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Tenascin-C is expressed in choroidal neovascular (CNV) membranes in eyes with age-related macular degeneration (AMD).
However, its role in the pathogenesis of CNV remains to be elucidated. Here we investigated the role of tenascin-C in CNV
formation. In immunofluorescence analyses, tenascin-C co-stained with α-SMA, pan-cytokeratin, CD31, CD34, and integrin
αV in the CNV membranes of patients with AMD and a mouse model of laser-induced CNV. A marked increase in the
expression of tenascin-C mRNA and protein was observed 3 days after laser photocoagulation in the mouse CNV model.
Tenascin-C was also shown to promote proliferation and inhibit adhesion of human retinal pigment epithelial (hRPE) cells
in vitro. Moreover, tenascin-C promoted proliferation, adhesion, migration, and tube formation in human microvascular
endothelial cells (HMVECs); these functions were, however, blocked by cilengitide, an integrin αV inhibitor. Exposure to
TGF-β2 increased tenascin-C expression in hRPE cells. Conditioned media harvested from TGF-β2-treated hRPE cell
cultures enhanced HMVEC proliferation and tube formation, which were inhibited by pretreatment with tenascin-C siRNA.
The CNV volume was significantly reduced in tenascin-C knockout mice and tenascin-C siRNA-injected mice. These
findings suggest that tenascin-C is secreted by transdifferentiated RPE cells and promotes the development of CNV via
integrin αV in a paracrine manner. Therefore, tenascin-C could be a potential therapeutic target for the inhibition of CNV
development associated with AMD.
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Age-related macular degeneration (AMD) is one of the
leading causes of vision reduction in older people in
developed countries.1 The decrease in visual acuity is usually
attributed to choroidal neovascularization (CNV), a patholo-
gical invasion of new blood vessels into the subretinal space
from the choriocapillaris through the Bruch’s membrane. The
development of these vessels is accompanied by retinal
edema, retinal detachment, and hemorrhage, which destroys
photoreceptor cells.2

Recently, a number of studies have focused on the effects of
anti-vascular endothelial growth factor (VEGF) treatment on
CNV in eyes with AMD.3–6 Monthly intravitreal injections of
ranibizumab, an anti-VEGF agent, prevented vision reduction
in nearly 95% of the AMD patients, and significantly
improved the vision in 40% of the patients, for 2 years.3

However, the use of anti-VEGF drugs to maintain vision over
long periods of time causes problems in tolerance or

tachyphylaxis, which is a reduction in drug efficacy following
repeated administration.7–9 Approximately 18.3% of all
AMD patients treated with anti-VEGF drugs reportedly
develop geographic atrophy within 2 years of beginning
the treatment.10 Therefore, many research efforts are now
directed towards the identification of new agents that could
be effective in the treatment of CNV.

We and others have reported that tenascin-C promotes
the retinal neovascularization associated with proliferative
diabetic retinopathy.11–13 Tenascin-C is a large hexameric
extracellular glycoprotein composed of 180–320 kDa mono-
mers. It consists of four major domains: a globular
N-terminal assembly domain, a 14.5 epidermal growth
factor-like repeats domain, a fibronectin type III-like repeat
domain, and a fibrinogen-like sequence. Fibronectin type III-
like repeats of tenascin-C affect cell adhesion via integrin
receptors and Annexin II.14 Tenascin-C is chiefly expressed
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during development, but is also present at low levels in
most adult tissues. However, tenascin-C is continuously
upregulated during active inflammation and tissue repair.15

Several studies have reported that tenascin-C plays a vital
role in cardiac ischemia,16–18 tumor angiogenesis, and
metastasis.19–22 Moreover, it has been reported that CNV
membranes obtained from patients with AMD containing
retinal pigment epithelial (RPE) cells express tenascin-C.23,24

We have recently reported that periostin, a matricellular
protein produced by RPE cells, promotes CNV formation.25

However, the angiogenic processes mediated by tenascin-C in
the pathogenesis of CNV have not been elucidated.

Therefore, the purpose of this study was to investigate the
expression and function of tenascin-C in human CNV
membranes in an in vivo mouse CNV model as well as RPE
and vascular endothelial cells in vitro. We also evaluated the
efficacy of tenascin-C as a potential therapeutic target using
acute tenascin-C blockade in a mouse CNV model.

MATERIALS AND METHODS
Human Specimens
This study was approved by the Ethics Committee of Kyushu
University Hospital; the surgical specimens were handled in
accordance with the Declaration of Helsinki. Signed informed
consent forms were obtained from all patients prior to the
surgical procedure. CNV membranes were surgically removed
from three eyes of three patients with wet-type AMD. The
ages of these patients at the time of pars plana vitrectomy
ranged from 62 to 81 years.

Animals
All animal experiments were approved by the Ethics
Committee for Animal Experiments of the Kyushu University
Graduate School of Medical Sciences. C57BL/6J mice were
purchased from CLEA Japan (Tokyo, Japan) and tenascin-C
knockout mice were purchased from the RIKEN BioResource
Center (Ibaraki, Japan). Tenascin-C knockout mice are also
known as rd8/rd8 mice as they carry the Crb1 gene, which is
associated with retinal degeneration;26 therefore, the rd8/rd8
mutation was bred out by backcrossing the knockout mice
with the C57BL/6J line.

Mouse Model of CNV
The Bruch’s membrane was ruptured by laser photocoagula-
tion to generate CNV in mice.27 Briefly, 7-week-old male
C57BL/6J and tenascin-C knockout mice were anesthetized,
and their pupils were dilated with 0.5% tropicamide. Four
burns were produced on each retina by a 532 nm diode laser
(75 μm spot size, 0.1 s duration, 100 mW) of a slit-lamp-
delivery system in a photocoagulator (Novus Verdi; Coherent
Inc., Santa Clara, CA, USA).

The effect of tenascin-C siRNA was evaluated in vivo by
injecting tenascin-C or control siRNA (#4390843: Thermo
Fisher Scientific, Waltham, MA, USA), with randomly

scrambled sequences into the eye immediately after laser
photocoagulation.

Immunofluorescence Staining
Immunohistochemistry was performed as described
previously.28,29 Briefly, as the number of AMD patients for
surgery was limited, CNV membranes from clinical samples
were embedded in paraffin and cut into 3-μm sections for
long-term sample preservation. The sections were deparaffi-
nized, rehydrated, blocked, and finally incubated overnight
with primary antibodies. The sections were subsequently
incubated with secondary antibodies for 30 min at room
temperature. For immunofluorescence analysis in mice, the
eyeballs of mice with photocoagulation (5 days after laser-
treatment) were embedded in OCT compound (Tissue-Tek;
Sakura Seiki, Tokyo, Japan) and frozen on dry ice. The frozen
mouse eyes were cryosectioned to a thickness of 10 μm, fixed
in − 20 °C acetone for 10 min, blocked with 5% skim milk,
and subsequently incubated overnight with the primary
antibody. Finally, the sections were incubated with the
secondary antibody for 20 min at room temperature. The
antibodies are listed in the Supplementary Tables 1 and 2. The
nuclei were counterstained with Hoechst 33342 (H3570:
1:400 dilution; Life Technologies, Gaithersburg, MD, USA),
and the sections were examined with a fluorescence
microscope (BZ-9000; Keyence, Osaka, Japan).

Quantification of CNV Volume in Mouse Model
The eyes were removed 7 days after photocoagulation and
fixed in 4% paraformaldehyde for 1 h. The cornea, lens, and
retina were removed, and the choroid/sclera segment was
fixed for 24 h in 4% paraformaldehyde. The tissue was
exposed to methanol for 20 min, treated with 0.1% Triton
X-100 (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 h,
incubated in fluorescein-labeled isolectin B4 (FL1201; 1:200
dilution; Vector Laboratories, Burlingame, CA, USA) at room
temperature for 1.5 h, and then flat-mounted on glass slides.
Choroidal flat mounts were observed with a laser scanning
confocal microscope (Nikon A1R; Nikon, Tokyo, Japan), and
the volume at each burn site was measured using the NIS-
Elements software (Nikon).

Cell Culture
Human retinal pigment epithelial cells (hRPE, 00194987;
Lonza Walkersville, Walkersville, MD, USA) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) with
100 U/ml penicillin, 100 μg/ml streptomycin, and 10% heat-
inactivated fetal bovine serum (FBS). Human dermal
microvascular endothelial cells (HMVECs, CC-2543; Lonza
Walkersville) were cultured in EGM-2MV BulletKit (CC-
-3202; Lonza Walkersville).

The hRPE cells were seeded in collagen-coated 24-well
plates for mRNA assays and 6-well plates for protein assays.
The cells were starved in serum-free DMEM for 24 h, and
subsequently treated with or without TGF-β2 (SRP3170;
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Sigma-Aldrich) for 24 h. mRNA was then extracted from
these cells using TRIzol reagent (Life Technologies). The
supernatant (containing the proteins) was collected after a 48-
h incubation period, and total cell lysate was extracted with a
lysis buffer.

Cilengitide (10 μM; Selleckchem, Houston, TX, USA) was
added at the time of stimulation in all subsequent assays to
inhibit integrin αVβ3 and αVβ5.

Real-Time qRT-PCR
The tenascin-C (and GAPDH control) mRNA expression was
quantified by qRT-PCR, as described previously.25,30 Briefly,
total RNA was extracted and reverse-transcribed with a first-
strand cDNA synthesis kit (Roche, Mannheim, Germany).
The level of gene expression was determined by real-time RT-
PCR, using a Roche LightCycler 96 (Roche). The quantifica-
tion was carried out using either a TaqMan-probe or SYBR
Green. The primers and annealing temperatures used are
listed in Supplementary Table 3.

Enzyme-Linked Immunosorbent Assay (ELISA)
The protein concentration of tenascin-C was measured by
sandwich ELISA, using a standard ELISA kit (27767; IBL,
Gunma, Japan) in compliance with the manufacturer
protocol. The samples were added to a buffer solution in
96-well plates and incubated for 1 h at room temperature.
The solution was aspirated and washed. The wells were then
incubated with horseradish peroxidase-conjugated mouse
monoclonal antibody against tenascin-C (4F10TT) for
30 min at 4 °C. The solution was aspirated and washed again.
The substrate solution was added to each well and the plate
was incubated for 30 min at room temperature. The stop
solution was added to each well and the plate was ready with a
microplate reader (ImmunoMini NJ-2300; NJ InterMed,
Tokyo, Japan) at 450 nm.

Western Blot Analysis
The protein samples were separated on a NuPAGE 3–8%
Tris-Acetate gel (EA0375; Life Technologies) and the
blots were incubated with a monoclonal antibody against
tenascin-C (4F10TT: 10337: 1:3000; IBL). The blot was deve-
loped by an immunoperoxidase method (Envision+; Dako,
Glostrup, Denmark) and subsequently visualized using a
SuperSignal West Femto maximum sensitivity substrate
(#34095; Thermo Fisher Scientific). Lane-loading differences
were normalized by blotting the membranes with an antibody
against β-actin (#4970: 1:5000; Cell Signaling Technologies,
Beverley, MA, USA).

Cell Proliferation Assay
Proliferation of the hRPE cells and HMVECs was analyzed
by bromodeoxyuridine (BrdU)-incorporated ELISA (Roche)
according to the manufacturer’s protocol, with a 1.5-h BrdU
incubation.

Cell Adhesion Assay
The cell adhesion assay was performed as described in a
previous report.31 Briefly, hRPE cells were trypsinized and
resuspended in serum-free DMEM containing recombinant
tenascin-C. Cell suspension (1 × 104 cells/200 μl) was added
to each fibronectin-coated well (F2006: 10 μg/ml; Sigma-
Aldrich) and allowed to attach for 1 h. HMVECs (1 × 104

cells/200 μl) were resuspended in EBM-2 media with 0.5%
FBS, containing recombinant tenascin-C, and allowed to
attach for 12 h. The cells were gently washed twice with PBS,
fixed with 4% PFA, and stained with Hoechst 33342 (H3570,
1:1000 dilution; Life Technologies) for 15 min. The stained
cells were counted with a 4 × objective lens in four fields, and
the data were analyzed with the ImageJ software (National
Institute of Health, Bethesda, MD, USA).

Cell Migration Assay
The effect of tenascin-C on the migration of HMVECs was
examined by performing transwell assays using cell culture
inserts with a pore size of 8 μm (Corning, Corning, NY,
USA). HMVECs were suspended at a concentration of
5 × 104 cells/ml in EBM-2 media, supplemented with 0.5%
FBS and recombinant tenascin-C. To assess cell migration,
HMVECs stimulated with tenascin-C were placed in the
upper chamber and allowed to migrate to the reverse side of
the membrane. The inserts were fixed with 4% PFA and
stained with Hoechst 33342 (H3570, 1:1000 dilution; Life
Technologies) for 15 min. The stained cells were counted in
four random fields under a 20 × objective lens, and the data
were analyzed using ImageJ software (National Institute of
Health).

Tube Formation Assay
HMVECs were plated at a concentration of 1 × 104 cells/well
in 96-well plates pre-coated with Matrigel Basement
Membrane Matrix (BD Bioscience), in EBM-2 media
containing 0.5% FBS and recombinant tenascin-C. The cells
were subsequently incubated for 12 h at 37 °C. The data
were analyzed using ImageJ software (National Institute of
Health).

Preparation of hRPE-Conditioned Medium
hRPE-conditioned medium was produced by culturing hRPE
cells in 6-well plates to a confluence of 70–80%. Tenascin-C
siRNA (10 nM) or control siRNA (10 nM) was mixed with
4 μl lipofectamine RNAiMAX (Thermo Fisher Scientific) in
2 ml Opti-MEM (Thermo Fisher Scientific). This mixture
was added to hRPE cells and the cells were incubated for
24 h. Recombinant TGF-β2 was added at a concentration of
10 ng/ml per well and incubated for 24 h. The composite
transfection medium was removed and replaced with serum-
free EBM-2. After 24 h, conditioned medium was collected
from the 6-well plates and filtered through 40-μm filters
(Corning).

RPE-derived tenascin-C promotes CNV
Y Kobayashi et al

1180 Laboratory Investigation | Volume 96 November 2016 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


Statistical Analyses
All results are expressed as the means± standard errors
of means. The differences among groups were analyzed by
two-tailed Student’s t tests or one-way analysis of variance
(ANOVA) with Dunnett’s tests or Tukey tests. Statistical
analyses were performed with a commercial statistical
software package (JMP v.11.0; SAS Institute, Cary, NC,
USA). A P-value o0.05 was taken to be statistically
significant.

RESULTS
Tenascin-C is Expressed by RPE Cells Transdifferentiated
Into Myofibroblasts in CNV Membranes
The location of tenascin-C in CNV membranes obtained
from the eyes of AMD patients were determined by staining
the sections with antibodies against tenascin-C, α-smooth
muscle actin (α-SMA), pan-cytokeratin, and CD34, which are
markers for myofibroblasts, RPE cells, and vascular endothe-
lial cells, respectively. In the CNV membranes, RPE cells and

myofibroblasts were colocalized with tenascin-C. Alternately,
vascular endothelial cells were localized around tenascin-C
(Figure 1a).

Tenascin-C is Expressed by RPE Cells Transdifferentiated
Into Myofibroblasts in a Laser CNV Mouse Model
The location of tenascin-C in CNV lesions was further
determined by immunofluorescent staining for tenascin-C,
pan-cytokeratin, α-SMA, CD31, F4/80, and integrin αV in
the mouse CNV model 5 days after the retinal laser
photocoagulation. CD31, F4/80, and integrin αV are
markers for vascular endothelial cells, macrophages, and the
tenascin-C receptor, respectively. The RPE cells were found to
colocalize with tenascin-C as well as α-SMA, whereas vascular
endothelial cells partly colocalized with tenascin-C
and integrin αV. In contrast, macrophages colocalized
weakly with tenascin-C. These findings indicate that
tenascin-C is predominantly expressed in myofibroblasts
transdifferentiated from RPE cells, and is bound to vascular

Figure 1 (a) Representative photographs of triple immunofluorescence staining for tenascin-C, α-SMA, and CD34 in a CNV membrane excised from an
AMD patient. Tenascin-C staining was observed in α-SMA- and pan-cytokeratin-positive cells, and around CD34 positive cells. (b) Triple immuno-
fluorescence staining for tenascin-C, pan-cytokeratin, α-SMA, CD31, F4/80, and integrin αV in lesions observed in a wild-type laser-induced CNV model
5 days post-laser treatment. Pan-cytokeratin-positive cells were stained with α-SMA. Tenascin-C co-stains with pan-cytokeratin, α-SMA, CD31, and
integrin αV, but not with F4/80. Nuclei are stained blue. Scale bar, 50 μm.
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endothelial cells via integrin αV in the CNV lesions
(Figure 1b)

Synthesis and Secretion of Tenascin-C is Induced in
Mouse CNV Model
The time course of tenascin-C expression during CNV
formation was confirmed by evaluating the mRNA and
protein expression of tenascin-C in RPE-choroid tissues
obtained from the mouse CNV model at different times. Real-
time qRT-PCR showed that the expression of tenascin-C was
highly upregulated in the RPE-choroid at days 1 and 3 after
laser coagulation, and decreased thereafter (Figure 2a). The
kinetics of protein expression were similar, with peak levels
observed at day 3, and markedly reduced protein levels
from day 5 (Figures 2b and c). The 4F10TT antibody, which
recognizes all tenascin-C variants, identified two isoforms
of tenascin-C (210 and 250 kDa). Both the larger and
smaller tenascin-C isoforms were expressed in the mouse
CNV model.

Synthesis and Secretion of Tenascin-C Is Also Induced in
Transdifferentiated hRPE Cells Stimulated by TGF-β2
Based on the expression of tenascin-C in α-SMA-positive
RPE cells, we hypothesized that TGF-β2-induced transdiffer-
entiation of RPE cells into myofibroblasts might lead to

tenascin-C production. This theory was tested by evaluating
the expression of tenascin-C in hRPE cells exposed to
recombinant TGF-β2. We have shown that TGF-β2 caused
the cells to become elongated, spindle-shaped, and flat,
resembling fibroblasts.32 Real-time qRT-PCR analysis showed
that 1, 3, and 10 ng/ml TGF-β2 induced an upregulation in
the mRNA and protein expression of tenascin-C in hRPE cells
in a dose-dependent manner (Figures 2d and e). Consistently,
western blot analysis indicated that tenascin-C protein
expression was upregulated in the cell lysates of hRPE cells
exposed to TGF-β2 (Figure 2f). The 4F10TT antibody
identified two isoforms of tenascin-C, weighing 210 and
300 kDa. Both of these isoforms were expressed in hRPE cells.

Tenascin-C Promotes Proliferation and Reduces
Adhesion of hRPE Cells
The effect of tenascin-C on hRPE cell function was tested by
evaluating the effect of tenascin-C on hRPE cell proliferation
and adhesion. Incubation with 30, 100, and 300 μg/ml
tenascin-C significantly promoted hRPE cell proliferation,
as indicated by increased BrdU incorporation, in a dose-
dependent manner (Figure 3a). Recombinant tenascin-C also
significantly inhibited the adhesion of hRPE cells to
fibronectin-coated wells, which was indicated by the number
of stained cells (Figures 3b and c). These results demonstrated

Figure 2 Kinetics of changes in mRNA (a) and protein (b) levels of tenascin-C in the RPE-choroid complex obtained from a mouse CNV model
(mean ± s.e.m.; n= 4 eyes per group). (a and b) Tenascin-C expression is significantly increased and peaked 3 days after laser photocoagulation. (c)
Western blots of tenascin-C in the RPE-choroid complex of a mouse CNV model. The mouse monoclonal anti-tenascin-C clone 4F10TT antibody
displayed 210 and 250 kDa isoforms of tenascin-C, and a similar trend. (d) Expression of tenascin-C mRNA normalized to GAPDH in hRPE cells stimulated
with the indicated concentrations of transforming growth factor-β2 (TGF-β2) (mean ± s.e.m.; n= 4 per group). (e) ELISA of tenascin-C in the cell lysates
and supernatants of hRPE cells stimulated with the indicated concentrations TGF-β2 (mean ± s.e.m.; n= 4 per group). (d, e) TGF-β2 significantly induces
the expression of tenascin-C mRNA and protein, in a dose-dependent manner. (f) Western blot analysis of tenascin-C and β-actin in hRPE cells
stimulated by the indicated concentrations of TGF-β2. The mouse monoclonal anti-tenascin-C clone 4F10TT antibody showed two isoforms of tenascin-C
(210 and 300 kDa) and a similar trend. β-actin was used as the loading control. *Po0.05, **Po0.01, ANOVA/Dunnett’s test, compared to the control.
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that tenascin-C promotes proliferation and reduces adhesion
of hRPE cells in an autocrine manner.

Tenascin-C Promotes HMVEC Proliferation, Adhesion,
Migration, and Tube Formation
The contribution of tenascin-C to angiogenesis of HMVECs,
including cell proliferation, adhesion, migration, and tube
formation, was also tested. Exposure to 100 and 300 ng/ml
tenascin-C significantly upregulated the HMVEC prolifera-
tion (Figure 3d); additionally, 30, 100, and 300 ng/ml
recombinant tenascin-C significantly enhanced the adhesion
of HMVECs to fibronectin-coated wells in a dose-dependent
manner (Figures 3e and f). In the cell migration assay,
300 ng/ml tenascin-C was shown to significantly promote

cell migration (Figure 3g), whereas the same quantity
of tenascin-C was shown to significantly promote tube
formation in the tube formation assay (Figures 3h and i).

Tenascin-C-Dependent Angiogenesis is Mediated by
Integrin αV
To determine whether the tenascin-C-dependent HMVEC
proliferation, adhesion, migration, and tube formation
are mediated by αV integrin, we evaluated the inhibitory
effect of cilengitide, an integrin αVβ3 and integrin αVβ5
inhibitor, on HMVECs. Integrin αV inhibition almost
completely suppressed the tenascin-C-induced proliferation,
adhesion, migration, and tube formation in HMVECs
(Figures 4a–f). These results indicated that integrin αV

Figure 3 Effect of tenascin-C on proliferation (a) and adhesion (b and c) of hRPE cells and proliferation (d), adhesion (e and f), migration (g), and tube
formation (h and i) of HMVECs. (a) hRPE cell proliferation was assessed by BrdU incorporation (mean± s.e.m.; n= 4 per group). hRPE cell proliferation
was significantly increased by tenascin-C in a dose-dependent manner. (b and c) hRPE cells were incubated with the indicated concentrations of
tenascin-C or TGF-β2 (positive control) in fibronectin-coated 96-well plates for 1 h (mean ± s.e.m.; n= 4 per group) to analyze the cell adhesion. hRPE cell
adhesion was significantly upregulated by TGF-β2 (10 ng/ml) and downregulated by tenascin-C (300 ng/ml). Photographs were taken with a 20 ×
objective after Hoechst 33342 staining. (d) HMVECs were incubated with the indicated concentrations of tenascin-C for 24 h to assess proliferation
(mean ± s.e.m.; n= 4 per group). (e and f) HMVECs were incubated with the indicated concentrations of tenascin-C in fibronectin-coated 96-well plates
for 12 h to assess adhesion (mean ± s.e.m.; n= 4 per group). (g) HMVECs stimulated with tenascin-C were placed in the upper chamber and allowed to
migrate to the reverse side of the membrane to assess the cell migration (mean± s.e.m.; n= 4 per group). (h and i) HMVECs were seeded on a
basement membrane (BM) matrix with the indicated concentrations of tenascin-C (mean ± s.e.m.; n= 6 per group). Tubes formed by HMVECs were
photographed after incubating for 12 h (4 × objective). (d–i) Tenascin-C significantly increased the HMVEC proliferation, adhesion, migration, and tube
formation, in a dose-dependent manner. Values are expressed as a percentage relative to the untreated control. *Po0.05, **Po0.01, ANOVA/
Dunnett’s test.
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mediates the tenascin-C stimulation of proliferation, adhe-
sion, migration, and tube formation in HMVECs.

Tenascin-C Secreted from Transdifferentiated hRPE Cells
Promotes Angiogenesis
We hypothesized that tenascin-C secreted from transdiffer-
entiated hRPE cells induces angiogenesis in a paracrine
manner. This hypothesis was tested using a synthesized
tenascin-C siRNA (Supplementary Table 4). To confirm the
inhibitory effect of tenascin-C siRNA on the expression of
tenascin-C in hRPE cells, we examined the production of
tenascin-C in hRPE cells cultured with tenascin-C siRNA or
control siRNA in the presence or absence of TGF-β2, which is
expressed in CNV membranes.33 Without TGF-β2 stimula-
tion, we observed no significant difference between cells
transfected with tenascin-C or control siRNA. In contrast,
in the presence of TGF-β2 stimulation, tenascin-C siRNA
significantly inhibited the expression of tenascin-C
(Figure 5a).

To confirm that tenascin-C secreted from hRPE cells can
promote CNV, we assessed the proliferation and tube
formation of HMVECs cultured in hRPE-conditioned
medium. hRPE-conditioned medium pretreated with
TGF-β2 significantly promoted HMVEC proliferation and
tube formation on Matrigel (Figures 5b–d). In contrast,

HMVECs cultured in hRPE-conditioned medium pretreated
with tenascin-C siRNA and TGF-β2 showed a significant
reduction in proliferation and tube formation, compared with
those cultured in hRPE pretreated with control siRNA
and TGF-β2 (Figures 5b–d). These results indicated that
tenascin-C from transdifferentiated hRPE cells facilitates
CNV formation.

Disruption of Tenascin-C Suppresses CNV Formation in a
Mouse CNV Model
The involvement of tenascin-C in CNV formation was
confirmed by measuring the volume of CNV in the laser-
induced tenascin-C knockout and wild-type C57BL/6J CNV
mouse models. The CNV volume, measured in lectin-stained
choroidal flat mounts, was significantly reduced to 53% in
tenascin-C knockout mice compared with that seen in wild-
type mice at day 7 (Figures 6a and b).

Finally, the possible therapeutic effect of tenascin-C siRNA
was assessed by administering C57BL/6J mice with an
intravitreous injection of 1, 10, and 100 μM tenascin-C or
control siRNA following the laser injury. Ten and hundred
μM tenascin-C siRNA induced a significant reduction in CNV
volume (63 and 51%) compared with that induced by the
control siRNA (Figures 6c and d).

Figure 4 Inhibitory effect of cilengitide on tenascin-C-induced proliferation, adhesion, migration, and tube formation in HMVECs. (a) HMVECs were
incubated with tenascin-C (300 ng/ml) and cilengitide (10 μM) for 24 h. (b and c) Cell adhesion was assessed by incubating the HMVECs with tenascin-C
(300 ng/ml) and cilengitide (10 μM) on fibronectin-coated 96-well plates for 12 h (mean ± s.e.m.; n= 4 per group). (d) The cell migration was assessed
placing HMVECs stimulated with tenascin-C (300 ng/ml) and cilengitide (10 μM) in the upper chamber and allowing the cells to migrate to the other
side of the membrane (n= 4 per group). (e and f) HMVECs were seeded on BM matrix with tenascin-C (300 ng/ml) and cilengitide (10 μM) (mean ± s.e.
m.; n= 6 per group). Tubes formed by HMVECs were photographed after a 12-h incubation period (4 × objective). (a–f) Cilengitide significantly inhibited
tenascin-C-induced proliferation, adhesion, migration, and tube formation of HMVECs. Values are expressed as a percentage relative to the control.
*Po0.05, **Po0.01, ANOVA/Dunnett’s test.
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DISCUSSION
Our results showed that the induction of tenascin-C in the
laser-induced mouse CNV model reached a peak at day 3
post-laser photocoagulation. Tenascin-C is expressed by RPE
cells that have transdifferentiated into myofibroblasts in both
the laser-induced mouse CNV model and CNV membranes
from AMD patients. Together with the proliferation, migra-
tion, and tube formation of HMVECs, tenascin-C may be
chronically expressed and may promote CNV membrane
formation in AMD patients.

Several studies have reported that myofibroblasts are the
major source of tenascin-C in the heart, colon, and liver.34–36

Consistent with this data, the immunohistochemical experi-
ments performed in this study showed that tenascin-C was
colocalized in the myofibroblasts and RPE cells of CNV
membranes. Previous immunohistochemical findings in eyes
with AMD showed intracellular distribution of TGF-β2 in
RPE cells, the predominant isoform in the retina, RPE cells,
and CNV membranes.33,37 In addition, TGF-β2 is a cytokine
of M2 macrophages identified in the CNV membrane.38,39 As
TGF-β2 contributes to the transdifferentiation of RPE cells
into myofibroblasts,40,41 TGF-β2 may be a potent inducer of
tenascin-C in CNV membranes. Our in vitro assays showed
that TGF-β2 induced the expression of tenascin-C in hRPE
cells, which in turn promoted angiogenesis. These results
demonstrate that myofibroblasts transdifferentiated from RPE

cells via RPE- and/or M2 macrophage-derived TGF-β2 and
continuously produced tenascin-C, resulting in CNV forma-
tion in a paracrine manner.

We also found that tenascin-C inhibited the adhesion of
hRPE cells and promoted the proliferation of hRPE cells and
vascular endothelial cells. Together with the proliferation,
migration, and tube formation of HMVECs, these results
suggest that tenascin-C promotes tissue remodeling close to
the RPE-choroid interface by weakening the RPE cell
adhesion to Bruch’s membrane, and facilitates the invasion
of vessels, to form CNV in the subretinal space. Our findings
are consistent with a previously proposed hypothesis that the
cell and cytokine activity during CNV formation is very
similar to that of wound healing.42 Active phase CNV
contains a number of RPE cells, fibroblasts, and macrophages,
which produce proangiogenic cytokines and extracellular
matrix proteins, including tenascin-C and periostin.25,42

In the immunohistochemical studies, vascular endo-
thelial cells were co-stained with tenascin-C and integrin
αV. Integrin αV is expressed in many types of cells. Integrin
αVβ3 is a well-known receptor that is specifically involved
in CNV43 and is one of the tenascin-C-binding receptors
on vascular endothelial cells.11 Our results demonstrated
that cilengitide inhibited cellular proliferation, adhesion,
migration, and tube formation in HMVECs treated with
tenascin-C. This was consistent with the results of a previous

Figure 5 Inhibitory effect of tenascin-C siRNA on HMVEC proliferation and tube formation, induced by conditioned medium of hRPE cells treated with
TGF-β2. (a) Tenascin-C expression in the conditioned medium of hRPE cells transfected with tenascin-C siRNA. Following transfection with tenascin-C or
control siRNA (10 nM), hRPE cells were treated with or without TGF-β2 (10 ng/ml) for 24 h (mean± s.e.m.; n= 4 per group). Tenascin-C siRNA significantly
reduced the concentration of tenascin-C in the conditioned medium of hRPE cells treated with TGF-β2. (b) HMVECs were incubated to assess
proliferation in hRPE-conditioned medium for 24 h. (c and d) HMVECs were seeded on BM matrix in hRPE-conditioned medium (mean± s.e.m.; n= 6 per
group). Tube formed by HMVECs were photographed after a 12-h incubation period (4 × objective). (b–d) HMVECs cultured in hRPE-conditioned
medium transfected with tenascin-C siRNA after TGF-β2 stimulation showed a significant reduction in proliferation and tube formation compared with
the control cells. Values are expressed as a percentage relative to the control. *Po0.05, **Po0.01, ANOVA/Tukey test.
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study where tenascin-C was shown to bind to human
umbilical vein endothelial cells in the presence of integrin
αVβ3.44 Together, these findings suggest that tenascin-C
promotes CNV formation by binding to integrin αVβ3.

There were some limitations to our study. Although
laser-induced mouse models are widely used as models of
CNV, it is an acute injury model and therefore may not be an
accurate model of CNV in AMD because the latter CNV
occurs as a secondary response to chronic inflammatory
processes.45 The reason why tenascin-C was transiently
expressed in the laser-induced model may be that laser-

induced CNV is largest by 7 days after photocoagulation and
spontaneously diminishes thereafter in this model.27

In contrast, in AMD patients, our immunofluorescent
staining and the findings of previous studies demonstrated
that tenascin-C is expressed by transdifferentiated RPE cells
(myofibroblasts) at the RPE-choroid interface during the
active phase of CNV membrane formation, but absent in old
quiescent scars.24,46 Our finding is consistent with those of
previous studies showing that in patients with chronic
inflammatory diseases such as keloids and sclerodermas,
tenascin-C is expressed by fibroblasts.47,48 Therefore, it is

Figure 6 Volume of CNV formed after laser photocoagulation in tenascin-C knockout mice and mice treated with tenascin-C siRNA. (a) Analysis of the
volume of CNV lesions 7 days after photocoagulation in wild-type and tenascin-C knockout mice (mean± s.e.m.; n= 8 eyes per group). (b)
Representative projections (green) and 3D images (red) of CNV lesions. Scale bar, 100 μm. (a and b) CNV volume was significantly smaller in the eyes of
tenascin-C knockout mice compared with that in wild-type mice. (c) Analysis of the volume of CNV lesions 7 days after vitreous injection of control
siRNA or tenascin-C siRNA (mean± s.e.m.; n= 8 eyes per group). (d) Representative projections (green) and 3D images (red) of CNV lesions. Scale bar,
100 μm. (c and d) CNV volume was significantly lower in eyes treated with tenascin-C siRNA (10 and 100 nM) compared with that in eyes treated with
control siRNA. *Po0.05, **Po0.01, Student’s t test or ANOVA/Dunnett’s test.
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likely that tenascin-C is continuously produced by myofibro-
blasts at the active edge of CNV in AMD patients and is not a
transient phenomenon that peaks at 3 days.

The results of this study indicated that tenascin-C siRNA
inhibited the formation of CNV in vitro and in vivo. Although
aflibercept, a VEGF trap, is most commonly used for
neovascular AMD (based on the clinical evidence),6,49 a
recent report has suggested that the Fc portion of anti-VEGF
drugs facilitates RPE cells transdifferentiation.50 Our study
demonstrated that transdifferentiation of hRPE cells into
myofibroblasts results in the production of tenascin-C. These
results suggest that aflibercept promotes CNV development
via tenascin-C by facilitating RPE cell transdifferentiation.
Therefore, aflibercept has a dual and conflicting mechanism
of action; on one hand, it has anti-VEGF properties that
inhibit CNV formation, and on the other hand, it may have
pro-angiogenic potential induced by tenascin-C from trans-
differentiated RPE cells. These opposing effects may partially
explain the tolerance or tachyphylaxis developed after long-
term treatment with anti-VEGF drugs. Therefore, a combina-
tion of aflibercept and tenascin-C siRNA could exert a more
potent effect on the eyes with neovascular AMD, compared
with singular aflibercept therapy.

In summary, we discovered that tenascin-C secreted from
transdifferentiated RPE cells promotes CNV formation
in vitro via integrin αVβ3, in a paracrine fashion. Furthermore,
tenascin-C knockout mice and mice that received a vitreous
injection of tenascin-C siRNA showed a significant reduction
in CNV volume. Therefore, tenascin-C could be an effective
therapeutic target for combating AMD-associated CNV.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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