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Abstract
Proliferation and migration of epidermal stem cells (EpSCs) are essential for epithelialization during skin wound
healing. Angiopoietin-like 4 (ANGPTL4) has been reported to play an important role in wound healing, but the
mechanisms involved are not fully understood. Here, we investigate the contribution of ANGPTL4 to full-thickness
wound re-epithelialization and the underlying mechanisms using Angptl4-knockout mice. Immunohistochemical
staining reveals that ANGPTL4 is significantly upregulated in the basal layer cells of the epidermis around the
wound during cutaneous wound healing. ANGPTL4 deficiency impairs wound healing. H&E staining shows that
ANGPTL4 deficiency significantly reduces the thickness, length and area of the regenerated epidermis post-
wounding. Immunohistochemical staining for markers of EpSCs (α6 integrin and β1 integrin) and cell proliferation
(PCNA) shows that the number and proliferation of EpSCs in the basal layer of the epidermis are reduced in
ANGPTL4-deficient mice. In vitro studies show that ANGPTL4 deficiency impedes EpSC proliferation, causes cell
cycle arrest at the G1 phase and reduces the expressions of cyclins D1 and A2, which can be reversed by ANGPTL4
overexpression. ANGPTL4 deletion suppresses EpSC migration, which is also rescued by ANGPTL4 over-
expression. Overexpression of ANGPTL4 in EpSCs accelerates cell proliferation and migration. Collectively, our
results indicate that ANGPTL4 promotes EpSC proliferation by upregulating cyclins D1 and A2 expressions and
accelerating the cell cycle transition fromG1 to S phase and that ANGPTL4 promotes skin wound re-epithelialization
by stimulating EpSC proliferation and migration. Our study reveals a novel mechanism underlying EpSC activation
and re-epithelialization during cutaneous wound healing.
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Introduction
Wound healing is a dynamic process involving homeostasis,
inflammation, proliferation and tissue remodelling [1]. The prolif-
erative phase is characterized by granulation tissue formation,
collagen deposition, angiogenesis and re-epithelialization. Epider-
mal stem cells (EpSCs), located in the basal layer of the epidermis,

are essential for wound repair. In response to skin injury, EpSCs
proliferate, migrate and differentiate into keratinocytes to regenerate
the epidermis [2]. The genes involved in regulating EpSC prolifera-
tion and migration during wound healing are not fully understood.
Angiopoietin-like 4 (ANGPTL4) is a member of the angiopoietin-

like gene family. It is a multifunctional protein that has been
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reported to be involved in lipid metabolism, angiogenesis, stem cell
regulation and various diseases, such as metabolic and cardiovas-
cular diseases, cancer and rheumatoid arthritis [3‒8]. In addition,
ANGPLT4 is involved in wound healing, including wound
angiogenesis [9], keratinocyte differentiation and migration
[10,11]. ANGPTL4 is upregulated in the epidermis at the edge of
the wound during wound healing [11,12]. Knockout of the Angptl4
gene in mice was found to impair keratinocyte migration and delay
wound re-epithelialization [11]. Therefore, we proposed that the
elevation of ANGPTL4 postwounding might regulate EpSC prolif-
eration and migration during wound re-epithelialization.
In the present study, we investigated the involvement of

ANGPTL4 in the re-epithelialization of skin wound and explored
the underlying mechanisms using Angptl4-knockout (Angptl4‒/‒)
mice and primary cultured murine EpSCs.

Materials and Methods
Animals
Angptl4‒/‒ mice obtained from the Mutant Mouse Resource and
Research Center (Chapel Hill, USA) were crossed with C57BL/6
mice from the Comparative Medical Center of Yangzhou University
(Yangzhou, China) to obtain Angptl4‒/‒ mice on the C57BL6
background. The C57BL/6 mice used in this study were also
obtained from this center. Angptl4‒/‒ mice and C57BL/6 mice were
bred in the same animal facility. Animals were fed with standard
laboratory chow and housed in a conventional animal facility.
Animals were relocated to individual cages prior to the wound
healing experiments. All animal experiments were performed
following the guidelines of the Animal Care and Use Committee of
Suzhou Ruihua Orthopedic Hospital (Suzhou, China).

Mouse skin wound model
Eight- to ten-week-old wild-type (WT) and Angptl4‒/‒ mice were
anaesthetized with pentobarbital sodium at a concentration of 25%
(35 mg/kg). The animals’ backs were shaved and sterilized with
iodophor. A full-thickness wound was made in the upper para-
vertebral region using an 8-mmbiopsy punch (Haiyan Flagship Store,
Suzhou, China). After wounding, the wounds were photographed
every two days. The wound area was calculated using ImageJ
software (NIH Image, Bethesda, USA). Animals were sacrificed under
anaesthesia at 4 and 8 days after wounding, and the wounds and
surrounding skin tissues were cut and fixed in formalin (10%) for
further histological and immunohistochemical analyses.

Histology and immunohistochemistry
Formalin-fixed skin tissues were embedded in paraffin, sectioned at
4 μm, and stained with hematoxylin and eosin (H&E). Primary
antibodies against ANGPTL4, β1 integrin, PCNA (Abcam, Cam-
bridge, UK) or α6 integrin (Bioworld, Nanjing, China) and HRP-
conjugated secondary antibodies (MXB, Fuzhou, China) were used
for immunohistochemical staining. The sections were counter-
stained with hematoxylin and photographed under a microscope.
ImageJ software was used to analyze the thickness of the epidermis,
the length of the neo-epithelial tongue, the area of the neo-
epithelium in H&E-stained sections, and the positive signals in
immunohistochemically stained sections.

Isolation, culture and characterization of mouse EpSCs
EpSCs were isolated from the skin of newborn mice as previously

described [13,14]. Briefly, skin tissues were collected from
anaesthetized mice, cut into 1.0×1.0 cm2 pieces, and incubated in
Dispase II (0.25%; Sigma, St Louis, USA) for 16‒18 h at 4°C. The
epidermis was separated, minced and digested with trypsin (0.05%)
for 15 min in a humidified incubator at 37°C. The dissociated tissue
was filtered through a 70-μm strainer, and the cell suspension was
centrifuged. The cell pellet was washed and resuspended in
Keratinocyte Growth Medium-2 (KGM2; PromoCell, Heidelberg,
Germany) containing bovine pituitary extract (4 μl/mL), epidermal
growth factor (0.125 ng/mL), insulin (5 μg/mL), epinephrine
(0.39 μg/mL), hydrocortisone (0.33 μg/mL), CaCl2 (0.06 mM),
transferrin (10 μg/mL) and antibiotics and seeded onto plates
precoated with type IV collagen. After incubation at 37°C for
10 min, the cells were rinsed with PBS. The adherent EpSCs were
cultured in KGM2 supplemented with Y-27632 (10 μM), which can
inhibit EpSC differentiation and promote EpSC proliferation.
Further experiments were performed with the first passage of
EpSCs cultured in KGM2 without Y-27632 and epidermal growth
factor.
Biomarkers of EpSCs were detected by immunofluorescence

staining. Briefly, paraformaldehyde (4%) and Triton-X (0.5%) were
used to fix and permeabilize EpSCs. The cells were incubated with
goat serum (10%) for 30 min, washed, and incubated with primary
antibodies against CK19 or β1 integrin (Abcam) overnight at 4°C
and then washed with PBS, followed by incubation with fluores-
cence-conjugated secondary antibodies for 1 h. After staining the
nuclei with DAPI, the fluorescence signals from the cells were
detected under a fluorescence microscope (Olympus, Tokyo,
Japan).

Plasmid construction and cell transfection
To construct the ANGPTL4 expression plasmid, RNA isolated from
mouse EpSCs was reverse transcribed into cDNA. The cDNA of
Angptl4 was amplified by PCR and inserted into the pCD513B-1
vector (Thermo Fisher, Waltham, USA) using the ClonExpress
Ultra One Step Cloning kit (Vazyme Biotech, Nanjing, China). The
Angptl4 cDNA sequence was confirmed by sequencing. WT EpSCs
were transfected with the pCD513B-1 vector or ANGPTL4 expres-
sion plasmid, and Angptl4‒/‒ EpSCs were transfected with the
pCD513B-1 vector or ANGPTL4 expression plasmid using Lipofec-
tamine 3000 (Invitrogen, Carlsbad, USA). Twenty-four hours later,
the cells were split into 96-well plates and cultured for different
periods of time to examine cell proliferation or transferred to 6-well
plates to perform cell migration assay. Forty-eight hours later, the
cells were harvested to analyze the cell cycle phase distribution by
flow cytometry analysis and to examine the expressions of cyclins
by RT-PCR.

Cell proliferation assays
MTT and BrdU incorporation assays were performed to measure the
proliferation of EpSCs as previously described [13,14]. Optical
density values were measured at 490 nm for the MTT assay and at
450 nm for the BrdU incorporation assay using the Multiskan
Spectrum Microplate Reader (Thermo Fisher).

Cell migration assay
The scratch-wound healing assay was performed to examine the
migration of mouse EpSCs. EpSCs grown to confluence in 6-well
plates were treated with mitomycin C (10 μg/mL) for 2 h and
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washed with PBS. The cell monolayer was scratched with a 10-μL
pipette tip, washed with PBS, and cultured at 37°C. Images were
taken at 0, 12 and 24 h after scratching using an inverted phase
contrast microscope (Olympus). The area of the gap that was not
covered by EpSCs was analyzed using ImageJ software.

Flow cytometry analysis
Flow cytometry was used to analyze the expressions of EpSC
biomarkers. After suspension in FACS buffer (PBS, 1% goat serum,
5% FBS) for 1 h at 25°C, mouse EpSCs were incubated with PE-
labelled CD71 antibody and FITC-conjugated CD49f antibody (BD
Biosciences, San Jose, USA). PE/FITC-conjugated IgG2a was used
as an isotype control. Cells were washed, resuspended in FACS
buffer and analyzed with a flow cytometer (Beckman Coulter,
Pasadena, USA).
The cell cycle was analyzed by flow cytometry. Cultured EpSCs

were harvested and fixed in ethanol (75%) overnight at 4°C. After
ethanol was removed by centrifugation, cells were stained with PI/
RNase Staining Buffer (BD Biosciences) for 30 min in the dark and
then analyzed by flow cytometry.

Reverse transcriptase-polymerase chain reaction (RT-
PCR)
Trizol reagent (Invitrogen) was used to extract total RNA from
mouse EpSCs. cDNA was reverse transcribed from RNA using
HiScript II Reverse Transcriptase (Vazyme Biotech). The PCR was
performed with 40 cycles of 95°C for 30 s, 55°C for 40 s, and 72°C
for 1 min. PCR products were identified by agarose gel electrophor-
esis and ethidium bromide staining. Semiquantitative analysis of
target gene expression was performed using ImageJ software. The
PCR primer sequences are as follows: Angptl4: 5′-GGTGAATAA
GAGGAGGTTGC-3′ (forward), 5′-CCGATTGTCTGTTGTGCC-3′ (re-
verse); Gapdh: 5′-GCAGTTCGC CTTCACTATGGA-3′ (forward), 5′-
ATCTTGTGGCTTGTCCTCAGAC-3′ (reverse); cyclin D1: 5′-GTGCG
TGCAGAAGGAGATTGT-3′ (forward), 5′-CAGCGGGAAGACCTC
CTCTT-3′ (reverse); cyclin E1: 5′-TCTCCTCACTGGAGTTGATGCA-
3′ (forward), 5′-AACGGAACCATCCATTTGACA-3′ (reverse); and
cyclin A2: 5′-CCTTCCACTTGGCTCTCTACACA-3′ (forward), 5′-
GACTCTCCAGGGTATATCCAGTCTGT-3′ (reverse).

Western blot analysis
EpSCs were lysed in RIPA lysis buffer. After centrifugation, the
supernatant was collected, and the protein concentration was
measured using a Bradford protein assay kit (Beyotime, Shanghai,
China). Western blot analysis was performed according to general
protocols. Primary antibodies against ANGPTL4, cyclin A2, cyclin D1
and GAPDH (Abcam) were used. The target proteins were visualized
using the High-Sensitivity ECL Chemiluminescence Detection kit
(Vazyme Giotech) and quantified using ImageJ software.

Statistical analysis
Data are expressed as the mean±standard deviation (SD). A two-
tailed Student’s t test was used to analyze the difference between
two groups. A P value equal to or less than 0.05 was considered
statistically significant.

Results
ANGPTL4 deficiency delays skin wound healing
To investigate the contribution of ANGPTL4 to cutaneous wound

repair, the expression of ANGPTL4 was examined in uninjured skin
tissue and in the skin tissue adjacent to the full-thickness wounds
on days 4 and 8 after injury in WT mice. Immunohistochemical
staining of normal skin sections showed that ANGPTL4-positive
cells were mainly located in the epidermis and hair follicles.
ANGPTL4-positive cells were increased in the basal layer of the
regenerated epidermis during the wound healing process (Figure
1A). Angptl4-knockout mice had fewer ANGPTL4-positive cells in
the epidermis than WT mice (Figure 1B). The effect of ANGPTL4 on
skin wound repair was examined using Angptl4-knockout mice.
Figure 1C shows that wound closure was slower in Angptl4‒/‒ mice
than in WT mice. Taken together, these data indicate that
ANGPTL4, which is expressed in the basal layer cells of the
epidermis, contributes significantly to cutaneous wound healing.

ANGPTL4 deficiency impairs wound re-epithelialization
To investigate whether ANGPTL4 affects the regeneration of the
epidermis after wounding, we examined the histology of uninjured
skin tissues and skin tissues adjacent to the wounds on days 4 and 8
after injury in WT and Angptl4‒/‒ mice. H&E staining showed that
the cell distribution in the epidermis and the thickness of the
epidermis in Angptl4‒/‒ mice were similar to WT mice (Figure 2A,
B). However, the thickness of the regenerated epidermis in
Angptl4‒/‒ mice was smaller than that in WT mice (Figure 2A,B).
The length of the regenerated epidermis (neo-epithelial tongue)
(Figure 2A,C) and the area of the regenerated epidermis (neo-
epithelium) (Figure 2A,D) were also significantly reduced in
Angptl4‒/‒ mice. These data demonstrate that ANGPTL4 plays a
crucial role in the re-epithelialization of cutaneous wounds.

ANGPTL4 deficiency inhibits EpSC proliferation in the
epidermis adjacent to the wound
To investigate whether ANGPTL4 promotes wound healing by
promoting the proliferation of EpSCs in the epidermis, the
expressions of biomarkers of cell proliferation (PCNA) and EpSCs
(β1 integrin and α6 integrin) were detected by immunohistochem-
ical staining. As shown in Figure 3, the cells that stained positive for
PCNA, β1 integrin, and α6 integrin were located in the basal layer of
the epidermis. The number of these cells in uninjured skin was not
different between WT and Angptl4‒/‒ mice. PCNA-, β1 integrin- and
α6 integrin-positive cells were greatly increased in the regenerated
epidermis of both WT and Angptl4‒/‒ mice on days 4 and 8 after
wounding, but the number of these cells was lower in Angptl4‒/‒

mice than in WT mice. Because ANGPTL4 was upregulated in the
basal layer cells of the regenerating epidermis after skin injury
(Figure 1A), the above results indicate that ANGPTL4 stimulates
EpSC proliferation during wound healing.

ANGPTL4 promotes EpSC proliferation
EpSCs from murine skin tissues were isolated to examine the effect
of ANGPTL4 on EpSC proliferation and migration. The cultured
EpSCs showed a cobblestone-like morphology under a light
microscope (Figure 4A). Flow cytometry analysis was performed
to examine the expressions of α6 integrin and CD71 (Figure 4B), two
commonly recognized markers of the EpSC, in these cells. The
population of α6 integrinhigh/CD71low cells was 98% (Figure 4B).
Immunofluorescence staining showed high expressions of β1
integrin and CK19, two other markers of EpSCs, in these cells.
These results demonstrated the high-purity isolation of murine skin
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EpSCs. MTT assay showed that the proliferation of ANGPTL4-
deficient EpSCs was slower than that of WT EpSCs (Figure 5A).
BrdU incorporation assays confirmed the impairment of prolifera-
tion caused by ANGPTL4 deletion (Figure 5B). Transfection of
ANGPTL4-deficient EpSCs with ANGPTL4 expression plasmid
increased ANGPTL4 levels and restored cell proliferation, as
measured by Western blot analysis and MTT assay, respectively
(Figure 5C,D). Transfection of WT EpSCs with ANGPTL4 expres-
sion plasmid increased ANGPTL4 expression and enhanced cell
proliferation (Figure 5E,F), demonstrating the proproliferative effect
of ANGPTL4 on EpSCs.

ANGPTL4 regulates the cell cycle of EpSCs and cyclin
expressions
The effect of ANGPTL4 on the cell cycle distribution of EpSCs was
examined by flow cytometry analysis. As shown in Figure 6A,
ANGPTL4-deficient EpSCs had a higher percentage in G1 phase and
a lower percentage in G2/M phase. Transfection of ANGPTL4-
deficient EpSCs with ANGPTL4 expression plasmid significantly
decreased the number of cells in G1 phase and increased the
number of cells in S phase. These results indicate that ANGPTL4
deficiency suppresses EpSC proliferation by inducing cell cycle

arrest in the G1 phase and that overexpression of ANGPTL4
stimulates EpSC proliferation by promoting the G1 to S phase
transition. Since cyclins play an important role in cell cycle
progression, the effect of ANGPTL4 on cyclin D1 and A2 expressions
was examined at both the mRNA and protein levels. ANGPTL4-
deficient EpSCs expressed lower levels of cyclins D1 and A2 than
WT EpSCs. Transfection of ANGPTL4-deficient EpSCs with
ANGPTL4 expression plasmid upregulated the expressions of
cyclins D1 and A2 (Figure 6B,C). These data indicate that ANGPTL4
stimulates EpSC proliferation by inducing the expressions of cyclins
D1 and A2.

ANGPTL4 enhances EpSC migration
The effect of ANGPTL4 on the migration of EpSCs was examined by
the scratch-wound healing assay in vitro. As shown in Figure 7A,
the wound closure of ANGPTL4-deficient EpSCs was slower than
that of WT EpSCs. Transfection of ANGPTL4-deficient EpSCs with
ANGPTL4 expression plasmid accelerated the closure of the scratch
wound. Furthermore, overexpression of Angptl4 in WT EpSCs by
transfection of the cells with ANGPTL4 expression plasmid
promoted cell migration (Figure 7B). These results indicate that
ANGPTL4 contributes to EpSC migration and that elevation of

Figure 1. ANGPTL4 deficiency delays cutaneous wound healing in mice (A) Representative images of immunohistochemical staining for
ANGPTL4 in normal skin tissue and in skin tissue at the wound edge during wound healing. (B) Detection of ANGPTL4 expression in skin tissues of
WT and Angptl4‒/‒ mice by immunohistochemical staining. (C) Representative photographs of skin wound healing over time in WT and Angptl4‒/‒
mice and changes in wound area measured by ImageJ. Data are shown as the mean±SD, n=6/group. *P<0.05, **P<0.01, compared with WT
mice. Scale bar: 50 μm.
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Antgptl4 accelerates EpSC migration.

Discussion
ANGPTL4 has been reported to play an important role in skin
wound repair by regulating monocyte-to-macrophage differentia-
tion during the inflammatory phase [15] and keratinocyte migration
and differentiation during wound re-epithelialization [10,11,16].
Topical application of recombinant ANGPTL4 accelerates wound
healing in diabetic mice by improving angiogenesis [9]. In this
study, we found that ANGPTL4 contributed to cutaneous wound re-
epithelialization by stimulating the proliferation and migration of
EpSCs.
The balance between self-renewal and differentiation of EpSCs

plays a key role in the homeostasis of the skin epidermis. The skin
epidermis is regenerated by EpSC proliferation and migration in
response to skin injury. We found that knockout of Angptl4 in mice
had no significant effect on epidermal thickness or the number of
EpSCs in the epidermis (Figure 2A and Figure 3), indicating that
ANGPTL4 is not involved in epidermal homeostasis. Our study
showed that ANGPTL4 expression was upregulated in the basal
layer cells of the epidermis adjacent to the wound during wound
healing (Figure 1A). ANGPTL4 deficiency in mice impaired EpSC

proliferation (Figure 3), wound re-epithelialization (Figure 2), and
wound closure (Figure 1C) after skin injury. These results strongly
suggest that elevation of ANGPTL4 promotes EpSC proliferation
during wound healing. The factors that stimulate Angptl4 expres-
sion during wound healing are not clear. Singh et al. [17] recently
reported that platelet-derived growth factors can stimulate Angptl4
expression in cultured keratinocytes and skin explants. Since
platelets are activated and release various active molecules after
skin injury [18], we speculate that the growth factors released by
the activated platelets may contribute to the upregulation of
ANGPTL4 expression in the epidermis.
To investigate whether ANGPTL4 could directly stimulate EpSC

proliferation, we isolated and cultured EpSCs from WT and
Angptl4‒/‒mice. In vitro experiments showed that ANGPTL4
deficiency impaired EpSC proliferation (Figure 5A,B). Rescuing
ANGPTL4 expression in Angptl4‒/‒ EpSCs by transfecting the cells
with the Angptl4 expression plasmid significantly enhanced cell
proliferation (Figure 5D). Elevation of ANGPTL4 in WT EpSCs by
transfecting the cells with ANGPTL4 expression plasmid signifi-
cantly stimulated cell proliferation (Figure 5E,F). These results
demonstrate that the basal level of ANGPTL4 is essential for EpSC
proliferation and that increasing ANGPTL4 promotes EpSC pro-

Figure 2. ANGPTL4 deficiency impairs wound re-epithelialization (A) Representative H&E staining images of uninjured skin tissue from WT and
Angptl4‒/‒mice and regenerated skin tissue adjacent to wounds on days 4 and 8 after injury. In each group, the scale bars are 100 μm and 20 μm in
the left and right panels, respectively. (B‒D) Epidermal thickness (B), neoepithelial tongue length (C) and neoepithelial area (D) were measured
using ImageJ. Data are shown as the mean±SD, n=6/group. *P<0.05, **P<0.01, ***P<0.001, compared with WT mice.
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liferation. To gain further insight into the underlying mechanisms of
ANGPTL4-regulated EpSC proliferation, we determined the cell
cycle distribution of WT and ANGPTL4-deficient EpSCs. ANGPTL4
deficiency caused cell cycle arrest in the G1 phase and reduced the
cell population in the G2/M phase. Overexpression of ANGPTL4
promoted cell cycle progression from G1 to S phase (Figure 6A).
Cyclins control cell cycle progression by activating cyclin-depen-
dent kinase (CDK). To understand the regulation of cell cycle
progression by ANGPTL4, we examined the expressions of cyclins
involved in the regulation of G1 phase progression and the
transition from G1 to S phase. Cyclin D1 controls the G1 to S phase
transition by binding to CDK4/CDK6. Cyclin A activates CDK1 and

CDK2, plays a critical role in DNA replication during the S phase,
and functions in the G2- to M-phase transition [19]. Our study
showed that ANGPTL4 deficiency in EpSCs decreased the expres-
sions of cyclins D1 and A2, whereas ANGPTL4 overexpression
upregulated the expressions of these molecules. These results
indicate that ANGPTL4 stimulates the proliferation of EpSCs by
upregulating the expressions of cyclins D1 and A2. The signaling
pathway mediating the regulation of cyclins D1 and A2 by
ANGPTL4 requires further investigation.
Our in vitro studies showed that ANGPTL4 deficiency impaired

EpSC migration, which could be reversed by ANGPTL4 over-
expression (Figure 7A). Overexpression of ANGPTL4 in EpSCs

Figure 3. ANGPTL4 deficiency hinders the proliferation of EpSCs in skin tissues during wound healing Representative images of
immunohistochemical staining for PCNA (A), β1 integrin (B), and α6 integrin (C) in uninjured skin tissues and wound edge skin tissues on days
4 and 8 after injury fromWT and Angptl4-‒/‒mice. Data are shown as the mean±SD, n=3/group. *P<0.05, **P<0.01, ***P<0.001, compared with
WT mice. In each group, the scale bars are 100 μm and 20 μm in the left and right panels, respectively.
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promoted cell migration (Figure 7B). These results indicate that the
basal level of ANGPTL4 plays an important role in EpSC migration
and that elevating ANGPTL4 accelerates EpSC migration. Goh et al.
[11] reported that inhibition of ANGPTL4 in human keratinocytes
by a neutralizing antibody or siRNA impaired cell migration.
ANGPTL4 modulates keratinocyte migration by interacting with
integrins β1 and β5 and activating the FAK-Src-PAK1 signaling
pathway. We speculate that the signaling pathway by which
ANGPTL4 stimulates EpSC and keratinocyte migration may be
similar but needs to be verified.
In conclusion, ANGPTL4 promotes EpSC proliferation by

upregulating cyclin A2 and D1 expression and accelerating the cell
cycle transition from G1 to S phase. Elevation of ANGPTL4 in the
epidermis adjacent to the wound after skin injury may contribute to
re-epithelialization and wound healing by promoting proliferation
and migration of EpSCs. ANGPTL4 is a potential therapeutic agent
for the treatment of poorly-healing wounds.

Funding
This work was supported by the grants from the Postgraduate
Research and Practice Innovation Program of Jiangsu Province,
China (No. KYCX21–3290), the Suzhou Medical and Health Science
and Technology Innovation Project, Jiangsu Province, China (No.
SKJY2021022, the General Program of Jiangsu Provincial Natural
Science Foundation, China (No. BK20221245), and the Key Medical
Discipline of Suzhou City, Jiangsu Province, China (No.
SZXK202127).

Conflict of Interest
The authors declare that they have no conflict of interest.

References
1. Almadani YH, Vorstenbosch J, Davison PG, Murphy AM. Wound healing:

a comprehensive review. Semin Plast Surg 2021, 35: 141–144

2. Bickenbach JR, Stern MM, Grinnell KL, Manuel A, Chinnathambi S.

Figure 4. Characterization of mouse EpSCs (A) Morphology of cultured mouse EpSCs under a light microscope. Scale bar: 100 μm. (B,C)
Expressions of EpSC biomarkers α6 integrin, CD71, β1 integrin and CK19 in cultured EpSCs were examined by flow cytometry analysis (B) and
immunofluorescence staining (C). Scale bar: 50 μm.

ANGPTL4 promotes EpSC proliferation and skin wound healing 1271

Yang et al. Acta Biochim Biophys Sin 2023

https://doi.org/10.1055/s-0041-1731791


Figure 5. ANGPTL4 promotes EpSC proliferation (A,B) Proliferation of EpSCs isolated from WT and Angptl4‒/‒ mice was determined by MTT
assay (A) and BrdU incorporation assay (B). (C‒F) WT EpSCs transfected with control plasmid (WT) and Angptl4‒/‒ EpSCs transfected with control
plasmid (KO) or ANGPTL4 expression plasmid (KO+Angptl4) (C,D); WT EpSCs transfected with control plasmid (WT) or ANGPTL4 expression
plasmid (WT+Angptl4) (E,F) were analyzed for ANGPTL4 expression by western blot analysis (C,E) and for cell proliferation by MTT assay (D,F),
respectively. Data are shown as the mean±SD, n=3. *P<0.05, **P<0.01, ***P<0.001, comparison between WT and KO EpSCs (A,B,D) or
between WT and (WT+Angptl4) EpSCs (F); #P<0.05, ##P<0.01, ###P<0.001, comparison between (KO+Angptl4) and KO EpSCs.

Figure 6. ANGPTL4 regulates the cell cycle and cyclin expressions in EpSCs WT EpSCs transfected with control plasmid (WT) and Angptl4‒/‒
EpSCs transfected with control plasmid (KO) or ANGPTL4 expression plasmid (KO+Angptl4) were examined for cell cycle distribution by flow
cytometry analysis (A) and for cyclins D1 and A2 expressions at the mRNA and protein levels (B,C), respectively. Data are shown as the mean±SD,
n=3. *P<0.05, **P<0.01, ***P<0.001, compared with WT EpSCs; #P<0.05, ###P<0.001, compared with KO EpSCs.

1272 ANGPTL4 promotes EpSC proliferation and skin wound healing

Yang et al. Acta Biochim Biophys Sin 2023



Epidermal stem cells have the potential to assist in healing damaged

tissues. J Investig Dermatol Symposium Proc 2006, 11: 118–123

3. Kersten S. Role and mechanism of the action of angiopoietin-like protein

ANGPTL4 in plasma lipid metabolism. J Lipid Res 2021, 62: 100150

4. Fernández-Hernando C, Suárez Y. ANGPTL4: a multifunctional protein

involved in metabolism and vascular homeostasis. Curr Opin Hematol

2020, 27: 206–213

5. Kadomatsu T, Oike Y. Roles of angiopoietin-like proteins in regulation of

stem cell activity. J Biochem 2019, 165: 309–315

6. Aryal B, Price NL, Suarez Y, Fernández-Hernando C. ANGPTL4 in

metabolic and cardiovascular disease. Trends Mol Med 2019, 25: 723–734

7. Endo M. The roles of ANGPTL families in cancer progression. J UOEH

2019, 41: 317–325

8. Masuko K. Angiopoietin-like 4: A molecular link between insulin

resistance and rheumatoid arthritis. J Orthop Res 2017, 35: 939–943

9. Chong HC, Chan JSK, Goh CQ, Gounko NV, Luo B, Wang X, Foo S, et al.
Angiopoietin-like 4 stimulates STAT3-mediated iNOS expression and

enhances angiogenesis to accelerate wound healing in diabetic mice. Mol

Ther 2014, 22: 1593–1604

10. Pal M, Tan MJ, Huang RL, Goh YY, Wang XL, Tang MB, Tan NS.

Angiopoietin-like 4 regulates epidermal differentiation. PLoS One 2011, 6:

e25377

11. Goh YY, Pal M, Chong HC, Zhu P, Tan MJ, Punugu L, Lam CRI, et al.
Angiopoietin-like 4 interacts with integrins β1 and β5 to modulate

keratinocyte migration. Am J Pathol 2010, 177: 2791–2803

12. Yellowley CE, Toupadakis CA, Vapniarsky N, Wong A. Circulating

progenitor cells and the expression of Cxcl12, Cxcr4 and angiopoietin-

like 4 during wound healing in the murine ear. PLoS One 2019, 14:

e0222462

13. Wan D, Fu Y, Le Y, Zhang P, Ju J, Wang B, Zhang G, et al. Luteolin-7-
glucoside promotes human epidermal stem cell proliferation by upregu-

lating β-catenin, c-Myc, and cyclin expression. Stem Cells Int 2019, 2019:

1–10

14. Liu Z, Yang Y, Ju J, Zhang G, Zhang P, Ji P, Jin Q, et al. miR-100-5p

promotes epidermal stem cell proliferation through targeting MTMR3 to

activate PIP3/AKT and ERK signaling pathways. Stem Cells Int 2022, 2022:

1474273

15. Wee WKJ, Low ZS, Ooi CK, Henategala BP, Lim ZGR, Yip YS, Vos MIG, et
al. Single-cell analysis of skin immune cells reveals an Angptl4-ifi20b axis

that regulates monocyte differentiation during wound healing. Cell Death

Dis 2022, 13: 180

16. Goh YY, Pal M, Chong HC, Zhu P, Tan MJ, Punugu L, Tan CK, et al.
Angiopoietin-like 4 interacts with matrix proteins to modulate wound

healing. J Biol Chem 2010, 285: 32999–33009

Figure 7. ANGPTL4 promotes EpSC migration Wild-type EpSCs transfected with control plasmid (WT) and Angptl4‒/‒ EpSCs transfected with
control plasmid (KO) or ANGPTL4 expression plasmid (KO+Angptl4) (A); wild-type EpSCs transfected with control plasmid (WT) or ANGPTL4
expression plasmid (WT+Angptl4) (B) were examined for cell migration by scratch wound healing assay. Data are shown as the mean±SD, n=3.
(A) *P<0.05, ***P<0.001, comparison between KO EpSCs and WT EpSCs; #P<0.05, ##P<0.01, comparison between KO EpSCs and (KO+Angptl4)
EpSCs; &P<0.05, comparison between (KO+Angptl4) EpSCs and WT EpSCs. (B) **P<0.01, comparison between WT and (WT+Angptl4) EpSCs.
Scale bar: 100 μm.

ANGPTL4 promotes EpSC proliferation and skin wound healing 1273

Yang et al. Acta Biochim Biophys Sin 2023

https://doi.org/10.1038/sj.jidsymp.5650009
https://doi.org/10.1016/j.jlr.2021.100150
https://doi.org/10.1097/MOH.0000000000000580
https://doi.org/10.1093/jb/mvz005
https://doi.org/10.1016/j.molmed.2019.05.010
https://doi.org/10.7888/juoeh.41.317
https://doi.org/10.1002/jor.23507
https://doi.org/10.1038/mt.2014.102
https://doi.org/10.1038/mt.2014.102
https://doi.org/10.1371/journal.pone.0025377
https://doi.org/10.2353/ajpath.2010.100129
https://doi.org/10.1371/journal.pone.0222462
https://doi.org/10.1155/2019/1575480
https://doi.org/10.1155/2022/1474273
https://doi.org/10.1038/s41419-022-04638-7
https://doi.org/10.1038/s41419-022-04638-7
https://doi.org/10.1074/jbc.M110.108175


17. Singh M, Akkaya S, Preuß M, Rademacher F, Tohidnezhad M, Kubo Y,

Behrendt P, et al. Platelet-released growth factors influence wound

healing-associated genes in human keratinocytes and ex vivo skin

explants. Int J Mol Sci 2022, 23: 2827

18. Eisinger F, Patzelt J, Langer HF. The platelet response to tissue injury.

Front Med 2018, 5: 317

19. Martínez-Alonso D, Malumbres M. Mammalian cell cycle cyclins. Semin

Cell Dev Biol 2020, 107: 28–35

1274 ANGPTL4 promotes EpSC proliferation and skin wound healing

Yang et al. Acta Biochim Biophys Sin 2023

https://doi.org/10.3390/ijms23052827
https://doi.org/10.3389/fmed.2018.00317
https://doi.org/10.1016/j.semcdb.2020.03.009
https://doi.org/10.1016/j.semcdb.2020.03.009

	Angiopoietin-like 4 promotes epidermal stem cell �proliferation and migration and contributes to �cutaneous wound re-epithelialization
	Introduction
	Materials and Methods
	Animals
	Mouse skin wound model
	Histology and immunohistochemistry
	Isolation, culture and characterization of mouse EpSCs
	Plasmid construction and cell transfection
	Cell proliferation assays
	Cell migration assay
	Flow cytometry analysis
	Reverse transcriptase-polymerase chain reaction (RT-PCR)
	Western blot analysis
	Statistical analysis

	Results
	ANGPTL4 deficiency delays skin wound healing
	ANGPTL4 deficiency impairs wound re-epithelialization
	ANGPTL4 deficiency inhibits EpSC proliferation in the epidermis adjacent to the wound
	ANGPTL4 promotes EpSC proliferation
	ANGPTL4 regulates the cell cycle of EpSCs and cyclin expressions
	ANGPTL4 enhances EpSC migration

	Discussion


