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SUMMARY

Most colorectal cancers (CRCs) containing activated BRAF (BRAF[V600E]) have a CpG island

methylator phenotype (CIMP) characterized by aberrant hypermethylation of many genes,

including the mismatch repair gene MLH1. MLH1 silencing results in microsatellite instability and

a hypermutable phenotype. Through an RNA interference screen, here we identify the

transcriptional repressor MAFG as the pivotal factor required for MLH1 silencing and CIMP in

CRCs containing BRAF(V600E). In BRAF-positive human CRC cell lines and tumors, MAFG is

bound at the promoters of MLH1 and other CIMP genes, and recruits a corepressor complex that

includes its heterodimeric partner BACH1, the chromatin remodeling factor CHD8, and the DNA

methyltransferase DNMT3B, resulting in hypermethylation and transcriptional silencing.

BRAF(V600E) increases BRAF/MEK/ERK signaling resulting in phosphorylation and elevated

levels of MAFG, which drives DNA binding. Analysis of transcriptionally silenced CIMP genes in

KRAS-positive CRCs indicates that different oncoproteins direct the assembly of distinct

repressor complexes on common promoters.
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INTRODUCTION

A hallmark of human cancer genomes is aberrant DNA methylation, which is typified by

both global DNA hypomethylation and site-specific DNA hypermethylation (reviewed in

Baylin and Jones, 2011; Esteller, 2008; Hassler and Egger, 2012; Sharma et al., 2010). Site-

specific DNA hypermethylation of promoter-associated CpG islands of tumor suppressor

and DNA repair genes results in transcriptional silencing (commonly referred to as

epigenetic silencing), thereby facilitating the initiation and progression of cancer (Baylin

and Jones, 2011; Esteller, 2008; Hassler and Egger, 2012; Sharma et al., 2010).

Widespread CpG island promoter hypermethylation, referred to as the CpG island

methylator phenotype (CIMP), was first identified in colorectal cancers (CRCs) (Toyota et

al., 1999) and has since been extensively studied in this tumor type (reviewed in Lao and

Grady, 2011). In fact, CRCs can be categorized into three subclasses based on aberrant CpG

island methylation: CIMP-1 (also called CIMP-high), CIMP-2 (also called CIMP-low), and

CIMP-negative (Kaneda and Yagi, 2011; Yagi et al., 2010). CIMP-1 CRCs, the focus of this

study, are associated with an activating mutation in the BRAF oncoprotein (typically

BRAF[V600E]), a serine/threonine kinase that stimulates cellular proliferation by signaling

through the mitogen activated protein kinase pathway (BRAF/MEK/ERK) (reviewed in

Dhomen and Marais, 2007).

The majority of CIMP-1 CRCs are characterized by promoter hypermethylation of the DNA

mismatch repair gene MLH1, resulting in its transcriptional inactivation (Weisenberger et

al., 2006). Loss of MLH1 expression results in microsatellite instability, a form of genetic

instability characterized by length alterations within simple repeated microsatellite

sequences of DNA (reviewed in Boland and Goel, 2010). Clinically, there is evidence to

suggest that CIMP is associated with disease prognosis (Dahlin et al., 2010; Ogino et al.,

2009) and it is also being investigated as a predictive marker for response to chemotherapy

(Iacopetta et al., 2008; Jover et al., 2011; Van Rijnsoever et al., 2003).

How abnormal DNA methylation patterns develop in CRCs remains to be determined. To

understand the basis of aberrant promoter hypermethylation, here we use MLH1 as a

prototypical gene that is silenced in CIMP-1 CRCs and perform an RNA interference

(RNAi) screen to identify factors required for MLH1 hypermethylation and silencing. Our

results reveal a BRAF(V600E)-directed pathway that mediates silencing of MLH1 and, more

generally, is responsible for CIMP.

RESULTS

An RNAi Screen to Identify Mediators of MLH1 Transcriptional Silencing

To screen for factors involved in transcriptional silencing of MLH1, we generated a reporter

construct in which the MLH1 promoter was used to direct expression of the blasticidin-

resistance (BlastR) gene (Figure 1A). This pMLH1-BlastR reporter construct was stably

transduced into RKO cells, a human CRC cell line in which endogenous MLH1 is

transcriptionally silenced (Veigl et al., 1998)and Figure 1B). We selected cells in which the

reporter gene had been silenced, as evidenced by acquisition of blasticidin resistance (Figure
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1C), transcriptional derepression (Figure 1B) and decreased promoter hypermethylation

(Figure 1D) following treatment with the DNA methyltransferase inhibitor 5-aza-2’-

deoxycytidine (5-AZA).

A genome-wide human small hairpin (shRNA) library was divided into pools, which were

packaged into lentivirus particles and used to stably transduce the RKO/pMLH1-BlastR

reporter cell line. Blasticidin-resistant colonies, indicative of derepression of the reporter

gene, were selected and the shRNAs identified by sequence analysis (see Figure 1A).

Positive candidates identified in the primary screen were validated by stably transducing

parental RKO cells with an individual shRNA corresponding to that isolated from the

primary screen, as well as a second, unrelated shRNA targeting the same gene, followed by

analysis of endogenous MLH1 expression by quantitative RT-PCR (qRT-PCR). Only

candidates that scored positively with two shRNAs were considered validated. Using this

approach, we identified 16 genes that, following shRNA-mediated knockdown, resulted in

derepression of endogenous MLH1 (Figures 1E and S1A; Table S1). qRT-PCR analysis

confirmed that each shRNA reduced target gene expression (Figure S1B and S1C). As

expected, the immunoblot of Figure 1F shows that shRNA-mediated knockdown of the 16

genes also resulted in derepression of MLH1 at the protein level.

A MAFG-Directed Corepressor Complex Mediates MLH1 Transcriptional Silencing

Several of the 16 candidates, including MAFG, CHD8, ING1 and ZNF701, have known or

predicted transcriptional repression activity (Feng et al., 2002; Motohashi et al., 1997;

Ronan et al., 2013; Urrutia, 2003). In a chromatin immunoprecipitation (ChIP) assay we

could detect binding of MAFG and CHD8, but not ING1 and ZNF701, on the

transcriptionally silenced MLH1 promoter (Figure S2A). We therefore elected to focus on

MAFG and CHD8. MAFG is a sequence-specific DNA-binding protein (Motohashi et al.,

1997), and expression profiling studies have found that MAFG is over-expressed in CRCs

(Figure S2B). CHD8 is a chromatin remodeling factor that has also been linked to

transcriptional repression (see, for examples, Sakamoto et al., 2000; Thompson et al., 2008).

Large-scale RNAi screens typically do not achieve saturation (reviewed in Mullenders and

Bernards, 2009). We therefore performed several directed experiments to identify other

factors involved in transcriptional silencing of MLH1. MAFG binds DNA as a heterodimer

in conjunction with one of several proteins including BACH1, BACH2 or NFE2L1

(Fujiwara et al., 1993; Kataoka et al., 1995; Motohashi et al., 1997). Figure 2A shows that

knockdown of BACH1, but not BACH2 or NFE2L1, derepressed MLH1 expression (see

also Figure S2C and S2D). Our previous studies have shown that a specific DNA

methyltransferase is involved in transcriptional silencing of a tumor suppressor gene (Gazin

et al., 2007; Palakurthy et al., 2009; Serra et al., 2014). Figure 2B shows that MLH1 was

also derepressed following knockdown of DNMT3B but not the other DNA

methyltransferases, DNMT1 or DNMT3A (see also Figure S2C and S2D).

The bisulfite sequencing experiment of Figure 2C shows that in RKO cells the MLH1

promoter is, as expected, hypermethylated. Treatment with 5-AZA or shRNA-mediated

knockdown of MAFG, BACH1, CHD8 or DNMT3B resulted in a large reduction in MLH1
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promoter methylation, consistent with the transcriptional derepression. By contrast,

methylation of MINT6, which is hypermethylated in both normal and cancer cells (Toyota et

al., 1999), was not dependent upon MAFG, BACH1, CHD8 or DNMT3B (Figure S2E).

To determine whether like MAFG and CHD8, BACH1 and DNMT3B also functioned by

binding directly to the MLH1 promoter, we carried out a series of ChIP experiments. Figure

2D shows that MAFG, BACH1, CHD8 and DNMT3B were all enriched on the MLH1

promoter (see also Figure S2F). To ask whether binding of these factors to the MLH1

promoter was ordered, we determined the consequence of single gene knockdowns on

promoter occupancy of all factors. The ChIP results of Figure 2E shows that knockdown of

MAFG or BACH1 substantially decreased binding of all factors. Knockdown of CHD8 led

to loss of DNMT3B binding but binding of MAFG or BACH1 was unaffected. Finally,

knockdown of DNMT3B did not eliminate binding of MAFG, BACH1 or CHD8 to the

MLH1 promoter. These results indicate that MAFG, along with its heterodimeric partner

BACH1, initiates binding on the MLH1 promoter and directs recruitment of the other

corepressors culminating in binding of DNMT3B.

The ordered recruitment of MAFG and its corepressors raised the possibility of physical

interactions between the proteins. Consistent with this idea, the co-immunoprecipitation

experiment of Figure 2F shows that MAFG, BACH1, CHD8 and DNMT3B were stably

associated with one another. By contrast, there was no detectable association between

MAFG and DNMT1 (Figure S2G). Interactions between MAFG and BACH1, CHD8 and

DNMT3B were confirmed by liquid chromatography tandem mass spectrometry (Figure

S2H and Table S2).

BRAF(V600E)-Mediated Upregulation of MAFG is Required for Transcriptional Silencing of
MLH1

RKO cells contain an activated BRAF mutation, BRAF(V600E) (Yun et al., 2009), and we

therefore investigated the relationship between BRAF(V600E), MAFG and its corepressors,

and silencing of MLH1. The qRT-PCR results of Figure 3A show that inhibition of

BRAF/MEK/ERK signaling in RKO cells using either PLX4720, a BRAF(V600E) inhibitor

(Tsai et al., 2008), or U0126, a MEK inhibitor (Favata et al., 1998), led to derepression of

MLH1. Derepression of MLH1 following treatment with PLX4720 or U0126 was also

evident at the protein level (Figure 3B). Moreover, inhibition of BRAF/MEK/ERK signaling

resulted in decreased levels of MAFG protein. As expected, shRNA-mediated knockdown of

BRAF(V600E) (Figure S3A) also derepressed MLH1 expression (Figure 3C and S3B) and

resulted in decreased methylation of the MLH1 promoter (Figure 3D). By contrast,

inhibition of BRAF/MEK/ERK signaling did not affect the levels of the MAFG corepressors

BACH1, CHD8 or DNMT3B (Figure S3C).

To further investigate the relationship between BRAF(V600E) and MAFG levels we stably

expressed BRAF(V600E) or, as a control, MAFG in primary foreskin fibroblasts (PFFs). As

expected, MAFG levels were substantially lower in PFFs compared to RKO cells (Figure

S3D), and the MAFG-BACH1-CHD8-DNMT3B complex was not detected in PFFs (Figure

S3E). Moreover, in PFFs, MAFG and its corepressors were not bound to the MLH1

promoter (Figure S3F) and RNAi-mediated knockdown of MAFG did not affect MLH1
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expression (Figure S3G). Stable expression of BRAF(V600E) in PFFs led to increased

phosphorylated ERK1/2 levels (Figure 3E), elevated MAFG levels (Figure 3E), and

decreased MLH1 expression (Figures 3E and 3F). Stable expression of MAFG in PFFs also

resulted in decreased MLH1 expression (Figures 3E and 3F). Notably, BRAF(V600E) did

not increase MAFG mRNA levels (Figure 3G), indicating that the increased MAFG protein

levels occurred by a predominantly post-transcriptional mechanism. Consistent with this

idea, treatment of RKO cells with the proteasome inhibitor MG132 substantially increased

MAFG levels (Figure 3H).

We next investigated whether MAFG was a direct substrate of BRAF/MEK/ERK signaling.

We noticed that MAFG has two potential ERK phosphorylation sites ([S/T]P; Davis, 1993)

at T3 and S124, of which the S124 site is more highly conserved (Figure S3H). We analyzed

ERK-directed phosphorylation of wild-type MAFG and two MAFG mutants bearing

mutations in each phosphorylation site, MAFG-T3A and MAFG-S124A. Each MAFG

derivative was C-terminally myc tagged and transfected into 293T cells in the presence or

absence of an ERK1-expression plasmid. Cell lysate was immunoprecipitated with a myc

antibody and immunoprecipitates were analyzed by immunoblotting with an antibody that

recognizes a phosphorylated ERK consensus site. Figure 3I shows that wild-type MAFG and

MAFG-T3A were phosphorylated in an ERK1-dependent fashion. By contrast, MAFG-

S124A was not phosphorylated, indicating that ERK1 phosphorylates MAFG at S124.

Notably, cotransfection of ERK1 increased total levels of wild-type MAFG and MAFG-T3A

but not MAFG-S124A, indicating that phosphorylation increased MAFG stability.

We also analyzed phosphorylation of MAFG in RKO cells, which contain BRAFV600E, in

the presence or absence of PLX4720. Figure 3J shows that ectopically expressed wild-type

MAFG and MAFG-T3A were phosphorylated in untreated RKO cells, and the levels of the

phosphorylated proteins were greatly reduced following PLX4720 addition. MAFG-S124A

was again not phosphorylated and was expressed at low levels. Finally, the in vitro kinase

assay of Figure 3K shows that ERK1 could phosphorylate wild-type MAFG and MAFG-

T3A, but not MAFG-S124A. Our results are consistent with a previous phosphoproteomics

study reporting phosphorylation of MAFG at S124 (Olsen et al., 2010).

Protein stability is frequently regulated by polyubiquitination (Desterro et al., 2000). To gain

insight into how ERK-directed phosphorylation increased MAFG stability, we analyzed

MAFG polyubiquitination in RKO cells. Figure 3L shows that in untreated RKO cells there

was relatively little ubiquitination of wild-type MAFG and MAFG-T3A. However,

ubiquitination of wild-type MAFG and MAFG-T3A increased greatly following PLX4720

treatment. Notably, in untreated RKO cells MAFG-S124A, which cannot be phosphorylated

by ERK, had a high level of ubiquitination, which was unaffected by PLX4720 treatment.

Collectively, these results indicate that phosphorylation of MAFG at S124 by ERK increases

MAFG levels, at least in part, by preventing polyubiquitination and subsequent proteasomal-

mediated degradation. FBXW2, an F-box protein involved in protein degradation, was one

of the 16 candidates isolated in the RNAi screen (Figure 1E and Table S1). As expected,

knockdown of FBXW2 had no effect on MAFG levels (Figure S3I).
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Finally, we investigated how BRAF/MEK/ERK signaling affected binding of MAFG and its

corepressors to the MLH1 promoter. The ChIP results of Figure 3M show that shRNA-

mediated knockdown of BRAF(V600E), or inhibition of BRAF/MEK/ERK signaling by

treatment with PLX4720 or U0126, resulted in loss of binding of MAFG, BACH1, CHD8

and DNMT3B to the MLH1 promoter.

Validation of the Role of MAFG and its Corepressors in MLH1 Silencing in Other CRC Cell
Lines and BRAF-Positive Human Tumor Samples

To determine the generality and clinical relevance of these results, we analyzed other human

CRC cell lines and tumor samples in which BRAF/MEK/ERK signaling was increased. We

first analyzed the CRC cell line VACO432, which contains BRAF(V600E) (Yun et al.,

2009) and transcriptionally silenced MLH1 (Veigl et al., 1998). We found that in VACO432

cells, MAFG and its corepressors were associated with the MLH1 promoter (Figure 4A), and

their knockdown derepressed the transcriptionally silenced MLH1 (Figure 4B). Moreover,

treatment of VACO432 cells with PLX4720 or U0126 resulted in reduced MAFG levels and

depreression of MLH1 (Figure 4C). We also analyzed the CRC cell line SW48, which is

wild-type for BRAF but contains an activating EGFR mutation (EGFR[G719S]; Yeh et al.,

2009) and transcriptionally silenced MLH1 (Deng et al., 1999). Like BRAF(V600E),

EGFR(G719S) increases RAF/MEK/ERK signaling (Hodoglugil et al., 2013). In SW48

cells, MAFG and its corepressors were associated with the MLH1 promoter (Figure 4D), and

their knockdown derepressed the transcriptionally silenced MLH1 (Figure 4E). Furthermore,

treatment of SW48 cells with the EGFR inhibitor gefitinib (Barker et al., 2001; Ward et al.,

1994) or U0126 resulted in reduced MAFG levels and derepression of MLH1 (Figure 4F).

These results with chemical inhibitors confirm the role of EGFR(G719S)-directed increased

RAF/MEK/ERK signaling in MLH1 silencing.

We next used a pathology tissue ChIP (PAT-ChIP) assay (Fanelli et al., 2011) to measure

association of MAFG with the MLH1 promoter in BRAF-positive human CRC tumor

samples. Figure 4G shows that MAFG was substantially enriched at the MLH1 promoter in

CRC tumor samples relative to adjacent normal colon. Consistent with these PAT-ChIP

results, the immunoblot analysis of Figure 4H shows that MAFG levels were higher in CRC

tumor samples relative to adjacent normal colon. Bisulfite sequencing confirmed MLH1

promoter hypermethylation in the BRAF-positive human CRC tumor samples but not in the

matched normal controls (Figure S4).

MAFG and its Corepressors Mediate CIMP in BRAF-Positive RKO Cells

Most CRCs containing BRAF(V600E) can be classified as CIMP-1, as defined by aberrant

promoter hypermethylation of ~60 so-called CIMP-1 and CIMP-2 marker genes, which

include MLH1 and multiple tumor suppressors (Kaneda and Yagi, 2011; Toyota et al., 1999;

Toyota et al., 2000; Yagi et al., 2010). Notably, MLH1 is a CIMP-1 marker gene, which

prompted to ask whether MAFG and its corepressors have a general role in the aberrant

promoter hypermethylation and transcriptional silencing characteristic of CIMP genes in

CRCs containing BRAF(V600E). Remarkably, knockdown of MAFG, CHD8, BACH1 or

DNMT3B in CIMP-positive RKO cells (Ahmed et al., 2013 and Figure S5A) derepressed

expression of both CIMP-1 and CIMP-2 marker genes (Figure 5A and 5B). Interestingly,
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knockdown of MAFG or its corepressors also derepressed two non-CIMP genes, VIM and

SEPT9 (Figure S5B), whose promoter hypermethylation is used to diagnose CRC (Gyparaki

et al., 2013) as well as several hypermethylated non-CIMP genes that flank MLH1 (Figure

S5C) (Hitchins et al., 2007). Analysis of a representative subset of 10 other CIMP genes

revealed that, like MLH1, knockdown of MAFG or its corepressors also decreased promoter

hypermethylation (Figure 5C). Furthermore, as with MLH1, ChIP analysis showed

significant enrichment of MAFG, BACH1, CHD8, and DNMT3B on the promoters of the

CIMP genes (Figure 5D), whose expression was also derepressed by knockdown of the

MAFG corepressors (Figure S5D).

MAFG is known to bind to a consensus site (Kataoka et al., 1994) (see Table S3 legend).

We could identify one or more MAFG consensus binding sites in the promoter regions of 50

of the 57 CIMP genes (Table S3). The absence a MAFG consensus site in some CIMP genes

is not unexpected and may be explained by the high concentrations of MAFG in BRAF-

positive CRC cells resulting in binding to non-consensus, weak sites.

MAFG and its Corepressors Mediate CIMP in Other CRC Cell Lines and BRAF-Positive
Human Tumor Samples

We next asked whether MAFG and its corepressors silenced CIMP genes in other CIMP-

positive human CRC cell lines and tumor samples. In CIMP-positive VACO432

(BRAF[V600E]) and SW48 (EGFR[G719S]) CRC cells (Ahmed et al., 2013) (Figure S6A),

MAFG, BACH1, CHD8, and DNMT3B were associated with the promoters of the 10

representative CIMP genes (Figure 6A), whose expression was derepressed by knockdown

of MAFG or its corepressors (Figure 6B), similar to what we had observed for MLH1.

The PAT-ChIP results of Figure 6C show that, as with MLH1, MAFG was substantially

enriched at the promoters of the 10 CIMP genes in BRAF-positive human CRC tumors

relative to matched normal controls. Analysis of representative CIMP genes confirmed

promoter hypermethylation in all BRAF-positive CRCs (Figure S6B).

Finally, we assessed the role of the activated oncoprotein and RAF/MEK/ERK signaling on

transcriptional silencing of CIMP genes. shRNA-mediated knockdown of BRAF(V600E) or

treatment with PLX4720 derepressed all ~60 CIMP genes in RKO cells (Figure S6C).

Likewise, treatment of VACO432 (BRAF[V600E]) cells with PLX4720 (Figure S6D) and

treatment of SW48 cells (EGFR[G719S]) with gefitinib (Figure S6E) derepressed all

representative CIMP genes tested. Furthermore, inhibition of RAF/MEK/ERK signaling by

U0126 also derepressed all CIMP genes tested in the three cell lines (Figure S6D–S6F).

We predicted that loss of MAFG or CHD8, which results in derepression of multiple tumor

suppressor genes, would reduce tumorigenicity. Consistent with this prediction, knockdown

of MAFG or CHD8 substantially reduced the ability of RKO cells to grow in soft agar

(Figure 6D) or form tumors in mice (Figure 6E).
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Oncogenic BRAF and KRAS Direct the Assembly of Distinct Repressor Complexes on
Common CIMP Gene Promoters

Approximately 70% of CRCs containing activated KRAS are classified as CIMP-2 and have

a DNA hypermethylation pattern that is related to but less severe than that of CIMP-1 CRCs,

which typically contain BRAF(V600E) (Ogino et al., 2009; Weisenberger et al., 2006).

Many of the same CIMP genes are aberrantly hypermethylated in both BRAF- and KRAS-

positive CRCs (CIMP-2 marker genes), whereas a small set of genes are hypermethylated

and silenced only in BRAF-positive CRCs (CIMP-1 marker genes). Recently, we identified

a silencing pathway directed by the transcriptional repressor ZNF304 that mediates CIMP in

KRAS-positive CRCs, which involves a completely different set of corepressors from that

described above (Serra et al., 2014). We were therefore interested in assessing the relative

contributions of these two silencing pathways in repressing transcription of common CIMP

genes in BRAF- and KRAS-positive CRC cell lines.

Knockdown of ZNF304, KAP1, SETDB1 or DNMT1 (Figure S7A), which are required for

silencing of CIMP genes in KRAS-positive CRC cell lines (Serra et al., 2014), did not

significantly derepress CIMP gene expression in BRAF-positive RKO cells (Figure 7A and

S7B). Conversely, knockdown of MAFG or its corepressors (Figure S7C), which are

required for silencing of CIMP genes in BRAF-positive CRC cell lines, did not significantly

derepress CIMP gene expression in KRAS-positive DLD-1 cells (Figures 7B and S7D).

Consistent with these results, in BRAF-positive RKO cells there was not significant

association of ZNF304 and its corepressors with CIMP gene promoters (Figure 7C and S7E)

and, conversely, in KRAS-positive DLD-1 cells there was not significant association of

MAFG and its corepressors with CIMP gene promoters (Figure 7D and S7F). Finally, in

BRAF-positive RKO cells association of DNMT3B with CIMP gene promoters was not

affected by knockdown of either ZNF304 or its corepressors (Figures 7E and S7G) and,

conversely, in KRAS-positive DLD-1 cells association of DNMT1 with CIMP gene

promoters was not affected by knockdown of MAFG or its corepressors (Figures 7F and

S7H). Collectively, these results show that different oncoproteins can selectively direct the

assembly of distinct repressor complexes on common promoters.

DISCUSSION

It is well established that in many cancers specific genes affecting cellular growth control

are hypermethylated and transcriptionally silenced (Baylin, 2005; Esteller, 2006). However,

in general, the factors involved in and the mechanistic basis of promoter hypermethylation

and transcriptional silencing in cancer is not understood. In addition, the relationship

between the initiating genetic events responsible for tumorigenesis (e.g., acquisition of

activating mutations in oncogenes) and the subsequent promoter hypermethylation and

transcriptional silencing remain to be determined.

In this study, we have identified a specific pathway that mediates CIMP in BRAF-positive

CRCs (Figure 7G). The pathway is initiated on DNA by binding of the transcriptional

repressor MAFG, which recruits a corepressor complex that includes BACH1, CHD8 and

DNMT3B, leading to promoter hypermethylation and transcriptional silencing. Notably, a

previous study analyzing a large collection of CRCs implicated a role for DNMT3B in

Fang et al. Page 8

Mol Cell. Author manuscript; available in PMC 2015 September 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



CIMP-1 (Nosho et al., 2009). As discussed above, like other large-scale RNAi screens

(Mullenders and Bernards, 2009), our RNAi screen was not saturating. Thus, it is likely that

there are additional corepressors involved in MAFG-directed silencing of MLH1 and other

CIMP genes. In this regard, our mass spectrometry analysis identified several MAFG

interacting proteins with known roles in transcriptional repression (Figure S2H and Table

S2).

BRAF(V600E) promotes transcriptional silencing through increased BRAF/MEK/ERK

signaling, resulting in ERK-directed phosphorylation of MAFG at S124. Phosphorylation of

MAFG at S124 prevents polyubiquitination and subsequent proteasomal-mediated

degradation leading to increased MAFG levels, which drives DNA binding and

transcriptional silencing. Notably, this mechanism explains why MLH1 and other CIMP

genes are repressed in BRAF(V600E)-containing CRCs but not in normal cells. It is well

known that a high percentage of BRAF-positive CRCs are also CIMP-positive (Ogino et al.,

2009; Weisenberger et al., 2006). However, our results provide the first demonstration that

BRAF, as well as EGFR, is not merely associated with but rather directly responsible for

CIMP.

The results presented here, in conjunction with previous studies (Gazin et al., 2007;

Palakurthy et al., 2009; Serra et al., 2014; Wajapeyee et al., 2013), suggest a general model

by which tumor suppressor genes become transcriptionally silenced during cancer

development. Activated oncoproteins alter cell signaling, protein stability or transcriptional

regulatory pathways leading to elevated concentrations of a specific transcriptional repressor

or corepressor, such as a DNA methyltransferase (see, for example, Palakurthy et al., 2009).

The increased levels of repressors or corepressors results in their association with promoters

that are not bound by these factors in normal cells, leading to promoter hypermethylation

and transcriptional silencing. Moreover, here we have shown that through this mechanism

different oncoproteins can direct the assembly of distinct repressor complexes on the same

promoter. These latter results provide particularly strong support for the so-called instructive

model of tumor suppressor gene silencing (Struhl, 2014), which invokes a specific pathway,

comprising a defined set of components, initiated by an oncoprotein.

EXPERIMENTAL PROCEDURES

Cell Line Culture and Drug Treatment

RKO, SW48, VACO432 and DLD-1 cells were obtained from ATCC and grown as

recommended by the supplier. For drug treatments in Figures 3A and 3B, RKO cells were

treated with 0.1, 1 or 5 µM PLX4720 (Selleckchem), or 0.2, 2 or 10 µM U0126 (Cell

Signaling Technology) for 24 hr. For Figure 3H, RKO cells were treated with 0.01, 1, 2, 4 or

8 µM MG132 (Cayman Chemical) for 4 hr. For Figure 3M, RKO cells were treated with 1

µM PLX4720 or 1 µM U0126 for 24 hr.

PFFs (ATCC) stably expressing BRAF(V600E) or MAFG were derived as follows.

BRAF(V600E) cDNA (from plasmid pBabe-Puro-BRAF-V600E; plasmid 15269, Addgene)

and MAFG cDNA (pMT2-MAFG (Blank et al., 1997); kindly provided by Volker Blank,

McGill University/Lady Davis Institute for Medical Research) were cloned into pGIPZ-
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CMV (Open Biosystems), and the lentiviruses were transduced into PFFs and selected with

puromycin for 24 hr.

Reporter Construct Cloning and Validation

The pMLH1-BlastR reporter was constructed as previously described (Serra et al., 2014),

except 5 kb of the MLH1 promoter was PCR amplified from a BAC using primers

engineered with NheI and XhoI restriction sites. Linearized plasmid was stably transfected

into RKO cells using Effectene reagent (QIAGEN), cells were selected, and surviving

colonies isolated and expanded as previously described. Clones were treated with 10 µM 5-

aza-2’-deoxycytodine (Calbiochem) every 24 hr for 72 hr. After 24 hr treatment, 0, 5 or 10

µM blasticidin (Sigma-Aldrich) was added for 6 days, and cells were fixed and stained with

0.1% crystal violet to assess viability. Treatment with 5-aza-2’-deoxycytodine and

subsequent challenge with blasticidin was used to identify a clone with robust survival when

treated with both drugs.

RNAi Screen

The RNAi Consortium (TRC) lentiviral human shRNA library (Open Biosystems/Thermo

Scientific) was obtained through the University of Massachusetts RNAi Core facility.

Twenty-two lentivirus pools, each comprising ~5000 shRNA clones, were generated with

titers of ~2×107 cfu/ml, as previously described (Gazin et al., 2007). 2×106 RKO cells were

transduced at a multiplicity of infection of 0.2 with the lentiviral stocks in 10 cm dishes, and

2 days later puromycin selected (5 µg/ml) for 5 days. Cells were challenged with blasticidin

(10 µg/ml) for 14 days. Cells that bypassed the basticidin challenge formed colonies that

were isolated and individually expanded, and shRNAs were identified by sequence analysis

as previously described (Gazin et al., 2007). Individual knockdown cell lines were generated

by stable transduction of 1×105 cells with a single shRNA (listed in Table S4) followed by

puromycin selection.

qRT-PCR

Total RNA was isolated and reverse transcription was performed as described (Gazin et al.,

2007), followed by qRT-PCR using Power SYBR Green PCR Master Mix (Applied

Biosystems). GAPDH was used as an internal reference gene for normalization. See Table

S5 for primer sequences.

Bisulfite Sequencing

Bisulfite modification was carried out using an EpiTect Bisulfite Kit (QIAGEN) followed

by assay kits from EpigenDX for AOX1 (ADS2444), CACNA1G (ADS2300), CHFR

(ADS1462), DAPK1 (ADS037), EFEMP1 (ADS043), HAND1 (ADS1690), IRF8

(ADS1254), LOX (ADS852), PRDM2 (ADS297), p14ARF (ADS2130) and p16INK4A

(ADS1067), or PCR primers for MLH1 and MINT6 (see Table S5). Multiple independent

clones were sequenced from each PCR product within each cell line, of which six

representative clones are displayed.
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Immunoblot Analysis

Cell extracts were prepared by lysis in Laemmli buffer in the presence of protease inhibitor

cocktail (Roche). The following commercial antibodies were used: MLH1 (Cell Signaling

Technology), MAFG (Santa Cruz), BACH1 (Santa Cruz), CHD8 (Bethyl Laboratories),

DNMT3B (Abcam), phospho-ERK1/2 and total ERK1/2 (both from Cell Signaling

Technology), myc (Roche) and α-tubulin (TUBA; Sigma).

ChIP Assays

ChIP assays were performed as previously described (Gazin et al., 2007) using the following

antibodies: MAFG (Santa Cruz), BACH1 (Santa Cruz), CHD8 (Bethyl Laboratories),

DNMT3B (Abcam), ZNF304 (Serra et al., 2014), KAP1 (Bethyl Laboratories), SETDB1

(Millipore), DNMT1 (Imgenex), ING (Abcam), MAML3 (Santa Cruz), VWA5A (Antibody

Online), ZBED5 (Abnova), ZFHX2 (Santa Cruz), ZFYVE27 (Santa Cruz) and ZNF701

(Sigma). ChIP products were analyzed by qRT-PCR (see Table S5 for primers). Samples

were quantified as percentage of input, and then normalized to an irrelevant region in the

genome (~3.2 kb upstream from the transcription start site of GCLC). Fold enrichment was

calculated by setting the IgG control IP sample to a value of 1.

Co-immunoprecipitation Assays

RKO or PFF cell lysate was immunopreciptated with a MAFG, BACH1, CHD8, DNMT1,

DNMT3B or control antibody (IgG; Millipore), and the immunoprecipitate was analyzed for

MAFG, BACH1, CHD8 or DNMT3B by immunoblotting. Input lanes represent 5% of

immunoprecipitated lanes.

In Vivo Kinase Assay

Wild-type MAFG was PCR amplified using primers that introduced a myc epitope tag at the

C-terminus (Table S5) and cloned into pGEM-T Easy Vector (Promega) to generate pT-

MAFG-myc. MAFG-T3A and MAFG-S124A were generated by inverse PCR using pT-

MAFG-myc as a template (see Table S5 for primer sequences). The PCR fragments were

agarose gel purified, treated with T4 polynucleotide kinase and self-ligated. Multiple clones

of MAFG-wild-type (WT), MAFG-T3A and MAFG-S124A were confirmed by Sanger

sequencing and cloned into pGIPZ-CMV to generate pGIPZ-CMV-MAFG-WT, pGIPZ-

CMV-MAFG-T3A and pGIPZ-CMV-MAFG-S124A.

For assays in 293T cells (Figure 3I), each plasmid was transfected into 293T cells in the

presence or absence of an ERK1-expression plasmid (pCMV-FLAG-ERK1; kindly provided

by Roger Davis, University of Massachusetts Medical School). For assays in RKO cells

(Figure 3J), plasmids were transfected into RKO cells and 24 hr later cells were treated with

1 µM PLX4720. Cell lysate was immunoprecipitated with a myc antibody and

immunoprecipitates were analyzed by immunoblotting with a phospho-(S/T)P antibody

(Abcam).
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In Vitro Kinase Assay

A peptide of 161 amino acids (from 2 to 162) was amplified from plasmid pGIPZ-CMV-

MAFG-WT, pGIPZ-CMV-MAFG-T3A or pGIPZ-CMV-MAFG-S124A (see Table S5 for

primer sequences), and cloned into pGEX-4T1 (GE Healthcare). The GST-MAFG proteins

were purified from E. coli. In vitro ERK1 kinase assays were performed as described

previously (Canman et al., 1998). Briefly, 293T cells were transfected with plasmid

expressing FLAG-tagged ERK1 (pCMV-FLAG-ERK1). ERK1 was immunoprecipitated

using anti-Flag M2 beads (Sigma), incubated with 10 µCi [γ-32P]ATP and 1 µg of GST

fusion substrates for 20 min at 30°C, and the reaction was stopped by the addition of SDS–

PAGE protein sample buffer. Proteins were separated by SDS–PAGE and detected by

autoradiography.

HA-Ubiquitin Pull-Down Assays

RKO cells (8×106) were plated on 10 cm dishes and transfected with 5 µg pGIPZ-CMV-

MAFG-WT, pGIPZ-CMV-MAFG-T3A or pGIPZ-CMV-MAFG-S124A, 5 µg pcDNA3.1-

HA-Ubiquitin (Addgene), and 0.5 µg pEGFP-N1 (Clontech) using Effectene reagent. To

ensure equivalent transfection efficiency, EGFP expression was monitored 48 hr later.

PLX4720 (1 µM) was added to cells 24 hr post transfection, and cells were incubated for

another 24 hr. Cells were harvested in NETN-150 buffer (20 mM Tris-HCl, pH 8.0, 150 mM

NaCl, 1 mM EDTA and 0.05% NP-40) plus 1X protease inhibitor cocktail (Roche). Pull-

downs were performed using an HA antibody (Cell Signaling Technology) and anti-rabbit

Trublot beads (eBioscience). Beads were incubated with lysate for 18 hr, washed three times

using NETN-150 buffer, and eluted in 2X sample buffer. Input samples were probed with a

myc or TUBA antibody, and immunprecpitated samples were probed with a myc antibody.

PAT-ChIP Assay

This study was approved by the institutional review board at the University of

Massachusetts Medical School (UMMS). Archived specimens (2010–2012) were obtained

from the Department of Pathology at UMMS, and the CRC diagnosis was made by a

UMMS pathologist. BRAF mutational analysis was performed by the UMass Memorial

Laboratory of Diagnostic Molecular Oncology. Formalin-fixed paraffin-embedded tissue

sections of matched adjacent normal colon and tumor samples isolated from individuals with

invasive or metastatic BRAF-positive CRC were deparaffinized, rehydrated and processed

as previously described (Serra et al., 2014).

Tumor Formation Assays

RKO cells (2×106) expressing either a NS, MAFG or CHD8 shRNA were suspended in 100

µl of serum-free RPMI and injected subcutaneously into the right flank of athymic BALB/c

(nu/nu) mice (Taconic) (n=3 mice per shRNA). Tumor dimensions were measured every 3

days for 3 weeks and tumor volume was calculated using the formula π/6 x (length) x

(width)2. All experiments were performed in accordance with the Institutional Animal Care

and Use Committee (IACUC) guidelines.
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Statistics

All quantitative data were collected from experiments performed in at least triplicate, and

expressed as mean ± standard deviation. Differences between groups were assayed using

two-tailed student t-test using Microsoft Excel. Significant differences were considered

when P<0.05; *P≤0.05 and **P≤0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• MAFG mediates MLH1 silencing and CIMP in BRAF-positive colorectal

cancers

• BRAF(V600E) promotes silencing by increasing levels of MAFG to drive DNA

binding

• MAFG binds to CIMP genes and recruits a corepressor complex that includes

DNMT3B

• BRAF and KRAS direct assembly of distinct repressor complexes on common

promoters
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Figure 1. An RNAi Screen to Identify Mediators of MLH1 Transcriptional Silencing
(A) Schematic of the shRNA screen.

(B) qRT-PCR analysis monitoring MLH1 expression in parental RKO cells, or MLH1 and

BlastRexpression in RKO/pMLH1-BlastR cells, following treatment with either DMSO or 5-

aza-2’-deoxycytidine (5-AZA). The results were normalized to that observed upon DMSO

treatment, which was set to 1.

(C) Viability of RKO or RKO/pMLH1-BlastR cells treated with DMSO or 5-AZA for 3 days

and then 0, 1, 2 or 5 µM blasticidin for 6 days. Cells were stained with crystal violet.
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(D) Bisulfite sequencing analysis of the endogenous MLH1 promoter in parental RKO cells

or the pMLH1-BlastR reporter in RKO/pMLH1-BlastR cells treated in the absence or

presence of 5-AZA. (Top) Schematic of the MLH1 promoter; positions of CpGs are shown

to scale by vertical lines. (Bottom) Each circle represents a methylated (black) or

unmethylated (white) CpG dinucleotide. Each row represents a single clone.

(E) qRT-PCR analysis monitoring MLH1 expression in RKO cells expressing a non-

silencing (NS) shRNA or an shRNA against one of the 16 candidates. The results were

normalized to that observed with the NS shRNA, which was set to 1. Data are represented as

mean ± SD. *P ≤0.05, **P≤0.01.

(F) Immunoblot analysis monitoring MLH1 levels in RKO cells upon knockdown of each of

the 16 candidates. α-tubulin (TUBA) was monitored as a loading control. See also Figure

S1.
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Figure 2. A MAFG-Directed Corepressor Complex Mediates MLH1 Transcriptional Silencing
(A) qRT-PCR analysis monitoring MLH1 expression in RKO cells expressing a NS,

BACH1, BACH2 or NFE2L1 shRNA.

(B) qRT-PCR analysis monitoring MLH1 expression in RKO cells expressing a NS,

DNMT1, DNMT3A or DNMT3B shRNA.

(C) Bisulfite sequencing analysis of the MLH1 promoter in RKO cells expressing a NS,

MAFG, BACH1, CHD8 or DNMT3B shRNA. Decreased promoter methylation in the

presence of 5-AZA is shown as a control.

(D) ChIP analysis monitoring binding of MAFG, BACH1, CHD8 and DNMT3B to the

MLH1 promoter or, as a control, an irrelevant DNA region (negative control [NC] DNA) in

RKO cells. The results were normalized to that obtained with IgG, which was set to 1.

(E) ChIP analysis monitoring binding of MAFG, BACH1, CHD8 and DNMT3B to the

MLH1 promoter in RKO cells expressing a NS, MAFG, BACH1, CHD8 or DNMT3B

shRNA. Data are represented as mean ± SD. *P≤0.05, **P≤0.01.

(F) Co-immunoprecipitation analysis. RKO cell extracts were immunoprecipitated with a

MAFG, BACH1, CHD8, DNMT3B or control (IgG) antibody, and the immunoprecipitate

was analyzed for MAFG, BACH1, CHD8 or DNMT3B by immunoblotting. See also Figure

S2.
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Figure 3. BRAF(V600E)-Mediated Upregulation of MAFG is Required for Transcriptional
Silencing of MLH1
(A) qRT-PCR analysis monitoring MLH1 expression in RKO cells following treatment with

PLX4720 or U0126.

(B) Immunoblot analysis monitoring MLH1, MAFG, phosphorylated ERK1/2 (p-ERK1/2)

and total ERK1/2 (t-ERK1/2) levels in RKO cells treated with DMSO, PLX4720 or U0126.

(C) qRT-PCR analysis monitoring MLH1 expression in RKO cells expressing a NS or

BRAF shRNA.

(D) Bisulfite sequencing analysis of the MLH1 promoter in RKO cells expressing a NS or

BRAF shRNA.

(E) Immunoblot analysis monitoring MLH1, MAFG, p-ERK1/2 and t-ERK1/2 levels in

PFFs expressing BRAF(V600E) or MAFG.
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(F) qRT-PCR analysis monitoring MLH1 expression in PFFs expressing BRAF(V600E) or

MAFG. The results were normalized to that obtained with a vector control, which was set to

1.

(G) qRT-PCR analysis monitoring MAFG expression in PFFs expressing BRAF(V600E) or

MAFG.

(H) Immunoblot analysis showing MAFG levels in RKO cells treated with 0–8 µM MG132

for 4 hours.

(I) In vivo phosphorylation assay. 293T cells were transfected with myc-tagged MAFG-

wild-type (WT), -T3A or -S124A in the presence or absence of an ERK1-expression

plasmid. Cell lysate was immunoprecipitated with a myc antibody and immunoprecipitates

were analyzed by immunoblotting with a phosphorylated-(S/T)P antibody.

(J) RKO cells were transfected with myc-tagged MAFG-WT, -T3A or –S124A and treated

in the presence or absence of PLX4720, and analyzed as described in (I).

(K) In vitro kinase assay. GST-tagged MAFG-WT, -T3A or -S124A peptides were

incubated in the presence or absence of ERK1 and γ-ATP and analyzed for incorporation of

the radiolabel by autoradiography.

(L) HA-ubiquitination pull-down assay. Extracts from RKO cells expressing HA-tagged

ubiquitin and myc-tagged MAFG-WT, -T3A or -S124A and treated in the presence or

absence of PLX4720 were immunoprecipitated using an HA antibody, and the

immunoprecipitate was analyzed by immunoblotting using a myc antibody.

(M) ChIP analysis monitoring binding of MAFG, BACH1, CHD8 and DNMT3B to the

MLH1 promoter in RKO cells expressing a NS or BRAF shRNA or treated with DMSO,

PLX4720 or U0126. Data are represented as mean ± SD. *P≤0.05, **P≤0.01. See also

Figure S3.
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Figure 4. Validation of the Role of MAFG and its Corepressors in MLH1 Silencing in Other
CRC cell lines and BRAF-Positive Human Tumor Samples
(A) ChIP analysis monitoring binding of MAFG, BACH1, CHD8 and DNMT3B to the

MLH1 promoter or, as a control, an irrelevant DNA region (NC DNA) in VACO432 cells.

(B) qRT-PCR analysis monitoring MLH1 expression in VACO432 cells expressing an NS,

MAFG, BACH1, CHD8 or DNMT3B shRNA.

(C) qRT-PCR analysis monitoring MLH1 expression (left) or immunoblot analysis

monitoring MLH1 levels (right) in VACO432 cells treated with DMSO or 1 or 5 µM

PLX4720 or U0126.

(D) ChIP analysis monitoring binding of MAFG, BACH1, CHD8 and DNMT3B to the

MLH1 promoter or, as a control, an irrelevant DNA region (NC DNA) in SW48 cells.

(E) qRT-PCR analysis monitoring MLH1 expression in SW48 cells expressing an NS,

MAFG, BACH1, CHD8 or DNMT3B shRNA.
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(F) qRT-PCR analysis monitoring MLH1 expression (left) or immunoblot analysis

monitoring MLH1 levels (right) in SW48 cells treated with DMSO or 1 or 5 µM gefitinib

(Selleck) or U0126 for 24 hours.

(G) PAT-ChIP analysis monitoring binding of MAFG to the MLH1 promoter in matched

adjacent normal (N) and BRAF-positive CRC human tumor (T) samples. Data are

represented as mean ± SD. *P≤0.05, **P≤0.01.

(H) Immunoblot analysis monitoring MAFG levels in samples described in (G). See also

Figure S4.
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Figure 5. MAFG and its Corepressors Mediate CIMP in BRAF-Positive RKO Cells
(A and B) qRT-PCR analysis monitoring expression of CIMP genes in RKO cells

expressing a MAFG or CHD8 shRNA (A) or a BACH1 or DNMT3B shRNA (B). The

results were normalized to that obtained with the NS control, which was set to 1.

(C) Bisulfite sequencing analysis of representative CIMP genes in RKO cells expressing a

NS, MAFG, CHD8, BACH1 or DNMT3B shRNA.
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(D) ChIP analysis monitoring binding of MAFG, BACH1, CHD8 and DNMT3B on

representative CIMP gene promoters in RKO cells. Data are represented as mean ± SD.

*P≤0.05, **P≤0.01. See also Figure S5.
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Figure 6. MAFG and its Corepressors Mediate CIMP in Other CRC Cell Lines and BRAF-
Positive Human Tumor Samples
(A) ChIP analysis monitoring binding of MAFG, BACH1, CHD8 and DNMT3B to

representative CIMP gene promoters in VACO432 (left) and SW48 (right) cells.

(B) qRT-PCR analysis monitoring expression of representative CIMP genes in VACO432

(left) or SW48 (right) cells expressing a NS, MAFG, BACH1, CHD8 or DNMT3B shRNA.

(C) PAT-ChIP analysis monitoring binding of MAFG to representative CIMP gene

promoters in matched adjacent normal (N) and BRAF-positive CRC human tumor (T)

samples.

(D) Soft agar assay measuring colony formation of RKO cells expressing a NS, MAFG or

CHD8 shRNA.

(E) Tumor formation assay. RKO cells expressing a NS, MAFG or CHD8 shRNA were

subcutaneously injected into the flanks of nude mice (n=3), and tumor formation was

measured. Data are represented as mean ± SD. *P≤0.05, **P≤0.01. See also Figure S6.
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Figure 7. Oncogenic BRAF and KRAS Direct the Assembly of Distinct Repressor Complexes on
Common CIMP Gene Promoters
(A and B) qRT-PCR analysis monitoring CIMP gene expression in RKO (A) and DLD-1

(B) cells expressing a NS, MAFG, CHD8, ZNF304 or KAP1 shRNA. Comparable analysis

of BACH1, DNMT3B, SETDB1 and DNMT1 shRNAs is shown in Figures S7B and S7D.

(C and D) ChIP analysis monitoring binding of MAFG, CHD8, ZNF304 and KAP1 on

CIMP gene promoters in RKO (C) and DLD-1 (D) cells. Comparable analysis of BACH1,

DNMT3B, SETDB1 and DNMT1 is shown in Figures S7E and S7F.

(E and F) ChIP analysis monitoring binding of DNMT3B to CIMP gene promoters in RKO

cells (E) and binding of DNMT1 to CIMP gene promoters in DLD-1 cells (F) expressing a

NS, MAFG, CHD8, ZNF304 or KAP1 shRNA. Comparable analysis of BACH1, DNMT3B,

SETDB1 and DNMT1 is shown in Figures S7G and S7H. Data are represented as mean ±

SD. *P≤0.05, **P≤0.01.

(G) Model for BRAF(V600E)-directed recruitment of MAFG and its corepressors to MLH1

and CIMP gene promoters. See also Figure S7.
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