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1 | INTRODUCTION

Abstract

The skin expansion technique is widely used to induce skin growth for large-scale
skin deformity reconstruction. However, the capacity for skin expansion is limited
and searching for ways to improve the expansion efficiency is a challenge. In this
study, we aimed to explore the possible mechanism of skin expansion and to find
a potential therapeutic target on promoting skin growth. We conducted weighted
gene coexpression network analysis (WGCNA) of microarray data generated from
rat skin expansion and found CCN1 (CYR61) to be the central hub gene related to ep-
ithelial-mesenchymal transition (EMT). CCN1 up-regulation was confirmed in human
and rat expanded skin and also in mechanically stretched rat keratinocytes, together
with acquired mesenchymal phenotype. After CCN1 stimulation on keratinocytes,
cell proliferation was promoted and partial EMT was induced by activating $-catenin
pathway. Treatment of CCN1 protein could significantly increase the flap thickness,
improve the blood supply and restore the structure in a rat model of skin expansion,
whereas inhibition of CCN1 through shRNA interference could dramatically reduce
the efficiency of skin expansion. Our findings demonstrate that CCN1 plays a crucial
role in skin expansion and that CCN1 may serve as a potential therapeutic target to

promote skin growth and improve the efficiency of skin expansion.

KEYWORDS

CCN1, CYRé1, epithelial-mesenchymal transition, skin expansion, skin growth

growth.® The additional skin tissue obtained by skin expansion is an
ideal match for the skin defect due to its similarity in colour, texture

Skin expansion is a surgical technique that is widely applied in clini-
cal situation for critical-sized skin defect reconstruction of post-burn
or post-trauma scars, congenital deformities and tumour resec-
tion.>? This method utilizes a balloon-like silicone expander to load

continuous mechanical stretch onto the local skin to promote skin

and structure.* Although skin expansion has been recognized as a
reliable reconstructive method, it is not perfect. On the one hand,
the growth capacity of skin in response to stretching is limited (usu-
ally less than 2-3 times the original area).>® Over-expansion usually

results in complications such as flap thinness, infection, ischaemia
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and even necrosis.”® On the other hand, the current expansion ef-
ficiency is relatively low, and the skin expansion process usually re-
quires several months.” Hence, the identification of ways to improve
the skin growth efficiency and generate sufficient functional skin
tissue is a major challenge facing surgeons and researchers.

The basic principle of skin expansion is that mechanical stretch
initiates a cascade of events that ultimately results in skin growth.
The histological structure and mechanical properties of the newly
grown skin are found to be consistent with the original skin.® In the
recent years, various studies have reported the possible mechanisms

10,11

related to the skin growth during skin expansion including in-

creased mitotic activity in the epidermis and dermis'®®® and ele-
vated growth factors release (eg EGF, bGFG, PDGF and TGF-p).}41°
Nevertheless, the exact mechanism by which mechanical stretch
influences skin biology remains unclear.

Epithelial-mesenchymal transition (EMT) is a process during which
epithelial cells lose their cell polarity and cell-cell adhesion but gain
mesenchymal characteristics including migratory and invasive abili-
ties.X EMT is essential for numerous developmental events, tissue re-
generation, wound healing, tissue fibrosis and the metastasis of cancer
cells.Y” In some of the EMT process, cells that originate from epithelial
cells exhibit both epithelial and mesenchymal phenotype, known as
partial EMT. Cells undergo partial EMT are thought to acquire stem-
ness traits and can differentiate into various cell types.*® It is reported
that EMT has been shown to be induced after the application of biome-
chanical force.?° Our previous work first found the existence of EMT
in mouse-expanded skin tissue!” and indicated that EMT is a crucial
process in skin growth under mechanical stretch.

In the current study, we aimed to explore the possible mecha-
nism of skin expansion and identify a potential therapeutic target
for promoting skin growth. First, we established a rat model of skin
expansion and collected the normal and expanded skin tissues for
microarray analysis. Subsequently, we used WGCNA to locate the
central hub gene that is most related to the EMT during skin expan-
sion. Then, we performed multiple in vitro and in vivo experiments
to demonstrate the effect of the central hub gene on skin expansion
and its underlying mechanism.

2 | METHODS
2.1 | Collection of human samples and histology

The expanded skin (ES) and adjacent normal skin (NS) specimens
were collected from faciocervical region of the patients (10 donors in
total; average age 26.9 + 7.4 years old) who underwent reconstruc-
tive surgery using a skin expansion method. Written informed con-
sent was obtained, and sample collection was approved by the Ethics
Committee of Shanghai Ninth People's Hospital (2016-167-T116).
The expanded full-thickness skin specimens were collected from the
central area and at least 2 cm from the expansion margin with no
surrounding intact skin included. The normal skin specimens were

collected independently and were at least 5 cm from the expansion
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margin (Figure 2A). Masson trichrome staining was performed ac-
cording to the manufacturer's (Sigma-Aldrich) instructions.

2.2 | Skin expansion model

The Guide for the Care and Use of Laboratory Animals (US National
Institutes of Health, Bethesda, MD, USA) was followed. The study
protocol was approved by the Committee on the Ethics of Animal
Experiments of Shanghai Jiao Tong University School of Medicine.
All animals were housed in individual cages in a specific pathogen-
free (SPF) environment under a controlled temperature (23-25°C),
humidity (45%-55%) and a 12/12 hours light/dark cycle.

Twenty-one male Wistar rats (8 weeks old; body weight 250-
270 g; Sino-British SIPPR/BK Laboratory Animal Co Ltd) were ran-
domly allocated to the expansion group (n = 18) or control group
(n = 3). Rats in the expansion group were randomly assigned to six
time-points (n = 3 per time-point): 1, 2, 4, 24, 96 and 168 hours.
The rats were anesthetized with isoflurane (3% for induction and
2% for maintenance). Then, 10-mL silicone expanders (Shanghai Xin
Sheng Biomedical) were implanted subcutaneously on the dorsal
sides. Seven days post-implantation, the expansion procedure was
initiated, and the time at which the expansion began was defined as
0 hours. In the expansion groups, 0.9% saline was injected through
the pots to expand the tissue expanders and to maintain the in-
tra-capsular pressure at 60 mm Hg; in the control group, nothing
was injected and the expander was left non-expanded. At each time-
point, full-thickness skin specimens from the expanded area were
collected in the expansion groups. In the control group, specimens
from the implanted area were collected at O hours. The animals were
euthanized immediately after sample collection.

2.3 | Microarrays

Total RNA was extracted from skin specimens with the TRIzol®
Reagent (Invitrogen) and purified further using an RNeasy mini-kit
(Qiagen). RNA samples were hybridized, washed and scanned with
GeneChip Rat Exon 1.0 ST Arrays according to the manufacturer's
(Affymetrix) instructions. Gene expression was normalized with ro-
bust multi-array averaging in the dataset. Differentially expressed
genes were determined by one-way ANOVA (P < .05). All data gener-
ated in this study were compliant with minimum information about
a microarray experiment.?! The complete dataset is available at the
Array Express (https://www.ebi.ac.uk/arrayexpress/), Accession No.
E-MTAB-8304.

2.4 | Weighted gene coexpression network analysis
(WGCNA)

The WGCNA package (R Foundation, Vienna, Austria)22 was used to

construct coexpression network of differentially expression genes


https://www.ebi.ac.uk/arrayexpress/
info:ddbj-embl-genbank/E-MTAB-8304
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(DEGs) as previously described.?® In detail, the pairwise correlation
matrix was computed and transformed into the adjacency matrix
with the parameter p determined by the pickSoftThreshold func-
tion to fit the scale-free criterion.?* Subsequently, we calculated
the topologic overlap matrix. Then, the topologic overlap-based dis-
similarity was used as an input for unsupervised hierarchical cluster-
ing by employing a dynamic tree-cutting algorithm.25 The branches
of the clustering tree were defined as ‘modules’, which included a
group of co-expressed genes and which were summarized accord-
ing to module eigengenes.??2% Next, we calculated the correlation
between stemness and EMT biomarkers and module eigengenes to
identify the significant modules related to stemness and EMT. The
hub gene (gene that plays a central role in the scale-free network)
located in the most EMT-related module was selected via a previ-
ously described method.?® A network of hub gene was also plotted

with Cytoscape.?”

2.5 | Cellculture

Recombinant human CCN1 protein (rhCCN1) was purchased from
PeproTech (Cat No. 120-25, Rocky Hill, NJ, USA). In Human CCN1
protein, 91.384% of the amino acids was identical to those in rat
CCN1 protein. Primary rat keratinocytes were harvested from the
dorsal skin of 3-day-old Wistar rats and cultured with Keratinocyte
Medium (ScienCell) as previously described.?® Calcium concentra-
tion was 0.09 mmol/L in the medium, and no additional calcium is
added in all the experiments. The culture medium is a serum-free
culture medium which supplied with keratinocytes growth supple-
ment (KGS). Cells were not KGS-starved except for apoptosis assay.
Cells were plated at a density of 2 x 10° cells/mL and incubated in
a humidified atmosphere at 37°C with 5% CO,. For rhCCN1 treat-
ment, primary keratinocytes were treated with 0.2 pg/mL CCN1
protein. The control group was treated with 0.2 pg/mL bovine serum
albumin (BSA).

2.6 | Cell-stretching assay

Keratinocytes were plated in six-well, flexible silicone rub-
ber BioFlex™ plates coated with type-l collagen at 2 x 10° cells/
mL. Cyclic mechanical tension with a 0.5-Hz sinusoidal curve at
10% elongation was applied using an FX-5000™ Tension Plus unit
(Flexcell, Hillsborough, NC, USA). Cells were harvested immediately
after mechanical stretching was complete. Control cells were cul-
tured in the same plates in the same incubator without the applica-

tion of tension.

2.7 | Cell counting (CCK-8) assay

Cells were plated in 96-well plates at 1 x 10% cells per well. Thereafter,
the cells were treated with BSA or rhCCN1 and cultured for the

following four durations: 2, 24, 48 and 72 hours. Subsequently,
10 pL CCKS8 solution (Dojindo Molecular Technologies) was added
into each well. After further incubation for 2 hours, the absorbance
(450 nm) was measured with microplate absorbance spectropho-

tometer (Bio-Rad®).

2.8 | EdU incorporation assay

After BSA or rhCCN1 treatment, the proliferating cells were labelled
using an EdU (5-ethynyl-2'-deoxyuridine) DNA Cell Proliferation Kit
(RiboBio). After BSA or rhCCN1 treatment, 50 umol/L EdU was im-
mediately added into the culture medium and incubated for 6 hours.
Next, cells were fixed with 4% paraformaldehyde for 20 minutes and
then incubated with Apollo Dye Solution for 30 minutes at room
temperature to label the proliferating cells. Cell nuclei were stained
using Hoechst 33342. The percentage of EdU positive cells was
measured with ImageJ (NIH, USA).

2.9 | rhCCN1 injection in vivo

To evaluate the effect of CCN1 on rat normal skin, we randomly as-
signed ten male adult Wistar rats (8 weeks; body weight 250-270 g)
to the rhCCN1 group (n = 5) or BSA control group (n = 5). The hair
was removed, and the dorsal skin was injected intracutaneously
with rhCCN1 (2 ug/mL, daily) or BSA (2 ug/mL, daily) as a control.
Injection was performed as a single-spot, and the injected area
was outlined. The rats were sacrificed on day 5, and full-thickness
skin specimens were collected from the injected areas for further
examination.

To investigate the effect of CCN1 on expanded skin, ten male
adult Wistar rats (8 weeks; body weight 250-270 g) were randomly
allocated to the rhCCN1 group (n = 5) or BSA control group (n = 5).
In the rhCCN1 group, the entire expanded area was injected with
rhCCN1 (0.1 ug/cmz, i.c., daily), whereas in the control group,
the same amount of BSA (0.1 pg/cm?, i.c., daily) was injected.
Injection was initiated on expansion day 0. On day 7, ultrasound
(GE Healthcare, UK) was used to detect the skin thickness and laser
speckle contrast analysis (LASCA) was performed to visualize blood
perfusion in the microcirculation.?’ The perfusion value was calcu-
lated using moorFLPI V2.0 (Moor Instruments). The rats were sacri-
ficed on day 7.

2.10 | Short hairpin RNA (shRNA) knockdown of
CCN1in vivo

To explore the role of CCN1 in expanded skin in vivo, three shR-
NAs were designed (Table S1) to specifically target rat CCN1
(NM_031327). The plasmids expressing the CCN1 shRNAs were
constructed using the pHBAd-Ué adenovirus vector (Hanbio

Biotechnology) and verified by sequencing. pAd-CCN1 was
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cotransfected into HEK293T cells for packaging with the skeleton
plasmid pHBAd-BHG to produce the recombinant adenovirus par-
ticles. Scrambled shRNA (shNC) was used as a control. For in vivo
transfection, 1 x 108 adenovirus particles (200 pL) were injected in-
tracutaneously throughout the entire expansion area at expansion

day O (n = 5). Rats were sacrificed on day 7.

2.11 | Immunofluorescence

Cells were washed with phosphate-buffered saline (PBS) and fixed
in methanol for 10 minutes. Skin tissues from humans and rats were
fixed with 4% paraformaldehyde for 24 hours, embedded in paraf-
fin, and sectioned (thickness = 5 um). After fixation, cells or sections
were permeabilized and blocked in solution containing 2% BSA,
0.5% TWEEN 20, and PBS (pH 7.3) for 1 hour. Cells and sections
were incubated with the primary antibody overnight at 4°C and then
visualized using a secondary antibody conjugated with fluorophores
that absorbed light at 488 nm or 594 nm (Thermo Fisher Scientific).
Nuclei were stained with DAPI (Sigma-Aldrich) for 10 minutes. The
primary antibodies used are listed in Appendix S1. Images were ac-

quired by Nikon Ni-U microscope (Nikon) and analysed by ImageJ.

2.12 | Quantitative real-time polymerase chain
reaction (QRT-PCR)

Total RNA was extracted with the TRIzol Reagent (Invitrogen), and
the RNA concentration was determined using a NanoDrop™ spec-
trophotometer (ND-8000; Thermo Fisher Scientific). RNA sam-
ples were reverse-transcribed into cDNA using an M-MLV system
(Promega Biotech). The primers are listed in Table S2. qRT-PCR was
carried out with SYBR Premix (TaKaRa Biotechnology) in an ABI
ViiA7 system (Applied Biosystems). Glyceraldehyde 3-phosphate
dehydrogenase was used as the internal control. The relative mRNA

expression was calculated using the 2724 method.*°

2.13 | Western blotting

Whole-cell protein or tissue lysates were prepared with radioim-
munoprecipitation assay (RIPA) buffer (Cat No. PO013B, Beyotime
Biotechnology) containing a phosphatase inhibitor and protease
inhibitor (Roche, Basel, Switzerland). Subcellular proteins were ex-
tracted using a subcellular protein fractionation kit (78840; Thermo
Fisher Scientific). The protein lysates were loaded into a sodium do-
decyl sulphate-polyacrylamide gel and transferred to polyvinylidene
difluoride (PVDF) membranes. The membranes were incubated
overnight with the primary antibodies at 4°C, followed by incubation
with secondary antibodies (Thermo Scientific) for 1 hour at room
temperature. Protein expression was detected using an electro-
chemiluminescence kit (Tanon Science & Technology), and images of

the blots were captured using a chemiluminescence imaging system

(6100; Tanon Science & Technology). The primary antibodies used
are listed in Appendix S1.

2.14 | Integrin and p-catenin pathway
inhibitor treatment

Integrin av inhibitor (Cilengitide, S7077) and B-catenin pathway in-
hibitor (XAV-939, S1180) were purchased from Selleck (Shanghai,
China). Keratinocytes were treated with 10 umol/L Cilengitide,
10 umol/L XAV-939 or same volume of DMSO as a control, along
with 0.2 ug/mL rhCCN1 for 48 hours for Western blotting.

2.15 | Statistical analysis

All data are presented as the mean + SD of triplicate experiments.
Western blotting and immunofluorescence results were quantified
with ImageJ software and analysed using t tests (2 groups) or one-
way ANOVA and multiple comparisons (23 groups) with GraphPad
Prism 6. Significant differences were defined by a P-value of <.05.

3 | RESULTS

3.1 | CCN1(CYR61)is a central ‘hub’ gene in the
network of module genes related to EMT during rat
skin expansion

A rat model of skin expansion was established to mimic the clinical
process of skin expansion in humans (Figure S1). After analysing the
microarrays data by weighted gene coexpression network analysis
(WGCNA), we identified the Turquoise module as the most related
to stemness and EMT module by correlating module eigengenes
with biomarkers of stem cells or EMT (Figure 1A). CCN1 (CYR61) was
identified as the top hub gene with a central role in the gene network
of the Turquoise module (Figure 1A,B). The time course of expres-
sion showed that CCN1 (CYR61) expression was rapidly increased
after skin expansion, suggesting that CCN1 could play a crucial role

in skin growth after skin expansion (Figure 1C).

3.2 | CCN1 expression is up-regulated in human
expanded skin

To detect the expression of CCN1 and visualize the location of
CCN1, human expanded skin and adjacent normal skin were col-
lected (Figure 2A) and immunofluorescence staining was performed.
The results revealed that CCN1 was mainly positive in the stratum
spinosum of the epidermis, specifically in the cytoplasm of keratino-
cytes and its adjacent ECM. In contrast, CCN1 was barely detectable
in the dermis (Figure 2B). Moreover, CCN1 expression was signifi-

cantly up-regulated in human expanded skin tissue.
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FIGURE 1 CCN1(CYRé61)is a central ‘hub’ gene in the network of module genes related to EMT during rat skin expansion. A, Skin
specimens were collected from rats in the control group (0 h) and expansion groups at six time-points (1, 2, 4, 20, 96 and 168 h) for the
microarray testing (n = 3 per group). The coexpression modules were defined by WGCNA. After associating the coexpression modules with
stemness and EMT biomarkers, the most related module was found to be the Turquoise module. B, A network of hub genes was plotted
using Cytoscape to visualize the weighed gene coexpression network. CCN1 (CYR61) was found to be the central hub gene in the Turquoise
module. C, Time course of the expression of CCN1 (CYR61) generated from the microarray data (n = 3 per group). Values represent the
means + SD

In order to examine the skin growth ability of the expanded KRT10-positive keratinocytes; and the mesenchymal phenotype is
skin, we detected the Ki67 level, keratin-5 (KRT5) level and kera- increased.
tin-10 (KRT10) level by immunofluorescence staining. The expres-
sion of Ki67, which is a marker of proliferation,? in the epidermis of
human expanded skin was significantly higher than in that in nor- 3.3 | Up-regulated CCN1 expression is associated
mal, non-expanded skin (Figure 2C, top). Usually, KRT5 is a marker with enhanced EMT under skin expansion
of basal keratinocytes and is normally located in the basal layer of

the epidermis, whereas KRT10 can be found in suprabasal kerat- Similar to human expanded skin samples, elevated CCN1 was ob-
inocytes.32 Moreover, part of basal keratinocytes can self-renew served in the epidermal layer of expanded skin in rats (Figure 2D).
and act as epithelial stem cells that further can differentiate.>®34 We also examined EMT markers in rats by Western blotting.
Our results showed that the number of KRT5-positive cells was After skin expansion, the expression of E-cadherin, which is a
significantly increased and that the number of KRT10-positive cells marker of epithelial cells, decreased, and expression of Vimentin,
was slightly decreased after skin expansion (Figure 2C, middle). Fibronectin and matrix metalloproteinase-2 (MMP2), which
Additionally, Vimentin (a mesenchymal marker) expression was are markers of mesenchymal cells, was significantly increased
significantly up-regulated in human expanded skin, but relatively (Figure 2E).

low in adjacent normal skin (Figure 2C, bottom). These results sug- Moreover, we applied a biomechanical force onto keratinocytes
gested that after skin expansion, the epidermis of the expanded to ascertain whether mechanical stretching could result in similar
skin is in a state of active proliferation; the basal KRT5-positive outcome in vitro. Primary cultured keratinocytes were harvested

keratinocytes proliferate more before they further differentiate to from the epidermis of 3-day-old rats, and 10% mechanical stretch
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was applied. The mRNA levels of CCN1 along with the mesenchy-
mal marker Vimentin and EMT transcriptional factor (EMT-TF) Snaill
were significantly increased, whereas E-cadherin expression was
significantly decreased (Figure 2F). Similarly, Western blot showed
that the protein levels of the CCN1, N-cadherin, Vimentin and Snaill
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proteins were increased, while the expression of E-cadherin was de-
creased (Figure 2G).

Overall, our results of both in vivo and in vitro studies demon-
strated that skin expansion could up-regulate the expression of

CCN1 as well as acquisition of mesenchymal features.
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FIGURE 2 Up-regulated CCN1 expression is associated with activation of skin growth and enhanced EMT during skin expansion. A,
Illustration of sample collection: the white-dotted line indicated the surgical incision; the black block indicated the sample collection areas
for ES (expanded skin) and NS (normal skin). B, Immunofluorescence staining of CCN1 (green) in human normal and expanded skin (n = 10
per group, scale bar: 50 um). The dotted line indicates the basement membrane. C, Immunofluorescence staining of Ki67 (green), KRT5
(green), KRT10 (red) and Vimentin (green) (n = 10 per group, scale bar: 50 um). D, Immunofluorescence staining of CCN1 (green) in rat normal
and expanded skin (n = 5 per group). E, Western blotting of the EMT markers (E-cadherin, Vimentin, Fibronectin and MMP2) in the control,
non-expanded and expanded rat skin tissues (left plane). Quantitative analysis of expression of these EMT makers (right panel) (n = 5 per
group). F, After a 24-h of mechanical stretch, qRT-PCR was conducted for non-stretched and stretched rat keratinocytes. mRNA expression
of CCN1 and EMT markers (E-cadherin, Vimentin, Snaill) was analysed. (n = 3). G, After a 48-h of mechanical stretch, Western blotting

was conducted for non-stretched and stretched rat keratinocytes (left plane). Protein expression of CCN1 and EMT markers (E-cadherin,
N-cadherin, Vimentin, Snaill) was analysed (right panel). (n = 3). All values represent the means * SD of triplicate determinations. *P < .05,

**P<.01, ***P <.001
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FIGURE 3 rhCCN1 treatment promotes rat keratinocyte proliferation. A-C, Primary rat keratinocytes were treated with rhCCN1

(0.2 pg/mL), and BSA (0.2 pg/mL) was used as a control. A, CCK-8 assays were performed at 2, 24, 48 and 72 h (n = 3). B, EdU staining and
quantitative analysis were performed at 48 h (n = 3, scale bar: 50 um). C, Immunofluorescence staining of Ki6é7 (green) and quantitative
analysis were performed at 48 h (n = 3, scale bar: 50 um). D-F, Rat normal skin was subcutaneously injected with rhCCN1 protein for

5 days (2 ug/mL, 50 uL/d), and BSA (2 pg/mL, 50 uL/d) was injected as a control. The rat skin tissues were stained for Masson trichrome
(D), Ki67 (green, E), KRT5 (green, F) and KRT10 (red, F) (n = 5 per group, scale bar: 50 um). All values represent the means + SD of triplicate

determinations. **P < .01, ***P < .001

3.4 | rhCCN1 treatment directly promotes
keratinocyte proliferation

Subsequently, we assessed the function of the CCN1 protein in
vitro. Primary cultured keratinocytes were treated with rhCCN1
(0.2 pg/mL) or BSA control (0.2 pg/mL). The CCK-8 assay showed
that, compared to BSA, rhCCN1 could significantly promote the cell
viability of keratinocytes at 48 and 72 hours (Figure 3A). An EdU

incorporation assay showed that the DNA synthesis of keratinocytes
was significantly enhanced after rhCCN1 stimulation (Figure 3B).
Furthermore, our results showed that after rhCCN1 treatment, the
number of Ki67-positive cells was significantly increased (Figure 3C).
Additionally, cell apoptosis was examined with propidium iodide
(Pl)/annexin V through flow cytometry, and the results showed
that the extent of early apoptosis of keratinocytes was decreased
after CCN1 treatment (Figure S2a). A lower proportion of TUNEL-
positive cells was noted after rhCCN1 treatment (Figure S2b). Taken
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together, these results indicated that the CCN1 protein could pro-
mote keratinocytes proliferation and prevent apoptosis.

To explore the effect of CCN1 on skin tissue in vivo, we injected
rhCCN1 (2 pg/mL daily) into the normal skin of rats. On day 5 after
rhCCN1 injection, Masson trichrome staining showed that CCN1 treat-
ment increased epidermal thickness compared with the control group
(Figure 3D). Moreover, the number of Kié7-positive cells was signifi-
cantly increased after rhCCN1 treatment (Figure 3E). Additionally,
KRT5 expression was up-regulated and KRT10 expression was
down-regulated in the epidermis (Figure 3F), indicating that CCN1
could directly induce the proliferation of the basal KRT5-positive kera-

tinocytes and thus promote the epidermal proliferation ability.

3.5 | rhCCN1 treatment directly induces
partial EMT

We further explored the relationship between CCN1 and EMT.
Keratinocytes were stimulated with CCN1 protein (0.2 pg/mL) for
48 hours. Figure 4A shows a group of rat keratinocytes undergoing
partial EMT upon rhCCN1 treatment. Treated keratinocytes lost the
epithelial phenotype and simultaneously acquired the mesenchy-
mal phenotype. Western blotting analysis demonstrated that, after
treatment with rhCCN1, keratinocytes expressed elevated levels of
Vimentin and Snaill and a reduced level of E-cadherin compared
with the BSA control (Figure 4B). E-cadherin mRNA levels showed a
slight decrease after rhCCN1 treatment, but the levels of Vimentin
mRNA and Snaill mRNA were significantly increased (Figure 4C).
These results indicated that CCN1 can act as an inducer of partial
EMT in keratinocytes.

To determine whether CCN1 could enhance EMT in vivo, we
examined the expression of EMT markers of the rat normal skin
injected with rhCCN1. Further analysis showed that the total skin
thickness was slightly thickened upon rhCCN1 injection (Figure 4D)
and that CCN1-treated skin exhibited a low content of E-cadherin
and a high content of Vimentin (Figure 4E). gRT-PCR results showed
that collagen production was stimulated and that the expression
levels of mesenchymal markers such as Vimentin and matrix metal-
loproteinase-9 (MMP9) and EMT-TFs Snaill and Twistl were in-
creased after rhCCN1 treatment (Figure 4F). Taken together, these
data demonstrated that, without mechanical stretching, CCN1
could directly induce partial EMT and promote skin growth.

3.6 | CCN1 induces partial EMT via
f-catenin pathway

The B-catenin pathway is reportedly related to EMT.3>3¢ Here, we
found that the B-catenin pathway was activated after rhCCN1 stim-
ulation on keratinocytes. As shown in Figure 5A (left), the levels of
total p-catenin and active p-catenin were increased after rhCCN1
treatment. Additionally, the level of active B-catenin was found to be

elevated after the level of total §-catenin was normalized. Moreover,

Western blotting of subcellular protein fractions showed that mem-
brane p-catenin was decreased whereas cytoplasmic and nuclear
B-catenin were increased after rhCCN1 treatment (Figure 5A, right).
Similarly, IF staining of B-catenin showed the same results, indi-
cating that p-catenin translocated from the cell membrane to the
cytoplasm and cell nucleus upon rhCCN1 treatment (Figure 5B).
Since CCN1 is reported to be an integrin a-v ligand and integrin av
is required for keratinocyte proliferation,®”*® we also investigated
whether this rhCCN1-induced partial EMT could be inhibited by an
integrin av inhibitor (Cilengitide) or a p-catenin pathway inhibitor
(XAV-939). Western blotting showed that both inhibitors could re-
verse the effect of rhCCN1, increasing the expression of E-cadherin
and KRT10 while decreasing the expression of KRT5, vimentin and
Snaill compared with the DMSO control (Figure 5C). Taken to-
gether, these findings suggest that CCN1 can induce partial EMT by
activating the p-catenin pathway, initiating f-catenin translocation

and thus trigger the expression of downstream genes (Figure 5D).

3.7 | rhCCN1 injection promotes skin growth and
improves the efficiency of skin expansion in rats

To investigate the therapeutic effect of CCN1 on skin expansion in
vivo, we established a model of skin expansion in rats (Figure S1)
and the entire expanded area was injected with rhCCN1 (0.1 ug/cmz,
i.c., daily) or same amount of BSA (0.1 ug/cm?, i.c., daily). On day 7,
the rhCCN1-treated group exhibited a better blood supply than the
BSA control group according to the results of laser speckle and ul-
trasound (Figure 6A,B). Masson trichrome staining also showed that
the total thickness of the expanded flaps was increased in rhCCN1-
treated rats (increased by 52.3%, P < .001) compared with control
rats. We further observed dermal thickening and increased amount
of collagen fibres in the rhCCN1-treated group compared with that
in the control group (Figure 6C).

Furthermore, immunofluorescence of the expanded skin
showed dramatically increased expression of KRT5 and reduced
expression of KRT10 in rhCCN1-treated rats than that of BSA-
treated rats, suggesting the occurrence of further proliferation of
basal keratinocytes upon rhCCN1 treatment under skin expansion
(Figure 6D, top). Additionally, Vimentin expression in CCN1-treated
rats was significantly higher than that in BSA-treated rats, indi-
cating that the mesenchymal traits were further enhanced upon
rhCCN1 treatment under skin expansion (Figure 6D, bottom).
Taken together, these results indicate that CCN1 can promote skin
growth and improve the efficiency of skin expansion by enhancing

EMT in vivo, and it has a high translational value in clinical practice.
3.8 | CCN1 knockdown by shRNA suppresses the skin
growth and reduces the efficiency of skin expansion

To investigate the effect of CCN1-inhibiting on skin expansion in

vivo, we intracutaneously injected three shRNAs targeting CCN1
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FIGURE 4 rhCCN1 treatment induces partial EMT in rat keratinocytes and rat normal skin. A-B, Primary keratinocytes were treated with
rhCCN1 (0.2 pg/mL) for 48 h, and BSA (0.2 pg/mL) was used as a control. A, Immunostaining of the epithelial marker E-cadherin (green)

and mesenchymal marker Vimentin (red) (n = 3, scale bar: 25 um). B, Western blotting of E-cadherin, Vimentin and Snaill (n = 3). C, Primary
keratinocytes were treated with rhCCN1 (0.2 pug/mL) for 24 h. gRT-PCR analysis of E-cadherin, Vimentin and Snaill (n = 3). D-F, Rat normal
skin was subcutaneously injected with rhCCN1 protein (2 pg/mL, 50 pL/d), and BSA (2 pug/mL, 50 pL/d) was injected as a control. D, Masson
trichrome staining of the injected rat skin tissues in both groups (n = 5 per group, scale bar: 100 um). E, Immunostaining of E-cadherin (red)
and Vimentin (green) in the injected rat skin tissues from both groups (n = 5 per group, scale bar: 50 um). F, gRT-PCR analysis of collagen
production (COL1a1, COL3al and MMP1) and EMT markers (E-cadherin, Vimentin, Snaill, Twist1l and MMP9) in the injected skin tissues
from both groups (n = 5 per group). All values represent the means + SD of triplicate determinations. *P < .05, **P < .01, ***P < .001

into a rat model. After gRT-PCR examination, the Ad-shCCN1-S1 was
determined to have the highest knockdown efficiency and desig-
nated Ad-shCCN1 in the following experiments (Figure S3). The qRT-
PCR and immunofluorescence results verified that the Ad-shCCN1
could successfully knockdown CCN1 expression in expanded skin
by 54.2% (P = .002, Figure 7A,B). The haemodynamics and ultra-
sound images of the Ad-shNC group and Ad-shCCN1 group were
recorded on day 7. The Ad-shCCN1-treated group showed a signifi-
cantly poorer blood supply and decreased flap thickness compared
with the Ad-shNC group (Figure 7C,D). Masson trichrome staining
also showed the expanded flaps of the Ad-shCCN1 group were

significantly decreased by 32.7% (P < .001) in flap thickness com-
pared with the Ad-NC group (Figure 7E). Besides, decreased dermal
thickness and amount of collagen fibres were observed in the Ad-
shCCN1 group compared with that in the control group (Figure 7E).

Immunofluorescence staining showed significantly lower KRT5
and higher KRT10 expression in the Ad-shCCN1 group, suggesting less
proliferation of basal keratinocytes upon CCN1 silencing (Figure 7F,
top). The mesenchymal traits were reduced after CCN1 knockdown
as the Vimentin expression was decreased in Ad-shCCN1 group
(Figure 7F, bottom). These results confirm that CCN1 acts as a crucial

player in promoting EMT and skin growth during skin expansion.
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48 h, and BSA (0.2 pg/mL) was used as a control. A, Western blotting detected the p-catenin pathway activation after rhCCN1 treatment
(left panel). Western blotting of lysates after subcellular fractionation showed the expression of §-catenin of cell membrane, cytoplasm and
nucleus (right panel). (n = 3) B, Cells were stained for $-catenin (green) and DAPI (blue) after rhCCN1 treatment (n = 3). Scale bar: 50 pm. C,
CCN1-treated keratinocytes were treated with the integrin inhibitor (Cilengitide) or the B-catenin inhibitor (XAV-939), and DMSO was used
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results of Western blotting. Values represent the means + SD of triplicate determinations. **P < .01, ***P < .001. D, CCN1 expression and
signal transduction after mechanical stretching. Schematic diagram: mechanical stretching increases the production of CCN1, which binds to
integrins, leading to integrin-linked kinase (ILK) activation and stimulation of p-catenin signalling by promoting p-catenin translocation, thus
triggering the expression of downstream EMT-associated genes, which finally enhances EMT

4 | DISCUSSION analysis of microarray data generated from rat expanded skin, we
found that CCN1 is the hub gene in the network of module genes
Epithelial-mesenchymal transition (EMT) has been demonstrated related to EMT.
to be a crucial process in various developmental events and tissue CCN1 (CYR61) is an immediate-early response gene and a dy-
regeneration.39 EMT is characterized by loss of the epithelial phe- namically expressed matricellular protein that interacts with various
notype, with reduced expression of the cell adhesion protein (eg integrins on cell membranes.'® In addition to the transcriptional ac-
E-cadherin), and an acquired mesenchymal phenotype accompa- tivation of CCN1 by various growth factors and cytokines,43 CCN1
nied by increased expression of (eg Vimentin).!é E-cadherin is a well expression is sensitive to a wide range of extracellular stimuli, es-
recognized epithelial marker as lack of E-cadherin results in the loss pecially mechanical stimuli.**#¢ It has been reported that CCN1 ex-
all epithelial phenotype and the dissociation of p-catenin from cell pression can be induced by mechanical stretching in both vascular
junctions, and Vimentin is a reliable mesenchymal marker.*® The key and bladder smooth muscle cells.*¢*” However, the effect of CCN1
of EMT is the transcriptional factors (EMT-TFs) Snail and Twist,*14? in mechanically stretched skin tissue has not been studied. In the

which modulate the whole process. In the current study, by WGCNA present study, we first found that the CCN1 protein is elevated in
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rhCCN1 injection promotes the skin growth and improves the efficiency of skin expansion. Rat skin was expanded as

described in the Methods, and the entire expanded area was injected with rhCCN1 (0.1 pg/cm?, i.c., daily) or same amount of BSA (0.1 pg/
cm?, i.c., daily). The rats were sacrificed on day 7. A, Skin tissue blood perfusion was analysed by laser speckle contrast analysis (LASCA) on
day 7 (n = 5 per group). B, Ultrasound test on day 7 (n = 5 per group). C, Masson trichrome staining of the expanded skin tissues from both

groups (n = 5 per group, scale bar: 1000 um). Skin thickness was measured by Image J. D, Immunostaining of KRT5 (green), KRT10 (red) and
Vimentin (green) of the expanded skin tissues from both groups (n = 5 per group, scale bar: 50 um). All values represent the means + SD of

triplicate determinations. ***P < .001

expanded human and rat skin, indicating that CCN1 is a mechani-
cal sensitive protein that might play a potent role in skin expansion.
Moreover, previous studies have revealed that CCN1 is a target gene
of the Yes-associated protein (YAP) signalling®® and our microarray
data also showed that YAP is a early response transcriptional fac-
tor after skin expansion (data not shown). Therefore, YAP signalling
may exert its effect via CCN1 during skin expansion. Further series
of studies involving YAP-CCN1 and skin growth are anticipated to
investigate a detailed gene function network during skin expansion.

CCN1 has been recognized to exert multiple potent functions
in the proliferation, survival, migration, angiogenesis, apoptosis and
senescence of cells.*’ Previous studies have shown that CCN1 plays
a critical role in promoting wound healing, tissue repair and restrict-
ing fibrosis.’®2 Sun et al®® demonstrated that CCN1 could promote
keratinocyte activation and was involved in psoriatic pathogene-

sis. Our recent work revealed that CCN1 could improve cutaneous

healing by accelerating reepithelialization and promoting keratino-
cytes migration.’* Similarly, the current study demonstrated that
CCN1 protein could stimulate keratinocytes proliferation and pre-
vent early cell apoptosis.

Furthermore, our in vitro and in vivo studies revealed that the
up-regulation of CCN1 protein corresponding to mechanical stretch
is associated with enhanced EMT. The relationship between CCN1
and EMT remains a major question. CCN1 has been reported to in-
duce EMT in gastric epithelial cells.”® It is widely accepted that ep-
ithelial cells that have undergone EMT or partial EMT lose their
apical-basal polarity; exhibit altered interaction with the ECM; gain
a mesenchymal phenotype, characterized by enhanced proliferation
and migration abilities®®%; and gained stemness traits.® Several
studies have demonstrated that keratinocytes that have undergone
EMT can migrate into the wound bed.””*8 Here, we found that CCN1

could directly induce keratinocytes to gain mesenchymal traits and
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FIGURE 7 shRNA knockdown of CCN1 suppresses the skin growth and reduces the efficiency of skin expansion. Rat expanded skin

was transfected with Ad-shNC (control shRNA) or Ad-shCCN1 (CCN1-targeting shRNA). The rats were sacrificed on day 7. gqRT-PCR (A) and
immunostaining (B) of CCN1 were performed to confirm knockdown of CCN1 in the rat skin (n = 5 per group, scale bar: 50 um). C, Blood
perfusion of the expanded skin was analysed by LASCA on day 7 (n = 5 per group). D, Ultrasound examination was performed onday 7 (n = 5
per group). E, Masson trichrome staining of the expanded skin tissues from both groups (n = 5 per group, scale bar: 500 um). Skin thickness
was measured by Image J. F, Immunostaining of KRT5 (green), KRT10 (red) and Vimentin (green) in the expanded skin tissues from both
groups (n = 5 per group, scale bar: 50 um). All values represent the means + SD of triplicate determinations. **P < .01, ***P < .001

up-regulate EMT-TFs (eg Snail, Twist) as well as increased proliferation
in vitro and in vivo. Accordingly, we conclude that CCN1 could stim-
ulate skin growth by initiating partial EMT. Moreover, apart from epi-
dermis thickening, we also observed increased dermal thickness and
enhanced collagen production in CCN1-treated skin tissue. Thus, we
hypothesized that part of the CCN1-induced EMT cells may migrate
to the dermis and become mesenchymal-like cells to produce collagen
and contribute to extracellular matrix remodelling during skin expan-
sion. From this perspective, further research involving lineage tracing
is necessary to evaluate the proportion of partial EMT cells and their
dynamic changes during skin expansion to support our conclusion.
The p-catenin signalling pathway is one of the major signal-
ling pathways in EMT process.*®*! Previous studies have indicated
that the binding of CCN1 to integrins leads to integrin-linked ki-
nase (ILK) activation, stimulates B-catenin signalling®® and thus
promotes the transcriptional activation of downstream target
genes, including EMT-associated genes.®® Here, we revealed that
CCN1 can activate the B-catenin signalling pathway and induces
nuclear translocation of p-catenin in keratinocytes. Additionally,
our results demonstrated that both an integrin av inhibitor and

B-catenin inhibitor can reverse CCN1-induced partial EMT and

reduced proliferation of basal keratinocytes. Therefore, we con-
cluded that the binding of CCN1 to integrin av could activate the
B-catenin pathway and thus enhance EMT which eventually pro-
moted skin growth.

Finally, we investigated the effect of CCN1 protein on skin
expansion in a rat model. Our results demonstrated that CCN1
administration during skin expansion could further increase the
flap thickness, enhanced the proliferation of basal keratinocytes
and induce partial EMT of the expanded skin. In contrast, the in-
hibition of CCN1 with shRNA interference could result in a thin,
poorly vascularized flap, restrict the growth ability and reduced
EMT. These results suggested that CCN1 is a crucial enhancer of
skin growth and has a high translational value for clinical practice.
The major studies focusing on improving the efficiency of skin
expansion include stem cell therapy (eg BM-MSCs, BM-MNCs
and ADSCs),> 6162 growth factors therapy (eg bFGF)®® and others
treatments (eg botulinum toxin A, tanshinon 11A).64%> While, our

F>%in acceler-

recent work showed that CCN1 is superior to bFG
ating wound healing. Further studies are needed to compare the
therapeutic effects of CCN1, stem cell therapy and growth factors

on promoting skin growth.
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In summary, our study demonstrates that CCN1(CYRé61) is a
crucial actor in skin expansion and that CCN1 can promote skin
growth by enhancing EMT via the B-catenin pathway. Moreover,
intracutaneous injection of rhCCN1 promotes skin growth during
skin expansion. If applicable to in humans, CCN1 could be a potential
therapeutic target for promoting skin growth and improving the ef-

ficiency of skin expansion in clinical practice.

ACKNOWLEDGEMENTS
This work was supported by grants from the National Natural Science
Foundation of China (Nos. 81501668, 81620108019 and 81230042).

CONFLICT OF INTEREST
The authors declare that they have no conflicts of interests.

AUTHOR CONTRIBUTIONS

Yiwen Zhou carried out the main part of the studies and drafted the
manuscript. Haizhou Li and Xiao Liang revised the manuscript and
contributed to data curation. Hengyu Du and Yinjun Suo conducted
the human sample collection and data processing. Hao Chen helped
with the study design and performed the statistical analysis. Wenhui
Liu contributed to implementation of the computer code. Ran Duan
contributed to the animal model establishing. Xiaolu Huang devel-
oped and executed the idea of identifying hub genes during skin
expansion. Qingfeng Li supervised the project and contributed to
funding acquisition.

ORCID

Xiaolu Huang https://orcid.org/0000-0001-6874-3538

DATA AVAILABILITY STATEMENT

The raw data of microarray that support the findings of this study
are openly available in Array Express at https://www.ebi.ac.uk/array
express/, Accession No. E-MTAB-8304.

REFERENCES

1. Radovan C. Breast reconstruction after mastectomy using the tem-
porary expander. Plast Reconstr Surg. 1982;69:195-208.

2. Fernandes JR, Driscoll DN. Burn ear reconstruction using po-
rous polyethylene implants and tissue expansion. J Burn Care Res.
2016;37:€348-e352.

3. Krieger, Silberstein E, Shoham Y, Bogdanov-Berezovsky A. Tissue
expansion: still not expendable. Isr Med Assoc J. 2017;19:119-120.

4. Liang X, Huang X, Zhou Y, Jin R, Li Q. Mechanical stretching
promotes skin tissue regeneration via enhancing mesenchymal
stem cell homing and transdifferentiation. Stem Cells Transl Med.
2016;5:960-969.

5. Zhou SB, Zhang GY, Xie Y, et al. Autologous stem cell transplan-
tation promotes mechanical stretch induced skin regeneration: a
randomized phase I/1l clinical trial. EBioMedicine. 2016;13:356-364.

6. Zollner AM, Holland MA, Honda KS, Gosain AK, Kuhl E. Growth on
demand: reviewing the mechanobiology of stretched skin. J Mech
Behav Biomed Mater. 2013;28:495-509.

7. Wang J, Huang X, Liu K, Gu B, Li Q. Complications in tissue ex-
pansion: an updated retrospective analysis of risk factors. Handchir
Mikrochir Plast Chir. 2014;46:74-79.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Hansen N, Espino S, Blough JT, Vu MM, Fine NA, Kim JYS. Evaluating
mastectomy skin flap necrosis in the extended breast reconstruc-
tion risk assessment score for one-year prediction of prosthetic re-
construction outcomes. J Am Coll Surg. 2018;227(1):96-104.https://
doi.org/10.1016/j.jamcollsurg.2018.05.003 Epub 2018 May 17.
Margulis A, Billig A, Elia J, Shachar Y, Adler N. Complications
of post-burn tissue expansion reconstruction: 9 years experi-
ence with 42 pediatric and 26 adult patients. Isr Med Assoc J.
2017;19:100-104.

Yang M, Liang Y, Sheng L, et al. A preliminary study of differentially
expressed genes in expanded skin and normal skin: implications for
adult skin regeneration. Arch Dermatol Res. 2011;303:125-133.
Liang YM, Huang XL, Chen G, Sheng LL, Li QF. Activated hy-
poxia-inducible factor-la pathway modulates early events in
stretch-induced skin neovascularization via stromal cell-derived
factor-1 and vascular endothelial growth factor. Br J Dermatol.
2014;171:996-1005.

Yano S, Komine M, Fujimoto M, Okochi H, Tamaki K. Mechanical
stretching in vitro regulates signal transduction pathways and
cellular proliferation in human epidermal keratinocytes. J Invest
Dermatol. 2004;122:783-790.

Tokuyama E, Nagai Y, Takahashi K, Kimata Y, Naruse K. Mechanical
stretch on human skin equivalents increases the epidermal
thickness and develops the basement membrane. PLoS ONE.
2015;10:e0141989.

McCauley RL. Tissue expansion reconstruction of the scalp. Semin
Plast Surg. 2005;19(2):143-152.

De Filippo RE, Atala A. Stretch and growth: the molecular and
physiologic influences of tissue expansion. Plast Reconstr Surg.
2002;109:2450-2462.

Thiery JP, Aclogue H, Huang RY, Nieto MA. Epithelial-mesenchymal
transitions in development and disease. Cell. 2009;139:871-890.
Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal tran-
sition. J Clin Investig. 2009;119:1420-1428.

Mani SA, Guo W, Liao MJ, et al. The epithelial-mesenchymal
transition generates cells with properties of stem cells. Cell.
2008;133:704-715.

Zhou J, Wang J, Zhang N, Zhang Y, Li Q. Identification of bio-
mechanical force as a novel inducer of epithelial-mesenchymal
transition features in mechanical stretched skin. Am J Transl Res.
2015;7:2187-2198.

Zhang R, Pan Y, Fanelli V, et al. Mechanical stress induces lung
fibrosis via midkine signaling pathway. Am J Respir Crit Care Med.
2015;192;315-323.

Brazma A, Hingamp P, Quackenbush J, et al. Minimum information
about a microarray experiment (MIAME)-toward standards for mi-
croarray data. Nat Genet. 2001;29:365-371.

Langfelder P, Horvath S. WGCNA: an R package for weighted cor-
relation network analysis. BMC Bioinformatics. 2008;9:559.

Liu W, Huang X, Liang X, et al. Identification of key modules and hub
genes of keloids with weighted gene coexpression network analy-
sis. Plast Reconstr Surg. 2017;139:376-390.

Barabasi AL. Scale-free networks: a decade and beyond. Science
(New York, NY). 2009;325:412-413.

Langfelder P, Zhang B, Horvath S. Defining clusters from a hierarchi-
cal cluster tree: the Dynamic Tree Cut package for R. Bioinformatics.
2008;24:719-720.

Langfelder P, Horvath S. Eigengene networks for studying the
relationships between co-expression modules. BMC Syst Biol.
2007;1:54.

Saito R, Smoot ME, Ono K, et al. A travel guide to Cytoscape plugins.
Nat Methods. 2012;9:1069-1076.

Hertzler-Schaefer K, Mathew G, Somani AK, et al. Pten loss induces
autocrine FGF signaling to promote skin tumorigenesis. Cell Rep.
2014;6:818-826.


https://orcid.org/0000-0001-6874-3538
https://orcid.org/0000-0001-6874-3538
https://www.ebi.ac.uk/arrayexpress/
https://www.ebi.ac.uk/arrayexpress/
info:ddbj-embl-genbank/E-MTAB-8304
https://doi.org/10.1016/j.jamcollsurg.2018.05.003
https://doi.org/10.1016/j.jamcollsurg.2018.05.003

ZHOU ET AL.

29. Roustit M, Millet C, Blaise S, Dufournet B, Cracowski JL. Excellent 52. Kim KH, Chen CC, Alpini G, Lau LF. CCN1 induces hepatic ductular
reproducibility of laser speckle contrast imaging to assess skin mi- reaction through integrin alphavbeta(5)-mediated activation of NF-
crovascular reactivity. Microvasc Res. 2010;80:505-511. kappaB. J Clin Investig. 2015;125:1886-1900.

30. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the com- 53. Sun Y, Zhang J, Zhou Z, et al. CCN1, a pro-inflammatory factor,
parative C(T) method. Nat Protoc. 2008;3:1101-1108. aggravates psoriasis skin lesions by promoting keratinocyte activa-

31. Gerdes J, Lemke H, Baisch H, Wacker HH, Schwab U, Stein H. Cell tion. J Invest Dermatol. 2015;135:2666-2675.
cycle analysis of a cell proliferation-associated human nuclear anti- 54. Du H, Zhou Y, Suo Y, et al. CCN1 accelerates re-epithelializa-
gen defined by the monoclonal antibody Ki-67. Journal of immunol- tion by promoting keratinocyte migration and proliferation
ogy (Baltimore, Md. 1950;1984(133):1710-1715. during cutaneous wound healing. Biochem Biophys Res Comm.

32. Fuchs E. Epidermal differentiation: the bare essentials. J Cell Biol. 2018;505:966-972.
1990;111:2807-2814. 55. ChaiJ, Norng M, Modak C, Reavis KM, Mouazzen W, Pham J. CCN1

33. Melino G, Memmi EM, Pelicci PG, Bernassola F. Maintaining epithe- induces a reversible epithelial-mesenchymal transition in gastric
lial stemness with p63. Science signaling. 2015;8:re9. epithelial cells. Lab Invest. 2010;90:1140-1151.

34. Van Keymeulen A, Blanpain C. Tracing epithelial stem cells during 56. Nieto MA, Huang RY, Jackson RA, Thiery J. Emt: 2016. Cell.
development, homeostasis, and repair. J Cell Biol. 2012;197:575-584. 2016;2016(166):21-45.

35. Xie SL, Fan S, Zhang SY, et al. SOX8 regulates cancer stem-like 57. Huo J, Sun S, Geng Z, et al. Bone marrow-derived mesenchymal
properties and cisplatin-induced EMT in tongue squamous cell car- stem cells promoted cutaneous wound healing by regulating ke-
cinoma by acting on the Wnt/beta-catenin pathway. Int J Cancer. ratinocyte migration via beta2-adrenergic receptor signaling. Mol
2018;142:1252-1265. Pharm. 2018;15:2513-2527.

36. Chang YW, Su YJ, Hsiao M, et al. Diverse targets of -catenin during 58. Haensel D, Dai X. Epithelial-to-mesenchymal transition in cutane-
the epithelial-mesenchymal transition define cancer stem cells and ous wound healing: Where we are and where we are heading. Dev
predict disease relapse. Can Res. 2015;75:3398-3410. Dyn. 2018;247:473-480.

37. Duperret EK, Natale CA, Monteleon C, Dahal A, Ridky TW. The in- 59. Xie D, Yin D, Tong X, et al. Cyré1 is overexpressed in gliomas and
tegrin alphav-TGFbeta signaling axis is necessary for epidermal pro- involved in integrin-linked kinase-mediated Akt and beta-caten-
liferation during cutaneous wound healing. Cell cycle (Georgetown, in-TCF/Lef signaling pathways. Can Res. 2004;64:1987-1996.

Tex). 2016;15:2077-2086. 60. Oloumi A, McPhee T, Dedhar S. Regulation of E-cadherin expres-

38. Duperret EK, Dahal A, Ridky TW. Focal-adhesion-independent in- sion and beta-catenin/Tcf transcriptional activity by the integ-
tegrin-alphav regulation of FAK and c-Myc is necessary for 3D skin rin-linked kinase. Biochem Biophys Acta. 2004;1691:1-15.
formation and tumor invasion. J Cell Sci. 2015;128:3997-4013. 61. Yang M, Li Q, Sheng L, Li H, Weng R, Zan T. Bone marrow-derived

39. Stone RC, Pastar I, Ojeh N, et al. Epithelial-mesenchymal transition mesenchymal stem cells transplantation accelerates tissue expan-
in tissue repair and fibrosis. Cell Tissue Res. 2016;365:495-506. sion by promoting skin regeneration during expansion. Ann Surg.

40. Kim DH, Xing T, Yang Z, Dudek R, Lu Q, Chen YH. Epithelial mes- 2011;253:202-209.
enchymal transition in embryonic development, tissue repair and 62. Sheng L, Yang M, Liang Y, Li Q. Adipose tissue-derived stem
cancer: A comprehensive overview. J Clin Med. 2018;7(1):1. cells (ADSCs)

41. Zhang Q, LiY, Zhao R, et al. The gain-of-function mutation E76K in panded skin using a tissue expansion model. Wound Repair Regen.
SHP2 promotes CAC tumorigenesis and induces EMT via the Wnt/ 2013;21:746-754.
beta-catenin signaling pathway. Mol Carcinog. 2018;57:619-628. 63. Hu YL, Guo SZ, Lu KH. The effect of bFGF and sucralfate on cell

42. Simeone P, Trerotola M, Franck J, et al. The multiverse nature of ep- proliferation during continuous tissue expansion. Zhonghua zheng
ithelial to mesenchymal transition. Semin Cancer Biol. 2018;58:1-10. xing wai ke za zhi. 2003;19:203-206.

43. Perbal B. CCN proteins: multifunctional signalling regulators. The 64. Gabriel A, Champaneria MC, Maxwell GP. The efficacy of bot-
Lancet. 2004;363:62-64. ulinum toxin A in post-mastectomy breast reconstruction: a pilot

44, YangR, Amir J, Liu H, Chagour B. Mechanical strain activates a pro- study. Aesthet Surg J. 2015;35:402-409.
gram of genes functionally involved in paracrine signaling of angio- 65. Stoddart CA, Yu Q, Sheng L, et al. Tanshinon IlA injection accel-
genesis. Physiol Genomics. 2008;36:1-14. erates tissue expansion by reducing the formation of the fibrous

45. Reid SE, Kay EJ, Neilson LJ, et al. Tumor matrix stiffness promotes capsule. PLoS ONE. 2014;9:e105756.
metastatic cancer cell interaction with the endothelium. Embo J.
2017;36:2373-2389.

46. Grote K, Bavendiek U, Grothusen C, et al. Stretch-inducible expres- SUPPORTING INFORMATION
sion of.the angiogenic fa.ctor CCN1 in vascular smooth muscle cells Additional supporting information may be found online in the
is mediated by Egr-1. J Biol Chem. 2004;279:55675-55681. . . .

47. Tamura |, Rosenbloom J, Macarak E, Chaqour B. Regulation of Supporting Information section.

Cyré1 gene expression by mechanical stretch through multiple sig-
naling pathways. Am J Physiol Cell Physiol. 2001;281:C1524-C1532.

48. Zhang H, Pasolli HA, Fuchs E. Yes-associated protein (YAP) tran- How to cite this article: Zhou Y, Li H, Liang X, et al. The CCN1
scriptional coactivator functions in balancing growth and differen- (CYR&1) protein promotes skin growth by enhancing epithelial-
tiation in skin. Proc Natl Acad Sci USA. 2011;108:2270-2275. " ) . .

49. Lau LF. CCN1/CYRé61: the very model of a modern matricellular mesenchymal transition during skin expansion. J Cell Mol Med.
protein. Cell Mol Life Sci. 2011;68:3149-3163. 2020;24:1460—1473. https://doi.org/10.1111/jcmm.14828

50. Kim KH, Won JH, Cheng N, Lau LF. The matricellular protein CCN1
in tissue injury repair. J Cell Commun Signal. 2018;12:273-279.

51. Jun JI, Kim KH, Lau LF. The matricellular protein CCN1 mediates

neutrophil efferocytosis in cutaneous wound healing. Nat Commun.
2015;6:7386.

WILEY- 7

transplantation promotes regeneration of ex-



https://doi.org/10.1111/jcmm.14828

