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Pathologic ocular angiogenesis is a leading cause of blindness,
influenced by both dysregulated lipid metabolism and inflamma-
tion. Retinoic-acid-receptor-related orphan receptor alpha (RORx)
is a lipid-sensing nuclear receptor with diverse biologic function
including regulation of lipid metabolism and inflammation; how-
ever, its role in pathologic retinal angiogenesis remains poorly
understood. Using a mouse model of oxygen-induced proliferative
retinopathy, we showed that RORx expression was significantly
increased and genetic deficiency of ROR«x substantially suppressed
pathologic retinal neovascularization. Loss of RORa led to de-
creased levels of proinflammatory cytokines and increased levels
of antiinflammatory cytokines in retinopathy. RORa directly sup-
pressed the gene transcription of suppressors of cytokine signaling 3
(SOCS3), a critical negative regulator of inflammation. Inhibition
of SOCS3 abolished the antiinflammatory and vasoprotective ef-
fects of RORa deficiency in vitro and in vivo. Moreover, treatment
with a RORax inverse agonist SR1001 effectively protected against
pathologic neovascularization in both oxygen-induced retinopa-
thy and another angiogenic model of very-low-density lipoprotein
receptor (VIdIr)-deficient (VidIr~") mice with spontaneous subreti-
nal neovascularization, whereas a RORa agonist worsened oxy-
gen-induced retinopathy. Our data demonstrate that ROR« is a novel
regulator of pathologic retinal neovascularization, and ROR« inhibition
may represent a new way to treat ocular neovascularization.
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athologic proliferation of blood vessels commonly causes
blindness in all age groups, including retinopathy of prematurity
in children, proliferative diabetic retinopathy in working-age adults,
and neovascular age-related macular degeneration (AMD) in the
elderly (1). Development of pathologic ocular angiogenesis is linked
with dysregulation of both lipid metabolism (2, 3) and altered in-
flammation/macrophage function (4). Identification of key con-
trolling mechanisms by which lipids and their metabolites modulate
retinal tissue toward (or away from) a proinflammatory, proangio-
genic state is critical for developing potential treatments. One po-
tential pivotal regulator of lipid-mediated inflammatory processes is
retinoic-acid-receptor—related orphan receptor alpha (RORa), a
lipid-sensing nuclear receptor that may modify inflammation (5).
Genetic variations in RORa are associated with increased risk of
developing neovascular AMD (6-8). However, the functional role
of RORa in pathologic retinal angiogenesis is poorly understood.
RORa controls diverse biological processes including immunity,
cerebellum development, and circadian rhythm (9). As a ligand-
dependent transcription factor, RORa is a suggested receptor for
cholesterol, cholesterol sulfate, and other cholesterol-derived
oxysterols (10). RORa regulates lipid metabolism including cho-
lesterol and lipoprotein levels, and hence is implicated in ath-
erosclerosis and vascular contractility control (11). RORa is also
important for regulating immunity and inflammatory response in
allergic inflammation (12) and autoimmune diseases (13), as well
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as for production of inflammatory cytokines (9, 14-16). RORa
controls its target gene expression through binding as a monomer
to a core DNA consensus sequence termed RORa responsive
element (RORE), comprised of an AGGTCA half-site and a 5’
AT-rich extension (17, 18). Binding of RORa to RORE together
with its coactivators and corepressors controls transcription of
RORa« target genes.

In this study, we investigated whether RORa acted at the
crossroad of lipid metabolism and inflammation to control patho-
logic retinal angiogenesis. RORa« deficiency significantly suppressed
pathologic retinal angiogenesis in a mouse model of proliferative
oxygen-induced retinopathy (OIR) with hypoxia-induced neo-
vascularization (19) that mimics retinopathy of prematurity, and
some aspects of proliferative diabetic retinopathy in humans.
Loss of RORa resulted in an antiinflammatory retinal environ-
ment, which was mediated through its direct transcriptional
control of suppressor of cytokine signaling 3 (SOCS3), a critical
regulator of tissue inflammation. Suppressing SOCS3 inhibited
RORa deficiency-induced inflammatory and vascular effects in vitro
and in vivo. Treatment with SR1001, a synthetic small molecular
inverse agonist of RORa, effectively inhibited pathologic angiogen-
esis in OIR and spontaneous subretinal neovascularization in very-
low—density lipoprotein receptor (Vdlr)-deficient (VIdlr™) mice
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modeling neovascular AMD. Thus, inhibition of RORa, a novel
regulator of pathologic ocular angiogenesis, may be a new ap-
proach to potentially treat or prevent pathologic vascular growth
in eye diseases.

Results

RORa Deficiency Significantly Attenuated Pathologic Retinal
Neovascularization in OIR. To induce retinopathy, mice were ex-
posed to 75% oxygen from postnatal day (P)7 to P12. Compared
with age-matched room air controls, Rora mRNA expression was
significantly down-regulated at P8, P10, and P12, during the initial
oxygen-induced vessel loss phase (phase I) of OIR, and then up-
regulated at P14 and P17 in the second hypoxic and proliferative
phase (phase II) (Fig. 14). Protein levels of RORa were also sig-
nificantly up-regulated (approximately fivefold) in P17 OIR retinas
(Fig. 1B).

RORa-deficient Sg/Sg mice have a spontaneous deletion in the
Rora gene with loss of RORa activity (20). In OIR, Sg/Sg mice
showed markedly decreased levels of pathologic retinal neo-
vascularization at P17 compared with littermate wild-type (WT)
controls (WT: 9.22 + 0.32%; Sg/Sg: 5.61 + 0.50%; n = 12-20 per
group, P < 0.001; Fig. 1 C and D), with comparable vasoob-
literation (P = 0.60, Fig. 1 C and E). ROR« deficiency did not
impact normal retinal vasculature as adult Sg/Sg retinas showed
normal vascular structure and morphology as age-matched WT
(SI Appendix, Fig. S1). Aortic ring explants isolated from Sg/Sg
and WT mice showed similar levels of vascular sprouting (S
Appendix, Fig. S2), suggesting likely marginal effects of endo-
thelium RORa on angiogenesis. This notion is consistent with
minimal RORa staining in lectin positive retinal blood vessels
(Fig. 2 and SI Appendix, Fig. S3), and strong RORa staining in
some lectin positive cells surrounding blood vessels resembling
microglia/macrophages morphologically (SI Appendix, Fig. S3).

RORa Was Localized in Retinal Macrophages/Microglia and Mediated
Expression of Inflammatory Cytokines. Retinal microglia/mac-
rophages are important inflammatory regulators of retinal
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Fig. 1. RORa deficiency significantly attenuated pathologic neovascularization
in OIR. (A) Rora mRNA expression in OIR retinas compared with normoxic ret-
inas (n = 6 per group). (B) Quantification of Western blot with RORa and
B-ACTIN antibodies in P17 OIR retinas compared with normoxic retinas (Norm).
(n = 3). (C) Representative retinal whole mounts from OIR Sg/Sg and WT retinas
stained with isolectin 1B; (red) with areas of vasoobliteration (VO) and neo-
vascularization (NV) highlighted (white). Two selected retinal areas (white box)
were enlarged to show pathologic neovessels. Quantification of pathologic NV
(D) and VO (E) in OIR Sg/Sg and WT retinas was expressed as percentage of
total retinal areas. n = 12-20 per group. (Scale bar, 1,000 um.) *P < 0.05;
***p < 0.001; n.s., no significance.
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Fig. 2. Deficiency of RORa influenced retinal inflammatory cytokine ex-
pression and macrophage markers in OIR. (A) Immunohistochemical locali-
zation of RORa in macrophages/microglia in P17 WT OIR retina flat mounts,
costained with macrophage/microglia markers CD11b, CX3CR1, and F4/80.
Isolectin IB4 (red) was used to stain both blood vessels and macrophages/
microglia. (Scale bar, 50 pm.) (B) Expression of inflammatory cytokines and
macrophage markers in OIR Sg/Sg and WT retinas at P17 (n = 5 per group).
5g/Sg retinas showed decreased expression levels of Tnf, 116, Il1b, Cxcl10, and
Nos2. (C) Expression of //10, Fizz1, Ccl26, Arg1, and Socs3 were increased in
OIR Sg/Sg retinas at P17 compared with WT. **P < 0.01; ***P < 0.001.

angiogenesis (21). Increased levels of proinflammatory cytokines
were found in vitreous fluid of patients with proliferative reti-
nopathy (22). We next evaluated whether RORa controls patho-
logic retinal neovascularization through modulation of retinal
inflammation. In WT OIR retinas, RORa antibody strongly colo-
calized with selected population of retinal macrophages/microglia
positive for CD11b, CX3CR1, or F4/80 (Fig. 24). Moreover, RORa
deficiency in Sg/Sg retinas significantly suppressed expression of
proinflammatory cytokines: interleukin-6 (Z/6), interleukin-1 beta
(l11b), and tumor necrosis factor-alpha (7nf) ranging from 2- to
3-fold (Fig. 2B) and increased expression of antiinflammatory cy-
tokines /10 (Fig. 2C). In addition, Sg/Sg retinas demonstrated sig-
nificant decrease of proinflammatory macrophage markers iNOS
(encoded by Nos2) and Cxcl10 by 10- to 15-fold compared with WT
(Fig. 2B), and reciprocally increased levels of antiinflammatory
macrophage markers Fizzl, Ccl26, and Argl (~2- to 10-fold
up-regulation) (Fig. 2C), reflecting an overall shift toward antiin-
flammatory state. Socs3, an inducible negative regulator of in-
flammation (23, 24), was also significantly increased in Sg/Sg OIR
retinas (Fig. 2C), yet vascular endothelial growth factor A (Vegfa)
was not significantly changed (SI Appendix, Fig. S4). Together
these results indicate that RORa deficiency promotes retinal in-
flammation state toward an antiinflammatory environment in OIR.

RORa Suppressed Socs3 Transcription Through Binding to Its RORE
site. ROR« controls target gene transcription by binding to
RORE sites (9). The proximal promoter sequences of those genes
significantly regulated in Sg/Sg OIR retinas all contain at least one
potential RORE binding site. Chromatin immunoprecipitation
(ChIP) assay was performed with RORa antibody followed by
gPCR to quantitate RORa binding to candidate DNA regions in
P17 OIR retinas. Among the 10 analyzed genes, binding to Socs3
showed the most significant enrichment compared with IgG con-
trol (Fig. 34). The Socs3 promoter contains four potential RORE
sites (SI Appendix, Fig. S5). Direct binding of ROR« to the third
site, conserved between human and mouse, was the most strongly
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Fig. 3. Socs3 was a direct transcriptional target of RORa. (A) ChIP assays were performed with P17 WT OIR retinas. DNA fragments bound to immuno-
precipitated RORa were quantified with qPCR with primers flanking potential RORE sites for genes: I/1b, 116, Tnf, Cxcl10, Nos2, Socs3, Arg1, 1110, Fizz1, and
Ccl26. Data were normalized to IgG control. Primers of OpnTmw were used as positive control, and hemoglobin § (Hbb) as a negative control. n = 3.
(B) Luciferase reporters with native (WT/Socs3) or mutated RORa (MUT/Socs3) binding sites in Socs3 promoter (covering residues —2,310 bp to —2,314 bp) were
cloned and cotransfected with RORa-expressing vector. RORa dose-dependently suppressed WT/Socs3, but not MUT/Socs3 luciferase expression in pGL2
vector, reflecting the transcriptional activity of WT/Socs3 (n = 6). RE, responsive element. (C) SR1001 treatment dose-dependently promoted WT/Socs3

promoter-driven luciferase reporter activity, but not for MUT/Socs3 (n = 6). *P < 0.05; **P < 0.01; ***P < 0.001; n.s., no significance.

enhanced in the ChIP-gPCR assay (P = 0.0001, Fig. 34), with
stronger enrichment than the positive control Opnlmw, a known
RORa target (25). There was no significant enrichment of other
Socs3 RORE sites. In addition, other genes analyzed showed little
enrichment except for Argl and 110, with enrichment levels com-
parable to Opnlmw (Fig. 34). Together these data indicate that a
Socs3 promoter region is directly recognized and bound by RORa.

Next luciferase reporter assays were performed to assess the
direct effect of RORa on Socs3 promoter activity. WT and
mutant Socs3:Luc luciferase reporters were constructed around
the native or mutated RORE site (from —2,310 bp to —2,314 bp),
and cotransfected with RORa-expressing vector into HEK293T
cells separately. In the WT Socs3:Luc reporter, expression of
RORa significantly reduced the levels of Socs3 promoter activity
(>50%) in a dose-dependent manner, as measured by firefly-
Renilla luciferase activity (Fig. 3B), with no significant effect in
mutant Socs3:Luc reporter activity, suggesting that binding of
RORa to this specific RORE region of Socs3 is critical for its
transcriptional suppression.

RORa suppression of Socs3 transcription was also validated
by treatment with a synthetic inverse agonist of RORa, SR1001,
which binds to the ligand-binding domain of ROR« to inhibit
RORa (13). The transcriptional activity of WT/Socs3:Luc re-
porter was significantly enhanced with increasing concentrations
of SR1001, but not in MUT/Socs3:Luc reporters (Fig. 3C). To-
gether these results indicate that RORa directly binds to this
RORE site in the Socs3 promoter to repress its transcription.

RORa Modulated Macrophage Cytokine Expression Through Regulating
Socs3 Expression. To further identify the cellular source of RORa
and RORa deficiency-induced Socs3 induction, macrophages/
microglia were depleted in WT and Sg/Sg OIR eyes using intra-
viteal injection of clodronate liposome, which led to significant
suppression of Rora expression in WT retinas and abolished Socs3
induction in Sg/Sg retinas (SI Appendix, Fig. S6), suggesting that
RORa expression and RORa deficiency-induced SOCS3 expres-
sion largely depends on involvement of macrophages/microglia.
Next, to determine if SOCS3 mediates the effect of RORa on
cytokine expression from macrophages, RAW 264.7 cells were
treated with lentivirus expressing Socs3 shRNA (lenti-shSocs3)
and/or siRNA targeting RORa (siRora). Treatment with siRora
significantly suppressed RORa protein levels and induced SOCS3
protein levels (Fig. 4 A and B). On the other hand, lenti-shSocs3
significantly suppressed SOCS3 protein level as expected without
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influencing RORa (Fig. 4B). Importantly, siRora treatment
resulted in significant suppression of proinflammatory cytokines
Tnf, 1l1b, Cxcl10, and Il6 (Fig. 4 C-F), and a drastic converse
increase of antiinflammatory cytokine and macrophage markers
1110 and Argl (Fig. 4 G and H). Knocking down Socs3 in siRora-
treated cells markedly reversed the effects of RORa deficiency on
inflammatory cytokines and markers (Fig. 4 C-H). These results
suggest that RORa« deficiency in macrophages promotes SOCS3,
which then induces an antiinflammatory tissue environment.

Macrophage RORx Regulated Aortic Ring Vascular Growth Through
$0Cs3. WT or RORa-deficient Sg/Sg aortic rings showed no
significant difference in sprouting (SI Appendix, Fig. S2). Next,
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Fig. 4. RORa regulated inflammatory cytokine expression in macrophages
through SOCS3. (A and B) Western blot images and quantification of ROR«
and SOCS3 protein levels in RAW 264.7 cells treated with siRora and lenti-
shSocs3. (C-F) Expression levels of Tnf, Il1b, Cxcl10, and /6 were suppressed
in RAW 264.7 cells treated with siRora and reversed by additional Socs3
knockdown with lenti-shSocs3. (G and H) Arg1 and /110 were significantly
enhanced in siRora-treated RAW 264.7 cells and reversed by lenti-shSocs3
treatment. *P < 0.05; **P < 0.01; ***P < 0.001.
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we cocultured WT aortic rings with macrophages to evaluate
the effects of modulating macrophage RORa on aortic ring
sprouting. RAW 264.7 cells were pretreated with lenti-shSocs3
and siRora with respective controls, then cocultured with WT
aortic rings in Transwells (Fig. 54). RORa-deficient (siRora)
RAW 264.7 cells significantly suppressed aortic ring sprouting
compared with control (siCon)-treated RAW cells by ~50%
(n = 8, P < 0.05; Fig. 5B). Suppression of Socs3 in RORoa-
deficient (siRora/shSocs3) macrophages largely reversed the
effects of macrophage ROR« on aortic ring sprouting (Fig. 5B),
indicating that Socs3 mediates the angiogenic effect of mac-
rophage RORa on vascular growth.

SOCS3 Mediated the Inflammatory and Vascular Effects of ROR« in
OIR. To determine whether SOCS3 is functionally important for
RORa-mediated retinal neovascularization, we silenced Socs3
expression with intravitreal injection of lenti-shSocs3 before ex-
posing WT and Sg/Sg mice to OIR. Lenti-shSocs3 effectively
suppressed ~85% of Socs3 expression in both WT and Sg/Sg OIR
retinas compared with their respective lenti-controls (Fig. 64).
Lenti-control-treated Sg/Sg retinas exhibited decreased levels
of 116, I11b, and Tnf, increased levels of 1110 (Fig. 64), and sig-
nificantly reduced pathologic neovascularization compared with
littermate WT retinas in OIR (P < 0.01, n = 5-9 per group, Fig. 6 B
and C), similar to the dampened inflammation and reduced path-
ologic neovessels observed in nontreated Sg/Sg vs. WT OIR retinas
(Fig. 1). Importantly, lenti-shSocs3 injection in Sg/Sg OIR retinas
significantly abolished RORa-deficiency—induced dampening of
inflammatory cytokines (Fig. 64) and RORa-deficiency—
induced protection from pathologic neovascularization, compared
with lenti-control injected Sg/Sg eyes (P < 0.05, n = 5 per group,
Fig. 6 B and C), back to the levels comparable to lenti-shSocs3—
treated WT retinas (no significance, n = 5-9 per group, Fig. 6 B
and C). Together these results support the idea that SOCS3
mechanistically mediates the inflammatory and vascular effects
of RORa in OIR.

A Synthetic Inverse Agonist of RORx Suppressed Pathologic
Neovascularization in OIR and VIdIr~"~ Mice. SR1001, a synthetic
inverse agonist of RORa (13), dose dependently increased Socs3
expression in macrophage RAW 264.7 cells (Fig. 74). Moreover,
SR1001 treatment from P12 to P17 in WT OIR mice significantly
reduced pathologic neovascularization at P17 by ~30% (P < 0.01,
n = 14-20 per group) compared with littermate vehicle controls,
without affecting vasoobliteration (Fig. 7 B and C), suggesting that
pharmacologic inhibition of RORa was effective in suppressing
retinopathy. On the other hand, SR1078, a RORa agonist vali-
dated in the liver (26), dose-dependently suppressed Socs3 ex-
pression level in RAW 264.7 cells and significantly increased the
levels of pathologic neovascularization (P < 0.01, n = 14-16 per
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Fig. 5. Macrophage RORa-regulated aortic ring vascular growth through
modulation of Socs3. (A) lllustration of coculture showing RAW 264.7 cells
were pretreated with lenti-shSocs3 and siRora, or respective controls, before
being cocultured with normal aortic rings in Transwells. (B) Images of aortic
ring sprouts (n = 8 per group) with selected areas enlarged. Sprouting areas
were quantified. (Scale bars, 1,000 um for original images and 150 pm for
enlarged images.) *P < 0.05; n.s., no significance.
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group) in OIR (SI Appendix, Fig. S7), indicating that activation of
RORa worsened retinopathy.

Next SR1001 treatment was evaluated in an additional angio-
genic model of Vdlr™~ mice, which develop spontaneous pathologic
subretinal neovascularization, modeling neovascular AMD, retinal
angiomatous proliferation, and macular telangiectasia (27-29)
(Fig. 84). The spontaneous subretinal neovascularization in
Vidlr~'~ mice invades the normally avascular photoreceptor layer
starting at P12 and reaches retinal pigment epithelium (RPE) at
P16 (Fig. 84). Socs3 expression levels were significantly sup-
pressed in Vidlr™'~ retinas compared with WT retinas (Fig. 8B),
whereas Rora levels were comparable (SI Appendix, Fig. S8).
Daily SR1001 treatment in Vdlr~'~ mice from P5 to P15 led to
significant induction of retinal Socs3 expression at P16 (Fig. 8C).
Importantly, SR1001 treatment significantly inhibited both the
number and area of subretinal neovascular lesions in Vidlr~'~
mice at P16 by ~50% (P < 0.001, n = 9-12 per group, Fig. 8 D-F).
These data suggest that RORa inhibition by SR1001 suppresses
subretinal neovascularization in Vidlr™~ retinas, a relevant model
for AMD, corroborating the findings in the OIR model.

Discussion

Our study presents evidence for a critical role of RORa in two
models of pathologic ocular neovascularization, an oxygen-
induced ischemic retinopathy and the VIdlr™'~ mice with spon-
taneous subretinal neovascularization. Rora expression was
significantly regulated in OIR, consistent with a suggested role of
Rora as a hypoxia-inducible factor (HIF) target gene (30). ROR«
may thus be modulated synergistically by tissue ischemia and
hypoxia, in addition to lipid-based ligands, to influence the an-
giogenic response. Our findings support a proangiogenic role of
RORa as its deficiency suppressed pathologic retinal neo-
vascularization; yet in a hind limb ischemia model, RORa was
reported as a negative regulator of angiogenesis (31), potentially
reflecting a functionally plastic role of RORa in regulating an-
giogenesis in a disease- and organ-dependent manner.
Suppression of pathologic neovascularization in RORa-
deficient Sg/Sg retinas was associated with decreased retinal in-
flammation. Many inflammatory mediators were increased in
vitreous fluid of patients with proliferative diabetic retinopathy

Sun et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504387112/-/DCSupplemental/pnas.1504387112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504387112/-/DCSupplemental/pnas.1504387112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1504387112

L T

/

1\

=y

A C Neovascularization
o 2500 Socs3
= ook < 24
é 2000 =
& ok @ 18
«é 1500 @
- © 4
< 1000 =
= £
X soo T
E x ,
SR1001(um)0 5 10 Control SR1001

Fig. 7. SR1001 suppressed pathologic neovascularization in OIR. (4) Socs3
mRNA expression in SR1001-treated RAW 264.7 cells. (B) Representative retinal
whole mounts from WT OIR littermates treated with SR1001 or vehicle control
were stained with isolectin 1B, (red). Areas of neovascularization (NV) were
highlighted (white) and selected retinal areas (white box) enlarged. (C) Quanti-
fication of pathologic NV in SR1001 and vehicle control-treated retinas. n = 14-20
per group. (Scale bars, 1,000 pm for original images and 100 pm for enlarged
images.) *P < 0.05; **P < 0.01; ***P < 0.001.

or retinopathy of prematurity (32) including TNFa, IL-15 (33),
IL-6 (34), and chemokines such as CXCL10 (35), suggesting that
chemokine-induced recruitment of inflammatory cells and in-
flammatory cytokines are important for clinical retinopathy. In
mice, depletion of TNFa resulted in decreased pathologic retinal
neovascularization (36), and inhibition of IL-1p also suppressed
diabetic retinopathy (37) and pathologic ocular angiogenesis
(38). These studies suggest that proinflammatory cytokines are
potentially detrimental to retinopathy, which may underlie the
protective effect of RORa deficiency in suppressing inflammation-
associated pathologic retinal neovascularization in OIR.

Whereas our study localized RORa mainly in macrophages/
microglia, these may not be the sole cellular source of retinal
RORao. Clodronate liposome depletion of macrophage largely
suppressed but did not completely abolish Rora expression, sug-
gesting other cellular source of RORa. Previous studies have
reported the presence of RORa« in retinal neurons including
retinal ganglion cells (39) and a subset of cone photoreceptors
(25), as well as in human aortic vascular cells (40). Therefore,
potential contribution from vascular endothelium or neuronal
RORa toward the observed vascular effects in the retina is
still possible.

Mechanistically RORa-mediated inflammatory and vascular ef-
fects may act in part through SOCS3, by direct repression of its
transcription. Interestingly ROR« is generally considered a consti-
tutively active transcription factor, yet our discovery of transcrip-
tional suppressive activity of RORa on Socs3 may reflect the
possibility of a negative response element of the Socs3 RORE site.
Negative response elements mediate direct transcriptional sup-
pression by nuclear receptors such as the glucocorticoid receptor
(41), and similar mechanisms may also exist for RORa that will
require further study. RORa suppression of Socs3 promoted retinal
inflammation, consistent with previous reports showing increased
inflammation in Socs3-deficient macrophages in myeloid-specific
Socs3 knockout mice (28). Depletion of Socs3 in Tie2-expressing
cells also promoted pathologic neovascularization in OIR (42),
reflecting an endogenous inhibitory role of SOCS3 in blood vessels.
Low levels or transient induction of RORa in the endothelium
may also potentially mediate endothelial SOCS3-dependent inflam-
mation. Inhibiting SOCS3 effectively reversed the inflammatory
and vascular effect of RORa deficiency, yet potential direct ROR«
transcriptional regulation of other inflammatory mediators, such as
Argl and 1110, may be additional contributing factors, reflecting a
likely multifactorial process regulated by RORa, which will be
further investigated.

As a receptor for cholesterol derivatives, RORa is involved in
regulation of cholesterol homeostasis and may influence cellular
inflammatory and angiogenic responses to lipid metabolites.
However, whether RORa-related lipid metabolites may directly
influence proliferative retinopathy is still unclear, although
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dyslipidemia is closely linked with both clinical diabetic
retinopathy and AMD. Whereas no data are available regarding
the influence of RORa on human proliferative retinopathy, ge-
netic variations of RORa were linked with increased risks of
developing neovascular AMD (6-8); however, the functional
consequence of the AMD-associated RORa SNPs awaits fur-
ther investigation.

Our findings indicate that SR1001, a high-affinity synthetic in-
verse agonist of RORa, effectively suppressed pathologic neo-
vascularization in both OIR and Vidlr~'™ mice, without causing the
staggering phenotype or obvious gross toxicity, consistent with lack
of adverse events observed in previous studies with prolonged
SR1001 treatment in adult or diabetic mice (13, 43). However,
further evaluation on retinal neuronal function will be needed to
fully characterize the safety profile of SR1001. Additional structural
optimization of SR1001 may also allow development of more
potent and selective RORa inhibitors with even stronger anti-
angiogenic effect for translational use. Whereas SR1001 binds
specifically to the ligand-binding domains of both RORa and
RORY (13), Rorc expression levels were much lower in the ret-
inas compared with Rora, and relatively unchanged in OIR (SI
Appendix, Fig. S9), suggesting that potential side-effect con-
tribution from RORy to the observed effects of SR1001 is
likely marginal.

In summary, this study provides the first direct evidence to our
knowledge for a critical role of an immunoregulating nuclear re-
ceptor RORa in experimental proliferative retinopathy through
modulating tissue inflammation via transcriptional regulation
of Socs3. Modulation of a nuclear receptor such as RORa may
thus serve as a completely new approach to potentially treat
vascular eye diseases without directly impacting angiogenic
growth factors, such as VEGF, that are essential for vascular
homeostasis, and may have broad therapeutic value for po-
tentially other vascular disorders precipitated by inflammation-
mediated angiogenesis.

Materials and Methods

Mice. All animal studies were performed according to protocols reviewed and
approved by the Institutional Animal Care and Use Committee at the Boston
Children’s Hospital. Rora heterozygous staggerer mice (Sg/+) were obtained
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Fig. 8. SR1001 treatment suppressed spontaneous subretinal neovascularization
in VIdIr’"= mice. (A) Schematic illustration (Top) and 3D reconstruction (Bottom) of
spontaneous subretinal neovascularization in VidIr”™™ mice at P16, stained with
isolectin 1B, (red). RGC, retinal ganglion cell; IPL, inner plexiform layer; OPL, outer
plexiform layer; RPE, retinal pigment epithelium. (B) Socs3 mRNA expression in
WT and VIdIr™ retinas at P7 and P17, n = 3 per group. (C) Socs3 mRNA expression
levels in SR1001 (P5-P15) or vehicle control-treated P16 VIdIr™ retinas, n = 3 per
group. (D) Representative images of a quadrant of Vidlr™" retinas with SR1001
treatment (P5-P15) or littermate VIdIr™ retinas with vehicle-control treatment.
Lesions were highlighted (white) and enlarged in Inset and 3D. (E and F) Quan-
tification of the number and total area of subretinal vascular lesions in SR1001 or
control-treated VIdIr”~ mice. n = 9-12 per group. (Scale bar, 500 um for flat
mount, 250 pm for Inset, and 100 um for 3D.) *P < 0.05; **P < 0.01; ***P < 0.001.
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from The Jackson Laboratory (stock no. 000237) and bred together to
generate homozygous and wild-type littermates. C57BL/6J mice (stock no.
000664) and VIdIr”= mice (stock no. 002529) were both obtained from The
Jackson Laboratory.

Oxygen-Induced Retinopathy. OIR was carried out as described previously (19),
with mouse pups exposed to 75% oxygen at postnatal day (P) P7-P12 fol-
lowed by room air. At P17, mice were anesthetized, and retinas dissected
followed by fluoresceinated isolectin 1B, (Invitrogen) staining to visualize
vessels on whole-mount retinas. Areas of retinal vasoobliteration and pathologic
neovascularization were quantified as a percentage of total retinal areas using
Adobe Photoshop and Image J.

Statistics. Results were presented as mean + SEM for animal studies and
mean =+ SD for nonanimal studies. Two-tailed t tests (two groups) or ANOVA
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SI Methodss.
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