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Abstract: Skin-derived precursors (SKPs), which are located at skin’s dermis, display multi-lineage potential and can
produce both neural and mesodermal progeny in vitro. SKPs are considered to take part in dermal reconstruction
and may be an important source of fibroblast during wound repairing. To explore the possibility of differentiation of
SKPs into fibroblasts, the 3™ passage SKPs were treated with 0, 20, 40, 100, or 500 ng/ml human recombinant
connective tissue growth factor (CTGF) for 48 h or treated with 100 ng/ml CTGF for O, 24, 48, 72, or 96 h. Subse-
quently, a series of methods were to be used to observe cells immunocytochemistry changes under fluorescence
microscope, to validate the mRNA expression change of collagen I, collagen I, fibroblast-specific protein 1 (FSP-1)
and alpha smooth muscle actin (x-SMA) by quantitative real-time reverse transcriptase polymerase chain reaction
(QRT-PCR), to analyze the expression of collagen | and collagen Il protein by Enzyme-linked immunosorbent assay
(ELISA), to semiquantitatively measure the expression of FSP-1 and a-SMA by western-blot. After differentiation,
cells showed that positively staining for collagen |, collagen lll, a-SMA, and FSP-1, which are markers for fibroblasts,
but negative expression for neural precursors. The effects of CTGF on collagen I, collagen Ill, FSP-1 and a-SMA in
SKPs were detected both on the transcriptional and posttranscriptional levels. These findings indicate that SKPs
can be induced to differentiate into fibroblast-like cells with CTGF treatment that may be a key source of fibroblast
in wound healing.
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Introduction

Skin is a large, complex, and highly regenera-
tive organ, and it is also prone to injury when
exposed to harmful environments. Fibroblasts
play critical roles in normal wound healing,
especially in the late inflammatory phase and
during epithelialization [1]. The exact origin of
the fibroblasts involved in wound healing is a
matter of debate. For the most part, these
fibroblasts are recruited from the dermis and
tissues around the wound site. Another poten-
tial source of these fibroblasts is from epithelial
cells that alter their phenotype via a process
called epithelial-mesenchymal transition (EMT)
[2].

Many different precursor and stem cell popula-
tions exist in the skin. Such stem cell popula-
tions include both follicular and interfollicular

epidermal stem cells, dermal mesenchymal
stem cells, various hair follicle stem cells, endo-
thelial and hematopoietic stem cells, as well as
precursors of specific neural crest derivatives
such as melanocytes [3]. Therefore, it is possi-
ble that such stem/precursor cells also give
rise to fibroblasts. Our previous study substanti-
ated that dermal papilla cells, a population of
stem cells located at the bottom of hair follicles,
can be induced to differentiate into fibroblasts
by transforming growth factor-beta 1 (TGF-B1)
[4]. In recent research, multipotent skin-derived
precursors (SKPs), which are isolated from the
skin’s dermis, are deemed to have a precursor
(or stem cell) role. SKPs display multi-lineage
potential and can produce both neural and
mesodermal progeny in vitro [5, 6], thus show-
ing properties distinct from other known precur-
sors within the skin. A previous study showed
that after being transplanted into adult mice,
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SKPs were morphologically similar to endoge-
nous fibroblasts and expressed the dermal
fibroblast markers PDGFRq, type | collagen,
vimentin, fibronectin, and fibroblast-specific
antigens [7]. Additionally, in vivo, SKPs were
recruited to the fibrotic lesion in response to
bleomycin and differentiated into myofibro-
blasts in response to serum. These results sug-
gest the intriguing possibility that SKPs contrib-
ute to skin fibrosis [8]. On the basis of these
findings, we hypothesize that skin contains pre-
cursor cells (SKPs) that have the potential to
differentiate into fibroblasts. Therefore, this
study aimed to investigate the possibility that
SKP differentiation into fibroblasts provides
some of the fibroblasts used in wound regen-
eration and skin development.

Materials and methods
Reagents

Major reagents included the following: Dulbe-
cco’s modified Eagle’s medium (DMEM)/F12
(Invitrogen Corporation, Carlsbad, CA); B27
(2%, Invitrogen); epidermal growth factor (EGF;
20 ng/ml, Peprotech EC LTD, London, UK);
basic fibroblast growth factor (bFGF; 40 ng/ml,
Peprotech EC LTD); Hank’s balanced salt solu-
tion (HBSS; Invitrogen); trypsin (Gibco BRL,
Rockville, MD); recombinant human CTGF
(Gibco BRL); collagen | antibody (1:200) and
collagen lll antibody (1:400) (Sigma Aldrich, St.
Louis, MO); a-SMA antibody (1:400, Sigma
Aldrich); FSP-1 antibody (1:500, Millipore,
Billerica, CA); nestin antibody (1:400, BD
Biosciences, San Jose, CA); stem cell antigen-1
(Sca-1) antibody (1:100, BD Biosciences); the
Hoechst 33258 stain (5 yg/ml Sigma, Oakville,
Ontario, Canada); anti-rabbit 1gG-FITC (1:200);
and 1gG-CY3 antibodies (1:400) (Sigma).

Cultivation of SKPs

SKPs were isolated as previously reported [9,
10]. Briefly, dorsal or facial skin from juvenile
mice (3-21 days old) were obtained, and skin
samples were cut into 2-3-mm? pieces, then
digested with 0.1% trypsin at 37°C for 40 min.
Digestion was terminated by DMEM/F12. The
skin pieces were mechanically dissociated and
filtered through a 40-um cell strainer (Falcon,
BD Biosciences, San Diego, CA). The filtrate
was centrifuged and resuspended in 10 ml
DMEM/F12 supplemented with 2% B27, 20 ng/
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ml EGF, and 40 ng/ml bFGF. The cells were cul-
tured in 25 cm? tissue culture flasks (Corning
Inc, Acton, MA) in a 37°C, 5% CO, tissue-culture
incubator. To passage the floating clusters of
cells, the pellet was mechanically dissociated
reseeded in fresh medium containing B-27 and
the above-mentioned growth factors. The cells
were passaged every 6-7 d. In the present
study, SKPs at passage 3 were used for all
experiments.

For differentiation, spheres were centrifuged,
the growth factor-containing supernatant was
removed, and cells dissociated from spheres
were plated onto 4-well Nunclon culture slides
coated with poly-D-lysine/laminin for 1 h. Then
they were treated with 0, 20, 40, 100, or 500
ng/ml human recombinant CTGF for 48 h or
treated with 100 ng/ml CTGF for O, 24, 48, 72,
or 96 h. All these experimental conditions were
found to be appropriate in a previous study on
fibroblasts [11].

Immunocytochemistry

Immunocytochemical analysis was performed
on cells plated on chamber slides (Nalge Nunc)
as previously described [9]. After treating cells
with 100 ng/ml CTGF for 96 h, they were
washed twice by HBSS and fixed with 4% para-
formaldehyde for 5 min and then rinsed with
HBSS. The cells were blocked by 3% goat serum
containing 0.1% Triton-X100 (Sigma) and dial-
ysed for 20 min. Cells were then incubated with
primary antibodies diluted in blocking solution
overnight at 4°C. After rinsing with HBSS, anti-
rabbit 1gG-FITC and 1gG-CY3 antibodies were
added to the cells, which were then cultured at
37°C for 20 min and washed with HBSS.
Hochest 33258 was added to stain the nucleus
before washing with HBSS, and then the slides
were sealed. All the above procedures were car-
ried out in a darkroom, and HBSS was used as
a negative control instead of the primary anti-
body. The samples were observed and imaged
under a fluorescence microscope (Leica
DMIG00O0, Solms, Germany).

ORT-PCR analysis

Total RNA of stimulated cells was extracted
using TRIzol®. Culture medium was removed
and TRIzol was added directly onto the cells.
The cells were then scraped and the resulting
solution was collected in sterile 2-ml tubes.
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RNA extraction was then carried out according
to the manufacturer’s instructions. The yield of
total RNA was quantified by optical density (OD)
readings at 260 nm, and the purity was esti-
mated by the ratio of 260 nm to 280 nm.
Reverse transcription of RNA to cDNA was car-
ried out in a final volume of 20 pl using a
PrimeScript RT Reagent Kit (TaKaRa, Japan) fol-
lowing the manufacturer’s instructions. QRT-
PCR was carried out with the SYBR Premix Ex
Taq kit (TaKaRa, Japan) according to the manu-
facturer’s instructions, and it was performed
using the 7900HT Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA). Primer
sequences used for QRT-PCR are given as fol-
lows. B-actin: sense 5-GCT TCT GGG TTC CGA
TGA TA-3’, antisense 5-CCT GGC ACA CCA TCA
TCT TG-3’; collagen I: sense 5-GAG CCC TCG
CTT CCG TAC TC-3’, antisense 5-TGT TCC CTA
CTCAGC CGT CTG T-3’; collagen Ill: sense 5’-CTT
CTC ACC CTT CTT CAT CCC-3/, antisense 5-AGC
CTG TTC AAA TCG GTA CC-3’; FSP-1: sense
5-CTG GGG AAA AGG ACA GAT GA-3’, antisense
5-TGC AGG ACA GGA AGA CAC AG-3’; a-SMA:
sense 5-CTG ACA GAG GCA CCA CTG AA-3,
antisense 5-CAT CTC CAG AGT CCA GCA CA-3.
QRT-PCR was performed according to the man-
ufacturer’s instruction with each cycle in an
Eppendorf Thermal Cycler (Takara, Tokyo,
Japan) using the appropriate cycle profile. After
the reaction, aliquots of the product were run
on a 1% agarose gel and stained with ethidium
bromide. Amplification efficiencies (performed
in triplicate) were validated and normalized
against mouse B-actin using the comparative
CT method.

ELISA of collagen I and Il

Cell culture medium from different groups was
collected and centrifuged at 3000 rpm for 15
min. Collagen | and collagen Il were analyzed
with ELISA (R&D Systems, Minneapolis, MN).
The ELISA kits for collagen | and collagen Il
were purchased from Takara Bio Inc. (Otsu,
Shiga, Japan). The levels of collagen | and col-
lagen Ill secreted from treated cells were quan-
tified according to the manufacturer’s recom-
mended protocols. Measurements were
repeated at least three times with independent
cell batches.

Western blot analysis of FSP-1 and a«-SMA

Western blot analysis was used to assess the
protein expression of FSP-1 and a-SMA as
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previously described [12]. Briefly, cells were
lysed using a 1% protease inhibitor mixture, 1%
phenylmethylsulfonyl fluoride, and 1% sodium
orthovanadate in RIPA lysis buffer (Santa Cruz
Biotechnology, CA). The samples were scraped,
collected, and centrifuged at 2500 rpm for 10
min. The supernatant was collected, and pro-
tein concentrations were determined by the
Bradford assay. Electrophoresis was carried
out and the separated proteins were then
transferred to a nitrocellulose membrane
(Amersham Biosciences). The membrane was
blocked with Tris-buffered saline (TBS) contain-
ing 5% nonfat powdered milk for 1 h and then
incubated with the FSP-1 and o-SMA antibod-
ies at 4°C overnight. Expression of GAPDH was
analyzed as a control to ensure equal loading
(anti-GAPDH, 1:1000 diluted in TBS). Proteins
were visualized using enhanced chemilumines-
cence (Amersham Biosciences) according to
the manufacturer’s instructions, and the den-
sity of each band was determined using NIH
image analysis software and expressed as a
percentage of GAPDH density.

Statistical analysis

The statistical significance between the experi-
mental groups and the control samples were
determined by the Student’s t-test or analysis
of variance (ANOVA) followed by Newman-Keuls
multiple comparison test using GraphPad
Prism5 (San Diego, CA). Graphs show mean +
s.d., and P<0.05 was considered statistically
significant.

Results

Morphological and immunocytochemical
changes of cells

Before they were treated with CTGF, SKPs grew
as spheres in suspension (Figure 1A). After
cells had been treated for 12 h, the cell spheres
began to stick to the slides of the culture flasks.
By 24 h, cells showed triangular or polygonal
morphologies and started spreading out radi-
ally from the cell spheres (Figure 1B). At subse-
quent times, some of the cells began to prolifer-
ate and divide. After cells were treated with
CTGF for 48 h, spindle-shaped cells appeared
around the spheres, which had long spindle-
shaped morphologies and a whorled arrange-
ment. These cells lost their ability to aggregate
after they were treated for 96 h (Figure 1C).
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Figure 1. Morphological changes of SKPs after treated with CTGF. A: The appearance and growth of SKPs at passage
three. B: The appearance of differentiated cells for 24 h after treated with CTGF with 100 ng/ml CTGF. C: The appear-
ance of differentiated cells for 96 h after treated with 100 ng/ml CTGF. A-C: Magnification is x100. Abbreviations:
SKPs, skin-derived precursors; CTGF, connective tissue growth factor.

Figure 2. Immunofluorescence staining of differentiated cells for 96 h after treated with 100 ng/ml CTGF. A:
Immunofluorescence staining of Collagen | in the treated group. B: Immunofluorescence staining of Collagen Il in
the treated group. C: Immunofluorescence staining of Nestin in the treated group. D: Immunofluorescence staining
of FSP 1 in the treated group. E: Immunofluorescence staining of a-SMA in the treated group. F: Immunofluorescence
staining of Sca-1 in the treated group. A-F: Magnification is x200. Abbreviations: CTGF, connective tissue growth
factor.

To evaluate the differentiation of SKPs into markers for neural precursors [14, 15]. All

fibroblast-like cells, we first assessed several
markers of cell differentiation using immunocy-
tochemistry. Markers for fibroblasts, such as
collagen | (Figure 2A), collagen Ill (Figure 2B),
a-SMA (Figure 2D), and FSP-1 (Figure 2E) [13],
were positively expressed. At the same time,
these cells were negative for both nestin
(Figure 2C) and Sca-1 (Figure 2F), which are
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results were consistent with immunophenotyp-
ic markers of fibroblasts.

QRT-PCR analysis of gene expression of fibro-
blast

To assess whether CTGF altered gene expres-
sion relevant to fibroblasts, SKPs were treated

Int J Clin Exp Pathol 2014,7(4):1478-1486
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Figure 3. Effect of CTGF on mRNA levels for Collagen |, Collagen
Ill, FSP-1 and o-SMA in SKPs. A: Dose response of CTGF in SKPs.
SKPs were treated with 20-500 ng/ml CTGF for 48 hours, and then
mRNA levels for Collagen |, Collagen lll, FSP 1 and a-SMA were as-
sessed by quantitative real-time reverse transcriptase polymerase
chain reaction (QRT-PCR). B: The kinetics of CTGF responsiveness
in SKPs. SKPs were treated with 100 ng/ml CTGF for 0-96 hours,
and then mRNA levels for Collagen I, Collagen Ill, FSP-1 and a-SMA
were assessed by QRT-PCR. All values indicates by an * are signifi-
cantly different from control values (p<0.05). Abbreviations: SKPs,
skin-derived precursors; CTGF, connective tissue growth factor;
FSP-1, fibroblast-specific protein 1; a-SMA, alpha smooth muscle

actin.

with various doses of CTGF as described above,
and then mRNA levels for collagen |, collagen
Ill, -SMA, and FSP-1 in the treated cells were
measured using QRT-PCR. The results showed
that 40-500 ng/ml CTGF led to a significant
increase in MRNA levels for collagen I, collagen
lll, FSP-1, and a-SMA. On the other hand, only
significant changes in collagen lll mRNA levels
were observed in the group given 20 ng/ml
CTGF (Figure 3A).

To assess how the timing of CTGF administra-
tion affected mRNA expression of fibroblasts,
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were assessed by ELISA. The results
showed that 40-500 ng/ml CTGF led
to a significant increase in protein lev-
els of collagen | and lll. The highest
protein levels of collagen | and Il were
observed with 100 ng/ml CTGF; they
decreased in the presence of 500 ng/
ml CTGF, but these values remained
significantly above the control value
(Figure 4A).

The time-course experiment showed
that protein levels for both collagen |
and lll were significantly elevated after
48 h of treatment, and highest levels
were observed by 72 h. At 96 h, pro-
tein levels for both collagen | and Il
decreased, but these values were sig-
nificantly higher than the control value
(Figure 4B).

Western blot analysis of FSP-1 and
a-SMA

To estimate how CTGF affected pro-

tein levels of FSP-1 and a-SMA, SKPs
were treated with 20-500 ng/ml CTGF, and
then the secreted protein levels were assessed
by western blot analysis. The results showed
that the protein levels of FSP-1 and a-SMA were
significantly increased after treatment with
100 ng/ml CTGF, and they reached maximal
levels with 500 ng/ml CTGF (Figure 5A).

To determine whether the increase in FSP-1
and a-SMA protein levels after being exposed
to CTGF was a time-dependent response, SKPs
were treated with 100 ng/ml CTGF for various
times, as mentioned above. As shown in Figure

Int J Clin Exp Pathol 2014;7(4):1478-1486
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Figure 4. Effect of CTGF on protein levels for Collagen | and Collagen
Il in SKPs. A: Dose response of CTGF in SKPs. SKPs were treated
with 20-500 ng/ml CTGF for 48 hours, and then protein levels for
Collagen | and Collagen Il were assessed by enzyme-linked immu-
nosorbent assay (ELISA). B: The kinetics of CTGF responsiveness in
differentiated cells. SKPs were treated with 100 ng/ml CTGF for 0-96
hours, and then protein levels for Collagen | and Collagen Ill were as-
sessed by ELISA. All values indicates by an * are significantly differ-
ent from control values (p<0.05). Abbreviations: SKPs, skin-derived

precursors; CTGF, connective tissue growth factor.

5B, treatment for 24 h led to a significant
increase in protein levels for FSP-1 and a-SMA,
and maximal levels were observed by 72 h. The
protein levels for both FSP-1 and a-SMA
decreased at 96 h, but these values remained
significantly higher than the control value.

Discussion

The origin of differentiated fibroblasts in skin is
poorly understood. Recent evidence suggests
that resident and circulating stem cells may
provide progenitors of tissue fibroblasts [16,
17]. Although SKPs are widely accepted as plu-
ripotent cells that can differentiate into differ-
ent lineages [18-20], the differentiation of SKPs
into fibroblasts is still unconfirmed.
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cells undergo morphologic changes
toward a fibroblastic lineage. After
induction with CTGF, the cells stained
positively for collagen |, collagen I,
FSP-1, and o-SMA, and they did not
contain neural precursor markers
(nestin and Sca-1). Overall, we found
that administration of exogenous
CTGF significantly induced the differ-
entiation of fibroblast-like cells from
murine SKPs, which did not show
characteristics of neural precursors.

-9~ Collagen |

Collagen [II

CTGF, a member of the CCN (CTGF,
Cyr61/Cef10, Nov) protein family, is
highly expressed in multiple fibrotic
pathologies and induces fibroblast
adhesion, extracellular matrix pro-
duction, and proliferation [21, 22].
During cutaneous wound repair,
CTGF has physiological roles in regu-
lating fibroblast proliferation and
phenotype/differentiation as well as
in regulating vascular cell popula-
tions [23]. In a previous study, admin-
istering CTGF in vivo promoted the
generation of orderly healing fibers at the burn
site and increased the proliferative response
[24]. Recently, some studies have indicated
that stem/progenitor cells are capable of differ-
entiating into fibroblasts after exposing them to
CTGF [25, 26].

In our study, we explored using CTGF to induce
differentiation of SKPs into fibroblasts in vitro.
Our results suggest that genes expressed in
fibroblasts, namely collagen |, collagen Ill, FSP-
1, and a-SMA, are highly expressed during SKP
differentiation with a time- and dose-depen-
dent response. Moreover, the protein levels of
collagen | and Ill as well as FSP-1 and a-SMA
were elevated after cells were exposed to CTGF.
Such findings are consistent with those indicat-

Int J Clin Exp Pathol 2014;7(4):1478-1486



SKPs differentiate into fibroblasts

>
n
o
(=]

1501

100+

501

% Relative expression of control

° o © &>

Concentration of CTGF (ng/ml)

% Relative expression of control

= FSP1
- a-SMA

T T T T T
° & w A o
Hours

Figure 5. Effect of CTGF on protein levels for FSP-1 and «-SMA in
SKPs. A: Dose response of CTGF in SKPs. SKPs were treated with
20-500 ng/ml CTGF for 48 hours, and then protein levels for FSP 1
and a-SMA were assessed by Western Blot. B: The kinetics of CTGF re-
sponsiveness in differentiated cells. SKPs were treated with 100 ng/
ml CTGF for 0-96 hours, and then protein levels for FSP-1 and a-SMA
were assessed by Western Blot. All values indicates by an * are sig-
nificantly different from control values (p<0.05). Abbreviations: SKPs,
skin-derived precursors; CTGF, connective tissue growth factor; FSP-
1, fibroblast-specific protein 1; a-SMA, alpha smooth muscle actin.

ing that CTGF can regulate the production of
the extracellular matrix (ECM) [27]. These
observations coincide with other results show-
ing that subcutaneously injecting SKPs into the
dorsal skin of adult NOD/SCID mice results in
SKPs that integrate into the interfollicular der-
mis and express dermal fibroblast markers [7].

Some of the molecules with which CTGF has
been reported to interact are cytokines and
growth factors such as TGF-B. Increased levels
of TGF-B, which is also implicated in fibrotic
repair, precede CTGF induction after a wound
occurs, suggesting that CTGF acts downstream
of TGF-B signaling [28]. In theory, SKPs might
also exhibit the characteristics of fibroblast dif-

1484

ferentiation under TGF-B3 treatment.
However, previous studies have
shown that TGF-B facilitates SKP
growth, but not fibroblast differenti-
ation [29]. We therefore hypothesize
that the reliance on CTGF for
fibroblast differentiation in vivo aris-
es because CTGF signaling is
required for the expression of
fibroblast mitogens other than TGF-
B. Taken together, the present find-
ings may support the notion that
CTGF-dependent TGF-B signaling
promotes fibroblast differentiation
and the formation of ECM during
wound healing. Additional experi-
ments that monitor the activity of
TGF-B are necessary to confirm how
CTGF induces fibroblast differen-
tiation.

@ FsP1
B o -SvA

In summary, our study demonstrates
that cells with the morphologic and
functional features of fibroblasts
can be reliably differentiated from
murine SKPs by treating them with
CTGF. Therefore, this study indicates
that SKPs may participate in wound
healing and may represent a key
source of cutaneous fibroblasts.
Moreover, the method we have
developed provides a means to
define the mechanisms that regu-
late fibroblast differentiation, which
can be used in subsequent studies.
In our future studies, we will investi-
gate the role and mechanism of
SKPs during the course of wound
healing in vivo. A more complete understanding
of how SKPs contribute to and differentiate into
cells that regulate normal and impaired wound
healing is vital for developing treatment strate-
gies to improve wound healing.
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