containing 1 pg/ml anti-a-tublin antibody (Cell Signaling Tech-
nology) and 1 pg/ml anti-MazF polyclonal antibody (rabbit, in-
house preparation), respectively. Each membrane was washed
three times and subsequently incubated at room temperature for
1 hour in 10 ml of the blocking buffer containing the 10,000-fold
diluted goat anti-IgG rabbit antibody (peroxidase conjugated,
Thermo Fisher Scientific). The membrane was washed five times
by gentle shaking in the washing buffer at room temperature for
5 min. The membrane was soaked at room temperature for 5 min
in substrate solution (SuperSignal West Femto Maximum
Sensitivity Chemiluminescent Substrate, Thermo Scientific).
Protein signals were detected by a CCD camera (LuminoShot
400 Jr, Takara Bio), which captures a digital image of the western
blot.

Collection of lymphocyte from several organs

Several organs were collected following euthanasia of the
monkeys. After thoracotomy, the right atrium was incised, and 2 L
of heparinized PBS was infused into the left ventricle using an 18-
gauge needle. After perfusion, several organs were collected, and
lymphocytes were separated using the following method: samples
of spleen, thymus, liver, bone marrow, and axillary, inguinal and
mesenteric LNs were minced and filtered through a 40 pm nylon
filter (BD Bioscience); lymphocyte of the small intestine were
collected by the Percoll (GE Healthcare, Castle Hill, Australia)
density-gradient centrifugation method as described previously
[39]; and lymphocytes obtained from each organ were used for the
flow cytometric analysis, and extracted DNA was used for
quantification PCR.

In vivo homing analysis

CD4T-4 was used for homing analysis. Isolated CD4+ T cells
were stimulated with anti-CD3/CD28 beads and cultured in GT-
T503 medium supplemented with 10% FBS, 200 IU IL-2, 2 mM
L-glutamine, and 2.5 pg/ml Fungizone. After 4 days of expansion,
activated CD4+ T cells were divided into two culture bags
(ClutiLife Eva), and 10 nM retinoic acid (Sigma) was added to one
of the bags. After an additional 5 days of incubation, expanded
cells with or without retinoic acid were harvested and labeled with
2 mM PKH26 (Sigma) or 5 uM CFSE (Sigma), respectively,
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according to the manufacturer’s instructions. Thereafter, the cells
were washed three times with PBS, mixed in PBS containing 10%
autologous plasma and infused into the macaque. Then, CD4T-4
was euthanized at 3 days after transplantation. Lymphocytes from
several organs were collected as previously described, and the
distributions of labeled lymphocytes were detected by flow
cytometric analysis. The specimens from several organs were
fixed in buffered formaldehyde and embedded in plastic. Serial
sections were made using a diamond saw. The slides were then
analyzed under a fluorescence microscope to detect the distribu-
tion of the expanded cells in the distal organ specimens.
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Introduction

Post-translational modifications of core histones contribute to
determining chromatin states in transcriptional activation and
repression, thereby regulating various cellular functions [1-3].
Moreover, in differentiated cells, histone modifications propagate
information about genomic function faithfully from one generation
of cells to the next [4-6].

The discovery of histone variants has led to the emerging notion
that alterations in histone modifications and further changes in
chromatin structure are induced by exchanges of histone variants
[7-9]. In mammals, three variants of histone H3, known as H3.1,
H3.2, and H3.3, differ primarily in their chromatin deposition
patterns and post-translational modifications. Histone H3.1 and
H3.2 proteins are expressed during the S phase, and their
deposition in chromatin is dependent on DNA replication. In
contrast, H3.3 proteins are expressed and deposited in chromatin
throughout the cell cycle by DNA replication uncoupled pathways
[10,11]. H3.3 is an evolutionally conserved variant, and its
deposition is correlated with transcriptionally active genes [12-14].
Accordingly, histone modifications associated with active gene
expression are enriched on H3.3 [15-17]. H3.3 remains at genetic
regions during M phase [10,18], suggesting that it contributes to
the epigenetic inheritance of chromatin states. Moreover, the
results of recent studies suggest that the rate of turnover of H3.3
determines the epigenetic state at promoters and regulatory

@ PLoS Genetics | www.plosgenetics.org

elements [19,20]. H3.1 is enriched in dimethylated H3 Lys9
(H3K9me2), which is associated with gene silencing and
heterochromatin formation [21]. H3.2 is enriched in other histone
modifications associated with gene silencing. H3.1 is a mamma-
lian-specific variant and differs from canonical histone H3.2 by
only one amino acid (amino acid position 96: Cys/Ser). Although
the difference in the deposition pattern or function between these
two variants is not yet understood, the difference in expression
levels among cell lines and post-translational modifications
suggests that H3.1 potentially has different functions from H3.2
[16]. Therefore, the distribution of H3 variants in the genome and
their different patterns of modification seem to determine cellular
states of differentiation.

Recently, the dynamics of histone variants during fertilization
and development has been studied in animals and plants [22-25].
H3.3 is incorporated in male pronuclei independently of transcrip-
tion after fertilization in C. elegans, flies, and mice [26-29] and is
involved in the establishment of heterochromatin in the mouse early
embryo [30]. In Arabidopsis, the dynamics of H3.3 in zygotes is
distinct from that in endosperm [31], and H3 variants are actively
removed from the zygote chromatin [32]. These findings suggest
that H3 variants may play conserved roles in chromatin remodeling
during genome reprogramming during early embryonic life [33].
However, little is known about the changes in deposition pattern of
H3 variants and their roles in genome reprogramming during
fertilization and preimplantation development.

October 2011 | Volume 7 | Issue 10 | 1002279

— 141 —



In the present study, we investigated the deposition patterns of
three H3 variants (H3.1, H3.2, H3.3) during oogenesis and
preimplantation development in mice. The results showed that
H3.3, a marker of active genes, is transiently removed from the
maternal genome - after fertilization. We also showed that H3
variants differed in the timing of incorporation into genomes and
in their nuclear distribution during preimplantation development.
The deposition of H3 variants was interactive, and the proper
distribution of these variants was found to be important for the
pattern of histone modifications, chromatin organization, and
preimplantation development.

Results

Deposition of H3 variants in DNA replication-dependent

or -independent pathways in somatic cells

The amino acid sequences of histones H3.1, H3.2, and H3.3 are
quite similar [7], and no HS3 variant-specific antibodies are
currently available. We therefore constructed vectors expressing
Flag epitope-tagged versions of these three variants. First, we
confirmed that the Flag-H3.1/H3.2 and Flag-H3.3 show nucle-
osome assembly only during the S phase and in a cell-cycle-
independent manner, respectively. The expression vector encod-
ing each tagged variant was transiently transfected in mouse NIH
37T3 cells (Figure S1). Immunofluorescence staining at 48 h post-
transfection showed the transfection efficiency of Flag-H3.1 (17%),
Flag-H3.2 (19%), and Flag-H3.3 (27%). Treatment with the DNA
synthesis inhibitor aphidicolin from 12 to 48 h post-transfection
severely impaired incorporation of Flag-H3.1 (3%) and Flag-H3.2
(5%) into the nuclei. However, this treatment induced only a slight
decrease in Flag-H3.3 incorporation into chromatin (22%). These
results indicate that the Flag epitope tag did not alter H3 variants’
typical modes of incorporation [10,11].

Dynamics of H3.3 incorporation in oocytes and embryos
before and after fertilization

To examine the dynamics of H3 variants during oogenesis, we
injected mRINAs encoding the Flag-H3 variants into the cytoplasm
of oocytes. In growing oocytes from 12-day-old female mice,
which do not experience DNA synthesis, we could not detect Flag-
H3.1 and Flag-H3.2 deposition in chromatin (Figure 1A). In
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contrast, an intense Flag-H3.3 signal was observed throughout the
nucleus (Figure 1A), indicating that incorporation of H3.3 into
chromatin takes place during oogenesis. In fully grown oocytes
and in the chromosomes during meiosis I, an intense Flag-H3.3
signal was detected, primarily in euchromatic regions (identified by
weak DNA staining) (Figure 1B), but little or no signal was
detected in the heterochromatic pericentromeres (Figure 1B).
These results suggest that H3.3 is deposited in transcriptionally
active loci and that the epigenetic information it carries is
maintained during meiosis.

To address whether H3.3 is inherited from the mature oocyte by
the zygote, Flag-H3.3 mRNA was injected into the cytoplasm of
fully grown oocytes. We observed the H3.3 dynamics after
fertilization of mature oocytes. Maternally provided Flag-H3.3
was loaded into the paternal pronucleus (Figure 1B), as observed
previously [28,29,34]. In contrast, the signal from maternally
expressed Flag-H3.3 decreased markedly in the female pronucleus
(Figure 1B). A precise observation at hourly intervals revealed that
Flag-H3.3 was no longer detected around the time of maternal
pronucleus formation, while it remained in polar bodies (Figure 1C).
The loss of H3.3 was also observed in parthenogenetically activated
oocytes (Figure S2), suggesting that the paternal genome has no
influence on the disappearance of H3.3 from the maternal genome
after fertilization. Finally, since histone H4 is a binding partner of
H3 in nucleosomes, we examined the dynamics of H4 after
fertilization by microinjecting Flag-H4 mRNA into oocytes. Our
results showed that H4 that had been incorporated into the oocyte
genome was not present after fertilization (Figure 1D), indicating
that H3.3 is removed in the form of H3.3/H4 dimers or tetramers.

To examine whether H3.3 depletion is a post-fertilization-
specific event that is not cell-cycle dependent after the M phase,
we examined Flag-H3.3 deposition after the M phase in the next
cell cycle, .e., the transition from the one-cell M phase to the two-
cell G1 phase. We found that Flag-H3.3 deposited in the mitotic
chromosomes of one-cell embryos was maintained in the G1-phase
nuclei of two-cell embryos (Figure S3). These results indicate that
loss of H3.3 from the zygotic genome occurs specifically after the
completion of the second meiosis.

We observed similar dynamics in a transgenic mouse expressing
Flag-H3.3 from the Zp3 promoter specifically during oocyte
growth (Figure 1E). These results strongly suggest that fertilization
triggers the removal of maternal H3.3 accumulated in the female
pronucleus. We hypothesize that erasure of the epigenetic
information carried by maternal H3.3 participates to initiate the
new pattern of gene expression in the totipotent zygote.

Finally, we sought to determine which H3 variants replace the
H3.3 removed from the maternal genome after fertilization. We
microinjected mRINA encoding either of the Flag-H3 variants and
followed the incorporation of these proteins into the maternal
genome after fertilization. Four hours after fertilization, no
incorporation of Flag-H3.1 or -H3.2 was observed (Figure 2A).
Therefore, it is possible that another unknown HS3 variant is
specifically incorporated soon after fertilization. To address this
hypothesis, we examined the incorporation of histone H4 on the
basis that if an H3 variant is incorporated, H4 should accompany
it. Metaphase II (MII)-stage oocytes were microinjected with
mRNA encoding Flag-H4 and then examined for H4 incorpora-
tion into the maternal genome 4 h after fertilization. We did not
detect Flag-H4 incorporation into the maternal genome soon after
fertilization, although its incorporation into the paternal genome
was clearly detected (Figure 2B). These results suggest that no
replacement occurs when H3.3 is removed, and that genomic
regions from which H3.3 has been removed remain nucleosome-
free for a while after fertilization.
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Figure 1. H3.3 disappears from the oocyte genome immedi-
ately after fertilization. (A) Deposition of Flag-H3 variants in growing
oocytes. Each Flag-H3 variant mRNA was microinjected into the
cytoplasm of growing oocytes, and the oocytes were immunostained
24 h later with anti-Flag antibody. DNA was counterstained with PI. Scale
bar, 20 um. (B) Analysis of Flag-H3.3 dynamics before and after
fertilization. Fully grown oocytes (GV) were microinjected with Flag-
H3.3 mRNA in the presence of IBMX, which inhibits meiotic maturation.
Five hours later, Flag-H3.3 was detected in GV-stage oocytes, and 2 h and
18 h after the removal of IBMX it was still present in MI- and Mill-stage
oocytes, respectively. Merged images are shown in the inset, where the
arrows show little or no signal for Flag-H3.3 in the heterochromatic
regions. Four hours after fertilization in vitro (1-cell G1), Flag-H3.3 was not
detected in the whole maternal pronucleus (m, arrowheads), whereas it
was detected in the paternal pronucleus (p). Scale bar, 20 um. (C) Analysis
of H3.3 dynamics in the maternal genome during the early one-cell stage.
The embryos were collected at 0, 1, 2, 3, and 4 h after insemination and
examined for Flag-H3.3 incorporation into the maternal genome. The
polar body genome from each embryo is shown by arrows (2 h) or in the
inset (3 and 4 h). Scale bar, 20 um. (D) Analysis of Flag-H4 dynamics
before and after fertilization. The nuclear deposition of Flag-H4 was
examined using the same procedure as for Flag-H3.3 in (B). Flag-H4 was
not detected in the maternal pronucleus (m, arrowheads), but was
detected in the paternal pronucleus. (E) The nuclei of growing oocytes
(GO) and GV-stage oocytes, the chromosomes of MI- and Mll-stage
oocytes, and the female pronuclei of one-cell G1 embryos (1-cell G1) from
a Zp3-Flag-H3.3 transgenic mouse were analyzed by immunostaining
with anti-Flag antibody. Scale bar, 10 pm.
doi:10.1371/journal.pgen.1002279.9001

Changes in Flag-H3 variants’ incorporation during
preimplantation development

Next, we examined the temporal and spatial dynamics of the
H3 variants during preimplantation development. We injected
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mRNAs encoding the Flag-H3 variants into the cytoplasm of MII-
stage oocytes prior to fertilization. The oocytes were fertilized
vitro and then cultured until the embryos had undergone DNA
replication and had reached the late one-cell stage (12 h) or late
two-cell stage (28 h). Flag-H3.2 and Flag-H3.3 accumulated in
both pronuclei in one-cell embryos and in the nuclei of two-cell
embryos (Figure 3A). Surprisingly, the signal for Flag-H3.1 was
significantly weaker during this period (Figure 3A, 3B). These data
suggested that incorporation of H3.1 was less efficient than that of
H3.2 in early embryos or that a specific degradation mechanism
targeted the Flag-H3.1 mRNAs or protein. Quantitative RT-PCR
showed that the exogenous histone mRNA injected before
fertilization still remained in large amounts compared with the
endogenous histone mRNA at the two-cell stage (Figure 3C). We
next examined the Flag-H3.1 protein level by immunoblotting.
The amounts of Flag-H3.1 protein was smaller than that of H3.2
but their difference was not prominent (37% smaller; Figure 3D),
indicating that Flag-H3.1 was translated at the early stages, but its
incorporation into chromatin was limited. The reason why the
amount of Flag-H3.1 protein was slightly smaller is likely because
histone proteins that are not packaged into chromatin are
efficiently degraded [35]. We confirmed these limitation of H3.1
incorporation by using Flag-tagged histone mRINA that was
synthesized from a different construct and efficiently translated in
mouse oocytes and embryos (Figure S4A, S4B) [36]. Moreover,
using mRNA encoding EGFP-tagged H3.1 and H3.2, we detected
a strong signal for EGFP-H3.2 in the chromatin of one-cell
embryos. In contrast, the EGFP-H3.1 signal was weak (Figure
S4C). Together, we conclude that much less H3.1 than H3.2 is
incorporated into early-stage embryos.

We examined the cycle-dependent incorporation of H3 variants
during the one-cell stage (Figure S5). The results showed that Flag-
H3.2 was incorporated into the nucleus only during the S phase.
This incorporation was strictly DNA replication dependent, as
aphidicolin treatment inhibited the incorporation. Flag-H3.3 was
incorporated not only during the S phase but also during the G2
phase. Aphidicolin treatment inhibited incorporation only during
the S phase but not during the G2 phase, indicating that H3.3 was
incorporated by both DNA replication-dependent and -indepen-
dent mechanisms.

To determine whether the limitation on H3.1 incorporation
persists in late preimplantation embryos until the blastocyst stage,
we injected the Flag-H3 variant mRNAs into the cytoplasm of
blastomeres of late two-cell embryos. All Flag-H3 variants,
including Flag-H3.1, strongly labeled the four-cell embryo nuclei,
and the signals were also detected in the morula- and blastocyst-
stage embryos (Figure 3E). In conclusion, our results suggest that
H3.2 and H3.3 accumulate in the nuclei of embryos throughout
the preimplantation stage, i.e., from the one-cell stage through the
blastocyst stage, whereas H3.1 is incorporated less efficiently into
nuclei until the two-cell stage.

Localization of Flag-H3 variants at the early and late
preimplantation stages

H3.1 is suggested to be associated with heterochromatin
formation, whereas H3.3 is preferentially localized in euchromatin
[7]. It was thus possible that the absence of H3.1 incorporation
was correlated with a peculiar organization of the chromatin
during the first two cell cycles after fertilization. Nuclear regions
are classified into euchromatin and heterochromatin according to
their DNA staining patterns, with regions of densely stained DNA
defined as heterochromatic sites [37-39]. A dynamic reorganiza-
tion of chromatin occurs during preimplantation development
(Figure S6). In one- or two-cell embryos, the chromatin is
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Figure 2. Incorporation of H3 variants and H4 into nuclei at an early stage after fertilization. Mil-stage oocytes were microinjected with
mRNA encoding a Flag-H3 variant or Flag-H4, and then fertilized 2 h later. Four hours after fertilization, one-cell embryos were stained with anti-Flag
antibodies; DNA was stained with DAPI. (A) No signal for any Flag-H3 variant was detected in the maternal pronuclei of early one-cell embryos. (B)
Flag-H4 was also undetectable in the maternal pronucleus, although it was clearly detected in the paternal pronucleus. m, maternal pronucleus; p,

paternal pronucleus.
doi:10.1371/journal.pgen.1002279.g002

decondensed, and the heterochromatin domains are mostly
confined to the peripheries of nucleoli. As the embryos develop
into the blastocyst stage, several well defined heterochromatin foci
become detectable.

To define the sites of variant deposition during early and late
preimplantation development, we compared the nuclear localiza-
tion of Flag-H3 variants in the two-cell vs. blastocyst stages
(Figure 4A). In two-cell embryos, Flag-H3.1 did not accumulate in
any chromatin regions, whereas in blastocysts, intense Flag-H3.1
signals were detected in both euchromatic and heterochromatic
foci. Localization of Flag-H3.2 was observed in euchromatin and
heterochromatin at both the two-cell and blastocyst stages. At the
two-cell stage, we also detected Flag-H3.3 labeling throughout the
entire chromatin region, including the perinucleolar heterochro-
matin, but at the blastocyst stage, it was almost entirely deposited
in euchromatic regions, with little or no deposition in heterochro-
matic regions. We confirmed these co-localization patterns of Flag-
histone variants with heterochromatic regions using fluorescence
in situ hybridization (FISH) for major satellites that represent the
predominant heterochromatic regions (Figure S7). Additionally,
we found that all of the variants were uniformly distributed in both
heterochromatin and euchromatin regions at the four-cell stage
(data not shown), suggesting that the four-cell stage may be the
transition period for chromatin reorganization. These results
suggest that H3.3 localization in chromatin changes dynamically
during preimplantation development. We examined the localiza-
tion of these variants using fluorescence intensity profiling
(Figure 4B). As the DNA signal intensity increased, that of Flag-
H3.1 in blastocysts and Flag-H3.2 in two-cell embryos and
blastocysts also tended to increase. Although the intensity of the
Flag-H3.3 signal was also positively correlated with that of DNA in
two-cell embryos, a negative correlation for the Flag-H3.3 signal
was observed in the DNA-dense heterochromatic regions in the
blastocysts.

We concluded that in early preimplantation embryos H3.3
localized throughout the chromatin, including in the hetero-
chromatic domains where H3.1 would be expected. Only in
late preimplantation embryos did H3.1 and H3.3 assume the
typical distribution in euchromatin and heterochromatin,
respectively. These observations suggested that early preim-
plantation embryos experienced a mechanism either limiting
H3.1 incorporation or promoting H3.3 incorporation in
heterochromatic regions.

@ PLoS Genetics | www.plosgenetics.org

CAF-1 p150 knockdown induces alteration of H3 variants’
distribution and impaired heterochromatin formation
during late preimplantation development

The dynamic change in H3.1 deposition in chromatin between
early and late preimplantation suggested that proper deposition of
H3.1 variants was important for heterochromatin formation. To
address this hypothesis, we designed the experiments to inhibit H3.1
incorporation during preimplantation development by limiting the
expression of the H3.1 chaperone subunit CAF-1 p150 (sip150) [11].
CAF-1 pl50 knockdown significantly affected preimplantation
development. Although approximately 70% of the control embryos
injected with siRNA against EGFP (siEGFP) developed into
blastocysts, only ~10% of the sipl50-injected embryos reached
the blastocyst stage (Figure 5A). In most of the latter group of
embryos, development stopped at the eight- to 16-cell stage, Ze., in
the early morula stage. In these embryos, the relative amount of
DAPI-dense regions was reduced (Figure S8, ttest; £<<0.005), and
nucleus size was increased (1.4-fold compared with the control, #test;
P<0.001). These phenotypes are consistent with those in CAF-1
p150-knockout mouse embryos [40]. In these embryos, heterochro-
matin formation was impaired, and the nuclear deposition of the
heterochromatin-related protein HPlalpha was reduced.

In sip150-injected embryos, we found that the incorporation of not
only Flag-H3.1 but also of Flag-H3.2 was completely lost (Figure 5B),
suggesting that CAF-1 is also an H3.2 chaperone. In contrast, sip150
treatment resulted in a significant increase in Flag-H3.3 incorporation
(Figure 5B, 5C). In addition, Flag-H3.3 tended to be deposited in the
relatively DNA-dense regions in those nuclei, whereas it was
preferentially deposited in DNA-sparse regions in control nuclei
(Figure 5D). Although in the control embryos, the major satellites
(detected by immuno-FISH) were localized in the nuclear interior
region and not co-localized with Flag-H3.3, in sipl150-injected
embryos, the major satellites were localized at the nuclear periphery
overlapping with a uniform distribution of Flag-H3.3 (Figure 5E).
These results suggest that H3.1 and H3.2 incorporation by p150
CAF-1 competes with H3.3 deposition and indirectly regulates
heterochromatin distribution during preimplantation development.

Incorporation of H3 variants affects the pattern of
histone modifications in preimplantation embryos

We examined the relationship between replacing H3 variants
and changes in H3 post-translational modifications during
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Figure 3. Incorporation of Flag-H3 variants into nuclei in preimplantation embryos. (A) Immunofluorescence analysis of Flag-H3 variants
in one- and two-cell embryos. Mil-stage oocytes were microinjected with each Flag-H3 variant mRNA and then fertilized 2 h later. Staining with anti-
Flag antibody was observed in the one- and two-cell embryos at 12 h and 28 h post-fertilization, respectively. m, maternal genome; p, paternal
genome. The DNA was stained with Pl. Scale bar, 20 pm. (B) The fluorescence intensity of Flag-H3.1 and Flag-H3.2 in the two-cell embryo was
determined as described in the Materials and Methods section. The numbers of nuclei examined were 80 and 64 for the Flag-H3.1- and Flag-H3.2-
injected embryos, respectively. (C) Quantitative RT-PCR analysis for H3.1 or H3.2 mRNA in two-cell embryos injected with or without Flag-H3.1 or Flag-
H3.2 mRNA prior to fertilization. RT-PCR was performed using the primer pairs for the H3.1 or H3.2 open reading frames, which measured the total
amounts of endogenous and injected mRNAs. The target mRNA level was normalized to the amount of exogenous rabbit a-globin mRNA in the same
sample. The average value of duplicate experiments is shown. (D) Analysis of Flag-H3.1 and Flag-H3.2 mRNA and protein level in two-cell embryos by
RT-PCR and immunoblotting (WB). RT-PCR was performed using a common primer pair recognizing exogenous Flag-H3.1 and Flag-H3.2 mRNA, but
not endogenous H3.1 or H3.2. Endogenous cyclin A2 mRNA served as a control. Flag-H3.1 and Flag-H3.2 proteins were detected by immunoblotting
with anti-Flag antibody. The relative values of the band densities of H3.1 vs. H3.2 were 0.63 vs. 1.0. Antibody against a-tubulin was used for the
loading control. The experiments were conducted twice with similar results. (E) Immunofluorescence of Flag-H3 variants in late preimplantation
embryos. Each Flag-H3 variant mRNA was microinjected into one blastomere of two-cell embryos. Therefore, signals for the Flag-H3 variants were
detectable in half of the blastomeres. Deposition of each H3 variant in embryos at the four-cell, eight-cell, and blastocyst stages was examined at 44
h, 56 h, and 80 h post-fertilization, respectively. Scale bar, 20 pm.

doi:10.1371/journal.pgen.1002279.g003

preimplantation development. The H3K9me2 level has been
reported to decrease passively during DNA replication at the one-
and two-cell stages and to increase from the four-cell stage [41].
Because H3.1 is enriched in H3K9me2 [16], and H3.1
incorporation only begins at the four-cell stage, as shown above,
it is possible that the observed increase in H3K9me2 was caused
by the incorporation of H3.1 from the four-cell stage. To address
this issue, we investigated H3K9me2 levels in sip150-treated
embryos. The H3K9me2 level in the four-cell through morula
stages was significantly lower in sipl50-treated embryos than in
control embryos (Figure GA), suggesting that H3.1 incorporation
led to an increase in H3K9me?2 in late preimplantation embryos.
In contrast, the level of acetylated H3K9 (H3K9ac), which is
enriched on H3.3, was higher in sipl50-treated embryos than in
control embryos (Figure 6B). This difference seemed to correlate
with an increase in HS3.3 incorporation into sipl50-treated
embryos (Figure 5C). Close observation of the nuclei in the
embryos at the morula stage revealed that H3K9me2 was
uniformly distributed in the nucleus in sipl50-treated embryos,
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whereas it was mostly concentrated in heterochromatic regions in
siEGFP-treated control embryos (Figure 6C). H3K9ac was also
uniformly distributed in the nucleus except for the nuclear
peripheral region in sipl50-treated embryos, but it was not
localized in heterochromatic regions in the control embryos
(Figure 6D). Therefore, disequilibrium in H3 variants by p150
knockdown may lead to changes in the level and distribution of
histone modifications in the nucleus. These results suggest that
genome-wide replacement of H3 variants contributes to the
remodeling of epigenetic modifications during preimplantation
development.

Discussion

To the best of our knowledge, this study is the first to investigate
the nuclear deposition of all three histone H3 variants (H3.1,
H3.2, H3.3) in mammals. We observed both spatial and temporal
differences in the patterns of incorporation of each histone variant
into the genome after fertilization. We also found evidence that the
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deposition of histone H3 variants in chromatin is interactive and
that proper distribution of these variants is crucial for chromatin
reorganization during preimplantation development.

The differentiated somatic cells express the same subsets of
genes as did parent cells after cell divisions. It was proposed that
H3 wvariants participate in the maintenance of epigenetic
information [10,18]. We assumed that the reprogramming of
gene expression probably requires dynamic changes in H3.3
distribution in the maternal genome after fertilization. In the
present study, we showed that a transient loss of H3.3 nucleosomes
occurs specifically at the G1 phase of the zygote. These findings
suggest that the epigenetic information encoded by H3.3 in
growing oocytes is erased after fertilization. Therefore, genome
reprogramming may involve erasing cell memory by removing
H3.3 to remodel H3.3 distribution in the maternal genome to
generate totipotent embryos.

Recently, Ingouff et al. [32] showed that a loss of H3.3 occurs after
fertilization in Arabidopsis, suggesting that this event is evolutionarily
conserved. They also concluded that that the incorporation of zygotic
histones accompanies the removal of H3.3. However, our results
showed that although histone H4, a binding partner of all H3 variants,
was incorporated into the paternal genome, it was not incorporated
into the maternal genome before the first S phase. Therefore, we
suggest that genomic regions from which H3.3 has been removed
remain transiently free of nucleosomes after fertilization.

@ PLoS Genetics | www.plosgenetics.org

H3.3 is incorporated into the euchromatic regions of fully
grown oocytes (Figure 1A), although no transcription occurs in
these oocytes [42]. This result is consistent with the finding that
H3.3 replacement occurs continuously at regulatory regions,
regardless of whether the gene is active or not [43]. It is thought
that the replication-independent incorporation of H3.3 is a marker
of nucleosome turnover, and that rapid turnover at sites involved
in gene regulation is likely to preserve epigenetic information [20].
After fertilization, H3.3 which had been incorporated into
chromatin during oocyte growth was globally removed from the
genome and no incorporation of H3 variants was detected before
the first S phase, suggesting that nucleosome turnover does not
occur during this period.

As embryos develop into the blastocyst stage, chromatin is
reorganized into well defined heterochromatin foci. Our results
suggest that changes in the deposition of H3.1 and H3.3 are
involved In heterochromatin reorganization during preimplanta-
tion development. H3.3 was localized to pericentromeric hetero-
chromatin in the periphery of nucleoli at an early stage. Early-
stage embryos strongly express transcripts from major satellites on
pericentromeres that play critical roles in the formation of
heterochromatin and embryo development [44]. A recent study
showed that methylation of K27 on H3.3 is involved in the
formation of heterochromatin and pericentromeric transcription
in early embryos [30]. Therefore, heterochromatin containing
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H3.3 seems to regulate transcription in pericentromeric regions at
an early stage. Moreover, limited incorporation of H3.1 may allow
the increased localization of H3.3 to genomic sites, thereby
enabling highly decondensed open chromatin to be formed in
early-stage embryos. H3.1 incorporation from the four-cell stage
seems to be responsible for the formation or maintenance of
heterochromatin at the late stages, while H3.3 is simultaneously
deposited into the regions other than heterochromatin to form the
euchromatin region. Importantly, these H3 variants interact with
one another, as the inhibition of H3.1 and H3.2 incorporation
caused the increased incorporation of H3.3 and its abnormal
distribution pattern at the late preimplantation stage.

The localization of H3.3 at pericentromeric heterochromatin in
early preimplantation embryos may be regulated by specific
chaperones. Recent studies showed that ATRX and DAXX are
involved in the HIRA-independent localization of HS3.3 at
heterochromatic regions such as the pericentromere and telomere
[13,45,46]. Importantly, in the absence of DAXX, CAF-1 can
recruit H3.3 into chromatin, but the deposition patterns were
changed [46], suggesting that the balance of activities in various
histone chaperones affects the deposition patterns of histone
variants. Therefore, the change in chaperone activity may regulate
the change in histone variants’ deposition into pericentromeric

@ PLoS Genetics | www.plosgenetics.org

heterochromatin during preimplantation development. DNA
hypomethylation during the early preimplantation stage [47]
may also be related to H3.3 deposition in heterochromatin, as the
decrease in DNA methylation induces the accumulation of H3.3 in
pericentromeric heterochromatin [48]. Alternatively, H3.3 may
only be incorporated into pericentromeric regions in the paternal
genome when protamines are exchanged with histones soon after
fertilization because other non-centromeric H3 variants cannot be
incorporated into the genome before the first S phase in zygotes.

We have shown that the patterns of nuclear deposition are
different between H3.1 and H3.2 in early preimplantation embryos:
H3.1 is less efficiently incorporated than H3.2. This suggests that
the functions of these two variants differ. H3.1, but not H3.2, may
be involved in the limitation of chromatin plasticity or totipotency
during preimplantation development. Supporting these results,
Hake et al. showed that compared with other variants, H3.1 is more
abundant in adult tissue cells and less abundant in embryonic-
derived cells in humans [16]. They also suggested that H3.1 cysteine
96 potentially forms intermolecular disulfide bonds in different
nucleosomes, leading to chromatin condensation and heterochro-
matin formation {7]. Therefore, mammalian-specific variant H3.1
may have a function to generate a more complicated chromatin
state during mammalian development.
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Figure 6. Distribution of H3 variants affects the pattern of histone modifications at late preimplantation stages. (A, B) Quantitative
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Inconsistent with our results, Santenard et al. [30] recently
showed that H3.1 was incorporated into whole nuclei at the same
level as H3.3 in one- and two-cell embryos using C-terminally
EGFP-tagged histone mRNA. We obtained similar results when
C-terminally Flag- or EGFP-tagged versions were used (data not
shown). Thus, the discrepancy in the nuclear deposition of H3.1
seems to have stemmed from the difference in the position where
the tag was fused. However, we found using ES cells that N-
terminally Flag-tagged histones formed proper nucleosome [49]
and were modified in the similar manner to C-terminally tagged
histones [50] (Figure S9), suggesting that there is an early embryo-
specific mechanism regulating the chromatin incorporation of
H3.1.

The mechanism for the limitation of H3.1 incorporation into
the nucleus at the one- and two-cell stages remains unclear.
Although no specific H3.2 chaperone has been identified, a recent
study found that H3.1 and H3.2 differed in their post-translational
modification patterns [16], suggesting the existence of specific
H3.1 or H3.2 chaperones that selectively incorporate H3.1 or
H3.2 into different genomic regions. Therefore, the limitation of
H3.1 incorporation during the one-cell and two-cell stages may be
regulated by these chaperones.

Our results also suggest that histone replacement causes changes
in histone post-translational modifications during preimplantation
development. Supporting this hypothesis is the finding that the
decrease in H3.1 deposition and the reciprocal increase in H3.3 by
CAF-1 knockdown resulted in hypomethylation and hyperacetyla-

@ PLoS Genetics | www.plosgenetics.org

tion of H3K9 from the four-cell stage. Furthermore, we previously
showed that dimethylation of H3 lysine-79 (H3K79), a marker of
gene activity that is preferential to H3.3, is lost from the maternal
genome soon after fertilization [51], possibly due to the removal of
H3K79-dimethylated H3.3 after fertilization. Although the mech-
anism by which the modification patterns differ between H3.1 and
H3.3 in chromatin is unknown, differences in the modification
status of non-nucleosomal H3.1 versus H3.3 may influence the final
patterns of their modifications within chromatin [50].

Taken together, these findings lead us to propose that when cells
greatly alter their gene expression patterns, such as in genome
reprogramming during gametogenesis and preimplantation devel-
opment, drastic changes in many varieties of histone modification
occur, possibly through histone replacement rather than changes
in the activities of histone-modification enzymes. To alter the
pattern of numerous histone modifications during the process of
reprogramming, marked changes in the activities of a wide variety
of these enzymes would be required. On the other hand, the
replacement of only a few histone variants would enable global
histone modifications. Consistent with this hypothesis, two recent
reports revealed chromosome-wide or genome-wide replacement
of H3 variants in the XY body and in primordial germ cells, in
which patterns of gene expression and histone modifications also
change dynamically [52,53]. Therefore, profiling the composition
of nucleosomal histone variants in the genome, which could
directly determine the pattern of histone modifications, is essential
for understanding the molecular basis of cellular identity.
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Materials and Methods

Ethics statement

All procedures using animals were reviewed and approved by
the University of Tokyo Institutional Animal Care and Use
Committee.

Mice

Three-week-old female BDF1 (C57BL/6 x DBAZ2) mice were
purchased from CLEA Japan. Adult male and female C57BL/6
and ICR mice and male DBA2 mice were purchased from Japan
SLC. Twelve-day-old female BDF1 mice were prepared by mating
female C57BL/6 mice and male DBA2 mice in our laboratory.

Oocyte collection and culture

Growing oocytes were collected from the ovaries of 12-day-old
female BDF1 mice and cultured in o-minimum essential medium
(Gibco) supplemented with 5% fetal bovine serum (Invitrogen) in a
humidified 5% COy atmosphere at 38°C.

Fully grown oocytes containing a germinal vesicle (GV) were
collected from 3-week-old female BDF1 mice. The ovaries were
removed from the mice 47 h after injection of 5 U of pregnant
mare’s serum gonadotrophin (PMSG; Sankyo). GV-stage oocytes
were collected and incubated in Waymouth’s medium [54]
containing 0.2 mM 3-isobutyl-methylxanthine (IBMX) in a
humidified 5% COq atmosphere at 38°C. After transfer into
IBMX-free medium, the oocytes spontaneously resumed and
completed meiosis I and thereafter were arrested at the MII stage.

MII-stage oocytes were collected from 3-week-old female BDF1
mice after superovulation induced by consecutive injections of 5 U
of PMSG followed by 5 U of human chorionic gonadotropin
(hCG; Sankyo) 4648 h later. Cumulus—oocyte complexes were
collected from ampullae of oviducts 14-16 h after hCG injection.

In vitro fertilization and embryo culture

MII stage oocytes were fertilized in vitro as previously described
[55] and cultured in potassium simplex optimized medium
(KSOM) [56] containing 3 mg/ml BSA. Some embryos were
transferred to KSOM containing 3 pg/ml aphidicolin (Sigma—
Aldrich) 5 h after insemination to inhibit DNA synthesis at the
one-cell stage.

In vitro synthesis and microinjection of mRNA

The coding regions encoding histones H3.1 (Histlh3g) and
H3.2 (Histlh3f) were amplified by PCR from the total cDNA of
GV-stage oocytes. The construct containing the histone H3.3
coding region was a gift from K. Ahmad [10]. A 5" Flag epitope
tag was added to the histone ¢cDNAs by PCR using a primer
encoding the eight-amino-acid Flag epitope with a linker
polypeptide (GGSGG). To exclude the regulation of untranslated
regions, only open reading frames of Flag-H3 variants were cloned
into vector pCRII using a TOPO TA cloning kit (Invitrogen), and
all constructs were verified by DNA sequence analysis. After the
fusion constructs were linearized, the capped mRNAs were made
by in wire transcription using an SP6 or T7 mMASSAGE
mMACHINE kit (Ambion). Poly(A) tails were added using a
Poly(A) Tailing Kit (Ambion). Synthesized mRINAs were purified
from enzymatic reactions according to the manufacturer’s
instructions, diluted in nuclease-free water, and stored at
—80°C. Flag-H4, EGFP-H3.1, EGFP-H3.2, and non-tagged
histone H3.1 and H3.2 mRNAs were synthesized in the same
manner.

Microinjection was performed under an inverted microscope
(Eclipse TE300, Nikon) equipped with a micromanipulator
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(Narishige) and microinjector (IM300, Narishige). Oocytes or
embryos were transferred to HEPES-buffered KSOM and
injected with ~10 pl of mRNA (100 ng/pl) into the cytoplasm
using narrow glass capillaries (GC100 TF-10; Harvard Apparatus).

To analyze the dynamics of H3 variants from the four-cell to the
blastocyst stage, each Flag-H3 variant mRINA was microinjected
into one blastomere of two-cell embryos.

Transgenic mice

The pCAGGS vector [57] (a gift from H. Tojo) was used to
generate Zp3-Flag-H3.3 transgenic mice. Flag-H3.3 was sub-
cloned from the pCRII vector into the pCAGGS vector in which
the CAG promoter cassette was replaced with the ~1.5-kb Zp3
promoter obtained from the Zp3 vector [58] (a gift from R. M.
Schultz). The Zp3-Flag-H3.3 plasmid was linearized and subjected
to electrophoresis. Gel-purified transgenes were injected into the
pronuclei of fertilized eggs derived from inbred G57BL/6 mice.
Embryos that had reached the two-cell stage were transferred into
the oviducts of 8- to 10-week-old ICR female mice mated during
the previous night with vasectomized ICR male mice.

Somatic cell culture and transfection

NIH 3T3 cells were grown in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) supplemented with 0.4% penicillin—
streptomycin (Gibco) and 10% fetal bovine serum (Invitrogen). For
transient transfection, the Flag-H3 variant coding sequences were
subcloned from the pCRII vector into the pEGFP-N1 expression
vector, deleting the EGFP cassette. Cells were transfected with the
expression vector using Transfast reagent (Promega) according to
the manufacturer’s instructions. In some experiments, the cell
medium was supplemented with aphidicolin (10 pg/ml) 12 h after
transfection, and 48 h after transfection, the cells were tested for
tagged histone expression using immunostaining.

Immunofluorescence

NIH 3T3 cells, oocytes, and embryos were fixed with 3.7%
paraformaldehyde (Wako) in phosphate-buffered saline (PBS) for
30 min (NIH 3T3 cells) or 1 h (oocytes and embryos). After
washing with PBS/0.1% BSA, they were permeabilized with 0.5%
Triton X-100 (Wako) in PBS for 15 min and then incubated
overnight at 4°C with anti-Flag M2 mouse monoclonal antibody
(Sigma—Aldrich) or rabbit antibody against H3K9me2 (Upstate) or
H3K9ac (Cell Signaling) diluted 1:100 in PBS/0.1% BSA. The
cells were washed and incubated with Alexa-Flour 488- or 568-
conjugated secondary antibodies (Molecular Probes) for 2 h at
room temperature. DNA was visualized with either 4’,6-
diamidino-2-phenylindole (DAPI; Dojindo) or propidium iodide
(PI; Sigma—Aldrich).

Confocal digital images were obtained using a laser-scanning
microscope (LSM510; Zeiss). Fluorescence intensity profiles were
analyzed using Zeiss LSM software. Semi-quantitative analysis of
the fluorescence signals was conducted using the NIH Image
program, as previously described [59]. Briefly, the pixel value/unit
area was measured for the nucleus, and the value for the cytoplasm
was subtracted as background. The value obtained was multiplied
by the nuclear area to yield the total amount of fluorescence in the
nucleus.

Approximately 10 oocytes/embryos were examined in every
group, and each experiment was repeated at least three times.

Immuno-DNA FISH

Embryos expressing Flag-H3 variants were immunostained with
anti-Flag rabbit polyclonal antibody (Sigma—Aldrich) followed by
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Alexa-Flour 568-conjugated secondary antibody (Molecular
Probes). FISH analysis was performed based on the procedure
described by [60]. The major satellite probe was synthesized using
Digoxigenin-dUTP with mouse tail-tip DNA.

Reverse-transcription PCR (RT-PCR)

Total RNA was isolated from 15 embryos using Isogen (Nippon
Gene) according to the manufacturer’s instructions. Rabbit o-
globin mRNA (100 pg) was added as an external control before
RNA isolation. Reverse transcription was performed using the
PrimeScript RT-PCR kit (Takara) according to the manufacturer’s
protocol. PCR reactions were performed in a thermal cycler
(iCycler; Bio-Rad) using Ex Taq DNA polymerase (Takara), with
the cDNA derived from one embryo as a template. The sequences
of a common primer pair for Flag-H3.1 and Flag-H3.2 were 5'-
ATGACGACGATAAGGGAGGA-3" and 5-CTCGGTCGA-
CTTCTGGTAGC-3'. The primer pair sequences for cyclin A2
were 5-GAGGTGGGAGAAGAATATAA-3" and 5'-ACTA-
GGTGCTCCATTCTCAG-3'. The PCR conditions were: 95°C
for 2 min, followed by 30 cycles of 95°C for 30 sec, 60°C for
30 sec and 72°C for 30 sec. The PCR products were then
subjected to electrophoresis. Real-time quantitative PCR was
performed with the Smart Cycler System (Takara) using the
following primer pairs: H3.1: 5'-TGCAGGAGGCCTGTGA-3’
and 5'-TGGATGTCCTTGGGCATG-3', H3.2: 5-TGCAG-
GAGGCGAGCGA-3' and 5-TGGATGTCCTTGGGCATG-
3’, rabbit a-globin: 5-GCAGCCACGGTGGCGAGTAT-3’
and 5-ATTTCAAGCTCCTGTCCCAG-3'. The PCR condi-
tions were: 95°C for 10 sec, followed by 40 cycles of 95°C for 5 sec
and 60°C for 20 sec.

Immunoblotting

A total of 150 two-cell embryos that had been injected with
Flag-H3.1 or Flag-H3.2 mRNA before fertilization were incubated
at 95°C for 5 min in 2x SDS sample buffer and stored at —20°C.
The proteins were separated by SDS-PAGE on a 10%
polyacrylamide gel and electrically transferred to polyvinylidene
fluoride membranes (Millipore) in transfer buffer (25 mM Tris-
HCI, 192 mM glycine, 20% methanol). The membranes were
blocked for 60 min in Tris-buffered saline (TBS) containing 0.1%
Tween-20 (Wako) and 2% ECL Advance blocking agent
(Amersham). They were washed in TBS/0.1% Tween-20 and
then incubated with anti-Flag M2 antibody diluted 1:1000 in
TBS/2% ECL Advance blocking agent overnight at 4°C. The
membranes were washed once and then incubated with
horseradish peroxidase-conjugated anti-mouse IgG (Cell Signal-
ing) for 1 h at room temperature. The membranes were washed in
TBS/0.1% Tween-20, and the immunoreactivity was visualized
using an ECL Advance Detection Kit (Amersham) and detected
using a Luminescent Image Analyzer (LAS-1000; Fujifilm). The
membranes were reprobed with o-tubulin (Sigma-Aldrich, 1:4000)
as a loading control.

RNA interference

CAF-1 pl150- and EGFP-specific siRNA duplexes were
chemically synthesized and purified by Invitrogen. The siRNA
sequences were designed using the Block-iT™ RNAi Designer
program (Invitrogen). Two different siRNAs targeting p150
were prepared: 5'-CCAACUGCACGAGUUCCGACUUGAA-
3’ and 5'-GAUGCCCAACUUGGAGGAUGCUGUU-3'. The
sequence of the EGFP siRNA was 5'-CCACUACCUGAG-
CACCCAGUCCGCC-3'. The siRNAs were diluted to 20 pM
in nuclease-free water and injected into the cytoplasm of one-
cell embryos.
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Supporting Information

Figure S1 DNA replication dependence of Flag-H3 variant
deposition in somatic cells. The deposition of Flag-H3 variants into
the nuclei of NIH 3T3 cells treated without (—~Aphi) or with
aphidicolin (+Aphi) was analyzed by immunostaining with anti-Flag
antibody. The DNA was counterstained with propidium iodide.
The cells were transfected with each Flag-H3 variant expression
vector, treated with aphidicolin 12 h post-transfection, and then
fixed 48 h post-transfection. The percentage of transfected cells
showing Flag-H3 variant deposition in the nuclei is shown in the
upper right corner of each panel. Scale bar, 100 pm.

(TIF)

Figure 82 Disappearance of H3.3 from the maternal genome in
parthenogenetically activated oocytes. Fully grown oocytes were
microinjected with Flag-H3.3 mRNA in the presence of IBMX,
which inhibits meiotic maturation. IBMX was washed out 5 h
later, and the oocytes were matured to MlI-stage oocytes. Next,
the oocytes were parthenogenetically activated through treatment
with 10 mM SrCl, in Ca**-free KSOM for 1 h. The activated
oocytes were incubated for an additional 3 h in KSOM and then
immunostained with anti-Flag antibodies.

(TIF)

Figure 83 Deposition of Flag-H3.3 is maintained after the M
phase of the first embryonic cell cycle. One-cell embryos at the G2
phase were microinjected with Flag-H3.3 mRNA, cultured, and
then collected for immunostaining 16 or 22 h after insemination,
at which points the embryos were at the one-cell M phase (1-cell
M) or the two-cell G1 phase (2-cell G1), respectively. Because
aphidicolin treatment to inhibit DNA synthesis was initiated 16 h
after insemination, none of the two-cell embryos entered the S
phase. The DNA was stained with propidium iodide. Flag-H3.3
was detected both in the mitotic chromosomes of one-cell embryos
and in the nuclei of two-cell embryos. Scale bar, 10 pm.

(TIF)

Figure 84 Validation of the differences in nuclear incorporation
patterns between H3.1 and H3.2 during the early preimplantation
stage. Flag-H3.1 and -H3.2 mRNAs with identical 5'-untranslated
regions (UTRs) containing Kozak sequences, 3'-UTRs, and
poly(A) sites were synthesized using the pcDNA3.1-poly(A)83
plasmid [36]. mRINA was injected into MIl-stage oocytes, which
were fertilized 7 vitro 2 h later. (A) Oocytes that had been injected
with the indicated concentrations of mRNA were fertilized and
collected at the one- or two-cell stage (11 and 28 h after
fertilization, respectively) for immunostaining. (B) Immunoblotting
with an anti-panH3 antibody (Abcam: abl791) showed that
exogenous H3.1 and H3.2 (synthesized following the injection of
50 ng/pl mRNA) had accumulated in amounts comparable to
endogenous H3 before the first round of DNA replication (5 h
after fertilization). A total of 180 embryos were loaded per lane. (C)
Analysis of the incorporation of EGFP-H3.1 and -H3.2 into
zygotic chromatin. As EGFP fusion proteins somehow localize to
the nucleoplasm (data not shown), one-cell embryos at M phase
were collected for immunostaining in order to detect the
incorporation of histones into chromatin.

(TIF)

Figure §5 Deposition of Flag-H3.2 and Flag-H3.3 in DNA
replication-dependent and -independent manners in one-cell stage
embryos. (A) The experimental scheme is shown. The timing of
DNA replication at the one-cell stage was determined by BrdU
pulse labeling for 30 min at hourly intervals (data not shown). DNA
replication was detected in whole nuclei from 5 to 7 h post
insemnination. Eight hours after insemination, DNA replication was
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detected only in partial regions of nuclei. To analyze H3 variant
incorporation at the Gl, S, and G2 phases, Flag-H3 variant
mRNAs were microinjected 2 h prior to fertilization and 4 and 8 h
post insemination, respectively, and then each embryo was collected
for immunocytochemistry at 4, 9, and 13 h post insemination.
Aphidicolin treatment was provided from 5 h after fertilization.
Scale bar, 10 um. (B) Upper pronucleus is of maternal origin (m),
and lower pronucleus is of paternal origin (p). The one-cell embryos
were fixed for immunostaining 4 h (G1), 9 h (S), and 13 h (G2) after
fertilization. Incorporation of Flag-H3.2 and Flag-H3.3 at the S
phase was prevented by aphidicolin (S+Aphi), whereas no decrease
in Flag-H3.3 incorporation at the G2 phase in the presence of
aphidicolin (G2+Aphi) was observed. Scale bar, 10 pm.

(TIF)

Figure 86 Chromatin reorganization during preimplantation
development. (A) Nuclear DNA in oocytes and preimplantation
embryos was stained with PL. In the nuclei of one- and two-cell
embryos, chromatin is mostly decondensed, and heterochromatin
domains, which are characterized by DNA-dense foci, are
confined to the peripheries of nucleoli. However, between the
two-cell and four-cell stages, heterochromatin domains separate
from the peripheries of nucleoli and localize at discrete foci in the
nucleoplasm. The heterochromatin foci increase and become
distinct as the embryos develop into the blastocyst stage.
Arrowheads indicate representative heterochromatic regions.
Scale bar, 20 um. (B) DNA FISH for major satellites, which
represent the predominant heterochromatic region, shows that
DNA-dense foci were co-localized with major satellites and that
the localization of major satellites was dynamically changed during
preimplantation development.

(TTF)

Figure S7 Co-localization of Flag-H3 variants with major
satellites at the two-cell and blastocyst stages. Immuno-DNA-
FISH analysis showed that Flag-H3.2 and Flag-H3.3 were co-
localized with major satellites in the nucleolar peripheral regions
(arrows) at the two-cell stage. At the blastocyst stage, Flag-H3.1
and Flag-H3.2 were co-localized with major satellites (arrows), but
Flag-H3.3 was hardly co-localized with them.

(TIF)
Figure 88 Heterochromatin formation is significantly reduced in

sipl50-treated embryos. Heat-map analysis showed that hetero-
chromatin regions were reduced significantly in sip150-treated
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Adult onset cardiac dilatation in a transgenic mouse line
with Gal31,3GalNAc a2,3-sialyltransferase II (ST3Gal-II) transgenes:
a new model for dilated cardiomyopathy
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Abstract: Sugar chain abnormalities in glycolipids and glycoproteins are associated with
various diseases. Here, we report an adult onset cardiac dilatation in a transgenic mouse line with
Galpl,3GalNAc a2,3-sialyltransferase IT (ST3Gal-II) transgenes. The transgenic hearts at the end-
stage, at around 7 months old, were enlarged, with enlarged cavities and thin, low-tensile walls,
typical of dilated cardiomyopathy. Although no apparent change was found in heart gangliosides,
glycosylation of heart proteins was altered. Interestingly, sugar moieties not directly related to the
ST3Gal-II catalytic reaction were also changed. Significant increases in calreticulin and calnexin
were observed in hearts of the transgenic mice. These results suggest that expression of ST3Gal-II
transgenes induces abnormal protein glycosylation, which disorganizes the endoplasmic/sarcoplas-
mic reticulum quality control system and elevates the calreticulin/calnexin level, resulting in
suppression of cardiac function. The transgenic mice showed 100% incidence of adult onset cardiac
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dilatation, suggesting great potential as a new model for dilated cardiomyopathy.
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Introduction

Cardiomyopathy is a serious heart disease, and a
heart transplant is the only therapeutic choice in
extreme cases. Cardiomyopathies are defined as
diseases of the myocardium associated with cardiac
dysfunction.)) They are classified into five types
according to symptomatic features: dilated cardio-
myopathy (DCM), hypertrophic cardiomyopathy
(HCM), restrictive cardiomyopathy, arrhythmogenic
right ventricular cardiomyopathy, and unclassified.
Of the five types, DCM and HCM are the most
common. In addition, specific cardiomyopathies are
also defined as cardiomyopathies with systemic
symptoms and/or those secondary to well-defined
etiologies, e.g., alcoholism and hypertension. Thus,
the etiology of cardiomyopathy is broad and compli-
cated and the development of therapeutic strategies
is therefore quite challenging.

Sugar chains in glycolipids and glycoproteins
play important roles in many biological processes. Six
forms (types I-VI) of B-galactoside o2,3-sialyltrans-
ferases have been described so far.2®) Among them,
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types I and II are Galf1,3GalNAc «2,3-sialyltrans-
ferases, which mediate the transfer of sialic acid via
an o2,3-linkage to the galactose residue of terminal
Galfs1,3GalNAc structures on O-linked oligosaccha-
rides of glycoproteins or glycolipids. The type II
enzyme (ST3Gal-II) acts on glycolipids and glyco-
proteins in vitro, but is highly expressed in the brain
and has an acceptor substrate preference for glyco-
lipids.?) This result suggests that the enzyme
primarily operates in the biosynthesis of gangliosides,
such as GM1b, GD1la, and GT1b.2") The mouse
ST3Gal-II gene is developmentally expressed in the
heart; it can be detected at 3 days old, but there is
only a trace at 21 days and no expression by 49
days.? The mouse type I enzyme (ST3Gal-I), which
has an acceptor substrate preference for glycopro-
teins, is slightly expressed in the heart.®) In humans,
ST3Gal-II mRNA is highly expressed in the heart
and skeletal muscle, unlike in mice.?) The physio-
logical significance of strict temporal control and
species differences in ST3Gal-Il expression remains
unknown.

Protein glycosylation is critical for proper
protein synthesis. Correct folding of secretory or
membrane proteins is achieved in the endoplasmic/
sarcoplasmic reticulum (ER/SR) with the aid of
various molecular chaperones and oxidoreductases,
which are called ER quality control (ERQC)
mechanisms.'? In the system, two lectin-like chaper-
ones, calreticulin and calnexin, bind to monoglycosy-
lated forms of asparagine (N)-linked oligosaccharides.
Calreticulin is a soluble Ca?*-binding chaperone,
located in the ER lumen.!) Calnexin is a Ca?*-
binding chaperone bound to the ER membrane.'?
Thus, perturbation of protein glycosylation can be
estimated by ERQC activity, and the activity can
be monitored by measuring the expression levels of
calreticulin and calnexin.

During the course of our research on sialic acid
metabolism in transgenic mice, we found homozy-
gous-specific, adult onset cardiac dilatation with
100% incidence in mice of a transgenic line harboring
ST3Gal-Il transgenes. The mice showed altered
glycosylation of heart proteins and higher expression
of calreticulin in hearts compared with wild-type
mice, suggesting that the perturbation in protein
glycosylation activated the ERQC machinery, par-
ticularly calreticulin expression, and that the high
level of calreticulin impairs cardiac function. The
mice would serve as a new model for diseases with
cardiac dilatation, such as DCM.
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Materials and methods

Mice. All mice were housed under specific
pathogen-free conditions with food (CMF, Oriental
Yeast Co., Ltd., Tokyo, Japan) and water ad libitum.
C57BL/6CrSle and Slc:ICR mice were purchased
from Japan SLC Inc. (Hamamatsu, Japan). All
animal experiments were conducted in accordance
with the guidelines for animal experiments of the
National Institute of Infectious Diseases, Tokyo,
Japan and the National Institute of Biomedical
Innovation, Osaka, Japan.

Generation of transgenic mice. The mouse
ST3Gal-II ¢cDNA sequence (GenBank: X76989) was
cloned in our previous study.®) The overexpression
construct was generated by inserting the cDNA
sequence into the multicloning site of a pCAGGS-
based plasmid.'® The Sall-BamHI fragments of the
plasmid (Fig. 1A) were injected into the pronuclei of
C57BL/6CrSle zygotes. The manipulated embryos
were transferred into the oviducts of pseudopregnant
Slc:ICR. mice. Tail DNA of transgenic founder mice
was first screened by PCR. Integration of the
transgene into founder candidates was assessed by
Southern blot analysis with EcoRI-digested genomic
DNA (3pg/lane) from 4-week-old mice (probe 1:
Sall-SmaBI fragment of the CAGGS plasmid, 357 bp;
probe 2: Kpnl-Xhol fragment of ST3Gal-II ¢cDNA|
930bp; Fig. 1A). In our previous study,' the
insertion site of the transgene was mapped by Blast
search for the flanking sequence of the transgene in
the Ensembl database (http:/www.ensembl.org/,
Fig. 1E).

Quantitative analysis of mRNA expressions.
The amounts of ST3Gal-II and d-sarcoglycan (SGCD)
mRNA in tissues of 3-month-old mice were examined
by quantitative RT-PCR analyses with glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA
as an internal control. Total RNA was extracted from
each tissue and cDNA was transcribed from the
total RNA with reverse transcriptase (Superscript II,
Invitrogen Corp., Carlsbad, CA, U.S.A.). Amounts
of transcripts were measured by real-time PCR
using T7900HT Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA, U.S.A.) with
QuantiTect Probe PCR Kits (QIAGEN, Hilden,
Germany) and TagMan probes (Applied Biosystems)
for three genes.

Protein extraction. The hearts of TG and WT
mice were collected and snap-frozen in liquid nitro-
gen. Heart proteins were extracted by unfractionated
and fractionated methods. Unfractionated heart
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Fig. 1. Production of ST3Gal-Il transgenic mice. (A) Sall-BamHI fragments of a pCAGGS-based plasmid containing mouse ST3Gal-II
c¢DNA were injected into mouse zygotes. (B) Integration of the transgene was confirmed by Southern blot analysis. Lane 1: transgenic
mice, Lane 2: non-transgenic (WT) mice, Lane 3: C57BL/6Cr. M: DNA size markers. (C) Expression of the transgene was confirmed
by TagMan based quantitative RT-PCR analysis of hearts from homozygous (n = 5), hemizygous (n = 3), and wild (n = 5) mice at 3
months of age. ST3Gal-II expression was normalized with GAPDH expression and displayed as mean £+ S.D. with the average of wild
values as 1. Values with different labels (a, b, and c) are significantly different (p < 0.05). (D) Western blot analysis indicated
significantly higher expression (*, p < 0.05) of ST3Gal-II protein in homozygous TG hearts than WT hearts at 10 weeks of age
(n=3). (E) Our previous study'® indicated that the transgene was inserted at ~200kb upstream of the SGCD gene. (F) No
significant difference in the SGCD expressions in hearts or skeletal muscles (rectus femoris) between TG (n = 4, black bars) and WT
(n=1>5, white bars) was found by TagMan based quantitative RT-PCR analysis of 3-month-old mice. SGCD expression was
normalized with GAPDH expression and displayed as mean & S.D. with the average of wild values as 1. (G) Western blot analysis
indicated no significant difference in expression of d-sarcoglycan protein between TG and WT hearts at 10 weeks of age (n = 3).
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proteins were collected with the ReadyPrep Protein
Extraction kit (Total protein, Bio-Rad, Hercules,
CA, U.S.A)) for quantitative Western blot analysis
according to the manufacturer’s protocol. Briefly,
each heart was homogenized in 1mL of extraction
buffer (7M urea, 2M thiourea, 1% ASB-14, 40 mM
Tris, 0.001% bromophenol blue) using a bead mill
(TissueLyzer, QIAGEN). The homogenate was cen-
trifuged (15,000 X g, 5min), and the supernatant
(TP) was collected for further analysis. Fractionated
heart proteins were extracted sequentially for lectin
blot analysis with the ReadyPrep kit (Bio-Rad),
according to the manufacturer’s protocol. Briefly,
each heart was homogenized in 1mL of Buffer 1
(40mM Tris, pH 7.4) supplemented with Complete
Protease Inhibitor Mixture (Roche Diagnostics
GmbH, Mannheim, Germany) using a bead mill.
The homogenate was centrifuged (15,000 x g, 5min),
the supernatant (fraction 1) was collected, and the
pellet was re-suspended in 500 pL. of Buffer 2 (8 M
urea, 4% CHAPS, 40mM Tris, 2mM tributyl-
phosphine). After centrifugation, the supernatant
(fraction 2) was collected. The protein concentration
of each sample was measured with the EZQ Protein
Quantitation kit (Invitrogen).

Quantitative Western blot analysis.  The
amounts of ST3Gal-II, d-sarcoglycan, calreticulin,
and calnexin in unfractionated heart proteins were
examined by quantitative Western blot analyses with
GAPDH as an internal control. Heart proteins were
separated by 4—12% Bis-Tris gel electrophoresis with
MES SDS running buffer (Invitrogen), and trans-
ferred onto PVDF membranes (Pall Corp., Port
Washington, NY, U.S.A.). Immunoblots were per-
formed using SNAP i.d. (Millipore Corp., Billerica,
MA, U.S.A.). The membranes were incubated with
primary antibodies against ST3Gal-II (rabbit;
Lifespan BioSciences, Inc., Seattle, WA, U.S.A.), 6-
sarcoglycan (rabbit; Santa Cruz Biotechnology,
Santa Cruz, CA, U.S.A.), calreticulin (goat; Santa
Cruz Biotechnology) or calnexin (rabbit; Cell Signal-
ing Technology, Beverly, MA, U.S.A.) and then the
blots were visualized by chemiluminescence (ECL-
plus, GE Healthcare U.K. Ltd., Buckinghamshire,
U.K.) with horseradish peroxidase (HRP)-conjugated
secondary antibodies against rabbit (Vector Labo-
ratories Inc., Burlingame, CA, U.S.A.), or goat IgG
(Jackson ImmunoResearch laboratories Inc., West
Grove, PA, U.S.A.). Blot images were captured by a
CCD camera (LAS-3000, Fujifilm, Tokyo, Japan).
Then, all blots were treated with WB stripping
solution (Nacalal Tesque, Kyoto, Japan), incubated
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with mouse anti-GAPDH antibodies (Millipore), and
visualized by chemiluminescence with HRP-conju-
gated secondary antibodies against mouse IgG
(Jackson ImmunoResearch). Blot images were cap-
tured with a CCD camera. The band intensities in
each image were measured with imaging software
(Multigauge, Fujifilm). The amounts of each protein
were calculated as protein/ GAPDH ratios.

Clinical observations. The health status of
both TG and WT mice was monitored every week for
1 year. The body weights of three male and three
female WT and homozygous TG mice were also
measured every week from age 40 to 300 days. The
TG homozygous mice with dyspnea were used for
pathological examinations. WT mice of the same age
were used as controls. At necropsy, plasma samples
were collected for plasma biochemical analyses using
the DRI-CHEM 3000V system (Fujifilm Medical Co.
Ltd., Tokyo, Japan).

Pathological examination. Mice were deeply
anesthetized with pentobarbital-sodium (Nembutal,
Abbott, Chicago, IL, U.S.A.). Then, a thoracotomy
was performed. After resecting the thymus, macro-
scopic photographs were taken to measure cardiac
sizes against the thorax width. With these width
parameters, we calculated cardiac dilatation indices
similar to cardiac thoracic ratios, which are often
used at diagnosis with chest radiographs. The
thoracic and abdominal cavities were also examined.
The vena cava was then resected, and the left
ventricle was perfused with PBS and then reperfused
with a 7:3 mixture of 10% neutral-buffered formalin
and Carnoy fluid. Hearts were removed and fixed in
neutral buffered formalin to present four-chamber
views. The hearts were embedded in paraffin using
conventional methods, cut into 3-pm slices, and
specimens were prepared with hematoxylin and eosin
staining. Microscopic images were captured under a
light microscope (BX50, Olympus Corp., Tokyo,
Japan) with a CCD camera (DP25, Olympus).

Ganglioside analysis.  Ganglioside fractions
were obtained from heart, cerebrum and liver by the
Folch extraction and partition of total lipids.'® The
pooled upper phase was saponified with 0.5 mL of
0.2N KOH/methanol and desalted with a Sep-Pak
C18 reverse-phase cartridges (Waters Corp., Milford,
MA, U.S.A.).w) Individual gangliosides were sepa-
rated by thin-layer chromatography on a plate
coated with super-fine silica gel 60 (Merck KGaA,
Darmstadt, Germany) with chloroform:metha-
n0l:0.2% CaCly (60:35:8, by volume) and visualized
with resorcinol reagent.'”
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Lectin blot analysis of heart proteins. Two
protein fractions from 10-week-old TG and WT mice
(~2pg/lane) were separated by 4-12% Bis-Tris gel
electrophoresis with MES SDS running buffer (In-
vitrogen), transferred onto PVDF membranes (Pall).
The protein transfer onto PVDF membranes was
confirmed using a SYPRO Ruby blot stain kit
(Invitrogen) before the lectin blots and the images
were captured by a laser scanner (FX-Pro, Bio-Rad).
Lectin binding assays were performed using SNAP
id. (Millipore). For MAA assays, digoxygenin
(DIG)-conjugated lectins (MAA) included in the
DIG glycan differentiation kit (Roche Diagnostics)
were used with HRP-conjugated anti-DIG antibody
(Jackson ImmunoResearch). For ConA and PNA
blots, fluorescein-conjugated ConA and PNA (Vector
Laboratories) were used with HRP-conjugated anti-
fluorescein antibody (Vector Laboratories). All blots
were visualized with chemiluminescence (ECL-plus)
and their images were captured with a CCD camera.

Lectin staining of heart and skeletal muscle
tissues. The sugar-chain status in frozen sections
(6pm) of hearts and rectus femoris muscles at
10 weeks of age was analyzed by binding of
biotinylated PNA lectins (Vector Laboratories); the
sections were treated with or without «2,3-sialidase
(5U/mL, Takara Bio Inc., Otsu, Japan). The lectins
were visualized by 0.lmg/mL FITC-avidin D
(Vector Laboratories) under a fluorescence micro-
scope (OPTIPHOTO, Nikon Corp., Tokyo, Japan)
with a digital image capture unit (DXC-S500/0L,
Olympus).

Statistical analyses. Expressions of ST3Gal-II
mRNA (Fig. 1C) were analyzed statistically among
three genotypes using analysis of variance, followed
by pairwise comparisons by the Tukey—Kramer
method. Expressions of SGCD mRNA (Fig. 1F)
and proteins (Figs. 1D, 1G, 6C, and 6D), the heart
and body weight parameters (Fig. 2E), and biochem-
ical analyses (Fig. 2F) were analyzed statistically
between TG and WT mice using Student’s ttest.
Differences with a p < 0.05 were considered statisti-
cally significant. All statistical analyses were con-
ducted using StatView Version 5 (SAS Institute Inc.,
Cary, NC, U.S.A)).

Results

Generation of transgenic mice. Of two
established transgenic lines (4C30 and 4C59), mice
only from 4C30 line exhibited cardiac dilatation and
was used for further studies. The presence of the
transgenes (Fig. 1A) was confirmed by Southern blot
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analysis (Fig. 1B), and their expression was con-
firmed by quantitative RT-PCR (Fig. 1C) and
Western blot analyses (Fig. 1D). Extremely higher
levels of ST3Gal-II expression were found in hearts
of transgenic mice than in those of wild mice. The
mRNA level of ST3Gal-II in the heart was approx-
imately three times higher in homozygous transgenic
mice than in hemizygous transgenic mice. Our
previous study'® showed that the transgene was
inserted at upstream of the d-sarcoglycan (SGCD)
gene (Fig. 1E). However, neither mRNA nor protein
expression of SGCD gene in hearts was influenced by
genotype (Figs. 1F and 1G).

Clinical observations. All mice of the
homozygous transgenic (T'G) line developed severe
cardiac dilatation with dyspnea, deformation of the
thorax, and rapid weight loss at the end-stage
(Fig. 2A). Both wild-type (non-transgenic; WT)
and hemizygous transgenic animals survived without
abnormal symptoms for at least 1 year. The TG mice
were born healthy and grew normally until approx-
imately 150 days (Fig. 2B, 2C). At that point, they
exhibited rapid weight loss and died about a week
after the onset of symptoms. The average life span
of the TG mice was 227 £+ 55 days (mean =+ SD,
Fig. 2D). Approximately one-third of hemizygous
transgenic mice older than 18-months also showed
similar, but milder, cardiac symptoms compared with
the homozygous transgenic mice (data not shown).
Significantly increased heart:body weight ratios,
indicating heart enlargement, were already evident
in the TG mice at 4 weeks of age in comparison with
WT mice even though the TG mice showed no
clinical symptoms (Fig. 2E). Biochemical analyses
indicated that the plasma CPK and LDH values were
significantly higher in TG mice than in WT mice at 4
weeks of age, long before the onset of symptoms
(Fig. 2F).

Pathological examination. At necropsy of the
TG mice, the hearts were enlarged and occupied a
larger area inside the thorax, with all four chambers
dilated and thin, with low tensile-strength walls
(Fig. 3). Both atria and ventricles of TG hearts were
larger compared with those of the WT hearts. From
the width measurement of hearts and thoraxes, we
calculated cardiac dilatation indices. Mice at 56
months of age in the TG group showed significantly
larger indices (0.66 + 0.44; mean + SD, n= 4, range,
0.628-0.723) than those in the WT group (0.451 £
0.039, n = 3, range, 0.408—0.485). Observation of the
four chambered view of the heart presented ex-
tremely thin atrial walls in the TG group, with a high

— 157 —



No. §]

w

Female

(=

Body weight (g)
By 8

—_
o

10 WT|

T %2%

Adult onset cardiac dilatation in a ST3Gal-II transgenic mouse line

Body weight (g)

555

100

150 200 250 300 350

0 50

100 150 200 250 300 350
Age (days old) Age (days old)
D E
100 Femais (1= 15) 20 Body weight 042 Heart Ble7art/ Body Weight
80 w=Male (n=18) 518 8 . 8 . X .
fg @ 16 @ 0.10 rggg A
60 H 14 H .
3 § 12 g 0.08 § 04
o 3 .
® 40 §1g 50.06 Eo3
20 o 6 o 0.04 R 0.2
Average lifespan: 227 + 55 days g’ 0.02 0.1
Go 100 200 300 400 0 0.00 0.0
Age (days old) Female Male Female Male Female Male
F
CPK AST ALT LDH
1000 « N 250 N N 60 N N 700 N N
n M noA mom =]
& 800 &200 550 5°°
»n @ 500
2 600 2 150 40 &
3 g § 20 § 400
£ 00 E 100 £ E300
= H =20 =
3 3 5 S 200
200 50 10 100
Female Male Female Male Female Male Female Male
Fig. 2. (A) Appearance of 6-month-old transgenic (T'G) mice homozygous for the ST3Gal-II transgene. Daily body weights gains (B, C)

in TG and WT mice. (D) Kaplan—Meier survival plot for male and female TG mice. All hemizygous transgenic and WT mice survived
until at least 1 year old (not plotted). (E) Body weights, heart weights, and heart:body weight ratios of TG (black bars) and WT
(white bars) mice at 4 weeks of age (mean + SD; n = 3). (F) Biochemical analysis of mouse plasma enzymes (mean + SD; n = 5). Four
enzyme activities were compared in plasma samples from TG (black bars) and WT (white bars) mice at 4 weeks of age. All plasma
enzymes tested showed significantly higher activities in TG mice than in WT mice, even at a young age, long before the onset of
symptoms. Asterisks in E and F indicate significant difference between WT and TG mice (n= 3; p < 0.05).

degree of dilatation and blood filling into the inner
space. The left and right ventricles also exhibited
thin free walls and septal walls with a high degree of
dilatation. The papillary muscles in the left ventricles
had also become thin. Except for pulmonary and
hepatic congestion, no abnormality was found in the
thoracic or abdominal cavities.

Our histological observations revealed that the
width of myocardial fibers changed in both left and
right atria as well as ventricular myocardial layers
in TG hearts (Fig. 4). Particularly in ventricular
muscles, thin and thick fibers were mixed, presenting
a degenerated and irregular orientation. In the

myocardium layer, connective tissues with slight
fibrosis were sporadically observed, but there was
no cell infiltration. No coronary artery in the atrium,
ventricle, or myocardium presented with luminal
narrowing or obstruction. No apparent abnormality
was found in the myocardium of WT hearts. A survey
of 45 additional organs in TG mice by hematoxylin
and eosin staining revealed severe blood congestion
in the lungs, liver, and spleen, and a slight, mild
degeneration in skeletal muscles but no remarkable
alteration in other organs (data not shown).
Ganglioside analysis. High-performance thin-
layer chromatography analysis showed no difference
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