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Abstract. Thymic epithelial tumors comprise thymoma, 

thymic carcinoma and neuroendocrine tumors of the thymus. 

Recent studies have revealed that the incidence of somatic 

non‑synonymous mutations is significantly higher in thymic 
carcinoma than in thymoma. However, limited information 

is currently available on epigenetic alterations in these types 

of cancer. In this study, we thus performed genome-wide 

screening of aberrantly methylated CpG islands in thymoma 

and thymic carcinoma using Illumina HumanMethylation450 

K BeadChip. We identified 92 CpG islands significantly 

hypermethylated in thymic carcinoma in relation to thymoma 

and selected G protein subunit gamma 4 (GNG4), growth 

hormone secretagogue receptor (GHSR), homeobox D9 

(HOXD9) and spalt like transcription factor 3 (SALL3), which 

are related to cancer. We examined the promoter methylation 

of 4 genes in 46 thymic epithelial tumors and 20 paired thymus 

tissues using bisulfite pyrosequencing. Promoter methylation 
was significantly higher in thymic carcinoma than in thymoma 
and revealed a high discrimination between thymic carcinoma 

and thymoma in all 4 genes. Promoter methylation was higher 
in thymic carcinoma than in the thymus. No significant differ-
ences were observed in the promoter methylation of GNG4, 

HOXD9, or SALL3 between thymoma and the thymus. The 

promoter methylation of the 4 genes was not significantly 

higher in advanced-stage tumors than in early-stage tumors in 

all thymic epithelial tumors. Among the 4 genes, relapse-free 

survival was significantly worse in tumors with a higher DNA 
methylation than in those with a lower DNA methylation in all 
thymic epithelial tumors. Moreover, relapse-free survival was 

significantly worse in thymomas with a higher DNA methyla-

tion of HOXD9 and SALL3 than in those with a lower DNA 
methylation. On the whole, the findings of this study indicated 
that the promoter methylation of cancer-related genes was 

significantly higher in thymic carcinoma than in thymoma and 
the thymus. This is a common epigenetic alteration of high 

diagnostic value in thymic carcinoma and may be involved in 

the carcinogenesis of thymic carcinoma. However, epigenetic 

alterations in the 3 genes, apart from GHSR, are not involved 

in the tumorigenesis of thymoma.

Introduction

Although thymic epithelial tumors (TETs) are rare, they are 

the most common tumor of the anterior mediastinum (1). The 

World Health Organization (WHO) Consensus Committee 

(2015) proposed that TETs consist of thymoma (types A, AB, 

B1, B2 and B3), thymic carcinoma (TC) and neuroendocrine 

tumors of the thymus (NECTT) (2). Thymoma is defined as 
a low-grade malignant tumor of the thymic epithelium with 

a variable population of immature, but non-neoplastic T cells 

that is associated with myasthenia gravis and other autoim-

mune diseases. However, TC is defined as a malignant tumor 
with evidently atypical cells of an invasive nature without 

immature T‑cell infiltration and autoimmune disease (3).
Previous studies have examined genetic alterations in 

TETs (4-6). Wang et al performed a comparative sequence 
analysis on 47 TC and 31 thymomas and revealed that the 

incidence of somatic non‑synonymous mutations was signifi-

cantly higher in TC (62%) than in thymoma (13%). They also 

detected the enrichment of mutations in TP53, BAP1, SETD2, 

CYLD and KIT (26-9%) in TC (4). Radovich et al reported that 

GTF2IL424H mutations were unique and the most common in 
type A and AB thymomas (type A, 100%; type AB, 70%), but 

rare in other TETs (5).
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Limited information is currently available on epigenetic 

alterations in TETs (7,8). We previously examined the aberrant 

DNA methylation of 4 cancer‑related genes [the death‑associ‑

ated protein kinase (DAPK), p16, O‑6‑methylguanine‑DNA 

methyltransferase (MGMT ) and hyperpigmentation, 

progressive, 1 (HPP1) genes] in 26 thymomas and 6 TCs 

and demonstrated that aberrant methylation was significantly 
more frequent in TC (86%) than in thymoma (29%) (7). We 
also investigated the DNA methylation of the MGMT gene 

in 44 thymomas and 23 TCs, and found that MGMT meth-

ylation was significantly more frequent in TCs (74%) than in 
thymomas (29%). A correlation has been reported between 

MGMT methylation and the loss of its protein expression (8).

To clarify whether the DNA methylation of certain genes 
is related to malignant behavior in TET, we herein performed 

the systematic and genome-wide screening of aberrantly 

methylated CpG islands (CGI) in thymoma and TC.

Materials and methods

Patients and tissue samples. Forty-six TET samples and 

20 paired thymic tissues were obtained from patients 

with histologically proven TET who underwent surgery at 

Tokushima University Hospital (Tokushima, Japan) between 

1990 and 2016. Thymic tissues that were located far from 

the tumor were obtained during surgery. The patient char-

acteristics are presented in Tables I and SI. All TETs were 

classified according to the WHO histological classification 
system (2). The representative pathology of TETs (type A, 

B1, B2, and B3 thymomas and TC) is illustrated in Fig. S1. 

The breakdown of TET samples by diagnosis was as follows: 

30 cases of thymoma, 12 TC and 4 NECTT. The clinical 

stage of each TET was identified according to the criteria of 
Masaoka‑Koga staging (9). The frequencies of advanced cases 
(stages III and IV) of thymoma and TC + NECTT were 33 and 

50%, respectively. No significant differences were observed in 
their frequencies between both groups (Table I, chi‑squared 
test).

The present study was performed in accordance with the 

principles outlined in the Declaration of Helsinki. Following 
the approval of all aspects of this study by the local Ethics 

Committee (Tokushima University Hospital, approval 

numbers 2205-4), formal written consent was obtained from 

all patients.

DNA preparation and bisulfite conversion of genomic DNA. 
Tumors were snap‑frozen and stored at ‑80˚C until DNA 
analyses. DNA was extracted using standard methods. The 
bisulfite conversion of DNA was conducted using the EZ DNA 
Methylation Gold kit (Zymo Research).

Global methylation analysis. A HumanMethylation450 K 

BeadChip (Illumina) analysis was performed according to 

the manufacturer's instructions. The default settings of the 

GenomeStudio software DNA methylation module (Illumina) 
were applied to calculate the methylation levels of CpG sites 

as β-values (β-intensity methylated/intensity methylated + 

unmethylated). Data were further normalized using the peak 
correction algorithm embedded in the Illumina Methylation 

Analyzer (IMA) R package (10). To identify CGI differentially 

methylated in B3 type thymoma and TC samples in the 

discovery set, median-averaged β-differences in CGI-based 

regions were calculated based on a matrix of β-differences, in 

which the β-values of TC samples were subtracted from those 

of B3 thymoma samples. The characteristics of B3 thymomas 

and TCs in patients are presented in Table SI. The signifi-

cance of the differences was evaluated using Welch's t-test 

in IMA. Multiple testing corrections were performed using 

the Benjamini‑Hochberg approach, with significantly differ-
ential methylation being defined as a false discovery rate 

(FDR)‑adjusted P‑value <0.05. The following criteria were 
used for differentially methylated CGI: β-difference >0.5 

and FDR‑adjusted P‑value <0.05. Significant methylated CpG 
sites were selected by the Bonferroni's test. Methylation data 

for the discovery cohort were deposited in the Gene Ontology 

Database under accession number GSE94769.

Bisulfite pyrosequencing. Bisulfite‑treated genomic DNA 
was amplified using a set of primers designed with PyroMark 
Assay Design software (version 2.0.01.15; Qiagen; Table SII). 
PCR product pyrosequencing and methylation quantification 
were performed with a PyroMark 24 Pyrosequencing System, 
version 2.0.6 (Qiagen) with sequencing primers designed 
according to the manufacturer's instructions (Table SII).

Statistical analysis. The Shapiro-Wilk test was used to 

evaluate whether the numerical datasets were normally 

distributed. Parametric tests (paired or unpaired t‑test) were 
used when numerical datasets were normally distributed. On 

the other hand, non-parametric tests (the Wilcoxon signed 

rank test or Mann-Whitney test) were used when numerical 

datasets were not normally distributed. Continuous data are 

expressed as medians and ranges or interquartile ranges 
(IQR, 25 to 75th percentile). We used ANOVA and a post hoc 
test (Tukey-Kramer) for multiple comparisons in histology 

and stage. The unpaired t-test was used for age distribution, 

Fisher's exact test for sex, histology and stage distribution, 

and the Chi‑square test for myasthenia gravis distribution. 
The area under the receiver operating characteristic (ROC) 

curve [AUC; ranging between 0.5 (chance) and 1.0 (perfect 
discrimination or accuracy)] was measured to characterize the 

accuracy of the DNA methylation signature to discriminate 
TC from thymoma. Survival curves were estimated using the 

Kaplan-Meier method and were compared with the log-rank 

test.

All statistical analyses were performed using two 

software programs (SPSS, version 24.0; SPSS, Inc.) and 
JMP, version 12.2; SAS Institute Inc.). A P‑value <0.05 was 
considered to indicate a statistically significant difference.

Results

Screening of aberrantly methylated CGI in tumor samples. We 

initially screened 7 TC and 8 B3 thymoma samples obtained 

from freshly frozen specimens (Table SI) with Illumina 

HumanMethylation450 K BeadChip to identify differentially 

methylated CGI in a genome-wide manner. Fig. S2 depicts a 

volcano plot of the differential CGI methylation profiles of 
thymoma and TC samples. The x-axis indicates the average 

β-value difference (methylation level). The y-axis indicates the 
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‑log10 value of the adjusted Welch's test P‑value for each CGI. 
Red points are significant methylated CpG sites determined by 
the Bonferroni's test. The plots on the right show more methyl-

ated CGI in TC than in B3 thymoma (Fig. S2, arrow), while 

those on the left show more methylated CGI in B3 thymoma 

than in TC.

In total, 92 CGI were identified as differentially hyper-
methylated in the TC samples in relation to the B3 thymoma 

samples [FDR <0.05 and β-difference (TC-B3 thymoma) >0.5]. 

Table SIII shows the top 29 CGI significantly hypermethylated 
in TCs in relation to B3 thymomas. We investigated whether 

the DNA methylation of the 29 genes was related to cancer 
using the PubMed database and selected G protein subunit 

gamma 4 (GNG4), growth hormone secretagogue receptor 

(GHSR), homeobox D9 (HOXD9) and spalt like transcription 

factor 3 (SALL3).

CGI methylation status of GHSR, GNG4, HOX9 and 

SALL3 between TCs and B3 thymomas in an Illumina 

HumanMethylation450 K BeadChip array. A schematic 

diagram of the GHSR structure and CpG sites around exon 1 is 

presented in Fig. 1A. Using an Illumina HumanMethylation450 

K BeadChip array, CGI including 107 CpG sites within the 

GHSR gene was the 16th CGI significantly hypermethylated in 
TCs in relation to B3 thymomas (Table SIII). CpG sites within 

CGI in TCs exhibited higher levels of methylation than in B3 

thymomas. Two CGI regions (from cg10109500 to cg17152757 

and from cg04851268 to cg06737494) exhibited significantly 
higher methylation levels in the TC samples (P<0.01; Fig. 1A). A 
schematic diagram of the GNG4 structure is shown in Fig. 1B. 

CGI, including 203 CpG sites within the GNG4 gene was the 

7th CGI significantly hypermethylated in TCs in relation to 
type B3 thymomas (Table SIII). The DNA methylation rate of 
CpG sites from cg17816394 to cg06173536 within CGI in TCs 

was significantly higher than that in B3 thymomas (P<0.01; 
Fig. 1B). A schematic diagram of the HOXD9 structure is shown 

in Fig. 1C. CGI, including 172 CpG sites within the HOXD9 

gene was the 23th CGI significantly hypermethylated in TCs in 

relation to type B3 thymomas (Table SIII). The DNA methyla-

tion rate of CpG sites from cg23068499 to cg11597131 within 

Table I. Characteristics of patients.

 Percentage
 No. of cases -------------------------------------------

Variable and category Period Mean Median

Age 28-84 60.1 63

Sex

  Male 20 (43.5)

  Female 26 (56.5)

WHO histological classification
Thymoma 30 (65.2)

  A 5 (10.9)

  AB 2 (4.3)

  B1 4 (8.7)

  B2 10 (21.7)

  B3 9 (19.6)

Thymic carcinoma 12a (26.1)

NECTT 4 (8.7)

  Typical carcinoid 2 (4.3)

  Atypical carcinoid 1 (2.2)

  Small cell carcinoma 1 (2.2)

 Masaoka-Koga staging

  Carcinoma

  including

Masaoka-Koga staging (TETs) Thymoma NECTT

  I 11 (23.9) 10 (33.3) 1 (6.3)

  II 17 (37.0) 10 (33.3) 7 (43.8)

  III 8 (17.4) 4 (13.3) 4 (25.0)

  IVA 5 (10.9) 4 (13.3) 1 (6.3)

  IVB 5 (10.9) 2 (6.7) 3 (18.8)

Myasthenia gravis 9 (19.6)

aOne case of combined thymic carcinoma and type B2 thymoma. TET, thymic epithelial tumor; NECTT, neuroendocrine tumor of the thymus.
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CGI in TCs was significantly higher than that in B3 thymomas 
(P<0.01). A schematic diagram of the SALL3 structure is 

presented in Fig 1D. CGI, including 338 CpG sites within the 
SALL3 gene was the 26th CGI significantly hypermethylated 
in TCs in relation to type B3 thymomas (Table SIII). The DNA 
methylation rate of CpG sites from cg21779611 to cg03712816 

within CGI in TCs was significantly higher than that in B3 
thymomas (P<0.01).

CGI methylation status of GHSR, GNG4, HOX9 and SALL3 in 

TETs and paired thymic samples in pyrosequencing. To confirm 
the data obtained using Illumina HumanMethylation450 K 

BeadChip, we examined the DNA methylation of CpG sites 
(+242, +249, +251, +257 and +259 from the transcription start 

site) of GHSR between cg10109500 (+350) and cg07852825 

(+52) using pyrosequencing (Fig. 1A). Moskalev et al reported 

that CpG sites in this region frequently exhibited a higher 
DNA methylation in various cancers than in healthy tissue (11). 
Fig. 2A shows the association for the DNA methylation rate 
of 5 CpG sites in the GHSR gene between thymoma and the 

thymus. The DNA methylation rate was significantly higher 
for thymoma than for the thymus (paired t‑test, P=0.003). 
Fig. 2A also shows the association for the DNA methylation 
rate of the GHSR gene between TC and the thymus. The DNA 
methylation rate was significantly higher for TC than for the 
thymus (paired t‑test, P=0.0003).

We examined the DNA methylation of CpG sites of 
GNG4 around cg09649610 (+350 from TSS) using pyro-

sequencing (Fig. 1B). Pal et al previously reported that 

CpG sites in this region frequently exhibited higher DNA 
methylation in glioblastoma than in healthy tissue (12). As 

shown in Fig. 2B, no significant differences in the DNA 
methylation rate of the GNG4 gene were observed between 

thymoma and the thymus (paired t‑test, P=0.176). Fig. 2B 
also shows that the DNA methylation rate was significantly 
higher for TC than for the thymus (Wilcoxon signed rank 

test, P=0.018).
We examined the DNA methylation of CpG sites of 

HOXD9 around cg14142007 (-753 from TSS) using pyrose-

quencing (Fig. 1C). Marzese et al reported that CpG sites in 

Figure 1. Schematic diagram of 4 genes. (A) Schematic diagram of the GHSR structure. Vertical bars indicate the positions of CpG dinucleotides. The vertical 

scale indicates average β-values of the methylation level of each CpG site between TC (black bar) and B3 thymoma (white bar). The arrowheads show the CpG 

sites of cg10109500 and 07852825 and the arrow shows CpG sites (+242, +249, +251, +257, and +259 from the transcription start site) examined by quantitative 
pyrosequencing. The asterisk shows CpG sites with a significantly different (P<0.01) methylation rate between TC and thymoma. (B) schematic diagram of 
the GNG4 structure. The vertical scale indicates average β-values of the methylation level of each CpG site between TC (black bar) and B3 thymoma (white 

bar). Arrowheads show the CpG site of cg09649610 and the arrow shows CpG sites examined by quantitative pyrosequencing. The asterisk shows a CpG site 
with a significantly different (P<0.01) methylation rate between TC and thymoma. (C) Schematic diagram of the HOXD9 structure. A vertical scale indicating 

average β-values of the methylation level of each CpG site between TC (black bar) and B3 thymoma (white bar) are indicated. The arrow shows the CpG site 

of cg14142007 and CpG sites examined by quantitative pyrosequencing. The asterisk shows a CpG site with a significantly different (P<0.01) methylation 
rate between TC and thymoma. (D) Schematic diagram of the SALL3 structure. The vertical scale indicates average β-values of the methylation level of 

each CpG site between TC (black bar) and B3 thymoma (white bar). The arrow shows the CpG site of cg13634602 and CpG sites examined by quantitative 
pyrosequencing. The asterisk shows a CpG site with a significantly different (P<0.01) methylation rate between TC and thymoma.
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this region frequently exhibited higher DNA methylation in 
malignant melanoma with metastasis than in healthy tissue 

and malignant melanoma without metastasis (13). As shown 

in Fig. 2C, no significant differences in the DNA meth-

ylation rates of the HOXD9 gene were observed between 

thymoma and the thymus (paired t‑test, P=0.861). Fig. 2C 
also shows that the DNA methylation rate was significantly 
higher for TC than for the thymus (Wilcoxon signed rank 

test, P=0.018).
We examined the DNA methylation of CpG sites of the 

SALL3 gene around cg13634602 (-1095 from TSS) using 

pyrosequencing. Misawa et al reported that CpG sites from 

‑319 to 184 frequently showed DNA methylation in head and 
neck cancer (14). In this study, we attempted to create pyrose-

quence primers, but were unsuccessful; therefore, we created 
suitable primers for PCR and sequencing on the upstream side 
(‑1,095). As shown in Fig. 2D, no significant differences in 
the DNA methylation rate of the SALL3 gene were observed 

between thymoma and the thymus (Wilcoxon signed rank test, 

P=0.906). Fig. 2D also shows that the DNA methylation rate 
was significantly higher for TC than for the thymus (Wilcoxon 
signed rank test, P=0.0117).

CGI methylation status of GHSR, GNG4, HOX9 and SALL3 

in the pyrosequencing of TETs according to the WHO 

histological classification. Fig. 3A shows the median DNA 
methylation rate of the GHSR gene in TETs according to the 

WHO histological classification. The median DNA methyla-

tion rates in A+AB+B1, B2, B3 and TCs + NECTT were 32.4, 

36.5, 38.0 and 55.4, respectively. The median DNA methyla-

tion rate was significantly higher for TCs including NECTT 
than for thymoma (55.4 vs. 36.5) (unpaired t‑test, P<0.001). 
No significant differences were observed in the median DNA 
methylation rate according to the WHO histological clas-

sification for thymomas (A+AB+B1 vs. B2, B2 vs. B3, and 
A+AB+B1 vs. B3, ANOVA and Tukey-Kramer tests). The 

median DNA methylation rate was significantly higher for 
TCs than for each group of thymoma (A+AB+B1, B2 and B3, 

Figure 2. DNA methylation rate of 4 genes in tumors and paired thymic tissues. (A) DNA methylation rate of the GHSR gene in thymomas and paired thymic 

tissues and in thymic carcinoma and paired thymic tissues. Average DNA methylation values (percentages) of quantitative pyrosequencing in 11 thymomas and 
paired thymic tissues. Average DNA methylation values of quantitative pyrosequencing in 6 thymic carcinoma and paired thymic tissues. Samples from the 
same patient are linked with straight lines. (B) DNA methylation rate of the GNG4 gene in thymomas and paired thymic tissues and in thymic carcinoma and 

paired thymic tissues. Average DNA methylation values of quantitative pyrosequencing in 11 thymomas and paired thymic tissues. Average DNA methylation 
values of quantitative pyrosequencing in 7 thymic carcinoma and paired thymic tissues. (C) DNA methylation rate of the HOXD9 gene in thymomas and 

paired thymic tissues and in thymic carcinoma and paired thymic tissues. Average DNA methylation values of quantitative pyrosequencing in 11 thymomas 
and paired thymic tissues. Average DNA methylation values of quantitative pyrosequencing in 7 thymic carcinoma and paired thymic tissues. (D) DNA 
methylation rate of the SALL3 gene in thymomas and paired thymic tissues in thymic carcinoma and paired thymic tissues. Average DNA methylation values 
of quantitative pyrosequencing in 12 thymomas and paired thymic tissues. Average DNA methylation values of quantitative pyrosequencing in 8 thymic 
carcinoma and paired thymic tissues. *P<0.05, as indicated.
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ANOVA and Tukey‑Kramer tests) (P<0.001). We examined 
the accuracy of the methylation signature of 4 genes for the 

detection of TCs using a ROC curve analysis. We used AUC 

as the criterion of accuracy, which may range in value from 0.5 

(chance) to 1.0 (perfect discrimination or accuracy). Fig. 4A 

shows the ROC curve for the accuracy of the GHSR meth-

ylation signature for TC detection from all tumors. It revealed 

high degrees of sensitivity and specificity for discriminating 
TCs and thymomas (AUC=0.908).

Fig. 3B shows the median DNA methylation rate of 5 CpG 
sites in the GNG4 gene in TETs according to the WHO 

histological classification. The median DNA methylation rates 
in A+AB+B1, B2, B3 and TCs + NECTT were 7.2, 9.6, 7.2 

and 23.2, respectively. The median DNA methylation rate 
was significantly higher for TCs, including NECTT than 

for thymoma (23.2 vs. 7.7). No significant differences were 
observed in the median DNA methylation rate according to 
the WHO histological classification of thymomas (ANOVA 

Figure 3. DNA methylation rate of 4 genes in TETs according to the WHO histological classification. (A) DNA methylation rate of the GHSR gene in TETs 

according to the WHO histological classification (A+AB+B1, B2, B3 and TCs + NECTT). The upper and lower ends of the whiskers, the upper and lower 
edges of the boxes, the horizontal lines across each box, ‘x’ marks and the circles outside the boxes represent the upper and lower extremes, the upper (75th) 

and lower (25th) quartiles, medians, means and data outliers, respectively. Median DNA methylation rates in A+AB+B1, B2, B3, and TCs + NECTT were 32.4 
(range, 6.6‑52.2; IQR, 30.2‑40), 36.5 (range, 21.4‑40.8; IQR, 26.8‑37.7), 38.0 (range, 22.4‑60.4; IQR, 25.2‑46.8) and 55.4 (range, 27.4‑78.0; IQR, 48.7‑66.4), 
respectively. The DNA methylation rate of the GHSR gene between TCs + NECTT and thymomas (A+AB+B1+B2+B3) was 55.4 (range, 27.4‑78.0; IQR, 
48.7‑66.4) vs. 36.5 (range, 6.6‑60.4; IQR, 26.8‑40.3). The median DNA methylation rate was significantly higher for TCs than for each group of thymoma 
(ANOVA: P<0.0001 and Tukey‑Kramer tests: A+AB+B1 vs. carcinoma, P<0.0001; B2 vs. carcinoma, P<0.0001; B3 vs. carcinoma, P=0.0049). (B) DNA 
methylation rate of the GNG4 gene in TETs according to the WHO histological classification (A+AB+B1, B2, B3 and TCs + NECTT). Median DNA methyla-

tion rates in A+AB+B1, B2, B3, and TCs + NECTT were 7.2 (range, 3.2‑15.2; IQR, 5.8‑8.0), 9.6 (range, 6.6‑18.0; IQR, 7.5‑11.4), 7.2 (range, 4.8‑19.2; IQR, 
7.2‑10.2) and 23.2 (range, 8.8‑69.6; IQR, 16.1‑45.5), respectively. The DNA methylation rate of the GNG4 gene between TCs + NECTT and thymomas was 

23.2 (range, 8.8‑69.6; IQR, 16.1‑45.5) vs. 7.7 (range, 3.2‑19.2; IQR, 6.7‑10.4). The median DNA methylation rate was significantly higher for TCs than for 
each group of thymoma (ANOVA: P<0.0001 and Tukey‑Kramer tests: A+AB+B1 vs. carcinoma, P<0.0001; B2 vs. carcinoma, P=0.0003; B3 vs. carcinoma, 
P=0.0003). (C) DNA methylation rate of the HOXD9 gene in TETs according to the WHO histological classification (A+AB+B1, B2, B3 and TCs + NECTT). 
The median DNA methylation rates in A+AB+B1, B2, B3, and TCs + NECTT were 8.7 (range, 4.7‑32.2; IQR, 7.1‑10.3), 10.3 (range, 7.7‑18.8; IQR, 9.2‑11.4), 10.3 
(range, 5.5‑30.0; IQR, 8.2‑16.3) and 39.0 (range, 4.7‑63.7; IQR, 21.5‑50.6), respectively. The DNA methylation rate of the HOXD9 gene between TCs + NECTT 

and thymomas was 39.0 (range, 4.7‑63.7; IQR, 21.5‑50.6) vs. 9.6 (range, 4.7‑32.2; IQR, 8.1‑13.0). The median DNA methylation rate was significantly higher 
for TCs than for each group of thymoma (ANOVA: P<0.0001 and Tukey‑Kramer tests: A+AB+B1 vs. carcinoma, P<0.0001; B2 vs. carcinoma, P<0.0001; B3 
vs. carcinoma, P=0.0002). (D) DNA methylation rate of the SALL3 gene in TETs according to the WHO histological classification (A+AB+B1, B2, B3 and 
TCs + NECTT). The median DNA methylation rates in A+AB+B1, B2, B3, and TCs + NECTT were 3.9 (range, 1.5‑27.8; IQR, 2.9‑4.8), 3.5 (range, 1.1‑7.1; 
IQR, 2.4‑4.4), 7.0 (range, 2.8‑28.5; IQR, 5.1‑20.8) and 23.3 (range, 6.0‑74.8; IQR 15.3‑44.3), respectively. The DNA methylation rate of the SALL3 gene 

between TCs + NECTT and thymomas was 23.3 (range, 6.0‑74.8; IQR, 15.3‑44.3) vs. 4.2 (range, 1.1‑28.5; IQR, 3.1‑7.0). The median DNA methylation rate 
was significantly higher for TCs than for each group of thymoma (ANOVA: P<0.0001 and Tukey‑Kramer tests: A+AB+B1 vs. carcinoma, P<0.0001; B2 vs. 
carcinoma, P=0.0001; B3 vs. carcinoma, P=0.0138). TET, thymic epithelial tumor; TC, thymic carcinoma; NECTT, neuroendocrine tumor of the thymus. 
*P<0.0001, **P<0.001, ***P<0.005, as indicated.
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and Tukey‑Kramer tests). The median DNA methylation 
rate was significantly higher for TCs than for each group of 
thymoma (ANOVA and Tukey-Kramer tests). Fig. 4B shows 

the ROC curve for the accuracy of the GNG4 methylation 

signature for TC detection from all tumors. It revealed high 

degrees of sensitivity and specificity for discriminating TCs 
and thymomas (AUC=0.953).

Fig. 3C shows the median DNA methylation rate of 5 CpG 
sites in the HOXD9 gene in TETs according to the WHO 

histological classification. The median DNA methylation 
rates in A+AB+B1, B2, B3, and TCs + NECTT were 8.7, 10.3, 

10.3 and 39.0, respectively. The median DNA methylation 
rate was significantly higher for TCs, including NECTT than 
for thymoma (39.0 vs. 9.6). No significant differences were 
observed in the mean DNA methylation rate according to the 
WHO histological classification of thymomas (ANOVA and 
Tukey‑Kramer tests). The median DNA methylation rate was 
significantly higher for TCs than for each group of thymoma 
(ANOVA and Tukey-Kramer tests). Fig. 4C shows the ROC 

curve for the accuracy of the HOXD9 methylation signature 

for TC detection from all tumors. It revealed high degrees 

of sensitivity and specificity for discriminating TCs and 

thymomas (AUC=0.889).
Fig. 3D shows the median DNA methylation rate of 

5 CpG sites in the SALL3 gene in TETs according to the 

WHO histological classification. The median DNA methyla-

tion rates in A+AB+B1, B2, B3, and TCs + NECTT were 3.9, 

3.5, 7.0 and 23.3, respectively. The median DNA methylation 
rate was significantly higher for TCs including NECTT than 
for thymomas (23.3 vs. 4.2). No significant differences were 
observed in the median DNA methylation rate according to 
the WHO histological classification of thymomas (ANOVA 
and Tukey‑Kramer tests). The median DNA methylation 
rate was significantly higher for TCs than for each group of 
thymomas (ANOVA and Tukey‑Kramer tests). Fig. 4D shows 
the ROC curve for the accuracy of the SALL3 methylation 

signature for TC detection from all tumors. It revealed high 

degrees of sensitivity and specificity for discriminating TCs 
and thymomas (AUC=0.873).

CGI methylation status of GHSR, GNG4, HOX9 and SALL3 

in pyrosequencing for TETs according to the Masaoka‑Koga 

clinical stage. Fig. S3A shows the median DNA methylation 
rate of the GHSR gene in TETs according to the Masaoka-Koga 

clinical stage. The median DNA methylation rates in stages I, 
II, III, IVA and IVB were 32.4, 37.8, 39.8, 40.8 and 73.0, 

respectively. No significant differences were observed in the 
DNA methylation rate of the GHSR gene between each stage 

(ANOVA and Tukey-Kramer tests). Fig. S3B shows the median 

DNA methylation rate of the GNG4 gene in TETs according to 

the Masaoka‑Koga clinical stage. The median DNA methyla-

tion rates in stages I, II, III, IVA and IVB were 7.6, 11.8, 10.2, 

10.2 and 27.8, respectively. There was only significant differ-
ence between stage I and IVB (ANOVA and Tukey-Kramer 

Figure 4. ROC curve for the accuracy of the methylation signature for TC detection from all tumors. (A) ROC curve using GHSR methylation. (B) ROC curve 

using GNG4 methylation. (C) ROC curve using HOXD9 methylation. (D) ROC curve using SALL3 methylation.
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tests). Fig. 3C shows the median DNA methylation rate of the 
HOXD9 gene in TETs according to the Masaoka-Koga clinical 

stage. The median DNA methylation rates in stages I, II, III, 
IVA and IVB were 10.2, 13.5, 14.8, 18.8 and 8.2, respectively. 

No significant differences were observed in the DNA meth-

ylation rate of the HOXD9 gene between each stage (ANOVA 

and Tukey‑Kramer tests). Fig. 3D shows the median DNA 
methylation rate of the SALL3 gene in TETs according to the 

Masaoka‑Koga clinical stage. The median DNA methylation 
rates in stages I, II, III, IVA and IVB were 5.0, 6.4, 9.3, 32.4 

and 5.3, respectively. No significant differences were observed 
in the DNA methylation rate of the SALL3 gene between each 

stage (ANOVA and Tukey-Kramer tests).

Characteristics of patients grouped by the median value of 

each gene. Patients with TETs were divided into 2 groups 
according to the median value of the frequency of the DNA 
methylation of each gene. In total, 23 patients had a median 

value of the frequency of DNA methylation of the GHSR 

gene >38.4 (higher DNA methylation level), while that for 
the remaining 23 patients was ≤38.4 (lower DNA methylation 
level). In total, 23 patients had a median value of the frequency 
of the DNA methylation of the GNG4 gene >10.3 (higher DNA 
methylation level), while that for the remaining 23 patients was 

≤10.3 (lower DNA methylation level). A total of 23 patients 
had a median value of the frequency of the DNA methylation 
of the HOX9 gene >12.5 (higher DNA methylation level), 
while that for the remaining 23 patients was ≤12.5 (lower 
DNA methylation level). A total of 23 patients had a median 
value of the frequency of the DNA methylation of the SALL3 

gene >7.75 (higher DNA methylation level), while that for the 
remaining 23 patients was ≤7.75 (lower DNA methylation 
level). The characteristics of patients grouped by the median 

value of each gene are shown in Table II.

The proportion of patients with TC was significantly higher 
in the higher DNA methylation group (65.2%) than in the 
low DNA methylation group (4.3%, P<0.001). No significant 
differences were observed in age, sex, the presence of MG, 

or Masaoka-Koga staging between the 2 groups. There were 

12 TETs without genes with DNA methylation, 12 TETs with 
1 gene with DNA methylation, 2 TETs with 2 genes with DNA 
methylation, 4 TETs with 3 genes with DNA methylation, and 
16 TETs with 4 genes with DNA methylation (data not shown).

Relapse‑free survival curve of TETs with higher and lower 

levels of DNA methylation for GHSR, GNG4, HOX9 and 

SALL3. In all TET cases (n=46), the median follow‑up time was 
44.1 months (6.7-272.7 months). Two patients died from their 

tumors and one from another disease. A total of 16 patients 

had recurrence: Pleural dissemination in 9, lung metastasis 
in 4, lymph node metastasis in 1 and multiple organ metastasis 

in 2. In thymoma cases (n=30), the median follow‑up time 
was 48.4 months (6.7-272.7 months). One patient died from 

another disease. A total of 6 patients had recurrence: Pleural 
dissemination in 4 and lung metastasis in 2.

Fig. 5A shows the relapse-free survival curve of TETs with 

a higher level (>38.4) and lower level (≤38.4) of DNA meth-

ylation in GHSR. A significant difference was observed in 
survival between the higher and lower level groups (P=0.029, 
log-rank test). Fig. 5B shows the relapse-free survival curve of 

TETs with a higher level (>10.3) and lower level (≤10.3) of DNA 
methylation in GNG4. A significant difference was observed in 
survival between the higher and lower level groups (P=0.002). 
Fig. 5C shows the relapse-free survival curve of TETs with 

a higher level (>12.5) and lower level (≤12.5) of DNA meth-

ylation in HOX9. A significant difference was observed in 
survival between the higher and lower level groups (P=0.003). 
Fig. 5D shows the relapse‑free survival curve of TETs with a 
higher level (>7.75) and lower level (≤7.75) of DNA methylation 
in SALL3. A significant difference was observed in survival 
between the higher and lower level groups (P=0.014).

We examined the association between the number of genes 

with DNA methylation and relapse‑free survival. TETs were 
divided into 3 groups: Tumors without a gene with DNA 
methylation, a tumor with 1 or 2 genes with DNA methylation, 
and a tumor with 3 or 4 genes with DNA methylation. Fig. 5E 
shows the relapse-free survival curve of TETs with 3-4 genes 

with DNA methylation, 1‑2 genes with DNA methylation, and 
no genes with DNA methylation. A significant difference was 
observed in survival between TETs with 3‑4 genes with DNA 
methylation and 1‑2 genes with DNA methylation (P=0.031, 
log‑rank test) and between TETs with 3‑4 genes with DNA 
methylation and no genes with DNA methylation (P=0.003).

In the thymoma cases, when the median value of the 

frequency of the DNA methylation of each gene divided 
thymomas into higher and lower level groups, no significant 
differences were observed in relapse-free survival between 

these groups for each gene (data not shown). However, when 

the mean value of the frequency of the DNA methylation 
of each gene divided thymomas into higher and lower level 

groups, a significant difference was noted in relapse-free 

survival between these groups for HOX9 and SALL3. The 

mean value (11.9) of the frequency of the DNA methylation 
of HOX9 was divided into higher and lower level groups. 

Fig. 5F shows the relapse-free survival curve of thymomas 

with higher and lower levels of DNA methylation in HOX9. 

A significant difference was observed in survival between 
the higher and lower level groups (P=0.036). The mean value 
(9.56) of the frequency of the DNA methylation of SALL3 was 

divided into higher and lower level groups. Fig. 5G shows the 

relapse-free survival curve of thymomas with higher and lower 

levels of DNA methylation in SALL3. A significant difference 
was observed in survival between the higher and lower level 

groups (P=0.003).

Discussion

Thymoma exhibits a weak malignant behavior, while TC is a 

more aggressive and refractory tumor (1-3). Although surgery 

is the optimal treatment option for operable TC, the treatment 

for advanced TC is limited to chemotherapy, which is gener-

ally not curative (1). The development of an optimal therapy 

for advanced TC has been hampered by insufficient knowledge 
on genetic and epigenetic alterations in TC (4). Recent studies 

have comprehensively examined genetic alterations using next 

generation sequencing (4‑6). However, limited information 
is currently available on epigenetic alterations (7,8). In this 

study, we performed the genome-wide screening of aber-

rantly methylated CGI in TETs and identified 92 CGI that 
were significantly hypermethylated in TC. We examined the 
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promoter methylation of GNG4, GHSR, HOXD9, and SALL3 

in 46 TETs and 20 paired thymic samples using bisulfite 

pyrosequencing to identify a rational targeted therapy.
GHSR is a receptor of ‘Ghrelin’ that is involved in the 

modulation of functions, such as hormone secretion, energy 

balance and gastric acid release (15). GHSR encodes a member 

of the G‑protein coupled receptor (GPCR) family and has 2 
transcript variants, GHSR 1a and 1b (16). Previous studies 
have demonstrated that GHSR is aberrantly hypermethylated 

in a number of cancers (e.g., lung, breast, prostate, pancreatic 

and colorectal cancers, glioblastoma, and B-cell chronic 

lymphocytic leukemia) and its methylation levels may be used 

to discriminate between cancer and healthy tissue, with GHSR 

hypermethylation being an early cancer event (11,17,18). 

GPCR, comprising α, β, and γ subunits, responds to various 

extracellular stimuli, such as hormones, growth factors 

and sensory stimulating signals. GNG4 is one of fourteen γ 

subunit proteins of GPCR (19). Pal et al reported that the 

promoter region of GNG4 was significantly hypermethylated 
and that its transcript level was significantly downregulated in 
glioblastoma and renal cell carcinoma (12). It functions as a 

tumor suppressor gene. Homeobox (HOX) genes have 4 HOX 

gene clusters: HOXA, HOXB, HOXC and HOXD. HOXD9 is a 

HOXD gene that participates in the development and patterning 

of the forelimb and axial skeleton (21,22). Previous studies 
have revealed that HOXD9 promoter methylation is higher in 

tumors than in healthy tissue, and that DNA methylation levels 
correlate with the expression of HOXD9 mRNA and protein 

in malignant melanoma and glioma (13,23). Lv et al demon-

strated that HOXD9 was strongly expressed and functioned as 

an oncogene in hepatocellular carcinoma (24). SALL3 is one 

of 4 mammalian members of the sal-like (sall) gene family, 

which are involved in embryonic development (25). It encodes 

a C2H2-type zinc-finger protein (26). Recent studies have 

investigated the association between SALL3 expression and 

carcinogenesis in hepatocellular carcinoma, head and neck 

carcinoma and cervical carcinoma, and have demonstrated 

that it functions as a tumor suppressor gene; the hypermethyl-

ation of CGI in the promoter region of SALL3 reduced SALL3 

mRNA levels (14,27-29).

The results of the present study revealed that promoter meth-

ylation was significantly higher in TC than in thymoma, and 
demonstrated highly discriminatory ROC profiles that clearly 
distinguished TCs from thymomas in all 4 genes. Furthermore, 

the promoter methylation of all 4 genes was higher in TC than 

that in the thymus. The DNA methylation of these 4 genes 
has been shown to be significantly higher in several types 
of cancer than in corresponding healthy tissues. GNG4 and 

Figure 5. Survival curve of TETs with higher and lower levels of DNA methylation. (A) Relapse‑free survival curve of TETs with higher and lower levels of 
DNA methylation in GHSR. The median value (38.4) of the frequency of the DNA methylation of GHSR was divided into higher (dotted line) and lower level 
groups (solid line). A significant difference was observed in survival between the higher and lower level groups (P=0.029, log‑rank test). (B) Relapse‑free 
survival curve of TETs with higher and lower levels of DNA methylation in GNG4. The median value (10.3) of the frequency of the DNA methylation of GNG4 

was divided into higher (dotted line) and lower level groups (solid line). A significant difference was observed in survival between the higher and lower level 
groups (P=0.002, log‑rank test). (C) Relapse‑free survival curve of TETs with higher and lower levels of DNA methylation in HOXD9. The median value (12.5) 

of the frequency of the DNA methylation of HOXD9 was divided into higher (dotted line) and lower level groups (solid line). A significant difference was 
observed in survival between the higher and lower level groups (P=0.003, log‑rank test). (D) Relapse‑free survival curve of TETs with higher and lower levels 
of DNA methylation in SALL3. The median value (7.75) of the frequency of the DNA methylation of SALL3 was divided into higher (dotted line) and lower 

level groups (solid line). A significant difference was observed in survival between the higher and lower level groups (P=0.014, log‑rank test). (E) Relapse‑free 
survival curve of TETs with 3 or 4 genes with DNA methylation, 1 or 2 genes with DNA methylation, and no genes with DNA methylation. A significant 
difference was observed in survival between TETs with 3 or 4 genes with DNA methylation (broken line) and 1 or 2 genes with DNA methylation (dotted line) 
(P=0.031, log‑rank test) and between TETs with 3 or 4 genes with DNA methylation (broken line) and no genes with DNA methylation (solid line) (P=0.003, 
log‑rank test). (F) Relapse‑free survival curve of thymomas with higher and lower levels of DNA methylation in HOX9. The mean value (11.9) of the frequency 
of the DNA methylation of HOX9 was divided into higher (n=7, dotted line) and lower level groups (n=21, solid line). A significant difference was observed in 
survival between the higher and lower level groups (P=0.036, log‑rank test). (G) Relapse‑free survival curve of thymomas with higher and lower levels of DNA 
methylation in SALL3. The mean value (9.56) of the frequency of the DNA methylation of SALL3 was divided into higher (n=6, dotted line) and lower level 
groups (n=22, solid line). A significant difference was observed in survival between the higher and lower level groups (P=0.003, log‑rank test). TET, thymic 
epithelial tumor.
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SALL3 function as tumor suppressor genes (12,14,20,27-29) 

and HOXD9 acts as an oncogene (24). These genes are a 

common epigenetic alteration of high diagnostic value in TC. 

As shown in Table II, 15 (94%) out of 16 thymic carcinomas 

had a high level of DNA methylation on each gene. The rate 
of diagnosis of thymic carcinoma was not more sensitive by 

combining the methylation of 4 genes. The characteristics 

and behavior of TC, but not thymoma, are similar to those of 

other types of cancer. This result indicated that the epigenetic 

pattern of TC significantly differed from that of thymoma. 
Recent comprehensive genetic analyses using next-generation 

sequencing have also revealed that the incidence of somatic 
non-synonymous mutations is significantly higher in TC 

than in thymomas (4-6). Clinically, TC entirely differs from 

thymoma from a pathological aspect, its malignant behavior, 

complications of autoimmune diseases and prognosis (1-3). 

Genetic and epigenetic differences between TC and thymoma 

may influence their clinical differences.
We propose two mechanisms based on the result 

that TC frequently exhibits a higher methylation of the 
promoter region of cancer-related genes than thymoma. In 

one mechanism, we found that SALL3 methylation was 

significantly higher in TC than in thymoma and the thymus. 
Shikauchi et al revealed that SALL3 binds to DNMT3A by 
a direct interaction between the double zinc finger motif 
of SALL3 and the PWWP domain of DNMT3A in hepa-

tocellular carcinoma, and that SALL3 has the ability to 

inhibit DNMT3A‑mediated DNA methylation (28). We thus 
hypothesized that SALL3 promoter methylation reduces 

SALL3 protein levels, which, in turn, inhibits methylation 

promotion by DNMT3A. Reduced SALL3 protein levels 
enhance DNMT3A activity and the CGI of cancer‑related 
genes are hypermethylated in TC. In the other mecha-

nism, Wang et al revealed that the incidence of somatic 

non-synonymous mutations of epigenetic regulatory genes 

(chromatin remodeling, histone modifications and DNA 
methylation) was significantly higher in TC (38%) than in 
thymoma (10%) (4). Mutated epigenetic regulatory genes in 

TC may induce higher levels of the promoter methylation of 

cancer-related genes. A clearer understanding of the mecha-

nisms through which alterations in epigenetic regulation 

play a role in TC will contribute to the future tailoring of 

drugs to tumors with specific epigenetic alterations.
Although GHSR promoter methylation was significantly 

higher in thymoma than in the thymus, no significant differ-
ences were observed in promoter methylation for the other 

3 genes. Furthermore, no significant differences were noted 
in the methylation of genes among the thymoma subtypes. 

These results suggest that epigenetic alterations in the 

3 genes are not involved in the tumorigenesis of thymoma. 

The frequency of GHSR methylation increased in the order 

of the thymus, thymoma and TC. Jandaghi et al reported that 

GHSR hypermethylation is a pan-cancer marker regardless of 

the tissue from which the tumor originates (18). GHSR may 

be involved in TC and thymoma. The promoter methylation 

of the 4 genes was not significantly higher in advanced‑stage 
tumors (III and IV) than in early-stage tumors (I and II) in 

all TETs. Moskalev et al revealed no significant differences 
in GHSR hypermethylation between the early and advanced 

stages of lung, breast, and pancreatic cancers (11). These 

findings suggest that the hypermethylation of cancer‑related 
genes is an early cancer event.

Promoter methylation is related to malignant behavior 
and the relapse-free survival of tumors. Since there were a 

few deaths due to tumors, we used the relapse-free survival 

of tumors as a prognostic factor. In all 4 genes, relapse-free 

survival was significantly worse in tumors with a higher DNA 
methylation than in those with a lower DNA methylation in all 
TETs. Moreover, relapse‑free survival was significantly worse 
in thymomas with a higher DNA methylation of HOXD9 

or SALL3 than in those with a lower DNA methylation. 
Marzese et al revealed that patients with HOXD9 hypermeth-

ylation in malignant melanoma had a poorer disease-free and 

overall survival (13). SALL3 methylation was identified as 
an independent predictor of poor survival in head and neck 

cancer (14). Relapse-free survival was worse in tumors with 

more genes with higher DNA methylation than in those with 
less genes with higher DNA methylation (Fig. 5E). These find-

ings suggest that the relapse-free survival in TETs is related to 

the combination of the methylation of 4 genes.

There were some limitations to the present study. We 

examined the promoter methylation of GHSR, GNG4, HOX9 

and SALL3 in 46 TETs and 20 thymic samples using bisulfite 
pyrosequencing. TC and NECT case numbers were lower 
(12 for TC and 4 for NECTT) as these tumors are very rare. 

Thymomas are stratified into 5 entities (types A, AB, B1, B2 
and B3) based on the morphology of epithelial cells and the 

lymphocyte-to-epithelial cell ratio, and the ratio of lympho-

cytes to tumor cells is high in AB, B1 and B2 thymomas. Since 

we were unable to separate tumor cells from lymphocytes prior 

to DNA extraction, the presence of lymphocytes in resected 
AB, B1 and B2 thymomas may have influenced the promoter 
methylation rate.

In conclusion, promoter methylation was significantly 

higher in TC than in thymoma and the thymus and exhibited 

high discrimination between TC and thymoma in all 4 genes. 

As regardsall 4 genes, relapse‑free survival was significantly 
worse in tumors with a higher DNA methylation than in those 
with a lower DNA methylation in all TETs. The combination 
of 4 genes was not more sensitive than the individual genes 

alone for diagnosis, but may be superior for prognosis. These 

genes are a common epigenetic alterations of high diagnostic 

value in TC, which may be involved in the carcinogenesis of 

TC. However, epigenetic alterations in the 3 genes, apart from 

GHSR, are not involved in the tumorigenesis of thymoma.
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