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CD9 promotes TβR2–TβR1 association 
driving the transition of human dermal 
fibroblasts to myofibroblast under hypoxia
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Abstract 

Background  During wound healing, fibroblast to myofibroblast transition is required for wound contraction 
and remodeling. While hypoxia is an important biophysical factor in wound microenvironment, the exact regula-
tory mechanism underlying hypoxia and fibroblast-to-myofibroblast transition remains unclear. We previously 
found that tetraspanin CD9 plays an important role in oxygen sensing and wound healing. Herein, we investigated 
the effects of physiological hypoxia on fibroblast-to-myofibroblast transition and the biological function and mecha-
nism of CD9 in it.

Methods  Human skin fibroblasts (HSF) and mouse dermis wounds model were established under physiological 
hypoxia (2% O2). The cell viability and contractility of HSF under hypoxia were evaluated by CCK8 and collagen gel 
retraction, respectively. The expression and distribution of fibroblast-to-myofibroblast transition markers and CD9 
in HSF were detected by Western blotting and immunofluorescence. CD9 slicing and overexpressing HSFs were con-
structed to determine the role of CD9 by small interfering RNA and recombinant adenovirus vector. The association 
of TβR2 and TβR1 was measured by immunoprecipitation to explore the regulatory mechanism. Additionally, further 
validation was conducted on mouse dermis wounds model through histological analysis.

Results  Enhanced fibroblast-to-myofibroblast transition and upregulated CD9 expression was observed 
under hypoxia in vitro and in vivo. Besides, reversal of fibroblast-to-myofibroblast transition under hypoxia 
was observed when silencing CD9, suggesting that CD9 played a key role in this hypoxia-induced transition. Moreo-
ver, hypoxia increased fibroblast-to-myofibroblast transition by activating TGF-β1/Smad2/3 signaling, especially 
increased interaction of TβR2 and TβR1. Ultimately, CD9 was determined to directly affect TβR1–TβR2 association 
in hypoxic fibroblast.

Conclusion  Collectively, these findings suggest that CD9 promotes TβR2–TβR1 association, thus driving the transi-
tion of human dermal fibroblasts to myofibroblast under hypoxia.
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Introduction
Fibrosis, characterized by excessive collagen deposi-
tion and the transition of fibroblasts to myofibroblasts, 
can impact various organ systems, including the lungs, 
liver, kidney, and skin (Distler et al. 2019; Liu et al. 2022). 
While tissue organ fibrosis is concerning, the process of 
fibroblast to myofibroblast transition, which involves the 
upregulation of α-smooth muscle actin (α-SMA) proteins 
and the excessive synthesis of extracellular matrix (ECM) 
components like type I (COL-Ι) and type III fibrillar col-
lagens (COL-Ш), is necessary for wound contraction and 
remodeling during the wound healing process (Rodrigues 
et  al. 2019; Tai et  al. 2021). Conversely, the insufficient 
transition of fibroblasts to myofibroblasts, consistent 
with less EMC deposition and delayed wound closure, 
is to blame for the suboptimal healing process (Tai et al. 
2021). Transforming growth factor beta 1 (TGF-β1) is 
widely recognized for its involvement in the transition 
of fibroblasts to myofibroblasts and the formation of the 
EMC. During wound healing, TGF-β1 released at the site 
of wound directly binds to the type II receptors (TβR2) 
located on the fibroblast membrane, which then phos-
phorylate the cytoplasmic domain of the type I recep-
tors (TβR1, Alk5) in a heterotetrameric receptor complex 
(Miyazawa and Miyazono 2017). The catalytically active 
TβRI phosphorylates the C-terminal serine residues of 
receptor-activated (R-) Smads named Smad2 and Smad3, 
which subsequently oligomerize with Smad4, forming 
trimeric protein complexes (Caja et al. 2018). These com-
plexes are translocated to the nucleus, where they rec-
ognize specific Smad binding elements in the enhancer 
regions of α-SMA transcription causing enhanced depo-
sition of ECM proteins (Carthy 2018). Although the clas-
sical TGF-β1/Smad pathway involved in fibroblast to 
myofibroblast transition has received significant atten-
tion, its regulatory mechanism in wound healing remains 
incompletely understood.

Wound healing is a highly intricate physiological 
process in the human body, involving three sequen-
tial but overlapping phases: inflammation, proliferation 
and remodeling, which can be regulated by biophysi-
cal microenvironment including mechanical pressure, 
endogenous electric fields, and temperature (Hinz et  al. 
2001; Rodrigues et al. 2019). One critical biophysical fac-
tor that can’t be ignored is oxygen which is required for 
almost every phase in wound healing process. Notably, a 
decline in oxygen levels at the wound site becomes evi-
dent as early as day 2 post-injury, reaching its peak on 
day 3, where the oxygen tension in the wounded tissue 
falls below 10 mmHg (Xing et al. 2011; Hong et al. 2014). 
That is, injured wounds undergo hypoxia because of the 
vascular damage and ascending oxygen consumption 
by activated cells surrounding the injured tissue during 

the initial stage of wound healing (Darby and Hewitson 
2016). Correspondingly, hypoxia is shown to initiate 
inflammation phase by recruiting functional cells upon 
incisions and promotes angiogenesis, vasculogenesis 
and granulation tissue development in later proliferation 
stage until oxygen levels normalize (Schreml et al. 2010; 
Tirpe et al. 2019). Recent studies have also indicated that 
hypoxia may play a role in regulating collagen deposi-
tion and the transition of fibroblasts to myofibroblasts 
at the wound margin (Zhao et  al. 2017; Leinhos et  al. 
2019). Furthermore, it has been observed that the signal-
ing of TGF-β1 is intricately associated with the hypoxic 
microenvironment, leading to the induction of tumor 
epithelial-mesenchymal transition (EMT) and fibrosis 
in a manner dependent on TGF-β1 (Mallikarjuna et  al. 
2022). Therefore, we hypothesize that early physiological 
hypoxia is the driving factor for fibroblast-to-myofibro-
blast transition involving TGF-β1/Smad pathway.

CD9 is a member of the tetraspanin superfamily that 
regulates numerous cellular processes such as cell migra-
tion, proliferation, and transition (Brosseau et al. 2018). It 
is widely expressed and consists of four transmembrane 
domains, an intracellular terminus, and two extracellu-
lar loops. CD9 acts as an organizer of surface multipro-
tein complexes by associating with specific proteins such 
as TβR1 and TβR2, thereby enhancing their activities in 
diverse cellular processes, including the TGF-β1/Smad 
pathway, as evidenced in tumor studies (Wang et al. 2015; 
Lorico et al. 2021). However, there is limited research on 
the mediating mechanisms underlying the involvement 
of CD9 and the TGF-β1/Smad pathway in the process of 
wound healing. According to our previous study, delayed 
wound repair was observed in CD9-knockout mice, 
suggesting that tetraspanin CD9 had a crucial impact 
on wound healing process (Zhang et  al. 2012). Further 
researches demonstrate that CD9 promotes wound heal-
ing by regulating the migration and transition of cells 
(Jiang et al. 2020). Moreover, CD9 expression can be reg-
ulated by oxygen tension and mediates hypoxic-induced 
cellular activity (Jiang et al. 2014). Thus, CD9 may medi-
ate hypoxia-induced fibroblast-to-myofibroblast transi-
tion involving TGF-β1/Smad pathway.

Here, using HSFs and mouse dermis wounds as 
models, we identified a role for hypoxia in regulating 
fibroblast-to-myofibroblast transition and CD9 expres-
sion. Our findings demonstrated that hypoxia induced 
fibroblast-to-myofibroblast transition along with upreg-
ulated CD9 expression and CD9 overexpression acceler-
ated hypoxic fibroblast transition, while CD9 silencing 
reversed fibroblast-to-myofibroblast transition induced 
by hypoxia. Furthermore, we elucidated that hypoxia 
activated the TGF-β1/Smad2/3 signaling pathway and 
that CD9 directly affects TβR1–TβR2 association in 
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hypoxic fibroblast. Collectively, our findings indicate 
that tetraspanin CD9 may be involved in the fibroblast-
to-myofibroblast transition induced by hypoxia through 
modulation of TGF-β1/Smad signaling pathway, where 
CD9 directly regulated the interaction of TβR1 and TβR2. 
These results contribute new insights into fibroblast-to-
myofibroblast transition involving TGF-β1/Smad path-
way during early physiological hypoxia and mechanisms 
of tetraspanin CD9 regulation in wound healing.

Materials and methods
Ethics statement
C57 mice (male, about 25 g) used in the experiment were 
provided from the Experimental Animal Department of 
the Army Medical University in Chongqing, China. The 
entire project was reviewed and approved by the Animal 
Experiment Ethics Committee of the Army Medical Uni-
versity. All animal-based investigations were designed 
and conducted in accordance with the Guide for the Care 
and Use of Laboratory Animals published by the National 
Institutes of Health (NIH Pub. No. 85-23, revised 1996).

Human skin fibroblast and human keloid fibroblast 
cultures
Human skin fibroblasts (lot no. AC338126) and Human 
keloid fibroblasts (lot no. CP-H235) were obtained from 
Cell Bank of the Chinese Academy of Sciences in Bei-
jing, China and were maintained in Dulbecco’s modified 
Eagle’s medium (C11995500BT, Gibco, Canada) includ-
ing 10% fetal bovine serum (S-FBS-500, Scitecher, USA) 
and 1% penicillin streptomycin (GA3502, Genview, 
Australia). Cell cultures were performed in a 5% CO2 
atmosphere at 37  °C. The medium was changed three 
times a week. When the culture reached 90% conflu-
ence, the cells were separated from the flask with 0.05% 
trypsin-0.1% ethylenediaminetetraacetic acid (EDTA) 
solution, washed twice, and then resuspended in DBS 
supplemented with FBS medium. In each experiment, 
fibroblasts were used between passages 4 and 5.

Hypoxia exposure
Cells were exposed to normoxia (21% O2) in a nor-
mal CO2 cell culture incubator or hypoxia (2% O2) in a 
hypoxia chamber (Billups-rothenburg, Del Mar, CA). 
Sterile water was placed inside the chamber to maintain 
moist conditions. Hypoxic conditions were created by 
filling the chamber with 2% O2, 5% CO2 and balanced N2. 
The gas was passed through the chamber at 1–2 psi for 
3 min, and the chamber was sealed and placed in a 37 °C 
cell culture incubator. The oxygen concentration in the 
chamber was monitored using an oxygen sensor (Oxy-
Cheq, Marianna, FL). Every 2 days, media were replaced 
with fresh media that were degassed using a SpeedVac 

Concentrator system (Termo Fisher Scientifc, Waltham, 
MA).

Cell viability
Cell viability was determined using a cell counting kit-8 
assay (Dojindo, Kumamoto, Japan). Briefly, cells were cul-
tured in 96-well plates at a density of 2000 cells/well and 
exposed to normoxia or hypoxia for 12  h, 24  h or 48  h 
and cell viability was detected according to the manu-
facturer’s instructions. The absorbance at 450  nm was 
measured by a multidetection microplate reader (Model: 
Synergy 2; BioTek Instruments Inc, Winooski, VT).

Collagen gel retraction
Rat tail collagen was extracted and purified before 
DMEM was added to the rat tail collagen as previously 
described (Suttho et al. 2017). After the color of the mix-
ture changed to golden yellow, 1  M NAOH was slowly 
added until the color changed to red, and then, 50,000 
HSFs were inoculated in 200 ml collagen mixture, mixed, 
and added to a 24-well plate for 1 h. After collagen coag-
ulation, HSFs were cultured under hypoxia. After 12  h, 
24 h and 48 h of culture, three-dimensional collagen was 
separated from the side walls and photographed to meas-
ure the gel contour. The ratio of the gel profile to the well 
profile was used as a measure of shrinkage strength.

Protein extraction and western blot analysis
Total proteins from cells were extracted using RIPA 
lysis buffer containing phosphatase and protease inhibi-
tors (Beyotime Biotechnology). The concentration of 
total protein was detected with a BCA Protein Assay kit 
(Beyotime Biotechnology). Equal amounts (30 μg) of pro-
tein were then separated using 4–20% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis gels. Proteins 
were then transferred to nitrocellulose membranes. The 
membranes were blocked with 5% non-fat milk in Tris-
buffered saline, and incubated with primary antibodies. 
Overnight at 4  °C and incubated with the correspond-
ing secondary antibody at room temperature for 1 h. The 
molecular imager ChemiDoc TMXRS + imaging system 
(Bio-Rad) and chemiluminescent reagents detected the 
signal together. Western blot band intensities were quan-
tified using ImageJ. The using of primary antibodies was 
as follows: α-SMA (1:1000, ab32575, Abcam, UK), COL-1 
(1:1000, ab90395, Abcam, UK), COL-3 (1:1000, 22734-
1-AP, Proteintech, USA), GAPDH (1:5000, HRP-60004, 
Proteintech, USA), CD9 (1:1000, ab92726, Abcam, UK), 
Smad2/3 (1:1000, ab202445, Abcam, UK), pSmad2/3 
(1:1000, #8828S, Cell Signaling Technology, US), TβR1 
(1:1000, ab230788, Abcam, UK), TβR2 (1:1000, ab159745, 
Abcam, UK).
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Immunofluorescence and confocal analysis
Hypoxia induced HSFs cultured on fibronectin-coated 
glass covers lips were treated as above, then fixed in 4% 
paraformaldehyde for 20 min. After 0.5% Triton X-100 
permeabilization for 10 min and 5% goat serum in PBS 
blocking for 1 h, HSFs were incubated with mouse anti-
α-SMA or anti-CD9 (1:100 dilution) at 4  °C overnight, 
washed with PBS and followed by incubation with Alexa 
Fluor 568 conjugated secondary antibody at 37  °C for 
1 h. Nuclei were stained with DAPI (Hyclone, USA). The 
α-SMA and CD9 expression were observed under Leica 
Confocal Microscope (Leica Microsystems, Wetzlar, 
Germany).

Recombinant adenovirus vector to overexpress CD9 
expression
The recombinant adenovirus vectors for CD9 overex-
pressing (Ad-CD9-GFP) and the negative control adeno-
virus vectors encoded the GFP sequence (vector) were 
purchased from Shanghai GeneChem, Co. Ltd (Shang-
hai, China). Vectors contained the gene for GFP, which 
served as a marker. HSFs were infected with these vec-
tors at a multiplicity of infection of 10 for 48 h for further 
experiments.

Small interfering RNA transfection
To knockdown CD9 in HSFs, a pool of siRNAs for the 
CD9 (sc-35032) gene and non-specific control siRNAs 
(sc-35032-PR) were purchased from Santa Cruz Bio-
technology (Carlsbad, CA). Second passage HSFs were 
transfected with small interfering RNA (siRNA) for 
CD9 or negative control according to the manufacturer’s 
protocol.

Histological analysis
A 3-mm-diameter full-thickness wound was punched 
on the dorsal midline of 8-week-old C57 male mice 
using a biopsy punch. Wounded areas surrounded by 
unwounded skin were dissected at day 0, 1 and 3 after 
injury, fixed in paraformaldehyde and embedded in par-
affin. For Immunofluorescence (IF), sections were per-
formed by heating to 95 °C in 0.01 M of citrate buffer to 
retrieve antigen. Sections were blocked in 10% normal 
goat serum in PBS for 1 h in a humidified atmosphere at 
37  °C. Subsequently, sections were incubated overnight 
at 4  °C in primary antibodies: anti-CD9, anti-Cytoker-
atin 10 (1:100 dilution; Santa Cruz, USA), then washed 
three times with PBS and incubated for 1  h with Alexa 
Fluor 488 or 568 secondary antibodies (1:100 dilution; 
Invitrogen, USA). After two washes in PBS, the tis-
sue sections were counter stained with DAPI (Hyclone, 
USA) to highlight nuclei. Fluorescence was observed 
using a Leica confocal microscope (Leica Microsystems, 

Wetzlar, Germany). For immunohistochemistry (IHC), 
sections were incubated overnight with primary anti-
bodies against p-smad2/3 (1:3000, Thermofisher). After 
dewaxing and being closed in 5% goat serum for 1 h at 
room temperature. After washing in PBS, secondary anti-
bodies were added for 2 h (1:100 dilution) and finally an 
appropriate amount of 3,3ʹ-diaminobenzidine (DAB) 
was dropped in for color development. After taking pic-
tures under the microscope, the results were analyzed by 
Image-J.

Immunoprecipitation (IP)
HSFs underwent cytolysis in 1 ml RIPA buffer, followed 
by 10  min incubation on ice. Total cell lysates accepted 
10  min centrifugation at 10,000×g, at 4  °C. Then the 
supernatants received 30 min incubation using 20ul pro-
tein A/G PLUS-agarose (Santa Cruz sc-2003) at 4  °C. 
Pellet beads received 5  min centrifugation at 2500  rpm, 
at 4  °C. 10 ul of primary antibody was used to incubate 
the supernatants for 60  min. The complexes were then 
precipitated through the addition of 20  ul protein A/G 
PLUS- agarose into the lysate, followed by being incu-
bated at 4  °C for overnight. The 30  s centrifugation on 
beads was performed at 2500 rpm, at 4 °C, then ice-cold 
RIPA buffer was employed to wash the beads four times. 
The samples were then suspended and denatured in SDS 
sample buffer (which contained 100  mM dithiothreitol, 
10% glycerol, 50  mM Tris pH 6.8, 2% SDS, and 0.01% 
bromophenol blue).

Statistical analysis
The statistical analyses were performed using GraphPad 
Prism version 8.0 (GraphPad Software, San Diego, CA). 
Data are represented as mean ± standard error of mean 
(SEM). In order to compare the statistical differences 
between any pair of data, t-tests and one-way ANOVA 
test were used to calculate the p-value. p < 0.05 was con-
sidered significant.

Results
Hypoxia induces fibroblast‑to‑myofibroblast transition 
and contraction in dermal fibroblasts
Hypoxia is a common phenomenon in phases of wound 
healing, and it can significantly affect the wound micro-
environment (Wang et al. 2021). During wound healing, 
fibroblasts transdifferentiate to α-SMA-positive myofi-
broblast which are responsible for excessively ECM-
producing and wound contraction (Tai et  al. 2021). To 
explore the effect of hypoxia on fibroblast-to-myofi-
broblast and collagen deposition, cultured HSFs were 
then exposed to hypoxic conditions (2% O2). In hypoxia, 
α-SMA protein expression increased significantly in a 
time-dependent manner, with 2.9-, 4.2-, and 5.8-fold 
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increase after 12  h, 24  h and 48  h hypoxia respectively. 
COL-Ι and COL-Ш which partly reflected the collagens 
secreted by myofibroblasts, also increased 1.5- and 1.3-
fold in 12  h hypoxia, 2.9- and 2.7-fold in 24  h hypoxia, 
and 4.1- and 4.1-fold in 48 h hypoxia (Fig. 1A, B). These 
upregulation in fibroblast-to-myofibroblast transition 
were further supported by immunofluorescence staining. 
The number of α-SMA-positive cells in which α-SMA 
colocalizes with F-actin increased significantly when cells 
were cultivated in hypoxic conditions for 24 h (Fig. 1C). 
An obvious increase of fibroblast cell number by 1.8-fold 
and a slight decrease of viability by 8% was observed in 
24 h hypoxia (Fig. 1D). Since α-SMA proteins is respon-
sible for the generation of contractile force in myofibro-
blasts, the ability to contract collagen matrices is thus 
another characteristic of myofibroblast transition. Fibro-
blasts were therefore cultured in a polymerized collagen 
matrix in normoxia or hypoxia, then the matrices were 
released from the culture dish, resulting in mechanical 
unloading and contraction driven by the force generated 
by the cells. When hypoxia for 12 h, 24 h and 48 h, the 
contraction of the collagen matrices by fibroblasts in low 
oxygen concentration was 21.4%, 60.1% and 71.4% higher 
than contraction in normoxic conditions (Fig. 1E).

Hypoxia induces CD9 expression in fibroblast cells
Tetraspanin CD9, has been implicated in a wide variety 
of cellular biological processes such as cell motility, adhe-
sion, and transition (Oritani et  al. 2000; Castilho et  al. 
2013; Orenstein 2014). For evaluating the possible con-
nection between hypoxia and CD9 on HSFs and HKFs 
(Human keloid fibroblasts), Western blots were per-
formed after cultured cells were then exposed to hypoxic 
conditions (2% O2). HSFs showed separate 1.4-, 2.2- and 
3.9-fold increase of CD9 protein expression along with 
prolongationtime in hypoxic microenvironment. Simi-
larly, the same effect on CD9 protein expression was 
observed in HKFs, accompanied by 1.2-, 2.6- and 3.9-
fold rise in 12  h, 24  h and 48  h hypoxia (Fig.  2A, B). 
On close examination of the intercellular distribution 
of CD9 at early hypoxic stage in  vivo, we constructed a 
wounded mice model with 3-mm-diameter full-thickness 
wounds on the dorsal midline and dissected wounded 

areas on day 0, 1 and 3 since it has been reported that 
hypoxia lasts more than 3  days in wounded skin. Then 
double immunofluorescence staining was performed 
on CD9 and cytokeratin 10 (CK10) before the confocal 
microscopy analysis. The number of CD9-positive cells 
increased significantly in wound granulation tissues dis-
sected on day 1 and 3 compared with dermis (Fig.  2C), 
which indicated an obvious uptrend of CD9 expression in 
the early stage of wound healing where hypoxia played a 
prominent role in microenvironment. More specifically, 
CD9 was confined to the suprabasal layers expressing 
CK10 at a relative low level immediately after the wound 
(Day 0, Fig. 2C). However, in wound granulation tissues 
on day 1 and 3, CD9 expressed at an ascending level in 
the stratum basale (low cytokeratin 10 expression area, 
day 1 and 3, Fig. 2C). These results indicated that hypoxia 
induced fibroblast cells to express CD9, which was fur-
ther supported by animal wound models.

Effect of CD9 on hypoxia‑induced 
fibroblast‑to‑myofibroblast transition
To see if CD9 indeed plays a role in fibroblasts-to-myofi-
broblast transition, we performed a set of experiments 
in HSF cells. First of all, we knockdown CD9 on HSFs 
under culture by on-target siRNA to evaluate whether 
silencing CD9 restricts the transition of fibroblasts. Then 
they were exposed to hypoxic conditions (2% O2) for 
24 h before Western blots were constructed. The expres-
sion of α-SMA decreased by 45.2% in CD9-silenced HSFs 
(p > 0.05) compared with the mock group in 24 h hypoxia. 
Moreover, collagens deposition induced by hypoxia also 
suppressed by silencing CD9, since protein expression 
of COL-Ι and COL-Ш decreased by 36.5% and 62.7% in 
siCD9 group (Fig. 3A, B). By contrast, cultured in hypoxic 
environment for 24  h, stably overexpressing CD9 HSFs 
constructed by recombinant adenovirus vectors showed 
44.4% increase of α-SMA protein expression compared 
with the mock group (p > 0.05). Similarly, COL-Ι and 
COL-Ш in CD9-overexpressing HSFs obviously ascended 
by 74.2% and 1.04-fold respectively, which indicated that 
highly expressed CD9 further induced collagen deposi-
tion in the hypoxic microenvironment (Fig. 3C, D). The 
expression and distribution changes of α-SMA, COL-Ι 

(See figure on next page.)
Fig. 1  Hypoxia induces fibroblast-to-myofibroblast differentiation and contraction in HSFs. A Western blot was used to detect α-SMA, COL-1 
and COL-3 in HSFs under normoxic and hypoxic conditions (after 12, 24, 48 h of hypoxia). GAPDH was monitored as a gel-loading control. B 
The results were quantified by relative intensity. C Immunofluorescence staining of α-SMA and F-actin on HSFs under normoxia and hypoxia 
for 24h. Bar = 20μm. D Cell number was quantified by cell counting and viability was assessed using a CCK8 cell viability assay. E Effect of hypoxia 
on collagen gel contraction. Cells grown in collagen gels were incubated under normoxic and hypoxic conditions (after 12, 24, 48 h of hypoxia). 
Gels were lifted and changes in collagen areas were determined over a time period of 24 h. For each condition 4 collagen gels were analyzed. Data 
are the mean ± SEM of three independent experiments performed in triplicate. *, p < 0.05 versus Normoxia group
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Fig. 1  (See legend on previous page.)
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Fig. 2  Hypoxia induces CD9 expression in HSFs and HKFs. A, B Western blot was used to detect CD9 in HSFs and HKFs under normoxic and hypoxic 
conditions (after 12, 24, 48 h of hypoxia). GAPDH was monitored as a gel-loading control. The results were quantified by relative intensity. C 
Immunofluorescence staining of CD9 and differentiation marker cytokeratin 10 in normal unwounded skin (day 0), day 1 and day 3 wound sections 
obtained from mice showing CD9 was higher in early hypoxic microenvironment during physiological wound healing. Narrow-dotted line: 
differentiated dermal HSFs. Bars: left column 100μm, right column 40μm. Data are the mean ± SEM of three independent experiments performed 
in triplicate. *, p < 0.05 versus Normoxia group
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Fig. 3  Effect of CD9 on hypoxia-induced fibroblasts-to-myofibroblast Differentiation. A Western blot was used to detect expression of α-SMA, 
COL-1 and COL-3 in CD9 silence HSFs under normoxia and hypoxia for 24h. B The results were quantified by relative intensity. The data was shown 
as the mean ± SEM (n = 3). *, p < 0.05 versus Normoxia group; #, p < 0.05 versus Hypoxia + Mock group. C Western blot was used to detect expression 
of α-SMA, COL-1 and COL-3 in CD9 overexpression HSFs under normoxia and hypoxia for 24 h. D The results were quantified by relative intensity. 
The data was shown as the mean ± SEM (n = 3). *, p < 0.05 versus Normoxia group; #, p < 0.05 versus Hypoxia + Vector group. E Immunofluorescence 
staining of α-SMA and F-actin on HSFs under normoxia and on CD9 silence or over-expression HSFs under hypoxia for 24 h. Bar = 20μm
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and COL-Ш were further supported by immunofluores-
cence staining when silencing or overexpressing CD9 in 
hypoxia. After cultured in hypoxia for 24 h, the number 
of α-SMA-positive cells descended significantly when 
CD9 was knocked down, while ascended obviously in 
CD9-overexpressing HSFs (Fig.  3E). These results sug-
gested that CD9 played a key role in inducing fibroblast-
to-myofibroblast transition in hypoxia.

Hypoxia activates TGF‑β1/Smad2/3 signaling and increases 
the interaction of TβR2 and TβR1 in fibroblasts
TGF-β1/Smad signaling is a pivotal fibrogenic factor that 
is responsible for fibroblast-to-myofibroblast transition 
and excessive ECM deposition (Mingyuan et al. 2018; Tai 
et  al. 2021). Emerging evidence has indicated that bio-
physical microenvironment (such as mechanical stress, 
fluid shear stress, and wound hypoxia) regulate fibroblast 
transition and fibrosis through activated TGF-β1/Smad 
signaling. Therefore, we investigated whether TGF-β1/
Smad2/3 Signaling is promoted in hypoxic microenvi-
ronment. Before Western blots targeting on Smads were 
constructed, HSFs were exposed to hypoxia (2% O2) for 
24  h. The expression of p-Smad2/Smad2 and p-Smad3/
Smad3 that represents activated TGF-β1/Smad2/3 signal-
ing increased 2.8- and 3.9-fold separately, compared with 
the normoxia (p > 0.05) (Fig. 4A, B). Moreover, the results 
were validated in animal models where p-Smad2/3 was 
detected by immunohistochemistry. It has been reported 
that hypoxia lasts more than 3 days in wounded skin, so 
a wounded mice model with 3-mm-diameter full-thick-
ness wounds was constructed on the dorsal midline and 
dissected on day 0, 1 and 3. As expected, the level of 
p-Smad2/3 ascended gradually in early hypoxic micro-
environment and showed a remarkable increase com-
pared with negative control (Fig.  4C). To determine the 
underlying mechanism behind hypoxia-activated TGF-
β1/Smad signaling, we performed Immunoprecipitation 
with anti-TβR1 and anti-TβR2 antibody respectively, fol-
lowed by Western blot analysis and to detect the interac-
tion of TβR2 and TβR1 in fibroblasts. Hypoxia increased 
the association between TβR1 and TβR2 in HSFs com-
pared with normoxia (Fig. 4D). The expressions of TβR1 
and TβR2 in total protein and membrane protein showed 
no difference between normoxia and hypoxia groups, 
suggesting that hypoxia has no effect on the expression 
and distribution of TβR1 and TβR2 in cell or membrane, 
which further proved that hypoxia promoted the interac-
tion between TβR1 and TβR2 (Fig. 4E).

CD9 directly affects TβR1–TβR2 association in hypoxic 
fibroblast
To determine whether the increased TβR1–TβR2 
association in HSFs may account for CD9-mediated 

fibroblast-to-myofibroblast transition under hypoxia, 
we transfected HSFs with siRNA to silence CD9 (siCD9) 
and constructed recombinant adenovirus vectors to 
overexpress CD9 (Ad-CD9). Then immunoprecipitation 
with anti-TβR2 antibody was performed, followed by 
Western blot analysis on CD9 and TβR2, which demon-
strated that hypoxia increased the association between 
CD9 and TβR2 compared with normoxia while silenc-
ing CD9 decreased that (Fig. 5A). Moreover, we carried 
out Immunoprecipitation with anti-TβR1 and anti-TβR2 
antibody respectively and Western blot analysis on TβR2 
and TβR1. Overexpressing CD9 increased the association 
between TβR1 and TβR2 compared with simple hypoxia 
but decreased TβR1–TβR2 association was observed 
in silencing CD9, suggesting that TβR1–TβR2 associa-
tion was directly affected by CD9 (Fig. 5B). In addition, 
Western blots targeting on Smads were constructed in 
HSFs under normoxia and hypoxia, with CD9 silenc-
ing or overexpression. The level of p-Smad2/Smad2 and 
p-Smad3/Smad3 declined by 43.4% and 52.1% in siCD9 
HSFs under hypoxia which indicated that activated TGF-
β1/Smad2/3 Signaling was inhibited by silencing CD9. 
On the contrary, Ad-CD9 HSFs further activated the 
TGF-β1/Smad2/3 Signaling pathway in hypoxic envi-
ronment, confirmed by 83.3% and 58.8% higher level of 
p-Smad2/Smad2 and p-Smad3/Smad3 (Fig.  5C, D). To 
sum up, CD9 regulated TGF-β1/Smad2/3 Signaling in 
hypoxic fibroblast through directly affecting TβR1–TβR2 
association.

Discussion
Fibroblast to myofibroblast transition plays a crucial role 
not only in the pathological fibrosis of organs and tissues, 
but also in the necessary process of normal skin wound 
healing (Darby et  al. 2016). Recent studies showed that 
the impaired function of myofibroblasts within wounds 
may account for chronic and nonhealing wounds (Wall 
et  al. 2008). Although TGF-β1/Smad canonical pathway 
was involved in fibroblast to myofibroblast transition, its 
regulatory mechanism in the wound healing process has 
not yet been fully elucidated (Meng et al. 2016). Through 
the use of HSFs and mouse skin wounds as models, this 
study identified that hypoxia directly acted on TβR1 and 
TβR2 through CD9 to activate the TGF-β1/Smad path-
way, which in turn triggered the transition of fibroblasts 
into myofibroblasts (Fig. 6).

Skin wounds mainly caused by physical dam-
age will lead to compromised vascular integrity and 
increased cellular requirements for oxygen to initiate 
the repair process (Younis 2020). Hence, wounds are in 
a hypoxic environment during the early stages, which 
can be detected through pimonidazole adduct staining 
with oxygen tension levels dropping below 10 mmHg 
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(Ninikoski et al. 1971; Goodson et al. 1979; Lokmic et al. 
2006). Studies have demonstrated that hypoxia trig-
gered wound healing by promoting vascularization and 

granulation tissue formation during the early stages of 
healing (Schreml et al. 2010; Hutami et al. 2021). Despite 
its importance in the wound healing process, there is 

Fig. 4  Hypoxia activates TGF-β1/Smad2/3 Signaling and increases the interaction of TβR2 and TβR1 in HSFs. A Western blot was used to detect 
expression of p-Smad2, Smad2, p-Smad3 and Smad3 in HSFs under normoxia and hypoxia for 24h. GAPDH was monitored as a gel-loading control. 
B The p-Smad2/Smad2 and p-Smad3/Smad3 were quantified by relative intensity. The data was shown as the mean ± SEM (n = 3). *, p < 0.05 
versus Normoxia group. C Immunofluorescence staining of p-Smad2/3 in normal unwounded skin (negative control), day 0, day 1 and day 3 
wound sections obtained from mice showing p-Smad2/3 was highest in day 3. Bar = 50 μm. D Immunoprecipitation analysis of the association 
between TβR2 and TβR1 in HSFs under normoxia and hypoxia for 24h. E The expressions of TβR1 and TβR2 in total protein and membrane protein 
under normoxia and hypoxia for 24 h



Page 11 of 14Huang et al. Molecular Medicine          (2024) 30:162 	

still insufficient research on the regulation of fibroblast 
to myofibroblast transition by hypoxia. In this study, a 
2% hypoxic culture model of human skin fibroblasts was 
established, and it was found that after 12, 24, and 48 h of 
hypoxia treatment, the expression levels of α-SMA, COL-
Ι, and COL-Ш significantly increased, indicating that 
hypoxia promoted fibroblast to myofibroblast transition. 
Animal models have also shown the activation of the 
TGF-β1/Smad pathway under hypoxia in the early stages 
of wound healing, further confirming the role of hypoxia 
in inducing fibroblast to myofibroblast transition. Our 
results are consistent with the study conducted by Zhao 
et al. which found that 1% hypoxia for 48 h increased the 
expression of collagens and α-SMA in HSFs by regulating 
the TGF-β1/Smad3 pathway (Zhao et al. 2017). However, 

if hypoxia persists over a prolonged period, it can impair 
the process of fibroblast to myofibroblast transition since 
Modarressi et al. found a reduction in both the number 
of myofibroblasts and the secretion of collagens after 
exposure to 5% and 2% hypoxia for 5 days (Modarressi 
et  al. 2010). One limitation of our study is that α-SMA 
is the only marker used to distinguish myofibroblasts, so 
additional techniques such as flow cytometry and single-
cell sequencing will be used to identify myofibroblasts 
more accurately in future studies (Rippa et al. 2019; Chen 
et al. 2022).

CD9, a member of tetraspanin superfamily, is involved 
in a range of cellular processes, such as integrin-depend-
ent cell migration, proliferation, and differentiation 
(Hemler 2014; Machado-Pineda et al. 2018). In our earlier 

Fig. 5  CD9 directly affects TβR1–TβR2 association in hypoxic HSFs. A Immunoprecipitation analysis of the association between TβR2 and TβR1 
in HSFs under normoxia and in CD9 silence HSFs under hypoxia for 24 h. B Immunoprecipitation analysis of the association between TβR2 
and TβR1 in HSFs under normoxia and in CD9 silence or over-expression HSFs under hypoxia for 24 h. C Western blot was used to detect expression 
of p-Smad2, Smad2, p-Smad3 and Smad3 in HSFs under normoxia and in CD9 silence or over-expression HSFs under hypoxia for 24 h. GAPDH 
was monitored as a gel-loading control. D The p-Smad2/Smad2 and p-Smad3/Smad3 were quantified by relative intensity. The data was shown 
as the mean ± SEM (n = 3). *, p < 0.05 versus Hypoxia + Mock group; #, p < 0.05 versus Hypoxia + Vector group
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study, we found that CD9 was required in wound healing 
for delayed wound healing was observed in a CD9 knock-
ing-down mouse model and reduced CD9 was essen-
tial for epidermal migration (Zhang et  al. 2012; Jiang 
et  al. 2013). However, there is limited research on the 
effects of CD9 on fibroblast to myofibroblast transition 
under hypoxia. In this study, we found that CD9 expres-
sion was upregulated under hypoxia and CD9 induced 
fibroblast to myofibroblast transition, which could be 
reversed by silencing CD9. Consistently, we established 
a wounded mice model, revealing a significant increase 
in CD9 expression in the early hypoxic microenviron-
ment, which further confirmed that CD9 played a piv-
otal role in hypoxia-induced fibroblast-to-myofibroblast 
transition. Targeting the role of CD9 in wound healing, 
we previously found that hypoxia-induced CD9 down-
regulation in keratinocytes contributes to cell migration 
via P38/ MAPK pathway (Jiang et al. 2014). In addition, 
Klein-Soyer et al. and Protty et al. has demonstrated that 
CD9 was involved in the platelet adhesion and migra-
tion of endothelial cells, possibly through collaborative 
interactions with integrins (Klein-Soyer et al. 2000; Protty 
et  al. 2009). Combined with aforementioned research 
results, we speculate that CD9 plays a crucial role not 
only in initiating wound healing under early hypoxia 

microenvironment and but also during the whole process 
of wound healing.

Tetraspanin proteins is widely expressed on the cell 
surface, featuring 4 transmembrane domains, along 
with extracellular and intracellular loops (Hemler 2005; 
Kovalenko et al. 2005). It plays a crucial role in organ-
izing the cell surface molecules by selectively recruiting 
partner proteins into tetraspanin-enriched microdo-
mains, allowing for the assembly of a broad range of 
molecules to amplify their functions (Boucheix et  al. 
1991; Seigneuret et  al. 2001). The association between 
tetraspanins and transmembrane transforming growth 
factors has been discovered, revealing that tetraspa-
nins could directly regulated TGF-α-induced EGFR 
activation and TGF-β/Smads signaling (Wang et  al. 
2015; Lorico et al. 2021). The TGF-β pathway is widely 
acknowledged to play a pivotal role in regulating cell 
proliferation and differentiation, and has been consid-
ered as one of the classical pathways controlling the 
transition of fibroblasts into myofibroblasts (Li et  al. 
2021). In wound healing, The TGF-β/Smad cascade is 
activated when TGF-β1 binding to TβR2 and TβR1, 
phosphorylating cytoplasmic mediators, Smad2 and/
or Smad3 (Chen et  al. 2018; Zi 2019). Subsequently, 
Smad2/3 combine with Smad4 to form a heterotrimeric 

Fig. 6  Schematic diagram of CD9 promoting TβR2–TβR1 association, driving the fibroblasts-to-myofibroblast transition under hypoxia
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complex that translocate into the nucleus and binds to 
a specific sequence (Wang et  al. 2022). In this study, 
we found that hypoxia could activate the TGFβ1 path-
way, as evidenced by higher levels of p-Smad2/3 in both 
in  vitro and vivo. Notably, hypoxia does not affect the 
expression levels of TβR1 and TβR2 in the cell mem-
brane or cytoplasm, but significantly affects their inter-
action. Further studies have confirmed that knocking 
down CD9 under hypoxia reduces the interaction 
between TβR1 and TβR2, as well as higher levels of 
p-Smad2/3, while overexpression of CD9 has the oppo-
site effect. Therefore, we speculate that hypoxia directly 
activates the TGFβ1/Smad pathway by promoting TβR1 
and TβR2 via CD9, thereby mediating the transition of 
fibroblasts into myofibroblasts. Moreover, the level of 
TGF-β1 under normoxia and hypoxia was measured by 
ELISA, and it was found that hypoxia had no significant 
effect on the level of TGF-β1 (Figure S1A). Therefore, 
hypoxia does not cause an increase in the level of TGF-
β1 to generate an autocrine loop. Then, we examined 
the production of TGF-β1 when knocking down or 
overexpressing CD9, and also found that there was still 
no significant difference in the level of TGF-β1 (Figure 
S1C, D). This further supports our conclusion that CD9 
acts directly on TβR1 and TβR2 that phosphorylate 
the intracellular Smad proteins as an organizer under 
hypoxia, which is also consistent with reports in previ-
ous research (Mallikarjuna et al. 2022). Additionally, we 
discovered that hypoxia upregulates CD9 expression in 
human keloid fibroblasts, so further research is neces-
sary to explore if tetraspanins mediate scar formation 
under hypoxic conditions, given the fact that TGF-β1/
Smad pathway promotes scars (Ong et al. 2021).

Overall, we observed that CD9 promotes TβR2–TβR1 
association under hypoxia, which promotes fibroblast 
to myofibroblast transition in both hypoxic HSFs and 
wounded animal models. These results provide a new 
understanding of the role of tetraspanin CD9 in regu-
lating wound healing and the TGF-β1/Smad pathway-
induced transition of fibroblasts to myofibroblasts during 
the initial wound healing phases under physiological 
hypoxia.
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