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Objective: The purpose of this study was to determine the global patterns of aberrant DNA meth-
ylation in thyroid cancer.

Research Design and Methods: We have used DNA methylation arrays to determine, for the first
time, the genome-wide promoter methylation status of papillary, follicular, medullary, and ana-
plastic thyroid tumors.

Results: We identified 262 and 352 hypermethylated and 13 and 21 hypomethylated genes in differ-
entiated papillary and follicular tumors, respectively. Interestingly, the other tumor types analyzed
displayed more hypomethylated genes (280 in anaplasticand 393 in medullary tumors) than aberrantly
hypermethylated genes (86 in anaplastic and 131 in medullary tumors). Among the genes indentified,
we show that4 potential tumor suppressor genes (ADAMTS8, HOXB4, ZIC1, and KISSTR) and 4 potential
oncogenes (INSL4, DPPA2, TCL1B, and NOTCH4) are frequently regulated by aberrant methylation in
primary thyroid tumors. In addition, we show that aberrant promoter hypomethylation-associated
overexpression of MAP17 might promote tumor growth in thyroid cancer.

Conclusions: Thyroid cancer subtypes present differential promoter methylation signatures, and
nondifferentiated subtypes are characterized by aberrant promoter hypomethylation rather than
hypermethylation. Additional studies are needed to determine the potential clinical interest of the
tumor subtype-specific DNA methylation signatures described herein and the role of aberrant
promoter hypomethylation in nondifferentiated thyroid tumors. (J Clin Endocrinol Metab 98:

2811-2821, 2013)

hyroid cancer is the most frequent malignant neoplasm
T in the endocrine system. According to their histo-
pathological characteristics, thyroid tumors are classified
as differentiated or nondifferentiated cancers. Differenti-
ated tumors are subdivided into papillary thyroid cancer
(PTC) and follicular thyroid cancer (FTC). Nondifferen-
tiated tumors include 2 main subtypes: anaplastic thyroid
cancer (ATC) and medullary thyroid carcinoma (MTC).
PTCs and FTCs often have a good prognosis when iden-
tified in the early stages of the disease. In contrast, ATC
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represents the most aggressive and undifferentiated sub-
type of thyroid cancer, responds poorly to treatment, and
is associated with the worst prognosis due to the generally
invasive local growth and distant metastasis (lungs) (1).
Thyroid malignancies are mainly derived from follicular
cells; PTC, FTC, and ATC together constitute 95% of
thyroid cancers with the papillary variant representing
80% to 85% of the total. In contrast, parafollicular C cells
develop MTCs, whose incidence accounts for 3% to 12%
of thyroid cancers. Factors involved in the etiology of thy-
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roid cancer include radiation exposure or iodine-deficient
diets (2), but the underlying molecular mechanisms are
still largely unknown.

Thyroid tumors have been shown to present many ge-
netic alterations. Examples include germline mutations at
the protein kinase, cAMP-dependent, regulatory, type I, «
(PRKAR1A) and somatic mutations involved in the acti-
vation of oncogenes such as the v-raf murine sarcoma viral
oncogene homolog B1 (BRAF) and the RAS family (3, 4)
orin the inactivation of tumor suppressor genes such as the
phosphatase and tensin homolog (PTEN) and the tumor
protein p53 (TP53) (5). Furthermore, mutations in the
rearranged during transfection proto-oncogene (RET) are
associated with development of thyroid tumors (6, 7). Be-
sides genetic mistakes, recent research has demonstrated
that epigenetic alterations might also play an essential role
in thyroid cancer. For example, the thyroid-specific genes
solute carrier family 5 (sodium iodide symporter), member
5 (SLC5AS) and TSH receptor (THSR) have been shown
to be frequently repressed by aberrant DNA promoter hy-
permethylation in thyroid cancer (8§ -10). It is worth men-
tioning that, because both genes play an important role in
iodine uptake, it has been proposed that tumors displaying
aberrant hypermethylation at their gene promoters could
be good candidates for receiving demethylating agents in
conjunction with TSH-promoted radioiodine therapy
(10). Other examples of genes frequently hypermethylated
in thyroid cancer include the apoptosis-related cysteine
protease (CASPS) (11), the tissue inhibitor of metallopro-
tease 3 (TIMP3) (12, 13), the ataxia telangiectasia mu-
tated gene (ATM) (8), and RAS association domain family
protein 1 (RASSF1) (14).

Although the aberrant methylation status of a number
of candidate genes in specific thyroid cancer subtypes are
well characterized, the genome-wide promoter DNA
methylation patterns of thyroid cancer are still unknown.
To address this issue, we used 27 K Infinium Methylation
Arrays to analyze the methylation status of healthy thy-
roid tissues, thyroid cancer cell lines, and primary PTCs,
FTCs, ATCs, and MTCs. Results identified tumor sub-
type-specific promoter DNA methylation signatures with
potential as clinical predictors.

DNA Methylation Signatures in Thyroid Cancer
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Materials and Methods

The experimental details, including human samples, genetic and epi-
genetic analyses, and functional assays, are presented as Supplemental
Materials and Methods (published on The Endocrine Society’s Jour-
nals Online web site at http://jcem.endojournals.org).

Human tissue samples

We analyzed a cohort of 114 snap-frozen thyroid samples,
part of which were obtained from the Tumor Bank at the Insti-
tute of Oncology of Asturias (Asturias, Spain), part from the
Pathology and Otolaryngology Departments at the Hospital
Universitario Central de Asturias (Asturias, Spain) and the re-
mainder from the Hereditary Endocrine Cancer Group (Spanish
National Cancer Research Centre, CNIO), the Hospital Univer-
sitario La Paz (Madrid, Spain), and the Department of Pathology
and Molecular Genetics (Hospital Arnau de Vilanova, Lerida,
Spain). The samples consisted of 24 PTCs, 7 FTCs, 11 ATCs, 26
MTCs, and 4 goiter and 6 normal thyroid samples. Additionally,
18 paired normal-tumor samples (12 PTCs and 6 ATCs) were
analyzed.

Statistical analysis

All data imports, processing, and downstream analyses were
conducted in R (version 2.15.0) (http://www.r-project.org/) and
Bioconductor (development version 2.11) (15). In general, all
statistical tests were performed using a significance level of .05.

Results

Genome-wide promoter DNA methylation
profiling and differentially methylated genes in
thyroid cancer

We compared the DNA methylation status of 27 578
sequences in 2 PTCs, 2 FTCs, 2 MTCs, 2 ATCs, 2 non-
tumorigenic thyroid samples, and 4 independently iso-
lated human thyroid cancer cell lines (K1, FTC-133,
8305C, and TT) using lllumina Infinium Methylation Ar-
rays. As expected, the methylation status of 1063 CpG
sites in 591 genes located in the X and Y chromosomes
were perfectly correlated with gender (Supplemental Fig-
ure 1). Unsupervised clustering of samples exclusively us-
ing the methylation signals of the autosomal probes
(26 239;13 789 genes) revealed 2 main clusters (Figure 1):
one cluster comprising the healthy tissues and the primary
tumors and the other containing 3 of the 4 cancer cell lines
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Figure 1. Hierarchical clustering heatmap showing the DNA methylation patterns of autosomal probes in 2 normal thyroid samples, 8 thyroid
primary tumors, and 4 thyroid cancer cell lines. Whether the CpG site analyzed is associated to a CpG island (CGl) or not can clearly be

distinguished.

(K1, FTC-133, and 8305C). Interestingly, papillary and
follicular tumors subclustered together with healthy tis-
sues, and nondifferentiated tumors were more similar to
cancer cell lines than differentiated tumors (Figure 1).
To identify differentially methylated genes in thyroid
cancer, we initially classified CpG sites according to their
methylation status in healthy samples, and following the
criteria described in the methodology, we found that 2946
CpGs were unmethylated and 16 901 were methylated.
Initial data analysis revealed 8613 CpG sites (6904 genes)
in primary tumors that showed consistent DNA methyl-

ation changes compared with methylated and unmethyl-
ated genes in normal thyroid tissues (Supplemental Table
2). To study these differentially methylated genes in more
detail, in each thyroid cancer subtype, we classified CpG
sites depending on their methylation status (see Materials
and Methods). We then identified genes that were differ-
entially methylated in each thyroid cancer subtype com-
pared with normal tissues: 309 CpGs (corresponding to
262 genes) that were hypermethylated in PTCs, 408 (352
genes) in FTCs, 148 (131 genes) in MTCs, and 114 (86
genes) in ATCs (Supplemental Table 3 and Figure 2, A and
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Figure 2. A, Hierarchical clustering heatmap including all CpG dinucleotides with differential DNA methylation values (hypermethylated and
hypomethylated) from each thyroid cancer subtype. B, Venn diagrams showing the number of differentially methylated CpG sites and genes in
each thyroid cancer subtype and differentially methylated CpG sites and genes shared by the different subtypes. C, Hierarchical clustering heatmap
including common hypermethylated and hypomethylated CpG sites in differentiated (left) and nondifferentiated primary tumors (right).

B). Of these, 184 CpG sites (corresponding to 155 genes)
were hypermethylated only in PTCs, 250 (210 genes) only
in FTCs, 84 (73 genes) only in MTCs, and 38 (24 genes)
only in ATCs (Supplemental Table 4 and Figure 2B). Sim-
ilarly, these criteria allowed the identification of 14 (cor-
responding to 13 genes) hypomethylated probes in PTCs,
24 (21 genes) in FTCs, 490 (393 genes) in MTCs, and 328
(280 genes) in ATCs (Supplemental Table 5 and Figure 2,
A and B). Of these, 3 CpG sites (corresponding to 3 genes)
were hypomethylated specifically in PTCs (and in no other
tissue), 10 (10 genes) in FTCs, 338 (261 genes) in MTCs,
and 174 (147 genes) in ATCs (Supplemental Table 6 and
Figure 2B). It is worth noting that the detailed examina-
tion of the CpG content of the sequences targeted by al-
terations of DNA methylation showed that hypermethyl-
ation occurred more frequently at CpG islands (77.2%),
wherease hypomethylation was more frequent at CpG-

poor regions (22.8%) (Fisher’s exact test, P < .001) (Fig-
ure 2A). However, we did not find any statistically
significant differences between hypermethylated and
hypomethylated CpG sites with respect to their average
distance to the transcription start site (Supplemental
Figure 2).

To study the DNA methylation changes in thyroid can-
cer cell lines, we first identified CpG sites that were dif-
ferentially methylated in each thyroid cancer cell line com-
pared with normal tissues. We observed that 548 (74%)
hypermethylated and 637 (93%) hypomethylated CpG
sites in primary tissues were also hypermethylated and
hypomethylated in cancer cell lines. A more detailed anal-
ysis showed that 334 (53.9%) hypermethylated and 25
(81.5%) hypomethylated CpG sites identified in differen-
tiated primary tumors (PTCs and FTCs) were also present
in differentiated thyroid carcinoma-derived cancer cell
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lines (K1 and FT'C133). In addition, we found that 198
(81.5%) hypermethylated and 598 (89%) hypomethy-
lated CpG sites identified in nondifferentiated primary tu-
mors (MTCs and ATCs) were also present in nondiffer-
entiated thyroid carcinoma-derived cancer cell lines (TT
and 8305C).

Collectively, differentiated tumors (PTCs and FTCs)
showed more hypermethylated than hypomethylated
CpG sites (620 vs 37; Fisher’s exact test, P < .001),
whereas in nondifferentiated tumors (MTCs and ATCs),
the opposite was found: 243 CpG sites that were hyper-
methylated vs 672 hypomethylated (Fisher’s exact test,
P <.001) (Figure 2, A and B). Specific analysis of common
hypermethylated and hypomethylated CpG sites in differ-
entiated and nondifferentiated primary tumors again
showed that the location of these DNA methylation events
differed; CpG dinucleotide hypermethylation mostly oc-
curred at CpG islands, whereas CpG hypomethylation
was present mainly in non—-CpG-island genes (Fisher’s ex-
act test, P < .001) (Figure 2C).

Relationship between promoter hypermethylation
and hypomethylation and genome-wide
expression

To determine the role of aberrant promoter methyl-
ation on gene expression, we compared our methylation
data with the available expression data of normal thyroid
tissue and that of primary tumors of each subtype (GEO
database GSE27155) (16). We first identified differen-
tially expressed genes for each thyroid cancer subtype (¢
test, false discovery rate <0.05), and compared the asso-
ciations between hypermethylated and hypomethylated
genes with gene expression (Figure 3). We found that
7.5% of the genes hypermethylated in PTC, 1.5% in FTC,
7.3% in MTC, and 7.7% in ATC were downregulated.
Moreover, we found that 12.5% of the genes hypomethy-
lated in PTC, 5.2% in MTC, and 3.2% in ATC were up-
regulated (Figure 3). We did not, however, find any asso-
ciation between hypomethylated genes in FTC and
changes in gene expression. Furthermore, no preferential
association between promoter hypermethylation or hy-
pomethylation and changes in gene expression was found.

Gene ontology categories of hypermethylated and
hypomethylated genes

We used gene ontology (GO) to analyze the biological
functions of the hypermethylated and hypomethylated
genes in thyroid cancer subtypes. A list of significantly
enriched GO terms is provided in Supplemental Tables 7
and 8 (Fisher’s exact test, P < .001). Analysis of hyper-
methylated genes showed nonrandom distribution of GO
terms in biological processes. These genes were mainly
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Figure 3. Box plots of microarray-based gene expression data
including genes differentially expressed by thyroid cancer subtypes. In
each thyroid cancer subtype, differentially methylated genes
(hypermethylated and hypomethylated) exhibited lower and higher
expression levels respectively compared with normal tissues. P values
are shown.

enriched for terms related to developmental processes in
PTC, FTC, and ATC (Supplemental Table 7).

We also used the GO to investigate the biological func-
tions of the hypomethylated genes (Supplemental Table
8). We identified significant enrichment of specific GO
terms in poorly differentiated thyroid tumors (MTC and
ATC), whereas the analysis did not detect any enriched
terms in differentiated tumors (PTC and FTC). MTC and
ATC hypomethylated genes were enriched for GO terms
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Figure 4. Bar plots for each thyroid cancer subtype displaying the percentage of genes enriched for polycomb repressor complex 2 (upper panels)

and for 3mK4H3 and 3mK27H3 (lower panels) in embryonic stem cells. *,

mainly associated with the immune system (Supplemental
Table 8).

Enrichment of PcG marks and bivalent histone
domains of aberrantly methylated genes in
thyroid cancer

To study genomic features that provide clues about the
mechanisms underlying the aberrant methylation changes
in thyroid cancer we investigated whether the differen-
tially methylated genes were among those targeted by the
polycomb repressive complex 2 (PRC2) (17) or bivalent
histone domains (3mK4H3 + 3mK27H3) (18) in embry-
onic stem cells. As shown in Figure 4, compared with all
the genes analyzed in the array, hypermethylated genes
were highly enriched for loci targeted by PcG and bivalent
histone marks in each thyroid cancer subtype (Fisher’s
exact test, P < .001) (Figure 4). Conversely, hypomethy-
lated genes showed a decrease in genes targeted by PcG
and bivalent marks (Figure 4).
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Hypermethylated tumor suppressor candidate
genes in differentiated primary tumors

To further validate the results obtained with the meth-
ylation array for differentiated tumors, we selected 2 hy-
permethylated genes found in PTC, ADAMTS8 and
HOXB#4, and another 2 hypermethylated genes in FTC,
ZIC1 and KISS1R (Figure 5). These selected genes have
frequently been found hypermethylated, or been de-
scribed as tumor suppressors, in other cancer types (19—
22). We determined their promoter methylation profiles
in 38 samples by bisulfite pyrosequencing. Results cor-
roborated the methylation array data (Figure 5 and Sup-
plemental Figure 3). We detected hypermethylation at
the ADAMTSS and HOXB4 promoters in 4 of the 22
PTC tumors (18%) and hypermethylation at the ZIC1
and KISS1R promoters in 4 and 1 of the 6 FTC tumors,
respectively (67% and 17%), confirming that this is a
frequent event in vivo.

FTC
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Figure 5. Examples of PTC and FTC hypermethylated CpG sites in particular genes further validated by pyrosequencing. A schematic
representation of the studied region and the methylation values from 2 representative primary tumors and nontumorigenic (goiter) samples are
shown. The location of each CpG site is represented by vertical lines, and the right angled arrow indicates the transcriptional start site. The
analyzed region (blue line) and the CpG sites in the array (red box) are highlighted. Black depicts methylated CpG, and white indicates

unmethylated CpG.
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Figure 6. Examples of MTC and ATC hypomethylated CpG sites in particular genes further validated by pyrosequencing. A schematic
representation of the studied region and the methylation values from 2 representative primary tumors and normal nontumorigenic (goiter) samples
are shown. The location of each CpG site is represented by vertical lines, and the right angled arrow indicates the transcriptional start site. The
analyzed region (blue line) and the CpG sites in the array (red box) are highlighted. Black depicts methylated CpG, and white indicates

unmethylated CpG.

We also carried out a DNA methylation analysis of
ADAMTSS8 and HOXB4 promoters in an additional set of
12 paired papillary normal-tumor samples. The bisulfite
pyrosequencing results corroborated our previous data
(Supplemental Figure 4). To determine the role of aberrant
promoter methylation in gene expression, we compared
our methylation data for hypermethylated tumors with
the available expression data of normal-tumor paired thy-
roid samples. We found that gene hypermethylation was
not always associated with gene repression (Supplemental
Figure 4). To further validate the DNA methylation asso-
ciations with gene expression, we analyzed the papillary-
derived cancer cell line K1 and found that ADAMTSS8 and
HOXB4 promoter hypermethylation was associated with
gene repression (Supplemental Figure 5).

Hypomethylated candidate oncogenes in
nondifferentiated primary tumors

To validate the results obtained with the methylation
array for nondifferentiated tumors, we selected 2 genes
found hypomethylated in MTC, INSL4 and DPPA2, and
another 2 genes hypomethylated in ATC, TCL1B and
NOTCH#4 (Figure 6). These selected genes have been de-
scribed as potential oncogenes in other cancer types (23—
26). We determined their promoter methylation profilesin
35 samples by bisulfite pyrosequencing. Results corrobo-
rated the methylation array data (Supplemental Figure 3).
We detected hypomethylation at the INSL4 and DPPA2
promoters in 12 and 6 of the 20 MTC tumors, respectively
(60% and 30%) and hypomethylation at the TCL1B and
NOTCH4 promoters in 7 and 5 of the 11 ATC tumors,
respectively (64% and 45%), evidencing the frequent oc-
currence of this event in vivo.

We also carried out a DNA methylation analysis of
TCL1B and NOTCH4 promoters in an additional set of

6 paired anaplastic normal-tumor samples. Again, the
bisulfite pyrosequencing results corroborated our previ-
ous data (Supplemental Figure 4). The role of aberrant
promoter methylation in gene expression was investigated
by comparing our methylation data for hypomethylated
tumors with expression data of normal-tumor paired
thyroid samples. We found that, in some cases, gene
hypomethylation was associated with gene activation
(Supplemental Figure 4). To further study the associa-
tions between DNA methylation and gene expression,
we analyzed the anaplastic-derived cancer cell line
8305C and found that TCL1B and NOTCH4 hypom-
ethylation was not associated with gene regulation
(Supplemental Figure 5).

To study the functional role of aberrant methylation in
thyroid cancer, we focused our attention on MAP17,
which was less methylated in all the nondifferentiated tu-
mors analyzed in this study as compared with nontumori-
genic tissues (Supplemental Table 2) and which has been
previously shown to be oncogenic in various types of tu-
mors (27, 28).

To determine whether MAP17 hypomethylation is a
frequent in vivo event, we used bisulfite pyrosequencing to
analyze its promoter methylation status in 35 nondiffer-
entiated thyroid tumors and 6 normal thyroid samples. On
average, DNA methylation of normal samples was 75% =+
12.4%. We detected hypomethylation (at least 20% less
when comparing with normal tissue) at the MAP17 pro-
moter in 10 of the 26 medullary thyroid tumors (38 %) and
in 3 of the 9 anaplastic thyroid tumors (33%), which con-
firmed the data obtained with the methylation arrays
(Supplemental Figure 6). To evaluate the functional role of
aberrant DNA methylation of MAP17 in thyroid cancer,
we ectopically overexpressed MAP17 in the thyroid can-
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cer cell line TT, which showed DNA methylation-associ-
ated MAP17 repression (Supplemental Figure 6). Immu-
nohistochemistry analysis showed that transfected cells
expressed higher levels of MAP17 than parental cells (Sup-
plemental Figure 7). In vitro, MAP17 overexpression was
associated with increased number of colonies, cell growth,
and migration capability (Supplemental Figure 7). To fur-
ther characterize the role of MAP17 in vivo, we injected
MAP17-overexpressing TT cells and control cells trans-
fected with empty vector sc into immunodeficient nude
mice. Over the same period, MAP17-expressing tumors
were found to be larger than those lacking MAP17 ex-
pression (Supplemental Figure 7), suggesting the potential
oncogenicity of MAP17.

Discussion

Although aberrant genomic DNA methylation is a hall-
mark of cancer (29) and the genome-wide aberrant pro-
moter DNA methylation patterns of many tumor types has
been meticulously described (30-32), data on aberrant
DNA methylation in thyroid cancer are mainly restricted
to single-copy candidate genes in specific tumor subtypes
(33-35). In this study, we used DNA methylation arrays to
determine, for the first time, the genome-wide promoter
methylation status of primary papillary, follicular, med-
ullary, and anaplastic thyroid tumors, nontumorigenic
thyroid tissues, and 4 thyroid cancer cells lines. Using this
approach, we identified 262 genes hypermethylated and
13 hypomethylated in papillary tumors, 352 hypermethy-
lated and 21 hypomethylated in follicular tumors, 86 hy-
permethylated and 280 hypomethylated in anaplastic tu-
mors and, 131 hypermethylated and 393 hypomethylated
in medullary tumors. As in other tissue types (36), healthy
samples, cancer cell lines, and primary tumors presented
specific DNA methylation signatures that permit their
clustering within their corresponding category simply by
noting their DNA methylation patterns. Papillary, follic-
ular, medullary, and anaplastic thyroid tumor subtypes
were also found to present specific DNA methylation sig-
natures, which suggests that methylation profiling in thy-
roid cancer might be of clinical value in diagnosis, prog-
nosis, and prediction of response to therapies (44). As in
previous studies using the similar methylation arrays (31,
32), differentiated papillary and follicular tumors showed
many more hypermethylated (526) than hypomethylated
(33) genes. In contrast, nondifferentiated medullary and
anaplastic tumors exhibited more hypomethylated than
hypermethylated genes (546 vs 199). Because MTCs orig-
inate from parafollicular cells, we cannot completely rule
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out the possibility that some genes are methylated in a
cell-type-specific fashion.

The role of promoter hypomethylation in cancer is still
largely unknown. Previous studies have shown that hep-
atocellular tumors display more hypomethylated than hy-
permethylated gene promoters (38-40). However, these
studies focused their attention mainly in the aberrant hy-
permethylated promoters. In the case of thyroid cancer,
promoter hypomethylation might be even more relevant
because it is specifically enriched in nondifferentiated
medullary and anaplastic tumors. Because these tumor
types are more aggressive and present poorer prognosis
than differentiated tumors, further studies should be un-
dertaken to determine the specific role of aberrant pro-
moter hypomethylation in thyroid cancer.

The comparison of our methylation data with genome-
wide gene expression data and the analysis of paired nor-
mal-tumor primary tissues showed that the role of aber-
rant promoter methylation in gene expression in thyroid
cancer is complex. We found that regardless of methyl-
ation status, in nontumorigenic thyroid tissues, changes in
DNA methylation do not necessarily involve changes in
gene expression. This concurs with previous studies show-
ing that changes in DNA methylation are not always as-
sociated with changes in gene expression, both in healthy
tissues (41) and cancer (42, 43). Our data indicate that, in
some cases, aberrant DNA methylation-associated gene
regulation might play an important role in tumor growth.
Indeed, we observed that hypomethylation and overex-
pression of the membrane-associated protein 17 (MAP17)
promotes thyroid tumor growth in vitro and in vivo. In-
terestingly, MAP17 has been previously shown to be on-
cogenic in a number of tumor types including lung, colon,
ovarian, and skin cancer (27, 28). Thus, our observations
in thyroid cancer suggest that aberrant promoter hypom-
ethylation of MAP17 might be a frequent event in cancer
in general. Although our results show that, in certain
genes, aberrant DNA methylation is not associated with
gene expression changes, this does not imply that such
molecular alterations are not important in cancer. For ex-
ample, regardless of the functional implications, the ab-
errant patterns of DNA methylation in cancer might have
important clinical applications because they can behave as
diagnostic, prognostic, and/or response markers (44). Fur-
ther studies are required to determine the role of nonfunc-
tional aberrant methylation in thyroid cancer.

GO analysis indicated that gene promoter hypermeth-
ylation and hypomethylation in thyroid tumors tend to
target different biological processes. Hypermethylated
genes were mainly found to be related to developmental
processes along the lines of/similar to those found in pre-
vious studies of other cancer types (45, 46). However,
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hypomethylated genes were enriched for GO terms asso-
ciated with the immune system. Because this is associated
with more aggressive tumors (MTC and ATC), more re-
search is needed to clarify the role of the immune system
in tumor progression in these subtypes of thyroid cancer.

We also confirmed previous observations that CpG hy-
permethylation events in cancer are significantly more
likely to occur in the promoters of those genes with en-
riched polycomb occupancy and the presence of bivalent
histone domains in embryonic stem cells (36,47-49). This
might link thyroid cancer pathogenesis to stem cells and
suggests that thyroid tumors might originate from cells
with stem-like features.

Using candidate gene approaches, recent works have
identified a number of aberrantly methylated genes in thy-
roid cancer. For example, the cell cycle regulator p16 has
been shown to be aberrantly hypermethylated in follicular
and papillary thyroid tumors (50, 51). Other tumor sup-
pressor genes frequently methylated in thyroid cancer are
RASFF1A (32% PTCs, 100% FTCs, 40% MTCs, and
33% ATCs), Rap1GAP (72% PTCs and 38% FTCs), a
GTPase-activating protein that inhibits Rap1, and whose
downregulation is related with tumor invasion (52, 53).
PTEN gene, a negative modulator of the PI3K/AKT path-
way that is constitutively activated in tumors, has been
found hypermethylated in 50% of PTCs and in 100% of
FTCs (54). Aberrant methylation of other tumor suppres-
sor genes such as TIMP3 (53% PTC), SLC5A8 (33%
PTC), DAPK (34% PTC), and RARB2 (22% PTC) has
been associated with mutation of the proto-oncogene B-
Raf (BRAF) (13). Interestingly, thyroid tumors have also
been shown to present aberrant promoter hypermeth-
ylation at endocrine-related genes such us the solute
carrier family 5 (sodium iodide symporter), member 5
(SLCSAS) and the TSH receptor (THSR) has been
shown to be frequently repressed by aberrant DNA pro-
moter hypermethylation in thyroid cancer (8-10).
Other examples of genes frequently hypermethylated in
thyroid cancer include the apoptosis-related cysteine
protease (CASP8) (11) and the ataxia telangiectasia mu-
tated (ATM) (8). Several of these genes have also been
identified in our study, which supports the reliability of
our experimental design and confirms the notion that
aberrant promoter methylation is a relevant molecular
alteration in thyroid cancer.

Among the genes identified in our study, some have
been previously shown to be oncogenic or to have tumor
suppressor action in cancer. Although the percentage of
aberrant methylation of these candidate genes in the pri-
mary tumors is not that high, it is comparable to the per-
centage of aberrant methylation of many tumor suppres-
sor genes in cancer (44). For example, the member of the
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ZIC family (C2H2-type zinc finger proteins), ZIC1, that
we found to be frequently hypermethylated in FTCs has
also been shown to be a tumor suppressor gene frequently
repressed by aberrant promoter hypermethylation in colo-
rectal cancer (21). The other gene shown to be aberrantly
hypermethylated in FTCs in our study, the galanin-like G
protein-coupled receptor (KISSTR or GPR54) has been
proposed as suppressing metastasis in melanoma and
breast carcinoma (22). Moreover, KISST1R was found to
be downregulated and to have a metastasis-suppressing
rolein follicular thyroid tumors (55), the tumor subtype in
which we found this gene to be frequently hypermethy-
lated. The 2 genes validated in papillary tumors, HOXB4
and ADAMTSS, have also been proposed as possessing
tumor-suppressing activity in cancer (19, 56) that in some
cases is mediated by aberrant promoter hypermethylation
(19,20, 56-58). In nondifferentiated thyroid tumors, we
validated 4 genes that become aberrantly hypomethylated
(NOTCH4 and TCL1B in ATCs and INSL4 and DPPA2
in MTCs), all of which have been proposed to have an
oncogenic role in cancer: NOTCH#4 is frequently overex-
pressed in thyroid tumors (59) and has been shown to
promote metastasis in salivary adenoid cystic carcinomas
(60). TCL1 is an oncogene frequently activated by recip-
rocal translocations t(14;14)(q11;q32), t(7;14)(q35;932)
or inversion inv(14) (q11;q32) in leukemia (25). It was
alsoidentified as an alternative mechanism of activation in
B cell chronic lymphocytic leukemia mediated by pro-
moter hypomethylation (61). Thus, hypomethylation-de-
pendent oncogenic activation of TCL1 might be a frequent
event in cancer. INSL.4 and DPPA2, the 2 genes validated
in MTCs, have also been reported to promote tumorigen-
esis in different types of cancer.

INSL4 (pro-EPIL) belongs to the insulin and IGF family
and is expressed strongly during the first trimester of preg-
nancy by the differentiated syncytiotrophoblast (62). It
has been shown to be overexpressed in breast tumors with
an aggressive phenotype (23), but the underlying mecha-
nisms are still unknown. The aberrant overexpression of
INSL4 in breast tumors together with the aberrant pro-
moter hypomethylation reported in this study suggest that
promoter demethylation might be a frequent mechanism
of activation of INSL4 oncogene activation in cancer.
DPPA2 (developmental pluripotency-associated 2) is ex-
pressed early in the embryo’s development (37) but also in
some tumor types (24). Although the underlying molecu-
lar mechanism has not been reported yet, our data indicate
that promoter hypomethylation might play an important
role. Collectively, these results suggest that aberrant pro-
moter methylation is an important molecular mechanism
underlying the aberrant regulation of tumor suppressor
genes and oncogenes in thyroid cancer.
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In conclusion, our methylation profiling in thyroid can-
cer shows that thyroid cancer subtypes present differential
promoter methylation signatures and that nondifferenti-
ated subtypes are characterized by aberrant promoter hy-
pomethylation rather than hypermethylation. Our results
could have at least 2 types of clinical implications: the
tumor subtype-specific DNA methylation signatures
might be useful in diagnosis and/or prognosis, and the
frequent promoter hypomethylation observed in nondif-
ferentiated tumors might be relevant for treatment with
demethylating drugs.
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