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ABSTRACT

Long range epigenetic silencing 

of chromosome 15q23 

in human gastrointestinal cancer

Jee-Youn Kang

Department of Molecular Medicine 

and Biopharmaceutical Sciences 

World Class University Graduate School 

of Convergence Science and Technology

Seoul National University 

Cancer is a disease of genetic and epigenetic deregulation 

contributing to aberrant gene expression. Until recently, cancer associated 
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epigenetic deregulation has been manifested as a local event affecting 

discrete genes. However, concurrent epigenetic silencing of a large 

chromosomal region encompassing multiple neighboring genes, termed as 

long range epigenetic silencing (LRES) is being newly identified. This kind 

of global epigenetic gene regulation may provide important implication in 

development of epigenetic based cancer treatment strategies. Therefor, we 

tried to identify novel LRES region in human gastrointestinal cancer and 

elucidate its importance in tumor progression. 

First, we compared microarray gene expression data of HCT116 and 

DKO to identify LRES region in human gastrointestinal cancer. As DKO is 

a derivative of HCT116 with DNMT1 and DNMT3b knocked out, difference 

between their gene expression implicates differential DNA methylation. 

Interestingly, we identified large chromosomal region with multiple genes at 

chromosome 15q23 showing low gene expression in HCT116 compared to 

DKO. Differential gene expression was confirmed with qRT-PCR. 

Contribution of　 CpG island hypermethylation of gene promoters were 

verified with bisulfite sequencing. Histone modification, which is known as 

another important layer of epigenetic regulation, was also identified to 

regulate epigenetic silencing.

Second, we examined the gene expression of 11 gastric cancer cells 
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to verify whether the LRES was general event. We identified six gastric 

cancer cells showing comparable gene expression pattern with HCT116. To 

verify if LRES in gastric cancer cells were also regulated by DNA 

methylation and histone modification, we compared gene expression, 

methylation status, and histone modification of the genes within the LRES 

region. We confirmed that SNU601, which showed low level of gene 

expression along the LRES region, was associated with DNA methylation at 

gene promoters with MSP assay. SNU601 was also associated with low 

level of active histone marks, while repressive histone marks were enriched. 

Third, to validate how DNA methylation and histone modification 

interact to maintain silenced state of LRES region, we treated demethylating 

agent, 5-Aza-2’-deoxycytidine (5-aza-CdR) to SNU601. We identified that 

gene restoration after the treatment was more likely a result of histone 

modification rather than demethylation of gene promoters. From these results 

we could suggest that maintaining DNA methylation contributes to inheriting 

stable silent state of LRES region, while plasticity of histone modification 

can result in transient gene expression change.

Finally, to determine whether LRES of this region is clinically 

relevant event, we compared gene expression of five primary gastric tumor 

tissues with their normal pairs. We identified that genes within LRES region 
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was silenced in primary gastric tissues. We concluded that this low gene 

expression was mediated by tumor specific DNA methylation at their 

promoters.

Taken altogether, our results suggest a novel LRES region of 

chromosome 15q23 in human gastrointestinal cancer, mediated by tumor 

specific DNA hypermethylation and aberrant histone modification.

Keywords : Epigenetics, Long Range Epigenetic Silencing (LRES), DNA 

methylation, Histone modification, 5-aza-CdR

Student number : 2012-22834



v

CONTENTS

ABSTRACT·························································ⅰ

CONTENTS·························································ⅴ

LIST OF TABLES················································ⅶ

LIST OF FIGURES···············································ⅷ

INTRODUCTION···················································1

MATERIALS AND METHODS·································3

1. Cell culture and drug treatment································3 

2. Reverse transcription PCR and Quantitative Real-Time  

   RT-PCR (qRT-PCR)··············································4

3. Methylation-Specific PCR (MSP) and Bisulfite 

   Sequencing···························································6

4. Chromatin Immunoprecipitation Assay·······················10

RESULTS····························································11

1. Identification of long range silencing of chromosome 

15q23.2 mediated by epigenetic modification in 



vi

HCT116.···························································11

2. Long range epigenetic silencing of chromosome15q23.2 in 

gastric cancer cells.··············································19

3. Demethylating agent, 5-aza-CdR, induced gene reactivation 

and epigenetic modification.···································26

4. LRES in primary gastric tumors.·····························32

DISCUSSION·······················································36

REFERENCES······················································39

ABSTRACT IN KOREAN·······································43



vii

LIST OF TABLES    

Table 1. Primer sequences for RT-PCR and Quantitative 

real-time PCR ···········································5

Table 2. Primer sequences for methylation-specific PCR…7

Table 3. Primer sequences for bisulfite sequencing··········9

                                                   

         



viii

LIST OF FIGURES

FIGURE　 1. Identification of long range silencing of 

chromosome 15q23.2 mediated by epigenetic 

modification in HCT116.·························14

FIGURE 2. Long range epigenetic silencing of 

chromosome15q23.2 in gastric cancer 

cells.···················································21

FIGURE　 3. 5-aza-CdR induced gene reactivation and 

epigenetic modification.···························28

FIGURE 4. Long range epigenetic silencing of 

chromosome15q23.2 in primary gastric 

tumors.················································33



1

INTRODUCTION

Epigenetic events, defined as heritable changes in gene expression 

that are not associated with DNA sequence alterations, are gaining evidence 

as fundamental hallmark of the cancer genome[1-4]. The cancer epigenome 

is featured by global hypomethylation of normally methylated silent regions 

with de novo methylation of site specific CpG island promoters, resulting in 

transcriptional silencing [1, 3]. In concert with DNA methylation aberrations, 

post-translational modification of histones are deregulated, affecting genome 

wide chromatin configuration and functional state of gene transcription [3, 

4]. 

Transcriptional repression mediated by abnormal gains of CpG 

island methylation were generally thought to occur at local chromosomal 

region of discrete gene promoters during tumor initiation and progression, 

disrupting tumor suppressor functions, DNA mismatch repair, and cell cycle 

regulation[5]. Identification of discrete hypermethylated genes by candidate 

approaches have contributed to a better knowledge of novel biomarkers for 

cancer detection and prognosis[6]. However, as these previous studies have 

investigated individual genes with limited resolution, the extent and exact 

nature of epigenetic aberrations in cancer cells were not fully understood.

Recent genome-wide epigenomic and transcription profiling studies 
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demonstrated that large chromosomal regions are frequently hypermethylated 

in cancer cells, suggesting that epigenetic silencing can influence multiple 

neighboring genes, resulting in Long Range Epigenetic Silencing (LRES)[7]. 

This phenomenon was first described in colorectal cancer, affecting a 4Mb 

gene rich region in chromosome 2q14.2[8]. Interestingly, neighboring genes 

spanning the region showed hypermethylation of specific CpG islands, 

suppression of most of the genes in the region, and enrichment of inactive 

histone mark H3K9me2. Concurrent silencing of multiple neighboring genes 

associated with CpG island promoters were also observed in other 

chromosomal regions, including the protocadherin cluster at 5q31[9] and the 

Ikaros gene family in colorectal cancer[10]. In addition to colorectal cancer, 

LRES has been also demonstrated in prostate[11], breast[12], gastric[13], 

bladder cancer indicating that coordinated epigenetic regulation over large 

chromosomal region may be a common event.

In this study, we report coordinated silencing of a new set of 

multiple neighboring genes in gastrointestinal cancer, which are featured by 

tumor specific CpG island promoter methylation and stem cell-like bivalent 

chromatin structures. Although recent studies demonstrated coexistence of 

these different epigenetic marks to mediate LRES, the interaction and 

dynamics of the modifications are not fully understood. 
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MATERIALS AND METHODS

1. Cell culture and drug treatment

Cells were cultured in McCoy’s 5A (HCT116) or RPMI 1640 

(gastric cancer cells; SNU-1, -5, -16, -216, -484, -601, -620, -638, -668, 

-719, -AGS) supplemented with 10% fetal bovine serum and gentamicin (10

μg/mL) at 37℃ in a humidified 5% CO₂atmosphere. 

5-Aza-2’-deoxycytidine (5-aza-CdR; SigmaAldrich) was administered at 

conditions indicated in the figure legends.



4

2. Reverse transcription PCR and Quantitative Real-Time 

RT-PCR (qRT-PCR)

Total RNA was extracted using TRI Reagent (Molecular Research 

Center) according to the manufacturer’s instructions. 2μg of total RNA was 

used to reverse transcribe cDNA with random hexamer and ImProm-II 

reverse transcriptase (Promega) [14]. Each sample was replicated at least 

three times from three independent sets of preparations.

Quantitative real-time RT-PCR was performed by Step One Plus 

system (Applied Biosystems) using Premix Ex Taq (TaKaRa) with SYBR 

Green I (Molecular Probes) to validate gene expression. All assays were 

normalized versus 18s mRNA level and results were displayed as s.d. of 

triplicates. 
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Gene Sequence (5'->3') Size

RPS17
F CATTATCCCCAGCAAAAAGC

485bp
R AGGCTGAGACCTCAGGAACA

CPEB1
F CGGTGCTCTGCATGGAATGCTA

196bp
R CTTGGTGGTTTTGATCTCCACA

HOMER2
F GGAAGATTGACGACCTGCATG

189bp
R TGGTTTGGAAACACGACAAAC

BTBD1
F GATGACGGTGATGACGACTG

166bp
R TGTAGGTGGCAGAAAGCGTA

TM6SF1
F TCCCGGTCACCTATGTCTTC

234bp
R AGTGTGTCATGAACCCGTCA

HDGFRP3
F GCAAGCAGTGAGGAAGAAGGTG

250bp
R TCCCTTCACTGGTTTTCTGCAAG

BNC1
F CGAAACAGACACAGCCAGAA

243bp
R CATCTTCCCACGAGGTTTGT

SH3GL3
F TCAGCCAAATCCAGCATACA

164bp
R CATTGCCAAAGGTGGAGTCT

ADAMTSL3
F TGGAAGCATGTGATGAGAGC

178bp
R TTGACTGTCTGCTGGGTCTG

ZSCAN2
F TGGAAGGTCTGGAAAGTTGGGT

203bp
R AACAACCAGAACCACACCAATG

Table 1. Primer sequences for RT-PCR and Quantitative real-time PCR
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3. Methylation-Specific PCR (MSP) and Bisulfite 

Sequencing 

1 μg of genomic DNA (gDNA) isolated with QIAamp DNA mini 

kit (Qiagen), was modified with EpiTech Bisulfite kit (Qiagen) according to 

the manufacturer’s instructions. Methylation specific PCR was conducted 

with sodium bisulfite modified DNA using primer sets specific for 

methylated or unmethylated sequences of the genes.

For bisulfite sequencing, modified DNAs were amplified. PCR 

products were gel purified and cloned into TA cloning vector. The inserted 

PCR fragments of individual clones were sequenced.
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Gene Sequence (5'->3') Size

RPS17

U
F TTATTGTTTTATGGTTTTGGATTGT

174bp
R TCCCCTCAATTAACTTAAACTCACT

M
F TTTTATTGTTTTACGGTTTTGGATC

175bp
R CCCCTCGATTAACTTAAACTCG

CPEB1

U
F TGTTTTTAAAAGTGTAGAGGTAGTG

238bp
R AAAAACCACAAAAAAATTCTTACAC

M
F GCGTTTTTAAAAGTGTAGAGGTAGC

239bp
R AAAAACCACGAAAAAATTCTTACG

HOMER2

U
F GTTTTTTGTTTTTTGGTTTGTTGTT

171bp
R CAACTACCACTACTACCACTACCAC

M
F TCGTTTTTTGGTTCGTTGTC

166bp
R CGACTACCACTACTACCACTACCG

BTBD1

U
F GAGGTTTTTGGAAGTGTTTTTTTT

115bp
R CTCCAACTACACAATTACCCACAT

M
F TTTTCGGAAGCGTTTTTTTC

107bp
R AACTACGCGATTACCCACGT

TM6SF1

U
F AGTTAGGTTTAAAAATTGGATGTTG

135bp
R AAATCATCTATAAAAAAACCCACAA

M
F GAGTTAGGTTTAAAAATCGGATGTC

134bp
R AAATCGTCTATAAAAAAACCCACG

HDGFRP3

U
F AGAATTTTTAGAGTGGTATGGATGG

258bp
R ACCAATTAATTCCTAAATACACAAC

M
F GAGAATTTTTAGAGTGGTACGGAC

259bp
R ACCGATTAATTCCTAAATACACGAC

BNC1

U
F GATGTTTTGGAGTTGGTAAATG

119bpR AAAAATAACATATAAAATACCCACCAA
F

M
GACGTTTCGGAGTTGGTAAAC

115bpR ATAACGTATAAAATACCCGCCG

SH3GL3
U

F GTTTTGGAATGTAGTGTTGTTATTGG
185bp

R ACAAAATAATCTCAAAACTCAAC

M F GTTTTGGAACGTAGTGTTGTTATC 187bp

Table 2. Primer sequences for methylation-specific PCR
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R AAACGAAATAATCTCAAAACTCGAC

ADAMTSL3

U
F AGTTTTTGTTTTAGTTTTATTTAATTTTGT

216bp
R AACTCAATACACCCACCTTACAC

M
F TCGTTTTAGTTTTATTTAATTTCGC

210bp
R ACTCGATACACCCACCTTACG

ZSCAN2

U
F TTAAATATAGGAATATTATGTGTGA

212bp
R CTTAAAAAACCTTTTCAACTACAAA

M
F TTAAATATAGGAATATTACGTGCGA

212bp
R CTTAAAAAACCTTTTCGACTACGAA
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Gene Sequence (5'->3') Size

RPS17
F GGTTTTTAGTTTATAGAGAGGTTTTGGG

283bp
R TTCTATAATAACCCRAACCRCCTTCTTC

CPEB1
F TAGGAGGGTAGAGTTATAYGAGTAGGTAGT

395bp
R ACAAAAACAATTACCATACAAACCCCCTCC 

HOMER2
F GTGTATATAGTGTTGYGTTTTTYGTTTTTTGG

344bp
R TCACTCACCCCATCTCCRACRCTAC

BTBD1
F TGAGTTAGGATTAGTTTTTTAYGTTTTTGT

380bp
R ATTCCCRCTACAAAAAAAACAAAAACCC

TM6SF1
F GTTAGGGGTATTTGTTTTTGYGYGGGGGTGT

376bp
R ACRAAAACCCCRATAACCRCAAAACACTC

HDGFRP3
F GAGAATAATAATAAGATYGTGTTTGYGGTTG

273bp
R ATAAACRAAAAACRCAACAAACCCRACAAATC

BNC1
F TGAGAAGAGYGTTAGAGAATTTTAGAG

390bp
R AAACARCTCCCCAAACRCCCAAACTAC

SH3GL3
F TAGGATATTTTTAYGTTTAGTTTTTTAGGT

389BP
R ACTAACTTTATAAAACTACTTCTTCAAC

ADAMTSL3
F GGAGTGGTTTTTAGGAAGYGGGYGGAGG

389bp
R TCRTACRAAATCCRACACCAAAACCTTCCC

ZSCAN2
F GGTGTGTTTTTATTAATAGAAAGGTAG

284bp
R CTAACTCCAAACCCACTATTCCCTCACC

Table 3. Primer sequences for bisulfite sequencing
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4. Chromatin Immunoprecipitation Assay

A chromatin immunoprecipitation (ChIP) assay was performed as 

previously described [15]. Briefly, cells were cross-linked with 1% 

formaldehyde for 10min at room temperature. 0.125M glycine was added for 

5min at room temperature to terminate the reaction. Nuclei were prepared 

and digested with 50 U MNase at 37°C for 15 min, and then were 

sonicated to yield chromatin fragments of 200–400 bp. The precleared 

chromatin was overnight incubated with antibodies at 4°C. The chromatin 

was incubated with protein A agarose (Millipore), which was pre-equilibrated 

with sonicated salmon sperm DNA and BSA. Immunoprecipitated material 

was then washed extensively, and the crosslinks were reversed. DNA from 

eluted chromatin was purified by phenol extraction and ethanol precipitation. 

Differences in DNA enrichment for ChIP samples were determined by 

quantitative RT-PCR using 2.5% of the precipitated sample DNA and 0.02% 

of the input DNA.
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RESULTS 

1. Identification of long range silencing of chromosome 

15q23.2 mediated by epigenetic modification in HCT116.

To screen for novel LRES region, we sought for genomic regions 

that frequently show coordinated silencing of multiple neighboring genes in 

human colorectal cancer cells, HCT116 and DKO. DKO, which is isogenic 

with HCT116, has DNA methyltransferases (DNMTs), DNMT1 and 

DNMT3B, knocked out [16]. By comparing the expression profile of 

HCT116 and DKO cells, higher gene expression seen in DKO compared to 

HCT116, could be assumed as restoration of silenced genes mediated by 

lack of DNMTs in DKO. 

To determine putative LRES region, we first identified a list of 

transcriptionally down regulated genes by comparing our microarray 

expression data set of HCT116 and DKO (table1). Top 60 genes showing 

the most differential gene expression were chosen and expression profile of 

their neighboring genes were investigated to define the length and boundary 

of the region showing long range silencing (data not shown). Boundaries 

were defined when two consecutive genes showed no difference in their 

gene expression. Based on our microarray expression data set, chromosome 

15q23.2 harboring one of the top 60 genes, HDGFRP3, was identified as 
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LRES (Fig. 1A and 1B). Ten reviewed genes with CpG Island on their 

promoter region (RPS17, CPEB1, HOMER2, BTBD1, TM6SF1, HDGFRP3, 

BNC1, SH4GL3 and ADAMTSL3) were included in this region, with 

RPS17 and ZSCNA2 classified as boundary.

To validate our microarray expression data, we performed 

quantitative RT-PCR (qRT-PCR) with selected genes. Among the ten genes, 

six of the genes (CPEB1, HOMER2, TM6SF1, HDGFRP3, BNC1, and 

ADAMTSL3) within this region showed significantly low level of gene 

expression in HCT116 compared to DKO (Fig. 1C). However, BTBD1 and 

SH3GL3 showed no difference in gene expression along with two boundary 

genes (RPS17 and ZSCAN2) (Fig. 1C). 

To examine the probability of epigenetic silencing in chromosome 

15q23.2, methylation status of CpG Island promoters of LRES genes were 

evaluated with bisulfite PCR sequencing. Bisulfite sequencing analysis of six 

genes (CPEB1, HOMER2, TM6SF1, HDGFRP3, BNC1, and ADAMTSL3) 

with low gene expression in HCT116 revealed distinct differences in DNA 

methylation status between HCT116 and DKO (Fig.1D) Compared to DKO 

cells, gene promoters of HCT116 had hypermethylation of the CpG island 

promoters correlating with their low gene expression. In contrast, these 

genes were devoid of methylated CpG islands in DKO cells. However, 

BTBD1 and SH3GL3 along with two boundary genes, were devoid of DNA 
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methylation corresponding to their active transcriptional state. 

As histone modifications and DNA methylation cooperatively interact 

to regulate gene expression[1], we investigated whether transcriptional 

silencing observed in LRES region was also associated with typical histone 

patterns[17]. We compared active (H3K4me3) and inactive (H3K27me2) 

histone modifications at LRES region by chromatin immunoprecipitation 

(ChIP) analysis. Correlating with low gene expression within the LRES 

region, active histone marks (H3K4me3) were barely detectable in HCT116 

compared to DKO cells (Fig. 1E). Consistent with low gene expression, 

repressive histone mark (H3K27me2) were enriched in HCT116 (Fig. 1F). 

However, repressive histone modification marks (H3K27me2) were also 

abundant in DKO (Fig. 1F).

Taken together, we identified LRES region on chromosome 15q23.2 

is strongly linked with DNA hypermethylation of CpG Island promoters and 

associated histone modifications. 
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Figure 1.A

Figure 1.B
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Figure 1.C
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Figure 1.D
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Figure 1.E

Figure 1.F  
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Figure 1. Long range epigenetic silencing of chromosome 15q23.2 in 

HCT116 is mediated by epigenetic modification.

(A) Schematic representation of chromosome 15q23.1. Chromosomal location 

of 12 RefSeq genes and their associated CpG Islands are indicated as black 

box and vertical bars, respectively, according to the UCSC genome browser. 

(up) Differential gene expression derived from expression arrays of HCT116 

and DKO. Expression of genes in HCT116 were compared to those of DKO 

cells. Gene expression of HCT116 was set at 1. Among the 12 genes 

shown, RPS17 and ZSCAN2, were classified as boundary of LRES. (C) 

Differential gene expression quantified by qRT-PCR. Each value was 

normalized relative to 18S. Data are presented as the averages of three 

independent RNA preparation with error bars representing s.d. (D) Bisulfite 

genomic sequencing analysis for CpG islands of LRES gene promoters from 

HCT116 and DKO. Each square denotes CpG site across the PCR product 

amplified from bisulfite treated DNA. (Filled squares: methylated; open 

squares: unmethylated) (E, F) Characterization of chromatin modification 

patterns around the chromosome 15q23.1. ChIP assay was performed with 

antibodies specific for active histone mark H3K4me3 (E) and inactive 

histone mark H3K27me2 (F) in HCT116 and DKO cells. Enrichment was 

measured by qRT-PCR. Error bars represent the SEM for triplicate 

chromatin preparations.
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2. Long range epigenetic silencing of chromosome 15q23.2 

in gastric cancer cells.

To examine whether the putative LRES region found in HCT116 

also occurred in gastric cancer cells, we investigated expression profile of 

10 genes within the LRES region with 11 gastric cancer cells by qRT-PCR 

(Fig. 2A). Among the 11 gastric cancer cells tested, six cells (SNU16, 

SNU601, SNU620, SNU638, SNU719, and AGS) showed similar gene 

expression pattern with HCT116, indicating that silencing of multiple 

neighboring genes found in HCT116 is also a frequent event in gastric 

cancer. 

To confirm that the overall gene suppression of this region in 

gastric cancer cells were due to epigenetic alteration, we compared gene 

expression, methylation status, and histone modification marks of SNU601 

and SNU484, which have similar gene expression pattern with HCT116 and 

DKO, respectively.

Using qRT-PCR, we revealed that gene expression of seven genes 

(CPEB1, HOMER2, TM6SF1, HDGFRP3, BNC1, SH3GL3, and 

ADAMTSL3) were barely detectable in SNU601 compared to SNU484 (Fig. 

2B), whereas expression of the boundary genes (RPS17 and ZSCAN2) and 

BTBD1 showed no significant difference. We then identified if DNA 
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methylation of the gene promoters were associated with transcriptional 

inactivation of SNU601 using MSP analysis. Using two different primer sets 

specific for methylated or unmethylated CpG sites, we distinguished 

methylation state of CpG sites based on their sequence differences after 

bisulfite treatment. Results of the MSP assay revealed distinct differences in 

SNU601 and SNU484 (Fig. 2B), Methylated bands were identified for genes 

with low transcription in SNU601, whereas unmethylated bands were 

observed in SNU484. In contrast, boundary genes (RPS17 and ZSCAN2) 

and BTBD1 revealed unmethylated bands in both cell lines.

To gain further insights into the mechanism that lead to 

transcriptional silencing in this region, we profiled active (H3K4me3) (Fig. 

2C) and inactive (H3K27me2) (Fig. 2D) histone marks by ChIP analysis. 

Significant level of active histone marks were identified across the LRES 

region in SNU484, with slightly low level of repressive histone marks 

corresponding to active transcription. In contrast, SNU601 were devoid of 

active histone mark, whereas repressive histone marks were significantly 

enriched.

Overall results in SNU601 and SNU484 suggests that long range 

epigenetic silencing of chromosome 15q in gastric cancer cells is also 

mediated by DNA methylation and histone modifications.
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Figure 2.A
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Figure 2.B
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Figure 2.C
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Figure 2.D

Figure 2.E
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Figure 2. Long Range Epigenetic Silencing of chromosome 15q23.2 in 

gastric cancer cell.

(A) Gene expression within LRES region in 11 gastric cancer cells were 

analyzed by RT-PCR. 18s mRNA served as an internal control. (B) 

Differential gene expression of SNU601 and SNU484 measured by 

qRT-PCR. Gene expression was normalized to 18s mRNA. Data are 

expressed as the mean s.d. (C) Methylation specific PCR (MSP) for genes 

within LRES region. Bisulfite modified gDNA derived from SNU484 and 

SNU601 cells were amplified for unmethylated (U) or methylated (M) DNA. 

(D, E) Characterization of chromatin modification profiles around the 

chromosome 15q23.1. ChIP assay was performed with antibodies specific for 

active histone mark H3K4me3 (D) and inactive histone mark H3K27me2 (E) 

in SNU601 and SNU484 cells. Enrichment was measured by qRT-PCR. 

Error bars represent the SEM for triplicate chromatin preparations.
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3. Demethylating agent, 5-aza-CdR, induced gene 

reactivation and epigenetic modification.

Although we have characterized epigenetic profile of this LRES 

region in human gastrointestinal cancer cells, the significance and how these 

modifications interact to maintain silenced state remains unclear. To better 

understand the epigenetic regulation, we examined the dynamics of DNA 

methylation and histone modification after inducing gene activation by 

treating SNU601 cells with demethylating agent, 5-Aza-2’-deoxycytidine 

(5-aza-CdR). 

First, we identified that genes with CpG methylation at their 

promoters were reactivated in SNU601 after 5-aza-CdR treatment (Fig. 3A). 

To validate whether this regional activation of neighboring genes were due 

to DNA demethylation after 5-aza-CdR treatment, bisulfite sequencing was 

performed for each genes after the treatment. To our surprise, although 

genes with hypermethylation at their CpG island promoters showed 

restoration of gene expression, their methylation state remained unchanged, 

except for HDGFRP3 (Fig. 3A). HDGFRP3, was the only gene showing 

complete demethylation after 5-aza-CdR treatment. 

As histone modifications are known as another layer of epigenetic 

regulation for gene transcription, we examined if change in histone 
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modification could explain gene restoration after 5-aza-CdR treatment. ChIP 

assay for active (H3K4me3) (Fig. 3C) and inactive (H3K27me2) (Fig. 3D) 

histone marks were performed. Enrichment of active histone marks after 

5-aza-CdR treatment was observed for all gene promoters tested, but 

particularly for HDGFRP3 which also showed complete demethylation. 

Interestingly, repressive histone marks overall the LRES region was enriched 

after 5-aza-CdR treatment.

These results suggest that restoration of CpG island methylated 

genes at the LRES region are not a result of DNA demethylation, but are 

caused by enrichment of active histone marks. 
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Figure 3.A
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Figure 3.B



30

Figure 3.C

Figure 3.D 
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Figure 3. 5-aza-CdR induced gene reactivation and epigenetic modification.

SNU601 cells were treated with DMSO or 5-aza-CdR (5µM) for 5 days. 

(A) Restoration of previously silenced genes within LRES region after 

5-aza-CdR treatment. The level of gene expression were measured by 

qRT-PCR. Each value was normalized relative to 18s mRNA, with error 

bars representing the s.d. for several independent RNA preparations. (B) 

Bisulfite genomic sequencing analysis for CpG islands of LRES gene 

promoters from after 5-aza-CdR treatment. Each square denotes CpG site 

across the PCR product amplified from bisulfite treated DNA. (Filled 

squares: methylated; open squares: unmethylated) 

(C, D) Chromatin remodeling across the LRES region after 5-aza-CdR 

treatment. Enrichment of active histone mark H3K4me3 (C) and inactive 

histone mark H3K27me2 (D) was measured by qRT-PCR and reported 

relative to the total input. The results for at least three chromatin 

preparations are shown.
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4. LRES in primary gastric tumors.

To determine whether the epigenetic silencing of large chromosomal 

region observed in chromosome 15 of gastric and colon cancer cells also 

occur in clinical samples, we compared mRNA expression and DNA 

methylation state of this region in five primary gastric tumor tissues with 

their normal counterpart. 

Results from qRT-PCR of individual patient samples revealed 

regional silencing of this region in all tumor tissues compared to their 

normal pair (Fig. 4A). Furthermore we identified methylated bands from 

MSP assay suggesting that low level of gene expression in tumor tissue 

(250 T) were associated with CpG island methylation. In contrast, 

unmethylated bands were observed in normal counterparts, indicating that 

methylation of LRES region is tumor specific phenomenon.
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Figure 4.A
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Figure 4.B
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Figure 4. Long range epigenetic silencing of chromosome 15q23.2 in 

primary gastric tumors

(A) The relative gene expression of LRES region in 5 gastric tumor tissues 

were determined by qRT-PCR and expressed as a fold change relative to 

normal tissue samples. Gene expression was normalized to 18s mRNA. Data 

are expressed as the mean s.d. (B) MSP analysis for gene promoters of 

LRES region in No. 250 patient. Primers specific for unmethylated (U) of 

methylated (M) DNA was used.
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DISCUSSION

During the past decades, the most widely studied epigenetic 

abnormality in tumorigenesis has been the inactivation of discrete tumor 

suppressor genes by DNA methylation and histone modification on promoter 

regions. The extent and spread of epigenetic modification and its potential 

influence on the expression of neighboring genes has not been addressed 

before. This is  an important question to resolve, as it has implications for 

the discovery of epigenetic markers, as well as defining potential targets for 

epigenetic therapy. In this context, recent studies are focusing on epigenetic 

deregulation occurring in adjacent genes spanning large chromosomal regions 

in a process called long range epigenetic silencing (LRES). In this study, 

we identified a novel LRES region in human gastrointestinal cancer and 

built a comprehensive epigenetic map of this region to answer important 

questions about their dynamic regulation. 

We provide another example of LRES affecting genes in the 

genomic region of chromosome 15q23.2 spanning 2.8Mb, characterized by 

concurrent down regulation of most of the genes in the region. By 

comparing human colorectal cell HCT116 with DKO, we identified large 

chromosomal region regulated by DNA methylation. We also found that 

transcriptional inactivation was strongly correlated with repressive histone 
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marks such as loss of H3K4md3 and gain of H3K27me2. Down-regulation 

of this region was also identified in gastric cancer cells. We identified that 

gene suppression observed in this region is also mediated by CpG island 

promoter methylation and histone modification. Thus, in cancer, epigenetic 

silencing is not always localized to discrete CpG islands or single genes but 

can span larger chromosomal domains. 

The coexistence of active (H3K4me3) and inactive histone marks 

over the promoter regions of DNA methylated genes across chromosome 

15q23.2 in HCT116 is noteworthy, as this signature is typical of the 

bivalent domains initially described in a subset of developmentally regulated 

genes in ESC, which are kept at low transcriptional rate. Here, we observe 

that DNA methylation is compatible with the retention of the bivalent 

chromatin state in cancer cells. Interestingly, 5-aza-CdR induced gene 

restoration of DNA methylated genes in SNU601 is accompanied by an 

increase of the H3K4me2 and H3K27me3 levels, while DNA methylation 

level remains unchanged. We suggest that once long range epigenetic 

silencing of a chromosomal domain is set, DNA methylation acts as a 

primary cellular memory mechanism to maintain LRES region at silent state, 

while balance between the two bivalent histone marks provide plasticity for 

temporal gene transcription.

We also noticed that although DNA methylation and histone 
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modification is contiguous over the LRES region, susceptibility of each gene 

to DNA methylation is quite different. Although other genes have remained 

methylated after reactivation by 5-aza-CdR treatment, HDGFRP3 was 

completely demethylated. Conversely this could suggest that DNA 

methylation change is triggered from HDGFRP3, and then spread to its 

neighboring region.

Here, we have focused on a defined genomic region, where a new 

set of genes with cancer specific DNA methylation occurs. Our findings 

emphasized the importance of studying the relationship between DNA 

methylation and chromatin signatures in the context of chromatin domains 

rather than isolated genes. Although precise molecular alterations underlying 

long range epigenetic silencing is being revealed, the role of nuclear 

structure and chromatin configurations in this phenomenon remains to be 

elucidated. Further, unbiased determination of DNA methylation, chromatin 

modification, and nucleosome localization using next generation sequencing 

across theses domains will help understand molecular basis of long range 

chromosomal changes.
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국문 록

암은 유 (genetic)변이 는 후성유 학 (epigenetic)변이

에 의해 정상 으로 조 되어야 하는 암유 자 (oncogene)와 암억제유

자 (tumorsuppressorgene)의 발 에 문제가 생겨 정상 인 세포의 성

장/사멸과 분화를 해됨으로써 발생하는 질병 하나이다.암화 과정

에 기여하는 후성유 학 변이로는 DNA methylation과 histone

modification이 가장 잘 알려져 있으며,기존의 연구들은 이러한 후성 유

학 변이에 의해 해되어 암화 과정에서 요한 역할을 할 것으로

생각되는 특정 단일 유 자를 규명하고,이들이 어떤 기작에 의해 조

되는지를 확인하는데 을 두었다.하지만 최근 들어서 NGS와 같은

genomewide연구가 활발해짐에 따라,암화 과정 동안에 발생하는 후성

유 학 변이가 특정 유 자에 제한 으로 발생할 뿐만 아니라 넓은 지

역에 분포하고 있는 여러 유 자들을 동시 다발 으로 조 하는데 요

한 역할을 함이 밝 지고 있다. 이러한 상을 LongRangeEpigenetic

Silencing(LRES)라고 정의하고 있으며,이들에 한 연구는 암 발생 기

을 보다 깊이 이해하고,새로운 암 진단 마커 개발에 의미가 있을 것

으로 기 되고 있어 본 연구에서는 이에 부합하고자 장암에서 새로

운 LRES를 규명하고 그 기작을 연구하 다.

첫째로,암세포 특이 으로 넓은 범 에 거쳐 있는 이웃한 유

자들이 동일한 후성유 학 변이에 의해 동시다발 으로 발 이 해되
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어 있는 이른바 'Longrangeepigeneticsilencing(LRES) 상‘에 한

연구를 하기 해 장암 세포주인 HCT116과 DKO의 microarray

expression data를 비교 분석하 다. DKO는 HCT116에서 DNA

methyltransferase인 DNMT1과 DNMT3b가 knockout된 세포로,두 세

포주에서 발생하는 유 자 발 의 차이는 서로 다른 DNA methylation

정도에 의한 차이로 생각할 수 있다.그 결과,DKO 비 HCT116에서

넓은 범 에 이웃하여 치하고 있는 10개의 유 자들이 낮은 유 자 발

양상을 나타내는 것을 확인하 으며,bisulfitesequencing을 통해 이

러한 유 자 발 의 차이가 실제로 HCT116에서 나타나는 DNA

methylation에 의한 결과임을 확인하 다. 뿐만 아니라 DNA

methylation과 더불어 유 자의 발 을 조 하는 것으로 알려진 histone

modification역시 새로이 발굴된 LRES부 를 조 하는 것으로 확인하

다.

두 번째로,앞서 발견된 LRESregion이 HCT116특이 으로 나

타나는 상이 아님을 규명하고, 다른 암 세포주에서도 동일한

epigeneticmodification에 의해 조 되고 있음을 확인하고자 11개의

암세포주에서 각각의 유 자 발 정도를 확인하 다.그 결과 11개의

암 세포주 6개의 암세포주 (SNU16,SNU601,SNU620,SNU638,

SNU719,AGS)에서 HCT116과 동일한 유 자 발 양상을 확인하 으

며, 암 세포주에서 발견되는 LRES역시 DNA methylation과 histone

modification에 의해 조 됨을 MSPassay와 ChIPassay를 통해 확인하
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다.

세 번째로,DNA methylation과 histonemodification이 LRES지

역의 유 자 해를 유지하기 해 어떻게 상호작용하는지 알아보고자,

HCT116과 동일한 유 자 발 양상을 보인 SNU601을 상으로 DNA

demethylation을 유도하는 것으로 알려진 5-Aza-2’-deoxycytidine

(5-aza-CdR)를 처리하 다.그 결과 5-aza-CdR처리 이후 유 자 발

의 증가는 promoter부 의 demethylation에 의한 결과이기 보다는,

histonemodification의 변화에 의한 것임을 확인하 다.이러한 결과를

토 로,DNA methylation은 LRES부 의 안정 인 유 자 해 상태

를 유지하는데 반해,histonemodification은 유 자 발 의 변화에 따라

보다 유동 으로 변하는 것으로 생각할 수 있다.

마지막으로,암 세포주에서 확인된 LRES가 실제 환자 조직에서

도 나타나는지 확인하기 해 환자 조직에서의 유 자 발 과 DNA

methylation을 조사하 다.그 결과 암 조직에서의 유 자 발 이 정상

조직에서보다 히 낮음을 확인하 으며,이러한 유 자 발 의 해

는 암 조직에서 나타나는 DNA methylation에 의한 상임을 확인하

다.

결과들을 토 로,본 연구는 장 암에서 새로운 LRES부

를 발굴하 으며, 이러한 상이 DNA　 methylation과 histone

modification의 상호작용에 의해 조 되는 것임을 증명하 다.
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