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intravitreal injections  of ARPE-19 cells, while LY411575 
inhibited mouse PVR formation in  vivo. Notch signaling 
plays a critical role in TGF-β1-induced EMT in vitro and 
mice PVR model, which provides a novel insight into the 
pathogenesis of PVR. The specific inhibition of Notch sign-
aling by γ-secretase inhibitor may provide a new approach 
for the prevention of PVR.

Keywords  Notch signaling · Proliferative 
vitreoretinopathy · Retinal pigment epithelial cells · 
Epithelial–mesenchymal transition · Wound healing

Introduction

Proliferative vitreoretinopathy (PVR) is a recurring and 
problematic blinding disorder that occurs in eyes with 
rhegmatogenous retinal detachment and in eyes that have 
recently undergone retinal detachment surgery, for which 
there is no pharmacologic treatment (Lei et al. 2012). The 
pathogenesis includes a fibrotic reaction by the retinal pig-
ment epithelium (RPE) and other retina-derived non-neu-
ral cells (Tseng et al. 2004). RPE cells are exposed to the 
vitreous, activated by vitreal growth factors and cytokines, 
transformed into fibroblasts, and organized into mem-
branes on the inner and/or outer surface of the retina, creat-
ing wrinkling of the retina and retinal traction, which are 
considered key elements in PVR (Hiscott et al. 1999; Qiu 
et al. 2013). This process is likely to involve epithelial-to-
mesenchymal transition (EMT) and be driven by agents in 
the vitreous such as transforming growth factor β (TGF-β) 
in experimental PVR (Hoerster et al. 2014). Emerging evi-
dence suggests that the Notch signaling pathway regulates 
EMT, leading to tumor invasion and metastasis, and could 
be down-regulated by its inhibitors or natural compounds, 

Abstract  Elevated Notch signaling has been verified in 
a large range of fibrotic diseases developed in the kidney, 
liver, and lung, inducing the development of the epithelial–
mesenchymal transition (EMT). The aim of this study was 
to observe the involvement of Notch signaling in the EMT 
of retinal pigment epithelial (RPE) cells and the patho-
genesis of proliferative vitreoretinopathy (PVR). In  vitro 
cultivated human RPE cells (ARPE-19) were treated with 
10 ng/mL transforming growth factor (TGF)-β1 for 24, 48, 
and 72 h. The expression levels of ZO-1, α-SMA, vimen-
tin, Notch1 intracellular domain (NICD1), and Hes-1 were 
evaluated with quantitative real-time polymerase chain 
reaction (qRT-PCR), immunofluorescence staining or 
Western blot. TGF-β1 induced EMT and the activation of 
Notch signaling in ARPE-19 cells. To examine the effect of 
Notch inhibition on TGF-β1-induced EMT and PVR for-
mation, ARPE-19 cells were preincubated with γ-secretase 
inhibitor LY411575 before TGF-β1 treatment. Mouse PVR 
model was used for in  vivo study. ARPE-19 cells were 
injected intravitreously with or without the LY411575 to 
examine the effect of Notch inhibition on PVR formation. 
LY411575 significantly attenuated EMT by inhibiting the 
Notch signaling activation in  vitro. PVR was induced by 
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resulting in the reversal of EMT to mesenchymal-to-epithe-
lial transition (Li et al. 2013).

The Notch signaling pathway is a highly conserved cell–
cell interaction mechanism that regulates cell proliferation, 
differentiation, apoptosis or stem cell maintenance through 
cell physical contact in both vertebrate and invertebrate 
species (Wilson and Radtke 2006). Notch signaling is com-
posed of Notch ligands, Notch receptors, and DNA-binding 
proteins. There are five transmembrane Notch ligands (Jag-
ged1, Jagged2, Dll1, Dll3, and Dll4) and four transmem-
brane Notch receptor isoforms (Notch1–4) in mammalian 
cells. CSL is a key DNA-binding protein in the Notch sign-
aling pathway and is called CBF-1 or RBP-J which could 
recognize and bind specific DNA sequences (RTGGGAA) 
located in Notch-induced gene promoters. The pathway is 
activated through an interaction of a Notch receptor with 
a Jagged or Delta-like ligand, leading to proteolytic cleav-
ages of Notch receptor at two distinct sites. The cleavage 
releases the Notch intracellular domain (NICD1) so that it 
can enter the nucleus and function as a transcription acti-
vator. The second cleavage is mediated by the γ-secretase 
complex, and an effective inhibition of Notch activation 
can be achieved by pharmacological inhibition of this pro-
teolytic activity. Within the nucleus, NICD1 interacts with 
CSL (RBP-Jk/CBF-1) and activates transcription of down-
stream target genes, such as those of the Hes and Hey fami-
lies (Zhu et al. 2010).

Notch signaling is of importance for eye development, 
and constitutive Notch activity leads to hyperprolifera-
tion and benign tumors formation, which is dependent on 
the presence of the transcription factor RBP-Jk (Umazume 
et al. 2013). Little is known about whether the Notch sign-
aling pathway is involved in the pathogenesis of PVR. In 
the present study, we investigated expression change of 
Notch signaling in PVR formation and during the process 
of TGF-β1-induced EMT of RPE, and observed the influ-
ence of γ-secretase inhibitor on RPE transdifferentiation 
and PVR development by inhibiting Notch signaling.

Methods

Reagents and antibodies

The primary antibodies were smooth muscle α-actin 
(α-SMA; ab7817, Abcam), Hes-1 (ab71559, Abcam), the 
Notch-1 intracellular domain (NICD1; ab8925, Abcam), 
zona occludin-1 (ZO-1; sc-10804, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), and Notch-1 (sc-6014, Santa Cruz 
Biotechnology). The secondary antibodies against rabbit 
labeled with fluorescein isothiocyanate (FITC) and mouse 
IgG labeled with tetramethyl rhodamine isothiocyanate 
(TRITC) were purchased from Zhongshan Golden Bridge 

Biotechnology Co. Ltd. (Beijing, China). Primers were pur-
chased from the Invitrogen Corporation (China). Recombi-
nant human TGF-β1 was purchased from R&D Systems 
(Minneapolis, MN). γ-secretase inhibitor LY411575 was 
purchased from Selleckehem (Houston, TX).

Cell culture

Human retinal pigment epithelial cell line ARPE-19 (Zeng 
et al. 2013) (ATCC, catalog No. CRL-2302, Rochkefeller, 
MD) was cultured in Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F-12; HyClone Company, 
UT, USA) supplemented with 10  % fetal bovine serum 
(FBS; Gibco Company, CA, USA) and penicillin/strepto-
mycin. ARPE-19 cells were serum-starved overnight and 
then cultured in DMEM/F-12 with 2 % FBS and 10 ng/mL  
TGF-β1 treatment for 24, 48, and 72  h. Cell morphol-
ogy changes were observed under an inverted microscope 
(Olympus CKX41, Tokyo, Japan), and the expression of 
ZO-1, vimentin, α-SMA, NICD1, Hes-1, Jagged-1, and 
RBP-Jk was examined using immunofluorescence staining, 
Western blot or quantitative real-time polymerase chain 
reaction (qRT-PCR). To examine the effect of γ-secretase 
inhibitor LY411575 on TGF-β1-induced EMT, ARPE-
19 cells were preincubated for 1 h with LY411575 before 
TGF-β1 treatment.

Animal experiments

Eighty-four-week-old C57BL/6J mice were obtained from 
the Experiment Animal Center at the Shandong Provincial 
Key Laboratory of Ophthalmology of Shandong Eye Insti-
tute. All experiments adhered to the ARVO statements for 
the Use of Animals in Ophthalmology and Vision Research. 
All procedures were approved by the Ethics Committee of 
the Shandong Eye Institute. All surgeries were performed 
on only one eye of each mouse under sodium pentobarbital 
anesthesia, and the mice were sacrificed with an overdose 
of 10 % chloral hydrate.

Eighty male mice were randomly divided into three 
groups. Mice in control group (n  =  30) were injected 
with 1  µL PBS; mice in ARPE-19 cell group (n  =  30) 
received the intravitreous injection with 1  µL ARPE-19 
cells (5 ×  104/µL) suspended in PBS; mice in ARPE-19 
cells +LY411575 group (n = 20) were injected with 1 µL 
ARPE-19 cells (5  ×  104) suspended in PBS containing 
LY411575 (19 ng/µL). Under operating microscope, pass a 
33-gauge needle attached to a 5 µL-Hamilton microsyringe 
(Hamilton Company, Switzerland) through the equatorial 
sclera, position the tip of the needle just over the optic disk 
and inject the cells, taking care not to disturb the lens or 
the retina. During injection of the RPE cells, the cells can 
be seen flowing from the needle tip into the vitreous and 
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disperse in the vitreous fluid. Meanwhile, the vitreous can 
become cloudy immediately.

Histology, immunohistochemistry, and whole‑mount 
staining

ARPE-19 cells were seeded in 48-well tissue culture 
plates in amounts of 5 ×  103  cells/well for incubation of 
24  h before serum-starved overnight and then cultured in 
DMEM/F-12 with 2 % FBS and 10 ng/mL TGF-β1 treat-
ment for 48 h. The expression of ZO-1, vimentin, NICD1, 
and Hes-1 was examined using immunofluorescence stain-
ing. Cells were incubated with primary antibodies and 
secondary antibodies, and nuclei were stained with DAPI 
(Beyotime Institute of Biotechnology, Shanghai, China). 
Finally, the cells were visualized and photographed using a 
confocal microscope (NIKON TE2000, Tokyo, Japan).

Eyes in control and ARPE-19 cell group were collected 
for histology at 7, 14, and 28  days after the intravitreous 
injection. The samples were fixed in 10  % formalin and 
embedded in paraffin. Continuous 4-µm sections were 
stained with hematoxylin and eosin (H.E. staining). The 
presence of RPE cells, proliferative membranes, and retinal 
detachment was observed by light microscopy. Meanwhile, 
paraffin sections and whole-mount retinas were stained by 
immunohistochemistry for α-SMA to visualize prolifera-
tive membranes at 14 days after the intravitreous injection 
(Outtz et al. 2011). Retina tissues were harvested for real-
time PCR and Western blot analysis at 14  days after the 
intravitreous injection.

Real‑time PCR analysis

The total RNA was extracted with the NucleoSpin RNA 
II System (Company Macherey–Nagel, Düren, Germany) 
according to the manufacturer’s protocol and was reverse-
transcribed using PrimeScript RT reagent Kit (Takara Bio-
technology Company, Dalian, China). Quantitative real-
time polymerase chain reaction (qRT-PCR) was performed 
with SYBR Green Real Master Mix and specific prim-
ers. The following PCR primers from humans were used: 
α-SMA: forward, 5′-GGG ACA TCA AGG AGA AAC 
TGT GT-3, reverse, 5′-TCT CTG GGC AGC GGA AAC-
3′; Hes-1: forward, 5′-TTT GGA TGC TCT GAA GAA 
AGA TAG C-3′, reverse, 5′-CGG TAC TTC CCC AGC 
ACA CTT -3′; Jagged-1: forward, 5′-GGG AAC CCG ATC 
AAG GAA AT-3′, reverse, 5′-GCT CAG CAA GGG AAC 
AAG GA-3′; RBP-Jk: forward, 5′-GTG CTG GCG TTT 
GTG TAA CTT C-3′, reverse, 5′-GTG CTG GCG TTT 
GTG TAA CTT C-3′; and GAPDH: forward, 5′-ATG CTG 
GCG CTG AGT ACG T-3′, reverse, 5′-AGC CCC AGC 
CTT CTC CAT-3′. The following PCR primers from mice 
were used: α-SMA: forward, 5′-TGC CGA GCG TGA 

GAT TGT C-3′, reverse, 5′-CGT TCG TTT CCA ATG 
GTG ATC-3′; Hes-1: forward, 5′-TCC AAG CTA GAG 
AAG GCA GAC AT-3′, reverse, 5′-GGG TCA CCT CGT 
TCA TGC A-3′; and GAPDH: forward, 5′-GAC CCC TTC 
ATT GA CCT CAA C-3′, reverse, 5′-CTT CTC CAT GGT 
GGT GAA GA-3′.

Western blot

Samples were homogenized in 100  µL of ice-cold RIPA 
(radio-immunoprecipitation assay) lysis buffer supple-
mented with a proteinase inhibitor phenylmethanesulfonyl 
fluoride (PMSF). The homogenates, which contained 20 µg 
of protein, were then separated by SDS-PAGE and trans-
ferred to nitrocellulose membrane (Thermo Fisher Scien-
tific China, Beijing, China). The blots were probed with the 
following primary antibodies: α-SMA (ab7817, Abcam), 
vimentin (sc-5565, Santa Cruz), Hes-1 (ab71559, Abcam), 
NICD1 (ab8925, Abcam). Quantification of the Western 
blot data was performed by measuring densitometric analy-
sis of the bands using Image J software.

Statistical analysis

All results were expressed as the means ± standard devia-
tions (SD). Data were analyzed with the SPSS 17.0 statis-
tical package. A one-way analysis of independent samples  
t test for two-sample comparisons was used to compare the 
means of two groups. A P value of less than 0.05 was con-
sidered statistically significant. The reported results were 
representative of three independent experiments.

Results

Induction of EMT and activation of Notch signaling 
in ARPE‑19 cells by TGF‑β1

Notch signaling changes were detectable during TGF-β1 
induction of EMT. ARPE-19 cells exhibited a cobblestone-
like morphology in the absence of TGF-β1, while after 
exposure to TGF-β1, ARPE-19 cells changed into spindle-
shaped fibroblast-like cells, which were larger and less com-
pact than the untreated cells (Fig. 1a). Immunofluorescence 
revealed that TGF-β1 treatment decreased the expression of 
the epithelial phenotype marker ZO-1 at endothelial cell–cell 
junctions and increased the expression of the mesenchymal 
marker α-SMA in the cytoplasm. Because the cleavage of 
Notch-1 is an indicator of the Notch signaling activation, and 
Hes-1 is a Notch downstream target, we examined NICD1 
and Hes-1 as markers of the activated Notch expression 
by immunofluorescence, observing a significant increase 
in NICD1 and Hes-1 in RPE cells for TGF-β1 treatment 
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(Fig. 1b). The mRNA of α-SMA, Hes-1, RBP-Jk, and Jag-
ged-1 was detected by qRT-PCR to significantly increase and 
peak at 48 h (Fig. 1c). Meanwhile, by Western blot, the pro-
tein expression of vimentin, α-SMA, NICD1, and Hes-1 was 
also found to significantly increase at 24, 48 and 72 h after 
10  ng/mL TGF-β1 exposure (Fig.  1d). These results dem-
onstrated that TGF-β1 induced EMT in ARPE-19 cells and 
activated Notch signaling in a time-dependent manner.

γ‑secretase‑mediated Notch signaling activation 
for TGF‑β1‑induced EMT

ARPE-19 cells were preincubated for 1 h with LY411575 
(100 nM, 1 and 10 µM) or vehide (0.05 % DMSO) before 
TGF-β1 treatment. The mRNA levels of α-SMA were eval-
uated with quantitative real-time polymerase chain reaction 
(qRT-PCR) at 48 h. The expression of α-SMA mRNA can 

Fig. 1   TGF-β1 induces EMT and activates Notch signaling in ARPE-
19 cells. a Cell morphological change. ARPE-19 cells exhibited a 
cobblestone-like morphology in the absence of TGF-β1, after expo-
sure to TGF-β1 for 72 h. ARPE-19 cells change into spindle-shaped 
fibroblast-like cells, larger and less compact than untreated cells. b 
Immunoflurescence staining of ZO-1, α-SMA, NICD1, and Hes-1 in 
ARPE-19 cells in control group and TGF-β1 group for 72 h. Nuclei 
are stained with DAPI (blue). c The mRNA expression of α-SMA, 

Hes-1, RBP-Jk, and Jagged-1 is examined by real-time PCR after 
10  ng/mL TGF-β1 exposure for 24, 48, and 72  h, and their levels 
peaked at 48 h. Data are given as mean ± SD (n = 4). *P < 0.05. d 
The protein levels of α-SMA, vimentin, Hes-1, and NICD1 are ana-
lyzed by Western blot at the time points as indicated after TGF-β1 
(10  ng/mL) treatment. Graphic representation of relative abundance 
of α-SMA, vimentin, Hes-1, and NICD1 normalized to GAPDH. 
Data are given as mean ± SD (n = 3). *P < 0.05 versus control group
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be inhibited by LY411575 (100 nM, 1 and 10 µM) and sig-
nificantly inhibited by concentrations of 1  µM LY411575 
(Fig. 2a).

Based on the above results, we mainly investigated 
whether the activation of Notch signaling in TGF-β1-
induced EMT was modulated by the presence of the 
γ-secretase inhibitor 1  µM LY411575. γ-secretase inhibi-
tor can block Notch signaling by inhibiting the final pro-
teolytic cleavage of the Notch receptor. First, cell morphol-
ogy analysis revealed that LY411575 treatment attenuated 
morphological changes induced by TGF-β1 compared to 
vehicle-treated cells (Fig. 2b). Meanwhile, LY411575 was 

observed to significantly reduce the mRNA expression of 
Hes-1 and Jagged-1 and the protein expression of TGF-
β1-induced NICD1 and Hes-1 as shown by a significant 
decrease in α-SMA mRNA and protein expression (Fig. 2c, 
d). These results indicated that the inhibition of Notch sign-
aling mediated TGF-β1-induced EMT.

Mouse intravitreal RPE cells for the model of PVR

In this study, mice were intravitreally injected with RPE 
cells (5 × 104) to observe PVR evolution. Enucleated eyes 
were embedded in paraffin and H.E. staining showed that 

Fig. 2   γ-secretase inhibitor 
LY411575 inhibits TGF-β1-
induced EMT in ARPE-19 cells. 
a ARPE-19 cells are treated 
with LY411575 (100 nM, 1 
and 10 µM) and 10 ng/mL 
TGF-β1 for 48 h and the mRNA 
expression is analyzed by real-
time PCR. Data are given as 
mean ± SD (n = 3). *P < 0.05. 
b ARPE-19 cells are treated 
with 1 µM LY41575 and 10 ng/
mL TGF-β1 for 48 h and mor-
phological change is examined. 
c ARPE-19 cells is treated with 
1 µM LY41575 and 10 ng/
mL TGF-β1 for 48 h and the 
mRNA expression of α-SMA, 
Hes-1, and Jagged-1 is analyzed 
by real-time PCR. Data are 
given as mean ± SD (n = 3). 
*P < 0.05. d ARPE-19 cells are 
treated with 1 µM LY41575 and 
10 ng/mL TGF-β1 for 48 h and 
the protein levels of α-SMA, 
Hes-1, and NICD1 are analyzed 
by Western blot. GAPDH is 
used to verify equivalent load-
ing
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many RPE cells, which exhibited spindle-shaped fibroblast-
like cells, existed in the vitreous cavity, and inflammatory 
cells invaded the vitreal cavity at 1 week after the intravit-
real injection of ARPE-19 cells. Epiretinal membrane in 
all mice (100 %, 10/10) was observed at 2 weeks after an 
intravitreal injection of RPE cells; these proliferative mem-
branes were associated with a tractional retinal detach-
ment. Four weeks later, some of the mice (50  %, 5/10) 
developed extensive retinal detachment, and many inflam-
matory cells existed in the vitreous cavity. There were not 
proliferative membranes and retinal detachment in the 
control group (Fig.  3a). Immunohistochemistry analysis 
at 2 weeks showed that α-SMA positive labeled cells were 
involved in the PVR proliferative membrane (Fig. 3b), and 
whole-mount retinal immunofluorescence staining analyses 
at 14  days showed α-SMA positive labeled proliferative 
membrane (Fig. 3c).

Attenuation of mouse PVR formation by LY411575

To investigate the expression of Notch signaling compo-
nents in PVR animal model, we generated a mouse model 
of PVR by the intravitreal injection of ARPE-19 cells. 
The mRNA levels of α-SMA and Hes-1 were increased 
in 2 weeks. Similarly, the protein levels of NICD1, Hes-1, 
and α-SMA were increased after the intravitreal injection 
of ARPE-19 cells. The effect of LY411575 on inhibiting 
Notch signaling was demonstrated by the decreased pro-
tein levels of NICD1 and Hes-1 and mRNA levels of Hes-
1. Meanwhile, the expression of α-SMA in the protein and 
mRNA level remarkably attenuated in LY411575-treated 
mice, and PVR formation was inhibited (Fig. 4).

Discussion

Notch signaling plays an important role in choroidal neo-
vascularization angiogenesis (Ahmad et  al. 2011). Little 
has  been  known about the function of Notch signaling in 
PVR formation in vivo. In this study, we showed that Notch 
signaling was markedly activated in RPE cells after TGF-
β1 treatment, as indicated by the increased expression of 
Hes-1, NICD1, Jagged-1, and RBP-Jk. Likely, we detected 
an elevated level of expression for Notch signaling com-
ponents during PVR formation induced by the intravitreal 
injection of ARPE-19 cells. Treatment of ARPE-19 cells 
with the Notch inhibitor LY411575 led to a strong inhibi-
tion of TGF-β1-induced EMT. Importantly, LY411575 
intravitreal injection attenuated RPE cell-induced PVR 
formation as demonstrated by the decreased expression of 
α-SMA.

The RPE, a polarized monolayer of specialized epithe-
lium located at the outermost layer of the retina between 
the neural retina and choroid, is part of the outer blood-ret-
inal barrier and plays a pivotal role in supporting photore-
ceptor function. Under pathological conditions, RPE cells 
undergo EMT, form fibroblast-like cells or myofibroblasts, 
and produce extracellular matrix components participat-
ing in the formation of a contractile fibrotic proliferative 
membrane. RPE cells are present in epiretinal and subreti-
nal membranes and are believed to have a pro-fibrotic role 
in the development of PVR (Liu et al. 2013; Tamiya et al. 
2010). The Notch signaling is important for the develop-
ment and differentiation of RPE in mammalian eyes and 
might lead to tumor formation and structural damages of 
the eye if it is constitutively active (Bai et al. 2013; Uma-
zume et  al. 2013). In RPE cells, Jagged-1 has a higher 
expression level than any of the other ligands JAG2, DLL1, 
DLL3, and DLL4 (Liu et  al. 2013). Blockage of Notch 
Signaling could inhibit the migration and proliferation of 
retinal pigment epithelial cells, which might be related to 

Fig. 3   Mouse PVR model induced by intravitreal injection of RPE 
cells. a HE staining: Many RPE cells, which are exhibited spindle-
shaped fibroblast-like cells, existed in the vitreous cavity, and inflam-
matory cells invaded the vitreal cavity at 1  week. Epiretinal mem-
branes in the vitreous cavity of all experimental mice are observed at 
2 weeks. Four weeks later, some of the mice are developed extensive 
retinal detachment, and many inflammatory cells are existed in the 
vitreous cavity. There are not proliferative membranes in the control 
group. b Immunohistochemistry staining of α-SMA at 14 days after 
intravitreal injection of RPE cells. c Whole-mount retinal immuno-
fluorescence staining of α-SMA at 14 days after intravitreal injection 
of RPE cells
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a reduction in Hey2 expression levels (Liu et  al. 2013). 
Jagged1/Notch signaling regulates RPE proliferation and 
specification, and plays a critical role in keeping the distal 
RPE from differentiating into the retina (Ou et  al. 2013). 
The elements of the Notch signaling pathway, including 
Jagged-1, Notch-3, Hes-1, and Hey-1, can be up-regulated 
in TGF-β2-stimulated EMT in human RPE cells (Bai et al. 
2013). Blockade of Notch pathway inhibited TGF-β2-
induced EMT, suggesting a critical role of Notch pathway 
in TGF-β2-induced EMT (Chen et al. 2014). We found that 
Notch signaling was activated in the presence of TGF-β1, 
and the inhibition of Notch signaling can inhibit TGF-β1-
induced EMT. Therefore, inhibition of the Notch signal-
ing pathway may have therapeutic value in the prevention 
and treatment of PVR. We further observe the influence of 
γ-secretase inhibitor on mice PVR development by intravit-
real injection of LY411575.

PVR, a scarring process that may develop with retinal 
detachment, is the most common cause of surgical failure 
in the treatment of rhegmatogenous retinal detachment. 
It is characterized by the formation of fibrotic prolifera-
tive membranes on the detached retina, which reduces the 
flexibility of retina and further results in retinal redetach-
ment and difficulty in retinal reattachment (Yu et al. 2008). 
The RPE cells are a main contributor to the development 
of fibrotic tissue on the retina and can transform into fibro-
blasts in response to cues that they receive from the vitre-
ous. Rabbit models that involve the intravitreal injection 
of RPE cells have been widely used (Agrawal et al. 2007). 
The mouse has some advantages as an animal models for 
PVR, although the work is not easy in mouse eyes. It would 
be highly desirable to have a reproducible model in mice, 

which would allow testing of genetic background in the 
pathogenesis of PVR and facilitate testing of candidate 
drugs to treat this disease (Agrawal et al. 2007; Soler et al. 
2002). In this study, for the first time we observe in vivo 
mice PVR formation by intravitreal RPE cells, and analyze 
α-SMA expression by qRT-PCR and Western blot. We are 
now reporting the results of a 1-month study, demonstrat-
ing that intravitreal RPE cells induced a PVR-like condi-
tion and characterized by the appearance of epiretinal 
membrane and retinal folds.

This process is likely to involve EMT, a process in 
which epithelial cells lose their differentiated phenotypes 
and become mesenchymal-like cells. EMT has an impor-
tant role in not only cancer progression, but also normal 
organ development and human pathology such as organ 
fibrosis and wound healing (Chen et  al. 2012; Ono et  al. 
2012). It can be triggered by different signaling molecules, 
such as transforming growth factor beta (TGF-β), epider-
mal growth factor (EGF), fibroblast growth factor (FGF), 
hepatocyte growth factor (HGF), bone morphogenetic pro-
teins (BMPs), and WNTs and Snail (Barrallo-Gimeno and 
Nieto 2005). TGF-β1 has been elevated in the vitreous fluid 
during the development of PVR membranes and can trigger 
the influx of RPE cells into the vitreous and the EMT of 
RPE cells (Hoerster et al. 2014). Elevated Notch signaling 
has been verified in a large range of fibrotic diseases devel-
oped in the kidney, liver, and lung, inducing the develop-
ment of EMT (Leask 2010; Noseda et al. 2004; Wang et al. 
2010).

The human SMA promoter contains a CSL consen-
sus binding site (TGGGAA) beginning at 64 from the 
cap site that is conserved in apes and rodents (Noseda 

Fig. 4   γ-secretase inhibitor 
LY411575 attenuates mouse 
PVR formation. a Retina tissues 
are harvested for real-time PCR 
to analyze the mRNA expres-
sion of α-SMA, Hes-1, and 
Jagged-1. Data are given as 
mean ± SD (n = 3). *P < 0.05. 
b Retina tissues are harvested 
for Western blot analysis with 
antibodies against α-SMA, 
NICD1, and Hes-1. GAPDH 
is used to verify equivalent 
loading



374	 Histochem Cell Biol (2017) 147:367–375

1 3

et  al. 2004). Notch has recently been shown to directly 
regulate the expression of the mesenchymal and smooth 
muscle cell marker α-SMA, which is directly depend-
ent on activation and binding of CSL to the SMA pro-
moter (Noseda et al. 2006). TGF-β-induced EMT is a key 
contributor to fibrotic scar formation (Hills and Squires 
2010). TGF-β1 can promote the Notch target gene Hes-1 
expression during the process of EMT of primary rat 
mesothelial cells (RPMCs), and the γ-secretase inhibitor 
can dramatically inhibit TGF-β-induced EMT of RPMCs 
and peritoneum fibrosis (Chen et  al. 2012). Elements 
of the Notch signaling pathway, including Jagged1 and 
Notch1 and 2, Hes1 and Hey1, have been identified as 
TGF-β1-responsive genes for example in kidney epithe-
lia (Hills and Squires 2010; Zavadil et al. 2004). In this 
preliminary study, we demonstrated Notch signaling was 
activated during PVR formation in mice PVR model. To 
examine the effect of γ-secretase inhibitor LY411575 on 
PVR formation, C57BL/6J mice have been injected into 
vitreous cavity with 1 µL ARPE-19 cells (5 × 104) sus-
pended in PBS containing LY411575 (1.9 ng/µL, 4 µM). 
The expression of α-SMA mRNA cannot be inhibited by 
LY411575 (4 µM). And then we used LY411575 (19 ng/
µL, 40 µM) to inhibit PVR formation, which also referred 
to concentrations of γ-secretase inhibitor DAPT (16 ng/
µL, 40 µM) of the intravitreous injection (Qi et al. 2012; 
Zhang et al. 2015). We calculate that vitreous cavity and 
anterior chamber volume in 4-week-old C57BL/6J mice 
is approximately 4 µL according to single-shot dimension 
measurements of the mouse eye using SD-OCT (Jiang 
et  al. 2012). C57BL/6J mice were injected with 1  µL 
LY411575 (40 µM), and the concentration of LY411575 
in mouse eye is approximately 10  µM, roughly equal 
to 10 times the concentration used in  vitro. LY411575 
(19  ng/µL) intravitreal injection was found to inhibit 
Notch signaling pathway and attenuate RPE cell-induced 
PVR formation.

In summary, the Notch signaling pathway plays a criti-
cal role in PVR formation by regulating EMT of RPE. 
The specific inhibition of Notch signaling pathway by the 
γ-secretase inhibitor may prevent PVR, which provides a 
novel insight into the pathogenesis of PVR.
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