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SUMMARY
Promoter CpG islands are typically unmethylated in normal cells, but in cancer a proportion are subject to
hypermethylation. Using methylome sequencing we identified CpG islands that display partial methylation
encroachment across the 50 or 30 CpG island borders. CpG island methylation encroachment is widespread
in prostate and breast cancer and commonly associates with gene suppression. We show that the pattern of
H3K4me1 at CpG island borders in normal cells predicts the different modes of cancer CpG island hyperme-
thylation. Notably, genetic manipulation of Kmt2d results in concordant alterations in H3K4me1 levels and
CpG island border DNA methylation encroachment. Our findings suggest a role for H3K4me1 in the demar-
cation of CpG island methylation borders in normal cells, which become eroded in cancer.
Significance

How CpG islands are maintained in an unmethylated state in
methylation borders in tumors is still enigmatic. We show that
stem cells and normal epithelial cells predicts the mode of pro
enrichment of H3K4me1 levels at the borders of CpG islands re
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Ca
normal cells and what triggers the erosion of CpG island
the pattern of H3K4me1-marked nucleosomes in embryonic
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INTRODUCTION

The human cancer epigenome is largely reorganized, including

hypermethylation of CpG islands in gene promoters and

genome-wide hypomethylation (Stirzaker et al., 2014) (Fig-

ure 1A). CpG island methylation and its relationship to chromatin

modifications and gene expression have been widely studied.

H3K27me3 co-exists with the active H3K4me3 to mark bivalent

chromatin at �22% of promoter CpG islands and is required for

suspended transcription prior to the lineage-specific differentia-

tion (Azuara et al., 2006; Bernstein et al., 2006; Mikkelsen et al.,

2007; Ohm et al., 2007). A number of seminal papers reported

that pre-marking of bivalent chromatin at CpG islands in embry-

onic stem cells (ESCs) (Ohm et al., 2007; Schlesinger et al., 2007;

Widschwendter et al., 2007) and adult stem cells (Easwaran

et al., 2012) renders CpG islands susceptible to DNAmethylation

in cancer cells. H3K27me3 and H3K4me3 chromatin signature at

these CpG islands is commonly lost in cancer and replaced with

DNA methylation (Gal-Yam et al., 2008). However, the mecha-

nisms responsible for this switch are still unresolved.

The presence of bivalent chromatin at a subset of promoter

CpG islands in ESCs, however, does not fully account for the

variability of CpG islands that become hypermethylated in can-

cers. Furthermore, the vast majority of bivalent chromatin do-

mains in ESCs resolve upon differentiation into monovalent

H3K4me3-active or H3K27me3-repressive domains (Bernstein

et al., 2006), resulting in a smaller proportion of bivalent promoter

CpG islands in cancer precursor cells (Easwaran et al., 2012). It

has been proposed that the gene expression status in cancer

precursor cells can potentially define the susceptibility to pro-

moter CpG island hypermethylation in cancer (Sproul et al.,

2011, 2012). That is, genes prone to hypermethylation are ex-

pressed in a more tissue-specific manner, being either lowly ex-

pressed or repressed inmatching normal tissues, suggesting the

existence of further characteristic chromatin signatures at these

promoter CpG islands.

Distinct roles for H3K4 histone methyltransferases (HMTs)

have been observed in the regulation of gene expression (Rao

and Dou, 2015). The family of H3K4 HMTs includes six main

members, KMT2A to KMT2G. While H3K4me3, at the promoters

of active genes, is predominantly implemented by KMT2F and

KMT2G (Clouaire et al., 2012), KMT2B mediates H3K4me3 at

bivalent and lowly expressed gene promoters (Denissov et al.,

2014; Hu et al., 2013b). Furthermore, KMT2C/D promote condi-

tional repression of a subset of genes through the deposition of

histone H3K4 monomethylation (H3K4me1) at their promoters

(Cheng et al., 2014). Importantly, H3K4 HMTs possess distinct

substrate specificity with KMT2F/G being capable of mono-,

di-, and trimethylation, KMT2A/B of mono- and dimethylation,

and KMT2C/D of predominantly monomethylation (Rao and

Dou, 2015). H3K4me3 marked nucleosomes are reported to be

important for the establishment and maintenance of unmethy-

lated CpG islands at the promoters of active genes as this modi-

fication is agnostic to DNA methylation (Weber et al., 2007).

Indeed the DNAmethyltransferase DNMT3A/L shows no detect-

able binding to H3K4me2/3 but displays the highest binding af-

finity to nucleosomes marked with H3K4me0, and interestingly

only a �2-fold reduction in binding affinity to H3K4me1 (Noh

et al., 2015; Ooi et al., 2007). This raises the possibility that
298 Cancer Cell 35, 297–314, February 11, 2019
H3K4 monomethylation may play a role in shaping DNA methyl-

ation patterns at regulatory elements.

RESULTS

Cancer-Associated Promoter CpG Island DNA
Methylation Exhibits Distinct Patterns
To address the pattern of cancer-associated CpG island hyper-

methylation in more detail, we first performed a methylome anal-

ysis at single-nucleotide resolution using whole-genome bisulfite

sequencing (WGBS) in normal prostate epithelial cells (PrECs) and

the prostate cancer cell line LNCaP with >303 coverage. We

compared the average change in DNA methylation of promoter-

associated CpG islands (n = 8,835) and showed that, while

�70% of CpG islands remain unmethylated, �30% of the CpG

islands gain different amounts of DNAmethylation in LNCaP cells

(Figure 1B). Notably, in addition to the ‘‘extensive’’ (50%–100%)

methylation gain, there were CpG islands that also acquired

‘‘moderate’’ levels (10%–50%) of aberrant DNAmethylation (Fig-

ure 1B). To further interrogate the nature of ‘‘extensive’’ versus

‘‘moderate’’ hypermethylation changes, we compared methyl-

ation patterns across CpG islands using k-means clustering (Fig-

ure S1A) and Pearson’s correlation coefficient (Figures S1B and

1C).We found that 71.5%of CpG islands remained unmethylated

(Figure 1C; un) and 7.3% of CpG islands were hypermethylated

across the entireCpG island in LNCaPcells comparedwith PrECs

and human ESCs (hESCs) (Figure 1C; hyper). Notably, we also

observed a mode of aberrant hypermethylation (13.0%) that

involved partial methylation encroachment across the 50 and/or
30 borders of the CpG island and the creation of new discrete

DNA methylation borders and smaller unmethylated islands (Fig-

ure 1C; 50, 30, 50-30). The observed methylation patterns are not

affected by CpG island length (Figure S1C). Examples of 50 and
30 asymmetricmethylation encroachment are shown in Figure 1D.

Wenext askedwhether the gain inmethylation across theCpG is-

land borders corresponds to different methylation levels at the

adjacent CpG island shores (500 bp upstream/downstream of

CpG island boundary).We found that CpG islandswith asymmet-

rical methylation encroachment across the 50 or 30 border have
elevated methylation in normal cells only at the adjacent 50 or 30

shores, respectively, whereas islands that are extensivelymethyl-

ated or undergo bidirectional methylation encroachment have

elevated methylation levels at both shores (Figure 1E).

The DNA methylation profile can also be used to define func-

tional regulatory elements. For example, undermethylated re-

gions (UMRs) and lowlymethylated regions (LMRs) are indicative

of active regulatory regions. MethylseekR partitions methylomes

into CpG-poor LMRs, corresponding to distal regulatory sites,

and CpG-rich UMRs at proximal regulatory sites (Burger et al.,

2013; Stadler et al., 2011). We therefore applied MethylSeekR

to the WGBS data of PrECs and identified 10,380 UMRs, of

which 64% harbor a CpG island (Figure S1D), spanning

�2.5 kbp (Figure S1E). Notably, the UMRs also displayed similar

modes of aberrant DNAmethylation encroachment (Figure S1F).

DNA Hypermethylation Modes Are Uniform across
Clinical Cancer Samples
We next asked whether methylation encroachment across

CpG islands is a general characteristic of cancer. We
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Figure 1. Aberrant DNA Methylation Changes in Cancer Cells

(A) Schematic depicting promoter CpG island hypermethylation in cancer.

(B) Scatterplot showing average promoterCpG islandDNAmethylation in PrECs andLNCaPcells. Eachdot represents averagemethylation of a singleCpG island.

(legend continued on next page)
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Figure 2. DNA Methylation Changes in Clinical Prostate and Breast Cancer

(A) Heatmaps showingmethylation patterns of promoter CpG islands in normal prostate tissue (n = 1 shown) and prostate cancer tissues (n = 10 shown). Each line

represents a single CpG island. The separation into groups is as in Figure 1C.

(B and C) Boxplots showing DNA hypermethylation frequency of CpG sites residing within promoter CpG islands with DNA methylation encroachment in TCGA

prostate (B) and breast (C) cancer and normal tissues. Each dot represents a single tissue sample. Boxplot boundaries indicate the first and third quartiles of the

data points, with themedian valuewithin the box. Thewhiskers extend to 1.5 interquartile range (IQR) from the boundaries. Data points lying outside of 1.5 IQR are

shown as closed circles.

See also Figure S2 and Table S1.
performed WGBS on clinical prostate cancer and adjacent

normal prostate samples (Table S1) and found that the pro-

moter CpG islands clustered into similar modes of DNA hyper-

methylation patterns as defined in LNCaP cells (Figure 2A). We
(C) Heatmaps showingmethylation patterns of promoter CpG islands in hESC, PrE

was binned into 40 equally sized bins and average methylation per bin was calcu

(D) Integrative Genomics Viewer (IGV) browser track showing WGBS methylation

cells with 50 and 30 DNA methylation encroachment, respectively, in the cancer c

(E) Average methylation patterns across CpG islands separated into groups as in (

See also Figure S1.
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then analyzed public WGBS data from primary normal and

breast cancer tissues and cell lines, and found that methylation

encroachment was associated with the same subset of CpG

islands (Figure S2A).
C, and LNCaP cells. Each line represents a single CpG island. Each CpG island

lated. Bins without CpG sites are depicted in white.

data for promoter CpG islands of NFATC3 and PARD6G in PrEC and LNCaP

ells.

C) and their shores in PrEC and LNCaP cells. Color key denotes the six groups.
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(legend on next page)
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We further extended our analysis to prostate and breast can-

cer HumanMethylation 450K data available from The Cancer

Genome Atlas (TCGA) consortium. We divided CpG islands

(with 50 or 30 methylation encroachment) into two classes,

namely internal borders that are prone to DNA methylation

encroachment in LNCaP cells (CGI-DMR, blue) or internal bor-

ders that remain unmethylated (CGI-non-DMR, yellow). Next,

we defined CpG probes overlapping CGI-DMRs and CGI-non-

DMRs (Figure S2B) and calculated the percentage of CpG

probes that display >40% DNA methylation for each tissue

sample. The data confirmed elevated DNA methylation at the

CGI-DMRs compared with the CGI-non-DMRs in cancer tissues

(Figures 2B and 2C).

DNA Hydroxymethylation and DNMT3B Are Enriched at
the Borders of CpG Islands with Methylation
Encroachment
5-Hydroxymethylation (5hmC) has been shown to play a role in

DNA demethylation and the maintenance of unmethylated CpG

islands in normal tissues (Jin et al., 2014; Li et al., 2016). More-

over a global reduction of 5hmC in cancer tissues (Jin et al.,

2011; Lian et al., 2012) suggests that 5hmC depletion may also

be involved in CpG island hypermethylation. To further address

whether 5hmC is associated with demarcation of methylation

at CpG island borders, we performed whole-genome 5hmC

profiling and 5mC WGBS from matching prostate cancer and

normal tissue samples (n = 3 pairs, Table S1). The data

confirmed similar modes of CpG island 5mCDNA hypermethyla-

tion patterns (Figure S3A). The analysis identified 2.4%–9.7% of

CpG sites that were hydroxymethylated in normal prostate tis-

sues with a significant 5hmC depletion in prostate cancer

(0.2%–1.3%) (Figures S3B and S3C). Next, we examined the dis-

tribution of 5hmC associated with different modes of DNA

methylation gain. In normal prostate tissues, we observed

increased average 5hmC levels at the CpG island shores (Fig-

ure 3A), in agreement with other cancer types (Jin et al., 2014;

Li et al., 2016). Notably, 5hmC sites are enriched at the 50 or 30

shores of CpG islands in normal cells that are prone to asym-

metric methylation encroachment in cancer (Figures 3B and

S3D). CpG sites that, in turn, lose 5hmC in cancer, are enriched

at the 50 or 30 shores of CpG islands that undergo asymmetric

methylation encroachment in cancer (Figures 3B and S3E). Fig-

ure 3C shows examples of genes with CpG island DNA methyl-

ation encroachment accompanied by 5hmC reduction at the

corresponding shores. DNMT3B is also enriched at 50 and 30 in-
ternal CpG island boundaries that are susceptible to DNA

methylation encroachment in cancer, and this enrichment is
Figure 3. DNA Hydroxymethylation at Promoter CpG Island Shores in
(A) Average 5hmC patterns across CpG islands separated into groups and their

shading indicates the highest 5hmC enrichment in normal prostate at the shore

cancer.

(B) Observed over expected enrichment of CpGs hydroxymethylated in normal

islands and their shores (sample #24023). Gray shading highlights CpG island sh

(C) IGV browser track depicting DNA hydroxymethylation enrichment in norm

encroachment in cancer.

(D and E) Average DNMT3B ChIP-seq enrichment (D, ***p = 2.23 10�16, Wilcoxon

(GSE89728).

See also Figure S3 and Table S1.
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elevated in TET triple-knockout (TKO) hESCs (Figure 3D).

Notably, we found that DNA methylation is also elevated in the

TKO cells at these internal CpG island borders that display 50

and 30 encroachment in cancer (Figure 3E).

Relationship between Promoter CpG Island DNA
Methylation Encroachment, Gene Expression, and
Intrinsic DNA Features
To investigate whether the different modes of DNA hypermethy-

lation in cancer cells result in altered gene expression, we

analyzed RNA sequencing (RNA-seq) data from PrECs and

LNCaP cells (Figure S4A). We found that genes prone to can-

cer-associated CpG island hypermethylation, compared with

those without, had reduced expression in normal cells (Fig-

ure 4A). Moreover, genes that displayed 30 versus 50 cancer

methylation border encroachment were notably less expressed

in normal cells (Figure 4A) and showed even greater repression

in the cancer cells (Figure 4B). In total, 20%–40% of genes un-

dergoing methylation encroachment showed statistically signifi-

cant reduction in expression (Figure S4B); however, 12%–27%

of such genes showed elevated expression (Figure S4B) and

increased enrichment of the active histone mark H3K4me3 at

promoter CpG islands (Figure S4C). DNA hypermethylation

and H3K4me3 enrichment in cancer has previously been associ-

ated with aberrant expression of particular gene isoforms (Bert

et al., 2013) and alterations in the balance of gene isoforms

(Zhao et al., 2016). We found that downregulation of gene

isoforms was also associated with DNA methylation encroach-

ment across transcription start sites (TSSs) (Figure 4C). In

addition, cap analysis gene expression sequencing (CAGE-

seq) data shows a reduction of transcription at TSSs associated

with DNA methylation encroachment (Figure 4D). Figure 4E

shows examples of promoter CpG islands with cancer-associ-

ated methylation encroachment accompanied by gene isoform

repression.

Interestingly we observed that in PrECs, the CpG island bor-

ders susceptible to DNA methylation encroachment in cancer

generally show reduced enrichment of active TSSs (Fig-

ure S4D), regulatory factor binding sites (Figure S4E), and

display higher nucleosome occupancy (Figure S4F) and lower

CpG density (Figure S4G). Intriguingly, G-quadruplex (G4)

DNA structures, as measured by G4 chromatin immunoprecip-

itation sequencing (ChIP-seq) data (Mao et al., 2018), are also

depleted at the internal borders of CpG island that are suscep-

tible to DNA methylation encroachment, in contrast to the

observed enrichment for G4 structures at the internal CpG is-

land regions that remain unmethylated in cancer (Figure S4H).
Normal Prostate and Prostate Cancer Tissues
shores in normal prostate and prostate cancer tissues (sample #24023). Gray

s of CpG islands susceptible to DNA methylation encroachment in prostate

prostate tissue and CpGs with reduced hydroxymethylation in cancer at CpG

ores with the highest 5hmC enrichment in normal prostate tissue.

al prostate tissue at the shores of CpG islands prone to DNA methylation

rank test) and WGBS DNA methylation levels (E) in WT and TKO human ESCs
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Figure 4. DNA Methylation Encroachment in Cancer and Gene Expression Changes

(A and B) Expression in PrECs (A) and expression differences between LNCaP and PrECs (B) of genes that display different modes of DNAmethylation change at

their promoter CpG islands in cancer (***p < 0.01, Wilcoxon rank test). Boxplot boundaries indicate the first and third quartiles of the data points, with the median

value within the box. The whiskers extend to 1.5 IQR from the boundaries. Data points lying outside of 1.5 IQR are shown as closed circles.

(C) Expression changes of transcript isoforms (logFC) affected by DNA methylation encroachment. Bar plots indicate the percentage of CpG islands with known

transcripts affected (blue) and not affected (yellow) by DNAmethylation encroachment. Boxplot boundaries indicate the first and third quartiles of the data points,

with the median value within the box. The whiskers extend to 1.5 IQR from the boundaries. Data points lying outside of 1.5 IQR are shown as closed circles.

(D) Heatmaps showing DNAmethylation patterns and CAGE-seq 50 end mRNAs enrichment in PrECs and LNCaP cells at promoter CpG islands undergoing DNA

methylation encroachment in cancer. Brown line indicates the extent of DNA methylation encroachment.

(E) IGV browser track depicting CAGE-seq isoform-specific 50 endmRNA signal changes at promoter CpG islands upon 50 and 30 DNAmethylation encroachment

in LNCaP cells. Brown shading indicates the loss of CAGE-seq-derived 50 end mRNA signal in LNCaP cells upon DNA methylation encroachment.

See also Figure S4.
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Finally, we found that promoter CpG islands susceptible to

methylation encroachment are enriched for genes in cancer-

associated pathways (Figure S4I).

Role for Histone Mark H3K4me1 at the Borders of CpG
Islands
To determine whether there is a relationship between different

modes of DNA methylation gain and chromatin signatures, we

first analyzed ChIP-seq data of H3K4me1, H3K4me3, and

H3K27me3 from the ENCODE project for hESCs. We identified

similar H3K4me1 and H3K27me3 chromatin enrichment pat-

terns between the different modes of CpG island hypermethy-

lation in cancer (Figures 5A and S5A). We observed higher

enrichment of H3K4me1 and H3K27me3 in hESCs across the

body of the CpG islands that become extensively hypermethy-

lated in cancer. In contrast, CpG islands that remain unmethy-

lated in cancer show a bimodal enrichment of H3K4me1 and

H3K27me3 at the CpG island borders in hESCs and depletion

in H3K4me1 and H3K27me3 across the island (Figures 5A, 5B,

S5A, and S5B). Notably, the bimodal H3K4me1 enrichment at

the CpG island borders is maintained in normal PrECs (Figures

5A and 5B) whereas the H3K27me3 bimodal mark is essen-

tially depleted (Figures S5A and S5B).

To our surprise, we found an asymmetric pattern of H3K4me1

and H3K27me3 enrichment in hESCs at the corresponding 50

or 30 internal CpG island borders prone to DNA methylation

encroachment in cancer (Figures 5A, 5B, S5A, and S5B). Impor-

tantly, H3K4me1 enrichment is maintained in PrECs at the

internal borders of these CpG islands (Figures 5A and 5B), in

contrast to H3K27me3, which is significantly depleted (Figures

S5A and S5B).

H3K4me3, in contrast to H3K4me1 and H3K27me3, is highly

enriched across the body of unmethylated CpG islands in both

hESCs and PrECs but completely absent from the CpG island

borders (Figures 5C and 5D). Interestingly, only CpG dense

enhancer regions that are susceptible to DNA hypermethylation

in cancer show similar dynamics with more H3K4me1 and less

H3K4me3 in normal cells (Figure S5C). In cancer cells,

H3K4me3 is also lost from DNA hypermethylated islands and

is notably absent from the internal borders of the islands that

undergo DNA methylation encroachment (Figures 5C and 5D).

Figure 5E depicts candidate CpG islands showing 50 and 30

methylation encroachment in cancer pre-marked by H3K4me1

in normal prostate cells and H3K4me3 enrichment across the re-

gion of the CpG island that remains unmethylated. This mutually

exclusive pattern of H3K4me3 and H3K4me1 enrichment sug-

gests a transition or critical interface between H3K4me1- and

H3K4me3-marked nucleosomes in demarcating the boundaries

of CpG island DNA methylation in normal cells and DNA methyl-

ation encroachment in cancer.
Figure 5. Enrichment of H3K4me1- and H3K4me3-Marked Nucleosom

(A and B) Heatmaps (A) and average plots (B) showing H3K4me1 enrichment at di

in (B) highlights H3K4me1 enrichment in hESC and PrEC cells across the entire C

methylation gain in cancer.

(C and D) Heatmaps (C) and average plots (D) showing H3K4me3 enrichment at dif

(D) highlights the reduction of H3K4me3 enrichment at the internal CpG island b

(E) IGV browser track depicting H3K4me1 in PrECs pre-marking internal borders

See also Figures S5 and S6.
H3K4me1/H3K4me3 Ratio in Normal Cells Predicts the
Extent of DNA Methylation Encroachment in Cancer
We next asked whether chromatin and genetic features at

promoter CpG islands in normal cells could computationally

predict DNA methylation gain in cancer. We separated CpG

islands that remain unmethylated in prostate and breast cancer

from those that become hypermethylated. For CpG islands

prone to DNA methylation encroachment, we separated CpG

sites that acquire methylation in cancer from those that remain

unmethylated. For each CpG site we calculated the enrichment

of histone marks in normal prostate and primary mammary

epithelial cells (HMECs) using blkbox (Guennewig et al.,

2017). blkbox identified random forests as the best-performing

algorithm with receiver-operating characteristic area under the

curve of �0.88–0.98 (Figure S6A). The analysis revealed that

the H3K4me1/H3K4me3 ratio in both normal cells shows the

highest prediction importance in distinguishing CpG islands

that become hypermethylated in cancer from those that remain

unmethylated, followed by H3K27me3/H3K4me3 ratio in pros-

tate and H3K4me1/H3K27me3 ratio in breast cells (Figure S6B).

Notably, the H3K4me1/H3K4me3 ratio in both PrECs and

HMECs is also statistically significantly higher at CpG islands

that become hypermethylated in cancer compared with CpG

islands that remain unmethylated (Figure S6C). Similarly, inter-

nal 50 and 30 CpG island borders that undergo DNA methylation

encroachment in cancer can be distinguished by a higher

H3K4me1/H3K4me3 ratio in normal prostate and breast cells

from the internal CpG island borders that remain unmethylated

(Figures S6B and S6C).

CpG ‘‘Seeding’’ Methylation at H3K4me1-Marked Island
Borders that Become Hypermethylated in Cancer
To address the relationship of DNA molecules marked by

H3K4me1 and their DNA methylation state, we performed

H3K4me1 ChIP followed by bisulfite treatment and sequencing

(BisChIP-seq) (Statham et al., 2012) on PrECs and LNCaP cells.

The data revealed that in PrECs, H3K4me1-marked DNA

possess elevated levels of CpG methylation at the internal bor-

ders of CpG islands that undergo aberrant DNA methylation

encroachment in cancer, whereas CpG islands that remain

unmethylated show the lowest level of DNA methylation (Fig-

ure 6A). In LNCaP cells, H3K4me1-marked DNA show substan-

tial levels of aberrant methylation at CpG islands and border

regions (Figure 6A). H3K4me1 BisChIP-seq sequencing reads

depict CpG methylation ‘‘seeding’’ at H3K4me1-marked nucle-

osomal DNA in PrECs that acquire high levels of CpG methyl-

ation in the cancer cells (Figure 6B). Similarly, these regions

are prone to spurious DNA methylation in aging (Figure 6C).

Overall, H3K4me1-marked nucleosomal DNA at CpG islands

borders carry low levels of cytosine methylation in PrECs and
es at Promoter CpG Islands

fferent groups of CpG islands in hESCs, PrECs, and LNCaP cells. Gray shading

pG island (hyper) or internal CpG island borders (50, 30, 50-30) undergoing DNA

ferent groups of CpG islands in hESC, PrECs, and LNCaP cells. Gray shading in

orders upon DNA methylation encroachment in LNCaP cells.

of CpG islands that undergo DNA methylation encroachment in LNCaP cells.
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Figure 6. DNA Methylation of H3K4me1-Bound DNA Molecules
(A) Average methylation patterns in PrECs and LNCaP cells of H3K4me1-bound DNA across the different groups of CpG islands. Gray shading highlights internal

CpG island borders susceptible to 50, 30, or 50-30 DNA encroachment.

(legend continued on next page)
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display a greater shift toward higher methylation levels in

LNCaP cells in comparison with H3K27me3-bound DNA (Fig-

ure 6D), whereas H3K4me3-marked nucleosomal DNA at

CpG islands is mutually exclusive with CpG methylation, in

agreement with other studies (Noh et al., 2015; Ooi et al.,

2007; Weber et al., 2007).

Alterations in H3K4me1 Enrichment at Promoter CpG
Islands Is Accompanied by Alterations in DNA
Methylation Encroachment
We next analyzed the functional relationship of H3K4 monome-

thylation and DNA methylation at CpG island borders in mouse

models harboring loss of function in Kmt2c and Kmt2d. We first

analyzed mouse ESCs (mESCs) with either a point mutation in

the catalytic SET domain (dCD) of Kmt2c and Kmt2d or loss of

Kmt2c and Kmt2d (dKO) (Dorighi et al., 2017). We focused our

analysis on promoter CpG-rich regions to explore the potential

impact of H3K4me1 alterations on the DNA methylation at

CpG island borders. Due to the fact that CpG islands are signif-

icantly shorter than the corresponding unmethylated regions in

the mouse genome (Figure S7A), we employed experimentally

defined clusters of unmethylated CpG sites in mESCs (here

referred to as unmethylated islands [UMIs]) (Long et al., 2013).

Surprisingly, we observed enrichment of H3K4me1 at UMI bor-

ders in dKOs relative to wild-type (WT) mESCs and an even

stronger enrichment spanning borders and encroaching into

the UMI in the dCD cells (Figures 7A and S7B). This is in contrast

to its depletion from active enhancers, but in agreement with the

reported H3K4me1 accumulation at poised enhancers in the

mutant cells (Dorighi et al., 2017). We also found KMT2C/D

enrichment was internal to UMIs in WT cells and did not change

enrichment levels in dCD and dKOs (Figure S7C). An increase of

H3K4me1 at UMIs upon Kmt2c/d deletion is therefore potentially

due to compensatory activity of other H3K4 methyltransferases.

Indeed, enrichment in H3K4me1 at TSSs has been reported in

Drosophila S2 cells upon the depletion of TRR, a Drosophila ho-

molog of KMT2C and KMT2D (Herz et al., 2012), and in human

colorectal cancer HCT116 cells upon KMT2D depletion (Hu

et al., 2013a).

To determine whether the alterations in H3K4me1 patterns

we observed at UMIs are also associated with alterations in

DNA methylation in the Kmt2c/d mutant cells, we performed

WGBS in WT, dCD, and dKO mESCs. Genome-wide we

observed an overall hypermethylation in dCD and a lesser, but

significant, trend toward a gain in methylation in the dKO cells

(Figures S7D and S7E). More specifically, average methylation

levels at UMIs were increased in both dCD and dKO (Fig-

ure S7F). We also plotted DNA methylation patterns across

the promoter UMIs sorted by the H3K4me1 enrichment changes

in dCD mESCs. The data revealed DNA methylation encroach-

ment at the UMI internal borders in both dCD and dKO cells

relative to the WT mESCs (Figure 7B), coinciding with the
(B) IGV browser track depicting CpGmethylation values and bisulfite (bis) sequen

(bis coverage) of H3K4me1-bis and H3K4me3-bis at the promoter CpG islands i

(C) Observed over expected enrichment of CpGs that gain methylation during ag

(D) Percentage of CpG sites in CpG islands with 0%–10%, 10%–20%, 20%–50%

H3K27me3-bound fractions of DNA (H3K4me1-bis, H3K4me3-bis, and H3K27me

PrECs and LNCaP cells.
elevated levels of H3K4me1 at these regions (Figure 7A). Fig-

ure 7C shows examples of concordant spreading of H3K4me1

and DNA methylation and at the borders of the UMIs in dCD

and dKO cells.

We next analyzed the relationship of H3K4 monomethylation

and promoter DNA methylation in a mouse model harboring a

germline loss-of-function mutation of Kmt2d. Here we restricted

our analyses to splenic B cells of WT, heterozygous (HET), and

homozygous (HOM) Kmt2d mutants due to the previously re-

ported B cell phenotype (Ortega-Molina et al., 2015; Zhang

et al., 2015). We observed a global reduction of H3K4me1 in

HOM and HET mutants relative to WT B cells by western blot

analysis (Figure S8A). To determine the genomic landscape of

H3K4me1 associated with loss of function of KMT2D, we per-

formed H3K4me1 ChIP-seq for theWT, HET, and HOMmutants.

We binned the genome into 1,000-bp sliding windows and ran

csaw differential enrichment analysis (Lun and Smyth, 2016),

confirming a gradual reduction of H3K4me1 enrichment in HET

and HOM Kmt2d mutants compared with WT (Figure S8B).

Next, we performed WGBS on sorted B cells (in biological repli-

cates) and total blood (B cell-depleted) from HOM, HET, and WT

mice (see Table S2). We observed a trend toward genome-wide

DNA hypomethylation in HET mutants, becoming more pro-

nounced in HOM mutants (Figure S8C).

We focused our analysis on promoter undermethylated

regions (UMRs, defined based on WGBS data using

MethylSeekR), due to unavailability of experimental UMI profile

in mouse B cells. We found that in WT cells, both up- and down-

stream UMR shores possess enrichment of H3K4me1, undergo-

ing a reduction in Kmt2d HET and HOMmutant cells (Figures 7D

and S8D), with the majority of H3K4me1-marked 50 and 30 UMR

shores showing depletion of H3K4me1 in HOM cells (Figure 7E).

We also found that H3K4me3 was reduced in the body of

the UMR in HET and HOM cells (Figure S8E). Concordant with

the reduction of H3K4me1 enrichment at UMR shores, depletion

of DNA methylation also occurs at promoter UMR shores

(Figure S8F).

We observed that the average methylation of UMR shores

(predominantly downstream) is reduced in HOM mutant B cells

and total blood (Figures 7F and S8G) compared with WT cells,

with hypomethylation R10% encompassing up to 40% of

UMR shores. Next, we focused on a subset of 50 and 30 UMR

shores that showed the most pronounced level of hypomethyla-

tion (R40%) in HOM mutants compared with WT and interro-

gated their DNA methylation patterns. We expanded promoter

UMR shores to 400 bp and plotted average DNA methylation

per each bin, and found a gradual reduction of DNA methylation

at the promoter UMR shores in HET and HOM Kmt2d mutant

cells (Figures 7G and S8H). This coincided with statistically sig-

nificant expansion of the width of the UMR in HET (�100 bp

wider) and HOM (�200 bp wider) compared with the WT and

an erosion of the promoter UMR borders (Figure 7H). Figure 7I
cing reads of H3K4me1-bound DNA (H3K4me1-bis), and sequencing coverage

n PrECs undergoing 50 DNA methylation encroachment in LNCaP cells.

ing (Heyn et al., 2012) at different groups of CpG islands.

, 50%–80%, 80%–100%methylation values within H3K4me1-, H3K4me3-, or

3-bis, respectively) and within the total population of DNAmolecules (WGBS) in
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shows example genes showing H3K4me1 reduction at the bor-

ders of promoter-associated unmethylated regions concomitant

with expansion of the unmethylated regions. RNA-seq analysis in

WT, HET, and HOM Kmt2d mutant B cells revealed virtually no

changes in expression (Figure S8I), suggesting that changes to

DNA methylation are not the result of gene expression changes.

Overall, the data highlight a role for KMT2D and H3K4me1 in

delineating DNA methylation boundaries at CpG island-associ-

ated gene promoters.

Finally, we asked whether KMT2D mutant prostate cancers

in the TCGA cohort similarly possess lower levels of DNA

methylation encroachment compared with those with the WT

KMT2D (Table S3). We combined CpG probes overlapping

50, 30 and 50-30 CGI-DMRs and calculated the percentage of

CpG probes displaying >40% hypermethylation for each

case. The data revealed reduced DNA methylation encroach-

ment at the internal CpG island borders in KMT2D mutant tu-

mors (Figure S8J).

DISCUSSION

Despite decades of research, it is still unclear how the discrete

patterns of DNA methylation at CpG island borders is estab-

lished and maintained in normal cells and, importantly, why

some islands are susceptible to cancer-associated DNA hyper-

methylation whereas others remain resistant. Here, we describe

a mode of CpG island methylation that involves the asymmetric

or symmetric spread of DNA methylation across CpG island

boundaries, which results in smaller unmethylated islands and

new discrete methylation island borders. Moreover, we show

that the different modes of CpG island hypermethylation in can-

cer are distinguished by the patterns of H3K4me1 enrichment at

CpG island borders in normal cells.

H3K4me1 is primarily thought to be an enhancer mark (Calo

and Wysocka, 2013), although there is increasing evidence of

its role at gene promoters (Cheng et al., 2014; Vavouri and

Lehner, 2012). We found that the distinct pattern of H3K4me1

at promoter CpG island and UMR boundaries in hESCs and

normal PrECs is a key determinant in distinguishing the modes

of cancer-associated CpG island hypermethylation. Concom-

itant with the H3K4me1 patterns, H3K27me3 enrichment
Figure 7. H3K4me1 and DNA Methylation Changes in Mouse ESCs a

and KMT2D

(A) Heatmaps and average line plots showing enrichment of H3K4me1 at the prom

the degree of DNA methylation change (low to high) in dCD cells compared with

(B) Heatmaps and average plots showing DNA methylation profiles at promoter

(C) IGV browser track depicting UMIs undergoing DNA methylation encroachme

(D) Heatmaps and average line plots showing enrichment of H3K4me1 in the B c

(E) Volcano plot showing H3K4me1 enrichment changes (logFC) at promoter 50 an
Each dot represents a single H3K4me1 peak overlapping with the promoter UM

(F) Scatterplot showing average promoter UMR shores methylation in WT and H

(G) Average methylation patterns across promoter UMR shores inWT and HET an

methylation reduction in HOM mutant B cells.

(H) Boxplots showing promoter UMR width in HET and HOM Kmt2d mutant B c

quartiles of the data points, with the median value within the box. The whiskers e

shown as dots.

(I) IGV browser track depicting H3K4me1 reduction in HET and HOM Kmt2d muta

borders.

See also Figures S7 and S8; Tables S2 and S3.
patterns in hESC also distinguish between different modes of

CpG island DNA hypermethylation and DNA methylation

encroachment in cancer. However, unlike H3K27me3 enrich-

ment patterns that are substantially reduced during differentia-

tion, the H3K4me1 enrichment pattern is retained at CpG islands

or internal CpG island borders that gain DNA methylation in

cancer.

H3K4me1 and H3K4me3 have opposing footprints, as

H3K4me3 is substantially reduced at CpG islands prone to

DNA hypermethylation but enriched at CpG islands that remain

unmethylated. While the H3K4me1/H3K4me3 ratio has been

shown to differentiate gene promoters and enhancers (Calo

and Wysocka, 2013; Heintzman et al., 2007), we found that the

H3K4me1/H3K4me3 ratio at promoter CpG islands in normal

epithelial cells is highly predictive in distinguishing the different

modes of aberrant DNA methylation in prostate and breast can-

cer, even more so than the bivalent H3K27me3/H3K4me3 mark.

H3K4me1 at gene promoters has previously been shown to

constrain the recruitment of H3K4me3-interacting ‘‘reader’’

proteins regulating the activity of corresponding genes (Cheng

et al., 2014). Importantly, the balance between H3K4me1 and

H3K4me3 is determined by an interplay between active removal

of H3K4me3 by lysine demethylases KDM5A and KDM5B (Dahl

et al., 2016; Kidder et al., 2014; Zhang et al., 2016) and the pro-

motion of histone methylation by histone methyltransferases

(Rao and Dou, 2015). Thus, the transition between H3K4me1

and H3K4me3 at gene promoters may be critical for the regula-

tion of transcriptional activity and the predisposition for aberrant

DNA hypermethylation in cancer.

We observed an accumulation of H3K4me1 at the borders of

UMIs, which was accompanied by DNA methylation encroach-

ment and reduction of the UMI in Kmt2c/d dCD and dKO

mouse ESCs. Conversely, we found a depletion of H3K4me1

at the borders of promoters, accompanied by a reduction of

DNA methylation at a subset of these regions and expansion

of UMRs in mutant Kmt2d cells. Similar erosion of the UMR

boundaries and the expansion of the unmethylated state have

been described upon DNMT3A depletion (Jeong et al., 2014).

It is unclear why the two Kmt2 models confer opposing

H3K4me1 states, but potentially this may be due to different

compensation processes between the in vitro ECS cell model
nd Mouse Model Harboring Mutation or Complete Loss of KMT2C

oter-associated UMIs inWT, dCD, and dKOmESCs. Heatmaps were sorted by

WT cells (see Figure 7B).

UMIs in WT, dCD, and dKO mESC.

nt (blue shading) in dCD and dKO mESCs and H3K4me1 accumulation.

ells of WT and HET and HOM Kmt2d mutant mice.

d 30 UMR shores in HOM Kmt2dmutant B cells compared with the WT B cells.

R shore.

OM Kmt2d mutant B cells. Each dot represents a single UMR shore.

d HOM Kmt2dmutant B cells. The shores shown possessR40% average DNA

ells compared with WT B cells. Boxplot boundaries indicate the first and third

xtend to 1.5 IQR from the boundaries. Data points lying outside of 1.5 IQR are

nt B cells and DNA methylation reduction (blue shading) at the promoter UMR
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Figure 8. A Model Linking Promoter CpG Island DNA Methylation Encroachment in Cancer and H3K4me1 Distribution

The asymmetric distribution of H3K4me1 in normal cells is associated with mode of CpG island DNAmethylation encroachment in cancer. The H3K4me1-bound

regions are more densely packed and harbor ‘‘seeds’’ of DNAmethylation. In normal cells, there is an enrichment of both DNMTs and TET enzymes at CpG island

shores, which together help to maintain CpG islands in an unmethylated state by the opposing DNA methylation and DNA demethylation activities via 5hmC. In

cancer, however, there is a reduction in TET and loss of 5hmC from the CpG island shores, which results in aberrant DNAmethylation encroachment in the subset

of islands where H3K4me1 has breached the CpG island interior in normal cells (shown here by 50 asymmetric encroachment) and establishment of a new DNA

methylation CpG island border in cancer and reduction in gene expression.
and the in vivo B cell model. It is possible that the proposed

long-range co-activator function of Kmt2c/d (Yan et al., 2018)

may also account for the observed differences in the two

Kmt2 models. Regardless, both models support a direct

association between H3K4me1 levels and DNA methylation

encroachment at CpG island borders.

Based on our data, we propose a model whereby CpG islands

that are prone to hypermethylation encroachment in cancer are

marked by the spread of H3K4me1 at the internal CpG island

borders that harbor ‘‘seeds’’ of DNA methylation and are more

nucleosome dense (Figure 8). Such cytosine methylation ‘‘seed-

ing’’ may serve to recruit DNA methyl binding domain proteins
310 Cancer Cell 35, 297–314, February 11, 2019
and de novo DNA methyltransferases (Stirzaker et al., 2017), re-

sulting in aberrant DNA methylation spread in cancer at the CpG

island borders. Interestingly the CpG island border regions

marked by H3K4me1 are also depleted in G4 DNA structures,

in contrast to the regions that remain unmethylated. This is in

agreement with the recent report that G4 DNA is involved in

sequestering DNMT1 and thereby protecting CpG islands from

methylation (Mao et al., 2018). We further propose that in normal

cells spurious DNA methylation at CpG island borders is pre-

vented from spreading by opposing DNA demethylation. Indeed,

we find enrichment of 5hmC in normal cells at the shores of CpG

islands that are prone to methylation encroachment,



concomitant with the presence of H3K4me1. The function of

5hmC as an intermediate in DNA demethylation (Bogdanovic

et al., 2016; Lu et al., 2014) may play a critical role in enforcing

DNA methylation boundaries of H3K4me1-marked CpG islands

in normal cells. Manzo et al. (2017) found 5hmC flanking the

H3K27me3-marked UMRs in ESCs. We propose that depletion

of 5hmC from the CpG island borders in cancer is permissive

for methylation encroachment to occur, which is further sup-

ported by studies showing that depletion of TET1 promotes

methylation spreading into the CpG islands in differentiated cells

(Jin et al., 2014). Similarly, TET TKO in human ESCs results in

DNA hypermethylation, specifically at bivalent promoter CpG

islands (Verma et al., 2018). In contrast, H3K4me3-marked inter-

nal CpG island border remains unmethylated due to the potential

repulsion of the methylation machinery by H3K4me3-marked

chromatin (Ooi et al., 2007; Otani et al., 2009). Additionally,

reduction of DNA methylation upon DNMT KO in mESCs did

not affect H3K4me3 levels, but H3K27me3 and H3K4me1 were

diminished at bivalent promoters (King et al., 2016), suggesting

a direct association between DNA methylation and H3K27me3

and H3K4me1 levels.

Altogether, our findings highlight a role for H3K4me1 inmethyl-

ation ‘‘border security’’ at promoter CpG islands. Recently it has

been reported that H3K4me1 facilitates recruitment of cohesion

complex (Yan et al., 2018) and associated proteins include chro-

matin-remodeling complexes (Local et al., 2018). However,

further work is required to determine whether there is also a

direct instructive role for H3K4me1 in promoting DNA methyl-

ation CpG island encroachment in cancer.
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Meth10X Nair et al., 2018 https://github.com/luuloi/Meth10X

bowtie v.1.1.0 Langmead et al., 2009 https://github.com/BenLangmead/bowtie/

MACS2 Zhang et al., 2008 https://github.com/taoliu/MACS

MethylSeekR Burger et al., 2013 https://bioconductor.org/packages/release/

bioc/html/MethylSeekR.html

genomation Akalin et al., 2015 https://github.com/BIMSBbioinfo/genomation

ngs.plot.r Shen et al., 2014 https://github.com/shenlab-sinai/ngsplot

deepTools2 Ramirez et al., 2016 https://deeptools.readthedocs.io/en/develop/

SeqPlots Stempor and Ahringer, 2016 https://github.com/Przemol/seqplots

edgeR Robinson et al., 2010 https://bioconductor.org/packages/release/

bioc/html/edgeR.html

blkbox Guennewig et al., 2017 (biorxiv) https://cran.r-project.org/web/packages/

blkbox/README.html

Rsubread Liao et al., 2014 https://www.rdocumentation.org/packages/

Rsubread/versions/1.22.2/topics/featureCounts

Other

Histone modifications ChIP-seq data for human

ESC cells was downloaded from the ENCODE project

ENCODE (http://hgdownload.cse.ucsc.edu/goldenpath/

hg19/encodeDCC/wgEncodeBroadHistone/

DNMT3B ChIP-seq data of wild type and TET

triple knockout human ESCs

Verma et al., 2018 GSE89728

WGBS data from primary breast cancer samples Brinkman et al., 2018 https://zenodo.org/record/1217427#.

W1gB1SN7GFA

WGBS from primary normal breast tissues Lin et al., 2015; Heyn et al., 2016 E-MTAB-2014; GSE52271

WGBS from breast cancer cell line MCF7 Cunha et al., 2014 GSE52688

WGBS from the primary mammary epithelial cells

HMEC

Hon et al., 2012 GSE29127

CAGE-seq from PrEC and LNCaP cells Bert et al., 2013 GSE38685

G-quadruplex from K562 Mao et al., 2018 GSE107690

Regulatory Factor Analysis Cheneby et al., 2017; Griffon

et al., 2015

http://pedagogix-tagc.univ-mrs.fr/remap/

DNase-seq from PrEC Du et al., 2019 GSE98732

H3K4me3 from PrEC/LNCaP Bert et al., 2013 GSE38685

H3K4me1 from PrEC/LNCaP Taberlay et al., 2014 GSE57498

H3K27me3 from PrEC/LNCaP Bert et al., 2013 GSE38685

H3K27ac from PrEC Taberlay et al., 2014 GSE57498

H3K36me3 from PrEC Du et al., 2019 GSE98732

ChIP-seq features from HMEC ENCODE https://www.encodeproject.org/reference-

epigenomes/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Susan

Clark, Garvan Institute of Medical Research, 384 Victoria Street, Darlinghurst, Sydney, NSW 2010. Email: s.clark@garvan.org.au;

tel: +61-2-92958315

EXPERIMENTAL MODEL AND SUBJECT DETAILS

PrEC and LNCaP
Genomic DNA from normal prostate cells PrECs and prostate cancer cell line LNCaP was extracted using QIAamp DNA Mini kit

(Qiagen, USA). LNCaP prostate cells were cultured as described previously (Song et al., 2002). PrECs (Cambrex Bio Science, cat
e2 Cancer Cell 35, 297–314.e1–e8, February 11, 2019

https://github.com/luuloi/Meth10X
https://github.com/BenLangmead/bowtie/
https://github.com/taoliu/MACS
https://bioconductor.org/packages/release/bioc/html/MethylSeekR.html
https://bioconductor.org/packages/release/bioc/html/MethylSeekR.html
https://github.com/BIMSBbioinfo/genomation
https://github.com/shenlab-sinai/ngsplot
https://deeptools.readthedocs.io/en/develop/
https://github.com/Przemol/seqplots
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://cran.r-project.org/web/packages/blkbox/README.html
https://cran.r-project.org/web/packages/blkbox/README.html
https://www.rdocumentation.org/packages/Rsubread/versions/1.22.2/topics/featureCounts
https://www.rdocumentation.org/packages/Rsubread/versions/1.22.2/topics/featureCounts
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/wgEncodeBroadHistone/
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/wgEncodeBroadHistone/
https://zenodo.org/record/1217427
https://zenodo.org/record/1217427
http://pedagogix-tagc.univ-mrs.fr/remap/
https://www.encodeproject.org/reference-epigenomes/
https://www.encodeproject.org/reference-epigenomes/


no CC-2555) were cultured according to the manufacturer’s instructions in Prostate Epithelial Growth Media (PrEGM Cambrex Bio

Science, cat no CC-3166) as previously described (Coolen et al., 2010).

Human Subjects
All human protocols were reviewed and approved by the St Vincent’s Hospital (Sydney) Human Research Ethics Committee (HREC)

(SVH File Number 12/231). Informed consent was obtained from all subjects involved in this study. Clinical prostate samples were

identified from the Garvan Institute/St Vincent’s Prostate Cancer biobank. Formalin-fixed, paraffin-embedded radical prostatectomy

blocks were retrieved and H&E sections reviewed by a specialist prostate cancer pathologist. Five 2 mm core biopsies were taken

from 1) each of the dominant nodule in areas of >90% cancer cell density, and 2) adjacent normal prostate tissue. DNAwas extracted

using the AllPrep DNA/RNA kit (Qiagen, USA).

Mouse Embryonic Stem Cells
Mouse wild-type mESCs (WT), Kmt2c/Kmt2d (Mll3/Mll4) mutants (dKO) and catalytic SET domain mutant (dCD) ESCs were kindly

provided by the Wysocka Laboratory (Dorighi et al., 2017). Mouse ESCs were cultured as previously described (Dorighi et al.,

2017). DNA was extracted using QIAamp DNA Mini kit (Qiagen, USA).

Mouse B Cells
A C57BL/6NCrl mouse with an ENU-induced A > T point mutation at chr15: 98,835,228 A > T (GRCm38), creating a KMT2D

Ile5482Asn substitution, was identified by exome sequencing first generation offspring of ENU-treated mice (Andrews et al.,

2012). KMT2D Ile5482 in mouse corresponds to human KMT2D Ile5431, an absolutely conserved residue in the Kabuki Interaction

Surface (KIS) (Shinsky et al., 2014) of the SET domain. Mutations of the adjacent residue, R5432, have been previously identified as a

germline mutation in Kabuki syndrome (Lin et al., 2015), and a somatic mutation in lymphoma (Zhang et al., 2015). Heterozygous

mutant mice were propagated on the B6 background, outcrossed to BALB/c, and F1 heterozygotes intercrossed to produce homo-

zygous mutant, heterozygous and wild-type F2 littermates for harvesting spleen B cells. All of the mice were housed in specific path-

ogen-free (SPF) conditions at the Australian National University (ANU) Australian Phenomics Facility (APF). All procedures performed

were approved by the ANU Animal Ethics and Experimentation Committee (A2014/62). Mice were sacrificed by cervical dislocation,

followed by harvest of the spleen into cold complete RPMI (cRPMI) and transport on ice to the Garvan Institute.

A single cell suspension of the spleen was obtained by gently mashing the solid tissue through a 70 mmnylonmesh filter. Bulk B cell

purificationwas performed by cell staining based on theMiltenyi Biotec Pan-BCell Isolation KitMouse II protocol, followed bymanual

MACS cell separation by negative depletion. The resulting B cell purity of the negative fraction was approximately 95%, as assessed

by flow cytometric analysis. The cellularity of the purified B cell fraction was determined using the ScepterTM 2.0 Handheld Auto-

mated Cell Counter. 2 x 106 cells were pelleted by centrifugation. gDNA was extracted in parallel using the AllPrep DNA/RNA Mini

Kit (Qiagen, USA). The gDNA extracted was eluted in 30 ml and the gDNA concentration was determined using the Qubit dsDNA

HS Assay Kit.

METHOD DETAILS

Whole-Genome Bisulphite Sequencing (WGBS)
Human PrECs and LNCaP cell lines: WGBS of PrECs and LNCaP genomic DNA was performed as previously described (Pidsley

et al., 2016). Briefly, genomic DNA was spiked with 0.5% unmethylated lDNA (Promega, USA, cat no D1521) and sheared to an

average size of 150-300 bp using Covaris S2 (Covaris, USA). Library preparation was performed according to the Illumina Paired-

End DNA Sample Prep Kit protocol (Illumina, USA). 1 mg of sheared DNA fragments was end-repaired and adenylated prior to the

ligation of Illumina adaptors following by gel size selection (260-330 bp) using Qiagen Gel extraction kit (Qiagen, USA, cat no

28704). Bisulphite treatment was performed using EZ DNA Methylation-Gold Kit (Zymo Research, USA, cat no D5005) according

to the manufacturer’s instructions for 4 hrs at 55�C. After desulfonation and clean-up DNA was resuspended in 50 ml H2O. The

adaptor-ligated bisulphite treated DNAwas enriched by performing 10 PCR cycles in 5 independent reactions followed by their pool-

ing and clean-up using the MinElute PCR purification kit and elution in 20 ml Qiagen EB buffer. Library quality was assessed using

Agilent 2100 Bioanalyzer High-sensitivity DNA kit (Agilent, CA, USA). The DNA library was quantified using KAPA Library Quantifica-

tion kit (KAPA Biosystems, USA, cat no KK4835). Paired-end 100 bp sequencing was performed on the Illumina HiSeq 2500 platform

using TruSeq v3 cluster kits and SBS kits.

Clinical Samples

For library preparation for patient specimens, DNA (250 ng) from FFPE prostate tumour (n = 11) and normal prostate tissue (n = 3) was

bisulphite treated using the EZ DNA methylation Gold kit (Zymo Research) following the manufacturer’s protocol. Whole genome

bisulphite sequencing libraries were prepared using the EpiGnome Methyl-Seq kit (Epicentre/Illumina, cat no EGMK81312)

according to the manufacturer’s protocol. Briefly, the single-stranded bisulphite-treated DNA was randomly primed and tagged

to generate double-stranded DNA molecules with sequence tags at both ends. The tagged DNA was cleaned up using AMPure

XP Beads, eluted in 22.5 ml of nuclease-free water and then enriched by performing PCR for 10 cycles in a volume of 50 ml per

reaction. PCR products were cleaned up using AMPure XP Beads and eluted in 20 ml of nuclease-free water. Library quality was

assessed with the Agilent 2100 Bioanalyzer using the High-sensitivity DNA kit (Agilent, CA, USA). DNA was quantified using the
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KAPA Library Quantification kit by quantitative PCR (KAPA Biosystems) and sequenced using 70 bp paired end sequencing on the

Illumina HiSeq 2500 platform.

Kmt2c/Kmt2d dCD, dKO ESCs; mouse Kmt2dWT, HET and HOMB cells: mouse genomic DNAwas sheared to an average size of

800 bp using Covaris S2 (Covaris, USA). 200 ng of sheared DNAwas used for the bisulphite reaction, library preparation and indexing

carried out according to the manufacturer’s instructions (CEGX TrueMethyl Seq, UK). Library quality was assessed with the Agilent

2100 Bioanalyzer using the High-sensitivity DNA kit (Agilent, CA, USA). DNA was quantified using the KAPA Library Quantification kit

by quantitative PCR (KAPA Biosystems, cat no KK4835). Paired-end 150 bp sequencing was performed for each library on the

Illumina HiSeqX platform using the HiSeq X� Ten Reagent Kit v2.

Whole-Genome TET-Assisted Bisulphite Sequencing (TAB-seq)
TET-assisted bisulphite treatment of 3 pairs of matched normal-tumour samples was performed using the 5hmC TAB-seq Kit

(WiseGene, USA, cat no K001) according to the manufacturer’s instruction. Briefly, 1 mg genomic DNA was sonicated to the size

of approximately 2 kbp. After sonication, DNAwas spiked with 10 ng (1%)M.SssI lDNA control and 10 ng (1%) 5hmC pUC18 control

DNA. To protect 5hmC, b-Glucosetransferase (GT)-based reaction was performed at 37�C for 1 hr and the DNA purified using

QIAquick PCR Purification Kit (Qiagen, USA, cat no 28106) according to the protocol and eluted in 27 ml water. The eluted DNA

was split into two separate reactions to ensure no more than 300 ng DNA per TET1-based oxidation reaction. The TET1 oxidation

reaction was performed at 37�C for 1 hr, followed by the treatment of 1 ml of Proteinase K (20 mg/ml) at 50�C for 1 hr. The oxidised

DNA was purified using QIAquick PCR purification kit (Qiagen, USA, cat no 28106) and eluted in 50 ml water. Library preparation of

TET1-oxidised DNA was performed using the TrueMethyl Whole-Genome kit from Cambridge Epigenetix according to the manufac-

turer’s instructions. 10 cycles of PCR amplification were performed. Library quality was assessed with the Agilent 2100 Bioanalyzer

using the High-sensitivity DNA kit (Agilent, CA, USA). DNA was quantified using the KAPA Library Quantification kit (KAPA Bio-

systems, USA, cat no KK4835). Paired-end 150 bp sequencing was performed for each library on the Illumina HiSeqX platform using

the HiSeq X� Ten Reagent Kit v2.

ChIP-seq for H3K4me1, H3K4me3, H3K27me3 in PrEC and LNCaP Cells
ChIP assays were carried out according to the manufacturer’s protocol (Upstate Biotechnology) as described previously (Coolen

et al., 2010). Briefly,� 1 x 106 cells, in a 10 cm dish, were fixed by adding formaldehyde at a final concentration of 1% and incubating

for 10 minutes at 37�C. The cells were washed twice with ice cold PBS containing protease inhibitors (1 mM phenylmethylsulfonyl

fluoride (PMSF), 1 mg/ml aprotinin and 1mg/ml pepstatin A), harvested and treated with SDS lysis buffer for 10 min on ice. Resulting

lysates were sonicated to shear the DNA to fragment lengths of 200 to 500 bp. Complexes were immunoprecipitated with antibodies

specific for H3K4me3 (Abcam #ab8580), H3K4me1 (Active Motif, #39297), and H3K27me3 (Millipore #07-449). Antibody specificity

was validated to show no cross-reactivity using a panel of modified peptides on a dot blot assay (Egelhofer et al., 2011). http://

compbio.med.harvard.edu/antibodies/antibodies/74. For H3K4me1, specificity to mono-methylated lysine 4 was assessed using

a peptide array with 384 unique histone modifications by the manufacturer. Binding to H3K4me2 and H3K4me3 were both less

than 0.1% of the signal of H3K4me1. 10 ml of antibody was used for each immunoprecipitation. No antibody controls were also

included for each ChIP assay and no precipitation was observed by quantitative Real-Time PCR (qPCR) analysis. Input samples

were processed in parallel. Antibody/protein complexes were collected by either salmon spermDNA/protein A agarose slurry or Pro-

tein A/G PLUS agarose beads (Santa Cruz, cat no sc-2003) and washed several times. Immune complexes were eluted with 1%SDS

and 0.1 M NaHCO3 and samples treated with proteinase K for 1 hr, DNA was purified by phenol/chloroform extraction, ethanol pre-

cipitation and resuspended in 30 ml H2O. Libraries were prepared with the Illumina TruSeq Chip Library Prep Kit and sequenced on an

Illumina HiSeq2500.

Bis-ChIP-seq for H3K4me1 and H3K4me3 in PrECs and LNCaP Cells
Chromatin immunoprecipitation was performed as described above. Two ChIP reactions were pooled together to gain sufficient

amount of H3K4me1- and H3K4me3-bound DNA for the subsequent bisulphite treatment and library preparation. 60–70 ng of chro-

matin immunoprecipitated DNA was bisulphite treated using EZ DNA Methylation-Lightning� Kit (Zymo Research, USA, cat no

D5030). The DNA was eluted in final volume of 9 ml. Library preparation of the bisulphite-treated ChIP DNA was performed using

the Illumina TruSeq DNA Methylation Kit according to the manufacturer’s instructions. 10 PCR cycles were performed. The ChIP-

bisulphite library was resuspended in 20 ml nuclease-free water. Libraries quality was assessed using Agilent 2100 Bioanalyzer

High-sensitivity DNA kit (Agilent, CA, USA). The DNA libraries were quantified using KAPA Library Quantification kit (KAPA Bio-

systems, USA, cat no KK4835). Paired-end 70 bp sequencing was performed for each library on the Illumina HiSeq 2500 platform.

Western Blot for H3K4me1 in Mouse B Cells
KMT2D+/+, KMT2DI5430N/+ and KMT2DI5430N/I5430N bulk B cells were purified by MACS manual separation, as described above.

The cellularity of the purified B cell fraction was determined using the ScepterTM 2.0 Handheld Automated Cell Counter. Approxi-

mately 5 x 106 B cells were pelleted by centrifugation, all supernatant removed and stored as pellets at -80�C. In preparation for

Western Blot analysis, cell pellets were thawed on ice, and resuspended in 500 ml NP-40 buffer (ddH2O / 150 mMNaCl / 1% IGEPAL

CA-630 / 10 mM Tris-HCl pH 7.8 / 0.1% Sodium Azide) and protease inhibitors. The protein concentration of the solutions was

determined using the Pierce BCA Protein Assay Kit (Thermo Scientific). Reducing/loading solution, made up of NuPAGE� LDS
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Sample Buffer (4x) (Life Technologies, cat no NP0007) and 200 mM DTT diluted in PBS, was mixed with 2-5 mg protein, followed by

denaturation at 95�C for 10 minutes. The lysate solutions were loaded into each well of a NuPAGE Novex 4-12% Bis-Tris Protein Gel

(1.0 mm, 10-well), followed by gel electrophoresis and transfer onto a PVDF membrane. The PVDF membrane was incubated with

mouse anti-mouse beta-actin (Sigma, cat no A2228-200UL, 1/10000) and rabbit anti-mouse H3K4-me1 (Active Motif, cat no 39297,

1/10000) or H3K4-me3 (Active Motif cat no 39159, 1/10000), in Odyssey� Blocking Buffer, followed by multiple wash steps, and

incubation with IRDye� 680RD Goat anti-Mouse IgG (LI-COR�, cat no 925-68070, 1/20000) and IRDye� 800RD Goat anti-Rabbit

IgG (LI-COR�, cat no 925-32211, 1/20000). Themembranewas then imaged using the LI-COROdyssey Clx. Fluorescence intensities

were determined using Image StudioTM Lite.

ChIP-seq for H3K4me1 in Mouse B Cells
Sorted splenic B cells were fixed with 1% formaldehyde at room temperature for 10mins followed by quenching with 0.125M glycine

(final concentration). The cells were washed twice with ice cold PBS containing protease inhibitors (1 mM phenylmethylsulfonyl

fluoride (PMSF), 1 mg/ml aprotinin and 1mg/ml pepstatin A), harvested and treated with SDS lysis buffer for 10 min on ice. Resulting

lysates were sonicated to shear the DNA to fragment lengths of 200 to 500 bp. Chromatin was quantitated after reversing the cross-

links as described above. For each ChIP, 20-30 mg chromatin was used. 10 ml of histone H3K4me1 polyclonal antibody (Active Motif,

cat no 39297, lot no 01714002). Antibody/protein complexes were collected by either salmon sperm DNA/protein A agarose slurry or

Protein A/G PLUS agarose beads (Santa Cruz, USA, cat no sc-2003) and washed several times. Immune complexes were eluted with

1% SDS and 0.1 M NaHCO3 and samples treated with proteinase K for 1 hr, DNA was purified by phenol/chloroform extraction,

ethanol precipitation and resuspended in 30 ml H2O. 10 ng chromatin immunoprecipitated DNA was used for each library prep using

Illumina Truseq Chip Library Prep Kit (Sample Prep 48 Samples - Set A: Ref#15034288 Lot 20023472). Libraries were sequenced on

an Illumina HiSeq2500.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data Analysis
Data processing and alignment was performed using in-house computational pipelines. Statistical analyses were conducted in

the R statistical software.

Whole Genome Bisulphite Sequencing Data

Bisulphite reads were aligned to the human (hg19) or mouse (mm10) genomes, using version 1.2 of an internally developed pipeline

Meth10X (Nair et al., 2018), publicly available for download from https://github.com/luuloi/Meth10X. Sequencing metrics are

specified in the Tables S1 and S2.

Whole Genome TET-Assisted Bisulphite (TAB) Sequencing Data

Sequencing reads from TAB-seq data were aligned to the human genome using version 1.0 of an internally developed pipeline, pub-

licly available for download from https://github.com/luuloi/Meth10X. Briefly, adaptor sequences and poor-quality bases were

removed using cutadapt (https://github.com/marcelm/cutadapt) in paired-end mode with default parameters. Bwa-meth version

0.10 (https://github.com/brentp/bwa-meth) was then used to align reads to hg19 using bwa version 0.7.9a (https://github.com/

lh3/bwa). Sequencing metrics are specified in the Table S1. CpG sites with sequencing coverage more than 10x in both matching

normal and tumour prostate tissues were used in the analysis. Proportion test was run using R prop.test function to determine

the probability of the 5hmC level at a given CpG site being greater than 5%. Multiple comparisons correction was undertaken using

the Benjamini-Hochberg procedure. CpG sites with adjusted p value % 0.05 were considered significantly hydroxymethylated.

For the observed over expected enrichment analysis, CpGs hydroxymethylated in normal prostate tissue (5hmC > 10%,

p value % 0.05) and CpGs with 5hmC reduction in cancer (5hmC normal – 5hmC cancer > 20%, p value % 0.05) were used.

ChIP Sequencing Data

Sequenced reads fromChIP-seq and input control PrECs and LNCaP samples were mapped to the reference human genome (hg19)

with bowtie v.1.1.0 (Langmead et al., 2009) allowing up to three mismatches. Readsmapping to multiple locations and/or deemed as

PCR duplicates were filtered out. For H3K4me1 ChIP-seq peaks were called usingMACS2 (Zhang et al., 2008). For H3K27me3 ChIP-

seq peaks were called using PeakRanger (version 1.16) (Feng et al., 2011).

Sequenced reads from H3K4me1 ChIP-seq and input control WT, HET and HOM Kmt2dmutant B cells samples were mapped to

the reference mouse genome (mm10) with bowtie v.1.1.0 (Langmead et al., 2009) allowing up to three mismatches.

Definition of CpG Islands and Under-Methylated Regions (UMRs)
Computationally predicted human and mouse genome CpG islands were downloaded from UCSC genome browser. To define

human genome promoter-associated CpG islands, UCSC CpG islands were overlapped with the Ensembl transcription start sites

(5’ ends of ‘Ensembl Genes’) obtained from UCSC genome browser. To define mouse genome promoter-associated CpG islands,

UCSC CpG islands were overlapped with the Gencode-derived transcription start sites (‘GENCODE VM9 (Ensembl 84)’ 5’ ends)

obtained from UCSC genome browser. CpG island shores were derived from CpG island coordinates by taking 500 bp flanking

regions up- and downstream of the CpG island according to the direction of transcription of a corresponding gene.

To define promoter-associated UMRs we appliedMethylSeekR to theWGBS data of normal human PrECs as well asWT, HET and

HOM Kmt2dmouse B cells (Burger et al., 2013) and selected UMRs directly overlapping Ensembl transcription start sites for human
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promoter UMRs and the Gencode-derived transcription start sites for mouse promoter UMRs. UMR shores in the analyses of DNA

methylation in Kmt2dmutant B cells were derived fromWTUMR coordinates by taking 200 bp-flanking regions up- and downstream

of the UMR according to the direction of transcription of a corresponding gene.

Computational Definition of CpG Island DNA Methylation Patterns
CpG islands overlapping with the TSSs were split into 40 equally sized bins. For each bin across the CpG island from the 5’ to 3’ end

as defined by the direction of transcription, average methylation of PrEC, LNCaP and Delta (LNCaP-PrEC) was calculated using

ScoreMatrixList function from R genomation package. Average methylation of bins without CpG sites was imputed to zero. First,

we applied k-means clustering algorithm that revealed fivemajor groups of promoter CpG islands based on the methylation changes

between PrECs and LNCaP cells including DNA methylation encroachment from the 5’ or 3’ CpG island border (Figure S1A). Since

k-means clustering algorithm is randomised in its starting centres, we were willing to develop a non-randomised algorithm to define

distinct groups of CpG islands hypermethylation patterns in LNCaP cells. To this aim, we used Pearson correlation coefficient

between Delta (LNCaP-PrEC) average methylation at each bin and the corresponding bin number (Figures S1B and 1C). Thus,

CpG islands with Pearson correlation of r < -0.5 and average methylation in PrEC % 10% and Delta (LNCaP-PreC) R 10% were

considered as undergoing 5’ methylation encroachment (Figures 1C and S1B, 5’). Conversely, CpG islands with Pearson correlation

of r > 0.5 and average methylation in PrEC% 10% and Delta (LNCaP-PreC) R 10% were considered as undergoing 3’ methylation

encroachment (Figures 1C and S1B, 3’). To define CpG islands with bidirectional (5’-3’) methylation encroachment, Pearson

correlation was calculated separately for the 20 bins at the 5’ half and the 20 bins at the 3’ half of a CpG island - between the bin

number and corresponding LNCaP CpG methylation. Thus, CpG islands with Pearson correlation of r < -0.5 for the 20 bins at

5’ end and r > 0.5 for the 20 bins at 3’ end together with average methylation in PrEC % 10% and Delta (LNCaP-PreC) R 10%

were considered as undergoing bidirectional methylation encroachment (Figures 1C and S1B, 5’-3’).

CpG islands with Pearson correlation of -0.5 < r < 0.5 and averagemethylation in PrEC and LNCaP being% 10%were considered

as remaining unmethylated (un). CpG islands with Pearson correlation of -0.5 < r < 0.5 and average methylation in PrEC% 10% and

LNCaP > 50% were considered as hypermethylated (hyper) and CpG islands with Pearson correlation of -0.5 < r < 0.5 and average

methylation in PrEC and LNCaP > 50% were considered as constantly methylated (meth) in both PrEC and LNCaP cells.

To ensure that the representation of observed DNA methylation patterns is not affected by distinct CpG islands lengths (and

therefore different bin length for different CpG islands), we selected the 5’ end of each CpG island as an anchor, extended it

1 kbp upstream and 3 kbp downstream and plotted DNA methylation patterns. We binned these 4 kbp-wide regions into 40 equally

sized bins and plotted average DNA methylation per bin as a heatmap (Figure S1C). Such representation confirmed the distinct

patterns of DNA methylation in LNCaP cells including DNA methylation encroachment.

Observed Over Expected Enrichment
Genomic regions of interest and the background regions bed files were overlapped with the annotation file using bedtools annota-

teBed function with the fraction of each genomic region of interest and background region covered by each annotation file (observed

and expected, respectively) being calculated. The probability of getting an observed/expected enrichment value was calculated us-

ing hypergeometric distribution phyper R function.

Gene Set Enrichment Analysis (GSEA)
GSEA of the genes harbouring promoter CpG islands that undergo DNAmethylation encroachment or remain unmethylated in cancer

was performed using GSEA_MSIGDB_v5.0 from the Broad Institute at MIT (Liberzon, 2014). All genes harbouring promoter CpG

islands were used as a background. Hypergeometric distribution test was used to calculate p values. Fold enrichment over back-

ground of gene sets with FDR < 0.05 with minimum 3 genes per gene set was plotted.

TCGA HM450K Array DNA Methylation Data
Prostate Cancer Samples

Raw IDAT files and corresponding clinical and specimen data for Prostate Adenocarcinoma samples were downloaded from the

TCGA Data Portal website (TCGA: http://tcga-data.nci.nih.gov/tcgafiles) on 26th May 2015. Samples and probes filtering were

performed as previously described (Pidsley et al., 2018). The resulting datasets comprised 414,133 CpG sites from 392 tumour

and 45 normal samples. b values were calculated from unmethylated (U) and methylated (M) signal: M/(U + M + 100) and ranged

from 0 to 1 (0 to 100% methylation).

Breast Cancer Samples

Raw IDAT files for breast cancer samples were downloaded fromGenomics Data Commons (GDC) portal (https://gdc-portal.nci.nih.

gov/legacy-archive/search/f) in September 2016. b values were calculated from unmethylated (U) and methylated (M) signal:

M/(U +M + 100) and ranged from 0 to 1 (0 to 100%methylation). DNAmethylation data spanned 515 tumour and 95 normal samples.

To interrogate whether DNA methylation encroachment is a widespread feature in prostate and breast cancer cohorts, we em-

ployed TCGA HM450K array DNA methylation data and identified DNA methylation profiles at the CpG islands found to undergo

DNA methylation encroachment in prostate cancer LNCaP cells. Specifically, we separated internal CpG island borders prone to

DNA methylation encroachment from the internal CpG island borders resistant to DNA methylation in cancer. To do this, we split

CpG islands undergoing DNA methylation encroachment into to regions: 1) overlapping with the differentially methylated regions
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(CGI-DMRs) identified in LNCaP cells using MethPipe pipeline (Song et al., 2013) and 2) not overlapping with the DMR (CGI-non-

DMRs). Then we separated HM450K array CpG probes overlapping CGI-DMRs from the CpG probes overlapping CGI-non-

DMRs and calculated the percentage of hypermethylated (>40%) CpG probes of all CpG probes per each cancer or normal tissue

sample.

To interrogate whether prostate cancer samples carrying KMT2Dmutation possess reduced DNA methylation at the internal CpG

island borders undergoing DNA methylation encroachment, TCGA prostate cancer samples carrying KMT2D mutations were iden-

tified using cBioPortal (Cerami et al., 2012; Gao et al., 2013). Samples carrying missense KMT2Dmutations and gain of copy number

were excluded from the analysis. Then, we calculated the percentage of hypermethylated (> 40%) CpG probes of all CpG probes

overlapping internal CpG island borders undergoing 5’, 3’ or 5’-3’ DNA methylation encroachment per each prostate cancer sample

carrying KMT2D mutation (n = 16) or wild-type KMT2D (n = 376).

ChIP-seq Enrichment Profiles
Chromatin modifications enrichment profiles across genomic regions of interest were generated using ngs.plot.r (Shen et al., 2014),

deeptools2 (Ramirez et al., 2016) and SeqPlots (Stempor and Ahringer, 2016). PrECs and LNCaP cell lines H3K4me3, H3K4me1,

H3K27me3 ChIP-seq profiles were previously generated in our lab (Bert et al., 2013); hESC H3K4me3, H3K4me1, H3K27me3

ChIP-seq profiles were downloaded from UCSC genome browser (http://hgdownload.cse.ucsc.edu/goldenPath/hg19/

encodeDCC/wgEncodeBroadHistone).

H3K4me1 ChIP-seq Differential Binding
Differential H3K4me1 binding between WT, HET and HOM Kmt2d mutant B cells was calculated using csaw package (Lun and

Smyth, 2016). H3K4me1 enrichment counts were calculated per 1000 bp windows (200 bp sliding) normalised against input

ChIP-seq signal with minimum of 5 reads per window. Blacklisted regions as specified by ENCODE were excluded from window

read counts. Windows were filtered to retain the ones with the average abundance ofR3-fold increase above the background. Sig-

nificant H3K4me1 depletion in HET and HOM Kmt2d mutants was defined as logFC < -2 and p value % 0.05.

Gene Expression and Regulatory Factors Analysis
Differential gene expression analysis (DGE) of polyA RNA-seq data for PrECs and LNCaP cell lines previously generated in our lab

(Taberlay et al., 2016) was performed using edgeR (Robinson et al., 2010) to interrogate whether DNA methylation encroachment

coincides with changes in gene expression. Genes that displayed ±2 logFC (p value % 0.05) between LNCaP and PrEC cells

were considered as significantly differentially expressed. To determine changes in gene isoforms expression, Ensembl-derived tran-

scription start sites were overlappedwith internal CpG island borders prone to DNAmethylation encroachment (CGI-DMRs) and their

DGE was plotted. To interrogate the patterns of the 5’ ends of the messenger RNAs in PrECs and LNCaP cells we used CAGE-seq

data (cap analysis gene expression), previously generated in our lab (Bert et al., 2013). To interrogate the distribution of regulatory

factors binding sites across CpG islands prone to DNA methylation encroachment we used publically available dataset of 237 tran-

scription factors (TF) (Cheneby et al., 2017; Griffon et al., 2015). To this aim, we calculated a number of TF overlapping internal CpG

island borders prone to DNA methylation encroachment (CGI-DMRs) and adjacent internal CpG island borders resistant to DNA

methylation encroachment (CGI-non-DMRs). Then the number of overlaps was normalised to the length of CGI-DMRs or CGI-

non-DMRs, respectively.

Machine Learning
To interrogate whether CpG island DNA hypermethylation including CpG islandmethylation encroachment could be computationally

predicted we applied seven machine learning algorithms using blkbox (Guennewig et al., 2017) R package. To this aim we separated

CpG sites that belong to CpG islands prone to DNA hypermethylation in cancer from the CpG sites that belong to CpG islands resis-

tant to the DNA methylation gain. For CpG islands prone to 5’ or 3’ DNA methylation encroachment, we separated CpG sites that

belong to the internal CpG island borders prone to DNA methylation encroachment from the CpG sites that belong to the internal

CpG island borders resistant to DNA methylation encroachment. Then, for each CpG site we calculated H3K4me1, H3K4me3,

H3K27me3, H3K27ac, H3K36me3, LaminA, Lamin B logCPM (counts per million) enrichment as well as H3K4me1:H3K4me3 ratio

in normal PrECs using featureCounts R function (Liao et al., 2014) from Rsubread package. For each CpG site we also calculated

the distance to neighboring CpG site and evolutionary sequence conservation score (phastCons, downloaded from http://

hgdownload.cse.ucsc.edu/goldenpath/hg19/phastCons100way/). Then seven machine learning algorithms were run using blkbox

(Guennewig et al., 2017) R package using 10-fold cross-validation. A measure of feature importance was calculated for each fold

and averaged across 10 folds. Random forests algorithm was identified as the best performing using Receiver Operating Character-

istic (ROC) and MeanDecreaseGini index depicting feature importance was plotted for each feature.

DATA AND SOFTWARE AVAILABILITY

The data generated in this study have been deposited in NCBI’s Gene Expression Omnibus (Edgar et al., 2002) and are accessible

through GEO Series accession number GSE104791 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE104791). WGBS

data of 11 clinical prostate cancer and 3 matched normal prostate samples have been submitted under accession number
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GSE104789. TAB-seq data of 3 prostate cancer and 3 matched normal prostate samples have been submitted under accession

number GSE104780.WGBS andH3K4me1ChIP-seq data ofKmt2dwild-type, heterozygous and homozygousmutantmouse B cells

(biological replicates #1 and #2) and mouse blood (B cell-depleted) have been submitted under accession numbers GSE104781 and

GSE104533, respectively. WGBS data of Kmt2c/dWT, dCD and dKO mouse ESCs have been submitted under accession numbers

GSE118314. Histone modifications ChIP-seq data for human ESC cells was downloaded from the ENCODE project (http://

hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/wgEncodeBroadHistone/). DNMT3B ChIP-seq data of wild-type and

TET triple knockout human ESCs was downloaded from GSE89728 (Verma et al., 2018). WGBS data from primary breast cancer

samples was downloaded from https://zenodo.org/record/1217427#.W1gB1SN7GFA. WGBS from primary normal breast tissues

was downloaded from E-MTAB-2014 and GSE52271. WGBS from breast cancer cell line MCF7 was downloaded from

GSE52688 and re-mapped using Meth10X pipeline (see below). WGBS from the primary mammary epithelial cells HMEC was

downloaded from GSE29127.
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