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Abstract
Objectives: Histone deacetylase (HDAC) is an
important therapeutic target in cancer. Two of the
main anticancer mechanisms of HDAC inhibitors are
induction of terminal differentiation and inhibition of
cell proliferation. To investigate the role of HDAC in
maintenance of self-renewal and cell proliferation,
we treated mesenchymal stem cells (MSCs) that ori-
ginated from adipose tissue or umbilical cord blood
with valproic acid (VPA) and sodium butyrate
(NaBu).
Materials and methods: Human MSCs were isolated
from mammary fat tissue and cord blood. We per-
formed MTT assay and flow cytometry-based cell
cycle analysis to assess self-renewal of MSCs.
In vitro differentiation assays into osteogenic, adipo-
genic, neurogenic and chondrogenic lineages were
conducted to investigate MSC multipotency. Immu-
nocytochemistry, Western blot and reverse transcrip-
tion-polymerase chain reaction were used to
interrogate molecular pathways.
Results: VPA and NaBu flattened the morphology of
MSCs and inhibited their growth. VPA and NaBu
activated the transcription of p21CIP1 ⁄WAF1 by
increasing the acetylation of histone H3 and H4 and
eventually blocked the cell cycle at G2 ⁄M phase.
The expression level of p16INK4A, a cdk inhibitor
that is closely related to cellular senescence, was not
changed by HDAC inhibitor treatment. We per-
formed controlled differentiation into bone, fat,

cartilage and nervous tissue to elucidate the role of
HDAC in the pluripotency of MSC to differentiate
into functional tissues. VPA and NaBu decreased
the efficiency of adipogenic, chondrogenic, and
neurogenic differentiation as visualized by specific
staining and reverse transcription-polymerase chain
reaction. In contrast, osteogenic differentiation was
elevated by HDAC inhibitor treatment.
Conclusion: HDAC activity is essential for main-
taining the self-renewal and pluripotency of MSCs.

Introduction

Mesenchymal stem cells (MSC) can be obtained from
umbilical cord blood (UCB) and adipose tissue (AD), tis-
sues that, in humans, are generally discarded and can be
harvested without penetrating surgery. UCB and AD are
two of the three major MSC sources, which also include
bone marrow (BM). MSCs are known to have inferior
plasticity to embryonic stem cells; however, recent
reports indicate that they also possess pluripotent differen-
tiation capability in vitro, not only into mesodermal lin-
eages such as bone, cartilage and fat, but also into
ectodermal neuronal cells and endodermal hepatocytes.
Although the pluripotency of MSCs is still debated, they
definitely have greater potential for clinical application
than stem cells of other origins. Despite these advantages,
MSCs have a limited lifespan and encounter replicative
senescence in repeated subcultures in vitro, and these
properties are the biggest drawbacks to their use.

Pluripotency is one of the two most important charac-
teristics of stem cells that confer their plasticity; self-
renewal is the other. Self-renewal of a stem cell can be
described as asymmetrical cell division by which a stem
cell gives rise to an identical stem cell plus a daughter cell
with less stemness than its mother. Physiologically, asym-
metrical stem cell division occurs in the stem cell niche
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where stem cells are maintained. In contrast, symmetrical
division occurs in culture dishes where stem cell popula-
tions increase robustly. Increase in cell number by sym-
metrical cell division leads to loss of stemness and
eventually to cell senescence, whether functional or repli-
cative, because MSCs also undergo typical replicative cell
senescence on repeated subcultures (1–3). Many studies
have reported that MSCs encounter replicative senescence
around passage 10 in vitro; nevertheless, differences exist
related to their origin (1,2). Replicative senescence of
MSCs involves the ‘Hayflick phenomenon’, which
involves cell enlargement, changes in morphology and
ultimately cessation of proliferation. Shortening of telo-
meres during cell division is known to trigger replicative
senescence of somatic cells including adult stem cells (4).
p16INK4A is implicated as a major molecule that induces
premature cell senescence through a telomere-dependent
or -independent mechanism (5,6). Several lines of evi-
dence show that polycomb group genes, Bmi-1 and Suz-
12, are involved in down-regulation of p16INK4A in
somatic cells of the stem cell compartment by methylation
of core histones, which induces epigenetic modification of
chromatin (7). Young cells have compact chromosomes at
the CDKN2 (p16INK4A–p19ARF) locus, as a result of a high
level of trimethylated histone H3 on lysine 27, caused by
polycomb repressor complex-2 (PRC2) group proteins,
such as Suz-12 and EZH1, which have histone methyl-
transferase activity. Replicative senescence under cell
stress hinders binding of PRC2 group proteins to the
CDKN2 locus reducing recruitment of PRC1 maintenance
complex including Bmi-1 to the p16INK4A promoter
region. Collapse of polycomb protein complex results in
increase of p16INK4A expression causing senescence (7,8).

Histone deacetylases (HDAC) act as transcription
silencers by modifying chromatin folding. Transfer of
acetyl groups from acetyl coenzyme A to the e-amino
groups of lysine residues in the histone tail is catalysed
by HDACs and leads to chromatin condensation, which
in turn reduces accessibility of DNA-binding transcrip-
tion factors (9). Recently, there have been several report
suggesting correlation between histone acetylation and
other epigenetic regulation including DNA and histone
methylation (10–12). Acetylation of histone by HDAC
inhibitors induced methylation of Cytosine-phosphate-
guanine (CpG) sites without treatment of demethylating
agents (10). In addition, because both acetylation and
methylation can occur to the same lysine residue of hi-
stones, it was suggested that histone acetylation and
methylation can compete with each other (10). Based on
these epigenetic regulations of histones and DNA, his-
tone deacetylase inhibitors are able to induce differentia-
tion, population growth arrest and apoptosis of
malignant cells, such as in leukaemia (13), and in solid

tumours. In stem cells, inhibition of HDACs diminishes
self-renewal by enhancing expression of differentiation
markers (14) and accelerates induced differentiation into
specific lineages such as cardiomyocytes (15) and osteo-
blasts (16). In contrast, valproic acid (VPA), an HDAC
inhibitor, enhance proliferation and self-renewal of nor-
mal haematopoietic stem cells (17).

In the present study, we have investigated the roles of
histone deacetylases in proliferation and differentiation of
human MSCs.

Materials and Methods

Isolation and culture of hMSCs

Human adipose tissue-derived MSCs (hAD-MSC)
and human umbilical cord blood-derived MSCs (hUCB-
MSC) were isolated and cultured as previously described
(18,19). In brief, hAD-MSCs were obtained from freshly
excised human mammary fat tissue following reduction
mammoplasty. The mammary fat tissue was minced and
digested with collagenase type I (1 mg ⁄ml) for 2 h at 37 �C.
After washing in phosphate-buffered saline (PBS) and cen-
trifugation for 5 min at 192g, the pellet was filtered through
100-lm nylon mesh and then incubated overnight at 37 �C
with 5% humidified CO2 in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% foetal bovine serum (FBS).
After 24 h in culture, unattached cells were removed and the
culture medium was exchanged with K-NAC medium sup-
plemented with 2 mM N-acetyl-L-cysteine (NAC; Sigma
A8199, St Louis,MO, USA) and 0.2 mML-ascorbic acid.

hUCB-MSCs were obtained from UCB immediately
after delivery with consent from the mother and approval
of the Boramae Hospital Institutional Review Board.
UCB samples were mixed with HetaSep solution (Stem
Cell Technology, Vancouver, BC, Canada) in a ratio of
5 : 1 and then incubated at room temperature until
depletion of red blood cells. Supernatant was collected
and centrifuged with Ficoll density-gradient at 1201g for
20 min. Mononuclear cells were harvested and seeded on
fibronectin-coated culture dishes under normal culture
conditions. Growth medium was Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% FBS. All pro-
cedures were previously approved by the institutional
review board of Seoul National University.

Measurement of proliferation potential and cell cycle
distribution

Effects of VPA and sodium butyrate (NaBu) on MSC pro-
liferation were measured using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as
described previously (20). In brief, hUCB-MSCs and
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hAD-MSCs were plated on 24-well plates at a density of
2.5 · 104 ⁄ml and cultured for 24 h. VPA and NaBu were
then added to the media at the indicated concentrations
and cultures were incubated for 3 days. At the end of the
incubation, 50 ll of MTT stock solution (5 mg ⁄ml;
Sigma) was added, and the plates were further incubated
for 4 h at 37 �C. Five hundred microlitres of dimethyl
sulphoxide was then added to solubilize the formazan
crystals and absorbance was measured with an EL800
microplate reader (BioTek Instruments, Winooski, VT,
USA). All measurements were performed in triplicate.
Flow cytometry cell cycle analysis using propidi-
um iodide staining was also performed as previously
described (21). Briefly, MSCs in exponential growth
phase were treated with HDAC inhibitors for 3 days and
then harvested by trypsinization. Cells were washed with
ice-cold PBS and then fixed with 70% ethanol at ) 20 �C
and stained with 50 lg ⁄ml of propidium iodide in the
presence of 100 lg ⁄ml RNase A for 30 min. Cell cycle
distribution was analysed using the FACSCalibur system
(Becton Dickinson, Franklin Lakes, NJ, USA).

In vitro differentiation assay

In vitro differentiation into osteogenic, adipogenic and lin-
eages was performed as described previously (18). Briefly,
hUCB- and hAD-MSCs were initially cultured in growth
medium containing various concentrations of VPA or
NaBu and then shifted to adipogenic medium (DMEM
supplemented with 5% FBS, 1 lM dexamethasone, 10 lM

insulin, 200 lM indomethacin and 0.5 mM isobutylmethyl-
xanthine) or to osteogenic medium (DMEM supplemented
with 5% FBS, 50 lM L-ascorbate-2-phosphate, 0.1 lM

dexamethasone and 10 mM glycerophosphate). Intracellu-
lar lipid accumulation as an indicator of adipogenic differ-
entiation was visualized by oil red O staining. After being
photographed, the oil red O was eluted with 100% isopro-
pyl alcohol and quantified with an ELISA plate reader
(EL800, Bio-Tek Instruments) at OD500. Osteogenic differ-
entiation was noted by positive staining with alizarin red,
which is specific for calcium. Neural induction was per-
formed as described by Jori et al, with modifications (22).
Briefly, hUCB- and hAD-MSCs were initially cultured in
pre-induction medium composed of DMEM, 5% FBS,
10 ng ⁄ml basic fibroblast growth factor (bFGF) and
HDAC inhibitors. Cells were rinsed with PBS and shifted
to the neuronal induction medium consisting of 100 lM

butyrated hydroxyanisole (BHA), 50 lM forskolin, 2%
dimethyl sulphoxide, 25 mM KCl, 2 mM valproic acid,
1 · B27 supplement, 10 ng ⁄ml basic fibroblast growth
factor (bFGF) and 10 ng ⁄ml platelet-derived growth factor
(PDGF) in a base of DMEM. Cells were maintained in
induction medium for up to 24 h.

Immunocytochemistry

Immunocytochemical analyses of HDAC1 and cyclin B1
were performed. Cells cultured with or without 10 mM

VPA or 5 mM NaBu for 3 days were fixed in 4% parafor-
maldehyde and permeabilized with 0.2% Triton X-100
(Sigma Aldrich, St Louis, MO, USA). Cells were incu-
bated with 10% normal goat serum (Zymed Laboratories
Inc., San Francisco, CA, USA) and then stained with anti-
bodies against HDAC1 (1 : 200; Upstate Biotechnology,
Lake Placid, NY, USA) and cyclin B1 (1 : 200,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) fol-
lowed by 1-h incubation with Alexa 488- or Alexa 594-
labelled secondary antibody (1 : 1000; Molecular Probes,
Eugene, OR, USA). Nuclei were stained with Hoechst
33258 (1 lg ⁄ml; 10 min) dye. Images were captured
using a confocal microscope (Eclipse TE200, Nikon,
Tokyo, Japan).

Western blot analysis

Western blot analyses of core histones and p21CIP1 ⁄ WAF1

were performed as described previously (20). MSCs cul-
tured with or without HDAC inhibitors for 3 days were
lysed with 50 mM Tris-HCl buffer containing 0.1% Triton
X100 freshly supplemented with 1 mM phenylmethylsul-
fonyl fluoride, 1 mM aprotinin, 1 mM leupeptin, 1 mM

antipain and 0.1 mM sodium orthovanadate. Protein con-
tent was determined using the DC assay kit (Bio-Rad,
Hercules, CA, USA), and equal amounts of protein were
separated by 10–12% sodium dodecyl sulphate–polyacryl-
amide gel electrophoresis. They were then transferred to
nitrocellulose membranes at 50 V and 350 mA for 5 h.
All antibodies were used according to the manufacturer’s
instructions and protein bands were detected using an
enhanced chemiluminescence detection kit (Amersham
Pharmacia Biotech, Buckinghamshire, UK).

Reverse transcription–polymerase chain reaction
(RT-PCR)

Total cellular RNA was extracted from cells with TRIzol
Reagent� (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. cDNAwas synthesized by
adding purified RNA and oligo-dT primers to Accupower
RT premix (Bioneer, Daejeon, South Korea) according to
the manufacturer’s instructions. PCR was conducted using
Accupower PCR premix (Bioneer). Primer sets used for
this study are listed in Table S1 (Supporting Information).
All PCR products were analysed by gel electrophoresis on
1.5% agarose gels with ethidium bromide staining, fol-
lowed by fluorescence digitization using Bio-Rad GelDoc
XR system (Bio-Rad). Semiquantitative RT-PCR was
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conducted by quantifying RT-PCR bands using ImageJ
image analysis software (National Institutes of Health,
Bethesda, MD, USA). Each gene was normalized with
beta-actin as housekeeping control. At least three indepen-
dent analyses were performed for each gene.

Statistical analysis

All experiments were conducted at least in triplicate
(n = 3), and results were expressed as mean ± stan-
dard deviation. Statistical analysis was conducted via
analysis of variance, followed by Duncan’s multiple range
tests or Student’s t-test. A value of P < 0.05 was consid-
ered significant.

Results

HDAC inhibitors induce morphological changes and
decrease proliferation potential of MSCs

In order to determine non-cytotoxic doses of VPA and
NaBu, we first assessed cytotoxicity of the two HDAC
inhibitors in hUCB-MSCs and hAD-MSCs, using the
MTT assay. Neither VPA nor NaBu induced cytotoxic cell

death after 24 h of treatment at doses less than 10 mM and
5 mM, respectively (data not shown). Subsequent experi-
ments were performed with non-cytotoxic concentrations
of each HDAC inhibitor. When VPA and NaBu were
added to the growth medium of hUCB-MSC or hAD-
MSC for 3 days, cells exhibited flattened or lengthened
morphology when viewed with an inverted microscope;
this morphology is considered a phenotype of terminally
differentiated cells (Fig. 1a). In addition, cells treated with
VPA and NaBu did not become confluent and their
proliferation rate was low. We also performed MTT prolif-
eration assays to quantify the effect of HDAC inhibitors
on MSC proliferation. VPA and NaBu induced significant
and dose-dependent decreases in cell proliferation of both
hUCB-MSC and hAD-MSC. Cell proliferation was inhib-
ited by 50% in VPA-treated MSCs (Fig. 1b) and by 60%
in NaBu-treated MSCs (Fig. 1c). We used HDAC inhibi-
tors to treat human bone marrow-derived MSCs and
assessed growth ratios using MTT as well as morphologi-
cal changes. In contrast to hAD-MSC and hUCB-MSC,
we observed that proliferation of human bone marrow-
derived MSC was more sensitive to VPA than to NaBu.
Morphological changes were similar to those of hAD-
MSC, which had flattened cell bodies with convoluted
boundaries (Fig. S1, Supporting Information). In order to
verify whether phenotypic changes induced by HDAC
inhibitor treatment were related to cell senescence, we
assessed the senescence marker, lysosomal pH 6 b-galac-
tosidase (SA-b-gal), in MSCs. We did not detect any
increase of SA-b-gal upon treatment with HDAC inhibi-
tors for 3 days in either hAD-MSCs or hUCB-MSCs
(Fig. S2, Supporting Information).

HDAC inhibitors arrest the cell cycle at the G2 ⁄M
checkpoint

HDAC inhibitors are reported to induce differentiation of
cells of several cancer cell lines and to arrest the cell cycle
at G1 or G2 ⁄M phase. Moreover, several recent publica-
tions suggest that HDAC plays a pivotal role in control-
ling plasticity and self-renewal in stem cells (14). To
evaluate the role of HDACs in the proliferative potential
of hUCB-MSCs and hAD-MSCs as a parameter of self-
renewal capability, we used propidium iodide staining
and flow cytometry to analyse cell cycle distribution fol-
lowing VPA and NaBu treatment. As shown in Fig. 2, we
observed that the proportion of cells in G2 ⁄M phase was
significantly and dose-dependently increased by treatment
with VPA and NaBu. The percentage of cells in sub-G1

phase, which represents apoptotic cell death, was not
significantly increased, suggesting that cell cycle arrest
induced by HDAC inhibitor treatment did not cause cell
death in MSCs (Fig. 2).

(a) 

(b) (c) 

Figure 1. Phenotypic changes of mesenchymal stem cells (MSC) by
histone deacetylase (HDAC) inhibitor. (a) Morphological changes of
human umbilical cord blood-derived MSCs (hUCB; upper panel) and
human adipose tissue-derived MSCs (hAD-MSC; lower panel) induced
by valproic acid (VPA; 10 mM) and sodium butyrate (NaBu; 5 mM).
Inhibition of cell proliferation by treatment with VPA (b) and NaBu (c).
Cells were treated with HDAC inhibitors in growth media for 3 days.
Proliferation level was measured by MTT assay and was expressed as
percentage of negative controls (0 mM). White and grey bars represent
hAD-MSC and hUCB-MSC, respectively.
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Using immunocytochemical methods, we then exam-
ined localization and expression levels of HDAC1, a
major HDAC in eukaryotic cells, and cyclin B1, which
plays a pivotal role in G2 ⁄M transition in cell cycle
progression. We observed that HDAC1, which is exclu-
sively expressed in the nuclei of control MSCs, was
expressed in the cytosol following treatment with VPA
and NaBu (Fig. 3a), suggesting that HDAC1 activity was

hindered by HDAC inhibitor treatment. The change in
HDAC1 expression level was not significant according to
ICC (Fig. 3a) and Western blot analysis (Fig. S3, Support-
ing Information). Treatment with HDAC inhibitors also
affected localization of cyclin B1. Nuclear-localized
cyclin B1 in control MSCs was mobilized to the cytosol
following HDAC inhibitor treatment (Fig. S4, Support-
ing Information).

To confirm inhibition of HDAC by VPA and NaBu,
we performed Western blot analyses of core histones
using specific antibodies against acetylated histones H3
and H4. As shown in Figs 3b and S3, acetylation of
histones H3 and H4 increased in a dose-dependent
manner by HDAC inhibitors in hUCB-MSC and
hAD-MSC.

HDAC inhibition induced up-regulation of p21CIP1 ⁄ WAF1

p21CIP1 ⁄ WAF1 is a well-known HDAC inhibitor-responsive
gene that is up-regulated by hyperacetylation of histones
H3 and H4. In addition, p21CIP1 ⁄ WAF1 is a CDK inhibitor,
responsible for cell cycle arrest induced by HDAC
inhibitor treatment in many cancer cell lines (23). We con-
ducted RT-PCR and Western blot analyses to show that
p21CIP1 ⁄ WAF1 was involved in VPA- and NaBu-induced
cell cycle arrest in G2 ⁄M phase in hUCB-MSCs and hAD-
MSCs. Expression levels of p21CIP1 ⁄ WAF1 mRNA and
protein were up-regulated in a dose-dependent manner by
VPA and NaBu treatment in hUCB-MSCs and hAD-
MSCs (Fig. 4a,b and S3). We also assessed mRNA
expression level of p16INK4A, another CDK inhibitor
responsible for G1 ⁄S transition. However, as shown in
Fig. 4b, p16INK4A expression level did not change signifi-
cantly upon VPA or NaBu treatment in MSCs, which,
together with the results of SA-b-gal staining (Fig. S2),
suggests that treatment with HDAC inhibitors for 3 days

(a) (b)

(c)

Figure 2. Cell cycle arrest in mesenchymal
stem cells (MSC) following treatment with his-
tone deacetylase (HDAC) inhibitors. Cell cycle
distribution of human adipose tissue-derived
(hAD) and human umbilical cord blood-derived
(hUCB) MSCs was analysed by flow cytometry,
as described in the Materials and methods
section. (a) Representative diagrams of cell cycle
distribution induced by HDAC inhibitors in
hAD- and hUCB-MSCs. Analyses were per-
formed in triplicate and were expressed as bar
graphs (b and c). White and grey bars represent
hAD- and hUCB-MSC, respectively.

(a)

(b)

Figure 3. Immunocytochemical analysis of HDAC1 (a) and Western
blot analyses of changes in acetylation patterns of histone H4 in mesen-
chymal stem cells (MSC) (b) treated with HDAC inhibitors. Cells were
treated with HDAC inhibitors in growth media for 3 days. Immunocyto-
chemistry and Western blot analyses were performed as described in the
Materials and methods section.
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in culture is not sufficient to increase p16INK4A in MSCs
or to induce senescence.

HDAC inhibitors attenuate pluripotency of MSCs with
bias towards osteogenesis

As mentioned previously, HDAC inhibitors induce not
only terminal differentiation, which eventually leads to
cell death in cancer cell lines, but also affect lineage-
specific differentiation of stem cells and progenitors.
Since stem cells are pluripotent, which represents the
ability to differentiate into multiple cell types in a line-
age, we assessed whether HDAC inhibitors elevate the
pluripotency of hUCB-MSC and hAD-MSC into bone
and fat tissue. Figure 5a shows that pre-treatment with
VPA and NaBu for 1 day before osteogenic induction
elevated deposition of calcium in both hUCB-MSC and
hAD-MSC cultures, as visualized by alizarin red stain-
ing. We also observed that expression of the molecular
marker for osteogenic differentiation, type 1 collagen,
was elevated by pre-treatment with HDAC inhibitors to
MSCs (Fig. 5b,c). To confirm that HDAC inhibitor-med-
iated elevation of differentiation was universal to tissues
of multilineages, we further assessed efficiency of adipo-
genic, neurogenic and chondrogenic induction following
treatment with HDAC inhibitors. Interestingly, we
observed that pre-treatment with VPA and NaBu for
1 day, followed by lineage-specific induction into adi-
pose, neural and cartilaginous tissues, as indicated in the
Materials and methods, decreased efficiency for lineage-
specific differentiation (Figs 6, 7 and S5). As shown in

(a) 

(b) 

(c) 

Figure 4. Modulation of expression levels of p21CIP1 ⁄ WAF1 and
p16INK4A, cyclin-dependent kinase inhibitors, on treatment with histone
deacetylase (HDAC) inhibitors. Increment of p21CIP1 ⁄ WAF1 mRNA
expression detected by RT-PCR (a) and was semiquantified by ImageJ
image analysis software (n=3) (b). Expression level of p16INK4A mRNA
was assessed using RT-PCR (c).

(a)

(b) (c)

Figure 5. Inhibition of histone deacetylase
(HDAC) enhances osteogenic differentiation
of mesenchymal stem cells (MSC). Cells were
pre-treated with HDAC inhibitors for 1 day
before osteogenic induction. Osteogenic
induction (a) was visualized using alizarin red
staining after 3-weeks induction with osteogenic
medium, in human adipose tissue-derived (hAD;
upper panel) and human umbilical cord blood-
derived (hUCB; lower panel) MSCs. RT-PCR
analysis of osteogenic marker, type 1 collagen
(Col-1), was performed (b) and semiquantifica-
tion of at least three independent assays was
completed using ImageJ image analysis software
and was visualized (c).
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Fig. 6, treatment with HDAC inhibitors prior to adipo-
genic induction decreased accumulation of lipid droplets
as visualized by oil red O staining (Fig. 6a). The
decrease of adipogenic induction was significant as eval-
uated in Fig. 6b. We confirmed that expression level of
adipogenic marker, aP2, was also diminished by HDAC
inhibition as shown in Fig. 6c. Figure 7 shows that

pre-treatment of HDAC inhibitors diminished efficiency
of neurogenic differentiation of MSCs. One day pre-
treatment of HDAC inhibitors followed by neurogenic
induction showed decreased neurite formation (Fig. 7a)
and decreased expression of TUJ1 neurofilaments
(Fig. 7b). Pax6 transcription factor was assessed using
RT-PCR as a marker for neurogenesis. It was observed

(a) 

(b) (c) 

Figure 6. Histone deacetylase (HDAC)
inhibitors reduce adipogenic potential of
mesenchymal stem cells (MSC). Cells were
pre-treated with HDAC inhibitors for 1 day and
were incubated in adipogenic induction medium
for 1 week. Lipid droplets were visualized using
oil red O staining (a). After being photographed,
oil red O was eluted and absorbance was mea-
sured as described in the Materials and methods
section (b). RT-PCR analysis of the adipogenic
marker, aP2, was performed and semiquantifica-
tion of at least three independent assays was
performed using ImageJ image analysis software
and was visualized (c).

(a)

(c)
(b)

Figure 7. Histone deacetylase (HDAC)
inhibitor delays neural differentiation of
mesenchymal stem cells (MSC). Cells were
pre-treated with HDAC inhibitors in pre-induc-
tion medium for 1 day and incubated in neural
induction medium as described in the Materials
and methods section. After 1 day incubation,
morphological changes were observed using an
inverted microscope (a), TUJ1 neurofilaments
were visualized using immunocytochemistry (b),
and PAX6 transcription factor, which is
expressed during neurogenesis, was assessed
using RT-PCR (c).
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that HDAC inhibitor pre-treatment decreased expression
of PAX6 transcription factor by neurogenic induction in
a dose-dependent fashion (Fig. 7c).

Discussion

Stem cells are primitive cells that are capable of self-
renewal, which allows them to proliferate incessantly
in vitro, and that exhibit plasticity, which refers to their
ability to differentiate into tissues of multiple lineages.
The recent development of regenerative medicine using
stem cell technology and the application of stem cells in
therapy has opened a new era in disease treatment, replac-
ing past paradigms that focused only on pharmaceuticals
and organ transplantation. Major sources of stem cells
provide embryonic and adult stem cells. Pluripotent
embryonic stem cells exist in the inner cell mass of a blas-
tocyst during early development of mammals. Embry-
onic stem cells expand infinitely in vitro and are able to
differentiate into virtually all tissue types; however, undif-
ferentiated embryonic stem cells, when inoculated, may
form teratomas. On the other hand, MSCs, a major source
of adult stem cells, are less potent than embry-
onic stem cells but remain controversial. Nevertheless,
relative safety from teratoma formation and substantial
pluripotency are advantages that make MSCs the primary
candidate for clinical applications (24).

Recent efforts to refine purification, selection and
culturing methods have allowed access to UCB-MSCs
and AD-MSCs of human origin. Unpublished data have
shown that both these types of MSC are capable of dif-
ferentiation until about the 10th passage in culture.
After that, although differences exist depending on the
sources and donor, they usually undergo cell senescence
represented by decreased proliferation potential and
other senescent phenotypes (data not shown). To better
understand the roles of HDACs in proliferation and con-
trolled differentiation of MSCs, we treated hAD-MSCs
and hUCB-MSCs with the HDAC inhibitors, VPA and
NaBu.

Our data suggest that VPA and NaBu inhibit prolifera-
tion and relatively enlarge cell shape of MSCs of both
origins. These changes are essential characteristics of cell
senescence, although the HDAC inhibitors herre, did not
increase the senescence biomarker, SA-b-gal, in MSCs.
We assume that inhibition of cell proliferation and
changes in cell shape precede cell senescence, as 5-day
treatment with NaBu at the same concentration (5 mM)
increased SA-b-gal in hAD-MSC (Fig. S2).

Interestingly, HDAC inhibitors decreased proliferation
potential of MSCs by arresting cell cycle at the G2 ⁄M
phase. In addition, a representative target of HDAC inhib-
itors that affects cell cycle, p21CIP1 ⁄ WAF1, was increased

by HDAC inhibitor treatment. Previous reports have
shown that in cancer cells, HDAC inhibitors strongly pro-
mote cell cycle arrest primarily at the G1 ⁄S checkpoint.
p21CIP1 ⁄ WAF1 also plays a pivotal role in G1 ⁄S arrest
induced by HDAC inhibitors (25). Our data suggest that
HDAC in MSC may control the same target gene as in
cancer cells and may have a common regulatory mecha-
nism; however, the role of this target gene in MSC cell
cycle regulation may differ from that of cancer cells and
detailed elucidation of the mechanisms underlying these
actions is needed.

There are several studies that report that HDAC plays
a pivotal role in osteogenesis of MSCs. Cho et al. showed
that VPA treatment enhanced calcium deposition and
osteogenic gene expression in adipose tissue- and
bone marrow-derived pluripotent stromal cells, through
inhibition of HDAC (26). They also observed increase in
p21CIP1 ⁄ WAF1 as proof of HDAC inhibition. According to
our observations, osteogenesis of hAD-MSCs and hUCB-
MSCs occured concomitantly with overgrowth and piling-
up of thet MSCs. However, interestingly, even though
p21CIP1 ⁄ WAF1 expression level was elevated by pre-treat-
ment with HDAC inhibitors, increase in cell number in
osteogenic medium was not inhibited. These results sug-
gest that there may be a bypass mechanism that maintains
proliferation of MSCs upon osteogenic induction, even if
p21CIP1 ⁄ WAF1 was overexpressed and blocked the cell
cycle.

Reports regarding the role of HDAC in adipogenesis
are inconsistent. Lagace and Nachtigal reported that
HDAC inhibition by VPA and trichostatin A blocked
adipogenesis of 3T3 L1 cells and human primary pre-
adipocytes, in an HDAC activity-dependent manner (27).
In contrast, Yoo et al. have suggested that a number of
adipocyte markers, including proliferator-activated recep-
tor gamma and aP2, are regulated by HDACs. Therefore,
if HDAC activity is reduced by an HDAC inhibitor or by
knockdown using RNA inhibition, adipogenesis of the
pre-adipocyte increases (28). In our previous report
regarding adipogenesis of hAD-MSC, MSCs differenti-
ated into pre-adipocytes by adipogenic induction for
12–24 h, as evidenced by specific markers (18). Given
that HDAC is important in maintaining the pre-adipocyte
stage of adipogenesis, it is reasonable that diminished
HDAC activity in stem cells would block differentiation
of MSCs into pre-adipocytes and overall adipogenesis.
Moreover, cell proliferation should stop before lipid
accumulation begins in the cytoplasm in early stage of
adipogenesis. Our recent as yet unpublished data suggest
that regulation of clonal expansion is important in
adipogenesis of hAD-MSC. Briefly, CDK2, 4 and cyclin
D1 down-regulation by si-RNA-mediated inhibition of
DNER (delta/notch-like EGF-related receptor) accelerate
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adipogenesis of hAD-MSCs. On the contrary, mitomy-
cin C-induced cell cycle arrest prior to adipogenic induction
decreased adipogenic efficiency (unpublished data). In the
present study, expression levels of cyclins and CDKs were
not changed significantly by HDAC inhibition (Fig. S3).
These results, together with cell cycle arrest at the G2 ⁄M
phase, suggest that there may be a difference in the adipo-
genicmechanism compared to that of pre-adipocytes.

Taken together, inhibition of HDAC activity by
specific pharmacological inhibitors definitely abrogated
self-renewal of MSCs and decreased their proliferation
potential by cell cycle arrest at the G2 ⁄M phase. These
changes were not sufficient to induce cell senescence as
evidenced by SA-b-gal staining and p16INK4A expression
levels. HDACs also played a pivotal role in multilineage
differentiation capability and their inhibition accelerated
lineage-specific differentiation into bone, but reduced effi-
ciency of adipogenic, chondrogenic and neurogenic differ-
entiation. It remains to be determined whether inhibition
of HDAC would activate differentiation genes specific to
osteogenesis or makes MSCs prone to unintentional termi-
nal differentiation. In conclusion, these results suggest that
HDAC activity is essential for regulation of self-renewal
and pluripotency of MSCs.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Methods for supporting information

Figure S1. Phenotypical changes of hBM-MSCs by
HDAC inhibitors. A, Morphological changes of
hBM-MSCs induced by VPA (10mM) and NaBu (5mM).
B, Inhibition of cell proliferation by treatment with VPA
(white bar) and NaBu (black bar). Cells were treated with
HDAC inhibitors in growth media for 3 d. Proliferation
rate was measured by MTT assay and was expressed as
percentage of negative control (-). C, Surface marker
expression of human UCB-, AD-, and BM-MSCs were
analyzed.

Figure S2. Cellular senescence of MSCs necessitates
longer treatment of HDAC inhibitors. UCB- and
hAD-MSCs were treated with VPA and NaBu for 3 d or
5d and senescence associated b-galactosidase (SA b-gal)
staining were performed to visualize senescent phenotype
in MSCs.

Figure S3. Western blot analyses for HDAC1, acetylated
histone H3 (Ace H3), p21CIP1/WAF1, cyclin dependent
kinase (cdk) 2 and 4 and cycin B1, D1 and E after treat-
ment of VPA in MSCs.

Figure S4. Alteration of Cyclin B1 localization by
treatment of VPAwas visualized by immunocytochemical
analysis.

Figure S5. Effect of HDAC inhibitors on chondrogenesis
of MSCs. A, Chondrogenic differentiation of hUCB-MSC
was visualized by toluidine blue staining. B, Comparison
of pellet size between treatment groups.

Table S1. Sequence of primers used for RT-PCR
analyses.
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