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Abstract. Cell therapy and cell-based tissue engineering is
becoming increasingly important in regenerative medicine.
Stem cells that are characterized by self-renewal, high prolif-
eration and multiple differentiation potentials have attracted
attention in cell-based regenerative medicine. Maintaining the
aforementioned characteristics of stem cells is the first key step
in cell-based regenerative medicine. Basic fibroblast growth
factor (bFGF) is a well-known growth factor that efficiently
maintains the self-renewal, high proliferation and multilineage
differentiation potential of stem cells. Whether or not other
growth factors, such as acidic fibroblast growth factor (aFGF)
and epidermal growth factor (EGF) have similar effects has
yet to be fully elucidated. Human hair follicle-derived mesen-
chymal stem cells (HF-MSCs) were obtained by organ culture.
They exhibited surface markers of bone marrow mesen-
chymal stem cells as shown by positive staining for CD44,
CD73, CD90 and CDI105, and they also displayed trilineage
differentiation potentials into adipocytes, chondrocytes and
osteoblasts by cytochemistry and gqRT-PCR. Flow cytometry
analysis showed that up to 70% of HF-MSCs cultured in the
presence of aFGF, bFGF or EGF stayed at the GO/G1 phase.
Proliferation analysis showed that both bFGF and EGF at as
low as 1 ng/ml and aFGF at above 5 ng/ml levels significantly
increased the proliferation of HF-MSCs by cell counting.
Consistent with proliferation analysis, immunofluorescence
staining showed that more than 95% of HF-MSCs cultured in
the presence of aFGF, bFGF and EGF were positively stained
for proliferating cell nuclear antigen. HF-MSCs cultured in the
presence of aFGF, bFGF or EGF retained marked trilineage
differentiation potentials. By contrast, HF-MSCs cultured in
the absence of bFGF, aFGF and EGF lost multipotency.
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Introduction

The hair follicle is one of the skin appendages, a mini organ
that forms early in embryonic development as a result of
epithelial-mesenchymal cell interactions. The occurrence and
maintenance of hair follicle is related to more than 20 types of
cells (1). The hair follicle is one of the few organs in the body
with the ability to undergo cycles of degeneration and regen-
eration throughout life (2). It has been reported that multipotent
stem cells, isolated from individual follicles, are similar to bone
marrow mesenchymal stem cells since they express surface
markers of mesenchymal stem cells and can differentiate into
adipocytes, chondrocytes, osteoblasts, glial cells, melanocytes,
smooth muscle cells and endothelial cells (3-5).

In addition, hair follicle allografts have not demonstrated
immune rejection, suggesting that the engrafted hair follicles
have low immunogenic properties (6). Therefore, hair follicle
stem cells appear to be highly appropriate seed cells for tissue
engineering and clinical application.

Self-renewal and multipotent differentiation are character-
istics of stem cells. Since numerous undifferentiated stem cells
are required for clinical applications, several laboratories have
supplemented their expansion medium with growth factors to
accelerate stem cell proliferation. Fibroblast growth factors
(FGFs), are a family of growth factors involved in angiogenesis,
wound healing, and embryonic development. The FGFs are
heparin-binding proteins, and interactions with cell-surface
associated heparan sulfate proteoglycans are essential for FGF
signal transduction (7).

FGFs are key players in the processes of proliferation and
differentiation of a wide variety of cells and tissues. Acidic
fibroblast growth factor (aFGF) functions as a modifier of
endothelial cell migration and proliferation, as well as an
angiogenic factor. It acts as a mitogen for a variety of meso-
derm- and neuroectoderm-derived cells in vitro (8,9).

Basic fibroblast growth factor (bFGF) is a critical compo-
nent of human embryonic stem cell culture medium and is
necessary for the cells to remain in an undifferentiated state,
although the mechanisms by which it does this are poorly
defined. It is necessary in mouse-feeder cell dependent
culture systems, as well as in feeder and serum-free culture
systems (10,11).
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Epidermal growth factor (EGF) is known to enhance
migration and cell proliferation of bone marrow-derived
mesenchymal stem cells while maintaining differentiation
potential (8). Numerous studies have demonstrated that EGF
and bFGF increase proliferation and modulate the differ-
entiation potential of human adipose-derived stromal/stem
cells (12-15).

Based on these observations, we hypothesized that the
presence of aFGF, EGF and bFGF would enhance the prolifer-
ation and multipotent potential of human hair follicle-derived
mesenchymal stem cells (HF-MSCs). The current study
examined the effect of aFGF, EGF and bFGF with respect to
HF-MSC proliferation and multipotent differentiation.

Materials and methods

Isolation and cultivation of human hair follicle stem cells.
Human hair follicle stem cells were isolated from adult
occipital and temporal hair follicles. The hair follicles were
drawn off by cropped tweezers. After extensive washing
with phosphate-buffered saline (PBS) containing antibiotic-
antimycotic (Hyclone, USA), the hair follicles were transferred
each into a single well of a 96-well culture plate, and cultured
in 100 pul of Dulbecco's modified Eagle's medium/F12
(DMEM/F-12) containing 10% fetal bovine serum (FBS;
Gibco, USA) and 1% antibiotic/antimycotic, supplemented
with 10 ng/ml EGF and 10 ng/ml bFGF to allow for cell migra-
tion onto the tissue culture plastic. The wells populated with
cells originating from the dermal sheath or papilla and which
had the morphological appearance of mesenchymal cells were
selected, pooled and expanded. Expanded cells were cultured
in DMEM/F-12 containing 10% FBS and 1% antibiotic/anti-
mycotic and supplemented with 2 ng/ml bFGF. Prior to the
proliferation assay, the cells were cultured in stromal medium
(DMEM/F-12, 10% FBS) for 7 days.

Adipogenic, osteogenic and chondrogenic differentiation of
human hair follicle stem cells. Conditions to induce the differ-
entiation of human hair follicle stem cells into adipocytes,
chondrocytes, and osteoblasts were employed as previously
described (2). Cells were grown in the adipogenic medium
[high glucose DMEM (Gibco), 10% FBS, 0.5 uM IBXM, 1 uM
dexamethasone, 10 M insulin, 200 M indomethacin (Sigma,
USA)] for 2 weeks, and then stained using Oil Red O (2).

The cells were cultured in the osteogenic medium [high
glucose-DMEM, 10% FBS, 50 uM ascorbate-2-phosphate,
0.1 uM dexamethasone, 10 mM f-glycerolphosphate (Sigma)]
for 2 and 4 weeks. Following differentiation for 2 weeks, the
alkaline phosphatase (ALP) enzymatic activity (2), Alizarin
Red staining and the von Kossa staining (2) was performed
after 4 weeks of culture to examine osteogenic differentiation.

For chondrogenic differentiation, cell spheres of HF-MSCs
were generated by adding 20 ml of 8x10° cell/ml HF-MSCs
drop wise in non-tissue-culture-treated 24-well plates. After
4 h of incubation at 37°C and 10% CO,, the medium was
changed to the chondrogenic differentiation medium: high
glucose DMEM with 10% FBS, 6.25 yM insulin, 10 ng/ml
transforming growth factor-p1 (TGF-p1; Sigma), and 50 uM
of ascorbate-2-phosphate. The culture medium was replen-
ished every 3 days for 2 weeks. At that time, cell spheres of
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HF-MSCs were fixed in 10% buffered formalin phosphate
(Fisher Scientific) and embedded in paraffin. The tissue
sections were used for Alcian blue staining and collagen 1II
immunohistochemistry (2).

Real-time PCR. After the differentiation of human hair
follicle stem cells into adipocytes, chondrocytes, and osteo-
blasts, the total RNA was extracted from differentiated cells
using TRI-Reagent (Sigma), according to the manufacturer's
instructions. Total RNA was reverse transcribed by RNA
PCR kit (AMV) Ver.3.0 (Takara, Dalian, China). For quantita-
tive determination, the real-time PCR was performed in the
Applied Biosystems 7500 sequence detection system (Applied
Biosystems, Foster City, CA, USA) using SYBR®-Green
(Roche Diagnostics) as a double-strand DNA-specific binding
dye, according to the manufacturer's instructions. Samples
were amplified using specific primers to ap2, peroxisome
proliferator-activated receptor y2 (PPARY2), ALP, runt-related
transcription factor 2 (RUNX?2), osteocalcin (OC), collagen II,
SOX9 and B-actin. B-actin was used as internal standard, and
relative expression was calculated according to the ACt method.
The result of real-time PCR was represented as fold increase
with respect to the control sample (construct grown in DMEM/
F-12 containing 10% FBS and 1% antibiotic/antimycotic
and supplemented with 2 ng/ml bFGF). The PCR oligo-
nucleotide primers were (34,35): ap2 (F, 5-"AAAGAAGTAGG
AGTGGGCTTTGC-3' and R, 5'-CCCCATTCACACTGAT
GATCAT-3"); PPARY2 (F, 5~AGGCGAGGGCGATCTTG-3'
and R, 5-CCCATCATTAAGGAATTCATGTCATA-3"); SOX9
(F, 5-TTCATGAAGATGACCGACGA-3' and R, 5'-GTCCAG
TCGTAGCCCTTGAG-3"); collagen II (F, 5-~AGAGACCTG
AACTGGGCAGA-3' and R, 5"TGACACGGAGTAGCACC
ATC-3"); ALP (F, 5-CCAACGTGGCTAAGAATGTCATC-3'
and R, 5"TGGGCATTGGTGTTGTACGTC-3'); RUNX?2 (F,
5“TGGTTAATCTCCGCAGGTCAC-3'and R,5-ACTGTGCT
GAAGAGGCTGTTTG-3'); OC(F,5-CCATGAGAGCCCTCA
CACTCC-3'and R, 5-GGTCAGCCAACTCGTCACAGTC-3");
B-actin (F, 5'-CATGTACGTTGCTATCCAGGC-3' and R,
5-CTCCTTAATGTCACGCACGAT-3").

Effect of growth factors on human hair follicle stem cell
proliferation. Following culture in stromal medium (DMEM/
F-12, 10% FBS) for 7 days, the human hair follicle stem cells
were harvested by trypsin digestion and replated at a density
of 10,000 cells/well in 6-well plates in stromal medium (2).
After 24 h to allow for adherence, the stromal medium was
converted to DMEM/F-12 containing 10% FBS and 1% anti-
biotic/antimycotic and supplemented with EGF (0, 1.0,2.0,5.0,
10 or 20 ng/ml) or bFGF (0, 1.0, 2.0, 5.0, 10 or 20 ng/ml) or
aFGF (0, 1.0, 3.0, 5.0, 10 or 20, 50 or 100 ng/ml). Cells used
in proliferation assays were maintained under these conditions
for 7 days.

Cell counting (n=3 donors). Cell proliferation was determined
on passages 9-11 human hair follicle stem cells after 7 days
of conditioning with varying concentrations of EGF, bFGF
and aFGF. Cells from individual wells of a 6-well plate were
harvested by digestion with 0.25% trypsin/0.01% EDTA. An
aliquot of cells was stained with trypan blue, and total number
of cells/well was measured using a hemocytometer.
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Figure 1. Biological characteristics of human hair follicle-derived mesenchymal stem cells (HF-MSCs). (A) Cells migrating out of the outer root sheath and
dermal papilla. (B) HF-MSCs had a fibroblast-like cell morphology. (C) Flow cytometry for cell cycle analysis. The HF-MSCs (79.57%) were in the G0O/G1
phase, 6.03% of the cells were in the G2 and 14.40% of the cells were in the S phase. Magnification, (A) x400 and (B) x200.

Cell cycle analysis. After the cell counting, the optimal
concentration of each individual growth factor was
determined. The cells were cultured in stromal medium
(DMEM/F-12, 10% FBS) in the presence of each individual
optimal concentration of EGF, bFGF and aFGF, respectively,
for 7 days followed by trypsinization with 1 ml of trypsin.
Five milliliters PBS was added to the digest and the cells were
spun down at 800 rpm for 5 min. Five milliliters of 70% EtOH
(cold) were added to the cell pellets. The cells were vortexed
gently and incubated in EtOH at 4°C overnight. Next day, the
cells were spun down at 800 rpm for 5 min and the cell pellets
were washed once in PBS for 1 min and incubated with 150 ul
RNAse (5 pg/ml) at 37°C, 5% CO, for 45 min. At the end of the
incubation, 350 ul of propidium iodine (PI; Dingguo, Beijing,
China) were added and the cells were incubated at 4°C for
30 min and analyzed immediately following the completion of
the incubation to prevent cells from clumping.

Proliferating cell nuclear antigen (PCNA) immunohisto-
chemistry. Cells were seeded in a 24-well tissue culture
plate at a density of 5,000 cells/well and were cultured in
the DMEM-F12 medium deprived of any growth factors for
7 days. Subsequently, individual growth factors (EGF, bFGF
or aFGF) at optimal concentrations were added to the culture
medium and the cells were cultured for another 7 days. At the
end of the cultivation, the medium was aspirated and the cells
were washed 3 times with PBS, fixed in 4% paraformaldehyde
at room temperature (RT) for 10 min. Following fixation, the
cells were washed 3 times with PBS and permeabilized in 0.1%
Triton X-100 at RT for 10 min, blocked with 10% FBS/PBS
for 30 min. They were then incubated with mouse anti-human
PCNA antibody (1:200 dilution, at RT for 30 min; Millipore)
in blocking solution (0.01% Triton X-100 in 10% FBS) at 4°C
overnight. After 3 washes in PBS, the cells were incubated
with Alexa Fluor 488-conjugated goat anti-mouse antibody
(1:200 dilution, at RT for 60 min in dark; Abcam), washed
once with PBS and incubated with Hoechst 33342 (1:10,000,

at RT, 2 min in dark; Abcam) to stain the nuclei. Cells stained
only with secondary antibody served as the negative control.

Results

Isolation and cultivation of human hair follicle stem cells.
After being cultured for one week, mesenchymal cells were
observed migrating from the hair follicles. Cells from indi-
vidual wells were harvested by 0.25% trypsin in 0.01% EDTA.
Following centrifugation at 1,000 rpm for 5 min, the cells were
transferred into the wells of 24-well plates. The mesenchymal
cells migrated out of the outer root sheath and dermal papilla
(Fig. 1A) and had fibroblast-like cell morphology (Fig. 1B).

Cell cycle analysis and multilineage differentiation potential
of HF-MSCs. Since the nuclear DNA content reflects the posi-
tion of a cell within a cell cycle, flow cytometric analysis of
nuclear DNA content was performed on cells following isola-
tion. At passages P9-11, 80% of the HF-MSCs were in the GO/
G1 phase, and 14% of cells were in the S phase (Fig. 1C). This
result suggested that the cells we obtained demonstrated the
slow cycling that characterizes stem cells.

Isolated HF-MSCs were cultured under specific condi-
tions and subsequently examined by functional differentiation
assays. We studied the potential of these cells to differentiate
into multiple cell lineages, in particular, chondrocytes, adipo-
cytes and osteocytes, as previously described in Materials and
methods.

Adipogenic differentiation was assessed by Oil Red O
staining. After 14 days of culture in adipogenic medium, the
HF-MSCs showed positive staining, with single adipocytic
multivacuolar cells secreting lipid droplets (Fig. 2A). The
same cells maintained in control medium (DMEM/F-12,
10% FBS and 2 ng/ml bFGF) exhibited almost no lipid
deposits (Fig. 2B).

The osteogenic differentiation potential of HF-MSCs was
examined by testing ALP enzymatic activity, Alizarin Red
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Figure 2. Human hair follicle-derived mesenchymal stem cells (HF-MSCs) demonstrated adipogenic, osteogenic and chondrogenic differentiation potential.
HF-MSCs were cultured in the (A and B) adipogenic, (C) osteogenic or (D) chondrogenic differentiation medium or control medium. Oil Red O staining of
HF-MSCs that were treated with the (A) adipogenic or (B) control medium. Magnification, (A and B) x200, (C) ALP x100, von Kossa and Alizarin Red x400.

ALP, alkaline phosphatase.

staining and the von Kossa staining. The cells demonstrated
ALP enzymatic activity and calcium deposition. The same
cells maintained in control medium had an absence of calcium
deposits (Fig. 2C).

The ability to undergo chondrogenic differentiation was
assessed by Alcian blue staining for proteoglycans. Collagen I1
was detected by immunohistochemistry (Fig. 2D).

Adipogenic, osteogenic and chondrogenic differentiation
was also assessed by qRT-PCR. Expression levels of ap2
and PPARYy2 were analyzed for adipogenic differentiation.
Expression levels of ALP, RUNX?2 and OC were analyzed for
osteogenic differentiation, and expression levels of collagen II,
SOX9 were analyzed for chondrogenic differentiation. RNA
extracted from HF-MSCs following adipogenic, osteogenic
and chondrogenic differentiation showed expression of all
these lineage-specific genes (Fig. 2E) The expression of the
B-actin housekeeping gene was assessed in all samples to
analyze the integrity of the amplified cDNA.

Effect of growth factors on the proliferation of human hair
follicle stem cells. After 7 days of conditioning with varying
concentrations of bFGF, EGF and aFGF, the total number of
human hair follicle stem cells per well was determined using a
hemocytometer. Proliferation analysis showed that both EGF
and bFGF at as low as 1 ng/ml and aFGF at above 5 ng/ml
levels significantly increased the proliferation of HF-MSCs.
aFGF and bFGF acted in a synergistic manner, but concentra-
tions of EGF between 1 and 20 ng/ml had no significant effect
on proliferation, relative to the control without growth factor
(Fig. 3A-C). The optimal concentration of the growth factors
for stimulation of HF-MSCs proliferation was 20 ng/ml bFGF,
1 ng/ml EGF and 100 ng/ml aFGF. These concentrations were
used in all further experiments.

Consistent with proliferation analysis, immunofluores-
cence staining showed that >95% of the HF-MSCs cultured in
the presence of aFGF, bFGF and EGF were positively stained
for PCNA (Fig. 3D).
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Figure 2. Continued. (E) Adipogenic, osteogenic and chondrogenic differentiation was also assessed by qRT-PCR. Expression levels of ap2 and PPARYy2
were analyzed for adipogenic differentiation. Expression levels of OC, RUNX?2 and ALP were analyzed for osteogenic differentiation, and expression levels
of Col II and SOX9 were analyzed for chondrogenic differentiation. PPARY2, peroxisome proliferator-activated receptor y2; ALP, alkaline phosphatase;

OC, osteocalcin; RUNX2, runt-related transcription factor 2.

Furthermore, flow cytometric analysis showed that up to
70% of HF-MSC:s cultured in the presence of aFGF, bFGF or
EGF remained at the GO/GI1 phase, and that the proliferation
index (PI) significantly increased relative to controls (Fig. 3E).
The results of PCNA and PI analyses demonstrated that the
addition of bFGF, EGF and aFGF to the cell culture medium
increased the proliferation of HF-MSCs.

To test whether the cells cultured in the presence of growth
factors could display the multilineage differentiation potential,
we replaced the culture medium after 7 days of conditioning
with 20 ng/ml bFGF, 1 ng/ml EGF, 100 ng/ml aFGF, with
induction medium. Indeed, we found that the cells could
differentiate into fat, bone, or cartilage cells under appropriate
differentiation conditions (Fig. 4).
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Figure 3. Effect of growth factors on human hair follicle stem cell proliferation. (A-C) Cells were cultured in the presence or absence of (A) bFGF, (B) EGF or
(C) aFGF and at the indicated times trypsinized, counted and re-plated at the same density. The cumulative cell number was plotted as mean + SD of 3 inde-
pendent experiments (n=3). (D and E) Immunofluorescence staining showed that >95% of human hair follicle-derived mesenchymal stem cells (HF-MSCs)
cultured in the presence of aFGF, bFGF and EGF were positively stained for proliferating cell nuclear antigen (PCNA). (F) Proliferation index (PI) = (G2+S)/
G1+S+G2 x100%. (D) Magnification, x400. bFGF, basic fibroblast growth factor; EGF, epidermal growth factor; aFGF, acidic fibroblast growth factor.
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Figure 4. Human hair follicle-derived mesenchymal stem cells (HF-MSCs) cultured with growth factors retained their adipogenic, osteogenic and chondrogenic dif-
ferentiation potential. After 7 days of conditioning with 20 ng/m1 bFGF, 1 ng/m1 EGF, 100 ng/ml aFGF and control without growth factors, the medium was changed
to differentiation medium. HF-MSCs were cultured in the (A) adipogenic and osteogenic or (B) chondrogenic medium. Magnification, (A) x200; (B) left, x200
and right, x400. ALP, alkaline phosphatase; bFGF, basic fibroblast growth factor; EGF, epidermal growth factor; aFGF, acidic fibroblast growth factor.
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Discussion

Our results are consistent with several previous studies that
have demonstrated the multipotency of rat or human skin
dermal fibroblasts (16-20). It has been established that the
bulge area of the hair follicle is a rich source of epidermal stem
cells (21-24). The present study further supports these data
by showing that HF-MSCs express CD44, CD73, CD90 and
CD105 which are the surface markers that characterize MSCs.
HF-MSCs have the potential to differentiate into multiple cell
lineages, particularly chondrocytes, adipocytes and osteo-
cytes (2), suggesting that HF-MSCs may be highly similar to
MSCs derived from the bone marrow, adipose tissue, or other
organs. Mainly, the hair follicle may be a readily accessible
source of autologous human MSCs that can be used for tissue
engineering and regenerative medicine.

The present study demonstrated that the use of aFGF,
EGF and bFGF supplementation during the expansion
culture of HF-MSCs improves their proliferation rate yet
preserves their significant trilineage differentiation poten-
tials. It has been demonstrated that EGF can increase the
expansion of BMSCs for in vivo transplantation (14) and,
if added subsequent to induction, enhanced adipogen-
esis (25). Moreover, EGF had notable effects on the growth
and development of human adipose-derived stromal/stem
cells at physiological concentrations (0.5-2 ng/ml) (13).
Our results support the original studies which showed that
EGF can increase the proliferation of HF-MSCs. Moreover,
when 5 ng/ml EGF was added into the culture medium for
3 weeks, individual cells showed positive Oil Red O staining
without culturing in adipogenic medium. Several studies
have shown that bFGF increases proliferation and prevents
differentiation of BM-MSCs (hMSCs) (26-28) and embry-
onic stem cells (10). Furthermore, bFGF preconditioning
enhances the differentiation potential of the BMSCs (28,29).
Our results showed that aFGF is similar to bFGF in its
ability to stimulate proliferation, but compared with bFGF
the necessary concentration of aFGF was higher to achieve
a similar proliferation rate.

It remains to be determined how EGF, aFGF and bFGF
increase HF-MSC proliferation. They may act as downstream
elements in its signal transduction pathway such as the FGF,
the BMPs and the classic Wnt signaling pathway (30-33). Thus,
further studies will focus on fully characterizing the in vitro
and in vivo effects of EGF and FGFs.
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