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Purrosk. To determine whether caveolin-1 (i) prevents epithelial-mesenchymal transition
in the RPE and laser-induced subretinal fibrosis and (ii) promotes or inhibits cellular
senescence in the RPE.

MerHops. We examined laser-induced subretinal fibrosis and RPE cell contraction in
wild-type and Caveolin-1 knockout (Cav-1 ~~) mice treated with or without cavtratin, a
cell-permeable peptide of caveolin-1. The senescence marker p16™*% was measured
in RPE tissues from patients with geographic atrophy and aged mice, laser-induced
subretinal fibrosis, and primary human RPE cells. Human RPE was examined by TUNEL
staining, reactive oxygen species generation, cell viability, and senescence-associated
B-galactosidase staining.

Resurrs. The volume of subretinal fibrosis was significantly smaller in cavtratin-injected
eyes from wild-type mice than in control eyes from wild-type, P = 0.0062, and Cav-17/~
mice, P = 0.0095. Cavtratin treatment produced significant improvements in primary RPE
cell contraction in wild-type, P = 0.04, and Cav-17~ mice, P = 0.01. p16"%% expression
in the RPE was higher in patients with than without geographic atrophy. p16™%% was
expressed in 18-month-old but not 2-month-old wild-type mouse eyes. p16™%4 and colla-
gen type I antibodies showed co-localization in subretinal fibrosis. Cavtratin did not affect
RPE cell apoptosis or reactive oxygen species generation, but decreased cell viability and
increased senescence-associated B-galactosidase—positive cells.

Concrusions. Enhanced expression of caveolin-1 successfully blocked epithelial-
mesenchymal transition of RPE and the reduction of subretinal fibrosis in mice. Never-
theless, in exchange for blocking subretinal fibrosis, caveolin-1 promotes RPE cellular
senescence and might affect the progression of geographic atrophy in AMD.

Keywords: caveolin-1, age-related macular degeneration, subretinal fibrosis, epithelial-
mesenchymal transition, cellular senescence

MD is a leading cause of blindness in most industrial-

ized nations.!? Neovascular AMD, one of the two differ-
ent forms of AMD, is characterized by invasion of choroidal
neovascularization (CNV) into the sensory retina.? Advanced
CNV growth leads to subretinal fluid accumulation or, at
worst, subretinal hemorrhage with severe visual damage.*
Enhanced expression of the proangiogenic cytokine VEGF
has been confirmed in patients with neovascular AMD, and
anti-VEGF drugs are currently the standard treatment for
neovascular AMD.>~7 However, despite repeated administra-
tion of anti-VEGF drugs, CNV growth in some patients is not
successfully suppressed by these drugs. In these patients,
CNV progresses to subretinal fibrosis, an end-stage condi-
tion characterized by the formation of a fibrous plaque and
disciform scar between the sensory retina and RPE.®° Previ-
ous studies have demonstrated the biological involvement
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of epithelial-mesenchymal transition (EMT) in RPE cells in
patients with subretinal fibrosis secondary to neovascular
AMD!: RPE cells transform into fibrotic cells, then migrate
and spread beneath the sensory retina. The visual acuity of
patients with advanced neovascular AMD is extremely poor,
and the presence of subretinal fibrosis is reportedly a risk
factor for reduced visual function in patients with neovascu-
lar AMD.!

Caveolin-1 is a 21- to 24-kDa integral membrane protein
that has been extensively investigated in many biochemi-
cal studies. Caveolin-1 is present at the endoplasmic reticu-
lum and Golgi complex and predominantly at the plasma
membrane. It has also been found in a variety of cells,
such as adipocytes, endothelial cells, epithelial cells, and
even the lens epithelium in the eye.'? Recent studies have
shown that caveolin-1 plays a key biological role in cancer-
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related processes, including tumor metastasis and angiogen-
esis.'’>"1> Moreover, Jiang et al.'® revealed that cavtratin, a
cell-permeable peptide of caveolin-1, inhibits CNV growth
and migration of microglia/macrophages via JNK in mouse
neovascular AMD models. Caveolin-1 also plays an impor-
tant role in the EMT of cancer biology and tissue fibro-
sis.13:15:17.18 Similarly, we showed that caveolin-1 plays a
pivotal role in the pathogenesis of proliferative vitreo-
retinopathy, in which floating RPE cells in the vitreous of
eyes with retinal detachment attach to the surface of the
retina, resulting in the initiation of EMT and migration of the
RPE cells as fibrotic cells.’ In our previous study, Caveolin-
1 knock-down and knock-out enhanced EMT in both the
human and mouse RPE, whereas enhanced expression of
caveolin-1 blocked EMT.

Geographic atrophy (GA), the other form of AMD, is char-
acterized by atrophy of the RPE. No treatment that can halt or
reverse the progression of GA is currently available. Various
risk factors are thought to be responsible for the pathogen-
esis of GA; the accumulation of A/u RNA caused by DICER1
deficiency in the RPE is reportedly capable of triggering
the activation of NLRP3 inflammasomes.”**! In our recent
study, Alu RNA induced the upregulation of p16™%% 22 one
of the key elements in human cellular senescence.? Inter-
estingly, the overexpression of caveolin-1 reportedly arrests
mouse embryonic fibroblasts in the GO/G1 phase of the cell
cycle and promotes cellular senescence.?* In addition, cellu-
lar senescence is thought to be an important key underlying
the development of GA in patients with AMD.>>~%7

Therefore, in the current study, we sought to understand
whether caveolin-1 (i) plays a role in the prevention of
subretinal fibrosis in neovascular AMD and (ii) promotes or
inhibits cellular senescence, which can affect the progres-
sion of GA in exchange for blocking EMT in RPE cells.

METHODS

Mouse Model of Subretinal Fibrosis After
Laser-Induced CNV

Male wild-type C57BL/GJ mice (CLEA, Tokyo, Japan) or
Caveolin-1 knock-out (Cav-17") mice aged 6 to 8 weeks
were used.!'” For all procedures, the animals were anes-
thetized with ketamine (133 mg/kg body weight) and
xylazine (5.3 mg/kg body weight) with additional dosing
if necessary, and the pupils were dilated with a combi-
nation of 0.5% tropicamide and 0.5% phenylephrine
(Mydrin-P; Santen, Osaka, Japan). Subretinal fibrosis follow-
ing laser-induced CNV was generated as previously
described.?® Briefly, four laser photocoagulation spots
(532-nm laser; power, 180 mW,; duration, 100 ms; diame-
ter, 75 mm) (Novus Verdi; Coherent Inc., Santa Clara, CA)
were placed in the fundus of each eye on day 0 by an indi-
vidual blinded to the group assignments. The laser spots
were created around the optic nerve using a slit-lamp deliv-
ery system, and a coverslip was used as a contact lens.
The morphologic end point of the laser injury was the
appearance of a cavitation bubble, which is the sign of
Bruch’s membrane disruption. After completion of laser-
induced CNV, cavtratin (500 ng in 1 pL) or antennapedia
(1 pL, control) was intravitreally injected. The use of animals
in the experimental protocol was approved by the Nagoya
University Animal Care Committee. All animal experiments
were performed in accordance with the guidelines of the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.
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Subretinal Fibrosis Volume Measurement and p16
Immunostaining of RPE Flatmounts

The subretinal fibrotic tissue volume and p16 immunostain-
ing were examined in RPE flatmounts 35 days after laser
photocoagulation. After euthanasia, the mouse eye cups
were fixed in 4% paraformaldehyde and then permeabi-
lized in 1% Triton X-100 (Katayama Chemical, Osaka, Japan)
overnight. An RPE flatmount was generated and stained
with anticollagen type I antibody (Rockland Immunochem-
icals Inc., Limerick, PA) or anti-p16 antibody (kindly gifted
by the Spanish National Cancer Research Center [Madrid,
Spain]) at 4°C overnight followed by Alexa Fluor 488- or
594-tagged secondary IgG secondary antibody (Thermo
Fisher Scientific, Waltham, MA). Subretinal fibrosis was visu-
alized using an argon laser (488-nm wavelength). Horizon-
tal optical sections were obtained at 1-mm intervals from
the top of the subretinal fibrosis to the surface of the RPE
using a confocal laser scanning microscope (Eclipse C1
confocal; Nikon, Tokyo, Japan). The collagen type I-positive
subretinal fibrosis images of each layer were stored digitally
and measured using ImageJ software (National Institutes of
Health, Bethesda, MD). The summation of the whole fluo-
rescent area in each horizontal section was used as an index
for the volume of subretinal fibrosis.

Pp16™¥4 RT-PCR

Human RPE tissues were obtained from donor eyes from
the Minnesota Lions Eye Bank (St. Paul, MN) as previously
described.?? Genetically wild-type mouse ocular tissues
obtained from a breeding colony for ARF-DTR transgenic
mice* and cultured human RPE cells (Lonza, Walkersville,
MD) were used for the study. The total RNA was reverse-
transcribed using a Transcriptor Universal cDNA Master Kit
(Roche Diagnostics, Basel, Switzerland), starting with 2 pg
of total RNA from each sample. RT-PCR was performed using
the Thunderbird Probe qPCR Mix (Toyobo Life Science,
Osaka, Japan). RT-PCR cycles with SYBR green consisted
of pre-denaturation at 98°C for 2minutes followed by
45 cycles of denaturing at 98°C for 10 seconds, annealing at
55°C for 10 seconds, and extending at 68°C for 30 seconds.
The relative expressions of the target genes were determined
using the 2722 method. Primer sequences are listed in
Table. Because the control sample from 2-month-old mice
did not show abundant p16™%% expression, quantitative
RT-PCR was not thought to have been correctly evaluated.
Therefore, the PCR products were additionally run on a
1.5% agarose gel with ethidium bromide (10 ug/mL; Sigma-
Aldrich, St. Louis, MO), and DNA bands were visualized with
UV light.

Cell Culture Assays

Primary human RPE cells (Lonza) were maintained in
Dulbecco’s modified Eagle’s medium and Ham’s F12 medium
(Sigma-Aldrich) containing 10% fetal bovine serum, peni-
cillin, and streptomycin (Sigma-Aldrich). The primary human
RPE cells were transfected with Stealth small interfer-
ing RNA (Stealth siRNA; Invitrogen, Carlsbad, CA) target-
ing CAVEOLIN-1 (siRNA_CAV-1, HSS141466) and the nega-
tive control (siRNA_Ctrl).'” Before cell culture assays, the
RPE cells were treated for 48 hours with or without
2 pM cavtratin. Cell viability was determined using a Cell
Proliferation Kit 1 (Roche Diagnostics) according to the
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TaBLe. Primer Sequences Used in This Study
Species Gene Symbol Forward Sequence (5'-3") Reverse Sequence (3'-5)
Human p16!NKda GGGGGCACCAGAGGCAGT GGTTGTGGCGGGGGCAGTT
GAPDH GGAAGGTGAAGGTCGGAGTCA GTCATTGATGGCAACAATATCCACT
Mouse p16INKda CCCAACGCCCCGAACT GCAGAAGAGCTGCTACGTGAA
18S AGTCCCTGCCCTTTGTACACA GATCCGAGGGCCTCACTAAAC
6000 6000,

= = *

g 5000 g 5000

3 3

N N

© | © 4000

2 4000 o

= =

S 3000 S 3000

o * i

1 1

$ 2000 g_,) 2000

(o))

& ©

S 1000 S 1000

o O

Control Cavtratin Control Cavtratin
Wild-type Cav-1*

Ficure 1. Volume of collagen type I-positive subretinal fibrotic tissue in mice. (A) Eyes were collected at day 35 after laser induction. The

volume of collagen type I-positive subretinal fibrotic tissue in cavtratin-injected eyes from wild-type mice was significantly smaller than that
in sham-injected eyes, P = 0.0062. (B, C) Representative images of collagen type I-positive subretinal fibrotic tissues from wild-type mice.
(D) The volume of collagen type I-positive subretinal fibrotic tissue in cavtratin-injected eyes from caveolin-1 knockout (Cav-1~/") mice was
significantly smaller than that in sham-injected eyes, P = 0.0095. (E, F) Representative images of collagen type I-positive subretinal fibrotic

tissues from Cav-1~/~ mice. "P < 0.05. Scale bars = 100 pum.

manufacturer’s instructions. To detect TUNEL-positive apop-
totic cells, culture RPE cells were stained with the in situ cell
death detection kit (Roche Diagnostics). To detect senescent
cells, human RPE cells were fixed and stained with SPiDER-
BGal (Dojindo Laboratories, Kumamoto, Japan), which can
emit strong and stable fluorescence after the reaction with
senescence-associated fB-galactosidase. To measure reactive
oxygen species generation in human RPE cells, the RPE
cells were loaded with 10 pmol/L 5-(and-6)-chloromethyl-
2’,7-dichlorodihydrofluorescein diacetate acetyl ester (CM-
H2DCFDA; Molecular Probes, Eugene, OR). We observed
the stained cells using a Biolmaging Navigator fluorescence
microscope (BZ-9000; Keyence, Osaka, Japan).

RPE Cell Contraction Assays In Vitro

Mouse primary RPE cells were cultured as previously
described! and used for the cell contraction assays with a
CytoSelect 48-Well Cell Contraction Assay Kit (Cell Biolabs,
San Diego, CA) according to the manufacturer’s protocol.

Briefly, primary wild-type and Cav-17~ RPE cells were
prepared in each cell contraction matrix with or without
2 pM cavtratin in the culture medium and then added to
the top of each collagen gel lattice. Only culture medium
was added to another collagen gel lattice as a control. An
image of each collagen gel was captured at 48 hours, and
the area of each gel was measured using ImageJ software.
The area of collagen gel containing no cells was used at
100% for normalization.

Statistical Analysis

Data are expressed as mean =+ standard error (7 = number
of samples). For the in vivo study, we compared parameters
between the subretinal fibrotic tissue volume with and with-
out cavtratin using the Mann—Whitney U test. For the in vitro
study, values in the control group are expressed as 100% and
the parameters were statistically evaluated using the Student
t test. P values of less than 0.05 were considered statistically
significant in all analyses.
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Ficure 2. Change in primary mouse RPE cell contraction and caveolin-1. (A) The area of contracted RPE cells from wild-type mice with
cavtratin treatment was significantly larger than that from controls, P = 0.04. (B, C) Representative images of cell contraction assay from
primary RPE cells of wild-type mice. (D) The area of contracted RPE cells from Caveolin-1 knockout (Cav—]’/ ~) mice with cavtratin treatment
was significantly larger than that from controls, P = 0.01. (E, F) Representative images of cell contraction assay from primary RPE cells of
Cav-17/~ mice. "P < 0.05.
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FiGure 3. p16™K4 expression in human and mouse ocular tissues. (A) Although the numbers of samples were insufficient for the statistical
analysis, p16"™VK4 expression in RPE with GA (1 = 3) (83-year-old female, 92-year-old female, and 91-year-old male) were 10.85-, 8.46-, and
2.55-fold higher, respectively, than that from a normal control subject (7 = 1) (92-year-old male). (B) p16™K4 expression in 2-month-old
and 18-month-old wild-type mice. p16"™5% was expressed only in 18-month-old mouse eyes.

RESULTS

Role of Caveolin-1 in Subretinal Fibrosis Growth
In Vivo

First, we examined whether cavtratin, a cell-permeable
peptide derived from caveolin-1, decreases the volume of
collagen type I-positive subretinal fibrosis in mice (Fig. 1).
The volume of collagen type I-positive subretinal fibro-
sis in cavtratin-injected eyes from wild-type mice, 950.4 +
116.2 ym?, n = 25, was significantly smaller than that in
control eyes, 1420.4 4+ 164.7 pm?, n = 27, P = 0.0062.
Similarly, the volume of collagen type I-positive subreti-
nal fibrosis in cavtratin-injected eyes from Cav-17/~ mice,

3232.5 &+ 375.5 pm?, n = 27, was significantly smaller than
that in control eyes, 4502.8 & 310.6 pym?, n = 22, P = 0.0095.
These results indicate that genetic depletion of Caveolin-
1 resulted in an increase in subretinal fibrosis, but that
cavtratin functioned in the decrease of subretinal fibrosis
growth in both wild-type and Cav-17~ mice.

Role of Caveolin-1 in Mouse RPE Cell Contraction
In Vitro

We previously demonstrated that caveolin-1 suppresses EMT
of RPE cells by migration and scratch assays in vitro.'” In
the present study, we further examined whether cavtratin
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Ficure 4. p16™K# expression in laser-induced subretinal fibro-
sis and human RPE cells. (A-C) RPE/choroid flatmounts stained
with (A) 1)1611\”{4"l and (B) collagen type I antibodies showed co-
localization of p16™&42 and collagen type I in subretinal fibrosis.
Eyes were collected at day 35 after laser induction. Yellow arrow-
beads indicate the marginal region of p16INK4a and collagen type
I. (D) Knockdown of the CAVEOLIN-1 gene in human RPE cells
showed a significant decrease in p16"™5% expression, P = 1.3 x
1074, si_Ctrl = siRNA_control, si_CAV-1 = siRNA_CAVEOLIN-1. Scale
bar = 100 pm. “P < 0.05.

blocks human and mouse RPE cell fibrosis in vitro using a
cell contraction assay (Fig. 2). The percent of cell contrac-
tion in cavtratin-treated primary wild-type mouse RPE cells
was 62.5% £ 2.8% (n = 6), whereas that in control primary
wild-type RPE cells was 48.0% + 5.4% (nz = 6). There was a
significant difference in wild-type mouse RPE cell contrac-
tion depending on cavtratin treatment, P = 0.04. Similarly,
the percent of contraction in cavtratin-treated primary Cav-
17~ mouse RPE cells was 30.1% + 5.6% (n = 6), whereas
that in control Cav-17~ mouse RPE cells was 23.4% =+ 6.1%
(n = 6). There was a significant difference in Cav-17/~
mouse RPE cell contraction depending on cavtratin treat-
ment, P = 0.01. These results indicate that genetic deple-
tion of Caveolin-1 resulted in the enhancement of RPE cell
contraction but that cavtratin functioned in the decrease of
RPE cell contraction in both wild-type and Cav-17~ mice.

Pp16™%% Expression in Human RPE and in Retina,
RPE, and Sclera of Old Mice

We examined p16™K% expression in human and mouse

ocular tissues. We were able to prepare RPE from only three
patients with GA and one normal control subject. Although
these numbers were insufficient for the statistical analysis,
Pp16™Fi expression in RPE of patients with GA (83-year-
old female, 92-year-old female, and 91-year-old male) was
10.85-, 8.46-, and 2.55-fold higher, respectively, than that in
the normal control subject (1.00) (92-year-old male) (Fig. 3).
We also examined p16™%% expression in 2-month-old and
18-month-old wild-type mice. Because the control sample
from the 2-month-old mice did not show abundant p16"Vk#
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expression, the PCR products were additionally run on a
1.5% agarose gel. p16™5% was expressed only in 18-month-
old wild-type mouse eyes (Fig. 3). Our results indicate that
the RPE from GA-affected eyes and aged mice expressed
p16INK4ﬂ'

61NK4a

Expression of p1 in Laser-Induced Mouse

Subretinal Fibrosis

Next, we examined p16™%% expression in laser-induced

subretinal fibrosis. RPE/choroid flatmounts stained with
p16™&% and collaged type I antibodies showed co-
localization of p16™X¥% and collagen type I in subretinal
fibrosis (Fig. 4). Furthermore, we examined caveolin-1-
dependent changes of p16™%# in human RPE cells. The
fold-change in p16™%% expression in human RPE cells
treated with siRNA_CAVEOLIN-1 was 73.9% + 1.5% (n = 7)
compared with the siRNA_control (93.9% + 3.0%, n = 7).
Knockdown of the CAVEOLIN-1 gene in human RPE cells
resulted in a significant decrease in p16™%% expression,
P=13x 1074

Effect of Cavtratin on RPE Cells

Cavtratin is a cell-permeable peptide of caveolin-1. We exam-
ined the effect of cavtratin on cultured human RPE cells
by performing a TUNEL (cell apoptosis) assay, cell viability
assay, SPIDER-BGal (a senescence cell marker) staining, and
reactive oxygen species detection assay (Fig. 5). The percent-
age of TUNEL-positive cells was 97.8% £ 5.5% (# = 10) in
RPE cells treated with cavtratin and 100.0% =+ 4.2% (1 = 10)
in cells treated with antennapedia (control), with no signif-
icant difference, P = 0.84. The percentage of cell viability
was 80.1% + 2.9% (1 = 20) in RPE treated with cavtratin and
100.0% + 1.4% (n = 16) in controls, and the RPE cell viabil-
ity was significantly reduced by cavtratin, P = 3.1 x 107°.
The percentage of SPiDER-BGal-positive cells was 119.1%
+ 3.1% (7 = 21) in RPE treated with cavtratin and 100.0%
+ 5.9% (n = 24) in controls, and the number of SPiDER-
BGal-positive senescent cells was significantly increased by
cavtratin, P = 0.01. The percentage of CMH2DCFDA-positive
cells was 112.2% £ 11.0% (# = 9) in RPE treated with
cavtratin and 100.0% *+ 8.5% (# = 10) in controls, with
no significant difference, P = 0.10. Overall, these results
suggest that caveolin-1 enhancement did not affect RPE cell
apoptosis or reactive oxygen species generation but that it
reduced cell viability and increased SPiDER-BGal-positive
(senescent) cells.

DiscussION

Caveolin-1 has been a focus of research in ocular
science because of its importance in many eye diseases.
Caveolin-1 is not expressed in the normal lens epithelium,'®
but it is upregulated once EMT has been triggered.'? Jiang
et al.'® recently revealed that, in a mouse neovascular AMD
model, caveolin-1 was expressed not in the RPE cells but
in microglia and macrophages surrounding CNV, and its
enhancement contributed to a reduction in CNV growth. The
present study showed that in subretinal fibrosis associated
with more advanced stages of neovascular AMD, caveolin-
1 enhancement effectively decreased fibrosis by blocking
EMT in RPE cells. We injected cavtratin only at day O.
Multiple injections might enhance the effect of cavtratin to
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Ficure 5. Change in RPE cell fate after cavtratin treatment. (A, B) TUNEL, an apoptotic cell marker, showed no significant difference between
human RPE cells treated with cavtratin and those without treatment (control). (C) MTT, a cell viability marker, showed no significant
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difference between human RPE cells treated with cavtratin and controls. (F, G) CMH2DCFDA, an reactive oxygen species marker, showed
no significant difference between human RPE cells treated with cavtratin and controls. Scale bars = 100 pm, *P < 0.05. n.s. = no significant

difference.

suppress the subretinal fibrosis. However, a previous study
showed that collagen type I-positive subretinal fibrosis was
initiated immediately after laser induction®' and, therefore,
cavtratin injection at day 0 supposedly suppresses the initia-
tion of subretinal fibrosis. By contrast, when we performed
a subanalysis of the results of subretinal fibrosis by compar-
ing wild-type and Cav-17~ mice, the volume of subreti-
nal fibrosis without cavtratin treatment in Cav-17/~ mice
was significantly larger than that in wild-type mice (Supple-
mentary Figure). Interestingly, even the volume of subreti-
nal fibrosis with cavtratin treatment in Cav-17/~ mice was
significantly greater than that in wild-type mice (Supplemen-
tary Figure). These results indicate that cavtratin treatment
did not completely cancel the effect of genetic deletion of
Caveolin-1.

The study by Jiang et al.'® and our current study illus-
trate the therapeutic advantage of caveolin-1 enhancement
to control both CNV and subretinal fibrosis. However, we
showed that caveolin-1 promotes cellular senescence of
RPE cells, which is similar to the change shown in mouse
embryonic fibroblasts.>* We confirmed increased p16™N<#
expression in the RPE cells from human patients with
GA and old mice. In addition, we found that p16™ %
expression is positively correlated with caveolin-1 expres-
sion. It is very interesting that p16 ™¥% and subretinal
fibrosis were colocalized in the late-stage mouse AMD
model, which indicated that p16™*% is also expressed
during the process of subretinal fibrosis. p16"™¥%% is known
to arrest the cell cycle and, thus, it is also associated
with cellular senescence.?? Arresting the cell cycle is also
associated with EMT suppression. It has been reported
that abnormal blood vessels in an animal model of
retinopathy of prematurity were positive for senescence-

associated B-galactosidase.?® A further understanding of the
biological relationship between arresting fibrosis and aging
is required. In addition, how RPE senescence is involved in
the pathogenesis of advanced AMD, including CNV progres-
sion and RPE atrophy, remains unclear. However, some stud-
ies have suggested that cellular senescence is an important
key underlying the mechanism of GA in AMD.?>?’ Based on
the conclusion from these studies, it is highly possible that
RPE senescence promotes RPE atrophy in GA of late-stage
AMD.

In summary, enhanced expression of caveolin-1 success-
fully blocked EMT of the RPE, resulting in the reduc-
tion of subretinal fibrosis in neovascular AMD. Neverthe-
less, in exchange for blocking subretinal fibrosis, caveolin-
1 promotes RPE cellular senescence and might ironically
promote progression of GA in AMD.

Acknowledgments

The authors thank Shu Kachi, Tadasu Sugita, and Rina Namba
for their important clinical and scientific suggestions. The
authors also thank Seina Ito for providing technical support.
Finally, the authors thank Angela Morben, DVM, ELS, from
Edanz Group (https://en-author-services.edanzgroup.com/), for
editing a draft of this manuscript.

Supported by Grants-in-Aid for Scientific Research (C) (H.K.,
19K09988) from JSPS KAKENHI (http://www.jsps.go.jp/), the
Eye Research Foundation for the Aged (ERFA, H.K.), the Chari-
table Trust Fund for Ophthalmic Research in Commemoration of
Santen Pharmaceutical’s Founder (H.K.), and the Bayer Retina
Award Foundation (H.K.), and Ichihara International Scholar-
ship Foundation (H.K.).


https://en-author-services.edanzgroup.com/
http://www.jsps.go.jp/

Investigative Ophthalmology & Visual Science

Caveolin-1 Promotes RPE Senescence to Block EMT

Disclosure: H. Shimizu, None; K. Yamada, None; A. Suzumura,
None; K. Kataoka, None; K. Takayama, None; M. Sugimoto,
None; H. Terasaki, Otsuka Pharmaceutical Co., Ltd., Japan (F);
NIDEK Co., Ltd., Japan (F); Kowa Pharmaceutical Company Ltd.,
Japan (F); Santen Pharmaceutical Co., Ltd, Japan (F); Senju Phar-
maceutical Co., Ltd., Japan (F); Alcon Japan Ltd., Japan (F);
Novartis Pharma K.K., Japan (F); Bayer Health Care, Japan (F);
Pfizer Japan Inc., Japan (F); ROHTO Pharmaceutical Co., Ltd.,
Japan (C); WAKAMOTO Co., Ltd., Japan (F); Carl Zeiss Meditec
Co., Ltd., Japan (F); Nitten Pharmaceutical Co., Ltd., Japan (S,
F); Tomey Corporation Ltd., Japan (F); AMO Japan K.K., Japan
(P); Eisai Co., Ltd., Japan (F); Mitsubishi Tanabe Pharma Corpo-
ration Ltd., Japan (F); AbbVie GK, Japan (F); DAIICHI SANKYO
Co., Ltd., Japan (C); CHUO SANGIO Co., Ltd., Japan (F); Sanofi
K.K., Japan (F); Alcon Pharmaceuticals Ltd., Japan (F); HOYA
Corporation Ltd., Japan (F); H. Kaneko, Senju Pharmaceutical
Co., Ltd., Japan (F); AMO Japan K.K., Japan (F); HOYA Corpo-
ration Ltd., Japan (F)

References

1. Ambati J, Ambati BK, Yoo SH, Ianchulev S, Adamis AP. Age-
related macular degeneration: etiology, pathogenesis, and
therapeutic strategies. Survey Ophbthalmol. 2003;48:257-
293.

2. Bird AC. Therapeutic targets in age-related macular disease.
J Clin Invest. 2010;120:3033-3041.

3. Kaneko H, Ye F, Jjima R, et al. Histamine receptor h4
as a new therapeutic target for choroidal neovasculariza-
tion in age-related macular degeneration. Br J Pharmacol.
2014;171:3754-3763.

4. de Jong PTVM. Mechanisms of disease: age-related macular
degeneration. N Engl ] Med. 2006;355:1474-1485.

5. Brown DM, Kaiser PK, Michels M, et al. Ranibizumab versus
verteporfin for neovascular age-related macular degenera-
tion. N Engl ] Med. 2006;355:1432-1444.

6. Gragoudas ES, Adamis AP, Cunningham Jr ET, Feinsod M,
Guyer DR. Pegaptanib for neovascular age-related macular
degeneration. N Engl J Med. 2004;351:2805-28106.

7. Rosenfeld PJ, Brown DM, Heier JS, et al. Ranibizumab for
neovascular age-related macular degeneration. N Engl ] Med.
2006;355:1419-1431.

8. Lim LS, Mitchell P, Seddon JM, Holz FG, Wong TY. Age-
related macular degeneration. Lancet. 2012;379:1728-1738.

9. Ryan SJ. The development of an experimental model of
subretinal neovascularization in disciform macular degen-
eration. Trans Am Opbthalmol Soc. 1979;77:707.

10. Ishikawa K, Kannan R, Hinton DR. Molecular mechanisms
of subretinal fibrosis in age-related macular degeneration.
Exp Eye Res. 2016;142:19-25.

11. Daniel E, Toth CA, Grunwald JE, et al. Risk of scar in the
comparison of age-related macular degeneration treatments
trials. Ophthalmology. 2014;121:656-666.

12. Perdue N, Yan Q. Caveolin-1 is up-regulated in transdiffer-
entiated lens epithelial cells but minimal in normal human
and murine lenses. Exp Eye Res. 2006;83:1154-1161.

13. Bailey KM, Liu J. Caveolin-1 up-regulation during epithelial
to mesenchymal transition is mediated by focal adhesion
kinase. J Biol Chem. 2008;283:13714-13724.

14. Fiucci G, Ravid D, Reich R, Liscovitch M. Caveolin-1 inhibits
anchorage-independent growth, anoikis and invasiveness in
MCF-7 human breast cancer cells. Oncogene. 2002;21:2365-
2375.

15. Lu Z, Ghosh S, Wang Z, Hunter T. Downregulation of
caveolin-1 function by EGF leads to the loss of E-cadherin,
increased transcriptional activity of S-catenin, and enhanced
tumor cell invasion. Cancer Cell. 2003;4:499-515.

16. Jiang Y, Lin X, Tang Z, et al. Critical role of caveolin-1
in ocular neovascularization and multitargeted antiangio-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

IOVS | September 2020 | Vol.61 | No. 11 | Article 21 | 7

genic effects of cavtratin via JNK. Proc Natl Acad Sci USA.
2017;114:10737-10742.

Razani B, Zhang XL, Bitzer M, von Gersdorff G, Bottinger EP,
Lisanti MP. Caveolin-1 regulates transforming growth factor
(TGF)-beta/SMAD signaling through an interaction with the
TGF-beta type I receptor. J Biol Chem. 2001;276:6727-6738.
Wang XM, Zhang Y, Kim HP, et al. Caveolin-1: a critical regu-
lator of lung fibrosis in idiopathic pulmonary fibrosis. J Exp
Med. 2006;203:2895-2906.

Nagasaka Y, Kaneko H, Ye F, et al. Role of caveolin-1 for
blocking the epithelial-mesenchymal transition in prolifera-
tive vitreoretinopathy: caveolin-1 blocks EMT in PVR. Invest
Opbthalmol Vis Sci. 2017;58:221-229.

Kaneko H, Dridi S, Tarallo V, et al. DICER1 deficit induces
Alu RNA toxicity in age-related macular degeneration.
Nature. 2011;471:325-330.

Tarallo V, Hirano Y, Gelfand BD, et al. DICER1 loss
and Alu RNA induce age-related macular degeneration via
the NLRP3 inflammasome and MyD88. Cell. 2012;149:847-
859.

Yamada K KH, Shimizu H, Suzumura A, et al. Lamivudine
(3TC) inhibits Alu RNA-induced retinal pigment epithelium
degeneration via anti-inflammatory and anti-senescence
activities. Transl Vis Sci Technol. 2020;9:1, doi:10.1167/tvst.
0.0.2234.

Alcorta DA, Xiong Y, Phelps D, Hannon G, Beach D, Barrett
JC. Involvement of the cyclin-dependent kinase inhibitor
pl6 (INK4a) in replicative senescence of normal human
fibroblasts. Proc Natl Acad Sci USA. 1996;93:13742-13747.
Volonte D, Zhang K, Lisanti MP, Galbiati F. Expres-
sion of caveolin-1 induces premature cellular senes-
cence in primary cultures of murine fibroblasts: stress-
induced premature senescence upregulates the expression
of endogenous caveolin-1. Mol Biol Cell. 2002;13:2502—
2517.

Zhu D, Deng X, Xu J, Hinton DR. What determines the
switch between atrophic and neovascular forms of age
related macular degeneration?-the role of BMP4 induced
senescence. Aging (Albany NY). 2009;1:740.

Liu C, Cao L, Yang S, et al. Subretinal injection of amyloid-$
peptide accelerates RPE cell senescence and retinal degen-
eration. Intl ] Mol Med. 2015;35:169-176.

Blasiak J, Piechota M, Pawlowska E, Szatkowska M, Sikora
E, Kaarniranta K. Cellular senescence in age-related macu-
lar degeneration: can autophagy and DNA damage response
play a role? Oxidative Medicine and Cellular Longevity.
2017;2017:5293258.

Ijima R, Kaneko H, Ye F, et al. Suppression of laser-induced
choroidal neovascularization by the oral medicine target-
ing histamine receptor H4 in mice. Transl Vis Sci Technol.
2015;4:6.

Ye F, Kaneko H, Hayashi Y, et al. Malondialdehyde induces
autophagy dysfunction and VEGF secretion in the retinal
pigment epithelium in age-related macular degeneration.
Free Radic Biol Med. 2016;94:121-134.

Hashimoto M, Asai A, Kawagishi H, et al. Elimination of
p19ARF-expressing cells enhances pulmonary function in
mice. JCI Insight. 2016;1:e87732.

Ishikawa K, Kannan R, Hinton DR. Molecular mechanisms
of subretinal fibrosis in age-related macular degeneration.
Exp Eye Res. 2016;142:19-25.

Qin G, Xu F, Qin T, et al. Palbociclib inhibits epithelial-
mesenchymal transition and metastasis in breast cancer via
c-Jun/COX-2 signaling pathway. Oncotarget. 2015;6:41794.
Oubaha M, Miloudi K, Dejda A, et al. Senescence-associated
secretory phenotype contributes to pathological angiogen-
esis in retinopathy. Sci Transl Med. 2016;8:362ra144.


http://doi.org/10.1167/tvst.0.0.2234

