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Abstract
Electron beam (EB) irradiation is useful to reduce the recurrence of keloids; however, the underlying mechanism remains
unknown. MicroRNA-21 (miR-21), which regulates autophagy during cancer radiation therapy, was identified as a potential
therapeutic target for keloids. Here, we investigate the regulatory mechanism(s) of miR-21-5p on keloid fibroblast autophagy
and migration after EB irradiation. The microRNA expression profile of the keloid dermis was examined by performing a
microRNA microarray. Levels of LC3B and Beclin-1 were detected by immunohistochemical and western blot analysis in
the keloid dermis and fibroblasts. Autophagy and apoptosis were tested in keloid fibroblasts after EB irradiation or
transfection with an miR-21-5p inhibitor using electron microscopy, a Cyto-ID Green Autophagy Detection Kit, and an
Annexin V PE Apoptosis Detection Kit. Migration was analyzed by an in vitro scratch–wound healing assay. Mechanistic
tests were performed using small interfering RNAs to phosphatase and tensin homolog (siPTEN). Levels of miR-21-5p,
PTEN, programmed cell death 4 (PDCD4), p-AKT, and apoptosis- and autophagy-associated genes were examined by qRT-
PCR and western blotting. LC3B expression and migration ability were enhanced in fibroblasts and the keloid margin dermis
compared with those in the adjacent normal skin. Both EB irradiation and an miR-21-5p inhibitor reduced keloid fibroblast
autophagy, which was accompanied by decreased expression of miR-21-5p, p-AKT, and LC3B-II and increased expression
of PTEN, PDCD4, and apoptosis-related genes. MiR-21-5p downregulation inhibited migration and suppressed LC3B
expression and this was reversed by PTEN reduction. In conclusion, with increasing apoptosis, EB irradiation inhibits
autophagy in keloid fibroblasts by reducing miR-21-5p, which regulates migration and LC3B expression via PTEN/AKT
signaling. These data suggest a potential mechanism wherein miR-21-5p inhibition regulates autophagy and migration in
EB-irradiated keloid fibroblasts, effectively preventing local invasion and recurrence. Therefore, miR-21-5p could be a new
therapeutic target, to replace EB irradiation, and control keloid relapse.

Introduction

Keloids are a fibroproliferative disorder in which scar tissue
continues with tumor-like growth and extends beyond the
margins of the initial insult [1]. No satisfactory treatment
has been developed due to their high rate of recurrence
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(up to 70–80% post excision). The simple surgical excision
of a keloid is associated with a worse scar that is even larger
than the initial lesion due to the stimulation of fibroblast
proliferation and additional collagen synthesis, prompting
quick keloid relapse. Thus, surgical therapy should be
combined with adjuvant treatment such as pressure, corti-
costeroids, and radiotherapy [2]. Keloids mainly involve
hyperproliferative fibroblasts in which apoptosis is sup-
pressed [3, 4], and active fibroblast migration in the margin
area is involved in local invasion [5]. Postoperative adju-
vant electron beam (EB) irradiation is a useful method to
reduce keloid recurrence, lowering the relapse rate to
2.2–9.59%, but radiotherapy-related adverse effects include
skin ulcerations, unhealed wounds, skin hyperpigmentation
and/or telangiectasia with depigmentation, and the risk of
radiation-induced malignancy, among others. Further,
radiation therapy is contraindicated in children, as well as in
areas of high carcinogenic potential such as the breast and
thyroid [6, 7]. Previously, cDNA microarrays showed that
proapoptotic genes in keloid fibroblasts are upregulated
following EB irradiation exposure [8]. However, little is
known regarding the molecular mechanism(s) through
which EB irradiation suppresses keloid growth.

Autophagy is an intracellular process in which an altered
membrane structure results in the packaging and delivery of
organelles and macromolecules to lysosomes for degrada-
tion, promoting cytoplasmic component renewal. The
autophagic pathway includes the initiation, elongation, and
formation of autophagosomes and autolysosomes.
Microtubule-associated protein 1 light chain 3 (LC3) is
localized to the membrane bilayer of autophagosomes, and
its conversion from the cytosolic form LC3-I to the autop-
hagosome membrane-associated form LC3-II is considered
a marker of autophagy [9]. This process plays a key role in
diseases including cancer and fibrosis [10]. The expression
of LC3B, an isoform of the LC3 family, is a common
feature in cancers associated with metastasis [11]. Recent
studies have shown that inhibiting autophagy reduces tumor
cell invasion and migration, which is critical during the
early stages of metastasis, including local invasion and
intravasation [12]. Meanwhile, the upregulation of LC3 in
keloids suggests that the inhibition of autophagy might also
have therapeutic implications [13]. However, it is unknown
whether autophagy is involved in local invasion and the
response to EB irradiation in keloid fibroblasts.

MicroRNA-21 (miR-21) controls cellular apoptosis,
autophagy, migration, and invasion [14]. It is also over-
expressed in most cancers and various fibrotic diseases and
is associated with metastasis and recurrence [15, 16].
Recent findings have suggested that miR-21 is a novel
target for cancer radiation therapy due to its effects
on apoptosis and autophagy [17]. MiR-21 is overexpressed
in keloids, affecting the proliferation and apoptosis of

keloid fibroblasts [18]. Therefore, the regulatory function of
miR-21 in the autophagy and migration of keloid fibroblasts
and in EB-irradiated keloid fibroblasts needs to be
investigated.

In the current study, we investigated the expression of
autophagy-associated marker genes in different areas of
keloid tissues, changes in autophagy in keloid fibroblasts
after EB irradiation, and the expression of miR-21-5p and
apoptosis- and autophagy-related genes. In addition, the
effects of miR-21-5p on regulating autophagy, migration,
and apoptosis, as well as its influence on target genes and
related signaling pathways, were examined. Our results
provide a possible mechanism in which miR-21-5p inhibi-
tion regulates autophagy and migration in keloid fibroblasts
after EB irradiation, effectively preventing local invasion
and recurrence.

Materials and methods

Skin tissue specimens for microRNA microarray
analysis and quantitative reverse-transcription
polymerase chain reaction (qRT-PCR)

Keloid samples were obtained from eight Chinese patients
including six female and two male patients (19–30 years,
mean 23.4 ± 3.7) who underwent surgical excision; this
included five keloids from the earlobes and three from the
trunks. Normal skin samples were obtained from the trunks
of eight healthy donors during plastic surgery procedures,
including two female and six male patients (8–48 years of
age, mean 24.1 ± 11.5). Among them, the dermis samples
from three keloid patients and three normal skin donors
were detected using the microRNA microarray. All dermis
samples from eight keloid patients and eight normal skin
donors were used to validate the results of the microRNA
microarray by qRT-PCR analysis. All experiments in our
study were conducted in accordance with the Declaration of
Helsinki and were approved by the Ethics Committee of the
Plastic Surgery Hospital (Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing,
China) and informed consent was provided by all patients
and donors.

MicroRNA microarray analysis and qRT-PCR

The dermis was separated from the keloid and normal skin
samples after being incubated in 2.5 mg/mL dispase solu-
tion (Sigma-Aldrich, St. Louis, MO, USA) at 4 °C for 16 h.
Total RNA was extracted using a mirVana™ miR Isolation
Kit (Ambion, Austin, TX, USA), and RNA integration was
checked using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Dermis samples
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from keloids and normal skin (n= 3 each) with an RNA
integrity number ≥6.0 and 28S/18S ratio ≥0.7 were assessed
using Agilent’s Human MicroRNA Microarray Release
18.0 and scanned with an Agilent Microarray Scanner
(Agilent Technologies) at Shanghai Biochip Co., Ltd.
(Shanghai, China). Raw data were normalized by the
Quantile algorithm using Gene Spring Software 11.0. MiRs
with a fold-change in expression (keloid/normal skin) <0.5
or >2 and a false discovery rate corrected p-value < 0.01
were considered down- or upregulated, respectively.

To validate miR microarray data, six miRs were selected
for detection by SYBR Green qRT-PCR in keloid and
normal dermis samples (n= 8 each). qRT-PCR was per-
formed using an iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA, USA) and Power SYBR Green PCR Master
Mix with a 7900 HT Sequence Detection System (ABI,
Foster, CA, USA). The comparative threshold cycle
method was used to measure PCR amplification fold-
differences. The expression of miRs was normalized to that
of U6. Each experiment was performed in triplicate. All
primers were synthesized by Invitrogen (Beijing, China).
Primer sequences (5′-3′) were as follows: hsa-miR-21-5p:
TAGCTTATCAGACTGATGTTGA; hsa-miR-214-5p: GC
CTGTCTACACTTGCTGTGA; hsa-miR-542-5p: GGAT
CATCATGTCACGAGAAAA; hsa-miR-150-3p: CTGG
TACAGGCCTGGGAAA; hsa-miR-493-5p: GTTGTA
CATGGTAGGCTTTCATTAA; hsa-miR-409-3p: GAATG
TTGCTCGGTGAACC; and U6: TTCGTGAAGCGTT
CCATATTTT.

Immunohistochemistry

Keloid tissues were fixed in 4% paraformaldehyde for 24 h,
embedded in paraffin, and sectioned at 6 μm. Immunohis-
tochemical studies were performed using standard proce-
dures. Autophagy-related markers were detected using
specific primary antibodies including rabbit polyclonal
anti-LC3B (microtubule-associated protein 1 LC3 beta;
1:500, GeneTex, Inc. Irvine, CA, USA) and mouse
monoclonal anti-Beclin-1 (1:500, Abcam, Cambridge, MA,
US). Secondary antibodies from the Two-Step Polymer
Non-Biotin HRP Detection System for DAB (Golden
Bridge International, Mukilteo, WA, USA) were used.
Stained immunohistochemical sections were imaged with a
Leica DM3000 microscope (Leica Microsystems Gmbh,
Wetzlar, Germany). Keloid samples were obtained from six
Chinese patients, and the patient data are presented in
Supplemental Table 1.

In vitro scratch–wound healing migration assays

Keloid and adjacent normal skin fibroblasts were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM)

supplemented with 10% fetal bovine serum (FBS; Invitro-
gen Gibco, Carlsbad, CA, USA) and passaged at confluence
with trypsin/EDTA (Thermo HyClone, South Logan, UT,
USA). Fibroblasts at passages 3–5 from three independent
keloid samples were used in our following experiments. The
patient data regarding the sources of fibroblasts are provided
in Supplemental Table 1.

Fibroblasts were seeded in 6-well plates, grown to con-
fluency, and then scratched across the center using a 200-μL
pipette tip; the media were then replenished with FBS-free
DMEM to inhibit cell proliferation. Photographs were taken
at the time of wounding (0 h) and at 48 h. Migration was
quantified using Image J software. The data were expressed
as a percentage of the wound healed area of the scratch
filled by fibroblasts. The mean value was determined from
triplicate experiments.

EB irradiation of keloid fibroblasts

Fibroblasts (2 × 104) were seeded in 25-cm2
flasks

and cultured for 24 h before being exposed to single doses
of 0-, 5-, 10-, 15-, 20-, or 30-Gy EB irradiation using a
linear accelerator (Varian 600 C/D, Palo Alto, CA, USA)
and cultured for 3 days. Apoptotic cells were detected using
an Annexin V PE Apoptosis Detection Kit (eBioscience,
San Diego, CA, USA) and Muse Cell Analyzer (Millipore,
Hayward, CA, USA) according to the manufacturers’
protocols.

Autophagy detection

Autophagy induction was evaluated 1 h after subjecting
cells to a single dose of 20-Gy EB irradiation by trypsi-
nizing cells, fixing them in 2.5% glutaraldehyde in 0.1 M
phosphate buffer, and then postfixing them in 1% osmium
tetroxide buffer. After dehydration in a graded series of
ethanol concentrations, cells were embedded and sec-
tioned. The sectioned grids were stained with saturated
solutions of uranyl acetate and lead citrate before being
examined with an H-7650 electron microscope (Hitachi,
Tokyo, Japan).

Cyto-ID Green Autophagy Detection staining was
performed in accordance with the manufacturer’s
instructions (Enzo Life Sciences, Farmingdale, NY,
USA). Briefly, cells were grown to 70% confluence and
transfected with a hsa-miR-21-5p inhibitor or corre-
sponding inhibitor negative control at a final concentra-
tion of 25 nM (Ambion, Austin, TX, USA). After 48 h,
cells were stained with Cyto-ID Green Detection Reagent
and Hoechst 33342 nuclear dye solution at 37 °C for
30 min in the dark before being imaged with a Nikon
TE2000 Microscope (Nikon, Tokyo, Japan). For flow
cytometry, cells were digested and stained with the
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Cyto-ID Green Detection Reagent at 37 °C for 30 min and
then analyzed with a FACSAria II flow cytometer (BD
Biosciences, Mountain View, CA, USA).

MiR-21-5p antagonism and PTEN RNA interference

When keloid fibroblasts reached 80% confluence in 6-well
plates, an hsa-miR-21-5p inhibitor or corresponding nega-
tive control (25 nM; Ambion) was transfected into separate
cell populations using Lipofectamine RNAiMAX in Opti-
MEM I (Invitrogen, Grand Island, NY, USA) according to
the manufacturer’s instructions.

The selected RNA duplex specific for PTEN mRNA
(siPTEN, 60 nM) was transfected into keloid fibroblasts
with Transfection Reagent in Transfection Medium (Santa
Cruz Biotechnology, Santa Cruz, CA).

After transfecting fibroblasts in 6-well plates with an miR-
21-5p inhibitor or negative control (25 nM) for 48 h or with
siPTEN (60 nM) for 24 h with subsequent miR-21-5p inhibitor
or negative control transfection (25 nM) for 48 h, total RNA
and protein were simultaneously isolated from fibroblasts
using a mirVana™ PARIS™ Kit (Ambion). Cells in each well
of 6-well plates were seeded in two wells of 24-well plates for
in vitro scratch–wound healing migration assays as described.

Quantitative reverse-transcription polymerase chain
reaction

The expression of miR-21-5p was detected using a TaqMan
MicroRNA Assay System and TaqMan MicroRNA Reverse
Transcription Kit (ABI) in a DNA Engine Peltier Thermal
Cycler (Bio-Rad) following the manufacturer’s instructions.
Quantitative PCR was performed using the TaqMan Uni-
versal Master Mix II (ABI) in a LightCycler 480 II Real-
Time PCR System (Roche, Rotkreuz, Switzerland). U6
expression was used to normalize miR-21-5p expression.
Each experiment was performed in triplicate.

qRT-PCR of mRNAs was performed using a FastStart
Universal SYBR Green Master Kit (ROX) (Roche Applied
Science, Mannheim, Germany) and LightCycler 480 II
Real-Time PCR System (Roche) according to the manu-
facturer’s instructions. The comparative threshold cycle
method was used to measure fold-differences in PCR
amplification. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA expression was measured to normalize
the expression of each gene. All primers were synthesized at
Invitrogen’s (Beijing, China) core facility. The primer
sequences used (5′-3′) were as follows: PTEN sense:
GGACGAACTGGTGTAATG, antisense: GCCTCTGAC
TGGGAATAG; PDCD4 sense: AGGCTGAGGCAGGA
GAAT, antisense: TCCCACCAGTAATGACAAAA;
GAPDH sense: GAAGGTGAAGGTCGGAGT, antisense:
GAGATGGTGATGGGATTTC.

Western blot analysis

Total protein (50 μg) was separated by 10 or 15% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and elec-
troblotted onto polyvinylidene fluoride membranes. Specific
primary antibodies including rabbit monoclonal anti-PTEN,
mouse monoclonal anti-Beclin-1 (1:500; Abcam), anti-Bcl-2,
anti-Bax, anti-PDCD4, anti-p-AKT, anti-LC3B (rabbit poly-
clonal; 1:500, GeneTex), anti-caspase-3 (mouse polyclonal,
1:1000; Cell Signaling Technology), and horseradish
peroxidase-conjugated anti-mouse or anti-rabbit secondary
antibodies (1:4000) were used for western blotting. Protein
bands were visualized using a Super-Signal West Pico Kit
(Thermo Scientific, Rockford, IL, USA) and ChemiDoc MP
Imaging System with Image Lab™ Touch Software (Bio-Rad
Laboratories, Inc, Hercules, CA, USA). An anti-GAPDH
antibody (mouse monoclonal, 1:1000; Santa Cruz Bio-
technology) was used as a standard for quantitative protein
analysis.

Statistical analysis

Statistical significance was determined by an independent
t-test for qRT-PCR, autophagy, and migration tests and by a
paired t-test and one-way analysis of variance (ANOVA)
for apoptosis and western blot analysis using GraphPad
Prism 5.0 software (GraphPad Software, La Jolla, CA,
USA). Mean differences were considered statistically sig-
nificant when p < 0.05. Data are shown as the mean ±
standard error of the mean (S.E.M.).

Results

Differential expression profile of microRNAs in
keloid dermis

The microRNA microarray detected 14 upregulated and
15 downregulated miRs (p < 0.01; fold-change < 0.5 or >2)
in the keloid dermis compared with expression in the nor-
mal dermis (Fig. 1a, Table 1). MiR-21-5p, miR-214-5p,
miR-542-5p, miR-493-5p, and miR-409-3p expression was
significantly upregulated in the keloid dermis (p= 0.0002,
p= 0.04, p= 0.0499, p= 0.01, and p= 0.003, respectively;
Fig. 1b) compared with expression in the normal dermis
based on qRT-PCR.

LC3B expression and migration are enhanced in
keloid dermis fibroblasts and in vitro

Immunohistochemical analysis showed higher expression of
the autophagy-related markers LC3B and Beclin-1 in
fibroblasts of the margin dermis of the keloid compared
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with that in the adjacent normal skin (Fig. 2a–c). In addi-
tion, protein levels of LC3B-II were significantly upregu-
lated in the perilesional tissue of the keloid compared with
those in the extralesional skin based on western blot ana-
lysis (p= 0.04; Fig. 2d, e). These data suggested that
autophagy is enhanced in the margin area of the keloid.
These results were in accordance with clinical observations
that the perilesional areas of the keloid display aggressive
growth and invasion into normal skin.

Scratch–wound healing migration assays showed that the
percentage of the wound healed area of keloid fibroblasts
(43.56 ± 3.17%) was significantly increased compared with
that of adjacent normal skin fibroblasts (21.25 ± 3.28%;
p < 0.0001; Fig. 2f, g). Protein levels of LC3B-II were also
significantly increased in keloid fibroblasts (2.37 ± 0.32)
compared with those in adjacent normal skin fibroblasts
(0.93 ± 0.07) based on western blotting (p= 0.01; Fig. 2h, i).

The optimal doses of EB irradiation reduce
autophagy and related gene expression in keloid
fibroblasts

To investigate the optimal therapeutic dose of EB irradiation,
apoptosis was measured in keloid fibroblasts following
exposure to different doses (0, 5, 10, 15, 20, and 30 Gy) of EB
irradiation. The percentage of apoptotic cells peaked at 20Gy
(57.78 ± 8.59%; untreated cells, 36.21% ± 2.43%), with a
significant difference observed between 0 and 20Gy groups
(p < 0.05; Fig. 3a, b). The results indicated that 20-Gy EB
irradiation has better therapeutic effects on keloids by
inducing higher levels of apoptosis in keloid fibroblasts.

After exposure to 20 Gy of EB irradiation, fewer double-
membrane autophagosomes and single-membrane auto-
lysosomes were observed in keloid fibroblasts than in
untreated cells by electron microscopy (Fig. 3c). Western

Table 1 Differential expression of microRNAs in the keloid dermis

MicroRNA Fold-change (keloid dermis/normal
skin dermis)

p values

hsa-miR-4655-3p 0.007 0.0002

hsa-miR-4455 0.045 0.005

hsa-miR-4317 0.06 0.005

hsa-miR-149-5p 0.07 0.006

hsa-miR-335-5p 0.073 0.008

hsa-miR-10b-3p 0.09 0.005

hsa-miR-625-5p 0.129 0.008

hsa-miR-221-5p 0.14 0.008

hsa-miR-4433-3p 0.142 0.00001

hsa-miR-150-3p 0.25 0.008

hsa-miR-5195-3p 0.3 0.0001

hsa-miR-1249 0.35 0.002

hsa-miR-4687-3p 0.426 0.007

hsa-miR-4270 0.443 0.005

hsa-miR-4281 0.494 0.0002

hsa-miR-542-5p 263.7 0.001

hsa-miR-493-5p 176.5 0.001

hsa-miR-542-3p 64.48 0.0098

hsa-miR-892b 60.75 0.006

hsa-miR-450a-5p 27.65 0.009

hsa-miR-3127-5p 21.81 0.009

hsa-miR-1185-1-3p 7.32 0.007

hsa-miR-214-5p 7.3 0.002

hsa-miR-1305 4.1 0.004

hsa-miR-487b 3.77 0.008

hsa-miR-3646 3.66 0.006

hsa-miR-431-5p 3.37 0.0001

hsa-miR-21-5p 3.08 0.009

hsa-miR-409-3p 2.85 0.0003

Fig. 1 Differential expression of microRNAs (miR) in the dermis
derived from keloid and normal skin. a MiR expression profiles were
detected by Agilent’s human microRNA microarray. Red dots in the
volcano plot represent upregulated and downregulated miRs
(n= 3; p < 0.05; fold-change < 0.5 or >2) in the keloid versus
expression in the normal dermis. b Six differentially expressed
miRs were verified by SYBR Green quantitative reverse-transcription
polymerase chain reaction (qRT-PCR). The expression of each miR
was normalized to the expression of U6. Statistical significance was
determined using an independent sample t-test. Data are shown as the
means ± standard error of the mean (S.E.M; n= 8; ***p < 0.001,
**p < 0.01, and *p < 0.05)
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blot analysis showed that the protein levels of autophagy-
related genes, LC3B-II and Beclin-1, were also significantly
downregulated (p= 0.04 and p= 0.003, respectively;
Fig. 3d, e) upon 20 Gy of EB irradiation, compared with

control levels. These results indicated that apoptosis was
enhanced and that autophagy was inhibited after keloid
fibroblasts were exposed to an optimal dose of therapeutic
EB irradiation.
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EB irradiation regulates the expression of miR-21-5p
and apoptosis-associated genes in keloid fibroblasts

MiR-21-5p was found to be significantly downregulated
after keloid fibroblasts were exposed to 20 Gy of EB irra-
diation, based on qRT-PCR, as compared with expression in
untreated cells (p= 0.04; Fig. 4a). The mRNA and protein
levels of PTEN and programmed cell death 4 (PDCD4)
were significantly increased following miR-21-5p inhibition
as determined by qRT-PCR (p= 0.03 and p= 0.007,
respectively; Fig. 4b, c) and western blotting (p= 0.01 and
p= 0.03, respectively; Fig. 4d, e); levels of p-AKT
decreased in parallel (p= 0.04; Fig. 4d, e). In contrast,
expression levels of the apoptosis-associated genes Bcl-2,
Bax, and caspase-3 were significantly increased (p= 0.03,
p= 0.01, and p= 0.04, respectively, Fig. 4d, f).

An miR-21-5p inhibitor regulates the expression of
miR-21-5p and attenuates autophagy in keloid
fibroblasts

The expression of miR-21-5p was significantly decreased in
keloid fibroblasts transfected with the miR-21-5p inhibitor
(25 nM) versus that with the corresponding inhibitor nega-
tive controls (p= 0.007; Fig. 5a). Cyto-ID Green autophagy
detection by flow cytometry showed that the percentage of
autophagy-positive cells was significantly decreased after
miR-21-5p inhibitor transfection (43.4 ± 2.57%) compared
with that in cells transfected with the corresponding inhi-
bitor negative control (62.87 ± 2.67%; p= 0.002; Fig. 5b).
Microscopic Cyto-ID Green fluorescence autophagy detec-
tion showed fewer autophagy-positive cells after miR-21-5p
inhibitor transfection (25 nM) as compared with control

levels (Fig. 5c). However, no significant differences in
autophagy-positive cells were found between adjacent
normal skin fibroblasts transfected with the miR-21-5p
inhibitor (25 nM) and the negative control group using the
Cyto-ID Green Autophagy Detection Kit by flow cytometry
and fluorescence microscopy-based two-color detection
(p= 0.29; Supplemental Fig. 1b, c).

An miR-21-5p inhibitor regulates migration and
autophagy-associated gene expression in keloid
fibroblasts via AKT signaling and PTEN targeting

Scratch–wound healing migration assays were then per-
formed after keloid fibroblasts were transfected with an
miR-21-5p inhibitor and siPTEN. Results showed that the
percentage of the wound healed area was significantly
decreased in keloid fibroblasts (71.15 ± 1.38%) transfected
with the miR-21-5p inhibitor (51.94 ± 2.07%; p < 0.001)
and increased in cells transfected with siPTEN (83.69 ±
1.13%; p < 0.001). Furthermore, wound healing was com-
pletely recovered (p < 0.001) after the transfection of
both the inhibitor and siPTEN (74.9 ± 1.4%; p < 0.001;
Fig. 6a, b).

The expression of PTEN, p-AKT, and autophagy-related
genes was also examined after keloid fibroblasts were
transfected with an miR-21-5p inhibitor and siPTEN
(Fig. 6c–e). The expression of PTEN was significantly
increased in cells transfected with the miR-21-5p inhibitor
(p < 0.001) and decreased among cells transfected with
siPTEN (p < 0.01). In the group of keloid fibroblasts
transfected with the miR-21-5p inhibitor, p-AKT expression
was significantly decreased (p < 0.001) with a concomitant
reduction in LC3B-II levels (p < 0.05). Furthermore, when
the expression of PTEN was significantly decreased in the
inhibitor and siPTEN group (p < 0.01), p-AKT expression
was completely recovered (p < 0.001), whereas LC3B-II
levels were partially rescued. Moreover, in the PTEN-
knockdown only group, there was a remarkable increase in
the expression of LC3B-II (p < 0.001) in keloid fibroblasts
compared with those in the inhibitor plus siPTEN group.
However, Beclin-1 expression was not significantly chan-
ged in each group (p > 0.05).

These data indicated that miR-21-5p downregulation
inhibits migration and expression of the autophagy-
associated marker LC3B in keloid fibroblasts via AKT
signaling and PTEN targeting.

Nevertheless, the percentage of the wound healed area
was not significantly decreased in normal skin fibroblasts
transfected with the miR-21-5p inhibitor and was not
increased in cells transfected with siPTEN (p > 0.05; Sup-
plemental Fig. 2a, b), and the expression of PTEN, p-AKT,
LC3B-II, and Beclin-1 was not significantly changed in
each group (Supplemental Fig. 2c–e; p > 0.05).

Fig. 2 Expression of autophagy-related genes and migration capacity
of fibroblasts in keloids and adjacent normal skin samples. a Specific
keloid disease lesional sites consisting of extralesional (green: normal
adjacent skin), perilesional (red: keloid margin), and intralesional
(blue: keloid center) sites. b Image of LC3B and Beclin-1 expression
based on immunohistochemical analysis in extralesional, perilesional,
and intralesional sites of keloid disease based on photomerge software
(black bar= 100 μm). c Red-boxed inserts show the positive expres-
sion of LC3B and Beclin-1 in fibroblasts of the keloid margin dermis
and green-boxed inserts show the expression of LC3B and Beclin-1 in
the normal adjacent skin dermis (white bar= 100 μm). Protein
expression levels of LC3B and Beclin-1 in keloid tissue and adjacent
normal skin samples (d, e; n= 4) and in keloid fibroblasts and those
from adjacent normal skin (h, i; n= 3) based on western blot analysis
(*p < 0.05). Western blot images are shown in d and h. Comparisons
of cell migration capacities between keloid fibroblasts (KFs) and
adjacent normal fibroblasts (NFs). f Representative micrographs of
KFs and NFs subjected to in vitro scratch–wound migration assays at 0
and 48 h (bar= 100 μm). g The scratch areas filled by fibroblasts were
observed at 48 h after scratching (0 h). The percentage of wound
healed area of fibroblasts was compared between keloids and normal
skin groups (n= 3, ***p < 0.001). Data are shown as means ± S.E.M
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Fig. 3 Electron beam (EB) irradiation at 20 Gy suppresses autophagy and the expression of autophagy-related genes in keloid fibroblasts.
a, b Fibroblasts were exposed to single doses of 0, 5, 10, 15, 20, and 30 Gy of EB irradiation and cultured for 3 days. Then, apoptotic cells were
detected using an Annexin V PE Apoptosis Detection Kit. The percentage of apoptotic cells peaked at 20 Gy. c One hour after a single 20-Gy dose
of EB irradiation, autophagosomes with two membranes (black arrowheads) and autolysosomes with a single membrane (white arrowheads) were
observed in cells by electron microscopy. d The autophagy-related genes LC3B-II and Beclin-1 were significantly downregulated compared with
expression in controls based on western blotting. Western blot images are shown in e. Data are shown as means ± S.E.M (n= 3; *p < 0.05,
**p < 0.01)
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An miR-21-5p inhibitor enhances apoptosis and
regulates apoptosis-associated gene expression in
keloid fibroblasts

The percentage of apoptotic cells was significantly increased
in keloid fibroblasts transfected with the miR-21-5p inhibitor
(25 nM; 55.15 ± 1.11%) versus that in the negative control
group (40.97 ± 1.98%; p < 0.01; Fig. 7a).

Meanwhile, PTEN mRNA levels significantly increased
in keloid fibroblasts transfected with the miR-21-5p inhi-
bitor as determined by qRT-PCR (p= 0.01, Fig. 7b).
Although no significant differences in PDCD4 mRNA
expression were found between the two groups (p= 0.67;
Fig. 7b), protein levels were upregulated (p= 0.02;
Fig. 7c, d), whereas expression of the apoptosis-associated

genes Bcl-2, Bax, and caspase-3 increased significantly
(p= 0.04, p= 0.02, and p= 0.03, respectively; Fig. 7c, d).

The percentage of apoptotic cells and the protein
expression levels of the apoptosis-associated genes Bcl-2,
Bax, and caspase-3 did not significantly increase in adjacent
normal skin fibroblasts transfected with the miR-21-5p
inhibitor (25 nM) compared with that in the negative control
group (p= 0.95; Supplemental Fig. 3a–c).

Discussion

The high level of keloid invasion and recurrence remains a
challenge for clinical therapy due to unknown key patho-
genic mechanisms. Cell migration is essential for wound

Fig. 4 Electron beam (EB) irradiation regulates the expression of miR-21-5p and apoptosis-associated genes. a MiR-21-5p expression was found
to be significantly downregulated after keloid fibroblasts were exposed to 20 Gy of EB irradiation, as compared with that in untreated cells, based
on the TaqMan MicroRNA qRT-PCR Assay System. The mRNA expression of PTEN (b) and PDCD4 (c) was found to be significantly enhanced
based on qRT-PCR. Western blot images are shown in d; the protein levels of PTEN, PDCD4 (e), and apoptosis-associated markers Bcl-2, Bax,
and caspase-3 (f) were significantly increased based on western blotting. In contrast, the protein levels of p-AKT (e) were decreased. Data are
shown as the means ± S.E.M (n= 3; *p < 0.05, **p < 0.01)
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healing and autophagy has been shown to modulate
migration and metastasis [19, 20]; moreover, local migra-
tion and invasion into surrounding tissue represents the first
step of metastasis. The autophagy-related marker LC3 is
significantly downregulated in hypertrophic scars without
aggressive growth [21]. The overexpression of LC3B both
in the perilesion of keloid tissues and in accompanying
fibroblasts, which have enhanced migration ability, sug-
gested that autophagy is related to the local invasion of
keloids; however, the regulatory mechanism needed to be
investigated.

Autophagy and apoptosis often occur in the same cell
to determine cell fate [22]. Enhanced antiapoptotic ability
in fibroblasts is the important pathogenic mechanism
underlying keloid recurrence and invasion [23]. Pre-
viously, EB irradiation was shown to induce apoptosis
and enhance the expression of proapoptotic genes in
keloid fibroblasts [8]. However, there have been no
reports on autophagic pathways after the EB irradiation of
keloids. During tumor progression, autophagy serves as a
survival mechanism to help cells defend against the toxic
effects of chemotherapy or radiation, whereas the inhibi-
tion of cytoprotective functions by autophagy enhances
the radiosensitivity of tumor cells [24, 25]. Therefore, our
results suggested that optimal therapeutic EB irradiation
plays a role in preventing the recurrence of keloids by
inhibiting cytoprotective autophagy, leading to keloid
fibroblast apoptosis.

The Beclin-1 class III phosphatidylinositol-3-kinase
complex drives autophagy activation. Moreover, formation
of the LC3-conjugation system is responsible for vesicle
elongation during autophagy [26]. Our results suggested that
EB irradiation suppresses autophagy by downregulating the
autophagy-related inducer Beclin-1 and preventing the for-
mation of LC3B-II. However, the interplay between apop-
tosis and autophagy is complex. Accordingly, the interaction
between apoptosis- and autophagy-associated genes plays an
important role in crosstalk between these pathways. For
example, autophagy has been shown to be inhibited by the
binding of Bcl-2 to Beclin-1 or cleavage of the Beclin-1
complex by caspase-3 [22]. Our results suggested that EB
irradiation induces apoptosis in keloid fibroblasts by upre-
gulating the expression of proapoptotic Bax and caspase-3.
Furthermore, the overexpression of Bcl-2 and caspase-3
might also play a role in diminishing autophagy by inhibiting
Beclin-1; however, the regulatory mechanism underlying the
interaction between apoptosis- and autophagy-associated
genes needs to be investigated.

MiR-21 has been shown to promote radioresistance in
various cancers by regulating apoptosis and autophagy [17].
Further, PTEN and PDCD4 are miR-21-target genes related
to radiosensitivity. PTEN plays a critical role as a negative
regulator of AKT signaling and miR-21 inhibition has been

Fig. 5 The inhibition of miR-21-5p diminishes autophagy in keloid
fibroblasts. a After the miR-21-5p inhibitor (25 nM) and corresponding
inhibitor negative control were transfected into keloid fibroblasts for 48 h,
the expression of miR-21-5p decreased significantly in cells transfected
with the miR-21-5p inhibitor versus that in the corresponding inhibitor
negative control groups, as determined using the TaqMan MicroRNA
qRT-PCR Assay System. Autophagic cells were detected using the Cyto-
ID Green Autophagy Detection Kit by flow cytometry and fluorescence
microscopy-based two-color detection, respectively. b The percentage of
autophagy-positive fibroblasts was significantly decreased among cells
transfected with the miR-21-5p inhibitor compared with that in the
corresponding inhibitor negative control group, based on flow cytometry.
Data are shown as the means ± S.E.M (n= 3; **p < 0.01). c The number
of autophagy-positive (green) fibroblasts decreased among cells trans-
fected with the miR-21-5p inhibitor compared with that in corresponding
inhibitor negative control or positive control groups, as determined by
fluorescence microscopy. Scale bar: 100 μm. Positive control group: cells
induced with rapamycin (500 nM) combined with chloroquine (10 μM);
blank control group: cells cultured in DMEM supplemented with 10%
FBS without induction or transfection
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shown to increase cancer cell radiosensitivity by activating
PTEN [27, 28]. However, it was previously unclear whether
miR-21-5p expression alters or mediates keloid fibroblast
autophagy after EB irradiation. Our findings revealed that
miR-21-5p is overexpressed in the keloid dermis and that EB
irradiation inhibits its expression, upregulating the expression
of its target genes.

MiR-21 was found to promote the migration and inva-
sion of cancers by regulating autophagy [29]. To determine
the effects of miR-21-5p on keloid fibroblast autophagy,
migration, and apoptosis and clarify the underlying mole-
cular mechanism(s), an inhibitor was used to downregulate
its expression. Our results showed that upon treatment with

the miR-21-5p inhibitor, the tendency of keloid fibroblasts
to undergo autophagy and apoptosis was comparable to that
observed in EB-irradiated fibroblasts. Furthermore, the
observed changes in miR-21-target gene expression and
apoptosis- and autophagy-associated genes in fibroblasts
after miR-21-5p inhibition were consistent with those
observed in fibroblasts subjected to EB irradiation. Mean-
while, migration was inhibited, which was accompanied by
the downregulation of LC3B-II, after keloid fibroblasts
were transfected with the miR-21-5p inhibitor, whereas
PTEN downregulation was found to reverse changes in
migration and the expression of LC3B-II and p-AKT. LC3B
participates in the regulation of tumor cell motility and its

Fig. 6 MiR-21-5p regulates the
migration of keloid fibroblasts
and the autophagy-associated
marker LC3B via AKT signaling
by targeting PTEN. Keloid
fibroblasts were transfected with
the miR-21-5p inhibitor (I) (25
nM) or the negative inhibitor
control (IC) for 48 h, or were
first transfected with a selected
RNA duplex specific for PTEN
mRNA (siPTEN; 60 nM) for 24
h and then transfected with the
miR-21-5p inhibitor (I) (25 nM)
or negative inhibitor control (IC)
for 48 h. a Representative
micrographs of fibroblasts in
each transfection group
subjected to in vitro
scratch–wound healing
migration assays at 0 and 48 h.
b The percentages of wound
healed area of fibroblasts were
compared among each
transfection group. Western blot
images are shown in c. The
expression levels of LC3B,
Beclin-1 (d), PTEN, and p-AKT
(e) were examined by western
blot analysis. Levels of proteins
were normalized to the
expression of GAPDH. The
western blot data are expressed
as fold-change relative to the
mean value of the control group.
Statistical significance was
obtained based on one-way
ANOVA analysis. Data are
shown as the mean ± S.E.M
(n= 3; *p < 0.05, **p < 0.01,
***p < 0.001)
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inhibition suppresses migration and invasion in various
cancers [30–32]. Therefore, our results indicated that
miR-21-5p plays a key role in autophagy and migration in
keloid fibroblasts after EB irradiation by modulating PTEN
and the AKT signaling pathway. However, organ cultures
of keloid tissue have been reported to provide a quantitative,
clinically relevant model to study keloid pathobiology and
response to treatment [33, 34]. In future studies, using the
keloid tissue organ culture system could support our current
findings based on cells grown under two-dimensional cell
culture condition.

In conclusion, our results indicated that EB irradiation
can inhibit autophagy and increase apoptosis in keloid
fibroblasts by reducing miR-21-5p expression, which was
found to regulate migration and autophagy-associated gene
expression via PTEN and p-AKT signaling. These data
provide a possible mechanism wherein miR-21-5p regulates

autophagy, migration, and apoptosis in EB-irradiated keloid
fibroblasts, thereby preventing their local invasion and
recurrence. Therefore, miR-21-5p could potentially be a
new therapeutic target that regulates autophagy and
migration, and this approach could be used instead of EB
irradiation to control keloid relapse.
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