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ABSTRACT B-Spectrin is a membrane cytoskeletal protein with specialized roles in the ner-
vous system and heart. Recent evidence also indicates a fundamental role for Bj-spectrin in
angiogenesis as its endothelial-specific gene deletion in mice enhances embryonic lethality
due to hypervascularization and hemorrhagic defects. During early vascular sprouting, By~
spectrin is believed to inhibit tip cell sprouting in favor of the stalk cell phenotype by mediat-
ing VEGFR2 internalization and degradation. Despite these essential roles, mechanisms gov-
erning By~spectrin expression remain unknown. Here we identify bone morphogenetic protein
9 (BMP9) as a major inducer of B~spectrin gene expression in the vascular system. We show
that BMP9 signals through the ALK1/Smad1 pathway to induce By~spectrin expression, which
then recruits CaMKIl to the cell membrane to induce phosphorylation-dependent VEGFR2
turnover. Although BMP9 signaling promotes stalk cell behavior through activation of hall-
mark stalk cell genes ID-1/3 and Hes-1 and Notch signaling cross-talk, we find that B ~spectrin
acts upstream of these pathways as loss of Bj~spectrin in neonate mice leads to retinal hyper-
vascularization due to excessive VEGFR2 levels, increased tip cell populations, and strong
Notch inhibition irrespective of BMP9 treatment. These findings demonstrate Bj~spectrin as
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a BMP9 gene target critical for tip/stalk cell selection during nascent vessel sprouting.
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INTRODUCTION

Spectrins are membrane cytoskeletal proteins that maintain cell shape
and structural support of many integral membrane proteins (Cianci
etal., 1999; Djinovic-Carugo et al., 2002; Machnicka et al., 2014). The
two o subunits and five B subunits found in the mammalian system
exist as heterotetramers to coordinate diverse cellular functions, such
as cell adhesion, signaling, and mechanotransduction (Berghs et al.,
2000; Bennett and Baines, 2001; Bennett and Lorenzo, 2013, 2016).
Mutations in spectrins have been linked to many human diseases, in-
cluding congenital myopathy, neuropathy, and hemolytic anemia
(Gaetani et al., 2008; Knierim et al., 2017; Gallagher et al., 2019; Liu
and Rasband, 2019). But while most spectrin subunits are broadly
expressed, B-spectrin appears to be more specialized, so far being
characterized only in the nervous system, heart, pancreatic B-cells
(Yang et al., 2007; Hund et al., 2010; Kline et al., 2013), and recently
by our group, in vascular endothelial cells (ECs) (Kwak et al., 2022).
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We initially discovered Bj~spectrin as a new EC marker during
proteomic profiling of proteins associated with angiogenesis and
subsequently determined its novel role in angiogenesis and vascu-
lar patterning in vivo (Kwak et al., 2022). By generating an inducible
EC-specific gene deletion mouse model, we showed that early loss
of Byy-spectrin promotes embryonic lethality due to hypervascular-
ization and hemorrhagic defects, whereas in the neonatal retina,
Br-spectrin depletion causes a striking increase in vascular density
and tip cell populations (Kwak et al., 2022). We subsequently found
that Bj-spectrin enhances VEGFR2 turnover by recruiting CaMKIl to
the plasma membrane, which in turn phosphorylates VEGFR2 at
Ser-984, a previously uncharacterized phosphoregulatory site that
critically induces VEGFR2 internalization and degradation (Kwak
etal., 2022).

But while this phosphorylation-dependent VEGFR2 turnover
strongly inhibits the tip cell potential in nascent sprouting vessels,
we further observed that Bjy-spectrin is selectively expressed in stalk
cells but not tip cells of sprouting vessels and is largely absent in
quiescent vessels, indicating that B-spectrin is spatiotemporally
regulated (Kwak et al., 2022). And given that mechanisms regulating
By-spectrin levels remain unknown in any tissue type, we sought to
identify the first molecular pathways governing its dynamic expres-
sion. Here, we report bone morphogenetic protein 9 (BMP9) as a
potent inducer of gene expression that proves critical for the proper
maintenance of tip/stalk cell dynamics during sprouting angiogen-
esis and vascular patterning.

RESULTS

BMP9 is a strong inducer of Bj~spectrin expression in
nascent vessels

On the basis of the recent identification of Bj-spectrin as an endo-
thelial marker predominantly expressed in active sprouting vessels
(Kwak et al., 2022), in the present study we performed a ligand
screen to determine which angiogenic factors might induce its ex-
pression. Preliminary Western analysis of By-spectrin expression in
mouse embryonic ECs (MEECs) showed that, among a diverse
group of ligands tested, only BMP9, a circulating vascular quies-
cence factor (David et al., 2008; Desroches-Castan et al., 2022),
strongly induced By-spectrin expression over basal levels (Figure
1A). Consistent with the biochemical results, immunofluorescence
imaging revealed a robust BMP9-dependent increase in Bj-spectrin
along the basolateral membrane regions (Figure 1B), thus corrobo-
rating our previous observation that Bj-spectrin localizes mostly to
the basolateral compartments of actively proliferating ECs (Kwak
et al., 2022). Importantly, this effect was evidenced in vivo, where
BMP9 treatment via intraperitoneal (IP) injection resulted in a more
than threefold increase in Bj~spectrin expression along the sprout-
ing vascular plexus of the newborn mouse retina (Figure 1C).

BMP9 regulation of angiogenesis requires By~spectrin
expression

BMPs were originally identified as inducers of bone growth and car-
tilage formation (Urist, 1965; Wozney et al., 1988) but have since
been shown to regulate cell growth, differentiation, and survival of
various cell types (Hemmati Brivanlou and Thomsen, 1995; Kobayashi
et al., 2005; Stewart et al., 2010; Wang et al., 2014). In the case of
BMP?9, there is mounting evidence that it acts as a potent vascular
quiescence factor (Scharpfenecker et al., 2007; David et al., 2008;
Larrivée et al., 2012; Ricard et al., 2012; Ruiz et al., 2016, 2020; Des-
roches-Castan et al., 2022). Indeed, several independent studies
have now shown that neutralizing this liver-derived circulating factor
with antibodies or ligand traps causes hypervascularization and
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arteriovenous malformations, whereas ectopic BMP9 treatment in-
hibits vascular sprouting (Scharpfenecker et al., 2007; Larrivée et al.,
2012; Ricard et al., 2012; Ruiz et al., 2016, 2020). While the underly-
ing mechanisms are not fully resolved, we tested whether BMP9
could either suppress or normalize the prominent hypersprouting
defect typically observed in our endothelial-specific By-spectrin
knockout (Bp-EC*C) mice (Kwak et al., 2022). To do so, tamoxifen was
first administered to B;-ECKC newborn mice at postnatal day 1 (P1)
and P3 to induce the gene knockout along with treatment with or
without BMP9 via IP injection. Neonate retinas were then isolated at
P5 followed by fluorescence staining with isolectin B4 (IB4) (Figure 2).
Consistent with previous findings, BMP9 treatment in neonate mice
reduced the overall number of branched capillary networks com-
pared with control (Figure 2A, graph), whereas the B~EC*© neonate
retina displayed excessive vascular density irrespective of the ligand
treatment (Figure 2B, graph), suggesting that BMP9 suppression of
sprouting angiogenesis strictly requires B~spectrin expression.

Biv-Spectrin gene expression is mediated by the BMP9/
ALK1/Smad1/5 pathway

BMP?9 is a high-affinity ligand for the activin receptor-like kinase-1
(ALK1), an EC-specific type | receptor that phosphorylates and ac-
tivates downstream Smad1/5 transcriptional effectors (David et al.,
2007; Scharpfenecker et al., 2007; Larrivée et al., 2012; Ricard
et al., 2012). We therefore tested whether By-spectrin is a novel
gene target downstream of the BMP9/ALK1/Smad1/5 pathway by
performing real time quantitative PCR (RT-qPCR). Here, we ob-
served at least a threefold induction in By-spectrin transcript levels
in response to BMP9 compared with the basal state and to other
ligands, indicating that BMP9 selectively enhances its gene ex-
pression (Figure 3A). To further test whether this transcriptional
activation requires ALK1, we performed a parallel experiment
where cells were pretreated with LDN193189, a small-molecule
inhibitor of the ALK1 kinase (Yu et al., 2008). The kinase inhibitor
effectively suppressed the BMP9 responsiveness even at submi-
cromolar concentrations over the course of 12-18 h relative to the
stable By-spectrin—depleted ECs serving as negative control
(Figure 3B). Next, we confirmed that BMP? signals specifically
through the canonical Smad1 pathway by assessing for BMP9-in-
duced Bj-spectrin expression in stable Smad1-knockdown ECs
(Supplemental Figure S1). Here, BMP9 treatment strongly induced
Biv-spectrin expression in an ALK1 kinase—dependent manner in
control but not in Smad1-depleted cells (Figure 3C, graph), thus
indicating that Bjy-spectrin is a newly identified gene target of the
BMP9/ALK1/Smad1 pathway in ECs (Figure 3D).

Biv-Spectrin is required for BMP9-dependent enhancement
of the stalk cell phenotype

BMP9 is considered a powerful enhancer of the stalk cell phenotype
during sprouting angiogenesis as it directly and indirectly up-regu-
lates multiple stalk cell-associated genes (Moya et al., 2012;
Rostama et al., 2015; Tillet and Bailly, 2015; Guihard et al., 2020;
Seong et al., 2021). Accordingly, we sought to determine what role
the BMP9-induced Bjspectrin expression plays in the tip/stalk cell
selection process in vivo. As expected, BMP9 treatment in control
mice resulted in a significant reduction in tip cells, as evidenced
by both the overall decrease in CD34 staining (green) along the
leading edge of the vascular front and fewer filopodial projections
(Supplemental Figure S2 and Figure 4A; white arrows). This marked
suppression in tip cell potential was inversely proportional with the
enhanced Bj~spectrin expression (red) in the trailing stalk cell popu-
lations of sprouting retinal vessels (Supplemental Figure S2 and
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BMP9 induces Bj~spectrin expression in ECs and nascent retinal vessels. (A) Western blot and densitometry
quantifications show relative endogenous By~spectrin expression in MEECs cultured in serum-deprived media
supplemented with TGF-B1 (200 pM), VEGF (50 ng/ml), BMP9 (1 nM), insulin (100 nM), IGF-1 (200 nM), FGF (10 ng/ml), or
EGF (10 ng/ml) for 16 h. Error bars indicate mean with standard deviation (SD), and the type 2 t test result shows *p <
0.005 relative to control (no treatment) based on three independent experiments. (B) Representative immunofluorescence
images show By~spectrin staining in MEECs upon BMP9 (1 nM) treatment in serum-starved condition for 16 h. Graph
represents average VEGFR2 fluorescence as quantified by CTCF (corrected total cell fluorescence). Fifty cells were
analyzed per group from three independent experiments. Error bars indicate mean with SD, and the type 2 t test result
shows *p < 0.05 relative to control (PBS). (C) Representative immunofluorescence images show By-spectrin staining in P5
wild-type (WT) retina upon BMP9 treatment (1 nM) via IP injection at P1 and P3. Graph quantification is based on average
normalized CTCF valuesfrom five separate mice for both WT control and WT BMP9-treated retinas. Error bars indicate
mean with SD, and the type 2 t test result shows *#p < 0.03 relative to control (PBS).

Figure 4A; graphs). In Bj~ECK® postnatal mice, however, the overall
CD34 levels and filopodial counts remained dramatically elevated
independent of BMP9 (Figure 4A, graph). As these results demon-
strated that BMP9 enhances the stalk cell phenotype in a By~
spectrin—dependent manner, we next tested whether Bj-spectrin
mediates this effect by altering the downstream expression of key
stalk cell genes. Specifically, we assessed for changes in ID1, ID3,
and Hes1—all of which are known as direct transcriptional targets of
the BMP9/Smad1/5 pathway critical for stalk cell specification dur-
ing vascular sprouting (Itoh et al., 2004; Peng et al., 2004; Kobayashi
and Kageyama, 2010; Kim et al., 2012; Rostama et al., 2015; Seong
et al, 2021). Surprisingly, BMP9 treatment resulted in robust
Smad1/5 activation and downstream 1D1/3 and Hes1 gene expres-
sion even upon loss of By-spectrin (Figure 4B, graph), suggesting
that Bj-spectrin does not target the canonical stalk cell genes of the
BMP9/Smad1 pathway.

But because the BMP9/Smad1 pathway coordinates with Notch
signaling to further strengthen the stalk cell potential during vascu-
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lar sprouting (Itoh et al., 2004; Upton et al., 2009; Moya et al., 2012;
Kerr et al., 2015; Rochon et al., 2015; Rostama et al., 2015; Guihard
et al., 2020; Seong et al., 2021), we next assessed for Bj-spectrin-
dependent changes in Notch-dependent markers. Interestingly,
while BMP9 selectively enhanced the expression of stalk cell mark-
ers as expected in control cells (i.e., Jagged1 and Notch1) (Larrivée
etal., 2012; Chen etal., 2019), By-spectrin—depleted cells displayed
low basal levels of the stalk cell markers and largely proved to be
unresponsive to BMP9 treatment (Figure 4C, graphs). Instead, a sig-
nificant up-regulation in tip cell markers was observed in Bj—short
hairpin RNA (shRNA) cells, thus indicating that By-spectrin plays a
critical role in the expression of Notch-dependent stalk cell markers.
Moreover, because BMP9 was unable to promote the expression of
Notch1 and Jagged1 despite the normal induction of ID1/3 and
Hes1 (Figure 4, B and C, graphs), these findings suggested that the
BMP9%-induced By-spectrin expression enhances stalk cell behavior
through a signaling process distinct from the canonical ID1/3 and
Hes1 pathway.

BMP9 induces By-spectrin expression | 3
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BMP9 regulation of angiogenesis requires Bjy-spectrin expression. (A) Representative immunofluorescence
images of isolectin B4 (IB4) staining of P5 WT retinas in control (PBS) or upon BMP9 treatment (1 nM) via IP injection at
P1 and P3. Inset images (a and b) demonstrate decrease in endothelial vessel branching upon BMP9 treatment. Graph
quantification is based on average normalized CTCF valuesfrom three separate mice for both WT control and WT
BMP9-treated retinas. Error bars indicate mean with SD, and the type 2 t test result shows #p < 0.05 relative to control
(PBS). (B) Representative immunofluorescence images indicate isolectin B4 (IB4) staining of P5 WT and B-EC® retina
upon simultaneous tamoxifen induction and BMP9 treatment (1 nM) via IP injection at P1 and P3. Graph quantification
indicates differences in endothelial vessel branching, where at least six regions of interest was measured inn=6, 4, 5,
and 4 separate mice for WT (control), WT BMP9 treatment, B~-EC*® (control), and B~EC*® BMP9 treatment,
respectively. Error bars indicate mean with SD, and the type 2 t test result shows #p < 1E', xxp < 1E"' relative to WT

control (PBS). ns = nonsignificant.

BMP?9 signaling regulates VEGFR2 expression and tip cell
potential through the By-spectrin/CaMKIl complex

To identify the molecular mechanism controlled by BMP9-induced
Br-spectrin gene expression, we performed a comparative quantita-
tive proteomics analysis on control and B-shRNA ECs upon BMP9
treatment. The proteomic heat map revealed 675 proteins that were
statistically up-regulated in Bp~spectrin-depleted cells while 585
were down-regulated (Figure 5A). The gene ontology analysis of
these significant responders further indicated that the greatest fold
enrichment occurred in biological processes related to EC migration
and sprouting angiogenesis (Supplemental Figure S3, green dotted
box), both of which were consistent with striking changes in tip cell
characteristics. Indeed, further breakdown of these fold-enrichment
clusters showed the presence of many prominent tip cell-specific
markers including VEGFR2, the principal driver of vascular sprouting
and tip cell specification (Figure 5B, red highlights). On the basis of
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these new data and our previous finding that B-spectrin mediates
VEGFR2 proteolysis (Kwak et al., 2022), we hypothesized that BMP9
acts as a critical regulator of VEGFR2 turnover through increased
Biv-spectrin expression. Accordingly, results in control ECs showed a
marked decrease in VEGFR2 over basal level upon BMP9 treatment,
whereas in Bjy-shRNA cells the receptor level remained constant at
two- to threefold higher than the control cells irrespective of the
ligand (Figure 5C, top panel and graph). In contrast, VEGFR1, whose
levels correlate with the stalk cell phenotype (Jakobsson et al.,
2010), remained at similar levels in both control and B~shRNA cells
(Figure 5C, second panel). Similarly, BMP9 treatment in vivo resulted
in dramatically lower levels of VEGFR2, particularly along the radial
front of sprouting retinal vessels in control mice, whereas the B~
ECK© retinal vasculature displayed excessive VEGFR2 levels inde-
pendent of ligand treatment (Figure 5D, graph). Therefore, while
BMP9 is known to down-regulate VEGFR2 through Smad1/Hes1

Molecular Biology of the Cell
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FIGURE 3: Bj~-Spectrin gene expression is mediated by the BMP9/ALK1/Smad1/5 pathway. (A) Quantification of
B-spectrin mRNA in MEECs by quantitative PCR analyzed by delta-delta-CT (ddCT) methods using 18S rRNA as
internal control. MEECs were treated with TGF-B (200 pM), insulin (100 nM), BMP9 (1 nM), and VEGF (50 ng/ml) in
serum-deprived media for 16 h followed by the qPCR experiment. Error bars indicate mean with SD, and the type 2 t
test result shows #p < 0.0001 relative to control (no treatment). (B) Western blots show B~spectrin levels in control
MEECs and in sh-fjspectrin stable cell lines treated with BMP9 (1 nM) alone or in the presence of ALK1 inhibitor

(0.6 pM) in serum-starved condition for 16 h. Data are representative of three independent experiments. Fold change of
By-spectrin level relative to MEECs control (no treatment) is represented. Error bars indicate mean with SD, and the
type 2 t test result shows #p < 0.05 compared with control or as indicated. (C) Western blots show Bj-spectrin levels in
control MEECs and in sh-Smad1 stable cell lines treated with BMP9 (1 nM) alone or in the presence of ALK1 inhibitor
(0.6 uM) in serum-starved condition for 16 h. Data are representative of three independent experiments. Fold changes
of Byy-spectrin level relative to MEEC control (no treatment) are represented. Error bars indicate mean with SD, and the
type 2 t test result shows #p < 0.0005 compared with control or as indicated. (D) Working model of BMP9 transcriptional
activation of By~spectrin through ALK1/Smad1 pathway. This schematic was created with BioRender.com.

gene regulation and Notch signaling cross-talk (Henderson et al.,  through the By~-spectrin/CaMKIl complex. Finally, we observed in-
2001; Taylor et al., 2002), here our data indicated that B~spectrin is creased levels of VEGFR2 ubiquitination upon BMP9 treatment in
also a major transcriptional target in limiting VEGFR2 levels to main-  control cells but not when cotreated with KN93, whereas f~shRNA
tain the proper tip/stalk cell balance during vascular sprouting. cells had little to no ubiquitination independent of ligand or CaMKI|

We previously reported that By~spectrin mediates VEGFR2 pro-  inhibition (Supplemental Figure S4). Overall, these findings support
teolysis by recruiting CaMKIl to the plasma membrane, which then  an essential role for BMP9 signaling in Bj-spectrin/CaMKll-depen-
phosphorylates the receptor and promotes its internalization, ubig-  dent VEGFR2 degradation that promotes Notch signaling and stalk
uitination, and degradation (Kwak et al., 2022). We therefore first cell specification during vascular sprouting.
tested whether CaMKll is a key effector in BMP9-induced VEGFR2
turnover by using a CaMKll-selective inhibitor, KN93 (Wong et al.,  DISCUSSION
2019). In control ECs, BMP9 strongly down-regulated VEGFR2 ex-  BMP9 is considered a potent mediator of stalk cell differentiation
pression, whereas cotreatment with KN93 strongly blocked this ef-  during vascular sprouting as it drives the expression of many hall-
fect (Figure 6A). In contrast, Bj~-shRNA cells maintained high levels ~ mark stalk cell genes, including ID1, ID3, and Hey1 through the
of VEGFR2 independent of BMP9 or KN93 treatment (Figure 6A, ALK1/Smad1 pathway (Itoh et al., 2004; Peng et al., 2004; Upton
graph), suggesting that Bspectrin is likely required for the local et al., 2009; Kobayashi and Kageyama, 2010; Kim et al., 2012; Moya
targeting of CaMKI| to the membrane where it triggers the VEGFR2 et al., 2012; Seong et al., 2021). While there is also mounting evi-
phosphorylation-induced internalization and degradation. Next, we  dence of cross-talk between Smad and Notch signaling that further
performed immunofluorescence studies in nonpermeabilized ECs  strengthens the stalk cell phenotype while suppressing the tip cell
to determine the cell surface levels of endogenous VEGFR2 upon  potential (Itoh et al., 2004; Larrivée et al., 2012; Aspalter et al., 2015;
treatment with BMP9 or KN93. Relative to control, BMP9 treatment  Rostama et al., 2015; Mouillesseaux et al., 2016; Guihard et al.,
caused a significant internalization of the receptor, whereas cotreat-  2020), our present work demonstrates that this cross-talk requires
ment with KN93 abrogated this effect (Figure 6B, inset panels and  Bjspectrin, a new gene target of BMP9 signaling essential for
graph), thus indicating that BMP9 mediates VEGFR2 internalization ~ sprouting angiogenesis and tip/stalk cell selection.
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FIGURE 4: BMP9 regulation of the tip/stalk cell phenotypes requires By-spectrin expression. (A) Magnification of CD34
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Br-ECKO retinas at P5 upon simultaneous tamoxifen induction and BMP9 treatment (1 nM) via IP injection at P1 and P3.
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ns = nonsignificant. (B) Western blot and densitometry quantifications show relative endogenous p-Smad 1/5, ID-1, ID-3,
and Hes-1 levels in control MEECs and in sh-B~spectrin stable cell lines upon BMP9 (1 nM) treatment in serum-starved
condition for 16 h. Data are representative of three independent experiments. Error bars indicate mean with SD, and
the type 2 t test result shows #p < 0.05 compared with control or as indicated. ns = nonsignificant. (C) Western blot and
densitometry quantifications show relative endogenous DLL4, CD34, Jagged1, and Notch1 levels in control MEECs and
in sh-Bj~spectrin stable cell lines upon BMP9 (1 nM) treatment in serum-starved condition for 16 h. Data are
representative of three independent experiments. Error bars indicate mean with SD, and the type 2 t test result shows

#p < 0.05 compared with control. ns = nonsignificant.

The tip/stalk cell specification during vascular sprouting begins
with increased VEGF signaling in tip cells that induces DIl4 up-regu-
lation, which in turn activates Notch signaling in adjoining stalk cells
to suppress the tip cell phenotype (Gerhardt et al., 2003; Hellstrém
etal., 2007; Jakobsson et al., 2010; Larrivée et al., 2012; Moya et al.,
2012). Notably, this Notch activation is believed to play a key role in
repressing the downstream VEGFR2 gene expression while enhanc-
ing VEGFR1 transcription (Hellstrdm et al., 2007; Larrivée et al.,
2012), although precisely how stalk cells initially enhance Notch ex-
pression to receive the Dll4 signal has remained unclear. Our data
suggest that B-spectrin is a critical determinant of Notch signaling
during the early stages of stalk cell selection, as we observed that
both Notch1 and Jagged1 are dramatically down-regulated upon
loss of B~spectrin expression. This effect appears to be largely in-
dependent of BMP9 signaling cross-talk with the downstream gene
products such as ID1/3 and Hes-1, but rather through B~spectrin—
dependent turnover of the VEGFR2 receptor from the cell surface.
This conclusion is consistent with the reciprocal relationship be-
tween VEGF/VEGFR2 signaling and Notch1 expression, which has
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been reported by others, and our own observation from cell-based
and in vivo results.

Another conclusion from the present work relates to spectrin bi-
ology. Although many diverse functions have been defined for the
different spectrin subunits over the years, their roles in the vascular
system remain poorly characterized. In fact, there have been only
two studies reported so far—one that implicates the role of oy-
spectrin in promoting angiogenesis at least in cell culture models
(Machnicka et al., 2020) and our recent work on the dynamic regula-
tion of VEGFR2 signaling and vascular sprouting by By-spectrin
(Kwak et al., 2022). Given that oyi-spectrin is more broadly expressed
and capable of forming heterotetramers with other spectrin sub-
units, deciphering how oy-spectrin and various other spectrin sub-
units coordinate with B-spectrin in ECs will be a crucial next step in
broadening our understanding of the elusive spectrin biology in the
vascular system.

Finally, while the present study unveils how BMP? controls the
expression of By-spectrin during angiogenesis, this circulating factor
could potentially function in a similar manner in the nervous system

Molecular Biology of the Cell
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FIGURE 5: Comparative quantitative proteomics analysis identifies VEGFR2 as a key regulatory target of BMP9-
induced By-spectrin expression. (A) Unbiased hierarchical clustering of the 1260 significantly affected proteins
confirmed that the expression patterns across the different individual biological samples cluster together accordingly as
either control MEECs or sh-Bj~spectrin cells upon BMP9 (1 nM) treatment. A heat map and linked dendrogram of the
hierarchical clustering results provide a visual representation of the clustered matrix, and the associated profile plots
further reveal consistency within groups of the corresponding protein expression patterns. (B) Scatter plot of the tip
cell-associated markers identified in the quantitative MS-proteomics for control MEECs and sh-BIV-spectrin cells upon
BMP9 (1 nM) treatment. (C) Western blot and densitometry quantifications show relative endogenous VEGFR2,
VEGFR1, and p-Smad1/5 levels in control MEECs and in sh-BIV-spectrin stable cell lines upon BMP9 (1 nM) treatment in
serum-starved condition for 16 h. Data are representative of three independent experiments. Error bars indicate mean
with SD, and the type 2 t test result shows #p < 0.05 compared with control. ns = nonsignificant. (D) Representative
immunofluorescence images indicate VEGFR2 level in the radial front of the P5 WT retinas upon BMP9 treatment (1
nM). Inset images (a and b) show decrease in VEGFR2 expression upon BMP9 treatment. Graph quantification is based
on average normalized CTCF valuesfrom four separate mice for the indicated groups where at least three regions of
interest were measured per group. Error bars indicate mean with SD, and the type 2 t test result shows *p < 0.0005,

#%p < 2E7 relative to control (PBS). ns = nonsignificant.

and heart. Along these lines, it is noteworthy that while BMP9 is re-
leased into circulation following its synthesis in the liver (Song et al.,
1995; Miller et al., 2000), its close homologue, BMP10, is selectively
expressed in cardiac tissues (Neuhaus et al., 1999; Chen et al., 2004,
Nakano et al., 2007). Therefore, future studies exploring the role of
BMP9, BMP10, and other BMP members in B-spectrin expression
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in various tissue types including, but not limited to, the nervous sys-
tem, heart, and ECs may provide important and unexpected in-
sights in many normal and pathophysiologic settings.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.
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confluence.

Biv-Spectrin and Smad1 knockdown
stables cell line

The shRNA constructs for mouse By-spectrin
and Smad1 were purchased from Sigma-Al-
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BMP9-induced VEGFR2 down-regulation is mediated by the B~spectrin/CaMKII
complex. (A) Western blot analysis shows VEGFR2 levels in control and B~-shRNA MEECs
stable cell line upon treatment with BMP9 (1 nM) alone or with BMP9 (1 nM) and KN-93 (8 upM)
for 16 h in serum-starved condition. Data are representative of three independent
experiments. Error bars indicate mean with SD, and the type 2 t test result shows #p < 0.03,
**p < 0.01 compared with control. (B) Representative immunofluorescence images indicate cell
surface levels of endogenous VEGFR2 in nonpermeabilized control MEECs upon treatment
with BMP9 (1 nM) alone or with BMP9 (1 nM) and KN-93 (8 uM) for 16 h in serum-starved
condition. Graph quantification is based on average normalized CTCF value, where n=25
cells. Error bars indicate mean with SD, and the type 2 t test result shows p < 0.005, *#p <

3E- relative to control (no treatment).

Biv-Spectrin knockout mice

Bi-Spectrin flI/fl mice were derived from C57/Bl6 and were gener-
ous gifts from Thomas Hund (Ohio State University). An endothelial-
specific Cre mouse model (Cdh5(PAC)-CreERT2) was purchased
from Taconic. To generate and induce By~spectrin knockout in
BECK® mice, By-spectrin fl/fl and Cdh5(PAC)-CreERT2 lines were
first crossed and genotyped as described (Kwak et al., 2022). Al
experiments were performed using male and female mice at age
P5. All animal procedures were performed in accordance with the
guidelines approved by the University of Arizona Institutional Animal
Care and Use Committee.

Cell culture and transfection

MEECs were cultured in MCDB-131 (GIBCO) supplemented with
10% (vol/vol) fetal bovine serum, 2 mM L-glutamine (Life Technolo-
gies), T mM sodium pyruvate (Life Technologies), 100 ug/ml heparin
(Sigma-Aldrich), and EC growth supplement (Sigma-Aldrich). Cells
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BMP9

drich. By-spectrin knockdown (sh-Bj~spectrin)
was achieved by infecting B-spectrin shRNA
lentiviral particles into MEECs using 5 pg/ml
Polybrene in regular growth media (Kwak
et al., 2022). Smad1 knockdown was gener-
ated by transfecting each mouse shRNA con-
structs into MEECs using Lipofectamine 2000.
The shRNA targeting sequences for mouse
Smad1 were as follows: 5- TCCTATTTCATC-
CGTGTCTTA-3" and 5-TGGTGCTCTATTGT-
GTACTAT-3" (Ahmed et al., 2022). For both
Br-spectrin and Smad1, stable knockdowns
were achieved by selection with puromycin
(5-10 pg/ml). Individual puromycin-resistant
colonies were picked and scaled up as indi-
vidual clones and were validated by Western
blot comparing endogenous levels of By~
spectrin and Smad1 with that of scrambled
control cells. Scramble control cells were
transfected with scrambled control shRNA
plasmid and were also selected with puromy-
cin (5-10 pg/ml).

B-ShRNA

*
.
.
.
.
.

BMPS+KNS3 Real-time reverse transcriptase PCR

Total RNA was extracted from cells with Trizol
reagent (Invitrogen), and 2 ug of RNA was
converted to ¢cDNA through the use of the
High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). By-Spectrin was
quantified by real-time reverse transcriptase
PCR (Applied Biosystems) using SYBR green
assay reagent and gene-specific primers
(forward: 5-TCAGCATCCAAAGCAAACTG-3;
5-GCCACCTTGTGGTCAAATCT-3).

Relative ampilification was quantified by nor-

malizing gene-specific amplification to that of
185 rRNA (5-GCTCTAGAATTACCACAGTTATC-3) and reverse
(5-AAATCAGTTATGGTTCCTTTGGT-3) in each sample. Changes in
mRNA abundance were calculated using the 2(-AACT) method.
Quantitative PCR was run in triplicate. Statistical significance is pre-
sented as mean * standard error (SE).

reverse:

Immunofluorescence microscopy

Cells grown on coverslips were washed with phosphate-buffered
saline (PBS), fixed with 4% paraformaldehyde, permeabilized in
0.1% Triton X-100/PBS for 5 min, and then blocked with 5% bovine
serum albumin (BSA) in PBS containing 0.05% Triton X-100 for 1 h.
Cells were incubated with appropriate primary and fluorophore-
conjugated secondary antibodies for 2 h at room temperature (RT),
washed, and then mounted with ProLong Antifade (Sigma). For
measuring the cell surface level of VEGFR2, VEGFR2 was stained in
nonpermeabilized cells, using PBS blocking solution without having
Triton in it. Cells were incubated with VEGFR2 primary antibody and
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fluorophore-conjugated secondary antibodies for 2 h at RT in the
blocking buffer having no Triton, washed, and then mounted with
ProLong Antifade (Sigma). Images were obtained via a Nikon A1R
confocal microscope or Zeiss Axio7/Apatome2 inverted fluores-
cence microscope with a monochrome camera.

Isolation of retinas and immunofluorescence staining

Eyes were fixed for 15 min in 4% paraformaldehyde on ice and then
rinsed twice with PBS. Upon fixing, the optic nerve and surrounding
tissues were removed and the retinas were dissected with four radial
incisions and then incubated in methanol at -20°C overnight. Meth-
anol was rinsed out in PBS and then blocked (5% goat serum, 0.2%
BSA, 0.3% Triton X-100 in 1x PBS) for 1 h at RT. Retinas were incu-
bated with primary antibody in 100 pl of blocking solution at 4°C
overnight and then washed for 15 min three times with 0.3% Triton
X-100 in PBS. Retinas were incubated in secondary antibody at 4°C
overnight and then washed four times for 30 min with 0.3% Triton
X-100 in PBS. Retinas were mounted in anti-fade onto the cover
slips and images acquired using a Nikon A1R confocal microscope
or a Zeiss Axio7/Apatome2 inverted fluorescence microscope with a
monochrome camera before analysis with the ImageJ/FIJI program.

Western blotting

Cell lysates were separated by SDS-PAGE and electrophoretic
transferred onto PVDF (polyvinylidene difluoride) membranes (BIO-
RAD). Transferred membranes were blocked with 5% skim milk in
Tris buffered saline (TBS) with 0.1% Tween-20 and then incubated
with primary antibodies at 4°C overnight. The following day, mem-
branes were washed three times in TBS buffer with 0.1% Tween-20
and incubated with the secondary antibody for 45 min at RT. Mem-
branes were washed five times in TBS buffer with 0.1% Tween-20
each 5 min and then imaging was done by the ChemiDoc Imaging
system (BIO-RAD).

In-gel tryptic digestions, MS, database searching, and
quantitative protoemics

In-gel tryptic digestion and high-performance liquid chromato-
graphy-electrospray ionization-MS/MS (tandem mass spectrometry
having a single instrument with two mass analyzers) was performed
exactly as previously described (Kruse et al., 2017; Parker et al.,
2019). Tandem mass spectra were extracted from Xcalibur “RAW"
files, and charge states were assigned with the ProteoWizard 3.0
msConvert script using the default parameters. The fragment mass
spectra were searched against the Mus musculus SwissProt_2018_01
database (16,965 entries) with Mascot (Matrix Science; version 2.6.0)
using the default probability cutoff score. The following search vari-
ables were used: 10 ppm mass tolerance for precursor ion masses
and 0.5 Da for product ion masses; digestion with trypsin; a maxi-
mum of two missed tryptic cleavages; variable modifications of oxi-
dation of methionine and phosphorylation of serine, threonine, and
tyrosine. Cross-correlation of Mascot search results with X! Tandem
was accomplished with Scaffold (version Scaffold_4.8.7; Proteome
Software). Probability assessment of peptide assignments and pro-
tein identifications were made using Scaffold. Only peptides with
>95% probability were considered. Progenesis Ql for proteomics
software (version 2.4; Nonlinear Dynamics Ltd) was used to perform
ion intensity—based label-free quantification as previously described
(Uhlorn et al., 2021).
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