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Abstract Extensive and dynamic chromatin remodeling oc-
curs after fertilization, including DNA methylation and his-
tonemodifications. These changes underlie the transition from
gametic to embryonic chromatin and are thought to facilitate
early embryonic development. Histone H3 lysine 4 methyla-
tion (H3K4me) is an important epigenetic mechanism that
associates with gene-specific activation and functions in de-
velopment. However, dynamic regulation of H3K4me during
early embryonic development remains unclear. Herein, the
authors examined the dynamic changes of H3K4me and its
key regulators (Ash1l, Ash2l, Kmt2a, Kmt2b, Kmt2c, Setd1a,
Setd7, Kdm1a, Kdm1b, Kdm5a, Kdm5b, Kdm5c, and Kdm5d)
in mouse oocytes and preimplantation embryos. An increase
in levels of H3K4me2 and me3 was observed at the one- to
two-cell stages (P<0.05), corresponding to the period of
embryonic genome activation (EGA). Subsequently, the
H3K4me2 level dramatically decreased at the four-cell stage
and remained at low level until the blastocyst stage (P<0.05),
whereas the H3K4me3 level transiently decreased in the four-
cell embryos but steadily increased to the peak in the blasto-
cysts (P<0.05). The high level of H3K4me2 during the EGA

was coinciding with a peak expression of its methyltransfer-
ase, ASH2L, which may stabilize this methylation level dur-
ing this period. Correspondingly, a concomitant decrease in
levels of its demethylases, KDM5B and KDM1A, was ob-
served. H3K4me3 was correlated to the expression of its
methyltransferase (KMT2B) and demethylase (KDM5A).
Thus, these enzymes may function for the EGA and the first
lineage segregation in preimplantation mouse embryos.
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Introduction

Epigenetic modifications, such as DNA methylation, histone
methylation, and acetylation, regulate the patterns of gene ex-
pression through the changes of chromatin structure and DNA
accessibility (Beisel and Paro 2011). The methylation of lysine
4 of histone H3 (H3K4me) is one of these modifications, which
is involved in gene activation (Eissenberg and Shilatifard 2010).
Specifically, H3K4 di- and trimethylation (H3K4me2 and me3)
residues mark the transcription start sites of actively transcribed
genes (Bernstein et al. 2006; Barski et al. 2007; Mikkelsen et al.
2007), while high level of H3K4monomethylation (H3K4me1)
is associated with enhancer sequences (Heintzman et al. 2007).
H3K4me2/3 has also been shown to regulate the expression of
pluripotency genes (Pan et al. 2007; Wang et al. 2009a, b) and
Hox genes (VerMilyea et al. 2009) in mouse preimplantation
embryos and embryonic stem cells.

Epigenetic regulation of gene expression is mediated pri-
marily by SET-domain- and JmjC-domain-containing pro-
teins. The SET/mixed lineage leukemia (MLL) family of
SET proteins is primarily responsible for the generation of
H3K4me1/2/3 to induce gene activation, and it has seven
major members as fo l lows: lys ine (K)-speci f ic
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methyltransferase 2A (KMT2A)/MLL1, KMT2B/MLL2,
KMT2C/MLL3, ASH1L, ASH2L, SETD1A, and SETD7
(Dou et al. 2006; Black et al. 2012). In contrast, the lysine
(K)-specific demethylase 5 (KDM5) family of JmjC proteins
(KDM5A/RBP2, KDM5B/PLU1, KDM5C/SMCX, and
KDM5D/SMCY) has recently been identif ied as
demethylases of H3K4me2/3 causing gene repression (Klose
et al. 2006). In addition, KDM1A/LSD1 and KDM1B/LSD2
demethylate H3K4me1/2 and result in gene repression (Shi
et al. 2004; Fang et al. 2010).

The families of MLL methyltransferases and KDM5
demethylases are essential for normal development in mam-
mals. Loss of either Kmt2a or Kmt2b in oocytes results in
anovulation and oocyte death (Terranova et al. 2006; Andreu-
Vieyra et al. 2010). Knockout of Ash2l or Kdm5b causes early
embryonic lethality (Stoller et al. 2010; Albert et al. 2013). In
the absence of Kdm1b, germ cells do not undergo de novo
DNA methylation during oogenesis (Ciccone et al. 2009),
while Kdm1a deficiency causes embryonic lethality due to a
progressive loss of genomic DNA methylation and therefore
lack of cell differentiation (Wang et al. 2009a, b). Inhibition of
KDM1A also results in early embryo arrest in our previous
studies (Shao et al. 2008a). Recently, Kdm1a mutants display
germline sterility and defects in ovary development (Di
Stefano et al. 2007; Katz et al. 2009; Eliazer et al. 2011).
More recently, antagonistic functions of Kdm5a and Ash2l
regulate lifespan and control a set of genes involved in
lifespan determination (Greer et al. 2010). These studies sug-
gest that the dynamic regulation of the H3K4me state con-
tinues throughout early development. However, the embryon-
ic expression of these epigenetic regulators has not been well
investigated, especially in early developmental stages.

Here, we investigated the levels of H3K4me in preimplan-
tation mouse embryos, and performed quantitative real-time
polymerase chain reaction (PCR) analyses of the messenger
RNA (mRNA) expression of Ash1l, Ash2l, Kmt2a, Kmt2b,
Kmt2c, Setd1a, Setd7, Kdm1a, Kdm1b, Kdm5a, Kdm5b,
Kdm5c, Kdm5d, H2afz, and Gapdh (Table 1). Furthermore,
immunofluorescence was performed to analyze the protein
expression of these regulators to find out their association
with the levels of H3K4me.

Materials and Methods

Animals. Kunming (KM) white female mice (3–4 wk old) and
imprinting control region (ICR) male mice (12–16 wk old) were
obtained from the Experimental Animal Breeding Center of
Jiangsu University. All animals were maintained under con-
trolled temperature (25±2°C) and lighting (light from 0700 to
1900 h) for at least 1 wk prior to use. Animal care and experi-
mental procedures were conducted in accordance with the
Animal Research Committee Guidelines of Jiangsu University.

Reagents and media. All reagents and media used in this
study were from Sigma-Aldrich Inc. (St. Louis, MO) unless
noted otherwise. M2 (M7167; Sigma-Aldrich) and KSOM
(MR-020P-5F;Millipore, Billerica,MA)media were prepared
for the handling and culture of mouse oocytes and embryos,
respectively.

Oocyte collection. To retrieve fully grown oocytes arrested at
prophase I of meiosis, KMwhite mice were treated with 10 IU
of pregnant mare serum gonadotrophin (PMSG; Ningbo
Second Hormone Factory, Zhejiang, China). The ovaries were
removed from the mice 48 h after PMSG treatment and
transferred to M2 medium. The ovarian follicles were punc-
tured with a 30-gauge needle to release the oocytes in the
cumulus oophorus. The cumulus cells surrounding the oo-
cytes were removed by gentle pipetting through a narrow
glass pipette in the M2 medium. Oocytes showing germinal
vesicles (GVs) were collected.

Mature oocytes were retrieved by treatment with 10 IU of
PMSG followed by 10 IU of human chorionic gonadotropin
(hCG; Ningbo Second Hormone Factory) 48 h later. Cumulus
oocyte complexes (COCs) were collected from the am-
pulla of oviducts 15 h after hCG injection, placed in
M2 medium, and treated with 0.1% hyaluronidase until
the cumulus cells dispersion.

In vivo-derived embryo collection. Female KM white mice
were treated with 10 IU of PMSG followed by 10 IU of
hCG 48 h later. Immediately after the hCG injection,
the mice were mated overnight with ICR male mice.
Embryos were harvested from pregnant mice at 18, 42,
50, 62, 76, and 90 h post-hCG injection to obtain the
one-cell, two-cell, four-cell, eight-cell, morulae, and
blastocysts stages, respectively. One-cell, two-cell, four-
cell, eight-cell, and morulae stages were flushed from
oviducts with prewarmed M2 medium and cultured in
KSOM medium. Blastocysts were retrieved by flushing
uterine horns. The recovered embryos were placed in
RNA extraction buffer and stored at −80°C.

mRNA extraction and complementary DNA (cDNA)
synthesis. Polyadenylated mRNAwas extracted from pools
(30) of embryos of the respective developmental stage
using PicoPure RNA Isolation Kit (Arcturus, Molecular
Devices, Mountain View, CA). Polyadenylated mRNA
was extracted from pools of embryos collected on a single
day. Each mRNA extraction was replicated three times for
each experiment. Oocytes and embryos were washed three
times in PVA-PBS and then lysed in 20 μl of extraction
buffer at 42°C for 30 min and stored at −80°C until mRNA
isolation. The mRNAs were reverse transcribed following
the manufacturer’s instructions using PrimeScript RT
Reagent Kit (Takara, Shiga, Japan).
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Real-time PCR. The quantification of all gene transcripts was
carried out in three replicate by quantitative real-time PCR on the
Bio-Rad CFX96 system using SsoFast EvaGreen Supermix
(Bio-Rad, Hercules, CA). The primer sequences for each gene
are listed in Table 2. Primers for Kdm5a, Kdm5b, Kdm5c,
Kdm1a, Kdm1b, Ash1l, and Kmt2a were designed using
Primer Premier 5.0 based on available sequences from
Database of GenBank (NCBI). Primers for Kdm5d, Ash2l,
Kmt2b, Kmt2c, Setd1a, Setd7, H2afz, and Gapdh were referred
to previous literatures (VerMilyea et al. 2009; Andreu-Vieyra
et al. 2010; Wang et al. 2010; Albert et al. 2013). The reaction
mixture of the total 20 μl volume consisted of 10 μl of 1×
SsoFast EvaGreen Supermix, 1 μl of each primer (0.5 μM),

6 μl of RNase/DNase-free water, and 2 μl of cDNA template.
The PCR was conducted in an initial step of 95°C for 30 s, 40
cycles of 95°C for 5 s, and 58–60°C for 5 s. The fluorescence
values were determined after each elongation step. The dissoci-
ation curve was analyzed following the final cycle to determine
the specificity of amplification. Themelting protocol consisted of
heating from 65°C to 95°C, holding at each temperature for 0.1 s
while monitoring fluorescence. To identify specific amplification
of a single PCR product, the product was confirmed by 2%
agarose gel electrophoresis. Negative controls, comprised of the
PCR reaction mix, without nucleic acid, were also run with each
group of samples. The comparative cycle threshold method was
used for quantification of expression levels. The abundance of

Table 1. Information on genes studied

Gene Relevant information Gene ontology

Ash1l and Ash2l Absent, small, or homeotic 1/2-like (Drosophila). Methyltransferase activity

Ash1l and Ash2l are highly similar. Ash1l associates with the transcribed
region of active genes and is essential for H3K4 methylation
(Gregory et al. 2007). Ash2l is a core subunit of MLL methyltransferase
complex and is a key regulator of open chromatin (Wan et al. 2013).

Chromatin modification

Transcription activation

Kmt2a, Kmt2b and Kmt2c Lysine (K)-specific methyltransferase 2a, 2b and 2c. Methyltransferase activity

Kmt2a and Kmt2b are highly homologous. They form similar KMT
complexes and both are required for accurate regulation of gene
expression and oocyte development (Milne et al. 2002; Andreu-Vieyra
et al. 2010). Kmt2c is a component of the ASC-2/NCOA6 (ASCOM)
complex and is involved in transcriptional coactivation (Lee et al. 2008).
Kmt2a-c share a common core, formed byWdr5, RbBP5, Dpy-30,
and Ash2l, and possess methyltransferase activity toward H3K4.

Chromatin modification

Regulation of transcription

Setd1a and Setd7 SET (Su(var)3-9, enhancer of zeste, trithorax) domain containing 1a and 7. Methyltransferase activity

Both contain SET domains which catalyze the methylation of histone
and non-histone proteins (Dillon et al. 2005). SETD1A interacts with
RNA polymerase II (RNAP II) C-terminal domain and mediates histone
H3K4 methylation at a subset of transcriptionally active genes
(Lee and Skalnik 2008). SETD7 monomethylates histone H3K4
and predominately associates with active chromatin. Moreover,
SETD7 also methylates DNMT1 leading to proteasome mediated
protein degradation, and antagonist KDM1A, prevents this
degradation by removing the methyl mark (Pradhan et al. 2009).

Chromatin modification

Transcription activation

Kdm1a and Kdm1b Lysine (K)-specific demethylase 1a and 1b. Demethylase activity

KDM1A demethylates H3K4me1/2 via FAD-dependent oxidative
reaction, and has been linked in a number of corepressor complexes
(Shi et al. 2004). Kdm1b, a gene related to Kdm1a, functions as a H3K4
demethylase and is required for de novo DNA methylation of some
imprinted genes (Ciccone et al. 2009).

Chromatin modification

Regulation of transcription

Kdm5a, Kdm5b, Kdm5c and Kdm5d Lysine (K)-specific demethylase 5a, 5b, 5c, and 5d. Demethylase activity

Kdm5a and Kdm5b enhance nuclear hormone receptor-mediated
transcription (Chan and Hong 2001; Xiang et al. 2007) whereas
Kdm5b also has transcriptional repression activity (Yamane et al. 2007).
Kdm5c and Kdm5d have been identified as E2-dependent regulators
of oncogene expression and implicated in X-linked mental retardation
(Jensen et al. 2005; Smith et al. 2010). These demethylases contain
a JmjC domain which is known for histone demethylation (Klose et al. 2006).

Chromatin modification

Regulation of transcription

Transcription activity

H2afz and Gapdh H2A histone family, member Z (H2afz);
Glyceraldehydes-3-phosphate dehydrogenase (Gapdh).

Housekeeping genes

H2afz and Gapdh genes are the most stable expression in
the in vivo and in vitro derived preimplantation-stage mouse
embryos (Mamo et al. 2007; Wang et al. 2010).
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each single gene was determined relative to the averages of two
housekeeping genes (H2afz and Gapdh). Fluorescence was ac-
quired in each cycle to determine the threshold cycle (CT), the
cycle during the log-linear phase of the reaction at which fluo-
rescence was increased above background for each sample. The
sample ΔCT value was calculated by the difference between the
average CT value and the sample CT value. The GV stage was
used as the calibrator and used subsequently to obtain ΔΔCT

values. Fold differences of the gene expression were determined
by using the formula 2−ΔΔCT.

Immunofluorescence analysis. Embryos were fixed with 3.7%
paraformaldehyde in PBS for 30 min at room temperature. After
three 30-min washings in PBS containing 0.1% Tween-20
(PBST), fixed embryos were permeabilized for 30 min at room
temperature in PBS containing 0.5% Triton X-100 and then
blocked with 1% bovine serum albumin in PBST for 2 h at room

Table 2. Primers used for quantitative real-time PCR

Gene Primer type Primer sequence (5′-3′) Fragment size (bp) NCBI accession number

Kdm5a Sense GGTGTATCCGCAGAAATGG 105 NM_145997.2

Antisense TAGGAAGGGAGGAGGTGGT

Kdm5b Sense CAGGAGTTGCTGGATGTCA 134 NM_152895.2

Antisense AAAGAAAGGGAGCTGGAGT

Kdm5c Sense GGCAGAAGCATCCACCAGC 179 NM_013668.3

Antisense GCCCTCCAAGTCATCCAAGCA

Kdm5d Sense GAGTATGGAGATGCCCGAAG 126 NM_011419.3

Antisense CCTTGAAGGAGTCAGCCATC

Kdm1a Sense GGTCTTATCAACTTCGGCATCT 176 NM_133872.2

Antisense GCAACTCGTCCACCTACTCG

Kdm1b Sense CGAGGATCTGAGAGTGCTGGA 152 NM_172262.3

Antisense GATGTGTGCTGGTGCAGGA

Ash1l Sense GCTACCTGTCCTCCTTCC 173 NM_138679.5

Antisense AACCCAACTGCTGTGCTA

Ash2l Sense GCAAGCACTATTCGTCTGGCT 104 BC012957.1

Antisense TTTGTAGGTGTCCGGCAGTGA

Kmt2a Sense AAGCCACCTCCAGTAAGTAA 176 NM_001081049.1

Antisense ATCCCTAAGCCTCCCATC

Kmt2b Sense TGTTCGCATGAAAACGCCC 118 AB182318.1

Antisense TGCAAGTGGCAGCAAAGGA

Kmt2c Sense CCCCAATTGCCCAACTATCT 158 NM_001081383.1

Antisense TCGTAAGCGTTCCTTCCTCTCT

Setd1a Sense GCGACTCACATATGAACGGCT 107 NM_178029.3

Antisense TGCGCTTTGGAGTGCTTAGG

Setd7 Sense TCTCCAAGGCACCTATGTGGA 118 NM_080793.5

Antisense CCAACACACTCCGTGTCGATT

H2afz Sense CCAAGACAAAGGCGGTTTCC 176 NM_016750.2

Antisense TCCTGCCAACTCAAGTACCTC

Gapdh Sense TGGCAAAGTGGAGATTGTTGCC 156 GU214026.1

Antisense AAGATGGTGATGGGCTTCCCG

�Figure 1. Intensity of H3K4me1, me2, and me3 in in vivo embryos
during preimplantation development. (a) Microscopic images of
H3K4me1, me2, and me3 at various developmental stages. Mouse one-
cell, two-cell, four-cell, eight-cell, morula, and blastocyst embryos were
collected at 18, 42, 50, 62, 76, and 90 h post-hCG injection, respectively,
and subjected to immunocytochemistry with the antibody to methylated
H3K4. The antibody was localized with FITC-conjugated secondary
antibodies (green), and DNA was stained with DAPI (blue). The scale
bar denotes 30 μm. (b) Patterns of H3K4me1, me2, and me3 in in vivo
embryos. The numbers of embryos examined were 69, 65, 65, 68, 53, and
51 for H3K4me1; 67, 65, 68, 62, 51, and 52 for H3K4me2; and 63, 66,
62, 61, 54, and 56 for H3K4me3 in the one-cell, two-cell, four-cell, eight-
cell, morula, and blastocyst embryos, respectively. Quantification of the
fluorescence intensity was determined by the ratio of H3K4me to the
DNA signal intensity. The data represent mean±SEM of three indepen-
dent experiments. Stages with different superscript letters represent sta-
tistically significant differ (P<0.05). BL blastocyst, f female pronucleus,
m male pronucleus.
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temperature. The embryos then were incubated with primary
antibody overnight at 4°C using the following antibodies: poly-
clonal rabbit anti-H3K4me1 (1/500; 07-436; Upstate
Biotechnology, Lake Placid, NY), anti-H3K4me3 (1/600;
ab8580; Abcam, Cambridge, MA), anti-KDM5A (1/1,000;
3,876; Cell Signaling Technology, Danvers, MA), anti-
KDM5B (1/1,000; 3,273; Cell Signaling Technology), anti-
KDM1A (1/600; 2,184; Cell Signaling Technology), anti-
ASH2L (1/600; 5,019; Cell Signaling Technology), anti-
KMT2B (1/1,000; sc-292359; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA), or monoclonal mouse anti-H3K4me2 (1/500;
05-1338; Upstate Biotechnology). After three 30-min washings
with PBST, the embryos were incubated with a secondary anti-
body conjugated with fluorescein isothiocyanate (FITC; 1/300;
Jackson ImmunoResearch,West Grove, PA) for 1 h in the dark at
room temperature. After washing three times in PBST, the
embryos were stained with 4′,6-diamidino-2-phenylindole
(DAPI; 1 μg/ml; D9542, Sigma) for 15 min, mounted in

Vectashield Mounting Medium (H-1,000; Vector Laboratories,
Inc., Burlingame, CA), and sealed with fingernail polish. The
slides were examined using a Zeiss Axio Observer microscope
equipped with epifluorescence (Carl Zeiss, Oberkochen,
Germany). Exposure times from fluorescent light were kept
constant for the respective channel (FITC or DAPI).
Quantitation of the fluorescence intensity was determined using
an image analyzer system, SigmaScan-pro V5.01 (SPSS Inc.,
Chicago, IL), by the ratios of H3K4me or its regulators to DAPI
DNA signals (Shao et al. 2008b).

Statistical analysis. The difference in fluorescence intensity in
mouse preimplantation embryos was tested by Kruskal-Wallis
nonparametric analysis of variance. The fold change of gene
expression between different developmental stages was analyzed
by one-way ANOVA using SPSS 11.5 software (SPSS Inc.).
Data were presented as mean±SEM of three independent exper-
iments. P<0.05 was considered statistically significant.

Figure 2. Transcription patterns
of H3K4 methyltransferases
Setd1a, Setd7, Kmt2c, Ash2l,
Kmt2b, Kmt2a, and Ash2l during
mouse preimplantation
development. The levels of the
transcripts were normalized
against H2afz and Gapdh. The
transcript levels of GVoocytes
were normalized to 1. The data
represent mean±SEM of three
independent experiments. Thirty
embryos were examined for each
gene at various developmental
stages. BL blastocyst, 1C one cell,
2C two cell, 4C four cell, 8C eight
cell, GV germinal vesicle, MII
metaphase II,M morula. For each
mRNAwithin a panel, the values
with different superscript letters
represent statistically significant
differ (P<0.05).
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Results

Changes in H3K4me during preimplantation development. To
evaluate the profile of H3K4me status during preimplantation
development, H3K4me1, me2, and me3 signals were mea-
sured at various developmental stages in in vivo mouse em-
bryos. H3K4me1/2/3 signals were observed in female
pronuclei, whereas only weak H3K4me2 signal was detected
in paternal chromatin (Fig. 1a). Thereafter, intensity of
H3K4me2 and me3 signals abruptly increased at the two-
cell stage (time of embryonic genome activation, EGA;
P<0.05). Subsequently, H3K4me2 signal intensity dramati-
cally decreased at the four-cell stage and remained at low level
until the blastocyst stage (P<0.05), whereas H3K4me3 signal
intensity transiently decreased at the four-cell stage and then
gradually increased to the peak at the blastocyst stage
(P<0.05; Fig. 1b). Unlike H3K4me2 and me3, H3K4me1
signal intensity obviously increased at the two-cell stage
(P<0.05) but maintained at low level at other developmental
stages (Fig. 1b).

mRNA expression of H3K4 methyltransferases and
demethylases in preimplantation embryos. Because enzymat-
ic addition of methylated marks is a potential mechanism for
the increase in H3K4me levels, we characterized the mRNA
expression of H3K4 methyltransferases including Ash1l,
Ash2l, Kmt2a, Kmt2b, Kmt2c, Setd1a, and Setd7, and of

demethylases including Kdm1a, Kdm1b, Kdm5a, Kdm5b,
Kdm5c, and Kdm5d in mouse oocytes and preimplantation
embryos using quantitative reverse transcriptase (qRT)-PCR.
Setd1a, Setd7, and Kmt2c exhibited a similar expression pat-
tern. Their levels began to increase from the one-cell stage and
were highest at the four-cell stage. In the subsequent cell
divisions, the levels decreased gradually until the blastocyst
stage (P<0.05; Fig. 2). The transcript levels of Ash2l were
highest in the two-cell embryos, and then showed a significant
decrease in the four-cell embryos (P<0.05). From the four- to
eight-cell stages, no significant changes in the levels were
noted (P>0.05), but significant increases were detected in
both morula and blastocyst stages (P<0.05), which is consis-
tent with the pattern of H3K4me2. TheKmt2b levels remained
relatively low during the stages comprised between the oo-
cytes and the eight-cell embryos, and a stable increase in the
levels was observed from the eight-cell embryos until the
blastocyst stage (P<0.05; Fig. 2), which is a similar pattern
with H3K4me3. Of all the methyltransferase genes, only
Kmt2a and Ash1l displayed a constant level of transcripts at
all stages examined except for a relative increase at the two-
cell stage (P<0.05).

On the other hand, the expression of Kdm1a and Kdm5b
decreased to the lowest levels at the two-cell stage but in-
creased significantly during subsequent cleavage stages
(P<0.05), which is opposite to the level of H3K4me2, where-
as the expression of Kdm5a remained at low level at the two-

Figure 3. Transcription patterns
of H3K4 demethylases Kdm1a,
Kdm5b, Kdm5a, Kdm5c, Kdm5d,
and Kdm1b during mouse
preimplantation development.
The levels of the transcripts were
normalized against H2afz and
Gapdh. The transcript levels of
GVoocytes were normalized to 1.
The data represent mean±SEM of
three independent experiments.
Thirty embryos were examined
for each gene at various
developmental stages. For each
mRNAwithin a panel, the values
with different superscript letters
represent statistically significant
differ (P<0.05).
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cell stage, but abruptly increased at the four-cell stage and
subsequently decreased to the lowest level at the blastocyst
stage (P<0.05; Fig. 3), which is opposite to the H3K4me3
level. Notably, Kdm5b was expressed at each stage but very
high in the four-cell embryos suggesting a more active tran-
scription state (∼180-fold; Fig. 3). In addition, Kdm5c,
Kdm5d, and Kdm1b exhibited similar expression patterns—
medium level in the one- and two-cell embryos, highest
expression in the four-cell embryos, and low expression in
the blastocysts (Fig. 3).

Protein expression of H3K4 methyltransferases and
demethylases in preimplantation embryos. To specify the
correlation between some methyltransferases and
demethylases and H3K4me, we measured the signals of
ASH2L, KMT2B, KDM5A, KDM5B, and KDM1A at the
two-cell, four-cell, and blastocyst stages. The signals were
observed at all stages (Fig. 4a), but the quantitative pro-
files varied between these stages (Fig. 4b). The ASH2L
and KMT2B signals had their lowest intensity in the four-
cell embryos and the highest intensity in the two-cell
embryos for ASH2L and in the blastocysts for KMT2B.
The intensity of KDM5A, KDM5B, and KDM1A signals
significantly increased to the highest level at the four-cell
stage and higher level at the blastocyst stage (P<0.05;
Fig. 4b). However, the intensity of KDM5B was markedly
higher than that of KDM5A and KDM1A at various
stages (Fig. 4b).

Discussion

Histone methylation has emerged as a critical player in the
regulation of gene expression (Black et al. 2012). H3K4me is

particularly associated with gene activation (Santos-Rosa et al.
2002), although certain genes can be repressed due to H3K4me
promoter occupancy (Wang et al. 2011). This epigenetic state is
known to be involved in the regulation of key developmental
genes in embryonic stem cells (Wang et al. 2009a, b; Ang et al.
2011) and is involved in the regulation of pluripotency (Pan et al.
2007). Previous studies have confirmed that H3K4me undergoes
reprogramming during early embryonic development (Sarmento
et al. 2004; Shao et al. 2008b). However, little information is
available on this reprogramming and its regulators in preimplan-
tation embryos. In this study, the profiles of H3K4me and its
regulators were investigated during early development of in vivo
mouse embryos. At the one-cell stage, H3K4me1/2/3 signals
were present in the maternal genome, whereas only weak
H3K4me2 signal was observed in the paternal chromatin. Our
results are consistent with the previous findings of Sarmento et al.
(2004), van der Heijden et al. (2005), andBlack et al. (2012). The
difference in H3K4me levels between female andmale pronuclei
may be responsible for distinctive formation of the respective
chromatin. In addition, H3K4me2 and me3 exhibited the highest
overall levels at the two-cell and blastocyst stages, respectively,
in accordance with the previous reports (Santenard et al. 2010;
Wu et al. 2012), indicating that H3K4me2 may play a role in
early EGA,whereasH3K4me3may be involved in initial lineage
segregation in the blastocyst.

Histone methylation is catalyzed by a class of enzymes
known as histone methyltransferases. We examined the ex-
pression of these enzymes during preimplantation develop-
ment to elucidate which enzymes are involved in regulating
H3K4me during this period. A previous study reported that
Ash2l presented relatively high transcript levels during the
EGA in in vitro porcine embryos from a microarray analysis
(Whitworth et al. 2005). This result was confirmed in the
present study by using a different animal species and the
qRT-PCR and immunocytochemical staining. The high levels
of Ash2l around the EGA were consistent with that of
H3K4me2, which may stabilize this methylation levels during
the EGA. A relative decrease in expression of Kmt2a was
detected in another study (Gao et al. 2010). The peak in
expression we observe at the two-cell stage is thus intriguing
and should be investigated in further studies. Recently,
Andreu-Vieyra et al. (2010) reported that Kmt2b transcripts
exhibited higher level at the morula and blastocyst stages in
in vitro mouse embryos. This result is consistent with our
finding that the highest levels ofKmt2bmRNAwere observed
in in vivomouse embryos at the same stages, suggesting that it
may play a role in the initial cell lineage separation by means
of methylating H3K4.

Removal of H3K4me by specific demethylases is crucial
for gene repression to occur. Hence, it was expected that this
histone methylation would be activated in order to allow for
the EGA. This was to some degree substantiated, as the levels

�Figure 4. Intensity of ASH2L, KMT2B, KDM5A, KDM5B, and
KDM1A in in vivo embryos during preimplantation development. (a)
Microscopic images of H3K4 methyltransferases ASH2L and KMT2B,
and of H3K4 demethylases KDM5A, KDM5B, and KDM1A at the two-
cell, four-cell, and blastocyst stages. Mouse two-cell, four-cell, and
blastocyst embryos were collected at 42, 50, and 90 h post-hCG
injection, respectively. The antibody was localized with FITC-
conjugated secondary antibodies (green), and DNA was stained with
DAPI (blue). The scale bar denotes 30 μm. (b) Protein expression
patterns of ASH2L, KMT2B, KDM5A, KDM5B, and KDM1A in
in vivo embryos. The numbers of embryos examined were 62, 57, and
54 for ASH2L; 57, 53, and 51 for KMT2B; 56, 58, and 52 for KDM5A;
59, 54, and 52 for KDM5B; and 61, 56, and 51 for KDM1A in the two-
cell, four-cell, and blastocyst embryos, respectively. Quantification of the
fluorescence intensity was determined by the ratio of each regulator to the
DNA signal intensity. The intensity of fluorescence in the two-cell
embryos was normalized to 1. The data represent mean±SEM of three
independent experiments. The asterisk indicates significant differences
between the indicated stages (P<0.05). BL blastocyst.
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of H3K4me2 increased from the one- to two-cell stages.
Correspondingly, a concomitant decrease in the mRNA and
protein levels of its demethylases, Kdm5b and Kdm1a, was
observed. This was in accordance with the recent results
obtained by McGraw et al. (2007). Interestingly, the protein
levels of KDM5B were the highest in the four-cell embryos,
but its levels were only six times higher than that in the two-
cell embryos. The mRNA levels of Kdm5b were at least 40
times higher in the four-cell embryos. It is possible that
KDM5B causes a feedback inhibition of the splicing of the
transcript of its own gene in the four-cell embryos. Another
possibility is that post-translation modifications of KDM5B
protein during the translation block the translation process or
promote the degradation of the protein itself. In addition,
McGraw et al. (2007) also found that a decrease in expression
of Kdm5a was detected in the morula and blastocysts which
reflects a similar pattern observed in our expression data
which shows this reduced expression persists at the blastocyst
stage. Noteworthily, the protein levels of KDM5A at the
blastocyst stage was about two times higher than that at the
two-cell stage, while the mRNA levels of Kdm5a were lower
at the blastocyst stage. A possible explanation for this pheno-
type is that an increased availability of active KDM5A by
unknown kinases may promote the translation of itself mRNA
by virtue of upstream open reading frames (ORFS) in their 5′
untranslated regions (UTRs). Another possibility is that
KDM5A itself causes a feedback inhibition of the transcrip-
tion of its own gene.

Based on these findings, we suggest that H3K4me2
may play a role in the EGA. Hence, relatively high
levels of this permissive histone modification coinciding
with a peak expression of its methyltransferase, ASH2L,
were noted at the two-cell stage, whereas a decrease in
expression of its demethylases, KDM5B and KDM1A,
was observed. H3K4me3 may play a major role in
lineage segregation in the blastocyst when it occurs at
relatively high levels that associate with the expression
of KMT2B and KDM5A. For future studies, it will be
interesting to investigate whether the depletions of these
enzymes by RNAi change the H3K4me levels and
therefore affect embryonic development.
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