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Abstract

The proliferation of the endothelium is a highly coordinated process to ensure the emergence, expansion, and homeostasis
of the vasculature. While Bone Morphogenetic Protein (BMP) signaling fine-tunes the behaviors of endothelium in health
and disease, how BMP signaling influences the proliferation of endothelium and therefore, modulates angiogenesis remains
largely unknown. Here, we evaluated the role of Activin A Type I Receptor (ACVR1/ALK?2), a key BMP receptor in the
endothelium, in modulating the proliferation of endothelial cells. We show that ACVR1/ALK2 is a key modulator for the
proliferation of endothelium in the retinal vessels. Loss of endothelial ALK2 leads to a significant reduction in endothelial
proliferation and results in fewer branches/endothelial cells in the retinal vessels. Interestingly, venous endothelium appears
to be more susceptible to ALK?2 deletion. Mechanistically, ACVR1/ALK?2 inhibits the expression of CDKN1A/p21, a critical
negative regulator of cell cycle progression, in a SMAD1/5-dependent manner, thereby enabling the venous endothelium to
undergo active proliferation by suppressing CDKN1A/p21. Taken together, our findings show that BMP signaling mediated by
ACVRI/ALK?2 provides a critical yet previously underappreciated input to modulate the proliferation of venous endothelium,

thereby fine-tuning the context of angiogenesis in health and disease.
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Introduction

The formation of new blood vessels entails an adequate
and continuous supply of endothelial cells (ECs) from pre-
existing vessels to angiogenic sites. This process requires
the generation of new ECs serving as building blocks for
forming new vessels. Accordingly, well-characterized “pro-
angiogenic’ cues are known to stimulate and induce robust
proliferation of ECs [1]. Therefore, to effectively manipu-
late angiogenesis with physiological relevance, it is impera-
tive to comprehend the intricate mechanisms governing the
regulation of EC proliferation. Recent advances using mouse
models have identified the pivotal role of Notch and Vascular
Endothelial Growth Factor (VEGF) signaling pathways in
regulating the proliferative capacity of ECs in vivo [2]. How-
ever, the relationship between the activity of these signaling
pathways and EC proliferation is complex.

For instance, Notch signaling, which is induced by blood
flow [3], induces the expression of CDKN1B/p27, a negative
regulator of cell cycle progression, in a Connexin 37 (GJA4/
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Cx37)-dependent manner, thereby limiting the proliferation
of ECs exposed to high blood flow [4]. However, Notch-
mediated regulation of EC proliferation is biphasic, as lack
of Notch signaling also blocks cell cycle progression and
attenuates EC proliferation [2]. Similarly, VEGF signaling
also modulates EC proliferation in a biphasic manner, as
excessive ERK1/2 activation induced by VEGF signaling,
which is generally considered a pro-angiogenic cue, elevates
CDKN1A/p21 expression, causing mitotic arrest in ECs [5].
While somewhat paradoxical to the prevailing idea obtained
from in vitro cell culture studies, these recent studies pro-
vide substantial progress toward a better understanding of
how EC proliferation is regulated in vivo. To fully grasp
the complexity of the molecular mechanisms whereby cell
cycle progression and subsequent EC proliferation are coor-
dinated, it is essential to analyze how additional signaling
pathways implicated in modulating EC behavior contribute
to this intricate process.

Bone Morphogenetic Protein (BMP) signaling is one
of the archetypal signaling pathways that governs various
cellular behaviors, including migration, differentiation,
and proliferation [6]. In ECs, BMP signaling induces
both endothelial sprouting during angiogenesis and
maintains vascular homeostasis in culture and in vivo
[7, 8]. Dysregulation of BMP signaling leads to diverse
human diseases and pathological conditions linked
to vascular diseases, including pulmonary arterial
hypertension, hereditary hemorrhagic telangiectasia, and
cerebral cavernous malformation, as mutations in the key
components of BMP signaling have been implicated in the
onset of these diseases [9—11]. To date, an array of Type
1 receptors, including Activin A Type 1 Receptor-Like
(ALK1/ACVRL1) [12], Activin A Type I Receptor (ALK2/
ACVR1) [13], and Bone Morphogenetic Protein Type 1
Receptor (ALK3/BMPR1A) [14], are known to be expressed
in ECs. While ALK2 and ALK3 have been implicated in
transducing pro-angiogenic/anti-lymphangiogenic BMP
signaling [13], ALK1 mediates anti-angiogenic/pro-
lymphangiogenic BMP signaling, which sets it apart from
the rest of the BMPR1s [15].

BMP signaling appears to elicit distinct signaling
outcomes in endothelial cells in a context-dependent
manner [16-18]. For instance, previous studies have shown
that inputs from the BMP signaling are more critical for
venous ECs; BMP signaling induces angiogenic responses
preferentially from venous ECs in zebrafish [14, 19-21],
and BMPR1A/ALK3 is implicated to be essential for the
specification of venous ECs in both mice and zebrafish
[14]. Moreover, arterial ECs appear relatively unresponsive
to BMP signaling, except for the ACVRL1/ALKI-
mediated anti-angiogenic BMP9/10 signaling [15, 22-24].
While BMP signaling has been shown to modulate cell
proliferation in various cell types [20, 24-26] and has been
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implicated in endothelial proliferation, detailed molecular
mechanisms whereby BMP signaling modulates endothelial
proliferation have not been fully elucidated. In this report,
we aim to examine this possibility and present evidence
that ACVR1/ALK2-mediated BMP signaling is essential to
promote endothelial proliferation in the retinal vasculature.
Interestingly, we find that venous endothelial cells appear to
be more sensitive to the lack of endothelial ACVR1/ALK2.
Considering that venous ECs predominantly contribute
to most newly formed ECs during angiogenesis [27], our
findings suggest that BMP signaling conferred by ACVR1/
ALK?2 is critical in determining the angiogenic potential of
the vasculature in both health and disease.

Materials and methods

Detailed materials and methods can be found in the
supplementary materials. All data, analytic methods, and
study materials supporting the findings of this study are
provided in the article and supplemental material and are
available from the corresponding author upon reasonable
request.

Animals

The experiments were conducted according to NIH
guidelines on the use of laboratory animals, and the
research protocols were approved by the Yale University
IACUC and Gwangju Institute of Science and Technology
IACUC. The Alk2/*fX and Cdh5(PAC)-CreER'? mice were
previously described [28, 29]. To acquire Alk2 endothelial-
specific deleted retinas, P1 to P3 pups were intraperitoneally
administrated with 50 ug tamoxifen in corn oil (Sigma,
T5648; 10 mg/mL dissolved in corn oil). 1 mg tamoxifen was
sequentially administrated into E6.5 to E7.5 embryo-bearing
female mice by intraperitoneal injection. Subsequently, the
pregnant female mice were sacrificed at designated stages.
All mice were euthanized using the carbon dioxide (CO,)
incubation protocol except those used for fresh EC isolation.
For EC isolation, the cervical dislocation method was used
to prevent any changes to the molecular properties of ECs
that could result from CO, overdose.

Mouse retina preparation

Neonatal mouse eyes at chosen stages were collected
after 8-min CO, euthanization and then fixed in 4%
paraformaldehyde (PFA), and the cornea, eyeball, and the
most-outer layer were removed. The dissected retinas were
incubated in permeabilization buffer (1% FBS, 3% BSA,
0.5% Triton X-100, 0.01% Na-deoxycholate, and 0.02%
Na-azide in PBS or TBS). For the following purposes, the
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Fig.1 BMP signaling promotes proliferation of venous endothelium
in the retina. A Venous ECs are more proliferative than arterial ECs
in the retinal vasculature. (Colors: IB4 (grey), ERG1/2/3 (green), and
EdU (magenta); Symbols: A=artery, V =vein; Scale bar=200 pM).
B The areas within white dotted rectangles in panel A are shown at
a higher magnification. (Colors: IB4 (grey), ERG1/2/3 (green), and
EdU (magenta); Scale bar=100 pM). C Percentage of proliferating
ECs (EdU'/ERG™) relative to total ECs (ERG") in arteries or veins
shown in panel A. (n=3 (40 vessels from 5 retinas), ***P <0.0005
(unpaired #-test)). D Front area of P6 retina. (Colors: IB4 (grey),
ERG (ERG1/2/3, green), and EdU (magenta); Symbols: A =artery,
V =vein; Scale bar=100 pM). E The white dashed rectangles in
panel D are shown at a higher magnification. White empty arrow-
heads indicate EQU* EC in the artery-stemmed (Artery) and vein-

retinas were washed with PBS three times and incubated in
staining solution with primary antibodies.
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stemmed area (Vein). (Colors: IB4 (grey), ERG (ERG1/2/3, green),
and EdU (magenta); Scale bar=50 pM). F Percentage of prolifer-
ating ECs (EdU*/ERG™) relative to total ECs (ERGY) in arterial or
venous regions shown in panel D. (n=3 (50 vessels from 7 retinas),
##% P < (0.0005 (unpaired z-test)). G Chemical inhibition of BMP sign-
aling decreases proliferation in venous ECs. DMSO (left) or DMH1
(right) was intraperitoneally injected. (Colors: IB4 (cyan), ERG1/2/3
(green), and EdU (magenta); Symbols: A=artery, V=vein; Scale
bar=200 pM). H Percentage of proliferating ECs (EdU*/ERG")
relative to total ECs (ERG.") in arteries (red) or veins (blue) shown
in panel G. (n=3 (50 vessels from 6 retinas), n.s.=not significant,
*P <0.05 (one-way ANOVA with post hoc unpaired #-test))

Oxygen-induced retinopathy model

To generate oxygen-induced retinopathy (OIR) mice, nurs-
ing females, and P7 neonatal pups were exposed to 75%
O, (hyperoxia) for five days. Then, the P12-old pups were
placed in room air (normoxia). The induced pups were

@ Springer



Angiogenesis

A B C
13
[e] . < ¥
2 407 @ ' % b e v
2 2 H P
" \p e W i &
£ . b b ¢ o)
[] DAY e
2l ° S\ SRR aise:
£ o { r
o _f PRt v 0 b
©
o
5201 2
© o A
w o =
b~ o o
= ] o v A
5 &
S s 10 [0} AV
b4 c o [1'4
a @ w
a o
)
o
o0
o > 250pum
o“‘% \9 ——
WT Alk2/ECKO
F G D E
Artery Vein Artery Vein
ox n.s. xx n.s. ex
1501 1509 —— ] 507 i
<
s & H
g < o § %]
e ] £ ﬁ@
100 O 100 om- % s
- © o o850 o S 304 oo
™ F g — 208 o Qo 3%
a N o S ‘s
(3] = . %04
] @ =3 5 207
S 507 2 504 00 2
o £ £ %
4 ; S 10 % aP
$ & &
0- 0 0-
3 xl 4 O L) 4 O L)
R L S S S
v v v v v
¥ \ \ N *
» ¥ » ¥ N
H | J K
2 . q 1
B Artery Vein Artery Vein Vein
i n.s. o n.s. wrx > B
1009 407 — 201
a I o cé
o 5 s |
o — 807 Q0. 7)) =
< € T O 301 o w15
o 3 ° o w eEe) 2 ° °
= 601 o 9® ogo “ o
8 T . o 2 .,
- 000 o 20 10
@ % o o Y
- o Ke) e
E 409 2o [0 000 o o
] 00° £ © Y S
o = o° o® = o o
5 (=] o° Z 104 w o L 54 o
w 201 ‘ﬁ @
= K}
o £
g 0 0- é’ 0-
A &K A (K AL
v v v v v
W * * * *
Alk2ECKO d » » . »

sacrificed, and their retinas were harvested at desired time
points (P14 and P17). Alk2 endothelial-specific deleted reti-
nas of the OIR model were acquired by tamoxifen-induced
Cre recombinase activation at P11 and P12. 200 ug of
tamoxifen was administrated by intraperitoneal (IP) injec-
tion. Subsequently, the pups were sacrificed, and their eyes
were collected in 4% PFA. Retinas dissected using microsur-
gical scissors and tweezers were stained and flat-mounted on
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a glass slide. Images were captured using Leica SP5 confo-
cal microscope.

Quantification and statistical analyses
Signal intensity of fluorescent images and immunoblot

were quantified using ImageJ. The number of ECs in retinal
arteries and veins was quantified manually. We defined
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«Fig.2 ALK?2 is required for endothelial proliferation in vivo. A
Treatment of LDN214117 decreases proliferation in venous ECs by
inhibiting ALK?2 activity. DMSO or LDN214117 was intraperito-
neally injected as a control or test treatment, respectively. The white
dashed rectangles are shown at a higher magnification in the right
panels. (Colors: IB4 (cyan), ERG1/2/3 (green), and EdU (magenta);
Symbols: V=vein; Scale bar=100 pM). B Percentage of proliferat-
ing ECs (EdU*/ERG™) relative to total ECs (ERG") in veins shown in
panel A. (n=3 (20 veins from 6 retinas), *P <0.05 (unpaired ¢-test)).
C P6 retinal vasculature of littermates (left panels) and Alk21ECKO
(right panels). (Colors: IB4 (grey) and ERG1/2/3 (magenta); Sym-
bols: A=artery, V=vein; Scale bar=250 uM). White dots point to
branch points within arteries and veins. D-E Quantification of the
number of ECs (D; n=3 (50 vessels from 8 retinas), n.s. =not signifi-
cant, ¥**P <0.005 (one-way ANOVA with post hoc unpaired z-test))
and the number of branches from the artery and vein (E; n=3 (50
vessels from 8 retinas), n.s.=not significant, ***P <0.0005 (one-
way ANOVA with post hoc unpaired #-test)) from the images shown
in panel C. F CD31 immunostaining of E10.5 WT or Alk2ECKO
embryos. (Scale bar=250 pM). G Quantification of the vascularized
area within embryos shown in panel F. (n=2 (6 WT and 6 Alk2'FCKO
embryos), ***P <(0.0005 (unpaired r-test)). H Representative trans-
verse sections of E10.5 WT or AIk2EKO embryos. The cardinal
vein is more affected by endothelial deletion of Alk2. (Colors: CD31
(cyan), ERG1/2/3 (magenta), and DAPI (white); Symbols: DA =dor-
sal aorta, CV =cardinal vein; Scale bar=50 pM). White arrowheads
point to CD31 and ERG1/2/3 double-positive endothelial nuclei. I-J
Quantification of the diameter (I; n=3 (12 WT and 10 Alk2ECKO
embryos), n.s.=not significant, ***P <0.0005 (one-way ANOVA
with post hoc unpaired #-test)) and the number of ECs (J; n=3 (12
WT and 10 Alk2"ECKO embryos), n.s.=not significant, ***P <0.0005
(one-way ANOVA with post hoc unpaired #-test)) of the dorsal aorta
(DA, red) and cardinal vein (CV, blue) shown in panel H. K Quantifi-
cation of the number of branch points from the cardinal vein. (n=2 (4
WT and 4 Alk2.EXC embryos), *P <0.05 (unpaired -test))

arteries and veins as the main vessels extending from the
optic disc to the peripheral regions where vessels branch
out. All statistical analyses were performed using GraphPad
Prism software. For comparisons between two groups,
we employed the unpaired Student’s ¢-test with Welch’s
correction to calculate p-values. For comparisons with more
than two groups, we used a one-way ANOVA followed by
post-hoc unpaired Student’s ¢-tests. n represents the number
of biological replicates used in the statistical analysis. Each
replicate comprised a control sample and a corresponding
test sample treated with either reagent, siRNA, or A/k21ECKO,
p-value (n.s. =no significant change, *p <0.05, **p <0.005,
*#%p <0.0005).

Results

BMP signaling modulates proliferation
of the endothelium in the retina

To investigate how endothelial proliferation is coordinated
between arterial and venous ECs during vascular expansion,

we first examined the murine retinal vasculature. At postna-
tal day 6 (P6), veins contained six times more EdU-positive
(EdU™) ECs than arteries, suggesting that venous ECs are
more proliferative than arterial ECs (Fig. 1A—C). However,
at the vascular front, where new capillaries sprout from the
main arteries and veins, the difference in the number of
EdU™ cells between arterial and venous regions becomes
less pronounced compared to the area closer to the optic disc
(Fig. 1D-F). This observation is consistent with previous
reports showing that sustained proliferation of venous ECs
is essential for retinal angiogenesis and arteriogenesis, as the
difference in endothelial proliferation between arteries and
veins seems to be diminished near the vascular front [30,
31]. Importantly, the striking disparity in the proliferative
capacity between arterial and venous ECs was not limited
to the retinal and postnatal vasculature, as venous ECs at
embryonic day 9.5 (E9.5) similarly showed more EAU™ ECs
in veins than in arteries (Suppl. Fig. 1A, B). Based on our
findings, we postulated that there was a factor that preferen-
tially promotes the proliferation of venous ECs. Since BMP
signaling functions as a selective angiogenic cue for venous
ECs in zebrafish [20], we sought to ascertain whether BMP
signaling similarly serves as a selective proliferative cue for
venous ECs in the murine retinal vasculature. Intraperito-
neal injection of DMH1, which inhibited BMP signaling
(Suppl. Fig. 1C), substantially decreased the number of
EdU™" venous ECs in retinal vessels (Fig. 1G, H), suggest-
ing that BMP signaling is necessary to support the sustained
proliferation of venous ECs in the retinal vasculature.

ALK2 enables BMP-induced proliferation
in endothelium

As BMP signaling within the cell needs to be initiated by the
surface receptors in a cell-autonomous manner, we wished
to identify a key receptor that mediates the BMP-induced
endothelial proliferation in the retina. We first assessed the
protein distribution of each BMP receptor in the retinal
vasculature (Suppl. Fig. 2A) and found that ALK?2 protein
was enriched in venous ECs as previously reported [13],
while ALK1 protein broadly expressed. Based on this find-
ing, we hypothesized that ACVR1/ALK?2 may function as a
primary receptor that relays BMP-induced venous endothe-
lial proliferation. Corroborating this idea, treatment with
LDN214117, a specific ALK?2 inhibitor [32, 33], signifi-
cantly decreased the proliferation of venous ECs in murine
retinal vasculature (Fig. 2A, B, and Suppl. Fig. 2B, C).

To further examine the role of ALK?2 in relaying BMP
stimulation in endothelial cells within the retinal vasculature,
we examined vascular defects in mice with inducible
endothelial-specific deletion of Alk2 (Alk2'ECKO hereafter)
and evaluated the phenotype of Alk2'E“XO mice (Suppl.
Fig. 3A). We found that the number of ECs and branches
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in the veins were significantly reduced in AZk2'E°KO mice
compared to WT mice (Fig. 2C-E), while those from the
artery were largely unaffected. Therefore, our data suggest
that the morphological defects caused by Alk2 deletion stem
from a selective decrease in the number of ECs within the
venous vascular beds.

Consistent with the defects in the retinal vasculature,
endothelial deletion of Alk2 at embryonic stages at
E6.5-7.5, CD31-positive blood vessels were significantly
reduced in the embryos, resulting in the formation of
avascular regions throughout the E10.5 embryos (Fig. 2F,
G) without affecting the overall gross morphology of
embryos (Suppl. Fig. 3B). Of note, the morphology of
veins was more severely affected compared to the arteries
in E10.5 Alk2'EXO embryos. The diameter and number
of ECs in the cardinal vein were significantly reduced in
Alk2"ECKO embryos compared to wild-type littermates,
while those of the dorsal aorta remain largely unaltered
(Fig. 2H-J). In addition, the secondary angiogenic vessels
from the cardinal vein were significantly reduced upon
Alk2 deletion (Fig. 2K). Moreover, pPSMAD1/5 deposition
appears to be decreased in the veins of the retinal
vasculature in Alk2'E°KC pups (Suppl. Fig. 3C, D). Taken
together, our data suggest that ALK?2 is a key receptor
that mediates BMP signaling to modulate proliferation in
venous ECs.

ALK2 is essential for endothelial proliferation in vivo

As angiogenic expansion in the veins was decreased in
AlK2TECKO mice, we postulated that ALK2 is essential to
either sustain the proliferation of venous ECs or to pro-
mote the survival of venous ECs. To distinguish these two
possibilities, we first examined the effects of ALK?2 inhibi-
tion on EC survival. In HUVECs, attenuation of ALK2 by
siRNA depletion did not increase the number of caspase-
3-positive apoptotic cells (Suppl. Fig. 4A—G). Consistent
with this observation, ECs in the retinal vasculature of P7
Alk2'ECKO pups nor the lung ECs isolated from A7k2'ECKO
mouse-activated caspase-3-dependent cell death (Suppl.
Fig. 4H-J). Therefore, it is conceivable that the pronounced
vascular defects in AIk2E“XO mice were not caused by exces-
sive cell death in ECs. Conversely, HUVECs treated with
ALK? siRNA showed a significant decrease in both the total
number of ECs and the number of EAU* ECs compared to
control siRNA-treated HUVECs (Fig. 3A—C). Furthermore,
the number of phospho-Histone3-positive ECs was similarly
decreased in ALK?2 siRNA-treated HUVECs (Fig. 3D, E).
Taken together, our data suggest that lack of ALK?2 is detri-
mental to EC proliferation but not survival.

In murine embryos, deletion of Alk2 in ECs led to
similar effects on endothelial proliferation. Compared to
wild-type littermates, E9.5 Alk2'E°KO embryos displayed a
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reduced number of ECs within the cardinal vein, while the
number within the dorsal aorta was unaltered (Fig. 3F, G).
Concomitantly, the number of EQU™ ECs in the cardinal vein,
but not in the dorsal aorta, was decreased in AIk2"EKO mice
(Fig. 3H). This result suggests that the reduced proliferation
of venous ECs is responsible for the decreased number of EC
in the cardinal vein of A/k2"E“XO mice. Similarly, postnatal
retinal vasculature (P6) of Alk2'ECKO mice displayed a
reduced number of EC as well as EQU* ECs in the venous
plexus (Fig. 3I-K), suggesting that venous ECs remain
more susceptible to the lack of ALK?2 than arterial ECs
during postnatal angiogenesis. The impact of endothelial
ALK?2 deletion does not stem from morphological changes
in adjacent tissues, as the astrocyte scaffold appears to
remain unaltered in AZk2'E°¥O mice (Suppl. Fig. 5A, B).
Interestingly, ECs near the vascular front display a lower
susceptibility to endothelial Alk2 deletion (Suppl. Fig. 5C,
D), reiterating the idea that additional factors influence the
proliferation of ECs within or in the vicinity of the vascular
front.

To further assess the effects of Alk2 deletion on
endothelial proliferation and cell cycle progression, we
examined the relative proportion of ALK2 siRNA-treated
HUVECs across G1, G2/M, and S phases using flow
cytometry (Suppl. Fig. 6A, B). Compared to control siRNA
treated HUVECs, ALK2 siRNA treatment resulted in a
significant increase in the proportion of cells in S and G2/M
phases, which was apparently due to a reduced growth rate.
Given the S phase accumulation, potentially reflecting cell
cycle arrest, we next explored which specific stage within S
phase was affected due to ALK?2 deficiency (Suppl. Fig. 6C).
EdU staining revealed that longer EAU treatment resulted
in a minimal increase in the early S-phase cell proportion
in ALK2 siRNA-treated HUVECs compared to controls
(Suppl. Fig. 6D-F), which suggested that ALK?2 deletion in
endothelial cells led to early S phase arrest. Taken together,
our data indicate that Alk2 is a key modulator for cell cycle
progression in ECs.

ALK2 promotes pathological angiogenesis
in the oxygen-induced retinopathy model

Given that ALK2 promotes proliferation and sprouting
angiogenesis of venous ECs developmentally, we asked
whether ALK?2 exerts a similar function during pathological
angiogenesis. We utilized murine oxygen-induced retinopa-
thy (OIR), a widely used experimental model for disease-
related angiogenesis [34]. Pups with nursing mothers were
exposed to hyperoxic condition (75% oxygen) from P7 to
P12 (Fig. 4A) and subsequently returned to room air at P12
to induce excessive proliferation and sprouting angiogenesis
within the vaso-obliteration zone (Fig. 4B). Interestingly, in
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Fig.3 Lack of ALK2 inhibits proliferation of the venous endothe-
lium. A Representative images of HUVECs treated with control
or ALK?2 siRNA. (Colors: EdU (green) and Hoechst (white); Scale
bar=100 pM). B-C Quantification of the total number of cells (B;
n=3 (40 images), ***P<0.0005 (unpaired r-test)) and EdU* cells
(C; n=3 (40 images), ***P <0.0005 (unpaired #-test)) from panel A.
D Representative images of pH3 deposition in HUVECs treated with
control or ALK2 siRNA. (Colors: pH3 (red) and Hoechst (white);
Scale bar=100 pM). E Quantification of pH3-positive cells (n=3
(34 images), ***P <0.0005 (unpaired t-test)) from panel D. F Images
of transverse section of E9.5 wild-type littermates (top panels) and
Alk2ECKO mice (bottom panels). Green and white arrowheads indi-
cate ECs and EdU" ECs, respectively. (Colors: CD31 (red), EdU
(green), and DAPI (white)); Symbols: DA =dorsal aorta, CV =cardi-
nal vein; Scale bar=50 pM). G-H Quantification of the number of

the OIR model, sprouting angiogenesis and EAU* ECs at
P14 were predominantly observed in the vein (Fig. 4B-D),
suggesting that proliferating venous ECs contribute to the
formation of pathological vascular sprouts. Additionally,
ALK?2 expression was elevated in venous ECs and vascular
tufts (Fig. 4E), suggesting that ALK?2 contributes to exces-
sive EC proliferation and sprouting angiogenesis in the OIR
model.

To further test this possibility, we examined how
endothelial deletion of ALK?2 affects neovascularization in
the OIR model. In vascular tuft areas, where ECs actively
undergo proliferation at P14 [34], endothelial-specific
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ECs (G; n=4 (12 WT and 12 Alk2"E°KO embryos), n.s.=not signifi-
cant, ***P <(0.0005 (one-way ANOVA with post hoc unpaired z-test))
and the number of EdUT ECs (H; n=4 (17 WT and 17 Alk2ECKO
embryos), n.s.=not significant, ***P <0.0005 (one-way ANOVA
with post hoc unpaired -test)) in the cardinal vein (CV, blue) and dor-
sal aorta (DA, red) shown in panel F. I Confocal images of P6 retinal
vasculature from WT (top panels) or Alk2'BCKO mice (bottom panels).
White arrowheads point veins. (Colors: IB4 (red), ERG1/2/3 (green),
and EdU (magenta); Scale bar=100 pM). J-K Quantification of EC
number (J; n=3 (30 vessels from 6 retinas) 11 from three biologi-
cal replicates, n.s.=not significant, ***P <(0.0005 (one-way ANOVA
with post hoc unpaired #-test))and the number of EAUY ECs ((K; n=3
(24 vessels from 6 retinas), n.s. =not significant, ***P <(0.0005 (one-
way ANOVA with post hoc unpaired #-test))in the artery (red) and
vein (blue) shown in panel I

deletion of ALK2 resulted in a substantial reduction of
the area with vascular tufts and the number of EdUT EC
compared to those in wild-type littermates (Fig. 4F-H).
Moreover, compared to the wild-type littermates, OIR-
induced angiogenic sprouts in the vein were significantly
reduced in AZk2'EKC pups. This reduction was particularly
evident in the percentage of EdU* EC within the venous
vascular beds, as demonstrated in the retinas of AZk2ECKO
pups (Fig. 4H). These defects in the OIR model of AZk2"ECKO
mice consequently led to an increased avascular area at P17
compared to control mice (Fig. 4L, M). Collectively, these
findings identify venous ECs as the primary source of ECs
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in OIR-induced sprouting angiogenesis and indicate that
ALK?2 modulates the proliferation of venous ECs, thereby
regulating angiogenesis from venous vascular beds in
pathological settings.

ALK2 modulates the expression of CDKN1A/p21
to sustain endothelial proliferation

To elucidate the molecular mechanisms through which
ALK?2 modulates EC proliferation, we next analyzed the
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mRNA expression profile of control or ALK2 siRNA-treated
HUVECs by RNA-seq (Suppl. Fig. 7A). Gene Ontology
(GO) enrichment analysis of genes upregulated by ALK?2
knockdown showed that a substantial number of genes were
involved in cell cycle-related categories, including the regu-
lation of GO to Gl transition (Suppl. Fig. 7B, C). To gain
deeper mechanistic insight into how ALK2 regulates EC
proliferation, 1886 cell cycle-related genes based on GO
annotation were selected for further analyses (Suppl. Fig. 7D
and Suppl. Table 1). Among those genes, CDKN1A/p21
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«Fig.4 ALK?2 regulates the proliferation of venous endothelial cells
in the oxygen-induced retinopathy model. A Schematic diagram of
the experimental design for the oxygen-induced retinopathy (OIR)
model. Postnatal pups and their nursing female were exposed to 75%
oxygen from P7 to P12 and returned to room air at P12 until further
analysis. Tamoxifen (TM) was intraperitoneally injected at P11 and
P12 to delete Alk2 in ECs. B P17 retinal vasculature of OIR model.
White dots depict the newly formed branch points. (Colors: IB4 (red)
and EdU (green); Symbols: arteries (white arrowheads), veins (green
arrowheads); Scale bar=250 pM). C-D Quantification of the num-
ber of sprouts (C; n=3 (30 vessels from 6 retinas), ***P <0.0005
(unpaired t-test)) and EQU* ECs (D; n=3 (30 vessels from 6 retinas),
*##%P <0.0005 (unpaired ¢-test)) shown in panel B. E ALK2 is highly
expressed in the venous vascular tufts in the retinal vasculature of the
OIR model. (Colors: IB4 (red) and ALK?2 (green); Symbols: arteries
(white arrowheads), veins (green arrowheads); Scale bar=100 pM).
F P14 retinal vasculature of WT (left panels) or Ak2EKO OIR model
(right panels). The area within the white dashed line is where vas-
cular tufts were formed. The area within the white rectangles is at
a higher magnification in the two bottom panels. (Colors: IB4 (red)
and EdU (green); Scale bar=250 pM). G-H Quantification of vas-
cular tuft size (G; n=3 (34 vessels from 6 retinas), ***P <(0.0005
(unpaired t-test)) and the EAUY ECs in tuft areas (H; n=3 (34 ves-
sels from 6 retinas), ***P <0.0005 (unpaired -test)) shown in panel
F. I P17 retinal vasculature in WT (top panels) or Alk2"ECKO (po-
tom panels) mice of the OIR model. White dots indicate the newly
formed branch points. (Colors: IB4 (red) and EdU (green); Scale
bar=300 pM). J-K Quantification of the number of sprouts (J;
n=3 (36 vessels from 6 retinas), ***P <0.0005 (unpaired r-test))
and EdU* ECs (K; n=3 (36 vessels from 6 retinas), ***P <0.0005
(unpaired #-test)) shown in panel H. L P17 retinal vasculature in WT
(top panels) or Alk2"ECKO (bottom panels) mice of the OIR model,
stained for IB4 (white) (Scale bar=50 pM). Inset images on the top
right corner show avascular regions within the retina (red). Lack of
ALK2 attenuates the neo-formation of vascular tufts in the OIR
model. M Quantification of the avascular region (n=3 (32 vessels
from 6 retinas), ***P <(0.0005 (unpaired ¢-test)) shown in panel L

(p21 hereafter), a negative modulator of cell cycle progres-
sion [4], was significantly upregulated (Fig. 5A, and Suppl.
Fig. 7E). Consistent with this finding, quantitative RT-PCR
and western blot (Fig. 5SB-D) showed that p21 was upregu-
lated in ALK?2 siRNA-treated HUVECs compared to con-
trols. Moreover, immunostaining for p21 and EdU labeling
showed that p21 expression was elevated in the absence of
ALK?2, with a concomitant decrease of EAUT ECs (Fig. SE,
F, and Suppl. Fig. 7F). Similarly, the lack of endothelial
ALK?2 significantly increased the expression of p21 and
reduced the number of EAU™ cells in the murine retinal
veins (Fig. 5G, H, and Suppl. Fig. 8A). In addition, reduc-
ing p21 expression in ALK2 siRNA-treated HUVECs par-
tially restored the number of EAU™* cells (Suppl. Fig. 9A-F).
Conversely, ectopic expression of p21 decreased the number
of EAQU™ cells both in cell culture and murine retinal ves-
sels (Suppl. Fig. 9G-J). Taken together, our data reiterate
the importance of p21 as a downstream target for ALK2 in
modulating EC proliferation. Interestingly, the lack of ALK2
did not alter the expression of p53, a well-characterized
upstream activator of p21 or p27, which has been previously
implicated in regulating endothelial proliferation (Suppl.

Fig. 10A-D), suggesting that ALK?2 selectively regulates
p21 expression by a yet unidentified mechanism. The effects
of ALK2 on p21 expression appear to be unique since inhi-
bition of ALK1 or BMPR2 did not induce any discernible
increase in p21 expression (Suppl. Fig. 10E).

Considering that ALK?2 functions as a surface receptor
and transduces signals through mediators such as SMAD1/5
and ERK1/2 [35], we hypothesized that it might regulate
the expression of p21 via these downstream effectors. In
HUVEC: treated with SMAD1/5 siRNA, both p21 transcript
and protein were substantially increased (Fig. 51, J),
corroborating the effects of ALK2 siRNA on p21. In addition,
attenuation of SMAD4 similarly elevated the expression
of p21 (Suppl. Fig. 11A-C). Therefore, SMAD1/5 may
mediate the ALK2-dependent regulation of p21 expression.
Interestingly, chromatin immunoprecipitation did not reveal
direct binding of SMAD1/5 to the p21 promoter, suggesting
an indirect transcriptional regulation mechanism (Suppl.
Fig. 11D-G). Taken together, our data illustrate that ALK2
is essential to restrict the expression of p21 and, therefore,
permits the progression of the cell cycle in ECs (Fig. 5K).

Discussion

Previously, we and others reported that BMP signaling
could provide a context-dependent pro-angiogenic function
[16-20, 36-38]. However, the molecular mechanisms,
including corresponding receptors and downstream signaling
cascades, are largely unknown. This study demonstrates
that ALK?2 promotes cell cycle progression and subsequent
proliferation in ECs during developmental and pathological
angiogenesis. Consistently, endothelial deletion of ALK2
in mice led to severe vascular defects, which were more
pronounced in venous vascular beds. Mechanistically, ALK2
modulates the expression of p21, a key negative regulator
of cell cycle progression and a critical factor for balancing
proliferation and migration in ECs. Based on our data, we
propose that BMP signaling modulates the behavior of ECs
via ALK2 activity.

We find that venous ECs are more proliferative than
arterial ECs. While the underlying mechanisms that
create the differences in proliferative capacity between
arterial and venous ECs remain elusive, it is apparent
that ALK?2 appears to be required to modulate endothelial
proliferation. Our data suggest that ALK?2 restricts the
level of p21 expression, thereby allowing endothelium to
respond more robustly to angiogenic stimuli supplied by
BMP ligands (Fig. 5K). As p21 is a key negative modulator
for cell cycle progression, as well as migratory behaviors
during angiogenesis [39], fine-tuning of p21 expression
is essential to balance proliferation and migration of
ECs during angiogenesis. Moreover, fine-tuning of p21
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Fig.5 ALK2-SMAD-p21 axis regulates endothelial proliferation.
A Volcano plot showing genes of which expression was altered by
the absence of ALK2 in HUVEC. The positions of upregulated and
downregulated transcripts were labeled in the plot along with key
cell cycle-related transcripts. CDKNIA/p21 is one of the significantly
upregulated transcripts in ALK2 siRNA-treated HUVECs. B Rela-
tive expression level of CDKNIA/p21 mRNA in ALK2 siRNA-treated
HUVECSs compared to control. (n=4, **P <0.005 (unpaired #-test)).
C-D CDKNI1A/p21 protein expression is elevated in ALK2 siRNA-
treated HUVECs. (C). Quantification of CDKNI1A/p21 protein
expression (D; n=4, *P<0.05 (unpaired -test)) is shown as well.
E-F Depletion of ALK2 increases CDKN1A/p21 expression and
attenuates cell proliferation in HUVECs. (E; Colors: Hoechst (white),
p21 (magenta), and EAU (green); Scale bar=100 pm) Quantification

expression in the endothelium, in particular, in venous
ECs, is likely more important as they are the primary
source of newly formed ECs during angiogenesis [27]. It is
noteworthy that we did not find any discernible number of
proliferating ECs in the arterial vascular beds. Moreover,
we were not able to observe any substantial increase in
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of p21* ECs in percentage is shown. (F; n=3, **P <0.005 (unpaired
t-test)). G Depletion of ALK?2 increases the number of p21-express-
ing venous ECs in the retinal vasculature. (Colors: IB4 (grey), EdU
(green), and p21(magenta); Scale bar=100 pm). H Quantification of
the number of p21" venous ECs shown in panel G. (n=3 (28 veins
from 6 retinas), ***P <0.0005 (unpaired r-test)). I Inhibition of
SMAD1/5 expression shows an elevated level of CDKNIA/p21 tran-
script in HUVECGs. (n=35, **P <0.005 (unpaired #-test)). J Depletion
of SMADI/5 increases CDKN1A/p21 protein levels in HUVECs.
K Working model: The preferential enrichment of ALK2 protein
in venous ECs suggests its role in priming these cells for prolifera-
tion by restricting p21 expression in a SMAD1/5-dependent manner.
Therefore, the presence of ALK?2 protein facilitates cell cycle pro-
gression and promotes proliferation, specifically in venous ECs

p21 expression within arterial vascular beds in the retina
upon Alk2 deletion. Since the Cre driver appears to be
active in both arterial and venous ECs, combined with
previous reports that the Notch-p27 axis is important in
modulating proliferation of ECs [40], our observations
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allude an intriguing possibility that proliferation of ECs
may be regulated by an array of regulators in a subtype-
dependent manner.

Our data show that the lack of ALK2 elevates the
expression of p21. Interestingly, inhibition of other
BMPR1s or BMPR2 did not elicit similar effects on p21
expression, indicating that ALK?2 has a unique function in
modulating the cell cycle in response to BMP signaling.
In addition, activation of ALK?2 did not elicit any apparent
effects on p21 expression, which contradicts previous
reports that activation of TGFf signaling increases p21
expression and thereby promotes cell cycle arrest in
tumor cells [41]. It is possible that the differences in cell
type may create this discrepancy. Alternatively, it may
reflect fundamental differences between TGFf and BMP
signaling. Further analyses are warranted to delineate the
precise molecular mechanisms underlying ALK2-mediated
regulation of p21 expression and comparison between
TGFp and BMP signaling on p21 expression. How does
ALK?2 modulate p21 expression? While the presence or
absence of ALK?2 protein apparently affects the level of
p21 expression, p53, known to induce transcription of
p21, did not change upon ALK?2 manipulation. In addition,
while we find that ALK?2 regulation of p21 expression
depends on SMAD1/5, it appears that SMAD1/5 does not
directly bind to the p21 promoter. Therefore, it appears
that ALK2 regulates p21 indirectly, perhaps via SMAD1/5
downstream targets, such as ID family members, that are
transcriptional regulators [7].

Overall, our data show that ALK2 is required for venous
EC proliferation during both developmental and pathological
angiogenesis. We show that ALK?2 protein is enriched in
veins, which increases sensitivity toward BMP stimulation.
Currently available anti-angiogenic strategies predominantly
target VEGF signaling with a varying degree of success,
often associated with unexpected complications. However,
with recent findings that venous ECs continue to proliferate
and serve as the primary source for newly formed ECs
during angiogenesis, developing more selective treatment
options by targeting proliferating venous ECs could increase
the efficacy of anti-angiogenic treatments. While additional
studies are warranted to fully comprehend the role of ALK2
in modulating endothelial proliferation in pathological
settings, our finding that ALK?2 is a key regulator of
venous proliferation and functions as a potential nexus
for integrating BMP and cell cycle progression presents
an intriguing possibility that targeting ALK?2 could serve
as a promising yet previously unexploited target of anti-
angiogenic therapies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10456-024-09936-6.
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