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Abstract
Background  Thyroid cancer is one of the most common endocrine malignancies. Although the 10-year survival rate of dif-
ferentiated thyroid cancer (DTC) is about 90% after conventional treatments, a small proportion of patients still suffer from 
tumor recurrence or drug resistance.
Objective  This review article summarizes recent researches and clinical trials related to target drugs that reduce mortality 
in thyroid cancer.
Methods  This is a review of the recent literature and clinical trials on the three main aspects including methylation genes 
in thyroid cancers, the relationship between BRAF mutation and gene methylation, target and dehypermethylation drugs in 
clinical trials.
Results  We propose new approaches to treating malignant thyroid cancer, based on advances in understanding the rela-
tionship between genetic and epigenetic changes in thyroid cancer. Although the effect of traditional treatment for thyroid 
cancer is relatively good, a small proportion of patients still suffer from tumor recurrence or drug resistance. Molecular 
targeted drugs and dehypermethylation drugs have more promising outcomes in aggressive thyroid cancer compared with 
conventional treatments.
Conclusion  Based on what was discussed in this review, we suggest that integration of epigenetic and targeted therapies into 
conventional treatments will reduce the occurrence of refractory radioiodine differentiated thyroid cancer and improve the 
outcomes in aggressive thyroid cancer patients.
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Introduction

Thyroid cancer is the most common and a leading cause 
of death in endocrine malignancy [1, 2]. The conventional 
treatments of thyroid cancer include thyroidectomy, radi-
oiodide  therapy, and thyroid stimulating hormone (TSH) 
suppression treatment. Although the overall prognosis 
is relatively favorable, a small part of patients still suffer 
lymph-node metastasis, cancer recurrence, and drug resist-
ance [3, 4].

Recent studies have found that epigenetic and genetic 
changes play important roles in thyroid cancer occurrence 
and progression [5]. In Pishkari’s review, they summa-
rized miRNA dysregulation in different thyroid tumors; for 
instance, miR-146 was consistently and specifically overex-
pressed in papillary thyroid cancer (PTC), which could to 
distinguish PTC from other thyroid cancers. miR-221, miR-
222, etc. are consistently overexpressed in follicular thyroid 
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carcinoma (FTC). Their review suggested that miRNA could 
be a useful tool for a more accurate diagnosis of different 
types of thyroid cancers [6]. Many studies recognized that 
BRAF mutation play a vital role in thyroid cancer progres-
sion, moreover, among all gene mutations which accounts 
for 29–83% [7, 8]. Despite advances in gene targeting thera-
pies, the development of inhibitors of mutant BRAF kinase, 
for example, as therapeutic agents, is stagnant due to resist-
ance to the therapy. Many articles elucidate that a negative 
association between aberrant death-associated protein kinase 
(DAPK), SLC5A8, tissue inhibitor of metalloproteinase-
3(TIMP3), thyroid stimulating hormone receptor (TSHR) 
methylations, and BRAF mutation. Their data suggested 
that aberrant methylation and consequent silencing of these 
genes may be an inducement in BRAF mutation-promoted 
tumorigenesis and progression of PTC [9–12]. DNA meth-
ylation alterations in promoter CPG island could regulate 
gene expression, maintain chromosome integrity, and con-
trol DNA recombination, etc. [13]. DNA methylations are 
heritable and reversible; it is speculated that target therapy 
may alter methylation status of genes to achieve the goal of 
tumor treatment which also explain for how environmental 
factors contribute to our individual phenotype and for sus-
ceptibilities to diseases like cancers, autoimmune diseases 
[14, 15]. Therefore, the study of DNA methylations has a 
great significance in pathogenesis, early diagnosis, and prog-
nosis evaluation of cancer.

Growing evidence demonstrates that the role of DNA 
methylation is a vital component of cancer biology for regu-
lating tumor progression. Methylation alterations have thera-
peutic potential in cancer management as they can be used 
as a prognostic biomarker or a therapeutic target [16–18]. In 
this review, the current methylation alternations investigated 
in thyroid cancer (TC) and their role as a therapeutic target 
will be discussed. Moreover, we will focus on the role of 
BRAF mutation and its relation to DNA methylations.

DNA methylations in thyroid cancer

Aberrant methylations of tumor suppressor genes 
and thyroid‑specific genes in thyroid tumors

DNA methylation is one of the most studied epigenetic 
modifications, which contributes to gene silencing. Members 
of the DNMT (including DNMT1, DNMT3A, DNMT3B, 
and DNMT3L) catalyze a methyl group (CH3) adding to 
5′-carbon of cytosines [19]. As in other human tumors, aber-
rant methylations, which lead to inappropriate silencing of 
tumor suppressor genes, are widespread in thyroid tumors. 
Examples of these genes include RASSF1A, TIMP3, 
SLC5A8, DAPK, and retinoic acid  receptor β2 (RARβ2) 
etc. [20] (Table 1). These tumor suppressor genes have 

well-established tumor-suppressing function through various 
mechanisms. It is, therefore, conceivable that silencing these 
genes through methylation could accelerate tumorigenesis 
and progression in thyroid cancer.

RASSF1A, the first member of Ras association domain 
family (RASSF), exert function as a negative regulator of 
cell proliferation through inhibiting G1/S-phase progres-
sion. The methylation frequency of RASSF1 in thyroid 
cancer patients is approximately 15–75%. Schagdarsurengin 
et al. [21] initially demonstrated that hypermethylation of 
RASSF1 stimulates tumor growth and the methylation fre-
quency was higher in aggressive thyroid cancers compared 
with normal controls. A previous multicenter study demon-
strated RASSF1A hypermethylation related to aggressive 
pathological features including lymph-node metastasis, inva-
sion-to-adjacent tissues, and the volume of cancer increased 
[22]. Kunstman and his colleague [23] used MSP to detect 
the level of RASSF1 methylation in PTC, and then, they 
found the mean methylation level in PTC tissues was 8.9%, 
while 2.1% in normal tissues. Stephen et al. [24] discovered 
that RASSF1 was differentially methylated in classic tumor 
tissue compared with Hurthle cell cancer (p < 0.001). Thus, 
hypermethylation of RASSF1A may be an early event in 
pathogenesis of thyroid cancer and could be used as a bio-
marker for the early diagnosis.

Methylation of several tumor suppressor genes may 
promote tumorigenesis in PTC patients, including TIMP3, 
SLC5A8, and DAPK, as they are associated with poor 
pathological characteristics of PTC [20]. TIMP3 encodes 
a member of TIMP family molecules which inhibit the pro-
teolytic activity of matrix metalloproteinases. Anania and 
his coworker [25] found that TIMP3 regulates migration 
and invasion, and promotes cancer onset in thyroid cancer. 
RARβ defined as potent regulators of epithelial cell growth 

Table 1   Most significant genes with hypermethylated promoter in 
thyroid tumors

RASSF1 first member of the Ras association domain family, RARβ 
retinoic acid receptor beta, TIMP3 metalloproteinase inhibitor 3, SLC 
solute carrier, PTEN phosphatase and tensin homolog, DAPK death-
associated protein kinase, TSHR thyroid stimulating hormone recep-
tor

Gene Chr Function References

RASSF1 3p21.3 Stabilize the microtubules [20–24]
RARβ2 3p24.2 Negative regulation of cell 

cycle
[20, 25, 29, 30]

TIMP3 22q12.3 Inhibitor of metalloproteinase [20, 27, 29, 30]
SLC5A8 12q23.1 Sodium transporter [20, 31, 32]
TSHR 14q31.1 Thyrotropin receptor [21, 34]
PTEN 10q23.31 Inhibit PI3K/Akt pathway [26, 29, 30]
SLC5A5 19p13.11 Sodium transporter [34, 35]
DAPK 9q21.33 Regulate cell apoptosis [28–30]
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and stimulate tumorigenesis. In treating metastatic or recur-
rent thyroid cancers, retinoic acid therapy can restore the 
iodine uptake ability and then improve the therapeutic effect 
of radioiodine therapy [26]. Phosphatase and tensin homo-
logue deleted on chromosome 10 (PTEN) is a major negative 
regulator of the PI3K/Akt pathway. An epigenetic inactivat-
ing mechanism through aberrant methylation of PTEN gene 
exists in various thyroid tumors, particularly in FTC and 
anaplastic thyroid cancer (ATC) [27]. DAPK is a tumor sup-
pressor protein. Abnormal expression of DAPK can block 
regular process of apoptosis and thus lead to tumorigenesis 
[28]. As their vital role in regulating cell proliferation, inhib-
iting the onset of tumors, many studies have enrolled them 
into the investigations regarding methylations in thyroid 
cancers. Hoque et al. used MSP to assess the methylation 
levels of RASSF1A, RARβ2, DAPK, and TIMP3 in thyroid 
cancer. Their study demonstrated that methylation-induced 
gene silencing appears to affect multiple genes in thyroid 
tissue and could be a useful tool for early diagnosis [29]. 
Mohammadi-asl [30] took P16, RASSF1A, and RARβ2 
into study and then assessed their diagnostic and prognostic 
values in PTC; they found that combining the three genes 
together may be an useful molecular biomarkers in the early 
diagnosis. Their results interpreted potent utility of DNA 
methylation profiles to distinguish benign from malignant 
thyroid, which may contribute to enhance sensitivity and 
precision in the early diagnosis, also in the long-term aid in 
personalized clinical management and surveillance.

SLC5A8 is defined as a passive thyroid apical iodide 
transporter and Na+/short-chain fatty acid co-transporter; 
some studies noted that SLC5A8 is a tumor suppressor gene 
in colon cancer [31]. Although many studies have detected 
hypermethylation of SLC5A8 in thyroid cancer, the underly-
ing mechanism of SLC5A8 hypermethylation which influ-
ences the occurrence of thyroid cancer is still unclear. Pora 
and his colleague [32] pointed out that SLC5A8 methylation 
was observed in 9 of 10 PTC while undetectable in the folli-
cular adenoma (FA) samples. In addition, the low expression 
of SLC5A8 is correlated to BRAF V600E mutation, which 
suggested that SLC5A8 methylation stimulates carcinogen-
esis which may be through MAPK pathway.

Thyroid-specific genes including TSHR, TPO, NIS, 
TG, and so on, serve fundamental role in regulating thy-
roid cell proliferation, differentiation, and function, also 
in synthesizing and utilizing thyroid hormone. They are 
the basis for effective diagnosis, therapeutic management, 
of thyroid cancer, while their expressions are frequently 
decreased in ATC and then result in decreasing or absent-
ing iodide uptake. Xing et al. [33] designed a trial to find 
the underlying molecular mechanisms of decreased expres-
sion of TSHR. Their result demonstrated that methylation 
of TSHR is responsible for silencing this gene. Some studies 
also detected methylation of NIS; for instance, Neumann and 

Galrao [34, 35] all found NIS hypermethylation in TC and 
hypomethylation in normal tissues. Galrao et al. [36] found 
a novel distal enhancer regulating the mRNA expression of 
NIS through DNA methylation which may be an early event 
in tumorigenesis.

DNA methylations are being novel research hotspots in 
recent years; many genes have been proposed using genome-
wide methylation analysis, including WT1, EI24, STATs, 
and other signaling pathways. For example, T-cell receptor 
signaling pathway and Jak-Stat signaling pathway have been 
recognized [37, 38]. Methylation of these tumor suppres-
sor genes in aggressive PTC provides strong evidence that 
methylation-induced silencing of these genes may contribute 
to PTC tumorigenesis; however, the underlying mechanisms 
of those genes and pathways are still unclear and need our 
efforts to clarify them.

BRAF mutation and its relationship to tumor 
suppressor and thyroid‑specific genes methylation

BRAF mutation has been proved to be the most common 
genetic event in PTC onset, responsible for around 45% of 
adult cases, and causes constitutive activation of serine/thre-
onine kinase [39, 40]. Several clinical studies suggested that 
BRAF mutation usually leads to aggressive clinicopatho-
logical characteristics and poor outcomes in PTC patients 
[41–43]. However, the molecular mechanisms involved 
in aggressive pathological characteristics of PTC bearing 
BRAF mutation are not clear. Recent studies of BRAF muta-
tion and its relation to aberrant gene methylations in PTC 
seem to uncover this issue. These genes include RASSF1, 
TIMP3, SLC5A8, DAPK, and RARβ2 et  al. (Table 2). 
BRAF mutation reduced the expression of thyroid-specific 
genes; for instance, NIS, TSHR, TG, and TPO expression 
was much lower in BRAF-mut tumor comparison with 
BRAF-wt group. This effect may alter the effectiveness of 
diagnostic or therapeutic use of radioiodine in BRAF-mut 
papillary thyroid cancer [44].

Xing et al. [45] first elaborated the inverse relationship 
between RASSF1 methylation and BRAF mutation. Their 
results demonstrated that the epigenetic alteration is the 
first step in oncogenesis and cancer progression. Many 
studies reported the association between aberrant DNA 
methylation profile and BRAF mutation in thyroid cancer. 
Hu et al. investigated the association between tumor sup-
pressor genes methylation (TIMP3, SLC5A8, DAPK, and 
RARβ2) and aggressive clinicopathological characteris-
tics and BRAF mutation in PTC. They first speculated 
that aberrant methylation of tumor suppressor genes may 
be an important step in BRAF mutation-induced aggres-
sive PTC [46]. Hou et al. performed a genome-wide DNA 
methylation analysis to examine epigenetic mechanism 
involved in tumorigenesis of PTC stimulated by BRAF 
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mutation. They revealed that BRAF V600E can promote 
PTC tumorigenesis by altering the metabolic and cellu-
lar functions of these genes through methylation [47]. 
Mosin et al. found that TSHR promoter methylation fre-
quency is about 2.74-fold more in BRAF-mut patients 
compared with BRAF-wt patients, and depicted a posi-
tive connection between TSHR and MAP Kinase Pathway 
[48]. In Liu’s [49] study, they showed the restorability of 
the expression of iodide-metabolizing genes by suppress-
ing BRAF/MAP kinase pathway which regulate iodide-
metabolizing genes through aberrant methylation. Yong 
et al. later found that BRAF mutation inhibits NIS expres-
sion by upregulating the expression of DNA methyltrans-
ferase 1 which upregulate the methylation of NIS, thus 
leading to NIS gene silence. This is a potent mechanism 
involved in down-regulating NIS expression in PTC [50].

Although many molecular mechanisms about aberrant 
gene methylations linked to aggressive tumor charac-
teristics and BRAF mutation in PTC patients have been 
proposed, the convincing evidence remains to be found. 
However, these results provide clinical implications such 
as preoperative diagnosis, therapeutic targets especially 
promising in conditions where BRAF V600E inhibitors 
failed due to drug resistance.

Target therapies for thyroid cancer

Although thyroid cancer is relatively indolent and has good 
prognosis, almost all ATC patients cannot uptake iodine, 
10–20% DTC patients have aggressive features including 
metastasis, recurrence, and radioiodine refractory due to 
tumor dedifferentiation. Thus, the conventional treatments 
and chemotherapy such as thyroidectomy, radioiodine treat-
ment, doxorubicin monotherapy, or doxorubicin combine 
with cisplatin, which have yielded low-treatment effect and 
associated with significant side effects [51]. Therefore, new 
targeted therapeutic methods are urgently needed. There 
have many different targeted therapies utilized in thyroid 
cancer (Table 3), some not showing any success but others 
demonstrating a significant amount of potential.

Sorafenibis, a multi-tyrosine inhibitor, which inhib-
its VEGFR1, VEGFR2, VEGFR3, RET, Flt3, c-KIT, and 
mutant BRAFV600E, has been accepted by FDA for radi-
oiodine-resistant metastatic DTC [52]. From a systematic 
review, we obtained that the overall clinical benefit (PR 
and SD responses) was 93% for MTC (medullary thyroid 
carcinoma) and about 79% for DTC (differentiated thy-
roid carcinoma); more than 70% of patients suffered from 
hand–foot syndrome and diarrhea. What’s worse, sorafenib 
is a VEGF inhibitor which leads to cardiovascular toxicity 
[53]. Although treating progressive DTC or MTC patients 
with sorafenib is a promising method, the side effects 

Table 2   Most significant BRAF mutation association with gene methylation

Mutations Impact gene Relations and potential mechanism References

RASSF1 Inverse relationship [45]
TSHR Positive relationships between MAPK and TSHR pathway [46, 48]

BRAF V600E NIS Positive relationship upregulating the expression of DNA methyltrans-
ferase 1

[49, 50]

TIMP3, SLC5A8, DAPK and 
RARβ2

Positive relationships underlying mechanism unclear [46, 47]

Table 3   Genetic and epigenetic inhibitors in current clinical trials, targets, and adverse effects

Drug Function Testing phase and status Adverse effects References

Sorafenib Multi-kinase inhibitor Accepted by FDA Hand–foot syndrome, diarrhea, and 
cardiovascular toxicity

[53]

Dabrafenib Completed Fatigue, pyrexia NCT01534897
Selective BRAF inhibitor

Vemurafenib Phase 2, completed Fatigue, pneumonia lymphopenia NCT01286753
Azacitidine Demethylation Phase 1, completed No results posted NCT00085239
Decitabine Phase 2, completed Neutrophil count decreased

White blood cell decreased
NCT00004062
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are frequently occurred and leaded to dose reduction or 
discontinuation.

Clinical trials with non-selective BRAF inhibitor, 
sorafenib, demonstrated a limited clinical efficacy in dedif-
ferentiated thyroid cancer when given as monotherapy as 
the non-selective nature of sorafenib [54]. Selective BRAF 
inhibitors have demonstrated promising results in clinical 
trials, such as vemurafenib [55] and dabrafenib in BRAF 
mutation-positive metastatic melanoma [56].

Vemurafenib is a selective BRAF kinase inhibitor and 
already adopted by FDA for the treatment of advanced-stage 
melanoma. In a first-in-human phase I study of vemurafenib, 
a total of 26 of the 32 melanoma patients harboring the 
BRAFV600E mutation had a response (81% of patients). 
It is particularly encouraging in light of the high disease 
burden in radioiodine refractory patients [57]. As the elu-
cidated efficacy of selective BRAF inhibitor in melanoma, 
many articles devoted to evaluating the clinical effects in 
non-melanoma therioma with BRAFV600E mutation. Kim 
et al. completed the first phase I clinical trial in progres-
sive, metastatic PTC bearing the BRAFV600E mutation. 
Although they found a promising clinical activity in patients 
with metastatic PTC, the main defect of this experiment is 
the small sample. A clear conclusion should be confirmed 
by a large sample and a large-scale randomized trial [58]. 
A multicenter phase II clinical trial enrolled patients who 
harboring BRAF mutation and refractory to radioiodine take 
vemurafenib orally twice daily. Although the clinical trial 
result showed vemurafenib has antitumor activity, result also 
showed about 38.5% of patients which have partial response, 
and the grade 3 or 4 adverse events occurred in 65% patients 
[59].

Vemurafenib has dramatically changed the therapeutic 
landscape, but the adverse effects such as fatigue, anorexia, 
and arthralgias, were 71, 65, and 59%, respectively. In 
Ramona’s retrospective review, the rates of adverse effects 
(AEs) requiring drug discontinuation, drug interruption, and 
dose reductions were 23, 73, and 23%, respectively [60].

Dabrafenib is a potent ATP-competitive selective inhibi-
tor of BRAF kinase. Dabrafenib has been recognized a more 
selectively BRAF inhibitor compared with vemurafenib; 
therefore, dabrafenib was well tolerated, more mild, and 
manageable toxicity compared with vemurafenib. In a phase 
I clinical trial, dabrafenib demonstrated a promising clinical 
activity in Japanese thyroid patients with BRAF mutation 
but remain suffer AEs such as alopecia, pyrexia, arthralgia, 
and leukopenia [61]. There are also several clinical trials to 
test the ability of dabrafenib in treating patients with recur-
rent thyroid cancer or resensitize iodine-refractory PTC 
patients to radioactive iodine therapy (NCT01723202 and 
NCT10534897).

These results are quiet favorable; however, just like 
all inhibitors, resistance ultimately develops. Required 

resistance to BRAF mutation inhibition is a great therapeu-
tic challenge in progressive thyroid cancer patients. Thus, 
identifying and understanding the underlying mechanisms 
that alleviate inhibitors resistance are significant to improve 
treatment effects. As we mentioned above, BRAF mutation 
leaded to aberrant gene methylation, and then resulted in 
thyroid-specific and tumor suppressor genes silencing; dem-
ethylating agents may reverse the malignant cell phenotype.

De‑hypermethylation drugs

Methylation of DNA is catalyzed by a group of enzymes 
called DNA methyl transferases (DNMTs). Today, DNMTs 
inhibitors can be divided into two categories: one is nucleo-
side DNMT inhibitors, including azacitidine and decit-
abine; the other is non-nucleoside DNMT inhibitors, such 
as hydralazine, MG98, which are being investigated as dem-
ethylation drugs. However, up to date, only azacitidine and 
decitabine are approved only for treating myelodysplastic 
syndromes (MDS), not approved for treating solid tumor 
[62]. Indeed, it was reported that demethylating agent like 
decitabine is able to restore NIS and TSHR expression in 
human thyroid carcinoma cell lines [63].

Moreover, preclinical studies in thyroid patients harbor-
ing BRAF mutation showed that inhibiting the DNMTs can 
restore the expression of NIS while did not need knock-out 
BRAF mutation [64]. Furthermore, a preclinical studies in 
ATC cell lines indicated that treatment with DNMT inhibitor 
(decitabine) could upregulate the expression of MAGEA4 
which is a potential target for T-cell receptor (TCR)-based 
immunotherapy [65], thus modifying the immune system 
which is a potential new function for demethylating agents 
that treat aggressive PTC patients. DNMT inhibitors are 
potent target therapeutic drugs; therefore, many clinical tri-
als are designed to investigate the efficacy of azacitidine or 
decitabine in treating patients with metastatic PTC or FTC 
unresponsive to radioiodine.

A phase II clinical trial is studying how decitabine works 
in treating metastatic PTC or FTC patients who have stopped 
responding to radioiodine. This result demonstrated after 
decitabine administration presented restoration of radioio-
dine uptake in metastatic lesions (NCT00085293). Particu-
larly, a phase I clinical trial designed to assess the efficacy 
of azacitidine to restore thyroid function in persistent or 
metastatic thyroid cancer patients. However, the results of 
this trial, whether azacitidine has the ability to restore iodine 
uptake enabling detection and treatment with radioiodine 
in patients or the efficacy of azacitidine plus radioiodine 
in this patient population, are not posted (NCT00004062). 
Although combined demethylation drugs and radioiodine 
has promising results, the side effects cannot be ignored and 
more clinical studies are urgently needed to avoid adverse 
effects.
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Conclusion

Discoveries of the last decade have completely changed our 
view on genetics and epigenetic landscape of human thyroid 
cancers. High BRAF mutation expression, tumor suppressor 
genes, and thyroid-specific gene hypermethylation have been 
detected in aggressive thyroid tumor, particularly in advanced 
thyroid cancer. A majority of studies have demonstrated meth-
ylations and BRAF mutation has vital effects on thyroid cancer 
progression. Furthermore, there have been reported the altera-
tions of epigenetic and genetic associated with thyroid can-
cer outcomes; increased BRAF mutation may result in local 
recurrence, metastasis, and invasion. Notably, BRAF mutation 
combines with gene methylation which may be considered as 
prognostic factors and novel therapeutic strategies.

Therefore, the pursuit for efficacious therapies to combat 
malignant thyroid cancer, especially in advanced, metastatic 
stage, is guaranteed to reduce mortality. Although the effi-
cacy of the conventional treatments is limited in progressive 
patients, combining thyroidectomy, residual ablation, and TSH 
suppressive therapy together is still an avenue for improving 
the survival outcomes in indolent thyroid cancer patients.

In this review, we discussed the BRAF mutation and gene 
methylations in progressive thyroid cancer and then provided 
novel ideas for treating refractory thyroid cancer. In fact, 
because of these molecular findings, large numbers of drugs 
are being used clinically or under preclinical assessment, such 
as selective BRAF inhibitors and DMNT inhibitors.

In summary, using targeted therapies in preclinical trials 
against lethal thyroid cancer has shown to be a promising path 
for treatment in aggressive TC patients. Continuing studies 
that will be crucial to make deep genomic and epigenomic 
analyses as well as optimize combinatorial targeted therapy 
approaches in patients with aggressive TC will help to develop 
a precise medicine and decrease the currently dismal mortal-
ity rates.
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