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Transition of autophagy and apoptosis in fibroblasts depends on
dominant expression of HIF-1α or p53
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Abstract: It has been revealed that hypoxia is dynamic in hypertrophic scars; therefore, we considered that it may have different
effects on hypoxia-inducible factor-1α (HIF-1α) and p53 expression. Herein, we aimed to confirm the presence of a teeterboard-like

conversion between HIF-1α and p53, which is correlated with scar formation and regression. Thus, we obtained samples of normal
skin and hypertrophic scars to identify the differences in HIF-1α and autophagy using immunohistochemistry and transmission
electron microscopy. In addition, we used moderate hypoxia in vitro to simulate the proliferative scar, and silenced HIF-1α or p53
gene expression or triggered overexpression to investigate the changes of HIF-1α and p53 expression, autophagy, apoptosis, and
cell proliferation under this condition. HIF-1α, p53, and autophagy-related proteins were assayed using western blotting
and immunofluorescence, whereas apoptosis was detected using flow cytometry analysis, and cell proliferation was detected using
cell counting kit-8 (CCK-8) and 5-bromo-2'-deoxyuridine (BrdU) staining. Furthermore, immunoprecipitation was performed to
verify the binding of HIF-1α and p53 to transcription cofactor p300. Our results demonstrated that, in scar tissue, HIF-1α
expression increased in parallel with autophagosome formation. Under hypoxia, HIF-1α expression and autophagy were upregulated,
whereas p53 expression and apoptosis were downregulated in vitro. HIF-1α knockdown downregulated autophagy, proliferation,
and p300-bound HIF-1α, and upregulated p53 expression, apoptosis, and p300-bound p53. Meanwhile, p53 knockdown induced the
opposite effects and enhanced HIF-1α, whereas p53 overexpression resulted in the same effects and reduced HIF-1α. Our results
suggest a teeterboard-like conversion between HIF-1α and p53, which is linked with scar hyperplasia and regression.
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1 Introduction

Hypertrophic scars (HSs), the most common
complication of abnormal healing after burns and
thermal injuries, are characterized by excessive fibro‐
blast proliferation and collagen production that lead to
severe cosmetic and functional impairment (Gauglitz
et al., 2011; van den Broek et al., 2014; Finnerty et al.,
2016; Chen et al., 2021).

During scar progression, extensive microvessels
are formed at the hyperplasia stage, most of which
later become partially or totally occluded, resulting in

dynamic hypoxia in scar tissue. This was reported as
moderate during the proliferative stage, but severe
during the regression stage (Zheng et al., 2014; Dong
et al., 2016; Qing et al., 2016). Although the fibro‐
blast characteristics are dynamic (Qing et al., 2016),
the mechanism by which dynamic hypoxia regulates
fibroblasts and scar formation is poorly understood.

In recent years, cell survival and death were
considered to be correlated with autophagy and apop‐
tosis under a hypoxic environment. Autophagy is a
conserved catabolic process of cells, during which
double-membrane autophagosomes deliver cytoplasmic
contents to lysosomes for degradation. The structures
for degradation include misfolded proteins, damaged
and dysfunctional organelles, and lipids, and the
degraded products are utilized by cells for survival.
The inhibition of cell autophagy induces apoptosis;
therefore, autophagy is essential for maintaining homeo‐
stasis, and to prevent the development of pathological
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states such as neurodegenerative disease, cancer, and
ageing (Levine and Kroemer, 2019).

Hypoxia likely regulates autophagy through the
hypoxia-inducible factor-1 (HIF-1) (Xia et al., 2015;
Wang et al., 2018; Deng et al., 2020). It is a hypoxia-
responsive heterodimeric transcription factor that binds
to hypoxia response elements and triggers the expres‐
sion of genes controlling various cellular functions
(Ratcliffe et al., 1998; Ivan et al., 2001; Jaakkola et al.,
2001), including metabolism, survival, proliferation, and
autophagy (Harris, 2002). The expression of HIF-1α
is upregulated in HS fibroblasts (Wu et al., 2018).
During HS regression, HIF-1α expression is reduced
along with increased p53 expression and cell apoptosis
(Lynam et al., 2015; Dong et al., 2016).

Under normal conditions, cell apoptosis is con‐
trolled by p53 expression (Nuñez-Hernandez et al.,
2018). Low levels of p53 are expressed under normoxia
and p53 is stably expressed during severe hypoxia
(Shieh et al., 1997; Zhang and Xiong, 2001). The
overexpression of p53 inhibits HSs by downregu‐
lating fibroblast proliferation and collagen deposition
(Liang et al., 2021).

The above evidence suggests that, during scar
formation and regression, dynamic hypoxia has dif‐
ferent effects on the expression of HIF-1α and p53.
Therefore, in this study, we aimed to investigate the
presence of a teeterboard-like conversion between HIF-
1α and p53, which is likely correlated with fibro‐
blast autophagy and apoptosis, ultimately causing
scar formation and regression. In addition, we analyzed
the possible internal factors that link HIF-1α and p53
and regulate their expression. We obtained samples of
normal skin and HSs to determine differences in HIF-
1α and autophagy. In addition, we used moderate
hypoxia in vitro to simulate proliferative scars and
silenced HIF-1α or p53 expression, or triggered overex‐
pression to investigate the changes of HIF-1α and p53
expression, autophagy, apoptosis, and cell proliferation.

2 Materials and methods

2.1 Clinical samples

Sections of HSs in the proliferative stage and
normal skin were obtained from the operating room
of the Burn Department of Ruijin Hospital affiliated
to Shanghai Jiao Tong University School of Medicine,

Shanghai, China. Six patients (three males and three
females) aged 20 to 56 years with burn-related HSs
(6–12 months after wound healing) on their upper
limbs were recruited for this study, and keloids were
excluded. The control tissues were the discarded
normal skin trimmed off during the skin transplantation
operation.

2.2 Transmission electron microscopy (TEM)

Samples of HSs and normal skin were cut into
about 1-mm3 cubes. The specimens were fixed with
2.5% (volume fraction) glutaraldehyde followed by
1% (volume fraction) OsO4, placed on ice, and stored
at 4 ℃. Next, the samples underwent serial dehydra‐
tion, soaking, embedding in epoxy resin, and section‐
ing into ultrathin 60-nm sections. These were stained
with a solution of uranyl acetate and lead citrate,
and a transmission electron microscope (Hitachi 500,
Hitachi, Ltd., Tokyo, Japan) was used at a voltage of
75 kV to observe the microstructural changes in fibro‐
blasts within the tissues. The area of autophagic ves‐
icles was calculated using ImageJ software (Schneider
et al., 2012), and the ratios of total area of autophagic
vesicles and cytoplasmic area (cell area minus nuclear
area) were then determined. Three samples were
included in each group, and three fields were taken
for each sample.

2.3 Immunohistochemistry (IHC)

The normal skin and HS samples were embedded
in paraffin, sectioned, dewaxed, subjected to antigen
retrieval, ruptured, sealed with 3% (volume fraction)
bovine serum albumin (BSA) for 30 min, and placed
in a humid box with HIF-1α primary antibody (1:50
(volume ratio), NB100-105, Novus Biologicals Inc.,
Littleton, CO, USA) at room temperature for over‐
night incubation. Next, they were incubated with
the secondary antibody for 50 min and developed by
3,3'-diaminobenzidine tetrahydrochloride (DAB, brown
positive staining). The nuclei were counterstained by
haematoxylin and finally dehydrated and mounted.
Subsequently, they were observed under a microscope
(Axiovert 200, Zeiss, Germany) with 200× magnifica‐
tion and imaged. The percentage of positive cells
was calculated using ImageJ’s Trainable Weka Segmen‐
tation plug-in. The sample size of each group was
five and five fields were randomly selected for each
sample.
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2.4 Cell culture

Human dermal fibroblasts (HDFs; Cat. No. 2320;
Shanghai Zhong Qiao Xin Zhou Biotechnology Co.,
Ltd., Shanghai, China) were incubated in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) supple‐
mented with 10% (volume fraction) fetal bovine serum
(FBS) and 1% (volume fraction) antibiotics at 37 ℃
under a humidified 5% CO2 atmosphere. The HDFs
were treated in DMEM under 5% O2/5% CO2 at 37 ℃
to simulate moderate hypoxia (Dong et al., 2016), and
then assayed after 0, 6, 12, 24, and 48 h.

2.5 Lentiviral vector construction and transfection

Lentiviral short hairpin RNA HIF-1α (sh-HIF-1α)
and sh-p53, as well as p53 overexpression (p53OE)
vectors, were constructed and packaged (Jikai Gene,
Shanghai, China), and then transfected into about 30%
confluent HDFs for 16 h. The medium was replaced,
and the transfection efficiency was visualized by
microscopy after 72 h as green fluorescence protein.
The transfected HDFs were then cultured and screened
in DMEM containing puromycin. Levels of HIF-1α
and p53 were detected using quantitative real-time
polymerase chain reaction (qRT-PCR) and western
blotting. The changes in autophagy, apoptosis, and
proliferation of transfected HDFs were assayed after
treatment under moderate hypoxia for 48 h.

2.6 Cell proliferation assay

The cell proliferation assay procedure is described
below. HDFs (2×103 cells/well) were inoculated into
the 96-well plates. The original medium was replaced
after 24 h with the same medium containing 5% FBS,
and the cells were incubated at 37 ℃ under a 5% O2/
5% CO2 atmosphere for 0, 24, and 48 h, followed by
the cell counting kit-8 (CCK-8) reagent for 2 h at
37 ℃. Absorbance at 450 nm was measured using an
Epoch Ultra Microplate Spectrophotometer (Agilent
Technologies Inc., Santa Clara, CA, USA). Transfected
HDFs (4×103 cells/well) were inoculated into Millicell®

EZ slides (PEZGS0816, Millipore Sigma Co., Ltd.,
Burlington, MA, USA). After 24 h, the original me‐
dium was replaced with medium containing 5% FBS
and 5-bromo-2'-deoxyuridine (BrdU) at a final concen‐
tration of 1 mg/mL. Subsequently, the cells were incu‐
bated at 37 ℃ under a 5% O2/5% CO2 atmosphere for
48 h, then fixed, denatured, and neutralized, and the
nonspecific protein binding was blocked. Next, the

cells were incubated with an anti-BrdU primary anti‐
body (1: 250 (volume ratio), ab6326, Abcam, Cam‐
bridge, UK) overnight at 4 ℃, washed three times
with phosphate-buffered saline (PBS), and incu‐
bated with a secondary antibody (1:1000, A21434,
Thermo Fisher Scientific Inc., Waltham, MA, USA)
for 1 h at room temperature in the dark and washed
three times with PBS. Thereafter, nuclei were stained
with diisopropanolamine (DIPA)-containing anti-
fluorescence quencher (36308ES20, Yeasen, Shanghai,
China), and the cells were visualized using a fluo‐
rescence microscope (200× magnification; Axiovert
200, Zeiss, Germany). The ratio of BrdU-positive
cells was counted. The sample size of each group
was three, whereas eight fields were selected for each
sample.

2.7 Western blotting

The HDF samples treated with different periods
of hypoxia, and sh-HIF-1α, sh-p53, p53OE, and the
corresponding negative control HDFs treated with
hypoxia for 48 h were used for western blot (n=3 per
group). The levels of autophagy-related proteins (light
chain 3 (LC3), Beclin-1, p62), HIF-1α, p53, type III
collagen, p300, and β-actin in HDFs were detected by
western blotting as follows. Briefly, total protein
(25 µg) from each sample was separated on 4%‒12%
Precast Gel (180-8008H, Tanon Science and Tech‐
nology Co., Shanghai, China) and transferred onto
polyvinylidene difluoride (PVDF) membranes. After
blocking nonspecific protein binding on the PVDF
membranes in 5% (0.05 g/mL) skimmed milk for 1 h,
the membranes were incubated with primary antibodies
against LC3 (1:1000, ab51520, Abcam), Beclin-1
(1:1000, ab62557, Abcam), p62 (1: 1000, ab56416,
Abcam), HIF-1α (1:500, NB100-105, Novus), p53
(1:1000, 2527S, Cell Signaling Technology Inc.,
Boston, MA, USA), collagen III (1:1000, 22734-1-AP,
Proteintech, Wuhan, China), and β -actin (1:5000,
66009-1-Ig, Proteintech) at 4 ℃ overnight, followed
by secondary antibodies for 1 h at room temperature.
The signals were visualized using ECL substrate
(Millipore Sigma) and the model 4600 enhanced
chemiluminescence system (Tanon). The protein band
intensity was determined using ImageJ software
through the freehand tool, the protein levels were
standardized against β-actin, and the data were normal‐
ized to the control group.
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2.8 qRT-PCR

We extracted RNA from HDFs using TRIzol
reagent (Invitrogen, USA) as instructed by the manu‐
facturer. Complementary DNA (cDNA) was synthe‐
sized using ReverTra AceTM qPCR RT Kits (FSQ-
101, Toyobo Co., Ltd., Osaka, Japan), and qRT-
PCR amplification was performed using SYBR Green
Realtime PCR Master Mix (QPK-201, Toyobo) in
the Applied BiosystemsTM 7500 Fast Real-time PCR
System (Thermo Fisher). The forward and reverse
synthesized PCR primers (Sangon Biotech Co.,
Ltd., Shanghai, China) were respectively as follows
(5'→3'): p53, GAGGTTGGCTCTGACTGTACC and
TCCGTCCCAGTAGATTACCAC; HIF-1α, GAA
CGTCGAAAAGAAAAGTCTCG and CCTTATCA
AGATGCGAACTCACA; β-actin, CTGTCCCTGTA
TGCCTCTG and ACTCACCATGCTGTGCTGGTTC.
The level of messenger RNA (mRNA) expression was
standardized based on β-actin expression, and target
gene expression was determined relative to the expres‐
sion in the control using the 2-ΔΔCT method.

2.9 Flow cytometry of cell apoptosis

The apoptosis rate was determined by flow cyto-
metry using the Annexin-V-allophycocyanin (APC)
apoptosis detection kit (BD Biosciences, San Jose, CA,
USA). HDFs were seeded in six-well plates, which
were left to stand overnight, the medium was replaced
with one containing 5% FBS, and cells were cultured
for 0, 6, 12, 24, and 48 h in 5% O2. Transfected HDFs
were cultured under moderate hypoxia for 48 h,
digested with 0.25% (2.5 g/L) trypsin, and pelleted
using centrifugation at 1500 r/min for 5 min. The cells
were then incubated with Annexin-V-APC in the dark
for 15 min, and 7-amino-actinomycin D (7-AAD) or
propidium iodide (PI) was added to each sample before
assessment using a CytoFlex S flow cytometer (Beck‐
man Coulter Inc., Brea, CA, USA). The results were
analyzed using FlowJoTM software (BD Biosciences).

2.10 Immunofluorescence staining and confocal
microscopy

Transfected HDFs were inoculated into Millicell
EZ slides (4×103 cells/well). The original medium was
replaced with fresh medium containing 5% FBS, and
the cells were incubated at 37 ℃ under a 5% O2/5%
CO2 atmosphere for 48 h. Next, the cells were fixed in

4% (volume fraction) paraformaldehyde for 20 min
and permeabilized with 0.5% (volume fraction) Triton
X-100 for 30 min, and nonspecific protein binding
was blocked with 5% (volume fraction) BSA for 1 h
at 4 ℃. The cells were then incubated with LC3
primary antibody overnight at 4 ℃ , followed by
secondary antibody at room temperature for 1 h, and
nuclei were stained. The cells were visualized using a
Zeiss 880 confocal microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany), and the number of endogenous
LC3 puncta (diameter: 0.75–1.50 µm) per cell was
counted using Adobe Photoshop software with the
help of a ruler tool. The sample size of each group
was five, and five fields were selected for each sample.

2.11 Immunoprecipitation and western blot analysis

Transfected HDFs were incubated under hypoxia
for 48 h and washed twice with PBS, then radio
immunoprecipitation assay (RIPA) buffer and phenyl‐
methylsulfonyl fluoride (PMSF) were added for 5 min,
and the cells were placed on ice for 10 min. The
supernatant was collected by centrifugation at 4 ℃
and 14 000g for 10 min, and then placed on ice. A
volume of 25 µL suspension of protein A/G immuno‐
precipitation magnetic beads (Bimake, Houston, TX,
USA) was mixed with 200 µL of binding buffer in
1.5-mL Eppendorf tubes. The immunoprecipitates were
magnetically separated (Bimake) and then aspirated.
The supernatant was discarded and the immunoprecipi‐
tates on beads were washed twice. Next, anti-p300
primary antibodies (4 µL) and antigen (400 µL) were
added to the beads and gently dispersed using a
pipette. The suspension was left to react overnight at
4 ℃ in an inversion mixer. Subsequently, the beads
were magnetically separated from the antibody-antigen
complexes. The supernatant was aspirated, 200 µL
washing buffer was added to the tubes, and the
suspension was gently pipetted to evenly disperse the
magnetic bead-antibody-antigen complex for magnetic
separation. Thereafter, the supernatant was aspirated
and discarded, and then the complexes were washed
twice and suspended in 200 µL of washing buffer,
which was pipetted into new 1.5-ml EP tubes, followed
by another magnetic separation and aspiration of
the supernatant. The samples were then kept at 95 ℃
for 5 min in 50 µL of 1× sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
loading buffer. The magnetic separation was repeated
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and the supernatant was finally collected for western
blotting.

2.12 Statistical analysis

All data were statistically analyzed using Graph‐
Pad Prism 9.0 (GraphPad Software Inc., San Diego,
CA, USA). The data were expressed as mean±standard
deviation (SD). The unpaired t-test was used for two
independent groups (n=3), and the Welch test was
employed when the data did not follow normal distri‐
bution. The nested t-test was used for the statistical
analysis of TEM autophagic vesicle area (n=3), IHC
HIF-1α expression (n=3), LC3 fluorescent staining
(n=5), and BrdU staining (n=3). One-way analysis of
variance (ANOVA) and Dunnett’s multiple comparison
test were performed for control and hourly compari‐
sons (n=3). Two-way ANOVA and Sidak multiple
comparisons were used for CCK-8 analysis (n=12).
P<0.05 was considered statistically significant.

3 Results

3.1 Upregulated HIF-1α expression and autophagy
in HS tissue at the proliferative stage

The autophagy levels were compared between
HS and normal tissues using TEM. Compared with

normal skin, autophagosomes were significantly
increased during the proliferative stage in the HS
group (P=0.0002; Figs. 1a‒1c). HIF-1α expression
was compared in tissue samples using IHC, and it
was also significantly higher in proliferating HSs
(P=0.0002; Figs. 1d‒1f). These results demonstrated
that both HIF-1α and autophagy were upregulated in
the proliferative stage of HSs.

3.2 Upregulated HIF-1α expression, autophagy, and
proliferation, and downregulated p53 expression and
apoptosis in HDFs under moderate hypoxia

The HDFs were cultured under moderate hypoxia
to simulate the environment of HSs in the prolifera‐
tive stage. The western blotting results revealed the
time-dependent upregulation and downregulation of
HIF-1α and p53 proteins, respectively (Figs. 2a‒2c).
The function of autophagy requires the participation
of a variety of autophagy-related proteins, including
LC3 and Beclin-1. The former is an essential part
of the autophagosome membrane and an important
autophagy marker (Morishita et al., 2017). The newly
synthesized pro-LC3 is processed into cytoplasmic
LC3-I, and then a small fragment of peptide is digested
and converted into membrane LC3-II (Kabeya et al.,
2000). As a mammalian homolog of yeast Atg6,
Beclin-1 plays a crucial role in the initiation and forma‐
tion of autophagosome-related complexes (He and

Fig. 1 Autophagy levels and HIF-1α expression were upregulated in HS tissue at the proliferative stage. (a‒c) Autophagosome
levels in NS and HS tissues determined by TEM, as indicated by the arrowheads (n=3); (d‒f) Expression of HIF-1α in NS
and HS tissues determined by IHC, as indicated by the arrowheads (n=3). NS: normal skin; HS: hypertrophic scar; HIF-1α:
hypoxia inducible factor-1α; TEM: transmission electron microscopy; IHC: immunohistochemistry. *** P<0.001.
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Fig. 2 HIF-1α expression, autophagy, and proliferation are upregulated, while p53 expression and apoptosis are
downregulated in HDFs under moderate hypoxia. (a‒g) Western blots of HIF-1α, p53, LC3-II/LC3-I, Beclin-1, and p62
proteins (n=3); (h‒m) Apoptosis rates determined using flow cytometry (n=3); (n) Cell proliferation under normal or
moderate hypoxia determined using CCK-8 assay (n=12); (o, p) Western blots of type III collagen (n=3). Control cells
were cultured without hypoxia. Cells were incubated under hypoxia for different periods. * P<0.05, ** P<0.01, *** P<0.001,
**** P<0.0001. HIF-1α: hypoxia inducible factor-1α; HDF: human dermal fibroblast; LC3: light chain 3; CCK-8: cell
counting kit-8; Ctrl: control; OD: optical density.
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Klionsky, 2009; Sun et al., 2018). The p62 protein is
directly polyubiquitinated or monoubiquitinated with
LC3 through its ubiquitin-related domain and is
connected to the ubiquitinated substrate for degrada‐
tion by autophagy lysosomes (Bjørkøy et al., 2005;
Pankiv et al., 2007). The expression levels of LC3-II/
LC3-I, Beclin-1, and p62 can reflect the level of
autophagy. Autophagy was found to be gradually en‐
hanced in HDFs under prolonged moderate hypoxia
exposure. The protein expression of LC3-II/LC3-I
and Beclin-1 increased, while that of p62 decreased
(Figs. 2d‒2g). In contrast to autophagy, apoptosis
decreased in a time-dependent fashion (Figs. 2h‒2m).
We investigated whether moderate hypoxia impacts
cell proliferation, and found that cell proliferation in
the control and under moderate hypoxia after 24 h did
not significantly differ. However, proliferation under
moderate hypoxia was significantly increased after 48 h
(Fig. 2n). In addition, the protein expression of type
III collagen gradually increased in parallel with the
duration of moderate hypoxia (Figs. 2o and 2p). Taken
together, moderate hypoxia enhanced HIF-1α expres‐
sion, autophagy, and proliferation, and suppressed p53
expression and apoptosis in HDFs. The corresponding
data are shown in Table S1.

3.3 Downregulated HIF-1α expression, autophagy,
and proliferation, and upregulated p53 expression
and apoptosis in sh-HIF-1α HDFs under moderate
hypoxia

qRT-PCR was performed to quantify the mRNA
expression of HIF-1α. The findings indicated that the
mRNA (Fig. 3a) and protein (Figs. 3b and 3c) expres‐
sion levels of HIF-1α were significantly downregu‐
lated in sh-HIF-1α-transfected (73007) HDFs. Thus,
sh-HIF-1α-transfected (73007) HDFs were used for
subsequent experiments. After culture in 5% O2 for
48 h, p53 expression was upregulated (Figs. 3o and 3q).
Regarding autophagy, LC3-II/LC3-I and Beclin-1
were decreased, whereas p62 level was enhanced
(Figs. 3d‒3g). Immunofluorescence staining revealed
significantly fewer LC3 puncta in sh-HIF-1α-transfected
cells as compared with control cells (P<0.0001; Figs. 3h
and 3i). These findings indicated autophagy in both
cell lines, but it was suppressed in sh-HIF-1α HDFs.
The flow cytometry findings revealed enhanced
apoptosis in sh-HIF-1α HDFs (Figs. 3j‒3l). The
ratios of BrdU-positive cells were lower after HIF-1α

knockdown, indicating reduced cell proliferation (P=
0.0023; Figs. 3m and 3n). In addition, the protein
expression of type III collagen was also decreased after
HIF-1α knockdown (Figs. 3o and 3p). These results
indicated that HIF-1α, collagen III, autophagy, and
proliferation were downregulated, while p53 levels and
apoptosis were enhanced under moderate hypoxia in
sh-HIF-1α. The relevant data are shown in Table S2.

3.4 Upregulated HIF-1α expression, autophagy, and
proliferation, and suppressed p53 expression and
apoptosis in sh-p53 HDFs under moderate hypoxia

The mRNA expression of p53 was the most
significantly downregulated in sh-p53 (92365) HDFs
(Fig. 4a), which was also confirmed at the protein level
using western blotting (Figs. 4b and 4c). Thus, sh-p53
(92365) HDFs were included in subsequent experi‐
ments. After culture in 5% O2+5% FBS for 48 h, more
HIF-1α protein was expressed in p53 knockdown cells
as compared with the controls (Figs. 4o and 4q). The
protein expression of LC3-II/LC3-I and Beclin-1
also increased, whereas that of p62 was lower (Figs. 4d‒
4g). Immunofluorescence staining revealed LC3 puncta
in both the control and knockdown cells, but their
numbers were higher in the latter (P<0.0001; Figs. 4h
and 4i). This indicated that autophagy was upregulated
in sh-p53 HDFs. The flow cytometry findings revealed
a lower rate of apoptosis in sh-p53 HDFs (Figs. 4j‒
4l). Furthermore, the ratios of BrdU-positive cells
increased after p53 knockdown, indicating enhanced
cell proliferation (P=0.0004; Figs. 4m and 4n). Type
III collagen expression also increased after p53 knock‐
down (Figs. 4o and 4p). Taken together, these results
indicated that moderate hypoxia upregulates HIF-1α,
autophagy, and proliferation, while it suppresses p53
and apoptosis in sh-p53 cells. The associated data are
shown in Table S2.

3.5 Suppressed autophagy, proliferation, and HIF-
1α expression, and upregulated p53 expression and
apoptosis in p53OE HDFs under moderate hypoxia

The mRNA (Fig. 5a) and protein (Figs. 5b and 5c)
expression of p53 increased in p53OE (60933) HDFs.
After 48 h of culture in 5% FBS under a 5% O2 atmos-
phere, HIF-1α protein expression was reduced in
p53OE (60933) HDFs (Figs. 5o and 5q). Regarding
autophagy, LC3-II/LC3-I and Beclin-1 were also down‐
regulated, whereas the level of p62 protein increased
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Fig. 3 Moderate hypoxia suppresses HIF-1α expression, autophagy, and proliferation, but enhances p53 expression and
apoptosis in sh-HIF-1α HDFs. (a) The mRNA expression of HIF-1α in control (CON313) and sh-HIF-1α (73007, 73008, and
73009) HDFs determined using qRT-PCR (n=3); (b‒g) The protein expression of HIF-1α, LC3-II/LC3-I, Beclin-1, and p62
in control and sh-HIF-1α HDFs determined by western blotting (n=3); (h, i) Autophagy assessed as LC3 immunofluorescence
intensity (magnification 400×; n=5); (j‒l) Apoptosis rates determined using flow cytometry (n=3); (m, n) Cell proliferation
determined using BrdU labeling (magnification 200×; n=3); (o‒q) Western blots of type III collagen and p53 (n=3). * P<
0.05, ** P<0.01, *** P<0.001, **** P<0.0001. HIF-1α: hypoxia inducible factor-1α; HDF: human dermal fibroblast; LC3: light
chain 3; Ctrl: control; mRNA: messenger RNA; qRT-PCR: quantitative real-time polymerase chain reaction; BrdU:
5-bromo-2'-deoxyuridine; DAPI: diamidine phenyl indole; sh-HIF-1α: short hairpin RNA (sh-RNA) was transfected by
lentiviral vector to knock down HIF-1α.
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Fig. 4 Autophagy, proliferation, and HIF-1α expression levels are upregulated, whereas apoptosis and p53 expression
are downregulated in sh-p53 HDFs under moderate hypoxia. (a) The mRNA expression of p53 in control (CON313)
and sh-p53 (92365, 92366, and 92367) HDFs determined using qRT-PCR (n=3); (b‒g) Western blots of p53, LC3-II/LC3-I,
Beclin-1, and p62 protein expression in the control and sh-p53 HDFs (n=3); (h, i) Autophagy assessed as LC3
immunofluorescence (magnification 400×; n=5); (j‒l) Apoptosis rates determined using flow cytometry (n=3); (m, n) Cell
proliferation determined by BrdU labelling (magnification 200×; n=3); (o‒q) Western blots of type III collagen and HIF-1α
(n=3). * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. HIF-1α: hypoxia inducible factor-1α; HDF: human dermal fibroblast;
LC3: light chain 3; Ctrl: control; mRNA: messenger RNA; qRT-PCR: quantitative real-time polymerase chain reaction;
BrdU: 5-bromo-2'-deoxyuridine; DAPI: diamidine phenyl indole; sh-p53: short hairpin RNA (sh-RNA) was transfected
by lentiviral vector to knock down p53.
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Fig. 5 Autophagy, proliferation, and HIF-1α expression are downregulated, while p53 expression and apoptosis are
upregulated in p53OE HDFs under moderate hypoxia. (a) The mRNA expression of p53 in control (CON335) and p53OE

(60933) determined in HDFs using qRT-PCR (n=3); (b‒g) Western blots of protein expression of p53, LC3-II/LC3-I, Beclin-1,
and p62 (n=3); (h, i) Autophagy assessed as LC3 immunofluorescence (magnification 400×; n=5); (j‒l) Apoptosis
rates determined using flow cytometry (n=3); (m, n) Cell proliferation determined using BrdU labelling (magnification
200×; n=3); (o‒q) Western blots of type III collagen and HIF-1α (n=3). * P<0.05, **** P<0.0001. HIF-1α: hypoxia inducible
factor-1α; HDF: human dermal fibroblast; LC3: light chain 3; Ctrl: control; mRNA: messenger RNA; qRT-PCR:
quantitative real-time polymerase chain reaction; BrdU: 5-bromo-2'-deoxyuridine; DAPI: diamidine phenyl indole;
p53OE: p53 overexpression.
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(Figs. 5d‒5g). Both the control and p53-overexpressing
cells had LC3 fluorescent puncta, the number of which
was lower in the latter group (P<0.0001; Figs. 5h
and 5i), indicating that autophagy was suppressed
in p53OE HDFs. The flow cytometry revealed upregu‐
lated apoptosis in p53OE HDFs (Figs. 5j‒5l). The rela‐
tively low ratios of BrdU-positive cells indicated
reduced cell proliferation under p53 overexpression
(P<0.0001; Figs. 5m and 5n). The protein expression
of type III collagen also decreased under p53 over‐
expression (Figs. 5o and 5p). These findings indicated
that HIF-1α expression, autophagy, and proliferation
were downregulated, whereas p53 levels and apoptosis
were enhanced under moderate hypoxia in p53OE

HDFs. The data are shown in Table S2.

3.6 Competition between HIF-1α and p53 for bind‐
ing to transcription cofactor p300

In order to study the possible interaction path‐
ways of HIF-1α and p53, we immunoprecipitated
total cell protein using a p300 antibody, and analyzed

HIF-1α and p53 protein expression using western
blotting to determine molecular interactions between
them. Less HIF-1α (P=0.0341, P=0.0404) and more
p53 (P=0.0392, P=0.0373) bound to p300 in sh-HIF-1α
HDFs (Figs. 6a‒6d) and p53OE HDFs (Figs. 6i‒6l).
The opposite trend was observed in sh-p53 HDFs
(P=0.0036, P=0.0012; Figs. 6e‒6h). These results
indicated that HIF-1α and p53 compete for binding to
transcription cofactor p300.

4 Discussion

Dynamic hypoxia in HSs is closely associated
with changes in fibroblast proliferation, as well as
in collagen synthesis and secretion; however, the
relevant mechanism remains obscure. In our study,
immunohistochemical staining revealed increased
HIF-1α protein expression in the HS group, and
electron microscopy indicated significantly upregu‐
lated autophagy in fibroblasts from HSs. We cultured

Fig. 6 Functioning as transcription factors, HIF-1α and p53 compete for binding to transcription cofactor p300.
Immunoprecipitation shows amounts of HIF-1α and p53 bound to p300 in the control and sh-HIF-1α HDFs (a‒d), sh-p53 HDFs
(e‒h), and p53OE HDFs (i‒ l) (n=3). * P<0.05, ** P<0.01. HIF-1α: hypoxia inducible factor-1α; HDF: human dermal fibroblast;
Ctrl: control; sh-HIF-1α: short hairpin RNA (sh-RNA) was transfected by lentiviral vector to knock down HIF-1α; sh-p53:
sh-RNA was transfected by lentiviral vector to knock down p53; p53OE: p53 overexpression; IP: immunoprecipitation.
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HDFs under 5% O2 to simulate moderate hypoxia
in vitro, and found increased HIF-1α expression,
autophagy, cell proliferation, and type III collagen
synthesis. Meanwhile, p53 expression and cell apoptosis
were reduced, which confirmed the in vivo findings.
However, in HIF-1α gene knockdown, the autophagy-
related proteins LC3-II/LC3-I and Beclin-1 were
reduced along with cell proliferation and type III
collagen levels, while p53 expression and apoptosis
were elevated. HIF-1α and p53 were regarded as the
inducers of autophagy and apoptosis, and this change
indicated a teeterboard-like conversion between HIF-1α
and p53.

Interestingly, when p53 expression was knocked
down, HIF-1α expression and autophagy were enhanced
and apoptosis rates were lower, while cell proliferation
increased in parallel with increased type III collagen
synthesis. In contrast, when p53 was overexpressed, all
of these indices showed the opposite effects and HIF-1α
expression was reduced. All of the evidence suggested
that HIF-1α and p53 expression exhibited a teeterboard-
like conversion under hypoxic conditions, and the
transition of autophagy and apoptosis in fibroblasts
was dependent on the dominant expression of HIF-1α
or p53.

Previous findings have indicated that HIF-1α and
p53 might regulate each other (An et al., 1998; Schmid
et al., 2004; Griggio et al., 2020; Lee et al., 2020).
Furthermore, HIF-1α interacts with p53 and could
impair HIF-1α-induced angiogenesis (Ravi et al.,
2000), because both function as transcription factors
that competitively bind the transcriptional cofactor
p300 possessing acetyltransferase activity (Giordano
and Avantaggiati, 1999) and play a key role in regulat‐
ing hypoxia-related gene expression.

In our study, when HIF-1α was knocked down,
p300-bound HIF-1α decreased, while p53 bound to
p300 increased. The same phenomenon occurred under
p53 overexpression, whereas p53 knockdown led to
converse outcomes. These findings indicated that HIF-
1α and p53 not only regulate each other at the protein
level, but also compete for transcriptional coactivator
p300 binding. Co-transfection with p300 alleviates the
p53-induced HIF-1 inhibition of transcriptional activity
(Schmid et al., 2004). Thus, the transcriptional coacti‐
vator p300 may be a key modulator of HIF-1α and p53
transcription factor activity. In addition, p53 knock‐
down and overexpression respectively increased and

reduced p300. The specific mechanism leading to this
change in p300 warrants further investigation.

5 Conclusions

The present study identified a teeterboard-like
conversion relationship between HIF-1α and p53. The
results also showed that changes in autophagy and
apoptosis are dependent on the dominant expression
of HIF-1α and p53, which may play a significant role
in the mechanism of scar hyperplasia and regression.
Targeting HIF-1α/p53 may reduce excessive fibroblast
proliferation and consequent collagen deposition, and
provide a theoretical basis for the development of
novel HS therapeutics.
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