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Introduction
Histone 3 lysine 9 acetylation (H3K9ac) is involved in development of eukaryotic organisms, and ordered H3K9 deacetylation and individual histone deacetylase (HDAC) are essential during embryogenesis. However, the change patterns of
H3K9ac in development of zebraﬁsh (Danio rerio) embryo
have not been reported yet. Although single HDAC has been
studied, the dynamic change of HDAC proﬁle in zebraﬁsh
embryo development is still unclear. In this study, zebraﬁsh
embryos were collected at various times after fertilization
and the level of K9-acetylated H3 (H3K9ac) and the expression proﬁles of HDAC1, HDAC3, HDAC4 and HDAC6
were evaluated. The results showed that in zebraﬁsh embryo
development, H3K9ac content signiﬁcantly decreased, especially at 48 h postfertilization (hpf). The expression proﬁles of HDAC1, HDAC3, HDAC4 and HDAC6 changed
during embryo development, and, moreover, the change in
HDAC3 expression was opposite to the change in level of
H3K9ac. The level of HDAC3 protein conﬁrmed the expression changes, indicating that HDAC3 may play a role in
H3K9 deacetylation at 48 hpf. These ﬁndings revealed the
change patterns of H3K9ac and HDACs in zebraﬁsh embryo
development, and suggested that H3K9 deacetylation and
HDAC3 might be more important in the middle stages than
other stages of zebraﬁsh embryo development.
Dynamic programmes of gene expression are required
for normal development, and histone modiﬁcations as epigenetic mechanisms of regulation of gene expression have
been investigated in the last few years (Puppin et al. 2011;
Paradowska et al. 2012). Posttranslational modiﬁcations of
histones are emerging as an important step in transcriptional regulation of eukaryotic genes. Particularly important
is acetylation of speciﬁc lysine residues in the N-terminal
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portion of histone proteins (Li et al. 2004). Histone acetylation occurs at lysine residues and at positions that are
conserved in eukaryotes, especially for histones H3 and
H4 (Ekwall 2005). Kratz et al. (2010) found that histone
3 lysine 9 acetylation (H3K9ac) is generally associated
with transcription initiation and unfolded chromatin, thereby
positively inﬂuencing gene expression. H3K9ac has been
reported to be enriched in embryonic stem cells and may be
a member of pluripotency (Hezroni et al. 2011). Embryonic
stem cell differentiation and oocyte maturation are accompanied by reduced H3K9ac (Krejcí et al. 2009; Huang et al.
2012).
Histone acetylation is regulated by the opposing histone
acetyltransferase (HAT) and histone deacetylase (HDAC)
enzymes. Although histone acetylation is important for transcriptional activation, removal of acetyl groups by HDACs
is equally important for gene transcription regulation (Lin
and Dent 2006). The HDAC superfamily is vast and ancient,
dating back to prokaryotes (Haberland et al. 2009). The
most studied HDACs are HDAC1, HDAC3, HDAC4 and
HDAC6. As HDACs are highly conserved in many organisms, their basic functions can be investigated using less
complex and experimentally tractable model organisms such
as zebraﬁsh (Ekwall 2005; Haberland et al. 2009; Sivasubbu
et al. 2013).
Lin and Dent (2006) reported that ordered H3K9 deacetylation and HDACs are required during embryogenesis.
Embryonic development depends on HDAC1, which has
a ubiquitous pattern of synthesis (Pillai et al. 2004; Noël
et al. 2008; Harrison et al. 2011). HDAC3 is essential for
proper development of many body systems (Farooq et al.
2008; Bhaskara et al. 2010; Feng et al. 2011; Sun et al.
2011). Stage-speciﬁc expression of HDAC4 is seen during
mouse and zebraﬁsh development (Vega et al. 2004; Zhu
et al. 2012). HDAC6 is a key regulator of cytoskeleton, cell migration and cell–cell interactions (Dallavalle
et al. 2012; Liu et al. 2012). Although individual HDACs
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have been studied in zebraﬁsh, the expression proﬁles of
HDAC1, HDAC3, HDAC4 and HDAC6 in zebraﬁsh embryo
development and the question of which HDAC plays a
more decisive role in H3K9 deacetylation have not been
clariﬁed.
In this study, zebraﬁsh embryos were collected at 24 hpf,
48 hpf and 72 hpf. The level of H3K9ac and the expression proﬁles of HDAC1, HDAC3, HDAC4 and HDAC6
during embryo development were investigated with confocal microscopy, Western blotting and reverse transcription
polymerase chain reaction (RT-PCR).

Materials and methods
Zebraﬁsh

Adult zebraﬁsh were obtained from the Department of Laboratory Animal Sciences, Hebei Medical University, China,
and maintained according to standard husbandry protocols
(Lawrence 2007; Jia et al. 2012). Adult ﬁsh were fed brine
shrimp twice daily. Temperature (28±0.5◦ C), pH (7.0±0.5),
and light cycle (14 h light / 10 h dark) were electronically
controlled and remotely monitored. The night before breeding day, a bafﬂe was placed to separate male and female
zebraﬁsh. The following morning, fertilized eggs were harvested and incubated in sterile breeding system water at
28◦ C. Embryos were collected at 24, 48 and 72 hpf and used
for further detection.

Laser confocal microscopy detection

Zebraﬁsh embryos were ﬁxed in 4% paraformaldehyde,
washed with phosphate buffer saline (PBS), and incubated
with 1% Triton X-100 for 30 min at room temperature. Then,
after washing with PBS, they were blocked with 10% goat
serum for 1 h and incubated with the primary antibody (antiH3K9ac, Cell Signaling Technology, Shanghai, China; antiwhole HDAC3, GeneTex, Irvine, USA). After again washing
with PBS, the embryos were incubated with the secondary

antibody (FITC-conjugated secondary antibody, Zhongshan,
China) for 30 min at 37◦ C. After incubation with 4 , 6diamidino-2-phenylindole (DAPI) for 10 min, the embryos
were placed on a microscope slide and images were taken
with a laser confocal scanning microscope (Olympus, Tokyo,
Japan). Controls (PBS instead of the ﬁrst antibody) were
used.

Reverse transcription polymerase chain reaction

Levels of mRNA of HDAC1, HDAC3, HDAC4 and HDAC6
were quantiﬁed by RT-PCR. Total RNA was isolated using
Trizol reagent (Takara, Dalian, China) and reverse transcribed into cDNA using RevertAid First Strand cDNA synthesis kit (Fermentas, Shenzhen, China), followed by PCR
ampliﬁcation using speciﬁc primers (table 1). PCR conditions were 94◦ C for 5 min, followed by 94◦ C for 30 s, annealing temperature (table 1) for 30 s, and 72◦ C for 1 min for a
total of 28 cycles, and ﬁnally 72◦ C for 5 min. The ampliﬁed
DNA was visualized by electrophoresis on 1.5% agarose gel.
Actin primers were used as internal standard.

Western blotting

Levels of histone H3, H3K9ac and HDAC3 were determined by Western blotting, using the protocol previously
described (Li et al. 2010). Brieﬂy, zebraﬁsh embryos were
lysed in lysis buffer (RIPA, Solarbio, Beijing, China) to
extract whole protein. Protein content was determined by
NanoDrop-1000 (Thermo Scientiﬁc, Shanghai, China). Then,
samples were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to a polyvinylidene ﬂuoride membrane (Millipore, Shanghai, China). After the
membrane was blocked with 5% skimmed milk in PBS,
anti-H3 (Cell Signaling Technology, Shanghai, China), antiH3K9ac (Cell Signaling Technology), anti-HDAC3 antibodies (GeneTex, Irvine, USA) or anti-beta-actin (Cell Signaling
Technology) were used. Band intensity was quantiﬁed and
calculated.

Table 1. Primers used for PCR detection.
Primers
HDAC1: sense
Antisense
HDAC3: sense
Antisense
HDAC4: sense
Antisense
HDAC6: sense
Antisense
Actin: sense
Antisense
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Annealing
Product
temperature (◦ C) size (bp)

5 TAGCACATAACTTTACTGTCCCATC 3
5 ACAACCACTGAACTCTGGAATAATC 3
5 TCAAGATACACAGGTGCCTCATTAC 3
5 TCTGGTCATCAATGCCATCTCG 3
5 CTCTGCTAAGGAGGAAGGACGGACC 3
5 GAGAGTGTTGTGAGCCGAGCCGC 3
5 GTCCCGTTGTCATCGGATACCAG 3
5 TCCTCTGAGTTTGGGAAGAATGC 3
5 TTCACCACCACAGCCGAAAGAG 3
5 ACCGCAAGATTCCATACCCAGG 3
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Statistical analysis

Statistical analysis of the data was performed using SPSS
software (IBM, Armonk, USA) and the results are presented
as means ± SD. The experiments were repeated twice. Oneway analysis of variance (ANOVA) was used to ﬁnd differences, and multiple comparisons were conducted using Dunnett’s test, and signiﬁcant differences identiﬁed at P < 0.05.

Results
H3K9ac decreased with zebraﬁsh embryo development

H3K9ac was detected by confocal microscopy and quantiﬁed by Western blotting. H3K9ac was widespread through
the embryo at 24 hpf, hardly detected at 48 hpf, and concentrated in the tail at 72 hpf (ﬁgure 1). The results were
conﬁrmed by Western blotting and the ratio of H3K9AC to
H3 was calculated to reﬂect the relative level of H3K9ac

(ﬁgure 2). H3K9ac level was signiﬁcantly lower at 48 hpf
and 72 hpf (P < 0.01), then at 24 hpf (P < 0.05). At 72 hpf,
H3K9ac was signiﬁcantly higher (P < 0.05) than at 48 hpf.
The results demonstrate that H3K9ac decreased during
zebraﬁsh embryo development, especially at 48 hpf.
Expression proﬁle of HDAC genes in zebraﬁsh embryo
development

Expression of HDAC1, HDAC3, HDAC4 and HDAC6 genes
was evaluated by RT-PCR (ﬁgure 3, A&B). HDAC3 expression was higher at 48 hpf than at 24 hpf and HDAC1 expression was signiﬁcantly lower at 72 hpf (P < 0.05). Expression of HDAC1 and HDAC3 was lower and that of HDAC6
higher at 72 hpf than at 48 hpf (P < 0.05). The results also
show that HDAC1 expression was high at 24 hpf and 48 hpf,
but decreased at 72 hpf. Expression of HDAC3 increased
at 48 hpf and decreased at 72 hpf. There was little difference in HDAC4 expression, and expression of HDAC6

Figure 1. H3K9ac content detected by confocal assay. (A) H3K9ac was widespread
through the embryo at 24 hpf, hardly detected at 48 hpf, and concentrated in the tail at
72 hpf. (B) Negative controls for H3K9ac. No staining was seen in all groups.
Journal of Genetics, Vol. 93, No. 2, August 2014

541

Yanning Li et al.

Figure 2. H3K9ac content detected by Western blotting. Ratio of
H3K9ac to H3 was calculated to reﬂect the relative content of
H3K9ac. **P < 0.01 or *P < 0.05 versus 24 hpf; # P < 0.05 versus
48 hpf. Experiments were repeated twice with two samples.

signiﬁcantly increased at 72 hpf. The differential changes
in expression of HDAC genes indicate their distinct roles
in zebraﬁsh embryo development. Only the changes in
HDAC3 expression were opposite to changes in levels of
H3K9ac.

HDAC3 enzyme level is higher at 48 hpf in zebraﬁsh embryo

The HDAC3 expression results were conﬁrmed by Western
blotting and the ratio of HDAC3 enzyme to actin was calculated to reﬂect relative content of HDAC3 (ﬁgure 3C).
HDAC3 was signiﬁcantly higher at 48 hpf (P < 0.01) than at
24 hpf, and signiﬁcantly lower at 72 hpf (P < 0.01) than at
48 hpf. The distribution of HDAC3 was revealed by confocal microscopy. As shown in ﬁgure 4, conspicuous HDAC3
expanded through the embryo at 48 hpf, while little HDAC3
was seen at 24 hpf and 72 hpf. The results prove that HDAC3
levels is signiﬁcantly higher at 48 hpf, in accordance with
expression changes of its gene.

Discussion
Zebraﬁsh is now emerging as a model organism in genetics
and developmental biology research (Chatterjee and Lufkin
2012; Jia et al. 2012; Yang et al. 2013). Histone acetylation processes and HDACs are conserved among species and
the patterns of changes in them in zebraﬁsh will help clarify
their role in development. H3K9ac levels have been reported
to be high in embryonic stem cells and decrease of H3K9ac
level is closely related to differentiation (Krejcí et al. 2009;
Hezroni et al. 2011). In this study, we found that H3K9ac
content was high at 24 hpf, but hardly detected at 48 hpf
542

Figure 3. HDAC expression and HDAC3 content. Expressions of
HDAC1, HDAC3, HDAC4 and HDAC6 were evaluated by RT-PCR
(A) and calculated (B). (C) HDAC3 content detected by Western
blotting. Ratio of HDAC3 to actin was calculated to reﬂect the
relative content of HDAC3. **P < 0.01 or *P < 0.05 versus 24 hpf;
## P < .01 or # P < 0.05 versus 48 hpf. Experiments were repeated
twice.

and signiﬁcantly decreased at 72 hpf. The results demonstrated that H3K9ac decreased during zebraﬁsh embryo
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Figure 4. HDAC3 content detected by confocal assay. (A) As illustrated, HDAC3
was hardly seen at 24 hpf and 72 hpf, but conspicuously increased at 48 hpf.
(B) Negative controls for HDAC3. No staining was seen in all the groups.

developmental stages and that H3K9 deacetylation might be
more important during the middle stages of zebraﬁsh embryo
development.
Ordered H3K9 deacetylation and HDAC enzymes are
required during embryogenesis (Kageyama et al. 2006; Lin
and Dent 2006).
We have shown here that the expression proﬁles of
HDAC1, HDAC3, HDAC4 and HDAC6 change differentially
during zebrzﬁsh embryo development, HDAC1 expression
was unaltered at 24 hpf and 48 hpf, but decreased at 72
hpf, indicating its role in early and middle development.
HDAC3 expression increased at 48 hpf but then decreased at
72 hpf. These changes in HDAC3 expression are consistent
with a study of zebraﬁsh heart development, which showed
that the heart starts development at 36 hpf and is completed around 55 hpf (Kim et al. 2012). Zebraﬁsh HDAC4
has been reported to be ubiquitously distributed in various
tissues (Zhu et al. 2012), the present study, revealed
no signiﬁcant change in HDAC4 expression during the

developmental stages. HDAC6 expression increased
markedly at 72 hpf, suggesting its role in late development.
These data reveal the patterns of changes of expression of
HDACs genes in zebraﬁsh embryo development. Only the
changes in HDAC3 expression were opposite to changes
in level of H3K9ac. Levels of HDAC3 enzyme conﬁrmed
the expression changes, indicating a more decisive role of
HDAC3 in H3K9 deacetylation.
In conclusion, the pattern of changes of H3K9ac and
HDACs in zebraﬁsh embryo development have been shown,
and the results suggest that HDAC3 might be more important in the middle stages of zebraﬁsh embryo middle
development.
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