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Platelet-derived growth factor-DD (PDGF-DD) is a recently
discovered member of the PDGF family. The role of PDGF-DD
in pathological angiogenesis and the underlying cellular and
molecular mechanisms remain largely unexplored. In this study,
using different animal models, we showed that PDGF-DD
expression was up-regulated during pathological angiogenesis,
and inhibition of PDGF-DD suppressed both choroidal and ret-
inal neovascularization. We also demonstrated a novel mecha-
nism mediating the function of PDGF-DD. PDGF-DD induced
glycogen synthase kinase-3B8 (GSK3B) Ser’ phosphorylation
and Tyr*'® dephosphorylation in vitro and in vivo, leading to
increased cell survival. Consistently, GSK3pB activity was
required for the antiangiogenic effect of PDGF-DD targeting.
Moreover, PDGF-DD regulated the expression of GSK3f and
many other genes important for angiogenesis and apoptosis.
Thus, we identified PDGF-DD as an important target gene for
antiangiogenic therapy due to its pleiotropic effects on vascular
and non-vascular cells. PDGF-DD inhibition may offer new
therapeutic options to treat neovascular diseases.

Although antiangiogenic therapy has shown some therapeu-
tic efficacy (1), the clinical needs are still unmet, and the field is
facing many challenges (2). One problem in antiangiogenic
therapy is that, while one angiogenic factor is targeted, other
angiogenic factors are selectively up-regulated, therefore
bypassing the therapeutic effect of the antiangiogenic reagents,
which allows the pathological neovascularization to proceed
(3). Moreover, mature blood vessels covered by pericytes or
smooth muscle cells are more resistant to antiangiogenic ther-
apy and difficult to prune (4-6). Thus, novel antiangiogenic
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strategies targeting not only vascular endothelial cells, but also
pericytes, smooth muscle cells, and other non-vascular cells
involved in angiogenesis are highly desired. Furthermore,
emerging drug resistance (7) and adverse side effects (8) consti-
tute challenging problems to overcome. Finding new target
genes with pleiotropic effects on multiple cell types important
for pathological angiogenesis has become an important goal in
antiangiogenic therapy.

Ocular neovascular disorders are the major causes of vision
impairment or loss. Neovascular age-related macular degener-
ation is a major reason for blindness in the aged population in
the Western society due to outgrowth of new blood vessels
from the choroid (9). Despite many angiogenesis inhibitors
tested, the progression of this pathology cannot be halted in all
the patients, implicating the existence of yet uncovered angio-
genic factors involved. Retinopathy of prematurity (ROP),? one
of the most common causes of vision loss in childhood, is
caused primarily by the overgrowth of abnormal blood vessels
throughout the retina. Currently, there is no satisfying treat-
ment for ROP. Thus, new and effective anti-neovascularization
therapies to inhibit pathological angiogenesis are still needed.

PDGEF-DD is the fourth member of the PDGF family that
binds to and activates its cognate receptor PDGFR- (10, 11).
The biological function of PDGF-DD remains largely to be
explored. PDGF-DD protein is produced as a secreted homo-
dimer and needs to be proteolytically processed for receptor
binding (10). PDGE-DD is expressed in many different tissues
(10, 11) and cells, including vascular fibroblastic adventitial
cells (12), artery medial smooth muscle cells (13), and endothe-
lial cells (13). PDGF-DD expression can also be found in the

2The abbreviations used are: ROP, retinopathy of prematurity; PDGF-DD,
platelet-derived growth factor-DD; GSK38, glycogen synthase kinase 38;
CNV, choroidal neovascularization; RPE, retinal pigment epithelial; 1B4,
isolectin B4; TR-rPCT, rat retinal pericyte; TR-iBRB, retinal capillary endothe-
lial cell; IFS, immunofluorescence staining; SMA, smooth muscle cell a-ac-
tin; CF, choroidal fibroblast; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide; FGF2, fibroblast growth factor 2; VEGF, vascular
endothelial growth factor; PIGF, placental growth factor; RGC, retinal gan-
glion cell; INL, inner nuclear layer; DIF3, differentiation-inducing factor-3;
IPL, inner plexiform layer; shRNA, short hairpin RNA; Erk, extracellular sig-
nal-regulated kinase.
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adult retinal pigment epithelial
(RPE) cells and induces their prolif-
eration and migration (24). Taken
together, PDGF-DD is a potent
growth factor with versatile func-
tions in many different biological
processes.

In the present work, we utilized
different animal models to study the
function of PDGF-DD in pathologi-
cal angiogenesis and the potential of
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FIGURE 1. PDGF-DD and PDGFR- expression is up-regulated in CNV. A, IFS displayed abundant PDGF-DD
expression (green) within the CNV area (CNV, right, lined), while PDGF-DD expression was detected mainly in the
retinal pigment epithelial cell layer (RPE, left, arrow) in normal retina. RGC, retinal ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; and ONL, outer nuclear layer. Blue color, nuclei stained by 4',6-di-
amidino-2-phenylindole (DAPI). Scale bar: 50 um. B and C, real-time PCR showed up-regulated expression of
PDGF-Din the choroids (B) and retinae (C) with CNV compared with normal choroids and retinae. Arbitrary units
after normalizing against B-actin were used for PDGF-D expression with their normal controls setto 1. D and E,
real-time PCR showed up-regulated expression of PDGFR-B in the choroids (D) and retinae (E) with CNV as
compared with normal choroids and retinae. Arbitrary units after normalizing against 3-actin were used for
PDGFR-B expression with their normal controls set to 1. F, Western blot assay showed increased PDGF-
DD protein levels in the retinae with CNV using B-actin as a loading control. Full-length (100 kDa) and differ-
entially processed (75, 50, and 37 kDa) PDGF-DD were detected. G, Western blot assay showed an increased
PDGFR-B protein level in the retinae with CNV using 3-actin as a loading control.

neointima of arteries in chronic allograft nephropathy (14).
PDGE-DD plays an important role in epithelial to mesenchymal
transition (15). PDGF-DD overexpression induced blood vessel
maturation during angiogenesis in the skin and skeletal muscles
(16). PDGF-DD has also been shown to play an important role
in inflammation, because PDGF-DD overexpression induced
macrophage recruitment into the skin and skeletal muscles
(16), whereas intracoronary PDGF-D gene transfer enhanced
cardiac allograft inflammation (17). Indeed, PDGF-DD is
expressed in macrophages and promoted monocyte migration
in a dose-dependent manner (18). In addition, PDGF-DD con-
tributes to tumor growth (19-22). PDGF-DD is abundantly
expressed in the eye (23). PDGF-DD is produced by human
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Laser-induced CNV Model—All
animal experiments were ap-
proved by the Animal Care and
Use Committee at the NEI/Na-
tional Institutes of Health (NIH)
(animal study protocol NEI-553)
and were performed according to
the NIH guidelines and regula-
tions. The laser-induced choroidal
neovascularization (CNV) model
was described previously (25).
Mouse PDGF-D shRNA (2 ug/eye,
Open Biosystems, catalogue num-
ber RMM3981-97056099) was injected intravitreally imme-
diately after laser treatment together with the transfection
reagent in vivo-jetPEI™ (Polyplus Transfection, New York,
NY) according to the manufacturer’s instructions. For LiCl
(Sigma) treatment, 1 pl/eye of 1 M stock solution was
injected intravitreally immediately after laser treatment
together with PDGF-D shRNA. The same amount and vol-
ume of NaCl was used as a control. The CNV area was ana-
lyzed at 1 or 2 weeks after laser treatment using isolectin B4
(IB4, Invitrogen) or hematoxylin & eosin staining. For eye
tissue (choroid and retina) isolation, the anterior segment
and the vitreous of the eyes were removed. The retina was
dissected from the RPE-choroid eye cup. The dissected tis-
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FIGURE 2. PDGF-DD inhibition suppressed CNV. A, intravitreal injection of PDGF-D shRNA reduced PDGF-D
expression to ~37% of normal level in the retina 2 days after injection as measured by real-time PCR. Arbitrary
unit after normalizing against B-actin was used for gene expression level. B, Western blot assay confirmed that
intravitreal injection of PDGF-D shRNA reduced PDGF-DD protein level in the retina. Full-length (100 kDa) and
differentially processed (75, 50, and 37 kDa) PDGF-DD were detected. C and D, PDGF-D shRNA treatment
reduced CNV formation (arrows in C) 1 week after intravitreal (/V) or subretinal (SR) injection as measured by IB4
staining (red). OD: optic nerve disc. Scale bars in C: top panel, 200 wm; lower panel, 50 um. E, intravitreal injection
of PDGFR-B neutralizing antibody (nab) decreased CNV areas at different time points after treatment. Fand G,
histological analysis showed less fibrovascular tissue (FVT) formation in the PDGF-D shRNA-treated CNVs as
revealed by hematoxylin & eosin staining. There was also less edema formation in the PDGF-D shRNA-treated
CNVs as shown by the reduced hump formation and empty space around the neovascular area. H and |/,
immunofluorescence staining (IFS) showed that PDGF-D shRNA treatment reduced the area positive for
smooth muscle cell a-actin (SMA, green, vascular smooth muscle cell marker). Scale bar in H: 50 um. Jand K, IFS
showed that PDGF-D shRNA treatment reduced Mac3™ staining (red, macrophage marker) within the CNV
areas. Scale bar in J: 50 um. Blue color in H and J: nuclei stained by 4’,6-diamidino-2-phenylindole (DAPI). *, p <
0.05; ***, p < 0.001.

according to the manufacturer’s
instructions. After another 5 days in
normoxia, the retinae were har-
vested for IB4 (Invitrogen) staining
or gene expression analysis. Image
analysis was performed using a Carl
Zeiss Imager Z1 and the AxioVision
software (Zeiss) as described previ-
ously (25).

Cell Proliferation/Survival, Mi-
gration, Real-time PCR, and Immu-
nofluorescence  Staining—Immor-
talized rat retinal pericyte cells
(TR-rPCT) and retinal capillary
endothelial cells (TR-iBRB) were
cultured as described previously
(25, 27). Primary mouse choroidal
fibroblasts were isolated and cul-
tured as described (28). The
Vybrant® MTT Cell Proliferation
Assay Kit (MTT: 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide, Molecular Probes)
was performed as described (25, 27).
For the migration assay, confluent
monolayer growth-arrested cells
were wounded using a rubber
scraper. The dishes were washed
with serum-free medium and incu-
bated for 6 or 16 h in serum-free
medium containing the active form
of human PDGF-DD recombinant
protein (10) or bovine serum albu-
min (50 ng/ml). Each well was pho-
tographed at 10X magnification.
Migration percentage corresponds
to the ratio of the area of the cells
migrated versus the total wound
area. Real-time PCR assay and the
primers used were described pre-
viously (25, 27). Immunofluores-
cence staining was performed as
described previously (25, 27).
The antibodies used were: anti-
PDGF-DD (10), rabbit anti-mouse
collagen IV polyclonal antibody
(2150-1470, AbD Serotec), rat
anti-mouse Mac3 (BD Pharmin-
gen), anti-smooth muscle cell
a-actin (Dako, M0851), and anti-
phosphorylated-PDGFR-B (Santa

sues were put on dry-ice immediately for RNA or protein
analysis, or fixed for morphological analysis.

ROP Model—The ROP model was performed as described
previously (25, 26). For antiangiogenic treatment, immediately
after 5 days in hyperoxia, the mice received intravitreal
injection of PDGF-D shRNA (2 pg/eye) together with the trans-
fection reagent in vivo-jetPEI™ (Polyplus Transfection)
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Cruz Biotechnology, sc-16569).

PDGFR-B, Akt, Erk, and GSK3 Phosphorylation/Expression
Assay and Western Blot—PDGFR-f3 activation assay was per-
formed as described previously (10). Briefly, cultured cells were
stimulated with the active form of recombinant human
PDGEF-DD protein (10) at 50 ng/ml for 10 min, and cell lysates
were subjected to further analysis. For immunoprecipitation
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FIGURE 3. PDGF-DD regulated expression of proangiogenic and proapoptotic genes. A and B, PDGF-D
shRNA treatment down-regulated the expression of many proangiogenic genes in the choroids with CNV atan
early stage (A, day 3) and the peak time (B, day 7) of CNV as measured by real-time PCR. Cand D, PDGF-D shRNA
treatment increased the expression of many proapoptotic genes in the choroids with CNV at an early stage (C,
day 3) and the peak time (D, day 7) of CNV as measured by real-time PCR. E and F, PDGF-DD protein treatment
up-regulated the expression of many proangiogenic genes in rat retina-derived vascular pericytes (E, TR-rPCT)
and in rat retina-derived vascular endothelial cells (F, TR-iBRB). G, PDGF-DD protein treatment inhibited the

expression of many proapoptotic genes in the TR-rPCT cells.

assay, cell lysates were incubated with an anti-PDGFR- anti-
body (Santa Cruz Biotechnology) overnight at 4 °C and precip-
itated with immobilized protein-G (Thermo Scientific). Immu-
noprecipitated samples were separated on a 10% SDS-PAGE,
transferred to a polyvinylidene difluoride membrane, and incu-
bated with an anti-phosphotyrosine antibody (pY99, Santa
Cruz Biotechnology). Antibodies used to detect different phos-
phorylation sites of PDGFR- were p-PDGFR-B (Tyr’'¢),
sc-16569; p-PDGFR-B (Tyr’*°), sc-17173; p-PDGFR-B
(Tyr®*?), sc-12907; and p-PDGFR-B (Tyr'°?!), sc-12909 (Santa
Cruz Biotechnology). To detect activated and total Akt or Erk,
antibodies against phosphorylated Akt (#9271, Cell Signaling
Technology), total Akt (#4685, Cell Signaling Technology),
phosphorylated Erk (Thr?°?/Tyr?**, Cell Signaling Technol-
ogy), and total Erk (137F5, Cell Signaling Technology) were
used in Western blot assays. For neutralizing antibody experi-
ments, cells were treated with PDGFR- neutralizing antibody
(500 ng/ml, R&D Systems, AF385) for overnight. The cells were
then stimulated with PDGF-DD protein as described above in
the presence of PDGER- neutralizing antibody (500 ng/ml) in
serum-free medium. Other antibodies used for Western blot
assays were: anti-mouse PDGF-DD (Santa Cruz Biotechnol-
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ogy), monoclonal anti-B-actin con-
jugated with horseradish peroxidase
(Sigma, A-3854), anti-GSK3a/f
(R&D, AF2157), and anti-phospho-
GSK3a/B (R&D, AF1590).

Protective Effect of PDGF-DD
on Primary Choroidal Fibroblasts
Expressing Wild-type or Mutant
GSK3pB—Primary choroidal fibro-
blast cells were transfected with
expression constructs of wild-type
(GSK3B-WT) or mutant (GSK3B-
A9) GSK3p (kind gifts from Dr. Sil-
vio Gutkind at NIDCR/NIH), using
the FuGENE6 transfection kit
(Roche Applied Science). Two days
after transfection, the active form of
the recombinant human PDGF-DD
protein (10) (100 ng/ml) or the same
amount of bovine serum albumin
was added to the medium. After 15
min, H,O, was added to the
medium to a final concentration of
0.5%. After 10 min, the medium was
replaced with fresh medium con-
taining MTT (Molecular Probe).
MTT assay was performed after 4 h
using a commercial kit (Molecular
Probe).

Aortic Ring Assay—The aortic
ring assay was performed as de-
scribed (29). Briefly, aortas were
excised from wild-type mice. The
fatty/connective tissues surround-
ing the aorta were removed care-
fully under a surgical microscope.
Aortic rings (1 mm in length) were cut and rinsed five times
with endothelial basal media (Lonza). Forty-eight-well plates
were coated with 150 ul/well basement membrane extract
(growth factor-reduced, Cultrex). After gelling at 37 °C for 30
min, an aortic ring was placed on top of the basement mem-
brane extract gel, and another 150 ul of basement membrane
extract was added onto it. After 30 min, 500 ul of endothelial
basal media containing PDGF-DD (R&D Systems, 500 ng/ml)
with or without the differentiation-inducing factor-3 (DIF3,
Sigma-Aldrich, 30 um) was added to each well. On day 14,
images of the aortic rings were taken using a phase-contrast
microscope equipped with a digital camera (Carl Zeiss, Axio-
vert-20). Images were converted to binary ones by application
of a morphologic low pass filter and threshold transformation
using Adobe Photoshop CS3. The number of microvessels/field
was counted in four fields surrounding the aortic ring where the
highest microvessel density was found. The mean value of
microvessel density of the four fields was used for each aortic
ring.
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Statistics—Two-tailed Student’s ¢ test was used for statistical
analysis. Differences were considered statistically significant
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the CNV area (Fig. 1A, right, lined
area). PDGF-DD expression was
also abundant in the retina sur-
rounding the CNV area (Fig. 14,
right, arrows). In normal retinae,
PDGF-DD expression was mainly
detected in the RPE cells (Fig. 14,
left, arrow). Real-time PCR showed
up-regulated expression of PDGF-D
and PDGFR-B in the retinae and
choroids after induction of CNV
(Fig. 1, B-E). Western blot analysis
demonstrated higher levels of
PDGF-DD protein in the neovascu-
lar retinae (Fig. 1F). Several
PDGF-DD protein bands were
detected, including the full-length
(100 kDa) and the differently pro-
cessed forms (75, 50, and 37 kDa). In
addition, Western blot assay
detected higher PDGFR-3 protein
level in the retinae with CNV (Fig.
1G). The increased expression of
PDGE-DD and its receptor
PDGFR-B during CNV formation
indicated a possible role of
PDGF-DD in CNV.

PDGF-DD Inhibition Suppresses
Choroidal Neovascularization—Be-
cause PDGF-DD was up-regulated
during CNV, we next tested
whether PDGF-DD  inhibition
would affect CNV formation. Intra-
vitreal injection of a PDGF-D
shRNA reduced PDGF-D expres-
sion level in the retina to ~37% of
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FIGURE 4. PDGF-DD inhibition suppressed retinal neovascularization. A, immunofluorescence staining

revealed PDGFR-B (green) expression in the neovessels (red, IB4 staining) of the neovascular retina, with a
higher expression level in the neovascular tufts (arrows). Scale bars: 100 wm. B, PDGF-D and PDGFR-[3 expression
was up-regulated at days 2 and 6 of retinal neovascularization (postnatal day (P), P14 and P18) compared with
that of day 0 (P12) as measured by real-time PCR. Arbitrary unit normalized against 3-actin was used for gene
expression level. C, immunofluorescence staining of cross-sections of P18 neovascular retina showed that
PDGFR-B expression (left, green) was found in different retinal layers, including the RGC layer, the INL (mainly on
the cord-like blood vessels indicated by the arrows), and the RPE cells (indicated by arrows). PDGF-DD expres-
sion (middle, red) was mainly found in the INL and RPE layers. Co-localization of PDGF-DD with PDGFR-3 was
found in the RGC, INL, and RPE layers (right, yellow, arrows). Scale bar: 50 um. D and E, intravitreal injection of a
PDGF-D shRNA inhibited retinal neovascularization. Neovessels were visualized by IB4 staining (red). Scale bar:
500 um. F, PDGF-D shRNA treatment inhibited the expression of many proangiogenic genes in the neovascular
retinae as measured by real-time PCR. G and H, PDGF-D shRNA treatment up-regulated the expression of many
proapoptotic genes in the neovascular retina at different time points as measured by real-time PCR. *, p < 0.05;

* p < 0.01.

when p < 0.05. The data are represented as mean = S.E. Assays
using cultured cells were performed in triplicates.

RESULTS

Up-regulation of PDGF-DD and PDGFR-3 Expression in
Choroidal Neovascularization—To investigate the potential
role of PDGF-DD in pathological angiogenesis, we first checked
the expression of PDGF-DD in a mouse model of laser-induced
CNV. Immunofluorescence staining (IFS) showed abundant
PDGF-DD expression in the eyes with CNV, particularly within

15504 JOURNAL OF BIOLOGICAL CHEMISTRY

the normal level as measured by
real-time PCR 2 days after the injec-
tion (Fig. 24, n = 8, p < 0.001).
Western blot analysis detected less
PDGE-DD protein in the PDGF-D
shRNA-treated retinae (Fig. 2B). In
the laser-induced CNV model,
PDGF-D shRNA reduced CNV for-
mation 1 week after intravitreal or
subretinal injection (Fig. 2, Cand D,
n =8, p <0.05, arrows in C). More-
over, intravitreal administration of a
PDGEFR-f neutralizing antibody decreased CNV area at differ-
ent time points after laser treatment (Fig. 2E, n = 8, p < 0.05). It
is noteworthy that the inhibitory effect of the PDGFR-f3 neu-
tralizing antibody on CNV formation was comparable to that of
PDGF-D shRNA (Fig. 2D, n = 8, p < 0.05), suggesting that
PDGF-DD is an important ligand of PDGFR-f3 that plays a sig-
nificant role in CNV formation. Histological analysis showed
less fibrovascular tissue formation in the PDGF-D shRNA-
treated CNV (Fig. 2, Fand G, n = 7, p < 0.05). PDGF-D shRNA
treatment also decreased edema formation within the CNV
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FIGURE 5. PDGF-DD promoted vascular cell and fibroblast proliferation, survival, and migration. Aand B,
PDGF-DD protein promoted migration of retinal vascular pericytes (TR-rPCT) at different time points in a
monolayer cell migration assay. Scale bar in A: 100 um. C and D, PDGF-DD protein promoted choroidal fibro-
blast migration in a monolayer cell migration assay. Scale bar in C: 50 um. E-G, PDGF-DD protein promoted
proliferation/survival of the rat retinal derived vascular pericytes (TR-rPCT, E), rat retinal-derived vascular endo-
thelial cells (TR-iBRB, F), and mouse choroidal fibroblasts (G) at different time points. Viability index in F: arbi-
trary unit with A, values at day 0 set to 1. %, p < 0.05; **, p < 0.01; and ***, p < 0.001.

area as shown by the reduced hump formation and empty space
around the neovascular area (Fig. 2G). Furthermore, PDGF-D
shRNA treatment reduced the areas positive for the smooth
muscle cell a-actin (vascular smooth muscle cell marker)
within the CNVs (Fig. 2, Hand [, » = 7, p < 0.01), indicating an
effect of PDGF-DD on vascular smooth muscle cells. Macro-
phages also play an important role in CNV (30). PDGF-D
shRNA treatment reduced Mac3™ staining (a macrophage
marker) within the CNV areas (Fig. 2, Jand K, n = 7, p < 0.05),
demonstrating that PDGF-DD inhibition suppressed inflam-
mation during CNV formation.

PDGF-DD Regulates the Expression of Many Proangiogenic
and Proapoptotic Genes—We investigated the effect of
PDGF-DD knockdown on the expression of many proangio-
genic and proapoptotic genes in the choroids with CNV. Real-
time PCR showed decreased expression of many proangiogenic
genes in the PDGF-D shRNA-treated choroids with CNV at
different time points (Fig. 3, A and B, n = 8). These genes
included fibroblast growth factor 2 (FGF2), vascular endothelial
growth factor (VEGF), placental growth factor (PIGF), and
VEGEF-B, which play important roles in CNV (25, 31-34). At
day 3 after CNV, which is an early stage of CNV (35), the down-
regulation of the proangiogenic genes was moderate (Fig. 3A4).
However, at day 7 after CNV, which is a peak time of angiogen-
esis, the down-regulation of the proangiogenic genes was more
prominent and involved more genes (Fig. 3B). In addition,
PDGF-D shRNA treatment up-regulated the expression of
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many proapoptotic genes in the
choroids with CNV at different time
points (Fig. 3, Cand D, n = 8). These
genes included Dcn and TNF-q,
which are inhibitors of PDGF- and
PDGFR-B-induced vascular cell
proliferation, survival, and migra-
tion (36 —39). Furthermore, the reg-
ulatory effect of PDGF-DD on the
expression of the proangiogenic and
proapoptotic genes was confirmed
in different vascular cells, such as
the rat retina-derived vascular peri-
cytes (TR-rPCT) and the rat retina-
derived vascular endothelial cells
(TR-iBRB, Fig. 3, E-G). Thus,
PDGEF-DD inhibition suppressed
the expression of many proangio-
genic genes and up-regulated the
expression of many proapoptotic
genes that play important roles in
angiogenesis.

PDGF-DD Inhibition Suppresses
Retinal ~ Neovascularization—We
next performed the ROP mouse
model (40, 41) to test whether
PDGEF-DD inhibition could suppress
retinal neovascularization. Immuno-
fluorescence staining showed expres-
sion of PDGFR-B, the receptor for
PDGE-DD (10), on the neovessels in
the retina, with a higher expression level in the neovascular tufts
(Fig. 4A, arrows). Real-time PCR showed up-regulated expression
of PDGF-D and PDGFR-$3 during retinal neovascularization
(Fig. 4B, n = 7). Immunofluorescence staining of cross-sections
of P18 neovascular retinae displayed PDGER- 3 expression (Fig.
4C, left, green) in different retinal layers, including the retinal
ganglion cell (RGC) layer, the inner nuclear layer (INL, mainly
on the cord-like blood vessels indicated by the arrows), and the
retinal pigment epithelial cells (RPE, indicated by the arrows).
Increased PDGF-DD expression (Fig. 4C, middle, red) was
mainly found in the INL and RPE layers. Co-localization of
PDGF-DD with PDGFR-B was found in the RGC, INL, and RPE
layers (Fig. 4C, right, yellow, indicated by the arrows). Intravit-
real injection of PDGF-D shRNA inhibited retinal neovascular-
ization (Fig. 4, D and E, n = 8, p < 0.01). Moreover, real-time
PCR showed that upon shRNA-mediated PDGF-D knockdown,
the expression of many proangiogenic genes in the neovascular
retinae was inhibited (Fig. 4F, n = 8). These genes included
Hifla, Has2, and VEGF-B, which play important roles in retinal
neovascularization (25, 42, 43). Furthermore, upon PDGF-D
knockdown, the expression of many proapoptotic genes in the
neovascular retina was increased at different time points (Fig. 4,
G and H, n = 8). These genes included Olrl, an inducer of
vascular cell apoptosis (44), TNF-«, and Dcn, inhibitors of
PDGE- and PDGFR-B-induced vascular cell migration, prolif-
eration, and survival (36 -39, 45). Thus, PDGF-DD inhibition
reduced retinal neovascularization and regulated the expres-
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FIGURE 6. PDGF-DD activated PDGFR-f3, Erk, Akt, and modulated GSK3 3 phosphorylation in vitro. A,immunoprecipitation (/P) followed by immunoblot
(IB) showed that PDGF-DD protein stimulation led to PDGFR-f3 activation in mouse choroidal fibroblasts (CF). B, immunofluorescence staining detected
abundant PDGFR-B expression (middle, lined area, green), as well as phosphorylated PDGFR- (p-PDGFR-f3, right, green, lined area) within the CNV area. Blue
color: 4',6-diamidino-2-phenylindole (DAPI)-stained nuclei. Scale bar: 50 um. C and D, PDGF-DD protein induced Erk (C) and Akt (D) activation in mouse
choroidal fibroblasts (CF, left penal). A neutralizing antibody against PDGFR-3 (PDGFR-B, nab) abolished the effect of PDGF-DD on Erk and Akt activation (right
penal). p-Akt index: arbitrary units of densitometry after normalization against total Akt with the controls set to 1. E, PDGF-DD protein stimulation led to GSK33
Ser® phosphorylation in primary mouse CFs at different time points (left two panels). A PDGFR-f neutralizing antibody (PDGFR-, nab) abolished the effect of
PDGF-DD on GSK3 Ser® phosphorylation (right two panels). Ser® p-GSK3f index: arbitrary units of densitometry after normalization against total GSK38 with
the controls set to 1. F, PDGF-DD protein induced Tyr?'® dephosphorylation in primary mouse CFs at different time points (left two panels). A PDGFR-8
neutralizing antibody (PDGFR-3, nab) abolished the effect of PDGF-DD on GSK38 Tyr?'® dephosphorylation (right two panels). Tyr?'® p-GSK33 index: arbitrary
units of densitometry after normalization against total GSK3 8 with the controls set to 1.

sion of many proangiogenic and proapoptotic genes in the neo-
vascular retinae.

PDGF-DD Promotes Vascular Cell and Fibroblast Prolifera-
tion, Survival, and Migration—To investigate the cellular tar-
gets of PDGF-DD, we studied the effect of PDGF-DD on the
migration and proliferation/survival of different vascular and
non-vascular cells. In a monolayer cell migration assay,
PDGF-DD protein promoted migration of retinal vascular peri-
cytes (TR-rPCT) at different time points (Fig. 5, A and B, n = 6,
p < 0.001), and migration of choroidal fibroblasts (Fig. 5, C and
D, n =6, p < 0.001). Moreover, PDGF-DD protein increased
proliferation/survival of TR-rPCT cells (Fig. 5E, n = 6, p <
0.05), rat retinal-derived vascular endothelial cells (TR-iBRB)

15506 JOURNAL OF BIOLOGICAL CHEMISTRY

(Fig. 5F, n = 6, p < 0.01 or 0.001), and mouse choroidal fibro-
blasts (Fig. 5G, n = 5, p < 0.01 or 0.001) at different time points.
Thus, PDGF-DD has pleiotropic effects on multiple vascular
and non-vascular cells, which play important roles in patholog-
ical angiogenesis.

PDGF-DD Activates PDGFR-3, Erk, and Akt and Regulates
GSK3B Phosphorylation—We next investigated whether
PDGF-DD could activate its receptor PDGFR-B (10). Im-
munoprecipitation (/P) followed by immunoblot (/B) showed
robust PDGFR- activation in choroidal fibroblasts (CF) after
PDGEF-DD protein stimulation (50 ng/ml, Fig. 6A4). Western
blot assay using antibodies against different phosphorylation
sites of PDGFR-B did not reveal significant differences between
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FIGURE 7. PDGF-DD regulated GSK3 3 phosphorylation and expression in vivo and protected choroidal
fibroblasts by regulating GSK3 3 phosphorylation. A, intravitreal injection of PDGF-DD protein increased
GSK3p Ser® phosphorylation in mouse retinae. Ser’ p-GSK3f index: arbitrary units of densitometry after nor-
malization against total GSK3 8 with the control set to 1. Band C, PDGF-D shRNA intravitreal injection decreased
GSK3 Ser® phosphorylation (B) and increased GSK38 Tyr?'® phosphorylation in mouse retinae (C). Ser’ (Tyr?')
p-GSK3 B index: arbitrary units of densitometry after normalization against total GSK3 3 with the control setto 1.
D, PDGF-DD protein down-regulated GSK3 expression in different cells in vitro, and in mouse retinae in vivo.
E, PDGF-DD knockdown by shRNA up-regulated GSK3f3 expression in the retinae with neovascularization as
compared with the vector-treated samples. F, the mutant form of human GSK3p, in which the Ser® was
mutated to alanine (GSK33-A9), was expressed in primary CFs. The wild-type GSK3 (GSK3B-WT)-transfected
and non-transfected cells were used as controls. PDGF-DD protein protected CFs from H,0O,-induced cell death
in the GSK3B-WT-transfected as well as in the non-transfected cells. In the GSK3B-A9-transfected cells, the

Future work is needed to explain
this. However, we cannot exclude
the possibility that, under such a
specific condition where PDGFR-f3
was not available to PDGF-DD,
PDGF-DD at a relatively high con-
centration might be forced to
interact with other molecules, re-
sulting in increased GSK3p Tyr*'®
phosphorylation.

PDGF-DD Regulates GSK3[3 Phos-
phorylation and Expression in Vivo—
We next tested whether PDGF-DD
regulated GSK3p phosphorylation in
vivo. Intravitreal injection of PDGF-
DD protein increased GSK38 Ser’
phosphorylation in the retinae (Fig.
7A), while intravitreal injection of
PDGF-D shRNA decreased GSK3
Ser® phosphorylation (Fig. 7B). In
addition, shRNA-mediated PDGF-
D knockdown increased GSK3B
Tyr*'® phosphorylation in the reti-
nae (Fig. 7C). Moreover, real-time
PCR showed down-regulated
GSK3B expression in the PDGE-

protective effect of PDGF-DD was abolished. **, p < 0.01.

PDGF-DD- and PDGF-BB-mediated PDGFR-B activation in
cultured mouse primary choroidal fibroblasts (supplemental
Fig. S1). Immunofluorescence staining displayed the highest
PDGFR-f3 expression in the CNV area (Fig. 6B, middle, green,
lined area), where phosphorylated PDGFR-B (p-PDGFR-S)
was also detected (Fig. 6B, right, green, lined area). PDGF-DD
protein activated Erk and Akt in choroidal fibroblasts (CF, Fig.
6, Cand D). The PDGF-DD-induced Erk and Akt activation was
abolished by a neutralizing antibody against PDGFR- 3 (Fig. 6, C
and D), demonstrating that the effect of PDGF-DD on ERK and
Akt activation was mediated by PDGFR-B. Furthermore,
PDGF-DD protein stimulation led to GSK38 Ser® phosphory-
lation and Tyr*'® dephosphorylation in the CFs at different
time points (Fig. 6, E and F, left two panels). The effect of
PDGF-DD on GSK3p phosphorylation was abolished by the
PDGEFR- neutralizing antibody (Fig. 6, E and F, right two pan-
els), demonstrating that the regulatory effect of PDGF-DD on
GSK3 phosphorylation was mediated by PDGFR-. The base-
line phosphorylation levels of Erk, Akt, and GSK3 Ser® seemed
to be increased by PDGFR- neutralizing antibody compared
with those in the absence of the neutralizing antibody (Fig. 6,
C-E). We currently cannot explain this exactly. However, we
cannot exclude the possibilities of compensatory up-regulation
of the intracellular autocrine PDGF receptor pathway, which
cannot be inhibited by PDGFR- neutralizing antibody (46—
48), or the absence of the PDGER activation-induced negative
feedback pathways that suppress the activation of Erk and other
downstream signals (49-51). In addition, in the presence of
PDGEFR-f3 neutralizing antibody, the phosphorylation levels of
GSK3p Tyr?'® seemed to be increased by PDGF-DD (Fig. 6F).
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DD-treated vascular and non-vas-

cular cells in vitro, and in the PDGF-
DD-treated retina in vivo (Fig. 7D). On the contrary, PDGF-D
knockdown by shRNA up-regulated GSK3[ expression in the
neovascular retinae (Fig. 7E). GSK3 induces vascular cell apo-
ptosis (52). Inhibition of GSK3B by either Akt-dependent
GSK3p Ser” phosphorylation or down-regulating its expression
increases vascular cell survival (52, 53). In contrast, phosphor-
ylation of GSK38 Tyr?'® increases its apoptotic activity (54).
Thus, our data suggested that the survival/anti-apoptotic effect
of PDGF-DD may be mediated, at least in part, by regulating
GSK3p phosphorylation and expression.

PDGF-DD Protects Fibroblasts by Regulating GSK3[ Phos-
phorylation—To further verify whether the survival/anti-
apoptotic effect of PDGF-DD was achieved by regulating
GSK3p phosphorylation, we expressed in primary choroidal
fibroblasts a mutant form of human GSK3, in which Ser® was
mutated to alanine (GSK33-A9, thus lacking the ability of Ser”
phosphorylation). Wild-type GSK3B (GSK3B-WT)-transfected
and non-transfected cells were used as controls. PDGF-DD
protein treatment (100 ng/ml) protected the GSK3B-WT-
transfected and non-transfected choroidal fibroblasts from
H,0,-induced cell death (Fig. 7F, n = 6, p < 0.01). However, in
the cells expressing the mutant form GSK33-A9, the protective
effect of PDGF-DD was abolished (Fig. 7F), thus demonstrating
that the survival/anti-apoptotic effect of PDGF-DD required
GSK38 Ser® phosphorylation.

GSK3B Activation Diminishes PDGF-DD-induced Angiogen-
esis—To further determine the relevance of the above findings,
we investigated the role of GSK3 8 in PDGF-DD-induced angio-
genesis. For this purpose, we utilized the DIF3, a known GSK3f3
activator (55, 56), in combination with a mouse aortic ring assay

JOURNAL OF BIOLOGICAL CHEMISTRY 15507


http://www.jbc.org/cgi/content/full/M110.113787/DC1
http://www.jbc.org/cgi/content/full/M110.113787/DC1

PDGF-DD and GSK3f3 in Pathological Angiogenesis

(57, 58). PDGF-DD protein treatment induced vascular cell
proliferation, migration, and microvessel formation in the
aortic ring assay (Fig. 8, A and B, n = 8, p < 0.001). Co-treat-
ment of the aortic rings with the GSK3f activator DIF3
together with PDGF-DD protein attenuated the PDGF-DD-in-
duced microvessel formation (Fig. 8, A and B, n = 8, p < 0.001),
demonstrating that inhibition of GSK3p activity is required for
PDGEF-DD-induced angiogenesis.

GSK3B Inhibition Abolishes the Antiangiogenic Effect of
PDGF-DD Knockdown—To ascertain the importance of
GSK3p activity in the reduction of CNV induced by PDGF-DD
knockdown, we utilized lithium chloride (LiCl), a known
GSK3p inhibitor (59-61), in combination with the laser-in-
duced CNV mouse model. Treatment with PDGF-D shRNA
inhibited CNV formation (Fig. 9, A and B, n = 9, p < 0.05).
Co-injection of the GSK3 B inhibitor LiCl with PDGF-D shRNA
abolished the reduction of CNV induced by PDGF-D shRNA
(Fig. 9,Aand B, n = 9, p < 0.001). NaCl was used as a control
and had no effect (Fig. 9, A and B, n = 9, p > 0.05). These data

A BSA PDGF-DD

FIGURE 8. GSK3 activation attenuated PDGF-DD-induced angiogenesis in aortic ring assay. A and B,
PDGF-DD protein induced vascular cell proliferation, migration, and microvessel formation in an aortic ring
assay (A, middle). Co-treatment of the aortic rings with the GSK3 activator DIF3 with PDGF-DD protein atten-
uated the PDGF-DD-induced microvessel formation. Lower panel in A: binary images of the aortic rings with

branching microvessels. Scale bar: 500 um; ***, p < 0.001.
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demonstrated that GSK3p activity was required for the antian-
giogenic effect of PDGF-DD knockdown.

DISCUSSION

In this report, we showed that PDGF-DD expression was
up-regulated during pathological angiogenesis, and PDGF-DD
inhibition suppressed both choroidal and retinal neovascular-
ization in different animal models. We further provided mech-
anistic insights underlying the effect of PDGE-DD. In particu-
lar, PDGF-DD induced GSK38 Ser’ phosphorylation and
Tyr*'® dephosphorylation in vitro and in vivo, resulting in
increased cell survival. Indeed, GSK3f3 activity was required for
the antiangiogenic effect of PDGF-DD inhibition. In addition,
PDGF-DD acted as a potent regulator of the expression of
GSK3p and many other proangiogenic and proapoptotic genes.
In summary, our data showed that PDGF-DD targeting may
have therapeutic values in treating neovascular diseases.

VEGF has been considered to be the key angiogenic factor
and the first target gene in antiangiogenic therapy (62), and
anti-VEGF therapies have shown efficacies in treating neovas-

cular diseases (63). However, not all

B patients with neovascular disorders
respond to anti-VEGF therapy (64,

65), indicating that other angiogenic
molecules or non-VEGF-driven
pathways play important roles in
the pathogenesis of neovascular dis-
eases. Indeed, it has been shown
that VEGF is responsible for ~50%
of the angiogenic provocations in
pathological angiogenesis (66). Fur-
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clinic (64). VEGF inhibition may
result in different side effects in
patients responsive to anti-VEGF
therapy (67, 68). These may include
neuronal apoptosis (69-71), ultra-
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FIGURE 9. GSK3 B inhibition abolished the antiangiogenic effect of PDGF-DD shRNA. A and B, in the laser-induced CNV model, PDGF-D shRNA treatment
inhibited CNV formation. Co-injection of the GSK3 B inhibitor, LiCl, abolished the reduction of CNV formation induced by PDGF-D shRNA. Co-injection of NaCl
had no effect. Scale bar in the upper panel in A: 200 wm; in the lower panel in A: 100 um. *, p < 0.05; ***, p < 0.001.
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structural changes in capillaries (72), mitochondrial disruption
in the inner segments of photoreceptors (73), and inflammation
(74). In addition, the costs of the current clinically available
anti-VEGF reagents are daunting. Thus, new antiangiogenic
reagents are still needed. In this study, we found that PDGF-DD
expression was up-regulated in both neovascular choroids and
retinae, and PDGF-DD knockdown by shRNA suppressed cho-
roidal and retinal neovascularization, demonstrating that
PDGF-DD may be a new target molecule in antiangiogenic
therapy.

Several mechanisms underlie the antiangiogenic effect of
PDGE-DD targeting. First, PDGE-DD is expressed by macro-
phages (13) and is a potent chemoattractant for them (18). It is
known that macrophages play an important role in pathological
angiogenesis (75). Because PDGF-DD inhibition reduced
macrophage infiltration during CNV formation, the antiangio-
genic effect of PDGF-DD targeting may thus be achieved, at
least in part, by suppressing inflammation. Second, PDGF-DD
promoted migration, proliferation, and survival of multiple cell
types, including fibroblasts, vascular pericytes, and endothelial
cells, which play important roles in pathological angiogenesis
(75,76). PDGF-DD inhibition thus attenuated the availability of
multiple cellular components needed for pathological angio-
genesis. In addition, PDGF-DD is a potent regulator of the
expression of numerous proangiogenic and proapoptotic genes
involved in pathological angiogenesis, such as VEGF, FGF2,
PIGF, and VEGF-B, important players in CNV (25, 31-34), Dcn
and TNF-«, apoptosis inducers and inhibitors of PDGF-in-
duced vascular cell proliferation, migration, and survival (36—
39). Apoptosis occurs in the neovasculature during pathologi-
cal angiogenesis (77, 78). Induction of apoptosis in the
neovasculature has been considered as a promising antiangio-
genic approach to inhibit pathological neovascularization (79,
80). Thus, by modulating the expression of many other genes
important for angiogenesis, PDGF-DD targeting may resultin a
broad amplification of an antiangiogenic effect.

The signaling pathways induced by PDGF-DD are poorly
understood thus far. We first identified PDGFR-S as the recep-
tor mediating the PDGF-DD-induced Erk and Akt activation,
because treatment with PDGFR-f neutralizing antibody abol-
ished the PDGF-DD-induced effects. We further uncovered
that GSK3 is an important downstream effector of PDGE-DD.
PDGF-DD induced GSK3f Ser® phosphorylation and GSK343
Tyr?'® dephosphorylation in choroidal fibroblasts in vitro and
in the retina in vivo. It is known that inhibition of GSK3 activ-
ity by Akt-dependant Ser® phosphorylation or through GSK33
Tyr*'® dephosphorylation promotes vascular cell survival (52,
53). Moreover, the involvement of GSK38 in PDGF-DD-in-
duced angiogenesis was confirmed by the aortic ring assay in
vitro, and by the laser-induced CNV model in vivo. When the
GSK3p activator, DIF3, was added together with PDGF-DD to
the aortic rings, the PDGF-DD-induced microvessel formation
was impaired. When LiCl, a GSK3 inhibitor, was administered
together with PDGF-D shRNA into the mouse vitreous, the
antiangiogenic effect of PDGF-D shRNA on CNV formation
was abolished. It is noteworthy that, thus far, little is known
about the role of GSK3p in pathological angiogenesis, and
whether GSK3p is involved in neovessel formation induced by
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other angiogenic factors. Future studies are needed to verify
these roles and to explore further whether activation of GSK3
could be utilized to inhibit pathological angiogenesis.

In summary, using different animal models, we showed that
PDGF-DD plays an important role in pathological angiogenesis
by affecting multiple cell types, and PDGF-DD inhibition
repressed both choroidal and retinal angiogenesis. Mechanisti-
cally, we revealed that the effect of PDGF-DD was mediated by
regulating GSK3 phosphorylation and expression. Due to its
multiple roles in pathological angiogenesis, PDGF-DD inhibi-
tion may provide new therapeutic possibilities to treat neovas-
cular diseases.
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