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Thyroid cancer is not just a common type of cancer, it is the most frequently diagnosed endocrine
malignancy worldwide. The aetiology of thyroid cancer is essentially multifactorial and radiation is
the best documented risk factor related to the disease. However, many questions are still open and
seeking clarification, especially regarding the genetic aspects of this pathology, with clear implications
not only on a scientific basis of the disease, but foremost in clinical oncology.

Thyroid gland tumours are a heterogeneous group of neoplasms that may arise from virtually
any of the different cell types that are present in the thyroid gland. Although the malignant
tumours are most frequently identified in thyroid follicular cells, it is clear that the molecular-genetic
characterization is crucial and should be further explored to emphasize differences in tumour biological
behaviours, aggressiveness, and disease prognostics. Papillary and follicular thyroid carcinomas (PTC
and FTC, respectively) represent 85–90% and 5–10% of thyroid cancer cases, respectively, arising
from thyroid follicular cells. These tumour histotypes retain their morphologic features and are often
referred to as differentiated thyroid carcinoma (DTC). However, the aetiology of DTC is still unknown.

Considerable progress has been made in the understanding of thyroid carcinogenesis, in part
based on retrospective and prospective studies published worldwide in recent decades, but also
in the development of high-throughput approaches and the availability of improved diagnostic
methodologies that lead to early diagnosis. In fact, over the last few decades, the research in thyroid
cancer has highlighted the mutational landscape leading to better understanding of the molecular
pathogenesis of DTC.

The hallmarks of cancer have been identified with several potential targets involved in gene
expression deregulation, leading to the promotion of genetic instability and cancer development. The
identification of genetic variants related to thyroid cancer has been a long way, though it is crucial to
identify possible potential biomarkers of susceptibility. Some genetic variants have been identified
in specific subtypes, which are related to the increased risk to develop this malignancy, such as the
BRAF V600E mutation in PTC patients with a more aggressive phenotype if TERT promoter mutation
coexists [1]. However, mutations in RET and RAS genes have also been identified as biomarkers in
thyroid cancer patients.

Alongside with genetic variants, epigenetic events and alterations in the expression of
microRNAs (miRNAs) [2] and long noncoding RNAs (lncRNA) may also, through modulation of gene
expression [3], drive the aberrant activation of oncogenic signalling pathways and the downregulation
of thyroid-specific genes, thus contributing to the development, progression, and dedifferentiation of
thyroid cancer [4].

Connected to this, the genetic instability inflicted in this malignancy, involving genetic and
epigenetic alterations, might also compromise the treatment response. The standard treatment for
thyroid cancer patients consists of surgical resection accompanied by post-thyroidectomy radioiodine
(RAI) adjuvant therapy. The radioiodine therapy relies on the ability of 131I to be preferentially taken
up in normal or neoplastic thyroid follicular cells. Its accumulation induces high DNA damage, which
leads to cytotoxicity. However, the ionizing radiation does not only affect tumour cells, but the lesions
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may also impair normal cells. The most common lesions induced by radiation are double-strand breaks
(DSBs), which are processed by enzymes involved in DNA repair pathways. The presence of genetic
variants in these enzymes might impair the repair efficiency but also could influence the cytotoxic
potential of RAI therapy, hence its efficacy in DTC treatment [5]. The development of induced DNA
damage approaches can help in the evaluation of the efficacy of therapeutics as it has been shown to
be an important tool for establishing biomarkers of susceptibility.

Although the most frequent variants identified in thyroid cancer contribute to sporadic disease,
about 5 to 15% of all diagnosed cases are familial (first degree relatives) in nonmedullary thyroid cancer
(NMTC), increasing to 25% in medullary thyroid cancer (MTC) cases. This adds to the clear existence
of genetic predisposition factors related to this pathology [6]. Advances in molecular genetics and
several candidate gene studies developed worldwide have linked the occurrence of this malignancy to
some hereditary syndromes, some of which are related to germline mutations in RET genes.

Although thyroid cancer is not considered a common malignancy, with a 98% relative survival rate,
this does not undermine the need to fully understand the mechanisms of disease in all of its aspects
using all available tools from epidemiology approaches—genetic, epigenetic, regulation, therapeutic
response, and resistance [7].

This collection aims to show how much has been achieved and what remains to be done with
regard to thyroid cancer. Above all, bringing together researchers and clinicians is the key to better
understand this heterogeneous disease.
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Abstract: The clinical behavior of thyroid cancers is seen to reflect inherent transcriptional activities
of mutated genes and trophic effects on tumors of circulating pituitary thyrotropin (TSH). The thyroid
hormone, L-thyroxine (T4), has been shown to stimulate proliferation of a large number of different
forms of cancer. This activity of T4 is mediated by a cell surface receptor on the extracellular domain
of integrin αvβ3. In this brief review, we describe what is known about T4 as a circulating trophic
factor for differentiated (papillary and follicular) thyroid cancers. Given T4′s cancer-stimulating
activity in differentiated thyroid cancers, it was not surprising to find that genomic actions of T4
were anti-apoptotic. Transduction of the T4-generated signal at the integrin primarily involved
mitogen-activated protein kinase (MAPK). In thyroid C cell-origin medullary carcinoma of the thyroid
(MTC), effects of thyroid hormone analogues, such as tetraiodothyroacetic acid (tetrac), include
pro-angiogenic and apoptosis-linked genes. Tetrac is an inhibitor of the actions of T4 at αvβ3, and it
is assumed, but not yet proved, that the anti-angiogenic and pro-apoptotic actions of tetrac in MTC
cells are matched by T4 effects that are pro-angiogenic and anti-apoptotic. We also note that papillary
thyroid carcinoma cells may express the leptin receptor, and circulating leptin from adipocytes may
stimulate tumor cell proliferation. Transcription was stimulated by leptin in anaplastic, papillary,
and follicular carcinomas of genes involved in invasion, such as matrix metalloproteinases (MMPs).
In summary, thyroid hormone analogues may act at their receptor on integrin αvβ3 in a variety of
types of thyroid cancer to modulate transcription of genes relevant to tumor invasiveness, apoptosis,
and angiogenesis. These effects are independent of TSH.

Keywords: apoptosis; angiogenesis; integrin αvβ3; L-thyroxine (T4); thyroid cancer;
tetraiodothyroacetic acid (tetrac)

1. Introduction

The clinical behavior of thyroid gland cancers is seen to reflect gene mutation and/or epigenetic
changes [1,2], and effects of circulating or local trophic factors [3,4]. Circulating trophic factors include
target tissue-specific thyrotropin (TSH) secreted by the pituitary gland and adipose tissue-source
leptin, which enhances growth of a variety of tumors, including those of the thyroid gland [5]. In the
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clinical management of differentiated thyroid cancers, host pituitary TSH secretion is suppressed with
exogenous L-thyroxine (T4) in conjunction with tumor surgery and radioablation of the cancers.

Discovery of a cell surface thyroid hormone analogue receptor on plasma membrane integrin
αvβ3 has provided additional information about the biological activity of T4. T4 has been viewed
primarily as a source of 3,3′,5-triiodo-L-thyronine (T3), the principally active form of the hormone at
nuclear thyroid hormone receptors (TRs) [6,7]. At physiological concentrations, however, T4 is the
primary ligand of the cell surface iodothyronine receptor on the plasma membrane [8]. The integrin
is generously expressed by cancer cells and rapidly dividing endothelial cells [6] and at this site,
T4 promotes proliferation of tumor cells and supports angiogenesis [8]. T4 may also be a factor that
contributes to metastasis of cancer cells [9].

Reverse T3 (3,3′,5′-triiodo-L-thyronine, rT3) has also been thought to have little bioactivity but is
known to affect the state of actin in cells [10] and, recently, to stimulate proliferation of cancer cells [11].
In contrast to T4 and to rT3, tetraiodothyroacetic acid (tetrac), a derivative of T4, has anti-proliferative
and anti-angiogenic properties at αvβ3 [6,8,12]. Prior to recognition of anti-tumor activity of tetrac at
the cell surface integrin, tetrac was seen to have low-grade T3-like activity at the nuclear receptors [6].

Against this background, we examine in the present review the actions of T4 and tetrac,
and chemical derivatives of tetrac on the biology of human thyroid cancer cells, including expression
of a number of genes relevant to proliferation, apoptosis, and angiogenesis. These actions of T4 and
tetrac are initiated at the hormone receptor on integrin αvβ3 (Figure 1). The signals generated at
the integrin by thyroid hormone analogues involve early transduction within the cell primarily by
mitogen-activated protein kinase (MAPK) [6,8].

Figure 1. Cancer-relevant actions of thyroid hormones and pituitary thyrotropin (TSH) at thyroid
carcinoma cells. Plasma membrane integrin αvβ3 contains a cell surface receptor for thyroid hormones
and is overexpressed by cancer cells. T4 is the principal ligand for this receptor and the T4 signal is
transduced by mitogen-activated protein kinase (MAPK/ERK1/2) or phosphatidylinositol 3-kinase
(PI3-K) into cancer-linked gene transcription. A deaminated analogue of T4, tetrac, blocks actions of
T4 at the integrin and is under development as an anticancer agent. At physiological concentrations,
T3 is not active at the integrin, but reverse T3 (rT3) has cancer cell-stimulating activity at this plasma
membrane receptor. T3 is the principal ligand of nuclear thyroid hormone receptors (TRs) in normal
cells; TRs are not shown in the figure. Pituitary TSH acts at a specific cAMP-generating receptor on the
plasma membrane of thyroid cancer cells. TRs and the TSH receptor are not structurally related to
the T4 binding site on αvβ3. 2. T4 Actions at the Integrin αvβ3 in Papillary and Follicular Thyroid
Carcinoma Cells.
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2. T4 Actions at the Integrin αvβ3 in Papillary and Follicular Thyroid Carcinoma Cells

The physiological loops that connect the components of the normal hypothalamic-pituitary-thyroid
gland axis have been assumed to be intact when the axis is disrupted by thyroid cancer [3,6,13–15].
In differentiated thyroid cancers, the tumor cells are usually TSH-responsive in terms of proliferation
and pharmacologic administration of thyroid hormone—as T4, serving as a source of T3 at the level
of nuclear TRs in the pituitary—and can take advantage of the thyro-pituitary feedback loop and
suppress endogenous thyrotropin. The reduction of circulating TSH frequently contributes to arrest of
the thyroid cancer. The amounts of exogenous T4 that are required to fully suppress host TSH via
generated T3 are, by the nature of the definition of the feedback loop, supraphysiologic. The thyroid
hormone receptors involved are exclusively nuclear TRs.

Lin et al. [16] showed in 2007 that differentiated papillary and follicular human thyroid carcinoma
cells in vitro proliferated in response to physiological levels of T4. The index of cell division was
expression of proliferating cell nuclear antigen (PCNA) (see Figure 2). The proliferative effect of T4
was inhibited by tetrac that, as noted above, blocks actions of T4 that are initiated at integrin αvβ3.
An Arg-Gly-Asp (RGD) peptide that acts on a number of integrins and has a receptor close to the T4
receptor on αvβ3, also blocked the action of T4 on thyroid cancer cells, but a control Arg-Gly-Glu
(RGE) peptide did not affect the action of T4. This report, thus, documented a local and primary effect
of the principal hormonal product of the thyroid gland on thyroid gland cancer cells. TSH was not
involved. The cell lines in this work had been well-studied by other endocrine laboratories and were
the subjects of more than 20 publications.

Figure 2. Proliferative activity of T4 in vitro on differentiated human papillary (BHP 18-21; upper panel)
and follicular (FTC 236: lower panel) thyroid carcinoma cells. Proliferation was measured by
immunoblotting of proliferative cell nuclear antigen (PCNA) from cultured cells. The 2.5-fold increase
in PCNA in both cell lines was achieved with 10−7 M total T4 concentration (10−10 M free T4 in
medium) [17]. The proliferative effect of the hormone required activation of ERK1/2 (MAPK). Inhibition
of activation of ERK1/2 with PD98059 (PD) prevented enhancement of proliferation in both cell lines.
T4 activates MAPK via the thyroid hormone analogue receptor on the extracellular domain of plasma
membrane integrin αvβ3 [8,17]. Reprinted with permission from Elsevier from Lin et al. [16]. ERK1/2,
extracellular signal-regulated kinases 1 and 2; MAPK, mitogen-activated protein kinase.
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Another feature of the Lin et al. study was to define molecular components of the mechanism,
downstream of its receptor on the integrin [8,16,17] by which T4 stimulated cell proliferation.
That activation of MAPK was essential to the induction of proliferation was shown with the use of
pharmacologic inhibitor of MAPK [18] (Figure 2), which eliminated the stimulatory T4 action on PCNA.
The requirement for MAPK participation in T4′s action on proliferation has been shown in a number
of cancer cells [19–25]. Only at supraphysiologic concentrations was T3 effective as a proliferative
factor [16] and this is a feature of cancer cell responses that are mediated by the receptor for thyroid
hormone on integrin αvβ3 [17].

To define the specific genes whose transcription is affected by T4, Lin and co-workers [16] studied
the effects of T4 on pharmacologically induced apoptosis in papillary and follicular thyroid cancer
cells. The stilbene, resveratrol, induces apoptosis in differentiated thyroid cancer cells by a complex
molecular mechanism that involves p21, c-Jun, and c-Fos expression [26]. As shown in Figure 3,
resveratrol activated pro-apoptotic p53 and increased cancer cell expression of p21, c-Fos, and c-Jun
genes. Addition of T4 to the cells cultured with resveratrol prevented p53 activation and apoptosis
and also blocked induction of expression of p21, c-Jun, and c-Fos. Thus, T4 has anti-apoptotic activity
in thyroid cancer cells by multiple mechanisms, including expression of multiple genes and reversing
activation of p53. It is also important to note that tetrac inhibited resveratrol-induced apoptosis,
as shown in nucleosome ELISA studies [16]. The anti-apoptosis effects of T4 in these studies, like those
on cell proliferation, are initiated at the cell surface thyroid hormone receptor on integrin αvβ3.

Figure 3. Effects of T4 on mRNA abundance (RT-PCR) of pro-apoptotic p21, c-fos, and c-jun in human
differentiated papillary (BHP 18-2) and follicular (FTC 236) thyroid carcinoma cells. Cells were treated
in vitro for 24 h with resveratrol (RV) (10 μM) or T4 (10−7 M total hormone concentration, 10−10 M free
hormone) or with both agents. T4 inhibited the expression of RV-induced pro-apoptotic genes and did
not affect control GAPDH gene. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Reprinted with
permission from Elsevier from Lin et al. [16].

Poorly differentiated or anaplastic thyroid carcinoma cells were not studied by Lin et al. in terms
of possible responsiveness to T4.

3. Gene Expression in Thyroid Cancer Cells Exposed to Leptin

In the clinical setting of overweight, adipose tissue is expected to secrete leptin protein [27,28].
An endogenous anti-appetite factor, leptin has also been shown to support the growth of certain
tumors, including papillary thyroid carcinoma, that express the leptin receptor [4]. There are a variety
of other observations that link leptin and thyroid hormone together at cancer cells. Thyroid hormone
may increase adipocyte secretion of leptin [29], and circulating leptin levels may be increased in
papillary thyroid cancer patients [30]. Leptin variably modulates iodide uptake by thyroid cells [31].
Migration in vitro of papillary thyroid carcinoma cells is increased by leptin [32]. Finally, stimulation of
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epithelial-to-mesenchymal transition (EMT) is obtained with leptin [33] and with thyroid hormone [34],
suggesting that both factors may support cancer metastasis.

Lin and co-workers have identified certain genes whose transcription is modulated in papillary
thyroid carcinoma cells by leptin (Figure 4) [5]. Leptin and its derivative, OB3, both significantly
reduce abundance of MMP9 mRNA in follicular thyroid cancer cells (Figure 4B), but do not affect
expression of MMP9 in papillary thyroid carcinoma cells (Figure 4A). In the latter cells, however,
OB3 and leptin both reduce cell proliferation. Thus, leptin has thyroid cancer-type-specific actions
on gene transcription. Such observations raise the possibility that body mass index with changes
in endogenous leptin production may be associated with different clinical behaviors of papillary vs.
follicular thyroid carcinomas.

Figure 4. Effect of OB3 and leptin peptides on expression of genes relevant to invasion and cell
proliferation in thyroid cancer cell lines. (A) Papillary and (B) follicular thyroid cancer cells were
treated with either 0.625 μM leptin or 10 μM OB3 for 24 h. Cells were harvested, and total RNA was
extracted. qPCR for PCNA, MMP9 and c-Myc was conducted as described in Yang et al. [5]. Data were
expressed as mean ± S.D. in triplicate. * p < 0.05, ** p < 0.01, *** p < 0.001, were compared with control.

4. Actions of Thyroid Hormone Analogues on Cells of Medullary Thyroid Carcinoma (MTC)

Medullary carcinoma originates in thyroid gland C cells, is thus distinct from papillary and
follicular thyroid cancers and is an aggressive, non-TSH-dependent form of thyroid cancer. MTC may
occur sporadically or conjunctively as a component of genetic multiple endocrine adenomatosis
type 2 [35].

7
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Gene expression that is subject to regulation in MTC cells by certain thyroid hormone analogues
has been studied by Yalcin and co-workers [36]. In these studies, tetrac was the thyroid hormone
analogue used to probe for thyroid hormone sensitivity of gene expression. Because tetrac, in various
non-thyroidal cancer cells studied to-date, is anti-proliferative, pro-apoptotic, and anti-angiogenic [8,37]—
the antithesis of T4 [19,21–24,38]—several implications of tetrac studies are clear. First, when it may
be studied in the same cells, T4 is likely to have effects that are the direct opposite of tetrac and
chemically modified tetrac. Tetrac is an antagonist of T4 at the integrin. Second, the panel of tetrac
effects conveys the prospect of effectiveness as an anticancer agent. Third, the effects downstream
on a) signal transduction and b) consequent gene expression of the αvβ3 thyroid hormone receptor
are extensive.

Acting on MCT cells grafted into the chick chorioallantoic membrane (CAM) model system, tetrac or
tetrac analogues reduced tumor weight and tumor hemoglobin content—an index of angiogenesis—
by more than 60% at 3 weeks [36]. This anti-angiogenic effect was then studied with q-PCR and RNA
microarray in cultured MTC cells. Here, tetrac or a formulation of tetrac downregulated expression of
vascular endothelial growth factor A (VEGFA) and upregulated anti-angiogenic thrombospondin 1
(THSB1) genes. The tumor shrinkage in the CAM studies reflected anti-angiogenesis, but in addition
pro-apoptosis gene expression was observed. For example, significant increases in transcription of
DFFA, FAF1 and CASP2 were induced by tetrac molecules. Thus, thyroid hormone analogues have
access to control mechanisms via αvβ3 for MCT angiogenesis- and apoptosis-relevant gene expression.
Because tetrac is a specific inhibitor of the actions of T4 at integrin αvβ3, we propose that T4 has
actions in MCT cells that are anti-apoptotic, as has been shown to be the case in papillary and follicular
thyroid cancer cells.

5. Discussion

Clinical activity of the various forms of thyroid carcinoma is largely a function of specific gene
mutations and epigenetic changes that are the subjects of other papers in this issue of the journal.
Endogenous TSH may be a trophic factor, particularly in differentiated thyroid cancers and, as pointed
out above and elsewhere in this symposium, pharmacologic administration of T4 to suppress host
pituitary TSH production may be therapeutically helpful. When differentiated thyroid carcinomas
recur in the context of T4-conditioned suppression of TSH, we have suggested that the tumors are
no longer TSH-dependent and, in fact, may be T4-dependent [3]. This possibility has not been
systematically examined.

T4 is a growth factor for human carcinomas, including thyroid cancers, and a number of studies
have concluded that a receptor for thyroid hormone analogues is involved on the extracellular domain
of cancer cell integrin αvβ3 [8,37,39,40]. Transduction of the T4 or other thyroid hormone analogue
signal at the integrin results in the downstream modulation of transcription of a number of genes in a
variety of cancers [8,37]. These genes are relevant to cancer cell division, to apoptosis, to invasiveness,
and to tumor-relevant angiogenesis in a large panel of carcinomas of various organs. We have reviewed
here the evidence for the trophic action of T4 on various forms of thyroid cancer. It is clear, however,
that additional investigation is needed to confirm the extent of such action of T4. It is also of some
importance to deal with the possibility that thyroid hormone analogues may act via integrin αvβ3 to
alter thyroid tumor radiosensitivity as they have been shown to do in other forms of cancers [41,42].
Also needed are studies that assess the possibility of effects of T4 on anaplastic thyroid carcinomas.

When differentiated thyroid carcinomas remain clinically active, despite full suppression of
host TSH, we would suggest the possibility that the tumor is now T4-responsive [3]. A therapeutic
option in this setting is induction of euthyroid hypothyroxinemia that we have tested clinically
in a variety of advanced, T4-responsive (non-thyroid) cancers [43]. The limited genetic data we
have reviewed in the current paper indicates a need for comparing genotypic information from
differentiated, but now aggressive, thyroid cancers that (1) are and are not TSH-responsive and (2)
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are and are not T4-responsive in vitro. Genotyping of aspiration biopsies might then be useful in
considering interruption of T4-suppression of TSH.

We have noted above that rT3—another thyroid hormone analogue thought to have little or no
biological activity—is capable of stimulating cancer cell proliferation [11]. This proliferative effect
has not yet been sought experimentally in differentiated thyroid carcinoma. However, the Type 3
deiodinase that generates rT3 from T4 [44] is present in papillary thyroid carcinoma cells [45].

Finally, we have also pointed out in the current review that leptin may be a trophic factor for
papillary thyroid carcinoma, a form of cancer known to express the leptin receptor [5]. These interesting
preclinical studies are of potential relevance to suboptimal clinical response of well-differentiated
papillary thyroid cancer to TSH suppression in overweight patients. The genes whose expression was
affected by leptin include those linked to angiogenesis and invasiveness.
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Abstract: Deregulation of VEGFA (Vascular Endothelial Growth Factor A) and NFE2L2 (Nuclear
Factor (Erythroid-derived 2)-Like 2), involved in angiogenesis and oxidative stress, can lead to
thyroid cancer progression. MiR-17-5p and miR-612 are possible regulators of these genes and may
promote thyroid disorders. In order to evaluate the involvement of VEGFA, NFE2L2, hsa-miR-17-5p,
and hsa-miR-612 in thyroid pathology, we examined tissue samples from colloid goiter, papillary
thyroid cancer (PTC), and a normal thyroid. We found higher levels of VEGFA and NFE2L2 transcripts
and the VEGFA protein in goiter and PTC samples than in normal tissue. In the goiter, miR-612
and miR-17-5p levels were lower than those in PTC. Tumors, despite showing lower VEGFA mRNA
expression, presented higher VEGFA protein levels compared to goiter tissue. In addition, NRF2
(Nuclear Related Transcription Factor 2) protein levels in tumors were higher than those in goiter
and normal tissues. Inhibition of miR-17-5p resulted in reduced NFE2L2 expression. Overall,
both transcript and protein levels of NFE2L2 and VEGFA were elevated in PTC and colloid goiter.
Hsa-miR-612 showed differential expression in PTC and colloid goiter, while hsa-miR-17-5p showed
differential expression only in colloid goiter, suggesting that hsa-miR-17-5p may be a positive regulator
of NFE2L2 expression in PTC.

Keywords: thyroid neoplasms; goiter; vascular endothelial growth factor A; NF-E2-related factor 2;
microRNAs

1. Introduction

Colloid goiter is the most common disorder of the thyroid gland, even in non-endemic regions,
and it is clinically detected in about 4% of individuals older than 30 years [1]. The presence of colloid
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goiter can indicate the beginning of malignant transformation of the thyroid leading to thyroid
cancer [2,3].

Thyroid cancer is the most common endocrine neoplasia, accounting for about 1.7% of all cancer
diagnoses worldwide [4], and it is the fifth most common type of cancer in women [5]. Papillary
thyroid cancer (PTC) is the most common thyroid cancer, accounting for about 80% of diagnoses [6].

Angiogenesis plays a key role in the progression of cancer and the onset of metastases, as the
newly formed blood vessels supply the nutrients and oxygen necessary for the maintenance of tumor
growth [7]. VEGFA (Vascular Endothelial Growth Factor A) is the first angiogenic factor induced by
hypoxia and promotes proliferation, budding, migration, and formation of the endothelial matrix [8].
Another important factor for angiogenesis is nuclear related transcription factor 2 (NRF2), encoded by
the NFE2L2 gene (nuclear factor (erythroid-derived 2)-like 2). NRF2 regulates the expression of antioxidant
proteins in response to oxidative stress in various tissues [9]. Therefore, VEGFA and NFE2L2 have been
considered potential targets for new antiangiogenic therapies.

Gene expression can be regulated by microRNAs (miRNAs, miR), which control many cellular
processes, including cell growth, differentiation, proliferation, and apoptosis [10]. Identification of the
possible roles of miR-17-5p and miR-612 in the regulation of NFE2L2 and VEGFA expression in PTC
and colloid goiter can provide valuable insights for the development of strategies and drugs to inhibit
tumor growth and also to restore sensitivity of tumors to chemotherapy.

In this study, we aimed to evaluate mRNA and protein levels of VEGFA and NFE2L2, as well as
the expression patterns of miR-17-5p and miR-612 in human papillary thyroid cancer, colloid goiter,
and normal thyroid tissues, and also to investigate the involvement of miR-17-5p and miR-612 in the
regulation of VEGFA and NFE2L2 expression in the thyroid papillary cancer cell line (TPC-1 line).

2. Materials and Methods

2.1. Specimens

Tumor and goiter tissue samples, along with adjacent tissues, as well as normal thyroid tissue
samples were collected from 66 patients, as follows: 15 thyroid papillary cancer patients (13 females
and 2 males), 15 goiter colloid patients (14 females and 1 male), and 6 patients with normal thyroid
(4 females and 2 males). Tumor and goiter samples, along with adjacent tissue samples, were sent to the
Pathology Service of Hospital de Base de São José do Rio Preto—SP for diagnosis and microdissection.
The tumors were classified according to the parameters of “American Joint Committee for Cancer”
(AJCC) [11]: tumor size (T), presence of nodal metastasis (N), and presence of distant metastasis (M).
This study was approved by the Research Ethics Committee of the Medical School of São José do Rio
Preto, FAMERP (No. 468.393).

2.2. Computer Prediction of miRs

miRs were selected in the DIANA-TarBase v7.0 database (http://diana.imis.athena-innovation.gr/
DianaTools/index.php?r=tarbase/index), TargetScan (http://www.targetscan.org/vert_71) and mirDIP
(http://ophid.utoronto.ca/mirDIP/). Two miRs with the highest score for regulation of NFE2L2 and
VEGFA were selected.

2.3. Expression of NFE2L2, VEGFA, miR-17-5p, and miR-612

RNA was extracted using the mirVana PARIS Kit (Applied Biosystems, Carlsbad, CA, USA).
Complementary DNA (cDNA) from total RNA was synthesized using the High Capacity cDNA
Archive Kit (Life Technologies, Carlsbad, CA, USA). The conversion of the miRs into cDNA was
performed using the TaqMan-Micro RNA Reverse Transcription kit (Applied Biosystems).

Expression analyses of NFE2L2 (Hs00975961_g1) and VEGFA (Hs00900055_m1), miR-17-5p
(002308), and miR-612 (001579) were performed by quantitative real-time PCR (qPCR) using specific
TaqMan probes (Thermo Fisher Scientific, Waltham, MA, USA) on the CFX 96 Real Time System
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(Bio-Rad, Hercules, CA, USA). All reactions were performed in duplicates and included a contamination
control. The genes β-actin (Hs01060665_g1) and GAPDH (Hs03929097_g1) were used as reference
genes for normalization of NFE2L2 and VEGFA expression data. The genes RNU6B (001093) and
RNU48B (001006) were used for normalization of miR-17-5p and miR-612 expression data (Thermo
Fisher Scientific). Relative quantification (RQ) of genes and miR expression in PTC and colloid goiter
was calculated using the 2-ΔΔCt method in relation to the normal tissues [12].

2.4. Quantification of Protein Expression in Tissue Samples

The proteins were extracted using the mirVana Paris Kit and Trizol Reagent (Applied Biosystems)
and quantified using the BCA Protein Assay Kit (Abcam, Cambridge, United Kingdom).

Quantification of VEGFA protein in fresh tissue samples was performed using VEGFA
Duo Set ELISA Kit (R&D Systems, Minneapolis, MN, USA) following the manufacturer’s
instruction. Immunohistochemistry was performed for analysis of NRF2 protein quantification. Briefly,
after deparaffinization, the sections were rehydrated in a graded series of ethanol. The polyclonal rabbit
anti-Nrf2 primary antibody (PA5-27882, Thermo Fisher Scientific) was used at a dilution of 1:100.
After incubation, a biotinylated secondary antibody (Histostain-Plus IHC Kit, DAB, broad spectrum,
95-9943B, Invitrogen, Carlsbad, CA, USA) was used. The slides were incubated with streptavidin
complex conjugated to peroxidase and 3,3′-diaminobenzidine (DAB 750118, Invitrogen) in the dark.
For analysis of densitometry, the sections were photographed under a 40x objective (three fields per
slide). For each sample, the cytoplasm and nucleus of epithelial cells were evaluated at 20 points
equally distributed in the cytoplasm and 10 points in the nucleus.

2.5. Cell Line TPC-1 Culture

The TPC-1 cell line [13] derived from female papillary cancer was cultured in DMEM (Dulbecco’s
modified Eagle’s medium, Cultilab, Campinas, Brazil), supplemented with 10% fetal bovine serum
(Cultilab), 100 U/mL sodium penicillin, 100 mg/mL streptomycin (Cultilab), and 1% l-glutamine
(Cultilab) at 37 ◦C in a 5% CO2 incubator. The TPC-1 cell line authentication was performed by
STR (Short Tandem Repeat) DNA typing profile using Gene Print 10 (Promega, Madison, WI, USA),
ID 142738.

2.6. Transfection in the TPC-1 Cell Line

Transfection assays were conducted using mirVana™ inhibitor for miR-17-5p (MH12412, Thermo
Scientific) and the mirVana™ miR-612 mimic (MC11461, Thermo Scientific) with Lipofectamine
RNAiMAX (Invitrogen) following the manufacturer’s instructions. Cells were cultured for 48 h in
100 μL of Opti-MEM serum-free medium (Invitrogen), 1 μL of Lipofectamine RNAiMAX (Invitrogen),
and 10 mM of the inhibitor for miR-17-5p or the miR-612 mimic. RNA was extracted to verify the
efficiency of transfection, using the respective positive and negative controls by qPCR.

2.7. Statistical Analyses

Statistical analyses were performed using GraphPad Prism software, version 6. The continuous
data distribution was evaluated using D’Agostino and Pearson’s normality test. The Wilcoxon
signed rank test and the Mann–Whitney test were used to evaluate the gene expression data.
The correlation between the expression of miRNAs and the genes was analyzed by Spearman’s
correlation. The Mann–Whitney test was used to evaluate the protein expression data. Values of
p < 0.05 were considered significant.

3. Results

3.1. Characteristics of the Samples

The characteristics of the samples are summarized in Table 1.

15



Genes 2020, 11, 954

Table 1. Characteristics of the collected samples.

Characteristics Tumor Goiter

Gender
Female (F) 13 (86.7%) 14 (93.4%)
Male (M) 2 (13.3%) 1 (6.6%)

Age
<45 F: 7 (46.6%); M: 1 (6.7%) F: 6 (40%); M: 1 (6.7%)
≥45 F: 6 (40%); M: 1 (6.7%) F: 8 (53.3%); M: 0 (-)

Tumor extent
I 8 (53.4%)

II-III 7 (46.6%)
Nodal metastasis 2 (13.3%)

Distant metastasis 2 (13.3%)

3.2. Expression of VEGFA, NFE2L2, miR-17-5p, and miR-612 in Fresh Tissue Samples

Expression levels of VEGFA, NFE2L2, miR-17-5p, and miR-612 in the tumor tissues, colloid goiter,
and their respective adjacent tissues were compared to those observed in the normal tissues. VEGFA
and NFE2L2 showed high expression levels in the tumor and goiter. MiR-17-5p and miR-612 did not
exhibit differential expression in the tumor, but the expression levels of both miRs were reduced in the
goiter (Table 2).

Table 2. Genes and miR expression in thyroid tumor and goiter in relation to normal thyroid tissue.

Tumor Goiter

Gene RQ Median Min Max P RQ Median Min Max P

VEGFA 1.516 0.059 6.605 0.0125 * 20.010 8.595 32.260 <0.0001 *
NFE2L2 5.446 0.045 40.76 0.0061 * 23.380 0.278 68.780 0.0009 *

MicroRNAs
miR-17-5p 0.206 0.007 3.305 0.094 0.099 0.006 0.879 <0.0001 *
miR-612 0.181 0.002 7.097 0.135 0.044 0.003 0.238 0.015 *

RQ, relative quantification; P, p value; *, Wilcoxon signed rank test.

VEGFA and NFE2L2 also showed elevated expression in the tumor- and goiter-adjacent tissues.
MiR-612 showed reduced expression in the tumor-adjacent tissue and in the goiter-adjacent tissue,
whereas miR-17-5p showed reduced expression only in the goiter-adjacent tissue (Table 3).

Table 3. Gene and miR expression in tumor- and goiter-adjacent tissues in relation to normal thyroid tissue.

Tumor-Adjacent Tissue Goiter -Adjacent Tissue

Gene RQ Median Min Max P RQ Median Min Max P

VEGFA 3.405 0.010 8.190 0.0023 * 20.720 13.820 55.970 <0.0001 *
NFE2L2 23.990 0.039 76.920 0.0149 * 15.870 2.417 83.740 <0.0001 *

MicroRNAs
miR-17-5p 0.256 0.059 11.020 0.118 0.209 0.043 10.930 0.0448 *
miR-612 0.128 0.003 20.790 0.016 * 0.092 0.001 4.413 0.0131 *

RQ, relative quantification; P, p value; *, Spearman correlation.

Comparisons between the groups revealed that VEGFA gene expression was higher in the goiter
than in the tumor (RQ median = 20.28 vs. 1.5; p < 0.0001) and also in the goiter-adjacent tissue than in
the tumor-adjacent tissue (RQ median = 20.72 vs. 3.40, p < 0.0001) (Figure 1). No significant difference
was detected in NFE2L2 expression between the groups.
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Figure 1. Expression levels of (A) VEGFA (Vascular Endothelial Growth Factor A), (B) NFE2L2 (Nuclear
Factor (Erythroid-derived 2)-Like 2), (C) miR-17-5p, and (D) miR-612 in tumor and goiter tissues and their
respective adjacent tissues. Data are presented as median with interquartile range (25% percentile and
75% percentile). The relative expression value was Log2 transformed (y-axis). Calibrator (normal tissue)
log RQ = 1. *, Statistically significant (panel A, Mann–Whitney, p < 0.0001; panel C, Mann–Whitney,
p = 0.033).

Regarding miR expression, miR-17-5p expression was higher in the tumor than in the goiter (RQ
median = 0.20 vs. 0.09; p = 0.033) (Figure 1). Expression of miR-612 did not differ significantly between
the groups.

3.3. Correlation between Expression Levels of VEGFA, NFE2L2, miR-17-5p, and miR-612

There was a negative correlation in the tumor tissue between miR-612 and VEGFA expression,
and between miR-612 and miR-17-5p and NFE2L2 expression. In relation to the goiter, only miR-612
expression presented a negative correlation with NFE2L2 expression (Table 4; Figure 2).

Table 4. Correlation between expression levels of VEGFA and NFE2L2 and the miR-17-5p and miR-612
miRs in thyroid tumors and colloid goiter.

Tumor Goiter

VEGFA NFE2L2 VEGFA NFE2L2

R2 P R2 P R2 P R2 P

miR17-5p −0.411 0.130 −0.067 0.019 * −0.118 0.653 −0.174 0.503
miR-612 −0.546 0.038 * −0.679 0.007 * -0.479 0.062 −0.724 0.002 *

R2, correlation coefficient; P, p value; *, Spearman correlation.
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Figure 2. Relationship between relative expression levels of miRs and genes, showing high expression
levels of genes and low expression levels of miRs. Each point represents an individual sample, for which
the two gene expression levels are correspondingly connected. RQ, relative quantification.

3.4. Expression of VEGFA and NRF2 Proteins in Tissues

The protein levels of VEGFA were higher in the tumor compared to those in normal tissue
(p = 0.0009), the goiter (p = 0.0222), and goiter-adjacent tissue (p = 0.0003). Tumor-adjacent tissue also
presented elevated VEGFA protein levels compared to the normal tissues (p = 0.0138). The expression
of VEGFA was upregulated in the goiter compared to the normal tissues (p = 0.0397) (Figure 3).

Figure 3. Protein expression of VEGFA in tumor, goiter, and normal tissue samples. VEGFA concentration
was Log10 transformed (y-axis). Mann–Whitney test (* p value).

Expression of NRF2 protein in tumor tissues, colloid goiter, and normal tissues is shown in
Figure 4. The cytoplasmic expression of NRF2 was higher in the tumor tissues compared to the normal
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tissues (p < 0.0001) and the goiter (p < 0.0001). In the nucleus, there was a stronger staining in the
tumor tissue compared to the goiter tissue (p < 0.0001); no nuclear staining was observed in the normal
thyroid tissues.

Figure 4. Expression of the NRF2 protein in the thyroid gland. Increased expression in the cytoplasm
and nucleus in different tissues. (A) Normal thyroid tissue. (B) Colloid goiter. (C) Papillary thyroid
cancer. (D) Negative controls of the goiter and (E) tumor. Section thickness, 5 μm; contra-staining,
hematoxylin; scale bars, 20 μm. (F) Densitometric analysis of NRF2 quantification. The data represent
the mean ± SEM of the densitometric index. *, p < 0.0001; bar size, 20 μm; arrows, cytoplasm;
arrowhead, nucleus.
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3.5. Superexpression Assay of miR-612 in the TPC-1 Cell Line

The transfection efficiency was checked on TPC-1 cells using the positive (mirVana™ miRNA
Mimic miR-1 Positive Control, Life Technologies) and negative controls (mirVana™miRNA Mimic,
Negative Control # 1, Life Technologies). Relative quantification (2−ΔΔCt method) of TWF1 in cells
treated with mirVana ™ miRNA Mimic miR-1 Positive Control revealed a 60% reduction in TWF1
expression. The transfection with miR-612 did not show any significant difference in the expression of
VEGFA and NFE2L2 in the treated cells.

3.6. Inhibition Assay of miR-17-5p in the TPC-1 Cell Line

The transfection efficiency test for the inhibition assay using the positive control mirVana™
miRNA Inhibitor, let-7c positive control (Life Technologies) showed a 60% reduction in HMGA2
expression. Transfection of miR-17-5p inhibitor into TPC-1 cells showed no difference in VEGFA
expression, however, an approximately 73% inhibition in NFE2L2 expression was noted (Figure 5).

Figure 5. Results of the transfection assay on the TPC-1 cell line using mirVana™miRNA Inhibitor
for miR-17-5p, and mirVana™miRNA Mimic for miR-612. VEGFA expression did not differ between
cells transfected and non-transfected with miR-612 (A) and the inhibitor for miR-17-5p (C). NFE2L2
expression did not differ between cells transfected and non-transfected with miR-612 (B); the inhibition
of miR-17-5p resulted in approximately 73% inhibition of NFE2L2 expression (D). *, approximately
73% inhibition of gene expression in relation to the negative control. Calibrator (negative control)
log RQ = 1.

4. Discussion

We noted higher prevalence of cancer and goiter in females, which may be related to sex-differences.
Porc et al. reported the first meta-analysis and revealed genetic factors that differentially affect thyroid
function in males and females [14]. The present study shows that tissues affected by papillary thyroid
cancer or colloid goiter, and their respective adjacent tissues present increased expression of VEGFA and
NFE2L2, thereby providing evidence that vascularization and oxidative stress are imbalanced in these
tissues. Corroborating with our results, earlier studies have shown that the expression of the VEGFA
is higher in thyroid cancer, and may be crucial for the development of goiter, since the proliferation
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of endothelial cells precedes that of thyroid cells [15–18]. Studies have reported functional defects
and increased expression of NFE2L2 in the thyroid. Since this gene is involved in the maintenance of
homeostasis against the physiologically generated oxidative stress during thyroid hormone synthesis,
its dysregulation may contribute to the development of goiter as well as tumorigenesis of thyroid [19–21].
It is noteworthy that the expression levels of these genes increase according to the type and degree of
thyroid cancer progression [15,22].

We also observed the elevated expression of these genes in the tissues adjacent to the tumor tissues
in relation to the normal tissues. This indicates that the organ affected by cancer and goiter present
altered physiology. This result highlights the importance of the normal tissue as a normalizer of the
expression data in gene expression studies, since the tissue adjacent to tumor may not represent the
normality of the tissue in true sense and, in fact, may present some of cellular alterations that precede
these diseases. To the best of our knowledge, this is the first study to analyze the expression of VEGFA
and NFE2L2 in normal thyroid tissue for comparison with tumor tissue and goiter, as other studies
have used adjacent non-malignant tissues for comparison.

The TCGA (The Cancer Genome Atlas Program) thyroid cancer dataset showed that VEGFA and
NFE2L2 were highly expressed in normal tissue (n = 59) when compared with the primary tumor
(n = 505). When analyzing the histology of thyroid tumors, it was found that, for VEGFA, the follicular
thyroid papillary carcinoma (n = 102) was the closest to normal tissue, while the classical thyroid
papillary carcinoma (n = 358), tall thyroid papillary carcinoma (n = 36) and others (n = 9) were
down-regulated in relation to normal tissue. All NFE2L2 levels in cancer tissues were down-regulated
in relation to normal tissue (Supplementary Material). These changes in expression levels in relation to
normal tissue may be related to the sample number analyzed.

A comparison between tumor and colloid goiter and between tumor-adjacent tissue and
goiter-adjacent tissue revealed a significantly higher expression of the VEGFA gene in the samples of
colloid goiter and its adjacent tissue. This increase in the expression of the VEGFA gene in goiter may
be due to several factors. Increasing endothelial cells is the first step in goiter formation, which exhibits
levels of VEGFA expression similar to those observed in some types of thyroid cancer [23–25]. It is also
worth mentioning that most of the papillary cancer samples analyzed in the present study presented
early stages according to the TNM (Classification of Malignant Tumors) classification and that the
levels of VEGFA gene expression increased according to the types and stages of tumor [15].

The expression of the NFE2L2 gene did not differ significantly between the tissues. Evidence
suggests that the difference between the tissues can be more effectively analyzed with the protein
analysis of NRF2, because this protein occurs in degraded form in the normal tissue. In benign lesions,
this degradation undergoes an imbalance, whereas in the tumor tissue it is possible to observe the
migration of NRF2 to the nucleus, where this factor acts in response to oxidative stress, thus activating
antioxidant enzymes [20,22].

In addition, the expression of miR-17-5p and miR-612 in PTC and colloid goiter samples and their
respective adjacent tissues was also verified in comparison to the normal tissues, since these miRs may
be related to the regulation of the genes investigated in this study. The results showed that miR-17-5p
and miR-612 were not differentially expressed in tumor samples, and only miR-612 expression was
reduced in tumor-adjacent tissue. In colloid goiter samples and goiter-adjacent tissue, the expression
of these miRs was reduced.

MiR-17-5p has been studied in several cancers types, including thyroid cancer, and the results
point to an elevated expression in tumor tissues [26–28]. However, the data available for PTC are not
consistent with our findings. Zhao and Li (2015) observed significantly reduced miR-17-5p expression
in thyroid papillary cancer samples in comparison to tumor-adjacent tissues [29]. The present study,
however, did not find significant differences between the expression levels of miR-17-5p in tumor and
non-tumor adjacent tissues, but a slight decrease in expression was observed; a larger sample size is
required to reach a conclusion. Expression levels of miR-17-5p, on the other hand, were significantly
reduced in the colloid goiter samples compared to those in normal tissues. No reports were found in
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the literature that corroborate or contrast with the findings of the present study. In the comparison
between the tumor and goiter samples, we detected a significant increase in miR-17-5p expression in
the tumor samples, indicating that even in initial stages the malignant tissue presents alteration of
expression in comparison to the benign tissue.

Expression of miR-612 showed no significant difference in the tumor tissues, although its relative
expression was low in these samples. However, in the tumor-adjacent tissues, colloid goiter and
goiter-adjacent tissues, the expression of miR-612 was significantly reduced compared to that in the
normal tissues. It was previously shown that this miR-612 exhibits reduced expression in colorectal
cancer [30] and hepatocellular carcinoma (HCC), and that its expression is inversely proportional to
tumor progression and aggressiveness in HCC [31]. Our results, deviating from the observations in
HCC and colorectal cancer, suggest that the expression of this miR could increase with the degree
of cellular alterations that lead to tumor formation, since the tumor-adjacent tissues and the goiter
samples have significantly reduced expression of miR-612. As no data on miR-612 expression in PTC
are available, further investigations are needed to clarify the role of miR-612 in this and other types of
thyroid disorders.

The protein quantification results of VEGFA showed that the papillary cancer samples,
the tumor-adjacent tissues, and the colloid goiter samples had increased expression of this protein
in comparison to the normal tissues. In the comparisons between goiter and tissues adjacent to the
goiter as well as between tumor tissues and tumor-adjacent tissues, no difference in VEGFA protein or
transcript levels was observed. A comparison of VEGFA levels between tumor and goiter samples
showed significantly higher expression in the tumor, a result suggesting a relation at the protein level
opposite to that we observed in mRNA levels. This contradictory result between protein and transcript
levels suggests that tumor tissue and goiter may present different mechanisms of post-transcriptional
or post-translational regulation that could result in lower amounts of protein present in goiter.

In addition, VEGFA also participates in angiogenic stimulation through inhibition of PTEN
(phosphatase and tensin homolog) expression. VEGFA triggers a cascade of signaling events, including
activation of mitogen-activated protein kinase (MAPK) and phosphorylation of the Elk-1 transcription
factor. These events promote an increase in the expression of members of the miR-17-92 group,
repressing PTEN expression. It is known that the reduced expression of PTEN protein is associated
with the development of thyroid cancer through the proliferation of endothelial cells. On the contrary,
the genetic inactivation of miR-17-92 in endothelial cells results in peripheral vascular impairment
in vivo [32,33]. These findings reinforce the importance of increased VEGFA protein in tumors and may
explain the higher protein quantification observed in the tumor samples in comparison to the goiter.

Using the immunohistochemistry technique, it was possible to observe the presence of NRF2
protein, which is activated by oxidative stress, migrating from the cell cytoplasm to the nucleus where
it exerts the function of transcription factor. The results observed in the present study showed that the
labeling of this protein in the normal tissue is very weak (almost undetectable), and is observed only in
the cytoplasm. In goiter, the labeling is intensified and it is already possible, in some cases, to observe
the protein in the nucleus. Finally, in the tumor tissue, it is possible to see a strong labeling in the
cytoplasm and nucleus. These data indicate that NRF2 protein is activated in PTC. Consistent with
our data, Ziros et al. (2013) also observed the same labeling pattern in normal thyroid tissue, benign
lesions and papillary cancer [20]. A recent study by Geng et al. (2017) indicates that the Nrf2 pathway
is commonly activated in PTC and occasionally is activated in benign thyroid lesions, suggesting that
prolonged activation of NRF2 and its elevated expression may contribute to the occurrence of nodular
goiter and PTC [22]. The presence of strong labeling of the NRF2 protein in the nucleus of tumor cells
reinforces its role in the regulation of antioxidant response related genes [34].

To obtain information about the possible miRs involved in the regulation of the NFE2L2 and
VEGFA genes, a database search was performed. Bioinformatic analysis revealed that miR-17-5p targets
both VEGFA and NFE2L2 genes. Previous studies have shown the interaction between miR-17 and
VEGFA in the skin [35] and kidney [36,37]. The interaction of this miR with the NFE2L2 gene was
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observed in the mammary gland [38]. The miR-612 showed regular expression of the VEGFA gene in
the bone marrow [39]. To date, there are no studies that prove the interaction of miR-612 with NFE2L2;
however, according to the databases consulted, miR-612 is predicted to regulate the NFE2L2 gene.

After bioinformatic analysis, the inhibitor for miR-17-5p and the miR-612 mimic were selected for
transfection into the TPC-1 cell line. The present study showed that inhibition of miR-17-5p resulted
in reduced expression of the NFE2L2 gene in the TPC-1 cells. The miR-17 cluster is known to reduce
the expression of the PTEN gene. The PTEN gene is important for angiogenesis as it regulates genes
such as NFE2L2. Rojo et al. (2014) showed that the inhibition of miR-17 increased PTEN expression,
which in turn has a role in Nrf2 degradation pathway [40]. In the present study inhibition of miR-17-5p
resulted in a decrease in NFE2L2 expression, corroborating previous findings; however, the tissue
expression data showed a negative correlation between the expression of this miR-17-5p and the
NFE2L2 gene. These contrasting results may reflect the participation of other active pathways in
thyroid cancer that could influence NFE2L2 expression. It is also worth mentioning the differences
found between the findings of fresh tumor tissue samples and cell culture. Although in vitro studies
are extremely important for functional studies, they cannot reproduce the complexity of the tumor
microenvironment, nor can they mimic the different pathways involved in the disease progression.

The genes and miRs evaluated in this study present great potential for the diagnosis of colloid
goiter and papillary cancer since they presented differential expression in these tissues. VEGFA and
NRF2 proteins have been shown to be efficient in differentiating normal tissues from PTC. The negative
regulation of miR-17-5p and miR-612 in colloid goiter also suggest the performance of these miRs as
biomarkers for this thyroid condition.

Angiogenesis, oxidative stress, and deregulation of miRs are crucial for the development of
thyroid disorders and cancer. The two genes evaluated in the present study can be possible therapeutic
targets in the angiogenesis of thyroid disorders since the feedback between these genes and their
regulation via miRs is of great importance for tumor development.

5. Conclusions

NFE2L2 and VEGFA genes and their protein products are widely expressed in PTC and colloid
goiter. miR-612 has differential expression in the thyroid tumor and colloid goiter, while miR-17 is
expressed only in the goiter. Hsa-miR-17-5p positively regulates the expression of the NFE2L2 gene in
PTC. This study showed the important relationship between miR-17-5p and NFE2L2, evidenced by the
functional experiments. However, further studies regarding the influence of miR17-5p on NFE2L2 and
VEGFA and on the formation of new vessels in the colloid goiter and in PTC are needed.
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Abstract: Publicly available (own) transcriptomic data have been analyzed to quantify the alteration
in functional pathways in thyroid cancer, establish the gene hierarchy, identify potential gene targets
and predict the effects of their manipulation. The expression data have been generated by profiling
one case of papillary thyroid carcinoma (PTC) and genetically manipulated BCPAP (papillary) and
8505C (anaplastic) human thyroid cancer cell lines. The study used the genomic fabric paradigm
that considers the transcriptome as a multi-dimensional mathematical object based on the three
independent characteristics that can be derived for each gene from the expression data. We found
remarkable remodeling of the thyroid hormone synthesis, cell cycle, oxidative phosphorylation and
apoptosis pathways. Serine peptidase inhibitor, Kunitz type, 2 (SPINT2) was identified as the Gene
Master Regulator of the investigated PTC. The substantial increase in the expression synergism of
SPINT2 with apoptosis genes in the cancer nodule with respect to the surrounding normal tissue
(NOR) suggests that SPINT2 experimental overexpression may force the PTC cells into apoptosis
with a negligible effect on the NOR cells. The predictive value of the expression coordination for
the expression regulation was validated with data from 8505C and BCPAP cell lines before and after
lentiviral transfection with DDX19B.

Keywords: 8505C cell line; apoptosis; BCPAP cell line; BRAF; CFLAR; IL6; oxidative phosphorylation;
SPINT2; thyroid hormone synthesis; weighted pathway regulation

1. Introduction

Thyroid cancer (TC) has a lower incidence and mortality rate compared to other malignancies.
Still, in 2020 in the USA, 52,440 new cases (12,270 men and 40,170 women) are expected to be added.
Although TC affects over three times more women than men, the number of deaths (2180) is practically
equally distributed between the two sexes (1040 men and 1140 women) [1]. There are four major
types of thyroid cancers: papillary (hereafter denoted as PTC, 70–80% of total cases), follicular (FTC,
10–15%), medullary (MTC, ~2%) and anaplastic (APC, ~2%). PTC, FTC and MTC are composed of
well-differentiated cells and are treatable, while APC is undifferentiated and has a poor prognosis [2].

Considerable effort has been invested in recent decades to identify DNA mutations and the
oncogenes (which turn on) and tumor suppressor factors (which turn off) that are responsible for
triggering TC. The 25.0 release (22 July 2020) of the Genomic Data Commons Data Portal [3] includes
11,128 confirmed mutations detected on 13,564 genes sequenced from 1440 (553 male and 887 female)
TC cases. The most frequently mutated gene reported in the portal is BRAF (B-Raf proto-oncogene,
serine/threonine kinase), with up to 10 mutations identified in 20.56% of cases. Further down in
terms of mutation frequency are: NRAS (neuroblastoma RAS viral (v-ras) oncogene homolog) with
two mutations in 2.71% of cases, TTN (titin), with a total of 40 mutations in 2.29% of cases, and TG
(thyroglobulin), with a total of 26 mutations in 1.67% of cases [3]. For most genes, the portal [3] shows
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the specific types and locations of the mutations and the cancer form(s) where these mutations were
found. However, there is no bi-univocal correspondence between cancer forms and mutated genes:
each cancer was associated with numerous mutated genes and mutations of the same gene were
identified in several forms of cancer. How many mutated genes does one need in order to decide upon
the right form of cancer? Are there exclusive combinations of mutations for a particular form of cancer
and only for that form? If present, the number of the affected genes should be large enough to avoid any
overlap with other form of cancer. Although the incidence of each particular mutation in the explored
cohort of patients is known, it is impossible to determine the predictive values of combinations of
mutated genes because for more than three genes the number of possibilities (≥2.3 × 1011) exceeds
the human population of the Earth. Even though one can determine via conditioned probabilities
(actual conditioned frequencies) the chance of finding the same combination of mutations in other
persons, the diagnostic value is very poor. Moreover, one should not forget that the mutations were
identified with respect to a reference human genome obtained by averaging the DNA sequence results
from a large number of healthy individuals regardless of race, sex, age, environmental conditions,
etc. However, even among genomes of healthy individuals there are 0.1% (i.e., ~3mln nucleotides)
differences (0.6% when considering indels) [4].

There are several commercially available gene assays used for the preoperative diagnostic and
classification of TCs (e.g., [5,6]). Recently, Foundation Medicine [7] compiled a list of 310 genes with
full coding exonic regions for the detection of substitutions, insertion–deletions and copy-number
alterations. An additional list of the same Foundation contains 36 genes with intronic regions useful
for the detection of gene rearrangements (one gene with a promoter region and one non-coding RNA
gene) [7]. For all these assays, the question is how many and what genes should be mutated/regulated
to assign an accurate diagnostic? Most importantly, how did the researchers determine the predictive
values of each combination of genes? In [7], there are 346 combinations of one gene, 59,685 of two,
6,843,880 combinations of three, 587 million of four and over 40 billion of five and more. Therefore,
for practical reasons, only the most relevant three biomarkers, at most, are currently used, which
considerably limits the diagnostic accuracy.

While the diagnostic value of mutations and/or regulations is doubtful, what about their use for
therapeutic purposes? Is restoring the normal sequence/expression level of one biomarker enough to
cure the cancer? Considering that the “trusted” biomarkers were selected from the genes with the most
frequently altered sequence and/or expression level in large populations, this means that they are less
protected by the cellular homeostatic mechanisms. The cells are supposed to invest energy to protect
the sequence and expression level of genes, critical for their survival, proliferation, and integration
in multicellular structures. The low level of protection indicates that biomarkers are minor players,
and therefore the restoration of their structure/expression level may be of little consequence to the
cancer cells.

While we do not see a genomic solution for the cancer diagnostic at present, we believe that our Gene
Master Regulator (GMR) approach [8,9] is a reasonable alternative to the actual biomarker-oriented gene
therapy. The GMR of a particular cell phenotype is the gene whose highly protected sequence/expression
by the cellular homeostatic mechanisms regulates major functional pathways through expression
coordination with many of their genes. In our cancer genomic studies [8–10], we found that the GMR
of the cancer nodule is very low in the gene hierarchy of the surrounding cancer-free tissue of the
tumor. For this reason, manipulation of the GMR’s expression is expected to selectively destroy cancer
cells without affecting the normal ones much.

In this report, we analyze previously published transcriptomic data [8] to quantify the
cancer-related remodeling of major functional pathways in the PTC nodule with respect to the
normal tissue of the resection margins (NOR) of a surgically removed thyroid tumor. The Gene
Commanding Height (GCH) hierarchy and the GMRs are determined in both PTC and NOR, and the
potential regulations of the apoptosis genes in response to the cancer GMR expression manipulation
are predicted. The GCH scores of the top genes are compared to those of the most mutated genes in TC
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as well as those of the usually considered cancer biomarkers. Transcriptomic profiles of two standard
TC cell lines before and after stable transfection with a gene were used to determine the predictive
value of the expression coordination with that gene in untreated cells for the regulation in treated
ones. The analysis presented here was derived from the Genomic Fabric Paradigm (GFP) that assigns
three independent measures to each gene and considers the transcriptome as a multi-dimensional
mathematical object [11].

2. Materials and Methods

2.1. Gene Expression Data

We used gene expression data from one case of papillary thyroid carcinoma, pathological stage
pT3NOMx, deposited in the Gene Expression Omnibus (GEO) of the National Center for Biotechnology
Information (NCBI) [12] as GSE97001. In that study, the quarters of the most homogeneous 20-mm3

part of the frozen unilateral, single, 32.0-mm PTC nodule and four small pieces from the NOR of the
same gland from the same patient were profiled separately. Thus, we got data from four biological
replicas of each region. Since each human is subjected to a unique set of transcriptome-regulating
factors (race, sex, age, medical history, environmental conditions, exposure to stress and toxins, etc.),
the normal tissue surrounding the cancer nodule is a far better reference than tissues from other healthy
persons. Expression values were normalized iteratively to the median of all quantifiable genes in all
samples and transcript abundances were presented as multiples of the expression level of the median
gene in each region.

Transcriptomic data from the surgically removed tumor were compared to the gene expression
profiles of two standard human thyroid cancer cell lines: BCPAP (papillary) and 8505C (anaplastic)
deposited as GSE97002. We determined the predictive value of the coordination analysis in untreated
cells for the expression regulation in treated ones by comparing the transcriptomic profiles of
these cell lines before and after stable transfection with DDX19B, NEMP1, PANK2 and UBALD1.
The results of transfection with DEAD (Asp-Glu-Ala-Asp) box polypeptide 19B (DDX17B) were
collected from GSE97028, those for nuclear envelope integral membrane protein 1 (NEMP1) from
GSE97031, for pantothenate kinase 2 (PANK2) from GSE97030 and for UBA-like domain containing 1
(UBALD1) from GSE97427. Although alterations of DDX19B [13], NEMP1 [14] and PANK2 [15] were
linked to some forms of cancer by other authors, these genes were selected only because their different
GCH scores in the two cell lines made them suitable to validate the GMR approach [8,9].

2.2. Single-Gene Transcriptomic Quantifiers

2.2.1. Biological Replicas, Profiling Redundancy and Average Expression Level

The four biological replicas experimental design provided for every single gene in each region
three independent measures: (i) average expression level, (ii) expression variation and (iii) expression
coordination with each other gene [16]. We used these three measures and combinations of them to
establish the gene hierarchies and characterize the contribution of each gene to the cancer-related
reorganization of the thyroid transcriptome.

The Agilent two-color expression microarrays used in the analyzed experiment redundantly
probed the genes with various number of spots from 1 to 20 (as for MIEF1 =mitochondrial elongation
factor 1) and SRRT = serrate, RNA effector molecule). Therefore, for each gene “i”, we computed the
average expression level over the group of Ri spots redundantly probing the same transcript of the
average expression levels measured by spot “k” across the biological replicas.

μ
(NOR/PTC)
i = 1

Ri

Ri∑
k=1
μ
(NOR/PTC)
i,k = 1

Ri

Ri∑
k=1

⎛⎜⎜⎜⎜⎝ 1
4

4∑
j=1

a(NOR/PTC)
i,k, j

⎞⎟⎟⎟⎟⎠, where :

a(NOR/PTC)
i,k, j = expression level of gene “i” probed by spot “k” on biological replica “ j”

(1)
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2.2.2. Expression Variation

Because of the probing redundancy, instead of the coefficient of variation (CV), we used the
Relative Expression Variability (REV). REV is the Bonferroni-like corrected mid-interval of the chi-square
estimate of the pooled CV for all quantifiable transcripts of the same gene [17]
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μik= average expression level of gene i probed by spot k (= 1, . . . , Ri) in the 4 biological replicas
sik = standard deviation of the expression level of gene i probed by spot k
ri = 4Ri − 1 = number of degrees of freedom
Ri= number of microarray spots probing redundantly gene i

(2)

A lower REV indicates stronger control by the cellular homeostatic mechanisms to limit the
expression fluctuations, expected for genes critical for survival, proliferation and phenotypic expression.
Therefore, we also use the Relative Expression Control (REC)

REC(NOR,PTC)
i ≡ 〈REV〉(NOR/PTC)

REV(NOR/PTC)
i

− 1

〈〉= median for all genes profiled in that phenotype
(3)

As defined, positive RECs point to genes that are more controlled than the median while negative
RECs identify less controlled genes in that phenotype. It is natural to assume that the cell invests more
energy to control the expressions of more important genes for its survival, phenotypic expression and
integration into a multi-cellular structure. As such, REC is a major factor to consider in establishing the
gene hierarchy.

2.2.3. Expression Coordination

The expression coordination of two genes in the same region was quantified by their pair-wise
momentum-product Pearson correlation coefficient between the two sets of expression levels across
biological replicas, “ρ(NOR/PTC)

i j ”. The statistical significance was evaluated with the two-tail t-test for
the degrees of freedom df = 4(biological replicas)*R (number of spots probing redundantly each of
the correlated transcripts) − 2. Two genes were considered as synergistically expressed (positive or
in-phase coordination) if their expression levels fluctuated in phase across biological replicas. They are
considered as antagonistically expressed (negative or anti-phase coordination) when their expression
levels manifest opposite tendencies and are independently expressed (neutral coordination) when
the expression fluctuations of one gene are not related to the fluctuations of the other [17]. Although
not (yet) validated through molecular biology studies, the expression coordination was speculated
to reflect the “transcriptomic stoichiometry” of the encoded proteins that are produced in certain
proportions to optimize the cellular functional pathways [18].

We also computed the coordination power CP(NOR/PTC)
i,Γ [19] and the Overall Coordination

OC(NOR/PTC)
i,Γ of a gene “i” with respect to the functional pathway “Γ” in each of the two profiled

regions (NOR and PTC)

CP(NOR/PTC)
i,Γ ≡ ρ(NOR/PTC)

i j

∣∣∣∣∣∀ j∈Γ. j�i
× 100%, OC(NOR/PTC)
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∑
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Both CP(NOR/PTC)
i,Γ and OC(NOR/PTC)

i,Γ are measures of the gene “i” influence on “Γ”.
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2.3. Gene Commanding Height (GCH) and Gene Master Regulator (GMR)

In previous papers [8–10], we introduced the Gene Commanding Height (GCH), a combination of
the expression control and expression coordination with all (ALL) other genes, to establish the gene
hierarchy in each phenotype

GCH(NOR,PTC)
i ≡

(
REC(NOR,PTC)

i + 1
)
OC(NOR/PTC)

i,ALL ≡ 〈REV〉(NOR/PTC)
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i

exp

⎛⎜⎜⎜⎜⎜⎜⎝ 4
N

∑
j∈ALL, j�i

ρ2
i j − 1

⎞⎟⎟⎟⎟⎟⎟⎠ (5)

The top gene (highest GCH) in each phenotype was termed Gene Master Regulator (GMR) of that
phenotype. The very strict control of the GMR expression suggests that this gene is utterly important
for cell survival, while the very high overall coordination indicates how much its expression regulates
the expression of many other genes.

2.4. Expression Regulation

A gene was considered as significantly regulated in the PTC with respect to the NOR if the
absolute expression ratio exceeds the cut-off (CUT) value computed individually for each gene by
considering the expression variabilities of that gene in both compared conditions [9].
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The “CUT” criterion for individual genes eliminates the false positives and the false negatives
selected by considering uniform absolute fold-change cut-off (e.g., 1.5x). In addition to the percentage
of up- and down-regulated genes (that considers all genes as equal contributors to the alteration of a
pathway), or the expression ratios “x”, we prefer the Weighted Individual (gene) Regulation [20], “WIR”:

WIR(NOR→PTC)
i ≡ μ(NOR)

i
xi
|xi | (|xi| − 1)(1− pi) where :

μ
(NOR)
i = average expression in the normal tissue,

pi= p-value of the regulation

(7)

Note that in Equation (7), WIR takes into account the normal expression of that gene (i.e., in NOR),
its expression ratio (PTC vs. NOR) and the confidence interval (1-p) of the regulation.

2.5. Quantifiers of the Functional Genomic Fabrics

The Kyoto Encyclopedia of Genes and Genomes [21,22] was used to select the genes involved in
the thyroid hormone synthesis (THS), cell cycle (CC) and oxidative phosphorylation (OPH), as well as
how experimental manipulation of the PTC GMR might regulate the programmed cell death (apoptosis,
APO). Although almost all functional pathways were perturbed in cancer, THS, CC, OPH and APO
were selected because of their importance for the thyroid function and cancer development. There are
reports of altered THS in cancer progression and apoptosis (e.g., [23]) and the role of the thyroid
hormone in regulating the cell-cycle [24] and the oxidative phosphorylation [25].

Median REC over a gene selection (e.g., apoptosis pathway) was used to compare the expression
controls of that selection in different regions or two different gene selections in the same region.
Alteration of the genomic fabrics was quantified by the average “X” of the absolute expression ratios
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and by Weighted Pathway Regulation (WPR), the average of the absolute WIRs over a particular
“selection” of genes

X(NOR→PTC)
selection ≡

∣∣∣∣x(NOR→PTC)
i

∣∣∣∣∀i∈selection

WPR(NOR→PTC)
selection ≡

∣∣∣∣WIR(NOR→PTC)
i

∣∣∣∣∀i∈selection

(8)

3. Results

3.1. Overall Results

A total of 14,903 well-quantified unigenes in all PTC and NOR samples, and in BCPAP and 8505C
cells before and after transfection with one of the four targeted genes, were considered in the sequent
analyses. The groups redundantly probing the same transcript were replaced by their averages in each
biological replica. Eukaryotic translation elongation factor 1 α 1 (EEF1A1) had the largest expression
(82.31 median gene expression units) in NOR (not significantly regulated in PTC). Niemann-Pick
disease, type C2 (NPC2) had the largest expression in PTC (86.97 median gene expression units),
up-regulated by 7.24x with respect to NOR. Notch 1 (NOTCH1) with 82.35 had the largest expression
in the BCPAP cells and myelin protein zero-like 3 (MPZL3) with 107.60 tops the gene expression level
in the 8505C cells.

Out of the quantified unigenes, 1225 (8.22%) were down-regulated and 1852 (12.42%) were
up-regulated in PTC with respect to NOR. The average absolute PTC/NOR expression ratio for all
genes was X = 1.768 (median |x| = 1.309) and the WPR was 1.071 (median WIR = 0.046). Chitinase
3-like 1 (CHI3L1) was the most up-regulated (x = 219.38) and trefoil factor 3 (intestinal) (TFF3) the
most down-regulated (x-99.86) gene in PTC. Because expression coordination and average expression
level are independent measures, the high regulation of these genes in PTC with respect to NOR has no
relevance for their networking in either of the two profiled regions.

3.2. Three Independent Measures for Each Gene

Figure 1 illustrates the independence of the three measures for the first 50 alphabetically ordered
genes involved in the KEGG-derived [22] human apoptosis pathway (hsa04210). We chose IL6
(interleukin 6) to illustrate the expression coordination of apoptotic genes owing to the significant
role of the encoded protein (IL6) in the PTC development [26]. However, coordination with any other
gene supports the same conclusion. In addition to the clear independence of the three measures,
transcriptomic differences between the two histo-pathologically distinct profiled regions from the
thyroid are evident.

In this gene selection, FBJ murine osteosarcoma viral oncogene homolog (FOS) has the highest
average expression level (45.37) in NOR (significantly down-regulated by −2.06x in PTC). Cathepsin H
(CTSH) had the largest expression (35.23), up-regulated by 6.78x with respect to NOR. FOS, cathepsin
K (CTSK) and inhibitor of kappa light polypeptide gene enhancer in B-cells kinase γ (IKBKG) were
among the significantly down-regulated genes. In contrast, BID (H3 interacting domain death agonist),
CTSH and DIABLO (diablo, IAP-binding mitochondrial protein), were among the up-regulated genes
of the selection.

CASP8 and FADD-like apoptosis regulator (CLFAR) was the most variably expressed gene in
the normal tissue and DNA fragmentation factor (DFFB), 40kDa, β polypeptide (caspase-activated
DNase) the most variably expressed in PTC. Note that most of the selected genes have larger expression
variability in the normal tissue than in the cancer nodule. This result confirms our previous reports
(see Discussions) about diseases triggering increased control exerted by the cellular homeostatic
mechanisms on the transcripts abundances as a way to protect against extensive damages.

Observe also that 20 (40%) of the illustrated apoptotic genes are synergistically expressed with
IL6 in the normal tissue and only two (4%) in the PTC nodule, suggesting the decoupling of the
programmed cell death from the inflammatory response in cancer.
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Figure 1. Three independent characteristics of every gene in each region. (a) average expression
level, (b) expression variation and (c) expression coordination (here with IL6). The dashed black
lines in panel (c) indicate the interval out of which the positive/negative coordination is considered as
statistically significant.

3.3. Expression Regulation

Figure 2 illustrates the contributions of the first 50 alphabetically ordered quantified oncogenes
to the overall regulation in PTC measured by the percentages of the up- and down-regulated genes,
expression ratios and weighted individual (gene) regulations. The percentages are restricted to only
the significantly regulated genes (considered as equal −1/+1 contributors). By contrast, both X and
WIR take into account all (regulated and not regulated) genes and the contributions of these genes are
no longer uniform. More informative than the expression ratio, WIR weights the contribution of each
gene by its normal expression level (i.e., in NOR), fold-change in cancer and statistical significance of
the regulation.
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Figure 2. Three ways to consider the contribution of a gene to the pathway regulation. (a) uniform;
(b) by expression ratio; (c) as Weighted Individual (gene) Regulation. Red/green/grey columns
indicate up-/down-/not regulated genes. Black columns are the fold-change cut-offs (negative for
down-regulation). Regulated genes: v-akt murine thymoma viral oncogene homolog 1 (AKT1),
Cbl proto-oncogene, E3 ubiquitin protein ligase (CBL), cell adhesion associated, oncogene regulated
(CDON), v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 3 (ERBB3), v-ets avian
erythroblastosis virus E26 oncogene homolog 1 (ETS1), homologs of FBJ murine osteosarcoma viral
oncogene (FOS/FOSB), FYN proto-oncogene, Src family tyrosine kinase (FYN), Harvey rat sarcoma
viral oncogene homolog (HRAS), jun proto-oncogene (JUN), Kirsten rat sarcoma viral oncogene
homolog (KRAS), v-yes-1 Yamaguchi sarcoma viral related oncogene homolog (LYN), v-maf avian
musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB), c-mer proto-oncogene tyrosine kinase
(MERTK) and met proto-oncogene (MET).
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3.4. Regulation of the Thyroid Hormone Synthesis

Figure 3 presents the regulations of the genes involved in the (KEGG-determined) thyroid hormone
synthesis (hsa04918). In this pathway, 10.0 (20%) of the 50 quantified genes were up-regulated and six
(12%) were down-regulated.

 

Figure 3. Regulation of thyroid hormone synthesis pathway (modified from hsa04918). Regulated
genes: asialoglycoprotein receptor 1 (ASGR1), ATPase, Na+/K+ transporting, β 3 polypeptide (ATP1B3),
dual oxidases (DUOX1/2), dual oxidase maturation factor 2 (DUOXA2), glutathione peroxidases
(GPX1/3/4/6/7), inositol 1,4,5-trisphosphate receptor, type 2 (ITPR2), paired box 8 (PAX8), protein kinases
C (PRKCA/B), thyroid peroxidase (TPO) and transcription termination factor, RNA polymerase II (TTF2).

3.5. Regulation of the Cell-Cycle Pathway

Figure 4 presents the regulation of the genes involved in the (KEGG-determined) cell cycle
pathway (hsa04110), where, out of the 93 genes quantified, three (3.23%) were down-regulated and
14 (15.05%) were up-regulated. Except PTTG2, all other regulated genes are located in the DNA
replication (S-phase) and the two temporal gaps, G1 and G2, separating the S phase from mitosis
(M-phase), indicating faster replication but stationary differentiation.
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Figure 4. Regulation of the KEGG-determined cell cycle (hsa04110). Regulated genes:
cyclins (CCNB2/D1/D2), cell division cycle 45 (CDC45), cyclin-dependent kinase inhibitors
(CDKN1A/1C/2A/2C/2D), growth arrest and DNA-damage-inducibles (GADD45B/D), histone
deacetylase 1 (HDAC1), minichromosome maintenance complex component 4 (MCM4), membrane
associated tyrosine/threonine 1 (PKMYT1), pituitary tumor-transforming 2 (PTTG2), stratifin
(SFN), SMAD family member 3 (SMAD3), transforming growth factor, β 1 (TGFB1) and tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation proteins (YWHAB/Z).

3.6. Remodeling of the Oxidative Phosphorylation Pathway

Figure 5 presents the remodeling of the coordination networks interlinking the five complexes
([C1], [C2], [C3], [C4], [C5]) of the oxidative phosphorylation in the PTC nodule with respect to
NOR tissue. The genes were selected from the KEGG hsa 00190. Note the substantial increase in the
synergistically expressed gene pairs in PTC (273) with respect of the NOR (155) and that there is no
antagonistically expressed gene pair in PTC, while in NOR there are 105. When the coordination inside
each complex is added, there are 781 synergistic and 0 antagonistic pairs in PTC versus 458 synergistic
and 242 antagonistic pairs in NOR. In addition to the eight up-regulated and three down-regulated
genes within the selection of the 92 oxidative-phosphorylation genes, these results indicate a significant
increase in the coordination of the complexes involved in the OP activity.
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Figure 5. Remodeling of the coordination networks among the five complexes of the oxidative
phosphorylation in the PTC nodule with respect to NOR tissue. The red/blue lines indicate that the
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connected genes are synergistically/antagonistically expressed in that region. Red/blue numbers in
parentheses indicate the number of synergistically/antagonistically expressed gene pairs between the
two complexes. Regulated genes: ATPase, H+ transporting, lysosomal proteins (ATP6AP1, ATP6V1B2,
ATP6V1C1), cytochrome c oxidase subunits (COX6B2, COX7B, COX7C), NADH dehydrogenase
(ubiquinone) 1 α/β subcomplexes (NDUFA5, NDUFA6, NDUFB2), succinate dehydrogenase complex,
subunit A, flavoprotein (Fp) (SDHA) and T-cell, immune regulator 1, ATPase, H+ transporting,
lysosomal V0 subunit A3 (TCIRG1).

3.7. Gene Hierarchy

Figure 6 presents the GCH scores of the 12 most frequently mutated genes in TC (reported in [1])
and the top 12 genes in NOR and PTC. Mutated genes: B double prime 1, subunit of RNA polymerase
III transcription initiation factor IIIB (BDP1), B-Raf proto-oncogene, serine/threonine kinase (BRAF),
DST (dystonin), eukaryotic translation initiation factor 1A, X-linked (EIF1AX), Harvey rat sarcoma
viral oncogene homolog (HRAS), lysine (K)-specific methyltransferase 2A (KMT2A), microtubule-actin
crosslinking factor 1 (MACR1), metastasis associated lung adenocarcinoma transcript 1 (non-protein
coding) (MALAT1), neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS), thyroglobulin (TG),
ubiquitin-specific peptidase 9, X-linked (USP9X), zinc finger homeobox 3 (ZFHX3). Note that none of
the most frequently mutated genes are among the top 12 genes in either region. Even BRAF, mutated
in 20.56% of the 1440 cases, has no competitive GCH to be a good candidate for the PTC gene therapy
(GCH of BRAF in PTC is 11.79). However, SPINT2, the PTC’s GMR (GCH(PTC)

SPINT2 = 54.97), appears to be
the most legitimate target for this case. While significant alteration of the expression of SPINT2 would
have lethal impact on the cancer cells, due to the very low GCH in NOR (GCH(NOR)

SPINT2 = 1.93), it might
have very little consequences on the normal cells. Importantly, the GCH scores of the top genes in PTC
are substantially lower in NOR and vice-versa.

For comparison, we added the GCH scores of the top 23 genes in each of the standard TC cell
lines BCPAP (papillary) and 8505C (anaplastic). Remarkably, 14 genes in the BCPAP cells and three
genes in the 8505C cells have GCH scores higher than SPINT2 in PTC. As an additional reference,
Figure S1 shows the GCH scores of most of the genes from FoundationOne®CDx (Foundation Medicine,
Cambridge, MA, U.S.A.) used by Foundation Medicine [7] for genomic testing of solid tumors, including
“Non-Small Cell Lung (NSCLC), Colorectal, Breast, Ovarian, and Melanoma. The list contains genes
with full coding exonic regions for the detection of substitutions, insertion-deletions (indels), and
copy-number alterations (CNAs). It also includes genes with select intronic regions for the detection of
gene rearrangements, one gene with a promoter region (telomerase reverse transcriptase (TERT)) and
one non-coding RNA gene (TERC). These genes might be useful for diagnostic purposes. However,
with their GCH score far below the GMR’s and with not enough difference between PTC and NOR,
they should have little therapeutic value for this particular case. Substantially lower than the PTC
GMR were the biomarkers, oncogenes, apoptosis genes and the ncRNAs determined in the same
specimens and presented in Figure 2 from [8].
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Figure 6. Gene Commanding Height (GCH). (a) GCH and mutation frequency of the 12 reported
most frequently mutated genes and the top 12 genes in the normal tissue (NOR) and the papillary
nodule (PTC). The mutation frequency is plotted on the right axis. (b) GCH of the top 23 genes in
the papillary (BCPAP) and anaplastic (8505C) thyroid cancer cell lines and their scores in NOR and
PTC. Top 3 genes in NOR: RAS, dexamethasone-induced 1 (RASD1), POTE ankyrin domain family,
member F (POTEF), reticulocalbin 2, EF-hand calcium binding domain (RCN2). Top 3 genes in PTC:
serine peptidase inhibitor, Kunitz type, 2 (SPINT2), RNA polymerase II associated protein 3 (RPAP3),
basic leucine zipper and W2 domains 1 (BZW1). Top 3 genes in BCPAP cells: ribosome production
factor 1 homolog (S. cerevisiae) (RPF1), TIMP metallopeptidase inhibitor 2 (TIMP2), epithelial cell
transforming 2 (ECT2). Top 3 genes in 8505C cells: ribosomal protein L13a (RPL13A), aldolase A,
fructose-bisphosphate (ALDOA), TIMELESS interacting protein (TIPIN).

3.8. The Gene Master Regulator at Play

Our study identified SPINT2, a not regulated gene in the investigated PTA, as the GMR of this
patient’s malignancy. What are the mechanisms by which experimental alteration of SPINT2 expression
might selectively kill the cancer cells but not the normal ones? SPINT2 is highly coordinated with
numerous genes from almost all major functional pathways. However, we considered that apoptosis
might be the best candidate to evaluate (from a bioinformatics point of view) the effects of SPINT2
manipulation. Therefore, we analyzed the expression coordination of SPINT2 with the 112 apoptosis
genes quantified in the two regions. Table 1 presents the apoptosis genes that are significantly up/down
regulated in PTC or/and significantly synergistically/antagonistically/independently expressed with
SPINT2 in NOR or/and PTC.
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Table 1. Apoptosis genes that are significantly up(U)/down(D) regulated in PTC with respect to NOR
or/and significantly synergistically (S)/antagonistically (A)/independently (I) expressed with SPINT2 in
NOR or/and PTC.

GENE DESCRIPTION NOR PTC REG

ACTG1 actin, γ 1 S
AKT1 v-akt murine thymoma viral oncogene homolog 1 U
AKT3 v-akt murine thymoma viral oncogene homolog 3 S
ATF4 activating transcription factor 4 A
ATM ataxia telangiectasia mutated S
BAK1 BCL2-antagonist/killer 1 S
BAX BCL2-associated X protein U
BBC3 BCL2 binding component 3 S U
BCL2 B-cell CLL/lymphoma 2 I

BCL2A1 BCL2-related protein A1 U
BCL2L1 BCL2-like 1 S
BCL2L11 BCL2-like 11 S

BID BH3 interacting domain death agonist U
BIRC5 baculoviral IAP repeat containing 5 U
CAPN1 calpain 1, (mu/I) large subunit S
CASP2 caspase 2, apoptosis-related cysteine peptidase S
CASP3 caspase 3, apoptosis-related cysteine peptidase U
CASP6 caspase 6, apoptosis-related cysteine peptidase S
CASP9 caspase 9, apoptosis-related cysteine peptidase S
CFLAR CASP8 and FADD-like apoptosis regulator S
CTSC cathepsin C U
CTSD cathepsin D S
CTSH cathepsin H U
CTSK cathepsin K D
CTSL cathepsin L S
CTSV cathepsin V S
CYCS cytochrome c, somatic S D

DAB2IP DAB2 interacting protein S U
DFFA DNA fragmentation factor S

DIABLO diablo, IAP-binding mitochondrial protein S U
EIF2AK3 eukaryotic translation initiation factor 2-α kinase 3 S
EIF2S1 eukaryotic translation initiation factor 2, subunit 1 α S

FAS Fas cell surface death receptor U
FOS FBJ murine osteosarcoma viral oncogene homolog D

GZMB granzyme B (granzyme 2, cytotoxic
T-lymphocyte-associated serine esterase 1) S D

IKBKB inhibitor of kappa light polypeptide gene enhancer in
B-cells, kinase β

I S

ITPR2 inositol 1,4,5-trisphosphate receptor, type 2 U
JUN jun proto-oncogene D

LMNA lamin A/C U
LMNB2 lamin B2 S

MAP2K1 mitogen-activated protein kinase kinase 1 U
MAP2K2 mitogen-activated protein kinase kinase 2 S
MAP3K9 mitogen-activated protein kinase kinase kinase 9 S
MAPK1 mitogen-activated protein kinase 1 S
MAPK3 mitogen-activated protein kinase 3 S

NFKB1 nuclear factor of kappa light polypeptide gene enhancer
in B-cells 1 S

NFKBIA nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor, α D

NRAS neuroblastoma RAS viral (v-ras) oncogene homolog S
PARP1 poly (ADP-ribose) polymerase 1 U
PARP4 poly (ADP-ribose) polymerase family, member 4 S
PDPK1 3-phosphoinositide dependent protein kinase 1 S

PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase,
catalytic subunit α S
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Table 1. Cont.

GENE DESCRIPTION NOR PTC REG

PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 D
PIK3R2 phosphoinositide-3-kinase, regulatory subunit 2 S U
PMAIP1 phorbol-12-myristate-13-acetate-induced protein 1 S U

RAF1 v-raf-1 murine leukemia viral oncogene homolog 1 S

RELA v-rel avian reticuloendotheliosis viral oncogene
homolog A S

TNFRSF10B tumor necrosis factor receptor superfamily, member 10b U
TNFRSF1A tumor necrosis factor receptor superfamily, member 1A S U

TRAF2 TNF receptor-associated factor 2 S
TUBA1C tubulin, α 1b I
TUBA3D tubulin, α 3c I
TUBA4A tubulin, α 4a U

XIAP X-linked inhibitor of apoptosis S

In PTC (21 significantly up-regulated andseven down-regulated apoptosis genes), we found
SPINT2 to be significantly synergistically expressed with 34 apoptosis genes, but with no significant
antagonistically or independently expressed partners. This is a substantial increase from the six
synergistically, one antagonistically and four independently expressed apoptosis partners of SPINT2 in
NOR. Interestingly, none of the significant correlations in NOR (with: ACTG1, ATF4, CASP9, CTSL,
CYCS, NFKB1) were maintained in PTC.

What effect the overexpression of an otherwise stably expressed but not regulated gene in PTC
(SPINT2) may have on cancer cells? Most probably, owing to the substantial expression synergistic
coordination with apoptosis genes, the experimental overexpression of SPINT2 would up-regulate
many of these genes, forcing the commanded (PTC) cells to enter programmed death.

There was no way to validate this hypothesis on the patient from whom we had profiled the
thyroid tumor. However, we tested the general hypothesis that expression coordination with one gene
predicts expression regulation when the expression of that gene is experimentally manipulated. For this
purpose, we analyzed the transcriptomes of the TC cell lines BCPAP and 8505C cells before and after
stable lentiviral transfection with either DDX19B, NEMP1, PANK2 or UBALD1 [8]. Figure 7a,b plots
the correlation coefficient with DDX19B in the untreated cells against the fold-changes (negative for
down-regulation) of the genes in the transfected cells. They clearly show that expression coordination
predicts (>86%) the expression regulation with reasonable accuracy. Similar validation (83–91%) was
obtained for the same cell lines transfected with either NEMP1, PANK2 or UBALD1. Based on this
validation, Figure 7c illustrates the predicted regulations of apoptosis genes if the expression level of
SPINT2 in PTC is significantly increased.

In Figure 7c, we used the uniform contribution of the significantly altered genes to the percentages
of (up-/down-) regulated genes. Note that from 21 up-regulated and six down-regulated genes in
untreated PTC, overexpression of SPINT2 may result in 48 up-regulated and six down-regulated genes.
The expression of six genes, BBC3, DAB2IP, DIABLO, PIK3R2, PMAIP1, TNFRSF1A, which are already
up-regulated in PTC may be further increased by treatment, while the down-regulation of GZMB in
untreated PTC may be recovered by overexpressing SINT2.
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Figure 7. Prediction of the ripple effects of experimental gene regulation. (a) Expression coordination
with DDX19B in untreated BCAP cells accurately predicts 86.11% (40.05 + 46.06) the type of the
expression regulation in BCAP cells stably transfected with DDX19B; (b) Expression coordination with
DDX19B in untreated 8505C cells accurately predicts 89.88% (42.49 + 47.39) of the type of the expression
regulation in 8505C cells stably transfected with DDX19B; (c) Predicted regulation (1 for up-regulation
and −1 for down-regulation) of apoptotic genes in PTC following experimental overexpression of
SPINT2. REG = significant (1 = up-regulation, −1 = down-regulation). COR = significant expression
synergism. Only the regulated genes in the untreated PTC and those expected to be regulated in
treated PTC are represented. Red arrows indicate combined effect in treated tumor of regulation and
expression synergism in untreated PTC. The black arrow indicates the down-regulation in untreated
PTC expected to be compensated by the overexpression of SPINT2.

4. Discussion

Although with no molecular biology validation, the bioinformatics analysis of the gene expression
profiles in the cancer nodule and surrounding normal tissue of a surgically removed papillary tumor
produced some very interesting results, out of which the most important are:

1. Each cell phenotype from the tumor is governed by a different gene hierarchy and a distinct
organization of its transcriptome;

2. As selected from the most altered genes in a large population of cancer patients, the biomarkers
have low GCH and therefore little therapeutic value;

3. The GMR of the cancer nodule is the most legitimate target of the gene therapy because it is the
most influential gene for cancer cells while having very little role in the surrounding normal cells;

4. SPINT2 was identified as the GMR of the PTC nodule of the profiled tumor and a gene with very
low GCH score in NOR;

5. The up-regulation of the synergistically expressed apoptosis genes in untreated PTC following
the experimental SPINT2 overexpression was identified as a potential mechanism of selectively
killing the cancer cells.
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The analysis presented in this report is consistent with the genomic fabric paradigm [11] that
considers the transcriptome as a multi-dimensional object subjected to a dynamic set of expression
correlations among the genes. The traditional transcriptomic analysis is limited to the expression level
of individual genes and comparisons of the expression levels of distinct genes in the same condition
or of the same gene in different conditions. Our procedure considerably enlarges the transcriptomic
information by considering for each gene not one, but three independent features and all possible
combinations of these features to compare the genes and groups of genes in the same condition or
across various conditions.

Although high levels of EEF1A1 were reported in renal cell carcinoma [27], we found this gene to
have the highest expression in NOR and one of the highest levels in PTC (68.47), albeit not significantly
down-regulated. A high expression of NPC2 and its significant elevation in PTC were also detected in
meta-analyses of public PTC transcriptomes [28]. Overexpression of CHI3L1, the most up-regulated
gene in the analyzed PTC, was reported as associated with metastatic PTC [29] and its recurrence [30].
Significantly decreased expression of TFF3, the most down-regulated gene in our study, was also
reported in several other studies (e.g., [31]).

In addition to illustrating the independence of the three features, Figure 1 provides also some
interesting findings and confirmations of results reported by other authors. For instance, the high
expression of CTSH in PTC (up-regulated by 6.78x with respect to NOR) was related to the tumor
progression and migration of cancer cells [32].

The median REV has a statistically significant (p-value = 7.79 × 10−5) decrease from 39.75 in NOR
to 38.69 in PTC. According to the Second Law of Thermodynamics, the significantly larger overall
expression variability in NOR than in PTC indicates not only relaxed control by the homeostatic
mechanisms (average RECNOR = 0.084, average RECPTC = 0.113), but also that NOR is closer to
the thermodynamic (here physiological) equilibrium. Supporting this assertion is the reduction in
the median REV observed by us in all other gene expression studies on animal models of human
diseases (e.g., [33–35]) and in tissues of animals subjected to various stresses (e.g., [36–38] or to
genetic manipulations (e.g., [39,40]). The high expression variability of CFLAR (a key anti-apoptosis
regulator [41]) in NOR (REV = 102.93) may explain the adaptability of the apoptosis pathway to a large
spectrum of environmental conditions. The CFLAR REV dramatic reduction in PTC (REV = 29.41)
shows the need for tighter control of resisting apoptosis in cancer. Moreover, its reduction in expression
level (in PTC by −1.64x) was associated with delayed apoptosis [41].

The observed down-regulation of FOS in PTC (Figure 2) confirms the findings of some
groups [42,43] but contradicts its frequent (however not 100%) up-regulation reported by another
group in 40 patients with thyroid cancer and 20 with benign thyroid diseases [44]. Let us analyze what
measure of regulation is the most informative and use the examples of FOS and KIT (another gene
down-regulated in thyroid cancer [45]). Although both genes account as units for the percentage of
the down-regulated genes, they contribute −2.06x and −8.15x as expression ratios and −46.28 and
−3.76 as WIRs. Since WIR is a more comprehensive measure, FOS regulation appears to be the most
important factor in the alteration of this group of genes. Indeed, FOS protein is an important player in
cell proliferation, differentiation, transformation and apoptotic cell death.

Among the significantly regulated genes from the KEGG-derived THS pathway (Figure 3),
only PAX8 (−1.94x) was previously related to the thyroid cancer, albeit to the follicular form.
Moreover, we found that peroxisome proliferator-activated receptor γ (PPARG) whose fusion with
PAX8 is considered an important trigger of the FTC [46], was likewise significantly down-regulated
(−4.99x). Interestingly, in Figure 3, the two glutathione peroxidases, GPX1 (1.60x) and GPX3 (−1.84x),
were oppositely regulated. Since the down-regulation of GPX1 was reported to augment the
pro-inflammatory cytokine-induced redox signaling and endothelial cell activation [47], one may assume
that up-regulation of GPX1 will do the opposite, i.e., diminish the pro-inflammatory cytokine-induced
redox signaling. As such, the PTC cells will become more resistant to the inflammatory response.
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According to the KEGG map hsa04110, some of the regulated cell-cycle genes (Figure 4) were
associated with a wide diversity of cancers. Thus, up-regulation of CDKN1A was associated with
cervical cancer [48] and down-regulation of CDKN1C with gastric cancer [49]. As stated in [3],
up-regulation/mutation of CDKN2A was detected in numerous cancer forms: neoplasms (squamous
cell, ductal, lobular, cystic, mucinous, serous, mesothelial, lipomathous, myomathous, thymic epithelial,
complex, mixed), adenomas, adenocarcionmas, gliomas, nevi and melanomas, transitional cell
papillomas and carcinomas, mature B-cell lymphomas, soft tissue tumors and sarcomas. CDKN2B was
associated with malignant pleural mesothelioma, osteosarcoma and meningioma. However, we found
no report associating these genes with thyroid cancer. Unfortunately, one of the most cancer-related
genes, TP53 [50], was not quantified in this experiment due to the corrupted probing spot in one of the
microarrays, which can be seen as a major limitation of the study.

As illustrated in Figure 5 for interlinks between the five complexes of the oxidative phosphorylation,
cancer remodels the gene networks, profoundly perturbing the mitochondrial function [51]. Among
others, 10 synergistically expressed gene pairs in NOR are switched into antagonistically expressed
pairs in PTC: NDUFA10-SDHD, CYC1-COX1, COX10-ATP6V0B, COX10-ATP6V0C, COX5B-LHPP,
COX6A1-ATV1B2, COX6A1-LHPP, COX6A2-ATP6V0B, COX6A2-ATP6V1A, COX7C-ATP6V1G2. These
switches, the cancellation of all significant antagonisms and the added synergisms increase the
expression synchrony of the pathway genes [17] and remove the controlling bottlenecks. In a
synergistic pair, the up-regulation of one gene triggers the up-regulation of the other. Although in
this experiment we did not detect significantly altered expressions of NDUFA10 and SDHD, their
significant synergism in PTC may explain why they are both up-regulated in oral cancer [52].

Given the never-repeatable set of risk factors, each patient is unique and therefore their gene
hierarchy is unique. Although the chance of finding the same GMR in two persons is about 1/20,000
and that of the first two genes is 1/400 million, from the first three genes up, the number of possibilities
(7.9988 × 1012) exceeds by far the Earth human population. Therefore, the top three genes are enough
to uniquely represent the cancer of each person at a given time. In our studied PTC, the top three genes
were: SPINT2, RPAP3 and BZW,1 with none of them significantly regulated with respect to NOR.

SPINT2, the identified GMR of the profiled PTC (Figure 6), was previously reported by several
groups to be involved in the development and progression of a wide diversity of forms of cancer [53].
Among others, SPINT2 was associated with metastatic osteosarcoma [54], ovarian cancer [55],
glioma/glioblastoma [56,57], prostate cancer [58] and non-small lung cancer [59], leukemia [60]
and cervical carcinoma [61]. RPAP3, essential for assembling chaperone complexes [62], was linked to
hypoxia-adapted cancer cells [63] and BZW,1 was associated with ovarian [64], lung [65] and salivary
gland [66] cancers. However, we found no mention in the literature about the role of these first three
genes in any form of thyroid cancer.

In Figure 7 and Table 1, we tested whether expression synergism with apoptosis genes may be one
of the mechanisms by which manipulation of SPINT2 expression is lethal to the PTC cells but not to the
NOR cells. First, we determined the significant coordination of SPINT2 with apoptosis genes in both
NOR and PTC and found a substantial increase in the expression synergism in PTC. Then, we tested the
predictive value of the expression coordination by profiling two standard human TC cell lines before
and after stable transfection with four genes selected, only to have substantially different GCHs in
the two cell lines. Although DDX19B and PANK2 (but not NEMP1 and UBALD1) were synergistically
expressed with SPINT2 in PTC, there are no reports relating these genes with SPINT2 in any form of
cancer. As mentioned in [8], NEMP1 and PANK2 had higher GCHs and induced larger transcriptomic
alterations in the BCPAP than in the 8505C cells. In contrast, DDX19B and UBALD1 had higher
GCHs and induced larger transcriptomic alterations in the 8505C than in the BCPAP cells. Figure 7a,b
confirms our previous findings that expression correlation with one gene predicts what genes are
regulated when the expression of that gene is manipulated. A similar conclusion was drawn in [67],
where we had shown that most genes are synergistically/antagonistically expressed with Gja (encoding
the gap junction protein Cx43) in the brain and hearts of wildtype mice are down-/up-regulated in
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the brain and hearts of Cx43KO mice. Therefore, as illustrated in Figure 7c, we expect that, due to
the synergism, the overexpression of SPINT2 will force the PTC cells into programmed death by
up-regulating numerous apoptosis genes.

5. Conclusions

Owing to the matchless set of conditioning factors, each human is unique and, despite all
similarities, the transcriptomes of one person’s cell phenotypes can never be identical with those of
another person. In a profiled metastatic clear cell renal cell carcinoma [34], we found that even the
transcriptomes of two cancer nodules isolated from the same kidney and categorized with the same
Fuhrman grade 3 were largely different from each other. Moreover, some of the gene expression
conditioning factors (environment, exposure to stress and toxins, medical treatment, diet, ageing etc.)
are not constant, forcing the transcriptomes of cancer cells to continuously adapt. By consequence,
the gene hierarchy is not only unique for each person and in each of his/her cancer nodules, but it
changes over time. As such, this study provides strong reasons in favor of a really personalized and
time-sensitive cancer gene therapy based on the manipulation of the gene master regulators.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/9/1030/s1,
Figure S1: GCH scores of the genes included in FoundationOne®CDx assay. The assay explores genes with full
coding exonic regions for the detection of substitutions, insertion-deletions (indels), and copy-number alterations
(CNAs), genes with select intronic regions for the detection of gene rearrangements, one gene with a promoter
region and one non-coding RNA gene. Several genes (BRAF, BRCA1, EGFR, FGFR1/3, KMT2A, MSH2, MYC.
NOTCH2, RAF1, RARA) have both exonic and intronic regions used for detection.
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Abstract: This study assessed the association between thyroid cancer and family history.
This cross-sectional study used epidemiological data from the Korean Genome and Epidemiology
Study from 2001 to 2013. Among 211,708 participants, 988 were in the thyroid cancer group and
199,588 were in the control group. Trained interviewers questioned the participants to obtain their
thyroid cancer history and age at onset. The participants were examined according to their age,
sex, monthly household income, obesity, smoking, alcohol consumption, and past medical history.
The adjusted odds ratios (95% confidence intervals) for the family histories of fathers, mothers, and
siblings were 6.59 (2.05–21.21), 4.76 (2.59–8.74), and 9.53 (6.92–13.11), respectively, and were significant.
The results for the subgroup analyses according to sex were consistent. The rate of family histories
of thyroid cancer for fathers and siblings were not different according to the thyroid cancer onset,
while that of mothers were higher in participants with a younger age at onset (<50 years old group,
11/523 [2.1%], p = 0.007). This study demonstrated that thyroid cancer incidence was associated with
thyroid cancer family history. This supports regular examination of individuals with a family history
of thyroid cancer to prevent disease progression and ensure early management.

Keywords: epidemiology; thyroid cancer; family history; differentiated thyroid cancer; papillary
thyroid cancer

1. Introduction

The incidence of thyroid cancer is increasing worldwide [1], and it has increased by approximately
two folds over the past few decades [2]. The incidence of thyroid nodules diagnosed by palpation of
the thyroid gland is approximately 5–10% in adults [3]. Because of the frequent use and accessibility of
thyroid ultrasonography (US), there has been an increase in thyroid cancer detection [4]. The objective of
the examination of patients with thyroid nodules is to identify thyroid cancer. As a result, its incidence
in South Korea in 2011 was 15 times higher than in 1993 [5]. Korean women had the highest
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age-standardized incidence of thyroid cancer globally [6]. Differentiated thyroid carcinoma (DTC)
comprises approximately 90% of all thyroid cancers and includes the papillary type and follicular
type [7,8]. In Korea, the most common histological type (94.9%) of DTC is papillary thyroid cancer
(PTC) [9]. Total thyroidectomy is usually recommended for treatment of thyroid cancer, followed
by radioiodine therapy in some cases. Inoperable or radiotherapy refractory differentiated thyroid
cancers are commonly the main causes of thyroid cancer-related deaths and do not have effective
treatments [10]. Cytotoxic chemotherapy with innovative medicines should be studied because they
appear to be effective in some patients [11,12].

The etiology of DTC is still unknown. However, environmental and genetic predisposing factors
including ionizing radiation might affect the development of thyroid cancer [13]. Air pollution and
iodine intake are considered risk factors for thyroid cancer [14–17]. Obesity, smoking, and alcohol
consumption are also associated with thyroid cancer [18]. A family history of thyroid cancer is
also a suggested risk factor in 5–15% of cases. There are several genetic mutations identified to
have a role in the development of DTC [7]. Rearranged during transfection (RET) chromosomal
rearrangement genes, and mutation of RAS or BRAF proto-oncogenes can trigger the activation of the
mitogen-activated protein kinase cascade in PTC. Mutations of the BRAF, RAS, or RET genes are found
in nearly 70% of PTC cases [19,20]. A previous study mentioned that BRAF mutation is associated
with aggressiveness of PTC and the loss of radiotherapy effectiveness in recurrent disease. Surgical
resection of mutation-positive cancer is recommended [10]. For instance, lobectomy is recommended
by the American Thyroid Association for treatment of PTCs < 1 cm [21]. However, because of the
definite association of BRAF mutation with aggressiveness of PTC, total thyroidectomy might be a
better treatment option if BRAF mutation is positive in preoperative testing [21].

The familial risk of thyroid cancer is known to be highest in all cancer sites, for which the increased
risk extends beyond the nuclear family [22–24]. Family history is a possible risk factor which could be
associated with medical and psychosocial benefits. To provide definite information, the clinicians and
entire medical system need to recognize the familial risks that are not included in the conventional
familial risk guidelines.

Nevertheless, only few studies have studied the risk factors of familial history for thyroid cancer
in Asian adults. Most of the studies were focused on familial non-medullary thyroid cancer, or the
study sample sizes were relatively small [25]. Myung et al. reported that a family history of cancer
and alcohol consumption were associated with a decreased risk of thyroid cancer, whereas a higher
body mass index (BMI) and family history of thyroid cancer were associated with an increased risk
of thyroid cancer in 34,211 patients [26]. The study was a case-control study. A total of 802 thyroid
cancer cases out of 34,211 patients was included. A total of 802 control cases was also selected from
the same cohort group and matched using the ratio 1:1 by age and area of residence. Multivariate
conditional logistic regression analysis was used. The results show that females and those with a
family history of thyroid cancer had an increased risk of thyroid cancer, and a family history of cancer
and alcohol consumption were associated with a decreased risk of thyroid cancer, whereas a higher
BMI and family history of thyroid cancer were associated with an increased risk of thyroid cancer.
The study suggested that females and those with a family history of thyroid cancer have an increased
risk of thyroid cancer. Hwang et al. showed that multicollinearity existed between US assessment
and patient age, and first-degree family history of thyroid cancer and serum thyroid hormone values
in 1254 patients [25]. A retrospective study investigated 1310 thyroid nodules of 1254 euthyroid
asymptomatic patients who underwent US-guided fine needle aspiration. The study evaluated nodule
size, first-degree family history of thyroid cancer, gender, age, and thyroid-stimulating hormone
(TSH) levels with US examination to distinguish between benign and malignant nodules. Multiple
logistic regression analysis was conducted to evaluate the risk of thyroid malignancy according to
clinical and US features. A first-degree family history of thyroid cancer, age, and high TSH levels
did not independently significantly increase the risk of thyroid cancer. The study concluded that a
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first-degree family history as a risk factor for thyroid malignancy should be further investigated in
asymptomatic patients.

Similar to those studies, previous studies of familial risk were performed without a control group
or with a small control group. Moreover, those studies did not include many confounding factors
that could influence the study results. To the best of our knowledge, there has been no study on the
association between family history and thyroid cancer using large Korean population data.

A clear picture of the association between thyroid cancer and family history will help both patients
and clinicians. This could serve as a basis for guidelines governing clinical risk factor assessment and
the management of thyroid nodules. Therefore, this study assessed the association between thyroid
cancer and family history.

2. Materials and Methods

2.1. Study Population and Data Collection

Authorization was obtained from the ethics committee of the Hallym University (2019-02-020).
The requirement for written informed consent was waived by the Institutional Review Board.
This cross-sectional study relied on the data from the Korean Genome and Epidemiology Study
(KoGES) from 2001 to 2013.

The Korean Genome and Epidemiology Study Health Examinee (KoGES HEXA) is a large
cohort project initiated to reveal gene-environmental factors and their interactions in diseases [27,28].
Among this, we have selected the questionnaires. Therefore, this study had a cross-sectional design.
KoGES was designed to identify gene-environment factors and their interactions in common chronic
diseases, such as hypertension, cardiovascular disease, type 2 diabetes, obesity, and metabolic syndrome,
in Korea. KoGES collected epidemiological data and biospecimens, such as urine, blood, and genome,
from many patients aged 40–69 years by performing a medical examination and health survey. Familial
data were well-organized and systemized, and the data were collected using a questionnaire, which was
confirmed by expert clinicians. The KoGES data were collected from both urban and rural areas.
Therefore, the study sample size was relatively larger than that reported in previous studies.

2.2. Participant Selection

Among 211,708 participants, we excluded the participants with no family history of thyroid
cancer (n = 10,030) and no BMI data (n = 1102) (Figure 1). In total, 200,576 participants (69,693 men,
130,883 women) were evaluated. According to their cancer thyroid histories, they were divided into
two groups: the thyroid cancer group and control group.

2.3. Survey

Trained interviewers asked the participants questions to obtain relevant data including previous
thyroid cancer history, age at onset, household monthly income, past metabolic disease history
(hypertension, diabetes mellitus, and hyperlipidemia), smoking history, and alcohol consumption
history. Anthropometric and clinical measurements were obtained [27,28]. This study categorized
the family histories of thyroid cancer into groups: fathers, mothers, and siblings (brothers or sisters).
Income was categorized into four groups according to the household monthly income: no information,
low (<$1500), middle (≥$1500–<$3000), and high (≥$3000). BMI was used to measure obesity (kg/m2),
wherein height and weight were considered as continuous variables [27,29]. Total smoking histories
were calculated in pack-year, and alcohol consumption was measured as the mean daily alcohol
consumption (g/day) using the frequency and alcohol types [30,31].
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Figure 1. Participant selection.

2.4. Statistical Analyses

The chi-square test or Fisher’s exact test was used to compare the differences between sex, income,
metabolic disease history, and thyroid cancer family history between both groups. The independent
t-test was used to compare the age, BMI, smoking pack year, and alcohol consumption.

To analyze the odds ratio (OR) of thyroid cancer history for the thyroid cancer group, a logistic
regression model was used. In the crude model, this study only inserted each family history of thyroid
cancer as an independent variable. In Model 1, this study inserted each family history of thyroid
cancer and age, sex, income, BMI, smoking, alcohol intake, and past medical histories of hypertension,
diabetes mellitus, and dyslipidemia as independent variables. In Model 2, this study inserted thyroid
cancer history of the father, mother, and siblings as independent variables. In Model 3, this study
inserted the variables of Models 2 and 3. To analyze the interaction between the different family
histories of thyroid cancer, we designed Model 4. In this model, the variables included: thyroid cancer
history of father, mother, siblings, father × siblings, and mother × siblings.

The 95% confidence intervals (CIs) were calculated. For the subgroup analysis, this study stratified
the participants according to sex: male and female.

Two-tailed analyses were conducted, and p values< 0.05 were considered as statistically significant.
The results were analyzed using SPSS v. 22.0 (IBM, Armonk, NY, USA).

3. Results

The participant age ranged from 40 to 91 years. In total, 988 participants were in the thyroid
cancer group, while 199,588 were in the control group. The differences between the mean age, BMI,
smoking duration, and daily alcohol consumption of both groups were significant (Table 1). The rates
of sex, income, past medical history of diabetes mellitus, and dyslipidemia were also different between
both groups.
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Table 1. General characteristics of participants.

Characteristics
Total Participants

Thyroid Cancer (n, %) Control (n, %) p-Value

Total number (n, %) 988 (100.0) 199,588 (100.0)
Age (years, mean, SD) 53.2 (7.6) 53.9 (8.7) 0.007 1

Sex (n, %) <0.001 1

Male 79 (8.0) 69,614 (34.9)
Female 909 (92.0) 129,974 (65.1)

Income (n, %) <0.001 1

No information 95 (9.6) 40,590 (20.3)
Low 166 (16.8) 41,060 (20.6)

Middle 292 (29.6) 51,899 (26.0)
High 435 (44.0) 66,039 (33.1)

Hypertension (n, %) 220 (22.3) 40,930 (20.5) 0.172
Diabetes (n, %) 50 (5.1) 14,584 (7.3) 0.007 1

Dyslipidemia (n, %) 117 (11.8) 17,834 (8.9) 0.001 1

Obesity (BMI, kg/m2, mean, SD) 23.8 (2.9) 24.0 (3.0) <0.001 1

Tobacco index (pack-year, mean, SD) 1.63 (6.5) 6.62 (12.5) <0.001 1

alcohol consumption (g/day, mean, SD) 2.0 (10.1) 7.2 (22.1) <0.001 1

Family history of father (n, %) 3 (0.3) 86 (0.0) 0.010 1

Family history of mother (n, %) 12 (1.2) 307 (0.2) <0.001 1

Family history of siblings (n, %) 44 (4.5) 653 (0.3) <0.001 1

BMI, body mass index, kg/m2; SD, Standard deviation. 1 Independent t-test, Chi-square test, or Fisher’s exact test.
Significance at p < 0.05.

In Model 1, adjusted for general characteristics, the adjusted ORs for the family histories of
fathers, mothers, and siblings were 6.72 (95% CI = 2.10–21.50), 6.33 (95% CI = 3.52–11.36), and 10.16
(95% CI = 7.42–13.93), respectively.

In Model 2, adjusted for only family histories of thyroid cancer, the adjusted ORs for family
histories of fathers, mothers, and siblings were 6.75 (95% CI = 2.10–21.67), 5.55 (95% CI = 3.02–10.19),
and 13.09 (95% CI = 9.53–17.99), respectively.

In Model 3, adjusted for both general characteristics and family histories of thyroid cancer,
the adjusted OR was slightly lower than in Models 1 and 2. The adjusted ORs for the family histories
of fathers, mothers, and siblings were 6.59 (95% CI = 2.05–21.21), 4.76 (95% CI = 2.59–8.74), and 9.53
(95% CI = 6.92–13.11), respectively, and were significant (Table 2).

Table 2. Association between thyroid cancer history and their family thyroid cancer histories.

Family History
ORs of Thyroid Cancer for the Thyroid Cancer Family Histories

Crude p-Value Model 1 p-Value Model 2 p-Value Model 3 p-Value

ORs of the thyroid cancer history of father

Thyroid cancer 7.07
(2.23–22.38) 0.001 1 6.72

(2.10–21.50) 0.001 1 6.75
(2.10–21.67) 0.001 1 6.59

(2.05–21.21) 0.002 1

Control 1.00 1.00 1.00 1.00

ORs of the thyroid cancer history of mother

Thyroid cancer 7.98
(4.47–14.26) <0.001 1 6.33

(3.52–11.36) <0.001 1 5.55
(3.02–10.19) <0.001 1 4.76

(2.59–8.74) <0.001 1

Control 1.00 1.00 1.00 1.00

ORs of the thyroid cancer history of siblings

Thyroid cancer 14.20
(10.40–19.40) <0.001 1 10.16

(7.42–13.93) <0.001 1 13.09
(9.53–17.99) <0.001 1 9.53

(6.92–13.11) <0.001 1

Control 1.00 1.00 1.00 1.00

ORs, odds ratios. Model 1: adjusted for age, sex, income, body mass index, smoking, alcohol intake, and past
medical histories of hypertension, diabetes mellitus, and dyslipidemia. Model 2: adjusted for thyroid cancer history
of father, mother, and siblings. Model 3: adjusted for Models 1 and 2. 1 Logistic regression analyses, Statistical
significance at p < 0.05.

In the subgroup analyses according to sex, the results were consistent with the results of the total
participants (Table 3). In men, the adjusted ORs for the family histories of fathers and siblings were 29.09
(95% CI = 3.84–220.29) and 14.15 (95% CI = 3.39–58.95), respectively, in Model 3, while that of mother
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did not converge. In women, the adjusted ORs for the family histories of fathers, mothers, and siblings
were 4.71 (95% CI = 1.13–19.52), 5.06 (95% CI = 2.75–9.31) and 9.37 (95% CI = 6.75–13.00), respectively.

Table 3. Subgroup analyses of association between thyroid cancer history and their family thyroid
cancer histories according to sex.

Family History
ORs of Thyroid Cancer for the Thyroid Cancer Histories of Families

Crude p-Value Model 1 p-Value Model 2 p-Value Model 3 p-Value

Men (n = 69,693)

ORs of the thyroid cancer history of father

Thyroid cancer 27.88
(3.76–206.55) 0.001 1 28.21

(3.73–213.69) 0.001 1 28.53
(3.85–211.44) 0.001 1 29.09

(3.84–220.29) 0.001 1

Control 1.00 1.00 1.00 1.00

ORs of the thyroid cancer history of mother

Thyroid cancer No
convergence 0.997 No

convergence 0.997 No
convergence 0.997 No

convergence 0.997

Control 1.00 1.00 1.00 1.00

ORs of the thyroid cancer history of siblings

Thyroid cancer 15.43
(3.75–63.54) <0.001 1 13.90

(3.34–57.94) <0.001 1 16.02
(3.89–66.00) <0.001 1 14.15

(3.39–58.95) <0.001 1

Control 1.00 1.00 1.00 1.00

Women (n = 130,883)

ORs of the thyroid cancer history of father

Thyroid cancer 5.31
(1.29–21.79) 0.021 1 4.84

(1.18–19.94) 0.029 1 4.92
(1.18–20.61) 0.029 1 4.71

(1.13–19.52) 0.033 1

Control 1.00 1.00 1.00 1.00

ORs of the thyroid cancer history of mother

Thyroid cancer 7.89
(4.40–14.16) <0.001 1 6.75

(3.75–12.14) <0.001 1 5.70
(3.09–10.51) <0.001 1 5.06

(2.75–9.31) <0.001 1

Control 1.00 1.00 1.00 1.00

ORs of the thyroid cancer history of siblings

Thyroid cancer 11.70
(8.49–16.13) <0.001 1 10.04

(7.27–13.87) <0.001 1 10.81
(7.80–14.98) <0.001 1 9.37

(6.75–13.00) <0.001 1

Control 1.00 1.00 1.00 1.00

Model 1: adjusted for age, sex, income, body mass index, smoking, alcohol intake, and past medical histories of
hypertension, diabetes mellitus, and dyslipidemia. Model 2: adjusted for thyroid cancer history of father, thyroid
cancer history of mother, and thyroid cancer history of siblings. Model 3: adjusted for Models 1 and 2. 1 Logistic
regression analyses, Statistical significance at p < 0.05.

Because no father had a thyroid cancer history when mother had thyroid cancer, we did not make
the interaction model for father ×mother. In the interaction model, we did not find any interaction in
father × siblings and mother × siblings (Table 4).

Table 4. Interaction model of each family history of thyroid cancer.

Variable
ORs for Thyroid Cancer

Model 4 p-Value

Father No convergence 1.00
Mother 12.84 (2.02–81.86) 0.007
Siblings 26.87 (5.69–126.91) <0.001
Father × siblings No convergence 1.000
Mother × siblings 0.51 (0.12–2.17) 0.362

Model 4: adjusted for thyroid cancer history of father, mother, siblings, father × siblings, and mother × siblings.

The rate of family histories of thyroid cancer of father and siblings were not different according to
thyroid cancer onset (Table 5), while that of mother was higher in patients with a younger age at onset
(<50 years group, 11/523 [2.1%]) compared with those with an older age at onset (≥50 years group,
1/456 [0.2%], p = 0.007).
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Table 5. Ratio of family histories of thyroid cancer according to thyroid cancer onset among the thyroid
cancer participants.

Histories
Onset of Thyroid Cancer

<50 Years Old ≥50 Years Old p-Value

Thyroid cancer histories of father (n, %)
Yes 3 (0.6) 0 (0.0) 0.253
No 520 (99.4) 456 (100.0)

Thyroid cancer histories of mother (n, %)
Yes 11 (2.1) 1 (0.2) 0.007 1

No 512 (97.9) 455 (99.8)

Thyroid cancer histories of siblings (n, %)
Yes 23 (4.4) 21 (4.6) 0.876
No 500 (95.6) 435 (95.4)

1 Fisher’s exact test. Significance at p < 0.05.

4. Discussion

The definite association between family history and thyroid cancer incidence is not yet completely
known. Although most cases of PTC occur sporadically, it seems that there are family components
in some cases of PTC. Familial non-medullary thyroid cancer (FNMTC) is defined as a condition in
which two or more first-degree relatives are affected by thyroid cancer in the absence of a known
familial syndrome [32,33]. FNMTC shows a tendency to be more aggressive than sporadic cases with
higher rates of extra-thyroid extension, lymph node metastases, larger tumor size in younger patients,
and worse prognosis [32,33]. This study focused on the family history of PTC in a large population
and not FNMTC. The most common histological type (94.9%) of DTC in Korea was PTC [9]. Most
participants with thyroid cancer in the KoGES data would have PTC based on the results of previous
studies [9,34–36]. There are few studies on the family history of PTC in a large population. Therefore,
this study investigated the association between thyroid cancer and family history using data from a
large Korean study.

This study showed that the adjusted OR for family history was higher in all thyroid cancer
patients than in the control group (Table 2). Family history was significantly associated with the
incidence of thyroid cancer after adjustment for age, sex, income, hypertension, diabetes, dyslipidemia,
obesity, smoking, and alcohol consumption (Table 1). A meta-analysis of seven cohort studies by
Zhao et al. showed that obesity increased the risk of thyroid cancer [37]. The meta-analysis evaluated
the association between body weight or BMI and risk of thyroid cancer. A total of 5154 thyroid cancer
cases was included. The pooled relative risk (RR) of thyroid cancer was 1.13 (95% CI 1.04–1.22) for
overweight. Obesity was related with increased thyroid cancer risk in both genders, the strength of
the association increasing with increasing BMI. The combined RR of thyroid cancer was 1.18 (95% CI
1.11–1.25) for excess body weight. Being overweight was associated with a significant increase in the
thyroid cancer risk among non-Asians, but not among Asians. Overweight, obesity, and excess body
weight were linked to PTC risk. Han et al. reported that obesity was associated with a higher prevalence
of thyroid cancer in women [38]. The study collected data from 15,068 subjects who received a health
examination from 2007 to 2008 at the Health Screening and Promotion Center of Asan Medical Center
in Korea. Thyroid US was conducted in the examination, and suspected nodules were additionally
examined by US-guided aspiration. Those with a history of thyroid disease or family history of
thyroid cancer were excluded from the study. In total, 15,068 participants were screened by thyroid
US. The prevalence of thyroid cancer in females was related with a high BMI (per 5 kg/m2 increase)
(OR = 1.63, 95% CI 1.24–2.10, p < 0.001) after adjustment for age, smoking status, and TSH levels.
There was no significant correlation between the prevalence of thyroid cancer in males and a high BMI
(OR = 1.16, 95% CI 0.85–1.57, p = 0.336). There was no association between age, fasting serum insulin,
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or basal TSH levels and thyroid cancer in either gender. In a meta-analysis of observational studies,
Cho et al. showed that the risk of thyroid cancer was decreased by 21% in smokers compared to
non-smokers [39]. The study investigated 31 studies to analyze the relationship between thyroid cancer
occurrence and smoking. These studies consisted of 6260 thyroid cancer cases and 32,935 controls.
The cohort studies included 2715 thyroid cancer patients. Summary RRs and 95% CIs were calculated
using a random effects model. The risk of thyroid cancer was decreased in participants with a past
smoking history (RR = 0.79; 95% CI 0.70–0.88) compared with those without. However, strong
evidence of heterogeneity was found among the investigated studies; therefore, subgroup analyses
were performed according to study location, study type, source of controls, smoking status, sex, and
histological type of thyroid cancer. When the data were stratified by smoking status, an inverse
association was observed only among current smokers (RR = 0.74; 95% CI 0.64–0.86), not former
smokers (RR = 1.01; 95% CI 0.92–1.10). Previous studies demonstrated that alcohol consumption
was found to be significantly associated with a decreased risk of thyroid cancer when the analysis
was performed using the control group [40–42]. Kitahara et al. evaluated data from five prospective
United States studies (384,433 males and 361,664 females) [40]. Hazard ratios and 95% CIs for thyroid
cancer were calculated from adjusted models of smoking and alcohol consumption with additional
adjustment of age, sex, race, education, and BMI. In total, 1003 thyroid cancer cases (335 males and
668 females) were identified. Alcohol intake was also inversely associated with thyroid cancer risk
(≥7 drinks/week versus 0, HR = 0.72, 95% CI 0.58–0.90). Inverse associations with alcohol consumption
were more pronounced for papillary versus follicular tumors. Hong et al. investigated 33 observational
studies with two cross-sectional studies, 20 case-control studies, and 11 cohort studies [42]. The studies
involved 7725 thyroid cancer participants and 3,113,679 participants without thyroid cancer. In the
fixed-effect model meta-analysis of all 33 studies, alcohol intake was related with a reduced risk of
thyroid cancer (OR = 0.74; 95% CI 0.67–0.83). In the subgroup meta-analysis, alcohol consumption also
reduced the risk of thyroid cancer in both case-control studies (OR = 0.77; 95% CI 0.65–0.92) and cohort
studies (RR = 0.70; 95% CI 0.60–0.82). Subgroup meta-analyses showed that alcohol consumption was
significantly related with a reduced risk of thyroid cancer.

The present study adjusted for various confounding factors to reduce the surveillance bias.
The adjusted ORs in this study were similar to those in previous studies performed in other
countries [7,8,23]. Kust et al. reported that family history plays a significant role in the development of
thyroid cancer. Having first-degree relatives with thyroid cancer is a risk factor in both medullary and
papillary thyroid cancer. The first-degree relatives could predict the risk of thyroid cancer [7]. A total
of 10,709 participants was included in the study. Correlation of cytological findings and family history
was evaluated using Fisher’s exact test. There were 2580 (24.09%) patients with non-malignant thyroid
diseases in the family and 198 (1.85%) patients with a history of thyroid cancer in the family. A total of
2778 (25.94%) patients had a positive family history of thyroid diseases, and 7931 (74.06%) patients had a
negative family history. In patients with a family history of papillary thyroid carcinoma, the difference
between those with benign and malignant thyroid tumors was found to be significant (p = 0.0432).
Thyroid cancer may be more aggressive in younger patients and may have a higher rate of lymph node
metastasis [7]. The rates for family histories of fathers and siblings were not different according to the
age at onset of thyroid cancer, while those of mothers were higher in patients with a younger age at
onset of thyroid cancer (Table 5). In addition, this study analyzed the interaction among familial histories
by using the interaction model. There was no significant interactional effect in father with siblings and
mother with siblings (Table 4).

Despite our large sample size, this study has few limitations. First, it was impossible to consider
all the confounding factors for the association. KoGES did not cover all of the potentially influencing
factors such as history of radiation therapy and CT, iodine intake, and history of thyroiditis. Second,
KoGES HEXA was started based on a questionnaire survey [27]. The patient’s thyroid cancer history
was asked. However, in the cases of positivity, no biopsy or ultrasonography was performed for a
definitive diagnosis. This study included all participants who had thyroid cancer as PTC given that
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about 95% of DTC cases in Korea were PTC [9]. Third, this study included only the participants who
were survivors after being diagnosed with thyroid cancer. The survey could not be performed with
the dead participants. However, this was not a huge problem because the survival rate of thyroid
cancer in Korea is high. Thyroid cancer has an excellent prognosis and a five-year relative survival
rate of 100.1% in Korea [43]. Lastly, this study did not include the family history of grandparents or
distant relatives. Last, the reliability of the questionnaires on the smoking, alcohol consumption, and
nutritional intake frequencies were unclear [27]. To collect accurate data, the reliability and validity of
the questionnaire survey should be examined in future studies.

In contrast, this study has several advantages. To the best of our knowledge, this study is the
first population-based study examining the association between thyroid cancer family history and the
incidence of thyroid cancer in Asia. Second, this study is a large population-based study compared
with studies in other countries. This study investigated detailed associations in subgroups in a large
population. In addition, the risk of family history on incidence was evaluated using a large control
group. This study provides more precise information than most previous individual studies. Third,
this study considered many more influential factors than in previous studies. Obesity, smoking,
and alcohol consumption were further adjusted in this study. These confounding factors would be
important adjustments for the analysis of family history as a risk factor.

5. Conclusions

This study demonstrated that the incidence of thyroid cancer was associated with thyroid cancer
family history. This finding supports regular examination of individuals with a family history of
thyroid cancer to prevent the progression of thyroid cancer. The identification of family history would
provide opportunities for early detection and prevention. Further studies including those on gene
mutations associated with family history are recommended to demonstrate the pathophysiology and
prevalence of thyroid cancer.
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Abstract: Radioiodine therapy with 131I remains the mainstay of standard treatment for
well-differentiated thyroid cancer (DTC). Prognosis is good but concern exists that 131I-emitted
ionizing radiation may induce double-strand breaks in extra-thyroidal tissues, increasing the risk
of secondary malignancies. We, therefore, sought to evaluate the induction and 2-year persistence
of micronuclei (MN) in lymphocytes from 26 131I-treated DTC patients and the potential impact of
nine homologous recombination (HR), non-homologous end-joining (NHEJ), and mismatch repair
(MMR) polymorphisms on MN levels. MN frequency was determined by the cytokinesis-blocked
micronucleus assay while genotyping was performed through pre-designed TaqMan® Assays
or conventional PCR-restriction fragment length polymorphism (RFLP). MN levels increased
significantly one month after therapy and remained persistently higher than baseline for 2 years.
A marked reduction in lymphocyte proliferation capacity was also apparent 2 years after therapy.
MLH1 rs1799977 was associated with MN frequency (absolute or net variation) one month after
therapy, in two independent groups. Significant associations were also observed for MSH3 rs26279,
MSH4 rs5745325, NBN rs1805794, and tumor histotype. Overall, our results suggest that 131I therapy
may pose a long-term challenge to cells other than thyrocytes and that the individual genetic profile
may influence 131I sensitivity, hence its risk-benefit ratio. Further studies are warranted to confirm
the potential utility of these single nucleotide polymorphisms (SNPs) as radiogenomic biomarkers in
the personalization of radioiodine therapy.

Keywords: thyroid cancer; Iodine-131; chromosome-defective micronuclei; DNA repair;
micronucleus assay; single nucleotide polymorphism; pharmacogenomic variants; pharmacogenetics;
precision medicine

1. Introduction

Thyroid cancer (TC) is the most common endocrine malignancy, accounting for approximately
2.1% of cancers diagnosed all over the world. TC incidence is about two to four times higher in women
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than in men and is one of the most common malignancies in adolescent and young adults (ages 15–39
years), with the median age at diagnosis being lower than that for most other types of cancer [1–3].
TC incidence has been steadily increasing, over the last three decades [1], most likely because of
“surveillance bias” and overdiagnosis resulting from increased detection of small stationary lesions of
limited clinical relevance. A true rise in the number of TC cases (e.g., due to increasing exposure to
ionizing radiation (IR) from medical sources) is, however, also possible [2–4].

Papillary (PTC) and follicular (FTC) thyroid carcinoma represent 85–90% and 5–10% of TC cases,
respectively. These tumor histotypes retain their morphologic features, being often referred to as
differentiated thyroid carcinoma (DTC) [3,4]. The best-established modifiable risk factor for DTC is IR
exposure during childhood and adolescence (radioiodines including 131I, X-radiation, γ-radiation) [2–5]
and the standard treatment consists of surgical resection (total or near-total thyroidectomy) accompanied
by post-thyroidectomy radioiodine (RAI) therapy and TSH suppression [3,4]. The majority of DTC
cases is indolent in nature, iodine-avid, and responds favorably to standard therapy. Overall prognosis
is thus generally good, translating into high long-term survival and low disease-specific mortality [4].

The widespread use of RAI therapy in the management of DTC relies on the ability of 131I
to be preferentially taken up and concentrated in normal or neoplastic thyroid follicular cells,
taking advantage of these cells’ specialized mechanism for iodide uptake and accumulation [3,6,7].
Thyrocyte-accumulated 131I undergoes [β and γ] decay and releases high-energy electrons that inflict
devastating DNA damage locally. Thyroid cell death through radiation cytotoxicity ensues, allowing
for the ablation of remnant normal thyroid tissue and the eradication of any residual tumor foci [3,6].
Unfortunately, since other tissues may also concentrate 131I, its DNA damaging effects may not be
limited to the thyroid gland, increasing the risk of RAI-associated secondary malignancies such as
soft tissue tumors, colorectal cancer, salivary tumors, and leukemia [3,7]. Since the rising incidence of
TC is mostly driven by increased detection of stationary subclinical lesions, concern exists that DTC
overdiagnosis may result in potentially harmful overtreatment [2]. Indeed, if we consider the indolent
behavior of the disease, its long-term survival rate, and its mean age of diagnosis, such therapy-related
morbidity may not be justified, as most patients will have many years to experience its negative
effects [2]. The revised American Thyroid Association (ATA) clinical practice guidelines for the
management of DTC [8] reflect such concern for the first time, recommending a more cautious
diagnosis and treatment approach in order to reduce RAI use (hence, radiation exposure) particularly in
younger ages. This includes, for example, more stringent criteria for diagnosis upon nodule detection,
molecular-based risk stratification for improved treatment decisions, personalized disease management
and long-term surveillance strategies and, most importantly, use of lower RAI doses (30–50 mCi) in
patients with low-risk DTC [2,8,9].

The most relevant types of DNA damage inflicted upon IR exposure are double-strand breaks
(DSBs). Such lesions are predominantly processed by DNA repair enzymes of the homologous
recombination (HR) and non-homologous end-joining (NHEJ) repair pathways, despite mismatch
repair (MMR) pathway enzymes have also been implicated [10,11]. The activity of such DNA repair
enzymes determines the capacity of cells to repair DSBs which, in turn, influences their sensitivity to
IR. Lower DNA repair capacity, therefore, increases the extent of IR-induced DNA damage, increasing
both the likelihood of cell death through IR-induced cytotoxicity and the likelihood of malignant
transformation upon IR exposure [12,13].

Single nucleotide polymorphisms (SNPs) in DNA repair enzymes across these three pathways
have been identified and some have been demonstrated to affect the DNA repair capacity [14,15].
Such DNA repair SNPs may therefore modulate sensitivity to IR and many have indeed been associated
with TC or, more specifically, DTC susceptibility (for which IR exposure is the best-established risk
factor) [16–21]. It is likely that such functional DNA repair SNPs, through interference with the extent
of IR-induced DSBs on thyrocytes, could influence the cytotoxic potential of RAI therapy, hence its
efficacy on DTC treatment. Likewise, through a similar effect on other cells that take up and concentrate
131I, such SNPs could also modify the risk of secondary malignancies, hence the safety of RAI therapy.
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Identifying these variants is, therefore, an important challenge with clinical relevance. However, to our
knowledge, the issue has not been addressed in prior studies.

We have previously demonstrated that therapy with 70 mCi 131I in DTC patients is consistently
associated with increased DNA damage levels in peripheral lymphocytes [22,23]. With this study,
we aimed to confirm, through the use of the cytokinesis-blocked micronucleus (CBMN) assay, our prior
findings in a new group of DTC patients submitted to RAI therapy with 100 mCi. Further, we sought
to extend our analysis at 24 months after 131I administration so that the long-term persistence of
131I-induced DNA damage could be better characterized. Finally, the potential influence of HR, NHEJ,
and MMR polymorphisms on the micronuclei (MN) frequency in RAI-treated DTC patients was
also investigated.

Understanding the role of repair SNPs on the extent and persistence of 131I-induced DNA damage
will contribute to the identification of genetic biomarkers that influence the individual response to
131I-based RAI therapy and thus modulate the risk-benefit ratio of RAI therapy in DTC patients.
Such efforts may provide the basis for improved, personalized, therapeutic decisions in the context of
DTC therapy, with impact on disease prognosis and patient safety.

2. Materials and Methods

2.1. Study Population

Twenty-six DTC patients proposed for radioiodine therapy at the Department of Nuclear Medicine
of the Portuguese Oncology Institute of Lisbon (Portugal) were selected according to criteria published
elsewhere [22]. All participants were treated according to current practice, consisting of total
thyroidectomy followed by oral administration of 131I, 70 mCi (15 patients) or 100 mCi (11 patients),
to ablate thyroid remnant cells. Patients were followed for two years unless they had to be submitted
to further treatment. In such cases, patients were no longer elective for cytogenetic analysis and had to
be excluded from further analysis. A mixed cross-sectional and longitudinal study design was used,
respectively, for comparisons among genotypes or dose groups at each time point and across different
time points. In the latter case, pre-treatment values allowed each patient to serve as his own control.

To characterize the study population and account for potential confounding factors, all participants
were interviewed and completed a detailed questionnaire covering standard demographic
characteristics, personal and family medical history, lifestyle habits, and prior IR exposure. For the
purpose of smoking status, former smokers who had quit smoking at least 2 years prior to diagnosis
were considered as non-smokers. Clinical and pathological examination was also performed.

Peripheral blood samples were collected from each patient into both 10 mL heparinized tubes (for
cytogenetic analysis) and citrated tubes (for genotype analysis). For cytogenetic analysis, blood samples
were drawn (1) prior to 131I administration as well as 1, 6, and 24 months after therapy in patients
submitted to a 70 mCi dose and (2) prior to 131I administration as well as 1 and 3 months afterward in
patients submitted to a 100 mCi dose. For genotype analysis, blood samples were stored at −80 ◦C
until further use.

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 was
approved by the Ethics Committee of Instituto Português de Oncologia Francisco Gentil (GIC/357) and
by the Ethics Committee of Faculdade Ciências Médicas (CE-5/2008).

2.2. Genotype Analysis

Genomic DNA was isolated from blood samples using the commercially available QIAamp® DNA
mini kit (QIAamp® DNA mini kit; Qiagen GmbH, Hilden, Germany), according to the manufacturer’s
recommendations. The fluorimetric Quant-iT™ Picogreen® dsDNA Assay Kit (Invitrogen, Waltham,
MA, USA) was used to quantify and ensure uniformity in DNA concentration (2.5 ng/μL). DNA samples
were kept at −20 ◦C until further use.
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SNPs were selected from those already analyzed by our team in a cohort of 106 DTC patients,
according to selection criteria published elsewhere [18–21]. Due to sample size limitations, only SNPs
presenting a minor allele frequency (MAF) > 0.15 in the original pool of patients were considered.
MLH3 rs175080 was excluded a posteriori for insufficient genotype frequency (n ≤ 1) in at least one of
the 131I dose groups (Table S1). Overall, a total of 9 DNA repair SNPs across 3 DNA repair pathways
(HR, NHEJ, and MMR) were considered for further analysis (Table 1).

Table 1. Selected SNPs and detailed information on the corresponding base and amino acid changes,
minor allele frequency, and Applied Biosystems (AB) assay used for genotyping.

Gene Location
DB SNP Cluster

ID (RS NO.)
Base

Change
Amino Acid

Change
MAF (%) a AB Assay ID

MLH1 3p22.2 rs1799977 A→ G Ile219Val 23.3 C___1219076_20
MSH3 5q14.1 rs26279 A→ G Thr1045Ala 27.1 C____800002_1_
MSH4 1p31.1 rs5745325 G→ A Ala97Thr 26.0 C___3286081_10
PMS1 2q32.2 rs5742933 G→ C – b 23.4 C__29329633_10
MSH6 2p16.3 rs1042821 C→ T Gly39Glu 18.2 C___8760558_10
RAD51 15q15.1 rs1801321 G→ T – b 33.2 C___7482700_10
NBN 8q21.3 rs1805794 G→ C Glu185Gln 34.7 C__26470398_30

XRCC3 14q32.33 rs861539 C→ T Thr241Met 29.0 – d

XRCC5 2q35 rs2440 C→ T – c 36.3 C___3231046_10
a MAF, minor allele frequency, according to the Genome Aggregation Database (gnomAD), v2.1.1, available at
https://gnomad.broadinstitute.org/. b SNP located on 5′ UTR. c SNP located on 3′ UTR. d not applicable (genotyping
performed by PCR-RFLP). SNPs, single nucleotide polymorphisms.

Genotyping was performed mostly by real-time polymerase chain reaction (RT-PCR): amplification
and allelic discrimination were carried out on a 96-well ABI 7300 Real-Time PCR system thermal cycler
(Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA), following the manufacturer’s
instructions, with the use of the commercially available TaqMan® SNP Genotyping Assays (Applied
Biosystems) identified in Table 1. For XRCC3 rs861539 (HR pathway), genotyping was performed by
conventional PCR-restriction fragment length polymorphism (RFLP) techniques. Primer sequences,
PCR, and digestion conditions as well as expected electrophoretic patterns have been described [19].
To confirm genotyping and ensure accurate results, inconclusive samples were reanalyzed and
genotyping was repeated in 10–15% of randomly chosen samples, with 100% concordance.

2.3. Cytogenetic Analysis

The cytokinesis-block micronucleus assay (CBMN) was used to analyze DNA damage and
conducted according to standard methods. The methodology was performed and published as
described previously [22–24]. The frequency of binucleated cells carrying micronuclei (BNMN),
defined as the number of cells with MN per 1000 binucleated lymphocytes, is expressed as a count
per thousand (‰). The Cytokinesis-Block Proliferation Index (CBPI) was determined according to the
formula CBPI = [MI + 2MII + 3(MIII +MIV)]/N, where MI-MIV correspond to the number of human
lymphocytes with one to four nuclei, respectively, and N is the total number of cells analyzed.

2.4. Statistical Analysis

All analyses were done with SPSS 22.0 (IBM SPSS Statistics for Windows, version 22.0, IBM Corp,
Armonk, NY, USA) except for deviation of genotype distributions from Hardy–Weinberg equilibrium
(HWE) and linkage disequilibrium (LD) analysis between SNPs on the same chromosome, which were
performed with SNPstats [25].

Categorical variables, presented as frequencies and percentages, were compared between dose
groups and with the original cohort of DTC patients by the Pearson’s Chi-square (χ2) test or the
two-sided Fisher’s exact test whenever 2 × 2 contingency tables were possible. For continuous
variables (BNMN frequency, CBPI, and their net variation from baseline), presented as mean ± standard
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deviation, the normality and homogeneity of variances were evaluated by the Shapiro-Wilk and
Levene tests, respectively. Longitudinal comparisons were performed by the paired sample t test
(whenever a normal distribution could not be excluded) or the Wilcoxon signed-rank test (remaining
cases) while the parametric Student t test (normal distributions) or the nonparametric Mann-Whitney
U test (non-normal distributions) for independent samples were used for cross-sectional comparisons
between the two 131I dose groups and between different gender, age class, smoking status, histological
type of tumor, and genotype categories.

Variable transformation was considered, when practically useful: DTC patients were dichotomized
according to age, with the cut-off point being defined as the median age of all patients included
(54 years). Due to limited sample size (hence, low frequency of homozygous variant genotypes),
a dominant model of inheritance was assumed for all SNPs. Moreover, the net variation in BNMN
frequency (i.e., therapy-induced BNMN) was calculated by subtracting the background (pre-treatment)
BNMN frequency from the corresponding post-treatment values.

This is an exploratory ‘proof of concept’ study, not a conclusive final one. As such, the Bonferroni
adjustment was deemed as not necessary as it is too conservative. Furthermore, the complement of
the false-negative rate β to compute the power of a test (1-β) was not taken into account at this stage
since larger studies are needed to change this preliminary study into a confirmatory one. Statistical
significance was set at p < 0.05.

3. Results

3.1. Characteristics of the Study Population

A general description of the study population is presented in Table 2. The age of DTC patients
submitted to 131I therapy ranged from 32 to 73 years, with a mean of 52.54 ± 11.62 years. As expected,
female patients (88.5%, n = 23) greatly outnumbered male patients (11.5%, n = 3) and papillary
carcinoma cases (PTC, 69.2%, n = 18) were also more frequent than follicular ones (FTC, 30.8%, n = 8),
in agreement with gender and histotype distributions commonly reported for DTC [1,2,4]. Overall,
15.4% (n = 4) of patients were smokers. No significant differences in patient age, gender, histological
type of tumor, and smoking status were observed between groups submitted to different 131I doses
(Table 2) nor between any of these groups (separated or together) and our original DTC population [18].

Table 2. General characteristics for differentiated thyroid carcinoma (DTC) patients treated with 70
mCi (n = 15) and 100 mCi (n = 11) 131I.

Characteristics
Study Population

n (%)
70 mCi
n (%)

100 mCi
n (%)

p Value c

Gender
Male 3 (11.5) 1 (6.7) 2 (18.2)

0.556Female 23 (88.5) 14 (93.3) 9 (81.8)

Age a 52.54 ± 11.62 b 52.07 ± 10.26 b 53.18 ± 13.76 b 0.815
≤54 14 (53.8) 8 (53.3) 6 (54.5)

1.000
>54 12 (46.2) 7 (46.7) 5 (45.5)

Smoking habits
Non-smokers 22 (84.6) 13 (86.7) 9 (81.8)

1.000Smokers 4 (15.4) 2 (13.3) 2 (18.2)

Histology

Papillary 18 (69.2) 10 (66.7) 8 (72.7)
1.000Follicular 8 (30.8) 5 (33.3) 3 (27.3)

a For age categorization purposes, the median age of all patients included in the study (54 years) was defined as the
cut-off point. b mean ± S.D. c p value for 70 mCi versus 100 mCi groups determined by two-sided Fisher’s exact test
(gender, smoking habits, and age categories) or Student t test (age mean ± S.D.).
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3.2. Cytogenetic Data

The frequency of BNMN (mean ± S.D.) in the 26 DTC patients submitted to 131I therapy and
included in this study is illustrated in Figure 1 and summarized in Table S2. Pre-treatment and
post-treatment values are presented, stratified by dose group.

Figure 1. Binucleated cells carrying micronuclei (BNMN) frequency (‰, mean ± S.D.) in DTC patients
before and after (1, 3/6, and 24 months) therapy with different doses of 131I (70 and 100 mCi).

The results from the 70 mCi dose group until 6 months after 131I administration have been
published before [22]. As it was not possible to collect genotyping data on 4 of the original 19 patients,
these patients were excluded and the data were re-analyzed. Longitudinal results in this dose group
are, nevertheless, similar to those originally reported [22]: as evident from Figure 1, BNMN frequency
in these patients increases significantly 1 month after 131I therapy (from 5.27 ± 3.63‰ to 8.80 ± 4.65‰,
p = 0.039) and stabilizes at 6 months after 131I therapy (8.93 ± 5.92‰, p = 0.944 vs. 1 month after
therapy), remaining persistently higher than before treatment (p = 0.041).

To investigate the long-term persistence of such therapy-induced damage, the study of these
patients at 2 years after therapy was extended (Table S2 and Figure 1). Cytogenetic data at such time
point was available for 11 patients only. The frequency of BNMN remained stable (9.64 ± 2.80‰,
similar to values at 1 and 6 months, p = 0.460 and p = 0.328, respectively) and persistently higher than
baseline (p = 0.005).

To confirm these findings and check for a possible dose effect, the study was replicated in an
independent group of patients administered with 100 mCi. As expected, BNMN frequency was
significantly higher in the 100 mCi group than in the 70 mCi group, irrespective of the time point (Table
S2 and Figure 1), suggesting a dose-effect association (hence, a cause-effect relation) between iodine
dose and BNMN levels. Apart from this quantitative difference, the effect of either dose on BNMN
frequency was qualitatively similar, BNMN in the 100 mCi group increasing significantly 1 month
after therapy (from 9.64 ± 4.78‰ to 17.27 ± 5.14‰, p = 0.011) and remaining persistently higher than
baseline at 3 months (21.40 ± 5.66‰, p < 0.001 and p = 0.054 compared to pre-treatment and 1 month
post-treatment values, respectively) (Table S2).

Moreover, of notice, the BNMN increment (net balance) after 131I therapy was more pronounced
in the 100 mCi group than in the 70 mCi group, despite the difference was not significant (p > 0.05).

Finally, the CBPI (mean ± S.D.) was also determined for the 15 DTC patients submitted to therapy
with 70 mCi 131I. As depicted in Figure 2, this index, which indicates the proliferation capacity of
lymphocytes and may be used to calculate cytotoxicity [26], did not change appreciably at 1 and 6
months after 131I administration but was markedly reduced at 24 months after therapy (from 1.78 ±
0.13 to 1.53 ± 0.09, p = 0.001).
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Figure 2. Cytokinesis-Block Proliferation Index (CBPI) (mean ± S.D.) in DTC patients before and after
(1, 6, and 24 months) therapy with 131I (70 mCi).

3.3. Characteristics of the Study Population and Cytogenetic Data

The potential influence of the demographic, lifestyle, and clinical characteristics of the study
population on cytogenetic data was also evaluated. As depicted in Figure 3, in patients treated with
70 mCi, histology interfered with both pre-treatment BNMN levels and its net balance 1 month after
131I therapy (Figure 3): basal BNMN frequency was significantly higher in FTC than in PTC patients
(8.20 ± 3.11‰ vs. 3.80 ± 3.01‰, p = 0.020) but, 1 month after therapy, increased only in PTC patients,
resulting in a significantly different net balance between the two histotypes (+6.20 ± 5.05‰ in PTC vs.
−1.80 ± 3.96‰ in FTC, p = 0.009). Such effect was not observed in 100 mCi-treated patients nor when
both dose groups were considered together. Likewise, no significant effect of gender, age, or smoking
habits on BNMN levels or its net balance was detected, irrespective of the time point or dose group.
Furthermore, except maybe for gender, no significant effect on CBPI was observed for any of these
variables in the 70 mCi dose group. Baseline CBPI values were borderline higher in female compared
to male patients (p = 0.045) but such finding should not be overvalued as only one male patient was
included in this dose group.

Figure 3. BNMN frequency (‰, mean ± S.D.) in DTC patients before and after (1, 6, and 24 months)
therapy with 70 mCi 131I, according to tumor histotype (papillary thyroid carcinoma (PTC) and follicular
thyroid carcinoma (FTC)).

3.4. Distribution of DNA Repair SNPs in the Study Population

Table 3 reports the allele frequency and genotype distribution of 9 DNA repair SNPs among our
sample of 131I-treated patients. Genotype distributions were consistent with HWE in either dose group
or their combination (p > 0.05) and, except for MSH3 rs26279, did not differ significantly from those
described in our previously studied DTC population (c). For MSH3 rs26279, non-uniform distribution
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was observed, with the common allele being overrepresented in the study sample compared to the
original population (p = 0.048, in the dominant model, Table S1). Moreover, importantly, no significant
differences in genotype distributions were detected between dose groups, for any of the SNPs,
irrespective of the model of inheritance assumed (Table 3). No relevant linkage association was
observed between any of the SNPs.

Table 3. Allele and genotype frequencies in DTC patients submitted to 131I therapy.

Genotype

70 mCi (n = 15) 100 mCi (n = 11) TOTAL (n = 26)

MAF
Genotype
Frequency

n (%)
MAF

Genotype
Frequency

n (%)
MAF

Genotype
Frequency

n (%)

MLH1 rs1799977
Ile/Ile

G: 0.30

7 (46.7)

G: 0.45

3 (27.3)

G: 0.37

10 (38.5)
Ile/Val 7 (46.7) 6 (54.5) 13 (50.0)
Val/Val 1 (6.7) 2 (18.2) 3 (11.5)

Ile/Val+Val/Val 8 (53.3) 8 (72.7) 16 (61.5)

MSH3 rs26279
Thr/Thr

G: 0.23

10 (66.7)

G: 0.14

8 (72.7)

G: 0.19

18 (69.2)
Thr/Ala 3 (20.0) 3 (27.3) 6 (23.1)
Ala/Ala 2 (13.3) 0 (0.0) 2 (7.7)

Thr/Ala+Ala/Ala 5 (33.3) 3 (27.3) 8 (30.8)

MSH4 rs5745325
Ala/Ala

A: 0.13

11 (73.3)

A: 0.32

4 (36.4)

A: 0.21

15 (57.7)
Ala/Thr 4 (26.7) 7 (63.6) 11 (42.3)
Thr/Thr 0 (0.0) 0 (0.0) 0 (0.0)

Ala/Thr+Thr/Thr 4 (26.7) 7 (63.6) 11 (42.3)

PMS1 rs5742933
G/G

C: 0.18

10 (71.4)

C: 0.14

9 (81.8)

C: 0.16

19 (76.0)
G/C 3 (21.4) 1 (9.1) 4 (16.0)
C/C 1 (7.1) 1 (9.1) 2 (8.0)

G/C+C/C 4 (28.6) 2 (18.2) 6 (24.0)

MSH6 rs1042821
Gly/Gly

T: 0.17

10 (66.7)

T: 0.09

9 (81.8)

T: 0.13

19 (73.1)
Gly/Glu 5 (33.3) 2 (18.2) 7 (26.9)
Glu/Glu 0 (0.0) 0 (0.0) 0 (0.0)

Gly/Glu+Glu/Glu 5 (33.3) 2 (18.2) 7 (26.9)

RAD51 rs1801321
T/T

G: 0.50

4 (26.7)

G: 0.45

4 (36.4)

G: 0.48

8 (30.8)
T/G 7 (46.7) 4 (36.4) 11 (42.3)
G/G 4 (26.7) 3 (27.3) 7 (26.9)

T/G+G/G 11 (73.3) 7 (63.6) 18 (69.2)

NBN rs1805794
Glu/Glu

C: 0.30

7 (46.7)

C: 0.14

8 (72.7)

C: 0.23

15 (57.7)
Glu/Gln 7 (46.7) 3 (27.3) 10 (38.5)
Gln/Gln 1 (6.7) 0 (0.0) 1 (3.8)

Glu/Gln+Gln/Gln 8 (53.3) 3 (27.3) 11 (42.3)

XRCC3 rs861539
Thr/Thr

C: 0.47

5 (33.3)

T: 0.36

5 (45.5)

T: 0.46

10 (38.5)
Thr/Met 4 (26.7) 4 (36.4) 8 (30.8)
Met/Met 6 (40.0) 2 (18.2) 8 (30.8)

Thr/Met+Met/Met 10 (66.7) 6 (54.5) 16 (61.5)

XRCC5 rs2440
T/T

C: 0.47

5 (33.3)

C: 0.50

2 (22.2)

C: 0.48

7 (29.2)
T/C 6 (40.0) 5 (55.6) 11 (45.8)
C/C 4 (26.7) 2 (22.2) 6 (25.0)

T/C+C/C 10 (66.7) 7 (77.8) 17 (70.8)

MAF, minor allele frequency. All comparisons of genotype distributions were performed by the two-sided Fisher’s
exact test (whenever 2 × 2 contingency tables are possible) or the χ2 test (remaining cases). No significant differences
among the 70 and 100 mCi dose groups were observed.
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3.5. DNA Repair SNPs and Cytogenetic Data

The influence of DNA repair SNPs on BNMN frequencies and the corresponding variation from
pre-treatment values is shown in Figure 4, Table 4, Table 5 and Tables S3–S5.

Prior to 131I administration, BNMN frequency was higher in patients carrying the MLH1 rs1799977
variant allele than in those homozygous for the common allele, with the difference being significant in
the 100 mCi dose group (p = 0.012) and in the pool of both groups (p = 0.019).

(a)MLH1 rs1799977, 70 mCi
(b)MLH1 rs1799977, 100 mCi

(c)MSH3 rs26279, 100 mCi (d)MSH4 rs5745325, 100 mCi

(e) NBN rs1805794, 100 mCi

Figure 4. BNMN frequency (‰, mean ± S.D.) in DTC patients before and after (1, 3/6, and 24 months)
therapy with 131I, according to genotype and 131I dose group: (a) MLH1 rs1799977, 70 mCi; (b) MLH1
rs1799977, 100 mCi; (c) MSH3 rs26279, 100 mCi; (d) MSH4 rs5745325, 100 mCi; (e) NBN rs1805794,
100 mCi.
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One month after 131I administration, MLH1 rs1799977 variant allele carriers always presented
significantly lower BNMN levels than patients homozygous for the common allele, either when
considering absolute values (p = 0.004, p = 0.012 and p = 0.034 in the 70 mCi, 100 mCi, and in the pool
of both groups, respectively) or the net variation from baseline (p = 0.002, p = 0.001 and p < 0.001 in
the 70 mCi, 100 mCi and in the pool of both groups, respectively). BNMN frequency one month after
therapy was also significantly lower in carriers of the variant allele for NBN rs1805794 (p = 0.043 in
the 100 mCi group and p = 0.017 in the pool of both groups), with the difference in net BNMN values
almost being significant (p = 0.099 in the 100 mCi dose group and p = 0.058 in the pool of both groups).
Further, carriers of at least one MSH4 rs5745325 variant allele exhibited higher levels of 131I-induced
BNMN than patients homozygous for the common allele (p = 0.018 in the 100 mCi group, p = 0.043 in
the combination of both groups), with the difference in absolute BNMN frequencies being significant in
the pooled analysis of both groups (p = 0.039) and almost significant in the 100 mCi group (p = 0.084).

Three months after therapy, significantly higher BNMN frequencies were found in patients from
the 100 mCi group carrying the MSH3 rs26279 variant allele (p = 0.030).

No other significant difference in either absolute or therapy-induced BNMN frequencies was found
between the different genotypes of the DNA repair SNPs, at any time point. Likewise, no influence
of genotype in CBPI, either absolute or relative to baseline values, was detected for any of the DNA
repair SNPs considered in this study, at any time point (Table S6).

4. Discussion

We have previously demonstrated a significant increase in BNMN frequency in peripheral
lymphocytes from 19 DTC patients treated with 70 mCi 131I [22]. In the present exploratory study,
in order to confirm these findings, to evaluate the long-term persistence of such 131I-induced DNA
damage and to determine whether it may be influenced by DNA repair SNPs, we extended our analysis
at 2 years after 131I administration in this group of patients, included a new group of patients submitted
to RAI therapy with 100 mCi and profiled 9 DNA repair SNPs in patients from both groups.

In line with our previously reported results, we observed, in the 100 mCi dose group, a significant
and persistent increase in BNMN frequency after 131I therapy, with mean levels being always higher
than in the 70 mCi group, irrespective of the time point considered. Replication across two independent
sets of patients and observation of a dose effect strongly suggests a causal relation between RAI therapy
and systemic chromosomal damage in lymphocytes, as assessed by the MNCB assay. Such correlation
has been repeatedly demonstrated (both in thyroid patients following RAI therapy [27–32] and in
other settings where exposure to low levels of low-LET (linear energy transfer) ionizing radiation
occurs [28,33]) and is expected since 131I may be taken up by extra-thyroidal cells [7] and emit β-
and γ-radiation capable of inducing dose-dependent chromosomal damage detectable by cytogenetic
analysis (e.g., micronuclei) [27,28,32]. The ability of 131I to induce cytogenetic damage in peripheral
lymphocytes in a dose-dependent manner is, in fact, clear and well-established, allowing BNMN
frequency to be used as a valid, highly sensitive, and specific biomarker of effect for biological
dosimetry of RAI therapy and, hence, to predict its associated genotoxic risk in dividing mammalian
cells [27,28,32,34,35].

A less clear picture exists, however, concerning the long-term persistence (kinetics of the recovery)
of such IR-induced cytogenetic damage. Our results from the 70 mCi dose group suggest that
131I-induced damage in peripheral lymphocytes persists for at least 2 years. Despite negative results
have also been published [36,37], our results are in line with most prior follow-up studies on RAI
therapy or other low-dose IR exposures (e.g., for diagnostic purposes) [28,29,38–41]. Considering the
half-life of 131I (ranging from 1 to 8 days in thyroidectomized and non-thyroidectomized TC patients,
respectively) [28] and of circulating lymphocytes (about 3 years) [28,38], such repeated demonstration
of persistent cytogenetic damage is somehow surprising and challenge the widely held views about the
mechanisms of IR-induced DNA damage. Possible explanations for the long-term genomic instability of
lymphocytes from 131I-exposed subjects include the introduction, upon irradiation, of DNA damage and
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cytogenetic alterations (1) in a subset of long-lived naïve T lymphocytes, quiescent cells that survive for
prolonged periods of time in a resting stage, retaining the initially inflicted DNA damage and expressing
it as micronuclei when stimulated to proliferate in the CBMN assay [38,42,43], (2) in hematopoietic stem
and progenitor cells that, through clonal expansion, may give rise to mature T lymphocytes with stable
and unstable aberrations, perpetuating genomic instability in time (transgenerational effect) [38,42,43],
and (3) in non-irradiated lymphocytes (a delayed non-targeted effect), as a result of the long-term
production and plasma secretion of soluble clastogenic factors by irradiated cells (oxidative stress
by-products such as ROS (reactive oxygen species) and inflammatory cytokines such as TNF-α) that
may further extend IR-induced cytogenetic damage in time (“bystander effect”) [44]. The two latter
explanations are generally favored, as a large number of studies exist demonstrating either the high
frequency of gene mutations and chromosomal aberrations in the progeny of irradiated cells or the
production and plasma release of factors with clastogenic activity by irradiated cells (including one
on 131I-treated patients) [37]. Overall, current evidence [44–47] supports the notion that a potent
long-term inflammatory-type response develops upon IR exposure, irradiated cells producing danger
signals (oxidative stress by-products and inflammatory cytokines) capable of exerting an array of
persistent bystander effects in non-irradiated cells (altered levels of damage-inducible and stress-related
proteins), leading to delayed genomic instability (chromosomal aberrations, sister chromatid exchanges,
micronuclei formation/induction or mutations), hence, predisposing to malignancy (altered proliferation
or transformation). Such long-term inflammatory-type response could also be responsible for the
marked reduction in CBPI that we observed at 24 months after 131I therapy.

In this study, complying with current recommendations, we also investigated the role of potential
confounding factors on BNMN frequency. As reviewed elsewhere [48–50] and demonstrated through
meta-analysis in the International Human MicroNucleus (HUMN) Project [51], age and gender are
well-established factors, with increasing age and female gender being consistently associated with
higher BNMN levels in peripheral blood lymphocytes. The influence of age has been demonstrated,
in particular, in 131I-treated patients [28,31]. Data on the potential role of smoking status on BNMN
levels are somewhat more inconsistent, and many studies failing to find an association except, maybe,
in heavy smokers and in those with relevant occupational exposures [48–51]. In this study, no significant
effect of gender, age, or smoking habits on BNMN levels or its net balance was detected, irrespective of
the time point or dose group. The study was probably underpowered to detect such effects. It is also
possible that the effect of these variables may have been masked by the impact of internal IR exposure
after 131I administration.

We did observe, however, in the 70 mCi group only, differences on BNMN levels between the
two TC histotypes, as FTC patients presented significantly higher basal BNMN frequency than PTC
patients but significantly lower therapy-induced BNMN levels at one month after 131I administration.
This is suggestive of higher background genomic instability in FTC but higher sensitivity to the DNA
damaging effects of IR in PTC. Considering the small sample size and the non-reproducibility of
the findings between the two dose groups, extreme caution must be taken in the interpretation of
these results. Nevertheless, the available evidence supports both findings: PTC usually presents as
a microsatellite stable tumor, with no appreciable levels of either loss of heterozygosity (LOH) or
aneuploidy (stable chromosome profile) [52–54]. On the contrary, a considerable degree of chromosomal
instability appears to be a hallmark feature of FTC, which presents a consistently higher frequency
of chromosomal abnormalities, LOH, allelic loss, and a higher mutational burden compared to
PTC [52,53,55–57]. Microsatellite instability (MSI), despite uncommon in TC, also appears to be more
frequent in FTC than in PTC [53–55]. The available evidence thus largely supports our observation of
higher background genomic instability in FTC. Moreover, considering that activating RAS mutations
are commonly observed in FTC but not in PTC [53,58,59], the association between increased RAS
expression and decreased frequency of IR-induced MN reported by Miller et al. [60] is coherent with our
own observation of lower 131I-induced BNMN frequency in FTC, supporting the idea that this histotype
is less sensitive to the DNA damaging effects of IR than PTC. Such hypothesis (i.e., higher sensitivity to
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IR in PTC) is further reinforced by a recent observation, through meta-analysis, of increased efficacy of
RAI therapy in PTC patients, compared to FTC [61] but more studies are needed for a solid conclusion
to be drawn.

Moreover, in the present study, we further evaluated the potential impact of selected HR, NHEJ,
and MMR pathway SNPs on BNMN levels, before and after the administration of 131I. To our knowledge,
this is the first study doing so. Significant genotype effects on MN frequency and/or its net balance
were observed for HR (NBN) and MMR (MLH1, MSH3, MSH4) repair pathway SNPs across different
time points. This was expected because (1) IR exposure results in increased DNA damage, most notably,
single- and double-strand breaks, oxidative lesions (e.g., 8-oxoG), DNA-protein crosslinks (DPCs)
and clustered DNA lesions [62–67]; (2) the HR pathway, acting in the S/G2 stages of the cell cycle, is
the major DNA repair pathway involved in the error-free correction of DSBs [11,33,35,68]; (3) MMR
proteins, besides their canonical actions on the post-replication repair of mispaired nucleotides and
insertion–deletion loops, have also been demonstrated to play an important role on the damage
response to IR-induced DSBs, either through cooperation with HR or through signaling for cell-cycle
arrest and apoptosis [64,69–71]; (4) DSBs, if left unrepaired, e.g., due to the presence of SNPs that
reduce the DNA repair capacity, may give rise to chromosome breakage and MN formation upon
replication [28,33,35,72]. The potential influence of functional DSB repair SNPs on 131I-induced BNMN
frequency is, therefore, fully justified. A literature review on the functional impact of these SNPs and
their putative association with response to radio and/or chemotherapy was performed and is presented
below (Table 6).

Table 6. Literature review on the functional impact of the studied SNPs and their putative association
with radio and/or chemosensitivity (only SNPs presenting significant findings in the present study
are shown).

Gene
DB SNP Cluster

ID (RS NO.)
Functional Impact

Clinical Association Studies (Radio and/or
Chemosensitivity)

MLH1 rs1799977

Missense SNP located in a highly
conserved N-terminal ATPase

domain, vital for MLH1 function
[73]; G allele associated with
reduced expression [74–77].

GG genotype associated with increased
radiosensitivity in cancer patients, translating into

increased efficacy [78] or toxicity [79] of radiotherapy
(alone or combined with chemotherapy).

MSH3 rs26279

Missense SNP located in the
ATPase domain, critical for
protein activity [80]; altered

expression has been suggested
[81] but not confirmed [82].

GG genotype associated with decreased incidence of
radiation dermatitis in breast cancer patients

receiving radiotherapy [83], decreased overall
survival in head and neck squamous cell carcinoma
patients submitted to radiochemotherapy [81] and

decreased response to platinum-based chemotherapy
in advanced non-small cell lung cancer patients [84].

MSH4 rs5745325
Missense SNP located in the

N-terminal domain, involved in
the interaction with eIF3f [85].

None to be reported.

NBN rs1805794

Missense SNP located in the BRCT
domain, a region involved in the
interaction with BRCA1 [86–89];

conflicting results from functional
studies [88,90–92].

No association detected in most studies focusing on
response to radiotherapy [79,93–96] or chemotherapy

[97–99]; conflicting results also reported as the C
allele has been associated with either improved

[86,100] or worse [68,101] prognosis upon
platinum-based chemotherapy; increased frequency

of binucleated lymphocytes with nucleoplasmic
bridges in Glu/Gln children with high IR exposure,

opposite to Gln/Gln children [102].

MLH1, together with PMS2, forms the MutLα heterodimer, a complex critical for the maintenance
of genomic integrity [103,104]. The common rs1799977 (c.665A>G, Ile219Val) missense SNP is located
in a region that codes for a highly conserved N-terminal ATPase domain, vital for MLH1 function.
However, since both alleles code for nonpolar pH-neutral amino acids, the substitution is considered
conservative and not expected to result in drastic changes in protein properties and function [73].
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Several functional studies support this hypothesis [73,74,105–107] but the existence of a more subtle
effect should not be excluded [73,106,108,109] as an association between the G variant allele and
reduced MLH1 expression has been demonstrated repeatedly in cancer patients [74–77]. Moreover,
two recent meta-analyses have associated this variant with increased risk of colorectal cancer [110,111].
Considering the important role that MLH1 plays in the maintenance of genome integrity and cancer
avoidance, both observations are compatible with our own observation of increased baseline BNMN
levels in TC patients carrying the G allele. A different picture emerges, however, upon IR exposure: as
previously stated, MMR proteins such as MLH1 play a dual role in the DNA damage response to IR,
triggering cell-cycle arrest and allowing for either DSB repair or apoptosis [11,64]. MMR proficiency is
thus expected to result in higher repair efficiency of IR-induced damage (hence, lower cytogenetic
levels) and, simultaneously, higher cytotoxicity upon IR exposure (hence, increased sensitivity to
radiotherapy). Indeed, alongside with increased cancer susceptibility, the MLH1 rs1799977 variant
GG genotype has been associated with increased radiosensitivity in cancer patients, translating into
increased efficacy [78] or toxicity [79] of radiotherapy (alone or combined with chemotherapy). This is
suggestive of increased MMR proficiency in such patients and supports our own observation of
significantly lower BNMN levels, one month after 131I therapy, in TC patients carrying the G allele.
How the same allele may be associated with decreased function under basal conditions and increased
function after IR exposure remains to be explained: MLH1 has been demonstrated to be upregulated
upon IR exposure [112,113], it is possible that such upregulation might be more pronounced in G allele
carriers, but this is highly speculative. Nevertheless, the high level of significance in our observations
(especially when considering the change in MN frequency from baseline) and their cross-validation in
independent groups strengthen our conclusions and warrant further studies to clarify this issue.

Two other MMR polymorphisms presented significant findings in our study, MSH3 rs26279
and MSH4 rs5745325. Like MLH1, MSH3 also appears to be involved in the repair and damage
response to IR-associated lesions such as DSBs and inter-strand crosslinks [84,114]. MSH3 rs26279
(c.3133A>G; Thr1045Ala) is a common SNP that results in an amino acid change in the ATPase domain
of MLH3. This domain is critical for MSH3 activity, suggesting a functional impact for this variant [80].
Such hypothesis remains to be verified as, to the best of our knowledge, functional studies are lacking.
An association with altered MSH3 expression levels has been suggested [81] but not confirmed [82].
The MSH3 rs26279 G allele or GG genotype has been consistently associated with cancer risk in all
3 meta-analysis that we are aware of, particularly for colon and breast cancer [115–117], suggesting
decreased DNA repair capacity in G allele carriers. Further, MSH3 rs26279 GG homozygosity has also
been associated with decreased incidence of radiation dermatitis in breast cancer patients receiving
radiotherapy [83], decreased overall survival in head and neck squamous cell carcinoma patients
submitted to radiochemotherapy [81], and decreased response to platinum-based chemotherapy in
advanced non-small cell lung cancer patients [84], suggesting decreased sensitivity to DNA damaging
agents such as IR or platinum in GG homozygous individuals. Such phenotype is commonly associated
with MMR deficiency [64,69,70,118,119]. If we consider, once again, the dual role that MMR proteins
such as MSH3 play in damage repair and apoptosis, these results are compatible with decreased G allele
function, resulting in decreased DNA repair and apoptosis, increased damage tolerance, resistance
to radio/chemotherapy, and reduced efficacy and cytotoxicity of such therapeutic agents. Our own
observation of increased MN levels in TC patients carrying the G allele, 6 months after receiving
100 mCi 131I, fits comfortably into this picture.

Likewise, in our study, MN frequency was also significantly increased (absolute and change
from baseline values) in TC patients carrying the A allele of MSH4 rs5745325, one month after 131I
administration. MSH4 rs5745325 (c.289G>A; Ala97Thr) has only seldom been evaluated: on single
SNP analysis, two prior studies by our team failed to detect an association with either thyroid [21] or
breast cancer risk [120]. The same was observed in the only two other association studies that we found
focusing on this SNP [121,122]. Interestingly, in three out of these four studies, significant associations
were detected when interactions with other SNPs—MSH6 rs1042821 [21], MLH3 rs175080 [120],
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and CHRNA5 rs16969968 [121]—were considered. Besides the important role that MSH4 plays in
recombinational repair during meiosis [123], it is also suggested to participate, through interaction
with a vast array of binding partners, in DSB-triggered damage response and repair [85,123,124].
It is possible that MSH4 rs5745325 interferes with the binding properties of MSH4, with impact on
its putative contribution to the DNA damage response and repair. The interaction of MSH4 with
eIF3f (a subunit of the eIF3 complex implicated in apoptosis regulation and tumor development),
for example, occurs at the region comprising the first 150 amino acids of the N-terminal domain of
MSH4 (where rs5745325 is located) and has been demonstrated to foster hMSH4 stabilization and to
modulate sensitivity to IR-induced DNA damage [85]. This is in line with our own findings.

Finally, we also observed a significant association between NBN rs1805794 and BNMN frequency,
one month after the administration of 100 mCi 131I. Nibrin plays a pivotal role in the initial steps of
the cellular response to DNA damage, directly initiating DSB repair through the RAD51-dependent
HR pathway and further contributing to cell cycle checkpoint activation through an ATM-dependent
pathway [68,125–127]. Inactivating germline mutations in the NBN gene (which encodes for the Nibrin
protein) markedly impair DSB repair and cause the Nijmegen breakage syndrome, characterized by
chromosomal instability, increased cancer susceptibility, and increased sensitivity to DSB-causing
agents such as IR or cisplatin. These features highlight the importance of Nibrin for genome stability
(hence, cancer prevention) [86,93,125,127]. NBN overexpression also appears to be associated with
poor prognosis in several types of cancer [68], which is consistent with a putative increase in DNA
repair efficiency, hence, resistance to cytotoxic therapy. Among the numerous NBN polymorphisms,
rs1805794 (c.553G>C; Glu185Gln) is the most frequently investigated. This missense variant results
in an amino acid change in the BRCT (BRCA1 C Terminus) domain (amino acids 108-196), a domain
involved in the interaction of Nibrin with BRCA1. The resulting complex (the BRCA1-associated
genome surveillance complex, BASC) is responsible for the recognition and repair of aberrant
DNA [86–89]. NBN rs1805794 has been suggested to interfere with the interaction properties of
Nibrin and thus with DNA repair capacity, sensitivity to DNA damaging agents (such as IR) and
cancer susceptibility. Accordingly, NBN rs1805794 has been repeatedly associated with cancer
risk, as demonstrated by numerous meta-analysis [68,88,89,125,128–132] but conflicting reports
exist [126,127,133,134]. Interestingly, the association may vary according to ethnicity [88,130] and
tumor site [125], as one of these meta-analysis has demonstrated, for example, increased risk of leukemia,
nasopharyngeal, and urinary system cancers but decreased risk of lung, gastric, and digestive system
cancers [125]. Furthermore, final conclusive evidence on the significance of NBN rs1805794 is still
lacking, as the functional studies performed thus far have yielded negative or conflicting results:
while lymphocytes from healthy individuals homozygous for the G allele have been reported to
present higher DNA damage levels (as assessed by the Comet assay) than lymphocytes from C
allele carriers [90], opposite results have been reported in ex vivo X-ray irradiated cells from healthy
subjects [88]. Further ex vivo irradiation studies have failed to observe a significant influence of
NBN rs1805794 on DNA repair capacity and radiosensitivity [91,92]. Furthermore, since a putative
functional impact of this SNP on DNA repair capacity could possibly influence patient sensitivity to
radio and/or chemotherapy, association studies correlating NBN rs1805794 genotype with therapy
response, toxicity, or prognosis have also been performed. Again, most studies failed to find an
association in radiotherapy [79,93–96] or chemotherapy [97–99] treated patients, while other studies
presented opposite findings, associating the NBN rs1805794 C allele with either improved [86,100]
or worse [68,101] prognosis upon platinum-based chemotherapy. Interestingly, increased frequency
of binucleated lymphocytes with nucleoplasmic bridges was observed in peripheral lymphocytes
from children with high environmental exposure to IR that were heterozygous for NBN rs1805794,
while the reverse patter was observed in children homozygous for the Gln allele [102]. This may be
suggestive of molecular heterosis, a hypothesis that, considering the high interethnic variability of
the NBN rs1805794 distribution, could help in explaining such divergent results. Overall, despite
extensively investigated, the functional significance of NBN rs1805794, as well as its putative role in
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sensitivity to DNA damaging agents (such as IR) and cancer susceptibility remains elusive, warranting
further studies to clarify this issue.

5. Conclusions

In conclusion, our results confirm that BNMN levels in peripheral lymphocytes from DTC patients
increase significantly immediately 1 month after 131I therapy and further suggest that these remain
stable and persistently higher than baseline for at least 2 years. Furthermore, a marked reduction
in CBPI is observed at 24 months after 131I administration. Moreover, HR and MMR SNPs (MLH1
rs1799977, MSH3 rs26279, MSH4 rs5745325, and NBN rs1805794) were, for the first time, associated
with IR-induced MN, a cytogenetic marker of DNA damage, in TC patients submitted to 131I therapy.
Among such findings, a highly significant and independently replicated association was observed
for MLH1 rs1799977, strongly suggesting a role for this particular SNP on the personalization of
RAI therapy in TC cancer patients. Baseline and post-therapy MN levels also diverged according to
tumor histotype. These results should be regarded as merely suggestive and proof of concept, as the
sample was small and the number of tests was high, increasing the likelihood of false-positive results.
Nevertheless, our findings suggest that TC therapy with 131I may pose a long-term challenge to cells
other than thyrocytes and that the patient genetic profile may influence the individual sensitivity to
this therapy. Such hypotheses are of relevance to the efficacy and safety of 131I therapy, a widespread
practice in TC patients. As such, extending the benefit already achieved with the latest guidelines on TC
treatment in terms of risk/benefit ratio through improved clinical assessment of the potential long-term
risks of 131I therapy is desirable. Likewise, despite the micronucleus test is considered the gold standard
methodology in genetic toxicology testing and often used as a “stand-alone” test in numerous and
relevant papers in this area, other tests should also be employed to validate these results. Furthermore,
potential radiogenomic markers such as those suggested here should be evaluated in larger samples,
preferentially through multi-center independent studies adequately powered to provide more robust
evidence and, eventually, to allow for gene-gene and gene-environment interactions to be assessed.
Identifying the most clinically relevant variables, genetic or non-genetic, and accurately estimating
their impact on 131I therapy response rate and adverse event risk for each individual TC patient is the
ultimate goal, under a personalized medicine approach.
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Abstract: Thyroid cancer is the most frequent endocrine malignancy with the majority of cases
derived from thyroid follicular cells and caused by sporadic mutations. However, when at least
two or more first degree relatives present thyroid cancer, it is classified as familial non-medullary
thyroid cancer (FNMTC) that may comprise 3–9% of all thyroid cancer. In this context, 5% of
FNMTC are related to hereditary syndromes such as Cowden and Werner Syndromes, displaying
specific genetic predisposition factors. On the other hand, the other 95% of cases are classified as
non-syndromic FNMTC. Over the last 20 years, several candidate genes emerged in different studies
of families worldwide. Nevertheless, the identification of a prevalent polymorphism or germinative
mutation has not progressed in FNMTC. In this work, an overview of genetic alteration related to
syndromic and non-syndromic FNMTC is presented.

Keywords: thyroid cancer; thyroid neoplasms; genetic predisposition to disease; genetic variants

1. Introduction

The most common type of thyroid cancer derives from thyroid follicular cells and is named as
non-medullary thyroid cancer (NMTC) in order to be distinguished from the less frequent medullary
thyroid cancer (MTC) that originates from the thyroid C-cells. The MTC occurs as sporadic and
hereditary cancer, in contrast to the NMTC, which is mainly sporadic (Figure 1). The hereditary
MTC can be a component of a syndrome or have a familial background. In this context, the NMTC
can also be associated with syndromic conditions, such as in Cowden syndrome, Carney complex,
Werner syndrome, and familial adenomatous polyposis but to a lesser extent than in MTC. Moreover,
a high prevalence of NMTC in ataxia-telangiectasia, DICER1, and Pendred syndromes has been
described [1,2].

Besides these well-known genetic syndromes, the characterization of the non-syndromic form of
familial non-medullary thyroid cancer (FNMTC) remains to be consolidated. In 1953, Firminger and
Skelton reported the first case of papillary thyroid cancer (PTC) in twins [3]. However, the concept of
FNMTC and the genetic predisposition to PTC has emerged only in recent decades. Currently, it is
accepted that FNMTC occurs when two or more first-degree relatives are diagnosed with NMTC
cancer [4].

The initial FNMTC studies were performed by linkage analysis and described some specific loci,
although they did not identify a precise gene associated with FMNTC [5–10]. Furthermore, despite the
efforts of many groups in investigating FNMTC using Sanger sequencing, no conclusive information
was found, suggesting genetic heterogeneity, multigenic inheritance, and multifactorial inheritance [11].
However, a new genomic perspective emerged with the application of Next Generation Sequencing
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(NGS) technology that covered the entire genome. In this extent, some new insights into genetics
of FNMTC have emerged by the recent genome-wide association studies (GWAS) in populations
of PTC. The finding of several single nucleotide polymorphisms (SNPs), such as in DIRC3, NIRG1,
FOXE1, NKX2-1, and PCNXL2, were observed in the European, Korean, and American populations [12].
Increasing evidence suggests that genetic predisposition factors play an essential role in carcinogenesis
besides environmental factors [13]. In this review, we cover the genetic findings associated with
FNMTC and in syndromes related to NMTC.

Figure 1. Incidence of sporadic and familial medullary thyroid cancer (MTC) and non-medullary
thyroid cancer (NMTC).

2. Syndromic Causes of Non-Medullary Thyroid Cancer

Many syndromes associated with thyroid tumor predisposition have Mendelian patterns of
inheritance, and they are related to mutations that may influence the mechanism of DNA repair,
the microRNA processing, and maturation, the genome integrity maintenance, the cell signaling,
or mitochondrial regulated cellular processes (Table 1) [13]. These syndromes are characterized by
several other main malignancies and sometimes lack to present thyroid cancer. Some authors have
suggested surveillance in syndromic FNMTC (see below). However, the guidelines, such as the 2015
American Thyroid Association’s guideline, are precautious due to insufficient evidence in order to
recommend the thyroid cancer screening [14].
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2.1. Cowden Syndrome

Cowden syndrome (OMIM #158350) is characterized by hamartomas in different parts of the body
(gastrointestinal hamartomas, ganglioneuromas, trichilemmomas) associated with melanomas, breast,
endometrial and thyroid cancer, macrocephaly, and, eventually, autism spectrum disorder and/or
mental retardation [18,28]. One of the major diagnosis criteria is the presence of follicular thyroid
carcinoma (FTC). However, if it is not detected, a biannual thyroid ultrasound is advocated in patients
older than seven years [29].

Cowden syndrome is classically associated with mutations in the phosphatase and tensin homolog
(PTEN) gene on chromosome 10q22–23, although variants in several other genes have been described
in patients without PTEN mutations (SDHB-D, SEC23B, KLLN, PARP4, AKT1, PIK3CA, USF3, TTN,
MUTYH, RET, TSC2, BRCA1, BRCA2, ERCC2, HRAS, and RASAL1) [19,30–32].

PTEN dephosphorylates PI (3,4,5) P3 (PIP3) and PI (3, 4) P2 to PI (4,5) P2 and PI (4) P, respectively. Thus,
PIP3 and PI (3,4) P2 do not activate AKT serine/threonine kinase (AKT), and the phosphatidilinositol
3-kinase (PI3K)/AKT signaling pathway remains inhibited. PTEN mutation results in loss of function,
leading to a high concentration of PI (3,4) P2 that activates AKT and enhances cell proliferation,
cell migration, and reduces cell death [33,34]. In addition, mechanisms that regulate PTEN expression
and compartmentalization are involved in tumorigenesis [35].

The first correlations between the PIK3-AKT pathway activation and thyroid cancer were observed
in Cowden syndrome studies. Since Cowden syndrome mainly presents with FTC and PTEN activates
the PIK3-AKT pathway, some authors have postulated that PIK3-AKT activation is required for FTC
oncogenesis, and these preliminary findings were further corroborated [36,37].

Another intriguing fact was the association of RAS protein activator like 1 (RASAL1) with
Cowden Syndrome. RASAL1 is a negative modulator of the RAS signaling pathway and suppresses
both mitogen-activated protein kinase (MAPK) and PI3K pathways. However, RASAL1 is frequently
found methylated or mutated in sporadic follicular and anaplastic thyroid cancer [38].

In a large series of 155 patients with Cowden syndrome and thyroid cancer, 39 presented with
PTEN germline mutations, while RASAL1 germline alteration (RASAL1, c.982C>T, R328W) was
observed in two patients without PTEN mutations [32]. In the same study, the authors also analyzed
the germline database of The Cancer Genome Atlas (TCGA) and discovered that 0.6% of PTC patients
harbored the deleterious germline RASAL1 mutation [32].

2.2. Carney Complex

The Carney complex (OMIM #160980) is an autosomal dominant disorder in 70% of the cases,
characterized by loss-of-function mutations in the PRKAR1A gene (17q22–24).

Under a normal condition of several endocrine related ligands, such as TSH, FSH, ACTH,
GHRH, and MSH, when binding to the G-protein coupled receptor activates protein kinase A (PKA).
PRKAR1A encodes the R1α subunit of PKA. Thus, when mutated, it increases cAMP-dependent PKA
activity and drives tumorigenesis [17,39,40]. Therefore, thyrocytes, Sertoli cells, adrenocortical cells,
somatotrophs, and melanocytes are directly affected by the PRKAR1a mutation. As a result, variable
endocrine tumors are observed in the Carney complex disease, including primary pigmented nodular
adrenocortical disease, pituitary adenomas, testicular tumors, ovarian lesions, and myxomas and
lentiginosis syndromes [17]. Since thyroid cancer could also be part of this syndrome, annual long-term
surveillance is recommended [17].

Evidence shows that PRKAR1A acts as a tumor suppressor gene in sporadic thyroid cancers [41].
However, the traditional thyroid cancer pathways (MAPK and PIK3-AKT pathways) are not involved
in the Carney complex [42]. Instead, a recent in vitro study suggests that PKA activates AMP-activated
kinase (AMPK) through serine/threonine kinase 11 (LKB1, also named SKT11) in Carney-related FTC
without inhibiting mTOR activation [43].
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2.3. Werner Syndrome

Werner syndrome is one of the progeroid syndromes (OMIM #27770) characterized by early aging,
scleroderma-like skin changes, bilateral cataracts, and subcutaneous calcifications, premature
arteriosclerosis, and diabetes mellitus. Different types of cancers are associated with this syndrome,
such as meningiomas, myeloid disorders, soft tissue sarcomas, and thyroid carcinoma [1,44].
Their regular surveillance is recommended [45]. The Werner Syndrome’s patients carry autosomal
recessive WRN RecQ like helicase (WRN) gene mutations on 8p11.1–21.1. WRN gene encodes
RecQ helicase that regulate DNA replication, recombination, repair, transcription, and telomerase
maintenance. Dysregulation of this pathway triggers DNA instability, telomeric fusions of homologous
chromosomes, and, ultimately, oncogenesis [13]. However, the precise mechanisms that contribute
to genome instability in Werner syndrome remains unclear [46]. In a Japanese series, mutations
in the N-terminal portion of WRN was correlated with PTC, while mutations in C-terminal with
FTC [47]. The N-terminal portion of WRN contains exonuclease activity, whereas the central part
contains the DNA-dependent ATPase, 3′–5′ helicase, and annealing activity [46]. Overall, these studies
suggest specific effects in WRN activity depending on the site of mutation. Moreover, an in vitro
study showed that mutations in WRN’s nuclease domain, helicase domain, or DNA binding domain
aborted its canonical stimulatory effect on nonhomologous end-joining (c-NHEJ) pathway during
DNA double-strand break (DSB) repair [46].

2.4. Familial Adenomatous Polyposis

The phenotype of familial adenomatous polyposis (FAP) (OMIM #175100) is characterized by
numerous intestinal polyps, colon cancer, and other cancers that include thyroid cancer [2,22,48].
FAP is an autosomal dominant disorder caused by mutations in APC regulator of WNT signaling
pathway (APC) gene on chromosome 5q21. The APC gene is a suppressor of the Wnt signaling
pathway and regulates β-catenin activation by multiple mechanisms. In normal conditions,
the Axin complex—formed by APC, glycogen synthase kinase 3 (GSK3), and casein kinase 1
(CK1)—phosphorylates the amino-terminal of the free β-catenin, permitting its recognition and
further ubiquitination [49,50]. By this process of continuous degradation, β-catenin remains in the
cytoplasm without reaching the promoter region of target genes in the nucleus. Thus, when the APC
protein is mutated or truncated, β-catenin is released from its degradation and migrates to the nucleus,
activating gene transcription of oncogenic pathways. Truncated APC protein also interferes with
chromosome stability and cell migration [50].

In addition to the germline mutation, biallelic inactivation of the wild-type APC allele is frequently
necessary for tumorigenesis, and the second-hit is commonly acquired by somatic mutation [51]. In the
FAP-associated thyroid cancer, the concomitant presence of germline and distinct somatic mutation
were observed in several Japanese families [48,52,53]. Most of FAP-associated thyroid cancers present
the histological subtype called cribriform-morular variant of PTC (CMVPTC) [2,51]. An annual thyroid
ultrasound is recommended to late teen years’ patients [54,55].

2.5. Ataxia-Telangiectasia Syndrome

Ataxia-telangiectasia (A-T) syndrome (OMIM #208900) is an autosomal recessive disorder linked
to the mutation of the ATM serine/threonine kinase (ATM) gene and characterized by degenerative
cerebellar atrophy, telangiectasias, immune defects, and malignancy [56,57]. It is also well-known that
relatives of patients with ataxia-telangiectasia have an increased cancer incidence [16].

ATM protein belongs to the PI-3 kinase-like protein kinases family. Besides TP53, BRCA1,
and BRCA2, ATM is considered a genome’s guardian and participates directly in the DNA
damage response (DDR). For its activation, MRE11-RAD50-NBS1 (MRN) complex—A sensor of
DSB (double strand-break)—induces several autophosphorylations and acetylations. Activated ATM
then phosphorylates different proteins involved in the DSB (double-strand break) response [58].
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For instance, ATM phosphorylates CHK2 and p53, which are both involved in senescence and
apoptosis [58].

An increased incidence of thyroid cancer was observed in obligate ATM mutation carriers (RR
adjusted = 2.6) [16]. Later, selective mutations in the ATM gene are related to thyroid cancer. ATM
c.2119T>C p.S707P (rs4986761) heterozygotes were associated with an adjusted HR (hazard ratio for
cancer) of 10 for thyroid/endocrine tumors, while no association was observed in ATM c.146C>G p.S49C
(rs1800054) heterozygote carriers [56]. Nonetheless, recent population studies revealed that some
ATM polymorphisms have a protective role, while other studies reported a damaging effect [59–62].
There are even controversial observations for the same polymorphism [26,27,59,60,63]. Despite these
controversies, consistent ATM variants (ATM p.P1054R-rs1800057- and rs149711770) were recently
described in families with FNMTC and other cancers (as kidney, lung, stomach, and prostate) [11].
Nonetheless, in A-T Syndrome´s patient, the only screening recommended is for breast cancer [15].

2.6. DICER 1 Syndrome and miRNA Processing

A non-toxic multinodular goiter (MNG) is frequently diagnosed in the adult population and
studies correlate the presence of MNG and the development of differentiated thyroid cancer [14,64,65].
On the other hand, familial cases of MNG are a common characteristic associated with the DICER1
syndrome (OMIM #601200), which predisposes patients to thyroid cancer [66], and other types of
tumors such as Sertoli-Leydig cell tumors of the ovary (SLCT) [20] and pleuropulmonary blastomas [21].

DICER is an endonuclease essential for the maturation of microRNAs (miRNAs), small
non-coding RNAs with ~22 nt, that block mRNA translation post-transcriptionally by binding
to the 3′-UTR (untranslated region) of target mRNAs, and tightly controlling cell signaling and
cell biology [67]. A mutation in dicer1, ribonuclease III (DICER1) gene, especially those present
in the ribonuclease domain, leads to DICER loss of function and downregulation of microRNA
levels [20,68]. The correct control of miRNA expression is essential for the development of a functional
thyroid gland [69]. Studies with transgenic mice with dysfunctional DICER lead to disturbance
of thyroid architecture, cell proliferation and disarrangement of follicular structures, and loss of
differentiation [70,71], indicating the influence of DICER loss in thyroid tumorigenesis.

A familial approach to investigate the risk of thyroid malignancy in DICER1 syndrome patients
revealed a 16-fold higher risk of development of thyroid cancer when DICER1 is mutated compared
to non-mutated patients [66]. Thus, there is a suggestion to monitor the thyroid status by a thyroid
ultrasound every two-three years in patients after the age of eight [29,72]. Enforced evidence of DICER1
mutation with familial thyroid cancer was also shown in a study with six individuals of the same
family harboring DICER1 mutation (c.5441C>T, p.S1814L) and multiple cases of differentiated thyroid
cancer and MNG [73].

The Cancer Genome Atlas (TCGA) database shows DICER1 mutation in 0.8% of patients
with PTC/PDTC (p.E1813G, p.D1810H, p.E1813K, p.R1906S, p.M1402T) [74–78]. A recent study
revealed high prevalence of DICER1 mutations in pediatric-adolescent poorly differentiated thyroid
cancer (83%) at a hotspot in the metal-ion binding sites of the RNase IIIb domain of DICER1
(c.5113G>A, p.E1705K, c.5125G>A, p.D1709N (rs1595331264), c.5137G>A, p.1713Y, c.5437G>A,
p.E1813K, c.5437G>C, p.E1813Q) [79]. Another study linked hotspot DICER1 mutations to pediatric
PTC (c.5125G>A p.D1709N, c.5428G>T p.D1801Y, c.5438A>G p.E1813G, c.5439G>C p.E1813D) with
increased incidence in the patients that do not harbor MAPK classic alterations [80], suggesting a
role for DICER1 mutation detection in thyroid tumors. A recent study detected DICER1 (c.5429A>T,
p.D1810V, c.5437G>A, p.E1813K) and drosha ribonuclease III (DROSHA) mutation (c.2943C>T, p.S981S,
c.3597C>T, p.Y1199Y (rs61748189)) in benign follicular adenoma, even though DICER1 mutations were
not detected in a follicular variant of PTC that harbored HRAS mutations [68]. On the other hand,
a recent study associated MAPK alterations with germline mutations in DICER1 [81]. Altogether, these
studies suggest that DICER1 haploinsufficiency is associated with thyroid tumorigenesis.

92



Genes 2020, 11, 1364

DROSHA is another endonuclease of miRNA processing machinery and acts together with DGCR8
to form the Microprocessor complex to excise the precursor miRNA out of the primary transcript in the
nucleus [67]. Then, DICER acts in the next step in the cytoplasm and cleaves the precursor miRNA to
form mature functional miRNAs. In a similar extent to DICER1 mutations, DGCR8 mutations were also
detected in familial cases of MNG and are associated with schwannoma [82]. Altogether, these studies
indicate the essential role of proper miRNA processing and expression for thyroid gland physiology.

2.7. Li-Fraumeni Syndrome

The Li-Fraumeni syndrome is caused by a heterozygous mutation in TP53 and is typically
characterized by soft tissue and bone sarcomas, breast cancers, central nervous system tumors,
leukemia, and adrenal tumors. p53 interacts with a complex network and drives DNA repair,
cell-cycle arrest, senescence, or apoptosis when it is phosphorylated by DNA damage response (DDR)
kinases [13,83]. The PTC occurs in 10% of Li-Fraumeni syndrome patients, mainly when associated
with TP53 mutation p.R337H [24]. Therefore, imaging screening for thyroid malignancy in Li-Fraumeni
families has been advocated [24].

3. Non-Syndromic FNMTC

Even if FNMTC comprises only 3–9% of all thyroid cancer, the first-degree relatives of NMTC
have an 8-12-fold increased risk of developing the disease [84,85]. Non-syndromic FNMTC comprises
95% of all FNMTC and is defined by two or more first-degree relatives present with NMTC without
associated syndromes. Moreover, the transmission pattern is not yet well defined, which seems to
be autosomal dominant in most cases. Like sporadic NMTC, more than 85% are PTC, approximately
10% are FTC, and around 5% are anaplastic thyroid cancer. Furthermore, FNMTC is more aggressive,
presents with nodal disease, and recurs more often. In addition, thyroid cancer tends to occur earlier
in subsequent generations in FNMTC, called the anticipation phenomenon [2,86,87].

3.1. Linkage Analysis

From 1997 to 2006, the linkage analysis was the main method to study the familial condition.
Using this approach, a positive logarithm of odds (LOD) would mean a high likelihood that locus
cosegregates with the FNMTC trait, which is a linkage. In this way, several loci were associated with
non-syndromic FNMTC (Table 2).

Table 2. Loci and genes associated with non-syndromic familial non-medullary thyroid cancer
(FNMTC).

Loci/Gene Localization Characteristics Reference

Linkage analysis

TCO 19p13.2 Oxyphilic PTC [6]
NMTC1 2q21 [9]

PRN1 1q21 Papillary renal
cancer [8]

MNG1/DICER1 14q32 MNG [7]

Linkage analysis and NGS

SRGAP1 12q14 [88]
8p23.1–p22 [10]

6q22 [89]

lncRNA inside TG 8q24 Melanoma in 1
family [90]

Enhancer associated with POU2F1 and YY1 4q32 [91]

Other methodology

NKX2-1 14q13.3 [92]
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3.1.1. TCO Locus (19p13.2)

The ‘thyroid carcinoma, nonmedullary, with cell oxyphilia’ (TCO) locus was identified in a French
family with oxyphilic thyroid cancer in the short arm of chromosome 19 (19p13.2). This region includes
several genes, such as ICAM1 gene, which is overexpressed in thyroid cancer cells, and the JunB
proto-oncogene, AP-1 transcription factor subunit (JUNB) [6]. However, some other genes in the locus,
such as several zinc-finger-protein genes, were not yet identified. Moreover, the TCO locus does not
seem to be involved in the majority of oxyphilic sporadic NMTC. An additional Tyrolean family with
high LOD in the same locus was also described [93].

3.1.2. PRN1 Locus (1q21)

Papillary thyroid cancer is associated with papillary renal cancer. Linkage analysis identified this
locus with the highest LOD of 3.58 in a family with three generations affected by PTC and papillary
renal carcinoma. MET proto-oncogene, receptor tyrosine kinase (MET) mutations, frequently associated
with familial papillary renal cancer, and mutations associated with other thyroid cancer syndromes
were excluded [8]. However, this finding was limited to this family.

3.1.3. NMTC1 Locus (2q21)

This locus was described in a large Tasmanian family study [9], and when the authors further
analyzed 17 families with FNMTC, they found an LOD heterogeneity of 4.17. At that time, it was
hypothesized that multiple environmental and genetic causes could be involved in the pathogenesis of
FNMTC [93].

3.1.4. q32 Locus (an Enhancer of Unknown Function)

A rare mutation in 4q32 was found in the linkage analysis and targeted deep sequencing in a large
family with four individuals with benign thyroid disease, nine PTC patients, and one anaplastic thyroid
cancer (ATC) patient. This nucleotide exchange in chr4:165491559 (GRCh37/hg19), named 4q32A>C,
is in a highly conserved region. The chromatin immunoprecipitation (ChIP) assays showed that both
POU2F1 and YY1 transcription factors related to specific thyroid genes and thyroid development bind
to this region. As consequence of the allele’s change, a decrease of both POUF2 and YY1 bindings
were observed. Transcription factors’ disruption has already been associated with cancer [91].

3.1.5. 6q22 Locus

The finding of 6q22 locus with LOD + 3.30 was observed in 38 families of FNMTC by linkage
analysis and a genome-wide SNP array [89]. However, no further studies have confirmed this locus in
additional families.

3.1.6. 8p23.1–p22 Locus

A locus associated with FNMTC in a huge Portuguese family was identified by linkage analysis,
with a maximum parametric haplotype-based LOD score of 4.41. Among 17 candidate genes in the
locus (PPP1R3B, MIRN597, MIRN124A1, MSRA, C8orf74, SOX7, PINX1, MIRN598, C8orf15, C8orf16,
MTMR9, C8orf13, NEIL2, CTSB, DUB3, DLC1, TUSC3), no deleterious alteration was detected in the
genes’ coding region. [10].

3.1.7. 8q24 Locus, a lncRNA inside the Thyroglobulin (TG) Gene

Linkage analysis was also performed in a group of 26 families of PTC [90], which revealed a LOD
of + 1.3 in a locus that harbors TG and SLA (Src like adaptor) genes. However, no polymorphism or
mutation was found in the coding genes, suggesting that this alteration could be associated with a
lncRNA related to the TG gene.
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3.1.8. SRGAP1 (12q14 Locus)

The study of 38 families with FNMTC by genome-wide linkage analysis indicated a high peak in
12q14 in 55% (21 of 38), but with a modest OR = 1.21 (p = 0.0008). Nonetheless, it was observed six
different germline mutations/variants in the SRGAP1 gene (c.447A>C, p.Q149H, c.823G>A, p.A275T,
c.1534G>A, p.V512I, rs74691643, c.1849C>T, p.R617C, rs114817817, c.2274T>C, p.S758S, rs789722,
c.2624A>G, p.H875R, rs61754221). In vitro functional testing in thyroid cancer cells showed decreased
GTPase activating protein (GAP) activity in two of these SGARP1 polymorphisms (Q149H and R617C).
The SRGAP1 could mediate tumorigenesis by interacting with CDC42 [88], which is a common signal
transduction convergence point of many signaling pathways and can play a role in thyroid cancer cell
migration via RAGE/Dia-1 signaling [94].

3.1.9. NKX2-1 (14q13.3 Locus)

The mutation in NKX2-1 gene (c.1016 C>T, p. A339V) was described in two families associated
with PTC and MNG [87]. Even though most patients had only MNG, the authors hypothesized that
MNG could be the first step to malignancy [92,95–97].

3.1.10. MNG1 Locus (14q32)-DICER1

The MNG1 (OMIM # 138800) locus was revealed by linkage analysis in families with multinodular
goiter and NMTC [7]. Furthermore, it was observed that MNG1 corresponded to DICER1 gene, related to
microRNA biogenesis (described in “Syndromic causes of non-medullary thyroid cancer” section).

3.2. Genome-Wide Linkage Analysis in the Population of PTC Patients

The sequencing of the genome by NGS) uncovered the genetic variation and the potential
association with several pathologies, including cancer. In particular, the GWAS (genome-wide
association study) revealed numerous SNPs in the genes related to thyroid physiology and
tumorigenesis (Table 3) [12].

Table 3. Genes associated with genetic predisposition of sporadic papillary thyroid cancer.

Locus Nearest Gene Population Reference

9q22.33 FOXE1, PTCSC2 Belarus, Iceland, Italy, Korea, Netherlands
Poland, Spain, USA [98–100]

14q13.3 PTCSC3, NKX2-1, MBIP1 Iceland, Italy, Korea, Netherlands, Poland,
Spain, USA [98,99]

2q35 DIRC3 Iceland, Italy, Korea, Netherlands, Poland,
Spain, UK, USA [99,101]

8p12 NRG1 Iceland, Korea, Netherlands, Spain, USA [99,102]
1q42.2 PCNXL2 Iceland, Korea, Netherlands, Spain, USA [102,103]

European Only

3q26.2 LRRC34 Iceland, Netherlands, Spain, USA [103]
5p15.33 TERT Iceland, Netherlands, Spain, USA [103]
5q22.1 EPB41L4A Iceland, Netherlands, Spain, USA [103]

10q24.33 OBFC1 Iceland, Netherlands, Spain, USA [103]
15q22.33 SMAD3 Iceland, Netherlands, Spain, USA [103]

Korean Only

12q14.3 MSRB3 Korea [102]
1p13.3 VAV3 Korea [102]
4q21.1 SEPT11 Korea [102]
3p14.2 FHIT Korea [102]
19p13.2 INSR Korea [102]
12q24.13 SLC8B1 Korea [102]
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3.2.1. FOXE1/PTCSC2

Located in 9q22.3 and close to the forkhead box E1 (FOXE1) gene, rs965513 conferred an increased
risk for thyroid cancer and was named ‘papillary thyroid carcinoma susceptibility candidate 2’
(PTCSC2) gene. The carriers of rs965513 (homozygous of A allele present a 3.1-fold increased risk
for thyroid cancer in large European series [98]. The same polymorphism rs965513 was observed
in Japanese and Belarusian populations, but with an OR of 1.6-1.9 [104]. Similarly, a variant in the
promoter region of the FOXE1 gene (rs1867277) was identified as a risk factor for PTC (OR = 1.49) in
a Spanish series and further confirmed in an Italian one [105]. Subsequently, new studies showed
a tumor suppressor effect of FOXE1 and demonstrated that rs1867277 is involved in differential
recruitment of USF1/ USF2 transcription factors, which interferes with FOXE1 expression [12,106].
Moreover, myosin heavy chain-9 (MYH9) can bind and suppress the shared promoter of PTCSC2 and
FOXE1 genes bilaterally (that includes rs1867277 region), an effect that is abolished by PTCSC2 that
sequesters MYH9 [107]. Therefore, MYH9, which is a lncRNA binding protein, can also play a role in
PTC susceptibility.

A rare FOXE1 variant (c.743C>G; p.A248G) was identified in one of 60 Portuguese FNMTC
cases and one sporadic case. Besides, polymorphisms in FOXE1 locus (rs965513 and rs1867277) were
associated with increased familial and sporadic NMTC risk [104,108].

3.2.2. NKX2-1

A consistent finding in the 14q13.3 locus was rs944289. Located close to the NKX2-1 gene, this variant
of uncertain significance (VUS) is in PTCSC3’s promoter region and regulates the lncRNA PTCSC3
expression by affecting the binding site of C/EBPα and C/EBPβ (PTCSC3 activators) [98,99,109,110].
PTCSC3 downregulates S100A4, reducing cell motility and invasiveness. Thus, PTCSC3 mutations
could predispose to PTC through the S100A4 pathway [111]. Moreover, NKX2-1 mutation (c.1016C>T,
p.A339V) was observed in a family with multinodular goiter and papillary thyroid cancer [87], but this
was not confirmed by another FNMTC study [112].

3.2.3. NRG1

NRG1 polymorphisms produced an association signal in GWAS for thyroid cancer. NRG1 is
highly expressed in the thyroid and participates in cell growth pathways, mainly via erb-b2 receptor
tyrosin kinase (ERBB)/MAPK [113]. However, NRG1 expression is detected in follicular adenomas,
suggesting they are linked to thyroid tumorigenesis [12].

3.2.4. DIRC3

Polymorphisms in the DIRC3 (disrupted in renal carcinoma 3) gene have also been found in
thyroid cancer GWAS [12,102,103]. DIRC3 codifies a lncRNA that was first associated with renal cancer,
suggesting a tumor suppressor role [101]. DIRC3 and IGFBP5 (insulin-like growth factor binding
protein 5) tumor suppressors are within the same topologically associated domain. Moreover, it was
observed that DIRC3 depletion induces an increased SOX10 (SRY-box transcription factor 10) repression
of IGFBP5 in melanoma cell cultures, corroborating the tumor suppressor role of DIRC3 [114].

In addition, the TT variant of rs966423 (DIRC3, g.217445617C>T) has been associated with
worse PTC presentation and prognosis. An increased tumor size, staging, lymph node involvement,
and overall mortality was observed in the TT-haplotype [115]. In a Chinese series, rs966423 was also
correlated to tumor invasion and multifocality [1]. Nevertheless, no difference in these parameters was
observed in a Polish series [116].

3.2.5. Polygenic Contribution

Recently, an increased risk for PTC was associated with a cumulative number of deleterious
polymorphisms detected in the same patient. Ten different polymorphisms (rs12129938, rs11693806,
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rs6793295, rs73227498, rs2466076, rs1588635, rs7902587, rs368187, rs116909374, and rs2289261) related
to the PTC development were analyzed, and the presence of each of these SNPs increased the risk
to PTC. Nevertheless, if a patient harbors all 10 variants at the same time, the risk of developing thyroid
cancer is 6.9-fold greater than those with no variants [117].

3.2.6. Telomere Abnormalities

A decade ago, three independent groups observed that relative telomere length (RTL) is shorter
in patients with FNMTC [118–120]. As telomerase controls the telomere length, one of these groups
investigated TERC and hTERT (which form telomerase) alterations and observed the amplification of
hTERT in patients’ leukocytes [118]. However, this finding was not confirmed subsequently [119,120].
In recent years, many alterations in the shelterin complex’s genes have been reported. The shelterin
complex is formed by six proteins (POT1, ACD, TINF2, TERF1, TERF2, and TERF2IP), and protects the
telomere from DDR mechanisms. Along with telomerase, this complex is vital for genomic stability
because telomeric ends resemble DNA double breaks. Telomeric repeat binding factor 1 (TERF1,
also known as TRF1), telomeric repeat binding factor 2 (TERF2, also known TRF2), and protection of
telomeres 1 (POT1) directly recognize TTAGGG repeats. In contrast, adrenocortical dysplasia protein
homolog (ACD, also known as TPP1), TERF1-interacting nuclear factor 2 (TINF2, also known as TIN2),
and telomeric repeat binding factor 2 interacting protein (TERF2IP, also known as RAP1) form a
complex that differentiates telomeres from sites of DNA damage.

TINF2 mutation was described in a family with melanoma and thyroid cancer predisposition.
Functional analysis showed that mutated TINF2 was unable to activate TERF2, resulting in longer
telomere lengths. All shelterin complex’s genes were screened in a subsequent 24 families with FNMTC,
and two missense variants in TINF2 and ACD genes were found, but only the ACD variant was
predicted as deleterious [121].

Another group reported a new mutation in POT1 (c.85G>T; p.V29L) [122] in an Italian FNMTC.
POT1 disruptions can interfere with the interaction of the POT1-ACD complex. In agreement
with these findings, another POT1 mutation (c.268A>G, p.K90E) was described in a family with a
predisposition to several tumors (melanoma, breast, kidney, and thyroid cancer, pituitary tumor, and
Cushing syndrome) [123]. Moreover, an association between the increased risk of thyroid cancer and
the presence of an intronic variant of POT1 (rs58722976) was also observed in a cohort of childhood
cancer survivors [124].

Altogether, it suggests that telomere abnormalities and shelterin complex genes alteration may
influence the predisposition to the FNMTC.

3.2.7. miRNA

The miRNA-related SNPs affect the microRNA biogenesis and function. A large study evaluated
approximately 80 families displaying Mendelian-like inheritance and found two candidate miRNA
(let-7e and miR-181b). The variants of let-7e and miR-182b-2 were located at the 5′ end of 3p mature
miRNA and the 3′ end of 5p mature miRNA, respectively, which downregulate the expression by
impairing the miRNA processing [125]. The gain or loss of specific miRNAs is an important oncogenic
event [69].

3.3. Whole Exome/Genome Sequence

The whole-exome sequence (WES) or the whole genome sequence (WGS) of family members
with FNMTC is another strategy besides the GWAS in large populations of differentiated thyroid
cancer (DTC). Using this approach, an enormous number of variants is detected, demanding some
criteria to filter and select the candidate variants. In general, minor allele frequency (MAF),
the expression in thyroid and predictor functions (i.e., SIFT, PolyPhen, CADD, and others) are
used as filters. Variants related to cancer pathways can also be used as filters. Since the application of
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this strategy has been consolidated for genetic studies in recent years, some authors have proposed
new variants involved in FNMTC. Many are still under validation.

3.3.1. SRRM2

The association of linkage analysis and WES identified an SRRM2 variant in a family with
FNMTC [126]. However, this variant was not exclusively present in FNMTC, as it was found in
sporadic NMTC cases, implying the occurrence of FNMTC may also depend on environmental factors
or other genes [126].

3.3.2. NOP53

The presence of rs78530808 (NOP53, c.91G>C, p.D31H) was observed in one family with FNMTC
when using a less strict filter than other studies (MAF < 2%) [116]. NOP53 participates in ribosome
biogenesis and regulates the p53 activation in the case of ribosome biogenesis perturbation. The variant
c.91G>C was also identified in three out of 44 families with FNMTC [127]. In the tumor samples,
NOP53 expression was increased when compared to the adjacent normal tissue. Furthermore, NOP53
knockdown inhibited cell proliferation and colony formation in vitro [127]. Altogether, these findings
suggested that this variant could have an oncogenic role in thyroid tumorigenesis [127].

3.3.3. HABP2

HABP2 variant is an excellent example to describe how careful we should be with possible
false-positive findings. The variant G534E was described in a family with seven members with
PTC [128]. However, this finding was severely criticized later by other researchers. Even though it
seemed the right candidate in the beginning, further studies did not confirm it in other populations.
Furthermore, since its MAF is high in the European population, we would expect a higher incidence of
FNMTC [129]. Besides, the prevalence of this same variant was similar among patients with FNMTC,
sporadic PTC, and controls [130,131].

3.4. Candidate Variants Associated with FNMTC

Recently, different groups have pinpointed a list of candidate variants in FNMTC. A Korean
study identified seven candidate variants localized in ANO7, CAV2, KANK1, PIK3CB, PKD1L1,
PTPRF, and RHBDD2 genes in a family with four patients with PTC [132]. In addition, a Brazilian
group reported seven new variants located in FKBP10, PLEKHG5, P2RX5, SAPCD1, ANXA3, NTN4,
and SERPINA1 [133].

In a large series including 17 families with isolated FNMTC and FNMTC associated with other
malignancies, 41 rare candidate variants were identified in TDRD6, IDE, TINF2, RNF213, AGK,
NHLH1, TMCC1, ALB, THBS4, C5orf15, KLH3, FGFR4, SMARCD3, GPR107, NSMF, SVIL, EIF3,
RNF169, NFRB, CIS, CDH11, EDC4, FOXA3, CDS2, NAPB, SALL4, ATG14, UNC79, LZTR1, ATP13A2,
CTDSP1, MAPKAPK3, AARS, KDSR, ZNF302, ZNF17, ITGAD, FGD6, PDPR, and EFCAB8 genes.
Cancer susceptibility genes (CHEK2, PRF1, ATM, AKAP13, SLC26A11) were also observed [11]. As
described before, the authors further correlated the presence of TINF2 (a shelterin gene) to families
with PTC and melanoma.

It was also interesting to observe that some of these genes have already been associated with
thyroid cancer predisposition [59,134]. Despite these promising findings, most of the variants need to
be better investigated for its functional role in thyroid cancer risk.

4. Conclusions

It was expected that the advent of new technologies of genome study would shed new light on
the genetic predisposition of FNMTC. The NGS certainly did shed light on a whole new spectrum of
variants and pointed to the co-occurrence of several variants in FNMTC. However, the limiting point
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in this scenario is the lack of a detailed in vitro validation that could precisely identify the contribution
of each variant for the complex FNMTC entity. Moreover, the expansion of already known genetic
data in multiple cohorts is essential to establish their role in FNMTC carcinogenesis.
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AD autosomal dominant
AR autosomal recessive
ATC anaplastic thyroid cancer
CMVPTC cribriform-morular variant of PTC
cPTC classical PTC
DDR DNA damage response
DTC differentiated thyroid cancer
FA follicular adenoma
FAP familial adenomatous polyposis
FNMTC familial nonmedullary thyroid cancer
FTC follicular thyroid cancer
FVPTC follicular variant of PTC
GWAS genome-wide association studies
HR hazard ratio
LOD logarithm of odds
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miRNAs microRNAs
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MTC medullary thyroid cancer
NGS next generation sequencing
NMTC nonmedullary thyroid cancer
PTC papillary thyroid cancer
SNPs single nucleotide polymorphisms
TCGA The Cancer Genome Atlas
VUS variant of uncertain significance
WES whole exome sequence
WGS whole genome sequence
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134. Siołek, M.; Cybulski, C.; Gąsior-Perczak, D.; Kowalik, A.; Kozak-Klonowska, B.; Kowalska, A.; Chłopek, M.;
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