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Abstract

The pathological retinal angiogenesis often causes blindness. Cur-
rent anti-angiogenic therapy for proliferative retinopathy targets
the vascular endothelial growth factor (VEGF), but many patients
do not radically benefit from this therapy. Herein, we report that
circulating prostaglandin (PG) F,, metabolites were increased in
type 2 diabetic patients with proliferative retinopathy, and the
PGF,, receptor (Ptgfr) was upregulated in retinal endothelial cells
(ECs) from a mouse model of oxygen-induced retinopathy (OIR).
Further, disruption of the PTGFR receptor in ECs attenuated OIR in
mice. PGF,, promoted the proliferation and tube formation of
human retinal microvascular endothelial cells (HRMECs) via the
release of ELR* CXC chemokines, such as CXCL8 and CXCL2. Mecha-
nistically, the PGF,,/PTGFR axis potentiated ELR® CXC chemokine
expression in HRMECs through the G./CAMK2G/p38/ELK-1/FOS
pathway. Upregulated FOS-mediated ELR" CXC chemokine expres-
sion was observed in retinal ECs from PDR patients. Moreover,
treatment with PTGFR inhibitor lessened the development of OIR
in mice in a CXCR2-dependent manner. Therefore, inhibition of
PTGFR may represent a new avenue for the treatment of retinal
neovascularization, particularly in PDR.
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Introduction

Pathological retinal neovascularization, characterized by an aber-
rantly proliferating vascular tuft structure, is the hallmark of retinopa-
thy of prematurity and proliferative diabetic retinopathy, which are
the primary causes of severe vision loss in children and adults in
developed countries (Lee et al, 2015; Seery et al, 2020). Vascular
endothelial growth factor (VEGF), a pleiotropic proangiogenic factor,
is believed to facilitate the development of these conditions, rendering
it a valuable therapeutic target (Penn et al, 2008; Seery et al, 2020).
Although anti-VEGF therapy is beneficial in proliferative retinopathy
(Mintz-Hittner et al, 2011; Wells et al, 2015), the short-lived effects of
anti-VEGF agents require frequent intervention (Rodrigues et al,
2009). Moreover, a considerable number of patients exhibit poor/no
response to VEGF-targeting drugs (Yang et al, 2016). These clinical
observations implicate other signaling pathways in the promotion of
retinal angiogenesis through the increased local production of various
pro-angiogenic factors or pro-inflammatory lipid mediators (Rezzola
et al, 2020; Wang et al, 2020). Therefore, it is essential to identify
additional factors involved in the pathogenesis of proliferative retinal
neovascularization.

Prostaglandins (PGs), a group of inflammatory lipid mediators,
play a crucial role in inflammation and the maintenance of tissue
homeostasis. They are enzymatically derived from arachidonic acid
through cyclooxygenases (COXs) and downstream PG synthases.
Nonsteroidal anti-inflammatory drugs (NSAIDs) exert analgesic and
fever-reducing effects by inhibiting COX activity and decreasing PG
production. The COX-2 isoform is expressed in retinal blood vessels
and astrocytes of human diabetic retinopathy patients, as well as in
rodent models of ischemic proliferative retinopathy; inhibition of
COX-2 suppresses retinal angiogenesis in experimental rodent
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models (Sennlaub et al, 2003; Wang et al, 2020). Moreover, topical
administration of penetration-prone nepafenac alleviates oxygen-
induced retinopathy (OIR) in rats more effectively than other inject-
able NSAIDs (Yanni et al, 2010). These observations suggest that
COX-produced PGs may be involved in the progression of prolifera-
tive retinopathy. PGs exert their physiological effects by binding to
specific G protein-coupled receptor(s). PGF,, facilitates both labor
onset and accomplishment (Li et al, 2020) and decreases intraocular
pressure by regulating ocular uveoscleral outflow (Klimko & Sharif,
2019) through the F-prostanoid receptor (PTGFR). Therefore, PGF,,
analogs are widely employed for glaucoma therapy (Klimko &
Sharif, 2019). Interestingly, circulating PGF,, levels are markedly
higher in diabetic patients than in healthy controls (Helmersson
et al, 2004; Basu et al, 2005). Furthermore, PGF,, stimulates fasting-
induced hepatic glucose production in fasting and diet-induced dia-
betic mice. Polymorphisms in the promoter region of aldose
reductase-one endogenous PGF,, synthases (Bresson et al, 2012)
are associated with susceptibility to diabetic microvascular compli-
cations, including retinopathy (Demaine, 2003). However, the exact
role of PGF,, in proliferative diabetic retinopathy (PDR) remains to
be determined.

In the present study, we found that PGF,, generation was mark-
edly increased in PDR patients as well as in a mouse OIR model.
The PTGFR receptor is expressed in retinal endothelial cells (ECs)
during the vessel proliferative stage in OIR mice. PTGFR deletion in
ECs mitigated oxygen-induced retinopathy in mice mainly by sup-
pressing EC proliferation. Mechanistically, the PGF,,/PTGFR axis
promoted HRMEC proliferation through CAMK2G/p38/ELK-1/FOS
pathway-mediated ELR" CXC chemokine secretion. Blockade of the
PTGFR receptor by AL8810 attenuated retinal neovascularization in
OIR mice. Therefore, inhibition of the PTGFR receptor may be a
novel approach for the treatment of PDR.

Results

PGF,,/PTGFR axis found to be upregulated in pathological
neovessels in OIR

Circulating PGF,, levels, as measured by its stable metabolite 15-
keto-dihydro-PGF,,, are increased in patients with type 2 diabetes
mellitus (Helmersson et al, 2004). To assess the role of the PGF,,/
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PTGEFR axis in pathological retinal vascular proliferation, we quanti-
fied serum 15-keto-dihydro-PGF,, in type 2 diabetic patients without
diabetic retinopathy (no DR), with non-proliferative diabetic
retinopathy (NPDR), and with proliferative diabetic retinopathy
(PDR). To exclude the potential effect of aspirin and other NSAIDs,
only serum samples with thromboxane (TX)B, levels greater than
1,000 pg/ml were further analyzed (Good et al, 2015). A total of 68
samples were obtained: 24 from patients with no DR, 20 from NPDR
patients, and 24 from PDR patients, with no substantial differences
in sex, age, BMI, duration of diabetes, percentage of glycated hemo-
globin, or serum TXB, levels between the three groups (Table EV1).
As shown in Fig 1A, serum 15-keto-dihydro-PGF,, levels were
markedly higher in patients with PDR than in those without
retinopathy and those with NPDR. No statistical difference in serum
15-keto-dihydro-PGF,,, levels was detected between patients with
NPDR and those without DR. In OIR mice with proliferative retinal
neovascularization (Connor et al, 2009; Fig 1B), PGF,, production
was mildly increased in retinal tissues in the vessel proliferation
stage during postnatal days 12-17 (Figs 1C and EV1), along with ele-
vated expression of the main retinal PGF,, synthase, Akrlal
(Fig 1D), when compared with the corresponding levels in normoxic
littermates. Interestingly, PTGFR expression was increased in OIR
retinas, by more than 11-fold on postnatal day 16, compared with
the corresponding expression level in controls (Fig 1E). We then
explored PTGFR distribution in the retinal vascular and neuronal
layers by laser capture microdissection on postnatal day 16 and
magnetic-activated cell sorting (Fig 1F and G). Ptgfr expression was
relatively abundant in retinal vessels and CD31°CD45~ endothelial
cells and drastically increased in OIR retinas compared with the cor-
responding expression level in normal retinas (Fig 1F and G); this
consequently highlighted the role of the PGF,,/PTGFR axis of retinal
ECs in the development of pathological retinal angiogenesis.

Ablation of PTGFR in vascular ECs attenuated pathological
angiogenesis in OIR mice

To investigate the role of the PGF,,/PTGFR axis in proliferative
retinopathy, we created EC-specific PTGFR knockout mice (CKO-T)
by crossing Ptgfr-floxed mice (Wang et al, 2018) with Tie2-Cre trans-
genic mice (Kisanuki et al, 2001; Fig 2A). Quantitative PCR con-
firmed Ptgfr deletion in the retinal ECs of CKO-T mice (Fig 2B).
CKO-T mice exhibited a significant reduction of oxygen-induced

Figure 1. Activation of the PGF,,-PTGFR axis in pathological retinal angiogenesis.

A Serum levels of 15-keto-dihydro-PGF,, in type 2 diabetic patients without diabetic retinopathy (no DR), with non-proliferative diabetic retinopathy (NPDR), and with

proliferative diabetic retinopathy (PDR; n = 20-24).

@

Schematic diagram of the OIR mouse model. Mice on postnatal day 7 were placed in a 75% oxygen container for 5 days and were then transferred to a normal

environment on postnatal day 12 for another 5 days to induce retinal vessel proliferation.

Retinal PGF,, production in OIR mice during postnatal days 12-17 (n = 4).

m Mmoo

MRNA expression of PGF,, synthases in the retinas of OIR mice during postnatal days 12-17 (n = 4).
mRNA expression of Ptgfr in the retinas of OIR mice during postnatal days 12-17 (n = 6-8).
mRNA expression of Ptgfr in each retinal layer from normoxic and OIR mice on postnatal day 16 (n = 6). The left-hand image displays representative cross-sections

from OIR and normoxic retinas, with isolectin B4-stained vessels in green, DAPI-stained nuclei in blue, and LCM isolation locations circled by white dashed circles. INL,

inner nuclear layer; ONL, outer nuclear layer; RGC, retinal ganglion cells.

G Ptgfr mRNA expression in retinal endothelial cells (CD31°CD45") sorted by MACS from normoxic and OIR mice on postnatal day 16 (n = 5).

Data information: n.s. stands for “not significant.” Data were analyzed by Kruskal-Wallis test with Dunn’s multiple comparisons test (A), two-way ANOVA with Tukey’s
multiple comparisons test (C, D, E, F), or Mann-Whitney test (G). Scale bar: 20 um. Data are represented as mean + SEM.

Source data are available online for this figure.
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neovascularization in retinas on postnatal day 17 as compared

with their littermate controls (Control:

10.96 £ 0.90%; CKO-T:

4.98 + 0.57%; P < 0.0001, Fig 2C and D), with comparable vaso-
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obliteration (Fig 2E). To rule out non-endothelial gene excision
mediated by Tie2 promoter-driven Cre recombinase, VE-Cadherin-
Cre transgenic mice (Alva et al, 2006) were crossed to Ptgfr-floxed
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mice and subjected to phenotypic characterization (Fig EV2A). Simi- V), compared with that in control mice (Fig EV2B-E). PTGFR defi-
larly, more than 50% reduction of neovascularization was observed ciency had no notable influence on retinal vascular development in
in VE-Cadherin-Cre-derived endothelial PTGFR-deficient mice (CKO- neonatal mice (Appendix Fig S1A-D). Therefore, these results
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Figure 2. Ptgfr knockout in vascular ECs attenuates angiogenesis in OIR mice.

EMBO Molecular Medicine

A Generation of endothelial cell (EC)-specific Ptgfr knockout mice. Ptgfr-floxed mice were crossed with Tie2-Cre mice to create EC-specific Ptgfr knockout mice (CKO-T).

B Ptgfr mRNA levels in retinal microvessels of CKO-T and control mice (n = 6). INL, inner nuclear layer; ONL, outer nuclear layer; RGC, retinal ganglion cells.

C Representative images of OIR retinas from CKO-T and control mice on postnatal day 17. The green color shows the isolectin B,-stained vessels. The second row panels
are the enlarged images of white boxes from the first row panels. The third row images show neovascular tufts (NV, white) and the fourth row images show the

vaso-obliteration (VO, white) area.

D Quantitation of oxygen-induced retinal neovascularization in CKO-T and control mice (n = 12).

E Quantitation of retinal vaso-obliteration in CKO-T and control mice (n = 12).

Data information: n.s. stands for “not significant.” Data were analyzed by unpaired Student’s t-test (B), Mann—Whitney test (D, E). Scale bars: 500 um (unmagnified

image), 150 um (magnified image). Data are represented as mean + SEM.
Source data are available online for this figure.

indicated that the PGF,,/PTGFR axis mediates oxygen-induced pro-
liferative retinopathy in mice.

PGF,, promoted HRMEC proliferation in vitro as well as vascular
sprouting ex vivo

To further define the involvement of PGF,, in proliferative retinopa-
thy, we examined the migration, proliferation, and tube formation
of human retinal microvascular endothelial cells (HRMECs) in vitro,
as well as vascular sprouting using mouse aortic rings ex vivo. We
found that PGF,, treatment facilitated the migration of HRMECs
toward wound scratches (Fig 3A and B) and promoted the prolifera-
tion of HRMECs in a dose-dependent manner (Fig 3C). The BrdU
incorporation assay further confirmed markedly increased prolifera-
tion of PGF,,-treated HRMECs (Fig 3D and E). PGF,, also substan-
tially enhanced HRMEC tube formation, with a 1.2-fold increase in
tube length, a 1.3-fold increase in the number of junctions, as well
as a 1.6-fold and 1.2-fold increase in the number of meshes and per-
centage of mesh area (Fig 3F-J). Similarly, PGF,, stimulated mouse
aortic ring sprouting ex vivo (Fig 3K and L, over 3-fold increase at
day 5).

PGF,, promoted HRMEC proliferation, as well as retinal
angiogenesis, in mice through the release of ELR* CXC
chemokines

To investigate the molecular mechanism through which PGF,, pro-
motes the proliferation of retinal microvascular ECs, we analyzed

the gene-expression profile of PGF,,-treated HRMECs using RNA-
seq. As shown in Fig 4A, a total of 67 genes were significantly
upregulated in HRMECs after PGF,, treatment. Gene Ontology (GO)
enrichment of biological processes revealed that these upregulated
genes in PGF,,-treated HRMECs were most significantly enriched in
chemokine-related signaling pathways (Fig 4B). Chemokines are
mediators of neovascularization, with their angiogenic or angiostatic
function, and all CXC chemokines with the glutamic acid-leucine-
arginine (ELR) motif are potent promoters of angiogenesis (Keeley
et al, 2008). Interestingly, four ELR" CXC chemokines, including
CXCL8, CXCL2, CXCL3, and CXCLS, were significantly upregulated
in PGF,,-treated HRMECs (Fig 4A and C). Among them, CXCL8 and
CXCL2 were highly expressed in HRMECs and markedly upregulated
in response to PGF,, treatment (Fig 4C). We failed to detect marked
changes in the expression of VEGFA and its receptors in PGF,,-
treated HRMECs (Fig 4A, Appendix Fig S2A and B) and in retinas
from endothelial PTGFR-deficient mice (Appendix Fig S2C and D).
Bioinformatics analyses of published transcriptome profiles (Gene
Expression Omnibus Database dataset GSE94019; Lam et al, 2017)
revealed that CXCL8, CXCL2, and CXCL3 expression levels were dra-
matically increased in retinal microvascular ECs from patients with
PDR compared with the corresponding levels in normal subjects
(Fig 4D-G). Again, CXCL8 and CXCL2 were the primary upregulated
ELR" CXC chemokines in human diabetic retinal ECs, with more
than 32-fold and 43-fold increases in average mRNA expression,
respectively (Appendix Table S1). In humans, ELR" CXC chemoki-
nes (i.e., CXCL8, CXCL2, and CXCL3) exert their functions through
two receptors, namely CXCR1 and CXCR2. However, only CXCR2

Figure 3. PGF,, promotes the migration, proliferation, and tube formation of human retinal microvascular endothelial cells (HRMECs) as well as aortic ring

sprouting in culture.

A Representative images of scratch-induced migration of PGF,,-treated HRMECs. Yellow solid lines represent scratch locations, dashed lines represent post-migration

locations, and arrows indicate migration direction.
Quantitation of the cell migration distance in A (n = 4).

Effect of PGF,,, treatment on HRMEC proliferation in a dose-dependent manner (n = 6).
Representative images of staining for BrdU incorporation in PGF,,-treated HRMECs.
Quantification of BrdU™" cells in D (n = 4).
Representative tube formation images of PGF,,-or vehicle (DMSO)-treated HRMECs.

—] Quantitation of total tubule length, number of junctions, number of meshes, and percentage of mesh area in F (n = 4).
Representative images of endothelial cell sprouting of PGF,,-treated mouse aortic rings. Yellow lines indicate the EC sprouting area.
Quantification of the EC sprouting area in K (n = 6).

— RXAO™TTMmQOO®

Data information: One data point represented the mean value of three technical replicates from one independent biological replicate. Data were analyzed by Mann—
Whitney test (B, E, L), unpaired Student’s t-test (G, H, I, ]) or Kruskal-Wallis test with Dunn’s multiple comparisons test (C). Scale bars: 100 um (A) and 200 um (F, K). Data
are represented as mean =+ SEM.

Source data are available online for this figure.
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Figure 3.

was expressed in retinal ECs (Appendix Fig S3). We then sought to
explore whether PGF,,-triggered retinal EC migration and prolifera-
tion is mediated via the ELR" CXC chemokine receptor CXCR2. As
shown in Fig 4H-J, CXCR2 antagonist SB265610 attenuated the
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PGF,,-stimulated migration and proliferation of HRMECs. SB265610
also blunted the increased tube formation of HRMECs induced by
PGF,, treatment (Fig 4K and L). In mice, all ELR" CXC chemokine
signaling occurs via CXCR2 (Keeley et al, 2008). CXCR2 antagonist

© 2022 The Authors
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Figure 4. PGF,, promotes proliferation and tube formation of HRMECs through the upregulation of ELR* CXC chemokines.

A Heat map of upregulated genes in PGF,,-treated HRMECs (n = 3 samples).

B GO enrichment of the top five biological processes involving the upregulated genes in PGF,,-treated HRMECs.

C Effect of PGF,,, treatment on ELR" CXC chemokine expression in HRMECs (n = 3).

D-G Relative expression levels of enriched ELR" CXC chemokines in retinal microvascular ECs from patients with PDR (n = 4) compared with those from normal subjects
(n =7; Gene Expression Omnibus Database dataset GSE94019). TPM stands for “Transcripts per kilobase million.”

H Effect of CXCR2 inhibitor SB265610 (1 nM) on PGF,,-stimulated HRMEC migration. The yellow solid line indicates the original position of the scratch, the dashed
line indicates the position after cell migration, and the arrows indicate the migratory direction.

Quantitation of scratch-induced HRMEC migration in H (n = 4).
Effect of SB265610 (1 uM) on PGF,,-stimulated HRMEC proliferation (n = 4).

- X

(n=4).

Effect of CXCR2 inhibitor SB265610 (1 M) on tube formation in PGF,,-treated HRMECs.
Statistical graph of tube formation experiments in (K), comparing the total tubule length, number of junctions, number of meshes, and percentage of mesh area

Data information: n.s. stands for “not significant.” Data were analyzed by unpaired Student’s t-test (C), Mann-Whitney test (D, E, F, G), or two-way ANOVA with
Tukey’s multiple comparisons test (1, J, L). Data in (C, I, J, L) are represented as mean & SEM. Data in (D-G) are presented as the mean + SD. Scale bar: 100 um (H) and

200 pm (K).
Source data are available online for this figure.

SB265610 abolished PGF,,-induced EC sprouting of mouse aortic
rings ex vivo (Fig 5A and B). There is no CXCL8 in mice, and mouse
CXCL1 is the functional homolog of human CXCL8 (Hol et al, 2010;
Grbic et al, 2012). We observed that Cxcll, Cxcl2, Cxcl3, and CxclS
were drastically upregulated in retinas from OIR mice during the
proliferative stage during postnatal days 12-17 when compared with
the corresponding expression levels in normoxic mice (Fig 5C).
Remarkably, the expression of Cxcll was significantly elevated more
than 41-fold on postnatal day 16, with Cxcl2 and Cxcl3 also elevated,
which coincided with the peak expression of Ptgfr during the vascu-
lar proliferation stage (Figs 1E and 5C). PTGFR deletion in retinal
ECs markedly reduced the expression of these chemokines in retinas
from OIR mice on postnatal day 16 (Fig 5D). We also tested whether
forced expression of CxclI in retinas diminished the protective effect
against OIR in CKO-T mice (Fig 5E). Indeed, intravitreal injection of
lentivirus harboring Cxcll restored retinal CXCL1 expression in
CKO-T mice (Fig S5F and G), eliminating their resistance to oxygen-
induced retinal neovascularization without affecting vaso-
obliteration (Fig SH-J). It was therefore determined that the PGF,,/
PTGFR axis promotes retinal EC proliferation and angiogenesis
in mice through the activation of ELR" CXC chemokines/CXCR2
signaling.

PGF,,/PTGFR axis found to drive ELR" CXC chemokine expression
and tube formation of HRMECs through FOS

Whole-transcriptome analysis revealed five upregulated transcrip-
tional factors in PGF,,-treated HRMECs (Fig 6A). Among these, FOS
is known to regulate CXCL8 expression by forming the activating
protein-1 (AP-1) heterodimer with JUN (Bobrovnikova-Marjon et al,
2004). RT-PCR and Western blot confirmed FOS upregulation in
PGF,,-treated HRMECs (Appendix Fig S4A-D). Our analysis of the
GSE94019 dataset (Lam et al, 2017) revealed that FOS expression
was also significantly elevated in the retinal ECs of PDR patients
compared with the FOS expression in healthy controls (~ 5-fold
induction, Fig 6B and Appendix Table S1). Furthermore, genetic
knockdown of FOS (Appendix Fig S5A) or pharmacological inhibi-
tion of FOS/JUN dimerization attenuated PGF,,-induced expression
and secretion of CXCL8 and CXCL2 in HRMECs (Fig 6C-F,
Appendix Fig S5B and C). Inhibition of NF-kB and NFAT had no
notable influence on PGF,,-induced CXCL8 expression in HRMECs
(Fig 6E and F). Moreover, FOS knockdown abolished PGF,,-induced
HRMEC migration and proliferation (Fig 6G-I), as well as tube for-
mation (Fig 6J and K). As anticipated, the time window of Fos
expression mirrored that of Ptgfr and Cxcll in the retinas from OIR

Figure 5. Retinal Cxcl1 overexpression abolishes decreased neovascularization in OIR retinas from CKO mice.

Quantitation of the sprouting areas in A (n = 6).

mogo N @ >

ment on day 7.

o m

Quantitation of retinal CXCL1 protein in F (n = 3).

Effect of CXCR2 inhibitor SB265610 (1 uM) on PGF,,-promoted sprouting of aortic rings. Yellow lines show the sprouting area.
mRNA expression of ELR* CXC chemokines in retinas from OIR mice during postnatal days 12-17 (n = 4-6).
Effect of PTGFR deficiency in ECs on ELR" CXC chemokine expression in retinas from OIR mice on postnatal day 16 (n = 6).

Schematic diagram of Cxcl1-expressing lentivirus transfection in OIR mice. Neonatal mice were injected with lentivirus on postnatal day 5, followed by oxygen treat-

Retinal CXCL1 protein-expression levels in Cxcl1-expressing lentivirus-injected CKO mice (n = 3).

H Representative images of oxygen-induced retinal angiogenesis in Cxcl1-expressing lentivirus-injected CKO mice on postnatal day 17. Green represents the isolectin
B4-stained vessels, the second row panels display the enlarged images of white boxes in the first row panels, the third row images show neovascular tufts (NV, white),

and the fourth row images show the vaso-obliteration (VO, white) area.
| Quantitation of oxygen-induced retinal neovascularization in H (n = 8).
] Quantitation of retinal vaso-obliteration in H (n = 8).

Data information: n.s. stands for “not significant.” Data were analyzed by two-way ANOVA with Tukey’s multiple comparisons test (B, C, D, G, I, J). Scale bar: 200 pum (A),
500 um (H, unmagnified image), 150 um (H, magnified image). Data are represented as mean + SEM.

Source data are available online for this figure.
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Figure 6. PGF,, induces expression of ELR" CXC chemokines in HRMECs through transcription factor FOS.

A Heat map of differentially expressed transcription factors in HRMECs in response to 500 nM PGF,, (n = 3).

B Relative expression levels of FOS in retinal microvascular ECs from patients with PDR (n = 4) compared with the corresponding expression levels from normal
subjects (n = 7; Gene Expression Omnibus Database dataset GSE94019). TPM stands for “Transcripts per kilobase million.”

C Effect of FOS knockdown on 500 nM PGF,,-induced CXCL8 expression in HRMECs (n = 4).
Effect of FOS knockdown on 500 nM PGF,,-induced HRMEC CXCL8 secretion in the culture medium (n = 4).

E, F Effect of RA (1 uM, AP-1 dimer inhibitor), SN-50 (100 pg/ml, NFkB inhibitor), and Inca-6 (2.5 pM, NFAT inhibitor) on 500 nM PGF,,-induced CXCL8 expression in

HRMECs and HRMEC CXCL8 secretion in the culture medium (n = 4).

G Representative images of scratch-induced migration of 500 nM PGF,,-treated HRMECs with or without FOS knockdown. The yellow solid line indicates the original
position of the scratch, the dashed line indicates the position of the cells after migration, and the arrows represent the migratory direction.

Quantitation of the cell-migration distance in H (n = 4).

Quantitation of sprouting areas in N (n = 6).

oz~ AT T

Effect of FOS knockdown on 500 nM PGF,,-induced HRMEC proliferation (n = 4).

Representative images of tube formation by 500 nM PGF,,-treated HRMECs with or without FOS knockdown.
Quantitation of total tube length, number of junctions, number of meshes, and percentage of mesh area in | (n = 4).
Fos mRNA levels in retinas from OIR mice during postnatal days 12-17 (n = 3-4).

Effect of PTGFR deficiency in ECs on Fos expression in the retina from OIR mice on postnatal day 16 (n = 6).

Effect of FOS inhibitor SR11302 (1 uM) on 500 nM PGF,,-promoted sprouting of mouse aortic rings.

Effect of FOS inhibitor SR11302 (1 uM) on 500 nM PGF,,-promoted CXCL1 secretion in mouse aortic ring culture medium (n = 6).

Data information: n.s. stands for “not significant.” Data were analyzed by Mann-Whitney test (B, C, D, E, F, M, P) or two-way ANOVA with Tukey’s multiple comparisons
test (H, I, K, L, O). Scale bar: 100 um (G) and 200 um (J, N). Data in (B) are expressed as the mean + SD. Data in C, D, E, F, H, I, K, L, M, O, P are represented as

mean £ SEM.
Source data are available online for this figure.

mice, peaking on postnatal day 16 (~ 7-fold compared with those
from normoxic mice) during the vascular proliferation stage
(Figs 1E, 5C and 6L). PTGFR deletion in ECs reduced retinal Fos
expression in OIR mice on postnatal day 16 (Fig 6M). Consistently,
inhibition of FOS by SR11302 diminished the PGF,,-mediated
sprouting of mouse aortic rings (Fig 6N and O) and attenuated
PGF,,-stimulated CXCL1 secretion in the culture medium (Fig 6P).

PGF,,/PTGFR axis found to regulate FOS expression in HRMECs
through G,/CAMK2G/p38/ELK-1 signaling

The PTGFR receptor may couple with G4 to activate phospholipase
C (PLC) and boost intracellular Ca** (Ricciotti & FitzGerald, 2011),
with Gi, to activate Rho/ROCK signaling (Pierce et al, 1999; Goupil
et al, 2010), or may activate PI3K/AKT signaling (Zheng et al,
2011). We then sought to determine how the PGF,,/PTGFR axis

modulates FOS expression in HRMECs using conventional pharma-
cological approaches (Fig 7A). Treatment with PLC inhibitor
U73122 and selective Ca** chelator BAPTA, but not ROCK or PI3K
inhibitor, attenuated PGF,,-induced FOS expression, as well as
downstream CXCL8 expression and secretion by HRMECs (Figs 7B
and EV3A and B), indicating that PGF,, regulates FOS expression in
a Ca*'-dependent manner by coupling with Gg. Ca*' influx activates
both PKC and CAMK2 (De, 2011), with the latter directly phospho-
rylating and activating MAPK (Wang et al, 2018). We observed that
CAMK?2 inhibitor KN93 and MAPK p38 inhibitor SB203580, but not
PKC inhibitor RO318220, ERK inhibitor PD98059, or JNK inhibitor
SP600125 (Fig 7C and D), blunted PGF,,-induced FOS expression as
well as CXCL8 expression/secretion in HRMECs (Fig EV3C-F). This
implied that the PGF,,/PTGFR axis regulates FOS expression, proba-
bly via the Go/CAMK2/p38 pathway. As anticipated, PGF,, stimula-
tion activated p38 by enhancing its phosphorylation in HRMECs;

Figure 7. PGF,, upregulates FOS expression in HRMECs through the G,/CAMK2G/p38/ELK-1 signaling pathway.

Quantitation of the ratio of phosphorylated ELK-1 to total ELK-1 in M (n = 3).

oOzZZTr AT T IOTMMmMOO®>>

Schematic diagram of the potential PTGFR-mediated signaling pathways. All inhibitors of targeted molecules are shown in red.

Effect of U73122 (10 uM), BAPTA (50 puM), Y27632 (5 uM), and Ly294002 (15 uM) treatment on 500 nM PGF,,-induced FOS gene expression in HRMECs (n = 4).
Effect of KN93 (10 uM) and RO-318220 (250 nM) treatment on 500 nM PGF,,-induced FOS expression in HRMECs (n = 4).

Effect of SB203580 (2 uM), PD98059 (20 uM), and SP600125 (60 nM) treatment on 500 nM PGF,,-induced FOS gene expression in HRMECs (n = 4).
Effect of U73122 (10 uM), BAPTA (50 puM), and KN93 (10 uM) treatment on 500 nM PGF,,-induced p38 phosphorylation in HRMECs.

Quantitation of the ratio of p38 phosphorylation to total p38 protein in E (n = 3).

Effect of U73122 (10 uM), BAPTA (50 puM), and SB203580 (2 uM) on the phosphorylation of CAMK2 isoforms in 500 nM PGF,,-treated HRMECs.
Quantitation of the ratio of CAMK2G phosphorylation to total CAMK2G in G (n = 3).

Quantitation of the ratio of phosphorylated CAMK2D to total CAMK2D in G (n = 3).

Effect of CAMK2G or CAMK2D knockdown on 500 nM PGF,,-triggered p38 phosphorylation in HRMECs.

Quantitation of the ratio of p38 phosphorylation to total p38 protein in | (n = 3).

Effect of CAMK2G or CAMK2D knockdown on 500 nM PGF,,-induced FOS expression in HRMECs (n = 4).

Effect of U73122 (10 pM), BAPTA (50 pM), KN93 (10 puM), and SB203580 (2 uM) on ELK-1 phosphorylation in 500 nM PGF,,-treated HRMECs.

Schematic diagram of the PGF,,/PTGFR axis-mediated angiogenic signaling in retinal ECs.

Data information: n.s. stands for “not significant.” Data were analyzed by Mann-Whitney test (B, C, D, and L) or unpaired Student’s t-test (F, H, I, K, and N). Data are rep-

resented as mean + SEM.
Source data are available online for this figure.
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this effect was attenuated by treatment with the PLC inhibitor
U73122, selective Ca®" chelator BAPTA, as well as CAMK2 inhibitor
KN93 (Fig 7E and F). Two CAMK2 isoforms, CAMK2G and
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CAMK2D, are expressed in HRMECs (Ashraf et al, 2019), both of
which are activated by PGF,, treatment (Fig 7G-I). This effect was
blocked by PLC inhibitor U73122 and Ca*" chelator BAPTA, but not

© 2022 The Authors



Yan Zhao et al

through inhibition of its downstream molecule p38 (Fig 7G-1I). Inter-
estingly, knockdown of CAMK2G, but not CAMK2D
(Appendix Fig S6A and B), diminished PGF,,-induced p38 phospho-
rylation (Fig 7J and K), FOS upregulation (Fig 7L), as well as CXCL8
expression and secretion by HRMECs (Appendix Fig S6C and D),
probably due to CAMK2G being the abundant isoform in retinal ECs
(Fig 7G). The ELK-1 transcription factor is an important component
of the ternary complex that controls FOS expression by binding to
the serum response element (Marais et al, 1993). Its transcriptional
activity can be modulated through Ser383 phosphorylation mediated
by MAPKSs, including p38 (Whitmarsh et al, 1995; Kenzel et al,
2009). Therefore, we proposed that the PGF,,/PTGFR axis induces
FOS expression via p38-mediated ELK-1 activation. Indeed, PGF,,
treatment enhanced p-ELK-1 levels in HRMECs, and this effect was
diminished by p38, PLC, as well as CAMK2 inhibition (Fig 7M and
N). Taken together, the PGF,,/PTGFR axis facilitated FOS-driven
CXCL8 expression in HRMECs through the G,/CAMK2G/p38/ELK-1
signaling pathway (Fig 70).

PTGFR inhibitor suppressed pathological retinal
neovascularization in OIR mice

To determine the potential therapeutic effect of targeting the PGF,,/
PTGFR axis in proliferative retinopathy, AL8810, a selective inhi-
bitor of PTGFR, was administered to OIR mice at the vessel prolifer-
ation stage (days 12-17), twice per day (Fig 8A). As shown in
Fig 8B and C, AL8810 administration attenuated oxygen-induced
retinal microvascular proliferation in OIR mice by 60% but had no
significant effect in Cxcr2~~ mice. However, CXCR2 deletion sup-
pressed proliferative retinopathy in OIR mice. There was no signifi-
cant difference in retinal vaso-obliteration between these groups,
indicating that OIR was induced successfully (Fig 8D). As antici-
pated, AL8810 treatment effectively suppressed Fos and Cxcll
expression in the retinas from both WT and Cxcr2~/~ mice on post-
natal day 16 (Fig 8E and F). In addition, we did not observe devel-
opmental defects of the retinal blood vessels in Cxcr2™/~ mice
(Appendix Fig S7A and B), just like in EC-specific Ptgfr-deficient
mice (Appendix Fig S1). To further confirm the therapeutic effect by
targeting PTGFR, we also tested another structurally different
PTGFR antagonist OBE022 in OIR mice and also observed marked
reduction of oxygen-induced retinal neovascularization in OBE022-
treated mice (Fig EV4AA-F). We did not observe any detectable signs
of toxicity in AL8810- and OBEO022-treated mice, including body
weight changes (Appendix Fig S8A and B).

EMBO Molecular Medicine

Discussion

PGF,, generation is increased in inflammatory diseases, including
diabetes mellitus (Zhang et al, 2010). Herein, we observed that
PGF,, generation was markedly increased in PDR patients and the
PGF,,/PTGFR axis was activated in retinal ECs from OIR mice. Fur-
thermore, PTGFR deletion in ECs attenuated pathological neovascu-
larization in OIR mice by suppressing EC proliferation. Activation of
the PGF,,/PTGFR axis promoted the FOS-mediated expression of
ELR" CXC chemokines and tube formation by HRMECs. Administra-
tion of PTGFR inhibitor AL8810 mitigated retinal angiogenesis in
OIR mice in a CXCR2-dependent manner. Mechanistically, PTGFR
regulated FOS expression in HRMECs through the G,/CAMK2G/
p38/ELK-1 pathway. An induction of FOS-mediated ELR" CXC
chemokine expression was observed in retinal ECs from diabetic
patients with proliferative retinopathy. Therefore, the PGF,,/PTGFR
axis may represent a therapeutic target for pathological retinal
angiogenesis.

PGF,, is a bioactive lipid mediator that regulates various physio-
logical processes, such as blood pressure homeostasis (Yu et al,
2009) and female reproduction (Sugimoto et al, 2015). Its biosynthe-
sis is markedly induced under oxidative stress, hypercholes-
terolemia, smoking, or inflammation, as observed during rheumatic
disease (Basu et al, 2001) and type 1 or 2 diabetes mellitus
(Helmersson et al, 2004; Basu et al, 2005). Activation of the PGF,,/
PTGFR axis also impairs insulin sensitivity in diet-induced diabetic
mice by promoting hepatic gluconeogenesis (Wang et al, 2018).
Interestingly, we observed that circulating PGF,, metabolites were
even higher in diabetic patients with PDR than in those without DR
or with NPDR. Likewise, PGF,, generation and PGF,, synthase
expression were increased in retinas from OIR mice. We also
detected a significant induction of Ptgfr expression in retinal tissue
and ECs isolated from OIR mice during the vessel proliferation stage,
peaking on postnatal day 16. Moreover, ablation of the PTGFR
receptor in ECs alleviated oxygen-induced retinopathy in mice.
Therefore, the activated PGF,,/PTGFR axis in ECs may directly con-
tribute to the pathogenesis of proliferative retinopathy. Since dia-
betic nephropathy is also a microvascular complication of diabetes
as retinopathy (Beckman & Creager, 2016) and excessive angiogene-
sis also occurs in diabetic nephropathy (Nakagawa et al, 2009), it is
possible that the PGF,,/PTGFR axis may be involved in the patho-
genesis of diabetic retinopathy. In agreement with our observations,
the PGF,,/PTGFR axis exerted angiogenic effects in ectopic stromal
cells during peritoneal endometriosis (Rakhila et al, 2016).

Figure 8. Administration of PTGFR inhibitor AL8810 attenuates retinal angiogenesis in OIR mice.

A Schematic diagram of AL8810 administration in OIR mice. i.p. stands for “intraperitoneally injected”.
B Representative images of OIR retinas in WT and Cxcr2~'~ mice with or without AL8810 treatment. The green color shows the isolectin B4-stained vessels, the second
row panels display the enlarged images of white boxes in the first row panels, the third row images show neovascular tufts (NV, white), and the fourth row images

show the vaso-obliteration (VO, white) area.

Quantitation of oxygen-induced retinal neovascularization in WT and Cxcr2~'~ mice with or without AL8810 treatment (n=12).

.

mice with or without AL8810 treatment (n = 12).

Effect of AL8810 on retinal Fos expression in WT and Cxcr2~'~ OIR mice on postnatal day 16 (n = 6).
Effect of AL8810 on retinal Cxcl1 expression in WT and Cxcr2~/~ OIR mice on postnatal day 16 (n =6).

C
D Quantitation of retinal vaso-obliteration in WT and Cxcr2™~
E
F

Data information: n.s. stands for “not significant.” Data were analyzed by two-way ANOVA with Tukey’s multiple comparisons test (C, D) or Mann-Whitney test (E, F).
Scale bar: 500 um (unmagnified image), 150 pm (magnified image). Data are represented as mean + SEM.

Source data are available online for this figure.
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Therefore, it may be worthwhile to monitor PGF,,, generation in vit-
reous humor from diabetic patients with PDR.

COX-2 expression is induced in retinal vessels and astrocytes in
OIR mice; furthermore, a specific COX-2, but not COX-1, inhibitor
attenuates OIR-induced retinal angiogenesis in mice (Sennlaub et al,
2003; Wilkinson-Berka et al, 2003). Interestingly, PGE, receptor EP2
agonist butaprost, and EP3 agonist M&B27767 partially rescue the
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inhibitory effects of COX-2 inhibitors on retinal neovascularization
(Sennlaub et al, 2003), and EP4 inhibitor L-161982 reduces patho-
logical neovascularization in OIR mice (Yanni et al, 2009), suggest-
ing that COX-2-derived PGE, may promote pathological
neovascularization through EP2-4 receptors. We found that genetic
deficiency in ECs or pharmacological inhibition (AL8810 and
OBE022) of PTGFR attenuates pathological neovascularization in
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OIR mice. These observations suggest that COX-2-drived PGF,, may
contribute to hypoxia-induced neovascularization in OIR mice. Cir-
culating PGF,,, production is dramatically increased in patients with
PDR compared with the production level in those with NPDR. It is
possible that the intrinsic microenvironment to activate the PGF,,/
PTGFR axis in PDR differs from that in OIR mice. ELR"™ CXC
chemokines with a glutamic acid-leucine-arginine (ELR) amino acid
sequence before the first cysteine of the CXC motif include CXCL1-3,
CXCL5-6, and CXCL8 in humans, all of which are encoded by genes
located on chromosome 4q12-q13 and function by specifically inter-
acting with CXCR2 and CXCR1 receptors (Keeley et al, 2008). ELR"
CXC chemokines play an important role in the initiation of inflam-
mation and protection against bacterial infection (Tsai et al, 2000;
Gregson et al, 2013). Cumulative evidence shows that ELR™ CXC
chemokines promote angiogenesis by binding and activating CXCR
receptors in tumors (Strieter, 2005), and this angiogenic property is
dependent on the tripeptide ELR motif (Keeley et al, 2008). ELR"
CXC chemokines, including CXCL8 and CXCL2, are elevated in the
vitreous body of diabetic patients with proliferative retinopathy
(Lange et al, 2011; Koskela et al, 2013; Ghodasra et al, 2016). Bioin-
formatics analyses of a Gene Expression Omnibus Database data set
(GSE94019) (Lam et al, 2017) revealed that the predominant ELR"
CXC chemokines (CXCL8 and CXCL2) expressed in retinal ECs were
greatly upregulated in PDR patients (Fig 4D and E). PGF,,, treatment
induced their expression in cultured HRMECs. In OIR mice, CXCL8
functional homolog gene Cxcll and Cxcl2 were also markedly
induced in retinas along with Ptgfr in mice on postnatal day 16.
PTGEFR deletion in retinal ECs reduced the expression of ELR" CXC
chemokines in the retinas from OIR mice and diminished oxygen-
triggered retinal neovascularization in mice. Additionally, Cxcl2 and
Cxcl3 expression levels were highly upregulated in mouse retinas on
postnatal day 14 following oxygen treatment, indicating the involve-
ment of additional regulatory factors in the modulation of ELR" CXC
chemokine expression in the OIR model. CXCR2 was the dominant
ELR" CXC chemokine receptor expressed in retinal ECs, and CXCR2
deficiency abolished the therapeutic effect of PTGFR inhibition on
retinopathy in OIR mice. Indeed, the activation of CXCR2 signaling
promotes angiogenesis in cancer (Dufies et al, 2019; Acker et al,
2020), as well as in chronic ischemic and inflammatory diseases
(Bertini et al, 2012). Therefore, the PGF,,-mediated expression of
ELR" CXC chemokines in ECs contributes to the pathogenesis of dia-
betic proliferative retinopathy via CXCR2. Notably, ELR" CXC
chemokine-mediated infiltration of inflammatory cells, such as neu-
trophils (Barliya et al, 2017) and macrophages (Chaurasia et al,
2018), may also be involved in the development of diabetic prolifer-
ative retinopathy.

FOS, a proto-oncogene, binds JUN to form a heterodimer, result-
ing in the formation of transcriptional complex AP-1. The AP-1 com-
plex controls cell differentiation and transformation, also regulating
inflammatory processes, including the secretion of cytokines and
chemokines (Schonthaler et al, 2011). Furthermore, AP-1 promotes
the progression of inflammatory conditions, such as skin inflamma-
tion (Ulugkan et al, 2015) and rheumatoid arthritis (Shiozawa &
Tsumiyama, 2009). We found that FOS expression is upregulated in
the retinal ECs of PDR patients, reaching a peak on the same day as
Ptgfr and Cxcll in the retina from OIR mice during the angiogenesis
stage (postnatal day 16). EC-specific genetic disruption of PTGFR
suppressed oxygen-induced Fos expression in the retina. AP-1
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inhibitor treatment or shRNA-mediated FOS silencing attenuated the
PGF,,-induced upregulation of CXCL8 and CXCL2 in HRMECs, in
turn suppressing proliferation and tube formation. These results
indicate that increased FOS activity facilitates the PGF,,/PTGFR
axis-driven HRMEC proliferation by upregulating the expression and
secretion of the predominant ELR" CXC chemokines (CXCL8 and
CXCL2). We did not detect any notable alterations in JUN expres-
sion in PGF,,-treated HRMECs. The Vidir-deficient mouse is an
established pathological retinal angiogenesis model, characterized
by retinal neovascularization with invasion of the photoreceptor
layer. Similarly, photoreceptor FOS-mediated inflammatory signals
control blood vessel growth into the avascular photoreceptor layer
in Vidir /= mice (Sun et al, 2017). Therefore, targeting FOS or AP-1
may prevent the progression of retinal proliferative vascular dis-
eases.

The PTGFR couples G to activate Ca®'-dependent signaling path-
ways (Zhang et al, 2010). We previously reported that PTGFR acti-
vates Ca*'-dependent CAMK2G in hepatocytes and promotes
fasting-induced hepatic gluconeogenesis by phosphorylating p38
(Wang et al, 2018). Both CAMK2G and CAMK2D isoforms are
expressed in vascular endothelial cells (Cai et al, 2008). Using multi-
ple screening approaches, we identified that CAMK2G mediated the
PGF,,/PTGFR axis-triggered upregulation of FOS and CXCL8 in
HRMECs. Indeed, CAMK2 mediates the angiogenic activity of a
range of growth factors in culture (Banumathi et al, 2011; Ashraf
et al, 2019). Pharmacological blockade or genetic deletion of the
CAMK2G or D isoforms suppresses pathological angiogenesis in
ischemic retinas in mice (Ashraf et al, 2019). Interestingly, CAMK2
isoforms regulated angiogenic effects in response to different growth
factors to varying extents (Ashraf et al, 2019). For instance,
CAMK2G facilitates HGF- and IGF-1-induced tube formation but not
that mediated via VEGF and bFGF. In contrast, CAMK2D mediates
VEGF- and bFGF-induced HRMEC tube formation. Consistently, the
PGF,,/PTGFR axis promoted FOS expression in HRMECs through
the CAMK2G/p38 pathway without influencing VEGF expression. In
bovine endometrial epithelial cells, however, PTGFR activation aug-
ments VEGF expression (Gao et al, 2018).

In summary, our study demonstrated that activation of the
PGF,,/PTGFR axis accelerates experimental proliferative retinopa-
thy through the secretion of ELR" CXC chemokines via FOS-
mediated transcriptional regulation. Targeting the PTGFR and its
downstream pathway may therefore serve as a novel approach for
proliferative retinal disease management, independent of VEGF.

Materials and Methods
Patient serum sample collection

Patients with type 2 diabetes mellitus (T2DM) were recruited, from
2011 to 2014, at the Metabolic Disease Hospital of Tianjin Medical
University, Tianjin Medical University General Hospital, the Tianjin
People’s Hospital, and the Eye Hospital of Tianjin Medical Univer-
sity (Wei et al, 2016), and their retinal complications were indepen-
dently diagnosed by two experienced ophthalmologists. T2DM was
defined as fasting plasma glucose > 7.0 mmol/L, and/or 2-h oral
glucose tolerance tests (OGTT) > 11.1 mmol/L, or the use of anti-
diabetic medicine. Serum samples were collected for medical tests
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and written consent was obtained from all patients. The procedure
was approved by the Human Ethics Committee of Tianjin Medical
University (TMUhMEC2020034) in accordance with the Helsinki
declaration and the principles set out in the Department of Health
and Human Services Belmont Report. Serum levels of 15-keto-
dihydro-PGF,, and TXB, were determined using the 13, 14-dihydro-
15-keto PGF,, ELISA Kit (Cayman, 516671) and TXB, ELISA Kit
(Cayman, 501020), respectively, according to the manufacturer’s
instructions.

Mice

All mice were of C57/BL6 background and were housed in an envi-
ronment with controlled temperature (22°C + 1°C) and relative
humidity (50% + 5%) on a 12-h:12-h light/dark cycle, with free
access to sterile food and water. All animal care and experimental
procedures were approved by the Institutional Animal Care and Use
Committee of Tianjin Medical University (TMUaMEC 2020020) and
complied with the National Institutes of Health (NIH) Guidelines for
the care and use of laboratory animals. Ptgfr-floxed mice were
crossed with Tie2-Cre mice (Kisanuki et al, 2001) or VE-Cadherin-
Cre mice (Alva et al, 2006) to obtain endothelial cell-specific Ptgfr
knockout mice. Cxcr2™/~ mice [B6.12952(C)-Cxcr2™Mwm y - Stock
No: 006848] were obtained from Jackson Laboratory. For therapeu-
tic experiments, mice were anesthetized with 5% isoflurane in an
induction chamber and intraperitoneally injected with PTGFR recep-
tor inhibitor AL8810 (10 mg/kg, Cayman, 16735) twice per day or
administered orally with OBE022 (100 mg/kg, MCE, HY-112284)
once per day for postnatal days 12-17. The administration method
and dose of AL8810 and OBE(022 are based on previous experimen-
tal methods on mouse models (Glushakov et al, 2013; Ahmad et al,
2015; Pohl et al, 2018), The animals were randomized into different
treatments. The wild-type or knockout mice were randomly allo-
cated to experimental groups.

Oxygen-induced retinopathy (OIR) in mice

Neonatal mice and their nursing mothers were exposed to 75% oxy-
gen from postnatal day 7 to 12 and then bred in normal air until exe-
cution on postnatal day 17. Euthanasia was performed by exposure
to excess CO, over 7 min. The retinas of the pups were isolated
and stained with isolectin B, (Sigma, L2895) overnight. Four
corners of the retinas were cut with spring scissors to flatten the
whole-mount retinas, which were then photographed using a Leica
TCS SP5 confocal microscope. The retinal neovascularization area
was quantified using the SWIFT_NV (Stahl et al, 2009) plugin in
ImagelJ.

Laser capture microdissection (LCM)

The eyeballs of 16-day-old mice were removed and embedded in
O.C.T. Compound (Sakura, 4583). Frozen sections (8 pum thick)
were cut and placed on slides with PEN film (Carl Zeiss, 415190-
9041-000), fixed sequentially in 70, 90, and 100% ethanol for 30 s,
and washed with diethyl pyrocarbonate-treated water for 15 s. Sec-
tions were stained with isolectin B, (Sigma, L2895) at 25°C for
3 min in RNase inhibitor solution (Roche, 3335399001). Different
layers of retinal tissues were separated using PALM MicroBeam
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(Carl Zeiss) and then collected directly in a collection tube contain-
ing RNeasy Micro Kit lysate (QIAGEN, 74004).

Prostanoid quantitation in retinas

Retinas were harvested and rinsed in ice-cold PBS containing indo-
methacin (5.6 pg/ml, Cayman, 70270) and snap-frozen in liquid
nitrogen. Quick-frozen samples were lysed using a lysis solution
(50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 4 mM CaCl,, 1.5% Triton
X-100, protease inhibitors, and micrococcal nuclease) and processed
using a tissue homogenizer. PGF,, levels in the supernatant were
measured using a PGF,,, high-sensitivity ELISA kit (ENZO, ADI-930-
069). For the determination of PGF,, and PGE, by liquid chromatog-
raphy-tandem mass spectrometry (LCMS), UPLC BEHC18 column
(1.7 pm, 100 x 2.1 mm i.d.) consisting of ethylene-bridged hybrid
particles (Waters) was used for chromatographic separations. The
isolates were analyzed using a 5500 QTRAP hybrid triple quadru-
pole linear ion trap mass spectrometer (AB Sciex) equipped with a
turbo ion spray electrospray ionization source, as previously
described (Zhu et al, 2019). PGF,, and PGE, levels were normalized
to the total protein concentration of the sample.

Intravitreal injection of lentivirus

Cxcll overexpression lentivirus was produced by Applied Biological
Materials, and the target gene fragment was cloned into the pLenti-
GIII-EF1a vector, with the empty vector used as a control. The viral
titer was 4 x 10° TU/ml. Overexpression lentivirus (0.5 pl) was
injected into the vitreous cavity of 5-day-old mice anesthetized with
5% isoflurane in an induction chamber, and an equal amount of
control virus was injected into the contralateral vitreous cavity, fol-
lowed by a regular OIR procedure. The injections reached the vitre-
ous 1 mm posterior to the corneal limbus using a microinjector
(Hamilton, 7632-01) fitted with a 33-gauge needle (Sun et al, 2015);
the mice were treated with antibiotics to prevent infection. Those
mice with eyeball infections after injection were excluded.

Cell culture

Human retinal microvascular endothelial cells (HRMECs, Cell Bio-
logics, H-6065) were cultured in complete endothelial cell medium
(ScienCell, SC-1001) under a humidified environment at 37°C and
5% CO,.

RNA-seq analysis

HRMECs were cultured in endothelial cell medium (ScienCell, SC-
1001) without the addition of endothelial cell-growth supplement
(ECGS, ScienCell, 1052) and were treated with PGF,, (500 nM, Cay-
man, 16010) or equivalent amounts of DMSO for 6 h. TRIzol reagent
(Invitrogen, 15596018) was then added, and RNA was extracted
according to the manufacturer’s instructions. RNA-seq was per-
formed using the BGISEQ-500 system. The results were compared to
the NCBI GRCh38 reference genome using HISAT version 2.0.4
(Kim et al, 2015). Gene-expression levels were quantified using
RSEM (Li & Dewey, 2011). Differentially expressed genes were
detected using the DEGseq method (Wang et al, 2010). After correct-
ing the P values of the assay results to Q (Storey & Tibshirani,
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2003), genes with a two-fold or greater differential expression and a
Q value less than or equal to 0.001 were screened as differentially
expressed genes. GO enrichment of genes upregulated in PGF,,-
treated HRMECs was performed using Metascape (Zhou et al, 2019).

GEO data analysis

The Fastq file (SRP097696) was downloaded using the SRA Toolkit,
version 2.9.2. The HISAT version 2.1.0 (Kim et al, 2015) was used
for comparison to the reference genome UCSC hg38. Gene expres-
sion was calculated using featureCounts version 1.6.0 (Liao et al,
2014). Differential gene expression was calculated using the DESeq2
version 1.26.0 (Love et al, 2014). Two outlier samples (SRR5197978
and SRR5197982) were removed by principal component analysis
prior to differential gene expression analysis, as described in a previ-
ous study (Gau et al, 2020).

Lentivirus-mediated FOS knockdown

The shRNA sequence targeting the human FOS gene (5'-
GCGGAGACAGACCAACTAG’A-3) and the scramble sequence (5'-
TTCTCCGAACGTGTCAC’T-3’) used as a control were inserted into
vector GV248. Cloning constructs and lentivirus packaging were
performed by Genechem. The viral titer was 1 x 10° TU/ml.
HRMECs were lentivirally transduced at 10 MOI using HitransG A
(Genechem, REVG004) for 20 h, according to the manufacturer’s
instruction.

Cell-migration assay

HRMECs were spread into culture dishes at a concentration of
2 x 10° cells/ml, and the cells were treated with 10 pg/ml mito-
mycin C (Selleck, S8146) for 20 min at 37°C after the cells had
grown to confluence. The cell monolayers were wounded by scrap-
ing. PGF,, (500 nM, Cayman, 16010), SB265610 (1 pM, Sigma,
SML0421), or equal volumes of DMSO were added to the endothelial
cell medium, depending on the treatment group. Cells were then
incubated at 37°C for an additional 15 h. Photographs of the cul-
tured cells were taken after scratching and after cell migration using
an IX71 microscope (Olympus). The distance between cells before
and after migration was measured in each photograph.

Cell-proliferation assay

HRMECs were spread into 96-well plates at a concentration of
2 x 10° cells/ml, and PGF,, [20-2,500 nM (Goupil et al, 2010), Cay-
man, 16010], SB265610 (1 uM, Sigma, SML0421), or equal volumes
of DMSO were added to each well, depending on the treatment
group. Cells were then incubated at 37°C for 24 h. Cell proliferation
was assessed using the Cell Counting Kit-8 (Dojindo, CK04), accord-
ing to the manufacturer’s instructions.

Cell tube formation assay
HRMECs were spread at a density of 1 x 10° cells per well in 24-
well plates coated with low growth factor Matrigel (Corning,

356230). PGF,, (500 nM, Cayman, 16010), SB265610 (1 uM, Sigma,
SML0421), or equal volumes of DMSO were added to each well,
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depending on the treatment group. Cells were then incubated at
37°C for 12 h. Cell tube formation in each well was photographed
using an IX71 microscope (Olympus). The total tubule length,
number of junctions, number of meshes, and percentage of mesh
area were analyzed using the Angiogenesis Analyzer plugin in
ImageJ.

Aortic ring sprouting assay

The 4-week-old mice were anesthetized with 5% isoflurane in an
induction chamber and euthanized with cervical dislocation. Aortas
were isolated from the mice, stripped of surrounding adipose tissue,
cut into small rings, embedded in 30 pl of low growth factor
Matrigel (Corning, 356230), and placed in 24-well plates. PGF,,
(500 nM, Cayman, 16010), SB265610 (1 uM, Sigma, SML0421),
SR11302 (1 uM, APEXBIO, A8185), or equal volumes of DMSO were
added to the endothelial cell medium, depending on the treatment
group. Aortic rings were cultured at 37°C for 5 days, and the
medium was changed every 2 days. Aortic rings were photographed
after 5 days using an IX71 microscope (Olympus). The sprouting
area was quantified using ImageJ software.

Drug treatment of cells

HRMECs were treated with PGF,, (500 nM, Cayman, 16010) or an
equivalent volume of DMSO and were collected 30 min later for pro-
tein extraction before western blot, 6 h later for RNA extraction, or
12 h later to detect chemokines secreted in the cell-culture medium
using ELISA. For signaling pathway analysis, cells were pretreated
with different inhibitors or an equivalent volume of DMSO for
30 min prior to PGF,, administration. The inhibitors and concentra-
tions used in the experiments were as follows: retinoic acid (RA)
(1 uM, MCE, HY-14649), SN-50 (100 pg/ml, MCE, HY-P0151), Inca-
6 (2.5 uM, Abcam, ab145864), U73122 (10 uM, MCE, HY-13419),
BAPTA (50 uM, MCE, HY-100545), Y27632 (5 uM, MCE, HY-
10071), Ly294002 (15 uM, MCE, HY-10108), KN93 (10 uM, MCE,
HY-15465), RO-318220 (250 nM, MCE, HY-13866), SB203580
(2 uM, MCE, HY-10256), PD98059 (20 uM, MCE, HY-12028), and
SP600125 (60 nM, MCE, HY-12041).

siRNA transfection

Human CAMK2G (horizon, L-004536-00) and CAMK2D (horizon, L-
004042-00) ON-TARGETplus SMARTpool siRNAs were used to
knockdown gene expression in HRMECs. ON-TARGETplus siCON-
TROL non-targeting siRNA (horizon, D-001810-10) was used as a
control siRNA. Transfections were performed using the RNAIMAX
Transfection Reagent (Thermo Fisher Scientific, 13778100) accord-
ing to the manufacturer’s instructions.

RNA extraction and quantitative real-time PCR

RNA was extracted from retinal tissues and cells using TRIzol
reagent (Invitrogen, 15596018). RNA extraction from retinal layers
isolated by LCM was performed using the RNeasy Micro Kit
(QIAGEN, 74004). The extracted RNA was reverse-transcribed to
generate cDNA using an RT reagent Kit (Takara, RR047A). Quantita-
tive analysis of gene expression was performed on a LightCycler 480
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Instrument II (Roche) with TB Green Premix Ex Taq (Takara,
RR420A) and specific primers. RNA expression was normalized to
CypA for mouse retinal tissue or ACTB for HRMECs. The primer
sequences used are shown in Appendix Table S2.

Western blots

Cells or tissues were lysed using RIPA buffer (Cell Signaling Tech-
nology, 9806). Protease Inhibitor Cocktail (Cell Signaling Technol-
ogy, 5871) was added to the lysates. Proteins were separated by
SDS-PAGE and transferred to nitrocellulose membranes to assess
abundance by primary antibody detection. The primary antibodies
used were Phospho-CaMKII (Thr286) Rabbit mAb (1:1,000; Cell Sig-
naling Technology, cat# 12716), CaMKII (pan) Rabbit mAb (1:1,000;
Cell Signaling Technology, cat# 4436), Phospho-Elk-1 (Ser383) Anti-
body (1:1,000; Cell Signaling Technology, 9181), Elk-1 Antibody
(1:1000; Cell Signaling Technology, cat# 9182), p38 MAPK Antibody
(1:1,000; Cell Signaling Technology, cat# 9212), Phospho-p38 MAPK
(Thr180/Tyr182) Antibody (1:1,000; Cell Signaling Technology, cat#
9211), Anti-c-Fos (phosphor T232) antibody (1 pg/ml; Abcam, cat#
ab43175) and Anti-c-Fos (phosphor T232) antibody (1 pg/ml;
Abcam, cat# ab90289), Anti-GRO alpha antibody (4 pg/ml Abcam,
cat# ab86436), and Monoclonal Anti-B-Actin (1 pg/ml; Sigma, cat#
A1978). Signals were visualized using ECL Western Blotting Sub-
strate (Thermo Fisher Scientific, 32106). Band intensities were
quantified using the ImageJ software for grayscale statistics.

ELISA

The culture medium of HRMECs or mouse aortic rings was collected
for chemokine level detection. The Human IL-8 ELISA Kit (Abcam,
ab214030), Human CXCL2 ELISA Kit (Multisciences, EK1264), and
Mouse CXCL1 ELISA Kit (BOSTER, EK0723) were used for chemo-
kine detection, according to the manufacturer’s instructions.

Retinal endothelial cell separation

Retinas were isolated from postnatal day 16 mice with the OIR
model, then digested with 1 mg/ml Collagenase/Dispase (Roche,
10269638001) and 60 U/ml DNase I (Roche, 4716728001) in
endothelial cell medium (ScienCell, SC-1001) at 37°C for 15 min.
The single-cell suspension was strained through a 70 pm cell
strainer and washed with PBS containing 2% FBS and 2 mM EDTA.
Cells were then incubated with CD45 MicroBeads (Miltenyi, 130-
052-301) to exclude the CD45" cells. Thereafter, the cells were incu-
bated with CD31 MicroBeads (Miltenyi, 130-097-418) to obtain the
endothelial cells.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version
8. All data are expressed as the mean + SEM, unless stated other-
wise. All data sets were tested for normality of distribution using
the Shapiro-Wilk test. Comparisons between two groups were ana-
lyzed using Mann—Whitney test or unpaired Student’s t-test. Multi-
ple groups were compared by two-way ANOVA with Tukey’s post-
hoc test or Kruskal-Wallis test with Dunn’s post hoc test. The exper-
imenters were blinded to animal genotype and grouping information
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The paper explained

Problem

The pathological retinal angiogenesis, characterized by an aberrantly
proliferating vascular tuft structure, is the hallmark of retinopathy of
prematurity and proliferative diabetic retinopathy (PDR). Current anti-
angiogenic therapy for proliferative retinopathy targets the vascular
endothelial growth factor, but many patients do not radically benefit
from this therapy. Therefore, there is an urgent need to identify novel
angiogenic factors implicated in proliferative retinopathy and develop
respective therapeutics.

Results

Here, we observed PGF,, generation is markedly increased in PDR
patients as well as in an oxygen-induced retinopathy (OIR) mouse
model. The PGF,, receptor (PTGFR) is induced in retinal endothelial
cells (ECs) during the vessel proliferative stage in OIR mice. The PGFy,/
PTGFR axis promotes retinal EC proliferation through CAMK2G/p38/
ELK-1/FOS pathway-mediated ELR* CXC chemokine secretion. Treat-
ment with PTGFR inhibitor AL8810 attenuates retinal neovasculariza-
tion in OIR mice.

Impact

These results demonstrate that PGF,, is a proliferative lipid mediator
of pathologic retinal neovascularization, and blockade of PTGFR recep-
tor may represent a new avenue for the treatment of retinal neovas-
cularization, particularly in PDR.

and all data were derived from biological replicates as indicated. P-
values less than 0.05 were considered statistically significant.

Data availability

Data (RNA sequencing) of HRMECs treated with PGF,, (500 nM,
Cayman, 16010) or equivalent amounts of DMSO for 6 h in this
study has been deposited in the GEO database (https://www.ncbi.
nlm.nih.gov/geo) with the accession number GSE164199 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE164199), and
all datasets were made freely available upon acceptance, without
restriction.

Expanded View for this article is available online.
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