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RESEARCH PAPER

Paternal genome rescues mouse preimplantation embryo development in the
absence of maternally-recruited EZH2 activity
Huili Wang a,b,c*, Erika E Paulsonc*, Libing Mad, Pablo J Ross c, and Richard M Schultz b,e

aInstitute of Animal Science, Jiangsu Academy of Agricultural Sciences, Nanjing, China; bDepartment of Anatomy, Physiology, and Cell
Biology, University of California Davis, Davis, CA,USA; cDepartment of Animal Science, University of California Davis, Davis, CA, USA; dSchool
of Life Science and Technology, Inner Mongolia University of Science & Technology, Baotou, China; eDepartment of Biology, University of
Pennsylvania, Philadelphia, PA, USA

ABSTRACT
Enhancer of zeste homolog 2 (EZH2), a component of the PRC2 complex, trimethylates H3K27,
a transcriptionally repressive histone mark. EZH2 is encoded by a dormant maternal mRNA and
inhibiting the maturation-associated increase in EZH2 activity using either a combined siRNA/
morpholino approach or a small molecule inhibitor (GSK343) inhibits development of diploidized
parthenotes to the blastocyst stage but not inseminated eggs, with longer GSK343 treatments
leading to progressively greater inhibition of development. GSK343 treatment also results in
a decrease in H3K27me3 and a decrease in global transcription in 2-cell parthenotes but not
2-cell embryos derived from inseminated eggs. RNA-sequencing revealed the relative abundance
of ~100 zygotically-expressed transcripts is decreased by GSK treatment in parthenotes, but not in
embryos, with many of the affected transcripts encoding proteins involved in transcription.
A previous study found that parthenotes deficient in maternal Ezh2 readily develop to the
blastocyst stage. To reconcile these differences we propose that the H3K27me3 state present in
the zygote needs to be faithfully propagated following DNA replication in at least one pronucleus,
otherwise development is compromised.
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Introduction

The oocyte-to-embryo transition (OET) in mouse
entails not only genome activation – the full-grown
oocyte is transcriptionally quiescent [1] – but also an
associated dramatic reprogramming of gene expres-
sion that mainly occurs during the 2-cell stage [2–6].
Although 1-cell embryos are transcriptionally active
[7], transcription appears promiscuous [8,9] and
intron-containing expressed transcripts are not effi-
ciently spliced [8,9]. Reprograming gene expression,
which is likely critical for transforming a highly dif-
ferentiated oocyte into totipotent 2-cell blastomeres,
appears driven by epigenetic changes, in particular
post-translational histone modifications [10–12].
For example, H3K4me3, an activating mark [13]
and H3K27me3, a repressive mark [14], undergo
dramatic changes in their genomic localization dur-
ing OET [15–19] and these changes appear coupled

to changes in promoter accessibility, i.e., chromatin
structure [9,20].

In mouse, changes in abundance of H3K27me2/3
occur shortly following fertilization [21–23], with
delayed immunostaining of the paternal pronucleus
(PN) for H3K27me2/3 attributed to preferential
recruitment of the Polycomb repressor complex 2
(PRC2) to the maternal pronucleus [22]. EZH2
(enhancer of zeste 2), a core component of PRC2,
di- and trimethylates H3K27 [24]; H3K27me3 is
a docking site for Polycomb repressor complex 1
(PRC1) and typically mediated by the CBX compo-
nent of the PCR1 complex [24,25]. EZH2, which is
essential for development [26], is encoded by
a dormant maternal mRNA recruited during oocyte
maturation [27 and see below] and conditionally
deleting Ezh2 in oocytes using Zp3-Cre results in
oocytes with little, if any, detectable H3K27me2/3
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[21]; Ezh2 expression from the paternal genome is
observed in 4-cell embryos.

Although parthenotes derived from Ezh2-deficient
oocytes develop to the blastocyst stage [21], the role,
if any, of maternally-recruited EZH2 in reprogram-
ming gene expression during OET is not known.
Accordingly, we inhibited the maturation-associated
increase in EZH2 using a combined siRNA/morpho-
lino approach or inhibited EZH2’s enzymatic activity
with GSK343, a small molecule inhibitor [28]. In
contrast to results obtained with Ezh2-deficient
oocytes, we find that either of these treatments inhi-
bits cleavage beyond the 2-cell stage of parthenotes
but not of biparental embryos. As expected, inhibit-
ing EZH2’s enzymatic activity during activation or
post-insemination reduces the intensity of
H3K27me3 immunostaining in both 2-cell parthe-
notes and embryos. Unexpected, however, is that
inhibiting EZH2 enzymatic activity results not only
in a reduced level of global transcription but also
expression of a subset of zygotically-activated genes
in parthenotes but not embryos, with a large number
of the affected transcripts encoding proteins involved
in transcription and mRNA processing.

Results

Inhibiting the maturation-associated increase in
EZH2 using a combined siRNA/morpholino
approach inhibits development of diploid
parthenotes

Prior to undertaking studies to examine the role of
maternal EZH2 in preimplantation development,
we assessed the temporal and spatial pattern of
EZH2 in oocytes and preimplantation embryos
(Figure 1(a,b)). EZH2 was present in GV oocytes
and throughout preimplantation development,
consistent with a previous report [29]. A dramatic
increase in the amount of EZH2 as detected by
immunoblotting occurred during oocyte matura-
tion, consistent with a previous report [27], and
was observed as early as 1 h following germinal
vesicle breakdown (GVBD) (Figure 1(c)). The
maturation-associated increase in the amount
EZH2 protein indicates that EZH2 is encoded by
a dormant maternal mRNA, which is consistent
with the presence of a cytoplasmic polyadenylation
element (CPE; U4AU2) within 100 nucleotides of
the polyadenylation signal sequence (A2UA3).

     GV                MII                  1C                  2C                  4C                 8C                  BL
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Figure 1. Temporal pattern of EZH2 expression during preimplantation development. (a) Immunofluorescence detection of
EZH2. Upper panels show EZH2 staining at different stages of development, lower panels show presence of nucleus as
detected by Hoechst staining. The experiment was performed 3 times and at least 20 oocytes/embryos were analyzed for
each experiment. Similar results were obtained for each experiment and representative images are shown. (b) Immunoblot
detection of EZH2. At least 50 oocytes/embryos were used for each lane, and experiment was conducted 3 times. TUBA was
used as loading control. Similar results were obtained for each experiment and shown is a representative immunoblot. (c)
Immunoblot showing rapid accumulation of EZH2 during oocyte maturation. GV, GV-intact oocyte; MI, metaphase I oocyte;
MII, metaphase II arrested oocyte; 1C, 1-cell embryo; 2C, 2-cell embryo; 4C, 4-cell embryo; 8C, 8-cell embryo; BL, blastocyst
stage embryo.
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We initially took a combined siRNA/morpho-
lino approach to inhibit the maturation-associated
increase in EZH2; the morpholino would inhibit
translation shortly after injection and the siRNA
would lead to a time-dependent degradation of
Ezh2 mRNA that would irreversibly prevent synth-
esis of EZH2 protein. This approach, which con-
firmed the specificity of the EZH2 antibody,
effectively inhibited the maturation-associated
increase in EZH2 as determined by either immu-
nocytochemistry (Figure 2(a)) or immunoblotting
(Figure 2(b), left panel); the reduction in the
amount of EZH2 protein remained in effect until
at least the 2-cell stage (Figure 2(b), right panel).
The combined siRNA/morpholino approach had
no effect on the extent of maturation (Figure S1
(a)), although PN formation was delayed following
egg activation; the delayed cleavage of diploidized
parthenotes to the 2-cell stage was consistent with
delayed PN formation (Figure S1(b)).

Inhibiting the maturation-associated increase in
EZH2 protein resulted in a decrease in the inten-
sity of the H3K27me3 immunofluorescence signal
in 2-cell embryos compared to controls (Figure 2
(c), left panel; D), but no effect on the H3K9me3
signal (Figure 2(c), right panel; D). The small, but
significant, decrease in H3K27me3 is consistent
with histone methylation marks being relatively
stable [30,31] and the loss of H3K27me3 over
promoters and distal domains [17,19]. Note that
a decrease in signal intensity was observed in con-
trols between the GV and 2-cell stages for both
H3K27me3 and H3K9me3. In contrast to
a previous study, however, in which oocytes
depleted of maternal EZH2 readily developed to
the blastocyst following maturation and activation
[21], development of diploidized parthenogenetic
activated (PA) eggs beyond the 2-cell stage was
seriously compromised when the maturation-
associated increase in EZH2 was inhibited
(Figure 2(e)).

Inhibiting the catalytic activity of EZH2 inhibits
development of diploid parthenotes

Loss of EZH2 protein could compromise develop-
ment beyond the 2-cell by a non-catalytic mechanism
because other components of the PRC2 complex
could be the responsible factor(s) and loss of EZH2

could destabilize the PRC2 complex, e.g., loss of EZH2
results in failure of EED to localize to the nucleus [21].
To ascertain whether compromised development was
attributed to loss of EZH2’s catalytic activity and not
EZH2 interacting with other proteins, we used
GSK343, which is membrane-permeable, to inhibit
reversibly EZH2’s histone methyltransferase activity
[28]. The 60-fold greater specificity of inhibition of
GSK343 for EZH2 compared to EZH1 [28], coupled
the relative abundance of maternal Ezh2 is 17-fold
greater than Ezh1 [5] strongly suggests that any
observed effects of GSK343 on development are likely
attributed to the catalytic activity of EZH2. A further
advantage of using GSK343 was that it enabled inhi-
biting EZH2 enzymatic activity during different win-
dows of development when compared to the
combined siRNA/morpholino approach.

We first identified a concentration of GSK343
(5 µM) that phenocopied the effect of inhibiting the
maturation-associated increase in EZH2 using the
combined siRNA/morpholino approach on develop-
ment beyond the 2-cell stage. GSK343 treatment also
resulted in a decrease in signal intensity ofH3K27me3,
but not H3K9me3, in 2-cell embryos derived from
diploidized activated eggs (Figure 3(a,b)). The
decrease in the signal intensity of H3K27me3 is unli-
kely due to a global decrease in the amount of histone
H3 because GSK343 treatment did not alter the signal
intensity ofH3 (Figure S2(a,b)), a result also consistent
with no effect of GSK343 on the signal intensity of
H3K9me3. Of particular note is that the inhibitory
effect of GSK343 on H3K27me3 was reversible.
Whereas continuous GSK343 treatment resulted in
a time-dependent decrease inH3K27me3 signal inten-
sity, an increase H3K27me3 signal intensity was
observed after GSK343-treated embryos were trans-
fered to GSK343-free medium (Figure S2(a,c)).

We then conducted experiments exposing
diploidized parthenotes to 5 µM GSK343 for dif-
ferent times during preimplantation development
to ascertain whether there was a sensitive-period
of exposure that led to a reduced incidence of
development to the blastocyst stage (Figure 4 and
Table S1). As expected, continuous incubation in
the presence of GSK343 starting with initiation of
maturation resulted in none of the embryos
developing to the blastocyst stage, with the
majority of the embryos arresting at the 2-cell
stage (line 5). Similarly, exposure of the embryos
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starting from the 2-cell (line 11) or 4-cell stage
(line 14) effectively inhibited development to the
blastocyst stage. Although exposure during

maturation had a mild inhibitory effect on devel-
opment to the blastocyst stage, no effect was
observed on cleavage of 2-cell embryos to the
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Figure 2. Knockdown of EZH2 with siRNA/morpholino in parthenotes. (a) Immunofluorescence detection of EZH2 in 2-cell
parthenotes. Upper panels show EZH2 staining, lower panels show presence of nucleus as detected by Hoechst staining. The
experiment was performed 3 times and at least 20 oocytes/eggs/embryos were analyzed for each experiment. Similar results were
obtained for each experiment and representative images are shown. (b) Immunoblot detection of EZH2 through oocyte maturation
(left blot) and at the 2-cell parthenote embryo stage (right blot). Control si/morpho indicates injection of control siRNA/morpholino
at the GV stage and Ezh2 si/morpho indicates injection of the siRNA/morpholino at the GV stage. TUBA was used as a loading
control. (c) Immunocytochemical detection of H3K27me3 (top panels) and H3K9me3 (middle panels) in 2-cell parthenotes. Bottom
panels show presence of nucleus as detected by Hoechst staining. The experiment was performed 3 times and at least 20 oocytes/
eggs/embryos were analyzed for each experiment. Similar results were obtained for each experiment and representative images are
shown. (d) Quantification of data shown in panel C. Asterisk represents significant (p < 0.05) decrease from control to EZH2
knockdown parthenotes (EZH2 KD). (e) Effect of EZH2 KD on development. Y-axis shows percentage of parthenotes that reached
each given stage. Asterisk represents significant (p < 0.05) decrease compared to control. The experiment was performed 3 times
and at least 20 oocytes/eggs/embryos were used for each group. Abbreviations as in Figure 1 with M representing morula.
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4-cell stage (line 2). Strikingly, treatment during
maturation and PN stage (line 3) not only inhib-
ited development to the blastocyst stage but also
inhibited cleavage of 2-cell embryos. Similar
results were obtained using oocytes that matured
in vivo and were then activated (Table S2 and
Figure S3), namely, early embryo exposure to
GSK343 inhibited development to the blastocyst
stage and resulted in a decrease in signal intensity
of H3K27me3, but not H3K9me3, in 2-cell expo-
sure also markedly inhibited development of acti-
vated, but not diploidized, eggs beyond the 2-cell
stage (Table S3).

In light of the detrimental effect on develop-
ment of GSK343 exposure during maturation and
the 1-cell stage, we conducted a similar set of
experiments using shorter windows of exposure
to GSK343 (Figure 4 and Table S1). Results of
these experiments indicated that restricting expo-
sure to the first 6 h following initiating the activa-
tion protocol had a dramatic inhibitory effect on
the incidence of development to the blastocyst

stage, with the majority of embryos arresting
development at the 4-cell stage (line 6).

Inhibiting the catalytic activity of EZH2 does not
inhibit development of inseminated eggs

There are very dramatic differences in histone
modifications between male and female pronu-
clei [10,11]. For example, whereas the female PN
always immunostains for H3K27me3 the male
PN acquires such staining later and the staining
is pericentric-enriched [22]. Accordingly, we
examined the effect of inhibiting EZH2 using
GSK343 on inseminated eggs. In stark contrast
to the inhibitory effect of early GSK343 exposure
on development beyond the 2-cell stage of
parthenotes, essentially no inhibitory effect was
observed in treated inseminated eggs during the
same time windows used when parthenotes were
treated (Figure 5(a) and Table S4). As expected,
continuous exposure of inseminated eggs to
GSK343 inhibited development to the blastocyst
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Control
GSK343

Control GSK343 

DNA

H3K9me3

H3K27me

Figure 3. Effect of GSK343 treatment on H3K27me3 and H3K9me3 in parthenotes. (a) Immunofluorescence detection of H3K27me3
(top panels) and H3K9me3 (middle panels) in 2-cell parthenogenetic embryos. Bottom panels show presence of nucleus as detected
by Hoechst staining. The experiment was performed 3 times and at least 20 oocytes/embryos were analyzed for each experiment.
Similar results were obtained for each experiment and representative images are shown. (b) Quantification of data shown in panel
A. Asterisk represents significant (p < 0.05) decrease compared to control. GV, GV-intact oocyte; 2C, 2-cell embryo.
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stage. Similar to diploidized activated eggs,
GSK343 treatment of fertilized eggs also resulted
in a decreased immunofluorescent signal inten-

sity of H3K27me3 in 2-cell embryos but a small
decrease was also observed for H3K9me3 (Figure
5(b,c)).

GV MII 1-cell 2-cell 4-cell Morula Blastocyst
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Figure 4. Summary of data of effect of different GSK343 treatments on development. Orange boxes indicate the presence of
5 µM GSK343 in culture media. Size of embryo represents percentage of parthenotes obtained following in vitro maturation
and activation that developed to that stage for that treatment. Each experiment was performed 3 times and at least 20
oocytes/embryos were analyzed for each experiment. See Table S1 for data. GV, GV-intact oocyte; MII, metaphase II-
arrested egg.
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Inhibiting the catalytic activity of EZH2 reduces
global transcription and expression of a subset
of zygotically-expressed genes in diploid
parthenotes but not control embryos

We next examined the effect of GSK343 treatment
on global transcription. Contrary to expectation,
global transcription was reduced in GSK343-treated

2-cell diploid parthenotes when compared to control
but not in 2-cell embryos derived from inseminated
eggs (Figure 6). The decreased H3K27me3 fluores-
cent signal observed for GSK343-treated 2-cell
diploid parthenotes would have suggested GSK343
treatment would result in an increase in global
transcription.
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Figure 5. Effect of GSK343 treatment on biparental embryo development, and H3K27me3 and H3K9me3 of in vivo matured and
in vitro fertilized embryos. (a) Summary of data of effect of different GSK343 treatments on development. Orange boxes indicate the
presence of 5 µM GSK343 in culture media. Size of embryo represents percentage of embryos that developed to that stage given
that treatment. Each experiment was performed 3 times and at least 20 oocytes/embryos were analyzed for each experiment. See
Table S4 for data. (b) Immunofluorescence detection of H3K27me3 (top panels) and H3K9me3 (middle panels) in 2-cell biparental
embryos. Bottom panels show presence of nucleus as detected by Hoechst staining. The experiment was performed 3 times and at
least 20 oocytes/embryos were analyzed for each experiment. Similar results were obtained for each experiment and representative
images are shown. (c) Quantification of data shown in panel B. Asterisk represents significant (p < 0.05) decrease compared to
control. GV, GV-intact oocyte; MII, metaphase II-arrested egg; 2C, 2-cell embryo.
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To ascertain whether the decrease in global tran-
scription was attributed to all or a subset of zygoti-
cally-expressed genes in 2-cell diploid parthenotes,
RNA-seq was performed. α-Amanitin was used to
define the set of zygotically-expressed genes in con-
trol and 2-cell diploid parthenotes. Principal com-
ponent analysis (PCA) indicated that as expected,
the α-amanitin-treated 2-cell diploid parthenote
and embryos clustered together but separately
from their control counterparts (Figure 7(a)). PCA
analysis also indicated that GSK343-treated 2-cell
diploid parthenotes clustered separately from their
control counterparts, whereas GSK343-treated
2-cell embryos clustered with their control counter-
parts, although fewer α-amanitin-sensitive tran-
scripts were detected in 2-cell diploid parthenotes
when compared to control embryos (Figure 7(b)).
Furthermore, the small set of zygotically-expressed
and affected transcripts in GSK343-treated 2-cell
diploid parthenotes was also zygotically-expressed
in control embryos. Analysis of the miss-expressed
transcripts in response to GSK343-treatment in
2-cell diploid parthenotes revealed that many were
involved directly or indirectly in transcription and
mRNA processing, as well as cell cycle regulation
(Table S5 and Discussion), which could underlie
the observed compromised development of these
embryos beyond the 2-cell stage. In addition, the
relative abundance of a small number of transcripts
that are in general not α-amanitin-sensitive was

increased in both GSK343-treated parthenotes and
embryos (Table S6). The increase in relative abun-
dance of these transcripts may reflect precocious
expression in light of the decrease in the repressive
H3K27me3 mark. A list of all differentially
expressed α-amanitin-sensitive genes in GSK343-
treated and untreated embryos is found in Table S7.

Discussion

We provide evidence that the enzymatic activity of
EZH2 is required for early development of parthe-
notes as manifested by compromised development
beyond the 2-cell stage when either the maturation-
associated increase in EZH2 is inhibited or its cat-
alytic activity is directly inhibited. An increase in
EZH2 enzymatic activity presumably occurs during
oocyte maturation because EZH2 is encoded by
a dormant maternal mRNA, i.e., an mRNA that is
not translated or poorly translated in the oocyte but
whose translation increases during maturation.
A hallmark of dormant maternal mRNAs is that
their transcript abundance is quite high in the
oocyte, which ensures rapid accumulation of the
encoded protein during maturation, and that they
contain a cytoplasmic polyadenylation element
(CPE) that is essential for their recruitment [32].
Ezh2 mRNA meets these requirements [5], with
EZH2 protein accumulation detected within 1 h
following GVBD, which is quite early when

Figure 6. Effect of GSK343 on global transcription. Biparental embryos (Fertilized) were fertilized in vivo and parthenotes (PA) were
in vivo matured and parthenogenetically activated. Both groups were cultured in control medium or medium containing GSK343 or
α-amanitin. EU incorporation was assayed in 2-cell embryos. The experiment was performed 3 times, and at least 20 embryos were
analyzed for each experiment. Asterisk represents significant (p < 0.05) decrease from control.
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compared to other recruited mRNAs, e.g., Dcp1a,
Dcp2, Cnot7, Sin3a, whose increase in protein
abundance is first observed around MI, if not by
MII ([33–35]. In fact, EED and SUZ12, two other
components of the PCR2 complex are likely
encoded by dormant maternal mRNAs, based on
changes in their relative transcript abundance [5]
and presence of a CPE in close proximity to
a polyadenylation signal sequence.

Dormant maternal mRNAs typically encode pro-
teins critical for a biological process for which there
will be a demand following fertilization, e.g., DNA

replication [36]. From this perspective, the impend-
ing round of DNA replication following fertilization/
activation would require maintaining the maternal
H3K27me3 mark deposited during oocyte growth at
loci critical for development. The need for EZH2
activity during oocyte growth to establish the mater-
nal mark may be low because oocyte development
occurs over an extended period of time (i.e., about
2.5 weeks) in the absence of DNA replication. In
contrast, maturation and initiation of development
occur over the course of a few hours thereby placing
an increase demand on EZH2 activity.

a

b

Figure 7. Effect of GSK343 treatment on transcriptome. RNA-seq was conducted using 2-cell biparental embryos that were in vivo
fertilized or parthenotes that were in vivo matured and parthenogenetically activated. Both groups were then cultured in control
medium or medium containing GSK343 or α-amanitin. (a) Principal component analysis (PCA). Four replicates were performed, and
at least 20 embryos were used for each sample. The graph was created using CLC Genomics Workbench (CLC Bio, Denmark). (b)
Venn diagram comparison of transcripts whose relative abundance was decreased (FDR p-value<0.05) in parthenotes treated with
GSK343 or α-amanitin compared to parthenotes cultured in control media.
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The central and unexpected finding reported
here is that whereas there is no discernable effect
on development to the blastocyst stage of parthe-
notes deficient in maternal EZH2 [21], develop-
ment of parthenotes to the blastocyst stage is
highly compromised when the activity of mater-
nally-recruited EZH2 is inhibited. To reconcile
these differences, we propose that the epigenetic
state present in the zygote, before DNA replication
must be faithfully propagated following DNA
replication, otherwise development is compro-
mised. Oocytes deficient in maternal EZH2 lack
the H3K27me3 mark, which is recognized as the
ground-state by the zygote. Accordingly, parthe-
notes readily develop to the blastocyst stage
because there is no need to maintain the mark
given its absence. In contrast, the H3K27me3
mark is present in wild-type oocytes and inhibiting
EZH2 enzymatic activity in parthenotes results in
failure of the zygote to maintain the mark follow-
ing DNA replication and compromises develop-
ment to the blastocyst stage, with prolonged
inhibition leading to a more pronounced inhibi-
tion of development (Figure 8).

Why does transient inhibition of EZH2 not
inhibit development of zygotes? ChIP-seq data
indicate that the H3K27me3 mark retained on
sperm chromatin is erased following fertilization
and replaced with de novo H3K27me3 marks
mainly located in either gene deserts or inactive
genes [19]. Inhibiting EZH2 activity following fer-
tilization will prevent formation of the de novo
H3K27me3 mark, resulting in a paternal genome
essentially devoid of the mark and now recognized
as the ground-state. Presence of one unmarked
parental genome appears sufficient to support
development to the blastocyst stage, although the
developmental competence of these blastocysts is
unknown (Figure 8). It is possible that develop-
ment to term is not compromised but post-natal
developmental problems arise, noting that fertili-
zation of eggs deficient in maternal EZH2 with
wild-type sperm results in development to term
but the offspring exhibit growth retardation [21].

ChIP-seq data reveal that H3K27me3 is initially
located over promoters in MII eggs but is essen-
tially absent by the late 2-cell stage [17], when the
major wave of genome activation and reprogram-
ming gene expression occurs. In addition, broad

domains of H3K27me3 are found in regions distal
to the transcription unit in MII eggs and these
domains are substantially reduced by the late
2-cell stage. These findings are consistent with
the observed decrease in H3K27me3 immuno-
fluorescence staining between the GV and 2-cell
stages. Loss of this repressive mark, in particular
over promoters and replacement with H3K27ac
[15], an activating mark, would be expected to
result in an increase in transcription. In contrast,
we find that inhibiting either the maturation-
associated increase in EZH2 or its catalytic activity,
which results in a further significant reduction of
H3K27me3 immunofluorescence, leads to
a reduction in global transcription in parthenotes
(but not in embryos derived from inseminated
eggs) and this decrease is associated with
decreased transcript abundance of a small subset
of zygotically-expressed genes, i.e., α-amanitin-
sensitive, in parthenotes but not embryos derived
from inseminated eggs. Many of the affected tran-
scripts encode for proteins involved directly or
indirectly in transcription that could in turn result
in a decrease in transcription. For example, CDK9
(in collaboration with CCNT1/2) phosphorylates
S2 on the carboxyl-terminal domain (CTD) of
RNA polymerase II, converting it to the elongating
form [37], noting that CDK9/CCNT1/2 activity
appears critical for genome activation [38]. In
addition, when EZH2 function is inhibited, the
failure to faithfully reprogram gene expression in
parthenotes likely contributes to compromised
development beyond the 2-cell stage. The ability
to conduct ChIP-seq [15,17,18] combined with
ATAC-seq [9] with small numbers of preimplanta-
tion embryos will likely provide insights into how
perturbing EZH2 activity prior to major genome
activation leads to the observed phenotype.

Materials and methods

Oocyte/egg collection

Full-grown, germinal vesicle-intact oocytes (GV)
obtained from cumulus cell-oocyte complexes were
collected from 6-wk-old CF-1 female mice (Harlan,
Indianapolis, IN) primed with 5IU eCG for 44–48 h
prior to isolation. Bicarbonate-free minimal essential
medium (Earle’s salts) supplemented with 3 mg/ml
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of polyvinylpyrrolidone (PVP) and 25 mM Hepes
(pH 7.3) (MEM/PVP) was used for the collection
medium, and 2.5 μM milrinone was added to pre-
vent resumption of meiosis [39]. In vivo matured
metaphase II (MII) oocytes were collected from
eCG-primed CF-1 female mice 13–16 h following
hCG administration; in vitro matured MII oocytes

were obtained following culture for 16–18 h at 37°C
in 5% CO2 in air after transferring full-grown GV
oocytes to milrinone-free Chatot Ziomek Brinster
(CZB) medium [40] as previously described [33].
All animal experiments and procedures were
approved by the Institutional Animal Care and Use
Committee and consistent with NIH guidelines.

Figure 8. Schematic diagram depicting effect of inhibiting EZH2 function on propagation of H3K27me3 mark in diploid
parthenotes and biparental embryos during DNA replication. Top row represents biparental embryos and bottom row
diplodized parthenotes, with maternal chromosomes on the left and paternal chromosomes on the right in each box. Black
circles represent maternal histones deposited on maternal chromosomes during oocyte growth, whereas striped circles
represent histones that are deposited onto the paternal genome after fertilization and lack the mark, which appears in the
late 1-cell stage and following initial formation of H3K27me1 and 2. Empty circles represent histones that are deposited during
DNA replication. In the ‘Control’ column (far left), EZH2 (blue rectangle) is present and able to propagate the maternal
H3K27me3 mark (orange triangle) onto newly deposited histones during DNA replication of maternal chromosomes. In contrast,
paternal chromosomes will remain devoid of the mark. In the ‘Loss of EZH2 Activity’ column (center), the enzymatic activity of
EZH2 is inhibited (red X) due to GSK343 treatment. Therefore the maternal H3K27me3 mark fails to be propagated onto newly
deposited histones on maternal chromosomes and the mark fails to appear on replicated paternal chromosomes. In the
‘Conditional Knockout of EZH2’ column (far right), maternal EZH2 is not present, leading to loss of H3K27me3 on maternal
chromosomes as well as on paternal chromosomes. For parthenotes, the maternal H3K27me3 mark is not maintained following
DNA replication when EZH2 is inhibited. In contrast, depleting maternal EZH2 results in maternal chromosomes not harboring
the mark and therefore the chromosomes fail to acquire the mark following activation and DNA replication. Check marks in
green squares represent ‘successful’ and X’s in red squares represent ‘unsuccessful’ with respect to inheriting the initial
epigenetic ground-state in the zygote across DNA replication. The results suggest that development to the blastocyst stage
requires at least one of the parental genomes maintain the epigenetic landscape present in the zygote prior to DNA
replication.
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Egg activation, in vitro fertilization, and embryo
culture

To generate parthenogenetic activated (PA) diploi-
dized embryos, MII eggs were activated for 3 h in
Ca2+-, Mg2+-free CZB medium containing 10 mM
SrCl2 and 5 µg/mL cytochalasin B, followed by
culture for 3 h in CZB medium containing 5 µg/
mL cytochalasin B. To generate in vitro fertilized
(IVF) embryos, in vivo matured MII eggs were
inseminated using fresh capacitated epididymal
sperm (5x105 sperm/ml) of B6D2F1/J male mice
(Jackson Lab, Bar Harbor, ME) in TYH medium
[41] with 4 mg/mL BSA for 3–6 h; sperm were
capacitated for 1.5 h prior to use. After PA and
IVF, the 1-cell embryos were cultured in KSOM
medium containing amino acids (KSOM/AA)
[42,43] at 37°C and 5% CO2 until blastocyst stage.

In vivo zygote collection

Eight-week old female mice were primed with 5 IU
eCG, followed by 5 IU hCG 46–48 h later. Female
mice were then placed with males, left overnight
and checked for plugs the following morning.
Zygotes containing two visible pronuclei were col-
lected from the oviduct and cultured as described
above.

EZH2 knockdown and inhibiting EZH2
enzymatic activity

Denuded GV oocytes were microinjected with
approximately 5 pL of an siRNA/morpholino mix in
MEM/PVP containing 2.5 μM milrinone as pre-
viously described [44]. The Ezh2 (SI00997801;
Qiagen and 4390771; Ambion) and control
Luciferase siRNA (D-001100–01-05; Dharmacon)
were both injected at a concentration of 25 μM. The
concentration of the Ezh2 (5ʹ-ATTTCTTCCC
AGTCTGGCCCATGAT-3ʹ; GeneTools) and stan-
dard control morpholinos (GeneTools) was 1 mM.
Following microinjection, the oocytes were cultured
in CZB medium containing 2.5 μM milrinone under
5% CO2 in air at 37°C for 1 h, transferred to milri-
none-free CZB medium and allowed to mature to
MII, and then activated and cultured in KSOM/AA
to monitor development. To inhibit EZH2 histone
methyl transferase activity, oocytes or embryos were

cultured in CZB or KSOM/AA medium containing
5 µM GSK343, a reversible inhibitor of EZH2 enzy-
matic activity [28] for the times noted in the text.

Immunoblot analysis

Immunoblotting was performed as previously
described [33]. Briefly, protein extracts from sam-
ples were solubilized in Laemmli sample buffer
and resolved by SDS-PAGE, then transferred to
a PVDF membrane. The membrane was blocked
in blocking reagent and incubated overnight with
the primary antibody in blocking solution. The
membrane was then washed and incubated with
a secondary antibody conjugated with horseradish
peroxidase. The signal was detected with the
Amersham ECL Select Western blot detection
reagent (GE Healthcare) according to the manu-
facturer’s instructions. Antibodies and dilutions
for immunoblotting and immunofluorescence are
listed below.

Immunofluorescence

Immunofluorescence was performed as previously
described with slight modifications [45]. Briefly,
oocytes and embryos were fixed in 4% paraformal-
dehyde for 20 min at room temperature, permea-
bilized with 0.2% Triton X-100 in PBS solution for
10 min, and then blocked in PBS containing 0.1%
BSA and 0.01% Tween-20 for 1 h. The cells were
then incubated with primary antibodies overnight
at 4°C, followed by incubation with the appropri-
ate secondary antibody for 1 h. DNA was stained
with 10 μg/ml Hoechst 33342. The cells were then
washed and mounted under a coverslip with gentle
compression in ProLong Gold Antifade Mountant
solution (Life Technologies). Fluorescence was
detected on a Leica TCS SP laser-scanning confo-
cal microscope. For each experiment, all samples
were processed in parallel and the intensity of
fluorescence was quantified with NIH imageJ soft-
ware. The laser power was adjusted so that the
signal intensity was below saturation for the devel-
opmental stage that displayed the highest intensity
and all images were then scanned at that laser
power.

The intensity of fluorescence was quantified
using NIH Image J software. Briefly, nuclear signal
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was outlined and mean fluorescence intensity was
measured. This same encircled region was dragged
to the cytoplasm of the same cell, and background
fluorescence was measured. The specific signal was
calculated by dividing nuclear values by cytoplas-
mic values.

Antibodies

The following antibodies and dilution for immuno-
blotting (IB) or immunofluorescence (IF) were used:

Anti-EZH2 rabbit polyclonal antibody (AC22, Cell
Signaling Technology, IF, 1:400; WB,1:2000)
Anti-Histone H3 (trimethyl K27) rabbit polyclonal
(ABE44; Millipore, IF, 1:400)
Anti-Histone H3 (trimethyl K27) mouse monoclo-
nal antibody (ab6002; Abcam, IF, 1:400)
Anti-Histone H3 (trimethyl K9) rabbit polyclonal
antibody (ab8898; Abcam, IF, 1:400)
Anti-Histone H3 (trimethyl K9) mouse monoclonal
(ab71604, Abcam, IF, 1:400)
Anti-Histone H3 rabbit polyclonal antibody (ab1791;
Abcam, IF, 1:400)
Donkey anti-Mouse IgG secondary antibody
(A10037; ThermoFisher, IF, 1:400)
Donkey anti-Rabbit IgG (H + L) secondary antibody
(A21206; ThermoFisher,IF,1:400)

Global transcription assay

The Click-iT RNA Imaging kit (C10329,
Invitrogen) was used to assay global transcription.
Briefly, 2-cell embryos were cultured with 2 mM
EU in KSOM medium for 1 h before fixation in
2.5% paraformaldehyde for 20 min at room tem-
perature. After washing and membrane permeabi-
lization, incorporated EU was detected according
to the manufacturer’s instructions. The samples
were mounted in VECTASHIELD medium con-
taining Hoechst 33342 (10 µg/mL) to visualize the
DNA. DNA and EU were visualized using a Leica
TCS SP laser-scanning confocal microscopy. The
intensity of the fluorescence was quantified using
ImageJ software as previously described [7].

RNA isolation, cDNA library preparation, and
RNA sequencing

Two-cell embryos (16–20) were washed three times
in PBS+PVA and transferred to a PCR tube that was

then frozen in liquid nitrogen. Samples were stored
at −80°C until processed for RNAseq. Total RNA,
isolated with an ARCTURUS® PicoPure RNA
Isolation Kit (Thermo Fisher Scientific, catalog
#KIT0204) according to the manufacturer’s instruc-
tions, was used for library preparation using the
Ovation® SoLo RNA-Seq Systems (NuGEN catalog
#0501) according to the manufacturer’s instructions.
cDNA libraries were quantified and evaluated using
a 2100 Bioanalyzer (Aligent Technologies). Libraries
were pooled, and sequencing was performed using
NextSeq single end 75 base pairs. The sequenced
samples contained 8 to 37 million reads.

Reads from each sample were trimmed (first 5 bp
removed) and individually mapped to the annotated
transcripts in the mouse reference genome using the
RNA-Seq tool in CLC Genomics Workbench (CLC
Bio, Denmark), which calculated gene expression
levels as RPKM. PCA was generated using the PCA
tool on gene expression RPKM values. Expression
analysis was then run to compare groups.

Genes were considered significantly different if
the fold-change was >2 and had an FDR
p-value<0.05. NCBI David Functional Annotation
was used to identify processes implicated by the
differentially expressed transcripts; processes were
only considered if p-value <0.05.

Statistical analysis

All experiments were replicated at least three times.
One-way ANOVA were used to evaluate the differ-
ences between groups using IBM SPSS Statistics 19.0.
A level of P < 0.05 was considered significant.
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