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Choroidal neovascularization (CNV) is a prevalent cause of vision loss in patients with age-related
macular degeneration. Runt-related transcription factor 1 (RUNX1) has been identiﬁed as an important
mediator of aberrant retinal angiogenesis in proliferative diabetic retinopathy and its modulation has
proven to be effective in curbing pathologic angiogenesis in experimental oxygen-induced retinopathy.
However, its role in CNV remains to be elucidated. This study demonstrates RUNX1 expression in critical
cell types involved in a laser-induced model of CNV in mice. Furthermore, the preclinical efﬁcacy of Ro53335, a small molecule inhibitor of RUNX1, in experimental CNV is reported. RUNX1 inhibitor Ro5-3335,
aﬂiberceptdan FDA-approved vascular endothelial growth factor (VEGF) inhibitor, or a combination of
both, were administered by intravitreal injection immediately after laser injury. The CNV area of
choroidal ﬂatmounts was evaluated by immunostaining with isolectin B4, and vascular permeability was
analyzed by ﬂuorescein angiography. A single intravitreal injection of Ro5-3335 signiﬁcantly decreased
the CNV area 7 days after laser injury, and when combined with aﬂibercept, reduced vascular leakage
more effectively than aﬂibercept alone. These data suggest that RUNX1 inhibition alone or in combination with anti-VEGF drugs may be a new therapy upon further clinical validation for patients with
neovascular age-related macular degeneration. (Am J Pathol 2021, 191: 418e424; https://doi.org/
10.1016/j.ajpath.2020.12.005)

Choroidal neovascularization (CNV) is a major cause of
vision loss in a variety of ocular diseases, including
neovascular age-related macular degeneration (AMD).
AMD is the leading cause of blindness in the elderly in
developed countries, and CNV and associated intraretinal
ﬂuid account for the majority of visual impairment in
AMD.1,2
Current therapy for CNV involves intravitreal injection of
drugs that target vascular endothelial growth factor
(VEGF).3,4 Despite the initial improvement in visual function after treatment with anti-VEGF agents, multiple studies
show long-term visual decline.5,6 Additionally, patients
often require multiple injections in their eyes, and almost
half of the patients have persistent retinal ﬂuid despite
chronic treatment.7,8 These underscore the need to develop
new therapeutic strategies for CNV.

Runt-related transcription factor 1 (RUNX1) has been
identiﬁed by transcriptomic analysis of ﬁbrovascular membranes of patients with proliferative diabetic retinopathy as a
regulator of retinal neovascularization.9 RUNX1 inhibition
results in the reduction of endothelial cell migration,
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Figure 1

RUNX1 is expressed in different cell populations involved in CNV formation. AeE: Immunoﬂuorescence characterization of RUNX1 in laser-induced
CNV with speciﬁc markers for endothelial cells labeled with CD31 (A), macrophages/microglia labeled with CD11b (B), retinal pigment epithelium with RPE65 (C),
vascular smooth muscle cells/myoﬁbroblasts with a-SMA (D), and Müller cells with GFAP (arrows) (E). Boxed areas are shown at higher magniﬁcation to the right.
F: Section of uninjured retina stained with RUNX1. Scale bars: 100 mm (E, left panel, and F); 20 mm (E, right panel). Original magniﬁcation: 20 (AeD, left
panels); 60 (AeD, right panels) CNV, choroidal neovascularization; GFAP, glial ﬁbrillary acidic protein; SMA, smooth muscle actin.

proliferation, and tube formation in vitro, and reduces
neovascular area in experimental oxygen-induced retinopathy, without affecting the avascular area.9 Based on these
data, the authors believe that RUNX1 has a signiﬁcant effect
on pathologic angiogenesis, and that RUNX1 regulation
could represent a new therapeutic approach to control the
growth of abnormal blood vessels in CNV.

Materials and Methods
Animal Model
Animal procedures were approved by the Institutional Animal Care and Use Committee of Massachusetts Eye and
Ear, and performed in accordance with the Association for
Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research. Six- to
8-weekseold C57BL/6J male and female mice were purchased from The Jackson Laboratories (Bar Harbor, ME).
For all procedures, mice were anesthetized by i.p. injection
of a ketamine/xylazine mixture (100/50 mg/kg). Laser
photocoagulation was performed under general anesthesia
with a 532-nm laser attached to the Micron III image-guide
system (Phoenix Technology Group, Pleasanton, CA) using
120 mW power, 50-ms duration, and a spot size of 50 mm.
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Four laser spots were placed around the optic nerve. Twelve
laser spots were generated per eye to evaluate mRNA
expression. Disruption of Bruch’s membrane was conﬁrmed
by the appearance of a cavitation bubble. Immediately after
laser, a single intravitreal injection was administered with
either phosphate-buffered saline (vehicle), aﬂibercept 10 mg,
Ro5-3335 75 mmol/L, or a combination of Ro5-3335 75
mmol/L þ aﬂibercept 10 mg. Fluorescein angiography was
performed 6 days after laser induction by injection of 0.1
mL of 2% sodium ﬂuorescein, and serial photographs were
captured. Light source intensity and gain were standardized
and maintained in all experiments. Animals were euthanized
and samples were collected day 7 post-laser.

Immunostaining of Cryosections
Eyes were enucleated and ﬁxed for 1 hour in 4% paraformaldehyde and then cryoprotected in increasing concentrations of sucrose before embedding in OCT and frozen. Ten
mm sections were thawed, air-dried, incubated in blocking
buffer containing 2% bovine serum albumin and 0.3% Triton
X-100 for 30 minutes, and subsequently incubated with primary antibody diluted in blocking buffer overnight at 4 C.
Primary antibodies used were mouse anti-aSMA (1:100;
Sigma-Aldrich, St. Louis, MO), rat anti-CD11b (1:100; BD
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Figure 2 RUNX1 time-course expression. A: Representative images of choroidal ﬂatmounts stained with RUNX1 at different time points after CNV induction. Dotted circles highlight areas with positive staining for RUNX1. B: Quantiﬁcation of RUNX1 relative ﬂuorescence. C: Quantitative RT-PCR analysis of
RUNX1 in retina. D: VEGF mRNA expression in retina. E: Quantitative RT-PCR analysis of RUNX1 in retinal pigment epithelium (RPE)/choroid. F: VEGF mRNA
expression in RPE/choroid. n Z 6 mice per group (B); n Z 8 mice per time point (CeF). *P < 0.05, **P < 0.01. Scale bars Z 400 mm. CNV, choroidal
neovascularization; VEGF, vascular endothelial growth factor.

Biosciences, San Jose, CA), rat anti-CD31 (1:100; BD Biosciences), goat anti-GFAP (1:100; Abcam, Cambridge, MA),
mouse anti-RPE65 (1:100; Abcam), and rabbit anti-RUNX1
(1:100; LifeSpan BioSciences, Seattle, WA). Samples were
then incubated with the corresponding secondary antibody for
2 hours at room temperature, and nuclei were stained with
DAPI. Finally, samples were mounted with Fluoromount-G
(Thermo Fisher Scientiﬁc, Waltham, MA). Images were acquired with Leica SP8 confocal microscope (Leica, Wetzlar,
Germany).

Choroidal Flatmount Tissue Preparation and
Immunostaining
Eyes were enucleated and ﬁxed in 4% paraformaldehyde for
2 hours at 4 C. Cornea, lens, and retina were removed, and
eight petals were created by cutting the remaining eyecup.
Choroidal ﬂatmounts were blocked with 1% bovine serum
albumin, 0.1% Triton X-100, and 3% donkey serum in
PBlec buffer overnight at 4 C, incubated with isolectin B4
(IB4) (Thermo Fisher Scientiﬁc), rabbit anti-RUNX1
(1:100; LifeSpan BioSciences), or rat anti-CD11b (1:100;
BD Biosciences) and the corresponding secondary antibody,
and then mounted with Fluoromount-G. Images were acquired with epiﬂuorescence microscope EVOS FL imaging
system (Life Technologies, Cambridge, MA).
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Quantiﬁcation of CNV Size and Vascular Permeability
Images of CNV lesions stained with IB4 were masked
and randomized. Lesion exclusion criteria were established before quantiﬁcation as previously published.10,11
All measurements were performed by two different observers in a blinded fashion (L.G.-B., S.D.-T.). Timecourse of RUNX1 expression levels was determined by
measuring pixel relative ﬂuorescence intensity using
ImageJ version 2.0 software (NIH, Bethesda, MD; http://
imagej.nih.gov/ij). CNV size was measured in a
semiautomated manner using the plugin Versatile Wand
Tool for ImageJ. Mean CNV area of the lesions of
each eye was compared between groups. Vascular
permeability was measured by quantifying the leakage
area, which corresponds to the difference between the
area of the lesion in the late phase and the early phase
of the angiogram. Leakage was also measured by
grading lesion severity as previously described.12 Neuroretina and retinal pigment epithelium (RPE)/choroid tissue
were collected in lysis buffer and immediately processed
for RNA extraction. RNA extraction and transcription into
complementary DNA were performed using standard
methods for quantitative RT-PCR. Primers for selected
genes were purchased from Integrated DNA Technologies
(Coralville, IA).
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Figure 3

Intravitreal injection of RUNX1 inhibitor reduces CNV area. A: Top panel: Quantiﬁcation of CNV lesion size in the different treatment groups 7
days after laser induction. Bottom panel: Representative images of Isolectin B4 labeling of neovascular lesions. B: Top panel: Number of mononuclear
phagocytes stained with CD11b. Bottom panel: Representative images of mononuclear macrophage inﬁltration in laser CNV lesions. n Z 7 to 18 mice per
group (A); n Z 5 to 8 mice per group (B). *P < 0.05, **P < 0.01. Scale bars: 100 mm. CNV, choroidal neovascularization; MNP, mononuclear phagocytes.

Statistical Analysis
Results are presented as means  SEM. Data were assessed
with one-way analysis of variance followed by Dunnett’s
multiple comparisons test. Two-tailed unpaired t-test was
used for comparisons between two groups. P < 0.05 was
considered statistically signiﬁcant.

Results
RUNX1 Is Expressed in the Main Cell Types Involved in
Laser CNV
To investigate the role of RUNX1 in experimental CNV,
RUNX1 expression was evaluated by immunostaining of
cryosections in response to experimental CNV 7 days postlaser. A wide range of markers of different cell populations
known to participate in CNV complex were used.13 Positive
staining for RUNX1 was detected in all of the cell types
studied known to be involved in CNV pathogenesis: endothelial cells (Figure 1A), mononuclear phagocytes (MNP) (ie,
macrophages/microglia) (Figure 1B), RPE cells (Figure 1C),
and vascular smooth muscle cells/myoﬁbroblasts
(Figure 1D). Müller cells, identiﬁed by their characteristic
shape, also showed RUNX1 expression at the lesion site
(Figure 1E). Colocalization was conﬁrmed by confocal microscopy. High expression of RUNX1 was found only at the
lesion site, and no RUNX1-positive cells were seen in uninjured retina (Figure 1F).
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Time-Course Characterization of RUNX1 Expression
Reveals a Peak on Day 3
Fluorescence of choroidal ﬂatmounts stained with RUNX1
was quantiﬁed at different time points (Figure 2, A and B),
and peak expression was found on day 3 after laser induction. Quantitative RT-PCR analysis revealed increased
RUNX1 mRNA levels in retina (Figure 2C). By contrast,
VEGF expression remained stable up to day 7 in retinal
tissue (Figure 2D). RUNX1 mRNA expression was signiﬁcantly up-regulated in RPE/choroid (Figure 2E) at day 3
and day 7. In addition, a signiﬁcant increase in VEGF
mRNA levels was observed at day 7 in the RPE/choroid
complex (Figure 2F).

Pharmacologic Inhibition of RUNX1 with the Small
Molecule Ro5-3335 Reduces CNV Area
To evaluate the preclinical efﬁcacy of RUNX1 modulation
in the laser CNV model, an intravitreal injection of either
phosphate-buffered saline (vehicle), aﬂibercept (10 mg),
Ro5-3335 (75 mmol/L), or a combination of Ro53335 þ aﬂibercept (75 mmol/L/10 mg, respectively) was
administered immediately after laser photocoagulation. For
additional intravitreal Ro5-3335 dose response, see
Supplemental Figure S1. Seven days after laser CNV induction, eyes were collected, and the CNV area of ﬂatmounted choroids stained with IB4 was measured. A single
intravitreal injection of Ro5-3335 signiﬁcantly decreased
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Figure 4 Combination of anti-RUNX1 and anti-VEGF is superior at reducing vascular leakage than anti-VEGF monotherapy alone. A: Representative images
of funduscopy 7 days post-laser and ﬂuorescein angiography early and late phase. B: Quantiﬁcation of CNV leakage area in the different treatment groups. C:
Fluorescein angiogram severity grading: grade 0 (not leaky), 1 (questionable leakage), 2A (leaky), 2B (clinically signiﬁcant leakage). D: Total number of grade
2B lesions among the different groups. n Z 7 to 18 mice per group (BeD). *P < 0.05, **P < 0.01. CNV, choroidal neovascularization; VEGF, vascular
endothelial growth factor.

lesion size (12,981.6  1733.2 mm2) compared with vehicle
(27,553.9  4576.3 mm2) (Figure 3A). As expected, a signiﬁcant reduction in lesion size was also seen with aﬂibercept (7979.9  1154.6 mm2), and with the combination
of Ro5-3335 þ aﬂibercept (11,696.3  2046.1 mm2). There
were no signiﬁcant differences in CNV lesion size between
groups treated with Ro5-3335 and aﬂibercept. No signiﬁcant differences were observed in CD11b-positive (denoting
MNPs) cell inﬁltration quantiﬁed in the experimental groups
(Figure 3B).

A and B). As expected, aﬂibercept in monotherapy signiﬁcantly curbed vascular leakage (1510.3  374.0 pixels)
compared with vehicle (5023.6  909.5 pixels), whereas
Ro5-3335 alone led to a mild reduction that did not reach
statistical signiﬁcance (3542.5  722.4 pixels). Similar results were seen between both qualitative and quantitative
analysis, and vascular leakage severity grading indicated
highest reduction in leakage in the combination group
(Figure 4, C and D).

Discussion
Pharmacologic Inhibition of RUNX1 in Combination
with Aﬂibercept Elicits an Additive Effect in Reducing
Vascular Leakage
Vascular permeability was measured by leakage area analysis. Leakage was also measured by grading lesion severity,
as previously described.12 Combination of Ro5-3335 and
aﬂibercept was more effective in reducing vascular leakage
area (440.7  302.8 pixels ) than aﬂibercept alone (Figure 4,
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RUNX1 expression was restricted to the CNV area, and
positive RUNX1 staining was undetectable elsewhere. By
contrast, VEGF is expressed within normal retina even in
the absence of active angiogenesis,14e16 working as an
important neurotrophic factor crucial for survival and
normal function of photoreceptors and Müller cells.17 This
suggests that RUNX1 inhibition could have less impact in
retinal homeostasis, and additional work investigating its
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long-term effects on the retina is warranted. Time-course
characterization of RUNX1 expression revealed peak
expression at early time points after laser treatment, whereas
VEGF expression levels were higher at day 7. Hence,
RUNX1 may play a role in the early pathogenic processes of
CNV formation.
The cellular composition of CNV lesions is complex and
involves the presence of multiple cell types.13,18,19 RUNX1
expression was found in the primary cell types known to
participate in CNV pathogenesis: endothelial cells, MNPs
(ie, macrophages/microglia), RPE, Müller cells, and ﬁbroblasts/myoﬁbroblasts. The presence of RUNX1 in the main
cell types in CNV lesions could imply that RUNX1 participates in multiple processes involved in CNV pathogenesis including aberrant angiogenesis, inﬂammation, and scar
tissue formation.
To evaluate the preclinical efﬁcacy of RUNX1 inhibition
and potential additive or synergistic effects with anti-VEGF
therapy, intravitreal injections of vehicle, aﬂibercept, Ro53335, or combination of Ro5-3335 þ aﬂibercept were
administered in a laser CNV model. A single intravitreal
injection of Ro5-3335 alone signiﬁcantly decreased CNV
lesion size compared with vehicle. Regarding vascular
permeability, aﬂibercept monotherapy signiﬁcantly
decreased leakage, whereas Ro5-3335 alone led to a
nonsigniﬁcant reduction. Surprisingly, the combination of
Ro5-3335 and aﬂibercept was more effective at reducing
CNV leakage when compared with aﬂibercept alone, suggesting an additive effect of these two drugs. Recently,
TNFa has been shown to drive RUNX1 function in endothelial cells by our group, which may further explain the
additive effect of RUNX1 inhibition when combined with
anti-VEGF treatment.20 Alternative mechanisms of action in
treating CNV may be beneﬁcial for the management of
CNV lesions. Based on these data, RUNX1 inhibition could
simultaneously regulate multiple pathologic processes
involved in CNV such as aberrant angiogenesis, inﬂammation, and ﬁbrosis, and therefore, provide a therapeutic
advantage over therapies with a limited spectrum of action.
This effect on cell types other than endothelial cells may
explain the additive effect of RUNX1 inhibition when
combined with anti-VEGF treatment on vascular leakage.
The role of inﬂammation in neovascular AMD has been
previously highlighted,21e23 and modulation of inﬂammatory response has obvious beneﬁcial effects.24 Though the
authors did not see a signiﬁcant difference in the number of
MNPs within the CNV lesion, they did observe coexpression of RUNX1 with MNPs within these cells, suggesting regulation of MNP function. In addition,
coexpression of RUNX1 with MNPs in myoﬁbroblasts
suggests another area of further inquiry because subretinal
ﬁbrosis is one of the main causes of poor visual outcome in
neovascular AMD.25 Additionally, a role for RUNX1 in
mediating epithelial-mesenchymal transition in proliferative
vitreoretinopathy, a disease characterized by pathologic
ﬁbrosis inside the eye, has been recently shown by our

The American Journal of Pathology

-

ajp.amjpathol.org

group.26 Unresolved ﬂuid and progressive ﬁbrosis together
with hemorrhage comprise the problem of persistent disease
activity despite anti-VEGF therapy, which affects 50% of
neovascular AMD patients, and is associated with increased
treatment burden and greater visual loss.8
In conclusion, these data suggest that RUNX1 participates in CNV formation through multiple cell types; hence,
RUNX1 inhibition may target not only angiogenesis, but
also other processes important in CNV pathogenesis such as
inﬂammation and ﬁbrosis. RUNX1 inhibition combined
with anti-VEGF therapy showed an additive effect in
reducing vascular permeability, which leads to intraretinal
ﬂuid, the main cause of vision loss in CNV.1 Therefore,
RUNX1 inhibition alone or in combination with anti-VEGF
therapy appears to be a promising therapeutic modality for
the treatment of CNV.
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