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Abstract
Objectives: The balance between survival and death
is a key point for regulation of physiology of stem
cells. Recently, applications of natural products to
enhance efficiencies in culturing and differentiation
of stem cells are increasing. Korean mistletoe lectin
(Viscum album L. var. coloratum agglutinin, VCA)
has been known to be toxic to some cancer cells,
but it is still unclear whether VCA has a cytotoxic
or indeed a proliferative effect on mesenchymal
stem cells (MSCs). Here, we have compared effects
of VCA in naïve placenta-derived stem cells
(PDSCs), immortalized PDSCs and cancer cells
(HepG2), and analysed their mechanisms.
Materials and methods: MTT assay was performed
to analyse effects of VCA on naïve PDSCs, immor-
talized PDSCs and HepG2. FACS, ROS, caspase-3
assay, western blotting and immunofluorescence
were performed to detect signalling events involved
in self-renewal of the above cell types.
Results: VCA had cancer cell-specific toxicity to
HepG2 cells even with low concentrations of VCA
(1–5 pg/ml), toxicity was observed to immortalized
PDSCs and HepG2s, while proliferation of naïve
PDSCs was significantly increased (P < 0.05). ROS
production by VCA treatment in naïve PDSCs was
significantly lower compared to controls (P < 0.05).
Furthermore, autophagy was activated in naïve
PDSCs treated with VCA through increase in type II
LC3 and decrease in phosphorylated mTOR.

Conclusions: VCA can promote MSC proliferation
through an activated autophagic mechanism.

Introduction

Mesenchymal stem cells (MSCs) derived from a variety
of adult tissues have potential for self-renewal and dif-
ferentiation into multiple lineages, including mesoder-
mal-type cells (such as chondrocytes, adipocytes and
osteoblasts) (1–3). Also, MSCs have been highlighted as
powerful cells for use in cell therapy for degenerative
diseases, as they also have an immunomodulating effect,
an important factor in cell therapy (4–6). Furthermore,
MSCs are sensitive to several types of reagent during
proliferation and differentiation as they express the
ATP-binding cassette (ABC) multi-drug transporter;
such systems having been commonly observed during
cancer chemotherapy. Among several ABC transporters,
ABCG2 is known to be widely distributed in both can-
cer cells and those of normal tissues. It is also highly
expressed in stem cells, as first described in bone mar-
row MSCs, by their ability to efflux Hoechst 33342 dye
(7). Since that discovery, ABCG2 has been recognized
to be a universal marker for stem cells. Several results
have shown that ABCG2 plays a crucial role in protect-
ing stem cells as well as in promoting proliferation of
haematopoietic progenitors and stem cells (8,9).

Bone marrow-derived mesenchymal stem cells (BM-
MSCs), which are a representative MSCs, have been
studied to be able to analyse the unique characterization
of MSCs and to evaluate their efficacies in a number of
degenerative diseases (10); they have also been used as
a source for cell therapy in clinical trials around the
world (11–13). However, only a limited number of cells
can be collected from a donor, and self-renewal activity
seems to depend on age of the donor (14). Also, aggres-
sive procedures followed to isolate BM-MSCs are a
drawback.

Correspondence: G. J. Kim, Department of Biomedical Science, CHA
University, 606-16 Yeoksam 1-dong, Kangnam-Gu, Seoul 135-081,
South Korea. Tel.: +82-2-3468-3687; Fax: +82-2-538-4102; E-mail:
gjkim@cha.ac.kr

© 2012 Blackwell Publishing Ltd420

Cell Prolif., 2012, 45, 420–429 doi: 10.1111/j.1365-2184.2012.00839.x



Recently, placenta-derived stem cells (PDSCs) have
been reported to be an alternative source of MSCs due
to the following advantages: (i) there are no ethical
problems involved, as PDSCs are isolated from pla-
centas after full-term birth; (ii) large number of cells are
easily accessible; (iii) they have the potential to differen-
tiate into multiple lineages; (iv) they are immunosup-
pressive; and (v) they have display good self-renewal
activity without dependency on age of the donor
(15,16). However, there are still obstacles to overcome
any limits in extent of self-renewal required to obtain
the huge numbers of MSCs needed to be used in clinical
trials.

Self-renewal of MSCs is regulated by their balance
between cell survival and cell death (17). A major
cause of their DNA damage, followed by apoptosis,
or senescence, is by reactive oxygen species (ROS).
Several studies have shown that level of ROS gener-
ated has an important role in maintaining physiologi-
cal function in various cell types (18). Alterations in
ROS can regulate self-renewal ability of embryonic
stem cells (ESCs) and can control self-renewal ability
by expressing high activity of multidrug transporters
(9).

Autophagy and apoptosis play an essential role in
regulation of self-renewal in cancer cells (19,20). Auto-
phagy, leading to such type II cell death is characterized
by autophagic vesicles produced by the cellular lyso-
somal system (21,22) and it is well known that auto-
phagosomes (typical markers of autophagy), are
produced by the regulatory mechanism of autophagy-
related (Atg) proteins, Beclin-1 and LC3 (23). Also, auto-
phagy can prevent cell death when cells are exposed to
various detrimental environments, for instance, absence
of growth factors, hypoxic conditions, or presence of a
chemotherapeutic agent, through decreased expression of
ROS (24).

In previous reports, natural products such as
buzhong yipi have been shown to regulate self-renewal
of MSCs by controlling the cell cycle through the reti-
noic acid receptor (RAR) pathway (25). Also, Potu
et al. reported that the extract of cissus quadrangularis
promotes proliferation of MSCs (26). In addition, the
extract of Echinacea purpurea has been shown to
increase proliferation and to inhibit apoptosis, in mouse
embryonic palatal shelf mesenchymal stem cells (27),
although exact mechanisms of this are still unknown.

A galactose- and N-acetyl-D-galactosamine-specific
lectin (Viscum album L. var. coloratum agglutinin,
VCA) isolated from Korean mistletoe (Viscum album L.
var. coloratum), a natural product isolated from semi-
parasitic plants, has been used therapeutically to treat
some cancers, and it has been reported that European

mistletoe lectin (Viscum album L. agglutinin, VAA)
shows anti-cancer activity through cancer cell-specific
cytotoxicity (28–30). Also, it has reported that VAA has
different effects depending on its different concentra-
tions (31,32). In a previous report, we demonstrated that
VCA can reduce cell proliferation at high concentra-
tions, but promotes cell proliferation at lower concentra-
tions (33). In addition, VCA controlled proliferation of
cancer cells by upregulating Bcl2 and downregulating
Bak via the Akt pathway (29). Also, VCA has been
known to induce population growth of haematopoietic
progenitor CD34+ cells (34). There are no reports, how-
ever, on effects of VCA regarding proliferation or self-
renewal of MSCs, and their underlying mechanisms for
regulating their self-renewal. Furthermore, the role of
autophagy has not previously been studied on self-
renewal of stem cells including of MSCs.

Thus, the objectives of this study were to analyse
the effect of VCA on PDSCs and to demonstrate the
underlying mechanisms of VCA on self-renewal regula-
tion on them, by autophagy.

Materials and methods

Isolation and purification of Korean mistletoe lectin

VCA (Viscum album L. var. coloratum agglutinin, VCA)
was purified from Korean mistletoe (Viscum album L.
var. coloratum) grown on oak trees, by affinity chroma-
tography on asialofetuin-Sepharose 4B as described
previously (35).

Cell culture

PDSCs were isolated as described previously (36) and
immortalized PDSCs were produced by overexpression
of hTERT genes by Amaxa-nuceo factor kits (Lonza,
Gampel Switzerland). Cells were cultured in DMEM/
F12 (Gibco-BRL, Grand Island, NY, USA), supple-
mented with 10% foetal bovine serum (FBS; Gibco-In-
vitrogen, Grand Island, NY, USA), 100 U/ml penicillin
(Gibco-Invitrogen), 100 lg/ml streptomycin (Gibco-
BRL), 25 ng/ml FGF4 (fibroblast growth factor 4) (Pep-
rotech Inc., Rocky Hill, NJ, USA) and 1 lg/ml heparin
(Sigma, St Louis, MO, USA), at 37 °C, in humidified
5% CO2, 95% air. Hepatocellular carcinoma cells
(HepG2) cell line provided by Dr. Ja-Jun Jang (Seoul
National University, Korea) were cultured in DMEM
(Gibco-Invitrogen)/high glucose medium supplemented
with 10% FBS (Gibco-Invitrogen), 100 U/ml penicillin
(Gibco-Invitrogen), 100 lg/ml streptomycin (Gibco-
BRL) and 2 mM L-glutamine (Gibco-Invitrogen) at 37 °
C, in humidified 5% CO2, 95% air.
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Cell proliferation assay

Naïve PDSCs (3 9 103 cells/well), immortalized PDSCs
(2.5 9 103 cells/well) and HepG2 (3 9 103 cells/well)
cells were cultured in 96-well plates (BD Falcon; BD Bio-
science Discovery Labware, Bedford, MA, USA) for 24 h
at 37 °C, in humidified 5% CO2, 95% air. Cells were then
treated with 0, 1, 5, 10, 50, 100, 500, 1,000, 5,000 and
10,000 pg of VCA diluted in culture medium, and incu-
bated for a further 24 h. In vitro cell viability was mea-
sured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazollum bromide (MTT) analysis. Culture medium was
replaced with MTT (Sigma)-contained medium (0.5 mg/
ml) and incubated for 2 h. Absorbance was measured at
562 nm after being dissolved in 200 ll of dimethylsulph-
oxide. All experiments were performed in triplicate.

Western blot analysis

VCA-treated (0, 1, 5 and 10 pg) PDSCs, immortalized
PDSCs and HepG2 cells were cultured in 100-mm dishes
for 24 h (6 9 105/well). Cells were gathered by scraping
the plates and were lysed in ice-cold RIPA buffer
(50 mmol/l Tris–HCl, pH 7.6, 150 mol/l NaCl, 1%
NP40, 0.25% deoxycholic acid, 0.1% SDS, 1 mmol/l
EGTA, 1 mmol/l EDTA, 10 mmol/l NaF and 1 mmol/l
Na3VO4) in a protease inhibitor cocktail (Sigma). After
heating at 95 °C for 10 min, total protein extract (40 lg)
was separated on SDS–PAGE (8–12%) and subsequently
transferred to PVDF membranes (Bio-Rad, Berkeley,
CA, USA). Samples were incubated in blocking buffer
[0.05% Tween 20, 8% bovine serum albumin (BSA) in
tris-buffered saline (TBS)] for 40 min at room tempera-
ture. Membranes were incubated in primary antibody in
5% blocking buffer overnight at 4 °C, before being
washed once in TBST (0.05% Tween in TBS). Primary
antibodies were used at the following dilutions: mouse
anti-phosphorylated ERK, rabbit anti-phosphorylated
Akt, rabbit anti-PTTG1 and mouse anti-p53 at 1:1000
(Cell Signaling Technology, Danvers, MA, USA), mouse
anti-nanog at 1:400 (Cell Signaling Technology), rabbit
anti c-myc, rabbit anti- cyclin D1, rabbit anti- cyclin E1,
mouse anti-ABCG2, mouse anti-PI3KIII, rabbit anti-
Beclin-1, mouse anti-atg5-12, rabbit anti-LC3, rabbit
anti-Bcl2, rabbit anti-Bax, and mouse anti-HIF1a at
1:1000 (Cell Signaling Technology), rabbit anti-phos-
phorylated mTOR at 1:300 (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) and rabbit anti-GAPDH at
1:3000 (Cell Signaling Technology). Membranes were
then incubated with the secondary antibody, horseradish
peroxidase conjugated anti-rabbit IgG (1:25 000; Cell
Signaling Technology) or anti-mouse IgG (1:25 000; Cell
Signaling Technology) for 1 h at room temperature using

an orbital shaker. After four washings, bands were
detected using an enhanced chemiluminescence reagent
(Amersham Biosciences, Arlington Heights, IL, USA).

Detection of autophagy

VCA-treated PDSCs, immortalized PDSCs and HepG2
cells (4 9 104/well) were grown on glass coverslips in
24-well plates for 24 h and washed in phosphate-buf-
fered saline (PBS). Coverslips were blocked with protein
block serum-free buffer at 37 °C for 30 min and cells
were incubated in mouse anti-human LC3 (1:200;
Novus Biologicals, Littleton, CO USA) in blocking buf-
fer overnight at 4 °C. Coverslips were washed in PBS
and incubated in secondary antibody conjugated to
Alexa586 (1:400) for 40 min at room temperature.
Nuclear morphology was revealed by 4′, 6-diaminino-2-
phenlindole staining (final concentration: 100 ng/ml).
Specimens were treated with fluorescence-mounted med-
ium (Dako North America, Camarillo, CA, USA) and
fluorescence was observed using a Nikon Eclipse E600
(Nikon Corp, Tokyo, Japan) microscope; images were
obtained using Nikon digital camera DXM-1200F
(Nikon). We also used the immunofluorescence method
to detect expression of monodansylcadaverine (MDC)
staining. VCA-treated PDSCs, immortalized PDSCs and
HepG2 cells were cultured on glass coverslips in 24-
well plates for 24 h. Afterwards, cells were incubated in
0.05 mM of MDC (Sigma) for 30 min at 37 °C and
washed in PBS. Cells were then fixed in 4% (v/v) para-
formaldehyde for 30 min and coverslips were exposed
to fluorescence-mounted medium (Dako North Amer-
ica). Fluorescence was observed using the Nikon Eclipse
E600 (Nikon) microscope and images were obtained
using the Nikon Digital camera DXM-1200F (Nikon).

Flow cytometric analysis

To analyse the cell cycle, VCA-treated cells (1 9 106)
were harvested, washed and fixed in ice-cold 70% etha-
nol for 10 min at room temperature. Subsequently, fixed
cells were stained in a solution containing 50 lg/ml pro-
pidium iodide and 10 lg/ml RNase, for 30 min at room
temperature. Percentages of cells in the different phases
of the cell cycle were determined using a FACScan flow
cytometer (BD Biosciences, San Jose, CA, USA) and
quantified with CellQuest software (BD Biosciences).

Reactive oxygen species assay

VCA-treated PDSCs, immortalized PDSCs and HepG2
cells were cultured in 100 mm dishes for 24 h and were
harvested (1 9 106 cells) in 5-ml FACS tubes. Cells were
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centrifuged at 280 g for 5 min and the supernatant was
discarded. Cells were resuspended in 20 lM DCF-DA (di-
chlorofluorescein diacetate) dye in PBS (Invitrogen Corp,
Carlsbad, CA, USA) and incubated for 30 min at 37 °C
and were washed in PBS. Again, cells were centrifuged at
2500 rpm for 5 min. Then, supernatant was discarded and
ROS production was measured using CellQuest software
(BD Biosciences) using a FITC emission filter.

Caspase-3 ELISA assay

Caspase-3 activity was measured using a Caspase-Glo 3
assay kit (Promega, Madison, WI, USA) according to
the instructions provided by the manufacturer. In brief,
100 ll of Caspase-Glo reagent was added to each well,
and mixed using a 96-well plate shaker at 40 g for 30 s.
The plate was then incubated at room temperature for
1 h. Absorbance was measured at 470 nm. All experi-
ments were performed in duplicate.

Statistical analyses

Statistical analyses were performed using Student’s t-test,
or ANOVA using SAS (SAS Institute Inc., Cary, NC, USA).
P-value <0.05 was considered statistically significant.

Results

Effect of VCA on proliferation of naïve PDSCs,
immortalized PDSCs and HepG2 cells

To confirm effects of VCA on cell proliferation, MTT
assay was performed on naïve PDSCs, immortalized
PDSCs and HepG2 cells treated with a variety of con-
centrations of VCA. Consistent with previous reports on
VCA cytotoxicity, viabilities of HepG2 cells and immor-
talized PDSCs were reduced, regardless of concentration
of VCA, compared to controls. However, low concentra-
tions including 1, 5 and 10 pg/ml of VCA increased
proliferation of naïve PDSCs. Specifically, proliferation
of naïve PDSCs was elevated up to 1.42-fold of control
value (P < 0.05) when treated with 10 pg/ml of VCA
(Fig. 1). In contrast, there were no changes in viability
of naïve PDSCs when treated with concentrations over
50 pg/ml of VCA. These findings indicate that low con-
centrations of VCA can enhance proliferation of naïve
PDSCs without causing any cytotoxic effect.

VCA increased proliferation of naïve PDSC
s by regulating G1/S phase of the cell cycle

To further elucidate mechanisms involved in prolifera-
tion of naïve PDSCs by VCA, FACS analysis was

performed using low concentrations of VCA. Naïve
PDSCs in S phase increased in a dose-dependent man-
ner of VCA, reaching 10.59% when treated with 10 pg/
ml of VCA (Fig. 2a). On the other hand, in S phase,
immortalized PDSCs and HepG2 composed 12.81% and
8.9% respectively (Fig. 2b,c). In addition, VCA was
found to elevate sub G1 phase of immortalized PDSCs
compared with others. These results indicate that VCA
increases proliferation of naïve PDSCs through induc-
tion of S phase of the cell cycle.

Effect of VCA on expression of factors regulating cell
cycle and proliferation

Next, we performed western blots on proteins characteris-
tic of cell cycle phases and proliferation. Expressions of
cell cycle-related determinants, including cyclin D1, E1,
p53, PTTG1, c-Myc and SCF rose in naïve PDSCs,
depending on VCA dosage. Interestingly, expressions of
cyclin D1 and E1 reduced in immortalized PDSCs, and
expression of p53 was high. In contrast, no changes in
expression of cyclin D1, cyclin E1 and p53 were found in
HepG2 cells. In addition, there were no differences in
expression of PTTG1, c-Myc and SCF in immortalized
PDSCs and HepG2 cells (Fig. 3a). Subsequently, we
analysed expression of proliferation associated proteins
nanog, ABCG2, p-ERK, p-Akt and p-STAT3. In naïve
PDSCs, expression of nanog and ABCG2, p-ERK and
p-STAT3 were elevated at 5 and 10 pg/ml of VCA
respectively compared to control. Expression of p-Akt
was modified in naïve PDSCs when treated with 10 pg/
ml VCA, but there were no changes in expression at other
concentrations of VCA. Interestingly, expression level of
p-Akt in immortalized PDSCs decreased depending on

Figure 1. Effects of VCA on viability of naïve PDSCs, immortal-
ized PDSCs and HepG2 cells. MTT analysis of proliferation assay
(●) naïve PDSCs, (○) immortalized PDSC and (▼) HepG2. Data are
presented as mean ± SD; *P < 0.05, compared to respective controls.
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concentration of VCA, but expressions of nanog and
ABCG2 were constant regardless of VCA treatment.
Also, expressions of p-ERK and p-STAT3 increased in
dose-dependent manner of VCA. Expressions though of
nanog, ABCG2, p-ERK, p-Akt and p-STAT3 reduced in
HepG2 cells when treated with VCA in a dose-dependent
manner (Fig. 3b). These results indicate that VCA may
enhance proliferation of stem cells including naïve
PDSCs and immortalized PDSCs, especially by regulat-
ing factors of the cell cycle and proliferation.

Effect of VCA on cell death by alteration in
intracellular ROS

As we found that treatment of VCA could modulate
cell proliferation and viability through regulating cell
cycle- and proliferation-related factors in naïve PDSCs
and immortalized PDSCs, we hypothesized that VCA
may be capable of regulating self-renewal in naïve
PDSCs only. To analyse correlation between stress
level and programmed cell death (apoptosis) in the
cells by VCA, intracellular ROS assay was performed.
VCA consistently elevated the level of intracellular
ROS in HepG2 cells, depending on concentration of
VCA. In case of immortalized PDSCs, intracellular
ROS was increased at 10 pg/ml of VCA, but

VCA-induced ROS production in naïve PDSCs signifi-
cantly reduced in a dose-dependent manner (P < 0.05,
Fig. 4a). In addition, we carried out western blot analy-
sis to detect markers of apoptosis, and caspase 3 assay
to determine caspase-3 activity. Expression of the anti-
apoptotic factor Bcl-2 was increased in naïve PDSCs in
a dose-dependent manner, but the expression of Bax
was reduced. On the other hand, expression patterns of
Bcl-2 and Bax were reduced in immortalized PDSCs
according to concentration of VCA used. However,
there was no change in the expression patterns in
HepG2 cells, although weak expression of Bcl-2 at
1 pg/ml of VCA was observed (Fig. 4b). In addition,
VCA downregulated caspase-3 activity in naïve PDSCs
in a dose-dependent manner. Also, caspase-3 activities
in HepG2 cells were reduced except at 1 pg/ml of
VCA, where caspase-3 expression was elevated. These
findings imply that VCA can induce necrotic cell death
in HepG2 cells without them undergoing apoptosis.
Interestingly, casapase-3 activities of immortalized
PDSCs were elevated by 1.4-fold between 1 and 5 pg/
ml of VCA, but reduced at 10 pg/ml of VCA (Fig. 4c).
These results indicate that VCA may regulate stem-cell
apoptosis including of naïve and immortalized PDSCs
by differently inducing intracellular ROS, depending on
cell type.

(a)

(b)

(c)

Figure 2. Cell cycle analysis of each group
depend on VCA concentration. Cell cycle
analysis of (a) naïve PDSCs, (b) immortalized
PDSCs and (c) HepG2 when treated with var-
ious concentrations of VCA, using FACS
analysis. Numbers of cells in each phase of
the cell cycle are indicated as percentages
(%).
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Effects of VCA on autophagic pathway and formation
of autophagososomes

Autophagy, type II programmed cell death, is a degrada-
tion process involving self-digestion, by fusion of auto-
phagic vacuoles with the cell’s lysosomal machinery. It
has a role in cell death as well as in cell survival,
through recycling of molecular cell-building blocks
obtained from their own digested organelles. Thus, we
performed western blot analysis to detect autophagic
markers, and immunostaining of LC3 and MDC to
detect autophagosome formation. As shown in Fig. 5a,
expression of phosphorylated mTOR (p-mTOR), a nega-
tive regulator of autophagy, was reduced in naïve
PDSCs, but was elevated in immortalized PDSCs and
HepG2 cells, in a dose-dependent manner of VCA.
Expression patterns of PI3KIII were the opposite of
expression of p-mTOR; VCA-induced Beclin-1
increased in all cell types. However, expression of LC3
II (an active form of LC3), was only increased in naïve
PDSCs, but expressions of phosphorylated mTOR,
PI3KIII and Beclin-1 in immortalized PDSCs were
shown to increase slightly, but not expressions of type
II LC3 (active LC3); phosphorylated mTOR and Beclin-
1 in HepG2 were consistently expressed (Fig. 5a).

Next, we analysed autophagosome formations at
early stages of autophagy, using immunofluorescence/
LC3. Immunofluorescence revealed presence of many
cup-shaped and ring-like structures in both cell types,
which represent autophagosomes. As shown in Fig. 5b,
expression of LC3, a marker of early stages of auto-
phagosome formation, in naïve PDSCs were revealed as
cytoplasmic particles (red) which gradually increased, in
a dose-dependent manner of VCA (Fig. 5b, upper).
There were no differences in LC3-positive vesicles in
immortalized PDSCs (Fig. 5b, middle) but, LC3-positive
vesicles in HepG2 cells treated with VCA were low
compared to control (Fig. 5b, lower). Additionally, we
used the MDC staining method; this is a fluorescent

compound that becomes incorporated into autophago-
some vacuoles. VCA-induced MDC signals in naïve
PDSCs increased compared to controls and strong horse-
shoe-shaped signals were observed at 10 pg/ml of VCA
(Fig. 5c, upper). VCA-induced MDC signals in immor-
talized PDSCs were similar to controls (Fig. 5c, middle),
and there were no changes in MDC signal in HepG2
cells (Fig. 5c, lower). From these results, we confirmed
formation of autophagosomes in all cells was induced
by VCA treatment, but this progressed faster in naïve
PDSCs compared to the other cell types.

Discussion

MSCs as powerful sources for cell therapy have been used
in order to treat several degenerative diseases as they have
many advantages such as differentiation potential, immu-
nomodulatory effects and paracrine effects. However,
applications are restricted by the cells’ limited self-renewal
capacity (3,37,38). In many previous reports, self-renewal
ability of MSCs has been shown to be regulated by several
factors, including markers of stemness (OCT4, NANOG,
Sox2), growth factors and environmental factors (39–41).
Jang et al. revealed that heat shock protein 60 (HSP60), a
regulator of TERT, c-myc, p53 and STAT3, contributes to
self-renewal of human adipose-derived mesenchymal stem
cells (42,43). However, there are few further research stud-
ies on this. For this reason, many workers have been fur-
ther investigating regulation factors of MSCs’ self-renewal
activity and their mechanisms, trying to discover new fac-
tors capable of enhancing self-renewal as required by
large-scale and long-term culture (26, 44). For example,
phenytoin enhances proliferation of MSCs by regulating
apoptosis and proliferation (27). Also, treatment with Cis-
sus quadrangularis (a perennial plant of the grape family)
has been described to enhance BM-MSC proliferation and
facilitate osteoblastogenesis through upregulation of a
MAPK-dependent pathway (45).

(a) (b)

Figure 3. Analysis of the cell cycle and proliferation in naïve PDSCs, immortalized PDSCs and HepG2 cells, depends on VCA. (a) Expres-
sion of cell cycle-related factors and (b) expression of proliferation markers in naïve PDSCs, immortalized PDSCs and HepG2 cells. GAPDH was
used as a loading control.
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It has been reported that VCA can induce apoptosis
via protein kinases A or C (46) and the caspase-3-
dependent pathway, in HL-60 cells (47) depending on
concentration of VCA (31). In this study, PDSC
cultured with low concentrations of VCA increased pro-
liferative activity with no cytotoxic effect. To our
knowledge, this is the first study to report that VCA, a
well-known anti-cancer drug, can promote proliferation
of PDSCs through autophagic mechanisms, in an MSC-
specific manner, when treated at low concentrations.

Progress through the cell cycle is one of the most
important factors seen in regulation of MSC proliferation.
G0/G1 phase arrest specially, can reduce their proliferation

(a)

(b)

(c)

Figure 4. Effect of VCA on cell death in naïve PDSCs, immortal-
ized PDSCs and HepG2 cells. (a) Intracellular ROS production in (●)
naïve PDSCs, (○) immortalized PDSCs and (▼) HepG2 by ROS
assay. Data are presented as mean ± standard deviation (SD); *mean
P < 0.05 when compared with respective controls. (b) Expression of
Bcl2 and Bax in cells using western blot analysis. GAPDH was used
as a loading control. (c) Expression of active caspase-3 in (●) naïve
PDSCs, (○) immortalized PDSCs and (▼) HepG2 cells by VCA treat-
ment using caspase-3 assay.

(a)

(b)

(c)

(d)

Figure 5. Effects of VCA on autophagic pathways and formation
of autophagososomes. (a) Expression of autophagy-related factors in
naïve PDSCs, immortalized PDSCs and HepG2 cells. GAPDH was
used as a loading control. (b) Expression of LC3 in cells using immu-
nofluorescence. PI was used for nuclear staining. (c) Monodansylcada-
verine (MDC) staining to detect autophagosomes. Scale bar = 80 lm.
Arrowhead indicates horseshoe-shaped structures.

© 2012 Blackwell Publishing Ltd Cell Proliferation, 45, 420–429

426 J. H. Choi et al.



by reducing cyclin A expression (48). Upregulation of
cyclins A1, B1 and E1 are also correlated with prolifera-
tive activity of MSCs. Ryu et al. have reported that
cyclins D1/E increase proliferation of MSCs via Ca2+/
PKC/MAPKs and PI3K pathways (49). Their self-renewal
activity is also regulated by several further factors such as
c-Myc, SCF and Sox2 (50,51). In our results, low concen-
trations of VCA (5–10 pg/ml) increased proliferative
activity of naïve PDSCs; however, we witnessed cyto-
toxic effects in immortalized PDSCs and HepG2 cells at
high concentrations of VCA. These findings indicate that
VCA may have a biphasic effect on stem cells, depending
on treatment concentrations.

Cell death is also an important event in cell survival
via cell cycle regulation in the physiology of cells (52).
There are three different types of cell death. Apoptosis,
which is a type I programmed cell death, can be induced
by high oxidative stress (ROS) (53). Alteration in ROS
can regulate cell proliferation or apoptosis of human
umbilical cord blood-derived mesenchymal stem cells
(hUCB-MSCs) via p53/p21 pathway (54). Also, it has
been reported that apoptosis by ROS is controlled by
Bax, p53 and Bcl2, which can protect against ROS
(55–57). By our results, VCA reduced apoptosis of
naïve PDSCs by reducing cytosolic levels of ROS. This
indicates that intracellular ROS may control proliferation
of naïve PDSCs when treated with VCA.

On the other hand, autophagy (type II programmed
cell death), is characterized by appearance of autophagic
vesicles engulfing cytoplasmic organelles by fusion with
the lysosomal system (58). In contrast to apoptosis,
autophagy is an economical way for cells to survive,
by recycling their building blocks after degradation (59).
Autophagy is regulated by several autophagy key regu-
lators such as the mTOR, PI3KIII, beclin-1, Atg5-12
and LC3 series. Interestingly, they also act on MSCs
growth factors to increase the cell survival (60). Knock-
down of Beclin-1 inhibits cell proliferation and promotes
apoptosis by downregulating cyclin D1, CDK4, Bcl2
and Bcl-xL expression, as well as caspase-3 activation
(61). We found that VCA increased expression of phos-
phorylated mTOR, PI3KIII, Beclin-1, Atg12 and type II
LC3 (active LC3 form) in naïve PDSCs. Although
expressions of phosphorylated mTOR, PI3KIII and
Beclin-1 in immortalized PDSCs were shown to slightly
increase, no expression of type II LC3 (active LC3
form) were expressed. Also, phosphorylated mTOR and
Beclin-1 in HepG2 were consistently expressed. In addi-
tion, numbers of autophagosomes were elevated by
VCA treatment, in all cell types. These data suggest that
VCA can efficiently trigger autophagic mechanism in
naïve PDSCs to enhance proliferation, recycling cell
building blocks, compared to cancer cells.

Previously we have showed that VCA-induced apop-
tosis is associated with inhibition of telomerase via mito-
chondria-controlled pathways, independent of p53 (62).
Also, VCA induces apoptosis and telomerase inhibition
in human A253 cancer cells by controlling dephosphory-
lation of Akt (29). These results suggest that VCA may
regulate apoptosis by controlling the TERT gene. Similar
to our previous results, VCA-induced apoptosis in
immortalized PDSCs was observed by increased sub G1
fractions, using FACS assay. However, autophagosome
formation and autophagic mechanisms were not observed
in immortalized PDSCs with overexpressed human TERT
gene. Further studies are needed to determine correlations
between TERT and autophagy.

In conclusion, our results suggest that low concentra-
tions of VCA increase self-renewal of naïve PDSCs
through regulation of passage through the cell cycle by
increased cyclin expression. Also, VCA can induce
expression of survival factors and can reduce cell death
by regulating apoptosis and autophagy. Therefore, VCA
may prove to be a useful supplement, capable of
enhancing self-renewal of mesenchymal stem cells,
including PDSCs.
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