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We examined the roles of poly(ADP-ribosylation) in chromatin remodeling during the first cell cycle of
mouse embryos. Drug-based inhibition of poly(ADP-ribosylation) by a PARP inhibitor, PJ-34, revealed
up-regulation of dimethylation of histone H3 at lysine 4 in male pronuclei and down-regulation of dime-
thylation of histone H3 at lysine 9 (H3K9) and lysine 27 (H3K27). Association of poly(ADP-ribosylation)
with histone modification was suggested to be supported by the interaction of Suz12, a histone methyl-
transferase in the polycomb complex, with Parp1. PARP activity was suggested to be required for a proper
localization and maintenance of Suz12 on chromosomes. Notably, DNA methylation level of female pro-
nuclei in one-cell embryos was robustly decreased by PJ-34. Electron microscopic analysis showed a fre-
quent appearance of unusual electron-dense areas within the female pronuclei, implying the
disorganized and hypercondensed chromatin ultrastructure. These results show that poly(ADP-ribosyla-
tion) is important for the integrity of non-equivalent epigenetic dynamics of pronuclei during the first cell
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cycle of mouse embryos.
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1. Introduction

Poly(ADP-ribosylation) (PARylation) is an instant posttransla-
tional modification of protein and is involved in many cellular pro-
cesses [1,2]. In particular, recent studies have revealed its essential
roles in chromatin remodeling for transcription [3-6]. Modification
of PARylation triggers loosening of chromatin structure, which en-
ables the access of transcriptional factors to the DNA duplex struc-
ture. In addition, poly(ADP-ribose) polymerase (PARP) is localized
mainly on chromatin of transcriptionally active genes, which are
clearly segregated from the localization of histone H1 on transcrip-
tionally-suppressed genes [7]. However, it is not clear how PARyla-
tion affects transcription-independent chromatin remodeling of
the first cell cycle of mouse development.

During the first cell cycle of mouse embryos, a few genes are
transcribed mainly from paternal genome [8,9]. Inhibition of tran-
scription during one-cell embryos by RNA polymerase inhibitors
showed the dispensable roles of RNA polymerases at the beginning
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of mouse development [10]. However, zygotic gene activation is
required for progression from 2-cell to 4-cell embryos [11,12].
These findings indicate that posttranslational regulation of protein
should act as a stem mechanism of the development of one-cell
embryos. Upon fertilization, highly compacted chromatin of ga-
metes was acutely decondensed to form pronuclei within a few
hours. Protamines of sperm chromatin are replaced by maternal
histone H1 during this process, which may be associated with glo-
bal DNA hypomethylation of sperm-derived pronuclei (PN) [13,14].
In contrast, maternal chromatin arrested at metaphase II pro-
gressed rapidly into G1 phase and subsequently forms the female
PN. DNA synthesis from paternal genome is preceded to that from
maternal DNA. A minor transcription is activated solely from male
pronuclei. This evidence suggests that the requirement for the
posttranslational regulations of parental genomes before mingling
of both gamete DNA to begin the proper zygotic development.

Of posttranslational modification of proteins, we examined here
the effects of PARylation during the first cell cycle of mouse em-
bryos, because metabolism of NAD, which is the substrate of PAR-
Ps, is acutely activated upon fertilization [15,16]. We previously
showed that PARP inhibitor blocked pronuclear fusion at pronu-
clear envelop breakdown, with defective polymerization of tubu-
lins, reduced MAPK signaling, and decreased phosphorylation of
lamin A/C [17,18]. However, the role of PARylation in chromatin
regulation in one-cell embryos is yet to be elucidated. Here we
further studied the functions of PARylation in non-equivalent
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chromatin dynamics of pronuclei and epigenetic regulation in the
first cell cycle of mouse embryos.

2. Materials and methods
2.1. Oocyte and embryo manipulations

Parp1~'/~ mutant mice [19] with a B6D2F1 hybrid or C57BL/6]
inbred background were used in this study. Oocytes were collected
from the superovulated B6D2F1 females 14 hrs after the intraperi-
toneal injection of pregnant mare serum gonadotropin (PMSG), fol-
lowed by the injection of human chorionic gonadotropin (hCG). For
in vitro fertilization using TYH medium [20], sperm was collected
from the caudal epididymis of B6D2F1 males and incubated in
TYH medium for at least 30 min for the hyperactivation. The oo-
cyte-cumulus complexes (OCC) were collected from the ampulla
of uterine tube of superovulated mice. Sperm (150 sperm/ul) were
inseminated in the OCC-containing TYH medium with or without
PJ-34 (N-(6-0x0-5,6-dihydro-phenanthridin-2-yl1)-N,N-dimethyl-
acetamide, Alexis Biochemicals) or 5-AlQ (5-aminoisoquinolin-
1(2H)-one, Alexis Biochemicals). Intracytoplasmic sperm injection
(ICSI) was carried out essentially as described previously [21]. ICSI
was carried out in HEPES-buffered CZB medium [22] with or with-
out 30 uM PJ-34. Thereafter, embryos were cultured in modified
Whitten medium [23].

2.2. Antibodies

The antibodies and dilutions used in this study are described in
Supplemental Table T1. The HRP-conjugated rat or rabbit IgG
(1:10,000, Jackson Immunoresearch Laboratory) and HRP-conju-
gated mouse IgG (1:1000, Bio-RAD) were used as the secondary
antibodies and the Alex Fluor conjugates (1:200, Invitrogen) of
IgG for immunofluorescence.

2.3. Immunofluorescence

The cumulus-oocyte complex was dissociated by hyarulonidase
(Sigma) and the zona pellucida was removed with 0.5% actinase
(Kaken, Japan). After incubation of the denuded oocytes or em-
bryos for at least 30 min, the oocytes or embryos were placed into
fibrin clots [24]. The fibrin clots were prepared by mixing 1 pl
fibrinogen (Calbiochem) with 1 pl thrombin (Sigma). The cells
were incubated with primary antibodies for overnight at 4 °C, fol-
lowed by incubation with blocking buffer (PBS containing 5% nor-
mal goat serum and 0.05% Tween-20). The cells were then
incubated with secondary antibodies for 1-2h at 37 °C. After
washing with PBS, the cells were counterstained with PI and sub-
jected to microscopic analyses. For the staining of histone modifi-
cation antibodies, the cells were fixed with 4% paraformaldehyde
for 15 min at 4 °C and then permeabilized with PBS containing
0.1% BSA and 0.5% TritonX-100 for 10 min. An immunofluorescence
study using 12 kinds of histone acetylation and methylation anti-
bodies was initially carried out using 7-10 embryos to determine
the optimum reaction conditions for each antibody. The cells were
incubated with primary antibodies overnight at 4 °C, and then with
secondary antibodies for at least 3 h at 4 °C. For the staining of DNA
methylation, after fixation and permeabilization as described
above, embryos were incubated with 2 M HCI for 45 min and then
neutralized for 10 min with 100 mM Tris/HCI buffer, pH 8.5. After
washing five times with PBS containing 0.05% Tween-20, the em-
bryos were blocked and incubated with anti-5-methylcytosine
antibody overnight and incubated with secondary antibody as de-
scribed above. The DNA was counterstained with DAPI or PI. The
images were captured under a light microscopy (Axiophot, Zeiss)

or confocal microscopy (IX71 with Fluoview FV300, Olympus)
system.

2.4. Two-hybrid screening

Yeast two-hybrid screening was performed with Matchmaker
GAL4 Two-hybrid System 3 (Clontech), according to the manufac-
turer’s instructions. Briefly, the cDNA fragments of AParp1 (encod-
ing amino acids 1-739, accession number, NM_007415) were
generated by PCR amplification with appropriate primer sequences
(Forward, 5-TGCAGCACGAGAAGGAGG-3'; Reverse; 5-GTTGAC-
GTCGATGGGATCC-3’). Template c¢cDNA was synthesized from
mRNA of mouse ovary or brain using SuperScript III (Invitrogen).
The AParp1 was then cloned into the vector pGBKT7. To prepare
the cDNA library from MII oocytes, the total RNA was isolated from
100 MII oocytes with Sepasol (Nacalai) according to the manufac-
turer’s instructions. The MII oocyte-derived cDNA was cloned into
PGADT7 and bait vectors were co-transfected into the competent
yeast strain AH109. The cDNA clones were recovered from nutri-
tionally selected yeast colonies. Confirmation of the interactions
in yeast was carried out by co-transfection of the bait vectors
and isolated pGADT7 clones (Supplemental Table T2).

2.5. Plasmid preparation and immunoprecipitation

The full-length cDNA encoding Suz12 (NM_199196) was ampli-
fied by PCR from cDNA pools derived from mouse ovary or brain
(Forward, 5'-GGCCATGGAGGCCACCATGGCGCCTCAGAAGCAC-3/;
Reverse, 5'-GGTACCTCAGAGTTTTTGTTTCTTGC-3'). The full-length
cDNA encoding Suz12 and AParp1 were cloned into the pCMV-
HA and pCMV-Myc mammalian expression vectors (Clontech),
respectively. The plasmids were transfected into COS or HEK293T
cells by Polyfect transfection reagent (Qiagen), Lipofectamine
2000 (Invitrogen), or the Profection mammalian transfection sys-
tem (Promega), according to manufacturers’ instructions. Forty to
48 h after transfection, the cells were collected into IP lysis buffer
(150 mM Nacl, 1% NP-40, 50 mM Tris-HCl (pH 7.5)) or a commer-
cially available lysis buffer (MER buffer (Pierce)), and the lysates
were kept at —80 °C. Immunoprecipitation was carried out using
the Profound™ Mammalian HA/c-Myc Tag Co-IP kit (Pierce)
according to the manufacturer’s instructions, or agarose conju-
gated anti-epitope tag antibodies (MBL). After primary immuno-
precipitation with anti-myc agarose, the immunocomplexes were
eluted with an elution buffer (pH 2.8, provided by Pierce) and
immediately equilibrated with 10 mM Tris-HCI (pH 9.5). Western
blots were performed using primary antibodies after SDS-poly-
acrylamide gel electrophoresis and transfer to Immobilon PVDF
membrane (Millipore). Briefly, the membrane was reacted with
primary antibodies overnight at 4 °C. The membrane was washed
and then incubated with secondary HRP-conjugated antibodies
for 2 h at room temperature. The signals were detected with the
Chemi-Lumi One kit (Nacalai).

3. Results
3.1. Effects of PARylation on histone modification of the PN embryos

We first examined the effects of PARylation on chromatin mod-
ification during postfertilization development using PARP inhibitor
PJ-34, because our previous study showed that PJ-34 blocked pro-
nuclear fusion at pronuclear envelop breakdown [17]. In the ab-
sence of PJ-34 (untreated embryos), dimethylation of histone H3
at lysine 4 (dimethyl-H3K4) was only observed in the female pro-
nuclei and not in the male pronuclei at 6 h post fertilization (hpf).
An upregulation of dimethyl-H3K4 in the male pronuclei at 6 hpf
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was detected in the presence of PJ-34 (Fig. 1). The levels of di-
methyl-H3K9 were detected in both pronuclei, but down-regulated
in both pronuclei in the presence of PJ-34. The level of dimethyl-
H3K27 was dominantly observed in female pronuclei at 6 hpf (data
not shown) and 15 hpf in the untreated embryos. In contrast, di-
methyl-H3K27 was downregulated in the parental pronuclei of
PJ-34-treated embryos at 15 hpf (Fig. 1). Western blots also show
the upregulation of dimethyl-H3K4 in the PARylation-inhibited
embryos at 6 hpf, and downregulation of dimethyl-H3K9 and di-
methyl-H3K27 at 15 hpf in the presence of PJ-34 (Fig. 1).

3.2. Physical interaction of Parp1 with Suz12

To elucidate the molecular basis of the effect of PARylation on
histone modification, we performed yeast two-hybrid screening
using the bait vector carrying the N-terminal and automodification
domain of Parp-1, which is the major protein-protein interaction
domain, but is lacking the catalytic domain (AParp1), because no
interactants were obtained through two trials using intact Parp1
bait proteins (data not shown), which may result from ectopic
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scribed [25]. Twelve protein candidates interacting with Parp1l
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we focused on Suz12, a histone methyltransferase in PRC2/3/4
(Polycomb Repressive Complex 2/3/4). Suz12 induces an inactive
state of chromatin by modifying histone H3K9 and H3K27 resi-
dues. A reciprocal immunoprecipitation study further confirmed
the direct interaction of Suz12 with AParp1 in HEK293T cells
(Fig. 2A).

Immunofluorescence analysis showed Suz12 localized promi-
nently on the spindle of MII oocytes as well as in the ooplasm
(Fig. 2B). Notably, in the MII oocytes treated with PJ-34, the signals
of Suz12 were hardly detected (Fig. 2D), indicating a possibility
that Suz12 may not be stable under deficient PARylation condition.
After fertilization, at 6 hpf, Suz12 was mainly detected in both pro-
nuclei, like PAR molecules [17] in the absence of P]-34 (Fig. 2C). We
previously reported that in this stage, Parpl is localized in
pronuclei as well as in ooplasm [17]. PJ-34 treatment disturbed
pronuclear fusion as previously reported [17] and reduced the
Suz12 immunosignals in the pronuclei and the localization of the
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Fig. 1. Analysis of histone modification under PARylation inhibition at the one-cell mouse embryos. Immunofluorescence study with laser-scanning confocal microscopy of
untreated (A-F) or 30 uM PJ-34 treated (G-L) one-cell embryos at 6 hpf was performed with antibodies for dimetylated histone H3 at lysine 4 (dimethyl-H3K4), dimethylated
histone H3 at lysine 9 (dimethyl-H3K9), dimetylated histone H3 at lysine 27 (dimethyl-H3K27), and is depicted in green. The frequency of the staining patterns and its
percentage is given in parenthesis in white (A, C, E, G, I, K). DNA was counterstained with PI (B, D, F, H, ], L). Female (Fe) and male (M) pronuclei (PN), and the nuclei of polar
body (Pb) are indicated. Circles (white lines) indicate the outlines of PN. (M) Western blots were performed with crude extracts corresponding to 100 PN embryos with
antibodies against dimethyl-H3K4, dimethyl-H3K9, dimethyl-H3K27, trimetylated histone H3 at lysine 27 (trimethyl-H3K27), and unmodified histone H3 (pan-H3). Bar
represents 25 pm. (For interpretation of color in Figure, the reader is referred to the web version of this article).
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Fig. 2. Interaction of Parp1 with Suz12 in vitro and localization of Suz12 in the PN of mouse one-cell embryos. Extracts from HEK293T cells transfected with combinations of
plasmids carrying mouse Parp1 lacking the catalytic domain (AParp1) tagged with Myc (AParp1::Myc), intact Suz12 tagged with HA (Suz12::HA), and mock plasmids (CMV-
Myc, CMV-HA) were used for immunoprecipitation (IP) followed by immunoblotting (IB) (A). Immunofluorescence study of MII oocytes (B and D), or one-cell embryos at
6 hpf (C and E). Detected antigens appear green. DNA counterstained by PI is colored with red. Merged signals appear yellow or orange. Arrowheads indicate the spindle
structure (B) and MII chromosome (D) positive for the anti-Suz12 antibody. White circle represents the outline of pronuclei (C and E). The frequency (percentage in
parenthesis) of staining patterns was indicated in each panel (B-E). Bar represents 10 pm. (For interpretation of color in Figure, the reader is referred to the web version of this

article).

immunosignals in the ooplasm is slightly increased (Fig. 2E). These
results suggest that PARylation is required for proper localization
of Suz12 on the chromosomes during the pronuclei fusion period.

3.3. Hypomethylation of maternal gamete DNA by PARylation
inhibition

Recently, functional links between histone methylation and DNA
methylation have been elucidated [26,27]. We next sought for the
roles of PARylation in DNA methylation. Global methylation of the
maternal genome is maintained and sperm DNA is quickly demethy-
lated during the postfertilization period [28]. Through our immuno-
fluorescence study we detected signals of 5-methylcytosine (MetC)
in the female pronuclei of embryos produced by in vitro fertilization
(IVF) and both pronuclei of parthenogenetic embryos at 6 hpf/post-
activation (hpa), as well as the nuclei of the polar bodies (Fig. 3A
and B). By incubation with PJ-34, the MetC-immunoreactivity be-
came almost absent in both pronuclei of IVF and parthenogenetic
embryos (Fig. 3C and D), indicating the robust hypomethylation of fe-
male pronuclei. The low immunoreactivity to the MetC antibody in
the PJ-34 treated embryos persisted at least until 15 hpf with PJ-34
in the culture medium (data not shown). These results indicate that
PARylation is involved in the maintenance of global DNA methylation
of female pronuclei.

3.4. Disorganized chromatin ultrastructure under PARylation
inhibition in the pronuclei

We further investigated the chromatin organization of the pro-
nuclei and effects by PARylation inhibition by electron microscopy
(EM). Rosette-like structure of electron-dense areas was detected
in the female pronuclei of untreated one-cell embryos at 6 and
15 hpf (Fig. 3). Such electron-dense areas were not detected in
male pronuclei at 6 hpf but appeared at 15 hpf (Fig. 31-K). With
PJ-34 treatment, electron-dense areas are increasingly detectable
in the female pronuclei, but not in the male pronuclei at 6 hpf

(Fig. 3K-T). At 15 hpf, uncharacterized structure with a high elec-
tron-density was observed in female pronuclei and the electron-
dense areas became increasingly detectable also in the male pro-
nuclei in the presence of PJ-34 (Fig. 2S and T). It is thus suggested
that PARylation inhibition induces rosette-like electron-dense
areas corresponding to disorganized hypercondensed chromatin
in the pronuclei.

4. Discussion

This study shows that PARylation regulates methylation of his-
tone H3 and DNA methylation during the first cell cycle of mouse
development. Furthermore, our data suggests that PARylation is
important for the integrity of non-equivalent chromatin organiza-
tion of the pronuclei of one-cell embryos.

Our observation of global upregulation of dimethyl-H3K4 and
downregulation of both dimethyl-H3K9 and dimethyl-H3K27 sug-
gests that chromatin modification during the first cell-cycle seems
to shift toward global transcription activation under a normal
development (Fig. 4). This mechanism should be important for
genome-wide transcriptional upregulation, but is likely not impor-
tant for transcription of a limited number of genes expressed at the
one-cell embryos, whose expression is indispensable for further
development. We speculate that PARylation is required for proper
conversion of parental genomes during one-cell stage prior to the
global activation of the zygotic genome that takes place at the
two-cell stage. Roles of PARylation in histone modification regula-
tion have been shown to involve both transcription and replication
[29,30] as well as DNA repair and recombination [31]. In addition,
PARylation affects relaxation of chromatin structure in vitro [32]
and in vivo [33], which may be mediated by PARylation of Parp1
itself or histone H1. Our findings provide a unique biological win-
dow to elucidate the regulation of PARylation on chromatin ultra-
structure in mammalian development (Fig. 4).

Our findings also demonstrate that PARylation acts as regula-
tory machinery for the methylation of histone H3 (Fig. 4). Aberrant
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Fig. 3. Effects of PARylation inhibition on DNA methylation and ultrastructure of pronuclear organization by electron microscopy. Laser scanning confocal immunoflu-
orescence study using IVF (fertilized; A and C) and parthenogenetic (parthenotes; B and D) embryos at 6 hpf. Embryos were cultured under normal conditions (A and B) and
PJ-34 (30 uM) added 1 h before insemination or Sr**-activation (C and D). Signals of antibody for 5-methylcytosine (MetC) were colored with green. DNA counterstained with
PI was colored in red (E-H). White circle represents the outlines of female (Fe) and male (M) pronuclei. Other PI signals represent DNA in the polar body (Pb). Values
(percentage in parenthesis) represent frequency of staining patterns in each panel (A-D). EM observation of pronuclei in embryos at 6 hpf (I-P) and 15 hpf (Q-T) is shown in
Fig 3IT. Rosette-like structures of electron-dense areas were detected in untreated female pronuclei at 6 hpf (arrowheads in M). The dense areas were increased by
PARylation inhibition (arrowheads in O). Ambiguous outlines of pronuclear membrane were observed in PJ-34-treated embryos (arrows in O). Uncharacterized electron-
dense structures were detected in female pronuclei with PARylation inhibition (white arrows and arrowheads in S). Rosette-like structures appeared in the male pronuclei of
PJ-34-treated embryos (arrowheads in T). Bars represent 10 um (I-L) and 5 pm (M-T). (For interpretation of color in Figure, the reader is referred to the web version of this

article).

localization of Suz12, a histone methyltransferase, by PJ-34 may be
related to the decrease of di-methylation of histone H3K9 and K27
in the female pronuclei. Suz12 is a component of PRC2/3/4, which
regulates the repressive status of transcription by the methylation
of histone H3K9 and H3K27 [34]. Our findings support the idea that
Parp1 acts as a regulatory scaffold for the access of PRC2/3/4 to tar-
get DNA, because none of the components of the PRC2/3/4 com-
plexes are DNA binding proteins. We previously observed Parp1,
2,3,6,7,8,9, 12, 16 and Tans1 and 2 mRNAs are expressed in

the mouse oocytes [17]. Further analyses are needed to identify
the responsible methyltranferases for histone H3K4 methylation,
which are regulated by PARylation by particular PARP family mem-
ber(s) during early stages of postfertilization development.

An additional conclusion of this finding is that PARylation reg-
ulates the epigenetic nonequivalence of the pronuclei in embryos
(Fig. 4). The molecular mechanisms regulating the asymmetric
DNA methylation of one-cell embryos are largely unknown. We
were able to contribute to delineation of the mechanisms by show-
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Fig. 4. Scheme of putative roles of PARylation in the chromatin dynamics of one-
cell embryos. The Parp1-Suz12 complex may, in parts, regulate the H3K9 or H3K27
status of the female pronuclear genome. Hypermethylation status of female
pronuclei may be regulated by the Dnmt1-Parp1 complex or other interactants of
Parp1 including demethylases. On the other hand, H3K4 methylation of paternal
pronuclei may be regulated by the interaction of PARP family member(s) and
particular H3K4 methyltransferases present in oocytes through PARylation.

ing that PARylation is involved in the epigenetic regulation during
early development in mice. PGC7/Stella-deficient eggs show simi-
lar defects in the protection of female pronuclei from DNA demeth-
ylation [35]. The nucleo-cytoplasmic transport of the responsible
proteins appears to be important for the regulation of DNA meth-
ylation. The role of PARylation in DNA methyltransferase (DMNT)
regulation is yet to be fully elucidated, although the interaction
of DNMT1 with Parp1 and the indirect repression of DNMT1 activ-
ity by interacting with PAR have been suggested [36]. It is specu-
lated that PARylation regulates the accessibility of DNMT or
demethylase to DNA, in a manner mediated by chromatin remod-
eling. It is also of interest that PAR may participate in demethyla-
tion regulation by Gadd45a, involving base-excision repair, in
which Parp1 and Parg also play important roles [37]. Our study
provides a novel avenue for better understanding of establishment
of chromatin organization through the histone codes, and DNA
methylation with PARylation that may underlie at the beginning
of zygotic development.
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