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THYROID CANCER AND NODULES

Comprehensive DNA Methylation Profiling Identifies
Novel Diagnostic Biomarkers for Thyroid Cancer
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Background: There are no reliable biomarkers to accurately differentiate indolent thyroid tumors from more
aggressive thyroid cancers. This study aimed to develop new DNA methylation markers for diagnosis and
recurrence risk stratification of papillary thyroid carcinoma (PTC).

Methods: Thyroid tumor-specific DNA methylation profiling was investigated in 34 fresh frozen tissues, which
included nontumor (n=7), noninvasive follicular thyroid neoplasms with papillary-like nuclear features
(NIFTP, n=6) and PTC (n=21), using the Illumina HumanMethylation EPIC array. We performed a genome-
wide assessment of thyroid tumor-specific differentially methylated CpG sites in the discovery set, then vali-
dated the top candidate markers in an independent set of 293 paraffin tissue samples comprised of follicular
adenoma (FA, n=61), Hiirthle cell adenoma (HA, n=24), NIFTP (n=56), PTC (n=120), follicular thyroid
carcinoma (n=27), and Hiirthle cell carcinoma (n=35), by pyrosequencing.

Results: Three selected markers (cg10705422, cg17707274, and cg26849382) differentiated nonmalignant (FA,
HA, and NIFTP) tumors from differentiated thyroid cancers with area under the receiver operating charac-
teristic curve of 0.83, 0.83, and 0.80, respectively. Low DNA methylation levels for three markers were
significantly associated with recurrent or persistent disease (odds ratio (OR)=3.860 [95% confidence interval
(CI) 1.194-12.475]) and distant metastasis (OR=4.009 [CI 1.098-14.632]) in patients with differentiated
thyroid cancer. A subgroup analysis for the validation set showed that PTC patients with low DNA methylation
levels more frequently had aggressive histology, extrathyroidal extension, lymph node metastasis, BRAF"°%F
mutations, and recurrent or persistent disease than those with high levels of methylation markers. All PTC
patients who developed disease recurrence had low DNA methylation levels for three markers.

Conclusions: DNA methylation levels of three markers can be useful for differentiating differentiated thyroid
cancer from nonmalignant follicular thyroid lesions, and may serve as prognostic biomarkers for predicting
recurrent or persistent disease after surgery for differentiated thyroid cancer.
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Introduction fication of thyroid tumors, most cases of noninvasive encapsu-

lated follicular variant (EFV) of PTC have been reclassified as

APILLARY THYROID CARCINOMA (PTC) is the most com-

mon thyroid cancer, and its incidence has rapidly increased
over the last three decades (1). There are >10 histologic variants
of PTC that are characterized by disparate molecular and clinical
features (2). The follicular variant is the second most common
type of PTC, and consists of infiltrative and encapsulated forms
(2). According to the 2017 World Health Organization classi-

noninvasive follicular thyroid neoplasm with papillary-like
nuclear features (NIFTP). NIFTP tends to have an indolent
clinical behavior with uncertain malignant potential and can be
considered to reflect a carcinoma in situ (2,3). Aggressive var-
iants of PTC include tall cell, columnar cell, and hobnail vari-
ants, in which risk of recurrence and disease mortality is
increased compared with other PTC variants (4).
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Encapsulated thyroid tumors with a follicular growth pat-
tern include follicular adenoma (FA), NIFTP, follicular thy-
roid carcinoma (FTC), and invasive EFVPTC (2). Although
NIFTP and invasive EFVPTC have different nuclear features
from those of FA and FTC, cytologic differential diagnosis by
preoperative fine needle aspiration cytology in these tumors is
challenging. It is impossible to cytologically distinguish
NIFTP from invasive EFVPTC and FA from FTC in thyroid
fine needle aspiration specimens (5-9). Furthermore, the fol-
licular patterned tumors have similar molecular alterations,
with a dominant prevalence of RAS mutations (2). Until now,
there has been no accurate method for the preoperative diag-
nosis of these thyroid tumors. Their final diagnosis is rendered
by pathologic examination on surgical specimen. Therefore,
these follicular patterned tumors are considered to be a surgical
disease requiring diagnostic lobectomy (2,3).

DNA methylation is the most well-known epigenetic
modification, occurring from the addition of a methyl (CH3)
group to the 5'-position of the cytosine of cytosine-guanine
dinucleotides (CpG). Inactivation of tumor suppressor genes
can occur through hypermethylation at the promoter region of
genes, and oncogenes can be activated by promoter hypo-
methylation (10,11). In addition, recent studies have revealed
that DNA methylation at enhancer or superenhancer regions
plays important roles in cancer progression through regulation
of target gene expression (12,13). Most previous studies and
The Cancer Genome Atlas (TCGA) project used the Infinium
HumanMethylation450K BeadChip methylation microarray
platform (450K; Illumina, San Diago, CA), due to its low cost,
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small amount of input DNA, simple workflow, and fast sample
processing time. However, the Infinium HumanMethylation
450K microarray focuses on the coding RNAs loci and lacks
coverage of the enhancer regions (14). In this regard, the
previous studies were limited by the low genome coverage of
the method. EPIC BeadChip (Illumina) is a recently developed
platform that covers >850,000 CpG methylation sites. The
EPIC BeadChip microarray covers 66%, 72%, and 83% for the
ENCODE open chromatin, ENCODE transcription factor
binding sites (TFBSs) in open chromatin, and FANTOMS
enhancer database, respectively (15). To date, a DNA meth-
ylation study covering 850,000 CpG methylation sites in
thyroid tumors has not yet been reported.

In this study, we performed genome-wide DNA methylation
profiling using the EPIC BeadChip microarray to identify
disease-specific DNA methylation markers in thyroid tumors.
We subsequently selected potential DNA methylation markers
to differentiate NIFTP from the other entities, and verified
their clinicopathologic utility in an independent cohort.

Methods
Study subjects

This study was approved by the Institutional Review Board
of Seoul St. Mary’s Hospital of the Catholic University of
Korea (KC16SISI0709). Informed consent was obtained.
Thyroid tumor tissue and matched adjacent normal thyroid
samples were obtained from the Biobank of Seoul St. Mary’s
Hospital.
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FIG. 1. Unsupervised hierarchical clustering of 34 thyroid normal and tumor tissue samples, using thyroid cancer-specific
DMC sites. Thyroid cancer-specific DMCs were selected based on the p-value (<0.005) and methylation differences (>0.2
or <0.2) between thyroid normal and tumor tissue samples. The columns represent the cases, and the lines represent the CpG
sites. The red and blue colors indicate high and low methylation levels, respectively. DMC, differentially methylated CpG;
EFV, encapsulated follicular variant; NIFTP, noninvasive follicular thyroid neoplasm with papillary-like nuclear features;

PTC, papillary thyroid carcinoma.
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For profiling of DNA methylation, we used 34 fresh frozen
tissue samples, including matched normal (n=7), NIFTP
(n=6), invasive EFVPTC (n=3), classic PTC (n=11), and
tall cell variants (TCVs) PTC (n=7). In addition, we used
293 formalin-fixed paraffin-embedded tissue samples to
validate our selected DNA methylation markers by pyr-
osequencing. Pathology slides of all cases were reviewed and
classified according to the 2017 World Health Organization
classification of tumors of endocrine organs (2). The vali-
dation cohort consisted of FA (n=61), Hiirthle cell adenoma
(HA, n=24), NIFTP (n=56), PTC (n=120), FTC (n=27),
and Hiirthle cell carcinoma (HCC, n=35). Tumor stages were
categorized according to the eighth edition of the American
Joint Committee on Cancer (AJCC) staging manual. Recur-
rence risk was evaluated using the American Thyroid Asso-
ciation (ATA) classification for risk of recurrence (4).
Detailed demographic and baseline characteristics of patients
are described in Supplementary Table S1.

DNA isolation and BRAF mutational analysis

Genomic DNA was isolated from fresh frozen tissues
and 10um thick paraffin-embedded tissue sections using
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RecoverAll™ Total Nucleic Acid Isolation Kit (Life Tech-
nologies, Carlsbad, CA), according to the manufacturer’s
instructions. The quality and quantity of the extracted genomic
DNA were analyzed with an ND-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA). After polymerase
chain reaction (PCR) amplification of the extracted DNA,
sequences of BRAF exon 15 were analyzed by direct se-
quencing of amplicons, as described previously (16,17).

DNA methylation microarray experiment
and data analysis

EPIC BeadChip (Illumina) was used for methylation array
experiments, per instructions of the manufacturer. In brief,
500ng of genomic DNA collected from thyroid normal and
tumor tissues was treated with 20 L. sodium bisulfite solution
included in the EZ DNA Methylation-Gold Kit (Zymo Re-
search, Orange, CA). Bisulfite-converted DNA (4 uL) was
amplified using the Infinium Methylation Assay kit (Illumina).
Amplified DNA was hybridized to an EPIC BeadChip and
scanned with the Illumina iSCAN system. CpG methylation
values were calculated as average-f§ values using the minfi
package (version 1.26.2) (18) of R software, and we used the
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FIG. 2. Distribution features of hypo- and hypermethylated DMC, and known motif analysis. (A) CpG relationship, (B)
genomic distribution, and association with (C) DNase sensitivity of DMC loci. The sequences within +100 bp or —100 bp
flanking each of the hypo- or hypermethylated CpG sites were used for known motif analyses. The 10 most signifi-
cant motifs for (D) hypermethylated or (E) hypomethylated DMCs were subsequently compared with known transcrip-
tion factor-binding sites. Shore, ~0-2kb from the CGI; shelf, ~2-4kb from the CGI; open sea, >4 kb from the CGI. CGI,

CpG island.
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functional normalization method to remove technical varia-
tions (19). Measurements with detection p-values <0.05 were
considered to have a significant signal above background. All
primary methylation array data were deposited in the GEO
database under accession number GSE121377.

Public RNA-sequencing and DNA methylome
data collection

Public RNA-sequencing data of thyroid normal and PTC
samples were obtained from the TCGA dataset (https://
portal.gdc.cancer.gov/) to estimate the correlation between
DNA methylation and gene expression in PTC. In addition,
we collected the Infinium HumanMethylation 450K data
from TCGA dataset to confirm the methylation pattern of our
top 10 candidate DNA methylation markers.

Motif and gene ontology analysis

Analysis of sequence motifs was performed using a HOMER
package (version 4.10) with the default parameter settings,
using thyroid cancer-specific hypo- or hypermethylated sites
located at DNase-sensitive regions (20). Regions for motif
analyses were defined as 100bp upstream to 100bp down-
stream of the differentially methylated CpGs (DMCs). We
performed gene ontology analysis using DMC linked to 5-
regulatory regions (http://david.abcc.nciferf.gov/) to predict the
functions of DMC-linked genes.

DNA methylation analysis by pyrosequencing

A pyrosequencing technique was employed to validate the
selected DNA methylation markers in an independent cohort.
In brief, 500ng of total DNA from each of the paraffin-
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embedded tissue sections was used for bisulfite conversion
using the EZ DNA Methylation-Gold kit (Zymo Research).
Each sample was eluted with 20 uL elution buffer from the kit.
Next, 1 uL of the bisulfite-converted DNA was used in a 20 uLL
PCR mixture containing primer sets and 2x Master Mix
(Doctor Protein, Seoul, Korea), and amplified using a Gen-
eAmp PCR system 9700 (Applied Biosystems, Waltham, MA).
For pyrosequencing, forward, reverse, and sequencing primers
were designed using PSQ Assay Design v2.0.1.15 (Biotage,
Kungsgatan, Sweden). Standard pyrosequencing was then
performed. In brief, 20 uL. of PCR product was immobilized on
3 uL of Streptavidin Sepharose High Performance (GE Health-
care Bio-Sciences, Uppsala, Sweden) and annealed with se-
quencing primer for 10 minutes at 80°C. Finally, the generated
pyrograms were analyzed using PyroMark analysis software
(Biotage). Sequences for the primer sets (Bioneer, Daejeon,
Korea) are shown in Supplementary Table S2.

Statistical analysis

The methylation status analysis was performed blinded to
clinicopathologic data, and, conversely, clinicopathologic
utility of DNA methylation markers was determined blinded
to methylation status. We used Student’s ¢-test or analysis of
variance (ANOVA) to evaluate the significance of differ-
ences in gene expression and DNA methylation levels be-
tween normal and thyroid cancer tissues, or NIFTP and other
subtypes in thyroid tumors. The relationship between clini-
copathologic features and the levels of methylation was an-
alyzed using parametric (chi-squared test) and nonparametric
(Fisher’s exact) assessments, where appropriate. Logistic
regression was performed to assess the associations of clin-
icopathologic variables and DNA methylation levels with the
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adverse clinical outcomes. Hierarchical clustering was per-
formed with Multiple Experiment Viewer (MEV) software
(version 4.8.1), using Pearson’s correlation method. The re-
ceiver operating characteristic (ROC) and the respective ar-
eas under the ROC curve (AUC) were calculated for each
DNA methylation marker, using the ROCR package of the R
software (version 3.4.0). ROC curve analysis estimated the
optimal cutoff values maximizing sensitivity and specificity
between low and high levels of methylation. Results with p-
values <0.05 were considered significant.
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Results
Identification of thyroid tumor-specific DMC sites

To identify thyroid tumor-specific DMCs, we calculated
the p-value and methylation differences between thyroid
normal (n="7) and tumor (n=27) samples. Thus, we applied
the following two criteria: (1) p-value <0.005 and (2) meth-
ylation differences >0.2 or <—0.2 (average-f scale) between
thyroid normal and tumor samples. As a result, we selected
3606 hypo- and 1173 hypermethylated CpG sites. Of the
selected DMCs, more than half of the DMCs include novel
loci (70.93% and 56.90% for hypo- and hypermethylated
DMCs), compared with the Infinium HumanMethylation
450K bead array (Supplementary Fig. S1). Unsupervised
hierarchical clustering of the DNA methylation of the DMC
candidates is shown in Figure 1.

To estimate the correlation between DNA methylation and
gene expression, we collected RNA-sequencing data of thy-
roid normal and tumor tissues from the TCGA dataset. Of the
DMCs, 318 hypo- and 114 hypermethylated DMCs were
located in the 5’-regulatory regions (promoter regions) of 266
and 88 genes, respectively. Next, we evaluated the DNA
methylation levels and mRNA expression levels of the 88 and
266 genes in the thyroid normal and tumor tissues. There was
a negative association between DNA methylation and gene
expression levels (Supplementary Fig. S2).
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Feature of thyroid cancer-specific DMC loci

We analyzed distribution features of the thyroid cancer-
specific DMCs based on the CpG island relation, gene
structure, and DNase sensitivity. CpG island relations were
classified into four categories: islands, shore (up to 2 kb from
CpG island), shelves (2—4 kb from CpG island), and open sea
(>4kb from CpG island). We observed that hypo- or hy-
permethylated DMCs in thyroid cancer were enriched in the
open sea regions compared with the reference distribution on
the EPIC bead array (Fig. 2A). Gene structures were classi-
fied into six categories: TSS1500, TSS200, 1stExon, Body,
and intergenic. Our results showed that hypo- and hy-
permethylated DMCs were predominantly located in the in-
tergenic loci, compared with the EPIC bead array (Fig. 2B).
When DMCs were separated into two categories based on
DNase sensitivity, both hypo- and hypermethylated DMCs
were enriched on the DNase-sensitive loci (Fig. 2C).

TFs are proteins with DNA binding activity that are in-
volved in the regulation of transcription. Generally, TFs
modulate gene expression by binding to gene promoter re-
gions or to distal regions called enhancers. The distance be-
tween a TFBS and a transcription start site (TSS) of a gene
regulated by the TF can be up to several megabases, and
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depends on the chromatin structure of the region (21). To
examine whether thyroid cancer-specific DMCs were asso-
ciated with TFBSs, we performed an enrichment analysis of
known binding motifs. Sequences within 100 bp upstream or
100bp downstream flanking each of the hypo- and hy-
permethylated CpG sites located at the DNase-sensitive loci
were used for the enrichment analysis of known binding
motifs. Our results reveal that hypermethylated CpG sites are
enriched in the TEAD TF family, and hypomethylated DMCs
were enriched in the Fra2, Fral, BATF, and JunB TF. The top
10 binding motifs for the hypo- and hypermethylated CpG
sites are shown in Figure 2D and E, respectively.

Identification of NIFTP-specific DNA
methylation markers

To select the NIFTP-specific DNA methylation markers,
we calculated the p-values and methylation differences.
Thus, we applied the following two criteria: (1) p-value
<0.005 and methylation differences >0.3 or <—0.3 (average-f§
scale) between NIFTP (n=6) and PTC (n=21), and (2)
p-value <0.005 and DNA methylation differences >0.2 or
<0.2 (average-f} scale) between NIFTP (n=6) and invasive
EFVPTC (n=3). As a result, we selected 23 hypo- and 235
hypermethylated CpG sites, respectively. We performed
unsupervised hierarchical clustering with these DMC can-
didates (Fig. 3).

For evaluation in an independent cohort, we selected the
top 10 DNA methylation candidates using DNA methylation
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differences and AUC values to discriminate NIFTP from
PTCs (classic PTC, invasive EFVPTC, TCVPTC). The top
10 candidate DNA methylation markers are summarized in
Table 1. Of 10 candidate DNA methylation markers, four
DNA methylation markers were included in the Infinium
HumanMethylation 450K platform. Thus, we could evaluate
the methylation patterns of candidate DNA methylation
markers in the TCGA cohort, and observed that four candi-
date DNA methylation markers were more heavily hypo-
methylated in tumor tissue regardless of PTC variants than
adjacent nontumor thyroid (Fig. 4).

Validation of potential DNA methylation markers
in an independent cohort by pyrosequencing

The NIFTP-specific DNA methylation markers from the
microarray data were evaluated with a bisulfite modification-
based pyrosequencing assay of 293 paraffin tissue samples
comprised of FA (n=61), HA (n=24), NIFTPs (n=56), PTC
(n=120), FTC (n=27), and HCC (n=5). Among the top 10
candidate DNA methylation markers, we succeeded in pyr-
osequencing design for cgl0705422, cgl7707274, and
cg26849382, and failed pyrosequencing conditions for the
other candidate CpG sites. Each representative pyrogram is
shown in Supplementary Figure S3.

Three candidates were more strongly hypomethylated in
PTC than other thyroid tumors (Fig. 5). The three selected
DNA methylation markers were further evaluated for their
capacity to differentiate nonmalignant (FA, HA, and NIFTP)
from malignant (PTC, FTC, and HCC) thyroid tumors. To
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FIG. 5. Evaluation of candidate methylation markers in an independent cohort by pyrosequencing. A total of 293
formalin-fixed paraffin-embedded tissue samples were used for quantification of DNA methylation levels of cg10705422
(A), cgl7707274 (B), and cg26849382 (C) by the pyrosequencing assay. Significance of differences was determined by
ANOVA. FA, follicular adenoma; FTC, follicular thyroid carcinoma; HA, Hiirthle cell adenoma; HCC, Hiirthle cell

carcinoma; IEFV, invasive encapsulated follicular variant.

estimate the AUC value, we performed ROC analysis, and
observed good sensitivity and specificity. The AUC values of
cg10705422, cg17707274, and cg26849382 were 0.83, 0.83,
and 0.80, respectively (Fig. 6A—C). Their optimal cutoff
values are described in Figure 6.

Clinicopathologic utility of the three DNA
methylation markers

All patients were classified into two subgroups according
to different levels of methylation of three DNA methylation
markers and categorized into four groups based on the
number of markers showing low DNA methylation levels: all
high (group 1, n=116), one low (group 2, n=39), two low
(group 3, n=21), or all low (group 4, n=117). PTC was
mostly enriched in group 4 (Fig. 7A). Patients classified as
high risk according to the ATA recurrence risk stratification
system were most frequently observed in group 4 (Fig. 7B).
Recurrent or persistent diseases were mostly found in group 4
(Fig. 7C). Patients with stage IV thyroid cancer at thyroid

surgery were only observed in group 4 (Fig. 7D). Multivariate
logistic regression analysis showed that hypomethylation of
three DNA methylation markers was significant predictor for
recurrent or persistent disease (odds ratio (OR)=3.860 [95%
confidence interval (CI) 1.194-12.475]) and distant metas-
tasis (OR=4.009 [CI 1.098-14.632]) in 152 patients with
differentiated thyroid cancer (Table 2).

A subgroup analysis was conducted in 120 patients with
PTC, as shown in Table 3. Low levels of methylation at
cgl10705422, cg17707274, and cg26849382 were associated
with histologic variants (p <0.001), extrathyroidal extension
(p<0.001), multifocality (p <0.001), lymph node metastasis
(p<0.001), BRAF VOOOE” mutations (p<0.001), recurrent or
persistent disease (p =0.040), and increased ATA recurrence
risk (p<0.001).

Discussion

Thyroid cancer is a prime example for which widely
available imaging modalities have resulted in an increased

A 10 cg10705422 B 10 C 1.0 ©g26849382
08 " 0.8 0.8 "~
£ 06 £ 06 £ 06
rd . sga s d . PYeoRTT £
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o 04 i Critefion < 49.48 o 044§ Criterion < 42.26 o 04 Critérion < 54.81
(/5] / w | / w e
'/,o ;: //
0.2 / 02 {§ 02
i AUC =0.83 AUC =0.83 i AUC =0.80
H . i/ < 0.001
0.0 & W ) 00 4 i 0.0 AEO00

00 02 04 06 08 10

1 - Specificity

00 02 04 06 08 10

1 - Specificity

00 02 04 06 08 10
1 - Specificity

FIG. 6. Receiver operating characteristic curve analyses of three selected DNA methylation markers for discrimination of
nonmalignant tumors (FA, HA, and NIFTP) from PTC, FTC, and HCC. The AUC indicates the probability that the classifier
ranks a randomly chosen positive instance higher than a randomly chosen negative instance. The gray curves indicate 95%
confidence bounds. The criteria for low DNA methylation levels of cg10705422 (A), cg17707274 (B), and cg26849382 (C)
were defined using the AUC. AUC, area under the receiver operating characteristic curve.
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FIG. 7. Diagnostic performance from combination of three DNA methylation markers. Thyroid tumors were divided into
all high (group 1), one low (group 2), two low (group 3), and all low (group 4) levels of DNA methylation markers. The
distribution of histologic subtypes of tumor (A), disease recurrence risk (B), and recurrent or persistent disease (C) in all 293

thyroid tumors, and tumor stage (D) in 152 thyroid cancers were stratified based on these four groups.

incidence of early cancers with indolent behavior, a phe-
nomenon commonly described as cancer ‘‘overdiagnosis,”
which often results in subsequent ‘‘overtreatment’ (1).
Therefore, identifying biomarkers for risk stratification of
thyroid tumors may provide tools to reduce medical over-
treatment. In this study, we show that a diagnostic classifier
based on three DNA methylation markers could differentiate
nonmalignant tumors and differentiated thyroid cancers, and
serve as a prognostic marker to stratify differentiated thyroid
cancer patients by their risk for recurrent or persistent disease.

Alterations in DNA methylation have been shown to play a
role in tumorigenesis and disease progression in many ma-
lignancies, including thyroid cancer. In this study, we quan-
titatively profiled the genome-wide DNA methylation of
thyroid tumors using the Illumina HumanMethylation EPIC
bead array. The results of our gene ontology analyses were
largely consistent with previous results. For example, DMCs
between thyroid tumor and normal tissues were enriched in
thyroid cancer-associated processes, such as the inflamma-
tory response (22), cellular response to tumor necrosis factor

TABLE 2. MULTIVARIATE LOGISTIC REGRESSION ANALYSES FOR RISK FACTORS ASSOCIATED WITH ADVERSE OUTCOMES IN
152 PATIENTS WITH DIFFERENTIATED THYROID CANCER

Recurrent or persistent disease®

Distant metastasis®

Adjusted OR [CI] p

Adjusted OR [CI] p

Age =55 years
Male sex

Aggressive histology®
Multifocal tumor
BRAF"600E

2.005 [0.851-4.725] 0.112
0.485 [0.183-1.289] 0.147
PTC 0.473 [0.113-1.977] 0.305
3.421 [1.150-10.180] 0.027
1.278 [0.505-3.233] 0.605
mutation 3421 [

Hypomethylation of three DNA methylation markers  3.860 [1.194—-12.475] 0.024

2975 [1.193-7.417]  0.019
0.315 [0.106-0.942]  0.039
0.341 [0.072-1.608]  0.174
4.624 [1.307-16.356] 0.018
1.185 [0.428-3.280]  0.744
0.212 [0.059-0.763]  0.018
4.009 [1.098-14.632] 0.036

1.460-16.718] 0.010

“Includes biochemical (n=2) and structural locoregional recurrence (n=23), and distant metastasis (n=27).
"Includes synchronous (n=20) and metachronous (n=7) distant metastasis.
“Includes TCV (n=45), columnar cell variant (n=2), and hobnail variant (n=1) of PTC, encapsulated angioinvasive FTC with extensive

angioinvasion (n=3), and widely invasive FTC (n=1).

CI, 95% confidence interval; FTC, follicular thyroid carcinoma; OR, odds ratio; TCV, tall cell variant.
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(23), positive regulation of angiogenesis (24), and immune

I — o
al 8 8 3 response (25) (Supplementary Table S3). These results sug-
e Y e gest that DNA methylation changes at the 5’-regulatory re-
< gions may be tightly associated with thyroid carcinogenesis
2 _ _ _ through regulation of gene expression.
N: IS NS § NS @ Recently, methylation changes at the outside of promoter,
= [[: o g TP S Do o such as the enhancer regions, were shown to be important for
g Z e e regulation of gene expression (12,13), as well as promoter
SIS = o~ L— hypo- or hypermethylation. Our motif analyses showed that
X T hypermethylated CpG sites were enriched in the TEAD TF
% family. The TEAD TF family is involved in the Hippo
N _§ = o N pathway (26), and tightly associated with cancer progression
|8 NS (27). In addition, hypomethylated DMCs were enriched in
£ 48 298 2.8 Fra2, Fral, BATF, and JunB TF. Fra expression levels in
g T L2 22 thyroid tumor cells have been shown to modulate transcrip-
2 Ry =288 k= @ tion of several tumor progression markers (28). Our results
3 suggest that DNA methylation changes at TF binding sites
~ _ o in open chromatin may play an important role in the thy-
ol 8 g N roiq carcinogenesis, as well as DNA methylation at promoter
S S S regions.
v .
Three DNA methylation markers (cgl0705422,
.§ cgl7707274, and cg26849382), selected for their clinical
3 8 S~ £~ utility in thyroid tumors, were located in the gene body of
2 ™ = § = § MICAL2, the promoter of MMP7, and the gene body of
g =° B=° Zw°e° DIAPHI gene, respectively. The MICAL2 gene is a tumor-
N =~ © — © — promoting factor, which can accelerate tumor progression
~ Q é" through regulation of cell proliferation and epithelial-mes-
g1 enchymal transition (29). The MMP7 gene is one of the
AN g smallest members of the MMP family and is a highly potent
E R 5 S8 88 ¢ metalloprotease. MMP7 expression is required to mediate
() E\ 3! % SN % S~ % cell invasion and tumor formation (30), and it is regulated by
S S %8 %g% @%o % DNA methylation (31). The expression levels of the DIAPH1
el i QY ©vgy we o gene associated with cg26849382 were positively correlated
o 3 o with metastasis of colorectal cancer (32). These previous
2 % results suggest that our selected DNA methylation markers
&= N S =N g may be associated with carcinogenesis or cancer progression.
el = p p z It is well known that MMP7 gene expression is regulated by
v .
- promoter DNA methylation (31,33,34), but DNA methyla-
S S tion regulation mechanisms in the gene body of MICAL2 and
S ~ ~ ~ -E DIAPH]I have not yet been reported. Further studies are re-
E = NS NG 5 quired to estimate the association between DNA methylation
S co @fc © a co | 2 and gene expression of these two genes.
~ £ g o= o= 8 g The data demonstrate a discrepancy in methylation patterns
qQ §o - - - g< of three DNA methylation markers between the Illumina
QT g ;ﬂ HumanMethylation EPIC bead array data and pyrosequencing
N E < validation in independent invasive EFVPTC and NIFTP co-
Eo S . o~ o o~ 8 § horts (Fig. 5). The inconsistent results may be due to the small
= § N g ﬁ N g § N g g sample size in the genome-wide DNA methylation profiling
S 9 xS gIoS | 5Y step. Therefore, further studies will be needed to identify
£ g ewea we o g ° NIFTP-specific DNA methylation markers.
§ A —moa e oS The three selected DNA methylation markers showed
~ k=] g good sensitivity and specificity to discriminate nonmalignant
g . . . :
w O thyroid tumors from differentiated thyroid cancers. Low
é; methylation levels of three markers were independently as-
o = ;:9 g sociated with recurrent or persistent disease and distant me-
w o . . . . . . .
s " 2 s tastasis in patients with differentiated thyroid cancer. In
© = S g %’.g patients with PTC, the hypomethylation of DNA methylation
g 5= S o =2 markers was associated with the BRAF"%*’°F mutations, high
§ k= % 2E 3 g s g < recurrence risk defined by ATA, recurrent or persistent dis-
w N . . . . . .
S % 7222 835 < =0 ease, and aggressive clinicopathologic features, includin
< =5< 8 < Qe O = o O g8 : P ) g - - g
S ga<a A ST O~==5 =2 lymph node metastasis, extrathyroidal extension, aggressive
O & < < histology, and distant metastasis. These results are similar to
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previously published results (35,36). Mancikova ef al. (35)
reported that distinct methylation patterns were tightly as-
sociated with the specific mutation in thyroid cancer. Hou
et al. (36) reported that thyroid cancer cells in which BRAF
has been knocked down showed hypermethylation of an
important proportion of genes.

In conclusion, we report that hypomethylation of three
DNA methylation markers, cg10705422, cgl17707274, and
cg26849382, may serve as novel diagnostic and prognostic
biomarker for differentiated thyroid cancer. These DNA
methylation markers may be clinically useful for efficiently
stratifying thyroid tumors.
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