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A B S T R A C T

Local transplantation of stem cells has therapeutic effects on skin damage but cannot provide satisfactory
wound healing. Studies on the mechanisms underlying the therapeutic effects of stem cells on skin wound
healing will be needed. Hence, in the present study, we explored the role of Caveolin-1 in epidermal stem cells
(EpiSCs) in the modulation of wound healing. We first isolated EpiSCs from mouse skin tissues and established
stable EpiSCs with overexpression of Caveolin-1 using a lentiviral construct. We then evaluated the epidermal
growth factor (EGF)-induced cell proliferation ability using cell counting Kit-8 (CCK-8) assay and assessed
EpiSC pluripotency by examining Nanog mRNA levels in EpiSCs. Furthermore, we treated mice with skin burn
injury using EpiSCs with overexpression of Caveolin-1. Histological examinations were conducted to evaluate
re-epithelialization, wound scores, cell proliferation and capillary density in wounds. We found that over-
expression of Caveolin-1 in EpiSCs promoted EGF-induced cell proliferation ability and increased wound
closure in a mouse model of skin burn injury. Histological evaluation demonstrated that overexpression of
Caveolin-1 in EpiSCs promoted re-epithelialization in wounds, enhanced cellularity, and increased vasculature,
as well as increased wound scores. Taken together, our results suggested that Caveolin-1 expression in the
EpiSCs play a critical role in the regulation of EpiSC proliferation ability and alteration of EpiSC proliferation
ability may be an effective approach in promoting EpiSC-based therapy in skin wound healing.

1. Introduction

Stem cells have been reported for burn treatment in recent years.
Recent studies have shown that systemic transplantation or local
transplantation of stem cells has therapeutic effects on skin damage
(Kanji and Das, 2017), can promote skin wound healing, endothelial
cell transformation and vascular formation (Chen et al., 2009; Kanji
and Das, 2017). However, studies also indicated that simple stem cell
transplantation treatment cannot provide satisfactory wound healing.
Hence, studies on the mechanisms underlying the therapeutic effects of
stem cells on skin wound healing will be needed.

Our lab recently has shown that epidermal stem cells (EpiSCs) play
a critical role in skin wound healing (Liu et al., 2016; Shi et al., 2015;
Wang et al., 2017). Among many potential mechanisms of this process,
Caveolin may deserve further investigation. Caveolin mainly have three
subtypes, caveolin-1, caveolin-2, and caveolin-3, of which caveolin-1 is
ubiquitous in various cell types (Williams and Lisanti, 2004). Caveolin-

1 is an integral membrane protein on the cell membrane and is highly
expressed in many cells. Previous studies have suggested that the
function of caveolin-1 may be mainly involved in transmembrane
transport, but recent studies have also shown that caveolin-1 can
interact with a variety of proteins and is a signal transduction hub for
cell signaling molecules (Boscher and Nabi, 2012; Fridolfsson et al.,
2014). For example, various signaling molecules interact with the
scaffold region of caveolin-1, such that the activity of the signaling
protein molecule is inhibited to negatively regulate the signaling
pathway. Additionally, caveolin-1 may also act as a regulatory molecule
that may be involved in regulation of the activity of calcium channels.
Given that stem cell proliferation and directed differentiation are
regulated by various signal transduction and calcium signaling, sug-
gesting that caveolin-1 may be involved in regulating the physiological
activities of stem cells. For example, several studies in recent decades
have found that caveolin-1 protein has been shown to promote the
ability of cells to differentiate in specific directions in a variety of cells
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(Codenotti et al., 2016; Fu et al., 2012), and in particular, it has also
been reported to regulate the differentiation fate of various stem cells
including interstitial stem cells (Baker et al., 2012; Wang et al., 2013)
and neural stem cells (Li et al., 2011a, 2011b).

Based on the above background, we postulated that caveolin-1 also
regulates the physiological functions of EpiSCs, including proliferation
and differentiation. Hence, we test the hypothesis that overexpression
of caveolin-1 in EpiSCs promotes EpiSCs proliferation and differentia-
tion and accelerates wound healing.

2. Materials and methods

2.1. Animals

Adult male and female BALB/c mice (~ 25 g) were obtained from
Shanghai Laboratory Animal Center. All animals were maintained in a
temperature- and humidity-controlled vivarium and were group-
housed and were given ad libitum access to standard rodent diet at
the Animal Research Center of First Affiliated Hospital of Sun Yat-Sen
University under 12:12 h light/dark cycle. All animal experiments were
approved by the Institutional Animal Care and Use Committee of First
Affiliated Hospital of Sun Yat-Sen University. All experimental proce-
dures, as well as behavioral and histological analyses were performed
by experimenters who were blinded to the treatment conditions.

2.2. Mouse model of burn injury

The model of burn injury was established based on previous reports
with minor modifications (Gurel et al., 2004; Zhu et al., 2008). We
anesthetized mice using 1% pentobarbital (30mg/kg) and shaved the
hair on the back. A 10 × 10mm of copper plate tip was attached to a
40W soldering iron. The copper tip was connected to an electronic
temperature controller to allow for precise temperature monitoring.
The copper plat tip was heated to 100 °C and was vertically applied to
the mouse skin for 10 s to induce the burn injury. Immediately
following the burn injury, gauze was used to cover the wound. Gauze
was pre-embedded in 22 °C isotonic saline, as described previously
(Calum et al., 2014). After 5min, each wound received intradermal
injections of EpiSCs (blank LV-Cav-1 construct) or EpiSCs with over-
expression of caveolin-1 (EpiSC-Cav-1). Four injections were con-
ducted around the wound (0.8 × 106 in 20 μl of physiological saline
solution per injection). In addition, the wound bed received 0.2 × 106

cells in 20 μl of growth factor-reduced Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA). Five minutes later, all mice were placed
back to their individual home cage for recovery. Mice continued to have
free access to rodent chow and tap water. Analgesia (30mg codeine
phosphate) was given during 24 h after burn injury in 500ml tap water.
We recorded wound healing using photographed images. Digital
planimetry was used to measure wound area with ImageJ software
(NIH, Bethesda, MD, USA). We then used the methods that have been
reported previously to calculate wound closure rate and wound score
(Shi et al., 2015)

2.3. Isolation of mouse EpiSCs

EpiSCs were isolated using established methods as described
previously (Liu et al., 2016; Shi et al., 2015; Wang et al., 2017). Cells
were allowed to adhere to the flasks and then collected and cultured in
K-SFM medium in 5% CO2 at 37 °C. Upon reaching 70–80% con-
fluence, cells were then digested and passaged at a ratio of 1:2 (Reiisi
et al., 2010). To characterize the cells, cells were evaluated with
markers, including integrin-β1 (Cell Signaling Technology, Danvers,
MA, USA) and CD34 (Santa Cruz Biotechnology, Dallas, TX, USA) by
immunofluorescence staining (Eckert et al., 2013).

2.4. Immunofluorescence

A 6-well plate was used for cell culture. A number of 104 cells were
placed in each well for 24 h. The cells were then rinsed with PBS for five
times, followed by 15-min fixation using 4% paraformaldehyde solu-
tion at room temperature, and 5-min permeation using 0.5% Triton X-
100-PBS solution. Cells were then blocked for 30min using 3% BSA in
PBS. Primary antibodies to CD 34 (rabbit polyclonal antibody, 1:50,
Santa Cruz Biotechnology, Dallas, TX, USA) and β1 integrin (rabbit
polyclonal antibody, 1:50, Cell Signaling Technology, Danvers, MA,
USA) were then incubated with the cells were respectively overnight at
4 °C. The binding of primary antibody was detected using correspond-
ing goat anti-mouse IgG FITC and goat anti-rabbit IgG: Cy3 (Cell
Signaling Technology, Danvers, MA, USA). A fluorescence microscope
was used to evaluate the staining.

2.5. Construction of pcDNA-CAV-1 for lentiviral expression

Total-RNA was extracted from mouse leukocytes, and we used PCR
to amplify the cav-1 cDNA, which at both ends contains XbaI and
BamHI restriction sites. The fragment was digested and then inserted
into pcDNA-EF1-GFP between the XbaI and BamHI restriction sites to
generate the recombinant pcDNA-CAV-1 plasmid. We then screened
and sequenced the positive clone of the recombinant pcDNA-CAV-1
plasmid, followed by purification.

2.6. Viral production

The viral production was based on Tronolab protocols. Briefly, we
used transient transfection of HEK293T cells to produce recombinant
lentivirus. Transfer vector (20 μg), packaging plasmid (psPAX2; 15 μg)
and envelope plasmid (pMD2.G; 6 μg) were used to co-transfected to
sub-confluent HEK293T cells. After two days, supernatant received
ultra-centrifuge (Beckman L-70; 29,850 ×g) for 2 h at 4 °C. The pellets
were then resuspended in PBS (100 μl), and aliquoted to 20 μl fresh
suspension for each experiment.

2.7. Establishment of EpiSCs with stable expression of Caveolin-1

Cav-1 lentiviral constructs were used to transduce mice EpiSCs
using previously described methods (Robert-Moreno et al., 2008).
Lipofectamine 2000 was the transfection reagent. Lentiviral vector
overexpressing Cav1 with GFP signals were used to infect EpiSCs, we
confirmed that over 80% of transfected cells were selected for further
experiments.

2.8. Transfection of siRNA

The oligonucleotide pairs of Cav-1 small-interfering RNAs are
complementary to exon 3 (GenBank accession no. NM_007616), and
the sequences of the sense strands are 5′-CCAUCAAUUUG
GAGACUAUtt-3′, 5′-CCACUCAGCAACUGAAUGAtt-3′ and 5′-GU
ACCUGAGUCUCCAGAAAtt-3′, respectively. To negative control
siRNA is 5′-ACGACTAGCCTGAACTCAA-3′. Upon reaching 70–80%
confluency, EpiSCs cells were transfected with control siRNAs or
specific Cav-1-siRNAs mixed with lipofectamine TM2000 (Invitrogen)
according to manufacturer's recommendation. After 6 h at 37 °C, the
medium was changed, and the cells were cultivated in K-SFM medium
in 5% CO2 at 37 °C.

2.9. Cell counting Kit-8 assay

To examine the proliferation of EpiSCs, EpiSCs were placed in 96-
well plates at a density of 2 × 104 cells per well. EpiSCs were treated
with collagen type IV, followed with epidermal growth factor (EGF; 0 or
10 ng/ml). We then added 10 μl of CCK-8 (Sigma-Aldrich, St. Louis,
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MO) solutions to each well at post-seeding day 2, 4, 6, 8 and 10.
Samples were then incubated for 2 h. A micro-plate reader (Thermo
Fisher, Waltham, MA USA) was used to determine the specific
absorbance at 450 nm (A450). All of the experiments were indepen-
dently repeated at least three times, and measurements from 5
duplicate wells were used to generate the average.

2.10. Western blot

At post seeding day 10, proteins were extracted from cell pellets and
dissolved in RIPA cell lysis buffer containing a protease inhibitor
cocktail and a phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis,
MO). Protein concentrations were determined with a Bradford protein
assay kit (Bio-Rad) and separated through 12% SDS-PAGE gels,
followed by electrophoretic transfer to polyvinylidene difluoride
(PVDF) membrane. The membranes were blocked in 5% BSA for 2 h,
rinsed, and incubated overnight at 4 °C with primary anti-Cav-1
(Rabbit, 1∶1000, Cell signal) in 5% BSA. Excess antibodies were
removed by washing the membrane with TBS/0.1% Tween-20 and
the membranes were incubated for 1 h with horseradish peroxidase-
conjugated secondary antibodies. To normalize the amounts of proteins
applied to SDS-PAGE, the membranes initially incubated with primary
and secondary antibodies, were re-probed with β-actin (Mouse,
1∶2000, Sigma) antibodies as internal references, respectively. The
bands were visualized by advanced chemoluminescence (GE,
Healthcare Life Sciences), recorded by Gel-Doc (Bio-Rad) and
the relative band intensity was quantified by Quantity One software
(Bio-Rad).

2.11. Endothelial cell network formation assay

We used human umbilical vein endothelial cells (HUVECs) for this
assay. Cells were placed in each well at a density of 2.5 × 104 cells per
well. Cells were suspended in epithelial cell growth medium-2 (0.4ml)
supplemented with the EpiSC-conditioned medium. Cells were then
seeded onto 24-well plates coated with Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA), followed by 12-h incubation in 5% CO2 at
37 °C. After disposing of the medium, the cells were fixed, and we took
the images. The NIH Image J software was used to determine the total
length of the tube-like structures. For each well, we made four random
fields for measurements.

2.12. Quantitative real-time PCR

Total RNA was extracted from the wound tissue samples using
Trizol Reagent (Invitrogen, Waltham, MA USA). We then used the
PrimeScript RT reagent Kit (Takara, Dalian, China) to transcribe RNA
into cDNA. Quantitative real-time PCR (qRT-PCR) was conducted in
the QuantStudio 3 Real-Time PCR Systems (Thermo Fisher Scientific,
Waltham, MA USA) using SYBR Premix ExTaq (Takara, Dalian, China)
and the primer sequences for Nanog were as follows: forward,
CCGTTGGGCTGACATGAGCGT and reverse, GGCAGGCATCGGC
GAGGAAT; GAPDH (ab9485; Abcam, Cambridge, MA, USA) was used
as internal control. The 2−ΔΔCT method was then used to calculate the
relative expression ratio of mRNA. All the experiments were repeated
3 times.

2.13. Histological analysis and immunohistochemistry staining

In separate groups of mice, skin tissue samples were collected at
post-injury day 7, and fixed with formalin, embedded in paraffin, and
sectioned at 4 µm thickness. Standard light microscopy (OLYMPUS,
Tokyo, Japan) was used to evaluate H& E staining. Wound score
ranging from 1 to 10 was given to each slide. For immunofluorescence,
endothelial cells were stained with anti-CD31 (ab28364, Abcam,
Cambridge, MA, USA) followed by incubation with a biotinylated

secondary antibody (Abcam, Cambridge, MA, USA). The stain was
visualized with Fluor 568-conjugated streptavidin (Invitrogen,
Waltham, MA USA). We also used the previously described methods
to perform nuclear staining with Hoechst and Ki67 (Borue et al., 2004).
A Zeiss LSM 510 confocal microscope (Carl Zeiss, Oberkochen,
Germany) was used to examine the sections. The number of Ki67-
positive nuclei and total nuclei in five random fields were used to
calculate the percentages of Ki67-positive nuclei. Cell counting was
conducted using NIH Image J. We also examined capillary density
using immunofluorescence staining for endothelial cells marker CD31.
The growth of new blood vessels in terms of their length, size and
junction was calculated using AngioQuant software (image analysis
tool for angiogenesis). All histological analysis was conducted by
experimenters who were blinded to the experiment conditions.

2.14. Statistical analysis

We analyzed all data using PRISM5.0 software (GraphPad, CA,
USA). Values were expressed as the mean ± standard deviation (SD).
Because there was no difference in all data analysis between male and
female groups, we combined male and female group data together.
Student's t-test was used to compare the difference between control
and experimental groups. One-way analysis of variance (ANOVA) or
multi-factorial ANOVA was used for comparing the differences between
multiple groups. A Bonferroni post-hoc test for pairwise comparisons
was performed as appropriate. P < 0.05 indicates that the difference
was statistically significant.

3. Results

3.1. Effects of overexpression or knockdown of Caveolin-1 on the
proliferative ability of EpiSCs

The cells that we isolated demonstrated typical morphology of
EpiSCs (Fig. 1A). We used immunofluorescence to examine the
expression of CD34 (Fig. 1B) and β1 integrin (Fig. 1C). The prolif-
erative ability of EpiSCs infected with Lv-Cav-1 was similar to the
control without EGF treatment. However, after we treated EpiSCs with
EGF, and observed that it increased the proliferation of EpiSCs
compared to vehicle control (treatment main effect, p < 0.01;
Fig. 1D). Furthermore, we found that overexpression of Caveolin-1 in
EpiSCs promoted the proliferation of EpiSCs compared to control
EpiSCs (blank lentiviral construct) (EpiSC and treatment interaction
effect, p < 0.05, Fig. 1D). We also examined the role endogenous levels
of Caveolin-1 in regulation of the proliferative ability of EpiSCs. The
proliferative ability of EpiSCs infected with Caveolin-1 siRNAs was
similar to the control without EGF treatment. However, after we
treated EpiSCs with EGF, we found that it slightly increased the
proliferation of EpiSCs compared to scramble siRNA control (treat-
ment main effect, p < 0.01; Fig. 1E). Furthermore, we found that
knockdown of Caveolin-1 in EpiSCs decreased the proliferation of
EpiSCs compared to control EpiSCs (scramble siRNA) (EpiSC and
treatment interaction effect, p < 0.05, Fig. 1E). We also verified the
protein levels of Caveolin-1 in each treatment group and found that Lv-
Cav-1 treatment enhanced Caveolin-1 expression (Fig. 1F), and Cav-1
siRNAs treatment decreased Caveolin-1 expression (Fig. 1G). In
addition, EGF treatment (10 ng/ml) did not alter Caveolin-1 expression
as compared to control (o ng/ml). To assess the effects of over-
expression of Caveolin-1 on EpiSC pluripotency, we used RT-PCR to
assess the change in expression of Nanog during the EpiSC differentia-
tion process induced by EGF. We found that Nanog mRNA expression
decreased overtime (Fig. 1H). However, overexpression or knockdown
of Caveolin-1 in EpiSCs did not alter Nanog expression compared to
control EpiSCs (Fig. 1H).
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Fig. 1. Effects of overexpression or knockdown of Caveolin-1 on EpiSC proliferation and differentiation. (A) The morphology of the isolated cells. (B) The isolated cells
positively express CD34 and (C) β1 integrin as detected by immunofluorescence. (D) EpiSCs that have Caveolin-1 overexpression were treated with EFG (0 or 10 ng/ml) for 10 days and
showed increased proliferation. (E) EpiSCs that were treated with Caveolin-1 siRNAs were treated with EFG (0 or 10 ng/ml) for 10 days and showed increased proliferation. (F) EpiSCs
were treated with lentivirus and EFG (0 or 10 ng/ml) for 10 days and the protein levels of Caveolin-1. (G) EpiSCs were treated with Caveolin-1 siRNAs and EFG (0 or 10 ng/ml) for 10
days and the protein levels of Caveolin-1. (H) mRNA expression of nanog. Scale bar = 20 µm. Asterisks represent single treatment effect compared to vehicle (i.e., 0 ng/ml EFG), p <
0.05. Ponds represent significant effect compared to non-Cav-1 overexpression EpiSCs, p < 0.05.
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3.2. Effects of overexpression or knockdown of Caveolin-1 in EpiSC
on endothelial cell tube formation

We found that incubation of human umbilical vein endothelial cells
(HUVEC) with EpiSC-conditioned medium enhanced tube formation of
HUVEC on Matrigel compared with vehicle control medium (i.e.,
untreated; Fig. 2). Furthermore, after overexpression of Caveolin-1 in
EpiSCs using LV-Cav-1, incubation of HUVEC with EpiSC-conditioned
medium promoted tube formation of HUVEC on Matrigel compared to
EpiSC control medium (Fig. 2). Additionally, after knockdown of
Caveolin-1 in EpiSCs using siRNAs, incubation of HUVEC with
EpiSC-conditioned medium did not alter tube formation of HUVEC
on Matrigel compared to EpiSC control medium (i.e., untreated;
Fig. 2).

3.3. Effects of overexpression of Caveolin-1 in EpiSC on wound
healing

We found that EpiSC-treated wounds exhibited accelerated wound
closure in rats (treatment and day interaction effect, p < 0.05; Fig. 3A
and B) compared with vehicle medium treated wounds. Furthermore,
the wound closure rate was further increased in mice that received

EpiSC-Cav-1 treatment (treatment and day interaction effect,
Bonferroni post-hoc, p < 0.05; Fig. 3A and B).

Histological evaluation was then performed in separate groups of
mice (n = 5/group) at post-injury day 7, when robust skin closure was
observed. We found enhanced re-epithelialization in EpiSC-treated
wounds compared with control medium-treated wounds (i.e., untreated;
Fig. 4A). Furthermore, overexpression of Caveolin-1 in EpiSCs promoted
re-epithelialization in wounds (Fig. 4A). Further analysis of wounds
showed that EpiSC-treated wounds exhibited increased cellularity and
vasculature (Fig. 4A and D). In addition, in EpiSC-treated wounds,
granulation tissue was thicker and larger (Fig. 4A). Notably, EpiSC-Cav-
1-treated wounds further demonstrated increased cellularity and vascu-
lature, as well as thicker and larger granulation tissue (Fig. 4A and D).
Consistent with these findings, the wound scores at post-injury day 7
were significantly higher in EpiSC-treated wounds (Fig. 4C). In addition,
EpiSC-Cav-1-treated wounds appeared to have increased wound scores
(Fig. 4C), suggesting enhanced wound healing. We then also measured
cell division in the wound sections. As shown in Fig. 4B and E, EpiSC-
treated wounds showed an increased percentage of Ki67-positive cells
compared with control medium-treated wounds. Furthermore, EpiSC-
Cav-1-treated wounds showed a further increase in the numbers of Ki67-
positive cells (Fig. 4B and E).

Fig. 2. Effects of EpiSC-conditioned medium on human umbilical vein endothelial cells (HUVECs). Endothelial cell tube formation. HUVECs were suspended in vehicle-, EpiSC-,
EpiSC-Cav-1-LV, or EpiSC-Cav- siRNAs conditioned EGM-2 medium, which contained growth factor cocktail and 2% FBS, and incubated for 24 h. (A) Representative fields are shown.
(B) The total length of the tube network per field was quantified. Experiments were performed in triplicate wells. Asterisks represent significant difference compared to vehicle (i.e.,
untreated), p < 0.05. Ponds represent significant difference compared to EpiSCs, p < 0.05.

Fig. 3. Effects of EpiSC treatment on wound closure (n = 10/group). (A) Images of wounds in BALB/c mice over 14 days after burn injury. (B) Wound measurement of in three
treatment groups. Asterisks represent single treatment effect compared to vehicle (i.e., 0 ng/ml EFG), p < 0.05. Ponds represent single Cav-1 expression effect compared to non-Cav-1
overexpression EpiSCs, p < 0.05.
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3.4. Effects of overexpression of Caveolin-1 in EpiSC on angiogenesis

Our in vitro studies on HUVEC indicated that EpiSC treatment may
enhance angiogenesis. Hence, conducted macroscopic visualization of
blood vessels. We found that blood vessel surrounded the wounds in the
skin in EpiSC-treated wounds at post-injury day 7 in mice compared to
vehicle control medium-treated wounds (Fig. 5A). Furthermore, more
vessels and vessel branches were found in wounds in EpiSC-Cav-1-
treated wounds at post-injury day 7 in BALB/c mice (Fig. 5A).

To confirm these findings, we performed immunohistological
staining for endothelial protein CD31 and assessed capillary densities
in wounds at post-injury day 7. We found that CD31 staining was
increased in wounds treated with EpiSCs (Fig. 5B). In addition, EpiSC-
Cav-1-treated wounds showed further increased CD31 staining com-
pared to EpiSC-treated wounds (Fig. 5B). Finally, capillary density was
calculated and was consistent with the results of CD31 staining.
Specifically, we found that capillary density was increased in wounds
treated with EpiSCs (Fig. 5C). In addition, EpiSC-Cav-1-treated
wounds showed further increased capillary density compared to
EpiSC-treated wounds (Fig. 5C).

Finally, the growth of new blood vessels in terms of their length,
size and junction was calculated using AngioQuant software. We found
that overexpression of Caveolin-1 in EpiSCs enhanced the blood vessel
length (Fig. 5D), the size of vessels (Fig. 5E), and the number of
junctions (Fig. 5F).

4. Discussion

In this study, we found that overexpression of Caveolin-1 in EpiSCs
promoted EGF-induced cell proliferation ability, and knockdown of
Caveolin-1 in EpiSCs reduced EGF-induced cell proliferation ability.
This effect was associated with no alteration of Nanog mRNA in
EpiSCs, suggesting Caveolin-1 overexpression did not alter EpiSC
pluripotency. Furthermore, we found that incubation of HUVEC with
EpiSC-Cav-1-conditioned medium promoted HUVEC tube formation,
indicating a paracrine effect of EpiSC on angiogenesis. Based on these
in vitro experimental results, we treated mice with skin burn injury
using EpiSCs with overexpression of Caveolin-1. We found that wound
closure rate was increased in mice that received EpiSC-Cav-1 treat-
ment. Histological evaluation demonstrated that overexpression of

Fig. 4. Histological analysis of wound healing in BALB/c mice at post-injury day 7 (n = 5/group). (A) Wound histological images (H&E stain). Arrows indicate wound edges. (B):
Confocal images of Ki67 (green) and Hoechst (blue) stain of wounds at post-injury day 7. Arrowheads indicate the epidermis or wound surfaces. Arrows indicate Ki67-positive skin
appendages. Scale bar = 20 µm. (C): Wound histological scores at post-injury day 7. (D) Wound cellularity was determined by counting the number of nuclei per high-power (×400) field.
(E) Percentages of Ki67-positive cells in wounds at post-injury day 7. Ep = epidermis; F = hair follicle; M =muscle; W =wound bed. Asterisks represent single treatment effect compared
to vehicle (i.e., 0 ng/ml EFG), p < 0.05. Ponds represent single Cav-1 expression effect compared to non-Cav-1 overexpression EpiSCs, p < 0.05.
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Caveolin-1 in EpiSCs promoted re-epithelialization in wounds, en-
hanced cellularity, and increased vasculature, as well as increased
wound scores, suggesting enhanced wound healing. These effects were
associated with increased proportions of Ki67-positive cells, suggesting
enhanced in vivo cell proliferation in wounds. Finally, microscopic
visualization and immunohistological staining for endothelial protein
CD31 showed that overexpression of Caveolin-1 in EpiSCs increased
capillary density in wounds treated with EpiSC-Cav-1. Analysis for
angiogenesis found that overexpression of Caveolin-1 in EpiSCs
increase the length, size, and junctions of blood vessels. Taken
together, our results suggested that Caveolin-1 expression in the
EpiSCs play a critical role in the regulation of EpiSC proliferation
ability and factors secreted by EpiSCs can promote angiogenesis.
Hence, alteration of ESC proliferation ability may be an effective
approach in promoting ESC-based therapy in skin wound healing.

Re-epithelialization is necessary for restoring the epidermis dur-
ing the repair of burn wounds. Our data showed that EpiCSs play a
critical role in promoting re-epithelialization during this process.
EpiSCs have high proliferation and differentiation potential and are
found in the follicle bugle of hair and the basal layer of the epidermis
(Charruyer and Ghadially, 2011). Under physiological conditions,
EpiSCs are involved in maintaining the normal structure and function
of the skin and play a critical role in wound repairing via proliferation,
differentiation, and migration (Blanpain and Fuchs, 2009). Adding to
this line of research, our results indicated that the expression of
Caveolin-1 in EpiSCs is involved in the regulation of the process of re-
epithelialization after skin wound injury. Notably, previous studies
have shown that loss of caveolin-1 is associated with abnormal re-
epithelialization in lung fibrosis (Odajima et al., 2007). Hence, future

studies are necessary to investigate the specific mechanisms under-
lying this phenomenon.

Caveolin-1 is also involved in differentiated cell proliferation (Fujita
et al., 2004; Galbiati et al., 2001). Studies have shown that increased
numbers of cells expressing stem cell markers were found in many
organs including gut, mammary gland and brain in caveolin-1 null
mouse (Jasmin et al., 2009; Li et al., 2005; Sotgia et al., 2005),
suggesting that caveolin-1 may play a negative role in the regulation of
stem cell proliferation. Furthermore, Caveolin-1 can facilitate glucocor-
ticoid receptor signaling leading to inhibition of proliferation in mouse
neural progenitor cells (Samarasinghe et al., 2011). In addition, bone
marrow-derived mesenchymal stem cells (MSCs) exhibited higher pro-
liferative rate in culture after isolation from the Caveolin-1 null mouse
(Case et al., 2010). Similarly, it has been shown that the proliferative rate
of human MSCs is inversely associated with caveolin-1 expression (Park
et al., 2005). Finally, knockdown of Caveolin-1 expression using siRNA
in human MSCs increases their proliferation (Baker et al., 2012).
However, in contrast to these findings, our results suggested that
Caveolin-1 expression level in the EpiSCs is positively correlated with
proliferation ability. Similar to our findings, it has been reported that
treatment of mouse embryonic stem cells with Caveolin-1 siRNA reduces
the cell proliferation index (Lee et al., 2010), and caveolae integrity and
Caveolin-1 phosphorylation are necessary for downstream activation of
DNA synthesis in embryonic stem cells (Park and Han, 2009; Park et al.,
2011). Taken together, our findings with others suggested that the role
of Caveolin-1 in the regulation of stem cell proliferation may involve
complicated signaling pathways in difference stem cells.

Many studies have shown that cell differentiation is usually
associated with increased Caveolin expression in vitro (Fuchs et al.,

Fig. 5. Effects of EpiSC treatment on wound vascularity. (A) Representative images of skin wounds at post-injury day 7 in BALB/c mice. (B) Immunofluorescence for endothelial cells.
Wound sections were stained with anti-CD31 antibody and detected with Fluor 568 (red). Nuclei were stained with Hoechst (blue). Arrowheads indicate the epidermis. Scale bar = 20
µm. (C) Capillary density was counted after CD31 staining. The growth of new blood vessels in terms of (D) their length, (E) size and (F) junction was calculated using AngioQuant
software (image analysis tool for angiogenesis). Asterisks represent single treatment effect compared to vehicle (i.e., 0 ng/ml EFG), p < 0.05. Ponds represent single Cav-1 expression
effect compared to non-Cav-1 overexpression EpiSCs, p < 0.05.
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2003; Ng et al., 2004), suggesting that Caveolin expression may inhibit
cell differentiation. For example, in Caveolin-1 null mouse, bone
marrow MSCs exhibited greater osteogenic potential (Rubin et al.,
2007). In addition, caveolin-1 knockdown enhances human MSC
osteogenesis (Baker et al., 2012) and adipogenesis (Park et al.,
2005), as well as murine and rat neuronal differentiation (Li et al.,
2011a, 2011c; Wang et al., 2013). Surprisingly, our results suggested
that overexpression of Caveolin-1 in EpiSCs may not alter the
differentiation potential of EpiSCs after treatment of EGF by assessing
mRNA levels of Nanog. While we did not examine other stem cell
differentiation markers, it is possible that different signaling pathways
may be involved in different types of stem cells. For instance, rat MSC
differentiation is regulated by caveolae endocytosis of BMP receptors
(Du et al., 2011) and Caveolin-1 null mouse exhibited active β-catenin
levels in cells expressing stem cell markers in both intestinal crypts and
mammary gland (Li et al., 2005; Sotgia et al., 2005). In contrast,
Caveolin-1 regulation of neurogenesis may occur via effects on Notch
signaling (Wang et al., 2013). Our lab also demonstrated that EpiSCs
can accelerate diabetic wound healing via the Notch signaling pathway
by promoting cell migration (Yang et al., 2016). Hence, future studies
will be necessary to examine whether Caveolin-1 expression alters
Notch signaling in EpiSCs.

Many bioactive molecules, including many growth factors, play a
critical role in wound healing process (Diegelmann and Evans, 2004).
Among these molecules, EGF is one of the well-known factors for wound
healing process. EGF is a key promoter associated with keratinocyte
proliferation and differentiation at the wound site to accelerate wound
healing and skin appendages regeneration (Santoro and Gaudino, 2005;
Shikiji et al., 2003). In addition, EGF may contribute to the development
and regeneration of sweat glands, a challenge in deep burn recovery (Li
et al., 2002; Sheng et al., 2009). Our results further support the
importance of EGF in skin burn wound healing by showing that EGF
treatment promotes EpiSCs cell proliferation. Interestingly, these effects
were promoted by overexpression of Caveolin-1 in EpiSCs. Interestingly,
previous studies have shown that overexpression of Caveolin-1 in MCF-7
breast cancer cells resulted in higher EGF-induced proliferative and
motility rates (Agelaki et al., 2009). Up-regulation of Caveolin-1
attenuates EGF signaling in senescent cells (Park et al., 2000).
Overexpression of Caveolin-1 significantly inhibits the proliferation,
migration, and invasion potential of human colorectal cancer cells by
reducing EGF-induced EGFR activation (Yang et al., 2018). These
studies together suggested that the interaction of Caveolin-1 and EGF
may have cell-specific outcomes. Hence, future studies will be important
to examine the functional interaction of Caveolin-1 and EGF signaling in
EpiSCs. Further, it should also be noted that other factor, such as
fibroblast growth factor (FGF) may also induce rapid closure of burn
wounds (Ishikawa et al., 2006; Moya et al., 2010). Actually, FGF
stimulates keratinocyte division in vitro and increases the proliferation
of fibroblast and capillary endothelial cells, as well as collagen synthesis,
granulation tissue formation and epidermal regeneration in vivo
(Barrientos et al., 2008; Ishikawa et al., 2006; Wang et al., 2008).
Hence, future studies will be important to examine the effects of these
factors on Caveolin-1 mediated signaling and their contribution in
EpiSC-induced skin wound healing.

In summary, our results demonstrated that Caveolin-1 expression
level in EpiSCs contributes to EpiSC proliferation potential, and
manipulation of EpiSC proliferation potential may be an effective
approach to promote skin wound healing. However, when we focus
on skin wound heal, it is also important to consider the quality of the
wound healing process by avoiding scar formation. Our recent study
showed that FGF reduces scar by inhibiting the differentiation of
EpiSCs to myofibroblasts. Hence, combinational approach by using
multiple growth factors and manipulation of EpiSC proliferation
potential, we may develop effective and better therapies to promote
the quality of skin wound recovery.
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