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Abstract

Hexamethylene bisacetamide inducible protein 1 (HEXIM1) is best known as the inhibitor of positive transcription
elongation factor b (P-TEFb), which is composed of cyclin-dependent kinase 9 (CDK9)/cyclin T1. P-TEFb is an
essential regulator for the transcriptional elongation by RNA polymerase Il. A genome-wide study using human
embryonic stem cells shows that most mRNA synthesis is regulated at the stage of transcription elongation,
suggesting a possible role for P-TEFb/HEXIM1 in the gene regulation of stem cells. In this report, we detected a
marked increase in HEXIM1 protein levels in the differentiated human pluripotent stem cells (hPSCs) induced by
LY294002 treatment. Since no changes in CDK9 and cyclin T1 were observed in the LY294002-treated cells,
increased levels of HEXIM1 might lead to inhibition of P-TEFb activity. However, treatment with a potent P-TEFb
inhibiting compound, flavopiridol, failed to induce hPSC differentiation, ruling out the possible requirement for P-TEFb
kinase activity in hPSC differentiation. Conversely, differentiation was observed when hPSCs were incubated with
hexamethylene bisacetamide, a HEXIM1 inducing reagent. The involvement of HEXIM1 in the regulation of hPSCs
was further supported when overexpression of HEXIM1 concomitantly induced hPSC differentiation. Collectively, our
study demonstrates a novel role of HEXIM1 in regulating hPSC fate through a P-TEFb-independent pathway.
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Introduction

Pluripotent stem cells (PSCs) such as human embryonic
stem cells (hESCs) [1,2] and induced pluripotent stem (iPS)
cells [3,4] have enormous potential for regenerative medicine
because of their ability to proliferate indefinitely and to
differentiate into all three germ layers under appropriate
conditions. These include lineage-specific cell types, such as
cardiomyocytes [5-7], insulin-producing cells [8,9], and neural-
like cells [10-12]. Concurrently, significant efforts have been
spent focusing on the mechanisms and pathways regulating
hPSC self-renewal and directed differentiation.

Positive transcription elongation factor b (P-TEFb), a protein
complex composed of cyclin-dependent kinase 9 (CDK9) and a
cyclin partner, with cyclin T1 being the predominant CDK9-
associated cyclin, plays a crucial role in the regulation of RNA
polymerase Il (Pol Il) transcription elongation [13-15].
Treatment of P-TEFb inhibiting compounds, such as
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flavopiridol, blocks RNA Pol Il at the pre-elongation phase and
inhibits most of MRNA synthesis in cells [16—-19]. This
observation clearly demonstrates that transcription of most
cellular genes is regulated at the elongation stage, which is
controlled by P-TEFb. Genome-wide analyses of Drosophila
and hESCs reveal that many genes required for differentiation
and development are regulated at the stage of transcription
elongation, affirming the importance of P-TEFb in regulation of
gene expression [20-23].

In cells, the activity of P-TEFb is tightly regulated by its
inhibitor, hexamethylene bisacetamide inducible protein 1
(HEXIM1). Two P-TEFb protein complexes are found in cells.
The small, active complex consists of CDK9 and cyclin T1. The
large, inactive P-TEFb complex is formed when the small P-
TEFb complex associates with HEXIM1 and a small nuclear
RNA (snRNA) [24-27]. HEXIM1 was first identified from
vascular smooth muscle cells treated with hexamethylene
bisacetamide = (HMBA), a proliferation-inhibiting  and
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differentiation-inducing compound. Treatment of HMBA led to
increases in both mRNA and protein levels of HEXIM1 [28-30].
HEXIM1 functions as a P-TEFb inhibitor and the mechanism of
P-TEFb inhibition by HEXIM1 has been revealed. HEXIM1 first
forms a homodimer via its C-terminus, and then the homodimer
associates with 7SK snRNA, resulting in a conformational
change and exposing its C-terminal domain for CDK9/cyclin T1
binding. Once binding to HEXIM1-7SK snRNA complexes, the
kinase activity of P-TEFb is inhibited [17,25,31]. About 50% of
P-TEFb is found to associate with HEXIM1 in cells, suggesting
the importance of HEXIM1 in the regulation of P-TEFb [25].
Besides P-TEFb, other HEXIM1 binding proteins were
identified, including MyoD, histone deacetylases, importin
alpha, HDM2, nucleophosmin (NPM), p53, estrogen receptor
alpha (ERa), NF-kB, and glucocorticoid receptor (GR) [32-39].
Some of the HEXIM1 binding proteins, such as HDM2 and
NPM, regulate P-TEFb activity through the modulation of
HEXIM1 proteins [34,35]. On the other hand, HEXIM1 can
affect the functions of its binding proteins in the P-TEFb-
dependent (such as ERa) or -independent (such as GR)
manners [36,38].

In this study, we show that treatment with HMBA induces
hPSC differentiation and increases the protein levels of
HEXIM1. However, no signs of differentiation were detected
when hPSCs were incubated with a potent P-TEFb-inhibiting
compound, flavopiridol. Overexpression of HEXIM1 induced
differentiation even when these cells were cultured in
pluripotent conditions. Taking together, our results demonstrate
a novel role of HEXIM1 in the regulation of hPSC pluripotency
through a P-TEFb-independent mechanism.

Materials and Methods

Cell culture and western blotting

The human embryonic stem cell lines, HES-2 and HES-3,
were obtained from ES Cell International and cultured on
Matrigel [Becton, Dickinson and Company (BD)] in conditioned
medium (CM) containing fibroblast growth factor-2 (FGF-2)
(Invitrogen). The CM was obtained from immortalized mouse
feeders as previously described [40,41]. Induced pluripotent
stem cells (iPS-IMR90), derived from lung fibroblasts, were
kindly provided by Dr. James Thomson [4]. The iPS cells were
cultured as per the hESC culture, with the exception that 100
ng/ml of FGF-2 was supplemented to the CM [4]. To induce
differentiation, cells were harvested as clumps and cultured as
embryoid bodies (EB) for a week in EB medium [80% KO-
DMEM, 20% fetal bovine serum, 1% MEM non-essential amino
acids, 1mM L-glutamine, 1% penicillin-streptomycin,
(Invitrogen) and 0.1 mM B-mercaptoethanol (Sigma-Aldrich)] on
non-adherent suspension culture plates (Life Sciences). The
EBs were then dissociated with trypsin, and plated on
gelatinized tissue culture dishes in EB medium for another 2
weeks prior analysis [42]. Western blotting was performed
according to standard protocols. Anti-actin, -CDK9, -cyclin T1,
and -OCT3/4 antibodies were purchased from Santa Cruz
Biotechnology. The anti-HEXIM1 antibody was kindly provided
by Dr. Olivier Bensaude [25].
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Compound treatment

HES-3 cells were treated with 20 yM LY294002 (Cell
Singaling Technology) for 7 population doublings (PDs, 1 PD =
~24hrs) in the presence of FGF-2 as previously described [43].
0.2% dimethylsulfoxide (DMSQO) was used as vehicle control.
Treated cells were dissociated using trypsin and lysed for
western blotting. HMBA and flavopiridol were purchased from
Sigma and dissolved in ethanol and DMSO, respectively. To
examine the influence of HMBA and flavopiridol on the
expression of pluripotent markers, cells were seeded onto 6-
well dishes and allowed to adhere for 24 hrs, followed by
HMBA and flavopiridol incubation at the indicated
concentrations. The final concentrations of DMSO and ethanol
in the cell culture were kept at 0.2 and 1%, respective. Cells
were then further cultured for 7 PDs and harvested for flow
cytometry.

Fluorescence-activated cell sorting (FACS) analysis

To determine the effects of flavopiridol and HMBA on the
pluripotency of hPSCs, the compound-treated HES-2, HES-3,
and iPS cells were trypsinized and incubated with an indicated
antibody, including anti-OCT3/4, anti-Tra-1-60 (Millipore), and
anti-PODXL [42]. Cells were then incubated with a FITC-
conjugated secondary antibody (Dako) and analyzed on a
FACSCalibur™ (BD). The FlowJo software (Tree Star, Inc.)
was utilized for data processing.

Generation of HEXIM-1-overexpressing cell line

The coding region of HEXIM1 was amplified by polymerase
chain reaction (PCR) using the pcDNA6-HEXIM1 vector as the
template [35,44]. The amplified DNA fragment was subcloned
into a pCHEF-1 vector to generate the HEXIM1 expression
plasmid, pCHEF-1-HEXIM1, in which the expression of
HEXIM1 was driven by Chinese hamster elongation
factor-1alpha (CHEF-1) promoter [35,44]. HES-3 cells were
cultured in a 12-well plate and transfected with 2.4ug/well of
pCHEF-1-HEXIM1 using Lipofectamine 2000 according to
manufacturer’'s instruction (Invitrogen). Two days post-
transfection, cells were subject to 10 pg/ml of blasticidin
antibiotic (Invitrogen) selection daily for 5 PDs. The blasticidin
resistant cells were either harvested for western blotting to
confirm HEXIM1 overexpression or were cultured with
continuous blasticidin selection and scaled up over 3 passages
before being harvested for cell sorting.

The HEXIM1-overexpressing cells were harvested using
TrypLE™ Express (Invitrogen). Surface antigens were labeled
with an anti-Tra-1-60 antibody, followed by incubation with a
FITC-conjugated fluorescent secondary antibody. Prior to
sorting, the cells were filtered through cell strainer caps (40um
mesh) (BD) to obtain a single cell suspension (approximately
5x108 cells/ml). The stained cells were analyzed and sorted
into two distinct cell populations, Tra-1-60 positive and
Tra-1-60 negative, on a fluorescence-activated cell sorter
FACSAriall (BD) using FACSDiva software (BD). Dead cells
were identified and eliminated by propidium iodide staining.
The Tra-1-60 positive populations were determined according
to fluorescence in the green channel as compared with a
negative control which lacked the primary antibody. The two
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sorted cell populations were then individually analyzed by
quantitative real-time polymerase chain reaction (QRT-PCR) to
examine the expression of HEXIM1 and marker genes of three
germ layers.

QRT-PCR

Total RNA was extracted from the cells using the Nucleospin
RNA II kit (Macherey-Nagel) according to the manufacturer’s
protocol. Reverse transcription was carried out with 0.16 ug of
total RNA (for HMBA-treated cells) and 1 pg of total RNA (for
HEXIM1-transfected cells and LY294002-treated cells) using
M-MLV Reverse Transcriptase (Promega). QRT-PCR analysis
was performed using an ABI PRISM 7500 Sequence Detection
System and SYBR green PCR Master Mix (Applied
Biosystems). Primers used are listed in Table S1. Fold
induction was calculated relative to expression of 18S rRNA or
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using
the AACt method [45].

Results

Expression of CDK9, cyclin T1, and HEXIM1 in the
pluripotent and differentiated hPSCs

It has been shown that many cellular genes required for
hESC differentiation are regulated at the stage of transcription
elongation, which is controlled by P-TEFb/HEXIM1 [20]. To
investigate the possible involvement of P-TEFb/HEXIM1 in
hPSC pluripotency and differentiation, we examined the protein
levels of HEXIM1, cyclin T1, and CDK9 in HES-3 hPSC,
HES-3-derived EBs, and LY294002-treated HES-3 cells.
LY294002, a phosphoinositide 3-kinases inhibitor and a
differentiation-inducing compound [46], was used to
differentiate HES-3 cells, as shown in our previous study [43].
As shown in Figure 1, expression of OCT3/4, a pluripotent
marker of stem cells, was only detected in HES-3 but not in the
other two differentiated cells [47]. Compared to HES-3 cells,
decreased levels of HEXIM1, cyclin T1, and CDK9 proteins
were observed in HES-3 EBs (Figure 1). A significant higher
level of HEXIM1 was detected in LY294002-treated-HES-3
cells than that in HES-3 cells (Figure 1). However, similar
expression levels of cyclin T1 and CDK9 were detected
between HES-3 and LY294002-treated-HES-3 cells (Figure 1).
We further examined the effect of LY294002 on the
transcription of HEXIM1 by QRT-PCR. Treatment with
LY294002 only resulted in a 20% increase in the HEXIM1
mRNA, suggesting that LY294002 might regulate HEXIM1 at
translational stage, and not at transcriptional level (data not
shown).

Inhibition of P-TEFb does not induce hPSC
differentiation

Decreases in cyclin T1/CDK9 in HES-3 EBs and increases in
HEXIM1, a P-TEFb inhibitor, in LY294002-treated HES-3 cells
suggested that lower kinase activity of P-TEFb might be
required for hPSC differentiation (Figure 1). To assess the
possible involvement of P-TEFb, HES-3 cells were incubated
with flavopiridol, a selective and potent P-TEFb inhibiting
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Figure 1. Differential protein expression of CDK9, cyclin
T1, and HEXIM1 in pluripotent and differentiated
hPSCs. Cell lysates prepared from HES-3, HES-3-derived EB,
and LY294002-treated HES-3 cells were analyzed by western
blotting. OCT3/4 is a pluripotent marker and actin is used as a
loading control.

doi: 10.1371/journal.pone.0072823.g001

compound with K; (inhibitor constant) below 3 nM [16,18]. The
expression of pluripotent markers for hPSCs, including
OCT3/4, PODXL, and Tra-1-60, were analyzed by flow
cytometry. No signs of differentiation were detected when cells
were incubated with 0.1 pyM or lower concentrations of
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flavopiridol (Figure 2A and data not shown). At higher
concentrations (0.3 pM), flavopiridol was found to be toxic to
cells leading to significant cell death (data not shown). This
result was expected since it had been shown that 60-70% of
total MRNA synthesis was inhibited in HeLa cells when treated
with 0.3 pM flavopiridol for only one hour [18]. Massive cell
death were usually observed when cells were treated with
0.3-1 pM flavopiridol, while incubation with 0.1 yM or lower
concentrations of flavopiridol exhibited little or no cytotoxic
effects [18,48]. Inhibition of P-TEFb-dependent genes, Pbx1
and Mcl-1 [34], was detected in HES-3 cells treated with 0.1
uM flavopiridol, indicating effective inhibition of P-TEFb activity
under this condition (Figure 2B). Taken together, these results
suggest that the kinase activity of P-TEFb is essential for
viability of hPSCs but may not be a critical factor for inducing
hPSC differentiation.

Induction of hPSC differentiation by HMIBA

Since P-TEFb activity may not be required for differentiation
of hPSCs (Figure 2), it is possible that HEXIM1 may exert its
own effects through a P-TEFb-independent mechanism. To
induce the expression of HEXIM1, we treated HES-3 cells with
HMBA, a HEXIM1 inducing compound [37], and examined its
effects on the cells. No significant influence on differentiation of
HES-3 cells was observed when cells were treated with 1 or 3
mM HMBA (Figure 3A). However, when the concentrations of
HMBA were increased to 5 and 10 mM HMBA, significant
decreases in the expression of pluripotent markers, including
OCT3/4, PODXL, and Tra-1-60, were detected (Figure 3A). To
confirm the action of HMBA, we examined the HEXIM1 levels
in the HMBA-treated cells by QRT-PCR and western blotting.
Gradient increases in HEXIM1 mRNA and protein levels were
detected as the concentrations of HMBA increased (Figure 3B
and C). Although the elevated expression of HEXIM1 was
detected at 1 and 3 mM HMBA ftreatment, no signs of
differentiation were observed (Figure 3). Decreases in OCT3/4
proteins were only detected when 5 mM or higher amounts of
HMBA were used (Figure 3C). Changes in morphology of
hPSCs were only observed when cells were incubated with
high doses of HMBA. Cell treated with 5 mM of HMBA
displayed a more differentiated morphology, evidenced by the
appearance of the cystic-like regions (Figure S1).

To further assess if the effect of HMBA on hPSC
differentiation was cell-specific, we incubated two other hPSC
lines, HES-2 and iPS-IMR90, with HMBA. As shown in Figure
S2A, the effect of treatment with 5 and 10 mM HMBA resulted
in differentiation of HES-2 and iPS-IMR90 cells comparable to
HES-3 cells. Up-regulation of HEXIM1 and down-regulation of
OCT3/4 proteins in the HMBA-treated cells were also
confirmed by western blot analyses (Figure S2B).

HMBA induces lineage-specific differentiation of hPSC
Lineage commitment of the HMBA-induced hPSC
differentiation was investigated next. As shown in Figure 4,
HES-3 cells were treated with HMBA at the indicated
concentrations and the expression of specific gene markers
from each germ layer was analyzed by QRT-PCR. The action
of HMBA was first confirmed by the repression of pluripotent
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Figure 2. Treatment of flavopiridol does not induce

differentiation of hPSC. (A) HES-3 cells were incubated with
0.1 uM flavopiridol for 7 PDs and the expression of pluripotent
markers, OCT3/4, PODXL, Tra-1-60, were measured by flow
cytometry. The shaded histograms represent staining with the
negative control and open histograms represent staining with
anti-OCT3/4, -PODXL, and -Tra-1-60 antibodies, respectively.
Cells treated with 0.2% DMSO were used as the vehicle control
for flavopiridol treatment. (B) HES-3 cells were incubated with
0.1 uM flavopiridol overnight and the expression of P-TEFb-
dependent genes, Pbx1 and Mcl-1, was examined by QRT-
PCR.

doi: 10.1371/journal.pone.0072823.g002
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Figure 3. Treatment of HMBA increases expression of

HEXIM1 and induces differentiation in HES-3 cells. (A)
HES-3 cells were incubated with 1, 3, 5, or 10 mM HMBA for 7
PDs, followed by FACS analysis. Percentages of cells
expressing pluripotent markers, including OCT3/4, PODXL,
and Tra-1-60, were indicated (i.e. open histograms). Cells
treated with 1% ethanol were used as the vehicle control. (B)
HEXIM1 mRNA levels of the HMBA-treated HES-3 cells were
measured by QRT-PCR. (C) HEXIM1 and OCT3/4 protein
levels of the HMBA-treated HES-3 cells were examined by
western blotting. Actin was used as a loading control.

doi: 10.1371/journal.pone.0072823.g003

genes, NANOG and OCT3/4 (Figure 4A). NANOG and OCT3/4
were completely repressed when cells were treated with 5 or
10 mM HMBA (Figure 4A). HMBA treatment did not up-regulate
the expression of endodermal markers, alphafoetoprotein
(AFP) or GATA4 (Figure 4B) [49,50]. However, up-regulation of
mesodermal genes, including type Il collagen (Col2A1), insulin-
like growth factor 2 (IGF2), and a-cardiac muscle actin
(ACTC1), was detected under HMBA treatment [51-53].
Col2A1 was most sensitive to HMBA. A 10-fold increase in
Col2A1 mRNA was observed at 1 mM HMBA and the
activation of Col2A1 reached the highest level (>50-fold) when
treated with 5 mM HMBA (Figure 4C). Induction of IGF2 and
ACTC1 was only detected when cells were incubated with 5 or
10 mM HMBA (Figure 4C). High concentrations of HMBA (i.e.
10 mM) also stimulated ectodermal differentiation as indicated
by activation of msh homeobox 1 (MS X1), paired box 6
(PAX6), and SRY (sex determining region Y)-box 1 (SOX1),

PLOS ONE | www.plosone.org

Differentiation of hPSCs by HEXIM1

Pluripotent genes Endodermic genes

NANOG AFP

12

1.0

08 5
04

02

00

10 0 1 5 10

Fold change
Fold change
s

0 1

3 3
HMBA (mM) HMBA (mM)

ocTae GATAS

1.0
08
04
02
00

0 1 3 5 10
HMBA (mM) HMBA (mM)

Fold change

Fold change
-

Ectodermic genes
msx1

(o4 Mesodermic genes D
Cotzat

Fold change
8
Fold change
®

° 1 3 3
HMBA(mM) HMBA(mM)

1GF2

5
. *
3] x

24

1 *

0

0 1 3 5 10 0 1 3 5 10
HMBA (mM) HMBA (mM)

Fold change

Fold change
canuana~

ACTCH

PO |

0 1 10

Fold change
6 4 m u &

3
HMBA (mM)

Fig.4

Figure 4. Treatment of HMBA differentiates hPSCs into
mesoderm-ectoderm lineages. HES-3 cells were incubated
with 1, 3, 5 or 10 mM HMBA for 7 PDs. RNAs prepared from
the treated cells were analyzed by QRT-PCR to determine the
expression of (A) pluripotent (NANOG and OCT3/4), (B)
endodermal (AFP and GATA4), (C) mesodermal (Col2A1,
IGF2, and ACTC1), and (D) ectodermal genes (MSX1, PAX6,
and SOX1). Results were reproducible, and data from one
experiment are presented. Error bars indicate the standard
deviations between ftriplicates. *P<0.05 versus control.

doi: 10.1371/journal.pone.0072823.9004

three ectodermal markers [54-56]. Collectively, our results
demonstrate that HMBA directs hPSCs differentiating towards
the mesoderm-ectoderm lineage.

The effects of LY294002 on lineage commitment in HES-3
cells was also investigated and similar results were observed.
Activity of LY294002 was first confirmed by the repression of
pluripotent genes (Figure S3A). Treatment with LY294002
potently inhibited endodermal marker genes (Figure S3B) but
exhibited diverse effects of mesodermal and ectodermal
markers (Figure S3C and D). We noticed that both HMBA and
LY294002 treatments failed to induce endodermal
differentiation in our study.
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Overexpression of HEXIM1 induces hPSC
differentiation

Results from the treatment of HMBA suggested a possible
involvement of HEXIM1 in hPSC differentiation. To investigate
if HEXIM1 up-regulation had a causative role in hPSC
differentiation, we overexpressed HEXIM1 in HES-3 cells using
a HEXIM1 expression plasmid.

HES-3 cells transfected with an empty vector were used as
the negative control. Cells used for the HEXIM1
overexpression assays were cultured in pluripotent conditions.
Differentiation was assessed based on the expression of the
pluripotent genes, PODXL and Tra-1-60, as determined by flow
cytometry. In the control cells, about 10% of cells were
observed to spontaneously differentiate (Figure 5A, Control).
This was in contrast to 50% in the HEXIM-1-transfected HES-3
cells (Figure 5A, HEXIM1). Based on the expression of
Tra-1-60, two distinct populations of HES-3 cells, Tra-negative
and Tra-positive corresponding to differentiated and
undifferentiated cells, were observed (Figure 5A). We sorted
these two distinct groups and analyzed the expression of
HEXIM1 by QRT-PCR. An 8-fold increase in the HEXIM1
mRNA level was detected in the Tra-negative HES-3 cells,
compared to a 3-fold increase of HEXIM1 in the Tra-positive
population (Figure 5B).

Next, we went on to determine the lineage commitment of
differentiated HEXIM1-induced hPSC. Sorted Tra-negative and
Tra-positive populations of the HEXIM1-transfected HES-3
cells were interrogated for expression of marker genes from the
different germ layers. The expression patterns of HEXIM1 and
pluripotent marker genes in the differentiated HEXIM1-
overexpressing HES-3 cells were first confirmed by QRT-PCR
(Figure 6A and data not shown). Up-regulation of the marker
genes from all three germ layers was observed in the HEXIM1-
transfected/Tra-negative HES-3, suggesting that there was no
restriction to specific lineage commitment in HEXIM1-
overexpressing cells (Figure 6B-D). This further demonstrated
the importance of HEXIM1 in governing the regulatory
mechanism of hPSC differentiation. Taken together, these
results suggest that HEXIM1 may function as an inducer of
hPSC differentiation when its expression surpasses a certain
threshold level.

Discussion

HEXIM1 functions as a P-TEFb inhibitor when associating
with 7SK snRNA. The 7SK snRNA-bound HEXIM1 binds to P-
TEFb through the interaction with cyclin T1, resulting in
suppressing the kinase activity of P-TEFb [25,57]. In addition to
cyclin T1, other HEXIM1 binding proteins have been reported
[32-38]. We previously identified NPM, HDM2, and p53 as
HEXIM1 binding proteins [34,35,39]. Overexpression of NPM
led to proteasome-mediated degradation of HEXIM1.
Furthermore, the cytoplasmic mutant of NPM, NPMc+, was
found to associate with and sequester a portion of HEXIM1 in
the cytoplasm and thus stimulated RNA Pol |l transcription [34].
Significant lower protein levels of HEXIM1 and NPM were
observed in the acute myeloid leukemia cell line with NPMc+
mutant [58]. We also showed that HDM2, a p53-specific E3
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Figure 5. Overexpression of HEXIM1 induces

differentiation of hPSCs. (A) HES-3 cells were transiently
transfected with a HEXIM1 expression plasmid, and selected
using blasticidin for HEXIM1-transfected cells. Expression of
POXDL and TRA-1-60 in the HEXIM1-transfected cells was
determined by FACS analysis. (B) The TRA-1-60 negative and
TRA-1-60 positive HEXIM1-transfected HES-3 cells (i.e.
HEXIM1 Tra pos. and HEXIM1 Tra neg, respectively) were
sorted and the expression of HEXIM1 in both populations was
examined by QRT-PCR. Cells transfected with an empty vector
were used as a control.

doi: 10.1371/journal.pone.0072823.g005

ubiquitin ligase, ubiquitinated HEXIM1. However, the HDM2-
induced ubiquitination of HEXIM1 does not lead to proteasome-
mediated protein degradation of HEXIM1, but enhances the
inhibitory effects of HEXIM1 on the P-TEFb-dependent
transcription [35]. Recently, we identified HEXIM1 as a positive
regulator of p53. HEXIM1 inhibits ubiquitination and
degradation of p53 mediated by HDM2, and therefore,
enhances the protein stability of p53 [39].

HEXIM1 regulates the functions of its binding proteins
through the P-TEFb-dependent and -independent mechanisms.
Cyclin T1 and HEXIM1 are identified as the ERa binding
proteins, and both proteins bind to the same activation domain
of ERa [36,59]. Cyclin T1 functions as an activator of ERa,
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Figure 6. High-level expression of HEXIM1 up-regulates
the marker genes of three germ layers in hPSCs. HES-3
cells were transiently transfected with a HEXIM1 expression
plasmid, followed by antibiotic selection for the HEXIM1-
transfected cells. The differentiated and undifferentiated
populations of the HEXIM1-transfected HES-3 cells were
sorted by FACS analysis using an anti-TRA-1-60 antibody. The
mRNAs prepared from the TRA-1-60 positive and negative
HEXIM1-transfected HES-3 cells (i.e. HEXIM1 Tra pos. and
HEXIM1 Tra neg, respectively) were analyzed by QRT-PCR to
determine the expression of (A) pluripotent (NANOG and
OCT3/4), (B) endodermal (AFP and GATA4), (C) mesodermal
(Col2A1, IGF2, and ACTC1), and (D) ectodermal genes
(MSX1, PAX6, and SOX1). Results were reproducible, and
data from one experiment are presented. Error bars indicate
the standard deviations between ftriplicates. *P<0.05 versus
control.

doi: 10.1371/journal.pone.0072823.g006

while the activity of ERa is inhibited when associated with
HEXIM1 [36]. HEXIM1 may compete with cyclin T1 for binding
to ERa, and therefore, the transcriptional activity of ERa is
modulated by HEXIM1 through a P-TEFb-dependent
mechanism [36]. In addition, HEXIM1 has been shown to
negatively regulate the GR-mediated transcription through the
protein—protein interaction with GR. However, HEXIM1 forms a
distinct complex with GR in the absence of 7SK RNA, CDK9,
and cyclin T1, indicating that the inhibition of GR by HEXIM1 is
P-TEFb-independent [38].

Here we observed distinct expression patterns of CDK9,
cyclin T1, and HEXIM1 proteins between pluripotent and
differentiated hPSCs, suggesting a potential role of P-TEFb
and/or HEXIM1 in the regulation of hPSCs (Figure 1). No sign
of differentiation was detected when HES-3 cells were
incubated with flavopiridol, a potent P-TEFb inhibiting
compound (Figure 2A). Although the negative results were
obtained, we still could not rule out the possible requirement of
P-TEFb for hPSC differentiation. P-TEFb has been shown to
regulate the transcription of most cellular genes, which include
the ones required for hPSC pluripotency/differentiation as well
as the fundamental cellular functions [18-22]. This could help
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to explain why severe cytotoxicity was detected when cell were
incubated with high doses of flavopiridol. We later
demonstrated that treatment of HMBA and overexpression of
HEXIM1 induced the differentiation of hPSCs (Figures 3-6).
Taken together, we conclude that the HEXIM1 mediates hPSC
differentiation through a P-TEFb-independent pathway.

HMBA is a hybrid bipolar compound that induces terminal
differentiation in transformed cells in culture [29,30]. We found
that treatment of HMBA stimulated differentiation of multiple
hPSC lines, accompanied with the increased levels of HEXIM1
(Figures 3 and S2). It was noted that hPSC differentiation was
induced only when treated with high concentrations of HMIBA
(i.e. 5 or 10 mM) (Figure 3). Elevated protein levels of HEXIM1
were observed at lower amounts of HMBA (i.e. 1 or 3 mM).
However, under these conditions, no significant changes in the
pluripotent status of hPSCs were detected (Figure 3). This
observation suggests that expression levels of HEXIM1 may
need to surpass a certain “threshold” to initiate the
differentiation of hPSCs. This hypothesis was supported by
HEXIM1 overexpression assays. Compared to the control,
ectopic expression of HEXIM1 significantly increased the
population of differentiated HES-3 cells (Figure 5A). Notably,
overexpression of HEXIM1 did not guarantee absolute
commitment to differentiation: about half of the HEXIM1-
transfected HES-3 cells remained undifferentiated (Figure 5A).
Analysis of the differentiated and undifferentiated populations
from the HEXIM1-transfected HES-3 cells revealed that
differentiation corresponded to cells with high-level expression
of HEXIM1 (Figure 5B, 8-fold); whilst the undifferentiated cells
only had 3-fold up-regulation of HEXIM1 (Figure 5B).

We planned to investigate the impact of HEXIM1 knockdown
on hPSC differentiation. Four short hairpin RNAs (shRNAs)
against HEXIM1 were purchased. HEK293 cells were
transfected with an individual HEXIM1 shRNA and the
effectiveness of each shRNA was determined by western blot.
One of the shRNAs showing consistent knockdown of HEXIM1
was selected for the knockdown experiment using HES-3 cells.
Unfortunately, after 3 attempts, we were unable to obtain for a
stable HEXIM1 knockdown cell line after antibiotic selection
(data not shown). In spite of that, our results obtained from
HMBA treatment (Figure 3) and HEXIM1 overexpression
(Figures 5 and 6) assays suggest a role for HEXIM1 in the
differentiation of hPSCs. As shown in Figures 3C and 5B, the
protein level of HEXIM1 needs to surpass a certain “threshold”
to initiate the differentiation. Therefore, it is expected that
knockdown of HEXIM1 may further remain hPSCs in the
pluripotent status.

Incubation of hPSCs with LY294002 and HMBA resulted in
the differentiation of hPSCs (Figures 1 and 3). Previously, we
demonstrated that the inhibition of PISK/AKT pathway in
hPSCs resulted in down-regulation of pluripotent markers,
including OCT3/4, PODXL, and Tra-1-60 [43]. HMBA had also
been shown to have effects in modulating the PI3K/AKT
pathway, both as an inhibitor and an activator of the signaling
pathway [60,61]. Up-regulation of HEXIM1 expression was
found in the hPSCs treated with LY294002 and HMBA (Figures
1 and 3), and furthermore, overexpression of HEXIM1 resulted
in hPSC differentiation (Figures 5 and 6). Collectively, our
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findings suggest the potential involvement of HEXIM1 as well
as the PI3K/AKT pathway in the regulation of hPSC
differentiation.

Lineage commitment of the hPSC differentiation induced by
HMBA treatment and HEXIM1 overexpression was examined.
Incubation of HMBA resulted in differentiation of hPSCs
towards the mesoderm and ectoderm lineages (Figure 4).
However, ectopic expression of HEXIM1 failed to show any
lineage-specific restriction but instead activated all the marker
genes from three germ layers examined (Figure 6). Incubation
of HMBA could have a profound effect on hPSCs by influencing
multiple cellular molecules and signaling pathways. Induction of
HEXIM1 expression could be only one of several cellular
responses caused by the compound. For example, HMBA is
also known to modulate the MAPK signaling pathway and NF-
kB activation [34] apart from PI3K/AKT as discussed
previously. Therefore, it is not surprising to observe different
phenotypes caused by HMBA incubation and HEXIM1
overexpression. It is possible that HEXIM1 may be involved in
the early initiating stage of hPSC differentiation but not required
for any lineage- or tissue-specific commitment in the later
stages. Nevertheless, this is the first demonstration of the role
of HEXIM1 in hPSCs and future work is required to investigate
the molecular mechanism of hPSC differentiation mediated by
HEXIM1 in detail.

Supporting Information

Table S1. Primers used for qRT-PCR.
(DOCX)

Figure S1. Treatment of HMBA resulted in morphological
changes in hESC. HES-3 cells were incubated with 1, 3, 5, or
10 mM HMBA for 7 PDs. Cells with higher concentrations of
HMBA displayed more differentiated morphology when
compared to vehicle control. The cystic-like areas are pointed
by red arrows.
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