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Extensive chromatin remodeling after fertilization is thought to take place to allow a newdevelopmental program to
start. This includes dynamic changes in histone methylation and, in particular, the remodeling of constitutive
heterochromatic marks such as histone H4 Lys20 trimethylation (H4K20me3). While the essential function of
H4K20me1 in preimplantation mouse embryos is well established, the role of the additional H4K20 methylation
states through the action of the SUV4-20 methyltransferases has not been addressed. Here we show that Suv4-
20h1/h2 aremostly absent inmouse embryos before implantation, underscoring a rapid decrease of H4K20me3 from
the two-cell stage onward. We addressed the functional significance of this remodeling by introducing Suv4-20h1
and Suv4-20h2 in early embryos. Ectopic expression of Suv4-20h2 leads to sustained levels of H4K20me3, devel-
opmental arrest, and defects in S-phase progression. The developmental phenotype can be partially overcome
through inhibition of the ATR pathway, suggesting that the main function for the remodeling of H4K20me3 after
fertilization is to allow the timely and coordinated progression of replication. This is in contrast to the replication
program in somatic cells, where H4K20me3 has been shown to promote replication origin licensing, and anticipates
a different regulation of replication during this early developmental time window.
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Fertilization of the oocyte by the sperm results in the
formation of a totipotent zygote that has the ability to gen-
erate all extraembryonic and embryonic tissues necessary
for development. The earliest stages of development prior
to implantation are of critical importance for setting
up the first embryonic lineages to generate an embryo
competent for implantation. Therefore, a central question
in biology is the defining role of the organization of the
chromatin and its architecture during the first cell divi-
sions and how they enable changes in cellular plasticity
and fate.
In mice, preimplantation development is characterized

by a distinctive atypical state of chromatin signatures,
with many histone post-translational modifications
(PTMs) reduced or absent after fertilization. In addition,
the paternal and maternal chromatin remain physically
segregated in two separate pronuclei that maintain dis-
tinctive chromatin marks, with the maternal chromatin
containing most constitutive heterochromatin PTMs,
while the paternal chromatin is enriched with PTMs
of facultative heterochromatin, thought to substitute
for the absence of constitutive heterochromatin therein

(for review, see Burton and Torres-Padilla 2014). The
histone H4 Lys20 dimethylation and trimethylation
(H4K20me2/3) are hallmarks of constitutive heterochro-
matin in somatic cells. H4K20me3 localizes primarily at
centromeres, pericentromeres, and telomeres that are en-
riched in repetitive sequences and are gene-poor (Schotta
et al. 2008).This is in contrast toH4K20monomethylation
(H4K20me1), which is one of the most abundant modifi-
cations on H4 and localizes to a wide variety of genomic
regions in a cell cycle-dependent manner across somatic
cells and in the early embryo (Barski et al. 2007; Jorgensen
et al. 2007; Houston et al. 2008; Oda et al. 2010). While, in
yeast, one single enzyme catalyzes the threeH4K20meth-
ylation states, in mammals, H4K20me1 is catalyzed by
PR-Set7, and H4K20me2 and H4K20me3 are both cata-
lyzed by the histone methyltransferases SUV4-20H1 and
SUV4-20H2 (Kmt5b and Kmt5c, respectively) (Nishioka
et al. 2002; Rice et al. 2002; Schotta et al. 2004, 2008). In
the zygote, immediately after fertilization, H4K20me3 is
detected exclusively on the maternal pronucleus, where
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it appears distributed mostly around ring-like structures
formed by the nucleoli precursors (nucleolar-like bodies
[NLBs]), which harbor the pericentromeric and centromer-
ic regions (Probst et al. 2007; Wongtawan et al. 2011). Im-
portantly, H4K20me3 is undetectable from the two-cell
stage onward and remains so until the peri-implantation
period (Wongtawan et al. 2011).

This transient loss ofH4K20me3 is perplexing and raises
two important questions. The only other cell types dis-
playing the absence of H4K20me3 seem to be cancer cells
with increased pluripotent capacity and proliferation ac-
tivity, resulting in poor prognosis for patients (Fraga et al.
2005; Van Den Broeck et al. 2008; Schneider et al. 2011;
Yokoyama et al. 2014). It is thus essential to understand
how fluctuations inH4K20me3 levels impact cell prolifer-
ation and cellular potency. In addition, the lack of conven-
tional constitutive heterochromatin in zygotes and two-
cell stage embryos has been linked to their characteristic
nuclear organization and high chromatin dynamics, be-
lieved to support a higher developmental plasticity. How-
ever, whether changes in this atypical heterochromatin
configuration play a functional role in developmental plas-
ticity beyond a mere correlation has not been addressed.

Because the absence of H4K20me3 correlates with the
highest developmental potency, we hypothesize that
lack of H4K20me3 is required for zygotic reprogramming
to take place. We thus set out to address whether enforc-
ing the maintenance of H4K20me3 during preimplanta-
tion restricts developmental capacity and investigate
how H4K20me3 relates to cellular proliferation in vivo.
For this, we first determined that Suv4-20h1 and Suv4-
20h2 are onlyweakly expressed after fertilization. Accord-
ingly, in order to achieve sustained maintenance of
H4K20me3 throughout preimplantation development,
we ectopically expressed Suv4-20h1 and Suv4-20h2. Our
results show that ectopic expression of Suv4-20h2 is suffi-
cient to enable global levels of H4K20me3. Suv4-20h2 dis-
played a markedly higher ability to restore H4K20me3
than Suv4-20h1, independently of changes in H3K9me3.
Embryos expressing Suv4-20h2—but not Suv4-20h1—do
not efficiently develop beyond the two-cell stage, indicat-
ing that the remodeling of H4K20me3 is required for
developmental progression. Suv4-20h2 expression led to
a proliferation defect accompanied by replication abnor-
malities. Importantly, the developmental phenotype was
partially rescued by inhibition of the ATR pathway, sug-
gesting that H4K20me3 induces replication stress and S-
phase arrest. Our results shed light on the functional
role of the absence of H4K20me3 during preimplantation
development and suggest that, in contrast to somatic
cells, H4K20me3 is incompatible with the timely progres-
sion of DNA replication of embryonic chromatin.

Results

Expression of H4K20 modifiers during preimplantation
development

SUV4-20H1 and SUV4-20H2 are the two mammalian
homologs of Drosophila Set8. In mammals, SUV4-20H2

has a slight preference for H4K20me3, but the combined
knockout of Suv4-20h1/h2 completely abolishes
H4K20me3 (Schotta et al. 2004, 2008), indicating that
they are the major H4K20me3 methyltransferases in
mammalian cells. We thus analyzed the expression of
both genes by RT-qPCR in all stages of preimplantation
development. The pattern of expression of both Suv4-
20h1 and Suv4-20h2 resembles that of maternally inherit-
ed transcripts, with higher levels in the zygote and a re-
duction at or after the two-cell stage (Supplemental Fig.
S1). However, both enzymes are expressed at very low lev-
els compared with the control housekeeping gene
(Actinb), with Suv4-20h1 exhibiting lower levels of ex-
pression than Suv4-20h2 (Supplemental Fig. S1). A third
enzyme, Smyd5, was reported to methylate H4K20 in vi-
tro (Stender et al. 2012), although the contribution of
SMYD5 to global H4K20me3 levels in vivo is unclear.
We found that, in contrast to the two Suv4-20 enzymes,
the expression of Smyd5 is strongly induced from the
two-cell stage onward and is expressed continuously
thereafter (Supplemental Fig. S1). Given the strong expres-
sion of SMYD5 during these developmental time periods,
when H4K20me3 is undetectable on embryonic chroma-
tin (Wongtawan et al. 2011), it is unlikely that SMYD5
contributes to the global remodeling of H4K20me3 after
fertilization. Note that there are no specific antibodies
available for SUV4-20H1, SUV4-20H2, or SMYD5 (our un-
published observations), and therefore our analysis for
these three enzymes focuses on mRNA exclusively. To
date, only one demethylase has been shown to be able to
act on H4K20me3 in vitro: PHF2, which can also deme-
thylate H3K9me1 (Wen et al. 2010; Stender et al. 2012).
RT-qPCR showed that the mRNA for Phf2 is abundant
in the zygote, in comparison with later stages, as Phf2
is practically absent from the eight-cell stage onward (Sup-
plemental Fig. S1), suggesting that Phf2mRNA is inherit-
ed maternally but degraded after fertilization.
Immunostaining revealed that PHF2 is present through-
out all stages of preimplantation development concomi-
tantly with the absence of H4K20me3 (data not shown).
While PHF2 may contribute toward keeping H4K20me3
practically absent from the embryonic chromatin, the re-
sults above suggest that lowH4K20me3 levels throughout
the cleavage stages is in part due to low expression of
SUV4-20 methyltransferases.

Expression of Suv4-20h2 results in accumulation
of H4K20me3

Given the above results, in order to maintain sustained
H4K20me3 during preimplantation development, we
chose to ectopically express Suv4-20h2 in zygotes, in par-
ticular because manipulating PHF2 levels may also
directly affect H3K9me1. Zygotes were microinjected
with mRNA for HA-tagged Suv4-20h2 in combination
withmRNA forGFP as an injection control (Fig. 1A). Con-
trol groups included embryos injected with mRNA for
GFP alone as well as noninjected embryos. Embryos
were cultured until the late zygote stage and analyzed
by immunofluorescence using an HA-antibody, which
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Figure 1. Maintenance of H4K20me3 through Suv4-20h2 ectopic expression blocks embryonic development prior to the two-cell stage.
(A) A schematic representation of the experimental design is shown at the top. Zygotes between 17 and 19 h post-human chorionic go-
nadotropin (phCG) were microinjected with mRNA Suv4-20h2WT or Suv4-20h2mut in addition to GFP, cultured in KSOM (K-modified
simplex optimizedmedium), and then fixed in 4% formaldehyde (as indicated in theMaterial andMethods) at 27 h phCG. Representative
images showing single Z-projections of confocal sections of noninjected, Suv4-20h2WT-injected, and Suv4-20h2mut-injected zygotes
stained with DAPI, HA, and H4K20me3 antibodies. An inset of the maternal pronucleus is shown in the right panels.N numbers are in-
dicated at the right. (M)Maternal, (P) paternal. Bars: inset, 5 µm; all others, 10 µm. (B) Microinjections were performed as inA, except that
embryoswere fixed at 46 h phCG. Representative images showing singleZ-projections of confocal sections of noninjected, Suv4-20h2WT-
injected, and Suv4-20h2mut-injected two-cell stage embryos stained with DAPI, HA, and H4K20me3 antibodies. An inset of one of the
two nuclei is shown in the right panels. N numbers are indicated at the right. Bars: inset, 5 µm; all others, 10 µm. (C ) Zygotes were mi-
croinjected as in A and cultured until the blastocyst stage. The number of embryos reaching the morula stage (developed) was quantified
for noninjected, GFP alone-injected, Suv4-20h2mut-injected, and Suv4-20h2WT-injected embryos. Total numbers of embryos are indi-
cated next to the plot. Statistical testing was performed using the N−1 two-proportion test for comparing independent proportions.
(∗∗∗) P < 0.0001. (D) Pie chart showing the distribution of arrested Suv4-20h2WT-injected embryos by stage. (E,F ) Zygotes were microin-
jected as inA and analyzedwith anH3K9me3 (E) orH3K64me3 (F ) antibody at the two-cell stage. Representative images showing singleZ-
projections of confocal sections of noninjected, Suv4-20h2WT-injected, andGFP-injected or Suv4-20h2mut-injected embryos. An inset of
one of the two nuclei is shown in the right panels. N numbers are indicated. Bars: inset, 5 µm; all others, 10 µm. (PB) Polar body.
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revealed that SUV4-20H2 was efficiently translated and
localized to both maternal and paternal pronuclei (Fig.
1A). In nonmanipulated embryos, H4K20me3 is detected
only around the NLBs and in the nuclear periphery at 4′-
6-diamidino-2-phenylindole (DAPI)-rich regions in the
maternal pronucleus and is undetectable in the paternal
chromatin (Fig. 1A, noninjected) (Kourmouli et al. 2004;
Wongtawan et al. 2011). Expression of Suv4-20h2 resulted
in a clear increase in H4K20me3 levels in the maternal
pronucleus but not in the paternal pronucleus (Fig. 1A).
This observation was surprising considering that SUV4-
20H2 was distributed equally between both pronuclei
and suggests that SUV4-20H2 is unable to modify the lev-
els of H4K20me3 on the paternal chromatin in zygotes,
perhaps due to the absence of H3K9me3 (Lange et al.
2013). At the two-cell stage, SUV4-20H2 as well as
H4K20me3 were readily detected in the nuclei of both
blastomeres at levels comparable with those in zygotes
(Fig. 1B; Supplemental Fig. S1D). This was in contrast to
noninjected embryos, where there were no detectable
levels of H4K20me3, in agreement with earlier findings
(Fig. 1B). The distribution of H4K20me3 throughout two-
cell stage nucleus, as opposed to only half of the nucleus,
indicates that SUV4-20H2 can methylate both paternal
and maternal chromosomes at this stage, suggesting that
methylation on the paternal chromatin is delayed in com-
parison with the maternal one, which takes place in the
zygote.

To test for the specific effects of the methyltransferase
activity of SUV4-20H2, we generated a mutant in the
SET domain. The SET domain is shared across several oth-
er histone methyltransferases, including SUV3-9H1, in
which amutation in the amino acid sequence (NHDC) ab-
rogates its catalytic activity (Rea et al. 2000; Lachner et al.
2001). We therefore generated a SUV4-20H2 construct in
which the corresponding NHDC motif was replaced by
AAAG. The resulting mutant protein is referred to here
as SUV4-20H2MUT, while the wild type is referred to
here as SUV4-20H2WT. We microinjected early zygotes
as above with mRNA for Suv4-20h2mut and GFP and an-
alyzed embryos at the late zygote stage. The AAAGmuta-
tion did not affect the localization of SUV4-20H2MUT
(which remained evenly distributed in both pronuclei)
but efficiently abolished the methyltransferase activity
of SUV4-20H2, since expression of SUV4-20H2MUT did
not lead to an increase in H4K20me3 levels in either the
maternal or paternal pronucleus (Fig. 1A). Likewise, levels
of H4K20me3 remained low in two-cell stage embryos ex-
pressing SUV4-20H2MUT, similar to control embryos
(Fig. 1B).

Our results show that SUV4-20H2WT efficiently in-
creases H4K20me3 levels in vivo, allowing us to sustain
H4K20me3 levels during preimplantation development.

H4K20me3 is incompatible with preimplantation
development

We next addressed whether embryos displaying sustained
H4K20me3 can develop normally. Embryosweremicroin-
jected with mRNA for Suv4-20h2WT as above and

cultured for 3 d until the blastocyst stage. As controls,
we used noninjected embryos, embryos microinjected
with GFP mRNA alone, and embryos expressing Suv4-
20h2MUT in combination with GFP. Control embryos
showed robust development, with 95.5%, 83.3%, and
82.5% developing to the morula stage for the noninjected
embryos (n = 68) or embryos expressing GFP (n = 96) and
SUV4-20H2mut (n = 40), respectively (Fig. 1C). These per-
centages reflect typical developmental rates obtained
in these assays (Santenard et al. 2010; Jachowicz et al.
2013). Incontrast, embryos expressingSUV4-20H2WTdis-
played a strikingly lower developmental rate (38%; n = 71)
(Fig. 1C). Since the SUV4-20H2MUT did not exhibit a
developmental delay, this indicates that the developmen-
tal phenotype of the SUV4-20H2WT embryos is due to
its histone methyltransferase activity. Thus, we conclude
that theembryonicarrestobserved forSUV4-20H2WTem-
bryos is most likely due to the presence of H4K20me3,
suggesting that the removal of this heterochromatic
mark is a requisite for preimplantation development.

Next, we asked whether the developmental phenotype
upon expression of SUV4-20H2WT at the zygote stage
is specific to that stage exclusively. For this, we asked
whether expression of SUV4-20H2WT at a different stage
results in a similar cellular arrest. We introduced mRNA
for Suv4-20h2WT in combination with GFP—or with
mRNA for GFP alone as a negative control—in a single
two-cell stage blastomere (Supplemental Fig. S2A). Expres-
sion of SUV4-20H2WT led to an increase in H4K20me3
levels in the injected cell in two-cell embryos (Supplemen-
tal Fig. S2B), which developed until the blastocyst stage.
However, a detailed analysis of thenumberof cells in these
embryos revealed a more limited cell progeny in SUV4-
20H2WT-expressing blastomeres compared with the neg-
ative control (GFP-only) (Supplemental Fig. S2C), indicat-
ing that expression of SUV4-20H2WT in two-cell embryos
leads to a cellular proliferation defect. Immunostaining of
these embryos showed that cell arrest was often accompa-
nied by nuclear fragmentation (Supplemental Fig. S2D). In
conclusion, SUV4-20H2-mediated H4K20me3 leads to
cell proliferation arrest in preimplantation embryos inde-
pendently of the developmental stage.

Sustained H4K20me3 results in developmental failure
prior to the two-cell stage

To understand the mechanism behind the developmental
arrest in Suv4-20h2WT-expressing embryos, we dissected
the developmental stages at which embryos arrest. Most
embryos arrested at the zygote and two-cell stages (45%
and 32%, respectively). The distribution of arrested em-
bryos across preimplantation development suggests that
H4K20me3 affects the earlier stages of development dur-
ing which epigenetic reprogramming takes place. Thus,
we first addressed whether maintenance of H4K20me3
perturbs other heterochromatic marks in zygotes and
two-cell stage embryos. Analysis of H3K9me3 revealed
no global differences between noninjected, GFP-express-
ing, or Suv4-20h2WT-expressing embryos (Fig. 1E; Supple-
mental Fig. S3A), in line with the suggested model for
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heterochromatin establishment in which SUV39H1/
H2 acts upstream of SUV4-20H1/H2 (Schotta et al.
2004). Thus, increased H4K20me3 occurred without glob-
al changes in H3K9me3, allowing us to distinguish
between phenotypic effects of the typical “H3K9me3-di-
rected” heterochromatin and those effects specific to
changes in H4K20me3.
The distribution of H3K64me3, another PTM of con-

stitutive heterochromatin, strongly resembles that of
H4K20me3 (Daujat et al. 2009). H3K64me3 is present
in the maternal pronucleus but is undetectable from
the two-cell stage onward. In agreement with this,
H3K64me3 was undetectable in noninjected embryos at
the two-cell stage (Fig. 1F). In contrast, SUV4-20H2WT
embryos showed a marked increase in H3K64me3 in
two-cell stage nuclei, in contrast to SUV4-20H2MUT em-
bryos, where H3K64me3 was not detected (Fig. 1F; Sup-
plemental Fig. S3B). This observation is surprising
considering that double Suv4-20h1/Suv4-20h2 knockout
mouse embryonic fibroblasts (MEFs) retain H3K64me3,
which had led to the suggestion that H3K64me3 occurs
independently of SUV4-20 activity (Lange et al. 2013).
Thus, the interplay between H4K20me3 and H3K64me3
in the embryo may obey different regulatory mechanisms
than in somatic cells, or, alternatively, de novo acquisi-
tion of H4K20me3 may affect H3K64me3.

The developmental failure elicited by H4K20me3
is mediated by SUV4-20H2

Suv4-20h1 is the secondmammalian homolog of Set8 and
is expressed only weakly in the early embryo (Supplemen-
tal Fig. S1). To address whether the embryonic arrest ob-
served following H4K20me3 maintenance is specific to
the histone methyltransferase activity of SUV4-20H2,
we undertook the same experimental approach as above
with SUV4-20H1. When ectopically expressed, SUV4-
20H1 displayed a nuclear localization similar to that of
SUV4-20H2 at the zygote stage. However, SUV4-20H1
did not detectably increase levels of H4K20me3 at the zy-
gote stage (Fig. 2A), and H4K20me3 levels increased only
weakly at the two-cell stage (Fig. 2B), indicating that, in
vivo, in the embryo, the catalytic activity toward
H4K20me3 is higher for SUV4-20H2 than for SUV4-
20H1. This is in agreement with previous suggestions
from crystallography work (Southall et al. 2014). The
low histone methyltransferase activity of SUV4-20H1
was lost upon mutating the NHDC sequence of its SET
domain into AAAG, similar to SUV4-20H2 (Fig. 2B,
SUV4-20H1MUT). Next, we monitored development of
embryos expressing SUV4-20H1, similar to that of
SUV4-20H2 (Fig. 2C). We microinjected early zygotes
with either Suv4-20h1WT or Suv4-20h1MUT mRNA in
combination with mRNA for GFP or with mRNA for
GFP alone. Similarly, embryos expressing Suv4-20h1WT
did not show a significant change in developmental pro-
gression (n = 78) (Fig. 2C). Indeed, their development rate
to the blastocyst stage (66%) was not significantly differ-
ent from that of embryos expressing GFP alone (77%; P
= 0.16). These observations indicate that the increase in

H4K20me3 from the zygote to the two-cell stage is a pri-
mary cause of the embryonic arrest and is mediatedmain-
ly by SUV4-20H2 histone methyltransferase activity.

The effect of SUV4-20H2 on gene expression during
embryonic genome activation (EGA)

Deposition of H4K20me3 through SUV4-20H2 can cause
RNA polymerase II (Pol II) pausing. H4K20me3 has also
been shown to repress gene expression in transformed
cell lines by reducing H4K16 acetylation (H4K16ac) levels
(Kapoor-Vazirani et al. 2011). In mice, the first wave of
EGA takes place in the zygote, and the second wave,
with a higher transcriptional activity, takes place at the
two-cell stage (Flach et al. 1982; Bensaude et al. 1983;
Aoki et al. 1997). Given that most SUV4-20H2 embryos
arrested at the zygote and two-cell stages, we thus inves-
tigated whether the increase in H4K20me3 resulted in
suppression of EGA in these embryos, which could poten-
tially explain the developmental arrest. To evaluate global
levels of gene expression, we pulsed embryos with EU (5-
ethynyl uridine) at the late two-cell stage at a time point
corresponding to the late phase of transcription during
EGA (Fig. 3A). Noninjected and SUV4-20H2MUT embry-
os showed a similar distribution of EU pattern, indicating
that SUV4-20H2MUT does not compromise EGA, with
85% (n = 13) and 94% (n = 18) of embryos displaying active
transcription, respectively (Fig. 3A,B). A significant pro-
portion of two-cell stage embryos expressing SUV4-
20H2WT (61%, n = 18) also displayed active transcription
(Fig. 3B). Nevertheless, it seems that most embryos dis-
played lower transcriptional activity, since only 22% of
SUV4-20H2 embryos showed high levels of EU incorpora-
tion, in comparison with >50% for the noninjected and
SUV4-20H2MUT groups (Fig. 3B). This suggests that sus-
tainedH4K20me3 does not prevent EGAbut has some im-
pact on global levels of transcription at the two-cell stage,
which could partly explain the developmental block.
Thus, to address whether SUV4-20WT embryos display
specific changes in gene expression as opposed to a global
or delayed effect on EGA, we profiled gene expression in
individual embryos using a microfluidics Biomark ap-
proach, a robust and quantitative approach amenable to
gene expression analysis from low amounts of material
(Guo et al. 2010). We examined the expression of 45 genes
in individual embryos across the four experimental
groups: noninjected, SUV-420H1WT, SUV4-20H2WT,
and SUV4-20H2MUT (Supplemental Fig. S5). The 45
genes analyzed were selected on the basis of (1) their
known transcriptional activation at EGA, (2) their role
in developmental progression and signaling during early
development, and (3) their role in blastocyst formation
(Supplemental Table S1). Principal component analysis
(PCA) and unsupervised clustering analysis of these data
revealed that expression of SUV4-20H2 did not induce sig-
nificant changes in expression of the genes assessed, com-
pared with the three control groups (Fig. 3C;
Supplemental Fig. S5; Supplemental Table S2). Because
most SUV4-20H2WT embryos displayed transcriptional
activity, albeit at reduced rates, and the Biomark results
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indicate that changes in specific gene expression were not
significant, our observations altogether could also suggest
a delay in the onset of transcriptional activation. Because
the timing of transcriptional activation in embryos is
closely related to that of replication, it therefore remains
possible that the reduced transcriptional activity in
SUV4-20H2WT embryos reflects a delay and/or a defect
in S-phase progression.

H4K20me3 perturbs developmental progression through
replication in zygotes and two-cell stage embryos

Previous reports have indicated that H4K20 methylation
levels may play a role in the control of replication timing
and origin licensing (Tardat et al. 2007, 2010; Oda et al.
2010; Vermeulen et al. 2010). Thus, we investigated
whether the developmental arrest observed upon expres-
sion of SUV4-20H2WT could be due to a misregulation
of S phase. For this, we subjected embryos to an EdU
(5-ethynyl-2′-deoxyuridine) pulse at the mid two-cell

stage, the time at which most embryos are known to be
in late S phase (Bolton et al. 1984). Because it is known
that replication does not proceed synchronously across
embryos, we further scored replication patterns as “late”
or “early” according to whether they reflect a late S phase
(with low levels of EdU detected at the NLBs or the nucle-
ar periphery) or an early–mid-S phase (where replication
foci are visible and evenly distributed in the nucleus), re-
spectively (Fig. 3D). As expected, most control embryos
displayed a late replication pattern at this time point (21
out of 25) (Fig. 3D,E). Similarly, albeit with some delay
presumably due to the microinjection procedure, most
SUV4-20H2MUT embryos also displayed a late replica-
tion pattern (12 out of 20) (Fig. 3D,E). SUV4-20H2WT em-
bryos instead mostly showed an early replication pattern,
with 85% of embryos displaying high levels of EdU incor-
poration (n = 13) (Fig. 3D,E). This observation points to-
ward a misregulation of S-phase progression in SUV4-
20H2WT embryos and prompted us to further investigate
the timing of S-phase initiation and completion.

Figure 2. Ectopic expression of Suv4-20h1 does not arrest embryonic development or increaseH4K20me3 levels in zygotes. (A) Schemat-
ic representation of the experimental design. Zygotes weremicroinjected withmRNA for Suv4-20h1WT or Suv4-20h1mut, cultured, and
fixed for immunostaining using HA or H4K20me3 antibodies at 27 h phCG. Representative images show single Z-projections of confocal
sections of noninjected, Suv4-20h1WT-injected, andGFP-injected zygotes. An inset of thematernal pronucleus is shown in the right pan-
els.N numbers are indicated. (M) Maternal; (P) paternal. Bars: inset, 5 µm; all others, 10 µm. (B) Zygotes were microinjected with mRNA
for Suv4-20h1WT or Suv4-20h1mut as inA, cultured, and analyzed at the two-cell stage. Representative images show singleZ-projections
of confocal sections of noninjected, Suv4-20h1WT-injected, and Suv4-20h1mut-injected embryos stainedwithDAPI, HA, andH4K20me3
antibodies. An inset of one of the two nuclei is shown in the right panels.N numbers are indicated. Bars: inset, 5 µm; all others, 10 µm. (C )
Zygotes were microinjected with mRNA for Suv4-20h1WT or Suv4-20h1mut in combination withGFP and cultured until the blastocyst
stage. The percentage of embryos that reached the blastocyst stage (developed) is plotted for noninjected, GFP-injected, Suv4-20h1mut-
injected, and Suv4-20h1WT-injected embryos. The total number of embryos analyzed is indicated. Statistical testingwas performed using
the N−1 two-proportion test for comparing independent proportions. (n.s.) Not significant.
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Weperformed EdU labeling at four different time points
that correspond to the onset and completion of S phase in
zygotes and two-cell stage embryos (early and late, respec-
tively). Because of the limited number of embryos avail-
able per experiment, in these experiments, we used only
noninjected embryos as negative controls. At the onset
of replication in zygotes, all control embryos had un-
dertaken replication and showed stable levels of EdU in-
corporation (Fig. 3F), with 80% of embryos having
finished replication by 29 h post-human chorionic gonad-
otropin (phCG) injection (Fig. 3G). In contrast, while most

SUV4-20H2WT embryos undertook replication in a time-
ly fashion (90%; n = 20), the majority of them (68%)
showed significantly higher levels of EdU incorporation
than noninjected embryos in both pronuclei (Fig. 3F),
and all embryos maintained robust levels of EdU incorpo-
ration at 29 h phCG (Fig. 3G). EdU levels in embryos ex-
pressing GFP alone at the late zygote stage were not
affected, compared with noninjected embryos (Supple-
mental Fig. S3C). These experiments suggest that while
SUV4-20H2WT embryos enter S phase at a time similar
to that of the controls, S-phase progression is delayed.

Figure 3. H4K20me3 affects replication progression. (A) Zygotes were microinjected with mRNA Suv4-20h2WT or Suv4-20h2mut, cul-
tured until the two-cell stage, and pulsed with EU for 1 h at 48 h phCG. Representative images show single Z-projections of confocal sec-
tions of noninjected, Suv4-20h2WT-injected, and Suv4-20h2mut-injected embryos stained with DAPI and EU visualized by Click-iT
reaction. An inset of one of the two nuclei is shown at the right. N numbers are indicated. Bars: inset, 5 µm; all others, 10 µm. (B). Dis-
tribution of EU patterns in late two-cell stage embryos. Embryoswere divided into three groups based on their EU pattern: (1) no transcrip-
tion (no EUdetected), (2) low levels of transcription (as exemplified inA, Suv4-20h2WT), and (3) high levels of transcription (as shown inA,
noninjected and Suv4-20h2mut). (C, right) Principal component (PC) projection of individual two-cell stage embryos based on the expres-
sion profiles of 45 genes detailed in Supplemental Table 1. Embryos are colored according to the experimental group. The first component
(PC1) is shown on theX-axis, and the second component (PC2) is shown on the Y-axis. (Left) Principal component projection of gene load-
ings showing the weight of each gene in the analysis. (D) Zygotes microinjected with mRNA Suv4-20h2WT or Suv4-20h2mut were cul-
tured until the two-cell stage, pulsedwith 5-ethynyl-2′-deoxyuridine (EdU) for 1 h at 38 h phCG, fixed, and analyzed for EdU incorporation.
Representative images showing single Z-projections of confocal sections of noninjected, Suv4-20h2WT-injected, and Suv4-20h2mut-in-
jected embryos. An inset of one of the two nuclei is shown at the right. White asterisks indicate EdU labeling in noninjected and Suv4-
20h2mut-injected embryos.N numbers are indicated. Bars: inset, 5 µm; all others, 10 µm. (E) Distribution of the replication patterns based
on EdU labeling at 38–39 h phCG as shown in D. (F,G) Normalized EdU levels measured in each pronucleus of noninjected and Suv4-
20h2WT-injected zygotes at 24–25 h phCG (F ) and 28–29 h phCG (G). (H,I ) Normalized EdU levels measured in each nucleus of nonin-
jected and Suv4-20h2WT-injected two-cell stage embryos at 34–35 h phCG (H) and 38–39 h phCG (I ).
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Likewise, at the two-cell stage, control and SUV4-
20H2WT embryos displayed similar levels of replication
foci at the start of S phase (35 h phCG) (Fig. 3H). However,
SUV4-20H2WT embryos showed persisting high levels of
EdU incorporation at 39 h phCG, while noninjected em-
bryos had mostly completed S phase at this time (Fig.
3I). These observations indicate a strong effect on S-phase
progression in embryos with sustained H4K20me3 levels
at the zygote and two-cell stages. Importantly, this pheno-
type correlates well with the timing and distribution of
the embryonic arrest elicited upon ectopic expression of
SUV4-20H2 (Fig. 1D).

Previous reports have shown that changes in the levels
of H4K20me1 and the expression of PR-Set7 lead to an in-
tra-S-phase checkpoint activation and cell cycle arrest
(Tardat et al. 2007; Houston et al. 2008; Oda et al. 2009).
Since H4K20 methylation is processive (Sims et al. 2006;
Congdon et al. 2010), it is possible that the increased
H4K20me3 levels upon ectopic expression of SUV4-
20H2WT have repercussions on the levels of H4K20me1,
and thus the developmental phenotype and themisregula-
tion of S phasemay be due to changes inH4K20me1 rather
than an increase in H4K20me3. To address this, we ana-
lyzed levels of H4K20me1 in control embryos as well as
embryos expressing SUV4-20H2WT or SUV4-20H2MUT
at the two-cell stage during G2 phase, when H4K20me1
levels are highest (Fig. 4A). Expression of SUV4-20H2WT
—but not of SUV4-20H2MUT—led to a reduction in
H4K20me1 levels, suggesting that H4K20me1 is indeed
used as a substrate for the higher methylation state (Fig.
4A; Supplemental Fig. S4A). To distinguish whether
changes in H4K20me1 levels are related to the develop-
mental phenotype elicited upon SUV4-20H2 expression,
we analyzed H4K20me1 in embryos expressing SUV4-
20H1, which do not display a developmental phenotype.
Surprisingly, expression of SUV4-20H1WT showed a
strong reduction of H4K20me1 (Fig. 4B) even though it
did not lead to an increase in H4K20me3 (Fig. 2B). This
suggests that SUV4-20H1WT converts H4K20me1 to
H4K20me2. Indeed, the reduction in H4K20me1 upon
expression of SUV4-20H1WTwas dependent on its meth-
yltransferase activity (Fig. 4B). However, in spite of multi-
ple attempts, we were unable to identify a specific
H4K20me2 antibody and therefore were unable to per-
form immunostaining for H4K20me2 (data not shown).
Importantly, even though SUV4-20H1WT embryos show
a reduction in H4K20me1 levels, they do not exhibit em-
bryonic lethality or cell cycle arrest (Fig. 2C), in contrast
to SUV4-20H2WT embryos, which show both reduction
of H4K20me1 and developmental arrest (Fig. 1C). This ob-
servation suggests that reductionofH4K20me1 levelsmay
not explain the developmental phenotype observed upon
expression of SUV4-20H2WT, leading us to conclude
that the developmental arrest in SUV4-20H2WT embryos
is mostly independent of changes in H4K20me1 levels. In-
deed, while PR-Set7 loss leads to a G2/M arrest (Oda et al.
2009; Tardat et al. 2010), we did not detect changes in
H3S10p in SUV4-20H2WT embryos compared with
noninjected or SUV4-20H2MUT controls (Fig. 4C; Sup-
plemental Fig. S4B). We aimed to address whether over-

expression of PHF2 would rescue the developmental
phenotype elicited by SUV4-20H2WT expression by re-
ducingH4K20me3.However, under the experimental con-
ditions tested, wewere unable to detect a change in global
H4K20me3 levels in spite of robust PHF2 expression (Sup-
plemental Fig. S3D–F).

SUV4-20H2-mediated embryonic arrest is partially
rescued by inhibiting ATR

All of our observations together suggest that the pheno-
typic arrest of embryos expressing SUV4-20H2WT is a re-
sult of a misregulation of DNA replication. H4K20
methylation can be a marker of DNA damage, and in-
creased levels of H4K20me2/3 have been linked to the ac-
tivation of the ATR pathway in cancer cells (Botuyan et al.
2006; Hajdu et al. 2011; Pei et al. 2011). We therefore hy-
pothesized that sustained H4K20me3 could trigger DNA
damage checkpoint activation during S phase in embryos.
We thus investigated the levels of γH2A.X, an indicator of
DNA damage and replication stress, in addition to CHK1
and phosphorylated CHK2 (CHK2p), downstream effec-
tors of the ATR/ATM pathway and S-phase checkpoint
activation (Mechali et al. 2013). Immunostaining of two-
cell stage embryos at late S phase using a γH2A.X antibody
revealed diffuse nuclear accumulation of γH2A.X with a
few foci in control noninjected embryos, in agreement
with previous observations (Fig. 4D; Ziegler-Birling et al.
2009). We did not detect changes in the global levels of
γH2A.X in embryos expressing either SUV4-20H2WT or
SUV4-20H2MUT (Fig. 4D; Supplemental Fig. S4C), sug-
gesting that sustained H4K20me3 levels do not cause
dsDNA damage globally. In contrast, SUV4-20H2WT em-
bryos showed higher levels of CHK1 in comparison with
noninjected and SUV4-20H2MUT embryos during S
phase (Fig. 4E; Supplemental Fig. S6A–D). In addition,
CHK2p was also strongly induced in both pronuclei of
SUV4-20H2WT embryos compared with noninjected
and SUV4-20H2MUT embryos, which showed barely
any signal for CHK2p (Fig. 4F; Supplemental Fig. S6E–
H). Note that we were unable to address levels of phos-
phorylated CHK1, since none of the commercially avail-
able CHK1p antibodies worked in immunostaining (data
not shown). The increase in CHK1 and CHK2p indicates
a potential signaling from DNA damage during S phase
upon expression of SUV4-20H2. Since H4K20me3 consti-
tutes a direct platform for origin replication complex
(ORC) loading (Beck et al. 2012), it is possible that in-
creased origins of replication may be used or available in
SUV4-20H2WT embryos. Indeed, this could explain the
increase in EdU levels in these embryos at the beginning
of S phase (Fig. 3F) as well as the CHK1 and CHK2p in-
crease through the generation of more ssDNA intermedi-
ates. The observation that CHK1 and CHK2p levels were
higher in SUV4-20H2WTembryos suggested a checkpoint
activation during S phase. We reasoned that if embryos
with sustained H4K20me3 levels upon expression of
SUV4-20H2 arrest because of an S-phase checkpoint acti-
vation, we should be able to release the developmental
arrest at least partially through inhibition of the ATR
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Figure 4. Embryonic arrest is partially rescued by inhibition of ATR. (A) Representative images of two-cell stage embryos analyzed at 46
h phCGwithDAPI, HA, andH4K20me1 antibodies. SingleZ-projections of confocal sections are shown. An inset of one of the two nuclei
is shown at the right.N numbers are indicated. Bars: inset, 5 µm; all others, 10 µm. (PB) Polar gody. (B) Representative singleZ-projections
of confocal sections of Suv4-20h1WT-injected and Suv4-20h1mut-injected two-cell stage embryos stained at 46 h phCGwith DAPI, HA,
and H4K20me1 antibodies. An inset of one of the two nuclei is shown in the right panels.N numbers are indicated. Bars: inset, 5 µm; all
others, 10 µm. (PB) Polar body. (C ) Representative two-cell stage embryos acquired at 46 h phCG stained with DAPI and H3S10p antibod-
ies, showing confocal single Z-projections of noninjected, Suv4-20h2WT-injected, and Suv4-20h2mut-injected embryos. N numbers are
indicated. Bar, 10 µm. (PB) Polar body. (D) Representative confocal singleZ-projections of noninjected, Suv4-20h2WT-injected, and Suv4-
20h2mut-injected two-cell stage embryos stained at 46 h phCGwith DAPI and γH2A.X antibodies.N numbers are indicated. Bar, 10 µm.
(PB) Polar body. (E) Representative zygotes stained at 25 h phCG (early S phase) and 29 h phCG (late S phase) with DAPI and CHK1 an-
tibodies, showing single confocal Z-projections of noninjected, Suv4-20h2WT-injected, and Suv4-20h2mut-injected embryos. Bars: inset,
5 µm; all others, 10 µm. (M) Maternal; (P) paternal. (F ) Confocal single Z-projections of noninjected, Suv4-20h2WT-injected, and Suv4-
20h2mut-injected zygotes acquired at 29 h phCG with DAPI and CHK2p antibodies. An inset of the maternal pronucleus is shown in
the right panels. N numbers are indicated. Bars: inset, 5 µm; all others, 10 µm. (M) Maternal; (P) paternal. For E and F, SUV4-
20H2MUT and SUV4-20H2WT embryos were processed separately but in parallel with noninjected controls. (G) A schematic represen-
tation of the experimental design is shown at the top. Zygotes between 17 and 19 h phCG were microinjected with mRNA for Suv4-
20h2WT and GFP and cultured in the presence or absence of an ATR inhibitor (ATRi) until the eight-cell stage. A bar chart of the devel-
opmental progression until the four-cell stage is shown at the bottom. Statistical testingwas performed using theN−1 two-proportion test
for comparing independent proportions. (∗) P < 0.05.
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pathway. To address this, embryos were injected as above
with mRNA for Suv4-20h2WT and cultured in the pres-
ence of anATR inhibitor (ATRi) from the late zygote stage
(Fig. 4G). Since longer inhibition of ATR is known to
block developmental progression (Brown and Baltimore
2000; Nakatani et al. 2015), we focused specifically on as-
sessing the developmental block beyond the two-cell
stage, which accounts for the majority of the phenotype
(77% of SUV4-20H2 embryos arrest prior to the two-cell
stage), by scoring embryos that reached the four-to-
eight-cell stage transition. As shown in Figure 4G, all non-
injected embryos cultured in the presence of the ATRi
reached the four-cell stage at a rate similar to that of
noninjected embryos cultured without inhibitor. SUV4-
20H2WT embryos treated with ATRi developed at sig-
nificantly higher rates than SUV4-20H2WT embryos
cultured without the inhibitor (P < 0.05; n = 32) (Fig. 4G).
Although not all embryos overcame the two-cell stage
block upon inhibition of ATR, our results suggest that
the developmental defects elicited from sustaining
H4K20me3 levels are partially alleviated by inhibiting S-
phase checkpoint activation.We conclude that the prima-
ry function of H4K20me3 remodeling after fertilization is
to allow the timely progression of DNA replication
through S phase. This is in contrast to the replication pro-
gram in somatic cells, where replication occurs normally
in the presence of H4K20me3 through ORC binding and
anticipates a different regulation of replication during
this developmental time window.

Discussion

Embryonic development requires a unique reprogram-
ming mechanism to revert to a ground epigenetic state
for a new developmental program to initiate. However,
the repercussions of such remodeling at themolecular lev-
el are not understood. Zygotes and two-cell stage embryos
exhibit a particular nuclear structure with distinctive and
asymmetric chromatin signatures thought to be necessary
for epigenetic reprogramming. Heterochromatic marks
are unique identifiers of parental chromatin at fertiliza-
tion, which are rapidly remodeled thereafter. To address
the requirement for such a chromatin environment in
vivo, we aimed to sustain the levels of one such PTM,
H4K20me3, by expressing the correspondingmethyltrans-
ferases (Suv4-20h1 and Suv4-20h2). Indeed, expression of
such chromatin modifiers can be used to interrogate the
system to shed light on the regulatory mechanisms of
the early embryo by studying how they respond to such
perturbations. We found that expression of Suv4-20h2
modifies H4K20 methylation by reducing H4K20me1
and increasing H4K20me3 levels and leads to embryonic
arrestmostly before the two-cell stage. This embryonic ar-
rest is dependent on the histone methyltransferase activi-
ty of SUV4-20H2. In addition, the developmental failure
seems to derive from the specific activity of SUV4-20H2
and the sustained H4K20me3 levels, since expression of
SUV4-20H1 does not result in developmental arrest or af-
fect H4K20me3 levels markedly. While it is likely that

the developmental arrest observed is due mainly to the
H4K20me3 increase, we cannot rule out the possibility
that changes in H3K64me3 levels could also potentially
contribute to the developmental phenotype observed
upon Suv4-20h2WT expression.

It is interesting to note that, in spite of ectopic SUV4-
20H2 being detected in both pronuclei, H4K20me3 is
only readily detected in the maternal pronucleus prior to
the two-cell stage. It is possible that SUV4-20H2 is more
active on chromatin already methylated with H3K9me3,
which is in line with the reinforcement loop of constitu-
tive heterochromatin in somatic cells (Rea et al. 2000). In
addition, because H4K20 methylation is processive and
is among themodificationswith the slowest rate of forma-
tion (Zee et al. 2010), it may take longer for SUV4-20H1 to
reach full processivity in the absence of basal levels of
H4K20me3 and/or H3K9me3. It is noteworthy that
Suv4-20 enzymes canbe targeted to chromatin through in-
teraction with HP1, which mediates stable SUV4-20H2
binding synergistically (Schotta et al. 2004; Hahn et al.
2013). Because HP1β appears in the paternal chromatin
only after S phase (Santos et al. 2005; Santenard et al.
2010) and because SUV4-20H1/H2 are known to function
mostly inG1 (Zee et al. 2010), the lack ofHP1 on the pater-
nal pronucleus together with the processivity nature of
SUV4-20 enzymes would explain why H4K20me3 is de-
tected in the paternal chromatin only at the two-cell stage.
SUV4-20H1 seems to display lesser activity toward
H4K20me3 than SUV4-20H2 in the embryo. Although
their SETdomains are highly identical, SUV4-20H2 seems
to have higher histone methyltransferase activity than
SUV4-20H1 in vitro (Schotta et al. 2004). It is also possible
that the longer nature of SUV4-20H1, which has 406more
amino acids than SUV4-20H2, may modulate its proces-
sivity. Strong overexpression of Suv4-20h2 in embryonic
stem cells leads to increased chromatin compaction
around chomocenters and consequentmitotic segregation
defects (Hahn et al. 2013). However, we did not detect seg-
regation defects in SUV4-20H2-expressing embryos.

The expression of SUV4-20H2 also leads to amisregula-
tion of S phase with increased replication sites, concomi-
tant with activation of the ATR pathway (Fig. 5). We
postulate that the subsequent activation of the intra-S-
phase checkpoint is the cause of the cell cycle block. It
is known that activation of ATR leads to a block of repli-
cation forks that exhibit ssDNA, but, in order to compen-
sate for the delayed stalled forks undergoing repair, several
dormant origins initiate replication (Gilbert 2007), which
could explain the continuous EdU incorporation observed
in the late S phase in zygotes and two-cell stage embryos
expressing SUV4-20H2WT. Alternatively, increased load-
ing of ORC, favored by increased accessibility of its binder
target, may facilitate the activation of additional origins,
resulting in more extensive ssDNA and subsequent
checkpoint activation (Fig. 5). In line with the suggestion
of intra-S-phase checkpoint activation, chemical inhibi-
tion of ATR partially rescues the S-phase block and devel-
opmental capacity. The persistent embryonic arrest in a
proportion of embryos could result from misregulation
of gene expression independently of the cell cycle/S-phase
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progression at the two-cell stage, whichmight not be over-
come by ATR inhibition. However, we could not formally
distinguish effects on gene expression caused by develop-
mental arrest.
Our results underscore the necessity for a chromatin

signature in zygotes and two-cell embryos that is devoid
of H4K20me3 and heterochromatin domains for the cor-
rect progression of replication. Indeed, it is possible that
the relatively open chromatin structure at these stages is
sufficient to enable regulated access to the replication
machinery (Boskovic et al. 2014; Wu et al. 2016). More
broadly, this anticipates a functional difference in the or-
ganization of the replication program between the early
embryos and somatic cells.

Materials and methods

Embryo collection, microinjection, and culture

Embryos were collected from 5- to 7-wk-old F1 (C57BL/6J × CBA/
H) superovulated females crossed with F1 males. Superovulation
was induced by intraperitoneal injection of 5 IU of pregnant mare
serum gonadotropin (PMSG, Intervet) and 7.5 IU of hCG (Inter-
vet) 46–48 h later. Zygotes were collected between 17 and 19 h
phCG injection. mRNAs were transcribed in vitro from the
pRN3P plasmid using the mMESSAGE mMACHINE kit
(Ambion). All cDNAs were subcloned to include identical 5′

caps and untranslated regions (UTRs; including Kozak) and a
poly-T 3′ UTR tail to ensure equivalent expression levels aftermi-

croinjection. Suv4-20h1 and Suv4-20h2 cDNA were obtained
through a generous gift from G. Schotta (Ludwig-Maximilians-
UniversitätMünchen,Munich), and Suv4-20h1mutwas obtained
through a generous gift from D. Beck (New York University,
New York). Suv4-20h2mut was prepared by site-directed muta-
genesis of Suv4-20h2 at asparagine 273 to cysteine 276 (NHDC)
into AAAG (wild-type sequence CAACCATGACTG to mutated
sequence CGCCGCTGCCGG) (Rea et al. 2000). Mouse Phf2
cDNA was obtained from H. Qi (University of Iowa) and subcl-
oned into the pRN3P plasmid. Zygotes were microinjected with
1–2 pL of the indicated mRNAs (700 ng/µL for Suv4-20h1/Suv4-
20h1mut/Suv4-20h2/Suv4-20h2mut/Phf2 or 250 ng/µL for Gfp)
and allocated to the experimental groups at random. Embryos
were cultured in KSOM (K-modified simplex optimizedmedium)
microdrops under oil at 37°C and 5% CO2 until they were fixed.
Microinjections at the two-cell stagewere performed in one of the
blastomeres at random after embryo collection at 41–43 h phCG.
Rescue experiments of the developmental blockwhere performed
by adding KSOM containing 10 µM ATRi (Millipore, catalog no.
5.04972.0001) after injection and renewing the medium daily for
2 d. Embryos were monitored and scored daily to determine
developmental progression. Data were derived from at least three
independent biological replicates. For statistical analysis of em-
bryonic development, theN−1 two-proportion test for comparing
independent proportions for small and large sample sizes was
used, which is based on the N−1 χ2 test originally proposed by
Pearson and recommended by Campbell. All experiments were
performed after approval of the Ethics Committee of the Univer-
sité de Strasbourg and according to French and European legisla-
tion on animal experimentation.

EU and EdU incorporation

Embryos were incubated with 50 µM EU for 1 h at 48 h phCG
treatment and then visualized by Click-iT chemistry (Life
Technologies) as described in the manufacturer’s instructions.
Quantifications were performed as described in “Quantification
of Fluorescence Intensity” (below). Embryos were incubated
with 50 µM EdU for 1 h at the times indicated in the figure
legends and figure schemes and then visualized by Click-iT
chemistry (Life Technologies) as described in the manufacturer’s
instructions.

Immunostaining and confocal microscopy

Fixation of freshly collected embryos from F1 superovulated, mi-
croinjected, and cultured embryos was performed as described
(Torres-Padilla et al. 2006). Briefly, the zona pellucida was re-
moved with Acid Tyrode solution followed by two washes in
PBS and fixation in 4% paraformaldehyde, 0.04% Triton, 0.3%
Tween20, and 0.2% sucrose at 37°C to ensure preservation of nu-
clear architecture. After permeabilization with 0.5% Triton in
PBS, embryos were washed three times in PBSt (0.1% Tween20
in PBS), quenched in 2.6 mg/mL freshly prepared ammonium
chloride, washed twice in PBSt, blocked for 3–4 h or overnight
at 4°C in blocking solution (BS: 3% BSA in PBSt), and incubated
with primary antibodies in BS. The antibodies used were as fol-
lows: anti-HA (Abcam, 16B12), anti-H3K9me3 (Millipore, 07-
442), anti-H4K20me3 (Millipore, 07-463), anti-H3K9me3 (Milli-
pore, 07-442), anti-H3K64me3 (generous gift from S. Daujat Insti-
tut de Génétique et de Biologie Moléculaire et Cellulaire,
Illkirch), anti-H4K20me1 (Abcam, ab9051), anti-H3S10p (Abcam,
ab5176), anti-γH2A.X (Millipore, 05-636), anti-CHK1 (Cell Sig-
naling, 2G1D5), and anti-CHK2p (Cell Signaling, T68 2661S). Af-
ter overnight incubation at 4°C, embryos were washed three

Figure 5. Working model for Suv4-20h2 and H4K20me3 effects
on cell cycle progression in embryos. Expression of Suv4-20h2 es-
tablishes higher levels of H4K20me3, which is a known target of
ORCA. In turn, ORCA can recruit ORC during early S phase to
replication origins. The increased levels of H4K20me3 lead to in-
creased ORC loading, which would result in higher levels of
ssDNA, as measured by EdU labeling. The increase in ssDNA
can activate the ATR pathway, which promotes CHK2 phosphor-
ylation, leading to the activation of the intra-S-phase checkpoint,
causing a delay in cell cycle progression and developmental
arrest.
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times in PBSt, blocked for 20 min in BS, and incubated for 3 h at
room temperature in BS containing secondary antibodies labeled
withAlexa fluorophores (Invitrogen). Afterwashing twice in PBSt
and once in PBS, embryos were mounted in VectaShield (Vector
Laboratories) containing DAPI to visualize DNA. Confocal mi-
croscopy was performed on a 63× oil objective in a TCS SP5 in-
verted confocal microscope (Leica). Z-sections were taken every
0.5–1 μm. Image analysis was performed using the LAS-AF (Leica)
and Imaris (Bitplane) software.

Quantification of fluorescence intensity

Confocal z-series stacks were reconstructed in three dimensions
using Imaris software (Bitplane), and the pronuclei (zygote) or nu-
clei (two-cell stage) were segmented based on the DAPI channel.
The average fluorescence intensity for the channel of interest
within the segmented region was calculated after uniform back-
ground subtraction with a 95% confidence. The fluorescence in-
tensity for each embryo was normalized to the average of the
noninjected control group. The data were tested for normality us-
ing the Kolmogorov-Smirnov test. If the datawere found to not be
normally distributed, the Mann-Whitney U-test, a nonparamet-
ric test, was used.

Gene expression analysis

Control noninjected, Suv4-20h1WT-injected, Suv4-20h2WT-in-
jected, and Suv4-20h2mut-injected two-cell stage embryos were
washed in PBS and flash-frozen in liquid nitrogen in 5 µL of 2× re-
action buffer (CellsDirect One-Step qRT–PCR kit, Invitrogen) at
44 h phCG. TaqMan gene expression assays (20×; Applied Biosys-
tems), previously tested using embryonic stem cell cDNA for
amplification efficiency, were pooled to a final concentration of
0.2× for each of the 48 assays. To each of the single-cell samples
in 2× reaction buffer, 2.5 µL of 0.2× assay pool, 0.5 µL of RT/
Taq enzyme (CellsDirect qRT–PCR kit, Invitrogen), and 2.3 µL
ofwater were added. Cell lysis and sequence-specific reverse tran-
scription were performed for 20 min at 50°C. The reverse
transcriptase was inactivated by heating for 2 min to 95°C. Se-
quence-specific preamplification was performed by denaturing
for 15 sec at 95°C and then annealing and amplification for 4
min at 60°C for 18 cycles. The resulting cDNA was diluted five-
fold before analysis with Universal PCRmaster mix and TaqMan
gene expression assays (Applied Biosystems) in 48:48 Dynamic
Arrays on a Biomark system (Fluidigm).Ct valueswere calculated
from the system’s software (Biomark real-time PCR analysis, Flu-
idigm). All raw Ct values were normalized to the assumed detec-
tion Ct level of 28 following the recommendation from Fluidigm
technical support as in Guo et al. (2010) and Burton et al. (2013).
Ct values >28 and those with curve qualities <0.65 were deemed
unreliable measurements and were substituted with values of 28.
Whenever Ct values or quality scores were judged unreliable in
one replicate but not the other, those of the successful replicate
were kept. Additionally, all samples lacking expression of refer-
ence genesActin-b andGapdhwere removed from further analy-
sis. The remaining Ct values were subtracted from 28 in order to
achieve a scale in which zero corresponded to the lack of expres-
sion, and an increase of 1 U indicated a doubling of the expression
level (Guo et al. 2010; Burton et al. 2013). Violin plots of the re-
sulting data set were generated using the ggplot2 R package. Stat-
istical analysis was performed using the Mann-Whitney U-test.
The PCA was performed using the pcaMethods R package, and
variables were scaled to unit variance. All plotting was done in
R using the ggplot2 package. The dendrogram clustering was gen-
erated in R using Euclidean distance.
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