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Abstract

Small-molecule inhibitors and microRNAs (miRNAs) are two newly emerging classes of tools for optimizing
induced pluripotent stem cell (iPSC) generation. We report here that sodium butyrate (NaB), a small-molecule
inhibitor of histone deacetylases (HDACs), upregulates transcriptional levels of the miR-302/367 cluster by
enhancing Oct4 transcriptional activity at the miR-302/367 cluster promoter. NaB does not affect the OCT4
DNA-binding domain; instead it enhances transactivity of the OCT4 transactivation domains. We elucidate that
OCT4 transcriptional activity is usually dampened by its associated HDACs in cells and can be derepressed by
NaB by impairing the interaction between Oct4 and HDACs, which leads to an elevated expression of the miR-
302/367 cluster. Our new findings suggest a novel molecular mechanism for NaB in promoting somatic cell
reprogramming via the miR-302/367 cluster.

Introduction

Induced pluripotent stem cells (iPSCs) are generated
from somatic cells by forced expression of defined tran-

scription factor (TF) combinations (i.e., Oct4, Sox2, Klf4,
and c-Myc, or Oct4, Sox2, Nanog, and Lin28), closely re-
sembling embryonic stem cells (ESCs). iPSCs hold great
potential in basic stem cell biology and regenerative medi-
cine (Lowry et al., 2008; Meissner et al., 2007; Park et al.,
2008; Takahashi et al., 2007; Yu et al., 2007). Because of the
oncogenic features of c-Myc and Klf4 and low efficiency
with slow kinetics for iPSC generation, many strategies have
been developed to reduce tumorigenesis or enhance repro-
gramming efficiency (Liao et al., 2011; Mali et al., 2010).

microRNAs (miRNAs) are 18- to 24-nucleotide single-
stranded RNAs that can degrade target mRNAs or repress
the translation of encoded proteins by binding to partially
complementary target sites (Bartel, 2004). Due to specific
modulation mechanisms, one miRNA may target hundreds
of target genes, resulting in the formation of complex reg-
ulatory feedback networks. Recently, miRNAs have been
found to enhance reprogramming efficiency (Anokye-Danso
et al., 2011; Miyoshi et al., 2011). Among these miRNAs,
the miRNA-302/367 cluster not only enhances reprogram-
ming efficiency and substitutes c-Myc in mouse embryonic

fibroblasts (MEFs), but also directly reprograms human so-
matic cells into iPSCs (Anokye-Danso et al., 2011; Lin et al.,
2011; Lipchina et al., 2012; Miyoshi et al., 2011). The miR-
302/367 cluster is a polycistronic miRNA that consists of five
mature miRNAs (i.e., miR-302b/c/a/d and miR-367), and
they are expressed primarily in pluripotent cell populations.

Small molecules such as the histone deacetylase (HDAC)
inhibitor sodium butyrate (NaB), transforming growth
factor-b (TGF-b signaling pathway inhibitor SB431542, and
MAP/extracellular signal–regulated kinase (ERK) (MEK)
signaling pathway inhibitor PD0325901 can enhance re-
programming with faster kinetics (Liang et al., 2010; Lin
et al., 2009; Mali et al., 2010; Zhang et al., 2011). Recently,
we reported a simple approach for generating human iPSCs
by using a single polycistronic retroviral vector expressing
four TFs, combined with a cocktail consisting of these three
small molecules (3-SM) (Zhang et al., 2011). The 3-SM
cocktail selectively promotes generation of fully repro-
gramed human iPSCs with higher efficiency and faster ki-
netics (Zhang et al., 2011). Interestingly, a previous report
showed that NaB reverts human ESCs and mouse epiblast
stem cells (EPiSCs) to an earlier developmental stage and
slows down differentiation of human (h) ESCs cultured in
conditioned medium (CM), as evidenced by a slower de-
cline in the miR-302/367 family (Ware et al., 2009). These
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reports implicate a potential relationship between NaB and
the miR-302/367 cluster in maintaining the ESC plur-
ipotency and reprogramming process. Indeed, we recently
found that a 3-SM cocktail or NaB alone upregulates the
expression of the miR-302/367 cluster and enhances gen-
eration of iPSCs from human fibroblasts. However, the
molecular mechanisms of how NaB regulates expression of
the miR-302/367 cluster remain largely unknown.

Here, we report that the 3-SM cocktail or NaB upregu-
lated the transcriptional level of the miR-302/367 cluster by
enhancing hOCT4 transcriptional activity in the miR-302/
367 promoter. We dissected three functional domains
of hOCT4 and identified the domains required for NaB or
3-SM to enhance hOCT4 transactivity. In addition, we
elucidated the molecular mechanisms by which NaB aug-
ments transactivation activity of hOCT4.

Materials and Methods

Cell culture

The primary human foreskin fibroblasts (HFFs) were pur-
chased from Millipore and cultured in FibroGROTM-LS
Complete Media. 293T cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) (high glucose) containing
10% fetal bovine serum (FBS). hiPSCs or hESCs were cultured
on MEF feeder cells (or BD gel) in conventional human ESC
culture medium [DMEM/F12, 20% knockout serum replace-
ment, 1% GlutaMAX, 1% nonessential amino acids, 1% pen-
icillin/streptomycin, 0.1 mM b-mercaptoethanol, and 20 ng/mL
basic fibroblast growth factor (bFGF)]. All cell culture products
were purchased from Invitrogen, except where mentioned.

iPSC generation using a retrovirus-mediated gene
delivery approach

The 293T cells were plated at 4 · 105 cells per well of a six-
well plate, cultured overnight, and then transfected with a
mixture of DNA containing 2.5 lg of pMig-OKSM (Zhang
et al., 2011) and 1.5lg of pCL-Ampho (IMGENEX) by Fu-
GENE HD (Promega), according to the manufacturer’s in-
structions. The supernatant of the transfected cells was
collected 24 h posttransfection and filtered through a 0.45- lm
pore-size filter. HFFs were seeded in a 12-well plate at 1 · 104

cells per well of 12-well plate at 1 day before transduction and
incubated with retrovirus-containing supernatant supplemented
with 5lg/mL Polybrene (Sigma), followed by centrifugation at
1000 · g for 30 min. Four days postinfection, infected cells
were split using 0.025% trypsin-EDTA and plated on MEF
feeders cultured in fibroblast medium. After 24 h, the medium
was switched to conventional human ESC medium as de-
scribed above and treated with a small-molecule cocktail
containing different combinations of 0.5 mM NaB (Sigma),
2 lM SB431542 (Stemgent), and 0.5 lM PD0325901 (Stem-
gent). Medium was changed every other day until induced
colonies were picked up based on human ESC colony mor-
phology at day 21 or were stained by alkaline phosphatase
in situ.

Alkaline phosphatase and immunofluorescence staining

iPSCs were fixed with 4% formaldehyde in phosphate-
buffered saline (PBS) for 10 min and stained using the

Alkaline Phosphatase Staining Kit (Stemgent), according
to the manufacturer’s instructions. For immunostaining,
the transfected cells were treated with NaB for 24 h and
then fixed in 4% paraformaldehyde for 20 min at room
temperature, washed three times with PBS, and blocked
for 30 min with 5% FBS containing 0.05% Triton X-100,
followed by primary and secondary antibody incubation.
Antibodies were diluted in 1% FBS containing 0.05%
Triton X-100. Anti-Oct4 and anti-Flag antibodies were
purchased from Stemgent and Thermo Fisher Scientific
Inc., respectively.

Gene expression analysis by qPCR

Total RNAs were extracted using Quick-RNATM Micro-
Prep Kit (Zymo Research). For real-time qPCR analysis of
individual mature miR-302/367 miRNAs, 500 ng of total
RNA was reversed-transcribed using the NCode� VILO�
miRNA cDNA Synthesis Kit (Invitrogen) and then followed
by qPCR analysis. Primers for qPCR analysis are included
in the Table S1. (Supplementary Data are available at www
.liebertpub.com/cell/).

Plasmid and plasmid constructs

Plasmid pGL3-miR-302/367-Luc was constructed by PCR
cloning. An approximately 1-kb region of the miR-302/367
promoter was inserted into KpnI and HindIII sites of the
pGL3-basic vector (Promega) by using standard molecular
techniques. To generate pGL3-miR-302/367(DOct4-RE)-
Luc, the Oct4-binding site in miR302/367 cluster promoter
was deleted by PCR in pGL3-miR-302/367-Luc. A pGL3-
(Oct4-RE)3-TATA-Luc plasmid was generated by cloning
the fragment consisting of the TATA-box and three copies of
Oct4-binding sites into XhoI and HindIII sites of the pGL3-
basic vector. Similarly, a Sox2-specific reporter (Sox2-RE)3-
TATA-Luc was generated by cloning the TATA-box and
three copies of Sox2 binding sites from the miR-302/367
cluster promoter into pGL3-basic vector. To generate
pVP16-Oct4 DBD, a DNA fragment containing the OCT4
DNA-binding domain was fused in-frame to the carboxyl
terminus of the VP16 activation domain in the pVP16 vec-
tor. Gal4-Oct4, Gal4-Oct4ND, Gal4-Oct4CD, and Gal4-
Oct4NCD plasmids were constructed by in-frame fusing of
full-length Oct4, the amino-terminal domain of Oct4, the
carboxy-terminal domain of OCT4, and both amino- and
carboxy-terminal domains to the carboxyl terminus of the
Gal4 DNA-binding domain in pM2 vector. A pFR-Luc re-
porter plasmid that contains five Gal4 binding sites was
purchased from Stratagene Inc. (La Jolla, CA, USA). Plas-
mids pMXs-Oct4, pMXs-Klf4, pMXs-Sox2, and pMXs-c-
Myc were obtained from Addgene (Boston, MA, USA).

Transient transfection and reporter assay

293T cells and HFFs were transfected by FuGENE HD
(Promega) and GeneIn (GlobalStem, Rockville, MD, USA),
respectively, according to their manufacturer’s protocols.
Briefly, 5 · 104 cells were seeded in 24-well plates and cul-
tured overnight. Cells at *80% confluence were transfected
by mixing the indicated amount of DNA described in the
figure legends. At 24 h after transfection, small molecules (as
indicated in figures) were added to the cell culture medium,
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and transfected cells were harvested 48 h later by adding
200 lL of Passive Lysis Buffer (Promega). Transfections and
reporter assays were performed in triplicate and were re-
peated independently twice. Luciferase activities of reporter
vectors were assayed with a Bright-Glo luciferase assay kit
(Promega) according to the provided instruction and were
normalized by b-galactosidase activity from the same cells
that were co-transfected with pCMV-LacZ as an internal
control. Luciferase activities were expressed as relative
luciferase/LacZ activities, normalized to those of control
transfections in each experiment. For immunofluorescence
staining, U2OS cells were plated on cover slides in six-well
plates, cultured overnight, and then transfected with 1 lg of
pMig-Oct4 and 1.0 lg of HDAC1/2-Flag using FuGENE HD
(Promega), according to the manufacturer’s instructions.

Co-immunoprecipitation and western blotting

293T cells were co-transfected with plasmids pMig-Oct4
and pCMV-HDAC1/2-Flag using FuGENE HD (Promega).
At 12 h after transfection, cells were treated with NaB and
then lysed in cell lysis buffer (50 mM Tris-HCl, pH 8.0,
150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 10% glyc-
erol with protease inhibitor mixture) for 30 min. Whole-cell
extracts were collected and incubated with anti-Oct4 or anti-
Flag antibodies to pull down Oct4 and HDAC1/2, respec-
tively. Protein complex by immunoprecipitation was eluted
and analyzed by western blot analysis using anti-Flag and
anti-Oct4 antibodies, respectively.

Results

NaB increases the transcriptional level of miR-302/367
miRNAs and positively regulates its promoter

Recently, we found that a small molecule cocktail con-
sisting of NaB, PD0325901, and SB431542 (3-SM cocktail)
promotes generation of fully reprogrammed iPSCs (Zhang
et al., 2011). As shown in Figure 1A, alkaline phosphatase
(AP)-positive cell colonies only appeared noticeably in
the groups treated with butyrate alone, a combination of
PD0325901 and SB431542, or butyrate together with
PD0325901 and SB431542, but not in groups without
treatment. These data suggest that NaB has a unique ability
to enhance reprogramming processes. By qPCR-based array
analysis, we recently found that miRNAs from the miR-302/
367 cluster were induced by more than five-fold with the
addition of a 3-SM cocktail (Zhang and Wu, 2013). By
qPCR analysis, we further found that NaB alone is sufficient
to increase expression of mature miRNA members (miR-
302a, b, and c) from the miR-302/367 cluster (Fig. 1B).
These mature miRNAs were not detectable in the control
group transduced with a pMig vector, even after treatment
with the 3-SM cocktail, suggesting that action of NaB on the
expression of these mature miRNAs is largely dependent on
TFs. Because human ESCs highly express four TFs, we
examined whether NaB induces expression of the miR-302/
367 cluster in these cells. Our qPCR analysis showed that
NaB treatment upregulates expression of five members of the
miR-302/367 cluster in a time-dependent manner (Fig. S1).

Previous studies have already shown that the miR-302/
367 cluster is regulated by the ESC core TFs Oct4 and Sox2
(Card et al., 2008). Thus, it is possible that NaB or the 3-SM

cocktail upregulates the transcriptional activity of the miR-
302/367 cluster promoter. To test this possibility, we con-
structed a luciferase reporter driven by the proximal pro-
moter region of the miR-302/367 cluster (Fig. 1C) and
performed a luciferase reporter assay by transfecting this
reporter (miR-302/367-Luc) into 293T cells and then treat-
ing them with small molecules. Our data showed that NaB,
not SB431542 or PD0325901 or both SB431542 and
PD0325901, enhances luciferase activity of the miR-302/
367-Luc reporter (Fig. 1D). These data are consistent with
the qPCR results (Fig. 1B).

Oct4 is required and sufficient for NaB to upregulate
the transcriptional activity of the miR-302/367
cluster promoter

According to previous studies, the miR-302/367 cluster is
a target of Oct4 and Sox2, and its promoter occupies re-
sponsive elements for both Oct4 and Sox2 (Card et al.,
2008). Therefore, we asked whether Oct4 or Sox2 or both
TFs are essential for NaB or the 3-SM cocktail to upregulate
the miR-302/367 promoter. To do so, we transfected 293T
cells with a miR-302/367-Luc reporter and different com-
binations of four TFs, followed by treatment with the 3-SM
cocktail (Fig. 1E), NaB (Fig. 1F), or no treatment. By
analysis of relative luciferase activity (Fig. 1E and 1F, left
panels) and its percentage of increase (Fig. 1E and F, right
panels), we found that elimination of Sox2 from the trans-
fected plasmid mixture dramatically decreased the baseline
activity of the miR302/367 cluster reporter (Fig. 1E, F), but
did not abolish the response of this reporter to NaB treat-
ment (Figure 1E, F, right panels). In contrast, exclusion of
Oct4 from the transfected plasmid combinations did not
significantly alter the baseline activity of the miR302/367
cluster reporter, but impaired the ability of NaB (Fig. 1E, F,
right panel) or the 3-SM cocktail (Fig. 1E, F, right panels) in
enhancing the transcriptional activity of the miR-302/367
cluster promoter. Together, these data suggest that Oct4 is
essential for NaB and 3-SM to upregulate transcriptional
level of miR-302/367 cluster.

Because it has been reported that Oct4 directly transac-
tivates the promoter of miR-302/367 cluster (Card et al.,
2008), we asked whether the deletion of Oct4-responsive
element (RE) in the promoter (Fig. 2A) would impair the
ability of the 3-SM cocktail or NaB in upregulating this
promoter. To address this question, we deleted Oct4-RE in
the promoter, and the resulting reporter was designated as
miR-302/367(DOct4-RE)-Luc. We transfected this new re-
porter with pMig-OKSM or pMig in 293T cells or HFFs,
and then treated them with 3-SM cocktail or NaB. In con-
trast to the result in Figure 1D, our data showed that deletion
of Oct4-RE abolished the ability of 3-SM cocktail or NaB in
enhancing transcriptional activity of the miR-302/367
cluster promoter in the cells (Fig. 2B). Thus, our data sug-
gest that Oct4 is a critical mediator for the action of the
3-SM cocktail and NaB on transcriptional regulation of the
miR-302/367 cluster (Fig. 2B).

To further prove that Oct4 is a key mediator for 3-SM
cocktail and NaB, we generated a Oct4-specific luciferase
reporter (Oct4-RE)3-TATA-Luc that contains a TATA-box
and three copies of Oct4-RE into a pGL3-basic vector (Fig.
2C). We transfected 293T cells or HFFs with this reporter
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and Oct4 or Sox2 expression plasmids, and then treated
the cells with or without the 3-SM cocktail or NaB (Fig.
2D). As expected, our data showed that expression of
Oct4 but not Sox2 alone increases the transcriptional
activity of the (Oct4-RE)3-TATALuc reporter (Fig. 2D).
The addition of NaB and 3-SM cocktail enhanced Oct4
transactivity by six-fold and three-fold in 293T and HFFs,
respectively (Fig. 2D). Furthermore, we created a Sox2-
specific luciferase reporter (Sox2-RE)3-TATA-Luc com-
prising a TATA-box and three copies of Sox2-RE (Fig.
S2A). By reporter assays, we showed that Sox2 but not
Oct4 could transactivate the (Sox2-RE)3-TATA-Luc re-
porter by 50-fold, but failed to further enhance luciferase
activity of this reporter after the treatment with NaB or
the 3-SM cocktail (Fig. S2B).

Taken together, our data demonstrated that NaB or the 3-
SM cocktail positively regulates transcriptional activity of
the miRNA-302/367 cluster promoter through enhancing
transactivity of Oct4 but not Sox2.

Oct4 transactivation domains but not DNA-binding
domains are required for butyrate to upregulate
the miR-302/367 cluster promoter

Our results indicated that Oct4 TF is essential for butyrate
or the 3-SM cocktail to upregulate the miR-302/367 pro-
moter (Figs. 1 and 2). Next, we asked whether specific
OCT4 domains are essential for butyrate or the 3-SM
cocktail to increase the transcriptional activity of miR-302/
367 cluster promoter. On the basis of previous studies (Lim
et al., 2009), human OCT4 (hOCT4) protein consists of
an amino-terminal domain [ND, amino acid (aa) 1–133],
a POU DNA-binding domain (DBD, aa 134–289), and a
carboxy-terminal domain (CD, aa 290–360) (Fig. 3A).
It was shown that hOCT4 ND and CD are the transactivation
domains, separated by a DBD (Brehm et al., 1997; Lim

et al., 2009). To examine whether NaB or the 3-SM cocktail
increases DNA-binding activity of hOCT4, we first fused
the hOCT4 DBD to the VP16 transactivation domain, des-
ignated as pVP16-hOCT4 DBD (Fig. 3A). By performing a
luciferase reporter assay using (Oct4-RE)3-TATA-Luc
reporter and pVP16-hOCT4 DBD or pVP16 (vector), we
found that NaB or the 3-SM cocktail does not affect the
transcriptional activity of VP16-hOCT4 DBD on this re-
porter (Fig. 3B). Thus, it is unlikely that NaB or the 3-SM
cocktail increases the DNA-binding activity of hOCT4. To
examine if the two transactivation domains (ND and CD) of
hOCT4 are important for the action of NaB and 3-SM
cocktail, we fused either one or both hOCT4 ND and CD to
the carboxyl terminus of the Gal4 DNA-binding domain
(Gal4 DBD, aa 1–147) to generate an array of constructs
with the same Gal4 DBD, but different hOCT4 domains
(Fig. 3C).

These chimeric TFs should transactivate the pFR-Luc
reporter plasmid because it contains five copies of Gal4-
binding sites in the upstream region of the transcription
start. After confirming the expression of different Gal4
DBD-hOCT4 fusion proteins by these constructs (data not
shown), we co-transfected their encoding plasmids with a
pFR-Luc reporter plasmid into 293T cells, then treated
them with NaB, 3-SM cocktail, or vehicle (control).
Consistent with previous reports (Brehm et al., 1997; Lim
et al., 2009), our data show that either hOCT4 ND or CD
was sufficient to activate transcription of the reporter
whereas both domains lead to a synergistic transactivation
activity (Fig. 3D, left panel). After treatment with NaB or
the 3-SM cocktail, transcriptional activity of the reporter
in the transfection groups with full-length or mutant
hOCT4 was significantly increased (Fig. 3D, right panel).
Interestingly, the mutants showed a much higher trans-
activation activity than full-length hOCT4 (Fig. 3D, left
panel), which is in agreement with the previous report

FIG. 1. NaB and the small-molecule cocktail enhances expression of the miR-302/367 cluster and regulates its promoter
in a TF-dependent manner. (A) AP staining of cell cultures 21 days after treatment with small molecules. Primary HFFs
were transduced with polycistronic retroviruses containing four TFs (pMig-OKSM), seeded at a density of 15,000 trans-
duced cells per well of 12-well plate, and then treated with different combinations of small molecules (NaB, 0.5 mM;
SB431542, 2 lM; PD0325901, 0.5 lM). Emerging colonies were stained by an AP staining kit. Ctr, control; SB, SB431542;
PD, PD0325901; pMig, retroviral vector. (B) qPCR analysis of mature miRNA members of the miR-302/367 cluster in
HFFs after treatment with different combinations of small molecules. HFFs were transduced with retroviruses containing
pMig-OKSM or pMig only, and then treated with indicated small molecules for 72 h. miRNA members (miR-302a, b, c)
were quantified by qPCR analysis. (*) p < 0.05, (**) p < 0.01. (C) The miR-302/367 promoter-driven luciferase reporter
(miR-302/367-Luc). The miR-302/367 promoter contains a TATA-box, two separate Sox2-binding sites, and a binary
response-element of Oct4. (D) The effects of the small molecules SB431542 and PD0325901 on upregulation of the pri-
miR-302/367 promoter. 293T cells were transfected with 100 ng of miR-302/367-Luc reporter, together with 350 ng of
pMig-OKSM (or pMig vector) and 50 ng of pCMV-LacZ and treated with or without individual small molecules (SB, PD,
and NaB) and cocktails containing two small molecules (SB and PD) or three small molecules (SB, PD, and NaB),
respectively. pCMV-LacZ was included in each transfection as an internal control. Relative luciferase activity was assayed
48 h after treatment and normalized by LacZ activity. Fold change in luciferase activity of miR-302/367-Luc reporter was
calculated to compare the effects of small molecule treatment with the no treatment groups (right panel). (**) p < 0.01. (E)
The requirement of individual TFs for the 3-SM cocktail in upregulating the pri-miR-302/367 promoter. 293T cells were
transfected with 400 ng of different combinations of indicated plasmids (pMig-Oct4/Klf4/Sox2/c-Myc), 100 ng of miR-302/
367-Luc reporter, and 50 ng of pCMV-LacZ. Transfected cells were then treated with or without 3-SM cocktail for 48 h.
Relative luciferase activity (left panel) and percentage increased in luciferase activity (right panel) of the miR-302/367-Luc
reporter (3-SM cocktail treatment vs. without treatment) were calculated. O, Oct4; K, Klf4; S, Sox2; M, c-Myc. (*) p < 0.05,
(**) p < 0.01. (F) The requirement of individual TFs for NaB in upregulating the pri-miR-302/367 promoter. 293T cells
were transfected with a similar combination of plasmids as described in E, and then treated with or without NaB for 48 h.
Relative luciferase activity (left panel) and percentage increased in luciferase activity (right panel) of the miR-302/367-Luc
reporter (NaB cocktail treatment vs. without treatment) were calculated the same as E. (*) p < 0.05, (**) p < 0.01.

‰
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(Brehm et al., 1997; Lim et al., 2009). Our data suggested
that hOCT4 DBD has an inherent inhibitory effect on
transactivation activity of hOCT4 and that NaB or the 3-
SM cocktail could enhance hOCT4 transactivity through
its ND and CD. Collectively, our data indicated that the
ND and CD of hOCT4 are essential for NaB and 3-SM
cocktail to activate the transcriptional activity of the miR-
302/367 cluster promoter.

NaB impairs the association and co-localization
between hOCT4 and HDACs

It is well known that histone acetylation influences the ac-
cessibility of DNA to the transcriptional machinery for gene
expression. Histone deacetylation is generally associated with a
closed chromatin state, and inhibitors of HDACs such as NaB
are employed to enhance nuclear reprogramming (Liang et al.,
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2010; Mali et al., 2010). Our data showed that NaB could
enhance hOCT4 transcription activity in the promoter of the
miR-302/367 cluster. Thus, it is possible that HDACs associate
with HDACs and thereby hinder the transcriptional activity of
hOCT4. To test this possibility, we co-transfected expression

plasmids for hOCT4 and Flag-tagged HDAC1/2 into 293T
cells and then treated them with NaB before performing co-
immunoprecipitation (co-IP). Our result showed that immu-
noprecipitation using anti-hOCT4 antibody could indeed pull
down HDAC1/2 (Fig. 4A, upper panel); and reciprocally,

FIG. 2. The important role of Oct4 for NaB in the regulation of the miR-302/367 promoter. (A) The miR-302/367
promoter-driven luciferase reporter [miR-302/367 (DOct4)-Luc] with a deletion of the Oct-binding site. (B) The require-
ment of the Oct4-binding site in the regulation of the miR-302/367 cluster promoter. 293T cells (left panel) or HFFs (right
panel) were transfected with 100 ng of miR-302/367(DOct4)-Luc, 350 ng of pMig-OKSM (or pMig vector), and 50 ng of
pCMV-LacZ. Transfected cell were then treated with or without the 3-SM cocktail or NaB, respectively, at 12 h after
transfection. pCMV-LacZ was included in each transfection as an internal control. Relative luciferase activity was assayed
48 h after treatment and normalized by LacZ activity. Fold change in luciferase activity were calculated (treatment vs.
without treatment). (C) An artificial luciferase reporter with a TATA-box and three copies of Oct4 binding sites, designated
as (Oct4-RE)3-TATA-Luc. (D) Effect of small molecules on transcriptional activity of Oct4. A 100-ng amount of (Oct4-
RE)3-TATA-Luc reporter plasmid was transfected together with 350 ng of Oct4 or Sox2 expression plasmids (or pMig
vector) and 50 ng of pCMV-LacZ into 293T cells (left panel) or HFFs (right panel). Transfected cells were treated with or
without the 3-SM cocktail or NaB for 48 h before measurement of luciferase and normalization by lacZ activity. Relative
luciferase activity was calculated (treatment vs. without treatment). (*) p < 0.05, (**) p < 0.01.
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HDAC1/2 also co-precipitates with OCT4 (Fig. 4A, lower
panel). Significantly, treatment with NaB impairs the asso-
ciation between OCT4 and HDAC1/2 (Fig. 4A, lower panel).
Next, we examined the localization of hOCT4 and HDAC1/2
by co-transfecting their expression plasmids into cells. Our

data showed that both hOCT4 and HDAC1/2 are localized in
the cell nucleus and they co-localized in cells when without
NaB treatment. Interestingly, HDAC1/2 was mainly re-
located to the cell nucleus membrane after NaB treatment
and failed to co-localize with hOCT4 in the center area of the

FIG. 3. Butyrate enhances transcriptional activity of Oct4 via transactivation domains. (A) Schematic structure of full-length
Oct4 and VP16-tagged Oct4 DNA-binding domain. Human Oct4 consists of 360 amino acids. Amino-terminal domain (ND),
DNA-binding domain (DBD), and carboxy-terminal domain (CD) are located in amino-terminal, middle, and carboxy-terminal
region of Oct4, respectively. Numbers indicate those of amino acid residues from the amino-terminal portion. The Oct4 DBD
was fused in-frame with VP16 (activation domain) by PCR, and the resulting construct was designated as pVP16-Oct4DBD.
Numbers indicate amino acid positions of Oct4. (B) Effect of NaB on the DNA-binding activity of Oct4. A 100-ng amount of
the (Oct4-RE)3-TATA-Luc reporter plasmid was transfected together with 350 ng of the pVP16-Oct4 DBD plasmid (or pVP16
vector) and 50 ng of pCMV-LacZ into 293T cells. Transfected cells were treated with or without 3-SM cocktail or NaB for 48 h
before luciferase activity was measured and normalized by LacZ activity. Fold change in luciferase activity (right panel) was
calculated (treatment vs. without treatment). (C) Schematic maps of Oct4 mutants fused to Gal4 DBD. Full-length Oct4 or
Oct4 mutants containing ND, CD, or both of ND and CD were fused in-frame to the carboxyl terminus of the Gal4 DBD in the
pM2 vector and designated as Gal4-Oct4, Gal4-Oct4-ND, Gal4-Oct4-CD, and Gal4-NCD, respectively. (D) Effect of small
molecules on the transcriptional activity of Oct4 mutants. 293T cells were transfected with 350 ng of Gal4-Oct4 mutants (or
pM2 vector), 100 ng of pFR-Luc consisting of five copies of Gal4-binding sites, and 50 ng of pCMV-LacZ. pCMV-LacZ was
included in each transfection as an internal control. Relative luciferase activity was assayed 48 h after transfection and
normalized by LacZ activity (left panel). Percentage increases in luciferase activity (right panel) were calculated by comparing
relative luciferase activity for full-length Oct4 or each Oct4 mutant (treatment vs. without treatment). (*) p < 0.05, (**) p < 0.01.
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cell nucleus (Fig. 4B). Furthermore, we transfected expres-
sion plasmids for HDAC1//2 and four reprogramming factors
into cells, which were then cultured in hESC medium for 7
days. We examined the localization of hOCT4 and HDAC1/
2 and found that our data are similar with the result in Figure
4B (Fig. S3). These results strongly suggest that the presence
of NaB interferes with the interaction of HDACs with
hOCT4, therefore releasing full transcriptional activity of

hOCT4 in the promoter of the miR-302/367 cluster and thus
enhances the transcriptional level of miR-302/367 (Fig. 4C).

Discussion

Recent evidence has shown that NaB maintains self-
renewal of mouse and human ESCs without the need for
feeder conditioning or recombinant growth factors (Ware
et al., 2009). Also, butyrate greatly enhances human iPSC
generation by promoting epigenetic remodeling and the
expression of pluripotency-associated genes (Liang et al.,
2010; Mali et al., 2010). These studies focused primarily on
the HDAC inhibitor’s feature of butyrate in the hESC self-
renewal and reprogramming process, but did not provide
complete insight into understanding the roles of NaB. Ware
et al. reported that butyrate exposure slows down the decline
of miR-302 family miRNAs in hESCs (Ware et al., 2009).
However, there are no studies showing that butyrate can
enhance the transcriptional level of the miR-302/367 cluster
in reprogramming process. This shows that butyrate upre-
gulates the transcriptional level of the miR-302/367 cluster
by relieving HDACs from hOCT4, thus it presents a novel
finding. The miR-302/367 cluster is a target of Oct4 and
Sox2, and its proximal promoter region occupies binary
consensus binding motifs for Oct4 and two separate binding
sites for Sox2 (Card et al., 2008).

Our current findings indicate that the 3-SM cocktail and
NaB upregulate expression of the miR-302/367 cluster by
enhancing hOCT4 transcriptional activity in its promoter,
suggesting that Oct4, but not Sox2, is a key regulator of the
miR-302/367 cluster. Notably, iPSCs have been generated
without Sox2 from melanocytes (Utikal et al., 2009) and
with Oct4 alone from adult neural stem cells (Kim et al.,
2009). Ding’s group has generated human iPSCs from
epidermal keratinocytes and cell types other than HFFs
using Oct4 plus SM cocktail consisting of four to six in-
hibitors (Zhu et al., 2010). So far, there are no reports
showing that an approach omitting Oct4 TF by replacing it
with other TFs or small molecules can generate iPSCs. This
further suggests that Oct4 is a key regulator in cellular
reprogramming.

As a key regulator for reprogramming and hESC self-
renewal, hOCT4 contains two transactivation domains and
a DNA-binding domain (Lim et al., 2009). The amino-
terminal domain of Oct4 is a constitutive activation domain
and the carboxy-terminal domain mediates cell-type specific
transcriptional activation (Brehm et al., 1997; Lim et al.,
2009). Our findings showing the synergistic activity of the
two transactivation domains and amino-terminal domain as
the main target of butyrate further support that the amino-
terminal domain is indeed the critical element (Brehm et al.,
1997). Interestingly, recent studies show that the Oct4-
centered protein interaction network plays critical roles in
regulating self-renewal and pluripotency of ESCs (van den
Berg et al., 2010), and HDACs are among these Oct4-
associated proteins that form NuRD (nucleosome remodel-
ing deacetylase) or NODE (Nanog and Oct4-associated
deacetylase) complexes in ESCs (Kaji et al., 2006; Liang
et al., 2008). Although these studies show that Oct4 asso-
ciates with HDACs, whether HDAC inhibitors such as bu-
tyrate affect the interaction of Oct4 with HDACs has not
been documented. Thus, our current findings that NaB

FIG. 4. NaB impairs the interaction between Oct4 and
HDAC1/2. (A) Co-immunoprecipitation of Oct4 and
HDAC1/2. 293T cells were co-transfected with Oct4
and HDAC1/2-Flag expression constructs, cultured over-
night, and then treated with NaB for 24 h or 48 h. Cells were
lysed, subjected to mmunoprecipitation, and analyzed by
western blotting analysis with indicated antibodies. (B) Co-
localization of Oct4 with HDAC1/2 in cells. U2OS cells
were co-transfected with Oct4 and HDAC1/2-Flag expres-
sion plasmids, cultured overnight, and then treated with NaB
for 24 h. Cells were fixed and processed for immunofluo-
rescence with anti-Oct4 (green) and anti-Flag (red) and were
counterstained with 4¢,6-diamidino-2-phenylindole (DAPI).
Scale bar, 5 lm. (C) Model for NaB’s action in the regu-
lation of the miR-302/367 cluster promoter. In the absence
of NaB, HDACs and HATs co-associate with Oct4 within
the Oct4-binding site in the miR-302/367 cluster promoter,
therefore suppressing its transcription. When NaB is pres-
ent, it will bind to HDACs and therefore result in dissoci-
ating HDACs from the Oct4–HATs complex, leading to
elevated transcription of the miR-302/367 cluster.
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impairs the interaction of Oct4 and HDACs present a novel
mechanism for butyrate in cellular reprogramming.

In summary, we report here that butyrate increases the
transcriptional level of the miR-302/367 cluster via en-
hancing transactivation activity of hOCT4 ND and CD in
the promoter of this cluster. These novel findings will
contribute to a broader understanding of molecular mecha-
nisms and functions of butyrate with regard to cellular re-
programming processes and self-renewal of pluripotent stem
cells.
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