in FTC-133 cells.

Table 2. Percentage of proteins of cellular compartments covered by the detected proteins.

Cellular Compartment Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Secreted proteins 19% 19% 19% 20% 21%
Membrane 27% 27% 27% 28% 29%

Nucleus 29% 29% 29% 30% 31%
Cytoplasm 29% 30% 30% 30% 32%

Golgi apparatus 31% 31% 32% 34% 35%
Cytoskeleton 33% 33% 34% 35% 37%

Endoplasmic reticulum membrane 35% 36% 37% 36% 39%
Endoplasmic reticulum 36% 36% 37% 36% 39%

Perinuclear region of cytoplasm 37% 38% 37% 38% 40%
Intracellular-membrane-bounded organelle 37% 37% 38% 39% 40%

Endosome 38% 38% 38% 40% 41%
Cytosol 38% 39% 39% 40% 42%

Extracellular exosome 41% 43% 42% 44% 45%
Nucleoplasm 42% 42% 42% 42% 45%

Mitochondrion 49% 48% 49% 48% 50%
Nucleolus 50% 50% 50% 49% 50%

Nuclear speck 51% 50% 50% 50% 57%
Mitochondrial inner membrane 60% 60% 61% 61% 62%

Focal adhesion 63% 64% 65% 65% 68%
Mitochondrial matrix 65% 62% 63% 65% 63%
Spliceosomal complex 68% 69% 66% 66% 71%

Ribonucleoprotein complex 72% 72% 71% 72% 73%
Mitochondrial small ribosomal subunit 93% 93% 93% 93% 93%

Large ribosomal subunit 100% 100% 100% 100% 100%

2.3. Coverage of Different Canonical Pathways by the Proteins Detected in Different Cell Samples

In further experiments, we sought information about the signaling behavior of the detected
proteins by applying Ingenuity Pathway Analysis (IPA). This in silico method revealed 478 canonical
pathways, in which the detected proteins covered at least 20% of the pathways’ proteins. A total of
229 of the indicated pathways comprised more than 20 contributing proteins. First, we took a closer
look at pathways including caveolin 1 (CAV-1), which according to earlier results appears to inhibit
spheroid formation [3,7]. This protein was detected by Western blotting (Figure 1). In MS measurement,
it showed Label-free Quantitation (LfQ) values of 6.47 × 109, 5.35 × 109, 9.25 × 109, 12.57 × 109, and
12.86 × 109 in samples 1, 2, 3, 4, and 5, respectively. The numbers clearly indicated that the spheroid
forming cells (sample 2) produced less CAV-1 proteins than the controls (sample 1), while in samples
3–5 the cells produced more CAV-1. This result corresponds to the gene analyses described in [6,11].
It was partially confirmed by Western blot analysis shown in Figure 1C.

CAV-1 was found as a member of the following pathways: caveolar-mediated endocytosis
signaling, endothelial nitric oxide synthase (eNOS) signaling, G beta gamma signaling, gap junction
signaling, Gαi signaling, integrin signaling, nitric oxide signaling in the cardiovascular system,
platelet-derived growth factor (PDGF) signaling, and virus entry via endocytosis. It is not known via
which one of these pathways CAV-1 exerts its inhibition of spheroid formation. Therefore, based on
earlier studies [17,18], we examined the proteins detected in samples 2 and 3 that are known to be
members of the integrin signaling pathway first.
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Figure 1. Western blot analyses and densitometric evaluation of FTC-133 cells exposed to culture
conditions 1–5, normalized to the total protein content: (A) The c-Jun N-terminal kinase 1 (JNK-1)
protein was not significantly altered when subconfluent monolayers were exposed to the Random
Positioning Machine (RPM) for 3 days (d). JNK-1 was significantly reduced in adherent cells
(AD) from culture condition 5 compared to that of the 1g-condition; (B) Vinculin was reduced in
cells of multicellular spheroids (MCS) compared to that of AD (culture condition 3), and in AD
1g compared to that in AD (culture condition 3); (C) Caveolin 1 (Cav-1) protein was significantly
reduced in MCS compared to that with 1g and AD (RPM); (D) Nuclear factor kappa B (NFκB) p65
protein was significantly decreased in the AD-RPM samples compared to that of the corresponding
1g-condition (culture condition 4); (E) Focal adhesion kinase 1 (FAK-1 also known as protein tyrosine
kinase 2 or PTK2) protein was elevated in the AD of culture condition 5 compared to that in 1g;
(F) Glycerinaldehyd-3-phosphat-Dehydrogenase (GAPDH) densitometric evaluation, normalized to
the total protein content (Ponceau S red stain); (G) Western blot bands. * p < 0.05; n = 5 samples
per group.

According to the IPA tool, the integrin signaling pathway comprises 207 proteins. We detected 98
and 102 of them in cells which grew in spheroids (sample 2) or monolayers (sample 3), respectively,
although they had been subjected to equal conditions (see Table 1: culture condition 2 and 3) within
the same flask. Amongst them were a considerable number of various types of membrane proteins
including integrins, which had not been removed from the cells during the various wash steps. To our
surprise, nuclear proteins linked to the integrin signaling pathways were not detected (Figure 2).
Studying the 98 and 102 proteins mentioned above in detail, we found that 96 of the proteins detected
in samples 2 and 3 and belonging to the integrin signaling pathway were identical. Only two of the
98 proteins of sample 2 and six of the 102 proteins of sample 3 were unique (Figure 2).
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Figure 2. The interaction and localization of proteins belonging to the integrin signaling pathway and
found in samples 2 and/or 3. The focal adhesion proteins paxillin (PXN), vinculin (VCL), PTK2 as
well as ADB-ribosylation factor 6 (ARF6), marked by a green rim, may be influenced by the protein
of ASAP1 (Arf-GAP with SH3 domain, ANK repeat and PH domain-containing protein 1), marked
by a red rim, found only in sample 2 as well as by p130cas and Mitogen-activated protein kinase 8
(MAPK8) proteins, marked by a blue rim, found only in sample 3. Arrows indicate interaction; schemes
of a membrane bilayer, a nucleus (circle) and a mitochondrion outline localization.

One of the proteins of the integrin pathway found only in sample 2 was the ASAP1 protein
(Arf-GAP with SH3 domain, ANK repeat and PH domain-containing protein 1). As we demonstrated
by Elsevier Pathway Studio® analysis, this protein interacts with several other proteins (Figure 2).
Amongst them are vinculin (VCL), a rather abundant protein detectable by MS with an average LfQ
of 11.82 × 109, and less abundant proteins such as paxillin (PXN) with an average LfQ value of
0.46 × 109, focal adhesion kinase 1 (PTK2, average LfQ = 0.72 × 109) as well as ADP-ribosylation factor
6 (ARF6, average LfQ = 0.6 × 109) (Figure 2). Their presence could be confirmed by Western blotting
(Figure 1). ASAP1 regulates membrane traffic and cytoskeleton organization [19] and influences cell
spreading and migration [20]. Directed by the Crk-like protein, it accumulates within the focal adhesion
complex [21]. There, it co-localizes with PXN and VCL, which are able to bind to each other [19,22],
and ASAP1 associates also with the focal adhesion kinase. Under unknown conditions, ASAP1 may
cause a repositioning of PXN and focal adhesion kinase within the focal adhesion complex, which
retards cell spreading [23]. ASAP1 has also been observed to bind to ARF6 [24]. This binding appears
to facilitate the recruitment of ASAP1 to the focal adhesion complex [25]. Interestingly, the ASAP1
gene was up-regulated in adherent FTC-133 cells after 24 h of incubation [11]. However, after 10 d in
space, the ASAP1 gene was 7-fold down-regulated in adherent cells, while it remained unregulated in
spheroid cells [5].
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The p130cas and MAPK8 (Mitogen-activated protein kinase 8) protein, which both are members
of the integrin signaling pathway, were detected in sample 3 but not in sample 2. The p130cas protein
(see BCAR1, breast cancer anti-estrogen resistance protein 1, in Figure 2) interacts also with PXN,
VCL, and PTK2. Paxillin is a membrane protein that regulates cell-matrix interaction, and associates
with p130cas [26]. When PXN-p130cas complexes are phosphorylated, they constitutively activate cell
migration by inducing gene 5 proteins (RAC1) to abolish shear stress induced cell polarization [27].
Phosphorylation occurs by interaction with focal adhesion kinase after cell adhesion [28,29]. p130cas
interacts also with VCL in focal adhesion complexes that mediate cell-matrix interactions in the
presence of PXN [30,31]. MAPK8 proteins signal shear stress to focal adhesion sites in endothelial
cells [32]. Its activation is controlled by ARF6 [33]. In human multiple myeloma cells, the expression
of MAPK8 and interleukin-8 genes is suppressed simultaneously by azidothymidine [34]. Recently,
we found that MCF-7 breast cancer cells enhance interleukin-8 gene expression only in adherent cells
treated just as the cells of sample 3 [35]. In addition, when a population of FTC-133 was flown through
the orbit on a Chinese rocket (Shenzhou-8 space mission), the MAPK8 gene was up-regulated in the
cells remaining adherent. This suggested that a strengthening of the MAPK8 signal over extracellular
shear forces could hinder the cells to aggregate to floating spheroids. The conclusion has still to be
confirmed, as the c-Jun N-terminal kinase 1 (JNK-1), which is also called MAPK8, was, according to
Figure 1A, similar in MCS and adherent cells, both harvested from culture condition 2 and 3.

Taken together, the results shown in Figure 2 suggest that composition and interaction of PXN,
VCL, PTK2, and ARF6 are strongly influenced by ASAP1 when cells form spheroids (sample 2).
When FTC-133 cells grow in monolayers, even under conditions of microgravity (sample 3), the same
proteins are predominantly affected by p130cas and MAPK8. Enhanced ASAP1 appears to weaken the
focal adhesion complexes, so that the removal of sedimentation forces together with minimal shear
forces present in culture flasks on the RPM may trigger the cells to detach from the bottom of the
culture flask but anchor to neighboring cells [6,36]. At the same time, a predominance of p130cas
appears to strengthen lamellipodia [28] as well as cell-matrix interaction [30] via PXN [26], which
facilitates continued adherent growth.

Furthermore, we looked at the angiopoietin pathway. It comprises 66 proteins, 22 of which were
detected in sample 2. In sample 3, the 22 proteins of sample 2 were also found plus an additional seven
(Figure 3). Nineteen of the 29 proteins detected in samples 2 and 3 belong to both the angiopoietin
and the integrin signaling pathways. The finding of proteins of the angiopoietin pathway was not
surprising; we had repeatedly found increased gene expression and protein secretion of vascular
endothelial growth factor (VEGF) of the neutrophil gelatinase-associated lipocalin, osteopontin, and
the interleukins 6 and 17 in thyroid cancer cells, suggesting that factors of the angiopoietin pathway
may play a role in spheroid formation of FTC-133 cancer cells [5,8,37]. In this proteome study, no
membrane-bound receptor for VEGF or any other of the factors mentioned above could be detected
in the thyroid cells. Of the ten proteins belonging to the angiopoietin but not the integrin signaling
pathway, four proteins were found in sample 3 (adherent cells) but not in sample 2 (spheroids). One of
these was Ras GTPase-activating protein 1 (RASA1), which can bind to paxillin and to PTK2 and
supports cell migration and surface ruffling [38,39]. In addition, it forms a complex with survivin [40],
which accumulates CHUK protein (Inhibitor of nuclear factor kappa-B kinase subunit alpha) in the
nucleus [41]. There, CHUK protein together with IkBKB (Inhibitor of nuclear factor kappa-B kinase
subunit beta) regulates nuclear factor kappa B activity [11,42].
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Figure 3. The interaction and localization of proteins, belonging to the angiopoietin signaling pathway
and found in samples 2 and/or 3. All proteins marked by a uniform green or blue rim were found
in samples 2 and 3, while the proteins of CHUK, IKBKB, BIRC5, RAS1, PIK3R2, PAK1IP1 and AKT2,
marked by a upper half red rim were found only in sample 3. Proteins of CHUK, IKBKB, BIRC5,
RAS1, IKBKAP, IKBKG, PTPN11, NFKB1, NFKB2 and RELA belong to the angiopoietin pathway only.
The rest of the proteins belong to the integrin signaling and the angiopoietin pathway simultaneously.
Arrows indicate interaction, while T-bars show inhibition; schemes of a membrane bilayer, a nucleus
(circle) and a mitochondrion outline localization.

3. Discussion

The proteome analysis of FTC-133 thyroid cancer cells cultured under various conditions revealed
more than 5900 proteins of this cell line. The proteins detected represent about 40% of proteins
possibly produced in human cells [13]. Their quantities ranged from 107 to 1011 LfQ values. Advanced
analysis of the detected proteins in regard to their association to the integrin signaling pathway and
the angiopoietin pathway challenged the following conclusions: In cells forming spheroids during
three days of culture under s-μg, the levels of CAV-1 and p130cas proteins are reduced, but ASAP1
production is enhanced. Under this condition, proteins PXN, VCL, and PTK2 may be positioned within
the focal adhesion complex in a way that favors cell detachment from the bottom of a culture flask
and mutual attachment. The continuation of adherent growth could be supported by accumulation of
p130cas protein in individual cells. In order to prove this hypothesis, we shall investigate the structural
changes of the cell adhesion complex applying methods described recently [43].

4. Materials and Methods

4.1. Cell Culture

FTC-133 human follicular thyroid carcinoma cells [44] were cultured in RPMI 1640
(Life Technologies, Naerum, Denmark) medium supplemented with 10% fetal calf serum (Biochrom
AG, Berlin, Germany) and 1% penicillin/streptomycin (Life Technologies, Naerum, Denmark) under
standard cell culture conditions at 37 ◦C and 5% CO2. Prior to culturing under different conditions,
1 × 106 cells were counted and seeded into T25 cm2 vented cell culture flasks (Sarstedt, Newton, MA,
USA). Twelve of these T25 cm2 culture flasks each containing 106 cells were incubated at 37 ◦C for two
days until the cells formed sub-confluent monolayers. Afterwards, three flasks were put nearby the
RPM (culture condition 1), while another three were mounted on the RPM (culture conditions 2 and 3).
Then, each of these flasks was incubated for another three days prior to harvest. The six remaining
flasks continued to be cultured for another three days under normal gravity until the monolayers had
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reached confluence. Then, again, three of the six flasks were put nearby the RPM (culture condition 4),
while the other three were mounted on the RPM (culture conditions 5 and 6). These flasks were also
incubated for another three days until harvest (Table 1). Therefore, the main difference between culture
conditions 1 and 4 as well as between culture conditions 2 and 3 and culture conditions 5 and 6 is the
length of the period of pre-incubation. These cell culture samples were used for MS. For the Western
blot analyses, we repeated these experiments (n = 5 per condition).

4.2. Random Positioning Machine

A desktop RPM (Airbus Defense and Space, Leiden, The Netherlands) was placed in a commercially
available incubator at 37 ◦C and 5% CO2. The RPM was used in real random mode with random speed
and random interval and a maximum speed of 75◦/s. The flasks were fixed to the central frame, as near
as possible to the center of rotation, and were rotated for 3 days. Corresponding static normal gravity
controls (1g) prepared in parallel were stored next to the device in the same incubator during the time
of rotation. Each flask was completely filled with complete medium, taking care that no air bubbles
remained in the cell culture flasks in order to minimize shear stress. The mode of action and the
effectiveness of this machine at preventing cell sedimentation have been described previously [45,46].

4.3. Cell Harvest

First, the supernatant of each T25 cm2 culture flask was collected and centrifuged at 4◦C
for spheroid collection. After centrifugation, the supernatant was carefully aspirated, and the
spheroids were collected, washed in phosphate buffered saline (PBS, Gibco, Life Technologies, Naerum,
Denmark), and stored in liquid nitrogen. To harvest the adherent cells, 5 mL of ice-cold PBS were
carefully added to each T25 cm2 flask. The supernatant was then aspirated and the cells were scraped
off with a scraper. The cell suspension was collected and centrifuged at 4 ◦C. The PBS was discarded
and the dry pellet was washed with PBS and stored in liquid nitrogen.

4.4. Mass Spectometry

Cells were lysed in a buffer containing 6 M guanidium hydrochloride, 20 mM TCEP
(tris(2-carboxyethyl)phosphine), and 40 mM chloroacetamide in 25 mM Tris pH 8.0. Lysis buffer,
preheated to 95 ◦C, was added to the cells and sonicated using a Bioruptor plus water bath sonicator
(Diagnode, Seraing, Belgium). The lysates were heated again at 95 ◦C for 2 min, followed by one more
sonication step at maximum power settings for ten cycles. Following complete lysis, the sample was
diluted 10-fold with 25 mM Tris pH 8.0 and digested overnight at 37 ◦C with endoproteinase Lys-C
(Wako Chemicals GmbH, Neuss, Germany) at a 1:50 protein ratio. The digested peptides were then
purified and concentrated on three plugged SDB-XC StageTip [47].

For the liquid chromatography-mass spectrometry analysis, about 2 μg of peptides were loaded onto a
15 cm, 75 μm I.D column packed with 1.9 μm C18 beads (Maisch GmbH, Ammerbuch, Germany) using the
Thermo easy n-LC 1000 system (Thermo Scientific, Waltham, MA, USA) and were separated over a 120-min
gradient with buffer A (0.1% formic acid) and buffer B (0.1% formic acid and 80% acetonitrile). The LC
(liquid chromatography) column was maintained at a constant temperature of 45 ◦C using a column oven
(Sonation, Biberach, Germany). The peptides eluting from the column were directly sprayed into a
Q Exactive HF mass spectrometer (Thermo Scientific, Waltham, MA, USA) via a nano-electrospray
ionization source (Thermo Scientific, Waltham, MA, USA) [48]. The mass spectrometer was operated
in a data-dependent top 15 mode. Survey scans and fragmentation scans were acquired at resolutions
of 60,000 and 15,000 respectively (m/z = 200). Fragmentation was performed on precursors isolated
within a window of 1.4 m/z with a normalized collision energy setting of 27.

Raw data from the mass spectrometer were processed using MaxQuant computational proteomics
platform version 1.5.2.22 (Computational Systems Biochemistry, Max-Planck-Gesellschaft, Munich,
Germany) [49] using the standard parameters. Relative protein concentration was performed using
the LfQ algorithm (label-free quantitation) as described elsewhere [50].
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4.5. Pathway Analysis

To investigate and visualize the original localization and the mutual interactions of detected
proteins, we entered relevant UniProtKB entry numbers in an Elsevier Pathway Studio®v.11 software
(Elsevier Research Solutions, Amsterdam, The Netherlands). To assign detected proteins to canonical
pathways, the Ingenuity Pathway Analysis (IPA) with Advanced Analytics client (CL) (Qiagen GmbH,
Hilden, Germany) was applied, also entering relevant UniProtKB entry numbers.

4.6. Western Blot

Western blotting, immunoblotting, and densitometry were performed as described earlier [17].
We used the biorad ChemiDoc XRT+ device. The antibodies used to detect and quantify the antigens
are listed in Table 3. The applied secondary antibody, a Horseradish peroxidase (HRP)-linked antibody
was utilized at a dilution of 1:4000 (Cell Signaling Technology, Inc., Danvers, MA, USA). In addition,
we used glyceraldehyde 3-phosphate dehydrogenase (GAPDH; dilution: 1:1000). Ponceau S red
staining was used as an alternative to housekeeping proteins as loading controls. The membranes
were analyzed using ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA;
http://rsb.info.nih.gov/ij/), for densitrometric quantification of the bands. Ponceau S was evaluated
according to [51]. Statistical analyses were performed as previously published [17].

Table 3. Antibodies applied for Western blot analysis.

Antibody Dilution Company Molecular Weight Catalog Number

Anti-JNK1 1/1000 Abcam 48 kDA ab110724
Anti-FAK 1/1000 Abcam 125 KDA (119 kDA) ab40794

Anti-Vinculin 1/1000 Abcam 130 kDA ab18058
Anti-Caveolin-1 1/1000 Abcam 22 kDA ab2910
Anti-NfκB p65 1/1000 Cell-Signaling 65 kDA #C22B4
Anti-GAPDH 1/1000 Cell-Signaling 37 kDA #5174
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Abbreviations

AD Adherent cells
AKT1 RAC-alpha serine/threonine-protein kinase 1
ARF6 ADP-ribosylation factor 6
ASAP1 Arf-GAP with SH3 domain, ANK repeat and PH domain-containing protein 1
BIRC5 Baculoviral inhibitor of apoptosis repeat-containing 5; Survivin
CAV-1 Caveolin 1

CHUK
Conserved helix-loop-helix ubiquitous kinase; Inhibitor of nuclear factor kappa-B kinase subunit
alpha (IKK-α)

GAPDH Glycerinaldehyd-3-phosphat-Dehydrogenase
HRP Horseradish peroxidase
IKBKB Inhibitor of nuclear factor kappa-B kinase subunit beta
JNK1 c-Jun N-terminal kinase 1 or Mitogen-activated protein kinase 8
LfQ Label-free Quantitation
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MAPK8 Mitogen-activated protein kinase 8
MCS Multicellular tumor spheroids
MS Mass Spectrometry
NFκB Nuclear factor kappa B
PAK1IP1 P21-activated protein kinase-interacting protein 1
PIK3R2 Phosphoinositide-3-kinase regulatory subunit 2
PTK2 Protein tyrosine kinase 2, focal adhesion kinase 1 (FAK1)
PXN Paxillin
Ras1 Ras-like protein 1
r-μg Real microgravity
RPM Random positioning machine
s-μg Simulated microgravity
VCL Vinculin
VEGF Vascular endothelial growth factor
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Abstract: Radiation-induced damage is a complex network of interlinked signaling pathways, which
may result in apoptosis, cell cycle arrest, DNA repair, and cancer. The development of thyroid cancer
in response to radiation, from nuclear catastrophes to chemotherapy, has long been an object of study.
A basic overview of the ionizing and non-ionizing radiation effects of the sensitivity of the thyroid
gland on radiation and cancer development has been provided. In this review, we focus our attention
on experiments in cell cultures exposed to ionizing radiation, ultraviolet light, and proton beams.
Studies on the involvement of specific genes, proteins, and lipids are also reported. This review
also describes how lipids are regulated in response to the radiation-induced damage and how they
are involved in thyroid cancer etiology, invasion, and migration and how they can be used as both
diagnostic markers and drug targets.

Keywords: radiation; thyroid cancer; cancer genes; lipid metabolism

1. Introduction

Radiation includes ionizing radiation (IR) and non-IR. IR can be distinguished in photon radiation
(X- and γ-rays) and particle radiation (such as electrons, protons, neutrons, carbon ions, and alpha and
beta particles). IR has enough energy to free electrons from atoms or molecules ionizing them. Non-IR
includes ultraviolet (UV), visible light laser, infrared, microwaves, and radio waves.

It is generally accepted that high acute doses of IR may be harmful to living organisms. In radiation
accidents, the determination of the radiation dose is a key step for medical decisions and patient
prognosis. The estimation of the absorbed dose aids in establishing the risk for acute or chronic
health effects, up to months or years after irradiation [1]. The acute radiation syndrome is caused
by the exposure to high IR during a short period of time, causing depletion of parenchymal cells in
a tissue [2]. Therefore, the doses and duration of radiation exposure are critical for humans. Until
now, radiation is largely used in clinical diagnostics and therapy with remarkable clinical benefits
for patients. Radiotherapy is essentially based on both X- and γ-rays, which provide photons that
are able to specifically penetrate the target and that can be captured on film [3]. Proton therapy
uses proton beams that do not traverse the target but stop at an energy-dependent depth within the
target with no exit dose [3]. Despite positive diagnostic and therapeutic aspects, the inappropriate
use of computed tomography, leading to cancer risk, has been drawing attention for many years [4].
Additionally, the chronic radiation syndrome, ranging from dose-limiting toxicity to the increased
risk of secondary cancers following radiation in patients, should always be considered [5]. To this
end, adaptive responses to low radiation doses have been widely studied both in vitro and in vivo
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to ascertain the biological mechanism of radiation action. Radiation-induced signaling pathways in
different tissues via EGFR, IGFI-R, PI3K, MAPK, JNK, and p38, as well as via FAS-R, TNF-R, and
NFKB, have been reviewed [6].

2. Sensitivity of the Thyroid Gland to Radiation and Cancer Development

Although classically considered resistant to acute effects of radiation [7], the thyroid has actually
proved to be particularly sensitive to the long-term effects of radiation exposure as demonstrated in
studies of human subjects exposed to sublethal radiation doses [8]. More epidemiological studies
were performed. It has been demonstrated by analyzing young adults exposed to radiation during
childhood. A screening study of 11,970 residents of Belarus aged ≤18 years at the time of the Chernobyl
nuclear accident showed a risk for neoplastic nodules significantly higher than for non-neoplastic
nodules [9]. High amounts of radiation caused a significant increase in the incidence of thyroid gland
carcinoma, as observed in several nuclear catastrophes such as Hiroshima, Nagasaki, Chernobyl,
and more recently, Fukushima [10]. The effects of radiation in inducing thyroid nodules have been
demonstrated in atomic bomb survivors from 62 to 66 years after exposure during their childhood [11].
The analysis of thyroid consequences of the 2011 Fukushima nuclear reactor accident showed that
35% of the residents developed thyroid nodules and/or cysts [12]. The study of the survivors in
Hiroshima and Nagasaki has demonstrated that the risk for thyroid cancer was significantly higher
if IR exposure occurred at pediatric ages [9]. Exposure to low or moderate doses of IR appeared to
specifically increase the risk of thyroid papillary microcarcinoma, even when exposure occurred during
adulthood [13]. Richardson [14] stated that exposure to IR in adulthood was positively associated with
thyroid cancer among female survivors from atomic bombs (excess relative rate/Gray (Gy) = 0.70;
90% confidence interval = 0.20–1.46), although the risk seemed to be lower if they were exposed to
radiation in their childhood. Ron et al. [15] compared atomic bomb survivors, children treated for tinea
capitis, children irradiated for enlarged tonsils, and infants irradiated for an enlarged thymus gland
with two case controls of untreated patients with cervical cancer and childhood cancer. The authors
reported that the risk to develop thyroid cancer was correlated with age and sex. In fact, in childhood,
the pooled excess relative risk per Gy (ERR/Gy) was 7.7 (95% CI = 2.1, 28.7) and the excess absolute
risk per 10(4) PY Gy (EAR/10(4) PY Gy) was 4.4 (95% CI = 1.9, 10.1); the excess relative risk was greater
(p = 0.07) for females than males. Holm affirmed that, usually, the excess relative risk for thyroid
cancer started 5–10 years after radiation exposure and continued until at least 40 years after exposure;
it was correlated more to the early age (prior to five years of age) than to the sex [16]. Exposure to 131I
during childhood was associated with an increased risk of thyroid cancer and both iodine deficiency
and iodine supplementation appeared to modify such risk [17]. Robbins and Schneider confirmed
the importance of the age, youth being a risk factor. Although the clinical use of radioiodine has not
been reported to cause thyroid cancer, a low number of patients with cancer were young children and
the studied cohorts were too small (consisting of 17 to 191 patients) to provide the statistical power
to detect such a relatively rare event [18]. Among 585 patients with neck radiation, seven survivors
developed papillary thyroid carcinoma (PTC). This indicates that, in adult survivors of cancer during
their childhood or young adulthood with a history of radiation therapy to the neck for cancer, an
annual physical exam should be considered appropriate as a thyroid cancer screening strategy [19].
Patients with head and neck squamous cell carcinoma showed a strong incidence of a subsequent
primary thyroid cancer during the first 5 years after diagnosis and IR-treatment, supporting the concept
that continued surveillance of thyroid status is important in this scenario [20]. Molecular mechanisms
(genes, proteins, and lipids) that played a role in radiation-induced damages were reported in the
following paragraphs.

3. Genes and Proteins Involved in Radiation-Induced Cancer

Advances in biochemistry and molecular biology have allowed the identification of the IR and
non-IR molecular events in the thyroid gland (Figure 1).
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Both IR and UV induced enhanced production of free oxygen radicals and modified pro-oxidant
states [21]. However, the greatest damage to proteins and nucleic acids were with IR.

Figure 1. Effects of IR and UV in the thyroid gland. Synopsis of the main literature in the field [22–45].
HLA-DR: human leukocyte antigen-DR; RET/PTC: rearranged during transfection/papillary thyroid
carcinoma; PKC: protein kinase C; MAPKK7: mitogen-activated protein kinase 7; JNK: c-Jun
NH2-terminal kinases; IR: ionizing radiation; UV: ultraviolet rays; ROS: reactive oxygen species.
Some graphical elements were taken from the Servier Medical Art Library, available from http:
//www.servier.com/Powerpoint-image-bank under Creative Commons Attribution 3.0 Unported
License. Up-arrows, increase; down-arrows, decrease.

3.1. Ionizing Radiations

IR directly and/or indirectly causes oxidative stresses to the biological systems at the local or
systematic level by influencing aging, genetic destabilization and mutagenicity, membrane lysis and
cell death, alteration of enzymatic activities and metabolic events, mitochondrial dysfunction, and
cancer [22]. The effects of IR in the thyroid gland have been extensively studied. The chronic exposure
of mature rats to low-intensity γ-rays between 5 and 50 cGy (dose rates: 25, 400 μGy/h) induced
the formation of micronuclei three times higher in irradiated thyrocytes than in thyrocytes of control
animals [23]. Furthermore, the residual thyroid of hemi-thyroidectomized rats exposed to acute γ-rays
with 2–4 Gy presented micronuclei. Ermakova et al. found that the presence of micronuclei was
also a sensitive indicator of radiation-induced genetic damages in the follicular epithelium of thyroid
gland [23]. Moreover, IR delayed follicular thyroid cell proliferation [24]. Thyroids of old rats irradiated
in the neck region with an X-ray single dose of 3 Gy showed an increase in proliferating follicular
cells two days after irradiation, followed by a phase of sharp decrease in cell proliferation between the
2nd and 6th day after irradiation. During the cell proliferation phase, the cell cycle was shortened by
approximately 50%, predominantly due to a decrease of the G1-phase duration [24]. 131I was shown to
trigger apoptosis in human thyrocytes [25]. The cell viability of human thyroid epithelial cells purified
from surgical tissue specimens was not affected by single doses of 5 or 50 Gy IR, and there was no
induction of Heat shock proteins (HSP)-72, as an indicator of acute cellular stress. Nevertheless, the
expression of thyroperoxidase (TPO), a key enzyme of thyroid hormone synthesis, significantly
decreased [26]. The authors hypothesized that the suppression of thyroid hormone synthesis
due to TPO reduction could contribute to an early development of thyroid dysfunction following
irradiation, and they recommended considering this effect during radiation therapy [26]. On the other
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hand, the thyroid hormone modulation with X-rays induced neoplastic transformation in vitro [27].
Mizuno et al. [28] indicated that IR caused various oncogene activations, with specificity for early gene
alteration uniquely associated with thyroid carcinogenesis. Irradiation of a non-tumorigenic human
thyroid epithelial cell line with α-particles or γ-rays stimulated Exons 6 and 7, as well as p53 mutations
in the childhood PTC in Belarus, presumably as a result of radioiodine fallout [29]. In addition,
IR exposure of cultured human thyroid cells stimulated the induction of c-Jun NH2-terminal kinases
(JNK) activity, not extracellular signal-regulated kinases (ERK) activity, to a 3.5-fold extent. The effect
was specific for thyroid cells as it was absent in fibroblasts [30]. The JNK activation was mediated at
least partially through a protein kinase C (PKC)-dependent pathway [30]. Mitsutake et al. [31] reported
that among PKC-α, β2, δ, ε, and ζ isoforms expressed in primary cultured human thyroid cells, only
PKC-δ was involved in an IR-induced JNK activation. Moreover, PKC-δ acted via mitogen-activated
protein kinase kinase 7 (MAPKK7), not via MAPKK4 [31]. Characteristically, IR was responsible for a
dose-dependent REarranged during Transfection/Papillary Thyroid Cance (RET/PTC) rearrangement
in human thyroid cells [32]. Ameziane et al. [33] demonstrated that this effect was dependent
on generated H2O2 during irradiation; it was responsible for the breaks of double-strand DNA
and facilitated RET/PTC1 formation. As a consequence, by pretreating the cells with catalase,
a scavenger of H2O2, RET/PTC1 rearrangement was decreased. Cells derived from the neural
crest, kidney, and enteric nervous system expressed RET proto-oncogene [34]. Hamatani et al. [35]
reported that in PTC the RET proto-oncogene generated a series of chimeric-transforming oncogenes
collectively described as RET/PTCs. In childhood PTC with a history of radiation exposure, RET/PTC
rearrangements represented a major event and among atomic bomb survivors, the frequency of
rearrangements increased in relation to an increase of radiation dose [35]. In two studies that
employed human fetal thyroid tissue xenografts, Mizuno et al. [28] demonstrated that X-ray irradiation
generated both RET/PTC1 and RET/PTC3 rearrangements, and the RET/PTC1 type was the most
common. Notably, patients exposed to Chernobyl radiation developed PTC, and survivors of the
atomic bomb in Japan had a very high frequency of RET/PTC chromosomal rearrangement [36].
In addiction, B-Raf proto-oncogene (BRAF) mutation (BRAF V600E) was associated with PTC [37].
Guan et al. [38] demonstrated that high iodine intake was a significant risk factor for BRAF V600E
mutation and the development of PTC in the thyroid gland. The prevalence of BRAF V600E mutation
in pediatric PTC was significantly lower than that in adults, 54% versus 85% [39]. On the other hand,
a clinicopathological study showed that BRAF V600E was associated with older age and larger tumor
size [40]. In patients with PTC who were 0–18 years at the time of the Chernobyl accident, BRAF
V600E mutation was present, but the percentage was less than that of RET/PTC1 and RET/PTC3
rearrangements t [41]. Genomic copy number alterations of PTC of the Ukrainian-American cohort
after the Chernobyl accident were associated with BRAF V600E mutation [42]. BRAFV600E mutation
was less frequent in the cases of Hiroshima and Nagasaki survivors exposed to higher radiation
doses [35]. In atomic bomb survivors in Hiroshima, the median radiation dose able to induce PTC
was significantly lower in patients with BRAFV600E mutation than that without the mutation [43].
A screening program of various genetic alterations in children aged 0–18 years old at the time of the
Fukushima accident showed that BRAF V600E was highly prevalent in the 63.2% of the population [44].
The difference of the data in various atomic bomb survivors could be due to the different genetic
profile of patients, considering that the response to radiation of the thyroid gland was dependent on
the genetic profile of the patients [44]. For this reason, Fukushima PTC was completely different from
post-Chernobyl radiation-induced PTC [44], indicating the possibility of non-radiogenic etiology of
PTC. Significant upregulation of a subset of these miRNAs (miR-187, miR-146b, and miR-155) was
found to be more pronounced in PTC carrying RET/PTC rearrangements [45]. The association between
miRNAs and radiation exposure has been reported in a variety of mouse tissues, including spleen,
colon, thymus, and kidney [46]. Acute exposure of thyroid cells to γ-radiation resulted in several
specific patterns of miRNA response not directly associated to carcinogenesis [47].
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3.2. Non-Ionizing Radiations

UV radiation induced apoptosis in the FRTL-5 rat thyroid cell line [48] by the increase of p53 and
caspases 3 and 9, and the decrease of Bcl-2, together with a transient but significant increase in HLA-DR
expression [49] and the impairment of genes involved in thyroid hormone production, such as genes
for thyroglobulin and TPO [50]. The effect was dependent on TSH that stimulates cell proliferation.
Overall, TSH starvation induced virtually all cells to accumulate in the G0/G1 cell cycle phase, blocking
cell proliferation, and rendering cells more resistant to UV-C radiation-induced apoptosis [51]. Thus,
the effect of UV on FRTL-5 cells in culture was strongly related to the physiological state of the
cells. Proliferating cells were more sensitive to radiation treatment than quiescent cells; the cells in a
proapoptotic state caused by the lack of trophic support were less sensitive to radiation treatment [52].

4. Lipids as Regulators of Radiation-Induced Cancer

Differences in the responses to IR and non-IR of proliferating, quiescent and proapoptotic thyroid
cells were associated with a very complex mechanism of lipid metabolism. A specific cross-talk exists
among sphingomyelin (SM), phosphatidylcholine (PC), and phosphatidylinositol (PI) in both cell
membrane and nuclei [53,54] (Figure 2).

 

Figure 2. Cross talk among sphingomyelin (SM), phospatidylcholine (PC), and phosphatidylinositol
(PI) metabolism. SM is degraded by sphingomyelinase (SMase) to produce ceramide and is
restored by sphingomyelin-synthase (SM-synthase) from PC and ceramide. PC is degraded by
phosphatidylcholine-specific phospholipase C (PC-PLC) to produce diacylglycerol (DAG) and is
restored by reverse sphingomyelin-synthase (RSM-synthase) from SM and DAG. PI is degraded by
phosphatidylinositol-specific phospholipase C (PI-PLC). In red, catabolic enzymes; in green, anabolic
enzymes; thin arrows, SM for PC synthesis and PC for SM synthesis; thick arrows, the relation of PI
and PC with DAG and the relation of SM with ceramide.

4.1. Ionizing Radiation

After IR-exposure, ceramide and diacylglycerol (DAG) acted as second messengers inducing
proapoptotic and antiapoptotic signals, respectively [55]. FRTL-5 cells submitted to accelerated proton
beams (CERN, Geneva, Switzerland) showed changes of lipid metabolism enzymes [55]. Proton beams
induced quiescent thyroid cells towards a proapoptotic state and proliferating thyroid cells towards an
initial apoptotic state, by altering the nuclear SM-metabolism. In cell nuclei the strong activation of
neutral-sphingomyelinase (N-SMase) reduced SM content that was important for the DNA-stability.
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The ceramide produced in the nucleus probably was translocated to the cytoplasm, where it could be
metabolized to sphingosine and sphingosine-1-phosphate, lipid mediators involved in apoptosis [56].

4.2. Non-Ionizing Radiation

UV radiation enriched the ceramide pool due to acid-sphingomyelinase (A-SMase) and N-SMase
activities and enlarged the DAG pool due to phosphatidylcholine-specific phospholipase C (PC-PLC)
and phosphatidylinositol-specific phospholipase C (PI-PLC) in cell membranes of proliferating
cells [52]. In purified nuclei, radiation stimulated N-SMase and reverse SM-synthase (RSM-synthase)
activities while inhibited PC-PLC, PI-PLC, and SM-synthase activities leading to further ceramide pool
enrichment and DAG pool reduction. The effect of UV irradiation on lipid metabolism was higher in the
nucleus than in cell membranes [52]. The effect on nuclear lipids was very relevant, because of their role
in cell proliferation, differentiation, and apoptosis [57] by acting as a platform for the attachment [58,59]
and regulation [60] of active chromatin and for nuclear drug activity [61,62]. The prolonged presence
in the stratosphere results in exposure to radiation, so stratospheric balloons were used to expose
FRTL-5 cells to radiation present at a 30–40 km altitude for approximately 20 h (BIRBA mission).
In proliferating cells, low doses of stratospheric radiation did not induce cell death but only early
modifications of nuclear SM and PC metabolism. In purified nuclei, SMase and RSM-synthase activities
were increased, whereas PC-PLC and SM-synthase activities were inhibited, leading to an increase
of the ceramide/DAG ratio [63]. These studies indicated that nuclear SM metabolism was involved
in radiation-induced damage (Table 1). The results were relevant considering the possibility that
radiation induced thyroid cancer.

Table 1. The effect of radiation types on nuclear lipid metabolism.

FRTL-5 Nuclei

Radiation Proliferating Cells Quiescent Cells Proapoptotic Cells References

UV

↑ SMase ++ ↑ SMase + ↑ SMase ++

[46]
↑ RSMase ++ ↑ RSMase ++ ↑ RSMase ++
↓ SMsynthase ++ ↓ SMsynthase + ↓ SMsynthase ++
↓ PCPLC ++ ↓ PCPLC + ↓ PCPLC ++
↓ PIPLC ++ ↓ PIPLC + ↓ PIPLC ++

Stratosphere

↑ SMase ++ ↑ SMase +

[57]
↑ RSMase ++ ↑ RSMase ++
↓ SMsynthase ++ ↓ SMsynthase ++
↓ PCPLC ++ ↓ PCPLC +

Protons
↑ SMase +++ ↑ SMase =

[50]↓ SMsynthase = ↓ SMsynthase ++

SMase: sphingomyelinase; RSMase: reverse sphingomyelin-synthase; SMsynthase: sphingomyelin-synthase;
PCPLC: phosphatidylcholine-specific phospholipase C; PIPLC: phosphatidylinositol-specific phospholipase C;
+ low change; ++ medium change; +++ high change. ↑ increased activity; ↓ decreased activity. =: In protons
proliferating cell SMsynthase ↓ should be deleted; in protons quiescent cells SMase ↑ should be deleted.

5. Biomarkers of Thyroid Damage

Considering the molecular effects of radiation on the thyroid gland, the analysis of micronuclei
frequency in peripheral blood lymphocytes is applicable as a biomarker of chromosomal damage,
genome instability, and cancer risk [64]. A negative correlation between micronuclei frequency
and the level of platelets without correlation to thyroid-related hormones has been observed in
blood of patients suffering from differentiated thyroid cancer and treated with radioactive iodine
(131I) [65]. Dom et al. [66] studied children exposed and non-exposed to the Chernobyl radiation and
compared them in the transcriptomes of normal contralateral tissues of PTC; in this way, the authors
identified a gene expression signature (793 probes) that permits discrimination between both cohorts.
To differentiate radiation and no radiation-induced PTC, Port et al. investigated the RNA isolated
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from 11 post-Chernobyl PTCs and 41 sporadic PTCs [67]. The microarray detected 646 upregulated
genes and 677 downregulated genes [67]. The analysis of gene expression can be useful to measure the
predisposition to developing cancer after radiation exposure [68]. In particular, the overexpression
of the CLIP2 gene is the most promising marker; in fact, it was found in the majority of PTCs from
young patients included in the Chernobyl tissue bank [69]. In post-Chernobyl PTC, the expression
of CLIP2 gene was radiation dose-dependent [70]. The use of CLIP2 as radiation biomarker was
supported by a study indicating its involvement in the fundamental carcinogenic processes including
apoptosis, mitogen-activated protein kinase signaling, and genomic instability [71]. In comparison
with normal tissues, thyroid carcinoma tissues from patients had a significant increase in lecithin, SM,
and cholesterol [72]. Changes of the SM content together with other lipids in the blood plasma of
patients with thyroid carcinoma were reported [73]. Serum lipidomic profiling with a panel which
included 36:3phosphatidic acid (PA) and 34:1SM can be useful to distinguish between malignant
thyroid cancer and benign thyroid tumors [74]. Rath et al. found that glycosylation of ceramide could
contribute to the drug-resistance phenotype in thyroid malignancies [75]. Furthermore, it has been
suggested that sphingosine kinase 1 (SphK1) and sphingosine-1-phosphate (S1P) may be relevant in
the etiology of thyroid cancer, and in the regulation of both invasion and migration of thyroid cancer
cells. Therefore, their contents could be useful as specific biomarkers of cancer transformation and
progression [76].

6. Conclusions

To date, a number of specific molecular targets have been identified, by which radiation exerts its
effects upon the thyroid gland, inducing long-term damages including cancer. Many genes, proteins,
and lipids are involved in the mechanism of action, effects, and consequences of radiation, so this
field of study is still widely open. It is becoming increasingly evident in the most recent literature that
specific genes, proteins, and lipids are important targets of both radiation and cancer, but many points
remain obscure. Further studies are required to shed more light on the complexity of interactions
among various cellular components.
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A-SMase Acid-sphingomyelinase
DAG Diacylglycerol
HLA-DR Human leukocyte antigen-DR
IR Ionizing radiation
JNK c-Jun NH2-terminal kinases
MAPKK7 Mitogen-activated protein kinase kinase 7
N-SMase Neutral-sphingomyelinase
PC Phosphatidylcholine
PC-PLC Phosphatidylcholine-specific phospholipase C
PI Phosphatidylinositol
PI-PLC Phosphatidylinositol-specific phospholipase C
PKC Protein kinase C
PTC Papillary thyroid carcinoma
RET Rearranged during transfection
RSM-synthase Reverse sphingomyelin-synthase
SM Sphingomyelin
SM-synthase Sphingomyelin-synthase
UV Ultraviolet rays
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Abstract: The aim of the current study was to examine whether the polymorphism loci of the tumor
necrosis factor superfamily member 4 (TNFSF4) gene increase the risk of susceptibility to autoimmune
thyroid diseases (AITDs) in the Han Chinese population, and a case-control study was performed in a
set of 1,048 AITDs patients and 909 normal healthy controls in the study. A total of four tagging single
nucleotide polymorphisms (SNPs) in the TNFSF4 region, including rs7514229, rs1234313, rs16845607
and rs3850641, were genotyped using the method of ligase detection reaction. An association between
GG genotype of rs3850641 in TNFSF4 gene and AITDs was found (p = 0.046). Additionally, the clinical
sub-phenotype analysis revealed a significant association between GG genotype in rs7514229 and
AITDs patients who were ≤18 years of age. Furthermore, rs3850641 variant allele G was in strong
association with hypothyroidism in Hashimoto’s thyroiditis (HT) (p = 0.018). The polymorphisms of
the TNFSF4 gene may contribute to the susceptibility to AITDs pathogenesis.

Keywords: tumor necrosis factor superfamily member 4 (TNFSF4); single nucleotide polymorphism
(SNP); autoimmune thyroid diseases (AITDs); Graves’ disease (GD); Hashimoto’s thyroiditis (HT)

1. Introduction

Autoimmune thyroid diseases (AITDs) are a group of organ-specific and polygenic inherited
autoimmune diseases, with an estimated prevalence of up to 1%–5% of the general population [1].
AITDs mainly consist of two clinical subtypes of Graves’ disease (GD) and Hashimoto’s thyroiditis
(HT). GD is predominantly characterized by a variable combination of hyperthyroidism, diffused
goiter and high level of thyroid stimulating hormone receptor antibody (TRAb). Meanwhile, some GD
patients may present extrathyroidal manifestations, including ophthalmopathy, pretibial myxedema
and clubbed fingers. Clinical features of HT include the presence of antibody against thyroid peroxidase
(TPOAb) or thyroglobulin (TgAb). Additionally, some patients with HT harbor extensive apoptosis of
thyrocytes leading to hypothyroidism. Although there are some common characteristics in GD and HT,
such as destruction of thyroid tissue and the existence of circulating thyroid autoantibodies including
TRAb, TPOAb and TgAb, the clinical presentations and mechanisms of the two subtypes are different
from each other to some extent; for example, our previous studies found that GD, HT or even Graves’
ophthalmopathy (GO) have specific genetic backgrounds [2,3]. The pathogenesis of AITDs remains
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unclear, although there is much evidence demonstrating that the interaction between genetic factors
and environmental components may be involved in their etiology [4,5].

More recently, an increasing body of research has confirmed that several specific genes are
associated with multiple autoimmune diseases [6,7], implicating that many autoimmune diseases may
share some genetic risk factors. For instance, TNFAIP3 has been identified to be related to the genetic
etiology of systemic lupus erythematosus (SLE) [8], rheumatoid arthritis (RA) [9], systemic sclerosis
(SSc) [10]. Additionally, we also found the relationship between this gene and GD [11]. All these data
documented that variants in several genes probably contribute to dysregulation of common immune
pathways, and then are involved in the pathological procedure of diverse autoimmune diseases.

The tumor necrosis factor superfamily member 4 (TNFSF4) gene encodes a cytokine (OX40L),
which is expressed on antigen-presenting cells (APCs) to provide co-stimulatory signals to T cells.
In recent years, the TNFSF4 gene polymorphisms have been reported to be an important predisposition
factor to SLE [12], RA [6], SSc [13] and primary Sjogren’s syndrome (pSS) [14]. However, to date,
whether TNFSF4 gene variations are associated with AITDs has not been investigated.

In the present study, we evaluated whether mutations in TNFSF4 gene are genetically predisposed
in Han Chinese populations to AITDs via a case-control study. Single nucleotide polymorphisms
(SNPs) tagging four independent susceptibility loci were genotyped in a large cohort of AITDs patients
and normal healthy controls. We also analyzed the association between each polymorphism locus and
the predisposition to different subtypes of AITDs, including GD, HT and ophthalmopathy.

2. Results

2.1. Clinical Phenotype Analysis

The clinical characteristics of the AITDs cohort are displayed in Table 1. Among the investigated
1,048 AITDs patients, 693 were GD patients including 30.736% male and 69.264% female, with mean
disease-onset age of 34.010 ± 14.395 years old; 355 were HT patients, including 12.676% male and
87.324% female, with mean disease-onset age of 32.720 ± 13.511 years old. There were 162 (15.458%)
teenaged AITDs patients with disease-onset age ≤18 years old, 130 (12.405%) AITDs patients with
ophthalmopathy, 198 (55.775%) HT patients with hypothyroidism, and 216 (20.611%) AITDs patients,
comprised of 143 GD patients and 73 HT patients, with family history.

Table 1. Clinical data of AITDs patients and controls.

Clinical Phenotype AITDs (%) GD (%) HT (%) Control (%)

Number 1048 693 355 909

Gender – – – –
Male 260 (24.809) 213 (30.736) 45 (12.676) 314 (34.543)

Female 788 (75.191) 480 (69.264) 310 (87.324) 595 (65.457)
Onset of age 33.570 ± 14.108 34.010 ± 14.395 32.720 ± 13.511 –
≤18 years 162 (15.458) 113 (16.306) 49 (13.803) –
≥19 years 886 (84.542) 580 (83.694) 306 (86.197) –

Ophthalmopathy – – – –
(+) 130 (12.405) 124 (17.893) 6 (1.690) –
(−) 918 (87.595) 569 (82.107) 349 (98.310) –

Family history – – – –
(+) 216 (20.611) 143 (20.635) 73 (20.563) –
(−) 832 (79.389) 550 (79.365) 282 (79.437) –

2.2. Allelic and Genotypic Association

There is a Hardy-Weinberg equilibrium (HWE) in the genotype distributions of TNFSF4 SNPs
in the control group (p > 0.05). Additionally, we evaluated the HWE for the loci in our AITDs cases;
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the HWE of the four loci for AITDs cases all had p-value higher than 0.01. In addition, variant genotype
GG of rs3850641 in TNFSF4 gene is associated with AITDs (p = 0.046), as shown in Table 2. Further
analysis found that the frequencies of TT genotype in rs7514229 and GG genotype in rs3850641 were
lower in the AITDs group than the control group (Table 3), which suggested that people with these
genotypes are less susceptible to AITDs (p = 0.016, OR = 0.236, 95% CI = 0.066–0.850 and p = 0.027,
OR = 0.492, 95% CI = 0.259–0.935, respectively). Those subjects whose genotypes of the four loci failed
to be determined were ruled out from the statistical analysis. Moreover, the frequency of genotype
GG in rs3850641 was lower in GD patients than the control group in analysis of sub-clinical types of
AITDs (GD and HT) although without statistical significance (p = 0.086), as shown in Table 4.

Table 2. Allele and genotype distribution of TNFSF4 in AITDs patients and controls.

SNP ID Control AITDs p OR (95% CI)

rs7514229 – – – –
GG 732 (81.424) 838 (81.518) 0.052 –
TT 11 (1.224) 3 (0.292) – –
GT 156 (17.353) 187 (18.191) – –
G 1620 (90.100) 1863 (90.613) 0.590 1.061 (0.856–1.314)
T 178 (9.900) 193 (9.387) – –

rs1234313 – – – –
AA 365 (40.466) 445 (42.871) 0.536 –
GG 110 (12.195) 117 (11.272) – –
AG 427 (47.339) 476 (45.857) – –
A 1157 (64.135) 1366 (65.800) 0.278 1.076 (0.943–1.228)
G 647 (35.865) 710 (34.200) – –

rs16845607 – – – –
AA 4 (0.443) 5 (0.480) 0.993 –
GG 797 (88.359) 920 (88.292) – –
AG 101 (11.197) 117 (11.228) – –
A 109 (6.042) 127 (6.094) 0.946 1.009 (0.775–1.314)
G 1695 (93.958) 1957 (93.906) – –

rs3850641 – – – –
GG 26 (2.879) 15 (1.438) 0.046 –
AA 660 (73.090) 750 (71.908) – –
AG 217 (24.031) 278 (26.654) – –
G 269 (14.895) 308 (14.765) 0.910 0.990 (0.829–1.182)
A 1537 (85.105) 1778 (85.235) – –

Table 3. Genotype frequency of TNFSF4 loci in AITDs patients and controls.

SNP Name Genotype Control (%) AITDs (%) p OR 95% CI

rs7514229

GG 732 (81.424) 838 (81.518)
0.958 1.006 0.799–1.267TT + GT 167 (18.576) 190 (18.482)

TT 11 (1.233) 3 (0.292)
0.016 0.236 0.066–0.850GG + GT 888 (98.776) 1025 (99.708)

GT 156 (17.353) 187 (18.191)
0.631 1.059 0.838–1.339GG + TT 743 (82.647) 841 (81.809)

rs1234313

AA 365 (40.466) 445 (42.871)
0.284 1.104 0.921–1.323GG + AG 537 (59.534) 593 (57.129)

GG 110 (12.195) 117 (11.272)
0.528 0.915 0.693–1.206AA + AG 792 (87.805) 921 (88.728)

AG 427 (47.339) 476 (45.857)
0.514 0.943 0.788–1.126AA + GG 475 (52.661) 562 (54.143)
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Table 3. Cont.

SNP Name Genotype Control (%) AITDs (%) p OR 95% CI

rs16845607

AA 4 (0.443) 5 (0.480)
0.906 1.082 0.290–4.049GG+AG 898 (99.557) 1037 (99.520)

GG 797 (88.359) 920 (88.292)
0.963 0.993 0.752–1.311AA + AG 105 (11.641) 122 (11.708)

AG 101 (11.197) 117 (11.228)
0.983 1.003 0.756–1.330AA + GG 801 (88.803) 925 (88.772)

rs3850641

GG 26 (2.879) 15 (1.438)
0.027 0.492 0.259–0.935AA + AG 877 (97.121) 1028 (98.562)

AA 660 (73.090) 750 (71.908)
0.561 0.943 0.772–1.151GG + AG 243 (26.910) 293 (28.092)

AG 217 (24.031) 278 (26.654)
0.185 1.149 0.935–1.410AA + GG 686 (75.969) 765 (73.346)

Table 4. Distribution of genotype and allele of TNFSF4 gene in sub-clinical types of AITDs patients
and controls.

SNP Control GD p OR (95% CI) HT p OR (95% CI)

rs7514229 – – – – – – –

GG 732
(81.424)

560
(82.474) 0.128 – 278

(79.656) 0.182 –

TT 11 (1.224) 2 (0.295) – – 1 (0.287) – –

GT 156
(17.353)

117
(17.231) – – 70

(20.057) – –

G 1620
(90.100)

1237
(91.090) 0.347 1.123

(0.881–1.432)
626

(89.685) 0.756 0.955
(0.716–1.275)

T 178 (9.900) 121 (8.910) – – 72
(10.315) – –

rs1234313 – – – – – – –

AA 365
(40.466)

298
(43.504) 0.474 – 147

(41.643) 0.832 –

GG 110
(12.195) 78 (11.387) – – 39

(11.048) – –

AG 427
(47.339)

309
(45.109) – – 167

(47.309) – –

A 1157
(64.135)

905
(66.058) 0.261 1.088

(0.939–1.261)
461

(65.297) 0.584 1.052
(0.877–1.263)

G 647
(35.865)

465
(33.942) – – 245

(34.703) – –

rs16845607 – – – – – – –
AA 4 (0.443) 4 (0.581) 0.897 – 1 (0.283) 0.859 –

GG 797
(88.359)

605
(87.808) – – 315

(89.235) – –

AG 101
(11.197) 80 (11.611) – – 37

(10.482) – –

A 109 (6.042) 88 (6.386) 0.69 1.061(0.794–1.418) 39
(5.524) 0.62 0.909

(0.624–1.325)

G 1695
(93.958)

1290
(93.614) – – 667

(94.476) – –

rs3850641 – – – – – – –
GG 26 (2.879) 9 (1.306) 0.086 – 6 (1.695) 0.172 –

AA 660
(73.090)

502
(72.859) – – 248

(70.056) – –

AG 217
(24.031)

178
(25.835) – – 100

(28.249) – –

G 269
(14.895)

196
(14.224) 0.595 0.948(0.776–1.156) 112

(15.819) 0.561 1.074
(0.845–1.364)

A 1537
(85.105)

1182
(85.776) – – 596

(84.181) – –
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2.3. Haplotypic Association

Haplotypic analysis using the Haploview software (Whitehead Institute for Biomedical Research,
MIT Media Lab, and Broad Institute of Harvard and MIT, Cambridge, MA, USA) revealed that in the
HapMap Han Chinese Beijing database, rs7514229 and rs1234313 were in the same block (Figure 1),
which contained three haplotypes, namely GA, GG and TG. However, these haplotypes were not
associated with AITDs (p > 0.05, data not shown).

 
Figure 1. Linkage disequilibrium (LD) block of TNFSF4 from controls in the Hapmap CHB data.

2.4. Genotyping-Clinical Sub-Phenotype Association

To further investigate the relation between polymorphisms of TNFSF4 and clinical phenotypes,
clinical sub-phenotype analyses were conducted. The results showed that the frequency of genotype
TT in rs7514229 marginally declined in AITDs patients with disease-onset age ≥19 years old (p = 0.049,
as shown in Table 5). However, our present study displayed that TNFSF4 gene variants were not
associated with AITDs patients with ophthalmopathy or family history. Interestingly, the frequency
of allele G in rs3850641 was significantly more decreased in HT patients with hypothyroidism than
in HT patients without hypothyroidism, suggesting that HT patients with allele G in rs3850641 had
increased susceptibility risk to hypothyroidism (p = 0.018, Table 6).

Table 5. Allele and genotype distribution of TNFSF4 in AITDs patients with or without early-onset age.

SNP ID
Onset Age of AITDs Patients

p OR (95% CI)
≤18 ≥19

rs7514229 – – – –
GG 128 (80.503) 710 (81.703) 0.049 –
TT 2 (1.258) 1 (0.115) – –
GT 29 (18.239) 158 (18.182) – –
G 285 (89.623) 1578 (90.794) 0.51 1.142 (0.769–1.696)
T 33 (10.377) 160 (9.206) – –

rs1234313 – – – –
AA 71 (44.375) 374 (42.597) 0.41 –
GG 22 (13.750) 95 (10.820) – –
AG 67 (41.875) 409 (46.583) – –
A 209 (65.312) 1157 (65.888) 0.842 1.026 (0.799–1.318)
G 111 (34.688) 599 (34.112) – –
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Table 5. Cont.

SNP ID
Onset Age of AITDs Patients

p OR (95% CI)
≤18 ≥19

rs16845607 – – – –
AA 1 (0.625) 4 (0.454) 0.246 –
GG 135 (84.375) 785 (89.002) – –
AG 24 (15.000) 93 (10.544) – –
A 26 (8.125) 101 (5.726) 0.099 0.687 (0.439–1.075)
G 294 (91.875) 1663 (94.274) – –

rs3850641 – – – –
GG 2 (1.250) 13 (1.472) 0.639 –
AA 120 (75.000) 630 (71.348) – –
AG 38 (23.750) 240 (27.180) – –
G 42 (13.125) 266 (15.062) 0.369 1.174 (0.827–1.664)
A 278 (86.875) 1500 (84.938) – –

Table 6. TNFSF4 genotype and allele distribution in clinical sub-phenotype of HT patients.

TNFSF4 SNP
HT

p OR (95% CI)
Non-Hypothyroidism Hypothyroidism

rs7514229 – – – –
GG 107 (80.451) 153 (78.462) 0.668 –
TT 0 (0) 1 (0.513) – –
GT 26 (19.549) 41 (21.026) – –
G 240 (90.226) 347 (88.974) 0.608 0.874 (0.523–1.462)
T 26 (9.774) 43 (11.026) – –

rs1234313 – – – –
AA 50 (37.037) 90 (45.685) 0.287
GG 16 (11.852) 19 (9.645) – –
AG 69 (51.111) 88 (44.670) – –
A 169 (62.593) 268 (68.020) 0.148 1.271 (0.918–1.759)
G 101 (37.407) 126 (31.980) – –

rs16845607 – – – –
AA 1 (0.741) 0 (0) 0.136
GG 115 (85.185) 180 (91.371) – –
AG 19 (14.074) 17 (8.629) – –
A 21 (7.778) 17 (4.315) 0.059 0.535 (0.277–1.034)
G 249 (92.22) 377 (95.685) – –

rs3850641 – – – –
GG 1 (0.741) 5 (2.525) 0.051
AA 104 (77.037) 129 (65.152) – –
AG 30 (22.222) 64 (32.323) – –
G 32 (11.852) 74 (18.687) 0.018 1.709 (1.096–2.674)
A 238 (88.148) 322 (81.313) – –

3. Discussion

The TNFSF4 gene, also known as the OX40 ligand (OX40L), encodes the OX40L protein which is
a co-stimulatory cytokine and belongs to the TNF ligand family. The protein mainly participates in
the interaction of T-cell and antigen-presenting cell (APC), T-cell activation and B-cell differentiation,
providing CD28-independent co-stimulatory signals for activated CD4+ T cells [15]. TNFSF4, located
in chromosome 1 (1q25), contains three exons and two introns (in NCBI database). Previous studies
have shown that polymorphisms of TNFSF4 can confer risk to diverse autoimmune diseases, such
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as SLE, RA, SSc and pSS, but it remains unknown whether genetic mutations of TNFSF4 region may
induce occurrence of AITDs, which attracts our interest.

AITDs are also regarded as autoimmune diseases targeting the thyroid with a complex genetic
and environmental etiology, manifesting mainly as GD and HT. It is notable that genetic factors play a
prominent role in the occurrence and persistence of AITDs. Given that autoimmune diseases may share
a common genetic predisposition, and that immune dysregulation plays a vital role in AITDs [16,17],
we hypothesized that variants within the TNFSF4 gene, which is a crucial immune regulator, could
also elicit abnormal OX40L expression and dysfunction, thus affecting T-cell activation and leading to
unbalanced immune regulation and its resultant occurrence of AITDs.

In the present work, we observed the association between four loci of TNFSF4 gene and AITDs
patients in the Han Chinese population. We found that the frequency of genotype GG in rs3850641
was slightly lower in AITDs patients, probably suggesting it could decrease susceptibility to AITDs.
In addition, frequencies of GG genotype in rs3850641 and TT genotype in rs7514229 also decreased
in AITDs subjects, confirming that variant genotype GG in rs3860541 was indeed a factor protecting
people from AITDs, as was variant genotype TT in rs7514229. Our results suggested polymorphisms
in the TNFSF4 gene region, one SNP in 3′UTR (rs7514229) and two intronic SNPs (rs3860541 and
rs1234313), may be associated with AITDs susceptibility. To our knowledge, variants in the intron
of a gene may influence its expression and regulate its function [18], 3′UTR polymorphisms in the
gene region are of important regulation function. We therefore speculated that the molecular action
underlying genetic pathology of AITDs is that TNFSF4 SNPs may affect the expression of TNFSF4
gene and down-regulate T-cell activation, which requires further in-depth research to confirm.

Further, to investigate the association between genotype and clinical manifestations, we carried
out the clinical sub-phenotype analysis. The AITDs occurrence in teenagers (≤18 young patients) may
be due to their genetic family history of this disease [19,20], which corresponded with our results
showing the frequency of family history was much higher in AITDs patients with disease-onset
age ≤18 years old. Meanwhile, marginally significant differences in frequencies of rs7514229 genotype
TT and disease-onset age were found between AITDs patients with disease-onset age ≤18 years old
and AITDs patients with disease-onset age ≥19 years old. Similar correlations between gene mutations
and disease-onset age were reported in RA [21], type 1 diabetes [22] and multiple sclerosis [23].
Furthermore, we revealed that frequency of GG genotype of rs3850641 declined slightly in GD
subgroup of AITDs, although without significance. Nevertheless, we observed that TNFSF4 SNPs
were not associated with AITDs patients with ophthalmopathy or family history. Several studies
provided clues that thyroid-associated ophthalmopathy (TAO) was correlated with the impact of
environmental elements, especially current smoking history [24,25]. Recent studies are suggesting that
genetic markers also affect the susceptibility of TAO [26], including genetic variants in the STAT3 [27],
TSHR [28] and HLA-DR3 [29] regions. However, our results cannot add the TNFSF4 gene to the list of
the predisposition of thyroid-associated ophthalmopathy (TAO). Moreover, allele A from rs3850641
was associated with the decreased risk for the HT subgroup of hypothyroidism by 41.5%. In HT,
hypothyroidism is more associated with a family history of thyroid dysfunction [20]. Our study
showed HT hypothyroidism patients with higher ratio of family history, which was consistent with
the previous research [20]. To our best knowledge, we were the first to find that genetic factors are also
involved in etiology of hypothyroidism in HT. Why do these SNPs not show their susceptibility to
GD or TAO? It is possible that thyroid eye disease or TAO is a different disease than Graves’ disease
and Hashimoto’s thyroiditis. In addition, a recent paper found that polymorphisms in calsequestrin
(CASQ1) are correlated with HT and GO, but not Graves’ hyperthyroiditis (GH) [30]. Interestingly, our
study found SNPs in TNFSF4 are associated with hypothyroidism of Hashimoto’s thyroiditis, but not
thyroid orbitopathy or GD. These two studies do not show contradictory results, and illustrate the
complexity of the diseases, GD, HT and TAO or GO. For instance, our previous studies indeed found
UBE2L3 and CLEC16A gene polymorphisms to be associated with susceptibility to HT rather than GD
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and TAO or GO [2,3]. Obviously, the genetic mechanisms of these diseases are still unclear, so more
research is needed to reveal the pathomechanism of thyroid ophthalmopathy.

Overall, we provided the first evidence for genetic association between four susceptibility loci
in the TNFSF4 gene in Chinese AITDs patients, with samples exclusively from the Han Chinese
population. Nevertheless, considering the validation of a convincing association and discovery of
population differences, the importance of replication studies in some different populations should not
be overlooked. The statistical power calculated in this research was very strong (larger than 0.8) to
detect the association, and it has adequately reached a significant result. Simultaneously, the sample
size in this study was large enough with 1,048 cases and 909 controls to effectively reduce the type of
errors (type 1 error and type 2 error).

4. Materials and Methods

4.1. Subjects

A total of 1,048 Chinese patients with AITDs (693 GD and 355 HT) and 909 healthy Chinese
controls were recruited. All AITDs patients were enrolled from the Out-Patient Department of
Endocrinology of Jinshan Hospital of Fudan University. Ethnically and geographically matched and
unrelated healthy controls were recruited from the Healthy Check-Up Center of the same hospital.

All AITDs patients were diagnosed as previously described [2,27]. GD patients were diagnosed
based on their clinical manifestations and biochemical assessments of hyperthyroidism and the
positive circulating TRAb, with or without positive TPOAb or TgAb and diffusive goiter of the thyroid.
HT was defined based on the high level of either TPOAb or TgAb, with or without clinical and
biochemical hypothyroidism and the presence of an enlarged thyroid. A minority of HT patients were
further confirmed by fine needle aspiration biopsies. All the control subjects showed negative thyroid
antibodies against TPO. In the current study, TPOAb, TgAb and TRAb were detected with highly
specific and sensitive immunochemiluminescence kits from Roche Company (Shanghai, China).

All the subjects, including AITDs patients and controls, were ethnic Han Chinese. Written
informed consent was obtained from all participants and the research was approved by the Ethics
Committee of Jinshan Hospital of Fudan University (JYLL-2014-06, 2014/2/21), respectively.

4.2. DNA Sample Preparation

Genomic DNA were extracted from 2 mL of peripheral venous blood from each subject
using RelaxGene Blood DNA System (Tiangen Biotech Company, Beijing, China), according to the
manufacturer’s protocol. The concentration and A260/A280 ratio of all DNA samples were measured
by NANO DROP 2000 Spectrophotometer (Thermo Scientific Company, Waltham, MA, USA). Finally,
the DNA samples with great purity and concentration were used for next genotyping.

4.3. Single Nucleotide Polymorphism (SNP) Selection and Genotyping

Marker-tagging SNPs were chosen from the Hapmap CHB data using the Tagger programme
of Haploview software (Whitehead Institute for Biomedical Research, MIT Media Lab, and Broad
Institute of Harvard and MIT) to satisfy the following criteria: minor allele frequency (MAF) >0.1,
Hardy-Weinberg equilibrium (HWE) with p > 0.001 and logarithm of odds (LOD) >3.0. For the TNFSF4
gene of 23 kb with 42 SNPs in Hapmap CHB population, we selected four loci covering the whole
region of the TNFSF4 gene to capture all the most common variants. Four tag SNPs were selected
including rs7514229 located in the 3′ untranslated region (UTR), as well as rs1234313, rs16845607 and
rs3850641 in intron 1 of the TNFSF4 region.

Genotyping of the four SNPs was undertaken using the ligase detection reaction (LDR) platform
according to the manufacturer’s instructions. Moreover, to ensure detection quality, each reaction was
performed in duplicate, and blank samples without DNA were used as negative controls. Furthermore,
only SNPs and samples that passed the 95% quality control threshold were subjected to further
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statistical analysis and SNPs with allele frequencies not meeting Hardy-Weinberg equilibrium (HWE)
were removed from the next analysis. The primers specific to the four SNPs at the TNFSF4 loci are
“rs7514229” forward-GATAACACAGAATCATCCAG and reverse-TTGTAGCACATGTTTCCCTG;
“rs1234313” forward-ATCTAACACTGGCTCTAGTC and reverse-GCCATTCTGACTAGAATAGG;
“rs16845607” forward-AGATATAGCTACCAAGCTCC and reverse-GATGAGAAAACAGAGGCTAC;
“rs3850641” forward-GCTGTCACTTTGAAGCTTTG and reverse-TGCCTGATCAAACACATTAC.

4.4. Clinical Sub-Phenotype Analysis

Clinical sub-phenotype stratification analysis was conducted using a case-only approach, in which
basic allelic and genotypic examination was performed by comparing minor allele and genotype
frequency of cases with a specific sub-phenotype to the whole case group. The clinical sub-phenotypes
include: (1) the age of disease onset (≤18 years old versus ≥19 years old); (2) presence or absence
of ophthalmopathy which was defined as a distinctive disorder characterized by inflammation
and swelling of the extraocular muscles, eyelid retraction, periorbital edema, episcleral vascular
injection, conjunctive swelling and proptosis; (3) presence or absence of hypothyroidism in HT patients;
and (4) presence or absence of AITDs family history, which was defined as the subjects’ first-degree
relatives including parents, children and siblings or second-degree relatives such as grandparents,
uncles and aunts who had AITDs.

4.5. Statistical Analysis

Clinical data were described as M ± SD (mean ± standard deviation). Hardy-Weinberg
equilibrium (HWE) concordance test in the controls and patient samples, linkage disequilibrium (LD)
test and haplotype frequency calculation were performed using HaploView 4.2 (Whitehead Institute
for Biomedical Research, MIT Media Lab, and Broad Institute of Harvard and MIT). In order to analyze
whether the four predisposing loci are associated with AITDs, allele and genotype frequencies were
compared between AITDs cases and healthy controls using the Chi-square test (χ2-test) or Fisher’s
exact test. LD among the selected SNPs was measured using the pairwise LD measures D’ and r2.
All data were statistically calculated with the SPSS 18.0 software (International Business Machines
Corporation, Armonk, NY, USA). A p value of less than 0.05 was considered statistically significant.
Odds ratio (OR) and 95% confidence interval (95% CI) were applied to assess the association between
each genotype and AITDs.

4.6. Power Calculation

Power calculations for AITDs in this research considered allele frequency of SNPs from 0.05 to 0.5,
a population prevalence of 1%–5% for AITDs, and OR of 0.2–0.5 at a 0.05 significant level. As a
result, this study had sufficient power (larger than 0.8) to detect the association of OR of 0.2 or above
with 1,048 cases and 909 controls.

5. Conclusions

In conclusion, the preliminary findings of our present study are the first to indicate the association
of novel genetic susceptibility loci of the TNFSF4 region with the predisposition to AITDs. Additionally,
our results support the importance of T cells in the pathology of AITDs, and reveal the frequency
overlap of risk loci in immune pathways between AITDs and other autoimmune diseases.
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