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ABSTRACT
The MLH1 promoter polymorphism rs1800734 is associated with MLH1 CpG island hypermethylation and
expression loss in colorectal cancer (CRC). Conversely, variant rs1800734 is associated with MLH1 shore,
but not island, hypomethylation in peripheral blood mononuclear cell DNA. To explore these distinct
patterns, MLH1 CpG island and shore methylation was assessed in CRC cell lines stratified by rs1800734
genotype. Cell lines containing the variant A allele demonstrated MLH1 shore hypomethylation compared
to wild type (GG). There was significant enrichment of transcription factor AP4 at the MLH1 promoter in
GG and GA cell lines, but not the AA cell line, by chromatin immunoprecipitation studies. Preferential
binding to the G allele was confirmed by sequencing in the GA cell line. The enhancer-associated histone
modification H3K4me1 was enriched at the MLH1 shore; however, H3K27ac was not, indicating the shore
is an inactive enhancer. These results demonstrate the role of variant rs1800734 in altering transcription
factor binding as well as epigenetics at regions beyond the MLH1 CpG island in which it is located.
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Introduction

A single nucleotide polymorphism (SNP) in the mismatch repair
(MMR) gene mutL homolog 1 (MLH1) promoter (rs1800734,
MLH1-93G>A) is associated with MLH1 promoter CpG island
hypermethylation and microsatellite instability colorectal cancer
(MSI CRC).1,2 MSI, occurring in »15% of sporadic CRCs, is the
change in length of repetitive microsatellite DNA sequences due
to defective MMR.3-5 MSI may occur as a result of mutations in
MMR genes, including MLH1, MSH2, MSH6, and PMS2, or,
more frequently, from MLH1 CpG island hypermethylation.5,6

SNP rs1800734 is associated with MSI CRC risk, as well as other
neoplasms including glioblastoma, gastric, lung, and ovarian
cancers.7-11 It may also be a risk SNP for CRC overall.12 We pre-
viously demonstrated that the allelic variant of rs1800734
decreases the transcriptional activity of MLH1.13 Upstream of
theMLH1 CpG island is a region recognized as theMLH1 shore.
Shores are regions flanking CpG islands, upstream and/or down-
stream, by up to 2000 bp with a lower GC content than islands.
We have shown that this upstreamMLH1 shore incurs hypome-
thylation in association with variant rs1800734 genotype in
peripheral blood mononuclear cell (PBMC) DNA of CRC cases
and controls.14 While MLH1 also has a shore downstream of its
island, we determined that it does not incur SNP-associated
methylation changes in PBMC DNA.14

Due to its location in the promoter of MLH1, SNP
rs1800734 likely impacts epigenetic control and transcriptional
regulation beyond DNA methylation alterations, including his-
tone modifications and transcription factor binding. Just as
presence or absence of DNA methylation can alter gene

expression, histones and their modifications can also alter
DNA activity, in part by regulating the degree of accessibility of
the DNA to transcription factors or other transcriptional
machinery.15 For example, trimethylation of lysine 27 on his-
tone H3 (H3K27me3) is associated with repressed regions of
the DNA. Histones H3K4me1 and H3K27ac mark active
enhancers while H3K4me3 and H3K27ac mark active
promoters.16,17

In addition to these marks, transcription is regulated by a vari-
ety of transcription factors and transcriptional machinery, such
as RNA polymerase II (Pol II). Transcription factors contain
DNA binding domains, allowing them to bind specific DNA
sequences. Disruption of this sequence, such as due to occurrence
of a SNP, may prevent binding. Other types of factors exist that
prevent interactions between promoters and enhancers, called
insulators. Proteins such as CCCTC binding factor (CTCF) act as
insulators and can prevent spreading of DNA methylation to
maintain genomic regions that are free of methylation.18,19 Here,
we assessed DNA methylation status, selected histone modifica-
tions, CTCF, Pol II, and transcription factor AP-4 (TFAP4/AP4)
at the CpG island and shore ofMLH1 and investigated how their
binding is modulated by SNP genotype of rs1800734.

Results

Genotype and methylation status of CRC cell lines

A panel of five CRC cell lines was genotyped for SNP rs1800734
and subjected to methylation assessment at the MLH1 CpG
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island and shore region. The results are shown in Table 1. HCT
116 and LS 174T were wild type (GG), COLO 320HSR and
SNU-C2B were heterozygous (GA), and HCT-15 was homozy-
gous variant (AA) for rs1800734. All five cell lines were
completely unmethylated at the CpG island, whereas shore
methylation was more variable. The GG cell lines were more
highly methylated (73.1-99.6%) compared to the heterozygous
(23.4-28.9%) or homozygous variant (34.6%) cell lines.

Bisulfite sequencing was also performed for three overlapping
PCR amplicons in CRC cell lines to measure methylation across
the entire upstream regulatory region of MLH1 including its
island and shore. Amplicon A, in the shore region, was highly
methylated in the two GG cell lines, HCT 116 and LS 174T,
whereas the GA cell lines, SNU-C2B and COLO 320HSR, and
the AA cell line, HCT-15, were hypomethylated compared to
wild type at the MLH1 shore (Fig. 1). The two GG cell lines
were hypermethylated (at least 50% of CpGs methylated per
allele) at 100% of the sequenced alleles. The GA and AA cell
lines were hypermethylated at 0–38.5% of alleles. The last three
CpG sites in Amplicon A overlapped with the first three CpG
sites of Amplicon B. At Amplicon B, there was some methyla-
tion at the first five CpG sites, but CpGs were unmethylated
downstream in all cell lines except HCT 116. HCT 116 had a
small number of clones (2/10, 20%) that were hypermethylated
across Amplicon B. Amplicon B and Amplicon C overlapped by
one CpG site. All five cell lines, regardless of rs1800734 SNP
genotype, were unmethylated at Amplicon C in the CpG island
of MLH1. These results agree with quantitative methylation
results (Table 1) and suggest that in CRC cell lines methylation
at the MLH1 shore is correlated with genotype of rs1800734.

Sequence-specific binding of AP4

Chromatin immunoprecipitation (ChIP) experiments were
undertaken for selected transcription factors and histone modi-
fications in three of the cell lines that were profiled for DNA
methylation at MLH1 by bisulfite sequencing: HCT 116, SNU-
C2B, and HCT-15. All three cell lines display MSI and are
MMR deficient without MLH1 CpG island hypermethyla-
tion.20-22 HCT 116 has a hemizygous mutation at codon 252 in
MLH1, while HCT-15 has a 1 bp deletion at codon 252 and a
5 bp deletion/substitution at codon 1103.23,24 SNU-C2B is MSI
but no mutations in the mismatch repair genes MLH1, MSH2,
MSH6, or PMS2 have been reported.21,22

Publicly available databases and in silico transcription factor
binding programs (UCSC Genome Browser, ENCODE,

HOMER, Transfac, TF Bind, HaploReg) were explored to iden-
tify candidate proteins predicted to bind the wild type DNA
sequence surrounding SNP rs1800734 at the G allele but not
the A allele. We selected AP4 since it binds to the non-canoni-
cal E-box sequence CAGCTG containing wild type G but not
the sequence CAGCTA containing variant A. ChIP for AP4 in
the cell lines HCT 116 and SNU-C2B containing G allele(s) of
rs1800734 resulted in enrichment at promoter amplicon P1 but
not in the AA cell line HCT-15 (Fig. 2). HCT 116 had signifi-
cantly higher occupancy of AP4 at the promoter region P1
than SNU-C2B (P D 0.013) and HCT-15 (P D 0.003). SNU-
C2B also had significantly higher enrichment for AP4 at the
MLH1 promoter than HCT-15 (P D 4.21 £10¡4). There was
no enrichment at regions S1, S2, M1, or M2 as expected based
on sequence specificity of AP4 binding.

Immunoprecipitated DNA from SNU-C2B was sequenced
to confirm that enrichment was genotype-specific at the MLH1
promoter. Of the 20 alleles sequenced from the AP4 pull-down,
19 contained the G allele and one contained the A allele. Input
DNA contained nearly equal numbers of G and A alleles, with
8 having the G allele and 11 having the A allele out of 19 alleles
sequenced.

Histone modifications and Pol II are unchanged across
genotypes of rs1800734

The histone modifications H3K4me1, H3K4me3, H3K27ac,
and H3K27me3 were assessed at the MLH1 CpG island and
shore at the same five regions as for AP4 (Fig. 3). H3K4me1
was enriched at the shore region of S1 and S2 compared to
downstream regions M1, M2, and P1. H3K4me1 occupancy
was significantly higher in SNU-C2B compared to HCT 116 at
S2 (P D 0.029). There was similar enrichment for H3K4me1 in
HCT-15 cells as in SNU-C2B, though this was not significantly
different than HCT 116.

H3K4me3 and H3K27ac both had similar enrichment pat-
terns across the region, with low enrichment at promoter
region P1, a peak of enrichment upstream at the M2 region,
and decreasing levels of both modifications further upstream.
H3K27me3 was low across the entire region tested. Presence of
RNA polymerase II (Pol II) was also assessed in all three cell
lines (Fig. 4). There were low levels observed for Pol II at all
regions in all cell lines. Taken together, we observed a trend
toward increased H3K4me1 at the MLH1 shore in cells con-
taining variant A allele of rs1800734. Other histone modifica-
tions and factors tested, including H3K4me3, H3K27ac,
H3K27me3, and Pol II, do not show such associations.

Lack of CTCF at MLH1 CpG island in variant rs1800734
cell line

Through exploration of publicly available databases and in sil-
ico transcription factor binding programs we found a predicted
binding site for CTCF located in between the CpG island and
shore of MLH1, located in region M2 of the five regions tested
by ChIP-qPCR. Yet, there was only modest yet comparable
CTCF binding in cell lines at regions S1, S2, M1, and M2 irre-
spective of SNP genotype (Fig. 4). At region P1 there was signif-
icantly higher enrichment for CTCF in HCT 116 compared to

Table 1. Promoter SNP genotype and methylation of MLH1 CpG island and shore
in CRC cell lines. A panel of five colorectal carcinoma cell lines was genotyped by
Sanger sequencing to determine genotype of rs1800734. MethyLight was utilized
to determine the percentage of fully methylated alleles at the CpG island and
shore of MLH1. Average PMR (percent methylated reference) of two duplicate reac-
tions is shown.

Cell Line rs1800734 Genotype CpG shore PMR CpG island PMR

HCT 116 GG 99.6% 0%
LS 174T GG 73.1% 0%
SNU-C2B GA 28.9% 0%
COLO 320HSR GA 23.4% 0%
HCT-15 AA 34.6% 0%
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HCT-15 (P D 0.04). Although the enrichment at P1 was low,
this may indicate differential binding of CTCF at the MLH1
promoter CpG island, with decreased binding in the rs1800734
homozygous variant HCT-15 cell line.

Discussion

Despite the fact that the majority of SNPs are located in non-
coding regions of the genome, their diverse roles in disease
pathogenesis, including CRC, are steadily becoming established
through both experimental and computational methods.25-30

Here, we have demonstrated that various epigenetic and regula-
tory modifications are associated with variant genotype of the
MLH1-93G>A promoter SNP rs1800734. It plays a role in
modifying DNA methylation at the MLH1 shore in CRC cell
lines. We have also demonstrated, for the first time, signifi-
cantly diminished binding of the transcription factor AP4 in
cell lines lacking the wild type G allele, which may play a role
in the decrease in transcriptional activity previously reported.13

There may also be decreased binding of the insulator protein
CTCF at the promoter region in cell lines lacking the G allele.
The enhancer histone mark H3K4me1 appears to be increased
at the MLH1 shore, especially in cell lines carrying variant
alleles. Interestingly, the other histone modifications tested of

enhancers, active regions, and repressed regions do not differ
according to genotype and/or methylation status.

A number of noncoding SNPs identified through genome-
wide association studies (GWAS) have been shown to change
consensus sequences, which affects binding of transcription
factors, thus altering enhancer or promoter activity. For exam-
ple, a prostate cancer risk SNP at 6q22.1 leads to increased
binding of transcription factor HOXB13, increased transcrip-
tion of RFX6, and increased deposition of the H3K4me2
mark.25 As well, variant rs6983267 at the 8q24 risk locus leads
to increased binding of transcription factor TCF7L2 in CRC
cell lines, causing interactions with the MYC promoter.31 Simi-
larly, we have previously demonstrated significant decreases in
transcriptional activity for the variant allele of rs1800734 com-
pared to wild type in CRC, normal colon, and endometrial can-
cer cell lines.13 Our group and others have also identified,
though EMSA, the binding of a certain factor(s) to the G allele
but not the variant A allele in CRC cell lines.11,13 However, the
precise nature of these factors was not established. In this study,
we have shown the presence of AP4 enrichment directly at the
SNP in cell lines with one or two G alleles. AP4 also may be
present in a dose-dependent manner, as the wild type cell line
HCT 116 has significantly higher enrichment for AP4 com-
pared to the heterozygous line SNU-C2B. Preferential binding

Figure 1. Bisulfite sequencing of MLH1 CpG island and shore in colorectal cancer cell lines. (A) Three overlapping regions upstream of MLH1 were amplified by bisulfite
sequencing in cell lines: Amplicon A, Amplicon B, and Amplicon C. Amplicon A and B overlap at 3 CpGs. Amplicon B and C overlap at 1 CpG. (B) Representative unmethy-
lated clone for each of the three amplicons, located in the CpG shore, middle region, and CpG island. Empty circles represent unmethylated CpG sites and filled in circles
represent methylated CpG sites. (C) Methylation patterns in the colorectal cancer cell lines HCT 116, LS 174T, SNU-C2B, COLO 320HSR, and HCT-15 with rs1800734 geno-
type indicated. Each horizontal line represents a single DNA strand and circles represent individual CpG sites.
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to the G allele compared to the A allele in the heterozygous
SNU-C2B cell line was also confirmed by clonal sequencing.
However, this binding may also potentially be due to other dif-
ferences in regulation of AP4, MLH1, or other factors between
the two cell lines. Binding of transcription factors and/or RNA
polymerase II has been shown to block or inhibit deposition of
DNA methylation.32-34 Thus, lack of AP4 binding at the

promoter variant SNP may lead to decreased transcriptional
activity, possibly recruitment of other factors, and over time,
increased DNA methylation. AP4 may act together with MYC,
which has a binding motif CACGAG located 15 bp down-
stream of rs1800734, to activate transcription of MLH1.35

Future experiments to measure co-localization of MYC and
AP4 in this region in a sequence-specific manner would further

Figure 2. ChIP analysis of AP4 occupancy at the MLH1 CpG island and shore region. (A) Chromatin immunoprecipitation followed by qPCR was performed at five regions
upstream of MLH1, located in the CpG shore (S1 and S2), middle region (M1 and M2), and promoter CpG island (P1). MethyLight and bisulfite sequencing regions interro-
gated are also indicated. SNP location is indicated by gray circle. (B) Experiments were performed in HCT 116 (GG), SNU-C2B (GA), and HCT-15 (AA) cell lines to compare
AP4 occupancy among genotypes of SNP rs1800734. Three biological replicates of each cell line were run in triplicate and averaged after ChIP-qPCR. Error bars represent
standard deviation. �P < 0.05, ��P < 0.01, ���P < 0.001 by independent samples t-test.

Figure 3. ChIP analysis of histone modifications at the MLH1 CpG island and shore. Chromatin immunoprecipitation was performed in HCT 116 (GG), SNU-C2B (GA), and
HCT-15 (AA) cell lines to compare histone modifications among genotypes of SNP rs1800734. Three biological replicates of each cell line were run in triplicate and aver-
aged after ChIP-qPCR at five regions of the MLH1 CpG island and shore: S1, S2, M1, M2, and P1. Histone modifications include: (A) H3K4me1, (B) H3K4me3, (C) H3K27ac,
and (D) H3K27me3. Error bars represent standard deviation. �P < 0.05 by independent samples t-test.
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serve to elucidate this. A proposed model for this series of
events is demonstrated in Fig. 5.

While the variant of interest, rs1800734, has not been dis-
covered through GWAS studies, it has been identified as a risk

SNP for CRC in a large number of individuals, including
10,409 cases and 6,965 controls.12 However, a subsequent study
was unable to replicate these findings.36 Though there is con-
troversy surrounding the overall role of this SNP in cancer sus-
ceptibility, it has been consistently shown that rs1800734 is a
risk SNP for the MSI subtype of CRC.1,2 In the five cell lines
selected for bisulfite sequencing analysis, we observed SNP-
associatedMLH1 shore hypomethylation, which was previously
observed in PBMC DNA of CRC cases and controls.14 The
exact mechanism of MLH1 shore hypomethylation remains to
be elucidated. Potentially, MLH1 is part of the subset of genes
with hypermethylation of their CpG shores alongside unmethy-
lated CpG islands that have high transcriptional activity and a
more transcriptionally permissive state, found across a variety
of normal tissues and cancer types.37 A lack of AP4 binding at
the promoter may decrease transcriptional activity, modifying
the balance of methylation in the region. Absence of CTCF
may also be responsible for the dysregulation and spreading of
DNA methylation from the MLH1 shore downstream to the
CpG island. Potentially, CTCF is present at the MLH1 pro-
moter in wild type cells, and a loss or lack of CTCF in variant-
containing cells is in part responsible for changing methylation
patterns at the CpG island and shore.

An interesting finding of these results is the fact that three of
the histone marks tested (H3K4me3, H3K27ac, H3K27me3)
have genotype-independent enrichment levels across all five
regions of the CpG island and shore despite having variable
methylation patterns and SNP genotypes. Thus, DNA methyla-
tion changes appear to be largely independent of histone modi-
fications present at the MLH1 region. Perhaps greater
methylation differences are required in order for histone
changes to occur, for example 0 vs. 100%, rather than more
subtle and variable levels in between the two extremes.

Figure 4. ChIP analysis of Pol II and CTCF at the MLH1 CpG island and shore. Chro-
matin immunoprecipitation was performed in HCT 116 (GG), SNU-C2B (GA), and
HCT-15 (AA) cell lines to compare Pol II and CTCF binding among genotypes of
SNP rs1800734. Three biological replicates of each cell line were run in triplicate
and averaged after ChIP-qPCR at five regions of the MLH1 CpG island and shore:
S1, S2, M1, M2, and P1. (A) Pol II and (B) CTCF were assessed. Error bars represent
standard deviation. �P < 0.05 by independent samples t-test.

Figure 5. Proposed schematic model of transcription factors and epigenetic regulation at SNP rs1800734. In cells with wild type G allele (top), AP4 transcription factor
binds its consensus sequence, potentially interacting with MYC and Pol II to promote transcription of MLH1. Though not demonstrated through experimental results in
this study, DNA methyltransferases (DNMT) may maintain DNA methylation at the shore upstream. DNMTs may be prevented from methylating the CpG island in part
due to presence of CTCF. In cells with the variant A allele (bottom), AP4 does not bind, which may decrease promoter transcriptional activity. Without the presence of
AP4 (or possibly CTCF), DNMTs may methylate the exposed CpG island. This may lead to decreased methylation at the CpG shore and increased H3K4me1, which is depos-
ited by MLL proteins. Other currently unidentified factors may also bind and repress the region further.
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Alternatively, this may indicate that DNA methylation and/or
transcription factor binding are more critical for regulation of
this locus than histone modifications.

H3K4me1 was also examined in HCT 116, SNU-C2B, and
HCT-15 cell lines. H3K4me1 is a marker of enhancer regions
when found concurrently with H3K27ac, among other factors
such as P300.38 H3K4me1 showed highest enrichment at the
shore compared to further downstream at the promoter. How-
ever, H3K27ac was not similarly enriched at the shore. The
presence of H3K4me1 without H3K27ac indicates that the
MLH1 shore region may be considered an inactive or poten-
tially ‘poised’ enhancer.17,38 Depending on the cell type, devel-
opmental, or regulatory cues, this region may act as an
enhancer, but does not appear to be active in these three cells
lines.

A limitation of this study is that the cell lines used in ChIP
experiments were selected based on genotype of one SNP.
Though all three cell lines have microsatellite instability but no
MLH1 CpG island hypermethylation, each cell line differs in
mutational spectra and thus may have differentially altered epi-
genetic and/or transcriptional machinery. In order to decrease
the variability between cell lines and to experimentally establish
the association between genotype, AP4 binding, and MLH1
expression, the CRISPR/Cas9 system could be used to create all
three possible genotypes of rs1800734 in the same starting cell
line. Yet, using cell lines to study the effects of a single nucleo-
tide change may not necessarily reflect the mechanisms occur-
ring within primary tumors from CRC patients. While we have
previously demonstrated genotype-associated DNA methyla-
tion changes in patient specimens, experiments have not yet
addressed the potential binding of AP4, CTCF, or histone mod-
ifications in tumors.1,2,14 Future investigation of these proteins
in cases and/or controls, specifically binding of AP4, would be
of value. We also did not take into account other SNPs located
near rs1800734 in linkage disequilibrium (LD) with it. For
example, in our previous studies we had shown comparable
associations with CpG island and shore methylation and SNP
genotype of two additional SNPs downstream of rs1800734 in
strong LD, namely rs749072 and rs13098279 located 61 kb and
198 kb downstream of rs1800734, respectively.2,14

Colorectal cancer is both a genetic and an epigenetic disease
and genetic changes may disrupt epigenetic and transcriptional
regulation, with important consequences, specifically at MLH1
as we have shown here. We have comprehensively studied the
epigenetic effects that a single nucleotide change in the MLH1
promoter can confer. Variant SNP genotype is associated with
hypomethylation of the MLH1 shore. Despite methylation dif-
ferences seen among CRC cell lines stratified by genotypes, the
histone modifications assessed do not incur similar changes.
This variant also alters the binding site of AP4 leading to
diminished binding of this transcription factor. These results
explore the functional epigenetic regulation and molecular
mechanisms occurring at the important MLH1 region in CRC,
shedding new light on the epigenetic concept of CpG shores
and how DNA variants play a role in epigenetics and cancer
susceptibility. If this example of genetic-epigenetic interaction
is applied to the whole genome, there are clearly multitudes of
ways in which the genome and epigenome may interact. Fur-
ther studies of such interactions will lead to a better

understanding of the processes and changes incurred by the
genome and epigenome under both normal circumstances and
cancer development.

Materials and methods

Cell lines

The colorectal carcinoma cell lines COLO 320HSR, HCT-15,
HCT 116, LS 174T, and SNU-C2B were purchased from Amer-
ican Type Culture Collection. HCT 116 cells were cultured in
McCoy’s 5A Medium Modified. LS 174T cells were cultured in
Eagle’s Minimum Essential Medium. COLO 320HSR, HCT-15,
and SNU-C2B cells were cultured in RPMI-1640. All cell cul-
ture media were supplemented with 10% fetal bovine serum.
All cell lines were maintained in a humidified incubator at
37�C with 5% CO2.

Cell line genotyping

DNA from cell lines was isolated using QIAamp Blood Mini Kit
(Qiagen, Cat No. 51106). DNA (40 ng per cell line) was ampli-
fied by PCR to amplify the region surrounding the MLH1 pro-
moter SNP rs1800734. The MLH1 gene on chromosome 3 spans
from Chr3:36,993,350-37,050,846 (GenBank, GRCh38) and
rs1800734 is located at Chr3:36,993,455. The flanking DNA
sequence surrounding rs1800734, including 50 bp upstream and
downstream is as follows: 5’-AATCAATAGCTGCCGCTGAAG
GGTGGGGCTGGATGGCGTAAGCTACAGCT[G/A]AAGGA
AGAACGTGAGCACGAGGCACTGAGGTGATTGGCTGAA
GGCACTTC-3’. Primers are listed in Table S1. PCR products
were sequenced by Sanger sequencing at The Center for Applied
Genomics (TCAG) DNA Sequencing Facility, The Hospital for
Sick Children, Toronto, Canada. An external forward primer
was used for Sanger sequencing (Table S1).

MethyLight

Methylation analysis by the semi-quantitative real-time PCR-
based MethyLight assay was performed to amplify regions in
the MLH1 shore and island. The shore amplicon spanned from
-1499 to -1382 relative to the MLH1 translation initiation site
(TIS, the adenine residue of ATG start codon from which
rs1800734/MLH1-93G>A is measured) and the island ampli-
con spanned from -277 to -193 relative to the TIS. DNA was
extracted from cell lines using QIAamp Blood Mini Kit and
was subjected to bisulfite modification with the EZ DNA Meth-
ylation-Gold Kit according to manufacturer’s protocol (Zymo
Research, Cat No. D5006). Region-specific primers and probe
for the island and shore were used, and ALU-C4 primers and
probe were used as control. Probes contained a 5’ fluorescent
reporter dye and a 3’ quencher dye. Primer and probe sequen-
ces are shown in Table S1. Percent methylated reference (PMR)
was calculated using the following calculation: [Gene of Inter-
est/ALU-C4]sample/[Gene of Interest/ALU-C4]CpGenome £
100%, where CpGenome represents commercially available
fully methylated CpGenome Universal Methylated DNA (EMD
Millipore, Cat No. S7821). Samples were analyzed in duplicate
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in 96-well plates on the 7500 Real-Time PCR System thermocy-
cler (Applied Biosystems, Waltham, MA).

Bisulfite sequencing

DNA was extracted from cell lines using QIAamp Blood Mini
Kit and was bisulfite modified using EZ DNA Methylation-
Gold Kit. Three overlapping regions spanning the MLH1 pro-
moter CpG island and adjacent shore region were amplified by
PCR in bisulfite modified DNA from each cell line. Amplicon
A, within the MLH1 shore, spanned from -1782 to -1033 bp
relative to the MLH1 TIS. Amplicon B spanned from -1114 to
-347 relative to the MLH1 TIS. Amplicon C, spanning the CpG
island, covered -377 to -49 relative to the MLH1 TIS and con-
tained rs1800734. Primers are listed in Table S1. PCR products
for each reaction were purified with ChargeSwitch PCR Clean
Up Kit (Invitrogen, Cat No. CS12000). Molecular cloning of
amplicons was performed using pGEM-T Easy Vector System I
(Promega, Cat No. A1360) with Max Efficiency DH5a Compe-
tent Cells (Invitrogen, Cat No. 18258012). Plasmid DNA was
prepared using QIAprep Spin MiniPrep Kit (Qiagen, Cat No.
27106) and sequenced by Sanger sequencing at TCAG. At least
ten clones were utilized for Sanger sequencing at TCAG for
each region in each cell line.

Chromatin immunoprecipitation

ChIP experiments were performed in triplicate on three succes-
sive passages of HCT-15, HCT 116, and SNU-C2B cells follow-
ing protocols from the EZ-Magna ChIP A/G Chromatin
Immunoprecipitation Kit (EMD Millipore, Cat No. 17–10086).
Histone H3 (ab61251), H3K4me1 (ab8895), H3K4me3
(ab8580), H3K27ac (ab4729), H3K27me3 (ab6002) and CTCF
(ab70303) antibodies were purchased from Abcam. Normal
Mouse IgG and RNA polymerase II, clone CTD4H8 (Pol II)
antibodies were provided in the EZ-Magna ChIP A/G kit. AP4
(HPA001912) antibody was purchased from Sigma-Aldrich.
Histone H3 and Normal Mouse IgG antibodies were used as
positive and negative controls, respectively, for each experi-
ment. Positive and negative control primers were also used for
each antibody for quality control. ChIP-qPCR was performed
in triplicate for each reaction at five regions upstream of MLH1
with the QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystems, Waltham, MA). The five regions interrogated con-
tained two regions in the MLH1 shore (called S1 and S2), two
regions in between the island and shore (called M1 and M2),
and one region in the promoter CpG island (called P1). The
location of the ChIP-qPCR amplicons relative to the MLH1
TIS are as follows: S1: -1649 to -1525, S2: -1335 to -1232, M1:
-1056 to -938, M2: -871 to -740, and P1: -197 to -70. The list of
primers used for ChIP-qPCR at the MLH1 region is listed in
Table S1.

Confirmation of genotype from ChIP experiments

Immunoprecipitated DNA from the ChIP experiments for AP4
and input from SNU-C2B cells was amplified by PCR using the
same primers utilized for cell line genotyping. PCR products
for AP4 and input were purified with ChargeSwitch PCR Clean

Up Kit. Molecular cloning of amplicons was performed using
pGEM-T Easy Vector System with Max Efficiency DH5a Com-
petent Cells. The same protocol was utilized as for bisulfite
sequencing, described previously, except DNA was not bisulfite
modified. Plasmid DNA was prepared using QIAprep Spin
MiniPrep Kit and at least 19 clones were sequenced by Sanger
sequencing at TCAG for each reaction.
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