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Abstract
Purpose The purpose of our study was to investigate the ef-
fects of pleiotrophin (PTN) in proliferative vitreoretinopathy
(PVR) both in vitro and in vivo.
Methods Immunofluorescence was used to observe the PTN
expression in periretinal membrane samples from patients
with PVR and controls. ARPE-19 cells were exposed to
TGF-β1. The epithelial-to-mesenchymal transition (EMT) of
the ARPE-19 cells was confirmed by observed morphological
changes and the increased expression of α-SMA and fibro-
nectin at both the mRNA and protein levels. We used specific
small interfering (si)RNA to knock down the expression of
PTN. The subsequent effects of PTN inhibition were assessed
with regard to the EMT, migration, proliferation, cytoskeletal
arrangement, TGF-β signaling, PTN signaling, integral tight
junction protein expression (e.g., claudin-1 and occludin), and
p38 MAPK and p-p38 MAPK levels. Additionally, a PVR rat
model was established by the intravitreal injection of ARPE-
19 cells transfected with PTN-siRNA and was evaluated
accordingly.
Results PTN was highly expressed in PVR membranes com-
pared to controls. PTN knockdown attenuated the TGF-β1-

induced migration, proliferation, cytoskeletal rearrangement,
and expression of EMT markers such as α-SMA and fibro-
nectin in the ARPE-19 cells, and these effects may have been
mediated through p38 MAPK signaling pathway activation.
PTN silencing inhibited the up-regulation of claudin-1 and
occludin stimulated by TGF-β1, and PTN knockdown
inhibited the proliferative aspects of severe PVR in vivo.
Conclusions PTN is involved in the process of EMT induced
by TGF-β1 in human ARPE-19 cells in vitro, and PTN
knockdown attenuated the progression of experimental PVR
in vivo. These findings provide new insights into the patho-
genesis of PVR.
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Introduction

Proliferative vitreoretinopathy (PVR) is a serious compli-
cation of retinal detachment (RD), and is the primary
cause of RD surgical failure [1]. PVR is characterized
by the migration and proliferation of cells following a
retinal break or trauma, leading to the formation of mem-
branes in the periretinal area, followed by the contraction
of these cell membranes and traction on the retina, which
causes RD. Vitreous surgery is currently the standard
treatment; however, recurrent vitreoretinal traction can
lead to re-detachment, extensive membrane reformation,
and significant vision loss [1]. The pathogenesis of PVR
involves several cell types, including retinal pigment epi-
thelial (RPE) cells, fibroblasts, glial cells, and inflamma-
tory cells [2]. The RPE layer represents a critical group of
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cells that participate in the progression of the proliferation
in PVR [3]. The vitreous humor is rich in cytokines and
growth factors, and in the process of PVR, RPE cells are
detached from Bruch’s membrane and migrate through the
retinal tear into the vitreous humor [4, 5]. RPE cells are
then transformed from fully differentiated epithelial cells
into mesenchymal cells in a process called epithelial-to-
mesenchymal transition (EMT). Via the EMT, RPE cells
can become contractile myofibroblasts, and these cells
may contribute to the formation of fibrotic membranes
around the retina [6]. Under stimulation of growth
factors/cytokines in the vitreous humor, these membranes
contract, leading to tractional RD [6]. Therefore, identify-
ing potential therapeutic targets for the treatment of PVR
and understanding the mechanisms of the EMT in RPE
cells is crucial [7].

Transforming growth factor β (TGF-β) is known as a
potent fibrogenesis factor. TGF-β is over-expressed in the
vitreous of patients with proliferative vitreoretinal dis-
eases [8, 9]. TGF-β has been suggested to play an impor-
tant role in the EMT process in RPE cells, and studies
have reported that the development of PVR membranes
was accompanied by a pronounced up-regulation of
TGF-β1 rather than TGF-β2 [10].

Pleiotrophin (PTN), an 18-kDa secreted growth fac-
tor, is also called heparin-binding growth-associated
molecule (HB-GAM) or heparin affin regulatory pep-
tide. It is activated by the binding of three cell surface
receptors: syndecan-3, anaplastic lymphoma kinase
(ALK), and receptor protein tyrosine phosphatase
(RPTPβ/ζ) [11]. PTN is a multifunctional cytokine that
is involved in cell growth, transformation, carcinogene-
sis, and metastasis; in addition, it is up-regulated in
many pathological processes [12]. The oncogenic func-
tion of PTN has been identified in a variety of human
tumors. PTN is not only enhanced in angiogenesis and
tumor cell proliferation, thereby promoting tumor forma-
tion, but it also affects the invasion and metastasis of
malignant cells into peripheral nerves by remodeling of
the microenvironment [13]. In addition, PTN is involved
in inflammation and fibrosis in various conditions and
diseases [13, 14], including fibrous tissues [15], hyper-
trophic scars [16], and rheumatoid arthritis [17]. Studies
have shown that PTN plays a role as a hepatocyte
growth factor and contributes to liver cirrhosis and
hepatocarcinogenesis [18]. Additionally, in a previous
study, we showed that PTN plays an important role in
proliferative diabetic retinopathy [13]. Therefore, we
questioned whether PTN contributes to the progression
of fibrotic diseases, such as to the EMT in PVR, and
whether PTN interacts with TGF-β1 in the process of
EMT in RPE cells. In the present study, we found that
the expression of PTN was increased in the proliferative

membranes obtained from patients with PVR, and the
knockdown of PTN inhibited TGF-β1-induced EMT, a
pathogenic marker of PVR. We also demonstrated that
PTN knockdown inhibited the development of PVR
in vivo.

Methods

Subjects and sample collection

The study protocol with regard to human patients was
approved by the Ethics Committee and Institutional
Review Board of Peking University (Beijing, China),
and written informed consent was obtained from each
study subject in accordance with the Declaration of
Helsinki. All subjects underwent a standard eye examina-
tion by a retinal specialist (Dr. Mingwei Zhao). Patients
diagnosed with PVR in the ophthalmology department of
Peking University People’s Hospital (Beijing, China)
were retrospectively reviewed from August 2014 to
September 2015. PVR membranes were surgically re-
moved from six patients with RD and PVR via pars plana
vitrectomy. The controls consisted of idiopathic epiretinal
macular membranes (EMMs) from six eyes. These
epiretinal membranes were surgically removed via pars
plana vitrectomy and frozen at −80°C. After membrane
tissues were fixed in optimal cutting temperature medium
(Merck, Darmstadt, Germany), 8-μm sections were pre-
pared. The retinal specialist, Dr. Mingwei Zhao, per-
formed all the surgeries at Peking University People’s
Hospital.

Immunofluorescence staining of membranes

The membranes were dried and fixed in 4% paraformal-
dehyde. After blocking the samples with 5% bovine se-
rum albumin for 1 h, 1:80 anti-PTN polyclonal antibody
(Catalog No. ab95391; Abcam, Cambridge, MA, USA)
and 1:100 anti-pan-cytokeratin (Chemicon, CA, USA)
were applied to the tissue sections at 4°C overnight and
incubated with 1:100 goat anti-rabbit fluorescein isothio-
cyanate (FITC)-conjugated and goat anti-mouse
tetramethylrhodamine isothiocyanate (TRITC) secondary
antibody (ZSGB-BIO, Beijing, China) for 1 h. The cell
nuclei were then stained with 4 ′ ,6-diamidino-2-
phenylindole (DAPI, 1:1000 dilution, D9542; Sigma-
Aldrich, St. Louis, MO, USA). Images were acquired
using a fluorescence microscope equipped with a digital
camera (Axiophot, Zeiss, Thornwood, NY, USA). In all
immunostaining procedures, negative controls were pre-
pared by omitting the primary antibody and applying an
irrelevant polyclonal or isotype-matched monoclonal
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primary antibody; in all cases, the negative controls
showed weak, negligible staining of PTN.

Cell culture and transfection assays

The human ARPE-19 cells (American Type Culture
Collection, Manassas, VA, USA) used in this study have been
previously described [16]. The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; GIBCO/
Invitrogen, Waltham, MA, USA) supplemented with 10% fe-
tal bovine serum (FBS, GIBCO/Invitrogen). Small interfering
RNA (siRNA) specific to PTN (PTN-siRNA) was used in this
study (Catalog No. SC-39713; Santa Cruz Biotechnology,
Dallas, TX, USA).

RPE cells were transfected with siRNA using a transfection
reagent according to the manufacturer’s instructions (Qiagen
GmbH, Hilden, Germany). On the day of transfection, cells
were plated at an appropriate density. The siRNA and trans-
fection reagent were mixed to a final concentration of 10 nM,
which was then applied to the cells. Non-silencing RNA (NS-
siRNA) (Catalog No. 301799, HiPerFect; Qiagen GmbH) was
used as a control. The cells were starved for 6 h before treat-
ment with TGF-β1 (10 ng/ml; R&D Systems, Minneapolis,
MN, USA). Lipofectamine 2000 (Invitrogen/Life
Technologies, Carlsbad, CA, USA) was used to transfect
RPE cells with siRNA. The cells were then collected for the
following experiments.

Cell proliferation assay

We used a Cell Counting Kit-8 (CCK-8, Dojindo, Tokyo,
Japan) assay to assess cell proliferation. ARPE-19 cells
transfected with PTN-siRNA were incubated with
10 ng/ml TGF-β1 for 24, 48, or 72 h. As previously
described [19], the number of cells was measured using
a CCK-8 assay; the absorbance at 450 and 600 nm was
measured using a plate reader (Finstruments Multiskan
Model no. 347; MTX Lab Systems, Inc., Vienna, VA,
USA). Each experiment included at least five replicates
and was carried out three times.

Immunofluorescence microscopy and phalloidin staining

After the siRNA transfection and TGF-β1 treatment, the cells,
which had been seeded on coverslips, were fixed with 4%
paraformaldehyde (PFA) and then treated with 0.1% Triton
X-100 for permeabilization. For the phalloidin staining, the
cells were incubated for 1 h with rhodamine-labeled
phalloidin diluted 1:100. After DAPI staining, the slides were
visualized using a fluorescence microscope (Zeiss Axiophot).

Migration assay

Transwell systems (Catalog No. 3422, Corning Life
Sciences, Tewksbury, MA, USA) were used to study
RPE cell migration. After transfection with PTN-siRNA,
ARPE-19 cells were cultured with TGF-β1 for 48 h. The
cells were then collected, and 2 × 104 cells in 200 μl of
serum-free medium were seeded on the upper chamber of
the Transwell. DMEM containing 10% FBS was added to
the lower chamber at a final volume of 600 μl. The cells
were allowed to migrate for 6 h at 37°C and were then
fixed and stained with DAPI (Roche Diagnostics,
Indianapolis, IN, USA). Non-migrating RPE cells were
gently removed from the front surface of the membrane,
and the migrated cells were visualized by fluorescence
imaging. The number of cells in five random fields of
view were counted. Every experiment was performed in
triplicate.

RNA isolation and real-time PCR

Total RNAwas isolated from ARPE-19 cells using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). Reverse tran-
scriptase reactions were performed using a RevertAid
First Strand cDNA Synthesis Kit with oligo-dT primers
(Fermentas, Pittsburgh, PA, USA). The mixture was incu-
bated for 60 min at 42°C, and the reaction was terminated
by incubation at 95°C for 5 min [20]. Real-time polymer-
ase chain reaction (RT-PCR) was performed using an
ABI7300 real-time PCR system (Applied Biosystems/
Life Technologies, Foster City, CA, USA), SYBR Green

Table 1 Primers used for Real-time PCR (5’-3’)

Gene name Primers

PTN F: CCAACTCAAAAATGCAGGCTCA

R: CCACTGCCATTCTCCACAGT

GAPDH F: GAGTCCACTGGCGTCTTCAC

R: GTTCACACCCATGACGAACA

Occludin F: GGTCGGTGCGGCGTCA

R: GGACTTTCAAGAGGCCTGGATG

Claudin-1 F: CTGGGAGGTGCCCTACTTTG

R: ACACGTAGTCTTTCCCGCTG

ALK F: GGCTGCTCCAGTTCAATCTC

R: ACTTCCGACGCCTTCTTCTC

β-Catenin F: TGGTGACAGGGAAGACATCA

R: CCATAGTGAAGGCGAACTGC

Fibronectin F: AGGCACTGAAAGACCAGCAG

R: GCACGAGTCATCCGTAGGTT

α-SMA F: GCTGTTTTCCCATCCATTGT

R: TTTTGCTCTGTGCTTCGTCA
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PCR mix (Thermo Scientific, Pittsburgh, PA, USA), and
sequence-specific primers (Table 1). Data were normal-
ized to GAPDH, a housekeeping gene. The results are
expressed as fold amplification, and each experiment
was carried out five times.

Western blot analysis

The RPE cells were first treated as described above. The
cells were then lysed on ice for 20 min in RIPA buffer
(Beyotime Institute of Biotechnology) supplemented with
protease inhibitors (Pierce/Thermo Scientific, Rockford,
IL, USA), and centrifuged at 12,000 g and 4 °C to clear
the lysates. The supernatant of each lysate was then col-
lected, and the protein content was measured using a BCA
protein assay kit (Pierce/Thermo Scientific) according to
the manufacturer’s instructions. Equal amounts of protein

Table 2 Antibodies used for Western blot

Protein
name

Dilution Information

β-Catenin 1:5000 Abcam, Cambridge, MA, Cat No. ab32572

Fibronectin 1:500 Abcam, Cambridge, MA, Cat No. ab2413

α-SMA 1:1000 Abcam, Cambridge, MA, Cat No. ab5694

ALK 1:500 Abcam, Cambridge, MA, Cat No. ab16670

Occludin 1:1000 Abcam, Cambridge, MA, Cat No. ab167161

Claudin-1 1:1000 Cell Signaling Technology, Danvers, MA, Cat#
13255

p38 MAPK 1:1000 Cell Signaling Technology, Danvers, MA, Cat#
8690

p-p38
MAPK

1:1000 Cell Signaling Technology, Danvers, MA, Cat#
4092

GAPDH 1:1000 Goodhere Biotechnology Co., Hangzhou, China

Fig. 1 Immunofluorescence
staining of the pre-retinal
membranes. Images of epiretinal
PVR membrane sections (left
column) and EMM sections (right
column) stained for PTN (green)
(a, b). Cytokeratin (red) (c, d) was
co-localized with PTN. Nuclei
were stained with DAPI (e, f), and
the merged images were
presented (g, h). PTN was
strongly expressed in the PVR
membranes. PTN: green; nuclei:
blue. PVR proliferative
vitreoretinopathy, EMM epiretinal
macular membrane, PTN
pleiotrophin; DAPI: 4′,6-
diamidino-2-phenylindole. Scale
bars, 100 μm

876 Graefes Arch Clin Exp Ophthalmol (2017) 255:873–884



(40 ng) were loaded on a 10% sodium dodecyl sulfate
polyacrylamide gel and analyzed by immunoblotting.
The primary antibodies used are listed in Table 2. The
membrane was washed and then incubated with a second-
ary horseradish peroxidase (HRP)-conjugated antibody
(goat anti-rabbit IgG, 1:4000; ZSGB-BIO, Beijing,
China). The proteins were visualized using enhanced
chemiluminescence Western blot detection reagents
(Pierce/Thermo Scientific). The density of the protein
bands was measured using ImageJ software (National
Institutes of Health, Bethesda, MD, USA) and normalized
to that of GAPDH. All immunoblot analyses were per-
formed three times and showed qualitatively similar
results.

Immunocytochemistry assay

RPE cells were seeded in a 24-well plate with inlaid glass
coverslips. After the siRNA transfection and TGF-β treat-
ment, the cells were washed, fixed with 4% PFA, perme-
abilized with 0.1%TritonX-100, and then thoroughly blocked
with 5% bovine serum albumin (BSA) for 1 h at room tem-
perature. The slides were incubated at 4°C overnight with
anti-PTN antibody (1:80, Catalog No. ab95391; Abcam,
Cambridge, MA, USA) and then with secondary anti-rabbit
FITC-conjugated antibody for 1 h. After DAPI staining, the

slides were mounted with coverslips and visualized by fluo-
rescence microscopy (Zeiss Axiophot).

Rat PVR model

Eight rats, each weighing 200–250 g, were used for the
in vivo studies. All experiments adhered to the
Association for Research in Vision and Ophthalmology
statements for the use of animals in ophthalmology and
vision research. All procedures were approved by the
Animal Care and Use Committee of Peking University.
The animals were housed with free access to food and
water and kept in the laboratory on a 12-h light–dark
cycle.

RPE cells were used for intravitreal injection (Ivit).
However, before the Ivit, the rats were anesthetized with
chloral hydrate, and their pupils were dilated with
tropicamide (Santen, Osaka, Japan). Their eyes were topi-
cally anesthetized with 0.4% oxybuprocaine hydrochloride
eye drops (Eisai Co., Ltd., Tokyo, Japan) to reduce the
level of discomfort. For the RPE cell injection within the
vitreous, a 29-gauge needle on a microsyringe (Hamilton
Company, Franklin, MA, USA) was loaded with 5 μl of an
RPE cell suspension with PBS and 10 ng/ml TGF-β1. PVR
rats received Ivit in the right eye; at 1 mm posterior to the
limbus, the needle was inserted through the sclera and the
cells injected into the vitreous.

Fig. 2 Western blot and RT-PCR
results of PTN signaling and
epithelial and mesenchymal
marker expression of ARPE-19
cells. After the knockdown of
PTN (a), the relative mRNA and
protein expression levels of ALK
and β-catenin (b, c) were down-
regulated. The elevation of the
epithelial and mesenchymal
markers α-SMA and fibronectin
were inhibited after PTN
knockdown in RPE cells (e, f).
The relative protein expression
levels were quantified via
normalization to GAPDH
expression (d, g). RT-PCR and
Western blot analysis was carried
out at least three times, and
qualitatively similar results were
found. Data are presented as the
mean ± SEM; ** P < 0.01
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Ocular images were captured for analysis on day 14.
PVR classification in our study was performed as in
previous studies, as follows: stage 0: no lesions; stage

1: vitreous membrane; stage 2: local vascular changes,
focal traction, and hyperemia; stage 3: local detachment
of medullary rays; stage 4: extensive peripapillary RD;

Fig. 3 Immunocytochemical assays for PTN and phalloidin staining in
RPE cells. RPE cells were transfected with PTN-siRNA or negative
control, non-silencing siRNA (NS-siRNA), and were treated with or
without TGF-β1 (10 ng/ml) for 48 h. The expression of PTN was

detected by immunofluorescence (a). The organization of the actin
cytoskeleton was examined using fluorescein-conjugated phalloidin to
stain F-actin (b). PTN knockdown abrogated TGF-β1-induced
cytoskeletal rearrangement in RPE cells. Scale bars, 20 μm
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stage 5: total RD, retinal folds and macular holes [3,
21].

Statistical analysis

Prism 6 (GraphPad, San Diego, CA, USA) and SPSS (version
16.0, SPSS Inc, Chicago, IL, USA) statistical software pack-
ages were used for data analysis. All data are presented as the
mean ± standard deviation, and the normality of the distribu-
tions was assessed. Differences were evaluated with analysis
of variance (ANOVA). P values less than 0.05 were consid-
ered significant.

Results

PTN was intensely expressed in the proliferative
membranes of PVR patients

PTN expression was detected by immunofluorescence in the
proliferation membranes of six PVR and six EMM patients.
Immunofluorescence revealed that PTN coexisted with
cytokeratin, a marker of RPE cells. In addition, it was posi-
tively and strongly expressed in the proliferative membranes
of all patients with PVR and was only weakly expressed in the
EMMs (Fig. 1).

PTN knockdown attenuated TGF-β1-induced EMT
and cytoskeletal rearrangement in ARPE-19 cells

To assess the potential involvement of PTN in the process of
TGF-β1-induced EMT in ARPE-19 cells, we first cultured
RPE cells with TGF-β1, as previously described [22–24].
After treatment with TGF-β1 for 48 h, ARPE-19 cells
underwent EMT, and showed increased expression of mesen-
chymal markers, including fibronectin and α-smooth muscle
actin (α-SMA) (Fig. 2f). We then examined the expression of
PTN in APRE-19 cells after stimulation with TGF-β1, and
found that PTN expression gradually increased in the
TGF-β-treated cells (Figs. 2a and 3a). We next examined
PTN signaling after TGF-β1 stimulation by determining the
expression levels of the ALK [25] and β-catenin signaling
proteins, which are known to be involved in PTN signaling,
usingWestern blot and RT-PCR (Fig. 2b and c). The observed
up-regulation of PTN, ALK and β-catenin indicates that PTN
possibly contributes to the EMT in RPE cells (Fig. 2).

PTN knockdown was used to explore its role in EMT in-
duced by TGF-β1 in RPE cells. RT-PCR and immunofluores-
cence were used to examine the effectiveness of RPE cell
transfection with PTN-siRNA. RT-PCR showed that com-
pared to the NS-siRNA, the PTN-siRNA reduced the
mRNA levels of PTN in RPE cells (P < 0.01; Fig. 2a). The
immunocytochemistry results also confirmed the knockdown

of PTN. We then examined the expression of EMT-related
genes, including fibronectin and α-SMA, by RT-PCR and
Western blot. PTN knockdown was found to significantly at-
tenuate the TGF-β1-induced up-regulation of α-SMA and
fibronectin (Fig. 2e and f). In addition, we investigated the
effect of TGF-β1 on cytoskeletal structures. Actin cytoskele-
tal organization was examined via the fluorescein-conjugated
phalloidin staining of F-actin. Fibers in the negative control
cells were randomly oriented in the cytoplasm (Fig. 3b), and
the TGF-β1-treated cells had much thicker stress fibers that
were largely parallel to the longitudinal axis of the cell
(Fig. 3b). Furthermore, PTN knockdown reversed the
TGF-β1-induced cytoskeletal arrangements in RPE cells
(Fig. 3b). These results indicate that in RPE cells, PTN partic-
ipates in the EMT induced by TGF-β1.

PTN down-regulation inhibited RPE cell migration
and proliferation

A CCK-8 assay was used to assess the effects of PTN on cell
proliferation in vitro, as described in the BMethods^ section. The
results showed that the knockdown of PTN significantly
inhibited the promoted ARPE-19 cell proliferation stimulated
by TGF-β1 (Fig. 4c). In addition, the Transwell chamber assay
showed that the knockdown of PTN significantly hampered RPE
cell migration (Fig. 4a and b). Compared with the control group,
the mean number of cells that migrated through the membrane in
the PTN knockdown group was significantly lower.

Phosphorylated p38 MAPK levels were down-regulated
by PTN knockdown

Next, we examined the impact of PTN modulation on
TGF-β signaling. The phosphorylation of p38 [7] is
known to be involved in TGF-β signaling. In our study,
PTN knockdown inhibited the phosphorylation of p38
with TGF-β1 treatment compared to TGF-β1 treatment
without PTN knockdown. These results show that PTN
mediated the progression of the EMT induced by
TGF-β1 in RPE cells, possibly through activation of the
p38 signal transduction pathway (Fig. 5a).

Occludin and claudin-1 were down-regulated by PTN
knockdown

We then examined the role of TGF-β1 in the expression of the
integral tight junction proteins claudin-1 and occludin. In our
study, PTN knockdown significantly attenuated the TGF-β1-
induced up-regulation of mRNA and protein of claudin-1 and
occludin (Fig. 5c–e).
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PTN inhibited membrane formation in an experimental
PVR rat model

The fundus examination findings were normal in the control
group (Fig. 6). Our in vitro data suggest that PTN plays an
important role in the proliferation and EMT of cultured
ARPE-19 cells. Therefore, we employed an experimental rat
model of PVR to further explore the role of PTN. On day 14,
three rats (100%) in the TGF-β1 treatment group developed
stage 2 PVR, and two rats (66.7%) in the negative control
group and the PTN-siRNA treatment group displayed stage
2 PVR, whereas the pre-retinal membranes were less exten-
sive in the TGF-β1-treated PTN-siRNA group than in the
TGF-β1-treated group (Fig. 6).

Discussion

There are four main findings in the present study. First, we
observed that PTN was strongly expressed in the proliferative
membranes of PVR patients. Second, we found that the
knockdown of PTN inhibited TGF-β1-induced EMT, attenu-
ated TGF-β1-mediated cell activity, reduced cytoskeletal re-
arrangement, and impaired RPE integral tight junctions.
Third, PTN knockdown down-regulated p38 MAPK phos-
phorylation in RPE cells treated with TGF-β1. Finally, we
demonstrated that PTN knockdown inhibited the development
of PVR in vivo.

The ocular fibrotic disease PVR is a process of fibrocellular
proliferation in the vitreous cavity that can form contractile

Fig. 5 Phosphorylated p38 MAPK, occludin, and claudin-1 were down-
regulated by PTN knockdown. The level of p-p38 MAPK was down-
regulated by PTN knockdown (a, b). The relative mRNA and protein
expression levels of occludin and claudin-1 were down-regulated after
PTN knockdown (c, d, e). The relative protein expression levels were

quantified via normalization to GAPDH expression (b, e). RT-PCR and
Western blot analysis were performed at least three times, and yielded
qualitatively similar results. Data are presented as the mean ± SEM;
*P < 0.05, **P < 0.01

Fig. 4 Effects of PTN on RPE
proliferation and migration.
Nuclei were stained with DAPI
and appeared as a blue dot. Five
random field cells were counted,
and the average was used for the
statistical analysis. TGF-β1
stimulated the migration of RPE
cells. After the knockdown of
PTN, the migration of RPE cells
treated by TGF-β1 was inhibited
(a, b). Cell proliferation was
measured with a CCK-8 assay at
0, 24, 48, and 72 h. PTN
knockdown inhibited the RPE
proliferation stimulated by TGF-
β1 (c). The data are shown as the
mean ± SD; *P < 0.05; **P < 0.01
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epiretinal membranes on both sides of the retina. PVR is still
the leading cause of rhegmatogenous RD surgery failure, and
the anatomical and functional results are still unsatisfactory
[26]. The EMT plays a vital role in the formation of the body
plan and the differentiation of many tissues and organs. This
process is re-engaged in adult systems during wound healing,
fibrosis, and tumor progression [27, 28]. Recent studies show
that the EMT in RPE cells is a major contributor to the path-
ogenesis of PVR [1, 2, 6], and PTN has been reported to
stimulate the EMT in glioblastoma cells as a secreted growth
factor [29]. However, the basic mechanisms of the EMT in
RPE cells in PVR are poorly understood. To our knowledge,
this study shows for the first time that PTN plays a crucial role
in the process of the EMT induced by TGF-β1 in human RPE
cells and that PTN expression is activated during PVR
progression.

PTN has been widely studied in several fibrotic, angiogen-
ic, and other diseases. PTN expression in most normal tissues
is low or non-existent, but it has been found to be expressed
during development, after ischemic brain injury, during
wound healing in skin and bone models, and during tumor
cell growth [30–33]. Perez-Pinera et al. reported that PTN
induced the EMT in glioblastoma cells [29]. Previous results
from our research group have also demonstrated that PTN
plays an important role in proliferative diabetic retinopathy
[13]. In the present study, we intended to address the role of
PTN in PVR. As shown in Fig. 1, PTN was highly expressed
in the PVR membranes, but was not expressed in the EMMs.
The difference between PVR and EMM is the presence of cell
migration and the progression of the EMT. PTN has a variety
of functions, including roles in proliferation, mitogenic activ-
ity, apoptosis, and oncogenic and angiogenic activity. PTN
expression was found to be up-regulated in a mouse model
of peritoneal fibrosis, and it was shown to trigger inflamma-
tion and increased permeability of the peritoneum, resulting in
human peritoneal fibrosis [17]. Additionally, PTN expression
has been observed in the epiretinal membranes of patients
with proliferative diabetic retinopathy [13]. The intense ex-
pression of PTN in PVR membranes is an indicator and the
basic rationale for this research.

As demonstrated in several studies, TGF-β1 is the most
established mediator of the EMT in RPE cells [26, 34].

Previous studies have reported that TGF-β1 was detected in
vitreous samples, subretinal fluid, and epiretinal membranes
surgically obtained from patients diagnosed with PVR
[35–37]. PTN stimulates the EMT and disrupts cell–cell ad-
hesion in human glioblastoma cells [32]. The up-regulation of
α-SMA and fibronectin is the main marker of the EMT [26].
However, we did not know whether TGF-β1 correlated with
the high expression of PTN in PVR membranes that we de-
tected. Thus, in the present study, we used TGF-β1 to stimu-
late the EMT in RPE cells, and we aimed to analyze the rela-
tionship of TGF-β1, PTN, and the EMTwith the proliferative
effects of PVR. As expected, we found that the EMT was
induced in RPE cells with increasing expression of the mes-
enchymal markers α-SMA and fibronectin after treatment
with TGF-β1 (Fig. 2), which was consistent with the findings
of previous studies [26, 38]. Additionally, we verified that
PTN expression was increased in RPE cells after stimulation
by TGF-β1 (Fig. 2), indicating that PTN may play a vital role
in the TGF-β1-induced EMT in RPE cells, which is a sign of
the development of PVR. Therefore, we then knocked down
the expression of PTN using siRNA to further explore the role
of PTN in RPE cells and a PVR animal model. SiRNA can be
used to inhibit virtually any target gene and is profoundly
useful in therapeutics [39]. Several RNAi-based therapeutics
have been or are currently being investigated in human clini-
cal trials [39]. We found that the knockdown of PTN achieved
in RPE cells, i.e., 99%, was sufficient (Fig. 2a). The applica-
tion of PTN-siRNA significantly inhibited the EMT induced
by TGF-β1, including the observed cytoskeletal rearrange-
ment (Fig. 3b) and the up-regulation of α-SMA and fibronec-
tin (Fig. 2f). These findings indicate that PTN could be down-
stream of TGF-β1. In a previous study, Weng et al. reported
that TGF-β1 influenced the expression of PTN in the progres-
sion of fetal rat lung development [40], which supports our
results. Cytoskeletal changes are important in proliferative
membrane formation. Lee et al. have also proposed that
TGF-β1 induces cytoskeletal rearrangement in human RPE
cells in the pathogenesis of PVR [41].

The uncontrolled proliferation and migration of RPE cells
and cytoskeletal rearrangement are characteristics of the EMT
in the process of pathological epiretinal membrane formation
[2, 42]. Recent studies have shown that PTN-regulated

Fig. 6 Effects of PTN on retinal morphological changes in experimental
PVR. Color fundus images of BN rats after 14 days. Images of a healthy
vitreous body in vivo (a), an eye injected with RPE cells (b), an eye
injected with TGF-β1-treated RPE cells (c), and an eye injected with

TGF-β1-treated RPE cells after PTN knockdown (d). The arrows point
to the proliferative membranes. Injection of TGF-β1-treated RPE cells
after PTN knockdown led to reduced PVR
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proliferation and migration is essential in various cancer cells
[43]. Our research demonstrated that PTN knockdown signif-
icantly inhibited the TGF-β1-induced proliferation and migra-
tion of ARPE-19 cells (Fig. 4). We also found that PTN
knockdown attenuated TGF-β1-induced cytoskeletal rear-
rangement in RPE cells (Fig. 3b). We then detected the ex-
pression of the cell–cell junction factors claudin-1 and
occludin (Fig. 5c–e). Previous studies have shown that
claudin-1 and occludin are influential in the EMT process
and that claudin-1 induces the EMT [38, 43]. Our study also
demonstrated that PTN knockdown led to considerable sup-
pression of cytoskeletal rearrangement and up-regulation of
claudin-1 and occludin stimulated by TGF-β1. Claudin-1
and occludin are tight functions, and it has recently become
clear that tight junction factors may act as cell signaling mol-
ecules, affecting the proliferation, movement, and invasion of
cells [44, 45].

Although TGF-β is central to the signaling network of the
EMT, the most recent data show that integration and crosstalk
with TGF-β signaling can occur with the MAPK and
PI3K/Akt signaling pathways, promoting the EMT [7, 46].
The MAPK and the PI3K/Akt pathways have essential roles
in various cell activities, including proliferation, migration,
inflammation, and death [47]. Here, we investigated the role
of PTN in p38 MAPK signaling. As shown in Fig. 5a, a
significant reduction was observed in the phosphorylation of
p38 in cells treated with PTN-siRNA, suggesting that p38
may be a downstream cellular signaling protein of PTN that
can mediate cell functions. In addition, previously published
studies have shown that p38 influences the expression of PTN
[48]. Thus, PTN may act through the p38 MAPK pathway to
mediate the TGF-β1-induced EMT in RPE cells.

To date, more than 25 PVR models have been designed
[41]. These models facilitate investigations into the pathogen-
esis of diseases and the identification of new therapeutic tar-
gets [41, 49]. In this study, we demonstrated that PVR forma-
tion stimulated by TGF-β1 could be inhibited by the knock-
down of PTN in vivo (Fig. 6). Our results show that the PTN-
siRNA-treated group exhibited reduced membrane formation.
Furthermore, our in vivo data correlated with our in vitro data,
which further confirm the involvement of PTN in PVR.

In conclusion, our findings suggest that PTN is a key me-
diator of the EMT in RPE cells, as well as RPE cell migration
and proliferation. PTN might play an important role in the
pathogenesis of PVR. These results indicate that PTN could
serve as a novel target for therapeutic interventions in PVR.
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