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de novo DNA methylation at repeat sequences

Jianke Ren’, Victorino Briones', Samantha Barbour', Weishi Yu', Yixing Han',

Minoru Terashima' and Kathrin Muegge'-?’

"Mouse Cancer Genetics Program, Center for Cancer Research, National Cancer Institute, Frederick, MD 21702,
USA and 2Basic Science Program, Leidos Biomedical Research, Inc., Mouse Cancer Genetics Program, Frederick
National Laboratory for Cancer Research, Frederick, MD 21702, USA

Received October 16, 2014; Revised December 16, 2014; Accepted December 21, 2014

ABSTRACT

Lsh, a chromatin remodeling protein of the SNF2 fam-
ily, is critical for normal heterochromatin structure.
In particular, DNA methylation at repeat elements, a
hallmark of heterochromatin, is greatly reduced in
Lsh~/~ (KO) cells. Here, we examined the presumed
nucleosome remodeling activity of Lsh on chromatin
in the context of DNA methylation. We found that dy-
namic CG methylation was dependent on Lsh in em-
bryonic stem cells. Moreover, we demonstrate that
ATP function is critical for de novo methylation at
repeat sequences. The ATP binding site of Lsh is
in part required to promote stable association of
the DNA methyltransferase 3b with the repeat lo-
cus. By performing nucleosome occupancy assays,
we found distinct hucleosome occupancy in KO ES
cells compared to WT ES cells after differentiation.
Nucleosome density was restored to wild-type level
by re-expressing wild-type Lsh but not the ATP mu-
tant in KO ES cells. Our results suggest that ATP-
dependent nucleosome remodeling is the primary
molecular function of Lsh, which may promote de
novo methylation in differentiating ES cells.

INTRODUCTION

DNA is packaged in chromatin which imposes a barrier
for the interaction of proteins with DNA. Different molec-
ular mechanisms can alter chromatin structure and con-
trol the accessibility of DNA binding factors. A number of
DNA-based processes are regulated by chromatin accessi-

bility including transcription, DNA repair and recombina-
tion (1,2).

Chromatin remodeling complexes alter chromatin struc-
ture in an adenosine triphosphate (ATP)-dependent man-
ner. They target the nucleosome that is the smallest subunit
of chromatin. Chromatin remodeling complexes are multi-
subunit complexes, comprising of at least one SNF2 ho-
molog and other accessory factors. SNF2 homologs belong
to the SF2 family of helicases and contain more than 12 con-
served sequence motifs (1,3). The SNF2 protein, comprising
the catalytic subunit, performs nucleosome remodeling, and
other members of the protein complex may reinforce this
function (4). The ATP binding domain is highly conserved
among SNF?2 proteins and ATP hydrolysis is essential for
nucleosome remodeling function (5,6). Several SNF2 fam-
ily members are known as DNA translocases that utilize
energy obtained from ATP hydrolysis to translocate along
DNA. This would disrupt the interaction of DNA and pro-
teins, most of which are histones components. Several SNF2
factors have been shown to shift nucleosomes along the
DNA in vitro. Some SNF2 factors promote the exchange of
specific histone proteins or induce assembly or disassembly
of nucleosomes. SNF2 family members play important bio-
logical functions, such as transcriptional control, DNA re-
pair and genomic recombination. The homologs Lsh (Mus
musculus) and DDM1 (Arabidopsis thaliana) form their
own subclass within the SNF2 family and are known to reg-
ulate DNA methylation during development (7-9).

DNA methylation is an important epigenetic mark that
is predominantly detected at cytosines in the CpG (CG)
context in mammals and found at CG and non-CG sites
in plants (10-12). DNA methylation is performed by a class
of highly conserved DNA methyltransferases. Deletion of
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DNA methyltransferase 1 (Dnmt 1) or Dnmt 3b is embry-
onic lethal in mice indicating a critical role in development.
Blastocysts exhibit the lowest level of CG methylation dur-
ing embryogenesis (13). A wave of de novo methylation is
induced at gastrulation and tissue-specific DNA methyla-
tion patterns evolve in each cell type. The in vivo wave of
DNA methylation can be recapitulated in vitro upon differ-
entiation of embryonic stem (ES) cells (derived from the in-
ner cell mass of blastocysts) into specific lineages (14,15).
Thus de novo methylation accompanies cellular differenti-
ation and the generation of tissue-specific gene expression
patterns.

The SNF2 homologs Lsh and DDM1 are important reg-
ulators of DNA methylation in mice and plants, respec-
tively. Lsh™/~ cells and DDM1 mutants show dramatic
perturbation of DNA methylation, including a severe re-
duction of cytosine methylation at repeat elements (16—
18). Transcriptional silencing of endogenous retrotrans-
posons is a major function of DNA methylation. Conse-
quently, Lsh mutant mice and DDM 1 mutants display de-
repression of hypomethylated repeat elements. Deletion of
Lsh in mice is perinatal lethal, and embryos from knock-
out mice have numerous organ and developmental defects
(19-24). Knockdown of Lsh in ES cells by siRNA inter-
ference reduces DNA methylation at pluripotency genes
(23). Although pluripotency genes show impaired repres-
sion in siLsh-treated ES cells upon in vitro differentiation,
Lsh™/~ embryos effectively silence Oct4 and show cellu-
lar differentiation despite incomplete CG methylation in-
dicating that cellular differentiation can take place in hy-
pomethylated stem cells (23,25). The chromatin of Lsh™/~
fibroblasts displays not only reduced DNA methylation, but
also alterations in histone modifications, such as changes
in H3K4me3, H3K27me3 and H3K9me3 (16,18,25-29).
However, histone modification changes are dispersed at spe-
cific genomic locations, whereas the decrease in CG methy-
lation is widespread and comprises about 30% of all cy-
tosines in the CG context (18). Likewise, the major epi-
genetic modifications that are detected in DDM1 mutants
are alterations of DNA methylation. For this reason, it is
thought that the primary role of Lsh/DDM1 is the regula-
tion of DNA methylation patterns.

Based on the homology in SNF2 family, DDM1 and Lsh
have presumed chromatin remodeling activity, but this ac-
tivity has only been demonstrated for DDM1 (30). Recent
genome wide bisulfite sequencing analysis revealed substan-
tial reduction of cytosine methylation at histone 1 (H1)
rich regions in DDM1 mutants (17). In fact, DDMI is
only required for the generation of DNA methylation pat-
terns, when H1 is present. This suggests that DDM1 pro-
motes methylation at H1 (linker DNA) rich regions that are
thought to be packaged into a more dense form of chro-
matin. Since nucleosome DNA imposes a barrier on DNA
methylation in vitro, which can be alleviated by SNF2 fac-
tors, it has been hypothesized that DDMI1 promotes ac-
cess of DNA methyltransferases to nucleosome DNA at H1
dense repressed chromatin (31). Likewise, genome wide as-
sessment of DNA methylation revealed that Lsh was impor-
tant for DNA methylation at the nuclear compartment that
was in part defined by lamin B1 attachment sites, a genomic
region rich in repressed and dense chromatin (18).
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Lsh controls DNA methylation levels in mice, but it re-
mains uncertain how Lsh is involved in this process. In par-
ticular, it remains unclear whether Lsh is acting directly
or indirectly to control DNA methylation, whether chro-
matin remodeling is performed and required or whether Lsh
serves solely as a scaffolding protein to promote assembly
of the DNA methylation pathway. In order to study the
primary molecular function of Lsh on chromatin, we es-
tablished a dynamic assay allowing us to monitor de novo
methylation. We generated ES cells with a deletion of Lsh
and re-constituted the cells with full-length Lsh or mutant
Lsh proteins. We report here distinct functional properties
of Lsh domains and provide evidences of chromatin remod-
eling function by Lsh in vivo.

MATERIALS AND METHODS
ES cell culture and differentiation

ES cells were cultured in Knockout™ D-MEM (Invitro-
gen) media supplemented with 15% Fetal Bovine Serum
(FBS, Invitrogen), Minimum Essential Media (MEM)
nonessential amino acids 1x (Invitrogen), GlutaMAX-
1x (Invitrogen), 0.1-mM 2-mercaptoethanol (Sigma),
penicillin-streptomycin  (Invitrogen), mouse Leukemia
Inhibitory Factor (LIF) (Millipore) plus PD0325901
(Stemgent), CHIR99021 (Stemgent) in 0.1% gelatin
(Sigma) coated plates. Cells were passaged after dissoci-
ation with trypsin and plated every other day. ES cells
were derived as previously described (32). All ES cell lines
were derived from D3.5 embryos generated by crossing
Lsh*/~ heterozygotes (33). To induce differentiation into
the neuroepithelial lineage, ES cells were cultured in ES
medium for 4 days without LIF for embryoid body (EB)
formation, then treated with 1-wM retinoic acid (RA)
(Sigma) for another 4 days, while the cell culture medium
was changed every other day.

Plasmids and electroporation of ES cell

Full-length wild-type Lsh cDNA, Lsh binding site mutant
(K237A) or DEAH domain deletion ¢cDNAs were sub-
cloned in frame with an N-terminal 3x Flag tag driven by
CAG promoter. About 10 million cells were electroporated
with plasmid DNA in phosphate buffered saline (PBS) and
then seeded on a 100-mm 0.1% gelatin-coated dish. Recom-
binant colonies were selected in hygromycin containing me-
dia (Gibco) for 7-10 days. Viable colonies were hand-picked
and Lsh expression validated by real-time polymerase chain
reaction (PCR), immunofluorescence staining and western
blot analysis.

Western blot

Cells were lysed in buffer containing 150-mM NaCl, 50-mM
Tris-HCI, pH 7.5, 0.5% Triton X-100 (v/v) and protease-
inhibitor cocktail (Roche). Homogenized protein (10 pg)
was loaded onto a 10% acrylamide/bis gel and transferred
to a Polyvinylidene difluoride (PVDF) membrane after elec-
trophoresis. Following blocking with 5% nonfat milk for
1 h, membranes were incubated at 4°C overnight with
primary antibodies: Anti-Flag, M2 (sigma, F1804); Lsh
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(polyclonal rabbit-antiserum raised against recombinant
Lsh); Anti-Actin (Sigma, A2228). Horseradish peroxidase-
conjugated secondary antibodies were incubated for 1 h
at room temperature. Amersham Enhanced Chemilumines-
cence (ECL) western blotting analysis system was used for
blot detection.

Immunofluorescence staining

ES cells grown on chamber slides (ibidi, 80826) were
briefly washed in PBS and fixed in 4% paraformaldehyde
(Sigma, prepared in PBS) for 20-25 min at room tem-
perature. The cells were subsequently permeabilized with
0.2% Triton X-100 in PBS (15 min), washed in PBS and
blocked in 1% bovine serum albumin (BSA) (30 min). Cells
were then incubated with the indicated antibody in the
same buffer at 4°C overnight. The slides were subsequently
washed three times in 1% BSA-PBS and incubated with
Alexa fluorophore—conjugated secondary antibodies (In-
vitrogen) for 1 h at room temperature in the dark and
washed three times. Finally, the slides were stained with
4’ 6-diamidino-2-phenylindole (DAPI) and imaged by con-
focal microscopy. These following antibodies were used:
Anti-Flag, M2 (sigma, F1804); Lsh (polyclonal rabbit anti-
Lsh); Oct4 (Stemgent, 09-0023); Nanog (Stemgent, 09-
0020); Sox2 (Abcam, ab75485); SSEA-1 (Stemgent, 09-
0067); Nestin (Abcam, ab11306); Tubb3 (Abcam, ab18207).

qRT-PCR analysis

For qRT-PCR, total RNA was isolated from ES sample
using Qiagen RNeasy Mini kit with DNase treatment and
random-primed reverse transcription was performed by us-
ing the Invitrogen Superscript III kit on 1-wg RNA. The
real-time quantitative PCR was performed by using SYBR
Green dye on Bio-Rad MyiQ2 system. Relative expression
was normalized to internal Gapdh abundance.

ChIP-qPCR assays

ChIP (chromatin immunoprecipitation) assays were car-
ried out as EZ Chip kit (Millipore) described (34). Briefly,
cells were cross-linked with 1% formaldehyde, lysed and
sonicated on ice to generate DNA fragments with an av-
erage length of 200-1000 bp. One percent of each sam-
ple was saved as input fraction. Immunoprecipitation was
performed using specific antibodies against the indicated
proteins or IgG as control. After reversal of cross-linking,
DNA was prepared for qPCR analysis. The following anti-
bodies were used: Lsh (polyclonal rabbit anti-Lsh); Dnmt3b
(Imgenex, IMG-184A); rabbit/Mouse IgG (Millipore). Pre-
cipitated DNA was re-suspended in 50 pl of Nuclease-Free
water (Invitrogen) and analyzed by qPCR using the specific
primers shown in Supplementary Table S1.The normaliza-
tion method for ChIP analysis is percent of input. Each
ChlIPs result represents three samples (mean and SD of n
= 3). For P-value computation, the student #-test was ap-
plied.

Bisulfite conversion assay

About 0.5-pg genomic DNA was subjected to bisulfite
treatment using MethylDetector kit (Active Motif). The

PCR products were separated in agarose gels, purified and
subcloned as described (27). More than 10 clones for each
sample were sequenced to assess the methylation status of
cytosine. The methylation level was presented as CG methy-
lation ratio (fraction of methylated cytosine over total cyto-
sine).

Nucleosome occupancy assay

Nucleosome occupancy assay was performed using NOMe-
Seq kit (Active Motif) as described (35-37). Briefly, cells
were trypsinized and centrifuged for 3 min at 500 x g, then
washed in ice-cold PBS and resuspended in 1-ml ice-cold
nuclei buffer (10-mM Tris [pH 7.4], 10-mM NacCl, 3-mM
MgCl2, 0.1-mM ethylenediaminetetraacetic acid (EDTA)
and 0.5% NP-40, plus protease inhibitors) per 5 x 10° cells
and incubated on ice for 10 min. Nuclei were recovered by
centrifugation at 900 x g for 3 min and washed in nuclei
wash buffer (10-mM Tris [pH 7.4], 10-mM NaCl, 3-mM
MgCl2 and 0.1-mM EDTA containing protease inhibitors).
Freshly prepared nuclei (2 x 10° cells) were sonicated to
generate fragments of more than 1 kb, then treated with 200
U of M.CviPI (NEB) in 15 pl 10x reaction buffer, 45 .l
1-M sucrose and 0.75-wl S-adenosyl methionine (SAM) in
a volume of 150 wl. Reactions were quenched by the ad-
dition of an equal volume of Stop Solution (20-nM Tris-
HCI [pH 7.9], 600-mM NacCl, 1% sodium dodecyl sulphate,
10-mM EDTA, 400-p.g/ml Proteinase K) and incubated at
55°C overnight. The chromatin was subjected to reversal
crosslink, RNAase A and Protein K treatment then pu-
rified by phenol/chloroform extraction and ethanol pre-
cipitation. Bisulfite conversion was performed using the
MethylDetector kit (Active Motif). PCR products were sep-
arated and cloned using the TA Kit (Qiagen), both accord-
ing to the manufacturers’ instructions.

RESULTS

Lsh regulates dynamic DNA methylation patterns at repeat
sequences

In order to study the molecular function of Lsh on chro-
matin, we established an in vitro ES cell-based system. DNA
methylation levels vary during development and are low-
est in the inner cell mass of blastocysts before implantation
(10). Tissue differentiation after implantation is associated
with the establishment of de novo DNA methylation. ES
cells are derived from the inner cell mass and show globally
lower CG methylation level compared to somatic cells (18).
In order to establish a dynamic assay and characterize roles
for Lsh in chromatin remodeling and DNA methylation,
we generated Lsh™/~ (KO) ES cells and Lsh*/* (WT) ES
cells by deriving them from day 3.5 blastocysts. The KO ES
and WT ES cells exhibit characteristic pluripotency mark-
ers such as Oct4, Sox2, SSEA1 and Nanog, they also display
similar growth rates in vitro (Supplementary Figures S1 and
S2). Our previous analysis, using siLsh-treated ES cells and
Lsh~/ tissues, had indicated that Lsh was critical for com-
plete CG methylation at the Oct4 gene and siLsh-treated
ES cells showed a subpopulation with sustained Oct4 ex-
pression (23). However, Lsh™/~ tissues effectively silenced
Oct4 and showed cellular differentiation despite reduced



CG methylation indicating a redundancy of epigenetic si-
lencing pathways in vivo (23). Despite a reduction in CG
methylation at the Oct4 promoter regions (40% in KO ES
cells versus 67% in WT cells, data not shown), KO ES cells
were able to differentiate into the neuroepithelial lineage.
The efficiency of cellular differentiation was comparable
with WT ES cells, as judged by staining for neuronal ep-
ithelial markers Tubb3 and Nestin and examining mRNA
expression of several neural lineage genes (Supplementary
Figure S2). This indicated that cellular differentiation took
place in KO ES cells at a comparable rate despite incomplete
CG methylation.

First, we examined CG methylation level at several re-
peat elements in WT and KO ES cells after ES differentia-
tion using RA treatment (Figure 1A). About 44% of DNA
sequences in the murine genome are derived from repeat
sequences, and comprise minor satellite sequences (present
at centromeric regions), major satellite sequences (present
at pericentromeric regions), endogenous retroviral elements
containing long terminal repeats (LTR) (such as the IAP, in-
tracisternal A particle) and rudiments of retrotransposons
known as LINE (long interspersed) elements (38). Repeat
sequences are frequently hypomethylated in cancer and are
thought to play an important role in genome stability. Us-
ing bisulfite sequencing we observed that after RA induced
differentiation, WT ES cells showed higher CG methyla-
tion compared to KO ES cells at IAP sequences (86% versus
49%), minor satellite sequences (79% versus 28%) and Linel
elements (80% versus 55%) (Figure 1B). This indicates that
the level of CG methylation at repeat sequences is reduced
in the absence of Lsh. Interestingly, RA-induced differen-
tiation was required to gain full DNA methylation com-
petence in ES cells. In particular, minor satellite sequences
and Linel elements increased in WT CG methylation af-
ter differentiation from 59 to 79% and from 26 to 80%,
respectively (Figure 1B and Supplementary Figure S3). In
contrast, CG methylation level did not increase in KO ES
cells after RA induced differentiation at minor satellite se-
quences and the acquisition of methylation was impaired at
Linel elements (Supplementary Figure S3).

To test whether the gain of DNA methylation depends
directly on Lsh, we re-introduced full-length wild-type Lsh
into KO ES. KO ES cells reconstituted with Lsh exhibit
comparable Lsh protein level relative to WT ES cells (Fig-
ure 1C and D). Bisulfite sequencing revealed that Lsh re-
stored CG methylation to wild-type levels at the IAP se-
quences and Linel elements and close to wild-type levels
at minor satellite sequences in RA-treated ES cells (Figure
1B and E). This indicates that the establishment of DNA
methylation patterns at repeat sequences upon cellular dif-
ferentiation depends on the presence of Lsh.

Remarkably, the restoration of CG methylation patterns
upon re-introduction of Lsh in KO ES cells required RA-
stimulated differentiation. Thus, undifferentiated cells dis-
played a similar CG methylation at IAP and minor satellite
sequences with or without Lsh (42% versus 41% and 23%
versus 25%, respectively) (Supplementary Figure S3). Like-
wise, complete CG methylation in WT ES cells was only
achieved after RA induced differentiation (as mentioned
above). It is presently unknown, what ‘component’ of the
DNA methylation pathway is promoted by RA-induced dif-
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ferentiation (as discussed below), since Lsh and Dnmt3a/b
proteins are already highly expressed in undifferentiated ES
cells (23).

In summary, we describe here a dynamic assay of de novo
methylation that depends on the presence of Lsh for com-
plete DNA methylation.

Functional domains of Lsh are required to promote DNA
methylation at repeat sequences

In order to define functional domains of the Lsh protein,
we generated Lsh expression vectors with a point mutation
in the ATP binding site or a deletion of the DEAH box, a
highly conserved motif in all SNF2 family members (Fig-
ure 2A) (8). The ATP binding site is required for putative
chromatin remodeling activity. A Point mutation at the ATP
binding site (converting a conserved lysine at position 237
to an arginine) in SNF2 factors abrogates their ability to hy-
drolyze ATP and therefore the SNF2 factor can no longer
mobilize nucleosomes in vitro and in vivo (5,39,40).

Both mutant Lsh proteins were successfully expressed in
KO ES cells and their protein abundance was similar to the
level of full-length wild-type Lsh in KO ES cells, as demon-
strated by western analysis (Figure 2B). Since wild-type Lsh
rescues CG methylation only in differentiated ES cells, we
performed bisulfite sequencing analysis after RA induced
differentiation to compare the effect of ATP or DEAH mu-
tation on DNA methylation. RA-treated ES cells harbor-
ing the ATP mutant Lsh protein displayed reduced CG
methylation compared to full-length wild-type Lsh with CG
methylation level ~55% versus 86%, ~41% versus 66% and
56% versus 77% at IAP, minor satellite and Linel sequences,
respectively (Figure 2C). Likewise, RA-treated KO cells re-
stored with the DEAH box Lsh mutant protein exhibit re-
duced CG methylation compared to wild-type Lsh protein,
as shown in Figure 2C, and these methylation levels are
similar to those in KO ES (Figure 2D). Thus neither mu-
tant Lsh protein was able to completely restore Lsh func-
tion compared to wild-type Lsh protein (Figure 2D). This
indicates that both domains, the ATP binding site and the
DEAH box, are required to facilitate the establishment of
methylation patterns at those repeat sequences upon ES dif-
ferentiation.

The role of Lsh domains in facilitating Dnmt3b association

Since we had previously observed that the presence of Lsh
in ES cells promotes Dnmt3b association at genomic loci
such as the Oct4 promoter region (23), we performed ChIPs
analysis to determine the association of Lsh and Dnmt3b
proteins with repeat sequences. As shown in Figure 3, Lsh
is associated with repeat loci in undifferentiated cells. This
suggests a local (direct) role of Lsh in the subsequent event
of de novo methylation, as opposed to inducing a factor that
in turn controls DNA methylation. The ATP Lsh mutant
protein does not affect its enrichment at IAP, minor satel-
lite sequences and Linel elements compared to Lsh in un-
differentiated WT ES cells (Figure 3). This indicates that
the ATP binding site is dispensable for Lsh association with
those genomic loci. In contrast, the DEAH box mutant Lsh
protein displayed reduced binding at repeat sequences sug-
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Lsh protein (KO+Lsh). A detailed RA differentiation protocol is shown in Supplementary Figure S2B. The black filled circles represent CG methylation,
while the white open circles indicate no methylation at specific CpG sites. Gaps in the methylation profiles indicate mutated or missing CpG sites. The
percentage of methylated CpGs is shown below each group of clones. Each datum represents one representative experiment of two to four independent
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sequenced clones. SD: standard deviation. *P < 0.05; **P < 0.01.

gesting a critical role for this motif in Lsh binding to chro-
matin targets. However, we cannot exclude the possibility
that the anti-Lsh antibody does not effectively recognize the
mutant Lsh protein in the chromatin context. The limited
sensitivity of our ChIP assay may in part explain that we
observed a small increase in CG methylation (Figure 2D)
despite the low enrichment of the DEAH box mutant pro-
tein above background (Figure 3).

Furthermore, we examined association of Dnmt3b with
repeat sequences comparing undifferentiated WT and KO
ES cells (Figure 4). We observed that binding of Dnmt3b

to TAP, minor satellite sequences and Linel elements loci
is reduced in KO ES cells compared to WT ES cells (Fig-
ure 4). Moreover, Dnmt3b association is restored after re-
expression of full-length wild-type Lsh in KO ES cells, indi-
cating that Dnmt3b occupancy at those repeat sequences
depends on the presence of Lsh. Next, we examined the
ability of mutant Lsh protein to promote association of
Dnmt3b with chromatin targets. We hypothesized that Lsh
may either serve as scaffolding protein and may directly
recruit Dnmts (28) or ATP function may be involved. As
shown in Figure 4, undifferentiated KO ES cells that had



(D)

Nucleic Acids Research, 2015, Vol. 43, No. 3 1449

(A) 100
O 4
ATP  DEAH ge%0 =Wt
2 80 -
-.i i" 270 E KO
Lsh wild type - I I I l- S 0 1 B KO+Lsh
9 o |
K237A — mATP
ATP mutant X —240 ]
< 30 1 ® DEAH
[«3}
DEAH mutant \/ £ 201
(U] 10 -
Q 0

(B) (€)

Anti-Flag ATP

Anti-Actin

DEAH

IAP Minor Linel

Figure 2. The ATP binding site is required for efficient CG methylation at repeat elements. (A) Schematic representation of the seven conserved domains
(green) in full-length wild-type Lsh including the nuclear localization sequence (yellow). The ATP mutant contains a point mutation exchanging the lysine
(K) at amino acid 237 to alanine (A). The deletion of the conserved DEAH box comprises amino acids 325 to 342. (B) Western analysis for detection
of the Lsh ATP binding site mutant protein (ATP) and DEAH deletion protein (DEAH) compared to full-length wild-type Lsh protein (KO+Lsh) in
undifferentiated KO ES cells. (C) Bisulfite sequencing analysis of the IAP elements, minor satellite sequences and Linel elements in RA-treated KO ES
cells re-expressing the ATP mutant protein (ATP) or the DEAH mutant protein (DEAH). The black filled circles represent CG methylation, while the
white open circles indicate no methylation at specific CpG sites. The data represent one representative experiment of two to four independent experiments
(see below). (D) Bar graphs showing relative CG methylation level in RA-treated KO ES cells re-expressing full-length wild-type Lsh (KO+Lsh), ATP
mutant protein (ATP) or DEAH mutant protein (DEAH). For comparison RA-treated WT ES cells and KO ES cells are used. The data summarize four
independent experiments for IAP and Linel elements, with the exception of n = 3 for the DEAH mutant and n = 2 for minor satellites. Data present mean

+ SD. SD: standard deviation. *P < 0.05; **P < 0.01.

been transfected with Lsh mutant proteins showed greatly
impaired Dnmt3b binding compared to the effect of the full-
length wild-type Lsh protein. This indicates critical roles of
the ATP binding site and the DEAH motif of Lsh in re-
cruiting Dnmt3b to repeat elements. Since the DEAH box
mutant protein shows reduced association with repeat se-
quences, it is possible that either presumed chromatin re-
modeling function or a scaffolding function of Lsh is re-
sponsible for changes in Dnmt3b binding. However, the fail-
ure of the ATP mutant protein to restore Dnmt3b associa-
tion implies an important role for ATP function of the Lsh
protein.

Taken together, Lsh is required to promote a gain of
DNA methylation at repeat elements upon ES cell differ-
entiation. The ATP function of Lsh is critical for de novo
methylation at repeat sequences. In addition, The ATP

function plays, in part, a role in promoting association of
Dnmt3b with repeat sequences.

Nucleosome occupancy depends on the ATP function of Lsh

In order to explore the primary function of Lsh and to un-
derstand the molecular mechanism of the ATP binding site,
we examined nucleosome occupancy at repeat elements in
KO and WT using the Nucleosome Occupancy and Methy-
lome (NOMe) sequencing assay. This method is a high-
resolution single molecule assay that provides both nucleo-
some footprint and a DNA methylation profile at the same
time (35-37). Bacterial GpC methyltransferase (M.CviPI)
is used to treat fixed chromatin to artificially methylate
GpC dinucleotides that are not protected by nucleosomes
or other proteins bound to the DNA. Although the bac-
terial enzyme does not successfully methylate all available
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Figure 3. Association of mutant Lsh protein with repeat sequences. ChIPs
analysis followed by real-time PCR analysis to assess Lsh enrichment at
IAP sequences (A), minor satellite sequences (B) and Linel elements (C) in
undifferentiated ES cells of wild-type origin (WT), KO ES cells (KO) and
KO ES cells re-expressing full-length wild-type Lsh (KO+Lsh), the ATP
mutant (ATP) or the DEAH domain deletion (DEAH). The immunopre-
cipitation signal in KO ES cells is not significantly elevated (N.S.) above the
1gG control. ChIPs results represent the mean £ SD of three independent
experiments. SD: standard deviation. *P < 0.05; **P < 0.01.

GpC sites, possibly due to experimental limitations, the ef-
fective methylation of GpC sites provides evidence of ac-
cessibility of the M.CviPI enzyme to these regions that pre-
clude nucleosome occupancy. Treated DNA is subjected to
bisulfite conversion and gene-specific loci are sequenced. By
combining the sequencing information for the GpC sites
(artificially introduced) with the methylation at CpG sites
(in vivo methylation patterns), a profile of nucleosome occu-
pancy (>146 bp) and DNA methylation for a specific gene
locus can be determined. Recent genome wide analysis has
validated this technique and revealed access of M.CviPI to
linker DNA at well-positioned nucleosomes flanking CTCF
binding sites and confirmed nucleosome-depleted regions
upstream of transcriptional start sites (36).

First, we applied the NOMe assay to evaluate nucleo-
some occupancy in undifferentiated WT and KO ES cells
at AP sequences and Linel elements, since minor satellites
sequences do not contain sufficient numbers of GpC sites
to perform this assay. Undifferentiated WT and KO ES cells
displayed high nucleosome occupancy (Supplementary Fig-
ure S4). Since undifferentiated KO ES cell displayed lower
CG methylation compared to WT ES cell at IAP sequences,

IAP = Dnmt 3b
(A) 12 w1gG
5 1
(R
c 08
BQ 0.6
0.4
0.2
s
° s
KO KO+Lsh  ATP DEAH
4 Minor = Dnmt 3b
(B) —— 1 ks
‘g
0.8
=)
3 ose
Q
c
T 0.4
S
0.2
i.,r T
o L 5=
KO WT KO+Lsh ATP DEAH
0.6 5
Line-1 m Dnmt 3b
(C) 0.5 1gG

0.4

0.2
0.1
o e B

KO+Lsh  ATP DEAH

% Input

Figure 4. Association of Dnmt3b with repeat sequences in KO ES cells
restored with mutant Lsh protein. ChIPs analysis followed by real-time
PCR analysis to assess Dnmt3b enrichment at IAP sequences (A), minor
satellite sequences (B) and Linel elements (C) in undifferentiated ES cells
of wild-type origin (WT), KO ES cells (KO) and KO ES cells re-expressing
full-length wild-type Lsh (KO+Lsh), the ATP mutant (ATP) or the DEAH
domain deletion (DEAH). ChIPs using IgG served as the controls. ChIPs
results represent the mean £+ SD of three independent experiments. SD:
standard deviation. *P < 0.05; **P < 0.01.

it suggests that complete CG methylation is not a prerequi-
site for high nucleosome occupancy. Upon RA treatment,
we observed reduced nucleosome occupancy in KO ES cells
compared to WT ES at IAP sequences (59% versus 98%)
and Linel elements (59% versus 85%) (Figure 5). These re-
sults indicate that nucleosome occupancy is dependent on
Lsh at the examined repeat sequences in differentiated ES
cells.

In order to demonstrate that nucleosome occupancy is in-
duced by Lsh, we performed the NOMe assay in differenti-
ated KO ES cells that had been transfected with a full-length
wild-type Lsh expression vector. We found that wild-type
Lsh was able to restore nucleosome occupancy (from 59 to
87%) at IAP sequences and (from 59 to 79%) at Linel se-
quences indicating that nucleosome distribution is dynamic
and depends directly on the presence of the Lsh protein
(Figure 5A and B). Next, we examined the role of ATP bind-
ing site and the DEAH motif of Lsh. The ATP binding site
is critical for ATP hydrolysis and both domains are impor-
tant for chromatin remodeling function of SNF2 proteins.
While wild-type Lsh restored nucleosome occupancy effec-
tively in RA-treated KO ES cells, the ATP mutant failed to
restore nucleosome occupancy to wild-type levels at IAP
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Figure 5. Nucleosome occupancy assay at repeat sequences in KO ES cells restored with mutant Lsh protein. NOMe assay of IAP 5’LTR (A) and Linel
S'region (B) in RA-treated ES cells of wild-type origin (WT), KO ES cells (KO) and KO ES cells re-expressing full-length wild-type Lsh (KO+Lsh),
the ATP mutant (ATP) or the DEAH domain deletion (DEAH). The GpC methylation profile is shown on the left-hand and represents GpC sites that
are not methylated (white circle) or methylated (green-filled circles) indicating the accessibility of those GpC sites to GpC methyltransferase. The areas
of inaccessibility, large enough to accommodate a nucleosome (>147 bp), are identified as described (35-37) and are covered by pink color. The CpG
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CpG methylation. The data represent one out of n = 3 (WT, KO, KO+Lsh, ATP) or » = 2 (DEAH) independent experiments.

(66% versus 87%) and Linel sequences (65% versus 79%)
(Figures 5 and 6). Likewise, the DEAH mutant showed only
restoration to 64% (IAP and Linel) far below the nucle-
osome occupancy obtained with wild-type Lsh (Figures 5
and 6).

These results suggest that nucleosome occupancy at re-
peat sequences requires a functional ATP site and DEAH
domain of the Lsh protein.

Altogether, CG methylation and association of Dnmt3b
depend on ATP function of Lsh at repeat sequences in dif-
ferentiated ES cells. Moreover, ATP function of Lsh is re-
quired for altering nucleosome occupancy at repeat ele-
ments upon ES differentiation.

DISCUSSION

Here, we report that the ATP binding site of the Lsh pro-
tein is critical to promote DNA methylation at repeat se-

quences using a dynamic methylation assay in ES cells. We
also demonstrate that Lsh is localized at repeat sequences
and Lsh influences nucleosome density at those genomic
loci which suggests a direct (local) effect of Lsh. We show
that Lsh alters nucleosome density in an ATP-dependent
manner implying that Lsh plays a chromatin remodeling
role at repeat elements. Our data suggest that nucleosome
remodeling is the primary molecular function of Lsh which
may in turn influence cytosine methylation at repeat ele-
ments.

Lsh and heterochromatin

Lsh has been thought as guardian of heterochromatin (41).
Heterochromatin is a compact chromatin structure which
tends to be located at the nuclear periphery and impedes the
association of the transcriptional machinery with DNA se-
quences (42). Lsh localizes to major satellite sequences that
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are embedded in constitutive pericentric heterochromatin
and to minor satellite sequences present at centromeric
chromatin, and depletion of Lsh leads to transcriptional
re-activation of satellite sequences (43). Furthermore, Lsh
controls genome wide DNA methylation and silencing of
multiple types of repeat sequences, including retroviral-like
sequences (16,18). Lsh deficient cells display reduced DNA
methylation in a nuclear compartment, which overlaps with
lamin B1 attachment regions that comprise repressed chro-
matin (18). Consistent with the notion that Lsh is associated
with repressed chromatin, we report here that Lsh main-
tained nucleosome density at repeat sequences. The length
of internucleosome linker DNA and the regularity of the in-
ternucleosome space are thought to influence higher-order
folding of nucleosomes and ultimately the compaction of
chromatin. Thus Lsh may not only contribute to hete-
rochromatin formation by regulating DNA methylation,
but also by modulating nucleosome occupancy.

Several SNF2 factors have been reported to promote het-
erochromatin formation. In vitro, SNF2 homologs are the
ATP-driven motors of chromatin that can translocate along
DNA and disrupt protein—-DNA interactions (1,3). Thus,
chromatin remodeling proteins can alter nucleosome posi-
tions, compositions and structure. The function in vivo is
less well understood. Two well-characterized chromatin re-
modeling complexes have been noted to have opposing ef-
fects on chromatin structure (44). The SNF/SWI-like com-
plexes can grant or facilitate access of DNA binding fac-
tors to specific DNA sequences playing a role in transcrip-
tional regulation. In contrast, ACF-like complexes may pro-
mote higher-order chromatin folding and play a role in het-
erochromatin formation (44). For example, ACF/CHRAC
(45) promotes the assembly of nucleosome arrays in vitro.
In vivo, it is critical for the periodic spacing of nucleosomes
and the formation of repressed chromatin (46,47). Muta-
tion of Acf1 (a component of the ACF complex) leads to re-

duced silencing of sequences embedded in pericentromeric
heterochromatin and of polycomb target genes (37,46,48).
The SHREC complex contains a chromatin remodeling en-
zyme subunit called Mitl which promotes heterochromatin
formation. Mitl function leads to regularly spaced nucleo-
some arrays, chromatin compaction and transcriptional si-
lencing (40). Thus the removal of nucleosome free regions
is a common feature of silencing factors that are involved in
heterochromatin formation (49). Likewise, we observed that
Lsh induced higher nucleosome occupancy and reduced the
appearance of nucleosome free regions.

DNA methylation and Lsh function

DNA methylation defects are a prominent epigenetic fea-
ture in Lsh mutant cells (16,18,25,29). Using a dynamic
methylation assay, we demonstrate that establishment of
complete CG methylation patterns upon cellular differen-
tiation requires Lsh and its ATP function. ChIPs analysis
demonstrated Lsh association at repeat sequences in undif-
ferentiated ES cells (Figure 3). The presence of Lsh at ge-
nomic sites that undergo de novo methylation suggests a di-
rect (local) involvement of Lsh, as opposed to inducing a
factor that in turn promotes DNA methylation.

There are several possibilities to explain how Lsh may
promote DNA methylation. A higher nucleosome density
may increase the local Dnmt concentration since Dnmts
are anchored in vivo by nucleosomes and this allows a
closer proximity to target sequences (50-52). Dnmts asso-
ciate with unmodified H3 tails and can perform de novo
methylation on nucleosome substrates, as has been shown
in vitro (53,54). Some SNF2 factors can enhance Dnmts
affinity to mononucleosomes (54) and SNF2 factors can im-
prove methylation of nucleosome DNA in vitro (31). Mitl,
an SNF?2 factor that reduces nucleosome free regions and
increases nucleosome occupancy induces partial unwrap-
ping of nucleosome which may facilitate access of Dnmts to
DNA sequences that enter or exit the nucleosome (39). In
addition to its chromatin remodeling activity, Lsh may act
as a scaffolding protein and directly facilitate the recruit-
ment of Dnmts (28). Finally, Lsh may influence the orga-
nization of chromatin into nuclear compartments (18) and
may direct the position of Lsh bound repeat sequences to
Dnmt-rich regions.

Consistent with the hypothesis that increased Dnmts as-
sociation may promote cytosine methylation, we detected
enhanced Dnmt3b association in the presence of Lsh and
reduced recruitment in Lsh deficient cells. However, we do
not have direct evidence that DNA methylation of repeat
sequences depends on Dnmt3b. A recent publication shows
DNA hypomethylation at satellites and IAP sequences in
Dnmt3b~/~ cells, albeit less severe compared to Lsh™/~ cells
(16). However, the redundancy of DNA methylation path-
ways may obscure the role of a single Dnmt, for example,
Dnmt3a may, in part, compensate for the loss of Dnmt3b.

The relationship between DNA methylation and nucleosomes

The link between DNA methylation and chromatin com-
paction is in part influenced at the nucleosome level. DNA
methylation patterns can be instructional in positioning



nucleosomes (55,56). Using methylated and unmethylated
substrates for nucleosome reconstitution, a subset of nucle-
osomes was found sensitive to cytosine methylation (55).
Methylated CGs positioned at the minor groove, increase
the affinity of DNA to histones, thus favoring specific nucle-
osome positions. In another study, purified genomic DNA
(containing native DNA methylation pattern) was assem-
bled into nucleosome arrays, and the same preferential po-
sitioning as in vivo was detected in vitro (57). These results
support the notion that DNA methylation influences nu-
cleosome pattering. Furthermore, the rigidity of DNA im-
posed by CG methylation may disfavor the bending on the
nucleosome surface. This can lead to detachment of DNA
from the histone core and may destabilize nucleosomes
(38,58-60). Nucleosome instability may include reposition-
ing of nucleosomes or rotation of DNA around the histone
core. Computational studies suggest lower variability in nu-
cleosome positions for methylated DNA compared to un-
methylated DNA (61). The binding of some transcription
factors can be directly modulated by DNA methylation (62)
and the binding of DNA binding factors may impose repo-
sitioning of nucleosomes or create nucleosome-depleted re-
gions (63-65).

On the other hand, several studies suggested that nucle-
osome occupancy influences DNA methylation patterning
in vivo and in vitro (31,51,66-68). The fact that the bona
fide chromatin remodeling factor DDM1 regulates DNA
methylation patterning in Arabidopsis thaliana supports
this notion. We demonstrate here that the ATP function of
Lsh is critical for nucleosome density and for complete cy-
tosine methylation at specific loci. This implies that chro-
matin remodeling mediated by Lsh is critical for the estab-
lishment of DNA methylation patterns. The bilateral rela-
tionship between nucleosomes and DNA methylation indi-
cates that chromatin structure depends on a complex of epi-
genetic modifiers, and all components of this intricate net-
work are critical for cellular differentiation.

DNA methylation is established during cellular differen-
tiation, is unique for each tissue type and represents part of
the epigenetic memory. Identifying auxiliary proteins that
facilitate DNA methylation, that participate in gene silenc-
ing pathways and modify chromatin structure, contributes
to our understanding how epigenetic information is created
and maintained to grant a stable cellular phenotype and
normal embryogenesis.
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