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Abstract

Background: P311, a highly conserved 8 kDa intracellular protein, has recently been reported

to play an important role in aggravating hypertrophic scaring by promoting the differentiation

and secretion of fibroblasts. Nevertheless, how P311 regulates the differentiation and function

of fibroblasts to affect granulation tissue formation remains unclear. In this work, we studied the

underlying mechanisms via which P311 affects fibroblasts and promotes acute skin wound repair.

Methods: To explore the role of P311, both in vitro and in vivo wound-healing models were

used. Full-thickness skin excisional wounds were made in wild-type and P311−/− C57 adult mice.

Wound healing rate, re-epithelialization, granulation tissue formation and collagen deposition

were measured at days 3, 6 and 9 after skin injury. The biological phenotypes of fibroblasts, the

expression of target proteins and relevant signaling pathways were examined both in vitro and in

vivo.

Results: P311 could promote the proliferation and differentiation of fibroblasts, enhance the ability

of myofibroblasts to secrete extracellular matrix and promote cell contraction, and then facilitate

the formation of granulation tissue and eventually accelerate skin wound closure. Importantly,

we discovered that P311 acts via up-regulating the expression of type II transforming growth

factor-β receptor (TGF-βRII) in fibroblasts and promoting the activation of the TGF-βRII-Smad

signaling pathway. Mechanistically, the mammalian target of rapamycin signaling pathway is

closely implicated in the regulation of the TGF-βRII-Smad pathway in fibroblasts mediated by P311.

Conclusions: P311 plays a critical role in activation of the TGF-βRII-Smad pathway to promote

fibroblast proliferation and differentiation as well as granulation tissue formation in the process

of skin wound repair.
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Highlights

• We demonstrated that P311 could promote the proliferation and differentiation of fibroblasts, enhance the ability of
myofibroblasts to secrete extracellular matrix and promote cell contraction, and then facilitate the formation of granulation
tissue and eventually accelerate skin wound closure.

• P311 promotes TGFβRII-mediated fibroblast activation and granulation tissue formation in wound healing.
• We verify that mammalian target of rapamycin plays a critical role in the regulation of P311-mediated TGFβRII expression

in fibroblasts.

Background

In-depth understanding of the regulatory factors underlying
the skin wound healing process is the basis for developing
effective clinical treatments for wound healing and reducing
the occurrence of refractory wounds [1]. As a key component
of granulation tissue, the migration and proliferation
of fibroblasts and subsequently their differentiation into
myofibroblasts are important cellular biological processes
for the formation and development of granulation tissue [2].
Under the stress conditions of wound, through secreting a
large amount of extracellular matrix and their own strong
contraction ability, myofibroblasts play a pivotal role in
promoting the formation of granulation tissue and ultimately
effective wound healing [3,4]. Mechanistically, the transform-
ing growth factor-β–type II transforming growth factor-β
receptor–Smad (TGF-β-TGF-βRII-Smad) signaling pathway
plays critical roles in controlling fibroblast differentiation and
function, such as contractile ability and collagen secretion [5].

Among the TGF-β superfamily, TGF-β1 is probably the
most abundant isoform elevated in the context of tissue
damage [6]. TGF-β1 initially binds to its receptor type II
(RII), which assembles and then phosphorylates receptor
type I (RI) to activate down-stream Smads [7]. Thus, TGF-
βRII, as a key subunit of the TGF-βR complex, plays a
crucial role in regulating the differentiation of fibroblasts
into myofibroblasts [8].

P311, first reported by Studler et al [9], is a highly con-
served 8 kDa intracellular protein. P311 contains a pro-
line, glutamic acid, serine, and threonine-rich (PEST) domain
that is responsible for its rapid degradation by the ubiq-
uitin–proteasome system, as well as by an unknown met-
alloprotease, resulting in a half-life of ∼5 min [9]. P311
plays a role in nerve and lung regeneration, blood pressure
homeostasis and myofibroblast differentiation [10]. Mice
with P311 deletion showed no remarkable phenotypes in
mice sensory and motor function, while there were signif-
icant alterations in behavioral responses in learning and
memory [11]. Our previous studies, using gene expression
profiling and comparative proteomic analysis, showed that
P311 expression is significantly elevated in human hyper-
trophic scars [12], suggesting that P311 is closely implicated

in regulation of the differentiation and function of fibrob-
lasts to affect skin wound healing. It is known that P311
requires a binding partner to acquire tertiary structure and
function [13]. Previous studies have shown that eukaryotic
translation initiation factor 3 subunit b (eIF3b), a subunit
of the multiple translation initiation factor eIF3, is a direct
binding partner of P311 [13]. P311 binds to eIF3b and the
5′ non-translational region of TGF-β1, TGF-β2 and TGF-
β3 mRNAs concomitantly [14]. By directly promoting the
enrichment of mRNAs in the translation machinery, P311
enhances TGF-β protein levels [15]. However, the underlying
mechanisms by which P311 regulates the differentiation and
function of fibroblasts and subsequently affects granulation
tissue formation and skin wound healing remains largely
unknown.

In this study, we demonstrated that P311 promotes the
differentiation and function of fibroblasts, facilitates the for-
mation of granulation tissue and eventually accelerates skin
wound closure. Mechanistically, P311 is capable of elevating
the expression of TGF-βRII in fibroblasts, resulting in acti-
vation of the TGF-βRII-Smad signaling pathway, a process
that occurs via activation of mammalian target of rapamycin
(mTOR).

Methods

Mice and wound-healing model

All experimental animal protocols were accepted by the
Third Military Medical University’s Animal Experimental
Ethics Committees and carried out according to the Third
Military Medical University guidelines. P311 knockout
mice (P311−/−) (a gift from Prof. Gregory, Department of
Medicine, Duke University, USA) and C57 mice were raised
by the Institute of Experimental Animal Research, Army
Medical University. Three batches of P311−/− and C57
adult mice and newborn mice ≤3 days old were used for
subsequent experiments. According to the previous program
[16], full-thickness skin excisional wounds were incised
dorsally with a sterile circular skin biopsy punch (6 mm
in diameter). The size of wounds were recorded using IPP 6.0
software.
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Immunohistochemistry, immunofluorescence and

hematoxylin and eosin staining analysis

As in our previous research [17], measurement of expression
of the target protein was conducted by immunohistochem-
istry (IHC) and immunofluorescence (IF). The primary anti-
bodies were: anti-vimentin (1:200, abcam, ab92547)), anti-
TGF-β1 (1:200, abcam, ab229856), anti-alpha smooth mus-
cle actin (α-SMA) (1:200, abcam, ab7817), anti-TGF-βRII
(1:200, abcam, ab186838), anti-collagen III (1:200, abcam,
ab6320) and anti-collagen I (1:200, abcam, ab 138 492). The
sections were stained with hematoxylin and eosin (H&E).

Photomicrographs

Fluorescent images were captured by a spinning disk confocal
super-resolution microscope (Olympus SpinSR). The IHC and
H&E images were scanned by a slide scanner (Olympus
Slideview VS200). All images were analyzed with Olympus
confocal software.

Masson, Victoria blue and reticular staining

According to the normal operating conditions and using pro-
cedures from previous research [16,18], Masson’s trichrome
blue (Solarbio, G1340), Victoria blue (Solarbio, G1596) and
modified Gomori (Solarbio, G3535) were used to stain tissue
sections (Solarbio, G1340).

Isolation and identification of fibroblasts

Mice fibroblasts were isolated and identified from newborn
(day 0–3) mice skin, as previously reported [19]. Identi-
fication of the fibroblasts was achieved by flow cytome-
try, stained with the Alexa Fluor® 488 anti-vimentin anti-
body (Abcam, Cambridge, UK). Adenovirus with P311 and
tag (called fibroblastsad-P311) or control vehicle (named
fibroblastsad-NC) was used to infect the spread fibroblasts.
The efficiency of infection was calculated by microscope
and FCAS image of the fluorescent signal. P311 expres-
sion was assessed by real-time polymerase chain reaction
(rtPCR).

Collagen contraction assay

Collagen contraction by fibroblasts was measured by using
a contraction test. Firstly, fibroblasts (1 × 104 cells/ml)
were combined with 1.5 mg/ml neutralized rat tail collagen
solution (2 mg/ml collagen solution and dulbecco’s modified
eagle medium (DMEM) medium in a 3:1 ratio). In 12-
well cell culture plates, 0.5 ml of fibroblast-containing
collagen solution was added and polymerized for 30 min
at 37◦C. The gels were then treated with 0.5 ml of
serum-free cell culture medium for 12 h. The medium
was removed and reconstituted with DMEM cell culture
medium with 10% serum or TGF-β1 (10 ng/ml). Following
3 days of exposure to these conditions, gel contraction was
measured.

Analysis of hydroxyproline content of wound skin

A hydroxyproline assay kit was used to determine the
hydroxyproline level of wound skin (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The procedures
were carried out in accordance with the approved guide-
lines.

Fibroblast proliferation analysis

Following the manufacturer’s recommendations, cell pro-
liferation was measured by using a CCK8 cell counting
kit (Dojindo, Japan). 5-Ethynyl-2′ –deoxyuridine (EdU)
[20] staining was performed with an EDU kit (Beyotime,
China), In brief, the cells were fixed, permeabilized, blocked
and stained with a DAPI solution containing an anti-
fluorescence quencher (Beyotime, China). The fluorescence
signal of fibroblasts was measured under the micro-
scope.

Transwell and scratch wound migration assays in vitro

Transwell chambers (24-well insert, 8 μm, Corning, NY, USA)
were used to test cell migration ability. In the upper compart-
ment, 4 × 104 transfected cells were planted with 300 μl of
serum-free medium. In the lower chamber, 600 μl of DMEM
containing 10% FBS was added. After 24 h of incubation,
the cells that had gone through the bottom membrane were
stained with a 10% crystal violet solution (Sigma, NY, USA).
Under the microscope, the migrating cells were counted. For
scratch wound migration, an artificial wound was generated
in monolayer cells using a 10 μl plastic pipette tip. At 0
and 18 h, the wound closure was photographed under a
microscope. Every experiment was repeated at least three
times.

RNA extraction and rtPCR for gene expression

As in the protocol used in our previous research [17], RNA
was extracted with Trizol (Invitrogen) and rtPCR was car-
ried out. cDNAs were synthesized following DNase diges-
tion (Takara). The diluted cDNAs (1:100) were then used
for rtPCR with SYBR green (Takara). The relative gene
expression was calculated using 2−�Ct = 2−(target Ct−reference Ct). The
primer sequences are available in Supplementary Table S1, see
online supplementary material.

Western blot analysis

Western blot analysis was carried out as described previously
[21, 22]. The antibodies in this study were as follows: anti-
vimentin (1:1000, abcam, ab92547), anti-α-SMA (1:1000,
abcam, ab7817), anti-TGF-βRII (1:1000, abcam, ab186838),
anti-collagen I (1:1000, abcam, 138 492), anti-collagen III
(1:1000, abcam, ab6320), anti-smad2 (1:1000, CST, #5339),
anti-smad3 (1:1000, CST, #9523), anti-smad (phosphor)
(1:1000, CST, #18338,), anti-smad3 (phosphor) (1:1000,
CST, #9520), anti-mTOR (1:1000, CST, #2983), anti-akt
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(1:1000,CST, #4691), anti-PI3K (1:1000, CST, #4249), anti-
p70 S6K (1:1000, CST, #9208), anti-mTOR (phosphor)
(1:1000, CST, #5536), anti-akt (phosphor) (1:1000, CST,
#4060), anti-PI3K (phosphor) (1:1000,CST, # 17366), anti-
p70 S6K (phosphor) (1:1000, CST, #9204, anti-GAPDH
(1:1000, CST, #5174).

Enzyme-linked immunosorbent assay

According to the manufacturer’s instructions, a Quantikine
enzyme-linked immunosorbent assay (ELISA) kit (MB100B;
R&D systems) was used to detect the total amount of collagen
I and collagen III in the cell culture medium by using the
fibroblast culture supernatant.

Statistical analysis

All values are reported as mean ± standard deviation
(SD) unless otherwise stated. One-way or two-way anal-
ysis of variance with Bonferroni correction was used
to assess statistical difference. The graphs were created
by GraphPad Prism 8.0 software. The results are based
on this analysis. Statistically significance was deemed as
p < 0.05.

Results

P311 deficiency results in delayed skin wound repair

To precisely estimate the effects of P311 on wound healing, we
utilized the P311 deletion mice and a murine full-thickness
wound model. First, we found that P311−/− mice showed
significantly delayed wound repair (Figure 1a) compared to
the wild-type (WT) mice. Moreover, we demonstrated that
P311 deficiency also affected the re-epithelialization process
(Figure 1b) and granulation tissue formation (Figure 1c).
Thus, our results demonstrated that retarded granulation
tissue formation is one of the key mechanisms in delayed skin
wound closure in P311−/−mice.

P311 deficiency leads to reduced proliferation and

motility of fibroblasts

Fibroblasts are the main components of granulation tissue.
Here we first investigated the effects of P311 deficiency on
the proliferation and motility of fibroblasts. As shown in
Figure 2a, P311−/− mice had a 3-fold decrease in the number
of vimentin-positive fibroblasts in granulation tissues when
compared with the WT mice at day 6 post-injury, indicating
that P311 deficiency might attenuate the recruitment and
proliferation of fibroblasts. Then, we found that the protein
and mRNA expression of vimentin in WT fibroblasts was
significantly higher than in P311−/− fibroblasts. We also
found that the protein and mRNA expression of vimentin
was significantly higher in P311−/−ad-P311 fibroblasts com-
pared to P311−/−ad-NC fibroblasts with TGF-β1 stimulation
(Figure 2b–d).

Next, the proliferation rate of fibroblasts overall and at
the single-cell level was examined using a cell-counting assay

at optical density (OD) 450 nm and an EdU incorporation
assay, respectively. As shown in Figure 2f, g, overall, P311−/−

fibroblasts have ∼2.7-fold significantly lower viability at
24 h compared with that of WT fibroblasts (Figure 2f).
Similarly, at the single-cell level, 52% of WT fibroblasts
displayed EdU-positive cells compared with ∼37% of
P311−/− fibroblasts (Figure 2g). Collectively, these results
suggest that P311 deficiency can reduce fibroblast prolif-
eration.

To further characterize the role of P311 in promoting cell
mobility, we examined the effect of P311 on the mobility of
fibroblasts by utilizing scratch migration and transwell inva-
sion assays. Compared with WT fibroblasts, P311−/− fibrob-
lasts displayed a 2-fold decrease in cell migration (Figure 2h).
Likewise, the results of the transwell invasion assays also
showed that P311−/− fibroblasts had a 3-fold reduction in cell
invasion (Figure 2i).

Finally, we evaluated the proliferation and motility of
P311−/− fibroblasts with or without P311 gene rescue.
Supplementary Figure S1 (see online supplementary material)
showed successful transfection of P311 adenovirus into
mice fibroblasts. As expected, reconstitution of P311
in P311−/− fibroblasts let to significantly enhanced cell
viability, proliferation, migration and invasion (Figure 2j–m,
respectively) compared with P311−/− fibroblasts with empty
adenovirus transfection. Taken together, these results suggest
that P311 deficiency down-regulates the proliferation and
motility of fibroblasts, which then contributes to retarded
granulation tissue formation and wound healing.

P311 deficiency results in an impaired TGF-βRII-Smad

signaling pathway in fibroblasts

The TGF-β1-TGF-βRII-Smad pathway is a core signaling
transduction axis for regulating the differentiation of
fibroblasts into myofibroblasts and the collagen secretion
and contraction of myofibroblasts [5]. We found a marked
reduction in TGF-β1 and TGF-βRII (Figure 3a and b,
respectively) levels in wound granulation tissue of P311−/−

mice as compared with that of WT animals at days 3 and
6 post-injury. Consistently, we observed a lower level of
TGF-β-RII in P311−/− fibroblasts under basal and TGF-β1
stimulation conditions in comparison with the WT fibroblasts
(Figure 3c, d). Moreover, the activation of Smad2/3 in
P311−/− fibroblasts was significantly weakened (Figure 3e).
These results thus suggest that P311 deficiency results in the
downregulation of the TGF-βRII-Smad signaling pathway in
fibroblasts.

P311 deficiency impairs the differentiation of

fibroblasts into myofibroblasts

Based on the well-established role of the TGFβ-RII-Smad
signaling pathway in fibroblast differentiation [23], we
further investigated the role of P311 in the differentiation of
fibroblasts into myofibroblasts. We found that upon TGF-β1
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Figure 1. P311 deficiency results in delayed skin wound repair. (a) Representative wound images (left panel) and quantification of wound area (right panel) in

WT and P311−/− groups. (b) Wound re-epithelialization was examined utilizing hematoxylin and eosin (H&E) staining. Representative images (right panel) in

WT and P311−/− groups and the length (red line) and thickness (yellow arrows) of the neo-epithelial tongue (left panel) are shown. Scale bar = 200, 50 μm.

(c) Granulation tissue formation in wound tissue was examined utilizing H&E in WT and P311−/− groups staining. Representative images (right panel) and the

area (yellow lines) and thickness (red arrows) of granulation tissues (right panel) are shown. Scale bar = 500 μm. Mean ± standard deviation, n = 3. (∗∗p < 0.01;
∗∗∗p < 0.001; ns not significant), WT wild type

stimulation, P311−/− fibroblasts failed to increase the
expression of α-SMA, a myofibroblast marker, at both
protein and mRNA levels compared with WT fibroblasts
(Figure 4a, b). Importantly, considerably poorer differentia-
tion of P311−/−fibroblasts into α-SMA-positive myofibrob-
lasts (Figure 4c) resulted in significantly weaker contractility
of P311−/− fibroblasts (Figure 4d). Consistently, we observed
significantly reduced levels of α-SMA and the number of
α-SMA-positive myofibroblasts in wound tissues of the
P311−/− mice at day 6 post-wounding in comparison with
the WT mice (Figure 4e–h). These data collectively suggest
that dysfunction of P311−/− fibroblasts in differentiating into
myofibroblasts might be an important mechanism for the
reduced healing ability of the P311−/− mice.

P311 deficiency results in significantly decreased

collagen secretion by myofibroblasts and collagen

deposition in wound granulation tissues

Collagen deposition in skin wound healing is a key
determinant of granulation tissue formation [22]. To clarify
whether P311 deficiency could result in reduced collagen
secretion from myofibroblasts, we found that the production
of collagen I and collagen III was significantly reduced at
both mRNA and protein levels in TGF-β1-induced P311−/−

myofibroblasts in vitro in comparison to WT myofibroblasts
(Figure 5a–d).

Moreover, we further evaluated the content of total col-
lagen (represented as the content of hydroxyproline) and
several different types of fiber deposition in wound tissues
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at days 3, 6 and 9 post-injury in vivo. The results showed
a significantly decreased content of total collagen, collagen
I, collagen III, collagen fibers and elastic fibers (Figure 5e–i,
respectively) in P311−/− mice in comparison with WT mice.
In contrast, we observed an opposite trend for the level of
reticular fibers in wound tissues on day 3 after skin injury
(Figure 5j). Collectively, these results suggest that P311 defi-
ciency reduces the collagen secretion of myofibroblasts, which
leads to disordered collagen deposition in wound tissue of
P311−/− animals.

P311 reconstitution restores myofibroblast

differentiation and collagen secretion mediated by the

TGF-βRII-Smad signaling pathway in P311 −/−

fibroblasts

So far, we have demonstrated that P311−/− fibroblasts
exhibit a weakened activation of the TGF-β-RII-Smad
signaling pathway, resulting in dysfunctional differentiation
and collagen secretion of myofibroblasts. In order to
confirm the function of P311, we reconstituted P311 gene
expression in the P311−/− fibroblasts and re-examined the

Figure 2. P311 deficiency leads to reduced proliferation and motility of fibroblasts. (a) Representative confocal image for vimentin-positive fibroblasts in wild

type (WT) and P311−/− groups. The numbers of fibroblasts per view field were counted and analyzed, respectively. Scale bar = 50 μm. (b–c) Representative

western blot (WB) and mRNA expression of vimentin in WT and P311−/− fibroblasts with or without transforming growth factor-β1 (TGF-β1) stimulation. (d–e)

Representative WB and mRNA expression of vimentin in P311−/− fibroblasts with P311 encoding adenovirus transfection and P311−/− fibroblasts with empty

adenovirus transfection and with or without TGF-β1 stimulation. (f, h) Cell proliferation of primary fibroblasts freshly isolated from WT and P311−/− mice skin

was estimated by cell counting kit (CCK8) and 5-ethynyl-2′ -deoxyuridine (EdU) assays. (g, i) Cell motility of WT and P311−/− fibroblasts evaluated utilizing

scratch and transwell assays. (j, l) Cell proliferation of P311−/−ad-NC (fibroblasts of P311−/− transfected with no-load adenovirus) and P311−/−ad-P311 fibroblasts

(fibroblasts of P311−/− transfected with P311 adenovirus) was estimated by CCK8 and EdU assays. Scale bar = 200 μm. (k, m) Cell motility of P311−/−ad-NC

and P311−/−ad-P311 fibroblasts was evaluated utilizing scratch and transwell assays. Scale bar = 200 μm. Mean ± standard deviation, n = 3. (∗p < 0.05, ∗∗p < 0.01;
∗∗∗p < 0.001; ns not significant)
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Figure 2. Continued

above-mentioned changes. The results showed that P311
reconstitution could significantly elevate the expression
of TGF-β-RII (Figure 6a, b), enhance the activation of
Smad2/3 signal (Figure 6c), increase the production of α-
SMA (Figure 6d), the differentiation into myofibroblasts
(Figure 6e), cell contraction (Figure 6f) and collagen secretion
(Figure 6g, h) of P311−/− fibroblasts. Collectively, these
results demonstrate that through down-regulating the

TGF-βRII-Smad signaling pathway, P311 plays a critical role
in myofibroblasts differentiation, cell contraction, collagen
secretion and eventually wound healing.

mTOR is involved in the regulatory role of P311 in the

activation of the TGF-βRII-Smad signaling pathway

At present, the mechanisms underlying the decreased
expression of TGF-βRII in P311−/− fibroblasts are still
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Figure 3. P311 deficiency leads to an impaired TGF-βRII-Smad signaling pathway in fibroblasts. (a, b) The expression of transforming growth factor-β1

(TGF-β1) and type II transforming growth factor-β receptor (TGF-βRII) in wound granulation tissues of wild type and P311−/− animals were examined by

immunohistochemistry (IHC) assays at days 3 and 6 post-injury. Representative images of granulation tissues are shown and the optical density (OD) values were

analyzed (below). Scale bar = 20 μm. (c, d) Representative western blot (WB) and confocal images of TGF-βRII in fibroblasts with or without TGF-β1 co-incubation

for 24 h are shown in control and treatment groups and the OD/mean fluorescence intensity (MFI) value of TGF-βRII was statistically analyzed (below). Scale

bar = 50 μm. (e) Activation of the Smad2/3signaling pathway in WT and P311−/− fibroblasts with or without TGF-β1 stimulation for 0, 15, 30 and 60 min was

detected by WB. Representative WB images for the Smad signaling pathway are shown, and the OD ratio of phosphorylated and total proteins was statistically

analyzed. Mean ± standard deviation, n = 3. (∗∗p < 0.01; ∗∗∗p < 0.001; ns not significant)

unknown. Since the mTOR signaling pathway plays a critical
role in protein synthesis via controlling initiation of protein
translation [24], it is reasonable to assume that the mTOR
signaling pathway would be involved in the regulatory
role of P311 in the expression of TGF-βRII. To test this
hypothesis, we firstly evaluated the relationship between
P311 and the activation of the mTOR signaling pathway in
fibroblasts in vitro. As expected, the activation of the mTOR
signaling pathway in P311−/− fibroblasts was significantly
weakened as compared with that in WT fibroblasts, and
P311 reconstitution partially restored the activation of the
mTOR signaling pathway (Figure 7a). Next, the effect of
the mTOR signaling pathway on P311-mediated activation

of the TGF-βRII-Smad signaling pathway was evaluated
by comparative analysis of fibroblasts with or without
treatment with rapamycin, a specific mTOR inhibitor. As
shown in Figure 7b, rapamycin fibroblasts. Importantly,
the difference in TGF-βRII expression between WT and
P311−/− fibroblasts was significantly reduced after rapamycin
treatment (Figure 7b). Correspondingly, the activation of
Smad2/3 in both WT and P311−/− fibroblasts upon TGF-
β1 stimulation was significantly attenuated with rapamycin,
and the difference in Smad2/3 activation between WT and
P311−/− fibroblasts was eliminated after rapamycin treatment
(Figure 7c). Thus, these results suggest that mTOR signaling
is involved in regulating the P311-mediated activation of the
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Figure 4. P311 deficiency brought about impaired differentiation of fibroblasts into myofibroblasts. (a, b) After 24 hours of co-incubation with or without

transforming growth factor-1β (TGF-1β) in wild type (WT) and P311−/− fibroblasts, representative western blot (WB) images and real time polymerase chain

reaction (rtPCR) analysis of α-smooth muscle actin (α-SMA) are shown and statistically analyzed. (c) A representative confocal image of vimentin+α-SMA+
myofibroblasts with or without TGF-β1 co-incubation is shown and was statistically analyzed. Scale bar = 50 μm. (d) Representative cell contraction images

of WT and P311−/− fibroblasts with TGF-β1 stimulation at days 0 and 3 are shown and were analyzed. Scale bar = 50 μm. (e, f) Immunohistochemical and

immunofluorescence staining for α-SMA (red arrow) at days 3 and 6 after skin injury in WT and P311−/− mice is shown and was statistically analyzed. Scale bar

= 200 μm. (g) Representative fluorescence activated cell sorter (FACS) images of vimentin+α-SMA+ myofibroblasts in WT and P311−/− mice at days 3 and 6

are shown and were statistically analyzed. (h) Representative WB images of α-SMA in wound tissues of WT and P311−/− mice at day 6 post-wounding; the OD

value of α-SMA was statistically analyzed. Mean ± standard deviation, n = 3. (∗p < 0.05, ∗∗p < 0.01; ∗∗∗p < 0.001; ns not significant)

TGF-βRII-Smad signaling pathway. Furthermore, we also
found that inhibition of mTOR by rapamycin significantly
decreased the expression of α-SMA and collagen I/III in
both WT and P311−/− fibroblasts (Figure 7d). Consistently,
the difference in α-SMA and collagen I/III expression
between WT and P311−/− fibroblasts was significantly
reduced after rapamycin treatment (Figure 7d). Together,
these results reveal that the mTOR signaling pathway plays an
important role in the regulation of TGF-βRII expression and
downstream events including the TGF-βRII-Smad signaling
pathway and myofibroblast differentiation and function.

Discussion

The formation of granulation tissue is a critical process for
skin wound healing. The activation, proliferation, differenti-
ation and collagen secretion of fibroblasts are essential for
the formation and development of granulation tissue in the

process of skin wound repair [2]. P311, as we have previ-
ously reported, plays an important role in promoting wound
healing and post-healing fibrosis [25]. It has been reported
that P311 stimulates the translation of TGFβ1 mRNA and
integrin β1 recycling in wound healing [26], since P311
interacts with filamin A and MYH9; while the former is an
interconnecting protein between F-actin and integrin β1, the
latter is responsible for integrin β1 recycling with F-actin,
which is stimulated by the RAC1 pathway [27]. Neverthe-
less, the exact role of P311 in skin wound healing remains
unknown. In this study, we demonstrate that P311 is capable
of promoting activation, proliferation, differentiation and
collagen secretion of fibroblasts and facilitates granulation
tissue formation and wound closure by enhancing activation
of the TGF-β1-TGF-βRII-Smad signaling axis.

It is commonly known that fibroblasts are the core effector
cells leading to tissue fibrosis [25]. Moreover, P311 could
promote fibroblasts to differentiate into myofibroblasts and

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkac027/6760124 by guest on 14 O
ctober 2026



10 Burns & Trauma, 2022, Vol. 10, tkac027

Figure 5. P311 deficiency resulted in significantly decreased collagen secretion by myofibroblasts and collagen deposition in wound granulation tissues. With

or without transforming growth factor-β1 (TGF-β1)-stimulation for 24 h, (a) the content of collagen I and collagen III were examined using enzyme-linked

immunosorbent assay in WT and P311−/− groups (ELISA); (b) representative western blot (WB) images of collagen I and collagen III in wild type (WT) and

P311−/− primary fibroblasts; the optical density value was statistically analyzed; (c) representative confocal images of collagen I and collagen III in WT and

P311−/− primary fibroblasts; the mean fluorescence intensity (MFI) value was statistically analyzed; scale bar = 50 μm. (d) mRNA expression of collagen I and

collagen III in WT and P311−/− primary fibroblasts was detected by rtPCR. The supernatant of wound tissue extract at day 6 post-injury was applied for identifying

the content of hydroxyproline (e), collagen I (f) and collagen III (g) by ELISA in WT and P311−/− groups. The contents of collagen fibers (h), elastic fibers (i) and

reticular fibers (j) in wound granulation tissues in WT and P311−/− mice were determined by Masson and Weigert Elastic Fiber Dyeing Solution, modified Gomori

staining, and analyzed, respectively. Scale bar = 200 μm. Mean ± standard deviation, n = 3. (∗p < 0.05, ∗∗p < 0.01; ∗∗∗p < 0.001; ns not significant)

aggravate hypertrophic scaring [28]. Meanwhile, P311 has
been recently shown to play a positive role in accelerating skin
wound repair by promoting epidermal stem cell migration
and angiogenesis [4,25]. Nevertheless, whether and how P311
regulates fibroblasts to affect wound healing remains unclear.
In this study, we systemically investigated the effects of P311
on fibroblast proliferation, differentiation and secretion of
fibroblasts, as well as on the formation of granulation tissue
in the context of skin wound closure. Here we found that
P311−/− fibroblasts in vitro displayed markedly weakened
migration and proliferation ability, impaired differentiation
into myofibroblasts and dramatically reduced collagen secre-
tion and cell contraction capacity, all of which could be
restored by reconstitution of the P311 gene. Importantly,

for the first time we demonstrated that the number of both
fibroblasts and myofibroblasts and the content of collagen
and fiber in wound tissue were dramatically decreased in
P311−/− mice compared to WT animals, resulting in retarded
formation of granulation tissues and wound healing. Our
results thus suggest that a positive regulatory role of P311
in fibroblasts is beneficial to skin wound healing.

The TGF-β-TGF-βR-Smad signaling axis is known to play
a pivotal role in regulating the activation, proliferation, dif-
ferentiation and secretion of fibroblasts [23]. Previous studies
have shown that P311 promotes the expression of TGF-β
and the activation of Smad signaling to participate in the
regulation of biological functions in a variety of cells [23].
For instance, forced P311 expression significantly elevated the
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Figure 6. Forced P311 expression restores a weakened TGF-βRII-Smad–myofibroblast differentiation–collagen secretion axis of P311−/− fibroblasts. With or

without transforming growth factor-β1 (TGF-β1) stimulation for 24 h, (a) representative western blot (WB), and (b) confocal images of type II transforming

growth factor-β receptor (TGF-βRII) (left) and corresponding statistical analysis (right). Representative WB images of Smad2/3 and p-Smad2/3 in fibroblasts

after stimulation for 15 min (c) and α-smooth muscle actin (α-SMA) after 24 h (d) in P311−/−ad-NC (fibroblasts of P311−/− transfected with no-load adenovirus)

and P311−/−ad-P311 (fibroblasts of P311−/− transfected with P311 adenovirus), with quantification shown on the right. (e) Representative confocal image of

vimentin+α -SMA+ myofibroblasts with or without TGF-β 1 co-incubation is shown in P311−/−ad-NC and P311−/−ad-P311 groups, and was statistically analyzed.

(f) Representative cell contraction images of P311−/−ad-NC and P311−/−ad-P311 with TGF-β1 stimulation at days 0 and 3 are shown and were analyzed. (g)

Representative enzyme-linked immunosorbent assay (ELISA) analysis and (h) WB images of collagen III and collagen I P311−/−ad-NC and P311−/−ad-P311 at

24 h after TGF-β1 stimulation; the OD values of collagen III and collagen I were statistically analyzed. Mean ± standard deviation, n = 3 independent biological

replicates. (∗p < 0.05, ∗∗p < 0.01; ∗∗∗p < 0.001; ns not significant)

TGF-β protein level, TGF-βR I/II mRNA level and activation
of Smad signaling [17]. In this study, we found that P311−/−

fibroblasts exhibited a markedly weakened activation of the
TGF-βR-Smad pathway upon TGF-β1 stimulation in vitro,
which was restored by reconstitution of the P311 gene. Thus,
it is believed that P311 up-regulates TGF-βRII to strengthen
the activation of the TGF-βRII-Smad pathway in fibroblasts
and ultimately impacts a series of downstream events to
facilitate wound healing.

mTOR is a conserved serine/threonine-protein kinase that
is composed of two structurally and functionally distinct
multiprotein complexes, mTOR complex 1 (mTORC1) and
mTOR complex 2 [29]. mTORC1 is rapamycin-sensitive
and mediates temporal control of cell growth by regulating
several cellular processes, including translation, transcription,
ribosome biogenesis, nutrient transport and autophagy [30].

Currently, there is increasing evidence indicating that the
mTOR signaling pathway plays a crucial role in skin wound
repair [31,32]. For example, the mTOR signaling pathway
was up-regulated in wound healing, whereas pharmacological
inhibition of mTOR with rapamycin delayed wound closure
[33,34]. This pathway was also attenuated in diabetic
patients with impaired wound healing, while activation
of the PI3K-AKT signaling pathway upstream of mTOR
improved the wound healing of diabetic animals [35].
Moreover, continuous activation of the mTOR signaling
pathway has been considered to be an important cause
of tissue fibrosis after injury, and the application of
mTOR inhibitors can significantly relieve tissue fibrosis
[36]. Given that mTORC1 phosphorylates and controls
the translation of protein [30], it is reasonable to assume
that activation of the mTORC1 signaling pathway may
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promote the expression of TGF-βRII protein in fibroblasts.
To verify this hypothesis, we firstly tested the effect of
P311 on the activation of the mTOR signaling pathway.
P311−/− fibroblasts exhibited lower activation of the mTOR

signaling pathway than WT fibroblasts, which could be
restored by reconstitution of the P311 gene. Moreover,
with mTOR inhibitor rapamycin treatment, the TGF-βRII
expression difference between WT and P311−/− fibroblasts

Figure 7. The mTOR pathway is significantly reduced the TGF-βRII expression level in both WT and P311−/− deeply involved in the regulation of P311 in the

activation of the TGF-βRII-Smad signaling pathway. (a) Representative western blot (WB) images of mammalian target of rapamycin (mTOR) pathway expression

from WT, P311−/−ad-P311 (fibroblasts of P311−/− transfected with P311 adenovirus) and P311−/− fibroblasts are shown (left), and the optical density value of protein

was statistically analyzed. The expression of the (b) TGF-βRII, (c) TGF-β1-Smads (Smad2/3) signaling pathway and (d) α-SMA, collagen I, collagen III in fibroblasts

with and without rapamycin (5 nM) treatment for 15 min in the presence of TGF-β1 stimulation was evaluated using WB (left); the corresponding analysis is

shown. Mean ± standard deviation, n = 3 independent biological replicates. (∗∗p < 0.01; ∗∗∗p < 0.001). WT wild type, TGF-βRII type II transforming growth factor-β

receptor mediated, α-SMA α-smooth muscle actin, TGF-β transforming growth factor-β
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Figure 7. Continued

was almost eliminated. Overall, we demonstrated the critical
role of mTOR in the regulation of P311 in TGF-βRII
expression of fibroblasts. The whole process is summarized
in Figure 8.

P311 has recently been proved to promote angiogenesis
[4], via which P311 may improve the speed and quality of
granulation tissue formation to promote skin wound healing.
Thus, targeting the P311-regualted angiogenesis process

might provide a new opportunity in developing therapeutics
for wound healing. Therefore, P311 might become a potential
target for the development of therapeutic agents for the
treatment of refractory wounds and hypertrophic scars.
Here a key question remains: what is the underlying
molecular mechanism regulating P311 expression? P311
is an easily degraded 8 kDa protein, which makes the
detection of this protein technically difficult. However, our
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Figure 8. Effect of P311 in promoting the proliferation and secretion of fibroblasts to facilitate granulation tissue formation and wound healing by activating the

TGF-βRII-Smad pathway. TGF-βRII type II transforming growth factor-β receptor mediated, α-SMA α-smooth muscle actin, TGF-β Transforming growth factor-β,

ECM extracellular matrix

recently unpublished data demonstrated that P311, similar
to hypoxia-inducible factor-1α (HIF-1α), can be produced in
large quantities under hypoxic conditions (data not shown).
This will greatly facilitate future study on the mechanism of
regulation of P311 expression. Another important question is
about the precise mechanisms underlying the regulatory effect
of P311 on the activation of the mTOR pathway. Although
our study has revealed that P311 can promote the mTOR

signal, the specific target molecule via which P311 interacts
to modulate the mTOR signal needs to be further clarified.

Conclusions

In conclusion, our present data demonstrate that P311 plays a
critical role in the activation of the TGF-βRII-Smad pathway
to promote fibroblast proliferation and differentiation,
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as well as to enhance granulation tissue formation in
the process of skin wound repair. Mechanistically, the
mTOR signaling pathway is closely implicated in the P311-
mediated regulation of the TGF-βRII-Smad pathway in
fibroblasts.

Supplementary data

Supplementary data is available at Burns & Trauma Journal online.
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