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Mesenchymal stem cells (MSCs) can affect the microenvironment of a wound and thereby accelerate wound healing. Wnt proteins
act as key mediators of skin development and participate in the formation of skin appendages such as hair. The mechanisms
of action of MSCs and Wnt proteins on skin wounds are largely unknown. Here, we prepared a Wnt7a-containing conditioned
medium (Wnt-CM) from the supernatant of cultured human umbilical cord-MSCs (UC-MSCs) overexpressing Wnt7a in order
to examine the effects of this CM on cutaneous healing. Our results revealed that Wnt-CM can accelerate wound closure and
induce regeneration of hair follicles. Meanwhile,Wnt-CM enhanced expression of extracellular matrix (ECM) components and cell
migration of fibroblasts but inhibited the migratory ability and expression of K6 and K16 in keratinocytes by enhancing expression
of c-Myc. However, we found that the CM of fibroblasts treated withWnt-CM (HFWnt-CM-CM) can also promote wound repair and
keratinocyte migration; but there was no increase in the number of hair follicles of regeneration. These data indicate that Wnt7a
and UC-MSCs have synergistic effects: they can accelerate wound repair and induce hair regeneration via cellular communication
in the wound microenvironment. Thus, this study opens up new avenues of research on the mechanisms underlying wound repair.

1. Introduction

The skin is the largest organ and functions as a protective
barrier against aggression of external microorganisms and
dehydration [1]. Skin injury is very common and is associated
with a high rate of mortality and morbidity because this
type of injury not only abrogates the barrier function of the
skin but also alters the perception of pain and temperature
and the sense of touch [2, 3]. In humans, problems with
wound healing can manifest themselves as delayed wound
healing (e.g., in diabetes or radiation exposure), excessive
healing (e.g., hypertrophic or keloid scars), or a lack of
skin appendages (e.g., hair follicles or sweat glands) [4].
Previously, wound closure as early as possible was the main
goal of treatment. With the increasing demand for quality
repair of damaged skin, restoration of the anatomy and
functions of the skin after wounding (to achieve perfect
healing) has become the main focus in the field of wound

repair [5, 6]. Thus, there is a need to identify an effective
approach to enhancement of wound healing.

Cutaneous wound repair is similar to embryonic skin
development in many respects and represents an attempt
to restore integrity of the injured tissue [7–9]. However,
in the middle and late phases of wound healing, cellular
interactions are dominated by the interplay of keratinocytes
and fibroblasts; these events gradually shift the microenvi-
ronment away from an inflammatory one to a microenvi-
ronment that promotes the formation of granulation tissue
[10]. Fibroblasts are an important component of the skin
and play a crucial role in wound repair by constructing
and maintaining the extracellular matrix (ECM) through
the production of matrix proteins, metalloproteinases, and
relevant inhibitors [11]. However, these properties change
in different microenvironments. Studies have shown dif-
ferences between fibroblasts during development and in
adult skin and between undamaged and wounded skin,
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including differences in cell migration and in the expression
of cytokines and growth factors. Under conditions of hair
follicle development, the underlying dermis fibroblasts send
signals to the epidermis to form a placode and to induce
formation of hair follicles [10, 12]. On the other hand, adult
skin does not normally show regeneration of hair follicles,
but an exception has been documented in the case of adult
mouse skin in response to transgenic Wnt/𝛽-catenin or to
wound-induced epidermal activation of Wnt/𝛽-catenin [13].
Thus, a change in the microenvironment plays a key role in
hair follicle regeneration. Regenerated hair follicles contain
structures called dermal papillae (DP), implying crosstalk
between the Wnt-activated epidermis and the dermis in
the microenvironment of the wound. Thus, provision of
an appropriate microenvironment for wound healing may
enhance the crosstalk among cells and between cells and
cytokines to achieve the goal of perfect repair.

Mesenchymal stem cells (MSCs) can create a favorable
microenvironment for tissue regeneration through the secre-
tion of a variety of prosurvival and promigratory cytok-
ines and growth factors after MSC transplant [14–16]. Re-
search shows thatMSC-conditionedmedium (MSC-CM) can
enhance migration of fibroblasts and keratinocytes accord-
ing to scratch assays in vitro [17]. Another study showed
that MSC-CM by providing a type of pigment epithelium-
derived factor (PEDF) can stimulate migration of fibrob-
lasts to injured tissues; these cells release cytokines and
ECMmolecules modulating the growth of parenchymal cells
and scar healing [18]. Furthermore, another study showed
that MSC-CM can decrease high glucose (HG) and/or
lipopolysaccharide- (LPS-) induced overproduction of reac-
tive oxygen species and activation of the extracellular signal-
regulated kinase (Erk) signaling pathway, thereby promoting
proliferation and migration of keratinocytes by creating a
diabetes-like microenvironment [19]. Thus, depending on
various disease-related microenvironments, preconditioning
of MSCs by physical, chemical, and genetic methods is
necessary to maximize their therapeutic potential in wound
repair.

Wnt proteins are key mediators of skin development and
participate in various processes, from the development of the
dermis to formation of skin appendages such as hair [20, 21].
The studies have shown that hair follicle neogenesis can be
induced in 1 cm2 (or larger) full-thickness wounds in mice:
further, when Wnt7a is overexpressed, the number of hair
follicles in the wound increases [13]. Thus, Wnt signaling in
the process of wound repair may provide a microenviron-
ment similar to that present at the developmental stage of
the skin; several lines of evidence indirectly support a role
for Wnt signaling in cutaneous repair [22]. In contrast, an
inhibitory effect of 𝛽-catenin on reepithelialization has been
suggested in a study that showed enhanced epidermal nuclear
accumulation of 𝛽-catenin at the edge of chronic ulcers
and that pharmacological stabilization of 𝛽-catenin inhibits
keratinocyte migration by increasing c-Myc expression [23].
However, the combined effects of Wnt and MSCs in wound
repair are still unclear.

Here, we prepared CM from the supernatant of cul-
tured Wnt7a-overexpressing umbilical cord- (UC-) MSCs

(Wnt-CM) and evaluated its effect on cutaneous healing
in mice. Our results suggest that Wnt-CM can enhance
the expression of ECM components and cell migration of
fibroblasts and thereby accelerate wound closure and hair
follicle regeneration, but it inhibits the migratory ability of
keratinocytes. In contrast, HFWnt-CM-CM (fibroblasts treated
with Wnt-CM) can accelerate wound closure and promote
keratinocyte migration; however, the number of hair follicles
did not increase compared to the control group. These
results indicate that Wnt7a overexpression by UC-MSCs can
enhance wound repair and induce hair regeneration through
changes in the wound microenvironment that affect cell-cell
interactions.

2. Materials and Methods

2.1. Ethics Statement. Human UC samples were obtained
from a hospital after delivery of full-term infants. Human
skin samples were selected by experienced plastic surgeons
and collected during reconstructive procedures. All human
skin tissues and human UCs were collected according to the
protocol approved by the Ethics Committee of the Chinese
PLA General Hospital, and informed consent forms were
signed by the donors.

Six-week-old male C57BL/6 mice were obtained from
the Chinese PLA General Hospital. The protocol of animal
experiments was approved by the medical Ethics Committee
of the Chinese PLA General Hospital.

2.2. Amplification and Purification of Retroviral Vectors.
Human Wnt7a cDNA (NM 004625, Origene, BJ, CHN) was
inserted between the MluI and SalI sites of a retroviral
vector (PWPT, from Shanghai Institute of Biochemistry and
Cell Biology; researcher Xin Wang). Recombinant vectors
were amplified in HEK 293T cells and then purified using
polyethylene glycol (PEG) 6000 by the precipitation method.
The viral particles expressing Wnt7a were resuspended in
phosphate-buffered saline (PBS) and stored at −80∘C.

2.3. Isolation of UC-MSCs and Preparation of Wnt-CM.
Wharton’s jelly from UCs was excised, minced into pieces
of 0.5–1.0mm3 using scissors and scalpels, and washed
twice with PBS. UC-MSCs were isolated and harvested
as previously described [24]. The cells were then purified
and identified. Passage-3 MSCs were cultured to 50–60%
confluence in T-75 culture flasks and incubated with a
medium containing the Wnt7a-expressing virus combined
with polybrene (8mg/mL). This medium was added to the
flask, replenished with 12mL of serum-free DMEM (Gibco,
NY, USA) and incubated for 24 hours prior to harvesting
of the CM of the cells infected with the Wnt7a-expressing
virus (Wnt-CM). The culture supernatant was collected
from passage-3 UC-MSCs and named MSC-CM. The CM
was centrifuged at 3,000 rpm/min for 10 minutes at 4∘C to
remove the cell debris and then was concentrated 20-fold by
dialysis in a bag of a tangential flow microfiltration mem-
brane (4-kDa molecular weight cutoff; Sartorius, GER) at
4∘C.
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Table 1: List of sequences of forward and reverse primers.

Genes Species Forward primer Reverse primer
𝛼-SMA Human 5-CTATGAGGGCTATGCCTTGCC-3 5-GCTCAGCAGTAGTAACGAAGGA-3

Collagen I Human 5-GTGCGATGACGTGATCTGTGA-3 5-CGGTGGTTTCTTGGTCGG-3
Collagen III Human 5-TTGAAGGAGGATGTTCCCATCT-3 5-ACAGACACATATTTGGCATGGT-3

K6 Human 5-ACGGAAACTACTACGGCGAC-3 5-GGCCTTCGTATCCACAGCAC-3

K16 Human 5-GACCGGCGGAGATGTGAAC-3 5-CTGCTCGTACTGGTCACGC-3

C-Myc Human 5-AATAGAGCTGCTTCGCCTAGA-3 5-GAGGTGGTTCATACTGAGCAAG-3

GAPDH Human 5-CTGGGCTACACTGAGCACC-3 5-AAGTGGTCGTTGAGGGCAATG-3

𝛼-SMA Mouse 5-GTCCCAGACATCAGGGAGTAA-3 5-TCGGATACTTCAGCGTCAGGA-3

Collagen I Mouse 5-GCTCCTCTTAGGGGCCACT-3 5-CCACGTCTCACCATTGGGG-3

Collagen III Mouse 5-CTGTAACATGGAAACTGGGGAAA-3 5-CCATAGCTGAACTGAAAACCACC-3

GAPDH Mouse 5-AGGTCGGTGTGAACGGATTTG-3 5-TGTAGACCATGTAGTTGAGGTCA-3

PCR amplification conditions on the Applied Biosystems 7500 Real-Time PCR System: 58∘C for 5 minutes; 95∘C for 2 minutes; 40 cycles of 95∘C for 15 seconds
and 60∘C for 60 seconds.

2.4. ELISA. Wnt7a levels were measured by enzyme-linked
immunosorbent assay (ELISA) according to the manufac-
turer’s instructions (BioTek, VT, USA).

2.5. Preparation, Isolation, and Cultivation of Fibroblasts and
Keratinocytes. Normal human skin keratinocytes and human
fibroblasts (HFs) were derived from adult skin obtained from
surgical waste, as previously described [25, 26]. Fibroblasts
obtained from the outgrowth of explant cultures were grown
in DMEM (Gibco, NY, USA) supplemented with 10% fetal
bovine serum (Gibco, NY, USA), and cells from passage 3
were used for the experiments. Keratinocyteswere cultured in
the EpiLifemedium (Gibco,NY,USA) at 37∘C in a humidified
atmosphere containing 5% of CO

2
.Themediumwas replaced

every 2 to 3 days.

2.6. Preparation of the CM of Fibroblasts. The culture super-
natant was collected from HFs (passage 3) as HF-CM. We
used MSC-CM and Wnt-CM for the treatment of fibroblasts
for 24 hours after removal of the supernatant; we then added a
fresh culture medium after 48 hours and collected the super-
natant to prepare HFMSC-CM-CM and 20-fold concentrated
HFWnt-CM-CM.

2.7.TheUse of the CM InVitro. After cultivation of fibroblasts
or keratinocytes, the CM (20-fold concentrated) was added
to DMEM (the CM and DMEMwere mixed in the 1 : 10 ratio,
v/v).

2.8. RNA Isolation and Real-Time RT-PCR. Total RNA was
isolated using the RNeasy Mini Kit (Qiagen, CA, USA).
Single-stranded cDNA was synthesized using SuperScript II
reverse transcriptase and oligo (dT) (Invitrogen, CA, USA).
Quantitative RT-PCR was used to measure transcription of
genes, and the data were normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). PCR was run on an
ABI 7500 Real-Time PCR System (Applied Biosystems, USA)
under the following cycling conditions: one cycle of 95∘C for
10min and 40 cycles of 95∘C for 15 s and 60∘C for 1min, with
the primers shown in Table 1. Relative mRNA expression was
calculated by 2−ΔΔCt method.

2.9. Western Blot Analysis. Western blotting was performed
as previously described [27]. Total protein was isolated from
MSCs and from retrovirally infected MSCs. Primary anti-
bodies were a rabbit polyclonal antibody to Wnt7a, c-Myc,
K6, and K16 and a mouse monoclonal antibody to GAPDH
(Abcam, MA, UK). The secondary antibodies were goat
anti-rabbit and goat anti-mouse IgG antibodies (horseradish
peroxidase-conjugated; Abcam, MA, UK). The blots were
analyzed by densitometry in the ImageJ software (NIH, MD,
USA).

2.10. Immunocytochemistry. For the immunocytochemical
analysis, cells were fixed in 4% paraformaldehyde for 30min
at 4∘C and then permeabilized by 0.1% Triton X-100 for
15min, followed by blocking with 3% fetal bovine serum for
30min. Primary antibodies: rabbit polyclonal antibodies to
Wnt7a and 𝛼-SMA (Abcam, MA, UK) were incubated with
the cells overnight at 4∘C. Secondary antibodies: an Alexa
Fluor 594-conjugated goat anti-rabbit IgG antibody and an
Alexa Fluor 488-conjugated goat anti-mouse IgG antibody
(Invitrogen, CA, USA) were added to the cells and incubated
for 1 h at 37∘C. Finally, the cells were stained with Hoechst
(Vector, Burlingame, CA) at a 1 : 3000 dilution and were
examined under a fluorescence microscope (Olympus BX53,
JP).

2.11. The Animal Model. We used 6-week-old C57BL/6 mice
as a model of the full-thickness skin injury. After anesthesia,
1 cm diameter wounds were created on the back skin
of the mice; then, 100 𝜇L of Wnt-CM, MSC-CM, DMEM
(Gibco BRL, NY, USA), HFMSC-CM-CM, or HFWnt-CM-CM
was injected at multiple points into the wound area.

2.12. Histological Analysis. The wounded skin from each
mouse was collected for histological analysis. The samples
were fixed in 10% formalin and then embedded in paraffin
blocks to prepare paraffin sections (4𝜇m thick). The general
histological features were visualized by hematoxylin and
eosin (H&E) staining andwere examined under amicroscope
(Olympus BX53JP).
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Figure 1: Wnt7a expression in human MSCs. (a, b) Western blots of Wnt7a and corresponding semiquantitative analysis. (c) Immunocy-
tochemical analysis of MSCs overexpressing Wnt7a. The nuclei were counterstained with Hoechst. (d) Wnt7a was quantified in the CM by
ELISA. The data are presented as mean ± SEM, 𝑛 = 3; ∗∗𝑃 < 0.01. In the images, Wnt7a (red fluorescence) and Hoechst (blue fluorescence)
staining are shown. The scale bar in panel (b) is 20𝜇m.

2.13. The Cell Scratch Experiment. Fibroblasts and ker-
atinocytes were seeded in 6-well plates at 5 × 105/well. When
the cells covered the bottom of the well, a scratch was made
with a sterilized P1000 pipette tip (width 1.0–1.2mm), and the
cells then were cultured in different media after a wash with
PBS. After 24 h, the scratches were analyzed by microscopy
(Olympus BX53, JP), and the scratch area was measured in
the IPP software (Media Cybernetics).

2.14. Statistics. The results are expressed as mean ± SEM.
All experiments were repeated three times with indepen-
dent cultures, and similar results were obtained. Statis-
tical significance was assessed using Student’s t-test. Sta-
tistical significance was assumed for 𝑃 values <0.05 or
<0.01.

3. Results

3.1. Wnt7a Overexpression in UC-MSCs. A retroviral vector
was constructed to express Wnt7a and was propagated in
HEK293 cells. We purified the retrovirus to use it for the
induction of Wnt7a expression in UC-MSCs by means of
polybrene exposure.The retrovirus-mediated transduction of
Wnt7a into UC-MSCs was confirmed by Western blotting
and immunocytochemistry. Expression levels of the Wnt7a
protein were higher in these UC-MSCs (Figures 1(a) and
1(b)).The immunocytochemical analysis also showed that the
retrovirus-mediated transduction of Wnt7a into UC-MSCs
made these cells positive for Wnt7a expression (Figure 1(c)).
We detected the expression of Wnt7a in the culture super-
natant by enzyme-linked immunosorbent assay (ELISA).The
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Figure 2: Topical injection of Wnt-CM accelerated healing of full-thickness skin wounds in mice. (a) Typical images of dorsal skin showing
effectiveness of wound closure in the mice of treatments groups DMEM, MSC-CM, and Wnt-CM. (b) The percentage of wound closure on
days 3, 7, and 14 after the surgical injury. (c) On postinjury days 3, 7, and 14, healing skin was examined by H&E staining of the tissue slices.
The data are presented as mean ± SEM, 𝑛 = 3; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01. The double arrow line denotes the wound area. The scale bar is
500 𝜇m in panel (c).

results showed that the level of secreted Wnt7a protein (as
a result of the retroviral-mediated transduction of Wnt7a
into UC-MSCs) was significantly increased as compared to
that in the control group (Figure 1(d)). These data showed
that Wnt7a was successfully expressed in UC-MSCs and was
secreted into the supernatant of the cultured UC-MSCs.

3.2. Wnt-CM Enhances Healing of Full-Thickness SkinWounds
in Mice. A model of healing of a full-thickness skin wound
was used to estimate the effects of topical application ofWnt-
CM on wound healing. We collected the culture medium
from Wnt7a-overexpressing UC-MSCs and prepared Wnt-
CM through tangential flow concentration (20-fold). Then,
100 𝜇L of Wnt-CM was injected subcutaneously at multiple
points into the wound area of each mouse, with the same
dose of MSC-CM or Dulbecco’s modified Eagle’s medium
(DMEM) serving as control. The wound closure rates in the
Wnt-CM-treated mice on postinjury days 3, 7, and 14 were
25.3%, 51.6%, and 91.5%, respectively (𝑃 < 0.05, 𝑛 = 3),

whereas in MSC-CM-treated mice they were 22.9%, 44.3%,
and 76.3% (𝑃 < 0.05, 𝑛 = 3), and in DMEM-treated mice
these rates were 20.1%, 38.7%, and 65.1% (𝑃 < 0.05, 𝑛 =
3; Figures 2(a) and 2(b)). The results showed that Wnt-CM
significantly enhanced the closure rates in comparison with
MSC-CM, but the MSC-CM treatment group showed better
results than did theDMEM treatment group. Similarly, H&E-
stained histological slices of skin samples showed similar
closure rates on postinjury days 3, 7, and 14 (Figure 2(c)).
Thus, the results showed that Wnt-CM can enhance wound
repair in mice.

3.3. Wnt-CM Enhances Expression of ECM Components and
Migration of Fibroblasts. Injury to the skin resulting in a
wound is known to trigger a repair process that is charac-
terized by major alterations in both the composition and
structure of the ECM. Accordingly, mRNA expression levels
of ECM-related molecules were then evaluated. Compared
to the DMEM treatment group, the MSC-CM and Wnt-CM
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Figure 3: Expression of ECM components during the wound healing process in mice. (a) Expression levels of 𝛼-SMA, collagen III, and
collagen I mRNA in mice of treatment groups DMEM, MSC-CM, and Wnt-CM were analyzed by real-time PCR and normalized to that
of GAPDH. (b) Representative images of skin biopsy samples (obtained from mice of treatment groups DMEM, MSC-CM, and Wnt-CM),
showing staining with Masson’s trichrome. Statistical analysis involved unpaired t tests. The data are presented as mean ± SEM, 𝑛 = 3;
∗𝑃 < 0.05 and ∗∗𝑃 < 0.01. The scale bar is 200 𝜇m in panel (b).

treatment groups expressed significantly larger amounts of
ECM molecules in the wound area, including 𝛼-SMA, col-
lagen I, and collagen III (Figure 3(a)). To evaluate collagen
accumulation in the skin, we used Masson’s trichrome stain-
ing. The results showed that Wnt-CM markedly increased
collagen deposition in the dermis compared with MSC-CM
and DMEM (Figure 3(b)). Therefore, these findings indicate
that Wnt-CM efficiently enhances wound healing-related
events, such as collagen production.

The functional role of Wnt-CM in fibroblasts was ana-
lyzed in vitro. Human dermal fibroblasts (HFs) were obtained
from surgical waste (adult skin samples) and were incubated
with DMEM, MSC-CM, or Wnt-CM. A scratch wound assay
showed that Wnt-CM accelerated migration of HFs into the
wound area in comparison with MSC-CM and DMEM at
24 hours after scratching (Figures 4(a) and 4(c)). Therefore,
we next tested the expression of migration-related genes of
fibroblasts. We found thatWnt-CM can significantly increase
expression of the smooth muscle cell actin isoform called
-smooth muscle actin (𝛼-SMA), collagen I, and collagen
III in HFs as compared to DMEM and MSC-CM (Figures

4(b) and 4(d)). Overall, these results indicate that Wnt-CM
significantly enhanced migration and ECM expression of
fibroblasts.

3.4. Wnt-CM Enhances Reepidermalization during Skin Heal-
ing in Mice. To elucidate the effects of Wnt-CM on reepider-
malization during skin healing, epithelial-tongue length and
epidermal thickness of skin wounds were examined by his-
tomorphological analysis on postinjury days 3, 7, and 14. The
Wnt-CM treatment group yielded significantly better results
than did theMSC-CMandDMEMgroups on postinjury days
3 and 7, but the MSC-CM group showed better results than
did the DMEM group (Figures 5(a) and 5(d)). Mice treated
with Wnt-CM had a thicker epidermis with more organized
cell layers as compared to theDMEMgrouponpostinjury day
14 (Figures 5(b) and 5(e)).TheWnt-CM treatment group also
showed regeneration of more hair follicles as compared to
the MSC-CM treatment group (Figures 5(c) and 5(f)). These
results confirmed that Wnt-CM can substantially increase
epidermal thickness and the number of migrating cells in the
epithelial-tongue area.
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Figure 4: Wnt-CM stimulates migration and promotes expression of 𝛼-SMA and ECM components in fibroblasts. (a) Wnt-CM enhanced
migration of primary human fibroblasts in awound scratch assay (after 24 h) as compared toMSC-CMandDMEM. (b) Immunocytochemical
staining for 𝛼-SMA shows upregulation of 𝛼-SMA induced by Wnt-CM. (c) Quantification of optical density of the immunocytochemical
staining for 𝛼-SMA. (d) Expression levels of 𝛼-SMA, collagen III, and collagen I mRNA after treatment with DMEM, MSC-CM, or Wnt-CM
were analyzed by RT-PCR and normalized to that of GAPDH. The data represent mean ± SEM, 𝑛 = 3; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01. Solid lines
indicate the initial wound area; dotted lines demarcate the migrating front of the cells.The scale bar is 100 𝜇m in panel (a) and 50 𝜇m in panel
(b).

3.5. The Inhibitory Effects of Wnt-CM on Keratinocyte Migra-
tion Are Mediated by c-Myc. To demonstrate the effects of
Wnt-CM on keratinocyte migration, scratch wound assays
were performed. Keratinocyte migration was significantly
retarded by Wnt-CM treatment as compared to either MSC-
CM or DMEM treatment at 24 hours after scratching (Fig-
ures 6(a) and 6(b)). c-Myc can impair migration of basal
keratinocytes and inhibit wound healing [23]. Accordingly,
we assessed mRNA and protein expression levels of c-Myc at
48 hours (Figures 6(c) and 6(e)). Our results showed that c-
Myc expression in the wound area was significantly higher
in the Wnt-CM treatment group than in the MSC-CM and
DMEM treatment groups at 48 hours. Next, the cytoskeletal

components important for migration (K6 and K16) were
analyzed by RT-PCR andWestern blot.Wnt-CM significantly
inhibited the expression of K6 andK16 at 48 h after scratching
(Figures 6(d)–6(f)). These results suggested that Wnt-CM
inhibits themigratory ability and cytoskeletal organization of
keratinocytes by increasing the expression of c-Myc.

3.6. Wnt-CM Causes Fibroblasts to Promote Keratinocyte
Migration and Expression of Cytoskeletal Proteins. The early
stage of wound healing is infiltration of fibroblasts into the
damaged area where they synthesize collagen and form the
ECM; the crosstalk between fibroblasts and keratinocytes
facilitates wound closure. Therefore, we tested whether
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Figure 5: Histomorphological analysis of reepidermalization during skin healing in mice. (a, d) Histological analysis of wounds showed
significantly increased length of the wound epithelial tongue in mice of treatment groupWnt-CM, as compared to the MSC-CM and DMEM
treatment groups on postinjury days 3 and 5. (b, e) The epidermis thickness of the wounds treated with Wnt-CM, MSC-CM, or DMEM in
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Figure 6: Wnt-CM inhibits migration and expression of the cytoskeletal components K6 and K16 via upregulation of c-Myc in human
keratinocytes. (a and b)Wnt-CM inhibited migration of human keratinocytes in the wound scratch assay after 24 h as compared toMSC-CM
and DMEM. (c) Expression levels of c-Myc mRNA after treatment with Wnt-CM, MSC-CM, or DMEM were analyzed by real-time PCR
and normalized to that of GAPDH. (d) Expression levels of K6 and K16 mRNA after treatment with Wnt-CM, MSC-CM, and DMEM were
analyzed by RT-PCR and normalized to that of GAPDH. (e, f) Western blots analysis of c-Myc, K6, K16, and corresponding semiquantitative
analysis. The data represent mean ± SEM, 𝑛 = 3; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01. Solid lines indicate the initial wound area; dotted lines demarcate
the migrating front of the cells. The scale bar in panel (a) is 100𝜇m.

treatment of fibroblasts with Wnt-CM can affect the skin
wound and keratinocyte migration. We used HFMSC-CM-CM
or HFWnt-CM-CM (treatment of fibroblasts with MSC-CM or
Wnt-CM for 24 hours after removal of the supernatant; a fresh
culturemediumwas added and the supernatant was collected
after 48 hours) to treat the wound and cultured keratinocytes;
the CM from nonactivated fibroblasts (HF-CM) and DMEM
served as controls.We found that HFWnt-CM-CM significantly
enhanced the closure rates (Figures 7(a) and 7(b)) and
promoted keratinocyte migration and cytoskeletal-protein
expression in comparison with HFMSC-CM-CM, HF-CM, and
DMEM (Figures 7(c)–7(g)). In contrast, HFWnt-CM-CM did
not influence the expression of c-Myc according to RT-PCR
and Western blot analysis of cultured keratinocytes (Figures

7(e)–7(g)). On the other hand, we found that HFWnt-CM-CM
could not promote regeneration of hair follicles by H&E-
stained histological slices analysis (Figure 7(a)). Thus, these
results showed that Wnt-CM accelerates wound repair and
enhancesmigration of keratinocytes by activating fibroblasts.

4. Discussion

In this study, we explored the effects of Wnt signaling in
combination with UC-MSCs onwound repair.We found that
Wnt-CM can promote wound repair and induce hair follicle
regeneration. Moreover, Wnt-CM by activating fibroblasts
enhanced secretory expression of ECM components, which
interacted with keratinocytes to promote keratinocyte
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Figure 7: HFWnt-CM-CM enhances migration and expression of the cytoskeletal components K6 and K16 in human keratinocytes. (a) Typical
images of dorsal skin showing effectiveness of wound closure in themice and H&E-stained histological slices of treatments groups HFWnt-CM-
CM, HFMSC-CM-CM, and HF-CM. (b) Evaluation of wound closure by morphometrical analysis of wound areas (ImageJ, NIH). (c and d)
HFWnt-CM-CM enhanced migration of human keratinocytes in a wound scratch assay after 24 h as compared to HFMSC-CM-CM, HF-CM, and
DMEM and corresponding semiquantitative analysis data. (e) Expression levels of c-Myc, K6, and K16mRNA after treatment with HFWnt-CM-
CM, HFMSC-CM-CM, or HF-CM were analyzed by real-time PCR and normalized to that of GAPDH. (f, g) Western blots analysis of c-Myc,
K6, K16, and corresponding semiquantitative analysis. The data represent mean ± SEM, 𝑛 = 3; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01. Solid lines indicate
the initial wound area; dotted lines demarcate the migrating front of the cells. The scale bar is 100𝜇m.
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migration and to enhance reepidermalization. Moreover,
our data indicate that Wnt-CM can enhance the crosstalk
between cells and among cells in the complex wound mi-
croenvironment, thereby enhancing these multifaceted
wound healing activities.

MSCs are increasingly studied as a potential treatment
method for clinical application [28–30]. Recent studies
showed that treatment of cutaneous wounds with MSCs
accelerates wound healing kinetics, increases epithelializa-
tion, and promotes angiogenesis. AlthoughMSCs may repair
damaged tissue by direct induction of differentiation, they
also have a second function: secretion of a broad repertoire of
trophic factors and immunomodulatory cytokines [31, 32]. A
large body of work has shown thatMSCs can improve wound
healing through adjustment of the local microenvironment
by secreting various factors [33, 34]. Moreover, Wnt proteins
are key mediators of wound regeneration and participate
in various related processes, from the development of the
dermis to formation of skin appendages [20]. Wnts can drive
epidermal-mesenchymal interactions that enhance wound-
induced follicle neogenesis in mouse models, and they
are also important for maintenance of the hair induction
activity of cultured DP cells [13, 35–37]. Overexpression
of Wnt signaling molecules promotes cellular proliferation,
migration, and ECM degradation; these changes reflect the
basic phases of wound regeneration [38]. In this study, we
injected Wnt-CM into skin wounds of mice and observed
markedly accelerated wound closure and hair regeneration
compared to those in mice that received injection of MSC-
CMand a control group.MSC-CMcan also accelerate wound
closure and increase expression of ECM components in
comparison with the DMEM treatment group, but MSC-CM
causes significantly weaker regeneration of hair follicles as
compared to Wnt-CM. The results proved that the synergy
of MSCs with aWnt protein can enhance wound healing and
hair follicle regeneration.

Regeneration of hair follicles during wound repair is sim-
ilar to the process of hair follicle initiation in the embryonic
period. Various researchers have demonstrated that hair fol-
licle neogenesis can be induced in a large wound through the
overexpression of Wnt7a in the microenvironment [13]. We
previously reported that Wnt-CM can induce regeneration
and accelerate the cycling of hair follicles by activating DP
cells in mice [39]. At the same time, Wnt-CM can maintain
the ability of DP cells to induce hair regeneration when
cotransplanted with epidermis cells in nude mice [37]. Here,
we prepared CM from the culture supernatant of Wnt7a-
overexpressing UC-MSCs (Wnt-CM) and used this CM to
treat skin wounds in a mouse model. Newly formed hair
follicles were observed in the basal epithelial tissues as well as
an elevated number of hair follicles after Wnt-CM treatment
as compared to the control group. Therefore, we can con-
clude that Wnt-CM stimulates wound healing and promotes
hair follicle regeneration by stimulating the Wnt signing
pathway.

Healing of full-thickness wounds involves migration
of keratinocytes, fibroblasts, and endothelial cells to the
wound bed prepared with deposition of appropriate ECM
molecules and proliferation of these cells [5, 40]. Fibroblasts

are the major stromal cells in the dermis and in many
other tissues. They appear in the wound healing process
and release numerous cytokines inducing production of
ECM components and contributing to wound closure [41].
Our data here showed that Wnt-CM significantly promotes
wound repair and expression of ECMmolecules. In addition,
Wnt-CM and MSC-CM (separately) can induce expression
of 𝛼-SMA by fibroblasts in vitro. Nonetheless, the 𝛼-SMA
expression implies that fibroblasts acquire the myofibroblas-
tic phenotype [42].Myofibroblasts perform a pivotal function
in organogenesis duringmesenchymal-epithelial interactions
and accelerate wound healing by secreting components of
the ECM and of the basement membrane [43]. Thus, our
results suggest that Wnt-CM and MSC-CM can enhance
ECM secretion and accelerate wound contraction.

Keratinocytes are a major cellular component of the
epidermis during a normal wound healing process [10].
Research has shown that the overexpression of 𝛽-catenin
and c-Myc impairs wound healing by inhibiting migration
of keratinocytes and by altering their differentiation [23, 44].
Our results also confirmed thatWnt-CM inhibits cytoskeletal
organization of keratinocytes and their migratory ability. In
contrast, the results of the in vivo experiment showed that
Wnt-CM increases reepidermalization during skin healing
in mice. Thus, we can conclude that Wnt-CM may cause
fibroblasts to promote reepithelialization. We found that
HFWnt-CM-CM can promote migration of keratinocytes and
expression of cytoskeletal proteins. We observed that this
CM can promote wound healing in mice, but the number
of regenerated hair follicles was not increased significantly.
Consequently, we believe that HFWnt-CM-CM can effectively
enhance wound healing and keratinocyte migration but
cannot induce hair follicles without exogenousWnt proteins.
Therefore, Wnt proteins may be a useful and selective thera-
peutic target for hair regeneration duringwound repair.Thus,
coordinated expression of multiple genes in MSCs holds
promise for stem cell-based therapy. Synergistic effects of
treatment with Wnt7a and MSCs yield better results than
MSC-CM treatment alone.

MSC therapy is a promising method to overcome the
limitations of current therapies. Strategies to increase the
efficacy of MSC properties through the use of gene engineer-
ing to enhance the natural production of specific proteins
or to make their own requires the expression of protein,
which can greatly broaden the spectrum of disease that can
be treated and fully exploit their potential [45]. Enhancing
the abilities of these cells to migrate, survive, and promote
healing through immunomodulation, differentiation, and
angiogenesis is the goal [46]. However, the mechanisms of
action include two main aspects: (1) MSC only as a vehicle
for transferring genes and drug delivery, but not to change
the phenotypic and differentiation potential of MSC by using
genetic modification [47] and (2) genes modified by MSC
to enhance the expression of purpose genes and at the same
time interact with cytokines, changing the secretion level to
enhance the function [46, 48]. Thus, what role stem cells
will play is something we need to continue to explore. Once
these problems are solved, the coordinated expression of
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more genes inMSCs using complex expression systems shows
promise for clinical therapy.

5. Conclusion

In summary,Wnt-CMcan enhance secretion of ECMcompo-
nents and migration of fibroblasts and then promote wound
healing and induce hair regeneration. HFWnt-CM-CM also
promotes wound healing and migration of keratinocytes,
but, due to the lack of Wnt signals, the number of regen-
erated hair follicles is not increased. We believe that wound
repair requires crosstalk among cells and between cells and
cytokines, and any change in these processes will alter wound
repair. Thus, the overexpression of Wnt7a by UC-MSCs can
effectively accelerate wound healing and induce hair follicle
regeneration by improving the wound microenvironment.

Competing Interests

The authors declare that there is no conflict of interests
regarding publication of this paper.

Authors’ Contributions

Liang Dong andHaojie Hao contributed equally to this work.

Acknowledgments

This research was supported in part by the National
Basic Science and Development Program [2012CB518103,
2012CB518105], the 863 Projects of Ministry of Science and
Technology of China [2013AA020105 and 2012AA020502],
andNational Natural Science Foundation of China (81121004,
81230041, and 31400822).

References

[1] T. Kondo and Y. Ishida, “Molecular pathology of wound
healing,” Forensic Science International, vol. 203, no. 1–3, pp. 93–
98, 2010.

[2] T. Iqbal, M. Saaiq, and Z. Ali, “Epidemiology and outcome
of burns: early experience at the country’s first national burns
Centre,” Burns, vol. 39, no. 2, pp. 358–362, 2013.

[3] M. Blais, R. Parenteau-Bareil, S. Cadau, and F. Berthod, “Con-
cise review: tissue-engineered skin and nerve regeneration in
burn treatment,” Stem Cells Translational Medicine, vol. 2, no. 7,
pp. 545–551, 2013.

[4] G. C. Gurtner, S. Werner, Y. Barrandon, and M. T. Longaker,
“Wound repair and regeneration,”Nature, vol. 453, no. 7193, pp.
314–321, 2008.

[5] P. Martin, “Wound healing—aiming for perfect skin regenera-
tion,” Science, vol. 276, no. 5309, pp. 75–81, 1997.

[6] M. C. Y. Heng, “Wound healing in adult skin: aiming for perfect
regeneration,” International Journal of Dermatology, vol. 50, no.
9, pp. 1058–1066, 2011.

[7] R. Sennett andM. Rendl, “Mesenchymal-epithelial interactions
during hair follicle morphogenesis and cycling,” Seminars in
Cell and Developmental Biology, vol. 23, no. 8, pp. 917–927, 2012.

[8] A. D. Metcalfe and M. W. J. Ferguson, “Bioengineering skin
usingmechanisms of regeneration and repair,”Biomaterials, vol.
28, no. 34, pp. 5100–5113, 2007.

[9] P. Martin and S. M. Parkhurst, “Parallels between tissue repair
and embryo morphogenesis,” Development, vol. 131, no. 13, pp.
3021–3034, 2004.

[10] S. Werner, T. Krieg, and H. Smola, “Keratinocyte–fibroblast
interactions in wound healing,” Journal of Investigative Derma-
tology, vol. 127, no. 5, pp. 998–1008, 2007.

[11] R. Kalluri and M. Zeisberg, “Fibroblasts in cancer,” Nature
Reviews Cancer, vol. 6, no. 5, pp. 392–401, 2006.

[12] A. M. Wojtowicz, S. Oliveira, M. W. Carlson, A. Zawadzka, C.
F. Rousseau, and D. Baksh, “The importance of both fibroblasts
and keratinocytes in a bilayered living cellular construct used in
wound healing,”Wound Repair and Regeneration, vol. 22, no. 2,
pp. 246–255, 2014.

[13] M. Ito, Z. Yang, T. Andl et al., “Wnt-dependent de novo
hair follicle regeneration in adult mouse skin after wounding,”
Nature, vol. 447, no. 7142, pp. 316–320, 2007.

[14] V. W. Wong, B. Levi, J. Rajadas, M. T. Longaker, and G. C.
Gurtner, “Stem cell niches for skin regeneration,” International
Journal of Biomaterials, vol. 2012, Article ID 926059, 8 pages,
2012.

[15] A. J.Wagers, “The stem cell niche in regenerativemedicine,”Cell
Stem Cell, vol. 10, no. 4, pp. 362–369, 2012.

[16] A. Nuschke, “Activity of mesenchymal stem cells in therapies
for chronic skin wound healing,” Organogenesis, vol. 10, no. 1,
pp. 29–37, 2014.

[17] M. N. M. Walter, K. T. Wright, H. R. Fuller, S. MacNeil, and W.
E. B. Johnson, “Mesenchymal stem cell-conditioned medium
accelerates skin wound healing: an in vitro study of fibroblast
and keratinocyte scratch assays,” Experimental Cell Research,
vol. 316, no. 7, pp. 1271–1281, 2010.

[18] H. Sarojini, R. Estrada, H. Lu et al., “PEDF from mouse
mesenchymal stem cell secretome attracts fibroblasts,” Journal
of Cellular Biochemistry, vol. 104, no. 5, pp. 1793–1802, 2008.

[19] M. Li, Y. Zhao, H. Hao et al., “Mesenchymal stem cell-
conditioned medium improves the proliferation and migration
of keratinocytes in a diabetes-like microenvironment,” The
International Journal of Lower Extremity Wounds, vol. 14, no. 1,
pp. 73–86, 2015.

[20] R. B. Widelitz, “Wnt signaling in skin organogenesis,” Organo-
genesis, vol. 4, no. 2, pp. 123–133, 2008.

[21] D. L. Zhang, L. J. Gu, L. Liu et al., “Effect of Wnt signaling path-
way on wound healing,” Biochemical and Biophysical Research
Communications, vol. 378, no. 2, pp. 149–151, 2009.

[22] M. B. Labus, C. M. Stirk, W. D. Thompson, and W. T. Melvin,
“Expression of Wnt genes in early wound healing,” Wound
Repair and Regeneration, vol. 6, no. 1, pp. 58–64, 1998.

[23] O. Stojadinovic, H. Brem, C. Vouthounis et al., “Molecular
pathogenesis of chronic wounds: the role of 𝛽-catenin and c-
myc in the inhibition of epithelialization and wound healing,”
The American Journal of Pathology, vol. 167, no. 1, pp. 59–69,
2005.

[24] H. Hao, G. Chen, J. Liu et al., “Culturing on Wharton’s jelly
extract delays mesenchymal stem cell senescence through p53
and p16INK4a/pRb pathways,” PLoS ONE, vol. 8, no. 3, Article
ID e58314, 2013.

[25] H. Smola, G. Thiekötter, and N. E. Fusenig, “Mutual induction
of growth factor gene expression by epidermal-dermal cell
interaction,” Journal of Cell Biology, vol. 122, no. 2, pp. 417–429,
1993.



Stem Cells International 13

[26] H.-J. Stark, M. Baur, D. Breitkreutz, N. Mirancea, and N.
E. Fusenig, “Organotypic keratinocyte cocultures in defined
medium with regular epidermal morphogenesis and differen-
tiation,” Journal of Investigative Dermatology, vol. 112, no. 5, pp.
681–691, 1999.

[27] Z.Wu, Y. Li, X. Li et al., “LRP16 integrates intoNF-𝜅B transcrip-
tional complex and is required for its functional activation,”
PLoS ONE, vol. 6, no. 3, Article ID e18157, 2011.

[28] M. Benderitter, P. Gourmelon, E. Bey et al., “New emerging
concepts in the medical management of local radiation injury,”
Health Physics, vol. 98, no. 6, pp. 851–857, 2010.

[29] A. M. Hocking, “Mesenchymal stem cell therapy for cutaneous
wounds,” Advances in Wound Care, vol. 1, no. 4, pp. 166–171,
2012.

[30] E. B. Eaton and T. R. Varney, “Mesenchymal stem cell therapy
for acute radiation syndrome: innovative medical approaches
in military medicine,” Military Medical Research, vol. 2, no. 1,
article no. 2, 2015.

[31] D. Ti,H.Hao,C. Tong et al., “LPS-preconditionedmesenchymal
stromal cells modify macrophage polarization for resolution of
chronic inflammation via exosome-shuttled let-7b,” Journal of
Translational Medicine, vol. 13, no. 1, article 308, 2015.

[32] A. M. Hocking and N. S. Gibran, “Mesenchymal stem
cells: paracrine signaling and differentiation during cutaneous
wound repair,” Experimental Cell Research, vol. 316, no. 14, pp.
2213–2219, 2010.

[33] A. Skardal, D.Mack, E. Kapetanovic et al., “Bioprinted amniotic
fluid-derived stem cells accelerate healing of large skinwounds,”
Stem Cells Translational Medicine, vol. 1, no. 11, pp. 792–802,
2012.

[34] A. Gebler, O. Zabel, and B. Seliger, “The immunomodulatory
capacity of mesenchymal stem cells,” Trends in Molecular
Medicine, vol. 18, no. 2, pp. 128–134, 2012.

[35] S. Sick, S. Reinker, J. Timmer, and T. Schlake, “WNT and DKK
determine hair follicle spacing through a reaction-diffusion
mechanism,” Science, vol. 314, no. 5804, pp. 1447–1450, 2006.

[36] C. L. Celso, D. M. Prowse, and F. M.Watt, “Transient activation
of 𝛽-catenin signalling in adult mouse epidermis is sufficient to
induce new hair follicles but continuous activation is required
to maintain hair follicle tumours,” Development, vol. 131, no. 8,
pp. 1787–1799, 2004.

[37] L. Dong, H. Hao, J. Liu et al., “Wnt1a maintains characteristics
of dermal papilla cells that induce mouse hair regeneration
in a 3D preculture system,” Journal of Tissue Engineering and
Regenerative Medicine, 2015.

[38] S. S. Cheon, A. Y. L. Cheah, S. Turley et al., “𝛽-Catenin stabiliza-
tion dysregulates mesenchymal cell proliferation, motility, and
invasiveness and causes aggressive fibromatosis and hyperplas-
tic cutaneous wounds,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 99, no. 10, pp. 6973–
6978, 2002.

[39] L. Dong, H. Hao, L. Xia et al., “Treatment of MSCs with
Wnt1a-conditioned medium activates DP cells and promotes
hair follicle regrowth,” Scientific Reports, vol. 4, article no. 5432,
2014.

[40] A. J. Singer and R. A. F. Clark, “Cutaneous wound healing,”The
New England Journal of Medicine, vol. 341, no. 10, pp. 738–746,
1999.

[41] R. R. Driskell, B. M. Lichtenberger, E. Hoste et al., “Distinct
fibroblast lineages determine dermal architecture in skin devel-
opment and repair,”Nature, vol. 504, no. 7479, pp. 277–281, 2013.

[42] A. Desmoulière, C. Chaponnier, and G. Gabbiani, “Tissue
repair, contraction, and the myofibroblast,” Wound Repair and
Regeneration, vol. 13, no. 1, pp. 7–12, 2005.

[43] V. Moulin, F. A. Auger, D. Garrel, and L. Germain, “Role of
wound healing myofibroblasts on re-epithelialization of human
skin,” Burns, vol. 26, no. 1, pp. 3–12, 2000.

[44] F.-L. Li, X. Li, Y.-F.Wang et al., “Astragaloside IV downregulates
𝛽-Catenin in rat keratinocytes to counter LiCl-induced inhi-
bition of proliferation and migration,” Evidence-based Comple-
mentary and Alternative Medicine, vol. 2012, Article ID 956107,
12 pages, 2012.

[45] A. Nowakowski, P. Walczak, B. Lukomska, and M. Janowski,
“Genetic engineering ofmesenchymal stem cells to induce their
migration and survival,” Stem Cells International, vol. 2016,
Article ID 4956063, 9 pages, 2016.

[46] A.Nowakowski, A.Andrzejewska,M. Janowski, P.Walczak, and
B. Lukomska, “Genetic engineering of stem cells for enhanced
therapy,” Acta Neurobiologiae Experimentalis, vol. 73, no. 1, pp.
1–18, 2013.

[47] C. D. Porada and G. Almeida-Porada, “Mesenchymal stem
cells as therapeutics and vehicles for gene and drug delivery,”
Advanced Drug Delivery Reviews, vol. 62, no. 12, pp. 1156–1166,
2010.

[48] Z. Du, C. Wei, J. Yan et al., “Mesenchymal stem cells overex-
pressing C-X-C chemokine receptor type 4 improve early liver
regeneration of small-for-size liver grafts,” Liver Transplanta-
tion, vol. 19, no. 2, pp. 215–225, 2013.


