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Abstract
Choroidal neovascularization (CNV), an aberrant growth of
blood vessels in the choroid layer of the eye, is a major cause
of vision loss. In view of our recent finding that discoidin
domain receptor 2 (DDR2), a collagen-binding receptor tyro-
sine kinase, is involved in control of vascular endothelial
activity and tumor angiogenesis, the present study aims to
investigate whether and how DDR2 affects the pathogenesis
of CNV. We initially found that a spontaneous DDR2 mutant
mouse colony (slie) exhibited enhanced amplitude of laser-
induced CNV. The inhibitory role of DDR2 in CNV develop-
ment was further confirmed by experiments through intravit-
reous injection of DDR2 small interference RNA (siRNA) or
DDR2-expressing adenovirus. Quantitative real-time poly-
merase chain reaction (qPCR) and immunoblot analysis

showed that DDR2 regulates the expression of several major
pro-angiogenic factors in the laser-injured choroid as well as
in retinal pigment epithelium (RPE) cells. In addition, it was
demonstrated that the CNV-induced increases in the phos-
phorylation levels of Akt and mTOR were affected by the
upregulation or downregulation of DDR2. Thus, the data from
this study for the first time revealed that DDR2 negatively
regulates the development of experimental CNV in vivo,
which may provide a novel target for preventing human
pathological ocular neovascularization.

Key messages
& DDR2 does not affect retinal development.
& DDR2 inhibits laser-induced CNV.
& DDR2 regulates angiogenic factor expression in CNV

lesion as well as in RPE cells.
& DDR2 is involved in modulation of CNV-induced activa-

tion of PI3K pathway.
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Introduction

Choroidal neovascularization (CNV), a process involving the
growth of new blood vessels from the choriocapillaris across
the retinal pigment epithelium (RPE) layer and Bruch’s mem-
brane and their extension into the subretinal space, is a major
feature of several ocular diseases that cause vision loss, such
as wet age-related macular degeneration (AMD), ocular his-
toplasmosis syndrome, and pathological myopia [1, 2]. The
etiology of CNV is multifactorial and complicated, and a
number of genetic and environmental factors have been cited
as possible risk factors for its formation [3].
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Increasing amounts of evidences indicate that inflammato-
ry and angiogenic events coordinately determine the develop-
ment of CNV via upregulation of a variety of diffusible
cytokines, such as vascular endothelial growth factor
(VEGF) and tumor necrosis factor (TNF)-α [4, 5]. The iden-
tification of the predominant role of VEGF in promoting CNV
formation has led to the application of anti-VEGF therapy as a
useful treatment option for intraocular neovascular disorders
[6, 7]. Stimulators other than the soluble factors, the insoluble
extracellular matrix (ECM) also plays crucial roles in control-
ling angiogenesis. Integrins represent a class of cell surface
receptors that can mediate the signaling from ECM to the cell
interior. It has been reported that the blockade of several
subtypes of integrins is effective in inhibiting experimental
CNV [8–10].

In contrast to integrins that lack enzymatic activities,
discoidin domain receptors (DDRs), consisting of DDR1
and discoidin domain receptor 2 (DDR2), use collagens as
their cognate ligands and are tyrosine phosphorylated upon
activation [11]. DDR2 can regulate cell proliferation, differ-
entiation, invasion, and migration [12]. By use of genetic
mouse models, DDR2 was demonstrated to be associated with
several human pathological processes including osteoarthritis,
wound healing, hepatic fibrosis, as well as tumor metastasis
[13–16]. Recently, the data from our lab showed that DDR2 is
a critical regulator of endothelial activity as well as tumor
angiogenesis [17]. These findings stimulated our interest to
investigate whether DDR2 similarly plays a role in the path-
ogenesis of CNV.

In this work, we initially found that DDR2 mutant mice
were more prone to induction of laser-induced CNV than
wild-type animals. This result was further supported by the
intravitreal application of DDR2 small interference RNA
(siRNA) and DDR2-expressing adenovirus. It was also shown
that the expression levels of major pro-angiogenic factors and
the activation status of PI3K/Akt/mTOR pathway in the in-
jured choroidal tissues were consistent with the severity of
CNV. Therefore, our current study suggests that enhanced
expression of DDR2 might be used as a potential strategy to
treat CNV.

Materials and methods

Animals and cell line

The heterozygous sliemouse colonywith deletionmutation of
Ddr2 gene was purchased from Jackson Laboratory (Bar
Harbor, ME, USA) and used to generate homozygotes [18].
The genotyping of all mice was performed by quantitative
real-time polymerase chain reaction (qPCR) with TaqMan
probes on ABI 7500 (Applied Biosystems, Foster City, CA,
USA) according to the providers’ instructions. Animals were

housed under pathogen-free conditions, and all animal exper-
iments were performed in strict adherence to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. Human RPE cell line ARPE19 (ATCC, Manassas,
VA, USA) was maintained in 1640 medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 15 % fetal bovine
serum (FBS).

Mouse model of CNV

CNV was generated by laser photocoagulation-induced rup-
ture of Bruch’s membrane as described previously [19]. Brief-
ly, 6 to 8-week wild-type or homozygous slie mutant mice
were anesthetized through intraperitoneal injection of 0.5 %
sodium pentobarbital (45 mg/kg BW), and the pupils were
then dilated with 1 % tropicamide. The 532 nm laser irradia-
tion was applied on one randomly selected eye of each animal
with a duration of 0.1 s and an intensity of 90 mW so as to
produce a spot size of 75 μm. In each eye, six focal laser
photocoagulation lesions were placed at positions that were
1.5–2 disc diameters away from the optic nerve. The produc-
tion of a bubble at the time of laser insult was considered to
indicate the rupture of Bruch’s membrane.

Intravitreal treatment with siRNA, adenovirus, or PI3K
inhibitor

Intravitreal injection of siRNA, adenovirus, and PI3K in-
hibitor LY294002 (Cell signaling) was performed under an
operating microscope. Recombinant adenovirus expressing
enhanced green fluorescent protein (EGFP) or full-length
DDR2 was packaged and purified by Vector Gene Tech-
nology Company (Beijing, China) and administered to the
mice at 1×109 pfu per mouse. The expression of Ad-
DDR2 has been confirmed by our lab previously [17].
For in vivo silencing of DDR2 in the mouse eye, a
nonspecific control siRNA or DDR2-specific siRNA was
modified with 2′-methoxy (2′-OMe) by GenePharma Com-
pany (Shanghai, China) to improve stability. The sense
sequences of siRNAs are as follows: DDR2, 5′-TTGA
GATGAATACTAGCTTAG-3′and control, 5′-TTCTCCGA
ACGTGTCACGTT-3′. The silencing effect of DDR2
siRNA has been validated by our previous in vitro study
[20]. Two microliters of siRNA duplex (100 μg/ml) was
used to treat a mouse. For treatment with PI3K inhibitor,
each mouse received 2 μL of a stock solution of
LY294002 (3 mM) or dimethyl sulfoxide (DMSO).

Transmission electron microscopy (TEM)

The mouse eyes were enucleated and fixed in 2.5 % glutaral-
dehyde in cacodylate buffer at room temperature for 12 h,
followed by post-fixation, dehydration, and embedding in
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Epon-araldite. Semi-thin section (1 μm) through the optic
nerve was prepared, stained with toluidine blue, and examined
by light microscopy. Ultrathin section (0.5 μm) of selected
areas was then prepared and double-stained with uranyl ace-
tate and lead citrate for electron microscopy (CM-12 TEM;
Philips). We used at least ten digital images for each sample to
measure the thickness of Bruch’s membrane at a magnifica-
tion of ×20,000. A transparent grid was superimposed onto
the micrograph, with RPE basement membrane aligned with
the horizontal line. Five random measurements were made on
each digital image using Image J software.

Fluorescein dextran perfusion of the retinal blood vessels

Anesthetized mice were perfused with 1 ml of fluorescein-
conjugated dextran (molecular weight 2,000,000; 50 mg/ml;
Sigma) in 4 % phosphate-buffered saline through the left
ventricle of the heart. The eyes were then enucleated and fixed
in 4 % paraformaldehyde for 3 h. Under a dissecting micro-
scope, the retina was removed and flat mounted on a glass
slide covered with a coverslip after a few drops of glycerinum
were placed on the slide. The retinas were photographed under
a fluorescence microscope. Vessel density was measured by
counting branchpoint number in randomly selected fields
(1200 μm×1200 μm, five fields per retina).

Evaluation of CNV severity

The size of CNV was evaluated 14 days after laser photocoag-
ulation by fundus fluorescence angiography (FFA), choroidal
flat-mount, and histopathological examination. For FFA assay,
the mice received intraperitoneal injections of 0.1 ml 2.5 %
sodium fluorescein (Wuzhou Pharmaceutical, Guangxi, China)
after anesthetization and 2 min after the injection, the fluorescent
signal was recorded with a digital imaging system (Heidelberg
Engineering, Heidelberg, Germany). The leakage of CNV was
graded by two examiners independently using reference angio-
grams as follows: 0: no leakage; 1: slight leakage (minimum
leakage or a staining of tissue with no leakage); 2: moderate
leakage (small but evident leakage of less than one-quarter disc
area); and 3: prominent leakage (large evident leakage with
hyperfluorescence increasing in intensity and in size).

Choroidal flat-mount analysis was used to determine the
area and volume of CNV in accordance with our previously
described protocol [21]. Briefly, the anesthetized mice were
transcardially perfused with a 0.9 % saline solution followed
by a 4 % paraformaldehyde solution. The entire ocular globes
were enucleated, and the anterior segment and the neural
retina were carefully removed. The remaining RPE-choroid-
sclera complex was flat mounted by five radial cuts and then
permeabilized in 0.2 % Triton X-100 solution for 24 h. Cho-
roidal preparations were incubated with a 1:1000 solution of
rhodamine-conjugated agglutinin (Vector Laboratories,

Burlingame, CA, USA) for another 24 h followed by wash
in 0.01 M Tris-Buffered Saline Tween-20 (TBST) solution.
The fluorescence signal of rhodamin was taken by a confocal
laser-scanning microscope (FluoView FV-1000; Olympus).
The area of CNV was measured by Image-Pro Plus (Media
Cybernetics, Carlsbad, CA, USA). The volume of CNV was
evaluated through three-dimensional reconstruction of the
images by Imaris software.

For histopathological examination, the mouse eyes were
fixed in Bouin’s solution after enucleation. The eyecups were
then generated as previously described [22]. After paraffin
embedding, 4-μm serial sections were prepared for
hematoxylin-eosin (HE) staining. The length and thickness
of each CNV were calculated by Image-Pro Plus 6.0. Ten
lesions of each group were selected for a statistical analysis.

Quantitative real-time PCR (qPCR)

For each group, three eyecups were pooled together to isolate
RNA using Trizol (Takara, Kyoto, Japan). Complementary
DNA (cDNA) was synthesized with a commercial kit
(TaKaRa). qPCRwas conducted on ABI 7500 using the SYBR
Green (TaKaRa). The primer sequences for mouse genes were
as follows: Gapdh (forward: TGACCACAGTCCATGCCATA
; reverse: GACGGACACATTGGGGGTAG); Vegfa (forward:
ACTGGACCCTGGCTTTACTG; reverse: CACAGGACGG
CTTGAAGAT); Ang-2 (forward: CACAGCGAGCAGCTAC
AGTC; reverse: ATAGCAACCGAGCTCTTGGA); and Fgf2
(forward: CGTCAAACTACAACTCAAGCA; reverse: CGTC
CATCTTCCTTCATAGCA). Data analysis was completed by
ABI Prism 7500 SDS software package.

Immunoblot

For each group, three homogenized eyecups were lyzed in
RIPA buffer (0.05 M Tris-HCl pH 7.4, 0.15 M NaCl, 0.25 %
deoxycholic acid, 1 % NP-40, 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 1 μg/ml aprotinin, 1 μg/ml
leupeptin, and PhosSTOP) to obtain the protein extracts. Fifty
micrograms of total proteins were resolved by 10 % SDS
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to Hybond-ECL nitrocellulose membranes (Amersham
Biosciences). After blocking in Tris-buffered saline contain-
ing 5 % skim milk and 0.1 % Tween-20, the membranes were
incubated with primary antibodies, followed by incubation
with horseradish peroxidase (HRP)-conjugated secondary an-
tibodies. The addition of chemi-luminescent HRP substrate
solution (Millipore, USA) was used to develop the images.
The following primary antibodies were used: mouse anti-
DDR2 (R&D systems, USA), rabbit polyclonal anti-VEGF
(Abcam, USA) and anti-Ang-2 (Cell Signaling Technology),
mouse anti-Akt/pAkt (Cell Signaling Technology), anti-
mTOR/pmTOR (Ser2448) (Cell Signaling Technology), and
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anti-β-actin (1:1000). All experiments were repeated at least
three times.

Statistical analysis

Statistical analyses were performed using SPSS software pro-
gram. Data from several experiments were pooled and subse-
quently presented as the means and standard deviations. One-
way analyses of variance (ANOVAs) followed by LSD-t tests
were used to make comparisons between pairs of groups. Stu-
dent’s t test was used to examine the differences between the two
groups of data. All of the experimental datasets were scrutinized
to ensure that the sample variance was normally distributed, and
appropriate nonparametric tests were applied when necessary. A
two-tailed p value of <0.05 was considered significant.

Results

DDR2 deficient mice appear normal in the structure
of subretinal region and in the retinal vascular development

It is necessary to examine whether DDR2 affects the structure
of the posterior segment of the eye before investigating its role
in the pathological conditions. To this end, we performed
H&E and ultrastructural analysis of the eye from control and
DDR2 mutant mice (slie) at different time points after birth.
The results showed that the animals between the two groups
did not differ in the thickness of either each retinal layer or
Bruch’s membrane (Fig. 1a, b). In addition, the development
of retinal vasculature was also not influenced by a host defi-
ciency of DDR2 (Fig. 1c).

The expression profile of DDR2 in the choroidal tissues
of mice in response to laser photocoagulation

To investigate the involvement of DDR2 in CNV, we exam-
ined its expression profile during the phase of laser-injured
CNV. At the indicated time points, the mouse eyecups (RPE-
choroid-sclera complex) were harvested and subjected to

detection of DDR2 messenger RNA (mRNA) and protein
expression by qPCR and immunoblot, respectively. We found
that after 90-mW laser irradiation, both the mRNA and protein
levels of DDR2 initially decreased and reached its lowest
levels at day 3 and thereafter was followed by a small upreg-
ulation (Fig. 2a, b). In contrast, subthreshold laser treatment
(40 mW) that failed to induce CNV had no effect on DDR2
expression (Fig. s1).

The magnitude of experimental CNV was increased by a host
deficiency of DDR2

In order to confirm the contribution of DDR2 to CNV formation,
we compared the pathological severity in control and slie mice.
The results of fundus fluorescein angiography (FFA) showed
that, 2 weeks after laser photocoagulation, the slie group had
more and larger areas of vascular leakage than control animals
(Fig. 3a). H&E staining indicated that the length and thickness of
CNV were also exaggerated in sliemice (Fig. 3b). Consistent to
these results, the mean area and volume of CNV lesions in slie
mice were much larger compared to wild-type ones, as

�Fig. 1 DDR2 deficient mice are normal in subretinal morphology. H&E
staining (a) of the eyes fromwild-type or slie mutant mice at the indicated
postnatal days. Scale bar, 50 μm. Histograms show the thickness of
retinal nerve fibre layer (RNFL), inner nuclear layer (INL), and outer
nuclear layer (ONL), respectively. Representative transmission electron
micrograph of the subretinal region of wild-type or slie mice (b). Scale
bar = 0.5 μm. Histogram indicates the average thickness of the Bruch’s
membrane in three mice. The retinal blood vessels visualized by
fluorescein-conjugated dextran (c). Left histogram represents
quantification of the retinal vascularized area at postnatal days 4 and 7.
Right histogram shows quantification of the branch points per field at
postnatal day 21. NS=no significance

Fig. 2 DDR2 expression in the mouse choroidal tissues was reduced by
the induction of CNV. The eyes of wild-type C57/B16mice were exposed
to laser to induce CNVas described in “Materials and methods,” and the
eyecups were collected at the indicated day points after laser treatment
(three mice for each group). The relative expression level of DDR2
mRNA (a) was determined by qPCR. Gapdh was used as an internal
reference control. Bar graphs are the means±SD of three separate exper-
iments. *p<0.01. The total protein homogenates (from three mice) taken
at the indicated days (b) were loaded for immunoblot analysis of DDR2
protein. β-actin was used as a loading control
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demonstrated by choroid flat-mount analysis (Fig. 3c, d). These
evidences collectively suggest that a host absence of DDR2
promoted the formation of experimental CNV.

Intravitreous injection of DDR2 siRNA or DDR2-expressing
adenovirus augments or alleviates the mouse responses
to CNV induction

The above results urged us to further explore whether local
alterations of DDR2 expression in the mouse eyes can similarly
affect the pathogenesis of CNV. Firstly, we tried to downregulate
DDR2 through intravitreous injection of our previously de-
scribed DDR2 siRNA with high knockdown efficiency [20]. It
was shown that the in vivo duration of DDR2 siRNA exhibited a
time-dependent manner, as assayed by qPCR and immunoblot
(Fig. 4a, b). Thus, in the subsequent experiment, the mice
received siRNA treatment on the day of laser irradiation and

the sizes of CNV lesions were evaluated at day 7 after photoco-
agulation. Compared to the scramble siRNA group, a single
intraocular administration of DDR2 siRNA aggravated laser-

Fig. 3 DDR2 deficient mice exhibited increased CNV severity. The eyes
of wild-type or slie mutant mice (at least three mice for each group) were
treated with laser coagulation, and 14 days later, the pathological status of
the choroidal tissues were evaluated by FFA, H&E staining, and choroi-
dal flat-mounts. FFA assay (a) showed more and larger area of leakage in
slie group. CNV grade was scored as described in “Materials and
methods.” Lines in the dot chart indicate median leakage levels. Repre-
sentative images of H&E staining (b). Scale bar, 100 μm. Histograms

show the average thickness and length of CNV in ten randomly selected
images. Choroidal flat-mount analysis (c) demonstrated enlarged area of
CNVin slie mice.Dotted circles indicate area of CNV;OD indicates optic
disc. Scale bar, 200 μm.Histogram shows the average area of CNVin ten
randomly selected images. Three-dimensional reconstruction of choroidal
flat-mount images (d). Scale bar, 30 μm. Histogram shows the average
volume of CNV in ten randomly selected images. *p<0.01

�Fig. 4 DDR2 siRNA treatment augments laser-induced CNV. C57BL/six
mice received intravitreous injection of scramble siRNA or siRNA against
DDR2 and at various time points after siRNA treatment, and the choroidal
tissues from three mice were obtained and pooled together for qPCR (a) and
immunoblot (b) analysis of DDR2 expression, respectively. The experiment
was performed independently for at least three times. Twelve hours after sham
or photocoagulation treatment, C57BL/sixmice received injection of siRNAs
and CNV were evaluated 7 days later. FFA assay (c). Lines in the dot chart
indicate median leakage levels. Representative images of H&E staining (d).
Scale bar, 100 μm. Histograms show the thickness and length of CNV.
Choroidal flat-mount analysis (e). Dotted circles indicate area of CNV; OD
indicates optic disc. Scale bar, 200 μm. Histogram shows the average area of
CNVin ten fields. Representative three-dimensional reconstruction images of
choroidal flat-mount (f). Scale bar, 30 μm. Histogram shows the average
volume of CNV in ten fields. *p<0.01
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induced CNVinmice, as demonstrated by the results of FFA and
choroid flat-mount (Fig. 4c–f).

Next, we boosted the expression of DDR2 through an
adenovirus-mediated strategy. Immunoblot analysis showed
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that the expression peak of Ad-DDR2 occurred at day 7
(Fig. 5a). To evaluate the in vivo distribution of recombinant
protein, the mouse eye tissues were subjected to fluorescence
microscopy for the detection of EGFP. It was demonstrated
that, 7 days after infection, the EGFP fluorescence
could be observed in multiple areas including RPE,
choroid, retina nerve fiber layer, and ciliary body
(Fig. s2), indicating a sustained expression of recombi-
nant adenovirus throughout the active phase of CNV. By
inducing CNV formation in EGFP- (control group) or DDR2-
overexpressing animals, we found that enhanced expression
of DDR2 significantly suppressed the choroidal angiogenic
response (Fig. 5b–e).

DDR2 induces changes in the expression levels of major
pro-angiogenic factors in laser-injured choroidal tissues
as well as in RPE cells

It is known that the angiogenic process is controlled in a carefully
coordinated fashion by a variety of factors of which VEGF-A
and angiopoietin (Ang)-2 play key pro-angiogenic roles [23, 24].
In order to elucidate how DDR2 loss enhances the severity of
CNV, we analyzed the expression levels of the two factors in
laser-irradiated choroidal tissues from control or slie mice by
qPCR and immunoblot, respectively. It was demonstrated that
uponCNVinduction, themutantmice had a higher levels of both
VEGF-A and Ang-2 than the control group (Fig. 6a, b). Similar

Fig. 5 DDR2 overexpression reduces the severity of laser-induced CNV.
Adenovirus-mediated expression of DDR2 in the mouse eye (a). C57BL/six
micewere intravitreously administered adenovirus expressing either EGFP or
DDR2, and the eye tissues were subjected to immunoblot analysis of DDR2
expression at the indicated days after adenovirus injection. Twelve hours after
photocoagulation, C57BL/six mice received intravitreous injection of Ad-
EGFP or Ad-DDR2 and CNV were evaluated 14 days later. FFA assay (b).

Lines in the dot chart indicate median leakage levels. H&E staining (c). Scale
bar, 100 μm. Histograms show the thickness and length of CNV. Choroidal
flat-mount analysis (d). Dotted circles indicate area of CNV; OD indicates
optic disc. Scale bar, 200 μm. Histogram shows the average area of CNV in
ten fields. Representative three-dimensional reconstruction images of choroi-
dal flat-mount (e). Scale bar, 30μm.Histogram shows the average volume of
CNV in ten fields. *p<0.01
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results were also observed when DDR2 was knocked down in
wild-type C57/B16 mice using siRNA (Fig. s3a, b). Conversely,
the introduction of DDR2-expressing adenovirus led to an inhib-
itory effect on their expression (Fig. 6c, d).

Increasing evidence suggests that RPE cells play a key role
in the pathogenesis of CNV [25, 26], and this type of cells can

secrete multiple angiogenic growth factors [6]. Thus, we
performed in vitro experiments to examine whether DDR2
regulates the expression of VEGF and Ang-2 in human RPE
cells. Because both VEGF and Ang-2 are hypoxia-inducible
genes, we cultured Ad-DDR2-transduced ARPE19 cells un-
der 3 % oxygen conditions for 24 h before immunoblot

Fig. 6 DDR2 controls the expression of pro-angiogenic growth factors
involved in CNV genesis. The eyes of wild-type and slie mice were
treated with or without laser photocoagulation, and 3 days later, the
choroidal tissues from three mice were obtained and pooled together to
analyze the mRNA expression of Vegfa, Ang2, and Fgf2 by qPCR (a).
The experiment was performed independently for at least three times.
Sham group indicates non-lasered mice. The relative levels of mRNA
were normalized to Gapdh. Fold induction of wild-type sham group was
arbitrarily set as 1. *p<0.01. The samples in (a) were subjected to

immunoblot analysis (b) of the protein expression VEGF-A and Ang-2.
Twelve hours after photocoagulation, C57BL/six mice received intravit-
reous injection of Ad-EGFP or Ad-DDR2 and 3 days later (c, d), the
mRNA and protein expression of the indicated angiogenic factors were
examined. *p<0.01. Human RPE cell line ARPE19 was infected with
Ad-EGFP or Ad-DDR2 for 24 h, and the cells were then cultured under
nomoxia or hypoxia conditions for another 24 h. The expression levels of
the indicated proteins were analyzed by immunoblot (e)
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analysis of the expression of the two angiogenic proteins. We
found that in EGFP-expressing cells, low oxygen treatment
resulted in dramatic increases in the expression levels of
VEGF-A and Ang-2 as well as the hypoxic marker hypoxia-
inducible factor (HIF)-1α. Consistent with the in vivo obser-
vation, the hypoxia-induced upregulation of these molecules
was inhibited by enhanced expression of DDR2 (Fig. 6e).
Since both VEGF and Ang-2 can stimulate the activation of
PI3K/Akt/mTOR cascade in endothelial cells [27–30], we
attempted to investigate whether the activation status of this
pathway during CNV process was similarly affected by
DDR2. In the ocular tissues of wild-type mice, laser treatment
greatly increased the phosphorylation levels of Akt and
mTOR, which was decreased by the intravitreal injection of
PI3K inhibitor LY294002. The CNV-triggered activation of
Akt and mTOR in DDR2 mutant mice was much higher than
those in control mice (Fig. 7a). In support of these results, the
activities of the two kinases under CNV conditions were
augmented by DDR2 knockdown but attenuated by its over-
expression (Figs. s4 and 7b). These molecular evidences
strongly support the data from functional studies.

Discussion

In this study, we reported that DDR2 deficiency in mice
accelerates the induction of laser-induced CNV. The inhibito-
ry role of DDR2 in the pathogenesis of CNV was additionally
confirmed by use of DDR2 knockdown and overexpression
strategies. In addition, we demonstrated that DDR2 negatively

regulates the expression of several major pro-angiogenic fac-
tors in the laser-injured choroid as well as in RPE cells. To our
knowledge, this represents the first investigation of DDR2
function in ocular disease.

The results from this study agree with the recent observa-
tion that DDR2 deficiency resulted in enhanced tumor angio-
genesis in liver as well as increased VEGF expression in
tumor-derived hepatic stellate cells (HSCs) [13]. In contrast
to exhibiting an anti-angiogenic effect in choroidal and
hepatic tissues, DDR2 was found to facilitate both
VEGF- and tumor-induced angiogenesis within dermal
environment [17]. These conflicting data strongly sug-
gest that the specific pathological conditions with di-
verse types of DDR2-expressing angiogenic cells may
determine the final influence of DDR2 signaling on
neovascularization.

The cells that are involved in the development of CNV at
least include choroidal endothelial cells (CECs), RPEs, and
inflammatory cells. During CNV, CECs can undergo transi-
tion from a quiescent to an activated state in the presence of
pro-angiogenic factors that are predominantly released by
RPE cells and then acquire the ability to penetrate RPE layer
and Bruch’s membrane [25, 31]. As for the role of DDR2 in
ECs, our recently published data have disclosed that enhanced
expression of DDR2 increases the angiogenic activities of
human umbilical vein endothelial cells (HUVECs) [17].
Conversely, the current study revealed that DDR2 inhibits
the expression of VEGF-A and Ang-2 in RPE cells
(Fig. 6e). Considering that VEGF-A and Ang-2 are potent
angiogenic stimulators, it is likely that the positive regu-
lation of DDR2 on endothelial proliferation and migration

Fig. 7 The activities of PI3K pathway after laser burn are altered by DDR2
downregulation or upregulation. The effect of DDR2 deficiency on CNV-
induced activation of PI3K pathway (a). Twelve hours after sham (non-
lasered) or laser treatment, wild-type or slie mice were administered with
either DMSO or PI3K inhibitor LY294002 intravitreously. Three days later,
the protein extracts from RPE-choroid-sclera complex (three mice each

group) were prepared for immunoblot analysis of the phosphorylation levels
of Akt and mTOR. The effect of enhanced expression of DDR2 on CNV-
induced activation of PI3K pathway (b). Twelve hours after laser treatment,
C57BL/six mice received intravitreous injection of Ad-EGFP or Ad-DDR2
and 3 days later, the protein extracts from RPE-choroid-sclera complex were
subjected to immunoblot analysis
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has been over balanced out by its negative modulation on RPE
cell secretion of the two cytokines, finally making DDR2 give
rise to an overall inhibitory outcome in choroidal angiogenesis.
In addition to RPE cells, we do not exclude the possibility that
dendritic cells (DCs) may also partially mediate the suppressive
effect of DDR2 on CNV because DDR2 knockdown prevents
the activation of DCs [32], and only immature DCs
enhance CNV size [33]. Taking these evidences togeth-
er, it is reasonable to believe that DDR2 attenuation of CNV
formation might be predominantly achieved through its neg-
ative control of the pro-angiogenic activities of RPE cells and
DCs.

By comparing the expression level of DDR2 at various
time points after the development of laser-induced CNV, we
found that both the mRNA and protein levels of DDR2
initially decreased and thereafter gradually increased. The
initial downregulation may be caused by the laser damage to
the resident cells that express DDR2 such as RPE cells and
fibroblasts. The latter upregulation may be related to either the
increased recruitment of other types of DDR2-expressing cells
from bone marrow such as endothelial cells and DCs, or the
occurrence of hypoxic conditions that were shown to enhance
the expression of DDR2 [17, 34].

An interesting finding in this report is that DDR2
overexpression abrogates the expression of HIF-1α as
well as its downstream target genes VEGF-A and Ang-2
in hypoxia-treated RPE cells. In fact, DDR2 inhibition
of VEGF expression has been previously documented in
tumor-derived HSCs [13]. However, in hepatocellular
carcinoma cells, DDR2 knockdown was linked to re-
duced trans-activation of HIF-1α and diminished ex-
pression of VEGF [35]. Thus, it appears that DDR2
exhibits opposite effects on the expression of VEGF in
different types of cells. The detailed mechanisms under-
lying DDR2 control of HIF-1α activity as well as the
expression of its target genes needs to be investigated in
future studies.

It has been well established that VEGF regulates endothe-
lial cell survival through the PI3K/Akt signal transduction
pathway. Our previous study has also shown that the PI3K
pathway is activated during the early phase of CNV formation
and PI3K inhibition can lead to significant suppression of
experimental CNV [21]. Here, we found that the CNV-
triggered activation of Akt and mTOR in the choroidal tissues
had an inverse relationship with the expression level of
DDR2, which is perfectly in agreement with the results that
DDR2 suppresses the expression of VEGF-A in the laser-
injured choroid as well as in RPE cells. As a result, the
potential mechanism underlying DDR2 suppression of CNV
can be hypothesized as follows: during the pathogenesis of
CNV, DDR2 inhibits the expression of pro-angiogenic cyto-
kines by RPE cells, which in turn hampers the endothelial
proliferation and survival.

In conclusion, our studies identified an anti-angiogenic role
of DDR2 in laser-induced CNV. These studies may suggest
DDR2 as a potential new target for the prevention of human
pathological ocular neovascularization.
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