
Abstract. Background/Aim: Epigenetic alterations play an
important role in the pathogenesis of gastrointestinal stromal
tumors (GISTs). To obtain further insight into the GIST
epigenome, we analyzed genome-wide histone modification and
DNA methylation in GIST cells. Materials and Methods: To
reverse epigenetic silencing, GIST-T1 cells were treated with a
DNA methyltransferase inhibitor and a histone deacetylase
inhibitor, and subsequently H3K4me3 levels, the DNA
methylome, and the transcriptome were analyzed. Results:
Treatment with epigenetic inhibitors not only up-regulated genes
with DNA methylation, but also genes related to interferon
signaling. ChIP-seq analysis revealed that drug treatment up-
regulated H3K4me3 levels in retrotransposons, including
endogenous retroviruses (ERV). Finally, utilizing the omics data,
we found that hypermethylation of MEG3 is a frequent event and
an indicator of poorer prognosis in GIST patients. Conclusion:
Epigenetic inhibitors may activate interferon signaling via viral
mimicry in GIST cells. Moreover, epigenome data could be a
useful resource to identify novel GIST-related genes.

Gastrointestinal stromal tumors (GISTs) are the most frequently
occurring gastrointestinal mesenchymal tumors and are derived
from interstitial cells of Cajal (ICCs), which function as
pacemaker cells within the gastrointestinal tract (1). The majority
of GISTs (~90%) harbor constitutively activating KIT mutations,
while a subset exhibit PDGFRA mutations. The resulting

aberrant tyrosine kinase receptor activation is exceedingly
important for GIST tumorigenesis. In addition to genetic
abnormalities, recent evidence strongly suggests the importance
of epigenetic alterations in the pathogenesis of GISTs. For
example, a deficiency in succinate dehydrogenase (SDH), a
mitochondrial enzyme associated with energy production, is
causally associated with aberrant DNA hypermethylation in
pediatric GISTs (2). Moreover, it was recently shown that DNA
methylation induced by SDH deficiency inhibits normal
CCCTC-Binding Factor (CTCF) binding within GIST cells,
which leads to changes in chromosomal topology and activation
of oncogenes through aberrant superenhancer activity (3). DNA
methylation also plays pivotal roles in adult GISTs. For instance,
advanced GISTs exhibit a larger number of methylated genes
than small GISTs, and hypermethylation of a subset of genes is
associated with a poorer prognosis in GIST patients (4). In
addition, we previously showed that genome-wide
hypomethylation of long interspersed nuclear element-1 (LINE-
1) is associated with chromosomal aberrations and malignancy
in GISTs and that hypermethylation of CpG islands is associated
with transcriptional silencing of microRNA (miRNA) genes in
GIST cells (5, 6). 

Epigenetic regulation of gene expression is also strongly
associated with histone modifications (7). In an earlier study,
we demonstrated that a combination of a DNA
methyltransferase inhibitor, 5-aza-2’-deoxycytidine (5-aza-
dC), and a histone deacetylase inhibitor, 4-phenylbutyric acid
(4-PBA), effectively restored expression of epigenetically
silenced miRNA genes in GIST cells (5). Histone
methylation also plays pivotal roles in transcriptional
regulation, and its alteration is deeply involved in
tumorigenesis. For instance, trimethylation of histone H3
lysine 4 (H3K4me3) is a marker of active transcription,
while H3K27me3 is associated with gene silencing (8). We
previously showed that an oncogenic long noncoding RNA
(lncRNA), HOTAIR, is frequently up-regulated in GISTs
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exhibiting aggressive behavior and that the gene’s activation
is associated with elevated levels of H3K4me3 (9).

In the present study, we sought to extend our knowledge
of the epigenome of GIST cells by analyzing their genome-
wide DNA methylation and H3K4me3 states and performing
an integrative analysis using epigenome and transcriptome
data. We also tested the effect of epigenetic drugs, including
DNMT and HDAC inhibitors, in GIST cells. Our findings
indicate that epigenome and transcriptome data are useful
resources for identifying novel GIST-related genes and that
restoration of epigenetic silencing can activate interferon
signaling in GIST cells.

Materials and Methods

Cell line and tissue samples. GIST-T1 cells were obtained and
cultured as described previously (10). Cells were treated with 2 μM
5-aza-dC (Sigma-Aldrich, St. Louis, MO, USA) for 72 h and then
treated with or without 3 mM 4-phenylbutyric acid (4-PBA; Sigma-
Aldrich) for an additional 48 h, replacing the drug and medium
every 24 h. A total of 44 primary GIST specimens were obtained as
described previously (9). Informed consent was obtained from all
patients before collection of the specimens, and this study was
approved by the institutional review board. Risk grades were
assessed according to the risk classification system proposed by
Fletcher et al. based on tumor size and mitotic activity (11). Total
RNA was extracted using TRI Reagent (COSMO BIO, Tokyo,
Japan), and genomic DNA was extracted using the standard phenol-
chloroform procedure.

Gene expression microarray analysis. Gene expression microarray
analysis was carried out according to the manufacturer’s instructions
(Agilent Technologies, Santa Clara, CA, USA). Briefly, 100 ng of
total RNA were amplified and labeled using a Low-input Quick
Amp Labelling kit One-color (Agilent Technologies), after which
the synthesized cRNA was hybridized to a SurePrint G3 Human GE
microarray v2 (G4851; Agilent Technologies). The microarray data
were analyzed using GeneSpring GX version 13 (Agilent
Technologies). The Gene Expression Omnibus accession number for
the microarray data is GSE171499.

Chromatin immunoprecipitation-sequencing. Chromatin immuno-
precipitation-sequencing (ChIP-seq) of H3K4me3 was performed as
described previously (12). Sequencing data were mapped to human
genome GRCh38 using bowtie2 version 2.4.2. Peaks were identified
using Model-based Analysis for ChIP-seq 2 (MACS2) software
version 2.2.7.1 (13) and were annotated using ChIPpeakAnno version

3.12 (14) and HOMER version 4.11. ChIP-seq results were visualized
using deeptools version 3.5.0 and Integrative Genomics Viewer
version 2.8.13 (15). The Gene Expression Omnibus accession number
for the ChIP-seq results is GSE171499.

Infinium assay. The DNA methylome in GIST-T1 cells was
analyzed using an Infinium HumanMethylation450 BeadChip
according to the manufacturer’s instructions (Illumina, San Diego,
CA, USA), as described previously (16). Data were analyzed using
R version 4.0.3 and RStudio version 1.4. The Gene Expression
Omnibus accession number for the Infinium assay data is
GSE171499. In addition, BeadChip data obtained from 44 primary
GISTs without SDH mutation (GSE34387) were also used for
analysis (2).

DNA methylation analysis. Bisulfite pyrosequencing analysis was
performed as described previously (12). For bisulfite sequencing,
amplified PCR products were cloned into pCR2.1-TOPO vector
(Thermo Fisher Scientific, Waltham, MA, USA), after which 10
clones were sequenced using an ABI3130x automated sequencer
(Thermo Fisher Scientific). Sequence information for the primers is
listed in Table I. 

Statistical analysis. Quantitative variables were analyzed using
Student’s t-test or one-way analysis of variance (ANOVA).
Categorical values were compared using Fisher’s exact test.
Survival was analyzed using the Kaplan-Meier method; survival
curves were compared using the log-rank test for two-group
comparison. All data were analyzed using EZR version 1.32 (17).

Results
Overview of histone and DNA methylation in GIST cells. The
workflow for the present study is shown in Figure 1A.
Transcriptome data from GIST-T1 cells were obtained
through microarray analysis. Genome-wide patterns of
histone H3K4me3, a marker of active transcription, were
analyzed using ChIP-seq. Among a total of 23462 H3K4me3
peaks detected with ChIP-seq, the majority (62.7%) were
located within gene promoter regions (Figure 1B). To assess
the association between gene expression and histone
modification, we categorized the genes into three groups
according to their microarray signal intensities: genes with
low expression (0 to 25th percentile), intermediate expression
(25th to 75th percentile), and high expression (75th to 100th
percentile). We then assessed the enrichment of H3K4me3 at
the transcription start sites (TSSs) of the genes in the
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Table I. Sequences of the primers used in this study.

MEG3 bisulfite pyroseq        5’-GAGAAATGAGYGTATTGTAGTAGAA-3’          5’-Bio-AACCRCCRCCAAAACCAACRAACCA-3’        148 bp
Sequencing primer                 5’-ATTTAGTTAGTTTTTA-3’                                                                                                                                          
Sequence to analyze              5’-CGTAGACGGCG-3’                                                                                                                                                     
MEG3 bisulfite seq                5’-GAGTAATTTGTTATAGAATTTGGGGGG-3’      5’-CAAAACCCAAAATCAAACAAACTC-3’                  358 bp

Y=C or T; R=A or G; Bio: biotin.
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Figure 1. Overview of the H3K4me3 and DNA methylation states in GIST-T1 cells. (A) Workflow for this study. (B) Chromosomal locations of
H3K4me3 peaks (n=23,462) in GIST-T1 cells. (C) Metagene plots (upper) and heatmaps (lower) showing levels of H3K4me3 around transcription
start sites (TSS; 2 kb downstream and 2 kb upstream) in genes with low (0-25th percentile), intermediate (25th-75th percentile) and high (75th-100th
percentile) microarray signal intensities. (D) Density plots showing signals (β-values) from Infinium HumanMethylation450 (HM450) probes located
within the indicated chromosomal regions. (E) Levels of DNA methylation within the TSS200 regions of genes with the indicated microarray signal
intensities. Results for all genes, genes with CpG island (CGI) and genes without CGI are shown. (F, G) Representative results of transcriptionally
active (F) and epigenetically silenced genes (G). Levels of H3K4me3 and DNA methylation (HM450) are shown at the top.



respective groups. The metagene plots and heatmaps in
Figure 1C show that gene expression levels were tightly
correlated with enrichment of H3K4me3 at TSS regions. 

We then used an Infinium HumanMethylation450
(HM450) BeadChip to analyze the DNA methylome in
GIST-T1 cells. Density plot analyses revealed that the
majority of the CpG sites from the TSS to the 1st exon region
and CpG islands were unmethylated, whereas they were
largely methylated in the gene bodies and intergenic regions
(Figure 1D). To assess the association between DNA
methylation and gene expression, we selected probe sets of
the BeadChip located within 200 bp upstream of TSSs
(TSS200) and calculated the average methylation levels of
the respective genes. We then examined the association of
methylation levels of genes with their respective expression
levels and found an inverse association between DNA
methylation and gene expression (Figure 1E). Similar results
were obtained when genes were categorized according to the
presence or absence of CpG islands in their TSS regions.
Most genes with CpG islands were unmethylated, while a
small subset of genes with low expression exhibited elevated
methylation levels (Figure 1E). Genes without CpG islands
generally exhibited much higher levels of methylation than
those with CpG islands, though a moderate inverse
association between methylation and expression was still
observed. Representative examples of epigenetically active
and silent genes are shown in Figure 1F and G. A CpG island
located at the TSS of the KIT gene was unmethylated, and
this region was enriched with H3K4me3 (Figure 1F). By
contrast, a host gene encoding miR-34a (MIR34AHG) was
epigenetically silenced in association with CpG island
hypermethylation and a lack of H3K4me3 (5) (Figure 1G). 

Effects of epigenetic inhibitors on gene expression in GIST
cells. We next tested the effect of epigenetic inhibitors on
GIST cells. Infinium assays revealed a series of genes
hypermethylated at their TSS regions. With a stringent
criterion (average β-value at TSS200 >0.8), 604 genes with
CpG islands and 1,732 genes without CpG islands were
defined as hypermethylated in GIST-T1 cells. Treatment with
the DNMT inhibitor 5-aza-dC up-regulated expression of
these genes, which confirmed the involvement of DNA
methylation in gene repression (Figure 2A). When we
applied a lower cutoff (β-value >0.6), 883 genes with and
2,602 genes without CpG islands were found to be
methylated, and their expression levels were also elevated by
5-aza-dC treatment (data not shown). To further clarify the
effect of drug treatment, we performed a pathway analysis
of the genes up-regulated by 5-aza-dC in GIST-T1 cells and
found significant enrichment of genes associated with
interferon signaling (Figure 2B). We also observed that a
combination of 5-aza-dC plus the histone deacetylase
inhibitor 4-PBA led to stronger induction of genes related to

interferon signaling than did 5-aza dC alone (Figure 2C-E).
Gene Set Enrichment Analysis (GSEA) suggested that 5-aza-
dC + 4-PBA (AP) significantly activated both interferon-α/β
and -γ signaling in GIST cells (Figure 2F). 

Effects of epigenetic inhibitors on histone methylation in GIST
cells. To further clarify the effect of the epigenetic inhibitors,
we carried out a ChIP-seq analysis of H3K4me3 in GIST-T1
cells treated with AP. We found that AP treatment significantly
up-regulated the levels of H3K4me3 in TSS regions,
suggesting that a large number of epigenetically repressed
genes were reactivated by the treatment (Figure 3A). A
representative example of an epigenetically silenced gene is
shown in Figure 3B. A CpG island in CAV1 was
hypermethylated in GIST-T1 cells, and the level of H3K4me3
was significantly up-regulated by AP (Figure 3B). The ChIP-
seq analysis revealed 13,451 peaks newly acquired with AP
treatment (Figure 3C). Chromosomal locations of the peaks in
GIST-T1 cells and those newly acquired with the treatment are
summarized in Figure 3D and E. Most of the peaks were
detected in promoter regions, and elevated levels of H3K4me3
were confirmed in multiple genes up-regulated by AP (Figure
3F). Moreover, it is noteworthy that the newly acquired peaks
were also frequently found within introns (28.9%) and
intergenic regions (18.7%) (Figure 3E). Annotation of the
peaks using HOMER revealed that substantial fractions of the
intronic and intergenic peaks were located within
retrotransposons, including short interspersed nuclear elements
(SINEs), long interspersed nuclear elements (LINEs), and long
terminal repeat (LTR) retrotransposons (Figure 3G).
Representative examples of elevated H3K4me3 levels in
retrotransposon regions are shown in Figure 3H. These results
suggest that treatment with a DNMT inhibitor and an HDAC
inhibitor restored expression of a number of epigenetically
silenced genes as well as retrotransposons in GIST cells.

Screening for epigenetically silenced lncRNA genes in GIST.
The results summarized above suggest that our transcriptome
and epigenome data may be useful resources for identifying
novel GIST-related genes. We therefore screened for
epigenetically silenced lncRNA genes in GIST-T1 cells.
Using the microarray data, we identified 28 lncRNAs that
were significantly up-regulated (>2-fold, p<0.05) by AP
(Figure 4A and B). Among them, 13 lncRNA genes
contained CpG islands in their TSS regions. Using the ChIP-
seq data, we found that AP induced up-regulation of
H3K4me3 in the TSS regions of five lncRNA genes (MEG3,
NEAT1, GUSBP1, LOC100288911 and lnc-TMEM234-1;
Figure 4A and C). The DNA methylation levels determined
at the respective CpG sites using Infinium assays are
summarized in Figure 4D. High levels of methylation were
observed at CpG sites located proximal to TSSs of MEG3
and NEAT1 in GIST-T1 cells. By contrast, the levels of DNA
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methylation in other lncRNA genes were relatively limited
(Figure 4D). To assess the clinical relevance of the
methylation of these genes, we carried out Infinium assays
with a series of 44 primary GISTs. We found that MEG3 was

significantly methylated in the primary GISTs, while other
lncRNA genes showed moderate methylation (Figure 4D). 

We therefore selected MEG3 for further analysis.
Detailed bisulfite sequencing analysis confirmed that the
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Figure 2. Effects of epigenetic inhibitors on gene expression in GIST-T1 cells. (A) Microarray results showing expression levels of genes with DNA
methylation in GIST-T1 cells treated with mock or 5-aza-dC (Aza). (B, C) Pathway analyses of genes up-regulated by 5-aza-dC (B) or 5-aza-dC
plus 4-PBA (AP; C). (D) Microarray results for genes associated with interferon-γ (left) and interferon α/β (right) signaling. (E) Heatmap showing
microarray results for interferon-α/β signaling genes in GIST-T1 cells treated as indicated. (F) GSEA of the indicated gene sets carried out using
microarray data from cells treated with mock or AP. 
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Figure 3. Effects of epigenetic inhibitors on H3K4me3 in GIST-T1 cells. (A) Metagene plot and heatmap showing H3K4me3 levels around the
transcription start sites (TSS; 2 kb downstream and 2 kb upstream) of all genes in GIST-T1 cells treated with mock or 5-aza-dC plus 4-PBA (AP).
(B) Representative example of a gene (CAV1) activated by AP. Levels of H3K4me3 and HumanMethylation450 (HM450) signals are shown above,
and the location of a CpG island (CGI) is shown below. (C) Venn diagram showing the numbers of H3K4me3 peaks in GIST-T1 cells treated as
indicated. (D, E) Chromosomal locations of H3K4me3 peaks in GIST-T1 cells (D) and the locations of H3K4me3 peaks induced by AP (E). (F)
H3K4me3 levels in representative interferon signaling genes. (G) Locations of AP-induced intronic and intergenic H3K4me3 peaks within the
indicated retrotransposon regions. (H) Representative examples of retrotransposon regions in which H3K4me3 levels were elevated by AP treatment.
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Figure 4. Identification of epigenetically silenced lncRNA genes in gastrointestinal stromal tumors (GISTs). (A) Workflow to identify epigenetically
silenced lncRNA genes. (B) Heatmap showing microarray results for 28 selected lncRNAs in GIST-T1 cells treated with mock or 5-aza-dC plus 4-
PBA (AP). (C) H3K4me3 levels in five selected lncRNA genes in cells treated as indicated. Locations of the CpG islands (CGI) are shown below.
(D) DNA methylation levels of the five lncRNA genes. Circle graphs representing the methylation levels of respective CpG sites located around the
transcription start sites of lncRNA genes in GIST-T1 cells. Results in primary GISTs (GSE34387, n=44) are also shown.



CpG island in MEG3 was densely methylated in both GIST-
T1 cells and primary tumors (Figure 5A). We next
performed bisulfite pyrosequencing of MEG3 in a series of
131 primary GISTs and assessed its correlation with the
clinicopathological characteristics of the patients (Figure 5,
Table II). We found that levels of MEG3 methylation were
significantly higher in GISTs located in the stomach than
than those from other origins including small intestine and
colon (Table II). Further investigation of MEG3
methylation in gastric GISTs revealed that the higher
MEG3 methylation was associated with postoperative
recurrence (Table III). By contrast, MEG3 methylation was
not associated with any clinicopathological features tested
in GISTs from other origins (Table IV). Kaplan–Meier
curve analysis showed that higher levels (>87%) of MEG3
methylation were associated with poorer overall survival of
patients with GISTs, irrespective of the tumor location
(Figure 5C and D).

Discussion

In this study, we re-confirmed that epigenetic modifications
tightly correlate with genome-wide transcriptional regulation
in GIST cells. Our ChIP-seq analysis showed that H3K4me3
was significantly enriched within active TSS regions in both
protein-coding and noncoding genes. By contrast, DNA
methylation in TSS regions negatively correlates with gene
transcription. In particular, most TSS regions containing CpG
islands were depleted of DNA methylation, while a small
subset of CpG islands exhibited hypermethylation in GIST
cells. Aberrant hypermethylation of CpG islands was
associated with tumor progression, and approximately 5-10%
of CpG islands reportedly gain aberrant DNA methylation in
various types of human cancer (18). We also found that in
GIST cells, the levels of DNA methylation were relatively
high in TSS regions without CpG islands and in gene body
regions and intergenic regions. It is well documented that
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Figure 5. Analysis of MEG3 methylation in gastrointestinal stromal tumors (GISTs). (A, B) Results of bisulfite sequencing of MEG3 in GIST T1
cells and primary tumors. The region analyzed by bisulfite pyrosequencing is indicated by an arrow on the top. (B) Representative results of bisulfite
pyrosequencing of MEG3 in GIST T1 cells and primary tumors. (C, D) Kaplan–Meier curves showing the effects of MEG3 methylation on survival
of patients with GIST. C) All tumor locations; D) stomach.



DNA methylation within gene bodies is normally maintained
at a high level, and it correlates positively with gene
expression through inhibition of abnormal promoter activity
or regulation of transcribed gene splicing (19). 

When we treated GIST cells with DNMT and HDAC
inhibitors, we found that they restored expression of a
number of epigenetically silenced genes. To our knowledge,
this is the first report showing that epigenetic inhibitors are
able to activate interferon signaling within GIST cells, while
several earlier studies demonstrated that 5-aza-dC treatment
leads to up-regulation of genes related to immune responses
and interferon signaling in cancer cells (20, 21). Recently,

the mechanism underlying activation of interferon signaling
by inhibition of DNA methylation was clarified. That
mechanism, viral mimicry, is triggered by re-expression of
endogenous retroviruses (ERVs) and production of double-
stranded RNAs that lead to activation of type I and/or III
interferon responses via activation of the MDA5/MAVS
RNA recognition pathway (22-24). In the present study, we
found that treating GIST cells with epigenetic inhibitors up-
regulated H3K4me3 levels at numerous retrotransposon
regions. Retrotransposons are subdivided into two groups
based on the presence or absence of long terminal repeats
(LTRs), and LTR elements including ERVs and related
elements account for approximately 8% of the human
genome (25). Our results suggest that epigenetic treatment
may modulate the immune environment within GISTs and
potentially elicit antitumor effects in combination with
immunotherapy.

LncRNAs are non-coding transcripts with a length of
more than 200 nt and are expressed uniquely in various
differentiated cells or tumor types (26). Biological functions
in which lncRNAs are reportedly involved include
development, differentiation, apoptosis and tumorigenesis
(27). We previously reported that HOTAIR expression is
associated with high-risk GIST and poor prognoses in GIST
patients (9). HOTAIR also reportedly regulates GIST
progression by inducing hypermethylation and silencing
PCDH10 (28). LncRNA CCDC26 knockdown reportedly
induces imatinib resistance through regulation of c-KIT or
IGF-1R expression (29, 30). These results suggest that
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Table II. Correlation between MEG3 methylation levels and the
clinicopathological features of GISTs.

                                                      N    MEG3 methylation (%)    p-Value
                                                                    (mean±95%CI)

Age
   >65                                            62               65.3±24.8                 0.80 
   ≤65                                            60               64.1±28.2                   
Gender
   Female                                       64               62.5±27.8                 0.36
   Male                                          57               66.9±25.0                   
Tumor location
   Stomach                                    98               68.6±25.3              <0.01
   Other                                         23               47.2±24.9                   
Recurrence
   +                                                21               65.6±32.4                 0.85
   –                                               100               64.4±25.3                   
Risk classification (Fletcher)
   High                                          34               63.8±27.7                 0.96
   Intermediate                              32               65.8±27.3                   
   Low or very low                       53               64.6±25.0                   

Table III. Correlation between MEG3 methylation levels and the
clinicopathological features of gastric GISTs.

                                                      N    MEG3 methylation (%)    p-Value
                                                                    (mean±95%CI)

Age
   >65                                            50                 67±28.2                  0.51
   ≤65                                            48               70.4±22.1                   
Gender
   Female                                       53               66.9±26.9                 0.52
   Male                                          44               70.3±23.6                   
Recurrence
   +                                                13                 85±18.2                <0.05
   –                                                 85               66.1±25.4                   
Risk grade
   High                                          23               74.4±21.0                 0.41
   Intermediate                              25               68.8±26.9                   
   Low or very low                       47               65.9±25.6                   

Table IV. Correlation between MEG3 methylation levels and the
clinicopathological features of non-gastric GISTs.

                                                      n     MEG3 methylation (%)    p-Value
                                                                    (mean±95%CI)

Age
   >65                                              9               47.8±26.7                 0.89
   ≤65                                            14               64.1±28.2                   
Gender
   Female                                       11               40.8±22.0                 0.25
   Male                                          12               53.1±26.9                   
Tumor location
   Esophagus                                   4               42.9±30.8                 0.48
   Small intestine                          16               44.9±24.4                   
   Colon                                           2               56.8±14.9                   
   Omentum                                    1                    83.2                       
Recurrence
   +                                                  8               54.3±23.0                 0.06
   –                                                 15               34.0±24.1                   
Risk classification (Fletcher)
   High                                          10               37.5±25.4                 0.27
   Intermediate                                7                54.827.9                    
   Low or very low                         6               54.6±17.3                   



lncRNAs may play pivotal roles in the pathogenesis of
GISTs. In the present study, we applied our epigenome and
transcriptome data to screen for lncRNAs epigenetically
down-regulated in GISTs and identified five (MEG3, NEAT1,
GUSBP1, LOC100288911, and lnc-TMEM234-1), among
which MEG3 was the most frequently hypermethylated in
primary GISTs. 

MEG3 is located within an imprinted gene cluster on
chromosome 14q32.3 (31, 32). Its expression is regulated by
two differentially methylated regions (DMRs): the intergenic
DMR (IG-DMR) and the MEG3-DMR (33). Because
deletion of the region containing the IG-DMR leads to loss
of MEG3 expression, the IG-DMR is thought to regulate
transcriptional activation of MEG3 (33). MEG3-DMR
overlaps with MEG3 promoter, and its hypermethylation has
been observed in various malignancies, including
meningioma, cervical cancer, gastric cancer, acute myeloid
leukemia (AML), and myelodysplastic syndrome (34-37). In
addition, epigenetic silencing of MEG3 via promoter
hypermethylation has been reported in glioma, hepatocellular
carcinoma, and epithelial ovarian cancer (38-40). 

Multiple lines of evidence suggest that MEG3 acts as a
tumor suppressor in various tumors. In AML cells,
dysregulation of WT1 and TET2 leads to down-regulation of
MEG3 and progression of leukemogenesis (41). In
esophageal and prostate cancer, MEG3 inhibits cell growth
and invasiveness by acting as a competing endogenous RNA
(ceRNA) against miR-9 (42, 43). The role of MEG3 as a
ceRNA has also been reported in prostate cancer (44). In
hepatoma cells, MEG3 inhibits cell proliferation and induces
apoptosis through interaction with p53 or down-regulation
of ADH4 via competition with miR-664 (45, 46). It has also
been reported that in epithelial ovarian cancer, MEG3
inhibits cell proliferation by interacting with ATG3 and
inducing autophagy (47). Taken together with these findings,
our observations suggest hypermethylation of MEG3
contributes to the pathogenesis GISTs and to poorer
prognoses in GIST patients. 

In summary, we performed an integrated analysis of the
epigenome and transcriptome in GIST cells and confirmed
the tight association between DNA methylation, histone
modification and gene expression. We further demonstrated
that treatment with an epigenetic inhibitor leads to
activation of interferon signaling in GIST cells and that
restoration of repetitive elements, including ERV genes,
may be involved in interferon signaling. We also showed
that our data could be a useful resource for identifying novel
GIST-related genes.
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