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Human mesenchymal stem cells (hMSCs) are self-renewing cells with the ability to differentiate into orga-
nized, functional network of cells. Recent studies have revealed that activation of the Wnt/B-catenin pathway
by a glycogen synthase kinase (GSK)-3-specific pharmacological inhibitor, Bio, results in the maintenance
of self-renewal in both mouse and human ES cells. The molecular mechanism behind the maintenance of
hMSCs by these factors, however, is not fully understood. We found that rEGF enhances the level of B-catenin,
a component of the Wnt/B-catenin signaling pathway. Furthermore, it was found that B-catenin upregulates
Nanog. EGF activates the -catenin pathway via the Ras protein and also increased the Nanog protein and gene
expression levels 2 h after rEGF treatment. These results suggest that adding EGF can enhance B-catenin and
Nanog expression in MSCs and facilitate EGF-mediated maintenance of MSC self-renewal. EGF was shown to
augment MSC proliferation while preserving early progenitors within MSC population and thus did not induce
differentiation. Thus, EGF not only can be used to expand MSC in vitro but also be utilized to autologous
transplantation of MSCs in vivo.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are multipotent stro-
mal cells that can differentiate into a variety of cell types
such as adipocytes, chondrocytes, myocytes, and osteo-
blasts. Since the discovery and characterization of mul-
tipotent MSCs from bone marrow, MSC-like populations
from other tissues have been characterized based on the
“gold standard” criteria established for bone marrow-
derived MSCs (BM-MSCs) (14,18,33,35). Recently, the
Mesenchymal and Tissue Stem Cell Committee of the

International Society for Cellular Therapy proposed
three criteria to define MSCs (7,17). First, cells must
be plastic adherent when maintained under standard
culture conditions. Second, MSCs must express CD73,
CD90, and CD105, and lack expression of CD34, CD45,
CD14, CDl11b, CD79, or CD19 and major histocompat-
ibility complex (MHC) class II antigens. Third, MSCs
must be able to differentiate into osteoblasts, adipocytes,
and chondroblasts in vitro. MSCs have been recognized
for their immunomodulatory properties (24,56), thus
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broadening their potential for therapeutic use. However,
the use of MSCs is limited by disadvantages such as
oncogenicity (25,26,29,42,48,49), formation of ectopic
unwanted tissue (3), unwanted release of cytokines, and
replicative senescence after a few passages.

Recently there has been a series of publications on
aggregation of MSCs either as a procedure for enhancing
chrondrogenic differentiation of the cells (13,46,47) or to
increase their therapeutic potential (20,21,39,51). Because
aggregated human MSCs (hMSCs) were detected in the
pulmonary microemboli after intravenous (IV) infusion of
the cells (34,56), they tested the hypothesis that aggrega-
tion of hMSCs in culture may be effective in preactivating
the cells to express tumor necrosis factor-inducible gene
6 (TSG-6) and thereby enhance their anti-inflammatory
effects through a reduction in the lag period for expression
of the gene in vivo.

Few trials in which MSCs are being administered to
patients with type 1 diabetes (T1D) are ongoing. The
first is a US-based trial on the use of allogeneic MSCs
to determine safety and efficacy in patients affected by
T1D (9). The use of stem cells (SCs) holds great prom-
ise for the cure of T1D due to their propitious immuno-
logical characteristics and their regenerative capabilities
(8,9). MSCs showed multiple immunoregulatory proper-
ties in vitro and delayed allograft rejection in vivo when
cotransplanted with islets (1). Hess et al. showed that
bone marrow-derived c-kit" cells reduce hyperglycemia
once adoptively transferred into chemically induced
hyperglycemic mice. A low frequency of donor-derived
insulin-positive cells was evident, and the majority of the
transplanted cells were localized to ductal and islet struc-
tures, with stimulation of insulin production (16).

Epidermal growth factor (EGF) promotes formation
of granulation tissue, stimulates fibroblast motility, and
has been widely employed in studies to promote epider-
mal wound healing. MSCs are plastic-adherent cells with
fibroblast-like morphology and have the capacity for
multipotent differentiation in vitro (10). Wound healing
mechanisms include differentiation of MSCs and para-
crine effects of MSCs on epidermal and dermal cells
(40,54). MSCs are known to have a strong paracrine
capability of various growth factors and cytokines such as
vascular endothelial growth factor (VEGF) or hepatocyte
growth factor (HGF), which promote angiogenesis and
wound healing (41). Thus, EGF can be used not only to
expand MSCs in vitro but also to enhance cell dynamics
and cell adhesion, which in turn promotes graft survival
such as islet transplantation (1,16).

Nanog is a homeobox-containing transcription fac-
tor of approximately 280 amino acids. In the developing
mouse embryo, Nanog plays a key role in determining the
fate of the inner cell mass (ICM) cells, acting to sustain
pluripotency and preventing differentiation (4). Nanog
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was identified as a factor that, when overexpressed, sup-
ported pluripotency even in the absence of a leukemia
inhibitory factor (LIF)-based signal, and overexpression
of Nanog without any other intervention is sufficient to
sustain self-renewal. In the presence of fetal serum, acti-
vation of signal transducer and activator of transcription
3 (STAT3) by LIF is sufficient to maintain mouse embry-
onic stem cells (mESCs) in an undifferentiated state;
however, this is not the case for human embryonic stem
cells (hESCs) (6). Current literature suggest that Nanog
is neither a target for STAT3 nor a regulator of STAT3
activity, but a direct downstream target for STAT3 in the
maintenance of pluripotency (46).

Current literature suggests that Wnt/B-catenin signal-
ing also has some role in the mESC self-renewal (47). The
Whnt/B-catenin signaling pathway plays a crucial role in
carcinogenesis as well as development. The embryonic
processes it controls include body axis patterning, cell
fate specification, cell proliferation, and cell migration.
The action of Wnt is to maintain the intracellular levels
of B-catenin, which then translocate to the nucleus where
it forms a transcription complex with one of a number
of transcription factors including T-cell factor (TCF)
or lymphoid enhancer-binding factor 1 (LEF1). Tcfl
is found mainly in T lymphocytes, and Tcf4 is widely
expressed and found in SCs of the gut, while Tcf3 is
expressed in mESCs (31). The Wnt-controlled transcrip-
tion factor Tcf3 has been shown to repress Nanog and
thus promote differentiation.

Growth factors have become an important instrument
in the attempt to control MSC differentiation properties.
EGF acts by binding with high affinity to EGF recep-
tor (EGFR) on the cell surface. This stimulates ligand-
induced dimerization, activating the intrinsic protein
tyrosine kinase activity of the receptor (15). The ERK
activation by RasL61 or B-catenin was lowered by domi-
nant negative Tcf4, indicating involvement of B-catenin/
Tecf-mediated gene transcription in the ERK pathway reg-
ulation by Wnt/B-catenin signaling (20,34,55).

EGF has been shown to activate chondrogenic dif-
ferentiation of MSCs. It remains unclear though whether
preconditioning of MSCs by growth factors could result
in deterioration of other properties.

With regard to their ongoing and increasing use in
human subjects, we believe that a better understanding
of how distinct variations of MSC culture conditions may
alter their properties is essential. This will contribute to
attempts at standardizing their handling and thus improve
safety as well as comparability of scientific results. There-
fore, the aim of this study was to determine effects of EGF
supplementation during expansion of human BM-MSCs
in two widely used cell culture media and the subsequent
change of surface marker distribution and cell differentia-
tion properties.
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MATERIALS AND METHODS
Isolation and Expansion of hMSCs

The extracted human bone segments from the mandi-
ble were collected from three adults (18, 21, and 35 years
of age). All patients provided written informed consent
for the collection of samples and subsequent analysis.
Institutional review board (IRB) approval was obtained,
and all experiments have followed the principles out-
lined in the Declaration of Helsinki for all human or
animal experimental investigations by the IRB of Korea
University Guro-Hospital, Seoul, Republic of Korea (IRB
No. KUGH09110).

The bone segments were digested in a solution of 3 mg/
ml collagenase type I (Worthington Biochemical Corp.,
Lakewood, NJ, USA) and 4 mg/ml dispase (Boehringer
Mannheim, Montreal, QC, Canada) for 1 h at 37°C. Single-
cell suspensions were obtained by passing the cells through
a40-um strainer (BD Falcon; BD Biosciences, San Jose,
CA, USA) and cultured on 100-mm-diameter uncoated
culture plates (Corning Life Sciences, Tewksbury, MA,
USA) in o-modification of Eagle’s medium (Gibco
BRL; Life Technologies, Grand Island, NY, USA) supple-
mented with 10% fetal calf serum (FCS; Gibco BRL),
100 uM ascorbic acid 2-phosphate (Wako Chemicals
USA, Cape Charles, VA, USA), 2 mM glutamine (Sigma-
Aldrich, St. Louis, MO, USA), 100 U/ml penicillin (Sigma-
Aldrich), and 100 pg/ml streptomycin (Sigma-Aldrich)
and then incubated at 37°C in 5% CO,. All primary cells
used in this study were at passage 3 or 11. The cells were
divided every 4 days with 40% confluence.

The rabbit monoclonal antibody (RmAb) to human
B-catenin was purchased from Cell Signaling Technology
(Danvers, MA, USA); glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), phosphorylated STAT3 (pSTAT3),
and STAT3 were purchased from Abcam (Cambridge,
UK); Nanog was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA); anti-Ras antibody, clone
RASI10, was purchased from Merck Chemicals GmbH
(Upstate, Darmstadt, Germany); stromal cell line antibody
(STRO-1) was purchased from R&D Systems (Minne-
apolis, MN, USA); and the monoclonal anti-o-tubulin
was purchased from Sigma-Aldrich. The antibodies for
cytoskeleton (Alexa Fluor® 568 or 488 phalloidin) and
fluorescence immunocytochemistry (Alexa Fluor 568 or
488) were purchased from Molecular Probes (Life Tech-
nologies Biotechnology Company, Eugene, OR, USA).

Flow Cytometry Analysis

The percentage of STRO-1" and CD90" cells was ana-
lyzed by flow cytometry; each cell stock at their second
passage was seeded and cultured by the time the cells
reached 90% of confluence. Approximately 1x10° cells
were harvested using trypsin/ethylenediaminetetraacetic
acid in phosphate-buffered saline (PBS) and cultured for

24 h to be stabilized. When the cells reached approxi-
mately 60% of confluence at their third passage, hMSCs
were harvested from the culture dishes and fixed with
3.7% paraformaldehyde (PFA) for 1 min. The cells were
blocked with 1% bovine serum albumin (BSA) for 2 h
at 4°C and incubated with primary STRO-1 mAb (1 pg/
ml) and CD90 mAb at 4°C for 30 min, and with second-
ary Alexa Fluor 488 antibody at room temperature (RT)
for 30 min. The mixture of the cells was washed twice
with PBS and fixed in 1% PFA. The negative control cells
for each cell group were prepared the same as described
above except for primary antibody incubation. Cells
were analyzed using a FACSCalibur™ (BD Biosciences).
A total of 10,000 viable cells were analyzed per sample,
and the reading was repeated three times.

Three-Dimensional Culture System of hMSC
and MSC Sphere Staining

To assess the aggregation ability, approximately 2.5x
10* cells were seeded per 1 ml of o-minimum essential
medium (MEM) media onto a 12-well culture plate and
incubated overnight in 5% CO, at 37°C to be stable. The
culture system is made of soft agar with different con-
centrations: a layer constituting the bottom is 1.6% agar
and the top part where the cell layer is administered is
composed of 0.8% agar. After 7 days of culture period,
the microscopic images were captured using an Olympus
CKX41 (Tokyo, Japan) microscopic digital camera and
viewed using Adobe Photoshop 7.0 software (Adobe
Systems Incorporated, San Jose, CA, USA). To aggregate
hMSCs, we used a three-dimensional (3D) culture system.
Phase-contrast microscopy showed the time course of the
aggregation of 25,000 hMSCs into a spheroid in a hang-
ing drop. The hMSC spheres were generated at their 3rd
or 11th passage and cultured in a well of soft agar with
or without EGF for 48 h at 37°C in 5% CO,. Fixation
was for 10 min at RT with 3.7% PFA in PBS at pH 7.4,
and then permeabilization occurred for 3 min on ice with
0.1% Triton™ X-100 (Sigma-Aldrich) in PBS. The block-
ing procedure was performed with 1% BSA for 2 h at 4°C
followed by washing in PBS (pH 7.4). Next, the hMSC
spheres were incubated with stemness marker [Nanog, red
(v/v); 1:200] (Santa Cruz Biotechnology Inc., Dallas, TX,
USA) and surface marker [anti-human STRO-1, green
(v/v); 1:200] (R&D Systems) for 2 h at RT. The spheres
were subsequently incubated using secondary antibod-
ies of Alexa Fluor 568 phalloidin and Alexa Fluor 488
(Life Technologies) for 30 min. Next the nuclei were
stained in 4’,6-diamidino-2-phenylindole (DAPI; 1 ug/ml;
Roche Applied Science, Pleasanton, CA, USA) for 5 min
at RT. After washing with PBS several times, the slides
were mounted in a mounting medium. The spheres were
imaged using a confocal laser scanning microscope (LSM
510 META,; Carl Zeiss, Heidenheim, Germany).
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Immunoblot Analysis

For sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE), the Laemmli buffer sys-
tem (Sigma-Aldrich) was used to cast a 5% stacking
gel and 10% resolving gel. After denaturation at 100°C
for 3 min, proteins were resolved at a constant 20 mA
in a Bio-Rad Mini-PROTEAN II apparatus (Bio-Rad
Laboratories, Seattle, WA, USA) until the bromophenol
blue reached the bottom of the gel. Anti-STAT3, anti-
phospho-STAT3, anti-B-catenin, anti-Nanog, anti-Ras,
anti-c-Myc, anti-GAPDH, and anti-o-tubulin primary
antibodies were used, and then membranes were incu-
bated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Santa Cruz Biotechnology). Pro-
tein bands were observed by enhanced chemilumines-
cence using SuperSignal West Pico (Thermo Fisher
Scientific, Schaumburg, IL, USA).

RT-PCR

The total RNA was prepared by TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s protocol. The first-strand cDNA was synthe-
sized through a cDNA synthesis kit (Invitrogen). The
primer set for PCR included Nanog (sense, 5-ATG
AGT GTG GAT CCA GCT TG-3’; antisense, 5-CTC
CAG GTT GAA TTG TTC CA-3"). The PCRs were
preincubated in a PCR Mastercycler gradient (Applied
Biosystems, Carlsbad, CA, USA) at 95°C for 3 min and
then cycled 33 times at 95°C for 30 s, 55°C for 30 s, and
72°C for 60 s, and then followed by a final 7-min exten-
sion at 72°C. The products were separated by electropho-
resis on a 1% agarose gel and visualized by UV-induced
fluorescence.

Real-Time Quantitative PCR

The hMSCs were plated in 100-mm culture dishes
with o-MEM media and allowed to attach overnight in
5% CO, at 37°C. Total RNA was extracted from those
cells using TRIzol® reagent (Invitrogen) according to the
manufacturer’s protocol. The concentration and purity of
the RNA preparations were determined by measuring the
absorbance of RNA at 230, 260, and 280 nm. The first-
strand cDNA was synthesized using a first-strand cDNA
synthesis kit (Invitrogen), and approximately 100-150 ng
of total RNA was used for analysis. Real-time quantitative
PCR was performed using EXPRESS SYBR GreenER™
SuperMix (Invitrogen) in a real-time PCR system (7500
Real-Time PCR System; Applied Biosystems). The primer
set for PCR included Nanog (sense, 5>-TACCCCAG
CCTTTACTCTTC-3; antisense, 5-CTCCAGG
TTGAATTG C A-3"). Measurements were performed
in triplicate in a reverse transcription-negative blank of
each sample, and a no-template blank served as negative
controls. Amplification curves and gene expression were
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normalized to the housekeeping gene B-actin, which was
used as an internal standard.

Immunocytochemical Staining

For immunocytochemical staining, cells (2x 10* cells/
well) were seeded on 22x22-mm coverslips in six-well
plates. The cells were plated at their second passage and
cultured for 24 h at 37°C in 5% CO,. Fixation was for
10 min at RT with 3.7% PFA in PBS at pH 7.4, and then
permeabilization occurred for 3 min on ice with 0.1%
Triton"™ X-100 (Sigma-Aldrich) in PBS. The blocking
procedure was performed with 1% BSA for 2 h at 4°C
followed by washing in PBS (pH 7.4). Next, the samples
were incubated with primary mAbs (v/v, 1:200) for 2 h at
RT. The cells were subsequently incubated using second-
ary antibodies of Alexa Fluor 488 and Alexa Fluor 568
phalloidin for 30 min. The nuclei were then stained in
DAPI (1 pg/ml; Roche Applied Science) for 5 min at RT.
After washing with PBS several times, the slides were
mounted in a mounting medium. Cells were imaged using
a confocal laser scanning microscope (LSM 510 META;
Carl Zeiss).

Mineralization Induction

The hMSCs (8x10* cells/well) were seeded into six-
well plates with normal growth media at their third pas-
sage. The media were changed to the mineralization
induction media (o-MEM, 5 mM B-glycerol phosphate,
and 10 nM dexamethasone) every 3 days. On day 21,
accumulation of mineral nodules was detected by 2%
Alizarin red S staining at pH 4.2 (Sigma-Aldrich) and
observed with a light microscope (Olympus, Center
Valley, PA, USA). The supernatant was quantified spec-
trophotometrically, and absorbance of samples was read
at 562 nm.

RESULTS

EGF Is Involved in the Regulation of Aggregation
of hMSCs Into Spheroids

Our previously published data have indicated that
human alveolar BM-MSCs express markers such as
STRO-1. We isolated hMSCs from alveolar bone accord-
ing to previously described protocols (32). Most of the
cells retained their fibroblastic spindle shape under light
microscopic view (Fig. 1A). Adherent single-cell colonies
were also shown (data not shown). Immunocytochemical
staining with STRO-1 antibody showed that the majority
of STRO-1 proteins were generally distributed in the cell-
to-cell junctions (Fig. 1B). The fluorescence-activated cell
sorting (FACS) analysis was performed with STRO-1.
STRO-1 has been commonly used as a positive marker
for h(MSCs and was markedly expressed in hMSCs in this
study. CD90 was suggested as one of the most reliable
surface markers for hMSCs and has been confirmed in
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Figure 1. Characterization of human mesenchymal stem cells (hMSCs). (A) Light microscopic view of the adherent single-cell
colony of hMSCs. Scale bar: 100 um. (B) Immunocytochemical staining using STRO-1 as a mesenchymal stem cell marker. Cells
were incubated with anti-STRO-1 antibody, followed by labeling with anti-mouse fluorescein isothiocyanate for STRO-1 (arrows).
Cytoskeleton was visualized in red by labeling phalloidin with confocal microscope. 6-Diamidino-2-phenylindole (DAPI)-stained
nuclei are shown in blue. Scale bar: 50 um. (C) FACS analysis of hMSCs dissociated from primary cells of human bone segments
and stained for STRO-1 and CD90. Cells were gated on viable cells (P1; left). In the histograms, STRO-1 and CD90 expression in
hMSCs demonstrates an evident positivity; the black line indicates isotype cells. Percentages in each histogram are relative to total

viable cells.

several studies as an intense marker for hMSCs (7,18,32).
Thus, we started our study for human BM-MSCs focusing
on cells with corresponding characteristics by flow cytom-
etry (Fig. 1C). To aggregate hMSCs, we used a 3D cul-
ture (Fig. 2A). The microscopy demonstrated that hMSCs
cultured in 3D culture system and gradually coalesced
into a single central spheroid (Fig. 2B). After treatment
of hMSCs with EGF, they increasingly incorporated into
a central spheroid formation. This finding was consistent
even after mineral induction. However, the aggregator
of hMSCs disappeared dramatically when administered
with the inhibitor of the EGF, cetuximab (Fig. 2B, top).
The hMSCs were cultured in normal medium or mineral-
ization induction medium. hMSCs not treated with EGF
showed far more mineral nodules (crystal formation)
compared to the cells with EGF treatment in the mineral
induction medium (Fig. 2B, bottom). Confocal images
show spheroid hMSCs stained with the indicated Nanog

stemness marker (red). Anti-STRO-1 antibody (green)
and DAPI staining (blue) are also shown (Fig. 2C). After
treatment of hMSCs with EGF, Nanog was increasingly
expressed into a spheroid (Fig. 2C). This result suggests
that adding EGF can enhance cell aggregation and main-
tenance in hMSCs.

EGF Induces the Transcription Factor Nanog
Turn On and Increases Protein Expression

We aimed to determine whether EGF affects hMSC
differentiation properties via the STAT3 pathway. STAT3
activation is required for self-renewal of ESCs. Indeed
LIF, which is supplied to murine ESC cultures to main-
tain their undifferentiated state, can be omitted if STAT3
is activated through some other means (27). Nanog
was identified as a factor that when overexpressed sup-
ported pluripotency even in the absence of a LIF-based
signal. In the embryo, Nanog expression is first seen at
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Figure 2. Design of 3D culture system and spheroid hMSCs. (A) The 3D culture system for hMSCs. The culture system is made of
soft agar, a layer constituting the bottom is 1.6% agar, to administration of the cell layer was composed of 0.8% agar. The 12-well
plate was used, and cells were seeded 2.5x 10* per well. (B) Phase-contrast microscopy showing the aggregation of 250,000 hMSCs
into a spheroid in a hanging drop. Cells were grown in o-modification of Eagle’s medium (o-MEM) with or without 20 ng/ml EGF
and/or cetuximab for 7 days before image capture. Scale bar: 750 um. (C) Confocal images of spheroid hMSCs stained with the
indicated Nanog stemness marker (red). Anti-STRO-1 antibody (green) and DAPI staining (blue) are also shown. Scale bar: 50 pm.

the compacted morulae stage before becoming restricted earliest molecules found to be associated with the main-
to the ICM, the postimplantation stage when Nanog tenance of SC self-renewal in vitro and in vivo.

expression is drastically reduced. In vitro, Nanog expres- We measured the effect of pSTAT3 and STAT3 protein
sion is robust in the pluripotent cell types but is absent expression or Nanog on immunoblot and RT-PCR stimu-

from adult tissues (4). The LIF was among one of the lated by LIF and/or EGF (Fig. 3A-D). LIF treatment
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increased the intensity of STAT3 protein in the 3rd pas-
saged and 11th passaged hMSCs. However, treatment of
EGF with LIF or without LIF did not affect the STAT3
protein expression, and also the pSTAT3 was increased
in the EGF-treated 3rd passaged and 11th passaged
hMSCs (Fig. 3A).

The Wnt signaling pathways regulate satellite cell self-
renewal and myogenesis during embryogenesis (13). ERK
pathway regulation by B-catenin occurs at least partly via

cross-talk of the Ras protein (20). Studies have shown
that B-catenin is able to upregulate octamer-binding tran-
scription factor 4 (Oct4) expression and interact with
Nanog and thus promote self-renewal (47).

To determine whether EGF affects Nanog expression
via the B-catenin pathway, we examined the effect of
Ras, pErk, pSTAT3, B-catenin, and Nanog expression on
hMSCs by EGF using immunoblot. Ras, pErk, pSTATS3,
B-catenin, and Nanog protein levels were increased by
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Figure 3. (A) Immunoblot showing the effects of EGF and/or leukemia inhibitor factor (LIF). EGF was treated 20 ng/ml for 2 h. Cell
extracts were resolved on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) from 3rd or 11th passaged
cells, respectively, and STAT3 and pSTAT3 proteins were detected by immunoblot analysis as described in the Materials and Methods
section. o--Tubulin was used as a loading control. (B) Immunoblot showing the effects of EGF. Cells were grown in o-MEM with or
without 20 ng/ml EGF for 2 h before harvesting. Immunoblot analysis was performed on cell lysates for the detection of Ras, pErk,
pSTAT3, B-catenin, Nanog, and o-tubulin. (C) Reverse transcriptase polymerase chain reaction (RT-PCR) analysis of hMSCs. The
PCR shows the presence of 620-bp bands in human Nanog. (D) The relative mRNA expression of Nanog normalized to -actin was
remarkably increased in EGF compared with the control group. The mRNA expression of Nanog was not increased in LIF-treated
hMSCs, but the EGF/LIF treatment group was increased. Data are means = SD from n =3 independent experiments. The p values were
determined by unpaired two-tailed Student’s #-test.
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inoculation of EGF (Fig. 3B). The EGF-treated hMSCs
turned on the gene expression of Nanog by PCR (Fig. 3C).
To investigate whether the EGF-induced stemness was
accompanied by an increase in the Nanog gene expres-
sions, we performed real-time quantitative PCR. The
relative mRNA expression of Nanog was remarkably
increased in EGF-treated hMSCs compared with the
hMSCs not treated with EGF, while the expression of
Nanog was highly increased in EGF-treated hMSCs, but
the amount was less than the increase in EGF/LIF-treated
hMSCs (Fig. 3D). The only genes expressed more than
153-fold in EGF-only-treated cells and 120-fold in EGF/
LEF-treated cells were Nanog (Fig. 3D).

To identify the involvement of EGF in hMSC stem-
ness, we measured the effects of EGF (Fig. 3B). The Ras,
pErk, pSTAT3, B-catenin, and Nanog levels, which were
increased by 2 h of stimulation with EGF in hMSCs, indi-
cate the functionality of EGF. Interestingly, we noticed an
increase in nonphosphorylated Ras, B-catenin, and Nanog
by immediate EGF signaling (Fig. 3B). Notably, we also
observed reductions of B-catenin, pSTAT3, and Nanog
by the B-catenin inhibitor PNU-74654 (Fig. 5D), which
indicates specificity in the regulation of the stemness and
ERK pathway components in hMSCs by EGF. Therefore,
EGF activates the B-catenin pathway via Ras protein and
also increased the amount of Nanog protein and gene
expression levels at 2 h after EGF treatment. This result
suggests that EGF can increase Nanog expression via
the B-catenin pathway and can enhance maintenance of
hMSCs (Figs. 2B and C and 3B).

We also investigated the effect of EGF induction on
B-catenin and Nanog protein by immunocytochemical
analysis. B-Catenin and Nanog protein overexpressed by
the addition of EGF were mostly localized in the nucleus
area of hMSCs compared to control groups (Fig. 4A
and B). B-Catenin remained in the perinuclear area of
cells and increased movement into the nucleus by inocu-
lation of EGF at 2 h (Fig. 4A). Nuclear Nanog protein
was activated by EGF at 2 h (Fig. 4B).

To measure the expression of B-catenin and Nanog
protein in hMSCs as maintained by EGF, we used FACS
(Fig. 4C). Cells were gated on the quantity of viable cells.
Autofluorescence was detected for Nanog (PE-A chan-
nel) and B-catenin (FITC-A channel). In the histograms,
Nanog and [-catenin expression in hMSCs demonstrates
an evident positivity; the black line indicates isotype cells.
Percentages denoting expression levels are shown in each
histogram, which compare controls to the EGF-treated
cells. The B-catenin and Nanog had a protein expression
of 93.96% and 95.65%, respectively, in hMSCs (Fig. 4C).
These results suggest that adding EGF can enhance
B-catenin and Nanog expression in EGF-mediated main-
tenance of hMSC self-renewal.

YUETAL.

EGF Inhibits Mineralization via the 3-Catenin Pathway
in hMSCs

To assess whether EGF contributes to mineralization of
hMSCs, we treated the hMSCs with human recombinant
EGF (rEGF). The effect of rEGF-induced mineralization
was confirmed by Alizarin red staining (Fig. 5A). Min-
eralization of the hMSCs was compared without rEGF
(control: with PBS) or with rEGF (experimental) under
normal growth or mineralization induction condition.
The Alizarin red-stained samples underwent destaining
procedure, incubating the samples at RT for 15 min with
3 ml of 10 mM sodium phosphate 10% acetyl pyrim-
idium (pH 7.0) solution. The calcium content measured
from the destained samples followed the same trend as
the results of Alizarin red-stained samples. The destained
samples were then transferred to a 96-well plate, and
the absorbance was measured at 562 nm (Fig. 5B). The
mineralization results after 3 weeks demonstrate that the
hMSCs cultured at 1 mg/ml calcium hydroxide concen-
tration under the mineralization induction media have
far higher mineralization reaction than under the normal
growth media. However, the cells treated with rEGF and
cultured under normal growth media did not show min-
eralization. The hMSCs cultured with cetuximab under
mineralization induction media showed increased cal-
cium content despite rEGF treatment, whereas the cells
cultured under normal growth media showed no increase
in calcium (Fig. 5A and B).

To identify involvement of EGF in the regulation
of the B-catenin pathway, we measured the level of
B-catenin after 20 ng/ml rEGF treatment of hMSCs for
2 h. Immunoblots showed increased B-catenin levels.
The level of Nanog was also increased with increased
pSTAT3 and B-catenin, whereas treatment with cetux-
imab decreased it (Fig. 5C). EGF stimulation and sequen-
tial increase in pSTAT3 activated the -catenin signaling
pathway, and the increase in Nanog induced self-renewal
of hMSCs. In addition, experiments using PNU-74654 to
inhibit B-catenin exhibited the same effect as that of the
addition of cetuximab (Fig. 5D). The results indicate that
rEGF is a major factor for increasing the expression of
Nanog via the -catenin pathway in hMSCs.

DISCUSSION

Pluripotent SCs may be isolated from the embryonic
ICM and expanded. However, most of the tissues of an
adult organism generally include a small pool of cells
(adult SCs) with an inherent ability to maintain the pool
through self-replication and produce more dedicated pro-
genitor cells through multiple lineage differentiation (53).

hMSCs remain one of the most promising tools for
use in regenerative medicine due to their multilineage
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Figure 5. Effects of mineralization on the hMSCs with EGF and/or cetuximab. (A) The hMSCs were grown in a-MEM, and miner-
alization was induced with B-glycerophosphate and dexamethasone. Alizarin red staining shows mineral nodule formation with induc-
tion as described in the Materials and Methods section. Note the significant mineralized nodules in the induction media with cetuximab
but no mineral nodule formation with EGF. Scale bar: 1 mm. (B) The Alizarin red-stained samples were destained as described in the
Materials and Methods section, and the absorbance was measured at 562 nm. Data are means+SD from n =3 independent experiments.
The p values were determined by unpaired two-tailed Student’s #-test. (C) Immunoblot analysis was performed to detect -catenin,
pSTAT3, Nanog, and o.-tubulin. EGF at 20 ng/ml and/or cetuximab was added to cells 2 h before harvesting. (D) EGF at 20 ng/ml and/
or the B-catenin inhibitor PNU-74654 at 2 pug/ml was added to cells 2 h before harvesting.

potential. However, recent findings suggest that they are
a heterogeneous population with differentiation potential
(38,50). As culture conditions vary enormously between
different laboratories, this may result in culturing differ-
ent cell populations in different places, although all of
them are referred to as MSCs. Even after obtaining the
clinical characteristics of hMSCs, the cultured MSCs can
be induced to differentiate under experimental cell cul-
ture conditions in the laboratory(21,39,51).

According to previous reports, human bone marrow
cells include postnatal SCs that carry the ability to differ-
entiate into osteoblasts, adipocytes, and neuron-like cells.

Such SCs were STRO-1/CD146" progenitors derived
from the perivascular area of the bone marrow (43). In
this study, we isolated and antigenically defined the adult
hMSC:s as a population of SCs with early characteristics
that are comparable to STRO-1 cells (Fig. 1A-C).

The cell culture conditions, such as the addition of
specific cell growth factors, influence the proliferation
and differentiation of hMSCs. The most commonly used
growth factors are basic fibroblast growth factor (bFGF),
transforming growth factor-B (TGF-B), and platelet-
derived growth factor (PDGF), which could replace
the serum component in cell culture medium to expand
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hMSCs ex vivo without compromising differentiation
potential (2,30,52). A report found that soluble EGF was
shown to augment MSC proliferation while preserving
early progenitors within the MSC population and thus
did not induce differentiation (23). This is similar to the
findings observed previously with large hMSC spheroids
(36) and hMSCs in 3D culture (11).

MSCs have a significant immunoregulatory function,
both toward developing thymocytes (45) and peptide-
specific mature T cells (22), which might play a role in
tumor-T cell interaction during neoplastic growth.

We applied human rEGF at the beginning of one pas-
sage to ensure that cell preparations were composed of
homogeneous hMSCs. If we treat MSCs with soluble
EGF or rEGF in vitro, there is no risk of tumor forma-
tion because the half-life of the EGF limits tumorigenic
effects. We also needed to determine whether administra-
tion of rEGF had any influence on hMSCs when applied
to cells that had been cultured with rEGF and/or cetux-
imab for 11 passages (Fig. 3A).

Cetuximab is an EGFR inhibitor used for the treatment
of metastatic colorectal cancer and metastatic non-small
cell lung cancer. When growth factors bind to their recep-
tors on the surface of the cell, the receptors give a sig-
nal that causes cells to divide. Cetuximab binds to such
receptors and turns off that signal (28). The microscopy
demonstrated that hMSCs cultured in wells first formed
numerous small aggregates that gradually combined into
a single central spheroid along the lower surface of the
wells. However, the spheroid did not increase as aggre-
gates with cetuximab in normal growth and mineral-
induced media (Fig. 2B). These findings are supported
by our own data, clearly indicating acceleration of aggre-
gation from the beginning of rEGF administration and
improved maintenance of hMSCs.

Wnt signaling plays an essential role in embryonic
development and also in the maintenance of adult SCs
in various tissues. In the canonical Wnt pathway, acting
via B-catenin and Tcf/Lef factors (12,44), B-catenin is a
well-known cytoplasmic protein and has a role in cell—
cell adhesion, acting to link membrane-bound cadherin to
the actin elements in the cytoskeleton and also acting as
a signaling molecule inside cells as part of the canonical
Whnt signaling pathway (37). It has recently been shown
that B-catenin is able to upregulate Oct4 expression and
interact with Nanog and thus promote self-renewal (47);
inhibition of Nanog results in increased differentiation.
Nanog genes are essential for the development and pluri-
potency of various tissues as well as fate determination
in SCs (5,19).

Our study reveals that genetic analysis such as RT-PCR
in hMSCs has shown increased levels of mRNA for self-
renewal markers, such as Nanog, that was also confirmed
at the protein level using immunofluorescence staining

and immunoblot (Fig. 3A and B) and also reveals that
rEGF had a significant influence on other important sig-
naling molecules, such as expression of Ras, B-catenin,
and Nanog (Fig. 3C).

The differentiation potential of hMSCs was confirmed
by mineralization induction. Mineralization induction
for 3 weeks led the hMSCs to make mineral nodules,
which was confirmed by Alizarin red staining. In this
study, Alizarin red staining was used to find out the effect
of calcium hydroxide on the mineralization of hMSCs.
More of the small round Alizarin red-positive nodules
were found in the cells grown in the culture with min-
eralization induction media, and this tendency was more
evident even to the naked eye when the mineralization
induction media were used compared with the normal
growth media, and an increase in Alizarin red-positive
nodules with cetuximab in mineral-induced media was
noted as well. However, the Alizarin red-positive nod-
ules did not increase as with rEGF in normal growth and
mineral-induced media (Fig. 5A). To analyze such data
quantitatively, the absorbance was measured at 562 nm.
As aresult, it was evident that calcium accumulation had
comparatively increased in the cells grown in the miner-
alization induction media or with cetuximab than in the
normal growth media or with rEGF (Fig. 5B).

To summarize the results, it was biochemically and
physiologically evident that rEGF decreased the cell dif-
ferentiation potential of the hMSCs. Such a result is valu-
able for the in vitro cultivation of the hMSCs. Future
studies must focus on the molecular and cellular changes
playing an important role in dedifferentiation, physiology/
embryology, treatment-related procedures, and SC-related
therapies, which will contribute to a better transplanta-
tion practice.
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