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Cytosine methylation is critical in mammalian development and plays a role in diverse biologic processes such as genomic
imprinting, X chromosome inactivation, and silencing of repeat elements. Several factors regulate DNA methylation in
early embryogenesis, but their precise role in the establishment of DNAmethylation at a given site remains unclear. We have
generated a comprehensive methylation map in fibroblasts derived from the murine DNA methylation mutant Hells –/–

(helicase, lymphoid specific, also known as LSH). It has been previously shown that HELLS can influence de novo methylation
of retroviral sequences and endogenous genes. Here, we describe that HELLS controls cytosine methylation in a nuclear
compartment that is in part defined by lamin B1 attachment regions. Despite widespread loss of cytosine methylation at
regulatory sequences, including promoter regions of protein-coding genes and noncoding RNA genes, overall relative
transcript abundance levels in the absence of HELLS are similar to those in wild-type cells. A subset of promoter regions shows
increases of the histone modification H3K27me3, suggesting redundancy of epigenetic silencing mechanisms. Furthermore,
HELLS modulates CGmethylation at all classes of repeat elements and is critical for repression of a subset of repeat elements.
Overall, we provide a detailed analysis of gene expression changes in relation to DNA methylation alterations, which con-
tributes to our understanding of the biological role of cytosine methylation.

[Supplemental material is available for this article.]

Cytosine methylation represents a crucial epigenetic modifica-

tion in mammalian cells. A family of conserved DNA methyl-

transferases (DNMTs) performs cytosine methylation at CpG sites

(Ooi et al. 2010; Jones 2012). Deletion of DNMTs in mammals is

lethal, indicating their critical role in development (Ooi et al.

2010). DNAmethylation patterns are highly dynamic and undergo

large transitions during germ cell development and during early

embryonic development (Reik 2007; Lister et al. 2009, 2011; Smith

et al. 2012). Distinct methylation patterns emerge during lineage

differentiation and are associated with tissue-specific gene ex-

pression (Gifford et al. 2013; Xie et al. 2013). This suggests that

cytosine methylation is associated with the regulation of gene

transcription; however, the precise cause and effect of events

during development remain unresolved.

Several factors influence DNA methylation, including the

DNMTs themselves, the TET proteins responsible for demethylation

through an oxidative pathway, the hemi-methyl DNA binding

protein UHRF1 involved in maintenance of methylation at the

replication fork, and the two homologs HELLS and DDM1. HELLS

(helicase, lymphoid specific), also called LSH (lymphoid-specific

helicase) or PASG (proliferation-associated SNF2-like), is found in

Mus musculus, whereas DDM1 (deficiency in DNA methylation) is

present in Arabidopsis thaliana. Both proteins are members of the

SNF2 family and control DNA methylation (Jeddeloh et al. 1999;

Dennis et al. 2001; Bostick et al. 2007).

Several members of the SNF2 family, including DDM1 itself,

can perform chromatin remodeling in vitro. This improves access

of DNA binding factors to their prospective DNA sequences

(Brzeski and Jerzmanowski 2003; Ryan and Owen-Hughes 2011).

Nucleosomes impose a hindrance for DNMTs, and the addition

of chromatin remodeling factors can facilitate methylation of

nucleosomal DNA in vitro (Felle et al. 2011). Hence, it is hypoth-

esized that the chromatin remodeling activity of HELLS or DDM1

may promote access of DNMTs to chromatin targets in vivo. DDM1

mutants display a complex pattern of cytosinemethylation changes
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(Stroud et al. 2013). Deletion of Hells in

mice alters cytosine methylation at de-

velopmental genes, repeat sequences,

and many promoter regions (Zhu et al.

2006; Xi et al. 2007, 2009; Myant et al.

2011; Tao et al. 2011). Hells�/� mice die

perinatally and exhibit multiple tissue

deficiencies including stem cell defects.

This indicates that HELLS is critical for

normal development (Geiman and

Muegge 2000; Geiman et al. 2001; Sun

et al. 2004; De La Fuente et al. 2006; Zeng

et al. 2011).

Multiple pathways regulate DNA

methylation, but it remains largely un-

known how specific factors control

methylation at a given site. Previous

studies using Hells mutants examined

specific genomic loci, such as immediate

promoter regions or potential enhancers,

and applied techniques that are biased for

regions of low CG density and that have

limited resolution (Xi et al. 2007, 2009;

Myant et al. 2011; Tao et al. 2011; Yu et al.

2014). In addition, fibroblast cell lines

were analyzed that may have developed

aberrant methylation patterns due to

prolonged culture in vitro (Myant et al.

2011; Tao et al. 2011). Here, we applied

whole-genome bisulfite sequencing of

primary murine fibroblasts derived from

Hells�/� mutants and wild-type (WT)

controls. We generated high-resolution

maps for cytosine methylation and pro-

vided RNA-seq analysis and ChIP-seq for

two histone modifications, H3K4me3

and H3K27me3, and for Pol II associa-

tion. We describe DNA methylation pat-

terns influenced by HELLS and evaluate

the relationship between DNA methyla-

tion and gene expression.

Results

Global methylation of Hells�/� (KO)
MEFs, WT MEFs, and ES cells

We derived genomic DNA from primary

murine embryonic fibroblasts (MEFs) of day 13.5 embryos of

Hells�/� (KO) or WT littermates (Geiman et al. 2001). We used an

established wild-type murine embryonic stem cell line (ES) for

comparison. ES cells are derived from the inner cell mass of blas-

tocysts. Blastocysts display the lowest DNA methylation level

duringmurine development and thus provide a reference point for

somatic cells such as MEFs (Smith et al. 2012). DNA was subjected

to bisulfite conversion followed by high-throughput sequencing.

Using uniquely aligned reads, we obtained base-pair resolution

maps of cytosine methylation for all autosomes (Lister et al. 2009).

A genome browser snapshot unveils reduced cytosinemethylation

in the CG context in KO MEFs compared to WT MEFs and lower

CG methylation in ES cells compared to WTMEFs (Fig. 1A). Using

conventional bisulfite sequencing, we validated DNAmethylation

at 10 distinct genomic loci. These sites were chosen because they

were located in large chromosomal areas with prominent CG

hypomethylation. In addition, they contained gene families, such

as cytochrome P450, MAS-related G protein–coupled receptor, the

UDP glucuronosyltransferase 1 family, and the protocadherin

family (seven sites are presented in Fig 1B; Supplemental Fig. S1).

Meanmethylation values of single cytosines in the CG context are

61%, 53%, and 80% for ES cells, KO MEFs, and WT MEFs, re-

spectively (Fig. 1C). The methylation differences between samples

are highly significant (Wilcoxon rank test P < 0.0001). The obser-

vation that KO MEFs display altered DNA methylation levels

compared to WT MEFs is consistent with the findings of previous

reports (Myant et al. 2011; Tao et al. 2011). These results indicate

that HELLS is an important regulator of mammalian cytosine

Figure 1. Global CG methylation reduction. (A) Genome browser view presenting CG methylation
values (methylated CG/CG representing methylated cytosine over the number of sequence reads
covering the CG site) as a fraction of 1 (with 1 indicating 100% methylation at a given site) and CHH
(methylated CHH/CHH) and CHG methylation (methylated CHG/CHG) comparing KO (Hells�/�) of
primary murine embryonic fibroblasts (MEFs), wild-type (WT) MEFs, andWT embryonic stem cells (ES).
(B) Bisulfite sequencing analysis of several loci comparing WT MEFs and KO MEFs to validate results of
whole-genome bisulfite sequencing. Additional validations are shown in Supplemental Figure S1. The
black circle represents a methylated cytosine; the open circle, an unmethylated cytosine. (C,D) Global
mean CG methylation values (C ) and CH methylation values (D) in KO MEFs, WT MEFs, and ES cells.
First, the fraction of methylation was determined for a single cytosine in the CG or CH context
(methylated cytosine/over the number of sequence reads covering the single cytosine site). Then, mean
methylation values were computed based on all cytosines assessed in the genome (a value of 0.8 equals
80%). The differences of the mean methylation values are highly significant (Wilcoxon signed-rank test,
P < 0.0001).
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methylation. ES cells exhibit a low level

of cytosine methylation (0.45%) in the

CHG or CHH context (Fig. 1D), whereas

WT MEFs and KO MEFs have extremely

low amounts of non-CG methylation

(0.08% and 0.06%, respectively). For this

reason, only CG methylation patterns

were analyzed further.

CG methylation reduction at protein-
coding genes and noncoding RNA
genes

To assess CG methylation changes at

distinct genomic regions, we computed

mean methylation values at genic (pro-

tein-coding) and intergenic regions (Fig.

2A). CGmethylation values are presented

as a fraction of methylated CGs over the

number of sequence reads (meCG/CG).

KO MEFs display significantly reduced

CG methylation at genic and intergenic

regions compared to WT MEFs with

a difference of 0.23 and 0.27, respectively

(Wilcoxon rank test P < 0.0001). This in-

dicates that Hells deletion has a slightly

greater impact on intergenic sequences

than on genic sequences. Likewise, CG

methylation values at genic and inter-

genic regions are lower in ES cells than in

WTMEFs. Furthermore, the differences in

mean methylation values at exons (0.22)

and introns (0.19) comparing WT MEFs

and KO MEFs are significant (Wilcoxon

rank test P < 0.0001) (Fig. 2B).

To analyze promoter regions in KO

and WT MEFs, we averaged CG methyla-

tion levels around transcriptional start

sites (TSSs) and the 39ends of all protein-

coding genes (Fig. 2C,D). A dip in CG

methylation around TSSs is present in all

three cell types (Fig. 2D). ES cells and KO

MEFs display lower CG methylation

levels around TSSs and flanking regions

than doWTMEFs (Fig. 2D). Likewise, CG

methylation is lower at the 39end of pro-

tein-coding genes in KO MEFs and ES

cells than inWTMEFs (Fig. 2C). Heatmap

presentation of CG methylation profiles

around TSSs reveals that the majority of

genes have lower CG methylation levels

in KOMEFs and ES cells compared to WT

MEFs (Fig. 2E). Moreover, the greatest loss

of CG methylation in KO MEFs is found

at promoter regions with low CpG den-

sity (Fig. 2E).

To identify other genomic sequences

that are influenced by HELLS, we ana-

lyzed CGmethylation at noncoding RNA

genes (Flicek et al. 2014). Noncoding RNA

is not translated into proteins and plays

multiple biological roles. Among the di-

Figure 2. CG methylation changes at protein-coding genes and noncoding RNA genes. (A) CG meth-
ylation values for genic (shaded) and intergenic (white) regions. First, the fraction of methylation was de-
termined for a single cytosine in the CG context (methylated cytosine/over the number of sequence reads
covering the single cytosine site). Then mean methylation values were computed for all cytosines located
within a gene (shaded) or within a region between two genes (white). The plot represents the distribution of
methylation values for single genes (shaded) and single intergenic regions (white). The differences of the
average methylation values comparing WT and KO genic and intergenic regions are highly significant
(Wilcoxon signed-rank test, P < 0.0001). (B) CG methylation values for exons (shaded) and introns (white)
were assessed as in A. The differences of the mean methylation values comparing WT and KO genic and
intergenic regions are highly significant (Wilcoxon signed-rank test, P < 0.0001). (C,D) Average distribution of
CGmethylation values at transcriptional termination sites (39end; C) and over transcriptional start sites (TSSs;
D) of protein-coding genes (n = 23,350) and 2 kb of flanking regions. (E) CG methylation at promoters of
protein-coding genes. Genes (n = 23,350) are ranked based on CpG numbers (triangle at the left of the
panel). Promoters with the lowest CpG density are at the bottom (low) and with the highest CpG number at
the top (high). Heatmap presentation of CG methylation profiles in KO MEFs, WT MEFs, and ES cells. CG
methylation distribution is shown at 1-bp resolution around TSSs and 2 kb of upstream and downstream
flanking sequences (horizontal axis). Genes are arranged into 100 groups, and mean values computed
(vertical axis). (F–I) Heatmap of CGmethylation distribution at 1-bp resolution around transcription start sites
of noncoding RNAgenes comprising a region 5 kb upstream and 5 kb downstream, including antisense-RNA
(F), and lincRNA (long intergenic noncoding RNA; G), and snoRNA (small nucleolar RNA; H), and miRNA
(micro RNA; I). Genes are ranked based on mean CG methylation values in WT MEFs.
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verse classes of noncoding RNA are small

RNA molecules (;22 bp) known as

microRNA (miRNA) which are involved

in transcriptional and post-transcriptional

gene regulation; small nucleolar RNA

(snoRNA), playing a role in ribosome

synthesis; long intergenic noncoding

RNA (lincRNA) (>200 bp); and antisense

RNA (asRNA). The latter RNA is comple-

mentary to mRNA and is thought to play

a regulatory role in transcription. The

transcriptional start sites (TSSs) of asRNA,

lincRNA, and miRNA show depletion of

CG methylation which is reminiscent of

the profiles generated for protein-coding

genes (Fig. 2F,G,I). Notably, snoRNA has

a distinct CG methylation profile with

reduced methylation upstream of the

reported TSS, suggesting a distinct pro-

moter organization for snoRNA (Fig. 2H).

Strikingly, KOMEFs and ES cells displayed

a similar distribution compared to WT

MEFs, albeit at lower CG methylation

levels. We noticed that a subset of miRNA

loci retains DNA methylation in KO MEFs

(Fig. 2I, bottom). These include several

miRNAs playing a role in neuronal, hema-

topoietic or chondrocyte differentiation or

controlling adipocyte size (mir-370, mir-

181,mir-140,mir-103, respectively) (Chen

et al. 2004; Fiore et al. 2009; Trajkovski

et al. 2011; Karlsen et al. 2014). The

persistence of DNA methylation in KO

MEFs may indicate that their expression

is not affected in KO MEFs.

Altogether, Hells deletion leads to

widespread loss of CG methylation at

uniquely mapped genomic regions. The

regions that are affected by Hells deletion

include TSSs of protein-coding genes and

noncoding RNA genes.

Chromosomal domains are affected by Hells deletion

Since Hells deletion affects DNA methylation at diverse genomic

features, we sought to characterize the regions with the greatest

methylation difference between WT and KO MEFs. We computed

mean CG methylation values at 5-kb tiles across the genome. Hi-

erarchical clustering reveals a closer relationship between WT

MEFs and ES cells than between WT and KO MEFs or between ES

cells and KOMEFs (Fig. 3A). WTMEFs and ES cells display a higher

correlation for CG methylation (R = 0.70) than KO MEFs and WT

MEFs or KOMEFs and ES cells (R = 0.58 and R = 0.43, respectively).

This indicates that CGmethylation is low and greatly perturbed in

KO MEFs compared to wild-type cells.

The genome browser view reveals large chromosomal do-

mains with reducedCGmethylation in KOMEFs (Fig. 3B,C). These

domains comprise gene families including olfactory receptor

genes, pheromone receptor, cytochrome P450, MAS-related G

protein coupled receptor, and UDP glucuronosyltransferase 1

family (Fig. 1A,B; Supplemental Fig. S1). To estimate the extent of

CG methylation difference, we defined differentially methylated

regions (DMRs) based on CGmethylation differences betweenWT

MEFs and KOMEFs greater than 0.4 (using 5-kb windows). About

26% of genome-wide uniquely mapped sequences are classified

as DMRs.

The extent of methylation changes in KOMEFs, the diversity

of genomic loci, and the fact that large chromosomal domains are

affected suggest that HELLS targets a nuclear compartment rather

than specific genomic sequences. This prompted a search for

overlap of HELLS affected regions with known chromosomal do-

mains. Several characteristics have been used to divide the genome

into entities, for example, active and repressed compartments A

and B (Zhang et al. 2012), topologically associated domains (TADs)

(Dixon et al. 2012), and lamin B1 (LMNB1) attachment domains

(LADs) (Peric-Hupkes et al. 2010). The lamin B1 protein belongs to

the nuclear matrix and is located close to the inner nuclear

membrane. High-resolution maps of LADs have been generated

based on close interactions of lamin B1 protein and DNA se-

quences (Guelen et al. 2008; Peric-Hupkes et al. 2010). Themurine

Figure 3. Chromosomal domains with reduced CG methylation in KO MEFs. (A) Heatmap of CG
methylation levels at 5-kb tiles for chromosome 1 of KO MEFs, WT MEFs, and ES cells. The rows were
sorted by complete linkage hierarchical clustering with Euclidian distance as a distance measure. (B,C)
Genome browser views illustrating CG methylation (mean values of 5-kb tiles) at the Cyp2 (B) and
Mrgpra (C ) gene clusters, comparing WT MEFs, KO MEFs, and ES cells (brown). The lower panels
display differentially methylated regions (DMRs) at 5-kb tiles of ES minus KO (light brown) and WT
minus KO (difference >0.4; light blue) compared to lamin B1 (LMNB1) attachment regions (green).
(D) Bar graph displaying percent overlap of differentially methylated regions (DMR) with lamin B1
(LMNB1) attachment regions (P < 0.0001). The DMR is ranked based on the degree of CGmethylation
difference with the top 5% displaying the greatest CG methylation difference between the WT and
KO MEFs.
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genome comprises about 1200 domains ranging from 50 kb to 10

Mb. Visualization in the UCSC Genome Browser revealed a con-

sistent overlap of DMRs with LADs (Fig. 3B,C), includingMrgpra1,

Mrgpra3, Cyp2c66, and Ugt2a1 genes. We confirmed CG methyla-

tion differences at several loci located within LADs using con-

ventional bisulfite sequencing (Fig. 3B,C; Supplemental Fig. S1).

For further evaluation, we computed the overlap between DMRs

and LADs. While the entire DMR overlapped 77% with LADs, the

overlap steadily increases with the degree of differential methyla-

tion (P < 0.0001; Methods) (Fig. 3D). Thus the top 5% DMRs rep-

resenting;1% of the genome have an 85% overlap with LADs (P <

0.0001), indicating a link between HELLS-dependent CG methyl-

ation changes and LADs.

These results indicate that HELLS is important for the estab-

lishment of CG methylation at a nuclear compartment that is in

part defined by lamin B1 attachment regions.

Gene expression and CG hypomethylation

To examine the relationship between CG methylation and gene

expression, we computed mean CG methylation levels at pro-

moter regions of protein-coding genes. About 60% of promoters

display a difference of CGmethylation that is greater than 0.3 (WT

CG methylation minus KO CG methylation). This indicates that

Hells deletion has widespread effects on promoter regions (Fig. 4A).

RNA-seq analysis detects similar relative transcript steady-state

levels in WT and KO samples. The Pearson correlation value of

RPKM values is R = 0.97 (Fig. 4B and biological replicates in Sup-

plemental Fig. S2). The same result is obtainedwhen protein-coding

genes are grouped into CG-rich promoter regions (Supplemental

Fig. S3A,B). A snapshot of the UCSC Genome Browser exhibits ex-

amples of similar relative transcript abundance levels at high-, in-

termediate-, and low-expressing genes (Fig. 4D). There is no evident

correlation between CG methylation changes and alterations in

relative RNA steady-state levels (Supplemental Fig. S3C). Hence,

despite dramatic CG methylation losses at promoter regions,

relative transcript steady-state levels at most low-expression

genes remain unchanged and silent regions are not de-repressed.

Only 1% of genes (n = 243) are down-regulated in KO MEFs

and 1.1% (n = 262) of genes are up-regulated (Supplemental Fig.

S4). Using gene ontology analysis, we found that genes that are up-

regulated in KOMEFs are enriched in cell adhesion and the defense

response. Genes that are down-regulated are involved in the in-

flammatory response, cell adhesion, chemotaxis, and leukocyte

differentiation (Supplemental Table S1). This indicates that pri-

marily genes participating in host defense are deregulated in Hells-

deleted MEFs.

To examine whether the extent of methylation changes is

linked to gene activity, protein-coding genes were grouped into ac-

tive and silent genes based on the presence of transcript abundance

levels in WT MEFs. CG methylation is significantly reduced at TSS

and the gene body comparingWTandKOMEFs (Wilcoxon rank test

P < 0.0001) (Fig. 4C). The differences between WT and KO methyl-

ation values are greater at silent genes than at active genes (Student’s

t-test P < 0.0001). These results suggest the possibility that distinct

methylation mechanisms are present at active versus repressed

genes.Gene bodymethylation ishigher at active genes than at silent

genes in KO MEFs (Fig. 4C). Previous studies described specific in-

teraction of DNMT3A with H3K36me3, a histone mark preferen-

tially found at gene bodies, and reported thatDNMTs are enriched at

gene bodies, suggesting the presence of distinct DNA methylation

pathways at gene bodies (Dhayalan et al. 2010; Jin et al. 2012).

Finally, 14 lincRNA genes were selected that displayed CG

methylation reduction in KO MEFs and that are involved in tran-

scriptional regulation (Guttman et al. 2011). Real-time PCR analysis

did not reveal any significant transcript level changes (Supple-

mental Fig. S5), giving no evidence that CG hypomethylation re-

sults in de-repression of this class of noncoding genes.

Pol II association at promoter regions in KO MEFs

To determine the relationship between RNA Pol II binding and CG

methylation reduction in KO MEFs, Pol II ChIP-seq was performed.

Promoters of protein-coding genes were ranked according to CpG

numbers (Fig. 4E–G). Promoters with the greatest loss of CG meth-

ylation show low CG density. Those CG poor promoters are highly

methylated in WT MEFs (Fig. 4E) and show low Pol II association

(Fig. 4F) and low RNA-seq read numbers (Fig. 4G). This is consistent

with the notion that HELLS guards preferentially repressed chro-

matin or heterochromatin, containing CG poor genes with low ex-

pression level. Pol II association is inversely related to the number of

CpG sites within the promoter regions (Fig. 4F). There is no increase

of Pol II association at promoter regions with reduced CGmethyla-

tion. Instead, KO MEFs display slightly lower Pol II occupancy. De-

spite a decrease in Pol II engagement at the TSS regions in KOMEFs,

relative transcript abundance levels as measured by RNA-seq reads

are very similar inWTandKOMEFs. (Fig. 4G). Since we used an RNA

Pol II antibody directed against the N terminus of the protein

(POLR2A), we cannot discern the phosphorylation states at the C

terminus. Therefore, it is possible that WT MEFs have a higher pro-

portion of unphosphorylated Pol II (part of a preinitiation complex)

or stalled Pol II compared to KOMEFs (Sims et al. 2004; Nechaev and

Adelman 2008). The distinct phosphorylation states and activity of

Pol II can be only determined by additional analysis.

In short, there is no evidence of increased Pol II occupancy at

promoters with CG hypomethylation in KO MEFs.

Perturbation of histone modification H3K27me3 in KO MEFs

To explore other molecular mechanisms that may preserve repres-

sion at CG hypomethylated promoters, we examined H3K27me3

and H3K4me3 modifications by ChIP-seq. Genome-wide computa-

tionof histonemodifications at 5-kb tiles showsno global increase of

H3K27me3 level in KO MEFs. When we ranked 5-kb tiles based on

CG methylation differences between WT and KO, we observed al-

terations in H3K27me3 distribution, while the pattern of H3K4me3

modification is unremarkable (Fig. 5A). Regions with moderate

CG methylation reduction exhibit concomitant decreases in

H3K27me3. These regions include immune response genes, genes

involved in cell adhesion, and Hox genes; the latter had been pre-

viously reported to display reduced Polycomb association and CG

methylation (Xi et al. 2007). On the other hand, regions with the

greatest decrease of CGmethylation are enriched for H3K27me3 in

KO MEFs (Fig. 5A and three independent biological replicates in

Supplemental Fig. S6). We considered the possibility that CG

methylation reduction may alter accessibility to the H3K27me3

antibody. However, for a dozen regions that were validated for an

H3K27me3 increase using conventional ChIPs followed by real-

time PCR analysis, we did not find a change inH3 occupancy using

a pan-H3 antibody (Supplemental Fig. S7). These results suggest an

actual increase in the H3K27me3 mark at those loci.

Overall, DMRs are associated with a 158% increase of

H3K27me3 level in KO MEFs over WT MEFs, while the rest of the

genome (non-DMR) has no significant increase in H3K27me3 level

(Pearson x2 test P < 0.001) (Fig. 5B). Heatmap presentation reveals

Genome-wide epigenetic changes with loss of LSH
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that CGmethylation differences (WTminus KO) andCpGnumbers

at promoter regions are inversely correlated. The greatest CG

methylation difference occurs at promoters with low CG density,

while H3K27me3 marks are more enriched at promoters with high

CGdensity (Fig. 5C).Nevertheless, KOMEFsdisplay a slight increase

in H3K27me3 signal intensity at promoters with the largest CG

methylation difference. In addition, the number of H3K27me3

peaks in KO MEFs compared to WT MEFs is higher for promoters

located in the top DMRs, whereas non-DMR promoters exhibit re-

duced numbers of H3K27me3 peaks (Fig. 5D). Thus, an increase of

H3K27me3 at a subset of promoters could be responsible for per-

sistent gene repression. About 200 promoters located within DMRs

Figure 4. Relationship between relative transcript abundance levels and Pol II at CG hypomethylated promoters in KO MEFs. (A) Heatmap scatterplot
analysis presenting the mean values of promoter CGmethylation (2 kb upstream of and downstream from the TSS) in WTMEFs and KOMEFs. (B) Heatmap
scatterplot analysis representing relative transcript abundance level as read coverage (RPKM values) of RNA-seq analysis comparingWT and KOMEFs. Results
of biological replicates are shown in Supplemental Figure S2. (C ) Box plot representingmeanCGmethylation values at gene bodies or TSSs (2 kb upstreamof
and 2 kb downstream from the TSSs) classified in groups of genes with transcripts (active) and without any detectable transcripts (silent) (Wilcoxon rank test,
P < 0.0001). (D) Genome browser view illustrating CGmethylation (brown) and transcript abundance level (RPKMvalues) at representative genes comparing
WT (blue) and KOMEFs (red). (E–G) Promoters of protein-coding genes (n = 23,350) are ranked based on the presence of CpG numbers (represented by the
triangle to the left). (Bottom) Genes with low CpG density; (top) genes with high CpG density. Heatmap presentation for CG methylation values at 1-bp
resolution (E), Pol II ChIP signal intensities at 5-bp resolution (F), and RNA-seq signal intensities at 5-bp resolution (G) around the TSSs and 2 kb of flanking
regions for WT MEFs and KO MEFs. Genes are arranged into 100 groups and mean values were computed for each genomic position.
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gain H3K27me3 peaks in KOMEFs (KO n = 717, WT n = 510). Most

of those genes are silent (e.g., 20% are olfactory receptor genes) or

show very little expression in WT MEFs. They stay repressed in KO

MEFs, asmight be expected due to the increase of H3K27me3. Only

5% show a de-repression in KO MEFs, including genes of the pro-

tocadherin family and the cytochrome P450 family. However, the

vastmajority of promoters locatedwithinDMRs (about 3600 genes)

do not show a compensatory H3K27me3 increase.

Altogether, the distribution of H3K27me3 marks is altered in

KO MEFS. Genomic regions with the greatest loss of CG methyl-

ation are linked to increases in H3K27me3 marks.

Reactivation of specific subclasses of repeat families in KOMEFs

To assess the effect of Hells deletion on DNAmethylation at repeat

elements, bisulfite converted sequences were reevaluated and

specifically aligned to repeat sequences. There are 270 distinct

murine repeat elements in the RepeatMasker library (AFA Smit,

R Hubley, and P Green, unpubl.), comprising about 2.3 million dis-

tinct sequences (Supplemental Table S2). Over 60% of repeat se-

quences are locatedwithinLADs (Supplemental Table S2).Most of the

270 subclasses fall into four superfamilies of repeats, including satel-

lites, endogenous retroviral elements (ERVs) containing long termi-

nal repeats (LTRs), rudiments of retrotransposons known as LINEs

(long interspersed elements), or SINEs (short interspersed elements).

Mean CG methylation values at repeat sequences show a 60% de-

crease in KOMEFs compared toWTMEFs (0.8 versus 0.49). Non-CG

methylation accounts for <0.1% methylation at repeats and is de-

creased in KO MEFs compared to WT MEFs (CHG methylation 54%

andCHH57%decrease). Nearly all 270 subfamilies show reducedCG

methylation in the absence of HELLS (Fig. 6A; Supplemental Table

S2). In addition, KO MEFs display an increase in CG methylation at

many subclasses (Fig. 6A). Each of the 270 subclasses consists of

hundreds to thousands of distinct sequences. Themajority of repeats

within a specific subclass showsCGmethylation reduction, and only

a small subset displays an increase in CG methylation (Fig. 6B).

Repeat elements with the greatest CG methylation loss show

the highest proportion of LAD location (R = 0.57) (Fig. 6C,D). Con-

versely, repeat classes with an increase in CG methylation are less

frequently localizedwithin LADs (R =�0.3) (Fig. 6C,D). This suggests

a link between CG reduction and LADs for repeat sequences.

To determine repeat gene expression RNA-seq, reads were spe-

cifically aligned to repeat sequences. Satellite sequences and en-

dogenous retroviral elements (ERVs) showed the highest increase of

transcript abundance levels in KO MEFs above wild type, whereas

LINE and SINE elements hadmodest changes (Fig. 6E). About60 (out

of 270) subclasses have an increase greater than twofold above wild

type (Fig. 6F), including IAP andMMERVK sequences (Supplemental

Table S2; Supplemental Fig. S8). Thus Hells deletion affects the

steady-state level of specific subclasses of repeat elements. Overall,

repeat de-repression does not correlate with the extent of CG

methylation changes (Supplemental Fig. S9). The length of the re-

peat sequence does not correlate with the expression changes

(Supplemental Fig. S9). In addition, repeat sequences that are de-

repressed inKOMEFs display the samepercentageof LAD location as

other repeat sequences that are not affected by Hells deletion (Sup-

plemental Table S2). Since deletionof thehistonemethyltransferases

EHMT2 and SETDB1, which mediate H3K9 methylation, leads to

activation of specific repeat elements (Matsui et al. 2010; Maksakova

et al. 2013), we performed ChIP analysis for selected repeat se-

quences. H3K9me2 is not significantly altered at MERVL andMaLR-

MTA elements in KO MEFs compared to WT MEFs (Supplemental

Fig. S10A). These results are consistent with a previous report dem-

onstrating that H3K9me2 depletion in EHMT2�/� cells results in

reactivation of these repeat elements (Maksakova et al. 2013).On the

other hand, SETDB1mediates H3K9me3modifications and controls

Etn1, MMEKVRC10, and IAP expression (Matsui et al. 2010). For the

latter two repeats, we found reduced H3K9me3 marks and reac-

tivation in KO MEFs (Supplemental Fig. S10B), suggesting a con-

nection of HELLS and H3K9me3modification at specific subclasses.

Figure 5. Increased H3K27me3 at CG hypomethylated regions.
(A) Heatmap of CG methylation, H3K27me3, H3K4me3, and RNA-seq
signal intensities at 5-kb tiles for chromosome 1 comparing WT and KO
MEFs. The tiles (n = 38,840) are ranked based on CG methylation differ-
ences (WT valuesminus KOvalues). (Left) The ranking is presented from low
(top) to high (bottom) (triangle). Biological replicates of H3K27me3 signals
are presented in Supplemental Figure S6. (B) Bar graph presenting the raw
number of 5-kb tiles with H3K27me3 modifications, H3K4me3, or bivalent
modification in WT (black) and KO (white) MEFs in differential methylated
regions (DMRs) and nondifferential methylated regions (non-DMR) on
chr1. (***) The exact Pearson x2 tests were applied. P < 0.001. (C ) Heatmap
presentation of mean signal intensities at promoter regions (2 kb upstream
of and 2 kb downstream from TSSs) of protein-coding genes (n = 23,350).
Genes are ranked based on CG methylation differences (WT minus KO
MEFs) from low to high (top to bottom) (triangle). (1) Number of CpG sites
located within promoter regions, (2) H3K27me3 signal intensities in WT
MEFs, (3) H3K27me3 signal intensities in KO MEFs, and (4) difference in
H3K27me3 modifications (KO values minus WT values). (Bottom left) The
blue color scale represents signal intensities for panels 1, 2, and 3. (Bottom
right) The blue/red color scale represents the difference of H3K27me3
values (KO valuesminusWT values) in panel 4. (D) Bar graph presenting the
ratio of promoters marked by H3K27me3 in KO MEFs over the number of
promoters marked by H3K27me3 in WT MEFs. The promoters have been
grouped based on their CGmethylation levels and fall intoDMRs (n = 3794)
or non-DMRs (n = 19,202). In addition, they are grouped as the top 10%
DMR promoters (n = 379), 20% DMR (n = 758), and 30% (n = 1137).
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In summary, all types of repeat sequences showed substantial

DNA methylation reduction in the absence of HELLS, but only

subclasses of repeat elements are de-repressed.

Discussion
Our results provide a comprehensive view of genome-wide DNA

methylation patterns in cells of the DNA methylation mutant

Hells�/� mouse. Previous studies that reported CG methylation

changes in Hells�/� tissues applied methods that were not quan-

titative, restricted to specific genomic

loci, or biased. For example, Southern

analysis was performed to report the

original finding that HELLS is critical

for establishment of DNA methylation,

but the analysis was restricted to a lim-

ited number of restriction enzyme sites

(Dennis et al. 2001). Subsequent reports

used conventional bisulfite sequencing

for a few selected loci, or applied biased

techniques and examined only the im-

mediate promoter region, or enriched

for methylated DNA with anti-methyl-

cytosine antibodies that are partial to-

ward genomic regions of low CG density

(Xi et al. 2007, 2009; Myant et al. 2011;

Tao et al. 2011). The approach in the

current study is an advance in meth-

ylation assessment because it uses an

unbiased, quantitative, high-resolution,

and genome-wide approach to de-

termine CG methylation at uniquely

mapped sequences and repeats. We re-

port here that the methylome is greatly

diminished in Hells�/� primary fibro-

blasts and, hence, HELLS is a critical

factor in the establishment of CG

methylation levels in murine devel-

opment. A similar profound loss of

cytosine methylation in a DNA meth-

ylation mutant, apart from deletion of

Dnmts themselves, has been so far re-

ported for UHRF1 (Bostick et al. 2007;

Sharif et al. 2007; Ooi et al. 2009; Feng

et al. 2010a,b).

CGmethylation reduction inKOMEFs

comprises promoter regions of protein-

coding and noncoding RNA genes. The

extent of methylation loss is greatest at

intergenic regions and promoter regions

that are CG poor, and maximum meth-

ylation decrease is observed at silent

genes. This implies that HELLS is pri-

marily required for DNA methylation at

genomic regions that are embedded in

repressed chromatin. Our observation

that relative transcript abundance is

stable in KO MEFs (despite CG meth-

ylation loss) suggests redundancies

in epigenetic silencing pathways. In-

terestingly, several genes that are em-

bedded in repressed chromatin (and still

silenced upon CG hypomethylation) are in part marked by de

novo H3K4me1 modification in KO MEFs and belong to the

neuronal lineage (Yu et al. 2014). H3K4me1 can mark potential

enhancers, and the lack of histone acetylation indicated that

these sites are not active yet in KO MEFs but represent putative

enhancers. Reprogramming of KOMEFs into induced pluripotent

stem cells and challenging the cells to the neuronal pathway ac-

tivated those enhancers and de-repressed neuronal lineage genes.

This suggests that CG hypomethylation may in part influence

cellular plasticity via alterations of potential enhancer sites.

Figure 6. De-repression of specific repeat subclasses in KO MEFs. (A) Bar graph representing CG
methylation changes (WT methylation values minus KO methylation values) as DmCG for 270 repeat
subclasses. The repeat classes are sorted based on CG methylation decreases (blue) in KO MEFs com-
pared toWTMEFs. The CGmethylation increases in KOMEFs are represented asminus values (red). A list
of ranked repeat sequences is compiled in Supplemental Table S2. A bar graph of distinct subfamilies is
presented in Supplemental Figure S8. (B) Scatterplot representing the fraction of repeat sequences
within a subclass that showsmethylation reduction (x-axis) and CGmethylation increase (y-axis). All 270
subclasses are presented. (C,D) Scatterplot showing the DNA methylation reduction at repeat classes
(C ) or the DNA methylation increases (D) and the percentage of sequences within the subclass that is
located in LADs. A list of repeat sequences and their frequency of LAD location is compiled in Supple-
mental Table S2. (E) Bar graph representing repeat element gene expression as fold changes of KO over
WT levels (log2) of different repeat superfamilies (Supplemental Table S2). (F) Bar graph representing
gene expression changes in KO MEFs over WT MEFs for all 270 repeat subclasses. The repeat classes are
sorted as in A. A bar graph of distinct subfamilies is presented in Supplemental Figure S8.
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DDM1, the HELLS homolog in A. thaliana, primarily meth-

ylates regions enriched for the linker histone H1 (Zemach et al.

2013). It is thought that the chromatin remodeling activity of

DDM1 is specifically required to enhance nucleosomemobility in

densely packaged H1-rich heterochromatin (Zemach et al. 2013).

Consistent with the hypothesis that HELLS is mainly required for

gene-poor heterochromatin is our observation that CG methyl-

ation loss is predominantly at lamin B1 attachment sites. Lamin

B1, a scaffolding protein adjacent to the inner nuclear mem-

brane, participates in the spatial organization of the nucleus.

Lamin B1 is important for murine development (Kim et al. 2011).

Lamin B1 attachment domains (LADs) have been identified based

on physical interaction of lamin B1 with DNA sequences (Guelen

et al. 2008; Peric-Hupkes et al. 2010). LADs vary in different cell

types, and genes that are located within LADs show low tran-

scriptional activity. Lamin B1–associated regions are in general

gene poor, andmany repeat elements are enriched in LADs (Guelen

et al. 2008). We found that >60% of repeats are located in LADs,

and for some types of satellite sequences and endogenous retro-

viral elements the frequency surpasses 80% (Supplemental Table

S2). It is currently unknown whether HELLS-mediated DNA

methylation alters lamin B1 association with the nuclear envelope

or changes nuclear compartmentalization, or whether lamin B1 in

turn is functionally interactive with the DNA methylation path-

way. It is possible that the location of some genes within LADs

contributes to their silenced state despite CG methylation loss,

since lamin B1 is thought to influence gene expression (Kind et al.

2013). It is noteworthy that DNA hypomethylated domains in

tumor cells, during transition of ES cells to somatic cells, overlap in

part with LADs, supporting the link between DNA methylation

and these nuclear compartments (Lister et al. 2009, 2011; Hansen

et al. 2011).

We found a redistribution of H3K27me3 in the genome, and

similar H3K27me3 alterations have been previously reported

(Lister et al. 2009; Brinkman et al. 2012; Hagarman et al. 2013;

Reddington et al. 2013). Cells that are deficient in DNA methyl-

transferase activity show a global increase of H3K27me3 level

(Hagarman et al. 2013; Reddington et al. 2013) or a reduction of

strong peaks concomitant with redistribution to broad domains

(Brinkman et al. 2012). The change of H3K27me3 is more subtle in

Hells�/� MEFs compared to DNMT1-depleted cells. One reason

may be that DNMT1-deficient cells show a greater loss of CG

methylation than do Hells�/� MEFs (down to 1.3%) (Brinkman

et al. 2012; Hagarman et al. 2013; Reddington et al. 2013). Another

difference is that DNMT1 deficiency reduces CG methylation

rather evenly across the genome, since DNMT1 is a major

maintenance methyltransferase. In Hells�/� cells we observed

CG methylation changes in distinct chromosomal regions, and

H3K27me3 increases were confined to regions with the greatest

CG methylation loss. Only a small number of promoter regions

gained H3K27me3 in DNMT1-deficient MEFs (Reddington et al.

2013), consistent with our own observation that only a subset of

promoters with DNA hypomethylation is associated with

H3K27me3 gains. Thus, alternate epigenetic silencing signals may

grant gene repression in the absence of HELLS.

A role of DNA methylation in proviral silencing at specific

genomic locations had been known, but systematic analysis of all

repeat classes using whole-genome bisulfite sequencing was lack-

ing (Jaenisch et al. 1985;Walsh et al. 1998; Howard et al. 2008).We

report here that HELLS is essential for DNA methylation at nearly

all subclasses of repeat sequences, supporting the notion that

HELLS is a master regulator of repeat sequence methylation. Since

HELLS localizes at satellites, LINE elements, and IAP sequences

(Huang et al. 2004), this suggests a direct role for HELLS in CG

methylation at those sites. Alternatively, HELLS may support

a histone methyltransferase that influences H3K9me3 modifica-

tions, which in turn alters gene expression and CG methylation

(Myant et al. 2011). Remarkably, several repeat elements also show

ectopic gain of CG methylation. Cytosine hypermethylation in

the absence of HELLS occurs at many loci in spontaneously im-

mortalized cell lines derived from Hells�/� embryos and appears in

the CG and non-CG context in DDM1 mutants (Tao et al. 2011;

Stroud et al. 2013).

A recent study found DNA methylation reduction at repeat

sequences in Hells�/� cells and reactivation of specific repeat ele-

ments (Dunican et al. 2013). While a specific role of HELLS in

transcriptional silencing of satellite sequences and IAP elements is

consistent with our results, there are also important differences

between the two studies. For example, Dunican et al. (2013) report

a DNA methylation defect at specific subfamilies, whereas we

found all subfamilies affected. Another difference is the appear-

ance of significant ectopic DNA methylation, which we report

here. There may be several reasons that are responsible for the

differences in the two studies: The HELP-seq technique that exam-

inesmethylationpatterns atHpaII restriction enzymes sites (Dunican

et al. 2013), as opposed to using an unbiased whole-genome bisulfite

sequencing technique as used in this study, and the use of Large T

antigen for immortalization of cells (Dunican et al. 2013), as op-

posed to primary fibroblast cultures as used in this study and the

use of a different Hellsmutant mouse model that expresses a small

amount of HELLS mutant protein (Sun et al. 2004; Dunican et al.

2013). Nevertheless, an important role of HELLS in silencing of

some repeat elements is confirmed in either study.

Although each repeat class shows DNA hypomethylation,

only some subclasses are de-repressed, andwe did not detect any

correlation between CG methylation and relative transcript

steady-state levels. This suggests that additional pathways control

repeat element silencing. For example, SETDB1 deletion results in

de-repression of class I and class II elements, whereas EHMT2 and

EHMT1 control silencing of some class III endogenous retroviral

elements (e.g., MaLR-MTA) (Matsui et al. 2010; Maksakova et al.

2013). We found that HELLS plays a role in silencing of class I and

II elements (e.g., IAP and MMEKVRC10), but not in class III (one

out of 10 subclasses). We demonstrate a decrease in H3K9me3

modification concomitant with CGmethylation reduction at class

I/II elements (IAP and MMEKVRC10), and a similar reduction of

H3K9me3 was detected at IAP elements in Hells-mutant cells

(Dunican et al. 2013). It remains to be shown if HELLS can directly

interact with a SETDB1-mediated silencing pathway.

Altogether, Hells�/� MEFs show profound methylation re-

duction at uniquelymapped sequences as well as repeat sequences.

The CG methylation losses are predominantly in a nuclear com-

partment, in part defined by LADs. The relative transcript abun-

dance level of protein-coding genes and the silencing state of most

repeat elements are largely preserved despite DNA methylation

reduction, indicating redundant pathways of epigenetic silencing.

Methods

CG methylation analysis
The protocol was followed as described previously (Lister et al.
2008, 2009). Five micrograms of genomic DNAwas extracted from
frozen cell pellets of WT ES cells (CCE), WT primary murine em-
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bryonic fibroblasts (MEFs) and KO (Hells�/�) MEFs. Primary MEFs
were derived from day 13.5 embryos of Hells+/� heterozygotic
matings and represent littermates. Samples were prepared between
passages 1 and 2. The DNeasy blood & tissue kit (Qiagen) was used
for DNA extraction, and the DNA was spiked with 25 ng unmeth-
ylated cI857 Sam7 Lambda DNA (Promega), serving as control
for successful bisulfite treatment. MethylC-seq libraries were se-
quenced using the Illumina Genome Analyzer II (GAIIx) as per the
manufacturer’s instructions. Final sequence coverage was obtained
by sequencing all libraries for a sample separately, thus reducing
the incidence of ‘‘clonal’’ reads that share the same alignment
position and probably originate from the same templatemolecule
in each PCR. The coverage and sequencing depth of CpG sites for
each sample is as follows: The total number of CpG sites covered is
34177715 (ES), 37422208 (KO MEF), and 34700701 (WT MEF); the
average coverage at covered CpG sites is 6.5 (ES), 8.4 (KOMEF), and
7.6 (WT MEF). The sodium bisulfite nonconversion rate was cal-
culated as the percentage of cytosines sequenced at cytosine refer-
ence positions in the lambda genome. All sequence alignments
were performed against the reference mouse genome mm9. For
CGmethylation data extraction, methylated cytosines with greater
to or equal to five sequence reads (with the exception of data
presentation in Fig. 1) were used. Methylation values are expressed
as a fraction (number of methylated cytosine/number of reads for
a specific site) or as a percentage with total methylation equal to
100% (equal to a fraction of 1.0). DMRs were determined in 5-kb
tiles throughout the genome and showed a difference ofmeanCG
methylation values (WT MEF CG methylation value minus KO
MEF CG methylation value) greater than 0.4 (Stroud et al. 2013)
with an estimated FDR of <0.1% using the R function qvalue.
The complete set of RefSeq genes was downloaded from the
UCSC website (http://hgdownload.cse.ucsc.edu/goldenPath/mm9/
database/refGene.txt.gz). Complete sets of non-protein-coding
sequences were downloaded from Ensembl BioMart GRCm38
(p2 antisense, lincRNA, miRNA, antisense-RNA, and snoRNA
[http://useast.ensembl.org/index.html]). Mean promoter meth-
ylation was computed from TSS and flanking regions 2 kb up-
stream of and 2 kb downstream from TSS of protein-coding genes
(n = 23,350) located on autosomes.

ChIP-seq

ChIP (chromatin immunoprecipitation) was performed as pre-
viously described (Yu et al. 2014). Two micrograms of the following
antibodies were used in each reaction: anti-Pol II (Santa Cruz, sc-
899x), anti-trimethyl K4 of H3 (Abcam, ab8580), anti-trimethyl K27
ofH3 (Millipore, 07-449), andnormal rabbit IgG (Millipore, 12-370).
We fixed 107 cells at room temperature in 1% formaldehyde (v/v) for
10 min with gentle agitation. Fixation was stopped by the addition
of glycine (125mM final concentration) and agitation for 5 min on
ice. Chromatin was sheared by sonication to ;100- to 300-bp frag-
ments. ChIP DNA libraries were made following Illumina ChIP-seq
library preparation kit and subjected to Illumina sequencing (GAIIx)
at the CCR-Sequencing Facility, National Cancer Institute.

RNA-seq library generation and analysis

Total RNA was isolated from cell pellets of WT (Hells+/+) MEFs and
KO (Hells�/�)MEFs and their biological replicates using the RNeasy
mini kit (Qiagen) and treated with DNase I (Roche) for 10 min at
room temperature. rRNAs were removed from 5 mg of total RNA by
RiboMinus (Life Technologies) as per the manufacturer’s in-
structions. The poly-A–containing mRNA molecules were purified
using poly-Toligo-attached magnetic beads. After purification and
PCR amplification, the final cDNA library was generated based on

the RNA-seq Library Preparation Protocol from Illumina. RNA-seq
libraries were sequenced with HiSeq 2000 Analyzer. Reads (102 bp
each) were paired-end (PE) and mapped against the murine refer-
ence genome mm9 using RTA 1.12.4.2 software tools.

Data access
ChIP-seq, RNA-seq, and bisulfite sequencing data have been sub-
mitted to the NCBI Gene Expression Omnibus (GEO; http://www.
ncbi.nlm.nih.gov/geo/) under accession numbers GSE57419 and
GSE56151.
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