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Background information. Although MSCs (mesenchymal stem cells) and fibroblasts have been well studied, dif-
ferences between these two cell types are not fully understood. We therefore comparatively analysed antigen
and gene profiles, colony-forming ability and differentiation potential of four human cell types in vitro: commer-
cially available skin-derived fibroblasts [hSDFs (human skin-derived fibroblasts)], adipose tissue-derived stem cells
[hASCs (human adipose tissue-derived stem cells)], embryonic lung fibroblasts (WI38) and dermal microvascular
endothelial cells [hECs (human dermal microvascular endothelial cells)].

Results. hSDFs, hASCs and WI38 exhibited a similar spindle-like morphology and expressed same antigen profiles:
positive for MSC markers (CD44, CD73 and CD105) and fibroblastic markers [collagen I, HSP47 (heat shock protein
47), vimentin, FSP (fibroblast surface protein) and αSMA (α smooth muscle actin)], and negative for endothelial cell
marker CD31 and haemopoietic lineage markers (CD14 and CD45). We further analysed 90 stem cell-associated
gene expressions by performing real-time PCR and found a more similar gene expression pattern between hASCs
and hSDFs than between hSDFs and WI38. The expression of embryonic stem cell markers [OCT4, KLF4, NANOG,
LIN28, FGF4 (fibroblast growth factor 4) and REST] in hASCs and hSDFs was observed to differ more than 2.5-fold
as compared with WI38. In addition, hSDFs and hASCs were able to form colonies and differentiate into adipocytes,
osteoblasts and chondrocytes in vitro, but not WI38. Moreover, single cell-derived hSDFs and hASCs obtained by
clonal expansion were able to differentiate into adipocytes and osteoblasts. However, CD31 positive hECs did not
show differentiation potential.

Conclusions. These findings suggest that (i) so-called commercially available fibroblast preparations from skin
(hSDFs) consist of a significant number of cells with differentiation potential apart from terminally differentiated
fibroblasts; (ii) colony-forming capacity and differentiation potential are specific important properties that discrim-
inate MSCs from fibroblasts (WI38), while conventional stem cell properties such as plastic adherence and the
expression of CD44, CD90 and CD105 are unspecific for stem cells.
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Introduction
MSCs (mesenchymal stem cells) are currently defined
as plastic adherent fibroblast-like cells with extensive
proliferative capacity and differentiation potential.

skin-derived fibroblast; HSP47, heat shock protein 47; MSC, mesenchymal
stem cell; VEGFA, vascular endothelial growth factor A; VEGFB, vascular
endothelial growth factor B; VEGFC, vascular endothelial growth factor C.
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They have been identified in many organs and tis-
sues, including bone marrow (Pittenger et al., 1999),
adipose tissue (Bai et al., 2007) and skin (Richardson
et al., 2005). Experimental evidence in vivo demon-
strated the benefit of MSCs in stem cell-based ther-
apies (Altman et al., 2008). We and others have
recently shown that hASCs (human adipose tissue-
derived stem cells) improved cardiac function and
enhanced wound repair (Altman et al., 2009; Bai
et al., 2010).

Fibroblasts are plastic adherent mesenchymal cells
that play a significant role during tissue develop-
ment, maintenance and repair (Flavell et al., 2008).
In contrast to MSCs, fibroblasts are widely considered
to be terminally differentiated cells that are primar-
ily responsible for the synthesis and remodelling of
extracellular matrix in tissues and do not convert
into other types of cells. Traditionally, differentiation
capacity has been used as a line of demarcation to
distinguish fibroblasts from MSCs. Therefore, fibro-
blasts are routinely used as a negative control for eval-
uation of cell differentiation capacity in many stud-
ies. It was reported that dermal fibroblasts did not
have differentiation potential (Brendel et al., 2005).
However, recent studies tend to obscure this line
of demarcation. Several reports have demonstrated
that fibroblasts were able to differentiate into vari-
ous lineages. Human foreskin dermal fibroblasts gave
rise to adipocytes, osteocytes and chondrocytes (Chen
et al., 2007). Fibroblasts isolated from human bron-
chial and uterine tissues also could differentiate into
adipocytes and osteocytes (Kim et al., 2008; Strakova
et al., 2008).

These conflicting results regarding the differenti-
ation capacity of fibroblasts raise the following ques-
tions: how are fibroblasts defined, how do fibroblasts
differ from MSCs and are the beneficial effects ob-
tained from so-called fibroblasts (that have been de-
scribed nearly for a decade) mediated by stem cells or
by fibroblasts? Answering these questions is import-
ant for understanding the biology of fibroblasts and
stem cells and explaining the related experimental
results, and evaluating stem cell- and fibroblast-based
clinical therapeutic effect. Therefore, the aim of this
study was to compare the differentiation capacity, an-
tigen profiles, stem cell-associated gene expression,
angiogenic growth factor expression and the ability
to form colonies of both commercially available and
prepared hSDFs (human skin-derived fibroblasts), a

known human embryonic lung fibroblast cell line
(WI38) and hECs (human dermal microvascular en-
dothelial cells) to those of well-studied and -defined
populations of hASCs.

Results
Morphology and expansion characteristics
hSDFs, hASCs and WI38 exhibit a similar spindle-
like morphology in vitro (Figure 1A) when cultured
in their respective culture media as described in the
Materials and methods section. The cell numbers
of hSDFs, hASCs and WI38 expanded to approx.
600 000 from 250 000 in 24-cm2 flasks 10 days after
seeding. There were no significant differences in the
proliferation capability between hSDFs, hASCs and
WI38 (Figure 1B).

CFU (colony-forming unit) assay
The efficiency of forming CFU was significantly
higher in hSDF (5 +− 0.2 %) and hASC (4.4 +− 0.4 %)
culture than in WI38 (P < 0.01). We did not observe
any colonies in WI38 culture (Figure 1C).

Expression of cell surface markers
The hSDFs were negative for MSC markers (CD44,
95.92 +− 2.23 %; CD73, 99.35 +− 0.72 %; CD90,
97.33 +− 3.51 %; CD105, 99.61 +− 0.10 %). Both
haemopoietic cell markers (CD14, 0.19 +− 0.39 %;
CD45, 0.12 +− 0.34 %) and endothelial cell marker
(CD31, 0.23 +− 0.25 %) were absent in hSDFs
(Figure 2A). This result precludes contamination by
haemopoietic cells and endothelial cells (Etheridge
et al., 2004). Cell surface proteins expressed
in hASCs were highly comparable to those in hSDFs.
hASCs were also positive for CD44 (91.74 +− 5.20 %),
CD73 (98.12 +− 1.62) and CD105 (93.37 +− 7.22 %)
and negative for CD14 (0.11 +− 0.11 %), CD45
(0.30 +− 0.37 %) and CD31 (0.11 +− 0.33 %) (Fig-
ure 2B). The fibroblast cell line WI38 expressed the
same cell surface antigens as did hSDFs and hASCs.
They were positive for CD44 (97.9 +− 0.20 %), CD73
(98.08 +− 0.05 %) and CD105 (98.33 +− 2.11 %)
and negative for CD14 (0.28 +− 0.33 %), CD31
(0.18 +− 0.06 %) and CD45 (0.52 +− 0.47 %) (Fig-
ure 2C). The expression pattern of cell surface
markers in hSDFs, hASCs and WI38 was consistent
with the pattern of cell surface markers in MSCs
reported by others (Izadpanah et al., 2006).
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Figure 1 Morphology, proliferation and colony-forming ability of hSDFs, hASCs and human embryonic lung fibroblasts
(WI38) in vitro
(A) The three cell types exhibit a similar spindle-like shape. (B) Ten days after seeding, hSDFs, hASCs and WI38 expanded

in vitro to approx. 600 000 cells from 250 000 cells. There was no significant difference in the proliferation potential between

hSDFs, hASCs and WI38 (P>0.05). (C) CFU assay. hSDFs, hASCs and WI38 (500 cells each) were cultured in 60 mm dishes

and incubated for 2 weeks. hSDFs and hASCs show a similar ability to form colonies (P>0.05). No colonies were observed in

WI38 culture, n = 3.

Collagen I, HSP47 (heat shock protein 47),
vimentin, FSP (fibroblast surface protein) and
αSMA (α smooth muscle actin) expression
Collagen I, HSP47, vimentin and FSP are commonly
regarded as the markers of fibroblasts (Strutz et al.,
1995; Kalluri and Zeisberg, 2006). αSMA is the
marker of myofibroblasts (McAnulty, 2007). hSDFs,
hASCs and WI38 showed expression of collagen I,
HSP47, vimentin, FSP and αSMA (Figure 2D). As a
control, we did not find any signals in cells stained

with isotype-matched controls instead of primary an-
tibodies (results not shown).

OCT4 expression
Transcription factor OCT4 are highly associated
with pluripotency of stem cells (Choo et al., 2004;
Buitrago and Roop, 2007). Immunofluorescence
staining analysis displayed OCT4 expression in both
hSDFs and hASCs. However, the signals of OCT4
were not found in WI38 (Figure 2E).
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Figure 2 Cell surface antigen profiles in hSDFs (A), hASCs (B) and WI38 (C) by flow cytometric analysis
(A–C) Black traces indicate isotype controls and red traces show surface antigen expression level. hSDFs, hASCs and WI38

were positive for conventional MSC markers CD44, CD73 and CD105 and negative for CD14, CD31 and CD45. Traces shown

here were from a representative result of three similar results. (D) The expression of collagen I, HSP47, vimentin, FSP and

αSMA in hSDFs (left column), hASCs (middle column) and WI38 (right column) analysed by immunofluorescence staining.
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All three cell types showed uniform expression of commonly accepted fibroblast markers (collagen I, HSP47, vimentin and

FSP) and myofibroblast marker (αSMA). Blue indicates nuclei stained with DAPI. Red or green indicates the signals of collagen

I, HSP47, vimentin, FSP and αSMA. (E) Pluripotent cell marker OCT4 expressed in both in hSDFs and hASCs but not in

WI38. Immunofluorescence staining analysis displayed OCT4 expression both in hSDFs and hASCs (upper and middle panels).

However, the signals of OCT4 were not found in WI38 (bottom panels). Scale bar in (D) and (E) = 20 μm.

Stem cell associated gene expression in hASCs,
hSDFs and WI38
The expression of 90 human stem cell-related genes
in hASCs, hSDFs and WI38 was analysed by per-
forming real-time PCR. Differentiated cell markers
such as COL2A (collagen II, chondrocyte marker),
AFP (alpha-fetoprotein, hepatocyte marker) and in-
sulin (pancreatic cell marker) were not expressed in
all three of these cell lines. Gene expression heat
map demonstrated that 70 genes were commonly
expressed by hASCs, hSDFs and WI38 (Figure 3A).
There was a more similar gene expression pattern
between hASCs and hSDFs than between hSDFs and
WI38, as evident from the higher expression level of
more than 70 % or 40 % detectable genes in hASCs
and hSDFs compared with WI38 respectively. The
expression of embryonic stem cell markers [OCT4,
KLF4, NANOG, LIN28, FGF4 (fibroblast growth
factor 4), REST, SALL2 and CER1] in hASCs and
hSDFs was observed to differ more than 2.5-fold as
compared with WI38 (Figure 3B). In addition, other
mesoderm markers (FN1, SFRP2 and NPPA) and
endoderm marker (SERPINA1) also showed higher
expression level (>3-fold) in hASCs and hSDFs than
in WI38 (Figure 3C).

Multi-lineage differentiation potential of hSDFs,
hASCs and WI38
To evaluate the differentiation capacity of hSDFs,
hASCs and WI38, cells were cultured in adipo-
genic (Figure 4A), osteogenic (Figure 4B) and chon-
drogenic (Figure 4C) induction media for 3 weeks.
hSDFs and hASCs cultured in adipogenic media
displayed multiple intracellular bright white oil
droplets. These oil droplets showed red vesicles when
stained with Oil Red O. There were more Oil
Red O-positive adipocytes differentiated from hASCs
(59.98 +− 7.62 %) than from hSDFs (44.26 +− 6.09 %)
(P < 0.05). No lipid droplets could be observed in
WI38 cultured in adiogenic media or control media
(Figure 4A). hSDFs and hASCs cultured in osteogenic
media showed black regions within the monolayer,

indicating calcium deposits derived from the osteo-
blasts differentiated from hSDFs or hASCs. There
were no obvious differences in osteogenic capacity
between hSDFs and hASCs as determined by measur-
ing the intensity of calcium deposition after Alizarin
Red S staining. However, WI38 cultured in osteo-
genic media or control medium did not show any red
signals after Alizarin Red S staining (Figure 4B). Cell
pellet sections from hSDFs and hASCs cultured for
3 weeks in chondrogenic media showed brown sig-
nals after immunohistochemical staining. The brown
signals represent the expression of collagen II (a spe-
cific marker of chondrocytes). There were no obvious
differences of chondrogenic potency between hSDFs
(64.40 +− 4.96 %) and hASCs (65.87 +− 3.54 %), as
calculated by measuring collagen II-positive brown
areas (Figure 4C). The corresponding brown signals
were absent in hASC and hSDF pellet sections cul-
tured in control media. WI38 formed cell pellets 24 h
after culturing in chondrogenic or control media.
However, the cell pellets disaggregated after 4 days
of culture; therefore the chondrogenic potential of
WI38 could not be analysed further.

hECs are terminally differentiated cells and dis-
tinctly different from WI38, hSDFs and hASCs in
morphology, cell surface marker expression and differ-
entiation potential. These cells show a cobblestone-
like shape and expressed CD31 but not CD45. hECs
did not form cell pellets after 24 h of culture in chon-
drogenic media. In addition, most hECs died after
4 days of culture in hASCs, hSDFs, WI38 culture
media or induction media. The remaining few sur-
viving cells did not differentiate into adipocytes and
osteoblasts.

Clonal expansion and differentiation of single
cell-derived hASCs and hSDFs
In order to further investigate the differentiation
potential of hSDFs and hASCs, single cell-derived
hASCs and hSDFs were obtained by clonal expansion.
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Figure 3 Real-time PCR analysis of stem cell-associated mRNA expression in hASCs, hSDFs and WI38
(A) Heat map demonstrates relative gene expression values in hASCs, hSDFs and WI38. The colour represents the relative

expression levels of each gene in different cell lines, with red indicating higher expression, green indicating low expression

and black representing middle expression of genes. (B) Real-time PCR analysis demonstrates the fold changes in embryonic
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stem cells marker expression of hASCs and hSDFs compared with WI38. (C) Real-time PCR results demonstrate the fold changes

in the expression of other stem cell-associated genes in three cell lines. These genes were expressed at more than 3-fold in

hASCs, hSDFs than in WI38, n = 3.

Figure 4 Adipogenesis (A), osteogenesis (B) and chondrogenesis (C) of hSDFs, hASCs and WI38 in vitro
Both hSDFs (left column) and hASCs (middle column) cultured in respective induction media differentiated into adipocytes, as

verified by the existence of lipid drops in cytoplasm positively stained red with Oil Red O (A), osteoblasts, as confirmed by

calcium deposits on monolayer positively stained red by Alizarin Red S dye (B), chondrocytes expressing collagen II (a specific

marker of chondrocytes) showing brown signals after immunohistochemistry staining (black signals represent nuclei stained

by haematoxylin) (C). However, WI38 cultured in any induction media and all cell types cultured in control media did not show

any differentiation signals. Scale bar = 50 μm (A–C). hASCs showed higher adipogenic efficiency than did hSDFs (P < 0.05). No

significant differences of osteogenenic and chondrogenenic potential between hSDFs and hASCs were observed.

These single cell-derived hASCs and hSDFs could dif-
ferentiate into adipocytes and osteoblasts (Figure 5).

Secretion of angiogenic growth factors
The expression of five angiogenic growth factors
in hSDFs, hASCs and WI38 was analysed using

real-time PCR. These growth factors are VEGFA
(vascular endothelial growth factor A), VEGFB (vas-
cular endothelial growth factor B), VEGFC (vascular
endothelial growth factor C), HGF (hepato-
cyte growth factor) and FGF4. The expression
of VEGFA, VEGFB, VEGFC and FGF4 was
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Figure 5 Adipogenesis and osteogenesis of single
cell-derived hSDFs and hASCs in vitro
Single cell-derived hSDFs and hASCs differentiated into

adipocytes and osteoblasts. Scale bar = 50 μm.

Figure 6 Secretion of angiogenic growth factors in
hSDFs, hASCs and WI38 in vitro by real-time PCR
analysis
The expression of VEGFA, VEGFB, VEGFC and FGF4 is higher

in hASCs and hSDFs than in WI38. However, there is no dif-

ference between the HGF expression in hASCs, hSDFs and

WI38, n = 3.

higher in hASCs and hSDF than in WI38
(Figure 6).

Discussion
In this study, we comparatively analysed for the first
time stem cell-associated antigen and gene profiles,
proliferation capacity, colony-forming ability, differ-
entiation potential and growth factor secretion of

different cell populations. The major findings are:
(i) skin fibroblast preparation (hSDFs), WI38 and
hASCs showed a similar spindle-like morphology
and expressed not only commonly accepted MSC
surface markers (CD44, CD73 and CD105) (Sadat
et al., 2007) but also fibroblast markers (collagen I,
HSP47, vimentin, FSP and αSMA); (ii) there was a
similar gene expression pattern between hASCs and
hSDFs, however, only hSDFs and hASCs were able
to form colonies and differentiate into tissue-specific
lineages; and (iii) fibroblasts (WI38) and endothelial
cells (hECs) were terminally differentiated cells, as
widely accepted, and did not convert into other cell
types.

As described above, hASCs expressed fibroblast
makers (collagen I, HSP47, vimentin, FSP and
αSMA). Collagen I is one of the primary collagens
in skin. It provides structure, strength and integrity
of skin and is involved in stimulating cell prolif-
eration and differentiation, guiding cell migration
and modulating cellular responses (Midwood et al.,
2004). HSP47 is translated in the endoplasmic re-
ticulum and specifically recognizes the triple helical
region of collagen and is required for folding and mat-
uration of collagen. HSP47 knockout embryos died
just after 10.5 days due to the absence of functional
collagen (Kubota and Nagata, 2004). Vimentin, be-
longs to type III intermediate filaments, play a funda-
mental role in maintaining mesenchymal cell shape
and integrity and in stabilizing cytoskeletal inter-
actions and cell substrate adhesion (Goldman et al.,
1996). The expression of fibroblast antigens in WI38,
hASCs and hSDFs might reflect their common func-
tion of collagen secretion and cell adhesion in tissue
maintenance and wound healing.

Although pure fibroblasts (WI38) shared similar
phenotypic features with hASCs, they did not un-
dergo differentiation and had no colony-forming ca-
pacity as did hASCs and hSDFs. PCR array data
further demonstrated the higher expression of em-
bryonic stem cell markers in hASCs and hSDFs
than in WI38. Embryonic stem cell markers such
as OCT4, KLF4 and NANOG are of importance
for maintaining self-renewal and pluripoteny of em-
bryonic stem cells (Xu et al., 2009). The expression
of stem cell markers and the capacity of both hSDFs
and hASCs to differentiate into different types of cells
indicate that both adipose tissue and skin contain
multipotent stem cells. Accordingly, OCT4 positive
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stem cells were also identified recently in adult hu-
man bone marrow and hair follicles (Yu et al., 2006).
These cells are probably deposited in peripheral tis-
sues during embryogenesis and sustain cell turnover
in their respective tissues.

In order to evaluate the heterogenity of cells within
fibroblast preparation, a commercially available
skin fibroblast cell preparation and two additional
samples of hSDFs prepared via the specific laboratory
procedure commonly used for skin fibroblast prepar-
ation were analysed in this study. Our data indicate
that there are no specific antigens that distin-
guish cells obtained from fibroblast preparations
from WI38. However, the following experimental
evidence presented in this study and other re-
ports indicate that hSDFs contain a heterogeneous
cell population, including stem cells with vari-
ous levels of differentiation potential and fibro-
blasts with no capacity to convert into other cell
types. First, the dermis is composed of various tis-
sues including blood vessels, lymph vessels, hair
follicles and sweat glands. Secondly, dermis contains
WI38-like fibroblast population that are routinely
accepted terminated differentiated cells with spe-
cific functions such as synthesizing extracellular
matrix during development, wound healing and
fibrosis processes. Thirdly, dermis also contains
stem cells. Hair follicle and dermis-derived stem
cells have demonstrated the capacity to differentiate
into adipocytes, osteocytes or chondrocytes (Jahoda
et al., 2003). Fourthly, fibroblasts are usually acquired
via two different methods: (i) fibroblasts are isolated
through the collagenase digestion procedure as used
in this study and cultured in FBS (fetal bovine serum)-
containing media (Johnen et al., 2006); (ii) dermis is
cut into small pieces and cultured in FBS-containing
media. A few days later, the spindle-like cells grow
out of the explants and grow as a monolayer. These
cells are considered to be fibroblasts (Villegas and
McPhaul, 2005). Obviously, either of these two fibro-
blast preparation procedures leads to a heterogeneous
cell population (including stem cells and fibroblasts)
within the so-called fibroblast preparation. Further-
more, CFU assays in hASCs and hSDFs indicate that
both hASCs and hSDFs preparations are not homo-
geneous. Pittenger et al. reported that skin fibro-
blasts did not differentiate into adipocytes, osteocytes
and chondrocytes as did bone marrow-derived MSCs
(Pittenger et al., 1999; Brendel et al., 2005). In their

study, they used foreskin fibroblasts at passage 14 for
differentiation assay. The high number of passages
and different sources might explain their inability to
differentiate into other cell types.

Previously published data have shown that
hASCs could improve cardiac function and enhance
wound repair partially via the angiogenesis pathway
(Altman et al., 2010; Bai et al., 2010). Injected
stem cells might secret angiogenic growth factors
to promote angiogenesis in host injured tissues.
In order to analyse the secretion capacity of stem
cells and fibroblasts, we analysed the expression of
angiogenic growth factors in different cell popu-
lations. There is higher expression of VEGF and
FGF4 in hSDFs and hASCs than in WI38. In addi-
tion, previously published data by our group demon-
strated that hASCs secreted CCL5 (CC chemokine
ligand 5) after stimulation with breast cancer cell
line MBA231 conditioned medium and promoted
MBA231 invasion (Pinilla et al., 2009), suggest-
ing that the secretion capacity of specific proteins
might also be an important characteristic for stem
cells. The secretion capacity of stem cells might con-
tribute to stem cell-mediated tissue regeneration or
tumorigenesis.

Li et al. investigated the relationship between
MSCs and fibroblasts (Li et al., 2007). They found
that bone marrow-derived MSCs differentiated into
fibroblasts and the number of bone marrow-derived
myofibroblasts coincided with the development of
fibrosis in a mouse doxorubicin-induced nephrosis
model of chronic, progressive renal fibrosis, suggest-
ing that MSCs are able to differentiate into terminally
differentiated fibroblasts.

In summary, our results indicate that commonly
used parameters such as spindle-like morphology,
plastic adherence or cell surface markers such as
CD14, CD31, CD44, CD45, CD73 and CD105 are
not capable of allowing us to discriminate between
stem cells and fibroblasts. Only colony-forming ca-
pacity and differentiation potential of cells could be
used to distinguish between stem cells and fibro-
blasts. These main findings shed new light on the
commonly used definition of fibroblasts. In addi-
tion, this study provides novel insights into many
past studies performed with fibroblast preparations,
since the reported effects might be attributable to a
great extent to stem cell content within these cell
preparations.
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Materials and methods
Cell isolation and culture
hASCs were a donation from InGeneron (Houston, TX, U.S.A.).
Adipose tissue from three donors aged 32, 36 and 40 years old
was obtained with informed consent under a tissue acquisition
protocol approved by the Institutional Review Board. hASCs
were prepared from lipoaspirate acquired from donors undergo-
ing elective lipoplasty. hASCs were isolated as described pre-
viously, with minor modifications (Sadat et al., 2007). Briefly,
fat tissue was minced and incubated for 90 min at 37◦C on
a shaker with Liberase Blendzyme 3 (Roche) at a concentra-
tion of 4 units per gram of fat tissue in PBS. The digested
tissue was sequentially filtered through 100 μm and 40 μm
filters (Fisher Scientific) and centrifuged at 450 g for 10 min.
The supernatant containing adipocytes and debris was dis-
carded, and the pelleted cells were washed twice with Hanks’
balanced salt solution (Cellgro) and finally resuspended in
growth media. Growth media contained alpha-modification
of Eagle’s medium (Cellgro), 20% FBS (Atlanta Biologic-
als), 2 mM glutamine, 100 units/ml penicillin with 100 μg/ml
streptomycin (Cellgro). Adherent cells were designated hASCs
and grown in culture flasks at 37◦C in a humidified atmo-
sphere containing 5% CO2 followed by daily washes to re-
move red blood cells and non-attached cells. After confluence
of hASCs, cells were seeded at a density of 3000 cells/cm2

(passage 1).
hSDFs were from three samples. One was purchased from

Sciencell (San Diego, CA, U.S.A.) and another two skin fibro-
blast preparations from the donors aged 32 and 40 years old
were provided by InGeneron and isolated from human dermis
according to the procedure described previously (Sorrell et al.,
2007) with minor modifications. Skin was clearly separated from
subcutaneous adipose, and dermis was then separated from epi-
dermis by treatment with 50 units/ml dispase (Roche) overnight
at 4◦C. The dermal component was minced and incubated for
60 min at 37◦C on a shaker with Liberase Blendzyme 3 (Roche)
at a concentration of 4 units/g of skin tissue in PBS. The di-
gested tissue was sequentially filtered through 100 μm and
40 μm filters and centrifuged at 450 g for 5 min. The super-
natant containing debris was discarded; the pelleted cells were
washed twice with Hanks balanced salt solution and finally resus-
pended in fibroblast medium (Sciencell). WI38, a well-defined
human embryonic lung fibroblast line, was a gift from Dr Hung
Mien-Chie (Department of Molecular and Cellular Oncology,
The University of Texas MD Anderson Cancer Center, Houston,
TX, U.S.A.) (Chen et al., 2004). WI38 were cultured in DMEM
(Dulbecco’s modified Eagle’s medium)/F12 (Invitrogen) supple-
mented with 10% FBS, 2 mM glutamine and 100 units/ml
penicillin with 100 μg/ml streptomycin. hECs (Cambrex) were
cultured in EGM-2 medium and used as negative control for
differentiation experiments. Isolated hASCs and hSDFs from
passage 4 and WI38 were used in the experiments as indicated.
Skin fibroblasts from Sciencell and hECs from Cambrex were
passaged 4 times after they were received, and then used for the
indicated experiments.

Proliferation
hASCs, hSDFs and WI38 were cultured in 25-cm2 flasks at
a density of 10000/cm2, with the cells counted 10 days after
seeding.

CFU assay
Cells were plated at a density of 500 cells in a 60-mm culture
dish (17.69 cells/cm2). The culture medium was changed every
3 days. After 14 days’ culture, the cells were washed with PBS,
fixed with 4% (w/v) paraformaldehyde, and then stained with
saturated Methyl Violet (Sigma–Aldrich, St. Louis, MO, U.S.A.)
solution at room temperature (22◦C). After 20 min of staining,
cells were washed with distilled water. The colonies that were
greater than 50 cells were then counted. The colony-forming
efficiency of cells was calculated by dividing the number of
colonies per dish by the number of cells (500) seeded per dish.
The CFU assay was performed in hASCs and hSDFs from three
donors and performed in triplicate for WI38.

Flow cytometry
hASCs, hSDFs, WI38 and hECs were harvested by treatment
with trypsin and washed twice with PBS. Cell aliquots were
stained with primary antibodies or isotype-matched normal
mouse IgGs (Chemicon International, Temecula, CA, U.S.A.)
at room temperature for 30 min. The primary antibodies were
FITC-conjugated anti-human CD31, CD44 (Chemicon), or PE
(phycoerythrin)-conjugated anti-human CD73, CD105 (eBios-
cience, San Diego, CA, U.S.A.), CD14 and CD45 (US Biolo-
gical, Swampscott, MA, U.S.A.). hECs were stained with CD45
and CD31. Flow cytometry was performed using a fluorescence-
activated cell sorter (FACSCalibur, BD Biosciences, San Jose, CA,
U.S.A.), and the results were analysed with Cell Quest software
(Becton-Dickinson).

Immunofluorescence staining
hASCs, hSDFs and WI38 cultured on glass coverslips were
washed thrice with PBS and fixed with 4% paraformalde-
hyde for 10 min at room temperature. Cells were then washed
thrice with PBS alone or PBS containing 0.3% Triton X-100
(Sigma) and blocked with 10% donkey serum for 30 min at
room temperature. After that, cells were incubated with primary
antibodies in a moist chamber for 1 h at 37◦C. The primary ant-
ibodies were anti-collagen I (Santa Cruz Biotechnology), OCT4
(Chemicon), αSMA, HSP47 (Abcam), vimentin, FSP (Sigma) or
isotype-matched control (Chemicon). After three washes, cells
were incubated with an Alexa Fluor® 594 donkey anti-mouse (or
anti-rabbit, anti-goat) IgG (Invitrogen) for 1 h at room temper-
ature. DAPI (4′,6-diamidino-2-phenylindole; Sigma) was used
to stain nuclei. The images of the cells were taken under a Nikon
confocal microscope.

Real-time PCR analysis
Human stem cell array (real-time primer) containing 88 primer
sets was used for analysing the expression of human embryonic
stem cell markers, three different germ layers (ectoderm, en-
doderm and mesoderm) markers, and trophoblast markers in
hASCs, hSDFs and WI38. Two other embryonic stem cell mark-
ers SSEA4 (forward: 5′-TGGACGGGCACAACTTCATC-3′; re-
verse: 5′-GGGCAGGTTCTTGGCACTCT-3′) and KLF4 (for-
ward: 5′-TGCTGATTGTCTATTTTTGCGTTTA-3′; reverse:
5′-GAGAAGAAACGAAGCCAAAACC-3′) were also analysed.
Total RNA was isolated from hASCs, hSDFs and WI38 using an
RNAqueous-micro scale RNA isolation kit (Ambion). cDNA
was synthesized from 1 μg of total RNA using an iScriptTM
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cDNA synthesis kit (Bio-Rad) in 20 μl following the manufac-
turer’s instructions. cDNA were then subjected to PCR ampli-
fication using iQTM SYBR green supermix (Bio-Rad) in a final
volume of 25 μl with each specific primer set at a final concen-
tration of 0.1 μM using the Bio-Rad iCycler iQ Real-Time PCR
Detection System (Bio-Rad Laboratories). A no cDNA template
reaction served as a negative control. PCR reaction cycles were
programmed as follows: 95◦C for 3 min, 40 cycles of 10 s denat-
uration at 95◦C, 30 s at 60◦C, with a final melting curve analysis
at the beginning of 55◦C till 95◦C with 0.50◦C interval. Melt-
ing curve analysis was performed to confirm the occurrence of
specific amplification peaks and the absence of primer–dimer
formation. Three hASC or hSDF samples and WI38 in triplicate
were analysed by real-time PCR. The threshold cycle (Ct) of each
well was determined. �Ct and ��Ct values of each gene were
then calculated. �Ct = Ct of gene of interest − Ct of house-
keeping gene beta actin. Gene expression values were median
centred and a hierarchical clustering heat map was generated by
using Cluster 2.51 with Java TreeView. The expression of five
angiogenic growth factors (VEGFA, VEGFB, VEGFC, HGF and
FGF4) in hASCs or hSDFs versus WI38 were also analysed. The
primers used were purchased from real-time primer. The relative
gene expression ratio was presented by the 2− ��CT formula in
which ��Ct =�Ct of hASCs (or hSDFs) – �Ct of WI38.

Adipogenic differentiation
The cells were cultured in adipogenic media containing
low-glucose DMEM supplemented with 10% FBS, 100 μM
L-ascorbate acid (Sigma), 1 μM dexamethasone, 0.5 mM
1-methyl-3-isobutylxanthine, 100 μM indomethacin and
10 μg/ml human recombinant insulin (Sigma) for 21 days. Cells
of the control group were cultured in low-glucose DMEM plus
10% FBS (control medium). The media were changed every
3 days. Adipogenesis was assessed by staining with Oil Red O
(Sigma).

Osteogenic differentiation
The cells were cultured in high-glucose DMEM supplemented
with 10% FBS, 0.1 μM dexamethasone, 200 μM L-ascorbic
acid and 10 mM β-glycerol phosphate (Sigma). Media were
changed every 3 days for 3 weeks. Cells of the control group were
cultured in high-glucose DMEM plus 10% FBS for 3 weeks. To
assess mineralization, calcium deposits in cultures were stained
with Alizarin Red S (Sigma).

Chondrogenic differentiation
Cells (5 × 105) suspended in a 15-ml tube were centrifuged at
800 g for 5 min, and the cell pellets were then incubated with
chondrogenic media for 3 weeks. The media were changed every
3 days. Chondrogenic media contained high-glucose DMEM
plus 10% FBS, 0.1 μM dexamethasone, 25 μg/ml ascorbate-
2-phosphate, 10 ng/ml TGF-β3 (transforming growth factor-β
3; R&D), 1% ITS (Sigma). As controls, cells were cultured as
pellets in 10% FBS contained DMEM. Chondrogenesis of cells
was assessed by the expression of collagen II, a specific marker
of chondrocytes, using primary antibody against collagen II
(Chemicon) by immunohistochemical staining as described pre-
viously (Bai et al., 2004). The nuclei of the cell pellet section
were counterstained with haematoxylin. The brown signal rep-

resents the signals of collagen II secreted by the differentiated
chondrocytes.

Differentiation efficiency
After the cells were cultured in induction or culture media for
3 weeks, one slide was prepared from each sample and three fields
per slide were photographed. Adipogenic efficiency was determ-
ined by counting Oil Red O-positive adipocytes against overall
nuclei stained with haematoxylin. Osteogenic capacity of cells
was quantified by evaluation of the intensity of Alizarin Red
S staining images with an image analysis program (Image J).
Results are presented as a percentage of control. Chondrogenic
efficiency was from the ratio between the areas with brown sig-
nals and the whole area of the pellet sections.

Clonal expansion
We were not able to perform a clonal expansion assay of WI38
due to the incapacity of forming any colonies in WI38 culture.
hASCs and hSDFs were plated at 10 cells/cm2 in a 35-mm culture
plate. The cells adhered within 30 min. Six hours after plating,
single cells were marked by circling the underside of the plate
with a diamond marker (4 mm diameter). Fifty percent of the
culture medium was exchanged every other day. When a colony
was evident, it was prepared by removing the culture medium
and placing a clone ring around the clone. The colony within the
ring was then rinsed with PBS and subsequently detached by
trypsinization for primary explants. The single cell-derived cell
suspension consisting of 20–50 cells was subsequently placed
into a well of a 24 well plate for expansion used for future
differentiation experiment.

Data analysis
Reported values are expressed as means +− S.D.. The statistical
significance of differences between groups was tested by using
one-way ANOVA or Student’s t test using SPSS software ver-
sion 15. A level of P � 0.05 was considered to be statistically
significant.
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