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Abstract 
● AIM: To reveal whether and how Yes-associated protein 
(YAP) promotes the occurrence of subretinal fibrosis in age-
related macular degeneration (AMD). 
● METHODS: Cobalt chloride (CoCl2) was used in primary 
human umbilical vein endothelial cells (HUVECs) to induce 
hypoxia in vitro. Eight-week-old male C57BL/6J mice weighing 
19-25 g were used for a choroidal neovascularization (CNV) 
model induced by laser photocoagulation in vivo. Expression 
levels of YAP, phosphorylated YAP, mesenchymal markers 
[α smooth muscle actin (α-SMA), vimentin, and Snail], and 
endothelial cell markers (CD31 and zonula occludens 1) 
were measured by Western blotting, quantitative real-time 
PCR, and immunofluorescence microscopy. Small molecules 
YC-1 (Lificiguat, a specific inhibitor of hypoxia-inducible 
factor 1α), CA3 (CIL56, an inhibitor of YAP), and XMU-MP-1 
(an inhibitor of Hippo kinase MST1/2, which activates YAP) 
were used to explore the underlying mechanism.
● RESULTS: CoCl2 increased expression of mesenchymal 
markers, decreased expression of endothelial cell markers, 
and enhanced the ability of primary HUVECs to proliferate 
and migrate. YC-1 suppressed hypoxia-induced endothelial-
to-mesenchymal transition (EndMT). Moreover, hypoxia 
promoted total expression, inhibited phosphorylation, and 
enhanced the transcriptional activity of YAP. XMU-MP-1 
enhanced hypoxia-induced EndMT, whereas CA3 elicited 
the opposite effect. Expression of YAP, α-SMA, and vimentin 
were upregulated in the laser-induced CNV model. However, 

silencing of YAP by vitreous injection of small interfering 
RNA targeting YAP could reverse these changes. 
● CONCLUSION: The f﻿﻿indings reveal a critical role of the 
hypoxia-inducible factor-1α (HIF-1α)/YAP signaling axis in 
EndMT and provide a new therapeutic target for treatment 
of subretinal fibrosis in AMD.
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INTRODUCTION

A ge-related macular degeneration (AMD), the main 
cause of permanent blindness in people aged over 60y 

worldwide, is expected to impart a heavy burden on public 
health in the next few decades. Exudative (wet) AMD involves 
fibrovascular proliferation under the central retina (macula), 
which occurs with characteristic choroidal neovascularization 
(CNV)[1]. Clinically, anti-vascular endothelial growth factor 
(VEGF) agents such as bevacizumab, ranibizumab, and 
aflibercept, have been used to suppress neovascularization 
in wet AMD. However, a lack of long-term improvements 
in vision, secondary inflammation, or other side effects 
considerably limits the usefulness of these treatments[2]. 
Advanced subretinal fibrosis is considered an important reason 
for the resistance of wet AMD to anti-VEGF drugs[3].
Endothelial-to-mesenchymal transition (EndMT) has been 
established in the pathogenesis and progression of many 
human conditions, including fibrosis of the heart[4], lung[5], 
liver[6], and kidney[7]. Considered one of the important 
factors for inducing EndMT, hypoxia can lead to increased 
expression of mesenchymal marker proteins α smooth 
muscle actin (α-SMA) and fibroblast-specific protein 1 in rat 
microvascular endothelial cells[4]. Hypoxia can also lead to 
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significantly decreased expression of the endothelial marker 
CD31 and significantly increased expression of mesenchymal 
markers α-SMA, collagen 1A1 (COL1A1), and COL3A1 
in the pulmonary microvascular endothelium[8]. Hypoxia-
inducible factor-1α (HIF-1α), a regulator of hypoxia-induced 
transcription, has been identified as a key molecule that 
promotes EndMT by regulating transforming growth factor β 
(TGF-β)/SMAD[8], c-Met/ETS-1[9], and/or nuclear factor κB[10] 
signaling pathways.
The Hippo pathway is an evolutionarily conserved kinase 
cascade[11]. Yes-associated protein (YAP) can be phosphorylated 
by mammalian Ste20-like kinases 1/2 (Mst1/2) and large 
tumor suppressor 1/2, which prevent its entry into the nucleus 
to promote transcription of target proteins[12]. Many previous 
studies demonstrated crucial effects of YAP on epithelial-to-
mesenchymal transition (EMT) and tumor cell metastasis. In 
colorectal cancer cells, YAP was associated with expression 
of EMT markers and influenced tumor cell migration and 
invasion[13]. In lung cancer, WW and C2 domain-containing 
protein 3 inhibited EMT by activating Hippo-YAP signaling[14], 
and YAP enhanced EMT through feedback regulation of WT1 
and Rho family GTPases[15]. These YAP-dependent feedback 
loops result in switch-like changes in expression of signaling 
and EMT-related markers[15]. More recently, several studies 
reported that YAP overexpression in endothelial cells is 
responsible for EndMT and organ fibrosis, although the exact 
molecular mechanism still needs to be elucidated[16-18].
Endothelial cells become dysfunctional under hypoxic 
conditions[19], but whether YAP takes part in hypoxia-induced 
EndMT and subretinal fibrosis associated with wet AMD 
is unclear. To clarify the role of YAP in HIF-1α-induced 
EndMT, the present study employed an in vitro hypoxia model 
involving exposure of human umbilical vein endothelial cells 
(HUVECs) to cobalt chloride (CoCl2). In addition, we show 
that silencing of YAP expression significantly prevented the 
fibrotic process in a laser-induced CNV mouse model. 
MATERIALS AND METHODS 
Ethical Approval  Eight-week-old male C57BL/6J mice 
weighing 19-25 g were purchased from SLAC Laboratory 
Animal Co., Ltd. (Shanghai, China). The Animal Ethics 
Committee of Fudan University approved all experimental 
protocols involving animals. Animals were handled in 
accordance with The Association for Research in Vision and 
Ophthalmology statement “Use of Animals in Ophthalmology 
and Vision Research”. Before performing experimental 
operations, all animals were acclimatized for at least 7d.
Chemicals and Reagents  CoCl2 was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Small molecule inhibitors 
YC-1 (Lificiguat, a specific inhibitor of HIF-1α), CA3 (CIL56, 
an inhibitor of YAP), and XMU-MP-1 (an inhibitor of Hippo 

kinase MST1/2, which activates YAP) were purchased from 
Selleck Chemicals (Houston, TX, USA). Antibodies for YAP1, 
HIF-1α, α-SMA, CD31, and Snail were obtained from Huaan 
Biotechnology Company (Hangzhou, China). Antibodies for 
phosphorylated YAP, vimentin, and zonula occludens 1 (ZO-1)
were purchased from Cell Signaling Technology (Beverly, 
MA, USA), while the antibody for β-actin was from Beyotime 
Institute of Biotechnology (Shanghai, China). Complete 
endothelial cell medium (ECM) containing 5% fetal bovine 
serum (FBS) and endothelial cell growth supplement was 
purchased from ScienCell Research Laboratory (Carlsbad, CA, 
USA).
Cell Culture  Primary HUVECs were obtained from ScienCell 
and cultured in ECM at 37℃ and 5% CO2 in a humidified 
incubator. Cells were used in experiments between passages 3 
and 7.
Chemical Anoxic Treatment  HUVECs were plated in six-
well plates and cultured in an incubator at 37℃ and 5% 
CO2 with normal oxygen until they reached confluency 
70%. Subsequently, the medium was exchanged for medium 
containing 2% FBS and varying concentrations (0-500 μmol/L) of 
CoCl2. After 24h of culture, HUVECs were used for additional 
measurements.
Based on previous studies, the small molecule inhibitors CA3, 
YC-1, and XMU-MP-1 were prepared at a concentration of 
1 mmol/L in dimethyl sulfoxide, and then adjusted to a final 
concentration of 1 μmol/L with ECM containing 2% FBS for 
treatment of cells[20-22]. 
Choroidal Neovascularization Model Induced by Laser 
Photocoagulation  The CNV mouse model was induced by 
laser photocoagulation according to a previously published 
protocol[23-24]. Briefly, C57BL/6J mice were anesthetized with 
2% sodium pentobarbital (50 mg/kg, Sigma-Aldrich), and the 
pupils of both eyes were dilated with 1% topiramate (Alcon 
Laboratories, Fort Worth, TX, USA). Laser photocoagulation 
was performed on the fundus of mice (532-nm wavelength, 
100-mW power, 50-μm spot size, 100-ms duration). Four 
to six laser spots were made around the optic nerve to cause 
damage. Microscopy revealed the appearance of bubbles in all 
laser burns. Spots containing bleeding or an absence of bubbles 
at the laser site were excluded from subsequent experiments. 
According to established protocols, cholesterol-modified 
small interfering RNA (siRNA) targeting YAP or a scramble 
sequence (Ribobio, Guangzhou, China) were intravitreally 
injected at 0.1 nmol in one eye of adult mice on day 1 (d1) and 
d14 after photocoagulation[25-26]. Mice were sacrificed at d7.
Quantitative Real-time PCR  Total RNA was extracted 
using Trizol reagent (Takara Bio, Shiga, Japan) and 
synthesized into cDNA using a reverse transcription kit. 
Amplification experiments were performed using a SYBR 
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green kit (Takara Bio) according to the manufacturer’s 
instructions. Primer sequences were as follows: YAP1, 
5’-GAACAATGACGACCAATAGCTC-3’ (sense) and 
5’-TAGTCCACTGTCTGTACTCTCA-3’ (antisense); HIF-
1α, 5’-AGTTCCGCAAGCCCTGAAAGC-3’ (sense) and 
5’-TCAGTGGTGGCAGTGGTAGTGG-3’ (antisense); 
β-actin, 5’-ACCCACACTGTGCCCATCTA-3’ (sense) and 
5’-GCCACAGGATTCCATACCCA-3’ (antisense). β-actin 
was used as an internal reference gene to calculate the relative 
expression of target genes using the 2-ΔΔCt method for three 
independent experimental repeats.
Western Blotting  Cell lysates were prepared using cell lysis 
buffer containing phosphatase inhibitors. The resulting protein 
concentrations were determined using a bicinchoninic acid 
protein assay. After completely separating 40 μg of total protein 
sample per lane, proteins were transferred to a polyvinylidene 
fluoride membrane and blocked with 10% skimmed milk for 
1h. Next, membranes were incubated with one or more of the 
following primary antibodies overnight at 4℃: YAP1 (1:1000), 
phospho-YAP (1:1000), HIF-1α (1:500), α-SMA (1:1000), 
CD31 (1:500), vimentin (1:1000), ZO-1 (1:1000), Snail 
(1:1000), and β-actin (1:1000). Subsequently, membranes were 
reacted with appropriate secondary antibodies for 1h, then 
detected and observed using an enhanced chemiluminescence 
substrate kit. The gray value of each target band was analyzed 
by Image J software (https://imagej.nih.gov/ij/) using β-actin 
as an internal reference. This experiment was repeated three 
times independently.
Immunofluorescent Staining  After aspirating the medium 
and washing three times with phosphate-buffered saline (PBS, 
3min each wash), cells were fixed with 4% polyoxymethylene 
solution for 15min at room temperature and washed again. 
Next, cells were permeabilized with 0.5% Triton X-100 at 
room temperature for 30min and washed again three times 
(3min each) with PBS. Cells were blocked with 5% bovine 
serum albumin (BSA) for 30min and then immediately 
incubated with diluted primary antibody (YAP1, 1:50; CD31, 
1:20; α-SMA, 1:50) overnight at 4℃. Subsequently, cells 
were incubated with a fluorescent secondary antibody for 1h, 
washed three times (3min each) with PBS, and incubated with 
4′,6-diamidino-2-phenylindole (DAPI) for 15min in the dark. 
Images were acquired with an upright BX63 fluorescence 
microscope (Olympus, Tokyo, Japan). This experiment was 
repeated three times.
CCK8 Assay  After exposing HUVECs in a 96-well plate to 
CoCl2 for 24h, 100 μL of high-sensitivity CCK-8 reagent from 
a cell proliferation detection kit (Keygen Biotech, Jiangsu 
Province, China) was added to each well for incubation at 
37℃ for 3h. Subsequently, the absorbance value of each well 
was measured at a 450-nm wavelength to assess cell viability. 

Three replicates were used for each of three independent 
experiments.
Scratch Wound-healing Assay  After cells plated in six-well 
plates reached confluency, they were streaked with a sterile 
200-μL pipette tip and washed three times with PBS. Next, 
serum-free medium (control) or serum-free medium containing 
CoCl2 alone or in combination with inhibitors was added to 
the plate. Scratch widths were observed and photographed 
under an inverted BX63 microscope after 0, 24, 32, and 48h of 
culture. The distance between scratches was measured using 
Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, 
MD, USA). This experiment was repeated three times.
Paraffin Section Immunofluorescence  Slices were placed 
at room temperature for 10min and then immersed in xylene 
for 15min, which was repeated twice. After deparaffinizing 
paraffin sections in a gradient series of ethanol, slices were 
incubated with citric acid antigen retrieval solution in a 
microwave oven for 15min under low heat to retrieve antigens. 
After washing and cooling, sections were washed three times 
with PBS. To block nonspecific binding, 5% BSA solution 
was added dropwise to the tissue and incubated for 30min at 
room temperature. After shaking off the blocking solution, 
prepared primary antibody solutions were dropped onto the 
tissue section, which was put in a humid box and incubated 
overnight at 4℃. The next day, sections were immersed 
in PBS and washed three times. After drying, fluorescent 
secondary antibody was added dropwise and incubated for 1h 
at room temperature in the dark. After placing slices in PBS 
and washing three times (5min each), nuclear staining was 
performed by incubating slice with DAPI at room temperature 
for 15min. Sections were again placed in PBS and washed 
three times. Finally, an appropriate amount of anti-quenching 
agent was added and sections were observed and imaged by 
fluorescence microscopy.
Statistical Analysis  Statistical analysis was performed 
using SigmaPlot 14.0 (Systat Software, San Jose, CA, USA). 
Significant statistical differences were determined by Student’s 
t-test or one-way ANOVA followed by Holm-Sidak posthoc 
test. A P value <0.05 was considered significant difference.
RESULTS
EndMT of HUVECs Stimulated by Hypoxia  Previous reports 
showed hypoxia that can induce EndMT of endothelial cells. 
Here, we stimulated HUVECs with CoCl2 to establish a 
hypoxia model in vitro. To verify whether endothelial cells 
underwent changes characteristic of EndMT, we detected 
expression levels of HIF-1α, endothelial cell markers 
(CD31 and ZO-1), and mesenchymal cell markers (α-SMA, 
vimentin, and Snail) by Western blotting. Expression of HIF-1α and 
mesenchymal cell markers were upregulated by exposure to 
CoCl2 in a dose-dependent manner (Figure 1). Conversely, 
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endothelial cell markers were downregulated in HUVECs 
exposed to CoCl2. Because these changes were most pronounced 
at a concentration of 300 μmol/L CoCl2, we selected this 
concentration for subsequent experiments, as described in a 
previous study[27]. As shown in Figure 1, immunofluorescence 
microscopy results were consistent with trends observed by 
western blotting. Moreover, the proliferative ability and migration 
capacity of HUVECs exposed to CoCl2 (300 μmol/L) was 
significantly increased compared with the control group, as 
indicated by Ki67 staining, CCK8 assay, and scratch wound-
healing assay (Figure 1). In summary, we found that HUVECs 
undergo EndMT in response to CoCl2-induced hypoxia.
Increased Total Expression and Transcriptional Activity of 
YAP in HUVECs by Hypoxia  To evaluate YAP expression 
in HUVECs under hypoxia, we analyzed transcript and protein 
levels of YAP in HUVECs exposed to different concentrations 
of CoCl2. Western blot and qPCR analysis showed that CoCl2 
elicited a significant increase of YAP expression, consistent 
with changes in HIF-1α (Figure 2). To further quantify the 
transcriptional activity of YAP under hypoxia, we examined 
levels of YAP phosphorylation and expression of connective 
tissue growth factor (CTGF), a target of YAP, by Western 

blotting. When HUVECs were exposed to 0-500 μmol/L of 
CoCl2, the phosphorylation level of YAP-Ser127 decreased in a 
concentration-dependent manner. Moreover, CTGF expression 
was upregulated by CoCl2 exposure, consistent with changes 
in HIF-1α. Immunofluorescence staining also showed that 
CoCl2 promoted YAP expression and nuclear translocation in 
HUVECs (Figure 2). Therefore, both total YAP expression 
and its transcriptional activity may be of great importance in 
hypoxia-induced EndMT of HUVECs.
YAP, a Positive Regulator of Hypoxia-Induced EndMT in 
HUVECs  To further clarify whether YAP influenced EndMT, 
HUVECs were exposed to CoCl2 alone or in combination with 
CA3, a small molecule inhibitor of YAP. CA3 has a potent 
inhibitory effect on YAP transcriptional activity[21]. Western 
blotting and qPCR results showed that CA3 pretreatment 
could reverse CoCl2-induced upregulated expression of YAP, 
CTGF, α-SMA, vimentin, and Snail, as well as downregulated 
expression of CD31 and ZO-1. Immunofluorescence staining 
revealed the same trend for YAP expression. Ki67 staining and 
scratch wound-healing assay results showed that the proliferative 
and migratory abilities of HUVECs exposed to CoCl2 combined 
with CA3 was lower than cells exposed to CoCl2 alone (Figure 3). 

Figure 1 Hypoxia promoted EndMT of HUVECs  A: HUVECs undertook a 24h culture with increasing doses of CoCl2 (0-500 μmol/L). The 
levels of HIF-1α, Snail, endothelial cell markers and mesenchymal cell markers were measured by Western blotting. B, C: HUVECs were treated 
with 300 μmol/L CoCl2 for 24h. CD31 (green), α-SMA (green) in HUVECs were observed by immunofluorescence staining, and Ki67 (green) 
immunostaining was used for analysis of proliferative capacity of hypoxic HUVECs. Scale bar represents 100 μm. D: The effect of different 
concentrations of CoCl2 at 0-500 μmol/L on the proliferation of HUVECs was detected by CCK8 assay. E: Scratch healing experiments performed 
the migration ability of hypoxic HUEVCs. Scale bar represents 500 μm. All the results were expressed as mean±SD (n=3). aP < 0.05. EndMT: 
Endothelial-to-mesenchymal transition; HUVECs: Human umbilical vein endothelial cells; α-SMA: α smooth muscle actin.
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Figure 2 Hypoxia increased the expression of total YAP and its transcriptional activity in HUVECs  A: Expression level of YAP, 
phosphorylated YAP and its target molecular CTGF in HUVECs treated with CoCl2 at concentrations of 0-500 μmol/L for 24h was analyzed by 
Western blotting. Quantitative analysis showed that the levels of YAP and CTGF protein were significantly higher in CoCl2 treated group than 
that in control group, and phosphorylation of YAP was decreased, aP < 0.05. B: qPCR analysis showed that HIF-1α was significantly increased 
by CoCl2, as well as YAP mRNA. C: HUEVCs were treated with 300 μmol/L CoCl2 for 24h, and YAP was immunolabeled (green). Scale bar 
represents 100 μm. The fluorescence intensity of the experimental group was more than that of the control group. All the results were expressed 
as mean±SD (n=3). aP < 0.05. YAP: Yes-associated protein; CTGF: Connective tissue growth factor; HUVECs: Human umbilical vein endothelial 
cells; HIF-1α: Hypoxia-inducible factor-1α.

Figure 3 Inhibition of total YAP attenuated the hypoxia-induced EndMT in HUVECs and inhibiting phosphorylation of YAP induced 
the hypoxia-induced EndMT in HUVECs  A: HUVECs treated with 300 μmol/L CoCl2 and YAP small molecule inhibitor CA3 (1 μmol/L) for 24h. 
Proteins of EndMT were detected by Western blotting. B: HUVECs were treated with XMU-MP-1 inhibitor alone for 24h, and the expression 
levels of α-SMA, vimentin, CD31 and ZO-1 were analyzed by Western blotting. C: HUVECs treated with 300 μmol/L CoCl2 and YAP small 
molecule inhibitor CA3 (1 μmol/L) for 24h. YAP was observed by immunostaining. Scale bar represents 100 μm. D: Analysis of proliferative 
capacity of hypoxic HUVECs using Ki67 (green) and DAPI (blue) immunostaining. Scale bar represents 200 μm. E-F: Scratch healing 
experiments were performed to examine the effect of CA3 on the migration ability. Scale bar represents 500 μm. G, H: α-SMA and CD31 (green) 
were observed by immunofluorescence staining. Inhibition of YAP phosphorylation by XMU-MP-1 increased the expression level of α-SMA 
and inhibited the expression of CD31 compared to the control group. The results showed inhibition of YAP resulted in a significant increase in 
the scratch area at 24h compared to the CoCl2 treated group. Scale bar represents 100 μm. All the results were expressed as mean±SD (n=3). 
aP <0.05. YAP: Yes-associated protein; EndMT: Endothelial-to-mesenchymal transition; HUVECs: Human umbilical vein endothelial cells; 
α-SMA: α smooth muscle actin.
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Phosphorylation of YAP-Ser127 creates a binding consensus 
for 14-3-3 proteins that contributes to YAP entrapment and 
maintenance of YAP in an inactive state[28-29]. To clarify 
whether phosphorylation of YAP is involved in EndMT, 
HUVECs were treated with the MST1/2 inhibitor XMU-
MP-1 for 24h under normoxia and analyzed for changes of 
endothelial and mesenchymal markers using Western blotting. 
We found that inhibiting YAP phosphorylation in endothelial 
cells increased expression levels of the mesenchymal markers 
α-SMA and vimentin, while inhibiting endothelial markers 
CD31 and ZO-1. The results of immunofluorescence staining 
were consistent with those of Western blotting (Figure 3). 
Collectively, these results suggest that YAP plays a significant 
role in hypoxia-induced EndMT of HUVECs.
Decreased YAP Expression and Transcriptional Activity 
as Well as EndMT in HUVECs by Inhibiting HIF-1α  
HIF-1α is proven to be essential for expression and nuclear 
translocation of YAP[30]. Therefore, we exposed HUVECs to 
CoCl2 and YC-1, a small molecule inhibitor of HIF-1α. As 
shown in Figure 4, CoCl2-induced HIF-1α expression was 
reversed by YC-1. As predicted, expression of mesenchymal 
markers α-SMA, vimentin, and Snail were significantly 

decreased, while expression of endothelial markers CD31 and 
ZO-1 showed an upward trend. Moreover, expression of YAP 
and its target molecule CTGF was simultaneously decreased. 
Immunofluorescence staining of YAP showed a consistent 
trend. Furthermore, both the proliferative and migratory 
abilities of HUVECs were decreased by YC-1 (Figure 4). 
These results indicate that HIF-1α is a key mediator of YAP 
expression and transcriptional activity, as well as hypoxia-
induced EndMT of HUVECs.
Attenuating Subretinal Fibrosis in a Laser-induced CNV 
Mouse Model by YAP Silence  To clarify the role of YAP 
on EndMT and subsequent fibrosis in CNV, we constructed a 
mouse CNV model using laser-induced injury. On the 35th day 
after laser injury, expression levels of YAP and mesenchymal 
cell markers α-SMA and vimentin were detected in the mouse 
pigment epithelium-choroid complex. Western blot analysis 
revealed that expression of YAP, α-SMA, and vimentin were 
all upregulated in the CNV group. Co-staining of COL1A1 and 
CD31 reflected the occurrence of EndMT in subretinal fibrosis 
of the CNV model (Figure 5). Therefore, we speculate that 
YAP promotes the subretinal fibrosis that occurs subsequent to 
CNV.

Figure 4 Inhibition of HIF-1α decreased the expression and transcriptional activity of YAP as well as EndMT in HUVECs, but inhibiting 
phosphorylation of YAP promoted the activity of YAP  A: HUVECs were treated with 300 μmol/L CoCl2 and YC-1 (1 μmol/L) for 
24h. HIF-1α, YAP, CTGF and proteins of EndMT were detected by Western blotting. B: YAP was observed by immunostaining and scale bar 
represents 100 μm. C: Ki67 (green) and DAPI (blue) immunostaining was used to analyze proliferative capacity of hypoxic HUVECs. Scale 
bar represents 200 μm. D, E: Scratch healing experiments were performed to examine the effect of YC-1 on the migration ability of 300 μmol/L 
CoCl2-induced hypoxic HUVECs. Scale bar represents 500 μm. All the results were expressed as mean±SD (n=3). aP <0.05. HIF-1α: Hypoxia-
inducible factor-1α; YAP: Yes-associated protein; EndMT: Endothelial-to-mesenchymal transition; HUVECs: Human umbilical vein endothelial 
cells; CTGF: Connective tissue growth factor.
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To further verify our hypothesis, mice were intravitreally 
injected with siRNA YAP on the second day after injury, and 
the injection was repeated at 2wk after laser photocoagulation. 
On day 35 after CNV model establishment, we extracted the 
retina and choroid tissue complex, and performed paraffin 
sectioning of the eyeball. Western blot results showed that 
intravitreal injection of siRNA YAP could reverse CoCl2-
induced upregulation of YAP and mesenchymal cell markers 
α-SMA and vimentin. Immunofluorescence staining results 
were consistent with previous studies (Figure 5). Taken 
together, these findings indicate that silencing of YAP inhibits 
EndMT in subretinal fibrosis of a laser-induced CNV mouse 
model.
DISCUSSION
As the main cause of visual impairment in elderly individuals, 
wet AMD has attracted widespread attention. CNV is a feature 
of neovascular AMD, also known as wet AMD[1]. Immature 
blood vessels in CNV cannot supply oxygen or nutrients at the 
level of normal blood vessels, causing further tissue hypoxia. 

Moreover, repeated leakage and bleeding from immature blood 
vessels can damage the retina by causing subretinal fibrosis. 
Therefore, CNV can complicate AMD, leading to severe vision 
loss and blindness[31]. Inhibiting the occurrence of fibrosis 
in patients with wet AMD is vital to maintain their visual 
function. Therefore, further research on mechanisms that 
promote the occurrence of fibrosis is necessary. In this study, 
we clarified the importance of YAP activity in hypoxia-induced 
EndMT and subretinal fibrosis of a laser-induced CNV model. 
Using in vitro experiments, we verified that YAP expression 
and activity was increased in HUVECs under hypoxic 
stimulation. Our work further revealed that YAP is necessary 
for hypoxia-induced EndMT of HUVECs. Finally, silencing of 
YAP inhibited EndMT associated with subretinal fibrosis in the 
laser-induced CNV model, indicating YAP might be a new and 
effective therapeutic target for CNV therapy.
As the main effector of cells under hypoxic conditions, HIF-1α 
is responsible for regulating various cellular responses[32]. 
Because of its role in stabilizing HIF-1α, CoCl2 has become 

Figure 5 Increased expression of YAP and mesenchymal cell markers α-SMA, vimentin and collagen in CNV tissues  A: Immunoblotting 
for YAP and α-SMA, vimentin protein in the retina and the retinal pigment epithelium-choroid complex in CNV model at 35th day, CNV model 
mice treated by vitreous injection of siRNA YAP and control group; B: Immunofluorescence staining of paraffin sections show that expression 
of collagen increased in CNV model at 35th day. Scale bar represents 100 μm; C: Immunofluorescence staining of paraffin sections show that 
expression of α-SMA increased in CNV model at 35th day and CD31 expression was decreased. After vitreous injection of siRNA YAP treatment, 
these changes were reversed. Scale bar represents 100 μm. YAP: Yes-associated protein; α-SMA: α smooth muscle actin; CNV: Choroidal 
neovascularization.
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one of the most commonly used hypoxia mimics[33]. Studies 
have reported that hypoxia can increase expression of 
HIF-1α and YAP in tumor cells[34], and promotes nuclear 
localization of YAP with reduced phosphorylation levels by 
inhibiting Hippo signaling[35]. However, reports describing the 
relationship between HIF-1α and YAP are inconsistent. For 
example, Zhang et al[35] found that YAP binds to HIF-1α and 
maintains its protein stability; in contrast, Dai et al[36] revealed 
that hypoxia induced nuclear translocation and accumulation 
of YAP independent of HIF-1α, as indicated by manipulations 
of HIF-1α abundance with CoCl2 having no effect on total 
or phosphorylated levels of YAP. This discrepancy suggests 
potential bidirectional regulation between HIF-1α and YAP. In 
this study, the HIF-1α inhibitor YC-1 was used to clarify the 
regulatory effect of HIF-1α on YAP.
EndMT of both choroidal and retinal endothelial cells has been 
studied in numerous ocular angiogenic diseases, including 
AMD, proliferative diabetic retinopathy, and retinopathy of 
prematurity[3,37]. In the present study, expression of endothelial 
markers CD31 and ZO-1 was decreased, while that of 
mesenchymal markers α-SMA, vimentin, and Snail was 
increased in HUVECs after hypoxia, consistent with results 
observed for cells exposed to 1% O2

[38]. More importantly, 
we also investigated the impact of YAP on HIF-1α-meditated 
EndMT. Our results reveal that pharmacological inhibition or 
genetic depletion of YAP could attenuate EndMT of HUVECs 
in vitro, as well as fibrosis of a laser-induced CNV mouse 
model in vivo. Savorani et al[16] recently provided novel 
evidence that YAP acts as SMAD3 transcriptional co-factor by 
preventing its phosphorylation, thus protecting against TGFβ-
induced EndMT. Given that Snail is an important regulator 
of hypoxia-induced EndMT[39-40], whether YAP influences 
expression or nuclear transcription of Snail needs further 
elucidation.
With regard to biological function, we observed that 
upregulation of YAP was accompanied by increases in the 
proliferative capacity and migratory ability of HUVECs. 
Endothelial cells undergoing EndMT exhibited higher 
proliferation and migration abilities, both directly through 
transformation into smooth muscle-like cells and indirectly 
through paracrine secretion[41]. In addition, the mesenchymal 
transition regulator Snail functions to promote cell proliferation 
and migration[42]. Thus, we speculate that promotion of 
endothelial cell proliferation and migration induced by YAP 
may be attributed to EndMT regulation.
In conclusion, the present study identified a critical role of 
the HIF-1α/YAP signaling axis in EndMT, which suggests 
that YAP may be an attractive target for treatment of AMD 
with the advantage of controlling both CNV and subretinal 
fibrosis. 
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