Fi

Involvement of the asymmetric localization of histone H3 variants
between parental genomes in mouse preimplantation development

(A LAHEIRICBIT A e A v H3 EBE KD
JATER L OBSREfEAT)

Pk 28 4 12 A (CEanAlR) HEE

SRS 7 S AR J
S E AR R

TR RO



Hi

Involvement of the asymmetric localization of histone H3 variants
between parental genomes in mouse preimplantation development

(=7 A 1LHRBIRIZBITT S8 A h H3 ERKD
JATE R L ORSREREAT)

ok 28 45 12 At (Emplsp) B
P WNE SN S Yl R e
Se v 2 Bk RS

Ay HE

REHE  HARTE A%



Involvement of the asymmetric localization of histone H3 variants
between parental genomes in mouse preimplantation development

Machika Kawamura

2016
Department of Integrated Biosciences

Graduate School of Frontier Sciences
The University of Tokyo

Supervisor: Prof. Fugaku Aoki



CONTENTS

ACKNOWLEDGMENTS. .. .ottt 2

ABBREVIATIONS . ... oo 3

SUMM ARY . ..ot 4

GENERAL INTRODUCTION. ... ot 7
FIGURES. ... e 15

CHAPTER 1:

The nuclear localization of histone H3 variants

during the preimplantation development. ... 17
INTRODUCTION. ...t e, 18
RESULT S, e 21
DISCUSSION. ...ttt e e, 25
FIGURES. ... .ottt sttt 30

CHAPTER 2:

The biological significance of the nuclear dynamics of H3.1/H3.2

in 1-cell stage emMDrY0S. .......oviei e 35
INTRODUCTION. ...t e e, 36
RESULT S, .o e e 38
DISCUSSION. ...ttt e e 45
FIGURES. ... 51

GENERAL DISCUSSION. ... ..ttt 63

MATERIALS AND METHODS. ... 67

REFERENGCES. ... .t 77



ACKNOWLEDGMENTS

First and foremost, | wish to express my sincere gratitude to my supervisor, Professor
Fugaku Aoki of the University of Tokyo for his guidance and encouragement throughout
the work. He gave me inspiring ideas and beneficial advice, continuous support, and
widened my research from different perspectives. | am also grateful to Associate
Professor Masataka G. Suzuki of The University of Tokyo for his precious advice, his

patience, and motivation throughout this work.

I would like to thank Professor Frederic Berger of Temasek Life Sciences Laboratory,
Professor Heng-Yu Fan of Zhejiang University, and Dr. Helena Fulkova of RIKEN
BioResource Center. They gave me insightful ideas and motivated me throughout this

work.

I would also like to my sincere appreciation to all of the former and present members of

the Laboratory of Bioresource Regulation for constant support and encouragement.

Last but not the least, | would like to thank my parents and family for their continuous

encouragement. They gave me precious advice and encouragement during my studies.



ABBREVIATIONS

CAF-1: Chromatin assembly factor-1
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SUMMARY

The 1-cell embryo, formed by the fusion of a sperm and an oocyte, is the beginning of
life. The maternal and paternal genomes are first enclosed in two separate compartments,
referred to as maternal pronucleus and paternal pronucleus, respectively. Although they
exist in the same cytoplasm, each acquire its unique chromatin structure and
characteristics. First, parental asymmetry is observed in transcriptional activity, where the
paternal pronucleus has a higher transcriptional activity compared to that of maternal
pronucleus. In addition, DNA replication is reported to occur asymmetrically in terms of
the speed of completion. These heterogeneities can be explained by the differences in
chromatin structure of maternal and paternal pronuclei. The chromatin structure of the
paternal pronucleus is loosened and decondensed compared to that of maternal
pronucleus. However, what determines this difference in chromatin structure and the
difference in characteristics seen between the pronuclei, is not yet elucidated.

Histone variants is one of the key players in determining chromatin structure.
Histone H3 has three non-centromeric variants, H3.1, H3.2, and H3.3. Although they are
highly similar in amino acid sequence, each of the H3.1, H3.2, H3.3 variants are known
to be associated with different histone modifications and deposition pathways. For
example, H3.1 and H3.2 are deposited in both heterochromatin and euchromatin; however,
H3.3 are mainly deposited in euchromatin. In addition, H3.1 and H3.2 are likely to acquire
histone modifications that are associated with transcriptional repression whereas H3.3 are
likely to obtain those that are associated with transcriptional activation. Taken together,
H3 variants are essential in determining chromatin structure.

In this study, | hypothesize that H3 variants is one of the determinants in the



difference in characteristics of maternal and paternal pronuclei at the 1-cell stage. In
chapter 1, | investigated the nuclear localization of H3 variants during the preimplantation
development. As a result, asymmetric nuclear localization of H3.1/H3.2 were detected in
1-cell embryos: they are localized in the perinucleolar region in the maternal pronucleus
but not in the paternal one. In addition, the nuclear localization level of H3.1/H3.2 was
low compared to that of later preimplantation stages and the low nuclear localization was
regulated by the low mRNA expression level and low incorporation efficiency. In chapter
2, | examined the biological significance of the low nuclear localization level of H3.1/
H3.2 in 1-cell embryos, by inducing incorporation of each of the H3 variants into
chromatin of 1-cell embryos and analyzed the effect of ectopic localization of each variant
in preimplantation development. The results showed that when H3.1 and H3.2 were
induced into chromatin in 1-cell embryos, the developmental rate of these embryos were
remarkably low compared to that of H3.3-induced and control embryos. Interestingly, the
H3.1/H3.2 nuclear localization of the paternal pronucleus was altered upon induced
incorporation of H3.1 and H3.2, in which the H3.1/ H3.2 was detected at the perinucleolar
region, similar to that of maternal pronucleus, thus leading to a lack of asymmetry. In
addition, the developmental failure in H3.1 and H3.2 overexpressed embryos were caused
by the delayed DNA replication at the perinucleolar region in the paternal pronucleus
whereas H3.1 and H3.2 incorporation had no effect in DNA replication in the maternal
one.

This study introduced a novel insight in the role of H3.1 and H3.2, which are
asymmetrically localized between the maternal and paternal pronuclei in 1-cell embryos.
This difference in nuclear localization regulates DNA replication, in which the DNA

replication at the perinucleolar region of the paternal pronuclei is completed earlier



compared to that of maternal pronuclei. In addition, the results suggested that it is
essential that H3.1 and H3.2 is not incorporated into chromatin of 1-cell embryos, as
incorporation of these variants cause defects in DNA replication of the paternal
pronucleus. The nuclear localization of H3.1 and H3.2 are regulated to be low at the
paternal pronuclei by lowering the mRNA expression level and incorporation efficiency

into chromatin at the 1-cell stage.



GENERAL INTRODUCTION

Mammalian development begins with fertilization, where cytoplasmic fusion of
sperm and the oocyte takes place, leading to a formation of a 1-cell embryo that contains
each of maternal and paternal genome. The maternal chromosomes in the unfertilized
oocytes are arrested at metaphase of the second meiosis. Upon fertilization, the cell cycle
of the maternal chromosome resumes to complete meiosis while the sperm nuclear
envelope is degenerated and paternal chromosome in the ooplasm undergoes
decondensation (Adenot et al., 1991; van der Heijden et al., 2006). The two genomes are
then independently enclosed into a nuclear membrane to form two nuclei, which are
referred to as maternal and paternal pronuclei. The two genomes are mingled with each
other during the first mitosis and then the embryos cleave into 2-cell stage embryos and
then undergo subsequent cleavage to develop to term (Fig. GI-1A, B).

The parental genomes were thought to have equal roles in development until
three decades ago when studies have found that each of the maternal and paternal
genomes contribute differently (McGrath & Solter, 1984; Surani et al., 1984; Surani et
al., 1986; Surani et al., 1987). These studies have removed either the maternal or paternal
pronucleus of the 1-cell embryo and transplanted with a pronucleus of the same gender
and assessed the development of these diploid parthenogenetic (lack paternal genome) or
androgenetic (lack maternal genome) embryos. Although the parthenogenetic embryos
were able to implant and develop until the tenth day of embryonic development, they
formed poorly developed extraembryonic tissues and died. The androgenetic embryos
also did not developed to term: they were poorly developed with only a few somites

whereas the extraembryonic tissues was well-developed. Taken together, the maternal and



paternal genomes were found to contribute to development differently, and the presence
of both pronuclei is essential to develop to term (Surani et al., 1984; Surani et al., 1986).

Although the parental pronuclei reside in the same cytoplasm, they have different
characteristics in essential cellular processes such as transcription and DNA replication
(Fig. GI-1C). Regarding transcription, it is known that paternal pronucleus has a greater
transcriptional activity compared to that of maternal pronucleus (Bouniol et al., 1995;
Aoki et al., 1997). The analysis on the BrUTP incorporation indicated that the
transcriptional activity of the paternal pronucleus is greater than that of the maternal
pronucleus (Aoki et al., 1997). Ram and Schultz (1993) injected SV40 early promoter-
driven luciferase gene into the parental pronuclei of the 1-cell embryos. The luciferase
activity was detected in the paternal pronucleus whereas not detected in the maternal
pronucleus. DNA replication is also asymmetric between the parental pronuclei,
regarding the time of completion and the order of spatio-temporal occurrence of DNA
replication (Aoki et al., 1999). Although DNA replication is initiated synchronously
between the parental pronuclei, it is completed in the paternal pronucleus earlier than the
maternal one. In addition, the order of occurrence of DNA replication in nuclear regions
differ between the parental pronuclei. First, DNA replication in both pronuclei occur at
the nucleoplasmic region, proceeded by the DNA replication at the perinuclear and
perinucleolar region. However, the site and order of DNA replication differs at the end of
the process. In the paternal pronucleus, the DNA replication at the perinucleolar region is
completed earlier than that of perinuclear region, resulting to the completion of DNA
replication at the perinuclear region at the end of S phase. In contrast, the DNA replication
at the perinuclear region of the maternal pronucleus completes earlier than that of

perinucleolar region. DNA replication at the perinucleolar region of the maternal



pronucleus proceeds even after the DNA replication of the paternal pronucleus is
completed. Taken together, these results suggest that the paternal pronucleus is more
permissive to undergo transcription and faster DNA replication. However, the mechanism
that underlies the difference in cellular processes between paternal and maternal pronuclei
is not yet elucidated.

The differences of transcription and DNA replication pattern observed between
parental pronuclei is thought to be regulated by chromatin structure. Chromatin consists
of nucleosomes that are each wrapped around by 146 bp of DNA (Luger et al., 1997).
Regions where chromatin is densely packed is referred to as heterochromatin and regions
that have open and decondensed chromatin is referred to as euchromatin. The association
between chromatin structure and cellular processes, such as DNA replication and
transcription has been investigated in somatic cells. Generally, the regions of euchromatin
are transcriptionally active whereas those of heterochromatin are transcriptionally
inactive (Maison and Almouzni, 2004; Hake and Allis, 2006; Allis and Jenuwein, 2016).
Furthermore, active transcription occurs in the euchromatin regions with increased
nucleosome accessibility (Hake and Allis, 2006; Allis and Jenuwein, 2016). Regarding
DNA replication, the analysis for BrdU incorporation have shown that at S phase,
euchromatin is replicated first and then heterochromatin last (O’Keefe et al., 1992). In the
1-cell stage embryos, it has been suggested that chromatin structure is different between
the parental pronuclei. In reporter gene analysis, an enhancer was required for active
transcription from the injected luciferase gene in the female pronucleus but not in the
male one (Wiekowski et al., 1993), suggesting that the chromatin structure is repressive
for transcription in female pronucleus but permissive in the male one. Recent analysis for

the chromatin structure have indicated that the looseness was different between the



parental pronuclei (Ooga et al., 2016). Fluorescence recovery after photobleaching
(FRAP) analysis revealed that the exchange of histones occur more frequently in the
paternal pronucleus than in the maternal one, suggesting that the paternal chromatin is
more loosened compared to the maternal chromatin. Therefore, these results suggest that
the paternal pronucleus has a higher transcriptional activity and faster DNA replication
compared to that of maternal pronucleus, due to a loosened chromatin structure in the
paternal pronucleus. Consequently, the differences in the cellular processes between the
parental pronuclei seems to be regulated by factors that regulate the chromatin structure.

One of the asymmetries between the parental pronuclei extensively studied are
the epigenetic modifications. Over a decade ago, it was found that chromatin structure is
altered depending on the posttranslational modifications added to the histones and DNA
methylation (Kouzarides, 2002; Kouzarides, 2007). These modifications are suggested to
be crucial for regulation of cellular processes such as DNA replication, transcription, and
cell division. Recently, there has been increasing evidence that epigenetic modifications
and chromatin remodelers that regulate epigenetic modifications are asymmetric between
the parental pronuclei. For example, the DNA of the maternal pronucleus is
hypermethylated compared to that of paternal pronucleus, where active demethylation
takes place during the 1-cell stage (Mayer et al., 2000; Oswald et al., 2000; Santos et al.,
2002). H3K9me2/3, histone modification associated with constitutive heterochromatin,
is localized in the maternal pronuclei whereas a marginal level of localization was
observed in the paternal pronucleus (Liu et al., 2004; Lepikhov and Walter, 2004; Santos
et al., 2005; Puschendorf et al., 2008). H4 acetylation associated with euchromatin,
becomes significantly detectable in the paternal pronucleus compared to that of maternal

pronucleus right after fertilization (Adenot et al., 1997). In addition, the chromatin-bound
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proteins that associate with epigenetic modifications differ between the perinucleolar
region in the parental pronuclei (Tardat et al., 2015). The heterochromatin protein HP 1§
that is associated with constitutive heterochromatin is bound with perinucleolar region of
the maternal pronucleus. In contrast, the polycomb repressive complex 1 (PRC1) and
PRC2, which are associated with facultative heterochromatin (H3K27me3-rich), are
recruited to the perinucleolar region of the paternal pronucleus. Taken together, these
studies suggest that the chromatin structure of the paternal pronucleus is loose and
decondensed compared to that of maternal one. Although recently these epigenetic
asymmetries have been brought into the limelight, the biological significance of them and
whether these modifications contribute to asymmetry in cellular processes observed in
the parental pronuclei is not yet clarified.

Besides epigenetic modifications, histone variants were found to be one of the
key determining factors of chromatin structure. The existence of histone variants were
found back in 1969 (Pusarla and Bhargava, 2005) and these variants have different amino
acid sequence and are coded by different genes and acquire distinct regulation in
transcription and translation and chromatin incorporation (Talbert and Henikoff, 2016).
Recently, it was shown to be essential regulators of cellular processes such as
transcription, DNA replication, and chromosome segregation (Pusarla and Bhargava,
2005; Kamakaka and Biggins, 2005; Talbert and Henikoff, 2016). Each core histone
consists of histone variants (although mammals lack H4 variants) and the exchange of
histone variants to another alters the chromatin structure, thus leading to a change in
cellular processes (Talbert and Henikoff, 2010; Moosmann et al., 2011; Talbert and
Henikoff, 2016).

Among the core histones, histone H3 have been brought into attention due to

11



their high similarity of amino acid sequence yet have different characteristics. In
mammals, there are three non-centromeric histone variants: H3.1, H3.2, and H3.3 (Hake
and Allis, 2006). Moreover, in comparison to other core histone variants, the amino acid
sequences of H3 variants are almost identical, except for few amino acid differences (Fig.
GI-2A): four amino acids between H3.2 and H3.3 and five amino acids between H3.1 and
H3.3, and one amino acids between H3.1 and H3.2 (Hake and Allis, 2006). Interestingly,
H3.1 and H3.2 have evolved from H3.3 (Postberg et al., 2010), and the higher the class
order of the organism, the greater the number of variants (Hake and Allis, 2006). For
example, S. cerevisiae contain solely H3.3 as a non-centromeric histone variant. However,
non-mammalian organisms such as D. melanogaster and A. thaliana contain H3.2 and
H3.3. Interestingly, mammals contain another non-centromeric histone variant, H3.1,
which is suggested to be evolved later than H3.2 and H3.3 (Postberg et al., 2010). These
H3 variants differ in the regulation of expression, mechanism for chromatin incorporation,
genomic region of incorporation, epigenetic modifications, and the effect on chromatin
structure (Fig. GI-2B), as is described in detail below.

H3.1 and H3.2 are histone variants that are expressed and incorporated into
chromatin in a DNA replication-dependent manner (Tagami et al., 2004). From ChlP-seq
analyses using Flag tagged histone variants expressing embryonic stem cells, H3.1 and
H3.2 are generally located in both euchromatin and heterochromatin (Yukawa et al., 2014).
H3.1 is also enriched in repeat elements. In mice, there are four genes that code for H3.1
and eight genes that code for H3.2 (Wang et al., 1996a; Wang et al., 1996b). The genes
that code for H3.1 and H3.2 reside in histone clusters on chromosomes 3 and 13 (Graves
etal., 1985; Wang et al., 1996a; Wang et al., 1996b). H3.1 and H3.2 lack introns and H3.1

and H3.2 mRNA contain a stem loop in their 3’ untranslated regions but not a polyA tail
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in their 3’-terminuses and is associated with stem-loop binding protein for mRNA
processing (Marzluff, 2005). These histone variants are incorporated by the histone
chaperone called CAF-1 (Smith and Stillman, 1989; Tagami et al., 2004; Akiyama et al.,
2011) which is composed of p150, p60, and p48 (Verrault et al., 1996). H3.1 and H3.2
differ by solely one amino acid, where H3.1 possesses cysteine as 96th amino acid from
the N-terminus tail instead of alanine in H3.2 and H3.3 (Hake and Allis, 2006). H3.1 is
more likely to acquire H3K9me2 (Hake et al., 2006), which is a histone modification
enriched in constitutive heterochromatin. In contrast, H3.2 is likely to acquire with
repressive histone modifications such as H3K27 di- and tri-methylation, which is
associated in facultative heterochromatin. In addition, H3.1 is only present in mammals
(Hake and Allis, 2006), suggesting that H3.1 is also involved in mammalian-specific
processes.

H3.3 is a histone variant, which its expression and incorporation into chromatin
is DNA replication-independent (Hake and Allis, 2006). H3.3 is coded by two genes,
H3f3a and H3f3b, which reside on Chromosomes 1 and 11, respectively (Maehara et al.,
2015) and unlike H3.1 and H3.2, they contain introns and their transcripts have a polyA
tail (Marzluff, 2005; Talbert and Henikoff, 2016). H3.3 mostly acquires modifications
associated with active transcription such as H3K9ac and H3K79me2 (Hake et al., 2006;
Martin and Zhang, 2005). This histone variant is generally incorporated in euchromatin
via the histone chaperone, histone cell regulator (HIRA) (Ray-Gallet et al., 2002; Tagami
et al., 2004). However, recently, it has been found to be incorporated in telomere repeats
by another histone chaperone ATRX/DAXX (Goldberg et al., 2010). In addition, H3.3 is
deposited to pericentromeric repeats (Rapkin et al., 2015), suggesting that H3.3 can be

incorporated into heterochromatin. Consequently, H3.1, H3.2, and H3.3 have distinct
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characteristics and is suggested that the replacement of these variants can alter the
chromatin structure (Jin et al., 2005; Talbert and Henikoff, 2010).

My hypothesis is that H3 variants regulate the difference in characteristics of
cellular processes, i.e. DNA replication and transcription, between the parental pronuclei.
Because H3.1 and H3.2 are associated with heterochromatin, these variants may be
localized in the maternal pronucleus greater to that of paternal pronucleus and H3.3 would
be opposite, thus leading to an asymmetry in cellular process between the parental
pronuclei. To test my hypothesis, | have examined the nuclear localization of H3 variants
during the preimplantation development. Then | elucidated the regulatory mechanism of
incorporation of H3.1/H3.2 into chromatin of 1-cell embryos. Finally, | investigated the

biological significance of the nuclear dynamics of H3.1/H3.2 in the 1-cell stage embryos.
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Figure GI-1.

lllustration of preimplantation embryos and the

characteristics that are asymmetrical between the parental pronuclei.
(A) Nlustration of preimplantation development. After fertilization, the
parental genomes are enclosed in independent pronuclei and then mingled
with each other at M phase of 1-cell stage and subsequent development
occur. (B) The detailed illustration of 1-cell embryos. The maternal
pronucleus is usually located proximal to the second polar body. Nucleoli
reside inside the nucleus, and their number can differ among the embryos.
(C) Asymmetric characteristics of the paternal and maternal pronuclei.
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Figure GI-2. Histone H3 variants and their characteristics.

(A) Among the core histones, H3 contains three non-centromeric
histone variants, H3.1, H3.2, and H3.3. The amino acid sequences are
highly similar with only several amino acid difference. (B) General
characteristics of histone H3 variants.
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CHAPTER 1

The nuclear localization of histone H3 variants during the

preimplantation development
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INTRODUCTION

Histone variants are key regulators of chromatin structure. Recently, histone
variants were found to be associated in development, such as gametogenesis, embryonic
development, and organ development (Filipescu et al., 2013; Maze et al., 2014; Filipescu
et al., 2014). Among the histone variants, there are several studies reported regarding the
involvement of H3 variants in embryonic development.

The nuclear localization of H3.3 and its role in preimplantation development is
analyzed in various model organisms. In Mus musculus, H3.3 is incorporated in both
maternal and paternal pronuclei of the 1-cell embryos and is present in the nuclei
throughout preimplantation development (Torres-Padilla et al., 2006; Akiyama et al.,
2011). H3.3 becomes incorporated into the paternal pronucleus independent of the
protamine removal (Inoue et al., 2014). H3.3 is incorporated when the paternal pronucleus
is decondensed, suggesting that H3.3 incorporation facilitates decondensation of the
paternal pronucleus (van der Heijden et al., 2005). In contrast, in the maternal pronucleus,
H3.3 nuclear localization was temporally diminished and detected again at the G2 phase
of the 1-cell embryos (Akiyama et al., 2011). Interestingly, H3.3 is incorporated in the
perinucleolar region of paternal pronucleus but not the maternal pronucleus, and the
mutation analysis of H3.3 that cannot be modified with trimethylation at lysine 27 have
shown that this histone modification on H3.3 is essential for preimplantation development
(Santenard et al., 2010).

Similar dynamics of H3.3 during preimplanation development in mammals is
also reported in other non-mammalian organisms. In Drosophila melanogaster, the

histone chaperone that incorporates H3.3 into chromatin, HIRA, and Yemanuclein (YEM)
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incorporates H3.3 into the paternal pronucleus before the onset of DNA replication
(Loppin et al., 2005; Orsi et al., 2013) and is involved in the decondensation of the male
pronucleus (Loppin et al., 2005; Bonnefoy et al., 2007). In Caenorhabditis elegans, H3.3
of maternal origin is localized in both maternal and paternal pronuclei of 1-cell embryos,
but the correlation between paternal pronucleus decondensation and H3.3 incorporation
was not clarified (Ooi et al., 2006). Because the onset of zygotic transcription occurs at
four-cell stage in C. elegans, the incorporation of H3.3 into chromatin in embryos is
suggested to be transcription-independent. In addition, in Arabidopsis thaliana, the
nuclear localization of H3.3 is dynamic during fertilization, in which the paternally-
derived H3.3 is diminished upon double fertilization (fertilization of flowering plants)
suggesting that H3.3 is involved in chromatin remodeling upon fertilization (Ingouff et
al., 2007). Taken together, these studies suggest that H3.3 is involved in chromatin
remodeling during preimplantation development.

In contrast to H3.3, the nuclear localization of H3.1 and H3.2 during
preimplantation development remains to be elucidated. Several studies have analyzed the
nuclear localization of H3.1 and/or H3.2 during preimplantation development. However,
the results are contradicting. For example, Akiyama et al. (2011) microinjected cRNA
that encodes for each of the H3 variants with Flag tags attached to the N terminus end,
and found that H3.2 is deposited into both maternal and paternal pronuclei of the 1-cell
embryos and is localized in the nuclei from this stage. In contrast to H3.2, the nuclear
localization of H3.1 is observed only from 4-cell stage. Moreover, in my previous study
using Flag-tagged transgenic mice that ubiquitously express H3.1, nuclear localization of
H3.1 was detected from the morula stage (Kawamura et al., 2012). Even more surprising

is that when antibodies specific to H3.1 and H3.2 were generated and the nuclear
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localization of these histone variants were analyzed, H3.1/H3.2 was detected in the
maternal pronucleus but not paternal pronucleus, suggesting asymmetry in H3.1/H3.2
nuclear localization, however with no detailed analysis of nuclear distribution (van der
Heijden et al., 2005). In addition, the microinjection of cRNA that codes for H3.1 that
have GFP attached to the C-terminal end into 1-cell embryos showed that H3.1 was
incorporated at equal level between the parental pronuclei (Santenard et al., 2010). Thus,
conflicting results have been shown whether H3.1 and H3.2 is localized in two parental
pronuclei of the 1-cell stage embryos.

To investigate whether H3 variants are involved in regulating the asymmetry in
cellular processes between the parental pronuclei, | attempted to elucidate the nuclear
localization of H3 variants during the preimplantation development and determined
whether there is an asymmetry of the nuclear localization of H3 variants seen in 1-cell
embryos. Next, | clarified the mechanism underlying the nuclear localization in 1-cell
embryos and why there were contradictory results regarding the analysis of nuclear

localization of H3.1/H3.2.
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RESULTS

The nuclear localization of histone H3 variants in the preimplantation embryos

| investigated the nuclear localization of H3 variants by immunocytochemistry
using antibody that recognizes H3.1 and H3.2 (abbreviated as H3.1/H3.2) and antibody
that recognizes H3.3 (H3.3). The former antibody does not discriminate between H3.1
and H3.2. The specificity of the antibody was verified by peptide adsorption (Fig. 1-1).
The nuclear localization level of H3.1/H3.2 was unaltered when H3.1/H3.2 antibody was
incubated with H3.3 peptide as an antigen whereas the nuclear localization decreased
when H3.1/H3.2 peptide was reacted with the antibody. In contrast, the nuclear
localization of H3.3 was unchanged when H3.1/H3.2 peptide was incubated with anti-
H3.3 antibody whereas the nuclear localization level decreased when the antibody was
reacted with H3.3 peptide. The results of immunocytochemistry showed that H3.3 was
localized in the nuclei throughout the preimplantation development (Fig. 1-2A), which
was consistent to previous results (Torres-Padilla et al., 2006; Akiyama et al., 2011).
However, there was a low level of localization of H3.1/H3.2 in the pronuclei of 1-cell
embryos compared to that of embryos from the 2-cell stage. Interestingly, when the signal
intensity was increased, H3.1/H3.2 was clearly detected in the pronuclei of 1-cell embryos
in which the localization was different between the parental pronuclei (Fig. 1-2B).
Although the nuclear localization of H3.1/H3.2 in the nucleoplasm was the same between
the two pronuclei, the localization at the perinucleolar region of the maternal pronucleus
was much greater compared to that of the paternal pronuclei (Fig. 1-2C), suggesting that
there is difference in heterochromatin structure of the perinucleolar region between the

maternal and paternal pronuclei. It is known that constitutive heterochromatin forms
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chromocenters from the 2-cell stage and appears as dots with high DNA density (Probst
and Almouzni, 2011). There was a colocalization of H3.1/H3.2 and chromocenters (Fig.
1-2D) and the nuclear localization of H3.1/H3.2 increased during preimplantation

development.

The involvement of DNA replication in H3.1/H3.2 deposition into chromatin of
preimplantation embryos.

H3.1 and H3.2 are known to be incorporated into chromatin at S phase in somatic
cells (Hake and Allis, 2006). To investigate whether H3.1/H3.2 is incorporated into
chromatin in DNA replication-dependent manner, 1-cell and 2-cell embryos were treated
with or without aphidicolin, an inhibitor of DNA polymerase. Immunofluorescence
staining of H3.1/H3.2 revealed that in both 1-cell and 2-cell stages, H3.1/H3.2 was hardly
detected in embryos treated with aphidicolin (Fig.1-3A, B), which indicated that
H3.1/H3.2 is deposited into chromatin in a DNA replication-dependent manner similarly

to somatic cells.

The mechanism that underlies the low nuclear localization level of H3.1/H3.2 in the
1-cell embryos

There are two possible mechanisms that cause the limited nuclear localization of
H3.1/H3.2 in 1-cell embryos. First, H3.1/H3.2 mRNA ratio may be low compared to that
of H3.3 at the 1-cell stage. Second, the incorporation efficiency of H3.1/H3.2 into
chromatin may be low compared to that of H3.3. To examine whether the H3.1/H3.2
MRNA ratio is low compared to that of H3.3 at the 1-cell stage, the ratio of mMRNA

expression of H3.1, H3.2, H3.3 was analyzed using RNA-seq data (Abe et al., 2015).
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Histone H3 variants are coded by multiple genes. In mice, H3.1, H3.2 and H3.3 are coded
by 4, 8 and 2 genes, respectively (Wang et al., 1996a; Wang et al., 1996b; Tang et al.,
2015). The RPKM values of each gene were summed up to calculate the total RPKM
value for each H3 variant. The RPKM value of H3.3 at the 1-cell stage was set to 1 and
the relative RPKM was calculated (Fig. 1-4). As a result, at the stages where H3.1/H3.2
nuclear localization was observed, i.e. 2-cell stage and onwards, the mRNA expression
ratio of H3.1 and H3.2 was equivalent or above that of H3.3. However, at 1-cell stage,
where the level of H3.1/H3.2 nuclear localization was low, the mRNA expression ratio of
H3.1/H3.2 was low compared to that of H3.3. Therefore, low mRNA expression ratio of
H3.1/H3.2 compared to that of H3.3 contributes to the low nuclear localization level of
H3.1/H3.2 at the 1-cell stage.

To determine whether the incorporation efficiency of H3.1 and H3.2 is low
compared to that of H3.3, cRNA that codes for H3.1, H3.2, or H3.3 with Flag-tag attached
on the C-terminus were microinjected in MII stage oocytes with different concentrations
(3 ng/ul, 10 ng/ul, 30 ng/ul, and 100 ng/ul) and were inseminated. The free histones in
the nucleoplasm were washed away and the incorporation of Flag-tagged histones into
chromatin were detected by immunofluorescence staining using anti-Flag antibody (Fig.
1-5A). The quantification of signal intensity revealed that the incorporation efficiency of
H3.3 was significantly greater compared to that of H3.1 and H3.2 with cRNA
concentrations below and including 30 ng/ul (Fig. 1-5B). Notably, the incorporation
efficiency of the three H3 variants were similar when cRNA was microinjected with the
concentration of 100 ng/pl. However, considering the microinjection of 100 ng/ul of
cRNA results in more than 400 times higher concentration than endogenous mRNA in an

embryo (Piko and Clegg, 1982), the incorporation efficiency would be lower in H3.1 and
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H3.2 than H3.3 at the endogenous level of mMRNA. Taken together, the low level of
nuclear localization of H3.1 and H3.2 in 1-cell embryos is due to the low mRNA

expression and low incorporation efficiency into chromatin compared to that of H3.3.
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DISCUSSION

In this chapter, I have clarified the nuclear localization of H3 variants during the
preimplantation development. The results suggested that H3.1/H3.2 was localized in the
pronuclei of 1-cell embryos at a low level compared to those in the nuclei of later stage
of embryos (Fig.1-2A, B). | further investigated why the nuclear localization of
H3.1/H3.2 is limited and examined whether the nuclear localization is regulated in both
the mRNA level and the incorporation efficiency. | have shown that the mRNA expression
ratio of H3.1 and H3.2 compared to that of H3.3 is low at the 1-cell stage where low
nuclear localization is observed. In contrast, H3.1 and H3.2 mRNA expression ratio is
greater than that of H3.3 from 2-cell stage and onwards, where nuclear localization
becomes more evident. The incorporation efficiency of H3.1 and H3.2 into chromatin is
significantly lower than that of H3.3 in 1-cell embryos. Taken together, the nuclear
localization of H3.1 and H3.2 is low in the 1-cell stage and is regulated by both mRNA
level and chromatin incorporation efficiency.

When | started this study, my hypothesis was that H3 variants are involved in the
asymmetry of transcription activity and DNA replication between the parental pronuclei
in 1-cell embryos. However, asymmetric localization of H3 variants was observed only
for H3.1/H3.2 in perinuclear regions but not for any of H3 variants in the nucleoplasmic
region. Because transcription mostly occurs in the euchromatin which is localized in the
nucleoplasmic region, H3 variants do not seem to be involved in the asymmetric
transcriptional regulation betwen the parental pronuclei. In contrast, the localization
pattern of H3.1/H3.2 is consistent with the DNA replication pattern. A previous study
showed that the maternal pronucleus has a prolonged DNA replication at the perinucleolar

region whereas the DNA replication at the perinucleolar region of the paternal pronucleus
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is completed at an earlier stage (Aoki et al., 1999). Since H3.1/H3.2 is associated with
heterochromatin (Hake and Allis, 2006), and heterochromatic region replicates late in S
phase (O’Keefe et al., 1992), the asymmetry of H3.1/H3.2 localization at the perinucleolar
region is likely to cause the asymmetry in the speed and timing of DNA replication in the
perinucleolar regions between the parental pronuclei.

There are several studies that have analyzed the nuclear localization of H3.1/
H3.2. The immunocytochemistry analysis by van der Heijden et al. (2005) has reported
that H3.1/H3.2 was detected in both parental pronuclei at S phase. These results were
consistent with my observations that the nuclear localization level of H3.1/H3.2 in the
nucleoplasmic region at 10 h, when DNA replication was completed (see Fig. 2-5), was
equal between the parental pronuclei (Fig. 1-2C). Here, | have found that there is
asymmetry in the H3.1/H3.2 nuclear localization at the perinucleolar region between the
parental pronuclei, although it was not mentioned in van der Heijden et al. (2005).
However, the results on nuclear incorporation of H3.1/H3.2 by microinjection analysis
(Santenard et al., 2010; Akiyama et al.,, 2011) was inconsistent to the results of
immunocytochemistry (Fig. 1-2A, B, C; van der Heijden et al., 2005). When tagged H3.2
was microinjected, the nuclear localization of H3.2 was evident from the 1-cell stage
(Santenard et al., 2010; Akiyama et al., 2011): in the report of Santenard et al., (2010),
they describe that they cloned cDNA coding H3.1 from H3e gene, but it does not seem to
be H3.1 but H3.2 because H3e encodes H3.2. The discrepancy between these results may
have been caused by the concentration of injected cRNA. At a low cRNA concentration
of H3.2, the chromatin incorporation efficiency is low compared to H3.3, but a high
concentrations, H3.1 and H3.2 are incorporated into chromatin at almost the same

efficiency as H3.3 (Fig. 1-5B). In the experiments of Santenard et al. (2010) and Akiyama
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et al. (2011), 120 and 100 ng/ul cRNA was microinjected, respectively. In my results,
when 100 ng/pl of cRNA was microinjected, the incorporation of H3.2 was almost same
between H3.2 and H3.3. In addition, there is a possibility that the presence of a tag (GFP
or Flag) or the position of the tag (C or N terminus) may also affect the protein structure
and thus the interaction with the histone chaperone, leading to a different incorporation
result.

My results have shown that H3.1/H3.2 nuclear localization was evident from the
2-cell stage, gradually increasing the level of nuclear localization as development
progresses (Fig. 1-2A, B). This is consistent with the observation that the chromatin
conformation becomes tighten and condensed during preimplantation development
(Ahmed et al., 2010; Ooga et al., 2016). H3.1/H3.2 is associated with heterochromatin
(Hake and Allis, 2006). Both parental chromatin organize chromocenters that are
consisted of constitutive heterochromatin and become detectable from the 2-cell stage
(Probst and Almouzni, 2011). This is consistent with my results where there is a
colocalization of H3.1/H3.2 and chromocenter from the 2-cell stage (Fig. 1-2D).
Therefore, it suggests that deposition of H3.1/H3.2 are associated with heterochromatin
formation during the preimplantation development.

The paternal perinucleolar region has either low levels or absence of
heterochromatin-associated features. For example, there is low level of H3.1/H3.2 (Fig.
1-2B, C), suggesting that H3.3 is the major component of the chromatin in
pericentromeric regions of the paternal pronucleus. The paternal perinucleolar region
lacks HP1P and H3K9me?2/3, which are features associated with heterochromatin and is
found in maternal pronucleus (Puschendorf et al., 2008; Tardat et al., 2015). This lack of

heterochromatin components suggests that the paternal perinucleolar region is relatively
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decondensed compared to that of somatic cells and female pronuclei. In fact, major
satellites are expressed more in the paternal pronucleus (Probst et al., 2010). The
characteristics is unique in that H3.3 is localized at the paternal perinucleolar region in
that it may acquire a unique structure that is relatively loosened chromatin. Why is H3.3
but not H3.1/H3.2 enriched at the perinucleolar region of the paternal pronucleus as much
as that of the maternal pronucleus? One possibility is DAXX that is a H3.3-specific
histone chaperone and together with ATRX, deposits H3.3 to telomeres and
pericentromeric heterochromatin (Lewis et al., 2010; Liu et al., 2012). It is suggested that
although ATRX is localized in both parental nuclei, DAXX is mainly located to the
paternal pericentric heterochromatin region/ perinucleolar region (De La Fuente et al.,
2015). Given that DAXX has a specificity to H3.3 and does not bind with H3.1 (Lewis et
al., 2010), the asymmetric recruitment of DAXX to paternal pericentromeric
heterochromatin (De La Fuente et al., 2015) may facilitate the incorporation of H3.3,
which in turn prevents H3.1/H3.2 incorporation, at this region.

Finally, we have revealed that the expression ratio of H3.1 and H3.2 compared
to that of H3.3 in the stage where H3.1/ H3.2 nuclear localization is low in 1-cell embryos
(Fig. 1-4). H3.1 and H3.2 may have low mRNA expression ratio because there are
marginal levels of maternally derived H3.1 and H3.2 mRNAs. Until DNA replication
occurs in the 1-cell embryo, it is suggested that there are limited mRNA that code for
replication-dependent histones. H3.1 and H3.2 are encoded by genes that reside in the
histone gene cluster and these genes are transcribed at S phase and the mRNA is rapidly
degraded at the end of S phase (Wang, 1996a; Wang, 1996b; Koseoglu et al., 2010).
Because postnatal oocytes undergo a long time span where DNA synthesis is absent until

fertilization (Nashun et al., 2015), there may be marginal levels of H3.1/H3.2 before DNA
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replication begins at 1-cell stage. Therefore, mMRNA expression ratio of H3.1 and H3.2
may be low compared to H3.3 in 1-cell embryos.

There may be a low incorporation of H3.1/H3.2 in 1-cell stage, because histone
chaperones that interact with H3.1/ H3.2 are not functional at this stage. The RNA-seq
data showed that the transcripts for all three components of CAF-1 were at the similar
levels between 1- and 2-cell stages (Abe et al., 2015). ASFla, b is reported to be the
upstream histone chaperone that transports H3.1 (not reported but presumably H3.2)
down to CAF-1 (Tang et al., 2012; Campos et al., 2015). The mRNA expression level of
these histone chaperones were also similar between 1- and 2-cell stages, thus suggesting
that these histone chaperones are not responsible for the limited incorporation of H3.1/
H3.2 (Abe et al., 2015). In addition, by mass-spectrometry analyses using HelLa cells,
H3.1 is reported to interact with eleven histone chaperones (Campos et al., 2015).
However, the mRNA expression of these histone chaperones did not show an increase in
MRNA expression level from 1-cell to 2-cell stage (Abe et al., 2015). Therefore, there
may be another mechanism that suppresses CAF-1 from incorporating H3.1/H3.2.

In this chapter, | have shown that asymmetric nuclear deposition of H3.1/H3.2
reflects the differences of DNA replication between the parental pronuclei. In the next
chapter, | experimentally examine whether this asymmetry of H3.1/H3.2 deposition is
indeed associated with the difference of DNA replication and investigate the biological

significance of the asymmetrical deposition in the preimplantation development.
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Figure 1-1. Peptide adsorption to verify specificity of anti-H3.1/
H3.2 and anti-H3.3 antibodies.

Two-cell embryos were subjected to immunocytochemistry with anti-
H3.1/H3.2 and H3.3 antibodies which had been preincubated with the
antigen peptides at a molecular ratio of 1:50 (antibody: peptide). A
single experiment was performed, with 8-10 embryos were examined
per experimental group. Scale bar = 10 um
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Figure 1-2. The nuclear localization of histone H3 variants in mouse

preimplantation embryos.

(A). 1-cell, 2-cell, 4-cell, morula, and blastocyst embryos were immunostained using
anti-H3.1/H3.2 (top half) and anti-H3.3 (bottom half) antibodies. Four or five
independent experiments were performed in which eight to fifteen embryos were
observed for each developmental stage in each experiment. Atotal of 40 to 63 embryos
were analyzed. (B) The detector gain of confocal microscope of H3.1/H3.2
immunofluorescence staining in (A) was increased. (C) The enlarged image of (B)
with increased detection of H3.1/H3.2 in 1-cell embryos (D) The enlarged image of
2-cell embryos from (B). For clear detection of chromocenters, the detector gain of
H3.1/H3.2 immunofluorescence staining was lowered. White arrows show
colocalization of H3.1/ H3.2 with DAPI-rich chromocenters. Scale bar = 10 um.
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Figure 1-3. The effect of inhibition of DNA replication on H3.1/H3.2 nuclear
localization in 1-cell and 2-cell embryos.

(A) The embryos were treated with aphidicolin [Aphi (+)] or DMSO [Aphi (-)]
at 5 hours (h) post-insemination. The 1-cell embryos at 5 h and 11 h were
collected for immunostaining to analyze the effect of DNA replication in
H3.1/H3.2 nuclear localization. Three independent experiments were performed.
Thirty-two to forty embryos were observed in total, with seven to sixteen
embryos were observed for each sample in each experiment. (B) The embryos
were treated with aphidicolin [Aphi (+)] or DMSO [Aphi (-)] at 15 h and were
collected for immunostaining at 26 h to analyze the H3.1/H3.2 nuclear
localization. Two independent experiments were performed, with twenty-seven
embryos analyzed in total for each experimental group. Twelve to fifteen
embryos were observed in each sample in each experiment. Scale bar = 10 um.
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Figure 1-4. The mRNA expression ratio of histone H3 variants
in each stage of preimplantation development.

RPKM values were obtained from RNA-seq. data (Abe et al., 2015).
The RPKM values of each genes that code for H3.1, H3.2, and H3.3
were summed. The total RPKM of H3.3 at the 1-cell stage is
expressed as 1 and the relative expression of H3.1 and H3.2 are
shown for each stage.
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Figure 1-5. The incorporation efficiency of histone H3 variants into
chromatin of 1-cell embryo.

(A) H3.1, H3.2, H3.3-Flag cRNA at the concentration of 3, 10, 30, 100 ng/ul
were microinjected into mature oocytes. Embryos at 11 h were collected and
immunostaining procedure was followed as described in Hajkova et al., (2010).
Anti-Flag antibody was used to detect Flag-tagged histones incorporated into
chromatin. Representative immunofluorescence image of 1-cell embryos when
10 ng/ul of H3.1, H3.2, H3.3-Flag was microinjected. Scale bar = 10 um
(B) The relative flag intensity when flag intensity of H3.3 microinjected at a
concentration of 30 ng/ul as 1. Nine experiments were performed, using H3.3
30 ng/pl as a control in every experiment. Three or four experiments were
performed for other concentrations. Ninety 1-cell embryos were analyzed for
H3.3 30 ng/ul. For embryos that were microinjected with other cRNA
concentrations, 26-43 embryos are analyzed in total. In each independent
experiment, three to twenty 1-cell embryos were analyzed in each group. Bar
indicates standard error.
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CHAPTER 2
The biological significance of the

nuclear dynamics of H3.1/H3.2 in 1-cell stage embryos
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INTRODUCTION

During preimplantation development, the chromatin structure changes
dynamically where heterochromatic regions appear as development progresses (Martin et
al., 2006; Akiyama et al., 2011; Probst and Almouzni, 2011). In addition, gene expression
pattern dynamically changes during the preimplantation development. There has been
increasing evidence that H3 variant regulates preimplantation development, by
knockdown and knockout analyses of the histone variants and the histone chaperones.

The involvement of H3.3 in the regulation of preimplantation development has
been reported in several studies (Filipescu et al., 2014). Knockdown of H3.3 led to a
smaller paternal pronucleus and abnormal nuclear envelope in 1-cell embryos (Inoue et
al., 2014). Moreover, the depletion of H3.3 led to a lack of incorporation of other core
histones, suggesting that H3.3 plays a role in establishing the nucleus and chromatin
assembly. In addition, when the H3.3 that is localized at the perinucleolar chromatin of
paternal pronucleus was replaced with mutated H3.3 (lysine at the 27th position from N
terminus was replaced with arginine), derepression of major satellite repeats occurred at
the early 2-cell stage, a stage where the expression from major satellite is silenced
(Santenard et al., 2010). Moreover, introduction of mutated H3.3 in the paternal
pronucleus led to a developmental arrest, suggesting that H3.3 is critical for regulating
major satellite transcription and for preimplantation development. The knockdown of two
genes encoding H3.3 by microinjecting morpholinos at the early 1-cell stage caused over-
condensation and missegregation of chromosomes and formation of micronuclei starting
from the 2-cell stage. These embryos were finally arrested at the morula stage (Lin et al.,

2013). In addition, the 1-cell embryos obtained from heterozygotes knockouts of H3f3b,
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had cleavage failure at the 1-cell stage, which suggested that H3.3 is essential for the first
cleavage after fertilization (Tang et al., 2015).

It was shown that H3.1 and H3.2 are involved in the regulation of late
preimplantation development. The knockout and knockdown of CAF-1 subunit p150, a
chaperone of H3.1 and H3.2, caused abnormal heterochromatin formation and
developmental arrest at the 8-16 cell stage (Houlard et al., 2006; Akiyama et al., 2011).
This result suggested that H3.1 and H3.2 is essential for establishing heterochromatin
during late preimplantation development. In addition, Hatanaka et al. (2015) have shown
that depletion of CAF-1 at the morula stage leads to de-repression of class Il
retrotransposons and decrease in repressive histone modifications such as H3K9me3 and
H4K20me3 on retrotransposons, suggesting that H3.1 and H3.2 is essential in silencing
retrotransposons by their histone modifications. However, in these studies, the expression
of H3.1 and H3.2 was abolished by their knockout or knockdown. Although these
experiments elucidated the role of H3.1 and H3.2 in the development at the 2-cell and
subsequent stages during which these proteins are present, they did not address the
biological significances of low level of their nuclear deposition and their absence in the
paternal perinucleolar region in 1-cell embryos.

In the previous chapter, the nuclear distribution of H3.1/H3.2 suggested that
H3.1/H3.2 regulate DNA replication in 1-cell embryos. In this chapter, first, | attempted
to investigate the biological significance of why H3.1 and H3.2 are localized at a low
level in the pronuclei of 1-cell stage embryos. Second, | investigated the significance of
why H3.1 and H3.2 show asymmetry in nuclear localization between the parental

pronuclei.
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RESULTS

The biological significance of the low nuclear localization of H3.1 and H3.2 in the 1-
cell embryos.

In chapter 1, | have shown that the level of nuclear localization H3.1/H3.2 is low
at 1-cell stage compared to the embryos at 2-cell stage and beyond. To examine the
biological significance of why H3.1/H3.2 is at low level in 1-cell embryos, I induced the
incorporation of H3.1/H3.2 into chromatin, and analyzed their effect on preimplantation
development. The results of experiments, in which cRNA encoding Flag-tagged H3
variants were microinjected into MII stage oocytes, indicated that the incorporation
efficiency of H3.1 and H3.2 into chromatin of 1-cell embryos was low compared to that
of H3.3 (Fig. 1-5). However, when extremely high concentration of cRNA (100 ng/ul)
was microinjected into MII stage oocytes, similar level of incorporation of the all three
H3 variants were observed. Therefore, utilizing this condition, | performed
overexpression of H3 variants and induced incorporation of these H3 variants into
chromatin of 1-cell embryos.

I microinjected cRNA encoding for H3.1, H3.2, and H3.3, and examined the
nuclear localization of H3 variants in these overexpressed embryos by immunostaining
with anti-H3.1/H3.2 and anti-H3.3 antibodies (Fig. 2-1). As a result, the increased level
of H3.1/H3.2 nuclear localization was observed in both maternal and paternal pronuclei
of H3.1 and H3.2 overexpressed embryos, whereas H3.3 level decreased in these embryos
(Fig. 2-1A). Interestingly, the pattern of H3.1/H3.2 deposition was unchanged for the
maternal pronuclei whereas the pattern of H3.1/H3.2 was altered for the paternal

pronuclei. Although H3.1/H3.2 was localized at the perinucleolar region of nucleolus
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only in maternal pronucleus but not paternal one in no injected embryos (see Fig. 1-2C)
and H3.3 cRNA injected ones (Fig. 2-1B), it was also deposited at the perinucleolar region
of the paternal pronuclei in H3.1 and H3.2 overexpressed embryos (Fig. 2-1A). In H3.3-
overexpressed embryos, the pattern of nuclear distribution of H3.1/H3.2 was unaltered
(Fig. 2-1B). To verify the histones are incorporated into chromatin, | then performed
immunostaining procedure in which the embryos were treated with Triton X-100 before
fixation to solubilize the plasma membrane and wash away free histones present in the
nucleoplasm (Fig. 2-2). Because the embryos are treated with the detergent, the nuclear
structure has collapsed and the perinucleolar region is detected as a dot. Similarly to Fig.
2-1A, an increased incorporation of H3.1/H3.2 whereas a decreased incorporation level
of H3.3 was detected in H3.1/H3.2 overexpressed embryos. Furthermore, an increased
incorporation of H3.3 whereas a decrease in H3.1/H3.2 was observed in H3.3
overexpressed embryos. Notably, H3.1/H3.2 incorporation was detected at the
perinucleolar region in the paternal pronucleus of H3.1/ H3.2 embryos similarly to Fig.
2-1A. These results suggest that the detected histones are deposited in chromatin and an
alteration in chromatin distribution of H3.1/H3.2 and H3.3 occurs in H3.1 and H3.2-
overexpressed embryos.

I investigated whether the ectopic deposition of H3.1 and H3.2 at the 1-cell stage
have an effect in development by observing the developmental rate until the blastocyst
stage (Fig. 2-3). Drastic effect in development was observed for H3.1 and H3.2
overexpressed embryos, where only approximately 50% of embryos proceeded to 2-cell
stage. This detrimental effect of H3.1 and H3.2 overexpression was more evident at the
blastocyst stage. These results suggested that the low level of nuclear localization of

H3.1/H3.2 at the 1-cell stage is essential for preimplantation development.
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Effect of the ectopic deposition of H3.1 and H3.2 in the pronuclei on DNA replication
at the 1-cell stage

To determine the mechanism underlying the developmental failure of H3.1 and
H3.2-overexpressed embryos, the developmental rate of H3.1, H3.2, H3.3, GFP-
overexpressed embryos and no-injected embryos were observed every four to six hours
(Fig. 2-4A). Over 70% of the no-injected, GFP-, and H3.3-overexpressed embryos had
cleaved into 2-cell embryos at 16 h post-insemination (h), and cleaved to 4-cell embryos
at 40 h. However, more than 80% of H3.1 and H3.2 overexpressed embryos had not yet
cleaved into 2-cell embryos at 16 h and most of them still remained at the 1-cell stage at
34 h. They began cleavage after 34 h and more than 70% of them developed to 2-cell and
later stages at 46 h. After that, some of them developed to blastocysts, but others
eventually caused fragmentation or degeneration by chronologically blastocyst stage (Fig.
2-4B). This results suggest that the cleavage from 1-cell to 2-cell is delayed in H3.1 and
H3.2 overexpressed embryos, and eventually leads to developmental arrest.

The delay in cleavage from 1- to 2-cell stage in H3.1 and H3.2 overexpressed
embryos may be caused by the delay in DNA replication (S phase). Therefore, to
investigate whether there is a delay in DNA replication at the 1-cell stage in H3.1 and
H3.2 overexpressed embryos, | examined the incorporation of BrdU into the pronuclei
after the transient culture of the embryos with BrdU from 4 to 10 h (Fig. 2-5). As a result,
in maternal pronuclei of no-injected embryos, GFP-, and H3.3-overexpressed embryos,
DNA replication was initiated in over half of the analyzed embryos at 4 h. At 10 h, DNA
replication was completed in most maternal pronuclei of no-injected, GFP-, and H3.3-

overexpressed embryos. Similar to this result, the DNA replication of the maternal
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pronuclei of H3.1 and H3.2 overexpressed embryos was initiated at 4 h and completed at
10 h. However, in the paternal pronuclei, the DNA replication timing of H3.1 and H3.2-
overexpressed embryos was delayed when compared to that of no-injected, GFP, and
H3.3-overexpressed embryos. Only less than 15% of embryos had started and only 30%
of embryos completed the DNA replication at 4 and 10 h, respectively. These results
suggested that the ectopic deposition of H3.1 and H3.2 into chromatin of 1-cell embryos
leads to a delay in DNA replication initiation and completion in the paternal pronucleus

but not the maternal one.

H3.1 and H3.2 overexpression leads to a delay in completion of DNA replication at
the perinucleolar region in the paternal pronuclei

In somatic cells, DNA replication is known to occur earlier in euchromatin and
later in heterchromatin regions (O’Keefe et al., 1992). Interestingly, it has been previously
reported that DNA replication occurs asynchronously between maternal and paternal
pronuclei (Fig. 2-6A; Aoki et al., 1999). In both paternal and maternal pronuclei, DNA
replication first occurs at the nucleoplasmic region and then at the perinuclear and
perinucleolar region. In the paternal pronuclei, the DNA replication at the perinucleolar
region is completed earlier than the perinuclear region. In contrast, in the maternal
pronuclei, DNA replication at the perinuclear region is completed earlier than that of
perinucleolar region, and takes over a longer time span than the paternal pronuclei.

As shown in Fig. 2-1, the nuclear distribution of H3.1/H3.2 in the paternal
pronucleus of H3.1 and H3.2 overexpressed embryos were altered to a similar distribution
to that of maternal pronucleus. Considering these results, | hypothesized that the delay of

DNA replication observed in paternal pronuclei of H3.1 and H3.2-overexpression
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embryos (Fig. 2-5) was due to prolonged DNA replication at the perinucleolar region. To
examine this hypothesis, | observed the DNA replication pattern of both maternal and
paternal pronuclei at 4, 6, 8, and 10 h (Fig. 2-6B). There was no significant difference in
the pattern of DNA replication in the maternal pronuclei of no-injected, GFP, H3.1, H3.2,
and H3.3-overexpressed embryos in which the DNA replication occurred in the
nucleoplasmic region at 4 and 6 h, at the perinucleolar region at 8 h, and completed at 10
h. However, DNA replication pattern differed in the paternal pronuclei of H3.1 and H3.2
overexpressed embryos compared that of no-injected, GFP-, and H3.3-overexpressed
embryos. That is, in contrast to control and H3.3-overexpressed embryos where
perinuclear region were replicated last, the DNA replication at the perinucleolar region
was pursued even at 10 h (Fig. 2-6B, Fig. 2-7). The DNA replication of the nucleoplasmic
region was also delayed in the paternal pronuclei of H3.1 and H3.2 overexpressed
embryos (Fig. 2-5, Fig. 2-6B). However, the initiation of DNA replication in the
nucleoplasmic region was delayed for less than 2 h and completed before 10 h, whereas
that at the perinucleolar region was delayed for more than 4 h and still pursued at 10 h,
suggesting that the delay of DNA replication at the perinucleolar region of the paternal
pronucleus is the rate-limiting step and thus a cause of delayed cleavage in H3.1 and H3.2
overexpressed embryos. These results suggested that the delay in DNA replication in the
paternal pronuclei of H3.1 and H3.2 overexpressed embryos is due to the ectopic
deposition of H3.1 and H3.2 at the perinucleolar region, thus leading to a delay in

cleavage.

H3.1 and H3.2-overexpressed parthenotes have no effect in preimplantation

development.
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Previous results of this current study suggested that a low level of nuclear
deposition of H3.1 and H3.2 at the 1-cell stage is essential for the progression of DNA
replication at the paternal pronuclei and preimplantation development. On the contrary,
because DNA replication in maternal pronucleus of H3.1 and H3.2 overexpressed
embryos was unaffected by the induced incorporation of H3.1 and H3.2, a low level of
nuclear deposition of H3.1 and H3.2 in the maternal pronucleus is not necessary for
development. To confirm it, | generated parthenotes, which are devoid of paternal genome,
and examined whether or not they were capable to develop nevertheless H3.1 and H3.2
is induced into their chromatin at the 1-cell stage. Expectedly, there was no significant
difference in developmental rate between H3.1 and H3.2 overexpressed parthenotes and
H3.3-overexpressed, control parthenotes (Fig. 2-8A). The H3.1/H3.2 incorporation was
verified in H3.2 overexpressed parthenotes and results indicated that the nuclear
localization of H3.1/H3.2 was similar to that of H3.2 overexpressed embryos which had
been fertilized embryos (Fig. 2-8B). This results reinforced that H3.1 and H3.2
overexpressed embryos had a delayed cleavage due to H3.1 and H3.2 deposition in the
paternal pronuclei. Taken together, it is essential that H3.1and H3.2 is not incorporated at
a high level in the 1-cell embryos, as a higher level of H3.1 and H3.2 deposition at the
perinucleolar region of the paternal pronucleus causes the delay in DNA replication,

leading to the developmental catastrophe.

The effect of H3.1 and H3.2 overexpression in epigenetic modifications.
To determine the molecular mechanism underlying the developmental failure of
H3.1 and H3.2-overexpressed embryos, | investigated whether there is alteration in

histone modification level in these embryos. H3K9me2/3 and H3K27me3 are histone
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modifications that are associated with heterochromatin (Hake et al., 2006). These
modifications are also reported to be frequently seen on H3.1 and H3.2, respectively. In
addition, these modifications levels are higher in the maternal pronucleus compared to
that of paternal pronucleus (Liu et al., 2004; Lepikhov and Walter, 2004; Santos et al.,
2005; Puschendorf et al., 2008). Importantly, H3K9me3 is detected in the perinucleolar
region of the maternal pronucleus. Because the nuclear distribution of H3.1/H3.2 in the
paternal pronuclei of H3.1 and H3.2 overexpressed embryos became maternal
pronucleus-like, I investigated whether there is an increase in H3K9me2 and H3K9me3
in the paternal pronucleus. However, these modifications were unaffected by H3.1/H3.2
overexpression (Fig. 2-9). Yet, this may be expected because there is no H3K9
methyltransferase activity in 1-cell embryos and only methylated histones carried over
from the oocyte reside in the maternal pronucleus (Liu et al., 2004). Next, | examined
whether there is change in H3K27me3 levels. Polycomb Repression Complex 2 (PRC2)
is known to methylate lysine 27 in the paternal pronucleus (Tardat et al., 2015). Because
there is a decrease in H3.3 levels in the paternal pronucleus in H3.1 and H3.2
overexpressed embryos (Fig. 2-1A, Fig. 2-2A, B), | hypothesized that there is a change
in H3K27me3 in their paternal pronucleus (Fig. 2-10). However, H3K27me3 was
unaltered in the paternal pronucleus. In addition, DNA methylation (5-methylcytosine),
also associated with heterochromatin, was unchanged in the paternal pronucleus (Fig. 2-
11). Therefore, these results suggest that the developmental failure of H3.1 and H3.2-
overexpressed embryos is not due to the changes in global level of methylations at H3K9,

H3K27 or DNA which are associated with heterochromatin formation.
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DISCUSSION

In this chapter, | investigated the biological significance of why the nuclear
deposition of H3.1 and H3.2 are low in 1-cell embryos compared to later preimplantation
embryos, and examined whether or not the asymmetrical localization of H3.1 and H3.2
between the parental pronuclei are involved in cellular process, i.e. DNA replication, by
overexpressing H3 variants in 1-cell embryos. The results have shown that when H3.1
and H3.2 are ectopically incorporated into chromatin, the level of nuclear deposition of
these proteins increased both in male and female pronuclei (Fig. 2-1A, 2-2A, B). However,
the pattern of their nuclear distribution was changed only in the male pronucleus. They
became localized in the perinucleolar region by their overexpression similarly to the
pattern in female pronucleus (Fig. 2-1A, Fig. 2-2A). Overexpression of H3.1 and H3.2
had a detrimental effect in development while H3.3 overexpression did not. The
developmental failure was caused by the delay of DNA replication in the paternal
perinucleolar region, at which H3.1/H3.2 was accumulated. To my knowledge, this is the
first study that showed that H3.1 and H3.2 regulate cellular processes, i.e. DNA
replication, in 1-cell embryos and that low nuclear localization of H3.1/H3.2 in the
paternal pronucleus is essential for preimplantation development.

Here, | have shown that the DNA replication at the perinucleolar region of the
paternal pronucleus was delayed in H3.1 and H3.2-overexpressed embryos (Fig. 2-6B, 2-
7). The time span of the DNA replication at the perinucleolar region of the paternal
pronucleus of H3.1 and H3.2-overexpressed embryos were longer than that of no-injected
and control embryos. In general, the pericentromeric heterochromatin is known to be

replicated late in S phase (Shermoen et al., 2010), but interestingly the pericentromeric
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heterochromatin in the paternal pronucleus replicates earlier than that of its perinuclear
region (Aoki et al., 1999). However, the DNA replication of paternal perinucleolar region
in H3.1 and H3.2 overexpressed embryos was delayed (Fig. 2-6B, 2-7). In early
embryonic development in Drosophila, the embryos undergo a series of S and M phases
in the single cytoplasm referred to as syncytium (Su, 2010). It is known that during
syncytium, the S phase gradually lengthens. One study have shown that by tracking
satellite sequences that reside in pericentromeric heterochromatin by fluorescent in situ
hybridization (FISH), the S phase was prolonged due to the late onset of replication of
satellite repeats (Shermoen et al., 2010; Su et al., 2010). Therefore, it suggests that the
replication of pericentromeric region is rate-limiting step for the completion of S phase
and that prolonged replication of the pericentromeric heterochromatin in the paternal
pronucleus can lead to delayed cleavage in H3.1 and H3.2 overexpressed embryos. The
reason why the increase of H3.1 and H3.2 deposition in the maternal pericentromeric
heterochromatin did not cause the delay in the completion of DNA replication is discussed
below.

It can be debated whether ectopic deposition of H3.1 and H3.2 led to
developmental failure or whether loss of H3.3 leads to developmental failure in the
H3.1and H3.2 over expressed embryos. However, the analysis for the DNA replication
support that H3.1 and H3.2 ectopic deposition led to developmental failure. Because,
there was a delay in DNA replication in the perinucleolar region of the paternal
pronucleus (Fig. 2-6B, Fig. 2-7), which was suggestive of ectopic deposition of
H3.1/H3.2 in this region (Fig. 2-1A).

The ectopic deposition of H3.1 and H3.2 in 1-cell embryos led to a delayed

cleavage not a complete arrest during the 46 h of culture after insemination (Fig. 2-4A).
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This is supported by the fact that unlike somatic cells, the G2/M checkpoint which
monitors the completion of DNA synthesis before entering the M phase are deficient in
1-cell embryos (Yukawa et al., 2007). Therefore, H3.1 and H3.2-overexpressed embryos
cleaved into the 2-cell stage, nevertheless DNA replication was ongoing at a minimal
level.

H3.1 and H3.2 have the same effect to preimplantation development. H3.1 and
H3.2 overexpression both led to developmental failure with no significance differences
in the developmental rate (Fig. 2-3). In addition, ectopic expression of H3.1 and H3.2 led
to the same characteristics, regarding the delay in cleavage (Fig. 2-4A, B) and the delay
in DNA replication at the perinucleolar region of the paternal pronucleus (Fig. 2-6B, 2-
7). In addition, the overexpression of H3.1 and H3.2 in parthenogenetic embryos both had
no significant effect in preimplantation development (Fig. 2-8), suggesting that both of
these two variants have similar roles in preimplantation development and both are
necessary to be incorporated at low level at the paternal perinucleolar region for
preimplantation development. Although H3.1 is a mammalian-specific variant and differ
by one amino acid from H3.2 (Hake and Allis, 2006), my results presented here suggest
that H3.1 and H3.2 have the same roles in early preimplantation development.

Although ectopic deposition of H3.3 did not show effects on the early stages of
preimplantation development, | need to mention that the developmental rate of H3.3
overexpressed embryos was significantly low compared to no-injected and GFP
overexpressed embryos at morula and blastocyst stages. This may have been expected
because the knockdown or knockout of CAF-1, the histone chaperone for H3.1/H3.2, led
to developmental arrest at 8-16 cells (Houlard et al., 2006; Akiyama et al., 2011). Because

ectopic incorporation of H3.3 led to a decrease in H3.1/H3.2 nuclear localization and
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incorporation (Figs. 2-1A, 2-2A, B), this may have led to a similar phenotype observed
in CAF-1 knockout or knockdown embryos (Houlard et al, 2006; Akiyama et al., 2011).
Therefore, excess deposition of H3.3 may cause detrimental effects in later
preimplantation embryos.

Since the DNA replication occurs later in heterochromatin than euchromatin
(O’Keefe et al, 1992), I expected that histone modifications associated with
heterochromatin formation, i.e. H3K9me2/3 and H3K27, would increase by the increased
deposition of H3.1 and H3.2 in perinucleolar regions, leading to the delay in DNA
replication. However, there was no change in those modifications in the paternal
pronucleus of H3.1 and H3.2 overexpressed embryos (Figs 2-9, 10). Therefore, I
hypothesize that the alteration of the combination of histone H3 variants and the
heterochromatin associated modifications affected DNA replication timing, thus leading
to a developmental failure (Fig. 2-12). The results of immunocytochemistry showed that
there was no difference in H3K9me2 or me3 levels between no-injected and injected
embryos (Fig.2-9). This is supported by the report that H3K9 methyltransferase is not
functional in 1-cell embryos whereas there is methylation activity in the oocytes (Liu et
al., 2004). Because the newly incorporated H3.1 and H3.2 are not methylated in the 1-
cell stage, the H3K9me2/3 levels are unaltered in the maternal pronuclei in which only
H3K9me2/3 that had been carried from oocytes remains there (Fig. 2-9). Therefore, there
is no effect in the DNA replication timing in the maternal pronucleus (Fig. 2-12). Similarly,
H3K27me3 level was not altered in the H3.1 and H3.2 overexpressed embryos (Fig. 2-
10), because PRC2, a complex of H3K27 methyltransferase activity, is not functional at
the perinucleolar region of the maternal pronucleus. It has been reported that HP1j

circumvents PRC2 from binding to the maternal perinucleolar region (Tardat et al., 2015).
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However, PRC2 is functional in the paternal pronucleus. In H3.1 and H3.2-overexpressed
embryos, PRC2 methylates newly incorporated H3.1 and H3.2 that replaced H3.3 at the
paternal perinucleolar region. Because H3K27me3 is associated with facultative
heterochromatin but H3.3 is associated with euchromatin (Hake and Allis, 2006; Hake et
al, 2006), | hypothesize that H3.3-H3K27me3 forms a relatively weaker heterochromatin
when compared to H3.1/H3.2-H3K27me3 (Fig. 2-12). The perinucleolar region of the
paternal pronucleus of H3.1- and H3.2-overexpressed embryos may be tighter and more
condensed compared to that of no-injected and control embryos in which perinucleolar
region is occupied with H3.3 only, leading to a delay in the DNA replication at that region.
In addition, the DNA methylation was also unaltered in H3.1- and H3.2-overexpressed
embryos (Fig. 2-11). This was expected because the level of H3K9me2, which is tightly
associated with DNA methylation (Nakamura et al., 2012), was unaltered by the
overexpression of H3.1 and H3.2 (Fig. 2-9). Finally, there may be other histone
modifications that have caused developmental failure. For example, H3K64me3 is
localized in the maternal pronucleus and is involved in perinucleolar heterochromatin
(Lange et al., 2013). However, because this modification is H3K9me3-dependent (Lange
et al., 2013) and because an increase in H3K9me3 was not detected in the paternal
pronuclei of H3.1- and H3.2-overexpressed embryos (Fig. 2-9), | hypothesize this
modification is not altered in paternal perinucleolar region of the overexpressed embryos.
A recent study indicated that microinjection of SUV(4-20)H2, a methyltransferase of
H4K20, in 1-cell embryos and overexpression at the 2-cell stage, led to developmental
failure and delayed DNA replication at the 2-cell stage (Eid et al., 2016). H4K20me3 is a
histone modification associated with constitutive heterochromatin and present only in the

maternal pronucleus (Kourmouli et al., 2004). H3.1 and H3.2 overexpression might
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promote H4K20 to be methylated, but in embryos unlike somatic cells, this modification
Is also associated with H3K64me3 (Eid et al., 2016) which is not supposed to alter by
H3.1 and H3.2 over expression as described above. Therefore, a possible explanation of
the developmental failure of H3.1 and H3.2-overexpressed embryos may be due to the
change in combination of H3 variants and H3K27me3, i.e. from H3.3-H3K27me3 to
H3.1/H3.2-H3K27me3, which led to a change in chromatin structure at the perinucleolar

region of the paternal pronucleus.
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Microinjection

H3.2

Figure 2-1. The effect of H3.1/H3.2 and H3.3 nuclear localization
upon H3.1, H3.2, and H3.3 overexpression in 1-cell embryos.

(A) No-injected, H3.1, H3.2, and H3.3- overexpressed 1-cell embryos
at 11 h were fixed and examined for the change in nuclear localization
of H3.1/H3.2 and H3.3, using anti-H3.1/H3.2 and anti-H3.3 antibodies,
respectively. Eight independent experiments were performed. Two to
eight embryos were analyzed in each sample per experiment. Total of
39-46 embryos were examined. White arrows indicate the presence of
H3.1/H3.2 at the perinucleolar region of the paternal pronuclei. (B) The
H3.1/H3.2 nuclear distribution in H3.3 overexpressed embryos, with
increased intensity. Scale bar = 10 um
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Figure 2-2. The detection of incorporated H3.1/H3.2 and H3.3 in chromatin
of H3.1, H3.2, and H3.3 overexpressed 1-cell embryos.

(A) No-injected, H3.1, H3.2, and H3.3 overexpressed embryos at 11 h were
collected to analyze the level of H3.1/H3.2 and H3.3 incorporated into chromatin
(as described in Hajkova et al., 2010), using anti-H3.1/H3.2 and anti-H3.3
antibodies, respectively. Four (anti-H3.1/H3.2) or five independent experiments
(anti-H3.3) were performed. (B) These embryos were then quantified for the
incorporation level of H3.1/2 and H3.3 and corrected by DAPI signal intensity.
The relative signal intensity of H3.1/H3.2 and H3.3 were shown with the intensity
of paternal pronucleus of no-injected as 1. Total of 26-36 embryos (anti-
H3.1/H3.2) or 29-40 embryos (anti-H3.3) were analyzed, with 3-13 embryos in
each pool. pb = polar body; Scale bar = 10 um. Bar indicates standard error.
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Figure 2-3. The developmental rate of no-injected, GFP, H3.1, H3.2, and
H3.3 overexpressed embryos until the blastocyst stage.

The no-injected, GFP, H3.1, H3.2, and H3.3 overexpressed embryos that
possess two pronuclei were incubated and analyzed at the following times: 2-
cell (28 h), 4-cell (45-6 h), morula (72 h), and blastocyst (96 h). Eleven
independent experiments were performed and seven to forty embryos are
analyzed in each group per experiment. For each group, 197-228 embryos
were observed in total. For H3.1, H3.2 overexpressed embryos, XZ test or
Fischer’s exact test was performed and considered significant if p<0.01 to all
of no-injected, GFP, and H3.3-overexpressed embryos. For H3.3-
overexpressed embryos, xz test or Fischer’s exact test was performed and
considered significant if p<0.01 to both no-injected and GFP overexpressed
embryos.
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Figure 2-4. The analysis of developmental stage of no-injected, GFP, H3.1,
H3.2, and H3.3 overexpressed embryos from 16 h to 46 h.
(A) The
overexpressed embryos were observed every four to six hours. Three
independent experiments were performed. 41 to 71 embryos were analyzed in
total, with 8-27 embryos observed in each experiment. (B)The developmental
progression of no-injected and injected embryos at chronologically blastocyst

developmental rate of no-injected, GFP, H3.1, H3.2, and H3.3
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H3.2, and H3.3 overexpressed embryos.

The presence of BrdU incorporation was analyzed at 4, 6, 8, and 10 h. Three
to five independent experiments were performed. For each injected or no-
injected sample, 30 to 51 embryos were analyzed in total. Three to twenty-
four embryos were analyzed in each group per experiment. For H3.1 and

H3.2 overexpressed embryos, XZ test or Fischer’s exact test was performed
and considered significant if p<0.01 to all of no -injected, GFP, and H3.3-

2
overexpressed embryos. For H3.3-overexpressed embryos, y test or
Fischer’s exact test was performed and considered significant if p<0.01 to

both no-injected and GFP overexpressed embryos.
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Fig. 2-6. The DNA replication pattern detected by BrdU incorporation in no-
injected, H3.1, H3.2, and H3.3 overexpressed embryos.

(A) Hlustration of asymmetric DNA replication in paternal and maternal pronuclei
in 1-cell embryos. DNA replication start in the nucleoplasmic region in both of
parental pronuclei. In the paternal pronucleus, DNA replication at the perinuclear
region is completed last. However, in the maternal pronucleus, DNA replication at
the perinucleolar region proceeds after the DNA replication at the paternal
pronucleus completes its replication. (B) Analysis of DNA replication pattern in
maternal and paternal pronuclei in no-injected, H3.1, H3.2, and H3.3 overexpressed
embryos at 4 to 10 hpi. For each injected or no-injected sample, 30 to 51 embryos
were analyzed in total. Three to five independent experiments were performed.
Arrows indicate the presence of DNA replication at perinucleolar region in the
paternal pronuclei. Scale bar = 10pm
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Figure 2-7. The proportion of the presence of DNA replication at the
perinucleolar region in H3.1, H3.2, H3.3, GFP-overexpressed, and no-
injected embryos.

The presence of DNA replication at the perinucleolar region in no-injected,
H3.1, H3.2, and H3.3 overexpressed embryos at 6, 8, and 10 h. For each
injected or no-injected sample, 19 to 51 embryos were analyzed in total. Three
or four independent experiments were performed as described in Fig. 2-6.
Three to twenty-four embryos were analyzed in each group per experiment.
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Figure 2-8. The effect of H3.1 and H3.2 overexpression on development of
parthenogenetic embryos.

(A) The developmental rate of no-injected, GFP, H3.1, H3.2, and H3.3
overexpressed parthenogenetic embryos. Six independent experiments were
performed. 101-117 embryos were observed, with 7-35 embryos observed in
each group per experiment. For H3.1 and H3.2 overexpressed embryos, xz test
or Fischer’s exact test was performed and considered significant if p<0.01 to all
of no -injected, GFP, and H3.3-overexpressed embryos. For H3.3-overexpressed
embryos, xz test or Fischer’s exact test was performed and considered significant
if p<0.01 to both no-injected and GFP overexpressed embryos. (B) The
comparison of nuclear localization of H3.1/H3.2 between H3.2-overexpressed
in vitro fertilized (IVF) embryos and parthenogenetic (P) embryos. Three
independent experiments were performed, with 11 to 16 embryos observed in

each group per experiment. Arrow indicates perinucleolar localization of
H3.1/H3.2 in the female pronucleus.
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Figure 2-9. The effect of H3.1, H3.2, and H3.3 overexpression on
H3K9me2/3 levels.

The H3K9me2/3 level of no-injected, H3.1, H3.2, and H3.3
overexpressed embryos were analyzed at 11 h. Three independent
experiments were performed except H3.1 overexpressed embryos were
analyzed in two independent experiments. A total of 13 to 34 embryos
were analyzed for no-injected, injected embryos, where 4 to 14 embryos
were analyzed in each experimental group. For H3K9me3
immunostaining, two independent experiments were performed, where 9
to 14 embryos were observed in total. Three to seven embryos were
analyzed in each experimental group. Scale bar =10um
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Figure 2-10. The effect of H3K27me3 levels in H3.1, H3.2, and H3.3

overexpressed embryos

The levels of H3K27me3 were analyzed in no-injected, H3.1, H3.2, and
H3.3 overexpressed embryos. Two independent experiments were
performed for 6 h. Four independent experiments for 11 h, except H3.1
overexpressed embryos were analyzed in three independent experiments.
For 6 h, 11-17 embryos were analyzed for no-injected and injected
embryos, with 3-9 embryos observed in each experimental group. For 11
h, 23-32 embryos were analyzed for no-injected and injected embryos,

with 4-10 embryos observed in each experimental group.
Scale bar = 10 pm
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Figure 2-11. The effect on DNA methylation in H3.1, H3.2, and
H3.3 overexpressed embryos.

No-injected, H3.1, H3.2, and H3.3-overexpressed embryos were
collected at 11 h to examine the DNA methylation (5 methylcytosine)
levels. One independent experiment was performed, in which 9 to 13
embryos were observed. Scale bar = 10 pm
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Figure 2-12. Illustration of the hypothesis to explain why the DNA
replication is delayed in the paternal pronucleus but not the maternal
one of the H3.1 or H3.2 overexpressed embryo. In contrast to the
maternal pronucleus, there is K27 methyltransferase activity in the paternal
pronucleus. The combination of H3.1/H3.2-H3K27me3 may lead to a
change in chromatin tighteness, leading to delay in DNA replication.
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GENERAL DISCUSSION

In chapter 1, | have shown that the nuclear localization of H3.1/H3.2 is low in 1-
cell embryos compared to other preimplantation embryos. The low nuclear localization
of H3.1/H3.2 was regulated by low mRNA expression and low chromatin incorporation
efficiency at this stage. | have also shown asymmetrical nuclear localization of H3.1/H3.2
in 1-cell embryos. In Chapter 2, | have shown that the low level of nuclear deposition of
H3.1 and H3.2 is necessary for timely completion of DNA replication in the paternal
pronucleus. Taken together, this study to my knowledge, is the first one reporting that
H3.1/H3.2 regulates asymmetry in cellular processes and that it is essential for the
paternal pronucleus to have minimal nuclear localization of H3.1/H3.2 for proper
development.

| hypothesize that the biological significance of lowering the localization level
of H3.1 and H3.2 is to prevent detrimental effects of the deposition of these proteins in
the paternal pronucleus and thus to prevent developmental failure. In the paternal
pronucleus, the nuclear localization of H3.1/H3.2 at the perinucleolar region is equivalent
or less compared to the nucleoplasmic and perinuclear regions. Therefore, the DNA
replication at the perinucleolar region is completed earlier than these regions. In contrast,
H3.1/H3.2 is localized at the perinucleolar region of the maternal pronucleus. Thus, the
DNA replication at this region is completed last in the maternal pronucleus. The increased
deposition of H3.1/H3.2 caused the delay in completion of DNA replication in the
paternal pronucleus, especially at the perinucleolar region where pericentromeric
heterochromatin is localized. Therefore, in 1-cell embryos, a mechanism would be
required to decrease the deposition of H3.1/H3.2 in the paternal pronucleus by decreasing

the overall mRNA expression and the efficiency of chromatin incorporation of H3.1 and
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H3.2 (Fig. GD-1).

It is reported that major satellite repeats reside in the pericentromeric
heterochromatin, which are found at the perinucleolar region of 1-cell embryos (Probst
and Almouzni, 2011). It is known that there is asymmetry in major satellite transcription
where it is transcribed more in the paternal pronucleus than the maternal pronucleus
(Probst et al., 2010). However, whether H3.1 and H3.2 overexpression affects major
satellite transcription is yet to be clarified. A study indicated that inhibition of major
satellite transcription at the 1-cell stage led to developmental arrest at the 2-cell stage
(Probst et al., 2010). Because H3.1 and H3.2 is mislocalized in the paternal perinucleolar
region when these variants were ectopically deposited (Fig. 2-1) and since H3.1 and H3.2
are associated with heterochromatin (Hake and Allis, 2006), H3.1 and H3.2
overexpression may repress major satellite transcription in the paternal pronucleus.
However, since the developmental delay occurred at the 1-cell stage but not 2-cell stage
in the H3.1 and H3.2 overexpressed embryos, the repression of major satellite
transcription would not be involved in the developmental failure in these embryos.

Recently, epigenetic modifications have been studied extensively and the
asymmetry of them between the parental pronuclei has been brought into the limelight
(Hemberger et al., 2009; Burton and Torres-Padilla, 2010; Beaujean, 2014). However, the
biological significance of the asymmetry in most of these modifications and their
associations to cellular processes has not been yet clarified. For instance, the parental
asymmetry of global DNA methylation has been well-known and intensively studied for
the mechanism regulating this asymmetry, its biological significance or association to a
cellular process it has not yet been elucidated, but rather there are some reports indicating

that it is not involved in the regulation of development (Beaujean et al., 2004; Tsukada et
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al., 2015). Here, | propose a different notion in which the nuclear distribution of histone
variants, the core components of chromatin, is asymmetric between the parental pronuclei
and they regulate the DNA replication in 1-cell embryos. It would be thus interesting to
further investigate what other variants of core histones, together with H3.1/H3.2, are
involved in the regulation of the cellular processes in the 1-cell embryos and what factors
prevent the incorporation of H3.1/H3.2 in the pronucleus to maintain proper cellular

processes and development.
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Figure GD-1. The biological significance of the low nuclear localization
of H3.1/H3.2 in 1-cell embryos.

When H3.1/H3.2 is expressed at a high level, mislocalization of H3.1/H3.2
to the paternal pronucleus occurs, leading to a delayed DNA replication at
the perinucleolar region and thus developmental delay. To prevent this,
there is a mechanism where overall H3.1/H3.2 mRNA expression ratio and
incorporation efficiency is maintained low.
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MATERIALS AND METHODS

Culture condition
All oocytes and embryos were incubated in droplets of medium that were
covered in mineral oil (Sigma-Aldrich, St. Louis, MO). The samples were incubated in

5% COz, 38°C.

Collection of preimplantation embryos

MII stage oocytes were collected from three-week old BDF1 (DBA2 x B6Ncr
Jms Slc) mice (SLC Japan, Inc., Shizuoka, Japan; CLEA Inc., Tokyo). The mice was first
injected with 6 1.U. pregnant mare’s serum gonadotropin (PMSG; ASKA Pharmaceutical
Co, Ltd, Tokyo) to promote oocyte growth. The mice was then injected with 7.5 I.U. of
human chorionic gonadotropin (hCG; ASKA Pharmaceutical Co., Ltd) 46-50 h post-
PMSG injection to induce the resumption of meiosis and ovulation. The ampulla of the
oviduct were removed from mice 14-18 h post-hCG injection. The mature oocytes
surrounded by cumulus cells are obtained by penetrating the ampulla of the oviduct using
a 30-gauge needle (Terumo, Tokyo) and placed into 200 pl human tubal fluid (HTF)
medium (Quinn and Begley, 1984).

In vitro fertilization was performed to obtain preimplantation embryos. The
sperm was obtained from the caudal epididymis of 6 month old or older ICR mice and
were placed in HTF medium (Quinn and Begley, 1984) supplemented with 10 mg/ml
bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO). The sperm was incubated
for 2 h before insemination for capacitation.

The oocytes were inseminated using capacitated sperm at the concentration of
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200,000~ 1,000,000 sperm/ml. The embryos and/or unfertilized oocytes were placed and
washed in KSOM medium (Lawitts and Biggers, 1993) 6 h post-insemination to remove
cumulus cells, using glass capillaries. The presence of 2 pronuclei was examined 6 to 10
h post-insemination and 1-cell embryos with multipronuclei or one pronucleus were
removed. The 1-cell embryos with 2 pronuclei were transferred into a fresh KSOM
medium and were cultured until the blastocyst stage.

In vitro fertilization of denuded oocytes was conducted for microinjection
analyses. Capacitated sperm were placed into 50 ul HTF medium and were incubated for
1-2 min. The oocytes were then placed into the same medium. Each sample was observed
10-15 min post-insemination to verify the presence of sperm surrounding the oocyte.
Embryos and/or unfertilized oocytes were washed as the method described above. The
embryos at the 1-cell, 2-cell, 4-cell embryos, morula, and blastocyst stages were collected
or observed at the following times: 1-cell (10-11 h), 2-cell (28-30 h), 4-cell (45-46 h),

morula (72 h), and blastocyst (96 h).

Immunofluorescence

For nuclear localization of H3.1/H3.2 and H3.3, preimplantation embryos were
fixed with 3.7% paraformaldehyde (PFA) and 0.2% Triton X-100 in PBS for 20 min at
room temperature. The oocytes and preimplantation embryos were washed in PBS
containing 1% BSA (BSA/PBS) three times and were incubated overnight with mouse
anti-H3.1/2 (1:500; CE-039B; Cosmo Bio, Tokyo) and rat anti-H3.3 (1:100; CE-040B,;
Cosmo Bio) antibodies in BSA/PBS containing 0.2% Tween 20. The samples were then
washed in BSA/PBS three times and were incubated in secondary antibodies, Alexa Fluor

488 anti-mouse or rat IgG (1:100; Molecular Probes, Invitrogen, Carlsbad, CA), for 1 h
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at room temperature. The samples were washed in BSA/PBS three times and were
mounted on a glass slide with Vector Shield (Vector Laboratories, Burlingame, CA)
containing 1.6 ng/ul 4',6-diamidino-2-phenylindole (DAPI; Dojindo Laboratories,
Kumamoto). To detect the histones that are incorporated into chromatin, the procedures
described in Hajkova et al. (2010) were followed. Briefly, before fixation with 4%
PFA/PBS, the embryos were treated with PBS containing 50 mM NaCl, 3 mM MgCI2,
0.5% Triton X-100, 300 mM sucrose, and 25mM Hepes (pH=7.4) on ice for 10 min. Flag-
tagged histones were detected using anti-Flag (1:1000; Sigma) and Alexa Fluor 568 anti-
rabbit 1gG (1:100). The endogenous histones were detected by anti-H3.1/H3.2 and anti-
H3.3 antibodies with the dilutions described above. These antibodies were diluted in 1%
BSA/PBS containing 0.1% Triton X-100. The second antibodies were also diluted with
1% BSA/PBS containing 0.1% Triton X-100. The embryos were washed three times in
1% PBS/PBS and in increasing concentration of Vecta Shield (Vector Laboratories) 1.6
ng/ul containing DAPI (Dojindo) before mounting on glass slides.

For the analysis of histone H3 di- or trimethylated at lysine 9 (H3K9me2 and
H3K27me3), the embryos were fixed in 3.7% PFA/PBS for 1 h or 20 min, respectively,
and permeabilized with 0.5% Triton X-100 for 15 min. The mouse anti-H3K9me2
(ab1220; Abcam, Cambridge) and anti-mouse H3K27me3 (05-851; Upstate/Millipore,
Darmstadt) antibodies were diluted 1:100 in 1% BSA/PBS. For the analysis of H3K9me3,
the embryos were fixed in 3.7% PFA/PBS containing 0.2% Triton X-100 for 20-25 min
and the rabbit anti-H3K9me3 antibody (04-772; Millipore) was diluted 1:100. For
secondary antibodies, Alexa Fluor 568 anti-mouse IgG or Alexa Fluor 488 anti-mouse
488 (Molecular Probes) or Fluorescein (FITC)-conjugated donkey anti-rabbit (Jackson

ImmunoResearch Inc, West Grove, PA), were used and slides were prepared as described
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above.

For the analysis of DNA methylation (5-methylcytosine), the following protocol
was followed. The embryos were fixed in 3.7% PFA/PBS for 20 min and washed in 1%
BSA/PBS and then permeabilized in 0.5% Triton/ PBS for 15 min at room temperature.
The embryos were then washed in 4N HCI/ ddH20 containing 0.02% Triton X-100 three
times, incubated in the last wash for 15 min. The embryos were then washed in 0.1 M
Tris-HCI (pH8.5)/ ddH20 containing 0.02% Triton X-100 for three times, in which the
embryos were incubated for 15 min in the last drop. The embryos were washed in 1%
BSA/PBS three times and incubated for overnight at room temperature. The samples were
incubated in anti-mouse 5-methylcytosine (1:2000; NA81; Calbiochem/ Millipore) in 1%
BSA/PBS for 4 h at room temperature. The embryos were washed three times in 1%
BSA/PBS, with an incubation of 1 h at the last wash. The embryos were then incubated
with Alexa Fluor 647 anti-mouse 1gG (1:250; Molecular Probes) for 1 h at room
temperature. The embryos were washed three times in 1% BSA/PBS and slides were

prepared as described above.

Plasmid construction

eGFP-polyA pcDNAS3.1 vector (Yamagata et al., 2005) was used to generate
Kozak-GFP cRNA as control for microinjection. This vector was used for the backbone
for other constructed vectors. Kozak-H3.1, Kozak-H3.2, Kozak-H3.3-polyA pcDNA3.1
vectors were constructed by inverse PCR using Kozak-Flag-H3.1, Kozak-Flag-H3.2,
Kozak-Flag-H3.3-polyA pcDNAS3.1 vector as templates. Kozak-Flag-H3.1 and Kozak-
Flag-H3.2 pcDNA3.1 vector had been constructed previously by Akiyama et al. (2011).

To prepare Kozak-Flag-H3.3-polyA pcDNA3.1 vector, Kozak-Flag-H3.3 were
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constructed by amplifying Kozak-Flag-H3.3 using Flag-H3.3 pCRII Topo vector which
had been prepared by Akiyama et al. (2011) as a template and then inserted into pCRII
vector. The insert was subcloned into pcDNA3.1 vector by digesting both ends with
EcoRI (Fermentas/Thermo Fischer Scientific Inc. Waltham, MA). Kozak-H3.1-Flag,
Kozak-H3.2-Flag, and Kozak-H3.2-Flag pcDNA3.1 were constructed by first amplifying
Kozak-H3.1-Flag, Kozak-H3.2-Flag, and Kozak-H3.3-Flag using pCRII vector
containing Flag-H3.1, Flag-H3.2 and Flag-H3.3 which had been prepared by Akiyama et
al. (2011) and were inserted into pCR4 vector (Invitrogen, Life technologies). Then the
inserts were subcloned into pcDNA3.1 vector by digesting both ends with EcoRI
(Fermentas/Thermo Fischer Scientific).

The sequences of Kozak-H3.1, Kozak-H3.2, and Kozak-H3.3 insert is as follows:
Kozak-H3.1:
GCCACCATGGCTCGTACTAAGCAGACCGCTCGCAAGTCTACCGGCGGCAAGG
CCCCGCGCAAGCAGCTGGCCACCAAGGCCGCCCGCAAGAGCGCCCCGGCCA
CCGGCGGCGTGAAGAAGCCTCACCGCTACCGTCCCGGCACTGTGGLCGCTGC
GCGAGATCCGGCGCTACCAGAAGTCGACCGAGCTGCTGATCCGCAAGCTGC
CGTTCCAGCGCCTGGTGCGCGAGATCGCGCAGGACTTCAAGACCGACCTGC
GCTTCCAGAGCTCGGCCGTCATGGCTCTGCAGGAGGCCTGTGAGGCCTACCT
CGTGGGTCTGTTTGAGGACACCAACCTGTGCGCCATCCACGCCAAGCGTGTC
ACCATCATGCCCAAGGACATCCAGCTGGCCCGTCGCATCCGCGGGGAGAGG

GCTTAA

Kozak-H3.2:

GCCACCATGGCTCGTACGAAGCAGACCGCTCGCAAGTCCACTGGCGGCAAG
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GCCCCGCGCAAGCAGCTGGCCACCAAGGCCGCCLCGCAAGAGLCGLCCeeaGGee
ACCGGCGGCGTGAAGAAACCTCACCGCTACCGTCCCGGCACCGTGGCGCTG
CGCGAGATCCGGCGCTACCAGAAGTCGACCGAGCTGCTGATCCGCAAGCTG
CCGTTCCAGCGCCTGGTGCGCGAGATCGCGCAGGACTTCAAGACCGACCTG
CGCTTCCAGAGCTCGGCCGTCATGGCTCTGCAGGAGGCGAGCGAGGCCTAC
CTTGTGGGTCTGTTTGAGGACACCAACCTGTGCGCCATCCACGCCAAGCGTG
TCACCATCATGCCCAAGGACATCCAGCTGGCCCGCCGTATCCGCGGCGAGCG

GGCTTAA

Kozak-H3.3:
GCCACCATGGCACGTACCAAGCAAACAGCCCGTAAATCGACCGGAGGCAAG
GCGCCCCGCAAGCAGCTGGCCACCAAGGCGGCCCGTAAATCGGCGCCATCC
ACCGGCGGAGTGAAGAAGCCACATCGCTACCGTCCTGGAACGGTGGCCCTG
CGTGAGATTCGTCGCTACCAGAAGTCCACGGAGCTGCTCATCCGCAAGCTGC
CGTTCCAGCGTCTGGTGCGCGAGATAGCCCAGGACTTCAAGACCGATCTGCG
CTTCCAGTCGGCGGCCATTGGAGCCCTACAGGAGGCCAGCGAGGCGTACCT
GGTCGGTCTGTTCGAGGACACCAATCTGTGCGCCATTCACGCCAAGCGCGTC
ACCATTATGCCCAAGGACATCCAGCTGGCCAGACGCATCCGTGGCGAGCGGG

CCTAA

linker sequence and Flag sequence attached to the C terminus is as follows:

GGAGGATCGGGAGGAGATTACAAGGATGACGACGATAAG

Generation of complimentary RNA (cRNA) for microinjection
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The plasmids were linearized by digesting with Xhol (TaKaRa) overnight. After
verifying the plasmids were linearized, they were purified by phenol-chloroform (Wako,
Tokyo). The supernatant was then further purified by adding chloroform iso-amy! alcohol
(Wako) to remove remaining chloroform. The precipitated sample was rinsed with 70%
ethanol and dried in a desiccator. In vitro transcription was performed using T7
MMESSAGE mMACHINE kit (Ambion, Austin, TX, U.S.A.). Lithium precipitation was

performed for the RNA purification.

Microinjection

Mature oocytes were collected in a-MEM (Gibco-BRL, Grand Island, NY)
containing 5% FBS (Sigma-Aldrich) and 10 ng/ml EGF (Sigma-Aldrich). To remove the
cumulus cells, hyaluronidase (Sigma-Aldrich) at a final concentration of 300 pg/ml was
added to the medium and incubated for 5 min at 38°C, 5% CO.. The cumulus cells were
removed by pipetting the oocytes with glass capillaries and stored in a-MEM medium
containing 5% FBS (Sigma-Aldrich) and 5 ng/ml EGF. Microinjection at mature oocytes
were performed in HEPES-buffered KSOM (Lawitts and Biggers, 1993), using an
inverted microscope (Eclipse TE300, Nikon Corporation, Tokyo) attached with a
micromanipulator and microinjector (Narishige Co., Tokyo). The borosilicate glass
capillaries to hold the oocyte (Microcaps, Drummond Scientific, Broomall, PA) and
narrow glass capillaries to inject cRNA (GC100 TF-10; Harvard Apparatus Ltd,
Cambridge) were prepared using a Model P-97/IVF puller (Sutter Instrument, Co.,
California) and Microforge MF-900 (Narishige). cRNA was microinjected at a
concentration and amount of 100 ng/ul and 10 pl, respectively, into the mature oocytes.

After microinjection, the oocytes were washed in a-MEM (Gibco-BRL) containing 5%
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FBS and 10 ng/ml EGF. The oocytes were microinjected within 1.5-5 h after oocyte
collection and incubated for another 2 h in a-MEM to allow translation of injected
histones before carrying out in vitro fertilization. The microinjected 1-cell embryos were
washed in KSOM medium (Lawitts and Biggers, 1993) and incubated at 38°C, supplied
with 5% CO; until the blastocyst stage. For in vitro fertilization of denuded oocytes, see

the above section, Collection of preimplantation embryos.

Parthenogenesis

Parthenogenetic embryos were produced by following the procedure established
by Kishigami and Wakayama (2007). Mature oocytes were microinjected within 1.5-5 h
after oocyte collection and incubated for another 2 h to allow translation of histones ina-
MEM containing 5% fetal bovine serum and 10 ng/ml epidermal factor. The mature
oocytes were then activated for 3 h at 5% COz, 38°C, in KSOM (Lawitts and Biggers,
1993) containing 2 mM EGTA, 5 mM SrCI12, 5 ug/ml Cytochalasin B (Sigma-Aldrich) to
generate parthenogenetic embryos with 2 pronuclei. Parthenogenetic embryos with 2
pronuclei were produced to generate embryos with the same amount of histones as the in
vitro fertilized embryos. After 3 h of activation, the embryos were washed in KSOM
(Lawitts and Biggers, 1993) and checked for parthenogenetic embryos with two pronuclei.
After selection of parthenogenetic embryos, the embryos were cultured in KSOM

medium until the blastocyst stage.

Analysis for mMRNA expression ratio among H3 variants
The RPKM values of genes that code for H3.1 (Hist1lh3a, Hist1h3g, Hist1h3h,

Hist1lh3i) and H3.2 (Histlh3f, Histlh3b, Histlh3d, Histlh3e, Hist2h3b, Histlh3c,
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Hist2h3c2, Hist2h3c1), and H3.3 (H3f3a, H3f3b) were obtained from Abe et al., (2015).
Those values were summed in each H3 variant to compare the total expression levels
among the variants. The expression level of H3.3 at 1-cell stage is set to 1 and the

expression ratio is calculated.

Flag quantification

To determine the cRNA concentration of histone H3.1, H3.2, H3.3 that yields
equal amount of histone incorporation, Flag-tagged H3.1, H3.2, H3.3 were used. Several
concentrations of Flag-H3 variant cRNA were prepared by diluting cRNA in nuclease-
free water: 3 ng/ul, 10 ng/ul, 30 ng/ul, and 100 ng/pl. Microinjected samples were
collected 11 h post-insemination. The free histones in the nucleoplasm were washed away
using the permeabilization solution (Hajkova et al., 2010). The immunofluorescence
staining were performed using anti-Flag antibody (Sigma; 1:1000) and secondary
antibody, Alexa Fluor 568 anti-rabbit IgG (Molecular Probes). The slides were prepared
as described above. The signal intensity of Flag antibody and DAPI was quantified using
Image J software (NIH, Bethesda, Maryland). The Flag intensity was corrected with the
signal of DAPI. The maternal and paternal pronuclei were distinguished from each other
by their size and the proximity to the polar body: the maternal pronucleus is smaller and

proximal to the polar body.

BrdU incorporation assay for DNA replication
DNA replication was analyzed by examining the 5-bromo-2’-deoxyuridine

(BrdU) incorporation in 1-cell embryos at 4, 6, 8, 10 h after insemination. BrdU (Roche,
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Basel, Switzerland) at a final concentration of 10 UM was added to the KSOM (Lawitts
and Biggers, 1993) and incubated at 380C 30 min before sampling. After 30 min, the
embryos were transferred into the KSOM medium with 10 uM BrdU and incubated 1 h
at 38°C, 5% CO.. The embryos were then washed in 1% BSA/PBS for three times and
fixed with 3.7% PFA/PBS for 1 h at room temperature. After fixation, the samples were
washed with 1% BSA/PBS three times and were washed in PBS containing 0.05% Tween
20 three times. The samples were then placed under 2N HCI containing 0.1% Triton X-
100 for 1 h at 37°C. The samples were washed with 1% BSA/PBS three times and
transferred into 0.1M Tris-HCI (pH8.5)/ PBS containing 0.02% Triton X for 15 min at
room temperature in a humid chamber. The samples were washed three times with 1%
BSA/PBS and incubated overnight with primary antibodies: mouse anti-BrdU (1:100;
Roche), rabbit anti- H3K9me3 (1:1000; Millipore). Alexa Fluor 647 anti-mouse 1gG
(Molecular Probes) and Fluorescein (FITC)-conjugated donkey anti-rabbit (Jackson
ImmunoResearch Inc.) were used as secondary antibodies and slides were prepared as

described above.
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