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During the progression of ocular diseases such as retinopathy of
prematurity and diabetic retinopathy, overgrowth of retinal blood
vessels results in the formation of pathological neovascular tufts
that impair vision. Current therapeutic options for treating these
diseases include antiangiogenic strategies that can lead to the
undesirable inhibition of normal vascular development. Therefore,
strategies that eliminate pathological neovascular tufts while spar-
ing normal blood vessels are needed. In this study we exploited the
hyaloid vascular network in murine eyes, which naturally undergoes
regression after birth, to gain mechanistic insights that could be
therapeutically adapted for driving neovessel regression in ocular
diseases. We found that endothelial cells of regressing hyaloid
vessels underwent down-regulation of two structurally related E-26
transformation-specific (ETS) transcription factors, ETS-related gene
(ERG) and Friend leukemia integration 1 (FLI1), prior to apoptosis.
Moreover, the small molecule YK-4-279, which inhibits the transcrip-
tional and biological activity of ETS factors, enhanced hyaloid re-
gression in vivo and drove Human Umbilical Vein Endothelial Cells
(HUVEC) tube regression and apoptosis in vitro. Importantly, expo-
sure of HUVECs to sheer stress inhibited YK-4-279-induced apopto-
sis, indicating that low-flow vessels may be uniquely susceptible to
YK-4-279-mediated regression. We tested this hypothesis by admin-
istering YK-4-279 to mice in an oxygen-induced retinopathy model
that generates disorganized and poorly perfused neovascular tufts
that mimic human ocular diseases. YK-4-279 treatment significantly
reduced neovascular tufts while sparing healthy retinal vessels,
thereby demonstrating the therapeutic potential of this inhibitor.
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Ocular blood vessels are regulated so as to balance the high
nutritional demands of the retina against the impairment of
visual function that results from hypervascularization (1). In
diseases such as retinopathy of prematurity (ROP) and diabetic
retinopathy (DR), this balance is lost and results in the forma-
tion of neovascular (NV) tufts originating from the superficial
retinal vascular layer which physically impede the transmission of
light (2-4). Moreover, retinal neovessels are inherently unstable
and prone to hemorrhage, which then elevates ocular inflam-
mation and further exacerbates visual dysfunction (5, 6). Because
of this, ROP and DR are among the leading causes of blindness
in infants and adults, respectively (7, 8).

Vascular endothelial growth factor (VEGF) has long been
recognized as an important proangiogenic signaling molecule,
and it is well established that VEGF plays a role in the pro-
gression of NV disease (9, 10). For this reason, many current
therapeutic treatments suppress VEGF signaling to reduce the
extent of ocular vascular overgrowth (11-14). However, VEGF
plays an essential role in many developmental processes (15),
raising concerns regarding the long-term consequences of VEGF
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inhibition, particularly in infants with ROP (16). For example,
one study demonstrated a reduction in systemic VEGF for up to
2 mo after intravitreal anti-VEGF treatment (17). Moreover, in
longitudinal studies anti-VEGF treatments have shown a tendency
for reactivation of NV complications after treatment is suspended
(18, 19) and an association with long-term abnormalities in retinal
vascular structure and ocular function (20-22). These adverse
consequences may be overcome by targeted treatment options
optimized for the removal of pathological neovessels.

Intriguingly, certain ocular blood vessel networks naturally
regress during development of the eye. The underlying mecha-
nisms of these regression processes may therefore inform inno-
vative therapeutic approaches aimed at the promotion of NV tuft
regression in diseases such as ROP and DR. One well-documented
example of physiological vascular regression occurs with the hya-
loid vessels, which extend from the optic nerve head through the
vitreous and wrap around the lens to nourish the developing an-
terior segment of the eye. Shortly after birth in mice (and at
midgestation in humans), the hyaloid vessels initiate a regression
process culminating in their complete elimination within 2 to 3 wk
(23). Failed execution of this process results in a condition called
persistent hyperplastic vitreous, in which the remaining hyaloid
vessels impair visual function similarly to retinal neovessels found
in NV disorders (24).

Significance

Premature babies and diabetic patients can become blind when
too many blood vessels develop in their eyes, and therapeutic
strategies are needed for eliminating those extra vessels. We
studied newborn mice that naturally undergo loss of some eye
vessels to identify ways to promote blood vessel regression
and elimination. We identified a class of proteins called E-26
transformation-specific transcription factors that are down-
regulated during normal vessel regression, especially in vessels
with slow blood flow. Importantly, we found that a drug that
disables these proteins can be used in mouse eyes to eliminate
abnormal, slow-flow blood vessels similar to those seen in
premature babies and diabetic patients.
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Hyaloid vessel regression is dependent on macrophages, which
initiate regression via the production of Wnt7b that induces
apoptosis of vascular endothelial cells (ECs) (25-27). However,
the broad expression pattern of Wnt7b (28) and its proangio-
genic function in other contexts (29, 30) suggest that additional
factors are necessary for the induction of hyaloid regression. For
example, local VEGF concentrations (31), decreased blood flow
(32), Angiopoietin-2 (33), and inflammatory cytokines (34) all
influence hyaloid regression either directly or indirectly. There-
fore, hyaloid regression results from the integration of many
external cues, which likely prevent improper execution of a costly
and irreversible vascular fate decision.

In this study, we sought to define mechanistic aspects of hyaloid
vessel regression, reasoning that downstream vascular effectors of
this physiologic process may yield viable proregressive therapeutic
targets. We identified two E-26 transformation-specific (ETS)
family transcription factors that were strikingly down-regulated in
regressing hyaloid vessel endothelial cells. Utilization of a small
molecule with the capacity to inhibit this class of transcription
factors resulted in the induction of vascular regression in vivo and
in vitro. Moreover, inhibitor treatment significantly resolved vas-
cular abnormalities in a murine oxygen-induced retinopathy
(OIR) model of ROP, demonstrating the therapeutic potential of
targeting vascular ETS family transcription factors to promote
regression of pathological ocular blood vessels.

Results

Coordinated Constriction and Apoptosis of Hyaloid Vessels Excludes
Blood Flow from Actively Regressing Vessels. In order to investigate
factors playing a role in physiological blood vessel regression,
murine hyaloids were dissected and imaged by flat mount as
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previously described (26), demonstrating ~50% fewer vessels
between postnatal day 4 (P4) and P8 (Fig. 14 and SI Appendix,
Fig. S14). Hyaloid vessel regression results from the apoptosis of
ECs that line vascular luminal surfaces (35, 36), which we visu-
alized by terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) (Fig. 1B). From P4 to P8 the percentage of
TUNEL" hyaloid vessels increased from ~5 to ~25% (SI Ap-
pendix, Fig. S1B), indicating that this is a useful experimental
window in which to study vascular regression due to the presence
of vessels at various stages of regression.

TUNEL staining revealed a unique pattern in which dying
cells were primarily clustered on distinct vascular branches (Fig.
1B). We observed the same staining pattern for active caspase-3,
a more specific marker of the apoptotic cell death pathway (S
Appendix, Fig. S1C). Meeson et al. previously suggested that the
segmental nature of hyaloid vessel apoptosis indicates the pres-
ence of a coordinating factor, such as blood flow, that synchro-
nizes EC death within a particular vascular branch (32). In
support of this model, we determined that at both P4 and P8 the
diameters of apoptotic vessel branches were significantly re-
duced compared to their nonapoptotic counterparts (Fig. 1C). In
fact, from P4 to P8 there was a general reduction in the diam-
eters of nonapoptotic vessels (from ~15 to ~10 pm), whereas
apoptotic vessel diameters remained constant at ~5 to 6 pm
(Fig. 1C). Furthermore, immunostaining for the red blood cell
(RBC) marker Ter119 demonstrated the exclusion of RBCs from
constricted, regressing vessels (Fig. 1D). These data support
published evidence of a correlation between the constriction and
apoptosis of hyaloid vessels (32), altogether suggesting that the
cessation of blood flow is an important factor regulating hyaloid
vessel regression.
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Segmental apoptosis of constricted vessels is observed during hyaloid regression. (A) Hyaloid vessel regression (n = 8) was quantified by counting the

number of vessels crossing a line drawn at 50% of the total diameter of hyaloid flat mounts (S/ Appendix, Fig. S1A). (B) Hyaloid vessel flat mount from a wild-
type P8 mouse stained for TUNEL (green) and CD31 (red). (Inset) Magnified view of boxed region demonstrating the coordination of apoptosis in distinct
vascular branches. (Scale bar, 500 pm.) (C) Quantification of vessel diameters for nonapoptotic (n = 12 to 20) and apoptotic vessels (n = 8 to 15) from P4 and
P8 wild-type mice. (D) Hyaloid vessels from a P6 wild-type mouse were immunostained for Isolectin-B4 (green) and Ter119 (red) to visualize the exclusion of
red blood cells from constricted hyaloid vessels (white arrows). (Scale bar, 100 um.) For B and D, nuclei were counterstained with DAPI (blue). *P < 0.05

(two-tailed Student’s t test). *P < 0.05 (two-way ANOVA). Error bars: SD.
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ETS-Related Gene Is Down-Regulated in Constricted Regressing
Hyaloid Vessels. ETS-related gene (ERG) is an EC-specific ETS
family transcription factor that has been reported to promote
vascular regression when genetically deleted in mice (37). We
used immunofluorescence to compare the expression of ERG in
hyaloid vessels at various stages of regression and observed a
notable absence of ERG from highly constricted vessels (Fig.
24). Moreover, ERG down-regulation was observed in con-
stricted vessels that were not yet TUNEL* (Fig. 2B, white arrow).
Some ECs on TUNEL*-constricted vessels appeared to maintain
ERG expression, although the staining pattern was notably ir-
regular and largely excluded from the nucleus (yellow arrow in
Fig. 2B) when compared to adjacent nonconstricted vessels. To-
gether, these data raise the possibility that the down-regulation
and/or nuclear exclusion of ERG may play a transcriptional role in
promoting vessel regression. Indeed, it has been reported that
inhibition of ERG results in EC apoptosis due to transcriptional
down-regulation of the ERG target gene Cdh5, which encodes the
adhesion molecule vascular endothelial (VE)-cadherin (38). In-
triguingly, we observed down-regulation of VE-cadherin along
with ERG in constricted hyaloid vessels (SI Appendix, Fig. S2),
suggesting that a similar mechanism may function during hyaloid
regression.

In both mice and humans, regression of the hyaloid vessels
within the vitreous coincides with robust angiogenesis of ECs
located on the superficial retinal surface that faces the vitreous
(39). The spatiotemporal proximity of these vessel networks
therefore stands in contrast to their opposing vascular fates. We
used immunofluorescence to compare expression of ERG within
these two EC populations in cross-sections of eyes from P8 wild-
type mice. Whereas angiogenic retinal ECs were marked by robust
ERG expression, regressive hyaloid ECs showed little ERG ex-
pression, suggesting that ERG down-regulation may play a role in
distinguishing the behavior of these two vessel networks (Fig. 2C).

A Pharmacological Inhibitor of ETS Transcription Factors Promotes
Vessel Regression In Vivo and In Vitro. To assess the role of ERG
in hyaloid vessel regression, we intravitreally administered YK-4-
279, a small molecule with the capacity to inhibit the transcrip-
tional and biological activity of ERG (SI Appendix, Fig. S34)
(40) to PS5 pups and counted hyaloid vessel numbers at P7.
Compared to vehicle-injected littermate controls, YK-4-279 in-
jection resulted in an ~40% reduction in hyaloid vessel number,
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which is consistent with a proregressive effect on the hyaloid
vasculature (Fig. 3 4 and B).

In addition to ERG, YK-4-279 likewise inhibits other ETS
transcription factors, including the structurally related transcrip-
tion factor Friend Leukemia Integration 1 (FLI1) (40-42), which
is 62% identical and 73% similar to ERG (SI Appendix, Fig. S3B).
As with ERG, we observed a reduction in endogenous FLI1 ex-
pression in constricted hyaloid vessels (Fig. 3C). Some ECs on
those constricted vessels appeared to maintain FLI1 expression,
although the nuclear staining pattern was notably irregular when
compared to adjacent vessels (white arrow in Fig. 3C), as de-
scribed above for ERG. ERG and FLI1 have previously been
shown to regulate overlapping gene sets and to compensate
transcriptionally for one another, suggesting that the proregressive
effects of YK-4-279 might result from the inhibition of both ERG
and FLI1 (43-45). To test this possibility, we quantified hyaloid
vessel regression in mice following genetic deletion of Erg in ECs.
We crossed Erg™ mice to the tamoxifen-inducible endothelial
Cdh5(PAC)-Cre"®™ line to generate Erg"":Cdh5(PAC)-Cre®*"?
(Erg™*°) mice and administered tamoxifen by oral gavage at P3,
P4, and P5 to delete Erg in ECs. Despite efficient Erg deletion (S7
Appendix, Fig. S3C), we observed no differences in hyaloid vessel
number between Erg'®*° mice and their littermate controls at P7
(SI Appendix, Fig. S3D). Therefore, the proregressive effects of
YK-4-279 likely result from the broader inhibition of ETS family
transcription factors in hyaloid vessels, rather than from the spe-
cific inhibition of ERG.

To further characterize its proregressive potential, YK-4-279
was added to preestablished three-dimensional (3D) cultures of
Human Umbilical Vein Endothelial Cells (HUVECs). Impor-
tantly, this culture model recapitulates many aspects of in vivo
vessel morphology, including the formation of vascular lumens,
and has previously been used to model vascular regression (34).
Treatment with YK-4-279 resulted in a significant, dose-dependent
loss of vascular luminal area at concentrations >2.5 pmol/L (Fig.
3 D and E), decreased procaspase-3 stain (indicative of apoptosis;
SI Appendix, Fig. S44) and enhanced the proregressive effects of
inflammatory cytokines that we previously demonstrated play a
role in hyaloid regression (SI Appendix, Fig. S4B) (34). Taken to-
gether, these data demonstrate a proregressive function of YK-4-
279 in vitro, complementing our in vivo observations.

YK-4-279 Promotes Flow-Dependent Vascular Regression In Vitro.
Despite the formation of vascular lumens, HUVECS grown in
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Fig. 2. The transcription factor ERG is down-regulated in constricted hyaloid vessels. (A) Flat-mount hyaloid vessels from a P6 wild-type mouse immunos-
tained for Isolectin-B4 (red) and ERG (green). Arrows indicate a constricted hyaloid vessel with reduced nuclear ERG expression. (Scale bar, 100 pm.) (B, Top)
Flat-mount hyaloid vessels from a P8 wild-type mouse immunostained for Isolectin-B4 (red), ERG (gray), and TUNEL (green). (B, Bottom) Magnified views of
region outlined in white. The white arrow demonstrates down-regulation of ERG in a constricted hyaloid vessel that is not yet TUNEL*. The yellow arrow
indicates a highly constricted, apoptotic vessel with irregular, nonnuclear ERG expression. (Scale bar, 50 um.) (C) Immunostained cross-section of an eye from a
P8 wild-type mouse allowing comparison of ERG expression (green) between retinal and hyaloid ECs that are stained with Isolectin-B4 (red); nuclei are
counterstained with DAPI (blue). (Insets) The solo ERG channel for hyaloid (Top) and retinal (Bottom) ECs demonstrates the absence of ERG expression in

regressing hyaloid ECs. (Scale bar, 50 um.)
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Fig. 3. YK-4-279, a pharmacological inhibitor of ETS factors, promotes vascular regression in vivo and in vitro. (A) Representative flat-mount images of
hyaloid vessels from P7 wild-type mice administered an intravitreal injection of vehicle or YK-4-279 at P5. Hyaloids were stained with Isolectin-B4 (green).
(Scale bar, 500 um.) (B) Quantification of regression in hyaloids (n = 7) treated with vehicle or YK-4-279 as in A. (C) Flat-mount hyaloid vessels from a P7 wild-
type mouse were immunostained for CD31 (green) and FLI1 (red). As observed for ERG, FLI1 expression is mostly reduced in constricted hyaloid vessels
compared to nearby hyaloid vessels with a wider diameter. Some ECs in constricted vessels still express FLI1 (arrow), although its staining pattern is irregular
compared to the pan-nuclear staining pattern seen in adjacent vessels. (Scale bar, 50 pM.) (D) Quantification of average lumen area in 3D HUVEC cultures (n =
12) treated with the indicated concentrations of YK-4-279 for 48 h. (E) Representative images of 3D HUVECs stained with toluidine blue demonstrating the
effects of YK-4-279 on luminal area. *P < 0.05 (two-tailed Student's t test). *P < 0.05 (one-way ANOVA). Error bars: SD.

this 3D culture model lack the blood flow that would be present
in vivo. The substantial proregressive effects of YK-4-279 in this
model, taken together with the specificity of in vivo regression to
constricted hyaloid vessels, raises the possibility that the absence
of blood flow is an important prerequisite for YK-4-279-induced
vascular regression. This possibility is supported by a recent re-
port that the transcriptional consequences of ERG inhibition are
greatly mitigated in ECs exposed to sheer stress (46). To test the
effect of flow on YK-4-279-mediated vessel regression, we treated
HUVECs with YK-4-279 in an Ibidi flow chamber system.
HUVECs were plated on Luer”® flow cells at 80 to 90% conflu-
ence and were equilibrated under static or flow (10 dyn/cm?)
conditions for 24 h to mimic flow conditions expected for small
caliber vessels such as the hyaloids (47). Following equilibration,
5 pmol/L YK-4-279 (or a vehicle control) was added to the media,
and HUVECs were maintained under their respective flow con-
ditions for an additional 24 h. Under static conditions, YK-4-279
treatment resulted in significantly reduced cell numbers and in-
creased active caspase-3 staining (Fig. 4 A4 and B), indicating an
increase in EC apoptosis. In contrast, under flow conditions YK-4-
279 treatment had no apparent effect on cell number or on active
caspase-3 staining (Fig. 4 A and B), demonstrating a protective
effect of flow on YK-4-279-mediated EC death in vitro. Inter-
estingly, YK-4-279 treatment inhibited the alignment of HUVECs
to flow, resulting in a more cobblestone shape under flow condi-
tions when compared to vehicle-treated cells (Fig. 4C). Therefore,
YK-4-279 mediated effects on EC behavior but failed to drive EC
death under in vitro flow conditions.

Schafer et al.

YK-4-279 Induces Regression of Retinal Neovessels following
Oxygen-Induced Retinopathy. OIR has been established as a use-
ful in vivo model of ROP that recapitulates the NV component
of both ROP and DR (48, 49). Briefly, P7 wild-type mice are
transferred to hyperoxic conditions (75% O,) for 5 d, which results
in vaso-obliteration of the central retina. At P12, mice are returned
to room air (21% O,), which results in hypoxia-induced retinal
neovascularization that peaks at P17 to P18. Importantly, due to
their tortuous and disorganized structure, retinal neovessels are
poorly perfused relative to healthy retinal vessels (50, 51), sug-
gesting that they may be uniquely susceptible to YK-4-279-induced
regression.

To test this possibility, P17.5 mice that had been subjected to
the OIR protocol were given intravitreal injections of YK-4-279
in one eye and a vehicle control in their contralateral eye. Two days
after injection, P19.5 mice were euthanized, and retinas were dis-
sected and immunostained for CD31 to quantify the retinal NV
area as previously described (48). YK-4-279 injection resulted in a
decrease in retinal NV area in 9 of 11 mice, with only one mouse
showing an increase in neovessels in the inhibitor-injected eye
relative to the control eye. Altogether, we observed a significant
~40% reduction in retinal NV area with inhibitor treatment (Fig.
5 A4 and B). Importantly, healthy perfused retinal vessels located in
the peripheral retina appeared to be spared from YK-4-279-
induced regression (Fig. 54), consistent with a protective effect of
blood flow. Likewise, when we administered YK-4-279 to wild-type
adult mice with normal retinal vasculature, we observed no effects
of the inhibitor on either total vascular area or branch points (52)

PNAS | October 20,2020 | vol. 117 | no.42 | 26497

PHYSIOLOGY



A
g8
(]
3%
~ @
- O
M O
Ciz
o
24
g
Q
Static Conditions  Static Conditions  Flow (10 dyn/cm2)  Flow (10 dyn/cm?)
(Vehicle) (5uM YK-4-279) (Vehicle) (5uM YK-4-279)
B 15+ . C 120~ .
— —
w “
& NS L]
Py 1.04 — é 8.0
5 E3 g '
E 5 .
=5
3 05, -E- £ 404 NS iTv
© x =
<& v
0 1 T T ™ 0 T T T T
Flow (10 dyn/cm?): + + Flow (10 dyn/cm?): + +
YK-4-279 (10 pM): + + YK-4-279 (10 uM): + +

Fig. 4. YK-4-279 induces flow-dependent HUVEC apoptosis in vitro. (A) Images of HUVECs stained for CD31 (green) and active caspase-3 (red) under the
indicated flow and YK-4-279 treatment conditions; nuclei were counterstained with DAPI (blue). White arrows indicate apoptotic cells (active caspase-3*)
detected after YK-4-279 treatment under static but not under flow (10 dyn/cm?) conditions. (Scale bar, 30 um.) (B) Quantification of cells/um? (n = 3 to 4) using
experimental conditions in A. (C) Quantification of HUVEC morphology (n = 18) as measured by the EC axis parallel to flow relative to the axis perpendicular
to flow. *P < 0.05 (two-tailed Student’s t test). NS = not significant. Error bars: SD.

(SI Appendix, Fig. S5 A-C). Surprisingly, along with the reduction
in NV area in the OIR model, we observed ~60% less retinal
avascular area following YK-4-279 treatment (Fig. 5 A and C),
which suggests that inhibitor treatment may facilitate normal re-
vascularization of the retina after regression of NV tufts.

Discussion

Cardiovascular function requires complex, organ-specific vascular
patterning achieved through the continuous integration of pro- and
antigrowth signals. This has led to the recognition of well-
established angiogenic pathways that coordinate vascular develop-
ment and maintenance. By contrast, little is known about molecular
pathways that promote the regression of preexisting vessels (53).
This is partly due to the paucity of naturally occurring examples of
vascular regression. Indeed, much of the literature devoted to the
subject refers to the pruning of dispensable vessels during vessel
network maturation (54). However, this is often a nonapoptotic (55,
56) process limited to a small percentage of cells within a vessel
network and is therefore not associated with substantial changes in
tissue vascularization.

A small number of physiological regression processes have
been documented in which the complete involution of a pre-
established, functional vascular network is brought about over a
short period of time. Among these are luteolysis in the adult ovarian
cycle (57) and the developmental regression of a small number of
ocular blood supplies, including the hyaloid vessels (23). Although
rare, regression of this form is uniquely poised to offer insights into
the therapeutic induction of vascular regression in cases of patho-
logical hypervascularization. The eye appears to be particularly
susceptible to hypervascularization, as evidenced by a number of
ocular pathologies with well-documented vascular abnormalities,

26498 | www.pnas.org/cgi/doi/10.1073/pnas.2015980117

including ROP and DR (2, 4). This susceptibility may reflect the
delicate balance required for satisfying the high nutritional demands
of the retina against the physical impediment that blood vessels
impose on light transmission. The hyaloids are therefore a unique
and experimentally tractable system in which to identify pro-
regressive molecular pathways relevant to the treatment of ocular
NV diseases.

To date, studies of factors that contribute to hyaloid regression
have identified proregressive cues linked to Wnt ligands (26),
Angiopoietin-2 (58), proinflammatory cytokines and thrombin
(34), VEGF depletion (36), and blood flow cessation (32). How-
ever, many of these stimuli also play important functions in non-
regressive contexts, suggesting that few external stimuli are by
themselves sufficient for the initiation of regression. Our obser-
vation that the ECs of regressive hyaloid vessels are marked by the
loss of nuclear ERG/FLI1 expression demonstrates an endothelial
phenotype associated with vascular regression. ERG/FLI1 are
highly expressed by ECs, where they regulate many endothelial
genes (37, 59). Embryonic deletion of Erg is lethal, although its
postnatal deletion is associated with more subtle phenotypes (60).
One likely explanation for this temporal difference in phenotypic
severity is the acquisition of functional redundancy with other
endothelial ETS family transcription factors, such as FLI1, with
which ERG shares structure, endothelial expression, and many
target genes (43, 44).

Several ETS family transcription factors, including ERG and
FLI1, can become misregulated in nonendothelial cells due to
chromosomal translocation events and thereby contribute to var-
ious cancers, including prostate carcinoma and Ewing sarcoma
(61, 62). For this reason, inhibitors such as YK-4-279, which target
the biological activity of ETS factors, have been developed for
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therapeutic applications (63-66). However, the impact of these
inhibitors on ECs, which express at least seven endogenous ETS
factors (ETS1/2, ETV2/6, ERG, FLI1, and ELK3) (67), has not
been explored. Our studies now demonstrate the capacity of YK-
4-279 to modulate vascular behavior in vitro and in vivo. YK-4-279
was originally characterized for its ability to block the pro-
oncogenic interaction between the Ewing sarcoma fusion protein
EWS-FLI1 and RNA-helicase A (63). YK-4-279 was subsequently
shown to inhibit ERG-mediated transcription in COS7 cells and to
diminish ERG and ETVI1 target gene transcripts in prostate
cancer cell lines (40). Our data indicate that YK-4-279 can inhibit
binding of both ERG and RNA Polymerase II to the promoter of
the ERG target gene Cdh5 in HUVECs (SI Appendix, Fig. S3A4).
Because ERG and FLI1 share >96% sequence identity in their
DNA-binding domains (S Appendix, Fig. S3B), we predict that
YK-4-279 can similarly inhibit the DNA-binding and transcrip-
tional capacity of FLI1 in ECs. However, since ETS factors like
ERG and FLI1 bind to the same DNA motif and can regulate the
transcription of many genes (59), it will be challenging to deter-
mine which specific gene target(s) mediate the proregressive ef-
fects of YK-4-279. One possibility is that regression proceeds
through the down-regulation of VE-Cadherin, as has been repor-
ted previously (38) and was here observed in vivo. In addition,
ERG/FLII transcriptionally regulate other prosurvival pathways
that play roles in vessel stability (68, 69). Therefore, it seems likely
that complex transcriptional effects account for the proregressive
potential of YK-4-279. Altogether, we acknowledge that the pre-
cise targets of YK-4-279 in ECs and the mechanisms by which it
promotes vascular regression will require further investigation.

It is presently unclear what initiates ERG/FLI1 down-
regulation in regressing hyaloids. ERG is robustly expressed in
most endothelial populations (for which reason it is commonly
employed as an EC nuclear marker) and has been observed to be
down-regulated only under specific conditions (43, 70). One of
these studies reported transcriptional repression of ERG in vitro
by inflammatory cytokines (70). We have recently demonstrated
a proregressive role of inflammatory cytokines in hyaloid re-
gression (34), so it is interesting to speculate that such factors
might contribute to the down-regulation of ERG in regressing
hyaloids, although this will require further studies. In addition,
the apparent coordination of ERG/FLI1 down-regulation along
constricted hyaloid vessels suggests flow-dependent regulation,
but we and others have failed to observe this effect in vitro (46).
We therefore suggest that the loss of blood flow and down-
regulation of ERG/FLI1 are independent events, thereby provid-
ing a multifactor check against unwanted regressive events that are
costly and irreversible. Moreover, ensuring a lack of blood flow
prior to the onset of regression likely prevents intraocular hem-
orrhage at sites of EC apoptosis. Interestingly, Peghaire et al.
recently reported that the transcriptional consequences of ERG
inhibition in hepatic ECs were eliminated by exposure to high
sheer stress (20 dyn/cm?) (46). Therefore, we hypothesize a similar
mechanism functions in the eye as a check against the death of
ECs in perfused vessels with down-regulated ERG/FLI1. Never-
theless, further investigation into the mechanistic causes of cap-
illary constriction and ERG/FLI down-regulation during hyaloid
regression are warranted.

The specificity of YK-4-279-induced regression to low sheer
stress conditions affords a unique opportunity for the treatment
of ocular NV disorders. Due to their tortuous and disorganized
structure, retinal neovessels are poorly perfused. We therefore
hypothesized that these vessels, and not their healthy counter-
parts, would be uniquely susceptible to YK-4-279-induced re-
gression. Indeed, YK-4-279 injection resulted in an improvement
in retinal vascular structure in the OIR model. Administration of
YK-4-279 resulted in a significant reduction in retinal NV tufts
without any apparent effects on healthy vessels in the OIR model
or in normal adult eyes, consistent with a model in which flow
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confers protection against the proregressive effects of the in-
hibitor, as we had seen in vitro.

Our observation that YK-4-279 treatment additionally resul-
ted in a decreased retinal avascular area was surprising and
highlights an additional potential benefit of this proregressive
treatment over traditional antiangiogenic therapies, which some-
times result in an increased retinal avascular area (16, 22). Indeed,
we found nearly complete vascularization of the central retina in
~60% of inhibitor-treated eyes by P20. If left untreated, OIR-
induced neovessels spontaneously regress around P25, and the
central retina is eventually revascularized in a normal pattern by
the remaining ECs (48, 71). We therefore hypothesize that YK-4-
279 facilitates normal retinal revascularization by expediting the
clearance of pathological neovessels. Alternatively, we cannot yet
rule out the possibility of direct stimulation of retinal vasculari-
zation by YK-4-279, which will be the focus of future studies.

Methods

Mice. Mice used in this study include C57BL/6J (The Jackson Laboratory;
#000664), .’:'rgflox (gift of Joshua Wythe, Baylor College of Medicine; available
through The Jackson Laboratory; #030988), and Cdh5(PAC)-Creff™? (gift of
Ralf Adams, Max Planck Institute for Molecular Biomedicine; available
through Taconic; #13073), which have previously been described (72, 73).
Mice used for hyaloid studies were maintained at the Oklahoma Medical
Research Foundation animal facility; C67BI/6) mice used for OIR studies were
maintained at the Dean McGee Eye Institute animal facility. Both male and
female mice were included in all studies. Genotyping of Ergf®* was per-
formed using the primers 5-GAGATGGCGCAACGCAATTAATG-3’, 5-AGA-
GTCTCTGCACACAGAACTTCC-3’, and 5-AATGCTCTGGTAAGGCACACAAGG-
3', which yielded 346- and 312-bp amplicons for Erg™* and Erg*, respec-
tively. Genotyping of Cdh5(PAC)-Cre®®™ mice was performed using the primers
5-TCCTGATGGTGCCTATCCTC-3' and 5-CGAACCTGGTCGAAATCAGT-3, which
yielded a 473-bp amplicon. Tamoxifen-induced deletion of Erg in
Ergfox/flox,cdh5(PAC)-Cref?™? mice was accomplished by oral gavage of
2 pL of 25 mg/mL tamoxifen (Sigma) dissolved in peanut oil, administered to
pups at P3, P4, and P5.

Hyaloid Vessel Dissection and Quantification. Murine hyaloid vessels were
dissected and quantified as described previously (26). Briefly, eyes were
enucleated from P4 to P8 mice, fixed for 30 min in 4% paraformaldehyde,
and transferred to phosphate-buffered saline (PBS) on ice. The cornea was
removed, and the sclera and retinal pigmental epithelium were peeled
away, leaving the retinal cup containing the lens loosely wrapped with the
hyaloid vessels. The lens was then removed, and the hyaloids were carefully
peeled away and transferred in a drop of PBS to a slide for flat-mount im-
aging. Blinded quantification of hyaloid regression was performed by count-
ing the number and diameter of vessels crossing an outline drawn around flat
mounts (labeled with Isolectin-B4 or CD31) that was reduced in size by 50%
(Fig. 1A).

Immunofluorescence Imaging. Hyaloid vessel flat mounts were dried for
30 min at room temperature and then blocked/permeabilized by overnight
incubation in 1% bovine serum albumin (BSA) and 0.5% Triton X-100 in PBS
at 4 °C. Eye cross-sections were prepared by collecting 10-pm thick cry-
osections from P8 wild-type eyes embedded in optimal cutting temperature
compound (Tissue-Tek). Sections were dried at room temperature for 30 min,
washed with PBS, and then blocked and permeabilized as above. Primary
antibodies were diluted in 1% BSA and then incubated with samples over-
night at 4 °C. Primary antibodies used for immunostaining in this study include
Isolectin-B4 (1:50, Invitrogen; #121411), anti-CD31 (1:50, Fisher; #AF3268), anti-
ERG (1:100, Abcam; #ab92513), anti-FLI1 (1:100, Abcam; #ab15289), anti-
Ter119 (1:50, BioLegend; #116214), anti-VE Cadherin (1:50, BD Biosciences;
#550548), and antiactive caspase-3 (1:100, Cell Signaling; #9661S). TUNEL
staining was performed with the In Situ Cell Death Detection Kit (Sigma),
following the manufacturer’s guidelines. All imaging was performed on a
Nikon Eclipse Ti-E epifluorescence microscope or a Nikon C2 confocal micro-
scope and analyzed using NIS-Elements software.

Intravitreal Injection of YK-4-279 in Neonatal Mice. Hyperthermia-induced
anesthesia of wild-type P5 mice was accomplished by submerging pups in
ice for 5 to 8 min after placing them in a latex blanket wrapped in foil to
avoid direct contact between the pup and ice. Once anesthetized (assessed
by toe pinch), eyes were administered a drop of proparacaine hydrochloride
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Fig. 5. YK-4-279 reduces neovascularization and avascular areas in mouse retinas following OIR. (A) Representative images of P19.5 retinas immunostained
for CD31 (black) were stitched from 50 to 60 composite images using Nikon NIS-Elements software. Retinas shown are from an individual mouse that was
subjected to the OIR protocol and then intravitreally injected with YK-4-279 or a vehicle control in contralateral eyes at P17.5. Retinal neovessels and avascular
areas are shaded in red and blue, respectively. (Insets) Magnifications demonstrate centrally located retinal neovessels and peripheral healthy vessels. Retinal
neovascular area (B) and avascular area (C) were quantified (n = 9) and compared between YK-4-279-injected and vehicle-injected eyes. Contralateral eyes
from the same mouse are indicated by the lines connecting data points. *P < 0.05 (paired two-tailed Student’s t test).

ophthalmic solution (Akorn), followed by gentle exposure of the eye globe.
Intravitreal injection of 70 nL of a 150 umol/L YK-4-279 (Cayman Chemicals
#13661 or AdooQ #A11612) solution (reaching a final concentration of ~10
pmol/L in an estimated vitreal volume of ~1 pL) or vehicle (0.9% sterile sa-
line) was performed using a Nanoject Il (Drummond) nanoinjector. Eyelids
were then reclosed around the eye, and erythromycin ophthalmic ointment
(Akorn) was applied. Pups were warmed by hand until they regained con-
sciousness and returned to their cages for 2 d.

Vasculogenic 3D Collagen Assays. HUVECs were purchased from Lonza and
used from passages 3 to 6 as previously described (74, 75). HUVECs were
suspended in 2.5 mg/mL collagen type | matrices, and assays were performed
as described (74, 75), with the exception that the culture media contained
reduced serum supplement, ascorbic acid, FGF-2, stem cell factor at 40 ng/
mL, and interleukin-3 at 40 ng/mL. Stromal-derived factor-1a was added at
200 ng/mL into collagen type | matrices. Cultures were incubated at 37 °C in
serum-free defined media and allowed to assemble over time. YK-4-279 was
added to the cultures 48 h after tube formation at doses ranging from 20 to
0.15 pmol/L. The proinflammatory mediators, IL-18 (R&D Systems; #201-LB/
CF) and TNFa (R&D Systems; #210-TA/CF), were added to cultures at different
doses from 0 h, with or without YK-4-279. The lumen area was quantified
using Metamorph software as previously described (74, 75). Individual data
points were obtained from triplicate wells and a minimum of 12 indepen-
dent fields from these wells. In some assays, triplicate wells were lysed with
sample buffer, and Western blots were performed to probe for procaspase-3
(1:1,000, Cell Signaling; #9662S) and actin (1:500, Calbiochem; #CP01). Cul-
tures were fixed at 72 h with 3% glutaraldehyde before staining with 0.1%
toluidine blue in 30% methanol for nonfluorescent visualization.

Cell Culture under Sheer Stress. Flow-based cell culture was performed using
HUVECs (ATCC; #PCS-100-010) cultured in complete EGM-2 media (Lonza).

26500 | www.pnas.org/cgi/doi/10.1073/pnas.2015980117

HUVECs were cultured on Ibidi Luer®® flow slides and allowed to grow at
37 °Cin 5% CO, for 24 h to a confluency of 80 to 90%. Slides were then
attached to an Ibidi pump system with Perfusion Set Red (1.6 mm, #10962)
and exposed to a sheer stress of 10 dyn/cm? for 24 h. Static conditions were
achieved by similarly plating HUVECs in flow slides that were not exposed to
flow. After 24 h of equilibration to flow conditions, cells were treated with
10 pmol/L YK-4-279 (or vehicle) for 24 h. Cells were gently washed with 1 mL
ice-cold PBS and then fixed and permeabilized by incubation with ice-cold
methanol for 5 min. Fixed cells were treated with 1% BSA and 0.02% Triton
X-100 for 1 h at room temperature. Primary and secondary antibodies were
added in 1% BSA and incubated for 2 h at room temperature.

Intravitreal Injection of YK-4-279 following Oxygen-Induced Retinopathy.
Oxygen-induced retinopathy was performed using wild-type C57BL/6J mice
as previously described (48, 49). Pups and their dams were maintained in
room air from birth until P7.5. From P7.5 to P12.5, pups were exposed to
75% O3 in an oxygen chamber regulated by an OxyCycler Model A84. After
2.5 d of oxygen exposure, the dams were replaced with healthy, lactating
dams to prevent oxygen toxicity. At P12.5, pups were returned to room air
until P17.5. At P17.5, pups were anesthetized by intraperitoneal injection of
Ketamine (100 mg/kg body weight)/Xylazine (10 mg/kg body weight) and
then given a 1-pL intravitreal injection of 40 pmol/L YK-4-279 (achieving a
final concentration ~10 umol/L in an estimated vitreal volume of ~4 pL) in
one eye and a vehicle control in the contralateral eye. Mice were then
returned to their cages for 2 d, at which time they were euthanized. Eye
globes were fixed in 4% paraformaldehyde for 1 h at room temperature and
then stored in PBS at 4 °C for <4 d. Retinas were immunostained for CD31,
and blinded quantification of neovascularization was performed as previ-
ously described (48, 49).
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Chromatin Immunoprecipitation. Chromatin Immunoprecipitation was per-
formed as previously described (76) using HUVECs cultured in the presence of
10 pmol/L YK-4-279 (or a vehicle control) for 6 h. Following treatment, cells
were fixed in culture flasks with 1% paraformaldehyde for 10 min at room
temperature and quenched with 125 mmol/L glycine. Cells were washed
with ice-cold PBS, scraped, and pelleted by centrifugation (350 x g, 5 min,
4 °Q). Cells were then resuspended in 200 pL lysis buffer (1% sodium dodecyl
sulfate [SDS], 10 mmol/L ethylenediaminetetraacetic acid [EDTA], 50 mmol/L
Tris, pH 8.1, with added protease inhibitors) and incubated on ice for 15 min.
Lysates were sonicated (five 20-s pulses at an amplitude of 45) using a
Misonix S-4000 sonicator. Following sonication, 1.5 mL of dilution buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mmol/L EDTA, 166.5 mmol/L NaCl, 16.7
mmol/L Tris, pH 8.1, with protease inhibitors) were added to each sample.
Samples were then precleared using 60 pL protein A/G-conjugated agarose
beads (Millipore) for 3 h at 4 °C with rotation. Beads were pelleted, and
10 pg anti-ERG (Abcam; #ab92513), anti-FLI1 (Abcam; #ab15289), anti-RNA
Polymerase Il (Abcam; #ab5408), or rabbit IgG (Millipore; #NI01) were added
to the supernatants and rotated overnight at 4 °C.

Samples were then incubated with 60 pL protein A/G-conjugated agarose
beads for 3 h at 4 °C with rotation. Antigen complexes were pelleted by
centrifugation and washed two times with 1 mL low-salt buffer (0.1% SDS,
1% Triton X-100, 2 mmol/L EDTA, 150 mmol/L NaCl, 40 mmol/L Tris-HCl, pH
8.1), high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA, 500 mmol/
L NacCl, 40 mmol/L Tris—-HCl, pH 8.1), LiCl buffer (1 mmol/L EDTA, 250 mmol/L
LiCl, and 1% NaDeoxycholate), and TE buffer (1 mmol/L EDTA, 5 mmol/L Tris,
pH 7.4), and rotated at 4 °C for 5 min. Samples were then incubated with
500 pL elution buffer (1% SDS, 100 mmol/L NaHCOs) with rotation at room
temperature for 45 min. Cross-links were reversed by incubated samples
with 200 mmol/L NaCl at 65 °C overnight. DNA was purified by Proteinase K
treatment (20 mg/mL), phenol-chloroform extraction, and ethanol precipi-
tation. DNA was resuspended in ddH,O and analyzed by qPCR using the
primers 5'-CCAGCCCTCTGTGGAGAC-3’ and 5'-GCCTCCCCTTCAGGTTTTCC-3,
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bp upstream of the Cdh5 transcriptional start site (38). Data are reported as
the average of four to six technical replicates normalized to total input DNA
from YK-4-279 and vehicle-treated samples.

Statistics. Prism 7.0 software (GraphPad Software) was used for all statistical
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1A and C, 3B, and 5 B and C) used n > 4 biological replicates, and compar-
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technical replicates. Data normality was assessed using a Shapiro-Wilk test
(o = 0.05). Statistical significance between two groups was assessed by un-
paired (Figs. 1A, 3B, and 4 B and C) and paired (Fig. 5 B and C) parametric
two-tailed t tests. Comparison of multiples means (Figs. 1C and 3D) was made
using repeated-measures ANOVA with multiple comparisons between indi-
vidual group means. Statistically analyzed data are presented as mean =+ SD.
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