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Thyroid cancer is the most frequent endocrine malignancy and accounts for approximately 1% of all diagnosed cancers. A
variety of mechanisms are involved in the transformation of a normal tissue into a malignant one. Loss of tumor-
suppressor gene (TSG) function is one of these mechanisms. By identifying alterations in these genes and their protein
products, people can understand the thyroid cancer-related gene changes for the development of diagnostic, prognostic,
and therapeutic strategies for this cancer.
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| 1. Introduction

Thyroid cancer is the most common endocrine cancer. In the United States, its incidence rate has been estimated at 12.2
cases per 100,000 individuals per year [, Thyroid carcinoma is the 9th most common cancer in women and the 18th
cancer in both sexes, and it represents approximately 1% of all diagnosed cancers worldwide Bl This cancer is
classified into two histologic types: (i) follicular cell-derived cancers, such as papillary thyroid cancer (PTC; approximately
80% of all thyroid cancers), follicular thyroid cancer (FTC; 10% of all thyroid tumors), poorly differentiated thyroid cancer
(4—-6%), and anaplastic thyroid cancer (ATC, 2-5%) [4: and (ii) parafollicular C cell-derived medullary thyroid carcinoma
(MTC; 5-10% of all thyroid tumors) [&. Multiple factors may play a role in their development. In breast tumors, mutations in
tumor-suppressor genes (TSGs) have been identified as one of the important genetic mechanisms of breast
carcinogenesis €. During carcinogenesis, gene alterations may affect the function of important players in normal cellular
functions. These alterations may be gain-of-function mutations that particularly influence the activity of oncogenes, or
loss-of-function mutations. Both may contribute to the development of the malignant phenotype 4. TSGs play a regulatory
role in cell proliferation by controlling cell-cycle progression (cell-cycle checkpoints) and consequently tissue cell
proliferation. TSG deletions and other mutations may affect cancer cell proliferation, apoptosis, migration, invasion, and
metastasis formation [El. Moreover, TSGs are involved in cell differentiation regulation, genomic integrity maintenance,
DNA damage repair, signaling pathways, and cell adhesion. Besides genetic alterations, other mechanisms are implicated
in TSG inactivation, particularly the loss of expression due to epigenetic silencing or enhanced proteolysis of tumor-
suppressor proteins . These proteins are generally divided into five classes: intracellular proteins that modulate the cell
cycle, hormone receptors that prevent cell proliferation, cell cycle-associated proteins that control checkpoints, apoptosis-
promoting proteins, and DNA repair enzymes 9. Studies on TSGs and their protein products are important because they
may provide potential targets for thyroid cancer management. Better understanding these genes and their protein
products can lead to new therapeutic applications.

| 2. Altered Tumor-Suppressor Genes in Thyroid Cancer
2.1. TP53

The loss of p53 function has been described in thyroid cancer. The majority of TP53 gene mutations are within exons 5-8
(L1 TP53 mutations are more frequent in ATC (50-80%) 12, Moreover, the inactivation of p53 due to mutations or any
other inhibitory mechanism may result in the progression from well-differentiated thyroid cancer to ATC [18Il14] Thjs
suggests that TP53 mutations may be a late event in thyroid cancer. In addition, some studies have shown that increased
p53 protein levels are associated with thyroid cancer. Immunchistochemistry analysis revealed higher p53 protein levels in
anaplastic, poorly differentiated, and well-differentiated thyroid cancer samples [L3I[14I[15][16]

Some studies found an association between p53 and some factors involved in signaling pathways that regulate p53
expression and promote thyroid cancers. For instance, murine double minute (MDM) family members are major regulators
of the p53 expression level through its ubiquitination and proteasomal degradation 2. Prodosmo et al. showed that in



PTC, the overexpression of MDM4-S, a MDM4 variant; the expression of MDM4-211, an abnormal variant; or reduced
MDM4 levels all lead to p53 inactivation 8. HECT-, UBA-, and WWE-domain-containing E3 ubiquitin protein ligase 1
(HUWE1) is an ubiquitin E3 ligase for MDM2 that can regulate p53 stabilization. In fact, HUWE1 and MDM2 are part of a
network of E3 ubiquitin ligases to regulate their substrates (e.g., p53) 1. A study of some thyroid cancer cell lines to
assess HUWEZ1 function demonstrated that HUWE1 downregulation leads to MDM2 overexpression and decreased p53
protein stability, suggesting that it may act as a TSG 4. In addition, other factors play a role in p53 regulation, such as
wild-type p53-induced phosphatase 1 (WIP1), the overexpression of which can inhibit p53 in PTCs 2. In an animal study,
Zou et al. found that TP53 downregulation leads to higher levels of thyroid-stimulating hormone (TSH) and the
subsequent upregulation of the PI3K/AKT pathway. This was associated with PTC-to-ATC transformation and ATC
progression 22, Altogether, the data mentioned above suggest a dual function of TP53 as an oncogene and TSG.

2.2. PTEN

PTEN is a TSG associated with the negative regulation of signaling pathways, such as the PI3K signaling cascade 23],
The loss of PTEN activity in Cowden syndrome increases the risk of some cancers, including thyroid cancer 24, Patients
with this syndrome are at a higher risk of developing FTC due to pathogenic mutations in the PTEN gene 2. PTEN is
considered a predictive marker in patients with thyroid cancer and Cowden-like syndrome. For instance, Ngeow et al.
showed that very low serum levels of PTEN in these patients could predict the presence of a germline PTEN mutation [28],
PTEN inactivation might be the result of different mechanisms, such as point mutations, deletions, promoter
hypermethylation, and post-translational modifications 22812911801 pTEN somatic deletions and LOH have also been
described in many tumor types, especially in thyroid cancer subtypes (11,

PTEN hamartoma tumor syndrome (PHTS) is a complex disease caused by germline PTEN gene mutations. These
patients usually develop various benign and malignant tumors in different tissues, such as breast, thyroid, intestine, and
skin 82, The lifetime risk of thyroid cancer in patients with PHTS who have a PTEN mutation has been estimated at
35.29 (23],

Moreover, Nagy et al. found that 3-10% of patients with PTEN mutations have differentiated thyroid cancer (DTC) [24],
Specifically, in a sample of patients with DTC, 4.8% of patients with FTC harbored germline PTEN mutations, but none of
the patients with PTC did 4. Other studies also reported the presence of PTEN mutations in FTC tissue samples [22126],
However, sporadic thyroid cancers do not harbor somatic PTEN mutations B2,

PTEN is also regulated through various epigenetic mechanisms. For example, aberrant PTEN methylation impairs PTEN
function, leading to enhanced PI3K/AKT signaling, and thyroid cancer growth, progression, and metastasis formation 281,
Methylation-specific polymerase-chain reaction analysis of 59 thyroid cancer samples showed that the PTEN promoter
was hypermethylated in 45.7% of PTCs, 85% of FTCs, and 83% of follicular adenomas 2. Pringle et al. developed
mouse models in which two TSGs, protein kinase CAMP-dependent type 1 regulatory subunit alpha (Prkarla) and Pten,
were concomitantly knocked out in the thyroid. They found that this double knockout led to FTC development with
metastatic spread, and enhanced function of protein kinase A (PKA) and mammalian target of rapamycin (mTOR)
signaling 49, Some studies suggested that the loss of PTEN expression is associated with the low expression of p27, a
cell-cycle inhibitor, in FTC and ATC specimens 211142,

Ubiquitination also might be implicated in PTEN inhibition. Yu et al. found that two succinate dehydrogenase-D variants,
G12S and H50R, induce PTEN mono-ubiquitination, leading to its translocation into the nucleus where PTEN causes AKT
upregulation and promotes tumorigenesis via FOXO3a phosphorylation and autophagy downregulation 43, Frisk et al.
observed no relationship between PTEN expression, LOH, and mutation status in the ATC samples under study. They
suggested that PTEN inactivation may be due to a number of epigenetic and/or structural silencing mechanisms rather
than to classical biallelic inactivation 4],

2.3. APC

Germline mutations in the APC gene lead to familial adenomatous polyposis (FAP) syndrome 45, Most APC mutations
are nonsense and frameshift mutations 4€. In 1949, Crail described for the first time the development of thyroid cancer in
patients with FAP 271, Based on the Leeds Castle Polyposis Group database, the incidence of thyroid cancer in patients
with FAP is 1.2% 8. The mean age at diagnosis of thyroid cancer in these patients is between 25 and 28 years 48l43],
PTC frequency in patients with FAP is higher in women than in men (10-17:1) [BYEL,

APC mutations are rarely detected in sporadic thyroid cancers and may play a role in thyroid cancer development 52,
Moreover, APC mutations are associated with RET/PTC1 gene rearrangements in patients with FAP and thyroid cancer



B3 APC gene mutation analysis in a 25-year-old woman with FAP and previous total colectomy and thyroidectomy
revealed the presence of a germline mutation in exon 13 24, Exons 1-15 of the APC gene and exon 3 of the beta-catenin
gene were analyzed in genomic DNA extracted from peripheral blood samples and 12 cribriform-morular variants of
papillary thyroid carcinoma nodules. Besides the germ-line mutation, six somatic mutations between codons 308 and 935
of the APC gene were found, but none were found in the beta-catenin gene 24, Cetta et al. reported that 13/15 patients
with FAP and thyroid cancer carried APC mutations between codons 778 and 1309 33, Truta et al. analyzed APC in 14
patients with FAP and PTC and identified germline mutations (located before codon 1286 and outside the APC mutation
cluster region) in 12 patients 8. Another study showed that the risk of developing thyroid cancer is higher in individuals
with APC mutations at the 5’ end, near codon 528, and that this risk further increases in subjects harboring a mutation at
codon 1061 B4, Han et al. carried out an APC mutation screening in Korean patients with FAP and identified nine
truncating mutations, one missense mutation, seven polymorphisms, and three intronic variants 28, In a European
cooperative study, the analysis of APC mutations in 15 women with FAP and PTC uncovered APC germline mutations in
13 of them at codons 140, 593, 778, 976, 993, 1061 (n = 5), 1105 (n = 1), and 1309 (n = 2) (4],

Some data indicate that epigenetic mechanisms also are implicated in the regulation of APC expression. Mir-155 can
target APC by direct binding to its 3'-untranslated region, and this may decrease APC mRNA and protein levels 5. Zhang
et al. found that upregulation of mir-155 results in APC downregulation and the activation of WNT/B-catenin signaling,
which in turn promotes PTC cell growth, viability, and colony formation. This suggests that mir-155 may play an oncogenic
role in these tumors B2, APC protein has a binding site for B-catenin that consists of seven 20-amino acid repeats (20-
AARs) 89 Kumamoto et al. carried out a retrospective study to find an association between the number of 20-A ARs and
thyroid cancer development (1. They observed that in three patients with FAP and PTC, one patient had only two 20-
AARs in the germline APC mutation and none in the somatic APC mutation, and the other two did not have any remaining
20-AAR. Moreover, in 13/16 patients with FAP and thyroid cancer (81.3%), the remaining number of 20-AARs was zero.
Therefore, they suggested that in patients with FAP and thyroid cancer, the APC/B-catenin signaling pathway may play an
important role in the pathogenesis of this cancer €11,

2.4. RASAL1

RAS protein activator like 1 (RASAL1) is the negative modulator of the RAS signaling pathway that has been identified as
a key TSG in thyroid carcinoma 82, The RAS-coupled mitogen-activated protein kinase (MAPK) and PI3K pathways play
pivotal roles in thyroid cancer development. Therefore, abnormal RASAL1 gene expression may affect these pathways
and thyroid cancer development [, In an in vitro and in vivo study, Lui et al. investigated alterations of genes encoding
negative modulators of the RAS-coupled MAPK and PI3K pathways in thyroid cancer. They discovered RASAL1 gene-
disabling mutations and promoter hypermethylation in thyroid cancer samples, predominantly FTC and ATC, suggesting
the RASAL1 is a key TSG in thyroid cancer. They found one nonsense and six missense mutations that were located at
highly conserved sites within the RAS GTPase activating domain of RASAL1 [63],

Ngeow et al. investigated the presence of germline RASAL1 mutations and PTEN mutation status in patients with Cowden
syndrome and thyroid cancer. Among the included 155 patients, they identified deleterious RASAL1 germline mutations in
two patients with wild-type PTEN who had FTC. They also detected detrimental germline RASAL1 mutations in patients
with Cowden syndrome and follicular-variant PTC, unlike many other patients with Cowden syndrome €4, Charalampos et
al. described a patient with MTC, mesothelioma, and meningioma who harbored APC and RASAL1 mutations based on
whole exome sequencing (WES) data. This indicates a possible TSG role for both APC and RASAL1 in thyroid cancer
development [, Moreover, WES data indicate the presence of APC and RASAL1 gene alterations in various thyroid
cancer subtypes. For example, WES and Sanger sequencing of a MTC sample from a 57-year-old woman with sporadic
MTC showed two germline APC and RASAL1 variants 8. Moreover, the targeted exome sequencing of DNA from 11
formalin-fixed, paraffin-embedded ATC tissue samples uncovered two specimens (18%) with a RASAL1 mutation that was
significantly associated with shorter survival 67,

2.5. TP63 and TP73

Several studies found a possible role for p63, a p53 homolog, in thyroid cancer development 869 TP63 is expressed in
epithelia of ectodermal origin. This gene has six different isoforms with a transactivating effect or dominant negative
activity on p53 target genes 68, Bonzanini et al. reported p63 immunostaining in PTC samples but not in controls 9. In
another study, TAp63a, an isoform of the TP63 gene, was detected in thyroid cancer samples. The authors suggested that
it may act as an oncogene by promoting thyroid cancer progression via the disruption of p53 tumor-suppressor activity [Z4,
However, TAp63B and TAp63y (two other p63 isoforms) have tumor-suppressor activity in PTC and FTC cells [, These
data show that TP63, like TP53, may play a dual role in thyroid cancer: oncogene and TSG. P73 is another member of the



p53 family that plays a controversial role in thyroid cancer. Ferru et al. reported that the expression of TAp73 and DNp73,
two p73 isoforms, is reduced in follicular adenomas, FTCs, and PTCs. The TAp73 variant has pro-apoptotic, and DNp73
has anti-apoptotic, properties 2,

Some immunohistochemical studies revealed that p73 and DNp73 are expressed in human thyroid cancer specimens.
These results were also confirmed by RT-PCR analysis showing that DNp73a is expressed in malignant thyroid tissues
but not in normal tissues [Z3Il741 periostin is a mesenchyme-specific protein that, when overexpressed, is associated with
aggressive forms of thyroid cancer 2. Puppin et al. suggested that DNp73a could induce periostin gene expression in
papillary, follicular, and undifferentiated thyroid cancer cells 28, Vella et al. showed that DNp73a overexpression in thyroid
cancer cells leads to decreased PTEN expression X4, Conversely, Malaguarnera et al. suggested that in thyroid cancer
cells, TAp73a promotes p53 protein expression by inhibiting MDM2-mediated p53 degradation, proposing a thyroid-
specific dual function for this TSG [,

2.6.RB

Dysregulated RB expression in thyroid cancer has been demonstrated in several previous studies 287989 RB mutations
and other inactivating mechanisms may play a role in thyroid cancer pathogenesis, especially MTC 8. The cyclin-
dependent-kinase inhibitor (CDKI)-RB1 pathway plays a pivotal role in the control of cell-cycle checkpoints. Loss of CDKIs
leads to increased RB phosphorylation and consequently uncontrolled cell-cycle progression. Some studies showed the
impairment of this pathway, which can promote MTC tumorigenesis 182, |n a conditional mouse model, Pozo et al.
found that CDK5 overactivation in C-cells promotes sporadic forms of MTC through Rb downregulation £3, Gilbert et al.
observed that the inactivation of RB1 regulatory pathways in parafollicular C-cells leads to a high rate of MTC in mouse
models B2, Similarly, Rb1 deletion may induce MTC in mice B4, By immunohistochemistry, Valenciaga et al.
demonstrated that RB expression reduction is associated with aggressive MTC [, More interestingly, the loss of RB
expression in PTC samples has been correlated with aggressive early-metastasizing forms of this thyroid cancer 88!,

2.7. PRKAR1A

The PRKAR1A gene encodes the regulatory subunit 1 alpha of PKA and is involved in the PKA signaling pathway. The
binding of ligands to their receptors at the cell membrane could cause the activation of G-proteins that then induce
adenylyl cyclase enzyme activity and convert AMP to cyclic AMP (cAMP). Upon cAMP binding to regulatory subunits, the
PKA enzyme is activated and phosphorylates serine and threonine residues on substrate proteins. The cAMP response
element (CRE)-binding protein (CREBP) is a transcription factor that is phosphorylated by PKA and translocated into the
nucleus, where it binds to CREs and upregulates the expression of different genes. Through this kinase activity, PKA
could regulate different cellular processes, including growth, division, and differentiation. TSH is one of the ligands that
could activate PKA via its receptor. Elevated TSH could contribute to the development of thyroid cancer 4. On the other
hand, the phosphatase PTEN could dephosphorylate the CREBP transcription factor in the nucleus 8. zhang and
colleagues showed that the inhibition of phosphodiesterase 4, which is responsible for cAMP degradation, could lead
to TP53 upregulation, followed by cancer cell proliferation inhibition and apoptosis induction B2, PKA induction
(via PRKAR1A downregulation), through adrenaline receptor activation, and CHEK2 downregulation by the glucocorticoid
receptor, could inhibit the DNA damage response, leading to the dysregulation of the DNA repair system; apoptosis; and
cell-cycle checkpoint deregulation and carcinogenesis 9.

The Carney complex is a familial neoplasia syndrome associated with thyroid tumors. PRKAR1A is often mutated in this
syndrome 2. Moreover, LOH for the PRKAR1A locus has been reported in undifferentiated thyroid cancers (ATC) [£2,
Pringle et al. showed that Prkarla knockout in the thyroid can lead to hyperthyroidism and FTC development in mice (3],
They also developed mice in which both PRKAR1A and PTEN are knocked out and found that these animals develop
FTC with a metastatic phenotype 29,

2.8. CHEK2

CHEK2 is one of the most important genes involved in cell-cycle control by encoding the human analog of the yeast
checkpoint kinases Cdsl and Rad53 24, CHEK2 acts as a protective regulator of cell division in response to DNA
damage by preventing cell entry into mitosis. This suggests that CHEK2 might be a TSG. Abnormalities in cell proliferation
and apoptotic evasion due to CHEK2 gene mutations have been observed in various cancers EI6I97 | 5 study on the
association of CHEK2 mutations with different cancer types in Poland, the most significant correlation was observed
between thyroid cancer (mainly PTC) and CHEK?2 protein-truncating mutations 8. Ten years later, Wéjcicka et al.
investigated deleterious polymorphisms in ATM, CHEK2, and BRCA1 in 1,781 patients with PTC and 2081 healthy
controls using the Sequenom technology. They found that the CHEK2 rs17879961 variant is associated with increased



PTC risk 22, However, Fayaz et al. analyzed the two most common CHEKZ2 gene mutations in 100 DTC samples and
found that they are not associated with higher DTC risk in the Iranian population 299, This suggests that these two
mutations are not detrimental and do not inactivate CHEK2. Kaczmarek-Rys$ et al. used a genotyping technique to identify
specific CHEK?2 alterations in 602 patients with DTC and 829 controls 1%, They found that the CHEKZ2 ¢.470C variant
increases the risk of DTC in the Polish population. Another genetic study to estimate the somatic alteration profile in FTC
samples using next-generation sequencing identified CHEK2 gene alterations in FTC samples (192,

The different TSGs altered and implicated in the pathogenesis of thyroid cancer are shown in Table 1. The molecular
pathways that are regulated by these TSGs are depicted in Figure 1.
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Figure 1. Key tumor-suppressor genes and their related pathways in thyroid cancer. Growth factors bind to their receptor
tyrosine kinases (RTK) and activate the PI3K and RAS pathways that could be inhibited by PTEN and RASAL1,
respectively. Cell stress triggers CHEK2, which in turn downregulates MDM2, leading to the upregulation of the p53 and
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p63 tumor-suppressors. P53 can also increase RB expression. DNA damage could lead to p73 upregulation and
apoptosis induction. APC inhibits beta-catenin, leading to the inhibition of cell proliferation and migration. Ligand binding to
G-protein-coupled receptors (GPCR) induces G-protein and adenylyl cyclase (AC), which increases cAMP and PKA
activation. PRKAR1A mutations could cause PKA hyperactivation and cell proliferation induction.

Table 1. Altered tumor-suppressor genes involved in thyroid cancer pathogenesis.

Tumor . . Affected
Normal Function of Protein . . .
Suppressor Type of Alterations Thyroid Mutation Frequency
Product
Gene Tumors
Point mutations, negative
) regulation by MDM family ATC (50— 40% in PTC, 60% in
TP53 Cell-cycle regulation members, and ubiquitination.
. 80%), PTC ATC
Dual function: oncogene and
TSG
PTEN Cell division regulation P  nypermethylation, ATC, and 65-85%
LOH, ubiquitination, and post- PTC

translational modifications



Tumor . . Affected
Normal Function of Protein . . .
Suppressor Type of Alterations Thyroid Mutation Frequency
Product
Gene Tumors
Nonsense and missense ATC. MTC
APC The regulation of cell division, mutations, frameshift mutations, PTC’ FTC’ 87% in FAP-
adhesion, and migration polymo_rphlsms, and epigenetic and CMVPTC associated PTC
regulation
. . Missense and nonsense PTC, ATC, 17% in ATCs, 5% in
RASAL1 Z:t(:vsizmz::lgt;\osn of the GTPase mutations, promoter FTC, and FTCs, and 3% in
y hypermethylation MTC PTCs
The regulation of cell
proliferation and differentiation, Downreaulation. dual function:
TP63 the transactivating effect, or 9 ! ’ PTC and FTC
. . A oncogene and TSG
dominant negative activity on
p53 target genes
. Follicular
. Downregulation and
Involved in cellular responses to R . adenoma,
TP73 upregulation, dual function:
stress and development FTC, and
oncogene and TSG
PTC
The control of DNA replication Zn:\ltve::‘:nls;la(.‘t‘iﬂin::iance d
RB and cell division during cell 9 - MTC, PTC 1.8% in MTC
phosphorylation, and the loss of
damage -
expression
LOH of the
PRKAR1A Promoting cell growth and Downregulation, LOH FTC, ATC PRKARIA(CA)n
division locus in 37.5% of
cases
. . PTC, FTC,
- 0,
CHEK2 Cell-cycle control Mutations, polymorphisms and DTC 15.2%

PTC, papillary thyroid cancer; FTC, follicular thyroid cancer; ATC, anaplastic thyroid cancer; MTC, medullary thyroid
carcinoma; DTC, differentiated thyroid carcinoma; CMVPTC, cribriform-morular variant of papillary thyroid carcinoma; and
LOH, loss of heterozygosity.
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