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Summary

Maternal genomic imprints are established during oogenesis. Histone deacetylases (HDACs) 1 and
2 are required for oocyte development in mouse, but their role in genomic imprinting is unknown.
We find that Hdac1:Hdac2 ™/~ double mutant growing oocytes exhibit global DNA
hypomethylation and fail to establish imprinting marks for Igf2r, Peg3, and Srnpn. Global
hypomethylation correlates with increased retrotransposon expression and double-strand DNA
breaks. Nuclear-associated DNMT3AZ2 is reduced in double mutant oocytes and injecting these
oocytes with Hdac2 partially restores DNMT3A2 nuclear staining. DNMT3AZ2 co-
immunoprecipitates with HDAC2 in mouse embryonic stem cells. Partial loss of nuclear
DNMT3A2 and HDAC2 occurs in Sin3a~/~ oocytes, which exhibit decreased DNA methylation of
imprinting control regions for 1gf2r and Srnpn, but not Peg3. These results suggest seminal roles
of HDAC1/2 in establishing maternal genomic imprints and maintaining genomic integrity in
oocytes mediated in part through a SIN3A complex that interacts with DNMT3AZ2.
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Introduction

During oogenesis in mouse, formation of a full-grown oocyte capable of undergoing
maturation, fertilization, and embryogenesis to term entails epigenetic reprogramming of the
genome, global changes in chromatin structure, and silencing of gene expression. DNA
methylation, an epigenetic modification, is involved in chromatin remodelling and gene
expression during oocyte development. For example, maternal genomic imprints are
established in growing oocytes in a locus-dependent manner (Lucifero et al., 2004), and
require DNA methyltransferase 3A (DNMT3A) and its cofactor DNMT3L (Bourc'his et al.,
2001; Hata et al., 2002). In contrast, although we recently demonstrated seminal roles of
histone acetylation during oogenesis (Ma et al., 2012; Ma and Schultz, 2013) histone post-
translational modifications (PTMSs), an important class of epigenetic modifications, have not
been well studied during oocyte development. These PTMs are closely linked to
transcriptional regulation and required for many biological processes, e.g., differentiation of
pluripotent stem cells into specific tissue lineages (Bhaumik et al., 2007).

Gene expression can be modulated by an interplay between DNA methylation and histone
acetylation (Cedar and Bergman, 2009). For example, unmethylated DNA is largely
assembled in nucleosomes containing acetylated histones (transcriptionally permissive
chromatin), whereas DNA methylated on identical sequences is assembled into nucleosomes
containing non-acetylated histone H3 and H4 (transcriptionally repressive chromatin)
(Hashimshony et al., 2003). Histone modifications also play a role in establishing the DNA
methylation profile during early development. For example, DNMT3L, which lacks
methyltransferase activity (Chedin et al., 2002), recruits DNMT3A to DNA by binding to
unmethylated H3K4 in nucleosomes, which leads to de novo DNA methylation (Ooi et al.,
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2007). Furthermore, histone H3K9 trimethylation conferred by Suv39h histone
methyltransferase (HMTases) directs DNMT3B-dependent DNA methylation at pericentric
heterochromatin repeats in embryonic stem (ES) cells (Lehnertz et al., 2003). Taken
together, these results suggest a causal relationship between DNA methylation and histone
modifications that is partially mediated through related histone-modifying enzymes (Cedar
and Bergman, 2009). Indeed, mouse oocytes lacking KDM1B (lysine demethylase 1B, a
histone H3K4 demethylase) show a substantial increase in H3K4 methylation and fail to
establish DNA methylation marks at a subset of imprinted genes, suggesting that H3K4
methylation affects DNA methylation imprints during oogenesis (Ciccone et al., 2009).

Deletion of Hdacl and Hdac2 in mouse oocytes results in global histone hyperacetylation
and a precocious decrease in global transcription that is likely a consequence of increased
expression of Kdm5b that in turn promotes H3K4 demethylation (Ma et al., 2012).
Demethylation of H3K4 in Hdac1/2 double mutant oocytes suggests that DNA methylation
is likely perturbed in these oocytes in light of the interactions between these two epigenetic
modifications (Ciccone et al., 2009; Ooi et al., 2007). In the present study we assess the
effect of deleting Hdacl and Hdac2 on DNA methylation in mouse oocytes.

Deletion of Hdac1/2 results in global decrease of 5-methylcytosine

The global demethylation of H3K4 in Hdac1/2 double mutant oocytes (Ma et al., 2012)
prompted us to investigate whether DNA methylation was also affected. We detected by
immunocytochemistry a small but significant decrease (~15%) in 5-methylcytosine (5-mC)
staining in Hdac1:2~/~oocytes (Fig. 1A, B). The decrease in 5mC could be due to its
conversion to 5-hydroxymethylcytosine (5-hmC) by the Ten-eleven translocation
methylcytosine dioxygenase (Tet) family of methylcytosine dioxygenases (Tahiliani et al.,
2009). Immunostaining with an antibody that specifically recognizes 5-hmC demonstrated
that such was unlikely the case (Fig. 1A, B).

Maternally methylated ICRs are hypomethylated in Hdac1:2/~oocytes

The global decrease in 5-mC in Hdac1:2~/~growing oocytes suggested that DNA
methylation of maternal ICRs could be affected because maternal-specific DNA methylation
and functional imprints are established during oocyte growth (Bao et al., 2000; Obata and
Kono, 2002). The DNA methylation status of imprinted genes in Hdac1:2~/~growing
oocytes > 50 um in diameter (present in secondary follicles) was analyzed by bisufite
sequencing. Oocytes of these diameters were used because DNA, which is demethylated
during germ cell formation (Kafri et al., 1992), is remethylated only when oocytes have
attained a diameter of ~50 pm (Lucifero et al., 2004). The maternally methylated Snrpn,
Igf2r, and Peg3 ICRs were hypomethylated in mutant oocytes (Figs. 2A-C, p<0.05, %2),
whereas there were no differences in methylation at H19 ICR between wild-type (WT) and
Hdac1:2~/~growing oocytes (Fig. 2D). These results strongly suggest that deletion of Hdac1l
and Hdac2 in oocytes disrupts establishment of maternal genomic imprints.
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During oocyte growth repetitive sequences undergo de novo DNA methylation (Lane et al.,
2003). We observed a significant decrease in DNA methylation of long interspersed nuclear
elements 1 (Line1)(p<0.05, x2) whereas there was no significant decrease in DNA
methylation of intracisternal A particle (Iap) elements in Hdac1:2~/~ growing oocytes (Fig.
2E, F). This latter finding is consistent with lap maintaining DNA methylation during
primordial germ cell reprogramming and therefore does not require de novo DNA
methylation during oocyte growth (Kafri et al., 1992; Seisenberger et al., 2012).

Increased retrotransposon expression and DNA DSBs in Hdac1:2"oocytes

DNA methylation appears to confer genomic stability and integrity, and DNA
hypermethylation at repetitive elements is proposed to protect against expression of
transposable elements and endogenous retroviruses (Rakyan et al., 2010; Wilson et al.,
2007). The observed decrease in Linel DNA methylation could therefore facilitate
activation of previously silenced transposable elements. Accordingly, we analyzed
expression of five retrotransposon families [Linel, lap, mouse transcript (MT), and short
interspersed nucleotide element (SinB1 and SinB2)] in growing Hdac1:2~/~oocytes and
found a significant up-regulation of Linel MT, SinB1 and SinB2 expression (Fig. 3A).
Again, no significant change in DNA methylation at lap elements in Hdac1:2~/~growing
oocytes is consistent with unchanged lap expression in these oocytes (Fig. 3A). These
results suggest that HDACL and 2 are involved in maintaining transposable elements
silencing in oocytes.

Transposable elements integrate into the genome at different sites to produce DNA double-
strand breaks (DSBs) (Hedges and Deininger, 2007) and their reactivation generally
coincides with elevated levels of DNA damage. Indeed, up-regulation of retrotransposons is
associated with increased DSBs in mouse germ cells (Soper et al., 2008; Su et al., 2012). As
anticipated there was an increase in nuclear DNA DSBs as detected by yH2AX levels in
Hdac1:2~/~ growing oocytes (Fig. 3B). Consistent with the increase in DNA damage, gene
ontology (GO) analysis of our microarray data from Hdac1:2~/~ oocytes showed that up-
regulated genes were enriched in apoptosis and DNA damage response related categories
((Maetal., 2012) and Fig. S1A). Moreover, the mMRNA levels of major regulators of DNA
damage response were significantly increased (Fig. S1B), suggesting that deletion of Hdacl
and 2 leads to pronounced DNA damage in oocytes, which is probably responsible for the
increased incidence of apoptosis observed in Hdac1:2~/~growing oocytes (Ma et al., 2012).

Loss of nuclear DNMT3A in Hdac1/2 mutant oocytes

The maternal-specific de novo DNA methylation that occurs during oocyte growth and
coincides with accumulation of transcripts of Dnmt3a, Dnmt3b, and Dnmt3I (Lucifero et al.,
2004). Conditional knockout of these Dnmt3 genes in oocytes with Zp3-Cre demonstrates
that de novo methylation by DNMT3A in growing oocytes is required to establish maternal
imprints, whereas DNMT3B is dispensible for DNA methylation of imprinted genes and
repetitive elements (Kaneda et al., 2010). A third member of the DNMT3 family, DNMT3-
like (DNMT3L), which has no catalytic activity, functions as a regulator of DNMT3A and
DNMT3B (Bourc'his et al., 2001; Hata et al., 2002). Because we observed hypomethylation
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in maternally methylated ICRs in Hdac1:2~/~ oocytes we ascertained whether this defect
was due to misregulation of these DNMT3 family methyltransferases.

We first examined expression of DNMT3A, DNMT3B and DNMT3L, as well as DNMT1,
by immunoblot analysis (Fig. 4A). No difference in the amount of DNMT3A and DNMT1
was noted, but there was an ~2-fold increase in the amount of DNMT3B and a pronounced
decrease in the amount of DNMT3L. The increase in DNMT3B and decrease in DNMT3L
protein is consistent with increased Dnmt3b and decreased Dnmt3I transcript abundance,
respectively, in Hdac1:27/~ oocytes (Ma et al., 2012). Furthermore, observing impaired
DNA methylation in these oocytes despite an increase in the amount of DNMT3B is
consistent with DNMT3B not being essential for de novo methylation during oocyte growth.
Immunocytochemical detection of DNMT3B, DNMT3L and DNMT1 was consistent with
the immunoblotting data (Fig. 4B). In marked contrast, the amount of nuclear-associated
DNMTS3A protein was significantly reduced (Fig. 4B), suggesting that DNMT3A was now
present in the cytoplasm. Dilution of DNMT3A in the cytoplasm would account for the
decreased immunocytochemical signal because the nuclear volume is ~3-5% that of total
oocyte volume.

The loss of nuclear DNMT3A could be linked to loss of DNMT3L given that DNMT3L,
which binds to H3K4, interacts with DNMT3A. Examination of the nuclear concentration of
DNMT3A and DNMT3L in oocytes obtained from mice lacking different combinations of
Hdacl and Hdac2 minimized this possibility. The extent of decreased DNMT3A nuclear
staining correlated with the extent of loss of Hdacl and Hdac2 in oocytes; the nuclear signal
intensity of DNMT3A was reduced by ~20% in Hdac2~/~ oocytes, ~40% in
Hdac1~/*:Hdac2~/~ oocytes and ~60% in Hdac1:2~/~ oocytes, respectively (Fig. 4 C, D),
whereas, no change of nuclear signal intensity of DNMT3L was observed in Hdac2~/~ or
Hdac1™/*:Hdac2~/~ oocytes (Fig. 4 C, D). A decrease in the nuclear signal for DNMT3L
was only observed in double mutant oocytes, i.e., the decrease in nuclear DNMT3A
preceded the loss of nuclear DNMT3L (Fig. 4C, D). The loss of nuclear DNMT3A in
Hdac2™~ oocytes, but not in Hdac1™~oocytes, is consistent with our previous proposal that
HDAC?2 is the major HDAC in oocytes (Ma et al., 2012; Ma and Schultz, 2013) and
suggests that absence of HDAC?2 underlies the decreased nuclear-associated DNMT3A
signal. Consistent with this proposal is that a significant decrease in Snrpn DNA methylation
was observed in Hdac2™/~ the oocytes (Fig. S2). Taken together, a reduction of nuclear-
localized DNMT3A could account for the observed defects in maternal genomic imprints.

A DNMT3A isoform termed DNMT3AZ2, which lacks the amino-terminal 219 amino acid
residues of DNMT3A, is present in tissues containing cells that undergo active de novo
methylation (Chen et al., 2002). DNMT3AZ2 protein is also highly expressed in ES cells
(Chen et al., 2003) and prospermatogonia of mouse embryos (Sakai et al., 2004), and
Dnmt3az2 is highly expressed in mouse ovaries (Chen et al., 2002). The DNMT3A species
shown in Figure 4 has a molecular weight of ~100 kDa, which corresponds to that of
DNMT3AZ2 (Fig. S3A).

Immunoblot analysis using an antibody that recognizes both DNMT3A and DNMT3A2
confirmed that the 100-kDa band detected in oocytes is DNMT3AZ2, as well as the dominant
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form in preimplantation embryos (Fig. S3A, B). Thus, DNMT3AZ2 is the major form of
DNMT3A expressed in oocytes, a conclusion consistent with PCR results using sense
primers specific for Dnmt3a and Dnmt3a2 and a common antisense primer (Fig. S3). The
nuclear staining detected with the DNMT3A antibody in oocytes (Fig. 4B, C), therefore,
likely represented DNMT3A2 and not DNMT3A.

Expression of HDAC2 in Hdac1:2™/~ growing oocytes partially restores DNMT3A2 nuclear

staining

Gene deletion experiments indicate that HDAC?2 is the major HDAC in oocytes with respect
to generating a phenotype (Ma et al., 2012; Ma and Schultz, 2013) and our analysis of mice
with compound Hdac1/2 genotypes revealed that deletion of Hdac2, not Hdac1, in growing
oocytes is largely responsible for the differences in the extent of loss of nuclear DNMT3A2
(Fig. 4C, D) and likely the defects in maternal genomic imprinting. To test whether HDAC2
was required for nuclear localization of DNMT3A2, we expressed HDAC2 in Hdac1:2/~
oocytes by injecting an Hdac2 cRNA in mutant oocytes. Following culture, the observed
DNMT3AZ2 nuclear staining intensity was restored ~20% compared to controls (Fig. 4E, F),
suggesting that HDAC? is required for nuclear localization of DNMT3A. Attempts to
express both HDAC1 and HDAC?2 were unsuccessful because, for unknown reasons, little
HDAC1 was detected following injecting an Hdacl cRNA. Attempts to assess whether
DNA methylation of ICRs of imprinted genes affected in Hdac1:2~/~ oocytes was
[partially] restored by bisufite sequencing were unsuccessful, likely due to the Hdac1:27/~
oocytes undergoing apoptosis during culture in vitro (Ma and Schultz, 2013).

HDAC?2 and DNMT3AZ2 reside in a complex in mouse ES cells

The results described above suggest that nuclear localization of DNMT3A2 is a
consequence of an interaction, direct or indirect, with HDAC2, and therefore independent of
HDAC?2 activity. Consistent with this proposal is that no nuclear loss of DNMT3A was
observed when wild-type oocytes were treated with the HDAC inhibitor trichostatin A
(TSA), which results in histone hyperacetylation (Fig. S4); TSA treatment would mimic loss
of HDAC activity in Hdac1:2~/~ oocytes.

To ascertain whether HDAC2 and DNMT3AZ2 reside in the same complex, we first
conducted co-IP experiments using mouse ES cells because the amount of readily obtainable
oocyte material is limiting; DNMT3A2 is the predominant isoform in ES cells (Chen et al.,
2003). The ES cell lyste was immunoprecipitated with an anti-HDAC?2 antibody and
immunoblotting analysis of the immunoprecipitate with an anti-DMNT3A antibody detected
DNMT3AZ2, whereas virtually no DNMT3A2 was detected in the control (Fig. S5A). Thus,
HDAC2 and DNMT3A presumably reside in the same protein complex. When similar co-IP
experiments were conducted with 1,800 full-grown oocytes, which corresponds to ~36-40
ug of protein, DNMT3A2 was not detected (Fig. S5B). This failure, however, likely
reflected an insufficient amount of starting material because DNMT3A was not co-
immunoprecipitated when this amount of ES cell protein extract was used (Fig. S5C). Taken
together, the results suggest that HDAC2 and DNMT3AZ2 reside is a complex and that loss
of HDAC?2 in turn results in partial failure of DNMT3AZ2 to remain localized in the nucleus.
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A SIN3A-DNMT3A2 complex mediates DNA methylation of imprinted loci

SIN3A is a major HDAC1 and 2-containing complex (Kadamb et al., 2013). To ascertain
whether a SIN3A complex interacts with DNMT3A, likely via HDAC2 present in the
complex, we analyzed oocytes in which Sin3a was conditionally deleted (Fig. 6A). Similar
to double mutant Hdac oocytes, there was no change in the amount of DNMT3A2 or
HDAC2 (or HDAC1) as detected by immunoblotting (Fig. 5A), but there was a decrease not
only in nuclear DNMT3A2 but also nuclear HDAC2 (Fig. 5 B, C); there was no apparent
decrease in the staining intensity of nuclear HDAC1. Analysis of DNA methylation in
Sin3a™/~ oocytes revealed no change in H19 DNA methylation as anticipated (Fig. 5G), but
also no significant change in DNA methylation of Peg3, Linel, and lap (Fig. 5F, H, I).
There was, however, a significant decrease in DNA methylation of Snrpn (p < 0.01, ¥2) (Fig.
5D) and Igf2r (p < 0.001, ¥?) (Fig. 5E). Note that the decrease in DNA methylation for
Snrpn and 1gf2r was not as pronounced as that observed in Hdac1:27~ oocytes. Results of
these experiments suggest that a SIN3A complex containing HDAC?2 is responsible for
interacting with DNMT3A2 that mediates DNA methylation of a subset of genes.

Discussion

We report that loss of Hdacl and Hdac? is associated not only with impaired acquisition of
DNA methylation imprinting marks during oocyte growth but also with a mild reduction in
global DNA methylation and increased expression of repetitive elements and compromised
genomic integrity; loss of DNA methylation in repetitive elements likely accounts for their
increased expression. The observed impairment of DNA methylation could arise from
several sources in these mutant oocytes, e.g., changes in histone modification that modulate
DNMT3AZ2 binding to nucleosomes; changes in gene expression that compromise the DNA
methylation machinery; decreased transcription, a process recently implicated in DNA
methylation in oocytes (Tomizawa et al., 2012); and failure of DNMT3AZ2 to localize to the
nucleus as an outcome of its inability to interact with HDACZ1/2 in an HDAC-containing
complex.

Histones are hyperacetylated in oocytes deficient in HDAC1 and HDAC?2 and given that
acetylation and methylation on the same site are mutually exclusive histone acetylation can
result in decreased histone methylation (Ma et al., 2012). Unmethylated histone H3K4 is
required for binding not only of DNMT3L (Ooi et al., 2007) but also for DNMT3A
(Hashimoto et al., 2010; Zhang et al., 2010) and presumably DNMT3A2. The increase in
hyperacetylated H3K4 in Hdac1:27~ oocytes could inhibit direct binding of DNMT3L,
which would then recruit DNMT3AZ2 to nucleosomes, as well as DNMT3A2 and result in
the observed reduced nuclear concentration of DNMT3A2. The loss of nuclear DNMT3A2
prior to that of DNMT3L in the allelic series of Hdacl and Hdac2 mutants (Fig. 4) suggests
that loss of DNMT3A2 is not coupled with decreased ability of DNMT3L to bind to
acetylated H3K4-containing nucleosomes. In addition, loss of KDM1B, a histone H3K4
demethylase, has no effect on the amount and localization of DNMT3A2 and DNMT3L in
growing oocytes (Ciccone et al., 2009).

DNMT3A (and presumably DNMT3AZ2) also directly interacts with histone H3K36me3
(Dhayalan et al., 2010), which is enriched in the body of transcribed genes (Rando, 2007),
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and could account for the widespread DNA methylation found in oocytes that extends far
beyond imprinting control regions (Kobayashi et al., 2012; Smallwood et al., 2011). A
decrease in H3K36me3 in mutant oocytes unlikely leads to a loss of nuclear DNMT3A2
because there is no apparent change in H3K36me3 in mutant oocytes (Ma et al., 2012).
Taken together, these results suggest that changes in histone modification in mutant oocytes
are not the primary cause for DNA hypomethylation.

Changes in expression of genes critical for DNA methylation mutant oocytes could lead to
impaired DNA methylation during oocyte growth. We observed pronounced
hypomethylation in the Srnpn ICR, which requires ZFP57 for proper DNA methylation (Li
et al., 2008). Zfp57 expression, however, is not altered in Hdac1:2~/~ mutants (Ma et al.,
2012) and therefore it is unlikely that its misexpression is the molecular basis for
hypomethylation of Srnpn. The decreased amount of DNMT3L in mutant oocytes, on the
other hand, could lead to decreased DNMT3AZ2 activity that affects DNA methylation of
both imprinted genes and non-imprinted chromosome regions. Although we cannot totally
rule out this possibility, two lines of evidence suggest that such is not the case. First, we find
no change in Dnmt3l transcript abundance in Hdac2/~ oocytes (Ma et al., 2012) but still
observe a marked decrease in DNA methylation of the Snrpn ICR. Second, DNA
methylation during oocyte growth requires DNMT3L. In oocytes, CpG islands associated
with ICRs of maternal imprinted genes are methylated—CpG islands in somatic cells are
typically not methylated—but the majority of DNA methylation occurs on CpG islands not
associated with ICRs but rather within the gene body (Kobayashi et al., 2012; Smallwood et
al., 2011). In addition, non-CpG methylation is common in oocytes (Shirane et al., 2013). It
is unlikely that the decrease in DNMT3L protein in Hdac1:2~/~ oocytes is the primary
source of impaired DNA methylation because little DNA methylation of ICRs and
intragenic regions, as well as non-CpGs, is observed in Dnmt31~~ oocytes (Kobayashi et al.,
2012; Smallwood et al., 2011) whereas only a modest decrease in global DNA methylation
is observed in Hdac1:27~ oocytes. Furthermore, only a subset of the genes we assayed for
DNA methylation is hypomethylated in Sin3a™~ oocytes that exhibit no apparent change in
nuclear concentration of DNMT3L.

Transcription is required to establish DNA methylation of certain ICRs in oocytes
(Tomizawa et al., 2012). Transcription may also be linked to DNA methylation through
remodeling histone modifications (e.g., the ability of DNMT3A to interact with histone
H3K36me3, which marks actively transcribed genes) or creating chromatin domains
permissive for de novo methylation (Tomizawa et al., 2012). Global transcription is reduced
by ~40% (Ma et al., 2012) but this decrease is unlikely the major source of impaired DNA
methylation in Hdac1:27/~ oocytes that only display a 15% decrease in global DNA
methylation. In addition, although there is no decrease in transcription in Hdac2™~ oocytes
(Ma and Schultz, 2013) we noted hypomethylation of Snrpn in these oocytes. Thus, a
decrease in transcription-driven DNA methylation is unlikely the basis for impaired DNA
methylation in Hdac1:27/~ oocytes.

The most likely cause for impaired DNA methylation in Hdac1:27~ oocytes is the inability
of DNMT3A2 to interact with HDAC2, which leads to less nuclear DNMT3A2. It is
unlikely that HDAC activity is required because inhibiting HDAC activity with TSA does
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not lead to loss on nuclear DNMT3A2. In somatic cells, DNMT3A interacts with HDAC1
and HDAC?2 (Ling et al., 2004) and presumably DNMT3A2 interacts with HDAC1/2
because the ATRX-homology domain required for this interaction (Fuks et al., 2001) is
present in DNMT3A2. Although we were unable to demonstrate an interaction between
DNMT3A2 and HDAC1/2 in oocytes due to limiting amounts of obtainable biological
material, we find that DNMT3A2, the major DNMT3A species in oocytes, interacts with
HDAC2 in ES cells in which DNMT3AZ2 is the major isoform. Also consistent with an
interaction between DNMT3A2 and HDAC?2 is that exogenous expression of HDAC2 in
Hdac1:27/~ oocytes results in an increase in nuclear concentration of DNMT3AZ2. Finally,
the decrease in nuclear DNMT3A2 and HDAC? in Sin3a™~ oocytes and loss of DNA
methylation in a subset of imprinted genes suggests that impaired DNA methylation
observed in Hdac1:27/~ oocytes is due, at least in part, to DNMT3A2 interacting with a
SIN3A complex.

In summary, we find a mechanistic linkage between HDAC1/2 in HDAC-containing
complexes of which SIN3A is one and DNA methylation mediated by DNMT3A2 during
oocyte growth. This DNA methylation is essential for establishing maternal imprinting DNA
marks in ICRs as well as repressing expression of repetitive elements, whose expression can
compromise genomic integrity. These data, in combination with our previous results (Ma et
al., 2012; Ma and Schultz, 2013), suggest two distinct epigenetic activities of HDAC1/2 in
oocytes. HDACL/2 regulates chromosomal structure and gene expression by deacetylating
histone or non-histone proteins through their catalytic activity and as structural components
of HDAC-containing complexes HDAC1/2 are involved in de novo DNA methylation by
recruiting DNMT3A2.

Experimental Procedures

Generation of mouse lines

Details for generating mutant mouse lines are described previously (Ma et al., 2012). Hdacl
or Hdac2 mutants in which the gene is deleted only oocytes are referred to as Hdac1 ™~ or
Hdac2/~, respectively; Hdac1-Hdac2 mutants (double mutant) are referred to as
Hdac1:27/~; Hdacl heterozygotes-Hdac2 null oocytes are referred to as Hdacl—/+/
Hdac2™~ and Hdac1 null-Hdac?2 heterozygote oocytes are referred to as Hdac1™~/Hdac2~/*
(Ma and Schultz, 2013). Female mice carrying Sin3a floxed alleles were crossed with Gdf9-
Cre males to generate oocyte-conditioanl mutant Sin3a mice (Sin3a~/~); genotyping was
performed as previously described (Dannenberg et al., 2005; Lan et al., 2004). Mice were
maintained in accordance with institutional guidelines established by the University of
Pennsylvania IACUC committee, and all experiments were conducted in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Oocyte collection and culture

Growing oocytes were isolated from ovaries mutant and wild-type of mice 12 days-of-age
and cultured as previously described (Ma et al., 2012). Full-grown oocytes were collected as
previously described (Ma et al., 2012).
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Microarray analysis

Preparation of oocyte RNA for microarray analysis was performed as previously described
(Maetal., 2012).

Oocyte microinjection

Growing oocytes were injected with 10 pl of Hdac2 cRNA as previously described (Ma and
Schultz, 2013). Following microinjection, the oocytes were cultured in CZB medium
(Chatot et al., 1989) for 30 h.

DNA methylation analysis

Oocytes were collected from mice 12 days-of-age and only oocytes whose diameters were >
50 um were used for DNA methylation analysis. Genomic DNA was isolated from 60
growing oocytes with a QlAamp DNA micro kit (Qiagen) and subjected to bisulfite
conversion with an EpiTect Bisulfate kit (Qiagen) according to the manufacturer's
instructions with a minor modification as previously described (Ma et al., 2010). Target
sequences of the bisulfite-converted DNA were amplified by PCR, and 24 clones for each
sample were sequenced. The allele-specific DNA methylation patterns were examined for
ICRs of H19 (Tremblay et al., 1997), Peg3 (Market-Velker et al., 2010), Igf2r (Sato et al.,
2003), Linel and IAPs (Lane et al., 2003) and Snrpn (Mann et al., 2004). The sequencing
data was analyzed using the online tool BDPC (http://biochem.jacobs-university.de/BDPC/
index.php) (Rohde et al., 2008). Strands from a PCR that contained an identical pattern of
methylated cytosines and that could not be distinguished from other strands by
polymorphisms were only counted once.

RNA extraction and RT-PCR

Total RNA was isolated from meiotically incompetent oocytes using the Absolutely RNA
Microprep Kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions.
Details for RT-PCR are described in Supplemental Experimental Procedures.

Antibodies

The antibodies used in this study are described in Supplemental Experimental Procedures.

Immunostaining of oocytes and quantification of fluorescence intensity

Immunostaining of oocytes and quantification of fluorescence intensity was conducted as
previously described (Ma et al., 2012); at least 20 oocytes per group were analyzed and the
experiment conducted three times, except for Figure 5 in which 16 oocytes were analyzed
and Figure 6 in which the experiment was conducted once.

Co-immunoprecipitation

Lysates were prepared from 10° ES cells and 1800 mouse full-grown oocytes as previously
described (Ding et al., 2011). Immunoprecipitation was performed using a polyclonal anti-
HDAC2 antibody (2545; Cell Signaling; IP: 1:50) in which a rabbit 1gG (Santa Cruz, Dallas,
Texas) served as the control. After incubating the sample overnight at 4°C with gentle
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rocking, previously washed protein A agarose beads (50% slurry, Millipore, Billerica, MA)
were added to each sample, which was incubated at 4°C with gentle rocking for 3 h. The
agarose beads were then collected by centrifugation at 12,000xg for 30 sec at 4° C, and the
supernatants kept for a later immunoblot analysis. The protein A beads were washed with
500 ul of lysis buffer four times at 4° C, then 20 ul of 2x SDS sample buffer added and the
samples heated at 95-100°C for 5 min. Immunoblot analysis was carried out as described
above. The mouse ES cell lysate served as non-1P control. The experiment was conducted
twice and similar results were obtained.

Immunoblot analysis

Statistics

Protein samples from oocytes/ovary were solubilized in Laemmli sample buffer (Laemmli,
1970), resolved by SDS-PAGE (15% gel), and transferred to a PVDF membrane.
Immunoblotting was then performed as previously described (Ma et al., 2012) except the
membrane was incubated with a secondary antibody conjugated with horseradish peroxidase
for 1 h and washed five times with TBST.

Experiments were performed at least three times and the values are presented as mean +
SEM. All proportional data were subjected to an arcsine transformation before statistical
analysis. Statistics were calculated with Microsoft Excel software. Differences in DNA
methylation were determined by x2. A P value of < 0.05 was considered to be statistically
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Deletion of both Hdacl and Hdac?2 results in global decrease of 5-mC without affecting
5-hmC in oocytes

(A) Immunocytochemical detection of 5-mC (green) and HDAC2 (red) in oocytes obtained
from wild-type (WT) mice 12-days-of-age and Hdac1:2~/~ mice. Shown are representative
images and only the nucleus is shown. In this and other figures, the bar corresponds to 10
pum. Quantification of the 5-mC nuclear staining signals shown in lower panel, the nuclear
staining intensity of 5-mC in the WT oocytes was set to 1. All data are expressed as mean +
SEM, * P<0.05. (B) Quantification of the 5-mC and 5-hmC nuclear staining signals in panel
A. The nuclear staining intensity in the WT oocytes was set to 1 and the data are expressed
as mean + SEM, * P<0.05.
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Figure 2. DNA methylation analysis in Hdacl1:2

growing oocytes
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Bisulfite sequencing analysis of DNA methylation at the ICRs of several maternally [Snrpn
(A), lgf2r (B), Peg3 (C)] or paternally [H19 (D)] methylated genes and repetitive elements
[Linel [E), lap (F)] in WT and Hdac1:2~/~ growing oocytes obtained from mice 12 days-
of-age. Open circles and filled circles represent unmethylated and methylated CpG sites,
respectively, and each row represents data from a single DNA molecule.
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Figure 3. Increased expression of repetitive elements and incidence of DNA double-strand
breaks (DSBs) in Hdac1:27/~ oocytes

(A) Relative abundance of repetitive element mRNA in WT and Hdac1:2~/~ growing
oocytes obtained from mice 12 days-of-age. Data are expressed relative to that in WT
oocytes as mean + SEM. *, p< 0.05. (B) Immunocytochemical detection of DSBs with anti-
yH2AX (green). DNA was detected with propidium iodide (red). Shown are representative
images and only the nucleus is shown.
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Figure 4. Expression of DNMT1, DNMT3A, DNMT3B and DNMT3L in Hdac1:27/~ oocytes and
expressing Hdac2 in Hdac1:27/~ growing oocytes partially restores DNMT3AZ2 nuclear stainning

(A) Relative amount of DNMT1, DNMT3A, DNMT3B and DNMT3L determined by
immunoblot analysis. Extracts for immunoblot analysis were prepared from oocytes
obtained from at least four WT or mutant mice 12 days-of-age and total protein extract
equivalent to 150 oocytes was loaded per lane. The experiment was conducted 3 times, and
similar results were obtained in each case. ACTB was used as a loading control. (B)
Immunocytochemical detection of DNMT31, DNMT3A, DNMT3B and DNMT3L in WT
and mutant oocytes obtained from mice 12-days-of-age. Shown are representative images
and only the nucleus is shown. (C) Immunocytochemical detection of DNMT3A in oocytes
obtained from mice 12-days-of-age and lacking different combinations of Hdacl and
Hdac2. Shown are representative images and only the nucleus is shown. DNA was
counterstained with propidium iodide. (D) Quantification of the data shown in C in which
the nuclear staining intensity of DNMT3A in WT oocytes was set to 1. All data are
expressed as mean = SEM. *, p < 0.05. (E) Mutant oocytes were injected with either a
cRNA (0.4 pg/ul) encoding Hdac2 (Hdac1:27/~-OE) or MiliQ water (Hdac1:2~/~-C) and
incubated in CZB medium; controls were wild-type oocytes (WT-C). Oocytes were removed
30 h after injection for immunoctyochemical detection of DNMT3A. Shown are
representative images. DNA was counterstained with propidium iodide. (F) Quantification
of the data shown in panel A. Staining intensity of DNMT3A2 in WT oocytes was set to 1
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and the data are expressed as mean + SEM. Signal intensities relative to WT in Hdac1:2~/~-
C and Hdac1:27/~-OE are 45+4%, and 63+6% respectively. *, p< 0.02.
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Figure 5. Expression of HDAC1, HDAC2 and DNMT3A2 and DNA methylation in Sin3a™/~
Oocytes

(A) Relative amount of SIN3A, HDAC1, HDAC2 and DNMT3A2 was determined by
immunoblot analysis by using total protein extracts from WT and Hdac1:2~/~ growing
oocytes obtained from mice 12 days-of-age. Equal numbers (200) of oocytes were loaded
per lane and and beta-actin (ACTB) was used as a loading control. The experiment was
conducted 2 times, and similar results were obtained in each case. (B) Immunocytochemical
detection of SIN3A, HDAC1, HDAC?2 and DNMT3A2 in WT and Sin3a™/~ oocytes
obtained from mice 12-days-of-age. Shown are representative images and only the nucleus
is shown. (C) Quantification of the data of HDAC2 and DNMT3A2 imunostaining shown in
panel B. Nuclear staining intensity of HDAC2 and DNMT3A2 in WT oocytes was set to 1,
and the data are expressed as mean £ SEM. Bisulfite sequencing analysis of DNA
methylation at the ICRs of maternally methylated genes, Snrpn (D), Igf2r (E), Peg3 (F) or
H19 (G) that is a paternally methylated gene, and repetitive elements, LINE1 (H) and IAP
(1) in WT and Sin3a~/~ growing oocytes obtained from mice 12 days-of-age. Filled circles
represent methylated sites and open circles represent unmethylated sites. Each row
represents data from a single DNA molecule. The numbers below each set of DNA strands
indicate the percent of methylated CpG sites.
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