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Abstract: Biomechanical cues of the microenvironment are recognized as potent regulators of cell behaviors. Skin 
regeneration induced by tissue expansion has been confirmed by results of experimental and clinical studies. 
However, it is still unknown whether skin regeneration induced by mechanical factor is the same biological process 
as skin morphogenesis during embryonic development. In order to explore the potential role of biomechanical force 
(BioF) in skin regeneration and whether epithelial-mesenchymal transition (EMT) is induced by BioF, continuous me-
chanical tension (CMT) at 10% elongation was applied to human keratinocytes in vitro for 12, 24, 48 and 72 hours. 
Cell proliferation and differentiation were analyzed, including the expression of markers of EMT: vimentin, FSP1, 
E-cadherin and N-cadherin. Normal and mechanical stretched skin specimens collected from mice were examined 
by immunofluorescence analysis and RT-PCR. We found that BioF promoted the proliferation and inhibited differen-
tiation of keratinocytes in vitro. The expression of markers of EMT vimentin, FSP1, E-cadherin and N-cadherin were 
transiently up-regulated by BioF. Keratinocytes activation, epidermal thickening and EMT features were also ob-
served in the stretched epidermis of mice, compared to normal mice. Furthermore, the mechanism of BioF induced 
EMT was found to be the enhanced autocrine effect of TNF-α, in part, and direct activation of the NF-κB pathway. 
Collectively, BioF promoted the proliferation of keratinocytes by transiently inducing some EMT features. BioF, as 
a vital biomechanical cue of the microenvironment of skin, was identified to be a novel inducer of EMT, regulating 
keratinocytes’ proliferation, differentiation and homeostasis of skin tissue.
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Introduction

Tissue expansion is a widely applied procedure 
in plastic surgery that stimulates and promotes 
skin regeneration through continuous mechani-
cal stretching provided by an underlying sili-
cone tissue expander [1]. Skin regeneration 
induced by mechanical force has been con-
firmed by clinical studiesand experimental re- 
searches [2-6]. The growing skin exhibits nor-
mal histology and cellular architecture with- 
out evidence of malignant degeneration [7]. 
Mechanical force increases keratinocyte grow- 
th and protein synthesis and alters cell mor-
phology during tissue expansion [8, 9]. The 
mechanism that mediates keratinocyte prolif-
eration following mechanical stretching invol- 

ves a network of several integrated cascades, 
implicating growth factors, cytoskeleton, and 
signal transduction pathways [10-12]. However, 
it remains unclear and we wonder whether skin 
regeneration induced by mechanical factors  
is based on the same biological process as in 
skin morphogenesis during embryonic develop- 
ment.

Epithelial-mesenchymal transition (EMT) is a 
complex process happened in skin morphogen-
esis by which epithelial cells lose their epithelial 
characteristics and acquire a mesenchymal-
like phenotype [13, 14]. EMT was originally 
described as an important cellular program-
ming that enabled embryonic epithelial cells to 
gain the ability of migration and transient de- 
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differentiation [15]. Recently, EMT has been 
uncovered in carcinogenesis, tissue remodel-
ing, and fibrotic diseases [16, 17]. In cutaneous 
diseases, the migratory activity and reduced 
intercellular adhesion of keratinocytes exhibit-
ed several aspects of EMT during the reepithe-
lialization of acute skin wound healing [18, 19]. 
In hypertrophic scars, EMT-related genes ex- 
pression was also up-regulated [20]. In vitro, 
human keratinocytes expressed mesenchymal 
features such as vimentin and fibroblast spe-
cific protein (FSP1), when they were exposed  
to inflammatory cytokines [19]. This transient 
transition of keratinocytes was known as a 
physiological response to injury [21]. Further, 
we tried to figure out whether EMT was induced 
in skin expansion: a natural response of epider-
mis to exogenous mechanical stimulation.

A plethora of biochemical signaling pathways 
and cytokines were discovered to induce EMT, 
such as the TGF-β superfamily, Wnts, Notch, 
TNF-α, and EGF [13, 17]. During acute and 
fibrotic cutaneous wound healing of human 
skin, the keratinocytes were continuously under 
the pulling force exerted by the contraction of 
the wound [19, 22]. However, the potential 
impact of biomechanical cue in EMT was disre-
garded so much. Biomechanical and architec-
tural cues of the microenvironment are increas-
ingly recognized as potent and pervasive regu-
lators of cell behavior [23-27]. Many pathologi-
cal dermatological diseases, such as hypertro-
phic scarring or keloid, muscular dystrophies 
and cardiovascular diseases were also associ-
ated with inappropriate mechanical stimuli 
[28]. So, in this study, we speculated that bio-
mechanical force (BioF) might activate the EMT 
features of keratinocytes during the skin expan-
sion procedure. Based on mechanical stretch-
ing of keratinocytes in vitro and a murine model 
of skin expansion, we investigated whether and 
how EMT contributed to BioF induced skin 
regeneration.

Materials and methods

Cells culture and mechanical force loading

Primary human keratinocytes were isolated 
from neonatal or adult foreskin and cultured 
with Keratinocyte Serum-Free Medium with 
supplements (KSFM; GIBCO) as described pre-
viously [29]. Keratinocytes were plated at the 
density of 2×105 cells/well (if not mention) in 

1ml of medium on six-well flexible silicone rub-
ber BioFlex™ plates coated with collagen type  
I (Flexcell International Corporation, Hillsbo- 
rough, NC). Cells were cultured for 24 h be- 
fore mechanical tension was applied. Cyclic 
mechanical tension (CMT) at 0.5 Hz sinusoidal 
curve at 10% elongation was applied using  
an FX-5000T™ Flexercell® Tension Plus™ unit 
(Flexcell International Corporation). The cul-
tures were incubated in a humidified atmo-
sphere at 37°C and 5% CO2 while stretching. 
Cells were harvested immediately after CMT 
stimulation was applied. Control cells were cul-
tured on the same plates in the same incubator 
but not subjected to tension.

Cell proliferation assay

For the cell proliferation assay, keratinocytes 
were seeded on Flexcell® culture plates, fol-
lowed by 10% CMT treatment. According to the 
manufacturer’s instructions, cell viability and 
proliferation were assessed by AlamarBlue® 
assay (Invitrogen, Carlsbad, CA, USA). The cells 
were incubated in medium supplemented with 
10% (v/v) Alamar Blue fluorescent dye for 2 h 
before time points respectively at 37°C and  
5% CO2. Then 100 μl sample of the medium 
were transferred and the absorbance at 570 
and 590 nm was measured in a 96-well plate 
using a Multiscan UV visible spectrophotome-
ter (Safire2; TECAN, Mannedorf, Switzerland).

Flow cytometric analysis of cell cycle

Cells were harvested and fixed with 75% etha-
nol and then stained for total DNA content with 
a solution containing 50 μg/ml propidium 
iodide (PI) and 50 μg/ml RNase I in PBS for 30 
min at 37°C. Flow cytometry (BD Calibur) was 
performed on populations of 5000-10,000 
cells. Different cell cycle phases were deter-
mined with ModFit LT cell-cycle analysis soft-
ware (Verity Software House, Topsham, US), 
respectively.

Phalloidin staining

Formalin fixation (4%; Sigma-Aldrich, St. Louis, 
MO, USA) was performed for 10 min at room 
temperature. Cells were permeabilized (0.25% 
Triton X-100; Sigma-Aldrich, St. Louis, MO, 
USA), and nonspecific binding was blocked  
(3% bovine serum albumin (BSA)). F-actin was 
stained with Alexa Fluor 488® conjugated Phal- 
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loidin for 30 min at room temperature (1:200; 
Cytoskeleton, Inc., Denver, CO, USA). Then, 
Cells were visualized using a confocal micro-
scope (Leica, Solms, Germany).

Real-time reverse transcription polymerase 
chain reaction (RT-PCR)

The total RNA of cells was isolated using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. After 
reverse transcription reaction, real-time poly-
merase chain reaction (PCR) was performed by 
Roche480 system using SYBR® Premix (Takara, 
Dalian, China) according to the manufacturer’s 
instructions. The conditions of real-time PCR 
were as follows: Denaturation at 95°C for 10 s, 
40 cycles at 95°C for 10 s, and 60°C for 30 s. 
Dissociation stage was added to the end of  
the amplification procedure. No nonspecific 
amplification was observed, as determined by 
the dissociation curve. Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as 
internal control. Data was analyzed using the 
comparison Ct (2-ΔΔCt) method and expressed 
as fold change compared to the respective con-
trol, as previously described [30]. Each sample 
was analyzed in triplicate. Primers sequences 
were as follows: for homo sapiens: ΔNp63, 
5’-GGAAAACAATGCCCAGACTC-3’ (forward) and 
5’-GTGGAATACGTCCAGGTGGC-3’ (reverse); Ker- 
atin5, 5’-ATCGCCACTTACCGCAAGCTGCTGGAG- 
GG-3’ (forward) and 5’-AAACACTGCTTGTGAC- 
AACAGAG-3’ (reverse); Loricrin, 5’-TCATGATGC- 
TACCCGAGGTTTG-3’ (forward) and 5’-CAGAA- 
CTAGATGCAGCCGGAGA-3’ (reverse); Vimentin, 
5’-AAAGTGTGGCTGCCAAGAACCT-3’ (forward) 
and 5’-ATTTCACGCATCTGGCGTTCCA-3’ (rever- 
se); FSP1, 5’-GATGAGCAACTTGGACAGCAA-3’ 
(forward) and 5’-CTGGGCTGCTTATCTGGGAAG- 
3’ (reverse); E-cadherin, 5’-ACAACAAGCCCGA- 
ATTCACCCA-3’ (forward) and 5’-TCACAGCTGT- 
TGCTGTTGTGCT-3’ (reverse); N-cadherin 5’-TC- 
ATTGCCATCCTGCTCTGCAT-3’ (forward) and 5’- 
AGTTGTTTGGCCTGGCGTTCTT-3’ (reverse); TNF-
α, 5’-AAGCCTGTAGCCCATGTTGTA-3’ (forward) 
and 5’-TCAGCTCCACGCCATTG-3’ (reverse); TNF- 
R1, 5’-GCTGGAGATGCAGAACGGGC-3’ (forward) 
and 5’-ACGAGGGGGCGGGATTTCTC-3’ (reverse); 
MMP9, 5’-GGGACGCAGACATCGTCATC-3’ (for-
ward) and 5’-TCGTCATCGTCGAAATGGGC-3’ (re- 
verse); GAPDH, 5’-AGGTCGGTGTGAACGGATTTG- 
3’ (forward) and 5’-TGTAGACCATGTAGTTGAGG- 
TCA-3’ (reverse). For Mus musculus: E-cadherin, 

5’-TACACTGCCCAGGAGCCAGA-3’ (forward) and 
5’-TGGCACCAGTGTCCGGATTA-3’ (reverse); Vim- 
entin, 5’-CGTCCACACGCACCTACAG-3’ (forward) 
and 5’-GGGGGATGAGGAATAGAGGCT-3’ (rever- 
se); FSP1, 5’-TGAGCAACTTGGACAGCAACA-3’ 
(forward) and 5’-CTTCTTCCGGGGCTCCTTATC-3’ 
(reverse); GAPDH, 5’-GCACCGTCAAGGCTGAGA- 
AC-3’ (forward) and 5’-TGGTGAAGACGCCAGT- 
GGA-3’ (reverse).

Western blot

For western blot analysis, total proteins were 
extracted from cultured cells using radioimmu-
noprecipitation assay (RIPA) lysis buffer. Protein 
concentrations were determined using a bicin-
choninic acid (BCA) assay. Thirty micrograms of 
each protein lysate was resolved using sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to polyvinyli-
dene difluoride membranes (Millipore, Bedford, 
MA, USA). Following transfer, membranes were 
blocked and then incubated with primary anti-
bodies overnight at 4°C. The primary antibod-
ies used were anti-Vimentin, anti-FSP1 and 
anti-TNFR1 (Abcam, Cambridge, UK) at a dilu-
tion of 1:1,000. For normalization of protein 
loading, GAPDH (Sigma-Aldrich, St. Louis, MO, 
USA) antibody was used at a dilution of 1:2,000. 
Immunoreactive bands were quantitatively ana-
lyzed in triplicate by normalizing the band inten-
sities to their respective controls on scanned 
films with ImageJ software.

Tissue expansion model

All animal procedures were conducted accord-
ing to the guide for the care and use of labora-
tory animals. All mice were maintained in a 
pathogen-free environment. All experiments 
were performed under laminar flow hoods. 
Biomechanical loading devices were construct-
ed as previously described [31]. BALB/C mice 
(6 weeks old, 75-85 g in weight) retrieved from 
Shanghai Experimental Animal Center, Shang- 
hai, China, were anesthetized and then loading 
devices were carefully secured to the dorsum 
of mice with 6-0 nylon sutures. Tension was 
created by carefully distracting the expansion 
screws by 4 mm every other day thereafter.

Immunofluorescence

After being subjected to CMT for 24 h, keratino-
cytes were fixed with 4% paraformaldehyde for 
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30 min, permeabilized with 0.25% Triton X-100 
for 5 min, and blocked with 3% BSA for 60 min. 
Anti-E-cadherin and N-cadherin (560061, 561- 
553, BD Biosciences, San Jose, CA, 1:100), 
anti-NF-κB p65 (ab7970, Abcam, Cambridge, 
UK, 1:100) were used to incubate cells over-

night at 4°C. Expanded skin from mice were 
routinely fixed with paraformaldehyde and 
embedded in Tissue Tec OCT Compound. Skin 
sections (10 µm) were treated with primary 
antibodies as follows: anti-Vimentin (ab185- 
030, Abcam, Cambridge, UK, 1:50), anti-P63 

Figure 1. BioF regulated the proliferation and differentiation of keratinocytes. A. Flow cytometry was applied to ana-
lyze the cell cycle when keratinocytes were mechanically stretched for 24 h at 10% elongation. B. The quantitative 
analysis of the percentage of keratinocytes in the G0/G1, S and G2 phrase. C. Alamar blue assay of cell proliferation. 
Absorbance was measured at 570 and 590 nm. D, E. The relative expressions of ΔNP63, loricrin and keratin5 were 
measured by real-time PCR after keratinocytes were applied to cyclic mechanical tension (CMT) for 24 h. GAPDH 
expression was used as an internal control. F. The effect of CMT on the cytoskeleton was studied by F-actin staining 
by phalloidin. Scale bars: 50 μm. NC: negative control. Data were presented as the mean ± standard deviation (SD), 
n ≥ 3. *p < 0.05.
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(ab139929, Abcam, Cambridge, UK, 1:100), 
anti-FSP1 (ab27957, Abcam, Cambridge, UK, 
1:50), anti-E-cadherin (560061, BD Bioscien- 
ces, San Jose, CA, 1:50), anti-Keratin5 (PRB-
160, Covance, Richmond, CA 1:1000), anti-
Ki67 (ab15580, Abcam, Cambridge, UK, 1:50). 
Primary antibodies were visualized using sec-
ondary antibodies conjugated to either 488- or 
555-nm absorbing fluorophores (Invitrogen, 
Carlsbad, CA, USA). After the final wash, the 
nuclei was counterstained by adding 100 µL of 
a 2-mg/mL solution of 4’,6-diamidino-2-phenyl-
indole (DAPI; Sigma-Aldrich, St. Louis, MO, USA) 
in 1× phosphate-buffered saline (PBS) for 8 min 
before imaging. Cells were visualized using a 
confocal microscope (Leica, Solms, Germany).

Statistical analysis

Results are expressed as mean ± SD. Statistical 
differences were determined by a two-tailed 
Student’s t-test. P-values less than 0.05 were 
considered statistically significant.

Results

BioF regulated the proliferation and differen-
tiation of keratinocytes

First, the effect of BioF on the proliferation and 
differentiation of keratinocytes was examined. 
After CMT was applied to keratinocytes, flow 
cytometric analysis of cell cycle showed that 
the percentage of keratinocytes in the G0/G1 
phrase was decreased from 61% to 38%, and 
the percentage of S phrase was significantly 
increased from 26% to 40% (Figure 1A, 1B). By 
alamar blue assay, absorbance was enhanced 
by CMT loading for 72 hours, representing inc- 
reased cell proliferation (Figure 1C). RT-PCR 
with mRNA isolated from mechanical loaded 
keratinocytes found that the expression of epi-
dermal stem/progenitor cells marker (keratin5) 
or activated epidermal stem cells marker 
(ΔNp63) was up-regulated after mechanical 
stretching for 12 and 24 hours. The expression 
of late differentiation marker loricrin was inhib-
ited (Figure 1D, 1E). To visualize the effect of 
mechanical force, F-actin was labeled by phal-
loidin. After CMT stimulation, the morphology of 
keratinocytes was transited from polygonal to 
spindle shapes (Figure 1F). So, BioF promoted 
the proliferation and inhibited differentiation of 
keratinocytes.

EMT features were induced by BioF

After demonstrating the pro-growth effect of 
BioF on keratinocytes, we evaluated whether 
mesenchymal features were acquired. RT-PCR 
with mRNA isolated from mechanical loaded 
keratinocytes showed that the expression of 
mesenchymal markers vimentin and FSP1 
were regulated in a time-dependent manner. 
The expression remained unaltered when cells 
were stretched for 12 h while the expression 
was upregulated at the time point of 24 h, 48 h 
and returned to the control level after 48 h 
(Figure 2A, 2B). Induction of vimentin and FSP1 
protein were also measured by western blot 
analysis, which were consistent with the mRNA 
levels. The marker of cell-cell adhesion E- 
cadherin was significantly downregulated when 
keratinocytes were stretched for 24 h (Figure 
2D), whereas the mesenchymal markers of 
cell-cell adhesion N-cadherin was upregulated 
(Figure 2D), visualized and confirmed by immu-
nofluorescene experiments (Figure 2E). Expre- 
ssion of MMP9 is another benchmark of EMT to 
facilitate cell migration, but BioF had no influ-
ence on the expression of MMP9 in keratino-
cytes (Figure 2C), which implicated that these 
features of EMT status were different from 
those in wound healing or carcinogenesis.

EMT features were observed in the BioF 
stretched skin of mice

To confirm these results, we examined skin 
specimens from mechanical stretched skin  
and normal skin of mice. Normal and stretched 
skin of six representative mice were stained  
by routine hematoxylin-eosin and immunofluo-
rescence staining for vimentin, FSP1, Ki67, E- 
cadherin and P63 (Figure 3A). We found obvi-
ously thickened epidermis in mechanical 
stretched group, compared to the normal epi-
dermis. Besides, markers of proliferation Ki67 
and P63 were also up-regulated in stretch- 
ed epidermis. However, no discontinuous and 
apparently disassembled basal membrane was 
found. This result was different from the EMT 
features observed in carcinogenesis or wound 
healing. Both vimentin and FSP1 were positive-
ly expressed in the basal cells of the stretched 
epidermis, illustrating EMT induction. Moreover, 
cell-cell adhesion marker E-cadherin was down-
regulated in stretched epidermis. Then, the 
expression of EMT features vimentin, FSP1 and 
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E-cadherin in stretched skin and normal skin  
of mice were examined by qRT-PCR (Figure 3B), 
which were consistent with the abovemen-
tioned results. Together, these data suggested 
that the epidermal cells of skin gained kind of 
EMT status under BioF condition.

The mechanisms of BioF inducing EMT fea-
tures

Next, we tried to explore the potential mole- 
cular mechanisms of how BioF induced EMT. 
Previous studies found that the EMT features in 

Figure 2. EMT features were induced in keratinocytes by BioF. (A-C) The relative expression of EMT markers vimentin 
and FSP1, MMP9 over control were measured by real-time PCR and western blot at 1, 4, 8, 12, 24, 48, and 72 h 
after CMT was applied. The relative expression of cell-cell adhesion markers E-cadherin, N-cadherin (D) were mea-
sured by real-time PCR at 12 and 24 h after CMT was applied. GAPDH expression was used as an internal control. (E) 
The location and expression of E-cadherin and N-cadherin, labeled by Alexa Fluor® 488 conjugated antibody, were 
visualized by immunofluorescence experiments. Nucleus (blue) was stained with DAPI. NC: negative control. Data 
were presented as the mean ± SD, n ≥ 3; *p < 0.05, **p < 0.01.
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wound healing were mediated by inflammatory 
cytokine TNF-α. So we examined the associa-
tion between TNF-α and EMT in BioF induced 
epidermal proliferation. When keratinocytes 
were stretched for 48 hours, the mRNA expres-
sion of TNF-α was upregulated at the time point 
of 12 h and 24 h (Figure 4A). In Elisa analysis, 
the secreted TNF-α protein in the culture medi-
um was increased (Figure 4B). The effect of 
BioF on the expression of TNF-α receptor 1 
(TNFR1) was also measured by qRT-PCR and 
western blot analysis. Consistent with the TNF- 

α data, the expression of TNFR1 was enhanced 
after stretching for 12 hours, at the mRNA and 
protein level (Figure 4C, 4D). It seemed that 
BioF inducing EMT was mediated by the auto-
crine effect of TNF-α.

To demonstrate the causal relationship, inhi- 
bitors of NF-κB (BAY11-7082) and p38 (SB-
203580) were used, since TNF-α could induce 
the activation of these pathways. Cells were 
pretreated with inhibitors for 1 h before me- 
chanical stimulation. Then the expression of 

Figure 3. EMT features were observed in the BioF stretched skin of mice. A. Normal and BioF stretched skin of mice 
were stained by routine hematoxylin-eosin and immunofluorescence staining for keratin5, vimentin (green), FSP1 
(red), Ki67 (red), E-cadherin (green) and P63 (red). The differences were indicated by white arrowheads. Primary 
antibodies were visualized using secondary antibodies conjugated to Alexa Fluor® 488 or 555 nm. Nucleus (blue) 
was stained with DAPI. Scale bars: 50 μm. The illustration of a murine model of skin expansion was shown in the 
upper right corner. B. The expression of EMT features vimentin, FSP1 and E-cadherin in stretched skin and normal 
skin of mice were examined by qRT-PCR. NC: negative control. Data were presented as the mean ± SD, n ≥ 3; *p < 
0.05, **p < 0.01.
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vimentin and FSP1 were determined by qRT-
PCR and western blot. We found that p38 inhib-
itor (SB-203580) did not block BioF induced 
upregulation of vimentin and FSP1 at the mRNA 
(Figure 5A) and protein level (Figure 5B), where-
as NF-κB inhibitor (BAY11-7082) could mostly 
rescue the EMT induction (Figure 5C). More- 
over, NF-κB inhibitor also restored the pro-
growth effect of BioF on keratinocytes, as mea-
sured the expression of ΔNp63 and keratin5  
by qRT-PCR (Figure 5D) and by cell proliferation 
assay (Figure 5E). In addition, when BioF was 
removed, the upregulated expression of vimen-
tin and FSP1 returned to the normal level,  
at the mRNA (Figure 5F) and protein level 
(Figure 5G). Furthermore, by immunofluores-

cence examination, we found that BioF could 
directly activate the NF-κB pathway as the p65 
subunit of NF-κB was translocated into nucleus 
(Figure 5H). Collectively, these results indicat-
ed that BioF induced the EMT of keratinocytes 
by directly activating the NF-κB pathway.

Discussion

Mechanical force induces proliferative signals 
in vivo, as seen in the expanded skin stimulat-
ed by a tissue expander and the abdominal skin 
of pregnant women, which cover much larger 
areas than normal. To our knowledge, this is 
the first study to provide evidence that biome-
chanical force induced EMT to promote epider-

Figure 4. The mechanisms of BioF inducing EMT in keratinocytes. The relative expression of EMT inducer TNF-α over 
control was measured by real-time PCR (A) and Enzyme-linked immunosorbent assay (ELISA) (B) at 1, 4, 8, 12, 24 
and 48 h after CMT was applied. The expression of TNF-α receptor 1 (TNFR1) was examined by real-time PCR (C) 
and western blot (D) respectively. GAPDH expression was used as an internal control. NC: negative control. Data 
were presented as the mean ± SD, n ≥ 3; **p < 0.01.
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mal regeneration. Furthermore, our study sug-
gested that BioF induced the EMT of keratino-
cytes by directly activating the NF-κB pathway.

EMT has been observed in skin morphogene-
sis, wound repair, cutaneous fibrosis and skin 
tumors [18, 32]. The misexpression of Snail1, 
an essential gene for EMT, in the epidermis of 
transgenic mice led to epidermal hyperprolifer-
ation [32]. EMT features were also found to play 

an important role in both acute and fibrotic 
cutaneous wound healing of human skin, moti-
vated by cytokines TNF-α [19, 33]. Our study 
found for the first time that EMT was also 
involved in skin regeneration of the human 
adult. EMT markers, namely vimentin and 
FSP1, were induced in keratinocytes in vitro 
and observed in the epidermis of human skin. 
However, no discontinuous and apparently dis-
assembled basal membrane was found in our 

Figure 5. BioF induced EMT features of keratinocytes by directly activating the NF-κB pathway. Keratinocytes were 
pretreated with inhibitors of NF-κB (BAY11-7082) and p38 (SB-203580) for 1 h respectively followed by stimulation 
with CMT. The expression of EMT features vimentin and FSP1 were examined by real-time PCR (A, C) and western 
blot (B). The effect of BAY11-7082 on the proliferation of keratinocytes was shown by the expression of keratin5, 
ΔNP63 measured by real-time PCR (D) and AlamarBlue® assay (E). Keratinocytes were stimulated with CMT for 24 
h, and then the BioF was removed for 24 h. The mRNA (F) and protein (G) were collected for examining the expres-
sion of EMT features vimentin and FSP1. (H) After keratinocytes were stimulated with CMT for 12 h, the location and 
expression of P65 (red), subunit of NF-κB, were analyzed by immunofluorescence staining. Nuclei were visualized 
with DAPI staining. Scale bars: 50 μm. GAPDH expression was used as an internal control. NC: negative control. Data 
were presented as the mean ± SD, n ≥ 3; **p < 0.01.
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study, which was different with the EMT fea-
tures observed in wound healing [34]. Skin 
growth exhibited normal histology and cellular 
architecture without evidence of malignant 
transition. So, we speculate that EMT involved 
in skin regeneration of human adults was a 
physiological response to BioF.

EMT inducers could be loss of cell-cell adhe-
sion/cell polarity, change of extracellular matrix 
(ECM) and many pathways triggered by mem-
brane receptors, new intracellular molecules 
and external pro-inflammatory cytokines [17]. 
For decades, it was found that biochemical fac-
tors such as TGF-β, Notch, EGF could induce 
the translocation of snails, thus fulfilling impor-
tant aspects of EMT [35, 36]. The NF-κB path-
way is also emerging as an important regulator 
of EMT through the induction of Snail1 tran-
scription [37]. Only few study focused on the 
impact of biomechanical property of microenvi-
ronment in EMT. Both micro-mechanical force 
exerted by ECM during morphogenesis or tumor 
formation and macro-mechanical force gener-
ated by the contraction of wound healing were 
non-neglectable cues in EMT [25, 26]. In this 
study, we describe for the first time that BioF 
was a novel inducer of EMT, inducing the ex- 
pression of important features of EMT vimentin 
and FSP1.

Previous studies reported that mechanical 
stretching induced keratinocyte proliferation, 
as determined by BrdU incorporation and pro-
voked an antiapoptotic signal [11, 12]. Induct- 
ion of proliferation by mechanical stretching 
was dependent on EGFR, ERK1/2, and mito-
gen-activated protein kinase (MAPK) activa-
tions [38-41]. In this study, BioF promoted pro-
liferation and induced EMT of keratinocytes 
through directly activating the NF-κB pathway. 
BioF induced the autocrine of TNF-α might  
also function. Since both BioF and TNF-α could  
activate the NF-κB pathway and induce EMT, 
we wondered what may be the relationship 
between biomechanical and biochemical fac-
tors. A recent study showed that mechanical 
stress factors were overarching regulators in 
multicellular contexts, setting cell responsive-
ness to Hippo, WNT, and GPCR signaling [42].

Conclusion

Our study provided evidence that by directly 
activating the NF-κB pathway, biomechanical 

force transiently induced the expression of 
EMT features vimentin and FSP1, promoting 
proliferation and activation of keratinocytes. 
BioF, as a vital biomechanical cue of the micro-
environment, was identified to be a novel induc-
er of EMT, regulating cell proliferation, differen-
tiation and homeostasis of skin tissue.
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