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Abstract

In mammalian germ cells, meiotic commitment requires the expression of Stimulated by retinoic acid gene 8 (Stra8), which
is transcriptionally activated by retinoic acid (RA). However, little is known about the epigenetic mechanism by which RA
induces Stra8 expression. Utilizing a chromatin immunoprecipitation assay (ChlIP), we showed that RA increases histone
acetylation at the Stra8 promoter in murine embryonic stem cells (ESCs), a model for germ cell differentiation. Furthermore,
we explored whether two coregulators with histone acetyltransferase (HAT) activity, Creb-binding protein (CBP) and p300,
are involved in the activation of Stra8. The lentiviral ShRNA knockdown of endogenous CBP led to Stra8 repression, while
the overexpression of CBP enhanced Stra8 expression at both the mRNA and protein levels. ChIP analysis confirmed that
CBP is the crucial coactivator for RA-mediated Stra8 transcription and that it enhances the level of histone acetylation and
recruits RNA polymerase Il to establish transcriptionally active chromatin. Furthermore, shRNA of p300 enhanced Stra8
expression, and the overexpression of p300 reduced Stra8 expression, independently of its HAT activity. ChIP showed that
the knockdown of p300 significantly increased the level of CBP at the Stra8 promoter. These findings demonstrate that CBP
and p300 play distinct roles in RA-mediated Stra8 gene transcription.
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in the testis (after birth) [11], [12]. Despite the different timing of
the meiotic entry, male and female germ cells may share an
identical meiotic initiation pathway, in which RA induces Stra8
gene expression in premeiotic germ cells. Gene knockout studies
have demonstrated that Stra8 is required for meiotic initiation and
meiotic progression in germ cells of both sexes [13]. Although
most of these studies reinforce the importance of RA and Stra8 in
gametogenesis, it remains unclear how RA regulates Stra8
expression. Our previous studies showed that RA indirectly
enhances the expression of Stra8 and other germ cell genes
through the Smad pathway [14]. Because the Stra8 promoter has
two putative RA-response element sequences [15], RA can also act
directly on the Stra8 gene. Recent studies in F9 premeiotic germ
cells have shown that RA-induced Stra8 transcription is epigenet-
ically repressed by HDAC:s [16]. However, the precise mechanism
of histone acetylation in RA-mediated Stra8 expression is also
currently unclear.

Introduction

RA, an active metabolite of vitamin A, modulates various events
in cellular proliferation, differentiation, and development [1,2]. In
particular, the addition of RA to the culture medium could
establish and enhance the microenvironment that ESCs rely upon
for differentiation into germ cells [3-5]. RA induces differentiation
primarily by binding to specific nuclear hormone receptors
(retinoic acid receptors, or RARs), which form an obligatory
heterodimer with their paralogs, retinoid X receptors (RXRs).
These heterodimers bind RAREs (retinoic acid responsive
elements) in target genes in the nucleus [6], [7]. RAR-RXRs
contribute to the dynamic remodeling of local chromatin structure
at the level of target genes containing RAREs by recruiting
coregulator complexes with histone acetyltransferase (HAT) or
histone deacetylase (HDAC) activity, respectively, and thereby
activate or repress gene expression [8], [9].

Numerous studies have shown RA is the key molecular switch
that underpins the sex-specific timing of meiotic entry in
mammalian embryonic gonads, although RA may not be the
only inducer that controls Stra8 expression in the meiotic initiation
[10]. The onset of meiosis occurs earlier in the ovary (E13.5) than
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CBP and p300, which possess intrinsic HAT activity and form
the two-member KAT3 family of HATs, are known coregulators
of nuclear hormone receptors. These proteins can enhance
transcriptional activity either through their protein acetyltransfer-
ase activity or by acting as scaffold proteins to recruit other
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coregulators or components of the basal transcription machinery
[8], [17-19]. Moreover, sumoylated p300 was shown to repress
gene expression [20]. The high degree of homology between CBP
and p300 suggests that these proteins could, at least in part, be
functionally redundant. Indeed, it has been shown that CBP and
p300 perform some redundant functions. However, the pheno-
typic changes observed in knock-out mice indicate that CBP and
p300 have unique functions [21], [22]. Although in vitro studies
have demonstrated similar functions for CBP and p300 in most
cases, accumulating evidence has suggested that they have
different functions in vivo and that the expression of a specific
gene may preferentially require the activity of one protein rather
than the other [23-27]. In this study, we explored the individual
contributions that CBP and p300 make to RA-regulated Stra8
gene expression in the ESCs, a model for germ cell differentiation.
Our studies demonstrated that CBP serves as a coactivator in RA-
induced Stra8 transcription, while p300 represses Stra8 expression
through a mechanism independent of its HA'T activity.

Results

RA Increased Histone Acetylation at the Stra8 Promoter

The acetylation of core histone proteins is usually interpreted as
a marker of actively transcribed genes. To test whether the
acetylation status of histone proteins on Stra8 gene promoter
changes under RA treatment, we used a ChIP assay to measure
the levels of acetylation of histone H3 (AcH3) and histone H4
(AcH4) in the Stra8 promoter. Stra8 has two putative RAREs, all
located upstream of the transcription start site (Fig. 1A). For our
ChIP studies, we examined the RAREI and RAREZ2 regions.
Comparing with +LIF control, the withdrawal of LIF (—LIF) did
not significantly increase the levels of AcH3 and AcH4 at both
RARE1] and RAREZ2 regions. In contrast, by comparing ESCs
treated with 1 uM RA for 24 h (—LIF/+RA) with non-LIF-
treated cells (—LIF), we observed that RA significantly increases
the AcH3 level at both RARE] and RARE2 in the Stra8 gene, but
does not increase the AcH4 level at the two RARE:s regions. (Fig. 1,
B and C). These results indicated that RA induces high histone
acetylation at the Stra8 promoter.

CBP and p300 Differentially Regulate RA-induced Stra8
Gene Expression

To test whether two HATs, CBP and its paralog p300, are
involved in Stra8 gene activation, we knocked down CBP or p300
expression with shRNA lentiviruses. The cellular mRNA levels of
CBP and p300 were very significantly decreased in ESCs infected
with lentiviruses expressing CBP- and p300-targeted shRNAs,
respectively, compared to ESCs infected with control lentiviruses.
The protein levels of CBP and p300 protein levels were examined
with Western blot analysis, which also demonstrated dramatic
knockdown and confirmed the specificity of the respective shRNAs
and antibodies (Fig. 2A). As shown in Fig. 2 B and C, only
withdrawal of LIF did not increase the Stra8 expression. The
knockdown of CBP decreased the RA-induced levels of Stra8
mRNA and protein, whereas p300 depletion increased Stra8
expression. These results demonstrated that CBP and p300
regulate RA-induced Stra8 expression in different ways.

The HAT Activity of CBP, but not p300, is Important for
Stra8 Activation

To better characterize the roles of CBP and p300 in Stra8
regulation and further explore the potential involvement of CBP/
p300 HAT activity in the acetylation of the Stra8 promoter, we
compared the regulation of RA-induced Stra8 expression by wild
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type CBP and p300 and mutant CBP and p300 that lack
functional HAT domains. As shown in Fig. 3A, wild-type CBP can
increase RA-mediated Stra8 expression at both the mRNA and
protein levels, while an enzymatically deficient mutant of CBP
(CBP-LD) fails to do so. In contrast, both the wild-type and (HAT-
) mutant p300 dramatically decreased the expression levels of
Stra8 (Fig. 3B). This further demonstrated that CBP and p300 play
distinct roles in RA-induced Stra8 expression. Furthermore, these
results showed that the activation of Stra8 gene expression by CBP
requires its HAT activity.

RA Increased the Recruitment of CBP to Establish

Transcriptionally Active Chromatin on the Stra8 Promoter

To confirm that CBP is crucial for RA-mediated Stra8
transcription, we used a ChIP assay to examine the endogenous
occupancy of CBP, p300 and RNA polymerase II at the Stra8
promoter in the presence and absence of RA. As shown in Fig. 4A,
comparing with LIF-treated controls, the withdrawal of LIF did
not induce the recruitment of CBP, p300 or RNA polymerase II
on the both the RARE] and RARE2 regions. In contrast, RA
increased significantly the levels of CBP, p300 and RNA
polymerase II at RAREs of the Stra8 gene at 2 hours of treatment.

Having defined RA-induced histone acetylation and RNA
polymerase II recruitment at the promoter of Stra8 gene, we
examined the effects of CBP knockdown to determine the position
of CBP in the sequence of events leading to transcriptional
activation. CBP knockdown significantly reduced the RA-induced
increases in AcH3 acetylation and RNA polymerase II occupancy
at both the RARE] and RARE2 regions, and it also decreased the
AcH#4 level at the RAREL] region (Fig. 4B). Moreover, lentiviral-
mediated knockdown of p300 triggered a robust increase in CBP
occupancy of both the RARE] and RARE2 regions (Fig. 4C).
Thus, CBP is involved in acetylating histones at the Stra8 gene
promoter, promoting an open chromatin structure that facilitates
RNA polymerase II recruitment.

Discussion

Despite the essential roles of RA and Stra8 in mouse germ cell
development, it is not clear how RA activates Stra8 expression,
especially at the epigenetic level. Using mouse ESCs, a model for
germ cell differentiation, we demonstrated that RA increases
histone acetylation at the Stra8 promoter. Further, we found that
the histone acetylases CBP and p300 play distinct roles in Stra8
gene transcription. RA-signaling recruits CBP to the Stra8
promoter, which in turn enhances the level of AcH3 and AcH4,
recruits RNA polymerase II to establish transcriptionally active
chromatin, and activates Stra8 expression. In contrast, the
presence of p300 leads to the repression of Stra8.

Certain histone modifications, particularly the acetylation of
histone N-terminal tails, are correlated with the activation of gene
transcription. A recent study reported that oogenesis can be
induced in adult female mice by the HDAC inhibitor TSA,
indicating that histone acetylation status may dictate whether
germ cells can enter meiosis [28]. In the current study, greater
than 10-fold increases in the AcH3 levels at the Stra8 promoter
were observed upon RA treatment, and these changes did not
occur during LIF withdrawal alone (Fig. 1). In a previous study, we
found that taking away LIF does not change Stra8 promoter
activity in mouse ESCs compared with LIF treatment [14].
Consist with it, we observed that Stra8 expression peaked at
approximately 1000-fold higher than basal levels 24 h after RA
treatment, but there was no significant change in Stra8 expression
in ESCs when only LIF was withdrawn. These data suggest that
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Figure 1. Histone acetylation levels at the Stra8 promoter during the RA-induced differentiation of mouse ESCs. (A) Diagram of the
promoter of the Stra8 gene, measured in bp. (B) ChIP analysis of AcH3 and AcH4 occupancy on the RARET and RARE2 regions of the Stra8 promoter
in ESCs treated with +LIF, —LIF or —LIF/+RA- for 24 h. Isolated chromatin was immunoprecipitated with a nonspecific rabbit normal IgG as a control.
The input represents 10% of the material used for immunoprecipitation. (C) The AcH3 and AcH4 levels at the Stra8 promoter, as determined by ChIP
analysis in ESCs treated with +LIF, —LIF or —LIF/+RA- for 24 h. Data are means = SEM (n = 3). P<<0.05(*) vs. —LIF ESCs (One-way ANOVA with Turkey-

Kramer post hoc test).
doi:10.1371/journal.pone.0066076.g001

this increase in expression is associated with increases in histone
acetylation. Furthermore, ChIP analysis indicated that CBP is
recruited to the Stra8 promoter in response to RA (Fig. 4A), and
the decreases in AcH3 and AcH# levels at the Stra8 promoter after
CBP knockdown demonstrate that CBP is related to the histone
acetylation within the Stra8 promoter (Fig. 4B). Consistent with
this model, the activation of Stra8 expression by CBP is dependent
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on its HAT activity, as shown by comparing the effects of wild-
type CBP and its HAT mutant, CBP-LD (Fig. 3A). The level of
histone acetylation is regulated by HATs and HDAC:s. In previous
studies, the activation of the Stra8 promoter in premeiotic germ
cells was repressed by HDACs, and the HDAC inhibitor TSA can
maximize RA-induced Stra8 transcription [16]. Gene chip
analysis in F9 embryonic carcinoma cells revealed that Stra8 can
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Figure 2. The effects of CBP and p300 knockdown on RA-mediated Stra8 expression in mouse ESCs. (A) Real-time PCR and western blot
analysis to measure the mRNA and protein levels of CBP and p300 in control, CBP or p300 shRNA-infected ESCs. The mRNA expression levels were
normalized to Gapdh and presented as fold change over control set. Data are means * SEM (n = 3). P<<0.001(***) vs. control shRNA cultures (One-way
ANOVA with Turkey-Kramer post hoc test). Gapdh was used as a protein loading control. (B) Real-time PCR to analyze the Stra8 expression in control,
CBP or p300 shRNA-infected ESCs after treatment with +LIF, —LIF or —LIF/+RA for 24 h, as indicated. The mRNA expression levels were normalized to
Gapdh and presented as fold change over control shRNA (+LIF) set. Data are means *SEM (n=3). P<0.05(*) and P<<0.001(***) vs. control shRNA
cultures under RA treatment (One-way ANOVA with Turkey-Kramer post hoc test). (C) Western blot to analyze the protein levels of Stra8 in control,
CBP or p300 shRNA-infected ESCs following treatment with +LIF, —LIF or —LIF/4+RA for 24 h. Gapdh was used as a protein loading control.
doi:10.1371/journal.pone.0066076.9002

be positively regulated by either RA or TSA [29]. Thus, a
functional interaction between the protein acetylase CBP and a
TSA-sensitive pathway may be responsible for the bulk of RA-
induced Stra8 gene expression. Other investigators have also
observed that the CBP and deacetylases together mediate HIF-
responsive gene transcription [30].

Accumulating evidence in cell-based studies indicates that CBP
and p300 are not completely redundant but also have unique
roles. A genome-wide screen using ChIP-seq on T98G glioblas-
toma cells identified significant differences in the binding levels
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and targets of p300 and CBP [25]. In a microarray experiment,
p300 was found to be dominant over CBP in advanced prostate
cancer cells [24]. In another study, survivin gene expression was
activated by enhancing the interaction of B-catenin with CBP,
while interaction with p300 repressed its expression [23]. Using
lentiviral shRNA and ChIP analysis, our study presents strong
evidence that CBP and p300 have distinct functions in the
regulation of RA-mediated Stra8 transcription in mouse ESCs.
The shRNA depletion of endogenous CBP led to transcriptional
repression, while the overexpression of CBP enhanced Stra8
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Figure 3. The activation of the Stra8 gene by CBP requires its HAT activity, while p300 represses Stra8 expression through a HAT-
independent mechanism. (A) Real-time PCR and Western blot analysis of the expression of Stra8 in ESCs after transfection with pcDNA3R-CBP or
pcDNA3RB-CBP (LD) and treatment with RA for 24 h. (B) Real-time PCR and WB to analyze the Stra8 expression in ESCs after transfection with
pPcDNA3.1-p300 or pcDNA3.1-p300 (HAT-) and treatment with RA for 24 h. In Real-time PCR analysis of Figure 3, the mRNA expression levels were
normalized to Gapdh and presented as fold change over control set. Data are means = SEM (n=3). P<<0.01(**) and P<<0.001(***) vs. control ESCs

(One-way ANOVA with Turkey-Kramer post hoc test).
doi:10.1371/journal.pone.0066076.g003

expression at both the mRNA and protein levels (Fig. 2 and 3A).
ChIP analysis of the Stra8 gene in RA-treated cells after CBP
depletion showed that CBP is required for the high histone
acetylation and occupancy of RNA polymerase II at the Stra8
promoter (Fig. 4B). These results demonstrate that CBP may serve
as a coactivator in RA-induced Stra8 gene transcription. In
contrast, the knockdown of p300 enhances RA-mediated Stra8
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expression, and the overexpression of p300 reduces Stra8
expression through a mechanism independent of its HAT domain,
suggesting that p300-mediated Stra8 repression may not require
its HAT activity (Fig. 2 and 3B). The ChIP results also showed that
the knockdown of p300 significantly increased the level of CBP at
the Stra8 promoter (Fig. 4C). Previous studies concluded that
either CBP or p300 can bind RA-bound RARs via the AF2
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Figure 4. RA increases CBP occupancy at the Stra8 promoter with concomitant increase in histone acetylation and RNA polymerase
Il recruitment. (A) ChIP analysis of p300, CBP and Pol Il (RNA polymerase Il) occupancy of the Stra8 promoter in ESCs treated with +LIF, —LIF or
—LIF/+RA for 2 h. Data are means = SEM (n = 3). P<<0.05(*), P<<0.01(**) and P<<0.001(***) vs. —LIF ESCs (One-way ANOVA with Turkey-Kramer post
hoc test). (B) ChIP analysis was performed in control and CBP shRNA-infected ESCs treated with RA for 24 h. P<<0.05(*) vs. control shRNA cultures
(Student’s t-test). Data are means = SEM (n = 3). (C) ChIP analysis of CBP occupancy of the Stra8 promoter in control and p300 shRNA-infected ESCs
following treatment with —LIF/+RA for 1 h. Data are means *= SEM (n=3). P<<0.05(*) vs. control shRNA-infected ESCs using the CBP antibody
(Student’s t-test).

doi:10.1371/journal.pone.0066076.g004

domains of the RARs [18], [31], suggesting that these proteins
may compete for the RARs within the Stra8 promoter. A role for

which p300 may act to repress Stra8 gene transcription is still
unclear, a recent report suggests that the SUMO-1 modification of
p300 results in transcriptional suppression [20]. An indispensable
role of the SUMO-1 pathway in mammalian meiosis has also been

p300 as a corepressor of gene transcription would not be
unprecedented [20], [23], [32]. Although the mechanism by
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reported recently [33]. Further studies to explore how p300
represses RA-induced Stra8 expression and whether this activity is
associated with SUMO-1 modification are in progress.

Based on our results, we propose a model of the events
occurring during the RA-regulation of the Stra8 gene in a CBP-
dependent fashion. The RA-induced recruitment of CBP leads
to increases in AcH3 and AcH4 at the Stra8 promoter. RNA
polymerase II is recruited to the promoter, and transcription
ensues. However, when CBP is depleted, RA fails to induce
histone acetylation and the recruitment of RNA polymerase II,
inhibiting RA-induced Stra8 expression. Overall, the results of
this study show that RA induces histone acetylation at the Stra8
promoter. We further show that the HAT enzyme CBP plays
positive roles in RA-mediated chromatin remodeling of the
Stra8 gene, whereas the related protein p300 represses Stra8
expression through a HAT-independent activity. Given the wide
use of RA and the Stra8 gene as a pre-meiosis marker in
different germ cell differentiation strategies [3-5], understanding
the mechanism through which Stra8 activity is regulated by RA
has important implications for the derivation of gametes from
ESCs in vitro.

Materials and Methods

Mouse ESC Culture

Commercially available mESCs (E14.1) were provided by the
Cell Bank of Shanghai Institute for Biological Sciences, Chinese
Academy of Sciences [34]. Cells were cultured on plates coated
with 0.1% gelatin in high glucose Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) supplemented with 15% ES cell
qualified fetal bovine serum (Gibco), 1% penicillin and strepto-
mycin (Gibco), 2 mM L-glutamine (Gibco), 0.1 mM non-essential
amino acid (NEAA; Gibco), 0.1 mM 2-mercaptoethanol (Gibco)
and 1000 units/ml of LIF (Chemicon). For differentiation, cells
were maintained in culture media without LIF, and 1 pM RA
(Sigma) was added.

Knockdown of CBP or p300 in ESCs

Short hairpin RNA (shRNA) nucleotides corresponding to the
gene under investigation were cloned into the Agel and EcoRI sites
of the pLKO.1 RNAI plasmid. The shRNA oligonucleotides used
were as follows: CBP RNAi: 5'-TAA CTC TGG CCA TAG CTT
AAT-3’, p300 RNAi: 5'-CCC TGG ATT AAG TTT GAT AAA-
3’. To generate knockdown cells, ESCs were infected separately
with the shRNA lentivirus, and 1 pg/ml puromycin was added 48
hours after transfection [14]. Real-time PCR and western blot
were also used to determine the effectiveness of the CBP and p300
knockdowns.

Transient Plasmid Transfection

1x10° suspended ESCs per well in 6-well plates were
transfected with plasmids using the transfection reagent Genelx-
presso Max (Excellgen) in LIF medium, according to the
manufacturer’s instructions. At 24 h post-transfection, the cells
were treated with 1 pM RA for 24 h. For CBP overexpression,
0.1 png  pcDNA3B-FLAG-CBP-HA  (Addgene, 32908) or
pcDNAS3B-FLAG-CBP-LD-HA (HAT enzyme-dead mutant:
L1435A/D1436A, Addgene, 32906) plasmids were used. For
p300 overexpression, 1.0 g pcDNA3.1-p300 (Addgene, 23252) or
pcDNA3.1-p300 (HAT-) (HAT enzyme-dead mutant: H1415A/
E1423A/Y1424A/1.1428S/Y1430A/H1434A, Addgene, 23254)
plasmids were used.
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Reverse Transcription and Real-time PCR Analysis

Total RNA was isolated using the TRIzol reagent (Invitrogen)
following the manufacturer’s instructions. One microgram of RNA
from each sample was reverse-transcribed to cDNA using
PrimeScript'™ RT reagent kit (TaKaRa). cDNA was amplified
in a 20 pl reaction with the Takara Ex Taq PCR kit (TaKaRa).
PCR amplification was conducted on an automated Stratagene
Mx3000 QPCR system (Strata§ene). Relative gene expression
data were analyzed with the 27**CT method. The specificity of
the PCR was verified by both melting curve and gel analysis. The
following PCR primers were used: CBP forward 5'-GAC CGC
TTT GTT TAT ACC TGC-3" and reverse 5'-TCT TAT GGG
TGT GGC TCT TTG -3'; P300 forward 5'-GTT GCT ATG
GGA AAC AGT TAT GC -3’ and reverse 5'-TGT AGT TTG
AGG TTG GGA AGG -3'; Stra8 forward 5'- GAG GCC CAG
CAT ATG TCT AAC-3" and reverse 5'-GCT CTG GTT CCT
GGT TTA ATG-3'; Gapdh forward 5'-AGG TCG GTG TGA
ACG GAT TTG-3' and reverse 5'-TGT AGA CCA TGT AGT
TGA GGT CA-3".

Western Blot Analysis

Cultured cells were washed twice with cold PBS, harvested,
and lysed in RIPA buffer (1% Triton X-100, 0.5% sodium
deoxycholate, 0.1 mM PMSF, 0.1% sodium dodecyl sulfate
(SDS), 150 mM NaCl, 50 mM Tris (pH 7.4) with Halt"™
Protease Inhibitor Cocktails (Thermo)). The lysates were
centrifuged and protein concentrations of the supernatant were
estimated using the BCA protein assay kit (Pierce). Protein
samples (15 ng) were separated on 10% SDS-PAGE gels and
electroblotted onto PVDF membranes (Millipore). Primary
antibodies for CBP (A-22, 1:1000, Santa Cruz Biotechnology),
p300 (C-20, 1:1000, Santa Cruz Biotechnology), Stra8
(ab49602, 1:1000, Abcam), AcH4 (06-866, 1:1000, Millipore),
AcH3 (06-599, 1:3000, Millipore) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH, 1:1000, Santa Cruz Biotech-
nology) were incubated overnight at 4°C, followed by incuba-
tion with the appropriate  HRP (horseradish peroxidase)-
conjugated secondary antibodies. HRP was detected using the
SuperSignal West Pico Chemiluminescent Substrate (Pierce).

ChIP Assay

Cells (6x10% were crosslinked with 1% formaldehyde for
10 min, quenched with 125 mM glycine for 5 min, and sonicated
for 50 s (in repeated cycles of 10s on and 20 s off) using a
Bioruptor sonicator (Diagenode) kept at 4°C: to achieve fragments
that were 200-1000 bp in size. The samples were precleared with
protein G-agarose/salmon sperm DNA (Millipore) for 1 h at 4°C
followed by an overnight incubation at 4°C with the following
antibodies: 5 pg of CBP (A-22, Santa Cruz Biotechnology), 5 ug
of p300 (C-20, Santa Cruz Biotechnology), 2 ug RNA polymerase
II clone CTD4HS8 (Millipore), 10 ng of AcH4 (06-866, Millipore),
10 ug of AcH3 (06-599, Millipore) and 1 ug of normal rabbit/
mouse IgG (Millipore). The immune complexes were precipitated
with 60 pl G-agarose for 1 h. Then, the immunoprecipitates were
washed and eluted, and purified DNA was obtained. Ten percent
of the total genomic DNA from the nuclear extract was used as the
input. Purified immunoprecipitated DNA and input DNA were
used as a template for subsequent real-time PCR. ChIP primer sets
were checked for linear amplification and designed to amplify two
separate regions of the mouse Stra8 promoter [16]: RAREI
forward (5'-TGG CAT TGC CCT GGT TGA GGG G-3') and
reverse (5'-CAA CTT GCC ACA GGT TGC AAG AGG-3'),
spanning nucleotides —265 to —160; RARE2 forward (5'-GTG
ACA GGG CTG TGA TTG GTT CGC-3') and reverse (5'-CTC
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ACG ACT GCC CGT CGC AG-3'), spanning nucleotides —87
to +11.

Data Analysis

GraphPad Prism 4.0 (GraphPad Software) was used for data

analysis, and the data were calculated as the means = SEM for
three independent experiments. Comparisons between means
were performed by one-way analysis of variance (ANOVA) with
the Turkey-Kramer post hoc test for multiple (>2) groups or

References

1.

2.

o

Duester G (2008) Retinoic acid synthesis and signaling during early
organogenesis. Cell 134: 921-931.

Mark M, Ghyselinck NB, Chambon P (2009) Function of retinoic acid receptors
during embryonic development. Nucl Recept Signal 7: ¢002.

. Toyooka Y, Tsunckawa N, Akasu R, Noce T (2003) Embryonic stem cells can

form germ cells in vitro. Proc Natl Acad Sci U S A 100: 11457-11462.

. Nayernia K, Nolte J, Michelmann HW, Lee JH, Rathsack K, et al. (2006) In

vitro-differentiated embryonic stem cells give rise to male gametes that can
generate offspring mice. Dev Cell 11: 125-132.

. Geijsen N, Horoschak M, Kim K, Gribnau J, Eggan K, et al. (2004) Derivation

of embryonic germ cells and male gametes from embryonic stem cells. Nature

427: 148-154.

. Maden M (2007) Retinoic acid in the development, regeneration and

maintenance of the nervous system. Nat Rev Neurosci 8: 755-765.

. Mangelsdorf DJ, Evans RM (1995) The RXR heterodimers and orphan

receptors. Cell 83: 841-850.

. Glass CK, Rosenfeld MG (2000) The coregulator exchange in transcriptional

functions of nuclear receptors. Genes Dev 14: 121-141.

. Lee S, Lee B, Lee JW, Lee SK (2009) Retinoid signaling and neurogenin2

function are coupled for the specification of spinal motor neurons through a
chromatin modifier CBP. Neuron 62: 641-654.

. Kumar S, Chatzi C, Brade T, Cunningham TJ, Zhao X, et al. (2011) Sex-

specific timing of meiotic initiation is regulated by Cyp26bl independent of
retinoic acid signalling. Nat Commun 2: 151.

. Bowles J, Knight D, Smith C, Wilhelm D, Richman J, et al. (2006) Retinoid

signaling determines germ cell fate in mice. Science 312: 596-600.

. Koubova J, Menke DB, Zhou Q, Capel B, Griswold MD, et al. (2006) Retinoic

acid regulates sex-specific timing of meiotic initiation in mice. Proc Natl Acad

Sci U S A 103: 2474-2479.

. Baltus AE, Menke DB, Hu YC, Goodheart ML, Carpenter AE, et al. (2006) In

germ cells of mouse embryonic ovaries, the decision to enter meiosis precedes
premeiotic DNA replication. Nat Genet 38: 1430-1434.

. Chen W, Jia W, Wang K, Zhou Q, Leng Y, et al. (2012) Retinoic acid regulates

germ cell differentiation in mouse embryonic stem cells through a Smad-
dependent pathway. Biochem Biophys Res Commun 418: 571-577.

. Giuili G, Tomljenovic A, Labrecque N, Oulad-Abdelghani M, Rassoulzadegan

M, et al. (2002) Murine spermatogonial stem cells: targeted transgene expression
and purification in an active state. EMBO Rep 3: 753-759.

. Wang N, Tilly JL (2012) Epigenetic status determines germ cell meiotic

commitment in embryonic and postnatal mammalian gonads. Cell Cycle 9:
339-349.

Bannister AJ, Kouzarides T (1996) The CBP co-activator is a histone
acetyltransferase. Nature 384: 641-643.

. Chakravarti D, LaMorte VJ, Nelson MC, Nakajima T, Schulman IG, et al.

(1996) Role of CBP/P300 in nuclear receptor signalling. Nature 383: 99-103.

. Ogryzko VV, Schiltz RL, Russanova V, Howard BH, Nakatani Y (1996) The

transcriptional coactivators p300 and CBP are histone acetyltransferases. Cell

87: 953-959.

PLOS ONE | www.plosone.org

Distinct Roles for CBP and p300 on Stra8 Gene

Student’s i-test for comparing two means of independent samples.
Differences were considered to be significant at P<0.05(*),
P<0.01(*¥) and P<<0.001(***).

Author Contributions

Conceived and designed the experiments: WG TD JHK. Performed the
experiments: WC WW]J XXS. Analyzed the data: WC KW. Contributed
reagents/materials/analysis tools: SCZ. Wrote the paper: WC JHK.

20. Girdwood D, Bumpass D, Vaughan OA, Thain A, Anderson LA, et al. (2003)
P300 transcriptional repression is mediated by SUMO modification. Mol Cell
11: 1043-1054.

21. Rebel VI, Kung AL, Tanner EA, Yang H, Bronson RT, et al. (2002) Distinct
roles for CREB-binding protein and p300 in hematopoietic stem cell self-
renewal. Proc Natl Acad Sci U S A 99: 14789-14794.

22. Shikama N, Lutz W, Kretzschmar R, Sauter N, Roth JF, et al. (2003) Essential
function of p300 acetyltransferase activity in heart, lung and small intestine
formation. EMBO J 22: 5175-5185.

23. Ma H, Nguyen C, Lee KS, Kahn M (2005) Differential roles for the coactivators
CBP and p300 on TCF/beta-catenin-mediated survivin gene expression.
Oncogene 24: 3619-3631.

24. Ianculescu I, Wu DY, Siegmund KD, Stallcup MR (2012) Selective roles for
c¢AMP response element-binding protein binding protein and p300 protein as
coregulators for androgen-regulated gene expression in advanced prostate
cancer cells. ] Biol Chem 287: 4000-4013.

25. Ramos YF, Hestand MS, Verlaan M, Krabbendam E, Ariyurck Y, et al. (2010)
Genome-wide assessment of differential roles for p300 and CBP in transcription
regulation. Nucleic Acids Res 38: 5396-5408.

26. Kawasaki H, Eckner R, Yao TP, Taira K, Chiu R, et al. (1998) Distinct roles of
the co-activators p300 and CBP in retinoic-acid-induced F9-cell differentiation.
Nature 393: 284-289.

27. Miyabayashi T, Teo JL, Yamamoto M, McMillan M, Nguyen C, et al. (2007)
‘Wnt/beta-catenin/ CBP signaling maintains long-term murine embryonic stem
cell pluripotency. Proc Natl Acad Sci U S A 104: 5668-5673.

28. Johnson J, Bagley J, Skaznik-Wikiel M, Lee HJ, Adams GB, et al. (2005) Oocyte
generation in adult mammalian ovaries by putative germ cells in bone marrow
and peripheral blood. Cell 122: 303-315.

29. Sangster-Guity N, Yu LM, McCormick P (2004) Molecular profiling of
embryonal carcinoma cells following retinoic acid or histone deacetylase
inhibitor treatment. Cancer Biol Ther 3: 1109-1120.

30. Kasper LH, Boussouar F, Boyd K, Xu W, Biesen M, et al. (2005) Two
transactivation mechanisms cooperate for the bulk of HIF-1-responsive gene
expression. EMBO ] 24: 3846-3858.

31. Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, et al. (1996) A CBP
integrator complex mediates transcriptional activation and AP-1 inhibition by
nuclear receptors. Cell 85: 403-414.

32. Baluchamy S, Rajabi HN, Thimmapaya R, Navaraj A, Thimmapaya B (2003)
Repression of ¢-Myc and inhibition of G1 exit in cells conditionally
overexpressing p300 that is not dependent on its histone acetyltransferase
activity. Proc Natl Acad Sci U S A 100: 9524-9529.

33. Wang ZB, Ou XH, Tong JS, Li S, Wei L, et al. (2010) The SUMO pathway
functions in mouse oocyte maturation. Cell Cycle 9: 2640-2646.

34. Kuhn R, Rajewsky K, Muller W (1991). Generation and analysis of interleukin-4
deficient mice. Science 254: 707-710.

June 2013 | Volume 8 | Issue 6 | 66076



