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Methyl-CpG-binding protein MBD2 plays a key role in
maintenance and spread of DNA methylation at CpG islands
and shores in cancer
C Stirzaker1,2, JZ Song1, W Ng1, Q Du1, NJ Armstrong3, WJ Locke1, AL Statham1, H French1, R Pidsley1, F Valdes-Mora1, E Zotenko1

and SJ Clark1,2

Cancer is characterised by DNA hypermethylation and gene silencing of CpG island-associated promoters, including tumour-
suppressor genes. The methyl-CpG-binding domain (MBD) family of proteins bind to methylated DNA and can aid in the mediation
of gene silencing through interaction with histone deacetylases and histone methyltransferases. However, the mechanisms
responsible for eliciting CpG island hypermethylation in cancer, and the potential role that MBD proteins play in modulation of the
methylome remain unclear. Our previous work demonstrated that MBD2 preferentially binds to the hypermethylated GSTP1
promoter CpG island in prostate cancer cells. Here, we use functional genetic approaches to investigate if MBD2 plays an active role
in reshaping the DNA methylation landscape at this locus and genome-wide. First, we show that loss of MBD2 results in inhibition
of both maintenance and spread of de novo methylation of a transfected construct containing the GSTP1 promoter CpG island in
prostate cancer cells and Mbd2− /− mouse fibroblasts. De novo methylation was rescued by transient expression of Mbd2 in
Mbd2− /− cells. Second, we show that MBD2 depletion triggers significant hypomethylation genome-wide in prostate cancer cells
with concomitant loss of MBD2 binding at promoter and enhancer regulatory regions. Finally, CpG islands and shores that become
hypomethylated after MBD2 depletion in LNCaP cancer cells show significant hypermethylation in clinical prostate cancer samples,
highlighting a potential active role of MBD2 in promoting cancer-specific hypermethylation. Importantly, co-immunoprecipiation of
MBD2 shows that MBD2 associates with DNA methyltransferase enzymes 1 and 3A. Together our results demonstrate that MBD2
has a critical role in ‘rewriting’ the cancer methylome at specific regulatory regions.
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INTRODUCTION
DNA methylation at the carbon-5 position of cytosine residues
in CpG dinucleotides is an important epigenetic mechanism
involved in normal biological regulatory processes including
cellular differentiation, genomic imprinting and X-inactivation.1–3

In development, initiation and maintenance of CpG methylation
occurs primarily during DNA replication through the action of DNA
methyltransferase enzymes (DNMTs), which catalyse the DNA
methylation reaction whereby the methyl donor S-adenosyl-
methionine is covalently added to the 5’-position of the cytosine
molecule.4 In the normal mammalian genome ~ 70% of all CpG
sites are methylated, except for CpG islands, regions of high CpG
density, that largely remain unmethylated.5 CpG island promoters
and CpG island ‘shores’, located ~ 2 kb from CpG islands can
acquire cell type-specific methylation during differentiation6 or
can become abnormally methylated in cancer.6,7 Hypermethyla-
tion of CpG islands is primarily associated with gene repression, in
carcinogenesis;3,8 however, the precise mechanisms that result
in aberrant DNA methylation of typically unmethylated CpG island
and CpG island shores remain largely unknown.
One of the proposed mechanisms of transcriptional repression

mediated by CpG methylation involves the binding of methyl-
CpG-binding domain (MBD) proteins9 and the recruitment of

co-repressor complexes.10 The MBD family members MBD1, MBD2,
MBD4 and MeCP2 all bind to methylated DNA via a methyl-
binding domain.11,12 MBD proteins are therefore often described
as ‘readers’ of DNA methylation and evidence suggests that they
also have a role in epigenetic remodelling and gene repression.13

For example, protein interaction studies have shown that the
methyl-binding domain proteins recruit binding partners such
as chromatin remodellers, histone deacetylases and histone
methylases to methylated DNA leading to transcriptional
deregulation.14–16 MBD2 is a subunit of the Mi2-NuRD complex
and has been shown to mediate gene repression via recruitment
of the complex to methylated promoters.11,17 In particular, there is
mounting evidence linking MBD2 function and the aberrant
hypermethylation of CpG islands in cancer.18–20

The CpG island associated with the GSTP1 gene is a remarkable
example of a CpG rich promoter, which is susceptible to
hypermethylation in the majority of prostate tumours yet remains
unmethylated in the normal prostate cell.21 We previously
reported that hypermethylation of a GSTP1 CpG island promoter
construct can be triggered by a combination of transcriptional
gene silencing and ‘seeds’ of CpG methylation that potentially act
as a catalyst for the spread of de novo methylation to
neighbouring CpG sites.18 Notably, we showed that MBD2 was
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preferentially bound to the ‘seeds’ of CpG methylation at the
GSTP1 CpG island promoter.18 In this study we address if MBD2
binding has an active role in promoting CpG island hypermethyla-
tion in cancer. Using a functional genetics approach we now
demonstrate that loss of MBD2 results in the inhibition of both
maintenance and spread of de novo methylation and triggers
significant hypomethylation genome-wide in prostate cancer cells,
particularly at cancer-associated CpG islands and CpG island
shores. Our studies suggest that MBD2 is not just a ‘reader’ of
methylation but is a key player in ‘rewriting’ methylation in cancer
potentially through its interaction with the DNMT machinery.

RESULTS
Knockdown of MBD2 inhibits the maintenance and spread of DNA
hypermethylation of a GSTP1 CpG island promoter transfected
construct
To investigate a potential causal role for MBD2 in promoting
DNA hypermethylation, we first established LNCaP cell clones with
reduced MBD2 expression using shRNA to MBD2 and a scrambled
control shRNA. ShRNAs were transfected into LNCaP cells
and multiple single colonies were isolated under neomycin
selection and examined for MBD2 expression. Real-time quanti-
tative PCR (qRT-PCR) and western blot analysis showed that MBD2
mRNA and protein expression was reduced by 60–80% in a
number of the independent stable clones (examples shown in
Supplementary Figure 1). Next we determined the effect of MBD2
knockdown (MBD2-KD) on triggering DNA hypermethylation of
GSTP1 transfected gene constructs that were inactive and ‘seeded’
with or without a low level of methylation. Previously we had
cloned a 2.3 kb XbaI/SnaBI fragment containing the GSTP1 gene,
including 1.2 kb promoter upstream from the start of transcription
and exons 1–4 and inserted a polyadenylation signal 3’ to ensure
transcript stability.22 We modified the construct by deleting CpG
sites − 2 to − 8 spanning the SpI sites and minimal promoter
region to silence GSTP1 expression (GSTP1-Sp1). In addition, we
created a GSTP1 construct using HpaII methylase to ‘pre-seed’ the
GSTP1 construct (GSTP1-Sp1-M) (Figure 1a and Supplementary
Figure 2). The shRNA-MBD2 plasmid and the GSTP1 constructs
(GSTP1-Sp1 and GSTP1-Sp1-M) were co-transfected into LNCaP cells
and single resistant colonies were selected and DNA and RNA was
isolated after ~ 22 doublings (early passage). RNA was analysed for
stable knockdown of MBD2 by qRT-PCR and clones that had
achieved the highest level of knockdown were evaluated for DNA
methylation status of the transfected GSTP1 CpG island using
clonal bisulphite sequencing (Figures 1b and c).
The unmethylated GSTP1 promoter construct (GSTP1-Sp1)

remained essentially unmethylated after transfection into wild-
type LNCaP cells or MBD2 knockdown clones (85 and 95%)
(Figure 1b). In contrast, the GSTP1-Sp1-M construct was extensively
methylated, both at the HpaII methylated ‘seeded’ sites (main-
tenance methylation) and at surrounding CpG sites (de novo
methylation) after transfection into wild-type LNCaP cells
(Figure 1c). However, we observed in the clones with MBD2
knockdown (Figure 1c) a significant lack of maintenance
methylation of the HpaII sites (Po .00001), as well as a significant
reduction of de novo DNA methylation at surrounding CpG sites
(P= 0.0007) (Figure 1d). After further passaging (~24 doublings:
late passage), LNCaP cells transfected with GSTP-Sp1-M showed
more extensive de novo methylation (Supplementary Figure 3a),
while the MBD2-KD cells (clones #15 and #12), showed a
significant decrease in both de novo and HpaII maintenance
methylation (Supplementary Figure 3b).

DNA de novo methylation of a GSTP1 CpG island promoter
transfected construct is inhibited in Mbd2-/- fibroblast cells
To further interrogate the role of MBD2 in promoting DNA
hypermethylation, we performed a similar transfection experiment
with mouse wild-type and Mbd2− /− knockout fibroblast cells.23

No detectable mRNA or protein expression was observed in the
Mbd2− /− fibroblast cells compared with the WT fibroblast cells
(Figures 2a and b). After co-transfection of GSTP1-Sp1 and the
‘empty’ expression vector pQCXIP into wild-type and Mbd2− /−
fibroblast cells, stably transfected colonies were isolated and
passaged (early (P1), mid (P5) and late passages (P18)) and the
transfected GSTP1 CpG island was analysed for methylation by
clonal bisulphite sequencing. We observed minimal methylation
at early passage (P1) in the transfected wild-type cells (Figure 2c).
However in later passages (P5 and P18) there was a notable
increase of de novo methylation (Figure 2c). In contrast, in the
Mbd2− /− cells, there was essentially no de novo methylation
observed even after 18 passages (Figure 2d). Similarly, after
transfection of GSTP1-Sp1-M into wild-type and Mbd2− /− cells
we observed significantly reduced maintenance methylation
(P= 0.017) in Mbd2− /− cells at both early and late passages
(Supplementary Figure 4).
To investigate if Mbd2 has an active role in the maintenance

and de novo methylation, we next re-expressed Mbd2 in the
knockout cells (Mbd2− /− +Mbd2). The Mbd2-pQCXIP expression
vector was co-transfected with GSTP1-Sp1 vector into mouse
Mbd2− /− cells and resistant colonies were pooled and passaged.
Re-expression of Mbd2 was confirmed by qRT-PCR and western
blot analysis (Figures 2a and b). DNA was analysed for methylation
of the transfected GSTP1 CpG island by genomic bisulphite clonal
sequencing. Although no methylation was observed in Mbd2− /−
cells (Figure 2d), we found significant increase in levels of de novo
methylation at individual CpG sites in Mbd2− /− +Mbd2 cells, and
this methylation was maintained upon further passaging
(Figures 2e and f; Po0.000001).

MBD2 protein is coupled with DNA methyltransferases
Since MBD2-KD is associated with poor maintenance methylation
and a decrease in de novo methylation, we next determined if
MBD2 is associated with DNA methyltransferase enzymes
(DNMTs). Whole-cell lysates from LNCaP cells were immunopre-
cipitated with MBD2 antibody and the eluted immunoprecipitates
were immunoblotted using DNMT1 and DNMT3a antibodies
(Figure 3). Notably we found that MBD2 co-immunoprecipitated
with not only the histone deacetyltransferase HDAC1 as previously
reported24 but also DNMT1 and DNMT3a (Figures 3a and b).
Conversely, DNMT1 and DNMT3a co-immunoprecipited with
HDAC1 and MBD2 (Figures 3c and d). Association of DNMT1 and
DNMT3a with MBD2 supports a role for MBD2 in maintenance
and de novo DNA methylation.

MBD2 knockdown causes genome-wide hypomethylation
We next asked if there was a genome-wide change in the DNA
methylation landscape as a consequence of decreased MBD2
expression. We performed Infinium HumanMethylation450 Bead-
Chip (HM450K) arrays on three independent MBD2-KD clones and
three scrambled controls (Supplementary Figure S1). Differential
methylation analysis of MBD2 knockdown and scrambled controls
showed that a depletion of MBD2 predominantly results in a
loss of DNA methylation. We identified 20 630 hypomethylated
probes in the MBD2-KD clones and only 2248 hypermethylated
probes (β-value difference 410%, and unadjusted P-value cutoff
of 0.05). Using a more stringent cutoff of 20%, we identified 4493
hypomethylated probes and 432 hypermethylated probes, while a
30% cutoff identified 745 hypo and 60 hypermethylated probes
(Supplementary Table 1). Notably, using MiSeq bisulphite
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amplicon sequencing of six regions that encompassed hypo-
methylated probes, we found that methylation loss was not just
limited to the individual CpG site identified on the array, but
extended across neighbouring CpG sites (Figure 4a). The average

methylation levels detected in the MBD2-KD clones were
significantly reduced compared with the scrambled controls
(ASS1, P= 0.0001; BARHL2, P= 0.00013; SGK2, P= 0.0064
(Figure 4a); and LHX8, P= 0.0001; TESK2, P= 0.036; ZNF814,
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Figure 1. Knockdown of MBD2 inhibits the maintenance and spread of DNA hypermethylation of the GSTPI CpG island promoter in LNCaP cells.
(a) The GSTP1 vector constructs showing the GSTP1 CpG island and start of transcription of GSTP1 gene, the SpI deletion construct GSTP1-Sp1 (with
deleted SpI binding sites: Δ denotes deletion of CpG sites −8 to −2), and the GSTP1-Sp1-M with red dots marking HpaII methylated CCGG sites
within the GSTP1 CpG island map. (b) The methylation profile by clonal bisulphite sequencing of the GSTP1-Sp1 vector transfected into wild-type
LNCaP cells and two independent LNCaP cells with MBD2 shRNA knockdown. The MBD2 expression relative to 18s is shown relative to LNCaP.
Closed circles indicate a methylated CpG and open circles indicate an unmethylated CpG. (c) The methylation profile of the GSTP1-Sp1-M vector
after transfection into wild-type LNCaP cells (control), and four independent transfected cell lines with MBD2 knockdown at early passage (22
doublings). Red dots mark the HpaII methylated CCGG sites on the vector construct. The level of MBD2 knockdown relative to 18s is shown
expressed relative to LNCaP wild-type expression. (d) Student’s t-test showing statistically significant reduction in maintenance and de novo
methylation in the MBD2 KD clones relative to wild-type LNCaP cells. Average number of methylated sites in wild-type LNCaP cells (n=11) and all
LNCaP cell clones with MBD2 knockdown (n=48). Error bars represent s.e.m. P-values were calculated using two-tailed Student’s paired t-tests.

Figure 2. DNA de novo methylation of a GSTP1 CpG island promoter transfected construct is inhibited in Mbd2− /− fibroblast cells. (a) RT-
qPCR of Mbd2 expression in wild-type, Mbd2− /− knockout and Mbd2 knock-in (Mbd2− /− +Mbd2) mouse fibroblast cells normalised to 18s.
(b) Western blot showing Mbd2 expression in wild-type, Mbd2− /− knockout and Mbd2 knock-in (Mbd2− /− +Mbd2) mouse fibroblast cells.
(c and d) The methylation profile of the GSTP1-Sp1 vector after transfection into wild-type mouse fibroblast cells (c) and Mbd2− /− cells (d) at
early (passage 1), mid (passage 5) and late (passage 18) passages. Closed circles indicate a methylated CpG and open circles indicate an
unmethylated CpG. (e) The methylation profile of the GSTP1-Sp1 vector transfected in Mbd2− /− +Mbd2 knock-in cells at early (passage 1) and
mid (passage 5). (f) Student’s t-test showing statistically significant reduction in methylation in the Mbd2− /− cells and gain in methylation in
Mbd2− /− +Mbd2 knock-in cells. Average number of methylated sites in each cell line. Error bars represent s.e.m. P-values were calculated
using two-tailed Student’s paired t-tests between wild-type Mbd2 (n= 33) and Mbd2-/- cells (n= 30) at P1, P5 and P18, and between Mbd2− /−
(n= 20) and Mbd2− /− +Mbd2 cells (n= 25) at P1 and P5. RT-qPCR, real-time quantitative PCR.

MBD2 plays a key role in DNA methylation
C Stirzaker et al

1331

© 2017 Macmillan Publishers Limited, part of Springer Nature. Oncogene (2017) 1328 – 1338



P= 0.00043) (Supplementary Figure S5). Next, we showed that
there was a reduction in direct binding of MBD2 to the
hypomethylated loci (ASS1, SGK2, BARHL2, LHX8, TESK2, CDC42EP3
and OAT) in the MBD2-KD clones in contrast to the scrambled
controls (Figure 4b). Thus confirming that MBD2 was integral for
maintaining DNA methylation at these sites.
To determine whether MBD2-KD-associated hypomethylation is

localised to specific regulatory regions of the genome, we
overlapped regional hypomethylated CpG probes with CpG
islands, CpG island shores and computationally derived chromatin
segmentation (ChromHMM) of the LNCaP genome.25 Hypomethy-
lated regions were defined by at least three hypomethylated
probes with the maximal distance between probes of 500 bp
resulting in 353 hypomethylated regions containing 1263
hypomethylated probes (Supplementary Table 1). We found that
21 and 27% of hypomethylated regions, respectively, occurred at
CpG islands and CpG island shores (Figure 4c). Using the
ChromHMM annotation of the LNCaP genome the largest fraction
of hypomethylated regions (25%) fell within Polycomb repressed
regions. In addition, active and poised enhancer regions (~28%)
also showed hypomethylation (Figure 4d). Interestingly, we found
that the hypomethylated probes are located in regions of
decreased methylated CpG density (Supplementary Figure S6).

Functional characterisation of MBD2-regulated genomic loci
To interrogate the functional role of regions that were associated
with MBD2-KD hypomethylation we profiled RNA expression of
three MBD2-KD and three scrambled clones on Affymetrix HuGene
1.0ST arrays that were profiled for DNA methylation. Differential
expression analysis identified 134 upregulated and 103 down-
regulated genes in MBD2-KD clones as compared with scrambled
controls (Figure 5a and Supplementary Table 2). GO term analysis
of upregulated genes revealed significant enrichment of genes
associated with chromatin and nucleosome assembly and
remodelling (Benjamin P-valueo0.05) (Figure 5b). Validation by

qRT-PCR confirmed decreased MBD2 expression (Supplementary
Figure S1) and increased expression of upregulated candidate
genes ASS1, TESK2 and ELF5 (Figure 5c and Supplementary
Figure S7) in MBD2-KD clones. Next, we asked if MBD2-KD
associated hypomethylation results in increased expression of
corresponding target genes. Given the enrichment of hypomethy-
lated regions in LNCaP ChromHMM active and poised enhancers
we mapped these to putative target genes using a distance
threshold of ± 20 kb. Bootstrapping analysis revealed that MBD2-
KD hypomethylation of enhancers was significantly associated
with increased (Po0.001) but not decreased expression (P= 0.13)
of the target genes. Similar analysis revealed significant associa-
tion between MBD2-KD hypomethylation of promoter regions and
gene activation (P= 0.03), but not repression (P= 0.89) of the
corresponding genes. We conclude that MBD2-KD hypomethyla-
tion of both enhancer and promoter regions results in upregula-
tion of target genes. Cell proliferation experiments also showed
that MBD2 KD decreases cell viability (Supplementary Figure S8).
To predict the functional significance of the hypomethylated
regions we performed gene set enrichment using GREAT analysis.
This analysis identified gene sets significantly enriched in the
MSigDB Genetic Perturbation database associated with prostate
cancer, prostate carcinogenesis, methylated in cancer, as well as
other cancers such as kidney cancer, glioblastoma and multiple
myeloma (Supplementary Figure S9a). This suggests that MBD2
has an important role in promoting DNA hypermethylation in
cancer-related genes.

Cancer-specific CpG island and shore hypermethylation is linked
to MBD2 binding
To determine if MBD2 associated gain of methylation is likely to
have a role in cancer, we asked if the regions that become
hypomethylated upon MBD2-KD are differentially methylated in
normal and cancer (i) cell lines and (ii) tissue samples. First we
tested whether there was a difference in the distribution of
methylation β-values across probes that become hypomethylated
upon MBD2-KD in the normal prostate epithelium cell line PrEC as
compared with prostate cancer cell line LNCaP. Our results
showed that DNA methylation was significantly lower in the PrEC
cells (Figure 6a). Moreover, elevated methylation levels in LNCaP
cells were reduced to levels comparable to those in the normal
PrEC cells upon MBD2-KD and this shift was strongest at CpG
islands and CpG island shores (Figure 6b). Since CpG islands and
CpG island shores are focal points of aberrant hypermethylation in
cancer we asked whether MBD2-KD hypomethylated CpG sites are
more prone to aberrant hypermethylation. We performed log-
odds statistical testing against probes that are statistically
significantly hypermethylated in LNCaP as compared with PrEC
cells (false discovery rateo0.05; avg.meth.diff410%) and found a
statistically significant association between cancer-specific aber-
rant hypermethylated and MBD2-KD hypomethylation (log-odds
ratio 0.55; Po2e− 16). The association remained significant even
when probes were stratified according to their functional
annotation: CpG islands (log-odds ratio 0.74; P= 2.26e− 07), CpG
island shores (log-odds ratio 0.71; P= 2.61e− 10) (Figure 6c).
Next, we extended our analysis to clinical samples of normal

and tumour prostate tissues for which HM450K data is available
from The Cancer Genome Atlas (TCGA) consortium. Again,
we observed that regions that become hypomethylated upon
MBD2-KD showed significantly lower methylation in normal
prostate as compared to prostate tumour tissue samples
(P= 1.02e− 03) and the differences are more pronounced at CpG
islands (P= 2.51e− 06) and CpG island shores (P= 1.23e− 02)
(Figures 6d and e). Log-odds test confirmed statistically significant
positive associations between MBD2 KD driven hypomethylation
and aberrant hypermethylation in prostate cancer at all probes
(log-odds ratio 0.28; P= 2.97e− 05), CpG islands (log-odds ratio

Figure 3. MBD2 is coupled with DNA methyltransferases DNMT1
and DNMT3A. (a) LNCaP whole-cell extracts were immunoprecipi-
tated with an antibody against MBD2 (Sigma M7218). Western
blot analysis with HDAC1 and DNMT1 antibodies shows
physical interaction between MBD2 and HDAC1 and DNMT1.
(b) Formaldehyde-fixed (1.5%) LNCaP nuclear extracts were immu-
noprecipitated with MBD2 antibody and then immunoblotted with
DNMT3A showing MBD2 in complex with DNMT3A. (c) Reciprocal
immunoprecipitation of LNCaP whole-cell extract with DNMT1
antibody shows reciprocal interactions with MBD2 and HDAC1.
(d) Reciprocal immunoprecipitation of LNCaP formaldehyde-fixed
nuclear extract (1.0%) with DNMT3A shows reciprocal interaction
with MBD2. Input, unprecipitated extracts; IgG IP, control IP; IP,
immunoprecipitation; * denotes formaldehyde-fixed nuclear extract.
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Figure 4. MBD2 Knockdown causes genome-wide hypomethylation. (a) HM450K screen shots of candidate regions ASS1, BARHL2 and SGK2
showing three scrambled controls and three MBD2-KD clones. Hypo-probes show individual significantly hypomethylated probes with a β-
value difference in methylation of420% between MBD2-KD and scrambled clones. The shaded grey denotes the region that was validated by
MiSeq amplicon bisulphite sequencing. The regions were PCR amplified using bisulphite treated DNA from three MBD2-KD and three
scrambled clones, and sequenced on the Illumina MiSeq platform. The scatter plots show the % methylation of CpG sites across the regions of
interest: ASS1 (chr9: 133320721-133321061); BARHL2 (chr1: 91182069-91182442) and SGK2 (chr20: 42187225-42187451). Each dot represents
the % methylation at an individual CpG site for a single clone and the lines represent the average methylation for the region in MBD2-KD (red)
and scrambled controls (blue). Filled black triangle denotes CpG sites represented on the array. The bar charts on the right show the average
methylation of scrambled control and MBD2-KD; P-values were calculated using two-tailed Student’s paired t-tests comparing average
methylation percentage of all CpG sites; error bars represent s.e.m. (b) MBD2 chromatin immunoprecipitation was performed on wild-type
and MBD2-KD LNCaP cells. Quantitative PCR of candidate hypomethylated regions (ASS1, BARHL2, SGK2, LHX8, CDC42EP3, OAT and TESK2)
shows enrichment of MBD2 binding (ChIP/input) at these genomic loci and reduction in MBD2 binding in MBD2-KD. Error bars represent s.e.
m. (c) Pie diagram showing the % of hypomethylated probes across CpG islands and CpG island shores. (d) Pie chart showing the percentage
of hypomethylated probes across ChromHMM functionally annotated regions of the genome.
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0.32; P= 0.01), and CpG island shores (log-odds ratio 0.35;
P= 0.004) (Figure 6f). Notably the CpG islands and shores that
show cancer-specific hypermethylation in prostate cancer are
associated with gene sets significantly enriched in the MolSigDB
Genetic Perturbation database, affected by epigenetic aberrations

in prostate cancer, downregulated in prostate cancer, genes
methylated in colon cancer, primary tumours and across a panel
of cancer cell lines (Supplementary Figure S9b and c). GO
Molecular Function also showed significant enrichment of
peptide, hormone, enhancer and regulatory region sequence-

Figure 5. Gene expression changes associated with decreased MBD2 expression. (a) Affymetrix HuGene 1.0ST expression arrays were
performed on RNA isolated from three scrambled controls and three independent MBD2-KD clones, #3, #9 and #33. Heatmaps showing the
top 50 genes of up- and downregulated genes (filtered so that logFC41.25 and Po 0.005 — 50 genes). Scale indicates level of gene
expression. Genes highlighted in yellow were validated by RT-qPCR. (b) GO term analysis of upregulated genes showing significantly enriched
GO Terms (Benjamin P-valueo0.05). (c) RT-qPCR was performed on RNA isolated from three scrambled controls and three independent
MBD2-KD clones, #3, #9 and #33 of candidate upregulated genes ASS1, TESK2 and ELF5. Bars represent the mean and error bars represent s.e.m.
* indicates a significant difference (0.01oPo0.05) and ** indicates a very significant difference (0.001oPo0.01) using GraphPad Prism
(Prism6 for MacOSX, GraphPad software, La Jolla, CA, USA), unpaired t-test, two-tailed, with equal s.d. RT-qPCR, real-time quantitative PCR.
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specific DNA binding of these regions. Together these data
support a key role for MBD2 in the spread of hypermethylation at
CpG islands and shores in prostate cancer.

DISCUSSION
Even though it has long been established that cancer is
characterised by global hypomethylation and focal hypermethyla-
tion of CpG island gene promoters the mechanisms responsible
for the alteration of DNA methylation patterns in cancer cells are
still unclear. We previously reported that in prostate cancer
hypermethylation of the GSTP1 CpG island promoter can be
initiated by a combination of transcriptional gene silencing and
‘seeds’ of methylation that potentially act as a catalyst for the
spread of methylation to neighbouring CpG sites.22 We showed
that the methyl-CpG-binding protein MBD2 preferentially binds to
the ‘seeds’ of methylation18 and proposed that MBD2 recruitment
may have a role in de novo methylation of the GSTP1 CpG island
promoter. In this present study, we show that MBD2 has a casual
role in reshaping the DNA methylome at both this locus and other
cancer-associated CpG islands and CpG island shores.
The MBD family proteins are critical players in determining the

transcriptional state of the epigenome.13,26 MBD proteins interact
with other protein partners,14–16 including SIN3A, CoREST, SWI-
SNF and NuRD (nucleosome remodelling and deacetylase com-
plex), and have a key role in guiding protein complexes with

chromatin remodelling and/or histone modifying activity to
specific sequences in the genome. Although the role of MBD
proteins as repressive chromatin remodellers is well described, the
potential role of the MBD proteins in guiding the ‘writing’ of the
DNA methylation landscape is less clear. Here, we show that
MBD2 not only binds to histone deacetylase HDAC1 (as also
reported by others),11,27 but also binds to the maintenance
methyltransferase (DNMT1) and de novo methyltransferase
enzyme (DNMT3a). The DNMTs have also been reported to
associate with the NuRD complex,11,24 and since MBD2 recruits
NuRD to methylated DNA, this suggested that DNA methylation is
working in conjunction with chromatin remodelling.11 We asked if
MBD2 could by playing a similar role in directly guiding ‘writing’ of
the DNA methylation landscape. Using functional genetic
approaches we showed that loss of MBD2 inhibited both the
maintenance and spread of de novo methylation of a transfected
GSTP1 CpG island promoter construct. Interestingly, re-expression
of MBD2 rescued the de novo methylation capacity of the cells
suggesting that MBD2 can recruit DNMTs to specific CpG sites to
promote methylation.
We next asked if loss of MBD2 affects the methylation

landscape genome-wide. Remarkably we found that MBD2
depletion led to a prominent 10-fold increase of hypomethylation
compared with hypermethylation events, in contrast to others
reporting hypermethylation of candidate genes.28,29 Interestingly,
we found that CpG islands and CpG island shores were enriched in

Figure 6. Cancer-specific hypermethylation is linked to MBD2 binding. (a) Distribution of Methylation β-values of all 353 hypomethylated
regions (n= 1,263 probes) in normal prostate epithelial cells PrEC, prostate cancer LNCaP cells and MBD2-KD LNCaP cells visualised as
boxplots. (b) Distribution of Methylation β-values of 353 hypomethylated regions in normal prostate epithelial cells PrEC cells, LNCaP cancer
cell line, and MBD2-KD cells, sub-setting the regions into CpG islands and CpG shores. (c) Log-odds ratios with corresponding 95% confidence
intervals quantifying positive association between MBD2-KD hypomethylation and LNCaP hypermethylation events across all probes, CpG
island probes, and CpG island shores probes. (d) Distribution of Methylation β-values of 353 hypomethylated regions in TCGA tumour (n= 339)
and TCGA normal (n= 49) samples, visualised as boxplots. (e) Distribution of Methylation β-values of 353 regions, sub-setting the regions as
CpG islands and CpG island shores. (f) Log-odds test for positive association between MBD2-KD hypomethylation and prostate tumour
hypermethylation events across all probes, CpG island probes, and CpG island shores probes. In a, b, d and e), Wilcoxon rank-sum test was
used to assess statistical significance of difference in distributions (***P-valueo0.001; **P-valueo0.01; *P-valueo0.05). In (c and f) log-odds
test was used to assess statistical significance of positive association (***P-valueo0.001; **P-valueo0.01; *P-valueo0.05).
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the regions that became demethylated in the MBD2-KD cells. This
is in keeping with previous studies showing a preference for MBD2
binding at methylated CpG island containing promoters.30–32 In
addition, we found enrichment of hypomethylation at other gene-
regulatory genomic regions, including polycomb-marked regions
and enhancers. These regions are less dense in CpG content and
methylation, which is consistent with previous work showing that
MBD2 directly binds at promoters with intermediate CpG
content.26 Interestingly, some CpG island regions, that harbour a
high density of CpG methylation, show no discernible demethyla-
tion upon MBD2 loss, suggesting a threshold of CpG methylation
that is not amenable to methylation remodelling.33,34

The functional consequence of MBD2 depletion is genome-
wide changes in gene expression, including both gene activation
and gene repression, in agreement with other studies.31,33

Activation of genes supports depletion of the direct repressive
effect of MBD2,17 whereas gene repression may be a result either
of an indirect effect or potential loss of reported MBD2 binding to
active genes and unmethylated promoters.26,31,35 Notably, we
found that a number of the activated genes are accompanied by
promoter and enhancer demethylation. Gene activation in
conjunction with demethylation upon MBD2 depletion supports
a direct role of MBD2 in the facilitation of DNA methylation.
Interestingly these activated gene sets are enriched with ontology
database terms associated prostate cancer, prostate carcinogen-
esis, methylated in cancer. This agrees with previous evidence
showing that the removal of MBD2 expression alleviates the
repression of tumour-suppressor genes p16INK4a and p14ARF, as
well as candidate tumour suppressor genes in HeLa cells,33

pTERT20 and BRAC1-NBR236 in MBD2 knockdown cells and pS2
expression in MCF-7 cells,37 consistent with the findings from
our data.
Accumulating evidence has supported a significant role for

MBD2 in the hypermethylation of candidate CpG islands in
cancer.18,20,38–42 In this study, we demonstrated a causal role for
MBD2 in facilitation of DNA methylation principally at aberrantly
hypermethylated CpG islands and CpG shores and regulatory
regions in LNCaP cells, and importantly we show that these same
regions are also significantly hypermethylated in clinical prostate
cancer. MBD proteins have been implicated in several cancers13

and MBD2-deficient mice crossed onto tumour-prone ApcMin/+

background, develop significantly smaller and few tumours.43

With the increase in cancer genome sequencing the mutational
frequency of MBD protein family members is now being better
illuminated in different cancer types. Mutations in MBD2
commonly lie in the methyl-binding domain and transcriptional
repressor domain, which potentially disrupts crucial MBD2
functions in cancer.13 Together our results support a model
whereby the methyl-binding domain protein MBD2 has a key role
in the maintenance and spread of DNA methylation of CpG islands
and shores in cancer potentially through its interactions with
the DNMT machinery. Importantly we show that MBD2 is not
only just a ‘reader’ of the methylation landscape but also can
have a direct role in promoting the spread of cancer-specific DNA
hypermethylation.

MATERIALS AND METHODS
Cell culture
LNCaP prostate cancer cells were cultured and transfected as described
previously.22 Tailtip fibroblasts from Mbd2− /− (2-7 S) and wild-type (2-
3 S) mice were a kind gift from Adrian Bird’s Laboratory, Edinburgh and
cultured as described in.17,23 The identity of each cell line was
authenticated and cells were routinely tested for mycoplasma
contamination.

MBD2 knockdown and Mbd2-/- transfections
ShRNA directed against MBD2 (Acc. No. AF072242.1) (5′-GATGATGCCTA
GTAAATTA-3′ (865-894 bp)) and scrambled control (5′-GTGAATACA
GGCTTTAAATAG-3) were cloned into the siLentGene-2 Vector (Promega,
Madison, WI, USA; Cat.#C8070) according to the manufacturer’s instruc-
tions. The GSTP1 vector constructs were prepared and co-transfected with
Promega shRNA MBD2 vector (10:1 ratio) into LNCaP cells (as detailed in
Song et al.22). Stable transfectants were selected by GeneticinR (G418)
(Gibco BRL). The 2-3 S and Mbd2− /− cells were transfected using JetPEI
transfectant reagent (Qbiogene, Montreal, QC, Canada) and a co-
transfection (1:10 ratio) of selection plasmid pQCXIP (Clontech Labora-
tories, Clayton, VIC, Australia) to GSTP1 vector was used. Stable clones were
selected with puromycin (ThermoFisher Scientific, Waltham, MA, USA).

Over expression of Mbd2
The full-length mouse Mbd2 cDNA clone (ID IRAVp968H0390D6; Accession
no BC046607) was purchased from RZPD Deutsches Ressourcenzentrum
fur Genomforschung GmbH, Berlin, Germany. The Mbd2 gene (1.8 kb) was
excised from the pCMV-Sport6 vector by 5’Sal1 -3’Not1 digestion and
ligated into NotI-SalI digested pENTRTM2B Gateway vector (Invitrogen Life
Technologies, Carlsbad, CA, USA) and inserted into expression vector
pQCXIP (Clontech Laboratories, Clayton, VIC, Australia). The sequence of
the inserted Mbd2 was confirmed by sequencing. Transfections were
performed as described above with a co-transfection ratio of 10:1 of MBD2-
pQCXIP (Clontech Laboratories) to GSTP1 vector and stable clones selected
with puromycin (ThermoFisher Scientific).

Quantitative Real-Time qRT-PCR analysis
RNA was extracted using Trizol reagent (Ambion, 15596-018 supplied by
ThermoFisher Scientific) and cDNA was reverse transcribed as described
previously.18 qRT-PCR primers listed in Supplementary Table 3.

Clonal bisulphite and MiSeq amplicon sequencing
Clonal bisulphite methylation sequencing analysis from triplicate PCRs
were performed as described previously.18,38 PCRs for MiSeq amplicon
sequencing were performed in duplicate and pooled. Library prep was
performed according to the Illumina TruSeq DNA sample prep kit (Cat No
FC-121-2001) (Illumina, San Diego, CA, USA) and sequenced on the Illumina
MiSeq sequencer. Primers listed in Supplementary Table 3.

Protein extraction and western blot analysis
Whole-cell protein lysates were prepared as previously described.44 Protein
concentration was determined using a BCA assay (Pierce, 23225/23227
supplied by ThermoFisher Scientific). Western transfer protocol was carried
out according to manufacturer’s instructions with the XCell SureLock
system (ThermoFisher Scientific). Immunoprecipitation was performed
according to the Abcam (Cambridge, UK) protocol (http://docs.abcam.
com/pdf/protocols/Immunoprecipitation_protocol.pdf). For fixed protein
immunoprecipitation, cells were fixed on the dish at room temperature for
10 mins in 1.5% formaldehyde.45,46 Fixed cell pellets were resuspended in
sonication buffer (10 mM EDTA pH 8.0, 50 mM Tris-HCL pH8.0, 1% SDS) and
sonicated for five cycles of 10 pulses of 0.9 s ON and 0.1 s OFF (Branson
Sonifier, Danbury, CT, USA). Unsonicated material was pelleted and
supernatant diluted 1:10 with PBS before immunoprecipitation. GAPDH
was used as a control for nonspecific binding. For western blot analysis
following immunoprecipitation (IP), IP lysate was resolved as above or
under non-reducing conditions (37 oC for 10 min, exclusion of reducing
agent in the sample preparation). For all antibodies used see
Supplementary Table 4.

Chromatin Immunoprecipitation
Chromatin immunoprecipitations (MBD2 antibody: Sigma M7318
Lot#111M4751) were carried out using the ChIP-IT High Sensitivity Kit
(Active Motif Cat No. 53040) according to the manufacturer’s instructions.
ChiP-qPCR of candidate regions were performed and normalised to input.
ChiP-qPCR primers listed in Supplementary Table 3.

Gene Expression Array Analysis
RNA was extracted from cell lines using Trizol reagent (Invitrogen)
according to the manufacturer's protocol. Affymetrix GeneChip human
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gene 1.0ST (Santa Clara, CA, USA) arrays were performed as described
previously.47

Illumina HumanMethylation450 BeadChip (HM450K) analysis
Bisulphite converted DNA was hybridised to Illumina HumanMethyla-
tion450 BeadChip (HM450K) arrays48 and run on an Illumina HiScan System
according to the manufacturer’s instructions. Three replicates per
condition (MBD2-KD or scrambled controls) were profiled. Raw HM450K
signal intensity data was processed and background-normalised using
preprocessIllumina function from Bioconductor minfi package.49 Methyla-
tion beta-values (β) were used for visualisation and M-values for statistical
analyses.49 Differentially methylated probes between MBD2-KD and
scrambled controls were identified using linear models and empirical
Bayes methods implemented in the Bioconductor limma package.50 We
defined hypomethylated regions as regions with at least 3 hypomethy-
lated probes within 500 bp.

Genomic location of hypomethylated probes
Genomic coordinates (hg19) of CpG islands were obtained from UCSC
genome browser. Genomic coordinates of CpG island shores were
derived by taking +/-2Kb flanking regions around CpG islands.
ChromHMM segmentation25,51 of LNCaP chromatin was performed then
collapsed into seven distinct states and manually annotated by
comparison to the published ChromHMM model for HMEC cells.51 We
used hyper-geometric testing to determine statistical significance of
overlap between regional hypomethylated probes and the above
functional annotations of the genome. Regional hypomethylated probes
(n = 1263) were used as test set and regional background probes
(n = 145 397) as background-set. Methylated CpG density was calculated
as the number of CpG sites with methylation above 0.5 in 100 bp
region entered on the probe.

Affymetrix HuGene 1.0ST expression array analysis
Arrays were normalised within each batch using RMA function from
Bioconductor oligo package.50 Only probes that were annotated in RefSeq
or GenBank (according to the Affymetrix annotation release 32) were
included in downstream analyses. Differentially expressed genes were
determined using Bioconductor limma package,50 with the linear model
including a covariate representing batch.

Correlation of MBD2-KD hypomethylation events with aberrant
methylation in cell line model and clinical samples of prostate
cancer
Differential methylation analysis HM450K data from three replicates of
LNCaP/PrEC cell resulted in 62,346 (out of 145 397 regional background
probes) as being hypermethylated in LNCaP cells (false discovery
rateo0.05; Δβ410%). Raw HM450K data from TCGA prostate cancer
(PRAD) cohort52 was obtained in April 2014 comprising 49 normal and 340
tumour samples. Differential methylation analysis resulted in 28 140 (out of
145 397 regional background probes) as being hypermethylated in
prostate tumour samples (false discovery rateo0.05; Δβ410%). Statistical
significance of positive association between MBD2-KD hypomethylation
and LNCaP hypermethylation in prostate cancer (cell line model or clinical
samples) was assessed with log-odds test as implemented in R vcd
package.

Gene set enrichment analysis of MBD2 hypomethylation events
GREAT (Genomic Regions Enrichment of Annotations Tool) analysis was
applied53 to regional MBD2-KD hypomethylated probes to assess
enrichment of gene sets in GO Molecular Function and MolSigDB Genetic
Perturbation categories. Analysis was repeated with a subset of probes
restricted to CpG islands and CpG island shores. In both analyses the distal
extension parameter was set to 20Kb. Gene Ontology enrichment analysis
was performed using the David Bioinformatics resources54,55 on differen-
tially expressed genes.

Data Access
Affymetrix expression array and HM450K methylation data have been
deposited to GEO (GSE77206).
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