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ABSTRACT  DNA methylation reprogramming (DMR) during preimplantation development erases

differentiation-associated, unessential epigenetic information accumulated during gametogen-

esis, and ultimately brings pluripotency to the resulting embryo. Two patterns of DMR of sperm-

derived pronucleus have been reported in mammals. In the first, the male pronucleus is actively

demethylated whereas in the second, the methylation state seems to be maintained. The

maintenance-type DMR has been seen only through immunocytochemical observations, and

waits to be proven by additional molecular-level evidence. We demonstrate that, in pig, paternally

derived DNA methylation is preserved during pronucleus development, based on the following

observations. First, immunostaining of pig zygotes at different time points showed the DNA

methylation state to be balanced between parental pronuclei throughout pronucleus develop-

ment. Second, bisulfite analysis of PRE-1 repetitive sequences found mono- and polyspermic eggs

to have similar methylation states. Third, the methylation state of a human erythropoietin gene

delivered by transgenic pig spermatozoa was maintained in the male pronucleus. Finally, 5-aza-

2'-deoxycytidine treatment, which blocks re-methylation, did not show the male pronucleus to be

stalled in a demethylated state. In pig zygotes, paternally derived cytosine methylation was

preserved throughout pronucleus development. These findings from multilateral DMR analyses

provide further support to the view that DMR occurs in a non-conserved manner during early

mammalian development.
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Introduction

Zygotic genome reprogramming resets unique epigenetic in-
formation of the gametes, ultimately leading the zygote to reach
pluripotency (Reik et al., 2001, Rideout et al., 2001, Li, 2002). The
level of DNA methylation, which is known to be a target in genome
reprogramming, fluctuates markedly in mice owing to an active-
mode demethylation process in the male pronucleus of a fertilized
oocyte and a replication-coupled, passive demethylation process
between successive cleavage stages (Mayer et al., 2000, Santos
et al., 2002). The dynamic change in DNA methylation, or DNA
methylation reprogramming (DMR, (Park et al., 2007)), in mice
was believed to be conserved in mammals, and the significance
of genome-wide demethylation in the paternal genome was
highlighted by the hypothesis that it plays a role in controlling
imprinting in mammalian development (Oswald et al., 2000, Reik
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and Walter, 2001a, Reik and Walter, 2001b, Barton et al., 2001).
In agreement with this, it was reported that paternally derived
DNA methylation was actively lost during pronucleus develop-
ment in rat, cow, and pig zygotes (Dean et al., 2001).

Subsequent studies, however, reported the contrasting obser-
vation that the DNA methylation state was maintained in the male
pronucleus in zygotes of other mammals such as sheep (Beaujean
et al., 2004a) and rabbit (Beaujean et al., 2004a, Shi et al., 2004).
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These observations had the blow of the active demethylation
obscure and brought dubious looks on biological significance of
the early DNA methylation reprogramming in the paternal ge-
nome. Presently pressing is, prior to dealing with developmental
meaning of it, the characterization of DNA methylation repro-
gramming pattern in diverse species, which would provide us
meaningful clues and eventually help understand the role of early
methylation reprogramming in mammals. Immunocytochemical
evidence of DNA methylation state provided by these related
studies seems to be limited and unable to resolve the conflicting
observations among different mammals. Therefore, multiple ap-
proaches are required to verify the existing immunocytochemical
observations on early methylation reprogramming.

Here, we reports the DNA methylation reprogramming pattern
of fertilized pig oocytes. We found that, in pigs, paternally derived
DNA methylation was preserved throughout pronucleus develop-
ment. Our conclusion was based on several lines of evidence
obtained from multilateral analyses of methylation reprogram-
ming, as follows: 1) immunocytochemical observations of pig
zygotes at different time points; 2) sequence-level analyses of the
CpG methylation state of mono- and polyspermic zygotes using
bisulfite mutagenesis technology; 3) analysis of the methylation
profile of a human erythropoietin gene of sperm origin in pig
zygotes; and finally, 4) visual inspection of the effect of 5-aza-2'-
deoxycytidine on the paternal methylation state. Our findings
support the view that DNA methylation reprogramming occurs in
a non-conserved manner during early development, and that
demethylation of the paternal genome is not an obligatory require-
ment for early development (Beaujean et al., 2004a).

Results

Preservation of paternally derived DNA methylation in pig
zygote – immunocytochemical evidence

We immunocytochemically investigated the DNA methylation
states of pig zygotes using a monoclonal antibody that specifically
recognizes 5-methylcytosine (5-MeC) (Mayer et al., 2000). When
examined at 20 hours post-fertilization (hpf), pig zygotes produced
by in vitro procedures showed similar methylation levels between
the male and the female pronucleus (Fig. 1Aa-c). Similarly, a
polyspermic egg containing multiple sperm-derived pronuclei in
the cytoplasm had equivalent 5-MeC signals in all pronuclei (Fig.
1Ad-f). Anti-nuclear lamin A/C antibody was used for nuclear
staining because it does not stain oocyte cytoplasm-embedded
sperm heads, which can often confuse interpretation of DNA
staining results (Prather et al., 1989, Jeong et al., 2007). These
observations were in marked contrast to those reported for a
mouse zygote (Fig. 1B); the sperm-derived DNA was actively
demethylated while the maternally derived pronucleus remained
methylated in mouse zygotes, creating an asymmetric methylation
state between the parental pronuclei (Mayer et al., 2000, Oswald
et al., 2000, Santos et al., 2002). Since mouse embryos at the
preimplantation stage do not have nuclear lamin A/C (Moreira et
al., 2003), the parental pronuclei were stained for acetylated H3
(acH3), instead.

We then examined the DNA methylation states of pig zygotes at
different time points (6, 15, 20, and 25 hpf) during pronucleus
development (Fig. 2). The male pronucleus was distinguished from
the female one by the weaker level of trimethylated histone H3-

lysine 9 (H3-m3K9) (Jeong et al., 2007) and also by more
decondensed chromatin state (see Fig. 2b and e). These criteria
are particularly useful for early- to mid-stage pig zygotes (usually
those in 6 to 15 hpf, empirically) where the parental pronuclei are
clearly different from each other in H3-m3K9 level. On the contrary,
for late pig zygotes (those at 18~25 hpf; Fig. 2h and k) in which both
parental pronuclei have equivalent H3-m3K9 levels, it is for the
most part difficult to decide the parental origins of the pronuclei.
The other criteria to discern the parental pronuclei from each other
such as the relative pronuclear size and the relative distance from
the polar body, which are generally accepted in the rodent zygotes,
are not always applicable to the zygotes of domestic animals
(Young and Beaujean, 2004), especially to the pig zygotes.

As shown in Fig. 2, during the whole one-cell stage, the sperm-
derived pronucleus maintained a substantial level of 5-MeC, and
we were unable to detect evidence for an active demethylation
event that leads to a marked reduction in, or a complete loss of,

Fig. 1. Immunostaining of pig one-cell eggs for 5-methylcytosine (5-

MeC). (A) Monospermic (a-c) and polyspermic (d-f) pig zygotes. Pig
zygotes were fixed at 20 hours post-fertilization (hpf) for staining. Note
that, in a polyspermic egg (n > 100), all pronuclei are equivalently stained
for 5-MeC. (B) Mouse zygote. 5-MeC is almost undetectable in the
mouse paternal pronucleus (mPN). Samples were stained with a mono-
clonal antibody (Mayer et al., 2000) that specifically recognizes 5-MeC.
Counterstain was done either with nuclear lamin A/C (A) or acetylated H3
(acH3; B). Female and male pronuclei are arbitrarily designated as ‘pn1’,
‘pn2’, etc., because, unlike in the mouse, it is difficult to assign their
parents of origin. Images were captured using a Carl Zeiss Axiovert 200M
microscope equipped with ApoTome, and merged using Adobe Photoshop
(v7.0). fPN and mPN, paternal and maternal pronuclei; pb, polar body.
Scale bar, 20 µm.
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cytosine methylation in the paternally derived pronucleus, as seen
in the mouse zygote (Fig. 1B). Therefore, we concluded that the pig
is one of the species in which the paternally derived cytosine
methylation state is maintained during pronucleus development,
as seen in sheep (Beaujean et al., 2004a).

Sequence-level evidence for lack of active DNA demethylation
in pig zygote

Sequence-level analysis by bisulfite mutagenesis technology
supported our immunostaining results. Bisulfite treatment of ge-
nomic DNA converts unmethylated, but not methylated, cytosine to
uridine by a deamination reaction, which allows unmethylated and
methylated cytosine bases to be distinguished in the subsequent
sequencing analysis (Han et al., 2006).

The genomic methylation states of the PRE-1 repetitive se-
quences were analyzed in pig mature oocytes and spermatozoa
using bisulfite sequencing technology. PRE-1 is a pig endogenous
short interspersed element (SINE) that is present at high copy
number throughout the euchromatin regions of the pig genome
(Kang et al., 2001b). As shown in Fig. 3A, 42% of PRE-1 se-
quences were methylated in the mature oocyte (of 97 CpG sites
examined, 41 CpGs were methylated) and 53% methylated in the
spermatozoa (69 of 130 CpGs examined). For methylation analy-
sis of fertilized zygotes, we first divided the zygotes into two
subgroups according to the number of pronuclei observed using a
light microscope equipped with a micromanipulator system: 1) a
monospermic group that contained two pronuclei (one from the
male and one from the female); and 2) a polyspermic group that
contained more than four pronuclei (one from the female and the
rest from the male). The rationale for this experiment is that, if
active demethylation occurs throughout the genome resulting in
loss of 5-MeCs from the sperm-derived pronucleus, the polysper-
mic group would have a greatly reduced level of genomic methy-
lation compared with the monospermic group. However, bisulfite
sequencing analysis revealed that the monospermic and polysper-
mic zygotes were 56% (57/102) and 46% (58/127) methylated,
respectively. The similar methylation rates between the two groups
indicate that the paternal copies of PRE-1 sequences are not
demethylated during the pronucleus stage.

Analysis of a transgenic sequence that is present only in the
sperm-derived genome gave consistent results. The use of trans-
genic sperm enabled us to monitor methylation changes at unique
sequences of male origin. Bisulfite sequencing analysis of trans-
genic pig spermatozoa containing the human erythropoietin (epo)
gene found that this human epo sequence was heavily methylated
(Fig. 3B). The DNA methylation states of pig oocytes infiltrated by
the transgenic spermatozoa were examined. At 20–22 hpf, when
the first zygotic DNA replication is almost complete according to
our BrdU incorporation analysis (Jeong et al., 2007), most of the
CpGs, except the first and the third CpG sites, remained methy-
lated. Although we observed point demethylation at the epo
sequence (see discussion), the results support a lack of global
demethylation on sperm-derived DNA during the pronucleus stage
in pig zygotes.

Paternal level of DNA methylation is not affected by treat-
ment with 5-aza-2'-deoxycytidine

The apparent retention of the gametic DNA methylation pattern
in the male pronucleus could be due to the lack of active

demethylation or to the effects of active demethylation and de
novo DNA methylation processes that take place simultaneously
in the paternal pronucleus. To determine which is the case, pig
zygotes were treated with 5-aza-2'-deoxycytidine (5-azadC) to
block de novo DNA methylation processes by inhibiting DNA
methyltransferase I (DNMT1) and, possibly, DNMT3A and
DNMT3B (Christman, 2002). 5-azadC does not inhibit the
demethylation process; thus if an active demethylation event
occurred in the pig male pronucleus, 5-azadC treatment would
show the paternal pronucleus to be demethylated.

Fertilized pig oocytes were treated with 5-azadC at various
concentrations (5, 50 and 500 µM) and double-stained for 5-MeC
and H3-m3K9 (Fig. 4). As shown by staining for 5-MeC, the
methylation levels of the parental pronuclei were very similar, with
no sign of global loss of DNA methylation in the male pronucleus.

Fig. 2. DNA methylation state of paternal genome is preserved

throughout the pronucleus stage in pig. Fertilized pig oocytes were
collected at different time points (6, 15, 20 and 25 hours post-fertilization
[hpf]) and fixed for staining for 5-MeC and trimethylated lysine 9 of
histone H3 (H3-m3K9). Note that the paternal pronucleus at given time
points shows an unchanged DNA methylation state and no genome-
wide loss of 5-MeC. Of the two parental pronuclei, the one that shows
the lower (at 6 and 15 hpf) H3-m3K9 signal is identified as the paternally
derived pronucleus. At 25 hpf, when condensed chromosome fibers are
shown, the two parental pronuclei show the same level of H3-m3K9.
Boundaries of pronuclei are indicated by dashed circles in the merged
images. For pn1, pn2, mPN, and fPN, see the legend of Fig. 1. Images were
captured using a Carl Zeiss Axiovert 200M microscope equipped with
ApoTome, and merged using Adobe Photoshop (v7.0). Scale bar, 10 µm.
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As a control, we confirmed the demethylation effect of 5-azadC
even at a concentration of 5 µM in bovine zygotes (Park et al.,
2007). This result further verifies the lack of an active DNA
demethylation event in the pig paternal pronucleus.

Methylation level of zygotic genome seems to be maintained
without alteration between cleavage stages – lack of passive
demethylation in early pig development

We then analyzed cleavage-stage pig embryos for evidence of
a replication-coupled, passive-mode DNA demethylation event
known to occur in mice (Rougier et al., 1998). Immunostaining of
preimplantation-stage pig embryos for 5-MeC showed that there

was no discernible alteration in the DNA methylation level be-
tween successive cleavage stages (Fig. 5, left panels), indicating
that passive demethylation does not occur at the pre-implantation
stage. For a positive reference, we also examined cleavage-
stage mouse embryos simultaneously for DNA methylation states
(Fig. 5, right panels); a gradual decrease of 5-MeC signal was
evident between the stages, though the inner-cell mass (ICM)-
specific re-methylation was not detected in the mouse blastocysts
(Santos et al., 2002). These observations suggest that the DNA
methylation level of the zygotic genome is maintained by a
process coupled to DNA replication, like that of the somatic
genome (Bestor, 2000). Taken all together, our results indicate
that genome-wide DNA demethylation processes such as active-
and passive-mode demethylation do not occur in pig early devel-
opment.

Fig. 3 (Left). CpG methylation profiles of pig genomic sequences. (A) PRE-1 repetitive sequences. A 148-bp CpG-rich region of pig PRE-1 short
interspersed element (SINE) was analyzed using bisulfite mutagenesis technology in the mature oocytes, spermatozoa, and fertilized oocytes. PRE-
1 showed a varied CpG distribution between PCR strings, which is a typical pattern of repetitive sequences of high copy number that are widely
dispersed throughout the pig genome. Polyspermic eggs (n>150) with four pronuclei were selected under a light microscope (200x) equipped with
a micromanipulation system (Leica). (B) Methylation profile of paternally derived human erythropoietin (epo) gene sequence in transgenic pig zygotes.
A 214-bp sequence of the human erythropoietin gene (GenBank# M11319.1) was analyzed by bisulfite sequencing. Methylation states of the human
epo sequence in transgenic spermatozoa (Sperm) and in the transgenic pig zygotes (One-cell) are shown. Samples were collected at 20–22 hpf for
preparation of genomic DNA. Blank and filled circles indicate unmethylated and methylated CpGs, respectively. The methylation percentage is the
proportion of all CpG sites examined that were methylated. Mono-sp and Poly-sp, fertilized oocytes infiltrated by single or multiple sperm,
respectively.

Fig. 4 (Right). Preservation of DNA methylation in the male pronucleus treated with 5-aza-2'-deoxycytidine. In-vitro-fertilized pig oocytes were
incubated in the medium containing DMSO only (Control) or given concentrations of 5-aza-2'-deoxycytidine (5-azadC) for about 20 hours. Pig zygotes
were double-stained for 5-MeC (gray in 5-MeC panels and green in merged panels) and H3-m3K9 (red). Note that both parental pronuclei have similar
levels of DNA methylation, regardless of 5-azadC treatment. Boundaries of parental pronuclei are indicated by dashed circles. Scale bar, 10 µm.
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Discussion

The results of bisulfite mutagenesis (Fig. 3) are, overall,
consistent with the immunocytochemical observations (Fig. 1 and
2) and support the lack of an active demethylation event in the pig
male pronucleus. We obtained methylation profiles from one-cell
eggs at 20–22 hpf when the DNA replication cycle is almost
complete (Jeong et al., 2007) and chromatins become condensed
to prepare for the first mitosis in pig zygotes. Therefore, the CpG
methylation profiles of paternally derived human epo transgene
sequence provide useful information about pig methylation repro-
gramming processes (Fig. 4). First, the homogeneous CpG me-
thylation pattern among different PCR clones indicates that sperm-

derived CpG methylation patterns are faithfully inherited by daugh-
ter DNA strands during the first round of DNA replication, possibly
by the same mechanism by which somatic cells maintain DNA
methylation levels (Bestor, 2000). Second, we observed some
demethylation at certain CpG dinucleotides in the transgene
sequence, so the site-specific loss of CpG methylation indicates
the existence of a DNA demethylation activity in pig fertilized
oocytes. The demethylation activity was confined to certain CpG
sites without spreading into nearby CpG sites, so this ‘point’
demethylation is likely to result from a mechanism (such as
demethylation by DNA binding proteins) that is distinct from the
‘global’ and ‘active’ demethylation mechanism that occurs in the
mouse fertilized oocyte.

Fig. 5. Maintenance of DNA methylation state during cleavage stages in pig. (Left) Pig embryos. Approximately 50 embryos at each cleavage
stage were collected and stained for 5-MeC. There is no detectable loss of 5-MeC level between successive stages. (Right) Mouse embryos. Twenty
embryos per each stage were used for 5-MeC staining. Counterstain was done with either H3-m3K9 (pig) or acetylated H3 (acH3; mouse). Unlike the
mouse embryos, the nuclei of which clearly show a figure of gradual demethylation between the successive stages, the pig embryos outwardly
maintain their genomic DNA methylation levels throughout the preimplantation stage. 2c, 4c and 8c indicate two-, four- and eight-cell embryos,
respectively. Mo, morula; Bl, blastocyst. Images were captured using a Carl Zeiss Axiovert 200M microscope equipped with ApoTome, and merged
using Adobe Photoshop (v7.0). Scale bar, 20 µm.
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The species-dependence of the passive-mode demethylation
process might be simply attributed to the cellular localization of
functional DNMT1 (Bestor, 2000). Immunostaining results have
shown that the oocyte-specific DNMT1 (DNMT1o) with intact
DNA methylating activity is present in pre-implantation-stage
mouse embryos but is excluded from the embryonic nucleus until
the eight-cell stage (Cardoso and Leonhardt, 1999), leading to
passive DNA demethylation. However, it is not known whether pig
and sheep embryos contain a functional DNMT1 in their embry-
onic nuclei to maintain the genomic DNA methylation pattern
during cleavages. We attempted to resolve this issue using
several anti-DNMT1 antibodies and dnmt1-overexpression con-
structs used for microinjection, but failed to reach any conclusion
for DNMT1 localization in fertilized mammalian oocytes, probably
owing to low accessibility of the antibodies used and to transla-
tional inhibition of the dnmt1 mRNA (Ratnam et al., 2002).
Therefore, it is still unknown if cleavage-stage pig embryos
express a functional maintenance DNA methyltransferase.

As to the maintenance of DNA methylation between the cleav-
age stages in pig, our immunocytochemical observation in Fig. 5
looks as if it conflicts with the previous result of passive DNA
methylation in PRE-1 sequences (Kang et al., 2001b). Immuno-
cytochemical observation of the maintenance of DNA methylation
state does not mean that all the genomic regions preserve their
methylation states throughout the preimplantation development;
rather it implies the sum of diverse changes of DNA methylation
such as maintenance methylation, demethylation and de novo
methylation at different patches of genomic regions. In fact,
different genomic sequences do not always behave the same. In
mice, long interspersed element (LINE) repeats were demethylated
during successive cleavage stages while intracisternal A-type
particle (IAP) and early retrotransposon (Etn) sequences were
somewhat resistant to demethylation during preimplantation de-
velopment (Walsh et al., 1998, Lane et al., 2003, Kim et al., 2004).
In bovine, a maintenance methylation was observed in the satel-
lite I sequences, a decrease in the alphoid satellite, and an
increase in the satellite II regions (Kang et al., 2005). Therefore,
it seems common that while most of the genomic sequences tend
to obey genome-wide trend, certain repeats do not follow the
global direction of DNA methylation change. In this light, unfortu-
nately, the PRE-1 sequences we analyzed before (Kang et al.,
2001b) may not be relevant sequences that reflect the genome-
wide pattern of DNA methylation change occurring in early pig
development.

Our observation that the pig sperm-derived genome does not
undergo active demethylation does not agree with a previous
report (Dean et al., 2001) that described ‘an almost complete’ loss
of paternally derived 5-MeCs in pig zygotes. It is unclear why there
is such a contradiction between studies that used the same anti-
5-MeC monoclonal antibody. However, in addition to the immuno-
cytochemical analysis, our conclusion is further supported by
several lines of evidence from multilateral approaches: 1) no
molecular-level difference in CpG methylation states between
mono- and polyspermic zygotes (Fig. 3B); 2) maintenance of CpG
methylation of the human epo transgene (Fig. 4C); and 3) failure
to induce a demethylated state in the male pronucleus by treat-
ment with concentrated 5-azadC (Fig. 5). Therefore, we conclude
that the paternally derived cytosine methylation is preserved
during pronucleus development in pigs.

Two recent studies have also proposed a demethylation event
in the pig male pronucleus (Gioia et al., 2005, Fulka et al., 2006).
However, these studies differ in their interpretation of the active
demethylation event. Although the two studies claimed the occur-
rence of active demethylation in pig zygotes, the extent of paternal
DNA demethylation observed or quantified was only partial and
was not a genome-wide process. Therefore, the results of these
two studies disagree with the previous report describing compre-
hensive demethylation in the pig zygote (Dean et al., 2001). We
believe that quantification of signal intensity between paternal
and maternal pronuclei is an important consideration. Two paren-
tal pronuclei are, in general, different in size and in stage, and
contain chromatins with different degrees of condensation. These
factors can all interfere with exact quantification of a paternal
pronucleus signal relative to a maternal one. Also, it can very often
be difficult to determine the parent of origin of the pronucleus,—
particularly of the early-stage pronucleus, because the criteria are
not strict. We overcame the difficulties in determining gender and
staging the pig pronuclei by exploiting differential H3-m3K9-
staining properties of parental pronuclei: the earlier stage male
pronucleus is not or only weakly stained compared with the
female counterpart (Fig. 2). If ‘active demethylation’ could be
defined as a comprehensive loss of 5-MeCs that occurs through-
out the genome independently of DNA replication process, pre-
sumably by an enzymatic process as was first observed from the
mouse zygote, we should be cautious when interpreting the
observations described above as due to an ‘active’ demethylation
event.

In this study, we demonstrated that the genome of an early pig
embryo is not subject to active demethylation at the pronucleus
stage and not to passive demethylation during the cleavage
stages. The distinct DNA methylation characteristics of the pig
zygote may be a mammalian epigenetic reprogramming model
that is antipodal to the mouse model. Our findings support the
view that DNA methylation reprogramming occurs in a non-
conserved manner during early development, and that
demethylation of the paternal genome is not an obligatory require-
ment for early development.

Materials and Methods

Production of pig and mouse embryos
Experiments were conducted according to The Animal Care and Use

Committee guidelines of National Livestock Research Institute, Korea.
The in vitro fertilization of matured pig oocyte was performed as reported
previously (Koo et al., 2000, Koo et al., 2001). Especially, polyspermy was
induced by using spermatozoa up to a concentration of 1 x 106 sperm/ml.
Oocytes were incubated with spermatozoa for 6 hours at 39°C in an
atmosphere of 5% CO2 in air. For recovery of in vivo-derived embryos, as
reported previously (Kang et al., 2001b), prepubertal cyclic Landrace gilts
were used. They were fed 20 mg of altrenogest daily for 9 days beginning
on Day 16 of the estrus cycle, administrated with PMSG (1500 IU,
Folligon) at 24 to 30 hours after the last feeding of altrenogest and with
hCG (750 IU, Pregnyl) after an additional 78 hours. The gilts were hand-
mated or artificially inseminated 12 and 24 hours after hCG administra-
tion. Embryos were surgically collected with 50 ml PBS from uteri by
retrograde flushing.

Fertilized mouse egg was obtained as described before (Yeo et al.,
2005). Briefly, embryos were derived from a cross of BCF1 (C57BL/6 x
CBA/CA) females to BCF1 males, and were removed at an appropriate
time according to the standard procedure (Hogan, 1994). Timing post-
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fertilization was judged by nuclear morphology and relative distance
between parental pronuclei (Hogan, 1994).

Antibodies and immunostaining
A monoclonal anti-5-MeC antibody was purchased from Eurogentech

(MMS-900S-B). Antibodies that specifically recognize trimethylated H3-
K9 residues were purchased from Upstate biotechnologies. Anti-mouse
or anti-rabbit goat secondary antibodies (Alexa-488/594-conjugated form,
Molecular Probes) were used to visualize the individual antigens.
Immunostaining procedure appeared elsewhere (Beaujean et al., 2004b).
Briefly, embryos were fixed in 4% formaldehyde in PBS for 30 minutes at
4°C, followed by three 20 minutes washes in 0.2% Tween 20 in PBS and
permeabilized by 0.25% Triton X-100 in PBS for one hour at room
temperature. The embryos were treated with 4N HCl for 30 minutes at
room temperature and blocked for one hour at room temperature in 2%
BSA, 0.1% Tween 20 in PBS. Primary antibody incubations (diluted by
1:50-500) were carried out in the blocking solution for one hour at 37°C,
followed by several washes in 0.2% Tween 20 in PBS. Secondary
antibodies (diluted by 1:300-500) were incubated for 30 minutes at room
temperature, followed by several washes. Embryos were mounted on
Poly-prep slides (Sigma) and, after dry at room temperature, observed
with Olympus epifluorescence microscope or Karl Zeiss Axiovert 200M
fluorescence microscope. Most staining experiments were repeated at
least three times with 20 or more embryos. Images were captured digitally
using different filter sets and merged using Adobe Photoshop software
(v7.0).

Bisulfite treatment, PCR and sequencing
The procedure for bisulfite mutagenesis was described elsewhere

(Kang et al., 2001a). Briefly, genomic DNA of denuded pig oocytes was
first digested with BamHI, denatured with 0.3 N NaOH and treated with
sodium bisulfite (pH 5; Sigma). After the desalting and desulfonating
steps, we precipitated the DNA and resuspended it in 20 µl of deionized
water. To amplify the target region, we did PCR twice to three times, each
time using 2 µl of the bisulfite-converted DNA and pooled the PCR
products before cloning. On average, we used 150–300 oocytes per
sample as templates for PCR. Primer sequences and PCR condition used
to amplify part of the PRE-1 sequence were described before (Kang et al.,
2001b). In order to get the methylation profile of human epo transgene
from transgenic sperm and fertilized pig oocytes, we amplified a 218 bp
of epo gene sequence (GenBank# M11319.1) using 40 cycles of 94°C for
30 s, 53°C for 30 s and 72°C for 30 s. The primers used for amplifying the
epo region were 5 2–CRACCTCAACTACTCCACTCC–3 2 and 5 2–
GTGTTTATGGGATAGGTTGG–3 2. To sequence the amplified DNA
fragments, we cloned and sequenced individual PCR clones using ABI
PRISM-377.

5-aza-2'-deoxycytidine treatment of pig zygotes
For treatment of fertilized pig oocytes with 5-aza-2'-deoxycytidine (5-

azadC; Sigma), pig oocytes-spermatozoa complexes were transferred to
IVF medium (Koo et al., 2000) containing either five-, 50- or 500-µM 5-
azadC three hours after the commencement of in vitro fertilization, and
cultured for 3 hours. The complexes were then transferred to 5-azadC-
containing IVC medium (Koo et al., 2000) and further cultured for 18 - 20
hours. The fertilized embryos were fixed for immunostaining in 4%
formaldehyde solution (Sigma Aldrich) for 30 minutes at room tempera-
ture.
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