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Abstract. Periostin, a secreted extracellular matrix protein, 
is involved in the wound healing and pathological process 
of various human cancers. Keloid scars are fibroproliferative 
tumor-like lesions and develop under local hypoxia. Using 
suppression subtractive hybridization, in a previous study, 
we found that periostin is overexpressed in keloids compared 
with hypertrophic scars. However, little is known about the 
regulation and function of periostin in keloids. In this study, 
we examined the effects of periostin on the bioactivity of 
keloid fibroblasts (KFs) in order to determine whether peri-
ostin is involved in hypoxia-stimulated keloid pathogenesis by 
measuring the expression levels of periostin in KFs cultured 
under hypoxic conditions. We also investigated the association 
between periostin and hypoxia-inducible factor-1α (HIF-1α). 
The mRNA, intracellular protein and secreted protein level of 
periostin was examined by RT-PCR (and quantitative PCR), 
western blot analysis and enzyme-linked immunosorbent assay 
(ELISA), respectively. We also used shRNA targeting periostin 
to knockdown its expression in the KFs. We report that hypoxia 
(2% O2) upregulates both HIF-1α and periostin expression in 
KFs. In addition, hypoxia-upregulated periostin expression 
was regulated by HIF-1α. The inhibition of periostin by short 
hairpin RNA decreased the hypoxia-stimulated proliferation, 
collagen synthesis, migration and invasion of KFs and altered 
the cell cycle, but did not affect apoptosis; treatment with 
recombinant human periostin protein reversed these effects. 
Periostin also activated the αvβ3 integrin-PI3K/Akt pathway 
in the KFs. These findings suggest that hypoxia initiates hyper-
plasia of KFs and increases periostin expression under hypoxic 

conditions; periostin is involved in the pathogenesis of keloids, 
which indicates that periostin may be a novel therapeutic target 
for keloids and other fibroproliferative disorders.

Introduction

Keloids, a pathological response to cutaneous wound healing, 
are characterized by the abnormal proliferation of fibroblasts 
and the excessive deposition of collagen (1). Clinically, keloids 
represent a thick tumor-like scar tissue that outgrows the 
original wound edges, invades the adjacent normal derma 
and rarely regresses over time (2). The effectiveness of the 
numerous treatments for keloids, including excision and intra-
lesional corticosteroid injections, is still not satisfactory due to 
their high recurrence rate (2,3).

Accumulating evidence suggests that a hypoxic micro-
environment is associated with keloids due to an abnormally 
large number of occluded microvessels and that hypoxia plays 
a crucial role in keloid pathogenesis (4,5). Hypoxia has been 
found to increase the expression of vascular endothelial growth 
factor (VEGF) in keloid fibroblasts (KFs) (6). The level of 
hypoxia-inducible factor-1α (HIF-1α) is consistently higher 
in freshly biopsied keloid tissues than their associated normal 
skin borders, which provides direct evidence of a local hypoxic 
state in keloids (7). HIF-1, the major transcription factor in 
response to hypoxia, is a heterodimeric molecule of 2 subunits, 
HIF-1α and HIF-1β. HIF-1α has an oxygen-dependent degrada-
tion domain and its expression and activity are regulated by the 
cellular oxygen concentration, while HIF-1β is constitutively 
expressed. HIF-1α binds to DNA on hypoxia response elements 
(HREs) in promoters of more than 60 target genes, such as 
VEGF and matrix metalloproteinases (MMPs), many involved 
in keloid formation (8,9).

Periostin, a secreted extracellular matrix (ECM) protein, 
was initially identified in MC3TC-E1 mouse osteoblasts as 
a putative bone adhesion molecule (10). It was found to be 
upregulated in cutaneous wound healing, cutaneous fibrosis 
and tumor progression and is involved in cell survival, differ-
entiation, metastasis and ECM remodeling (11,12). Previously, 
we used suppression subtractive hybridization and found the 
upregulated expression of periostin among genes differentially 
expressed between keloids and hypertrophic scars (13). The 
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expression of periostin is increased in keloids as compared with 
normal skin and may influence fibroblast proliferation (14).

Based on the above data, we hypothesized that periostin 
may play an important role in hypoxia-stimulated keloid patho-
genesis. In the present study, we examined this hypothesis by 
examining the expression of periostin under hypoxic condi-
tions (2% O2), as well as the association between periostin and 
HIF-1α. Furthermore, we investigated the effects of periostin on 
hypoxia-stimulated KF bioactivity in terms of proliferation, cell 
cycle, apoptosis, collagen synthesis, migration and invasion; in 
addition, we aimed to identify the regulatory pathways involved.

Materials and methods

All experiments in this study were performed in compliance 
with the regulations of the Medical Ethics Committee of 
Peking University Third Hospital, Beijing, China.

Primary cell culture and treatment. KFs were isolated from 
discarded keloid tissues of patients who were undergoing 
surgery (n=6). The characteristics of the study subjects are 
shown in Table I. All keloid tissue originated from untreated 
primary lesions. The KFs were maintained in Dulbecco's 
modified Eagle's medium (DMEM; Gibco, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum (FBS; 
HyClone, Logan, UT, USA) containing 100 U/ml penicillin 
and 100 U/ml streptomycin (Invitrogen, Carlsbad, CA, USA). 
KFs at passages 4-8 were used for the following experiments. 
For hypoxic exposure, fibroblasts were placed in a modulator 
incubator in an atmosphere of 93% N2, 5% CO2 and 2% O2. 
Normoxic conditions were defined as 20% O2. Recombinant 
human periostin (rhPN; BioVendor, Brno, Czech) and echi-
nomycin (Calbiochem, La Jolla, CA, USA) were applied at 
10 ng/ml and 10 nM, respectively. For inhibition experiments, 
the cells were pre-treated with 30 µM LY294002 (inhibitor 
of PI3K; Cell Signaling Technology, Beverly, MA, USA) or 
20 µg/ml each of αvβ3 or αvβ5-integrin antibody (Millipore, 
Billerica, MA, USA) for 1 h at 37˚C.

Reverse transcription (RT)-polymerase chain reaction (PCR) 
and quantitative PCR. Total RNA was extracted using TRIzol 
reagent (Tiangen, Beijing, China), and cDNA was acquired 
using reverse transcriptase (Thermo Scientific, Waltham, MA, 
USA). Quantitative PCR was carried out using the Maxima 
SYBR‑Green I qPCR Master Mix (Fermentas, Waltham, MA, 
USA) with a qPCR/Real-Time PCR Instrument (Bio‑Rad, 
Hercules, CA, USA). cDNA was amplified with the primer 
sequences for periostin (forward, 5'-tcattggaaaaggatttgaacc-3' 
and reverse, 5'-caggtgtgtctgctggatagag-3'; 189 bp); collagen Ⅰ 
(forward, 5'-ttctgtacgcaggtgattgg-3' and reverse, 5'-catgttcag 
ctttgtggacc-3'; 129  bp) and β-actin (forward, 5'-agcgagcat 
cccccaaagtt-3' and reverse, 5'-gggcacgaaggctcatcatt-3'; 285 bp). 
For quantification, target gene expression was normalized to 
that of β-actin in each sample. Data analysis was carried out 
using the ΔΔCt method.

Western blot analysis. The KFs were washed twice with ice-
cold phosphate-buffered saline (PBS), then harvested with lysis 
buffer containing phosphatase and protease inhibitors. The 
protein concentration was quantified using the BCA Protein 

Assay kit (CWbiotech, Beijing, China). Proteins in lysates were 
separated by SDS-PAGE, then transferred onto nitrocellulose 
membranes (Applygen Technologies,  Inc., Beijing, China), 
and incubated with primary antibodies to rabbit anti-periostin 
(1:1,000 dilution), rabbit anti-HIF1α (1:500 dilution), rabbit 
anti-collagen  Ⅰ (1:1,000 dilution), rabbit anti-Akt (1:1,000 
dilution) or anti-phospho-Akt (1:1,000 dilution) (all from 
Abcam, Cambridge, MA, USA), or mouse anti-β-actin (ZsBio, 
Beijing, China), then corresponding IgG secondary antibodies 
(1:10,000 dilution; LI-COR Biosciences, Lincoln, NE, USA). 
The membranes were scanned using the Odyssey Infrared 
Imaging System (LI-COR Biosciences).

ELISA. Secreted periostin was measured with use of an ELISA 
kit (R&D Systems, Minneapolis, MN, USA). Briefly, 96-well 
microplates were coated overnight with capture antibody, 
washed 3 times with wash buffer, then blocked with reagent 
diluent for 1 h. An amount of 100 µl of all standards and cell 
medium samples was added to the 96-well plate for incubation 
for 2 h. After 2 h of incubation with detection antibody, a 20-min 
incubation with a working dilution of horseradish peroxidase-
conjugated streptavidin and a 20-min incubation with substrate 
solution in a light-resistant container, stop solution was added 
to each well. The absorbance of periostin was calculated by 
measuring the absorbance at 450 nm, correcting for plate arti-
fact at 570 nm and utilizing a log-transformed standard curve.

Lentiviral-mediated stable gene knockdown in KFs. Short 
hairpin RNA (shRNA) was prepared and a vector-based shRNA 
plasmid was constructed. Briefly, one 21-nt siRNA duplex 
(aaactgaaggacccacactaa) against the human periostin consensus 
coding sequence (GenBank accession no. NM006475) or one 
non-silencing luciferase sequence was inserted into an shRNA 
oligonucleotide template, which was subcloned into the pGCsi 
shRNA expression vector encoding green fluorescent protein 
(GFP; GeneChem, Shanghai, China). The lentivirus harboring 
shRNA periostin or non-silencing shRNA and the GFP gene 
were transfected into the cells in serum-free DMEM for 10 h. 
The medium was then replaced with DMEM and 10% FBS. 
The GFP-positive cells were separated by flow cytometry. The 
KFs were divided into 3 groups: cells transfected with PBS as 
a normal control, non-silencing shRNA as a negative control 
(NC  group), or shRNA periostin (sh-pn  group). Periostin 
mRNA and intracellular protein levels were reduced by 64 
and 60%, respectively, as compared with the NC cells, with no 
difference between the normal and NC cells.

Table I. Characteristics of patients enrolled in this study.

	 Age			   Duration
Patient	 (years)	 Gender	 Biopsy site	 (years)

K1	 24	 Female	 Chest	 2
K2	 33	 Female	 Earlobe	 2
K3	 50	 Male	 Earlobe	 4
K4	 25	 Female	 Chest	 1
K5	 34	 Female	 Chest	 1
K6	 8	 Male	 Instep	 0.5
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Cell proliferation assay. Cells at 70% confluence were serum-
starved in 0.1% FBS for 24 h for synchronization, then plated at 
5x103 cells/well in 96-well plates under hypoxic conditions. The 
cells were incubated with fresh DMEM containing 10% FBS. 
The cell counting kit-8 (CCK-8; Dojindo, Kumamoto, Japan) 
was used to determine KF viability at various time points. For 
CCK-8 assay, the cells were incubated with 10 µl CCK-8 solu-
tion for 1 h and the absorbance was measured at 450 nm.

Flow cytometry. For cell cycle analysis, KFs transfected with 
or without lentivirus were cultured in 60-mm dishes under 
hypoxic conditions for 48 h, then harvested in PBS. The cell 
suspension was stained with propidium iodide (PI; eBiosci-
ence, San Diego, CA, USA) and the cell cycle was analyzed 
using the FACSCalibur system (BD Biosciences, San Jose, CA, 
USA). Apoptosis was measured using an Annexin V apoptosis 
detection kit with APC (eBioscience). The cells were serum-
starved for 24 h, then complete medium was added. Following 
exposure to hypoxia, the cells stained with APC-conjugated 
Annexin V and PI were pelleted and analyzed according to 
the manufacturer's instructions, and data were analyzed using 
FlowJo software (Tree Star, Inc., Ashland, OR, USA).

Migration and invasion assay. Migration and invasion in vitro 
were measured in a Transwell chamber. An amount of 100 µl 
Matrigel (BD Biosciences) was coated onto the upper chambers 
of the Transwell inserts (6.5 mm, 8 µm pore size; Millipore) for 
the invasion assay but not for the migration assay. Following 
pre-incubation with serum-free medium for 12 h, 1x104 cells 
(migration assay) or 5x104 cells (invasion assay) per well were 
seeded for 24 h in 0.1% FBS medium into the upper chamber, 
and the lower chamber contained 10% FBS medium. The cells 

were fixed in paraformaldehyde for 15 min, and the cells at 
the bottom of the membrane were stained with crystal violet 
for 30 min. Cells in migration and invasion assay stained with 
crystal violet from 6 randomly selected fields were counted 
under a microscope (x100 magnification) and the mean for 
each chamber was determined.

Statistical analysis. Statistical analysis was carried out using 
SPSS 12.0 software (SPSS  Inc., Chicago, IL, USA). Each 
experiment was performed in triplicate. Quantitative data are 
presented as the means ± standard deviation (SD). One-way 
ANOVA followed by Scheffe's post-hoc test were used to 
compare multiple groups. Values of P<0.05 were considered to 
indicate statistically significant differences.

Results

Increased expression of periostin in KFs under hypoxic condi-
tions. To examine the effects of hypoxia on the expression of 
periostin in KFs, we cultured KFs under hypoxic conditions 
and measured the HIF-1α and periostin levels. As expected, 
exposure to hypoxia markedly increased the protein expression 
of HIF-1α, which indicates that KFs exist within a hypoxic 
environment (Fig. 1A). Hypoxia also increased the expression 
of periostin; mRNA level (4.9-fold increase) and the intracel-
lular protein level (3.1-fold increase) peaked at 8 and 16 h, 
respectively (Fig. 1B and C). Periostin mRNA and intracel-
lular protein levels were maintained at relatively high levels 
even with 48 h of exposure to hypoxia. The secreted protein in 
the cell supernatant under hypoxic conditions was increased 
by 3-, 3.8- and 4.2-fold at 24, 48 and 72 h as compared with 
cells cultured under normoxic conditions (Fig. 1D).

Figure 1. Periostin and hypoxia-inducible factor-1α (HIF-1α) expression was increased under hypoxic conditions in a time-dependent manner. Keloid fibroblasts 
(KFs) were exposed to hypoxia (2% O2) for various periods of time or normoxia. (A) Western blot analysis of HIF-1α protein level under hypoxic conditions. 
(B) RT-PCR analysis of the periostin mRNA level, and (C) western blot analysis of intracellular periostin protein level. (D) ELISA of secreted periostin protein 
level. Data are the means ± standard deviation (SD) from at least 3 independent experiments. *P<0.05, **P<0.01 vs. cells exposed to normoxia (0 h), n=6.
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Upregulation of periostin expression induced by hypoxia is 
HIF-1α-dependent. To investigate the association between 
periostin and HIF-1α in the KFs, we incubated cultured KFs 
under hypoxic or normoxic conditions with 10 nM echino-
mycin, a small-molecule cyclic-peptide antibiotic known to 
specifically inhibit HIF transcriptional activity by suppressing 
its binding to the HRE site of target genes (15). The periostin 
mRNA level under normoxic conditions was not affected by 
echinomycin as compared with the controls (no echinomycin). 
Hypoxia enhanced the periostin mRNA expression, and 
echinomycin abolished this effect (Fig. 2A). The levels of 
intracellular protein (Fig. 2B) and secreted protein in the cell 
supernatant (Fig. 2C) showed a similar effect.

Effects of periostin on hypoxia-stimulated KF proliferation, 
cell cycle distribution and apoptosis. Hypoxia increased the 
proliferation of KFs by 26, 19 and 29% at 24, 48 and 72 h, 
respectively (Fig.  3A). To further examine the effects of 
periostin on KF proliferation, we transfected the KFs with 
shRNA against periostin or control shRNA. Fluorescence 
microscopy, quantitative PCR and western blot analyses were 
performed to ensure the efficiency of transfection before each 
experiment (Fig. 4). The knockdown of periostin significantly 
decreased cell proliferation by 13, 11 and 16% at 24, 48 and 
72 h, respectively, which was reversed by incubation with 

rhPN (Fig. 3A). The KFs cultured under hypoxic conditions 
showed an increased number of cells in the G2/M phase and a 
decreased number of cells in the G0/G1 phase (Fig. 3B). The 
knockdown of periostin by shRNA resulted in G1/S cell cycle 
arrest, which was reversed by rhPN treatment. We also evalu-
ated the anti-apoptotic role of periostin in KFs by Annexin V 
treatment (Fig. 3C). Neither hypoxia nor the knockdown of 
periostin affected the apoptosis of KFs.

Effects of periostin on hypoxia-stimulated collagen synthesis, 
migration and invasion of KFs. Keloids exhibit aberrant, 
exuberant collagen synthesis and deposition  (16). Type  I 
collagen at both the mRNA (Fig. 5A) and protein (Fig. 5B) 
level was increased in the KFs cultured under hypoxic 
conditions as compared with those cultured under normoxic 
conditions. The inhibition of periostin by shRNA decreased 
the expression of type I collagen, and this effect was reversed 
by exogenous rhPN treatment.

The notable migratory activity of KFs and the invasive 
nature of keloids are a hallmark in keloids (17). In our study, 
we found that a greater number of KFs migrated to and invaded 
the lower compartment of Transwell chambers under hypoxic 
conditions as compared with normoxic conditions (Fig. 6). The 
knockdown of periostin decreased the number of KFs migrating 
and invading, which was reversed by rhPN treatment.

Figure 2. Inhibition of hypoxia-inducible factor-1α (HIF-1α) activity reduces the expression of periostin in keloid fibroblasts (KFs) under hypoxic conditions. 
KFs were exposed to normoxia or hypoxia, with or without echinomycin for 12 h. Quantitative RT-PCR analysis of (A) periostin mRNA level, (B) western blot 
analysis of intracellular protein level and (C) ELISA of the secreted protein level. Data are the means ± standard deviation (SD) from at least 3 independent 
experiments. *P<0.05, **P<0.01. n.s., not significant, n=6.
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Role of integrin-Akt pathway in periostin-induced proliferation 
of KFs. The PI3K/Akt pathway is one of most potent proliferative 

signaling pathways in human fibroblasts and is involved in keloid 
formation (18). In our study, we found that hypoxia increased 

Figure 3. Effect of periostin on proliferation, cell cycle and apoptosis of keloid fibroblasts (KFs) under hypoxic conditions. (A) Proliferation of KFs cultured 
under normoxic or hypoxic conditions over various periods of time and following transfection with short hairpin RNA (shRNA) against periostin (sh-pn) or 
treatment with recombinant human periostin (rhPN; 10 ng/ml). (B) Cell cycle of KFs cultured under hypoxic conditions and following treatment with shRNA 
against periostin. (C) Number of apoptotic and necrotic cells following exposure to hypoxia and knockdown of periostin. Data are the means ± standard deviation 
(SD) from at least 3 independent experiments. *P<0.05. n.s., not significant, n=6.

Figure 4. Lentiviral-mediated stable genetic knockdown of periostin in keloid fibroblasts (KFs). KFs were transfected with lentivirus harboring short hairpin 
RNA (shRNA) against periostin (sh-pn) or non-silencing shRNA [negative control (NC)]. (A) Fluorescence microscopy, (B) quantitative PCR and (C) western blot 
analyses were performed to ensure the efficiency of transfection before each experiment. (A) shRNA-periostin (sh-pn) under (a) microscopy and (b) fluorescence 
microscopy; non-silenced group under (c) microscopy and (d) fluorescence microscopy. Transfection efficiency symbolized by KFs expressing green fluorescent 
protein (GFP) was approximately 90%. Data are the means ± standard deviation (SD) from at least 3 independent experiments. *P<0.05. n.s., not significant, n=6.
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the level of phosphorylated Akt, and the phosphorylated Akt 
level was lower in the KFs transfected with shRNA targeting 
periostin than in the normal and negattive control-transfected 

(non-silenced) KFs under hypoxic conditions (Fig. 7A). Akt 
phosphorylation was increased 5 min following rhPN stimula-
tion, with a maximal increase observed at 240 min, and then 

Figure 5. Periostin increases collagen synthesis in keloid fibroblasts (KFs) under hypoxic conditions. The expression of type I collagen in KFs cultured under 
hypoxic conditions for 24 h or under normoxic conditions with or without periostin knockdown. (A) RT-PCR analysis of the periostin mRNA level, and 
(B) western blot analysis of the intracellular protein level. Data are the means ± standard deviation (SD) from at least 3 independent experiments. *P<0.05, 
**P<0.01. n.s., not significant, n=6.

Figure 6. Effect of periostin on the migration and invasion of keloid fibroblasts (KFs) under hypoxic conditions. The mean number of (A) migrating or 
(B) invading cells (arrow) counted in 6 randomly selected fields. KFs under (a) normoxic conditions, (b) hypoxic conditions, (c) transfected with non-silencing 
RNA [negative control (NC)] under hypoxic conditions, (d) transfected with short hairpin RNA (shRNA) targeting periostin (sh-pn) under hypoxic conditions, 
(e) KFs transfected with sh-pn and treated with recombinant human periostin (rhPN) under hypoxic conditions. Data are the means ± standard deviation (SD) 
from at least 3 independent experiments. *P<0.05, **P<0.01. n.s., not significant, n=6.
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decreased gradually for up to 12 h but remained at a higher 
level compared with the control (no rhPN stimulation; Fig. 7B). 
Periostin is a ligand for selected integrins (19); thus, we pre-
incubated the KFs with αvβ3- or αvβ5-integrin antibody or the 
PI3K inhibitor, LY294002, prior to exposure to hypoxia. The 
αvβ3 antibody and LY294002 but not αvβ5 antibody decreased 
Akt phosphorylation (Fig. 7C) and the proliferation of the KFs 
(Fig. 7D) as compared with the controls (untreated cells).

Discussion

Normal wound healing has stop signals to end the course of 
repair when the defective dermis is repaired and epithelializa-
tion is complete. When a microenvironment or genetic change 
results in futile or ineffective signals, the repair process 
continues and results in excessive scar tissue (20). Keloid scar 
tissue most frustrating to physicians due to the lack of ineffec-
tive therapy. Keloids, generally considered benign hyperplastic 
dermal tumors, exhibit abnormalities in cell proliferation, 
migration and invasion, they escape from apoptosis, and are 
disproportionately accumulated in the ECM (2). Keloids thrive 
in a hypoxic microenvironment, In this study, we reported 
that the periostin level was increased in KFs in response to 
a hypoxic environment, and that its expression was regulated 
by HIF-1α. In addition, the upregulated periostin expression 
promoted hypoxia-stimulated KF bioactivity in terms of cell 
proliferation, collagen synthesis, migration and invasion, and 
altered the cell cycle and activated the αvβ3 integrin-PI3K/
Akt signaling pathway. The inhibition of periostin by shRNA 
decreased the hypoxia-stimulated KF bioactivity. Thus, peri-
ostin may be a target for the treatment of keloids.

A relative hypoxic state exists within the zone of injury 
in early-stage healing wounds and initiates wound repair 
by inducing fibroblast proliferation and angiogenesis  (21). 

Kisher (22) hypothesized that keloids, resulting from excessive 
repair, may be an aberration of the hypoxic microenvironment. 
The hypoxic microenvironment in keloids was confirmed by 
observing microvascular occlusion by a transmission electron 
microscope and HIF-1α expression in keloid tissue (23). In 
this study, cultured KFs exposed to a hypoxic environment 
showed a marked time-dependent increase in both the mRNA 
and protein levels of periostin. The result was consistent 
with previous findings that hypoxic stress increases the 
expression of periostin in human periodontal ligament cells 
and rat pulmonary arterial smooth muscle cells  (24,25). 
Furthermore, we found that the HIF-1α level was upregulated 
along with the periostin level and increased its expression. 
HIF-1α regulates the expression of ECM-associated proteins. 
Deschene et al (26) showed that the secretion of collagen and 
MMP2 by fibroblasts was mediated by the transcriptional 
regulatory activity of HIF. In addition, HIF-1α has been shown 
to increase the expression of plasminogen activator inhibitor 1 
at both the transcriptional and post-transcriptional level in 
KFs (7). Thus, hypoxia may contribute to keloid formation 
by activating HIF-1α and its downstream proteins, including 
periostin, to remodel the ECM.

Although keloids are a benign disorder, they invade the 
adjacent normal derma and KFs display a bioactivity similar 
to that of tumors  (27). Hypoxia is thought to promote the 
growth and invasion of tumors (28). In this study, we found 
that hypoxia stimulated the proliferation, mobility and collagen 
production of KFs, which provides additional evidence of the 
involvement of hypoxia in keloid pathogenesis. Fibroblasts are 
responsible for the synthesis, deposition and remodeling of 
the ECM, and the release and activation of growth factors and 
cytokines by KFs are essential to keloid formation, in which 
the roles of VEGF, insulin-like growth factor and transforming 
growth factor-β (TGF-β) have been identified (6,29,30). TGF-β, 

Figure 7. Periostin activates the αvβ3 integrin-PI3K/Akt signaling pathway in keloid fibroblasts (KFs). (A) Western blot analysis of Akt phosphorylation in KFs 
cultured under hypoxic conditions and transfected with short hairpin RNA (shRNA) against periostin (sh-pn) and (B) in KFs treated with 10 ng/ml recombinant 
human periostin (rhPN) for the indicated periods of time. (C) KFs were incubated with αvβ3-integrin antibody, αvβ5-integrin antibody (both 20 µg/ml) or PI3K 
inhibitor, LY294002 (30 µM) for 1 h, then treated with rhPN (10 ng/ml). Western blot analysis of (C) Akt phosphorylation and (D) CCK-8 analysis of KF prolif-
eration. Data are the means ± standard deviation (SD) from at least 3 independent experiments. *P<0.05, **P<0.01. NC, negative control; n.s., not significant, n=6.
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the most potent profibrotic cytokine, increases the proliferation 
of and collagen synthesis in KFs (31). In this study, we found 
that the inhibition of periostin by shRNA decreased hypoxia-
stimulated cell proliferation, migration, invasion and collagen 
synthesis; these effects are similar to those of TGF-β (32). 
Periostin has a similar structure as βigH3, which also retains the 
4 conserved fasciclin I domains and conserved motifs to bind 
to the integrin receptor family (33), and periostin is upregulated 
by TGF-β1 in lung fibroblast cells (34). Thus, the association 
between periostin and TGF-β requires further study.

Apoptosis mediates the transition from granulated tissue 
to scar atrophy (35). Periostin exerts an anti-apoptosis effect in 
many tumors under hypoxic conditions (36). However, in this 
study, we found that KF apoptosis showed no significant differ-
ence between the NC group and the sh-pn group under hypoxic 
conditions. We hypothesized that this is due to the following 
reasons: i) in general, only severe and prolonged hypoxia initi-
ates apoptosis, whereas cells can adapt to and survive under 
acute and mild hypoxia (37); the hypoxic conditions used in 
our study (2% O2) may not be sufficient to mimic the stress-
induced hypoxic conditions of keloid formation in vivo; ii) we 
only partially decreased the level of periostin; the remaining 
periostin may prevent KFs from undergoing apoptosis; and 
iii) in another study, we found that various concentrations of 
periostin did not prevent the apoptosis of fibroblasts under 
serum-free conditions (unpublished data); thus periostin may 
have little effect on the regulation of apoptosis of KFs.

Periostin has been studied as a ligand for certain integ-
rins, such as αvβ3 and αvβ5, and its downstream PI3K/Akt 
signaling pathway has been well documented to be involved 
in fibroblast cell proliferation, survival and migration (38). 
Our data showed that periostin can significantly promote the 
phosphorylation of Akt in KFs. Furthermore, αvβ3 integrin 
antibody and LY294002, but not αvβ5 antibody inhibited the 
periostin-stimulated Akt phosphorylation and proliferation 
of KFs. Our results suggest that the upregulation of periostin 
under hypoxic conditions affects the proliferation of KFs by 
activating the αvβ3 integrin-PI3K/Akt signaling pathway.

Wound repair initiates a cascade of pathological events, 
including inflammation, tissue formation and tissue remod-
eling (39). Previously, we (40), as well as others (11) found 
that periostin was located in the granulation tissue beneath the 
extended epidermal wound edges and in the dermal-epidermal 
junctions and promoted cutaneous wound healing by enhancing 
the proliferation and migration of dermal fibroblasts. Periostin 
regulates myofibroblast differentiation and collagen matrix 
contraction, and periostin-deficient animal models exhibit 
delayed wound repair  (41). In addition, it affects collagen 
production by fibroblasts following acute myocardial infarc-
tion (42). The normal regulation of periostin may be required 
throughout the repair process, and the dysregulation of periostin 
may tip the balance toward excessive repair, resulting in keloid 
formation and other fibroproliferative disorders. Our results 
suggest that a hypoxic microenvironment unduly prolongs the 
skin repair process due to the overexpression of certain factors, 
including HIF-1α and periostin, which may contribute to keloid 
formation.

Thus, we conclude that hypoxia initiates KF hyperplasia, 
and that periostin may be a novel factor contributing to the 
abnormal biological behaviour of KFs under hypoxic conditions 

and to the progression of keloids. Our findings may contribute 
to a better understanding of keloid pathogenesis and the devel-
opment of novel therapeutic approaches for keloids and other 
fibroproliferative disorders.
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