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SUMMARY

DNAmethylationat imprintingcontrol regions (ICRs) is
established in gametes in a sex-specific manner and
has to be stably maintained during development and
in somatic cells to ensure the correct monoallelic
expression of imprinted genes. In addition to DNA
methylation, the ICRs are marked by allele-specific
histone modifications. Whether these marks are
essential for maintenance of genomic imprinting is
largely unclear. Here, we show that the histone H3
lysine 9methylases G9a andGLP are required for sta-
ble maintenance of imprinted DNAmethylation in em-
bryonic stem cells; however, their catalytic activity
and the G9a/GLP-dependent H3K9me2 mark are
completely dispensable for imprinting maintenance
despite the genome-wide loss of non-imprinted DNA
methylation in H3K9me2-depleted cells. We provide
additional evidence that the G9a/GLP complex pro-
tects imprinted DNA methylation by recruitment of
de novo DNA methyltransferases, which antagonize
TET dioxygenass-dependent erosion of DNA methyl-
ation at ICRs.

INTRODUCTION

Genomic imprinting is an epigenetic phenomenon, which en-

sures that certain genes are monoallelically expressed accord-

ing to their parent of origin (Barlow and Bartolomei, 2014; Fergu-

son-Smith, 2011). In placental mammals, the imprinted genes

regulate embryonic growth, brain functions, and energy homeo-

stasis and tend to cluster at distinct chromosomal loci. The

expression of imprinted genes is regulated in cis by imprinting

control regions (ICRs), DNA sequences that acquire differential

parent-specific DNA methylation during the maturation of male

and female germ cells (Ferguson-Smith, 2011). Once estab-

lished, the allele-specific DNA methylation at ICRs is stably
This is an open access article under the CC BY-N
maintained in the offspring through embryonic development

and in somatic tissues. Loss of DNAmethylation from ICRs leads

to biallelic expression of imprinted genes and several human dis-

orders associate with loss of imprinting and/or unbalanced

expression of specific imprinted loci (Ferguson-Smith, 2011;

Peters, 2014).

In mammals, the genome of the early zygote undergoes

erasure of gamete-specific DNA methylation patterns in prepa-

ration for pluripotency and differentiation (Smith and Meissner,

2013). However, some sequences, among them the ICRs,

escape the global reprogramming of DNA methylation (Smith

et al., 2012; Wang et al., 2014) suggesting the existence of fac-

tors that protect these loci from erosion of DNA methylation.

Recent studies identified several proteins that are required for

stable maintenance of imprinted DNA methylation in the embryo

and embryonic stem cells (ESCs). These include all DNA methyl-

transferases (DNMT1, DNMT3A, DNMT3B); the DNA and chro-

matin binding protein PGC7/STELLA; the Kruppel-associated

box-containing zinc finger protein ZFP57 and its interacting part-

ner KAP1/TRIM28 (Chen et al., 2003; Hirasawa et al., 2008; Li

et al., 2008; Messerschmidt et al., 2012; Nakamura et al.,

2007). The mechanism by which ZFP57 protects ICRs from

loss of DNA methylation is attributed to sequence-specific bind-

ing of ZFP57 zinc fingers to methylated TGCCGC motif, present

at most murine and some of the human ICRs, and recruitment of

KAP1 together with histone H3 lysine 9 methylase SETDB1 and

DNMTs. This complex promotes allelic maintenance of hetero-

chromatin and DNA methylation at imprinted and some non-im-

printed loci (Liu et al., 2012; Quenneville et al., 2011).

In addition to ZFP57, the histone H3 lysine 9 methylase G9a

(EHMT2) and DNA/chromatin binding protein PGC7/STELLA

are also implicated in maintenance of imprinted DNA methy-

lation and protection of the maternal genome from TET dioxyge-

nases-dependent DNA demethylation in early development

(Nakamura et al., 2012). The maternal pronucleus in the zygote

and the paternally methylated ICRs carry G9a-dependent H3

lysine 9 dimethylation (H3K9me2). This modification attracts

PGC7/STELLA, which inhibits the action of TET enzymes at

H3K9me2-marked heterochromatin. Such a model is consistent
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with the observed loss of DNA methylation from the maternal

pronucleus and loss of imprinting in PGC7-null embryos (Naka-

mura et al., 2007). Whether maternally contributed G9a is

required for maintenance of imprinted and non-imprinted DNA

methylation in early embryos is yet to be determined.

G9a and the G9a-like protein GLP (EHMT1) form a G9a/GLP

heterodimer in ESCs and function cooperatively to establish

and maintain the abundant repressive H3K9me2 modification,

in addition to modifying several non-histone proteins (Shinkai

and Tachibana, 2011). The G9a-dependent H3K9me2 is impli-

cated in lineage-specific gene silencing and covers large chro-

mosomal domains associated with the nuclear lamina (Chen

et al., 2012; Kind et al., 2013; Lienert et al., 2011). Disruption of

either G9a or Glp genes in mice results in widespread loss of

H3K9me2, growth retardation, and lethality of homozygous null

embryos at E9.5–E10 (Tachibana et al., 2002; Tachibana et al.,

2005). Importantly, the stability of G9a and GLP, particularly in

embryonic stem cells (ESCs) and early embryos, is critically

dependent on each other’s protein levels, providing an explana-

tion for similarity of null phenotypes (Tachibana et al., 2005). Both

G9a and GLP interact with DNMTs (Epsztejn-Litman et al., 2008;

Estève et al., 2006), and loss of DNA methylation from repetitive

sequences, specific non-imprinted loci, and from the maternally

methylated Snrpn ICR was reported for G9a�/� ESCs (Dong

et al., 2008; Tachibana et al., 2008; Xin et al., 2003). Interestingly,

expression of catalytically inactive G9a can partially restore DNA

methylation, but not H3K9me2, in G9a�/� ESCs (Dong et al.,

2008; Tachibana et al., 2008) indicating that H3K9me2 is in

part dispensable for G9a-dependent DNA methylation. Whether

G9a, GLP, andH3K9me2 are required for DNAmethylation at im-

printed loci other than Snrpn has not been determined.

Here, we report that pluripotent stem cells null for either G9a or

GLP display a widespread loss of imprinted DNA methylation,

which can be reproduced by a small hairpin RNA (shRNA) knock-

down of G9a in wild-type ESCs. Although the G9a-dependent

H3K9me2 preferentially marks chromatin at methylated ICRs,

we demonstrate that H3K9me2 is not essential for stable main-

tenance of imprinted DNA methylation in ESCs. Furthermore,

we show that the G9a/GLP complex maintains imprinting by

recruitment of de novo DNA methyltransferases, which antago-

nize the TET-enzyme-dependent DNA demethylation pathways.

RESULTS

The G9a�/� ESCs Display Widespread Loss of Imprinted
DNA Methylation
The G9a�/� ESCs were reported to display global and locus-

specific DNA hypomethylation (Dong et al., 2008; Estève et al.,

2006; Myant et al., 2011). To examine whether the lack of G9a af-

fects DNA methylation at promoters of protein coding genes, we

previously employed methyl-CpG binding domain (MBD) affinity

purification of methylated DNA (MAP) coupled with hybridization

to promoter microarrays (Myant et al., 2011). These analyses

identified 170 gene promoters that display reduced DNAmethyl-

ation in G9a�/� ESCs when compared to the parental wild-type

ESCs (Figure 1A). Surprisingly, among the hypomethylated loci

we identified eight promoters of maternally methylated imprinted

genes, all of which represent germline ICRs (Figure 1B). To inves-
78 Cell Reports 15, 77–85, April 5, 2016
tigate further whether G9a deficiency affects all ICRs, including

paternally methylated ICRs, we performed methylated DNA

immunoprecipitation (MeDIP) on DNA from wild-type and

G9a�/� ESCs followed by qPCR. In all cases, we detected loss

of DNA methylation from all of the examined ICRs (14 in total),

while DNA methylation at control promoters, such as Ankrd50,

was only mildly affected (Figure 1C; Table S1). Bisulfite DNA

sequencing of five ICRs, including the maternally methylated

Igf2r DMR2, Mest, Snrpn, Kv DMR, and the paternally methyl-

ated intergenicH19-Igf2 ICR, as well as the control Ankrd50 pro-

moter was in agreement with the MeDIP data and detected

normal imprinted DNA methylation in wild-type ESCs and nearly

complete lack of DNA methylation at ICRs in G9a�/� cells (Fig-

ures 1D andS1A).We observed a similar loss of DNAmethylation

in Glp�/� ESCs (Figure S1B) indicating that both proteins, G9a

and its interacting partner GLP, are required for normal patterns

of imprinted DNAmethylation at maternally and paternally meth-

ylated ICRs. Finally, the expression of wild-typeG9a transgene in

G9a�/� ESCs did not restore DNA methylation at ICRs (Fig-

ure S1C). Taken together, these data reveal a widespread loss

of imprinting in G9a- and GLP-null ESCs.

Knockdown of G9a in ESCs Reduces DNAMethylation at
ICRs
Given that theG9a�/� ESCs were generated by gene conversion

from G9a+/� ESCs (Tachibana et al., 2002) and that several re-

ports have suggested that imprinting may become unstable

upon long-term passaging of ESCs in culture (reviewed in Green-

berg and Bourc’his, 2015), we askedwhether the removal of G9a

fromwild-type ESCs would reproduce the loss of imprinted DNA

methylation observed in the G9a�/� ESCs. To investigate this,

we stably knocked down G9a by small hairpin RNA (shG9a) in

two wild-type ESC lines with different genetic background (TT2

and early passage E14) and generated clonal cell lines derived

from single cells (Figures 2A and S2A). We also generated cells

stably expressing a control shRNA (shCtr) that does not target

any known murine RNA (Figure 2A). qRT-PCR and western blots

detected a 70%–80% reduction of G9a mRNA and protein in

cell lines with stably integrated shG9a plasmid (Figures 2A,

S2A, and S2B). The G9a-dependent H3K9me2 was also signifi-

cantly reduced in shG9a ESCs compared to controls while

H3K9me1 and H3K9me3 remained largely unchanged (Figures

2A and S2B). Analyses of DNA methylation by bisulfite DNA

sequencing and 5mC MeDIP detected significant loss of im-

printed DNA methylation at all investigated ICRs in shG9a, but

not in the shCtr ESCs (Figures 2B, 2C, and S2C; Table S1). These

experiments demonstrate that both the knockout and the knock-

down of G9a impair the stable maintenance of imprinted DNA

methylation in ESCs.

The Catalytic Activity of G9a and H3K9me2 Are
Dispensable for Maintenance of Imprinted DNA
Methylation
Potentially, either the G9a/GLP complex or its enzymatic meth-

ylase activity toward histone and non-histone substrates could

be essential for stable maintenance of imprinted DNA methyl-

ation. About 90% of H3K9me2 in ESCs is dependent on G9a

(see Figure 2A), and this heterochromatic modification may
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Figure 1. DNA Methylation Is Absent from

ICRs in G9a�/� ESCs

(A) A log2 plot of the average DNA methylation at

promoters of RefSeq genes in wild-type (WT) and

G9a�/� ESCs. Red and blue indicate promoters

with R1.5-fold loss or gain of DNA methylation,

respectively.

(B) Heatmap of DNA methylation at maternally

methylated promoter-associated ICRs and control

regions (Ankrd50 and Dpep3) in wild-type and

G9a�/� ESCs. Three biological replicate experi-

ments are shown for each cell line as well as

the average DNA methylation from the three

experiments.

(C) 5mC MeDIP followed by qPCR detects loss of

imprinted DNA methylation from maternally and

paternally methylated ICRs in G9a�/� ESCs. Error

bars represent SD, n = 3. See also Table S1.

(D) Bisulfite DNA sequencing of Igf2r and Igf2-H19

ICRs in wild-type and G9a�/� ESCs. The black

circles indicate methylated CpGs.

See also Figure S1.
either directly or indirectly protect and stabilize DNAmethylation

at ICRs. The TET family dioxygenases (TET1 and TET2) are highly

expressed in ESCs and have the ability to oxidizemethylcytosine

(5mC) to hydroxymethylcytosine (5hmC), which can serve as an

intermediate toward unmethylated cytosine via active and pas-

sive demethylation pathways (Ito et al., 2010; Piccolo and Fisher,

2014). Thus, the G9a-dependent heterochromatin at methylated

ICRs could potentially render these loci resistant to TET-depen-

dent oxidation and further loss of 5mC. Alternatively, G9a/GLP

could protect DNAmethylation at ICR via an H3K9me2-indepen-

dent mechanism.

To address this, we first asked whether the G9a-dependent

H3K9me2 was present specifically at methylated ICRs. Chro-

matin immunoprecipitation (ChIP) with anti-H3K9me2 antibodies

from wild-type ESCs followed by bisulfite DNA sequencing re-

vealed that, unlike in the input DNA, predominantly the methyl-

ated ICRs were present in the H3K9me2 antibody-precipitated

chromatin (Figures 3A and 3B). Thus, H3K9me2 specifically

marks the methylated copies of ICRs. To investigate further
whether the G9a/GLP complex is respon-

sible for H3K9me2 at methylated ICRs

and whether or not H3K9me2 is required

for maintenance of imprinted DNA

methylation, we treated the wild-type

ESCs with UNC 0638, a potent small

molecule inhibitor of G9a and GLP cata-

lytic activity (Vedadi et al., 2011).

Although the treatment of ESCs with

UNC 0638 led to a dramatic reduction of

total and locus-specific H3K9me2 (Fig-

ures 3C and 3D), which was also accom-

panied by a global loss of 5mC (Fig-

ure S3A), the imprinted DNA methylation

remained stable in UNC 0638-treated

cells (Figures 3E and 3F; Table S1). Inter-

estingly, the G9a complex as well as
DNMT3A and DNMT3B remained stably associated with chro-

matin in cells treated with UNC 0638 (Figure S3B). From these

experiments, we conclude that neither H3K9me2 nor the cata-

lytic activity of G9a and GLP toward non-histone proteins is

essential formaintenance of imprinted DNAmethylation in ESCs.

Recruitment of DNMTs via the ANK Domain of G9a Is
Essential forMaintenanceof ImprintedDNAMethylation
The experiments described above demonstrate that the G9a/

GLP complex, but not its enzymatic activity, is required for

maintenance of DNA methylation at ICRs. G9a was reported

to interact directly, via its ankyrin repeat domain (ANK), with

DNMT3A and DNMT3B and also indirectly, via GLP, with

DNMT3A (Chang et al., 2011; Epsztejn-Litman et al., 2008).

The N terminus of G9a was also shown to bind DNMT1 (Estève

et al., 2006). To verify independently the association of G9a

with DNMTs, we purified the G9a complex from ESCs and

identified co-purifying proteins by mass spectrometry. These

analyses revealed that DNMT3A, DNMT3B, DNMT3L, but not
Cell Reports 15, 77–85, April 5, 2016 79
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Figure 2. Knockdown of G9a in ESCs Leads

to Loss of Imprinted DNA Methylation

(A) Knockdown of G9a by small hairpin RNA

(shG9a) reduces G9a, GLP, and H3K9me2 levels.

shCrt is a non-silencing control shRNA.

(B) Bisulfite DNA sequencing of Igf2r and Igf2-H19

ICRs in shCtr and shG9a cell lines.

(C) 5mC MeDIP followed by qPCR detects a

decrease of DNA methylation at ICRs in shG9a

ESCs.

Error bars represent SD, n = 3, ***p < 1e-3 (Mann-

Whitney-Wilcoxon test).

See also Figure S2 and Table S1.
DNMT1, associate with the G9a complex in ESCs (Figures S3C

and S3D). In addition to these interactions, an aromatic cage

formed by a loop region between the fourth and the fifth ankyrin

repeat within the ANK domain of G9a and GLP enables these

enzymes to bind with micromolar affinity to H3K9me1 and

H3K9me2 (Collins et al., 2008). Given these complex interac-

tions, we hypothesized that the G9a/GLP complex could main-

tain the imprinted DNA methylation by promoting continuous

recruitment of DNMTs to ICRs upon binding to the modified tails

of histone H3.

To test this hypothesis, we generated ESC lines stably ex-

pressing shRNA-resistant either wild-type G9a (shR-WT) or

mutant forms of G9a, which were either unable to bind

H3K9me1/me2 (shR-ANKm) or lacked the entire ANK domain

(shR-ANKD), respectively (Figure 4A). We then stably knocked

down the endogenous G9a in these cell lines (Figure S4A) and

examined H3K9me globally and DNA methylation at ICRs. All

three cell lines (shR-WT, shR-ANKm, and sh-R-ANKD) displayed

normal levels of H3K9me1, me2, and me3, which were indistin-

guishable from wild-type ESCs (Figure 4B). This indicates that

the G9a ANK domain mutations and deletion do not impair sig-

nificantly the binding of the G9a/GLP complex to chromatin,

as binding could occur via the intact ANK domain of GLP. How-

ever, DNA methylation at ICRs was reduced in shR-ANKD, but
80 Cell Reports 15, 77–85, April 5, 2016
not in shR-ANKm-expressing cells, as

detected by MeDIP and bisulfite DNA

sequencing (Figures 4C and 4D; Table

S1). Consistent with the reported role of

the ANK domain in binding DNMTs, we

found that less DNMT3A and DNMT3B

co-immunoprecipitated with shR-ANKD

than with shR-ANKm G9a (Figures S4B

and S4C). This could be observed more

clearly in stable cell lines in which we re-

placed the endogenous G9a with mutant

forms, either dm-shR-ANKm or dm-shR-

ANKD, carrying additional point muta-

tions (dm) that disrupted the dimerization

of G9a with GLP (Figures 4A, 4B, and 4E).

While GLP and dm-shR-ANKm still inter-

acted with DNMTs, the dm-shR-ANKD

G9a was unable to do so (Figure 4E).

Since the formation of heterodimers sta-

bilizes the G9a/GLP complex, G9a and GLP were unstable in

cells expressing dimerization-deficient forms of G9a (Figure 4B),

and both cell lines displayed loss of DNA methylation from ICRs

(Figure S4D; Table S1). Collectively, these experiments demon-

strate that the recruitment of DNMTs via the ANK domain of G9a

and the formation of heterodimers between G9a and GLP are

essential for stable maintenance of imprinted DNA methylation

in ESCs.

The Imprinted DNA Methylation Is Stable upon G9a
Knockdown in TET-Deficient Cells
Two TET family enzymes, TET1 and TET2, are highly expressed

in ESCs (Dawlaty et al., 2014) andmay contribute to DNAmethyl-

ation dynamics and heterogeneity, which are characteristic of

ESCs grown in serum-containing medium (Shipony et al.,

2014; Smallwood et al., 2014). Therefore, we hypothesized that

the continuous recruitment of DNMTs to methylated ICRs by

the G9a/GLP complex could counterbalance the action of TET

enzymes and stabilize the imprinted DNA methylation in ESCs.

If this were the case, then G9a/GLP would be dispensable for

maintenance of imprinted DNA methylation in ESCs lacking

TET enzymes.

To test this, we stably knocked downG9a in Tet1/Tet2 double-

knockout (DKO) ESCs (Dawlaty et al., 2014) (Figure 5A) and
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Figure 3. H3K9me2 Marks Preferentially

Methylated ICRs but Is Dispensable for

Maintenance of Imprinted DNA Methylation

in ESCs

(A) Schematic of ChIP followed by bisulfite DNA

sequencing.

(B) Bisulfite DNA sequencing of ICRs in input DNA

and DNA purified from chromatin immunoprecipi-

tated with anti-H3K9me2 antibody. p values were

determined by chi-square test.

(C) Treatment of cells with G9a/GLP inhibitor UNC

0638 leads to loss of H3K9me2, but does not affect

the protein levels of G9a and GLP.

(D) ChIP detects loss of H3K9me2 from ICRs in

wild-type ESCs treated with UNC 0638. Wfdc15 is

a control non-imprinted methylated promoter

marked by G9a-dependent H3K9me2 (Tachibana

et al., 2008). Error bars represent SD, n = 3.

(E) MeDIP analyses of ICRs in cells treated for

10 days with UNC 0638. Error bars represent SD,

n = 3.

(F) Bisulfite DNA sequencing of Igf2r ICR in cells

treated with UNC 0638 for 12 and 28 days.

See also Figure S3 and Table S1.
examined DNA methylation at ICRs by MeDIP and bisulfite DNA

sequencing. The knockdown of G9a in Tet1/Tet2 DKO cells and

the decrease of G9a/GLP-dependent H3K9me2 were compara-

ble between the Tet1/Tet2 DKO and the control wild-type ESCs

(Figures 5A and 5B; Table S1). However, unlike the shG9a ESCs

expressing normal levels of TET enzymes (Figures 2B, 2C, and

S2), DNA methylation at ICRs remained stable in Tet1/Tet2

DKO shG9a cells and displayed patterns that were undistin-

guishable from the Tet1/Tet2 DKO shCtr cells (Figures 5C and

5D). Moreover, the Tet1/Tet2 DKO ESCs were also resistant

to the UNC 0638-induced global loss of DNA methylation in

comparison with their wild-type counterparts (Figure S5A).

Together, these experiments demonstrate that the imprinted

DNA methylation can be stably maintained in G9a-deficient

ESCs if TET1 and TET2 enzymes are also absent. This suggests
that the G9a/GLP-dependent recruitment

of DNMTs to methylated ICRs stabilizes

imprinting by antagonizing the activity of

TET enzymes and TET-dependent 5mC

demethylation pathways.

DISCUSSION

Stable maintenance of imprinted DNA

methylation is important for ensuring that

the allelic patterns established in gametes

are preserved through the global reprog-

ramming of 5mC in early development

and in embryonic stem cells, which are

characterized by a dynamic heterogeneity

of DNA methylation (Shipony et al., 2014;

Smallwood et al., 2014). Remarkably, the

proteins implicated so far in maintenance

of imprinted DNA methylation, such as
ZFP57 and PGC7/STELLA, require the presence of pre-existing

marks—either DNA or H3K9 methylation (Nakamura et al., 2012;

Quenneville et al., 2011). Thus, the binding of ZFP57 to methyl-

ated DNA and recruitment of DNMTs via ZFP57-interacting pro-

teins function as a self-reinforcing mechanism that ensures high

local concentration of DNMTs and heterochromatin at methyl-

ated ICRs. On a more global scale, binding of PGC7/STELLA

to G9a-dependent H3K9me2 was shown to protect the maternal

genome as well as paternally methylated ICRs from TET-depen-

dent 5mC hydroxylation and further conversion of 5hmC to un-

methylated cytosine (Nakamura et al., 2012). Our data in part

support these findings. The inhibition of G9a/GLP catalytic activ-

ity and the widespread depletion of H3K9me2 in UNC 0638-

treated ESCs led to an �30% reduction of 5mC and a mild

increase in 5hmC (Figure S5B). The loss of 5mC was largely
Cell Reports 15, 77–85, April 5, 2016 81



A B

C

D E

Figure 4. The ANK Domain of G9a and the

Dimerization between G9a and GLP Are

Required for Maintenance of Imprinted

DNA Methylation

(A) Schematic of shRNA-resistant (shR) wild-type

and mutant forms of G9a. Silent mutations in

shRNA targeted site (green) and point mutations

disrupting either binding to H3K9me1/me2 (ANKm

- yellow) or disrupting the dimerization of G9a with

GLP (dm - red) are indicated. The dashed line

represents ANK domain deletion (ANKD).

(B) Protein levels of shRNA resistant wild-type and

mutant G9a proteins in stable cell lines after

knockdown of the endogenous G9a. Note that

GLP and G9a are unstable, and H3K9me2 is

reduced in cell lines expressing dimerization-defi-

cient forms of G9a.

(C) MeDIP detects reduced DNA methylation at

ICRs in cells expressing G9a lacking the ANK

domain (shR-ANKD). The error bars represent SD;

n = 3; ***p < 1e-3, ns p > 5e-2 (Mann-Whitney-

Wilcoxon test). See also Table S1.

(D) Bisulfite DNA sequencing of Igf2r ICR in cell

lines expressing shR forms of G9a confirms the

MeDIP data. p values were determined by chi-

square test.

(E) Detection of DNMTs by western blot in immu-

noprecipitations with anti-G9a or anti-GLP anti-

bodies or mouse IgG from nuclear extracts of cells

expressing dimerization-deficient G9a with either

mutated (dm-shR-ANKm) or absent (dm-shR-

ANKD) ANK domain.

See also Figure S4.
TET1/TET2 dependent (Figure S5A) but did not affect the im-

printed regions. In contrast, DNA methylation is reduced even

further (�40%) inG9a�/� ESCs, and these cells are also charac-

terized by significantly higher levels of 5hmC (Figure S5B).

Consistently, both the knockout and the knockdown of G9a

result in a widespread loss of DNA methylation from ICRs.

Thus, although the G9a-dependent H3K9me2 preferentially

marks methylated ICRs, H3K9me2 is dispensable for mainte-

nance of DNA methylation at imprinted regions. Importantly,

the loss of imprinted DNA methylation in G9a-deficient cells is

also TET1/TET2 dependent, which is in agreement with the re-

ported role of these proteins in the erasure of imprinted and

not-imprinted DNA methylation in primordial germ cells in vivo

(Yamaguchi et al., 2013). Collectively, these experiments

demonstrate that the role of G9a/GLP in protecting the imprinted

DNA methylation can be uncoupled from the catalytic activity

of the complex and the contribution of H3K9me2 tomaintenance
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of DNA methylation elsewhere in the

genome. Additional experiments are re-

quired to map and compare on a wider

scale the G9a- and H3K9me2-dependent

loss of DNA methylation in ESCs and

mouse embryos.

Notably, DNA methylation at specific

loci, including promoters (Myant et al.,

2011; Tachibana et al., 2008), satellite se-
quences, endogenous retrotransposons (Dong et al., 2008), and,

as demonstrated here the methylated ICRs, is acutely depen-

dent on G9a/GLP levels, but not on the enzymatic activity of

the complex. Our experiments demonstrate that the loss of im-

printed DNA methylation in G9a�/� ESCs is not an artifact

induced by the long-term passaging of the cells in culture as

the stable knockdown of G9a in wild-type ESCs with normal

imprinting also led to reduced DNAmethylation at ICRs. Notably,

the G9a knockout or knockdown did not affect the levels of

ZFP57 in ESCs (data not shown) suggesting that G9a/GLP and

ZFP57/KAP1 complexes may act cooperatively and reinforce

each other’s function as neither complex on its own is sufficient

to fully maintain the imprinted DNA methylation.

Our dissection of the H3K9me2-independent function of G9a

in maintenance of imprinted DNAmethylation led us to conclude

that the ANK region, which was previously shown to interact with

DNMT3A and DNMT3B (Epsztejn-Litman et al., 2008), as well
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Figure 5. The Imprinted DNA Methylation Is Stable in G9a-Deficient Tet1/Tet2 Double-Knockout ESCs

(A) Stable knockdown of G9a in wild-type and Tet1/Tet2 double-knockout (DKO) ESCs by small hairpin RNA (shG9a). shCtr is a control non-targeting RNA.

(B) ChIP experiments detect reduced H3K9me2 at ICRs in G9a-deficient wild-type and Tet1/Tet2 DKO cells. Error bars represent SD, n = 3. See also Table S1.

(C) 5mC MeDIP analyses show that DNA methylation at ICRs is stable in Tet1/Tet2 DKO upon G9a knockdown. Error bars denote SD, n = 3.

(D) Bisulfite DNA sequencing of Snrpn DMR in shCtr and shG9a Tet1/Tet2 DKO ESCs.

See also Figure S5.
the dimerization of G9a with GLP (Tachibana et al., 2008) are

essential for DNAmethylation at ICRs. Consistently, G9a lacking

the ANK region was unable to interact with DNMTs and cells ex-

pressing G9a ANKD displayed reduced methylation at ICRs.

These data strongly suggest that the continuous recruitment of

DNMTs to methylated ICRs via the G9a/GLP and ZFP57/

KAP1/SETDB1 complexes, rather than the repressive histone

modifications established by their enzymatic activities, antago-

nize the action of TET enzymes and supports stable mainte-

nance of imprinted DNA methylation in ESCs.

What attracts G9a/GLP complex to methylated ICR and se-

quences elsewhere in the genome is currently unknown and re-

quires further investigation. Recruitment of G9a by non-coding

RNA has been reported andmight be important for the establish-

ment andmaintenance of DNAmethylation and heterochromatin

(Nagano et al., 2008; Skourti-Stathaki et al., 2014). Given that

neither G9a nor GLP can bind RNA and/or DNA directly, such in-

teractions are likely to involve additional components of the G9a/
GLP complex, potentially the C2H2 zinc-finger proteins interact-

ing with G9a/GLP (Maier et al., 2015; Shinkai and Tachibana,

2011) (Figure S3D). These proteins could bind either RNA or

DNA in a sequence- and DNA methylation-specific manner and

promote the recruitment of G9a/GLP complex to specific loci

in the genome. Once H3K9me2 is established at such loci, the

binding of G9a/GLP to H3K9me2 would allow spreading of

H3K9me2 from the initial nucleation site to adjacent nucleo-

somes and stable maintenance of G9a/GLP binding and H3K9

and DNA methylation through successive cell divisions. Alterna-

tively, it is possible that the unmethylated ICRs are protected

from G9a binding and DNA methylation by the presence of

refractive histone marks such as H3K4 and H3K27 di- and trime-

thylation (Henckel et al., 2009; McEwen and Ferguson-Smith,

2010).

Given that H3K9me2 is not essential for maintenance of

imprinted DNAmethylation in ESCs, it is likely that multiple mech-

anisms operate simultaneously to ensure that theG9a-dependent
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DNA and histone methylation at ICRs are preserved. It will be

important to investigate further the role of G9a/GLP-interacting

C2H2 zinc finger proteins and the largely overlooked role of

H3K9me1 in the nucleation, spreading, and propagation of

G9a-dependent DNA methylation and heterochromatin mainte-

nance. Moreover, it will be essential to determine whether the

maternally contributed and the zygote-expressed G9a and GLP

stabilize and protect the imprinted DNAmethylation in developing

embryos.

EXPERIMENTAL PROCEDURES

Cell Culture

Embryonic stem cells were grown in minimal essential medium (Life Technol-

ogies) supplemented with 10% fetal bovine serum (Thermo Scientific), non-

essential amino acids, sodium pyruvate, b-mercaptoethanol, and leukemia

inhibitory factor on gelatine-coated flasks (Greiner). Where indicated, the cells

were grown in the presence of 500 nM of G9a/GLP inhibitor UNC 0638 (Sigma-

Aldrich).

Generation of Stable Cell Lines

Knockdown of G9a in ESCs and expression of mutant forms were performed

by stable integration of electroporated plasmids. Detailed procedures are

described in the Supplemental Information.

Methylated DNA Affinity Purification and Promoter Microarrays

MAP of methylated DNA, hybridization to NimbleGen promoter microarrays,

and data analyses were described previously (Myant et al., 2011). The data

can be accessed at ArrayExpress: E-MEXP-2872.

Methylated DNA Immunoprecipitation

Methylated DNA immunoprecipitation (MeDIP) was performed essentially as

described (Weber et al., 2005) with anti-5mC antibody (Eurogentec) on soni-

cated genomic DNA. qPCRs were performed on 1/50 of immunoprecipitated

DNA and 10 ng of input DNA. All MeDIP was carried out in three biological rep-

licates with six technical replicates for each. Primers are listed in the Supple-

mental Information.

Bisulfite DNA Sequencing

Genomic DNA was treated with EpiTect Bisulfite conversion kit (QIAGEN) and

then used as a template for PCRs with specific primers listed in the Supple-

mental Information. PCR products were cloned into pJet vector (Thermo Sci-

entific), sequenced using BigDye sequencing mix (Applied Biosystems) and

analyzed by BiQ Analyzer software.

Chromatin Immunoprecipitation

Chromatin immunoprecipitations (ChIPs) were performed as described previ-

ously (Myant et al., 2011) with anti-H3K9me2 (ab1220 Abcam; 07-441 Milli-

pore) and non-specific mouse immunoglobulin G (IgG) (Sigma-Aldrich).

Specific sequences were analyzed by qPCR on LC480 instrument (Roche).

ChIP was performed in three biological replicates with six technical replicates

for each.

Western Blots

Nuclear proteins were extracted as in Myant et al. (2011), and specific proteins

were analyzed as described in the Supplemental Information.

Co-immunoprecipitations

Antibodies against G9a, GLP (R&D Systems Europe) and non-specific mouse

IgG (Sigma-Aldrich) were used for immunoprecipitations from 400–500 mg of

nuclear extract according to standard protocols. The amount of extract was

doubled when dimerization-deficient forms of G9a were immunoprecipitated.

The immunoprecipitated complexes and 1/10 of the input were resolved on

7% SDS-PAGE gels, transferred to nitrocellulose membranes, and detected

as described above.
84 Cell Reports 15, 77–85, April 5, 2016
Statistical Methods

Statistical methods used to analyze the promoter microarrays data (Figure 1A)

were described in detail in Myant et al. (2011). Non-parametric two-tailed

Mann-Whitney-Wilcoxon test was used to calculate significance (p values)

for pairwise comparisons of qPCRs data following MeDIP (Figures 2C, 4C,

S2C, S4D, and S5A). For analyses of bisulfite sequencing data (Figure 4D),

the Chi-square test was applied to determine whether the differences between

expected and observed methylation values were statistically significant. Stan-

dard parametric two-tailed t tests were used to calculate the p values for quan-

titative analyses of DNA methylation by reverse phase HPLC (Figures S3A,

S5B, and S5C).
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