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Abstract

The scaffolding protein angiomotin (AMOT) is indispensable for verte-
brate embryonic angiogenesis. Here, we report that AMOT undergoes
cleavage in the presence of lysophosphatidic acid (LPA), a lipid growth
factor also involved in angiogenesis. AMOT cleavage is mediated by
aspartic protease DNA damage-inducible 1 homolog 2 (DDI2), and the
process is tightly regulated by a signaling axis including neurofibromin
2 (NF2), tankyrase 1/2 (TNKS1/2), and RING finger protein 146
(RNF146), which induce AMOT membrane localization, poly ADP ribo-
sylation, and ubiquitination, respectively. In both zebrafish and mice,
the genetic inactivation of AMOT cleavage regulators leads to defec-
tive angiogenesis, and the phenotype is rescued by the overexpression
of AMOT-CT, a C-terminal AMOT cleavage product. In either physiolog-
ical or pathological angiogenesis, AMOT-CT is required for vascular
expansion, whereas uncleavable AMOT represses this process. Thus,
our work uncovers a signaling pathway that regulates angiogenesis
by modulating a cleavage-dependent activation of AMOT.
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Introduction

Blood vessels are crucial in the transport of fluids, gases, macromole-
cules, and cells in vertebrates, and abnormal vascular development
contributes to various diseases, such as ischemia, blindness, and cancer
(Carmeliet, 2003; Adams & Alitalo, 2007). Angiogenesis is the

generation of new blood vessels from pre-existing vasculature, and in
this process, endothelial cells (ECs) are specialized into leading tip cells
and following stalk cells, and migrate in a collective manner to expand
vasculature (Rorth, 2012; Mayor & Etienne-Manneville, 2016). Multiple
signals and signaling pathways, such as vascular endothelial growth
factor (VEGF) and Notch, are involved in regulating angiogenesis
(Adams & Alitalo, 2007; Potente & Carmeliet, 2017). However, how
migration of ECs is initiated and regulated remains poorly understood.

Angiomotin (AMOT), Angiomotin like 1 (AMOTL1), Angiomotin
like 2 (AMOTL2), and shorter splicing isoforms constitute the Motin
family proteins (Motins; Fig 1A; Moleirinho et al, 2014). Motins play
important roles in endothelial biology, including the regulation of
cell migration, stabilization of tight junctions and cell polarity, and
transmission of mechanical force between cells, thus contributing to
the establishment and maintenance of vascular networks (Wells
et al, 2006; Ernkvist et al, 2009; Zheng et al, 2009; Hultin et al,
2014; Moleirinho et al, 2014; Zhang et al, 2021). It has been
reported that knockout (KO) of Amot in mice leads to dilated and
disorganized vasculature in yolk sacs, brain, and somites (Shimono
& Behringer, 2003; Aase et al, 2007), and endothelial-specific KO of
Amot significantly inhibits postnatal retinal angiogenesis (Zhang
et al, 2021). Moreover, depletion of amot in zebrafish causes dilated
primordial midbrain and hindbrain channels, defective interseg-
mental vessel (ISV), and absence of dorsal longitudinal anastomotic
vessel (DLAV; Aase et al, 2007). Together, these results indicate that
AMOT is an important regulator of angiogenesis.

Lysophosphatidic acid (LPA) is a lipid growth factor and chemo-
tactic signal that plays diverse roles in vascular development (Mills
& Moolenaar, 2003; Sumida et al, 2010). Autotaxin (Atx, responsible
for LPA synthesis) or LPA receptor 4 (Lpar4) KO in mice causes pro-
found vascular defects during embryonic development (van
Meeteren et al, 2006; Sumida et al, 2010), and knockdown of atx or
LPA receptors (lparl/4, major LPA receptors in endothelial cells) in
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zebrafish also results in defective ISV and DLAV (Yukiura et al,
2011). These phenotypes produced by LPA signaling deficiency
resemble that of AMOT KO (Shimono & Behringer, 2003; Aase
et al, 2007). We and others have shown that LPA signaling can
effectively dephosphorylate and destabilize AMOT (Dai et al, 2013;
Adler et al, 2013b; Wang et al, 2021), suggesting that AMOT is nega-
tively regulated by LPA. However, it is unclear why both AMOT
protein and LPA signaling are similarly required for angiogenesis.

In this study, we report that AMOT undergoes cleavage in the
presence of LPA signals, and the cleavage serves as a switch, turn-
ing AMOT from an inhibitory to a stimulatory factor in vascular
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development. We have also dissected a signaling pathway regulat-
ing AMOT cleavage and revealed its critical function in both physio-
logical and pathological angiogenesis.

Results

AMOT undergoes proteolytic cleavage

It has been shown previously that AMOTp130 protein is regulated
by ubiquitin proteasome system (UPS; Wang et al, 2012, 2015b,
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Figure 1. AMOT is cleaved into fragments undergoing rapid turnover.

The EMBO Journal

A The domain organization of AMOT proteins. AMOT gene encodes two isoforms sharing the same C-terminal sequence: AMOTp80 and AMOTp130. Unless otherwise
indicated, we use AMOT for AMOTp130. The Coiled-coil (CC) domain and the extreme C-terminal PDZ-binding domain are present in both isoforms. AMOT has a
unique N-terminal region containing LATS1/2 targeting site (S175), TNKS1/2-binding site (TBD), and three PPxY motifs. The position of F131/Y132 is also indicated.

B Proteasome inhibitor treatment (10 uM MG132 for 1 to 8 h) promotes accumulation of a ~110 KD fragment (asterisk) in HEK293A cells.

The ~110 KD fragment (asterisk) is related to AMOT. Wild-type (WT) and AMOT knockout (KO) HEK293A cells were treated with 10 pM proteasome inhibitor borte-
zomib (BTZ) for 6 h and subjected to Western blotting analysis using the indicated antibodies.

D F131/Y132 is the cleavage site on AMOT. Wide-type (WT), F131/Y132 point mutant (F131A/Y132A, F131S/Y132S) and F131/Y132-deleted mutant (Acut) AMOT were

expressed in AMOT KO HEK293A cells. Cells were treated with 10 pM BTZ for 6 h.

Protein sequence alignment shows that the AMOT cleavage site (F131/Y132) is highly conserved among different vertebrates.

F,G Serum and LPA treatments induce AMOT degradation and promote the accumulation of a ~110 kDa protein (asterisk) in HEK293A cells. Cells were serum-
starved overnight and then treated with 10% FBS or 1 uM LPA for the indicated time. The phosphorylation levels of YAP proteins were detected by Phos-
tag gel and pYAP immunoblotting. Protein quantification is shown below. Data represent mean + SEM from three independent experiments. L.E. indicates

long exposure.

H LPAR1/2/3 knockout (LPAR 3KO) blocks the accumulation of ~110 kDa protein (asterisk). Cells were starved overnight and then treated with 10 uM BTZ and 1 uM
LPA for 6 h, after which samples were harvested and subjected to Western blotting analysis using the indicated antibodies.

Source data are available online for this figure.

2016, 2021; Adler et al, 2013a; Campbell et al, 2016; Troilo
et al, 2016). However, when cells were treated with the proteasome
inhibitor MG132, AMOTp130 protein was not accumulated as
expected. Rather, a smaller protein at ~110 kDa was gradually
induced (asterisk, Fig 1B). The 110 kDa protein was also detected in
cells treated with different proteasome inhibitors including borte-
zomib (BTZ; Fig EV1A). The 110 kDa protein was related to AMOT,
as it was not detected in AMOT KO cells, regardless if BTZ was pre-
sent (Fig 1C). Moreover, when an N-terminally FLAG-tagged AMOT
was ectopically expressed in AMOT KO cells, not only the 110 kDa
protein but also a ~20 kDa fragment was clearly detected upon BTZ
treatment (Fig EV1B). We further observed that antibodies targeting
the C-terminus or middle portion (amino acids 174-279), but not
the N-terminus of AMOT, immunoprecipitated and recognized the
110 kDa protein (Fig EVIC and D). These results indicate that
AMOT can be cleaved into a 110 kDa C-terminal fragment and a
20 kDa N-terminal fragment dubbed as AMOT-CT and AMOT-NT,
respectively (Fig 1A). The cleavage product of AMOT might undergo
rapid turnover, as it was not easily detected in the absence of
proteasome inhibitors.

To identify the cleavage site in AMOT, we generated AMOT con-
structs with deletions of 50 or 10 amino acids. The sequences of
amino acids 70-80 and 120-140 were essential for the generation of -
AMOT-CT (Fig EVIE and F). Based on the molecular weight of
AMOT-CT and AMOT-NT, we reasoned that the cleavage site in
AMOT should be located within amino acids 120-140. In a refined
analysis, AMOT with phenylalanine 131 (F131) and tyrosine 132
(Y132) deleted (AMOT-Acut) or mutated were resistant to cleavage
(Figs 1D and EV1G). In addition, a FLAG tag inserted before and
after F131/Y132 was sorted, respectively, into AMOT-NT and
AMOT-CT following BTZ treatment (Fig EV1H and I). We also found
that AMOT PPxY motif mutations have no effect on cleavage
(Fig EV1J). The amino acid sequences around F131/Y132 were
highly conserved among different species (Fig 1E). The Motin family
protein AMOT-like 1 (AMOTL1), but not AMOT-like 2 (AMOTL2),
shared a similar cleavage sequence (Fig EV1K), and ectopically
expressed AMOTL1 but not AMOTL2 could be cleaved (Fig EV1L
and M). Together, these results indicate that AMOT is cleaved at
F131/Y132 to generate AMOT-NT and AMOT-CT, and similar cleav-
age may also occur in AMOTLI.

© 2023 The Authors

AMOT cleavage is induced by LPA signaling

Next, we asked whether the cleavage of AMOT is a regulated pro-
cess. It has been shown previously that serum and LPA can regulate
the protein stability of AMOT (Dai et al, 2013; Adler et al, 2013b;
Wang et al, 2021). Indeed, in the presence of serum or LPA,
AMOTp130 protein levels gradually decreased over time (Fig 1F and
G). Interestingly, a similar accumulation of AMOT-CT was observed
upon stimulation with LPA or serum; AMOT-CT level accumulated
gradually to a peak within 2 h and then decreased (Fig 1F and G).
Moreover, Sphingosine-1-phosphate (S1P), another bioactive lipid
similar to LPA, also induced the production of AMOT-CT
(Fig EVIN). On the other hand, several other proangiogenic factors
present in serum, such as FGF2, VEGF, or heparin, failed to induce
AMOT-CT (Fig EV10 and P), suggesting that AMOT cleavage is spe-
cifically regulated by LPA and S1P. LPA and S1P elicit intracellular
signaling events by binding to their cognate G-protein-coupled
receptors to induce cell proliferation and cell migration (Ishii
et al, 2004). In cells with LPAR1/2/3 (three major LPA receptors in
HEK293A cells) deletion, LPA failed to induce AMOT-CT (Figs 1H
and EV1Q), indicating an essential role of canonical LPA signaling
in regulating AMOT cleavage. S1P may regulate AMOT cleavage via
different S1P receptors, which is not explored further.

In the time course of serum or LPA treatment, AMOT-CT
appeared after half an hour, gradually accumulated, and started to
decline after 2 h (Fig 1F and G). These results indicate that the effect
of serum and LPA on AMOT cleavage was rapid and also transient,
and the newly formed AMOT-CT was subjected to degradation.
Indeed, AMOT-CT was weakly detected upon proteasome inhibition
without serum or LPA, or in the presence of LPA and serum alone
without proteasome inhibition (Fig EVIR). On the other hand,
AMOT-CT level was much higher when cells were treated with
both proteasome inhibitor and LPA or serum (Fig EV1R). Hence,
AMOT-CT generated in response to LPA signaling undergoes rapid
turnover.

Aspartic proteases DDI1/2 mediate AMOT cleavage

The human genome encodes more than 500 proteases that hydro-
lyze peptide bonds. These proteases fall into five major classes:
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Figure 2. Aspartic proteases DDI1/2 mediate AMOT proteolysis.
A Screening strategy for potential protease responsible for AMOT cleavage.

The EMBO Journal

B, C Nelfinavir (NFV) and Lopinavir (LPV) block AMOT cleavage. HEK293A cells were pretreated with protease inhibitors overnight followed by 10 pM BTZ treatment for
6 h. Cell lysates were then subjected to Western blotting. See also Appendix Fig S1 and Table S1.
D, E Aspartic protease DDI2 is responsible for AMOT cleavage. Protease-related knockout HEK293A pools were treated with 10 uM BTZ for 6 h before harvest. See also

Fig EV2 and Appendix Table S2.

—To ™

protease-dead DDI2 (D252N) in HEK293A cell lysates.

Deletion of DDI2 blocks AMOT cleavage. Wild-type (WT) and DDI2 KO cells were serum-starved overnight and then treated with 1 pM LPA for 2 h.

Both DDI1 and DDI2 mediate AMOT cleavage. Ectopically expressed FLAG-tagged DDI1 or DDI2 rescues AMOT cleavage in DDI2 KO HEK293A cells.

Domain structures and motifs of DDI2. The active site aspartic acid 252 is shown.

DDI2 interacts with AMOT. HEK293A cells were transfected with indicated plasmids, and FLAG-tagged AMOT was co-immunoprecipitated with wild-type DDI2 or

J, K The aspartic catalytic-site mutant DDI2 exhibits a dominant negative effect through the inactivation of wild-type DDI2 in HEK293A cells. Wild-type HEK293A cells
were transfected with the indicated plasmids and treated with BTZ for 6 h (J) or 1 uM LPA (K) before harvest.

L Schematic diagram of DDI2 working model.

Source data are available online for this figure.

aspartic, cysteine, metallo, serine, and threonine proteases (Puente
et al, 2003). To search for the protease involved in AMOT cleavage,
we screened a library of protease inhibitors that were capable of
inhibiting different proteases. We identified two HIV protease inhibi-
tors, Nelfinavir (NFV) and Lopinavir (LPV), which effectively
blocked AMOT cleavage (Fig 2A-C, and Appendix Fig S1 and
Table S1). HIV protease is an aspartic protease. Hence, an endoge-
nous aspartic protease responsible for AMOT cleavage might be
targeted by NFV and LPV. We then knocked out all human aspartic
proteases one by one using the CRISPR/Cas9 approach (Puente
et al, 2003; Appendix Table S2). Among all aspartic proteases, only
depletion of DDI2, using two independent guide sequences, signifi-
cantly blocked AMOT cleavage in the presence of BTZ or LPA
(Figs 2D-F and EV2A). In DDI2-deficient cells, both DDI2 and its
paralog DDII rescued the cleavage of AMOT, suggesting DDI1 and
DDI2 worked equivalently (Fig 2G). However, DDI1 was not
expressed in most somatic cells and was not targeted in the screen
(Fig EV2A). We also observed that both wild-type DDI2 and an
enzymatically dead DDI2 mutant (D252N) interacted with AMOT
(Fig 2H and I), whereas the D252N mutant functioned in a dominant

negative manner to block AMOT cleavage (Fig 2J and K). These data
suggest that DDI2 is the protease responsible for AMOT cleavage
and the generation of AMOT-CT (Fig 2L).

A NF2-TNKS-RNF146 signaling axis regulates AMOT cleavage

To investigate the regulatory mechanism underlying DDI2-mediated
AMOT cleavage, we first looked at AMOT ubiquitination since DDI2
has a ubiquitin-interacting motif (UIM) and ubiquitin-associated
(UBA) domain important for interaction with ubiquitinated proteins
(Fig 2H). MLN7243, a ubiquitin-activating enzyme (E1) inhibitor,
completely blocked protein ubiquitination and AMOT cleavage,
indicating that AMOT cleavage was a ubiquitination-dependent pro-
cess (Fig 3A). To identify the E3 ligase involved in AMOT cleavage,
we knocked out each reported E3 ligase for AMOT and found that
only RNF146-KO fully blocked AMOT cleavage (Wang et al, 2012,
2015b; Mercenne et al, 2015; Figs 3B and EV2B). AMOT is poly
ADP-ribosylated (PARylation) by TNKS1/2 and then ubiquitinated
by RNF146, which is critical for AMOT protein stability (Wang
et al, 2015b, 2016, 2021; Campbell et al, 2016; Troilo et al, 2016).

Figure 3. LPA-stimulated PARylation and ubiquitination of AMOT are crucial for DDI2-mediated cleavage.
A Ubiquitination is required for AMOT cleavage. HEK293A cells were treated with 100 nM E1 inhibitor MLN7243 overnight followed by 10 uM BTZ for 6 h. Cell lysates

were then subjected to Western blotting.

B, C The TNKS1/2-RNF146 axis is crucial for AMOT cleavage. Wild-type (WT), TNKS1/2 double KO (dKO), and RNF146-KO HEK293A cells were treated with the proteasome
inhibitor MG132 for 6 h before harvest. Cell lysates were subjected to Western blotting analysis using the indicated antibodies.
D TNKS1/2 inhibition blocks AMOT cleavage. HEK293A cells were treated with 10 pM XAV939 (a TNKS1/2 inhibitor) or Olaparib (a PARP inhibitor) for 24 h followed by

10 puM BTZ for 6 h.

E TNKS1/2-binding is essential for AMOT cleavage. Deletion of the Tankyrase-binding domain (ATBD) in AMOT abolished AMOT cleavage. Exogenous wild-type AMOT
or Tankyrase-binding domain deleted AMOT was transfected into AMOT KO cells and cells were treated with the proteasome inhibitor BTZ for 6 h before harvest.
F NF2 is essential for AMOT cleavage. Wild-type (WT) and NF2-KO HEK293A cells were treated with the proteasome inhibitor MG132 for 6 h before harvest.
NF2 deficiency blocks AMOT cleavage. Hippo pathway component knockout (KO) cell lines and control HEK293A cells were treated with or without 10 uM BTZ for
6 h. AMOT-CT/AMOT ratios were quantified by calculating their band signals. MM9 indicates MAP4K1-7 and MST1/2 9KO. The results were shown as the

mean + SEM of three biological replicates.

H, | AMOT cleavage states in different cell lines with NF2-wild-type or NF2 deficiency.

J TNKS inhibition blocks serum-induced AMOT cleavage. HEK293A cells were serum-starved overnight in the presence or absence of 10 pM XAV939 and then treated

with 10% FBS for 2 h.

K Serum, LPA, and S1P stimulate PARylation and ubiquitination of AMOT. Serum-starved cells were treated with 10% FBS, 1 uM LPA, or 1 uM S1P for 4 h and

subjected to an immunoprecipitation (IP) assay.

L Schematic diagram of the AMOT proteolytic pathway. LPARs, class A GPCRs, transduce a lysophosphatidic acid (LPA) signal across the cell membrane and activate
NF2. NF2 facilitates the recruitment of TNKS1/2 and RNF146 to promote PARylation and ubiquitination of AMOT. DDI2 recognizes the specific ubiquitination

modification of AMOT and promotes its proteolysis.

Source data are available online for this figure.
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We found that TNKS1/2 KO or tankyrase inhibitor (XAV939) treat-
ment effectively blocked AMOT cleavage (Figs 3C and D, and EV2C

and D). Moreover, an AMOT mutant
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domain (AMOT-ATBD, amino acids 77-84 deleted) could not be
cleaved, and mutational analysis showed this region to be critical
for AMOT cleavage (Figs 3E, and EV1E and F). AMOT-ATBD is
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unable to undergo PARylation and subsequent ubiquitination
(Wang et al, 2015b). We found that, compared with wild-type
AMOTp130, the interaction between AMOT-ATBD and DDI2 was
much weaker, indicating that the interaction was dependent on
ubiquitination (Fig EV2E). In DDI2 KO cells, the protein level of
AMOTpP130 was not dramatically increased as that in TNKS1/2 or
RNF146-KO cells, indicating that AMOT cleavage by DDI2 was not
required for AMOTp130 degradation (Fig EV2F). Together, these
results demonstrate that the cleavage of AMOT by DDI2 is a process
dependent on PARylation and ubiquitination catalyzed by TNKS1/2
and RNF146, respectively. However, the cleavage and degradation
of AMOTp130 are not coupled, as DDI2 is not required for
AMOTp130 degradation.

Our previous work has shown that NF2 promotes junctional
localization of AMOT, RNF146, and TNKS1/2 upon serum or LPA
stimulation, and this process is required to induce the ubiquitination
and degradation of AMOT (Wang et al, 2021). We found that
AMOT-CT was largely absent in NF2-deficient cells, indicating a crit-
ical role of NF2 in AMOT cleavage (Fig 3F). NF2 is a key component
of the Hippo signaling pathway and is frequently mutated in human
cancers (Benhamouche et al, 2010; Zhang et al, 2010; Zanconato
et al, 2016). To test whether additional Hippo pathway components,
such as MST1/2, LATS1/2, MOB1A/B, SAV1, and MAP4K kinases,
were involved in the regulation of AMOT cleavage, different KO
cells were established and their responses to BTZ were analyzed.
However, deficiency of Hippo pathway genes other than NF2 failed
to effectively block the production of AMOT-CT (Fig 3G). We also
collected cancer cell lines with or without NF2 mutation and
observed that the accumulation of AMOT-CT upon BTZ treatment
occurred only in cells with wild-type NF2 (Fig 3H and I). These
results suggest that NF2 is required for AMOT cleavage, and this
function is not shared by other Hippo pathway components. In
RNF146, TNKS1/2 and NF2-KO cells, or in the presence of tankyrase
inhibitor XAV939, LPA- or serum-induced AMOT cleavage was also
largely abolished (Figs 3J and EV2G-I). Moreover, the PARylation
and ubiquitination of AMOT were induced upon serum or LPA stim-
ulation (Fig 3K). Together, these results suggest that NF2, regulated
by LPA signaling and its cognate receptors, recruits AMOT, TNKS1/
2, and RNF146 to promote PARylation and ubiquitination of AMOT,
which in turn leads to enhanced AMOT cleavage by DDI2 (Fig 3L).

Figure 4. The AMOT cleavage pathway is conserved in endothelial cells.

The EMBO Journal

The proteolysis pathway of AMOT is highly conserved in
endothelial cells

Angiomotin has been shown to stimulate endothelial cell motility
and is required for angiogenesis (Aase et al, 2007; Zhang et al,
2021). To explore the function of AMOT cleavage in angiogenesis,
we first determine whether this cleavage pathway is conserved in
endothelial cells. Similar to HEK293A cells, AMOT, and upstream
regulatory proteins involved in AMOT cleavage were all expressed
in HUVEC and primary endothelial cells isolated from mouse kid-
ney, brain, and liver, and proteasome inhibitor treatment also led to
the accumulation of AMOT-CT (Fig 4A and B, and Appendix
Fig S2A and B). Knockdown of DDI2 by siRNA or inhibition of DDI2
by NFV or LPV significantly blocked AMOT cleavage in HUVEC cells
(Fig 4C and D). Moreover, tankyrase inhibitor (XAV939) treatment,
and RNFI146 or NF2 knockdown also effectively blocked AMOT
cleavage (Fig 4E-G). To further examine the function of AMOT
cleavage in angiogenesis, we performed a transwell assay using
HUVEC and HMECT cells expressing full-length AMOT, uncleavable
AMOT (Acut), or AMOT-CT, and the results indicated that only
AMOT-CT significantly promoted endothelial cell migration (Appen-
dix Fig S2C-F). Furthermore, we also performed a spheroid-based
sprouting assay using HUVEC cells to study angiogenesis in a 3D
environment (Tetzlaff & Fischer, 2018). Interestingly, a significant
increase in sprouting length and tip cell number was observed
when AMOT-CT but not the other forms of AMOT were expressed
(Fig 4H-J). Together, these data indicate that the AMOT cleavage
pathway is conserved in endothelial cells, and AMOT-CT induces
angiogenesis in vitro.

The AMOT cleavage pathway is crucial for zebrafish embryonic
vascular development

To further understand the physiological role of AMOT cleavage in
angiogenesis, we assessed the effect of Amot cleavage on ISV and
DLAV formation, in a well-established angiogenesis model in zebra-
fish embryonic development (Aase et al, 2007). As reported,
Morpholinos (MO) targeting amot and LPA receptors (lparl/4)
blocked dorsal migration of endothelial cells and the formation of
ISV and DLAV (Fig 5A-D and Appendix Fig S3A and B; Aase

A The AMOT cleavage pathway is conserved in HUVECs. Red asterisk indicates AMOT-CT.

B Proteasome inhibitor treatment (10 uM BTZ for 1 to 8 h) promotes the accumulation of AMOT-CT in HUVEC cells.

C Nelfinavir and Lopinavir block AMOT cleavage in HUVECs. HUVECs were pretreated with protease inhibitors overnight followed by 10 uM BTZ treatment for 6 h.
Cell lysates were subjected to Western blotting. Protein quantification is shown below.

D Aspartic protease DDI2 is responsible for AMOT cleavage in HUVECs. HUVECs were transfected with two different small interfering RNA (siRNA), and 48 h post-
transfection, the cells were treated with 10 uM BTZ for 6 h. Cell lysates were subjected to Western blotting. Protein quantification is shown below.
TNKS1/2 inhibitor XAV939 blocks AMOT cleavage. HUVECs were treated with 10 uM XAV939 for 24 h followed by 10 pM BTZ for 6 h.

F, G RNF146 and NF2 are indispensable for AMOT cleavage in HUVECs. siRNAs were transfected into HUVECs, the cells were treated with 10 uM BTZ for 6 h before

harvest. Protein quantifications are shown below.

H Representative immunofluorescence images of HUVEC spheroids 18 h after VEGF stimulation. Above: inverted contrast images. Areas within the red dash box
indicate the region of interest (ROI) and are shown below at higher magnification. Plasma membranes were stained with CellMask (red), actin filaments with
Phalloidin (green), and nucleus with DAPI (blue). Scale bar 100 pm. HUVECs infected with empty vector virus were used as control.

I,J  Quantification of the number of sprouts per spheroid and the cumulative sprout length of HUVECs. Vector (n = 20), AMOT-WT (n = 18), AMOT-ATBD (n = 14),
AMOT-Acut (n = 15), AMOTp8O (n = 16), AMOT-NT (n = 17), and AMOT-CT (n = 21).

Data information: Data are shown as mean + SEM from at least three biological replicates. Statistical significance was determined using the Student’s t-test, *P < 0.05,

**p < 0.01, ***P < 0.001, n.s. indicates not significant.
Source data are available online for this figure.
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Figure 4.

et al, 2007; Yukiura et al, 2011). Interestingly, the knockdown of
tnks1/2, rnf146, or ddi2 resulted in a similar phenotype, suggesting
that these proteins may work in a cascade to regulate ISV formation
by controlling AMOT cleavage (Fig 5C and D, and Appendix
Fig S3B). In amot knockdown embryos, put-back of RNA corre-
sponding to human AMOT or AMOT-CT, but not AMOT-NT,

8 of 22 The EMBO Journal ~ 42: 112900 | 2023

AMOT-Acut, or AMOT-ATBD mutants (the latter two mutants could
not be cleaved), rescued the ISV defect, indicating that the genera-
tion of AMOT-CT is essential for AMOT function in angiogenesis
(Fig 5E and F, and Appendix Fig S3C). In support of this notion, in
ddi2-deficient embryos, put-back of AMOT-CT, but not full-length
AMOT, rescued ISV development (Fig 5G and H, and Appendix

© 2023 The Authors
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Figure 5. The cleavage of AMOT is indispensable for embryonic angiogenesis in zebrafish.

A, B Knockdown of AMOT induces vascular development defects in zebrafish embryos. Lateral views of ISV and DLAV formation in Tg(flk:GFP) control and amot-MO-
injected zebrafish embryos at 30 h postfertilization (hpf) are shown. Histogram depicts the quantification of normal and angiogenesis-defective embryos at 30 hpf
(B). n: number of embryos analyzed. Dorsolateral anastomose vessels (DLAV), intersegmental vessels (ISV), dorsal aorta (DA), and posterior cardinal vein (PCV) are
shown. Asterisks: defective ISV; dotted lines: dorsal edge of the embryo. Scale bar: 50 pm.

C,D The entire pathway regulating AMOT proteolysis is required for zebrafish angiogenesis. Lateral views of the trunk regions of Tg(flk:GFP) zebrafish embryos injected
with control and indicated MOs at 30 hpf are shown. Quantification of normal and angiogenesis-defective embryos is shown in (D). Asterisks: defective ISV; arrow-
heads: aberrant migration; dotted lines: dorsal edge of the embryo. n: number of embryos analyzed. Scale bar: 50 um. Similar quantifications and annotations were
used in (E-).

E,F Noncleavable AMOT mutant fails to support angiogenesis. Embryos were injected with amot-MO together with mRNA encoding wild-type (WT) or mutant (ATBD,
NT, CT, and Acut) AMOT. Scale bar: 50 pm.

G, H AMOT-CT but not full-length AMOT could rescue impaired angiogenesis in ddi2-deficient embryos. Embryos were injected with ddi2-MO together with mRNA
encoding wild-type AMOT (AMOT-WT) or AMOT-CT. Scale bar: 50 um.

I,J  Nelfinavir (NFV) and XAV939 repress ISV development. Embryos were treated with 5 pM NFV and 10 uM XAV939 at 6 hpf for 24 h. Number of ISV defects was
counted at 30 hpf. Scale bar: 50 pm.

Source data are available online for this figure.

Fig S3D). Moreover, zebrafish embryos treated with NFV (Ddi2 normal (Fig 51 and J, and Appendix Fig S3E). Hence, cleavage of
inhibitor) or XAV939 (Tnks1/2 inhibitor) showed significant defects Amot by Ddi2 is essential for its function in promoting zebrafish
in ISV development while other organs and tissues were largely angiogenesis.
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AMOT cleavage is required for mouse retinal angiogenesis

The mouse retina is a well-established model for studying angiogen-
esis. Retinal angiogenesis in mice begins at postnatal day 0 (P0),
and during the first week, hyaloid vessels rapidly regress and new
vascular plexus forms through EC proliferation, sprouting, and
migration, with the superficial endothelial network extending from
the optic stalk to the retina edges at approximately P8. From P7
onward, superficial capillaries sprout vertically to form a second,
deep vascular plexus, followed by the third, intermediate layer
(Fig EV3A; Pitulescu et al, 2010; Stahl et al, 2010). We harvested
retinas from mice at different angiogenic stages and subjected these
samples to immunoblotting. Interestingly, AMOT-CT was detected
in P4 and P6, but not in P18 retinas (Fig EV3B and C). Hence, the
cleavage of AMOT and generation of AMOT-CT appeared to be asso-
ciated with angiogenesis, and the process was turned off at the end
of the angiogenic program. To test the effect of AMOT cleavage on
retinal angiogenesis, we constructed conditional AMOT-Acut and
AMOT-CT transgenic mice and crossed with CdhS-CreERT2 mice to
express these genes specifically in ECs following tamoxifen injection
(Figs 6A and EV3D, and Appendix Figs S4A-D and S5A-D). These
two mouse lines were dubbed as Acut®¢T¢ and CTECTC, respec-
tively, and the expression of corresponding proteins in ECs was con-
firmed by mNeonGreen staining (Appendix Figs S4E and S5E).

We first characterized retinal angiogenesis in Acut™=“"® mice. P6
retinas showed a significant decrease in vascular area, indicating
compromised angiogenesis (Fig 6B and C). The vascular fronts of
AcutCTC retinas were hyper-pruned, as indicated by fewer and
shorter sprouts (Fig 6D). Some tip cells of Acut™“C retinas exhib-
ited a blunted end (white arrow) instead of apiculiform-like mor-
phology in control retinas (Fig 6D). The vascular network of

Figure 6. AMOT cleavage is required for mouse retinal angiogenesis.
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AcutCTC retinas was less complex than that of control retinas, as

shown by reduced branch points and sparse nuclei (Fig 6E and F).
Moreover, tip cells in Acut®¢TC retinas had fewer filopodia, and
quantitative analysis revealed a significant decrease in both filo-
podia density and length (Fig 6G and H).

AMOT-CT induced sprouting of endothelial cells (Fig 4H-J),
hence we expected to see a stimulation of retinal angiogenesis upon
transgenic expression of AMOT-CT. However, the vascular develop-
ment in P6 CTCT retinas was similar to control retinas, as indi-
cated by normal vascular area, length and numbers of sprouts,
nuclei density, branch points, and filopodia density and length
(Fig EV3E-J). It is possible that AMOT-CT generated during devel-
opment is sufficient for retinal angiogenesis, hence ectopically
expressed AMOT-CT may not lead to a proportional increase in
angiogenesis.

To further investigate the inhibitory effect of uncleavable AMOT
on angiogenesis, we generated an AMOT-Acut knockin (dcut KI)
mice with amino acids F132 and Y133 of mouse AMOTp130 (corre-
sponding to F131 and Y132 of human AMOTp130) deleted (Fig 61
and Appendix Fig S6). AMOT cleavage and CT generation were
impaired in both isolated endothelial cells and whole retina from
Acut KI mice (Fig EV4A-C). We observed that Acut KI retinas exhib-
ited a decrease in vascular area, indicating compromised angiogene-
sis (Fig 6J and K). At the vascular front of Acut KI retinas, although
branch and sprout numbers were not significantly changed, the
sprout length was shorter, and nuclei density was increased (Fig 6L
and M). The overall phenotype of Acut KI retinas was weaker than
Acut’®CTE retinas. However, compared with controls, the specialized
endothelial tip cells in Acut KI retinas had shorter and fewer filo-
podia (Fig 6N and O). Together, these results suggest that the
expression of uncleavable AMOT results in defective EC migration,

A Left, schematic diagram of generation of endothelial-specific AMOT-Acut overexpression (Acut™ %) mice. Right, experimental strategy to assess retinal vasculariza-

tion at P6. Mice were treated with tamoxifen at P3,4,5 and analyzed at P6.

B, C Acut® ™ mice show the reduced retinal vascular area at P6. IB4 staining of the whole retina (B). Quantification of the vascular area of control and Acut

IEC-TG P6

retinas (C). Scale bar: 500 pm. Each dot represents one retina, control (n = 12), and Acut’“ (n = 14).

D Acut™®T® mice have angiogenesis defects in the whole retina. Immunofluorescent images of P6 whole-mount retinas stained for IB4 (marker of blood vessels) and
the endothelial factor ERG (marker of endothelial cell nuclei). Areas within white dash rectangles indicate the regions of interest (ROI), the sprouting front and vas-
cular plexus between an artery and a vein are shown below at higher magnification. Arrowheads: blunt-ended tip ECs. Scale bar: 100 um.

E Schematic diagram of the quantification method of sprout number, sprout length, and nuclei number at the sprouting front of the retina.

Quantification of the number of branch points per 10* um? the number of sprouts per 100 um sprouting front border (endothelial vessel length in panel E), the

'ECTC mice. Scale bar: 10 pm.

F
average length of sprouts, and the number of nuclei per 100 pm sprouting front border in control and Acut®" p6 retinas. Each data point represents the average
of two or three measurements from one retina, control (n = 8), and Acut™ ¢ (n = 7).

G High magnification confocal images of filopodia extension at the leading edge of the retinal vascular in control and Acut

H Quantification of the number and average length of filopodia in control and Acut®™ p6 retinal sprouts. Each data point represents the average of three measure-
ments from one retina, control (n = 7), and Acut™ ¢ (n = 7).

| Experimental strategy to assess retinal vascularization. Control and Acut KI mice were analyzed at P7.

J, K Acut KI mice show the reduced retinal vascular area at P7. IB4 staining of the whole retina (J). Quantification of the vascular area of control and Acut Kl P7 retinas
(K). Scale bar: 500 pm. Each dot represents one retina, control (n = 24), and Acut Kl (n = 18).

L Acut KI mouse retinal angiogenesis shows sprouting defects in the sprouting front border. Immunofluorescent images of P7 whole-mount retinas stained for 1B4
and ERG. White dash rectangles indicate regions of interest (ROI) are shown below. Arrowheads: blunt-ended tip ECs. Scale bar: 100 pm.

M Quantification of the retinal vasculature of control and Acut KI mice at P7. Each data point represents the average of two or three measurements from one retina,
control (n = 8), and 4cut Kl (n = 8).

N High magnification confocal images of filopodia extension at the leading edge of the retinal vascular in control and Acut KI mice. Tip cells are labeled with 1B4.
Scale bar: 10 um.

(0]

Quantification of the number and average length of filopodia in control and Adcut KI P7 retinal sprouts. Each data point represents the average of three
measurements from one retina, control (n = 8), and Acut Kl (n = 8).

Data information: Data are shown as mean + SEM from at least three independent littermates. Statistical significance was determined using the Student’s t-test,
*P < 0.05, **P < 0.01, ***P < 0.001, n.s. indicates not significant.
Source data are available online for this figure.
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impaired vascular network formation, and delayed retinal angiogen-
esis. These findings are surprising because AMOT has been shown
previously indispensable for angiogenesis (Zhang et al, 2021).
AMOT family proteins, as upstream components of the Hippo
pathway, bind directly to and inhibit YAP/TAZ activity (Chan
et al, 2011; Paramasivam et al, 2011; Wang et al, 2011; Zhao
et al, 2011). The interaction is mediated by PPxY motifs in AMOT
proteins and WW domains in YAP/TAZ (Chan et al, 2011; Parama-
sivam et al, 2011; Wang et al, 2011; Zhao et al, 2011), and the first
N-terminal PPxY motif is absent in AMOT-CT (Fig 1A). Previous
studies have shown that the activity of YAP/TAZ is crucial for
EC migration, proliferation, and filopodia formation, which are

© 2023 The Authors

essential for vascular remodeling during retinal angiogenesis (Kim
et al, 2017; Sakabe et al, 2017; Wang et al, 2017; He et al, 2018).
Hence, the distinct effects of full-length AMOT and AMOT-CT on
retinal angiogenesis might be caused by differences in YAP/TAZ
activity. However, YAP target gene expression was decreased in
both full-length AMOT- and AMOT-CT-overexpressing cells (Appen-
dix Fig S7A). Moreover, different AMOT mutants, including AMOT-
CT and AMOT-Acut, inhibited cell proliferation as efficiently as
AMOTp130 did in vitro (Appendix Fig S7B-E). In addition, the pro-
liferation rate of retinal endothelial cells in Acut™ "¢ and CT*CT¢
retinas was similar and comparable to that of control retinas
(Appendix Fig S8). Thus, the inhibition of retinal angiogenesis by
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uncleavable AMOT is unlikely due to YAP/TAZ activity and cell pro-
liferation.

DDI2-mediated AMOT cleavage is required for vascular
development in the retina

To further investigate the role of AMOT cleavage in retinal angio-
genesis, we tested whether DDI2, the enzyme responsible for AMOT
cleavage, was required for retinal angiogenesis. We constructed
Ddi2™" mice, and generated EC-specific Ddi2 deletion (Ddi2€¢X9;
Fig 7A and Appendix Fig $9). Compared with controls, P6 Ddi2®E¢KO
retinas presented compromised vessel growth as indicated by a
reduction in vascular area (Fig 7B and C). The vascular front
displayed impaired vessel sprouting, as indicated by fewer and
shorter sprouts (Figs 7D and E, and EV4D). The branch points and
nuclei density were also decreased in both angiogenic front and ves-
sel plexus of Ddi2"®“*© retinas (Fig 7D and E). Moreover, tip cells in
the Ddi2®“*° mice had only a few filopodia extending from vessel
termini (Fig 7F and G). The defect of retinal vasculature in
Ddi2“*© mice was identical to that of Acut™“"° retinas (Fig 6D-F).
The proliferation and migration of vascular endothelial cells are cru-
cial for angiogenesis. Interestingly, deletion of Ddi2 did not affect
the number of proliferating endothelial cells (Fig 7H and I), implying
that the defective angiogenesis in Ddi2®“*© retinas is likely caused
by the impaired cell migration. Interestingly, AMOT-CT expression
(Ddi2®EKO; cTECTC) completely rescued the abnormalities in retinal
vascular development, EC migration, and filopodia morphology
caused by Ddi2 deficiency (Fig 7). Hence, DDI2, the enzyme respon-
sible for AMOT cleavage, is indispensable for retinal vascular devel-
opment, and the defective angiogenesis in Ddi2"E“*© retinas is likely
due to the absence of AMOT-CT.

NF2-regulated AMOT cleavage is essential for
retinal angiogenesis

The process of AMOT cleavage by DDI2 is tightly regulated by NF2
(Fig 3L). We then established EC-specific Nf2-KO (Nf2E¢K0) by
crossing Nf2ﬂ/ ™ mice with CdhS-creERT2 mice (Wang et al, 2021;
Fig 8A). Retinal angiogenesis in Nf2F“XC mice was severely
impaired as indicated by robust reduction of vascular area (Fig 8B
and C). Strikingly, many ECs were accumulated at the migration
front and formed a dense vascular network (Figs 8D and EV4E). Cell
density and branch points at the angiogenic front of Nf2E“X0 retinas
were also increased, sprout length was decreased, and sprout num-
bers were largely unchanged (Fig 8E). The vascular network
between artery and vein was deformed in Nf2FSXO retinas, espe-
cially at regions close to optic stalk (Fig 8D). Moreover, the average
filopodia length was also largely reduced (Fig 8F and G). These
results suggest that NF2 is also required for retinal angiogenesis.

To test whether the AMOT cleavage pathway is involved in the
impaired angiogenesis in Nf2“XC retinas, we established mouse
lines that could simultaneously delete Nf2 and express AMOT-CT
(Nf2ECKO, cTECTS) or AMOT-Acut (Nf25K0; Acut™®“T6) in ECs
(Fig 8A). Interestingly, the aberrant retinal vascular development,
especially EC migration defects caused by Nf2 deficiency, were
completely normalized upon AMOT-CT but not AMOT-Acut expres-
sion (Fig 8B-E). In addition, AMOT-CT also rescues the morphologi-
cal defects of tip cells, both in terms of the number and length of
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filopodia (Fig 8F and G). Hence, the function of NF2 in retinal angio-
genesis is largely mediated by AMOT cleavage and the generation of
AMOT-CT.

Both Ddi2®“O and Nf2"ECKO retinas exhibited impaired angio-
genesis, but the phenotype of Nf2E“XC retinas appeared to be more
complex (Figs 7D and 8D). We reasoned that NF2 regulates both
AMOT cleavage and YAP/TAZ activity (Appendix Fig S7F; Hamara-
toglu et al, 2006; Zhang et al, 2010; Qi et al, 2022). Thus, in
Nf2ECKO retinas, YAP/TAZ activity was likely upregulated to drive
ectopic EC proliferation (Fig 8H and I). On the other hand, DDI2 did
not regulate YAP/TAZ activity, and hyperproliferation of ECs was
not observed in Ddi2"E“*© retinas (Fig 7H and I). Interestingly, the
distribution of proliferating cells was normalized by both
AMOT-Acut and AMOT-CT in Nf2-KO retinas (Fig 8H and I). Nf2-
deficient cells with YAP/TAZ hyperactivation might be more sensi-
tive to AMOT perturbation, hence there could be a mild inhibition
of cell proliferation by AMOT-Acut and AMOT-CT (Fig 8H and I).
Similar effect of AMOT on the proliferation of NF2-null cancer cells
had been reported previously (Wang et al, 2021).

AMOT cleavage is involved in pathological angiogenesis

Angiogenesis is also involved in diverse pathological conditions,
such as tissue regeneration and tumorigenesis (Carmeliet, 2003).
Retinal angiogenesis is sensitive to different stresses, such as
oxygen-induced retinopathy (OIR) that frequently occurs in preterm
infants. In some cases, the vascular injury caused by high oxygen
cannot be fully repaired and undergoes pathological neovasculariza-
tion (NV). The pathological process of OIR can be faithfully modeled
in mice, in which neonatal pups are exposed to 75% oxygen for
5 days (P7-P12) to induce vascular obliteration and then return to
room air to initiate regrowth of retinal vessels until P15-P17
(Connor et al, 2009; Stahl et al, 2010; Fig 9A). Several genetic
manipulations, such as CTECTC and Acut KI, showed weak effects
on physiological angiogenesis (Figs 6 and EV3). We thought that
their effects on angiogenesis under stressed conditions might be
more robust. Interestingly, we found that the retinas of mice under
OIR treatment expressed more AMOT-CT, indicating that AMOT
cleavage occurred during pathological angiogenesis (Fig EVSA and
B). Furthermore, In OIR model, CTESTC retinas exhibited decreased
avascular area and much more sprouts from the damaged veins
compared with control mouse retinas (Fig 9B and C). By contrast,
Acut KI retinas showed severe inhibition of revascularization, as
characterized by a significant increase of avascular area and fewer
sprouts from veins (Fig 9D and E). These data suggest that the path-
ological retinal angiogenesis is inhibited by uncleavable AMOT
whereas promoted by AMOT-CT.

Discussion

In this study, we have uncovered a signaling pathway regulating
cleavage and activation of AMOT. Upon LPA stimulation, NF2,
TNKS1/2, RNF146, and DDI2, lead to membrane localization, PARy-
lation, ubiquitination, and cleavage of AMOT, respectively. More-
over, we have demonstrated a robust effect of the AMOT cleavage
pathway on both physiological and pathological angiogenesis, in
zebrafish and mice.

© 2023 The Authors
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Figure 7. AMOT-CT rescues vascular defects in Ddi2 deficient mouse retinas.

A Left, schematic diagram of the generation of endothelial-specific Ddi2 knockout (Ddi2’2<*%) mice and Ddi2 knockout, AMOT-CT overexpression (Ddi2’€¢%?; cTECTC)
mice. Right, experimental strategy to assess retinal vascularization at P6. All mice were treated with tamoxifen at P1,2,3 and analyzed at P6.

B, C Ddi2®“*° mice show reduced retinal vascular area at P6 while AMOT-CT overexpression can partially rescue the phenotype. IB4 staining of the whole retina (B).
Quantification of the vascular area of P6 retinas (C). Scale bar: 500 pm. Each dot represents one retina, control (n = 17), Ddi2“*° (n = 20), and Ddi2®“*°; cTEC ¢

(n=6).

D  Ddi2®“*° mice show delayed retinal angiogenesis. Immunofluorescent images of whole-mount retinas stained for IB4 and ERG of control, Ddi2’<*°, and Ddi2’<X°;
CTEC™C mice at P6. White dash rectangles indicate regions of interest (ROI) are shown below at higher magnification. Scale bar: 100 pm.

E  Quantification of the retinal vasculature of control, Ddi2¥*°, and Ddi2E<*?; CTFSTC retinas. Each data point represents the average of two or three measurements
from one retina, Control (n = 9), Ddi25*° (n = 10), and Ddi2E<K?; CTECTC (n = 6).

F High magnification confocal images of filopodia extension at the leading edge of the P6 retina. Tip cells are labeled with I1B4. Scale bar: 10 pm.
Quantification of the number and average length of filopodia in control (n = 8), Ddi2’6“*° (n = 9), and Ddi2'®°; CTE“® (n = 8) P6 retinal sprouts. Each data point

represents the average of three measurements from one retina.

.| Representative images and comparisons of Ki67 positive endothelial cells in control (n = 8), Ddi2’6“*° (n = 8), and Ddi2E<*°; CTE“C (n = 7) P6 retinas. Each data

point represents the average of three measurements from one retina. Scale bar: 50 pm.

Data information: Data are shown as mean + SEM from at least three independent littermates. Statistical significance was determined using the Student’s t-test,

*P < 0.05, **P < 0.01, ***P < 0.001, n.s. indicates not significant.
Source data are available online for this figure.

It has been shown previously that Amot deletion in mouse ECs
inhibited tip cells and impaired radial vessel expansion, suggesting
that AMOT is required for angiogenesis (Zhang et al, 2021). How-
ever, we have shown that uncleavable AMOT inhibits, whereas

© 2023 The Authors

AMOT-CT generated following AMOT cleavage is indispensable for
retinal angiogenesis (Figs 6-9). In addition, regulators of AMOT
cleavage, such as DDI2 and NF2, are required for angiogenesis, and
AMOT-CT expression rescued vascular defects caused by Ddi2 or
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Figure 8. AMOT-CT rescues vascular defects in Nf2-deficient mouse retinas.

The EMBO Journal

A Left, schematic diagram of the generation of endothelial-specific Nf2 knockout (Nf25 ), Nf2 knockout with AMOT-CT overexpression (Nf2<*0; cT¢7°), and Nf2
knockout with AMOT-Acut overexpression (Nf2E<0; Acut’®%) mice. Right, experimental strategy to assess retinal vascularization at P6. All mice were treated with

tamoxifen at P3,4,5 and analyzed at P6.

B, C Nf2’¢% mice show reduced retinal vascular area while CT overexpression can partially rescue the phenotype. IB4 staining of the whole retina (B). Quantification of
the vascular area of P6 retinas (C). Scale bar: 500 pm. Each dot represents one retina, control (n = 11), Nf25%° (n = 10), Nf2'5*9; cTE<T (n = 10), and Nf2ECC;

Acut®eTC (n = 8).

D Nf2'E¢KO retinas show endothelial cell accumulation in the sprouting front and sparse vascular plexus in the region close to optic stalk. CT overexpression can par-
tially rescue the phenotype. Immunofluorescent images of whole-mount P6 retinas stained for IB4 and ERG are shown. White rectangles indicate regions of interest

(ROI). Scale bar: 100 um.

E Quantification of retinal vessels in P6 retinas. Each data point represents the average of two or three measurements from one retina, control (n = 11), Nf2’€<0

(n = 10), Nf2E<K0, cTECTS (n = 10), and NF2ECHO; Acut® ¢ (n = 8).

F, G High magnification confocal images and quantification of filopodia extension at the leading edge of the P6 retinas. Tip cells are labeled with IB4. Scale bar: 10 pum.
Control (n = 10), Nf2£<*° (n = 10), Nf2E<<9; CTECTS (n = 10), and NF2ECXO; Acut® ¢ (n = 8).

H,| Representative images and comparisons of Ki67 positive endothelial cells in control (n = 8), Nf2’€<%0 (n = 8), Nf2E<KO, cTECTC (n = ), and Nf2ECK; Acut® ™
(n = 7) P6 retinas. Each data point represents the average of three measurements from one retina. Scale bar: 50 pum.

Data information: Data are shown as mean + SEM from at least three independent littermates. Statistical significance was determined using the Student’s t-test,

*P < 0.05, **P < 0.01, ***P < 0.001, n.s. indicates not significant.
Source data are available online for this figure.

Nf2 deficiency (Figs 7 and 8). It is likely that Amot KO not only
deleted AMOT but also abolished AMOT-CT, hence leading to vascu-
lar defects. Moreover, LPA stimulation leads to the destabilization of
AMOT family proteins (Dai et al, 2013; Adler et al, 2013b; Wang
et al, 2021), but the deletion of LPA producing-enzymes or LPA recep-
tors also impaired angiogenesis, in a manner similar to Amot KO (van
Meeteren et al, 2006; Sumida et al, 2010; Yukiura et al, 2011). Our find-
ings suggest that when LPA signaling is blocked, the generation of
AMOT-CT is inhibited, which in turn delays vascular development.
Together, these data indicate that the generation of AMOT-CT, rather
than AMOT expression, determines the efficiency of angiogenesis.
AMOT and NF2 are components of the Hippo pathway, and LPA
has been identified as an upstream signal of the Hippo pathway (Yu
et al, 2012). AMOT is also a substrate of LATS1/2, and phosphoryla-
tion of AMOT by LATS1/2 disrupts the interaction between AMOT
and actin cytoskeleton and impairs cell migration (Chan et al, 2013;
Dai et al, 2013; Adler et al, 2013b; Mana-Capelli et al, 2014). How-
ever, LPA-evoked and NF2-regulated cleavage of AMOT is clearly
separated from the canonical Hippo pathway. First, AMOT cleavage

Figure 9. AMOT cleavage promotes pathological angiogenesis.

occurs in cells deficient in most Hippo pathway genes, such as
MSTI1/2, LATS1/2, and SAV1 (Fig 3F). Second, both full-length
AMOT and AMOT-CT inhibit YAP/TAZ activity. Hence, the signal-
ing cascade regulating AMOT cleavage may be referred to as a
Hippo-related pathway. We propose that, downstream of LATS1/2
and NF2, YAP/TAZ serve as regulators of cell proliferation, whereas
AMOT family proteins may mainly control cell migration in
angiogenesis.

VEGF and hypoxia signaling pathways play critical roles in both
physiological and pathological angiogenesis (Pugh & Ratcliffe, 2003;
Krock et al, 2011; Shibuya, 2011; Apte et al, 2019). It is currently
unknown if VEGF and hypoxia signalings are involved in the proan-
giogenic role of AMOT-CT. Preliminary data suggest that HIF1-a
expression and VEGFR2 phosphorylation are not affected in cells
expressing ectopic AMOTp130, AMOT-CT, or AMOT-Acut, hence
AMOT, regardless of cleaved or not, does not directly modulate
VEGF and hypoxia signalings. In future, it would be interesting to
investigate whether VEGF and hypoxia signalings are modulated by
AMOT cleavage in vivo.

A Cartoon schematic of a mouse oxygen-induced retinopathy (OIR) model. Neonatal pups and nursing mothers were kept in room air from PO to P7 and exposed to
75% oxygen from P7 to P12, then returned to room air. High oxygen caused severe vessel loss and the avascular retina became hypoxic, which led to normal vessel

regrowth and pathological neovascular response, neovascularization reached a maximum at P17. (Connor et al, 2009). For C

TECTC group, the retinas were harvested

at P15 to see the “stimulatory” effect of AMOT-CT, while for Acut KI group, the retinas were harvested at P17 to see the “inhibitory” effect of uncleavable AMOT. For

CTETC group, mice were treated with tamoxifen at P3,4,5.

B CT overexpression promotes revascularization in the OIR model. Upper, IB4 staining of the whole retina of P15 control and CT"*“"® mice after OIR. Lower, higher
magnification images of sprouting vessels from veins. Scale bars are shown in the figures.

C Quantification of mouse weight, avascular area in the whole retina and vessel sprouting coverage in the red stippled area. Mice with similar body weights were
chosen to compare the angiogenesis status. All the pups were weighted at P15 before being sacrificed. For body weight, each dot represents one mouse, control
(n = 10), and CTE™ (n = 8). For avascular area, each data point represents one retina, control (n = 20), and CT’® (n = 15). For sprouting area, each data point
represents the average of two or three measurements from one retina, control (n = 13), and CT"® (n = 12).

D Blocking AMOT cleavage inhibits revascularization in the OIR model. Upper, IB4 staining of the whole retina of P17 WT and Acut KI mice after OIR. Lower, higher
magnification images of sprouting vessels from veins. Scale bars are shown in the figures.

E Quantification of mouse weight, avascular area in the whole retina, and vessel sprouting coverage in the red stippled area. All the pups were weighted at P17 before
being sacrificed. For body weight, each dot represents one mouse, control (n = 15), and Acut Kl (n = 12). For avascular area, each data point represents one retina,
control (n = 30), and Acut KI (n = 24). For sprouting area, each data point represents the average of two or three measurements from one retina, control (n = 20),

and Acut Kl (n = 19).

Data information: Data are shown as mean + SEM. Statistical significance was determined using the Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001, n.s. indicates

not significant.
Source data are available online for this figure.
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The generation of AMOT-CT appears to be a rapid and transient
process (Fig 1). In biology, the production of unstable active medi-
ators via proteolysis is not rare. For instance, nuclear factor ery-
throid 2-Like 1 (NRF1, the only reported DDI2 substrate) is
constantly cleaved and rapidly degraded, and the active fragment
accumulates upon proteasome inhibition to induce target gene
expression (Koizumi et al, 2016; Lehrbach & Ruvkun, 2016; Gu
et al, 2020). Notch intracellular domain (NICD), the proteolytic
product of Notch proteins, also undergoes rapid turnover, and its
stabilization is essential for inhibiting angiogenesis (Tetzlaff et al,
2004; Tsunematsu et al, 2004; Lim et al, 2019). The immediate
accumulation of proteolytic products in the presence of upstream
signals is critical for the regulation of biological processes at both
spatial and temporal resolutions, and the production of AMOT-CT
and NICD provides a flexible switch for precise regulation of
angiogenesis.
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AMOT is expressed in many cell types, such as neurons, glial
cells, and certain epithelial cells. Therefore, other than angiogenesis,
the AMOT cleavage pathway may also be involved in diverse physi-
ological and pathological processes, such as neurogenesis, regenera-
tion, and tumorigenesis. It would be interesting to explore the
additional biological functions of AMOT-CT. Moreover, multiple
enzymes involved in AMOT cleavage may be pharmacologically
targeted to treat aberrant angiogenesis and related diseases.

Materials and Methods
Antibodies

The following antibodies were used in this study: anti-AMOT (A303-305A)
was from Bethyl Laboratories. Anti-AMOT (SC-166924), anti-TNKS1/2

© 2023 The Authors



Yu Wang et al

Table 1. Mouse strains used in this study.

The EMBO Journal

Mouse
strain Genotype Specific description Validation
Acut®T¢ R26-e(CAG-LSL-mNeoGreen-FLAG-AMOT- Overexpress human AMOT-Acut (with amino acids F131- Immunofluorescence

A131132aa); Cdh5-creERT2

and Y132-deleted) in endothelial cells

staining (Appendix Fig S4E)

GTeSlC R26-¢(CAG-LSL-mNeoGreen-FLAG-AMOT-132— Overexpress human AMOT-CT in endothelial cells Immunofluorescence
1084aaq); Cdh5-creERT2 staining (Appendix Fig SSE)
Acut Kl Amot-e(c.394-399del)1 AMOT-Acut knockin (K1) mice (with F132 and Y133 of Immunoblotting (Appendix
mouse AMOT deleted) Fig S6E)
BERZEEe Ddi2foX/fo%. cdh5-creERT2 Knockout Ddi2 in endothelial cells qPCR (Appendix Fig S9E)
Ddi2'ECKO; Ddi2 o/f1o%. R26-e(CAG-LSL-mNeoGreen-FLAG- Knockout Ddi2 and overexpress human AMOT-CT in Genotyping
creeTe AMOT-132-1084aa); Cdh5-creERT2 endothelial cells
Nf2'ECHO Nf2flox/flox. cah5-creERT2 Knockout Nf2 in endothelial cells immunoblotting (Wang
et al, 2021)
Nf2ECKO. Nf2 flox/flox. R26-e(CAG-LSL-mNeoGreen-FLAG- Knockout Nf2 and overexpress human AMOT-CT in Genotyping
@l AMOT-132-1084aa); Cdh5-creERT2 endothelial cells
Nf2EHC; Nf2 flox/flox. p26-e(CAG-LSL-mNeoGreen-FLAG- Knockout Nf2 and overexpress human AMOT-Acut in Genotyping
Acut®™® AMOT-A131132aa); Cdh5-creERT2 endothelial cells

(SC-8337), anti-Ubiquitin (SC-9133), and anti-YAP/TAZ (SC-101199)
antibodies were from Santa Cruz Biotechnology. Anti-MST2 (ab52641),
anti-ERG (ab92513), and anti-AMOTL2 (ab135722) antibodies were from
Abcam. Anti-RNF146 (H00081847-B01P) antibody was from Abnova.
Anti-HSP90 (610418) and anti-CD31 (553370) antibodies were from BD
Bioscience. Anti-HA-HRP conjugate (14031S), anti-LATS1 (3477S), anti-
LATS2 (5888S), anti-Merlin (12888S), anti-MST1 (3682S), anti-SAV1
(13301S), anti-MOB (13730S), anti-YAP (14074S), and anti-pYAP (13008S)
antibodies were from Cell Signaling Technology. Anti-pan-ADPr
(MABE1016) antibody was from Millipore. Anti-DDI2 (HPA043119), anti-
AMOTL1 (HPA001196), anti-FLAG (F7425), and anti-FLAG-HRP conjugate
(A8592) antibodies were from Sigma-Aldrich. mNeonGreen (32F6) anti-
body was purchased from Proteintech. Anti-VE-Cadherin was from Ther-
moFisher (14-1441-82). Anti-pAMOTS175 antibody was kindly provided
by Dr. Wanjin Hong. Anti-AMOT (N-terminal) antibody was raised by
immunizing rabbits with human AMOTp130 (amino acids 1-123, Cloud-
Clone Corp).

Chemicals

The following chemicals were used in this study: EGF (AF-100-15,
Peprotech), Heprain (2812/100, Tocris), VEGF (293-VE/CF, R&D
Systems), and bFGF (R&D Systems). Bortezomib (S1013), Olaparib
(S1060), and the protease inhibitor library (L2500) were purchased
from Selleck. The detailed information about the inhibitor library is
shown in Appendix Table S1. XAV939 (X3004-SMG), LPA (L7260-
SMG), S1P (73914-1MG), MG132 (C2211-5MG), and insulin (I-1882)
were from Sigma-Aldrich. Alexa-Fluor-conjugated Isolectin B4
(121411 and 121412) were from Invitrogen.

Cell culture

HEK293A, HEK293T, MDCK, MEF, SW620, RKO, RCC4, 769-P,
NCI-H2452, NCI-H2052, MESO-12, MESO-22 and MESO-25 cells
were maintained in DMEM media (Corning). U20S, ACHN, and
NCI-H2373 cells were maintained in RPMI1640 media (Corning).
HCT15 and HCT116 cells were cultured in DMEM/F12 media

© 2023 The Authors

(Corning). All media were supplemented with 10% fetal bovine
serum (FBS, Gibco) and 50 mg/ml penicillin/streptomycin
(S§V30010, Hyclone). HUVECs (C-12203, PromoCell) were grown in
endothelial cell growth medium (C-22010, PromoCell) and were
cultured up to passage 5 for all experiences. The human microvas-
cular endothelial cell line (HMEC1) was maintained in MCDB 131
medium (10372019; ThermoFisher) supplemented with 10% FBS,
10 mmol/] L-glutamine, 10 ng/ml epidermal growth factor, and
1 pg/ml hydrocortisone. For the primary culture of mouse endo-
thelial cells, the cells were isolated using CD31 MicroBeads (130-
097-418; Miltenyi Biotech) according to the manufacturer’s instruc-
tions and were cultured in Endothelial Cell Growth Medium (C-
22010, PromoCell) for 24 h, and adherent cells were subjected to
further analysis. All endothelial cells were cultured on type I colla-
gen (Corning) coated dishes or plates. Cells were incubated at
37°C with 5% CO,.

Plasmids and transfection

To generate the expression constructs, the open reading frames
(ORFs) were amplified from a human cDNA library and cloned in
frame into pLVX vector (632164, Takara) using NEB Gibson
Assembly® Master Mix Assembly (E2611, NEB) or ClonExpress
MultiS One Step Cloning Kit (C113-02, Vazyme). For CRISPR/Cas9
cloning, sgRNA oligos were cloned into the pSpCas9(BB)-2A-Puro
(PX459) V2.0 or lentiCRISPR v2 vectors (provided by Dr. Feng
Zhang) using T4 ligase (2011A, Takara). All constructs were vali-
dated by Sanger sequencing. Expression of recombinant proteins
was confirmed by Western blotting. Plasmid DNA transfection was
performed using PEI (1 mg/ml, pH 7.0; 23966-2, Polysciences Inc)
or PolyJet Transfection Reagent (SL100688, Signagen Laboratories)
according to the manufacturer’s instructions. siRNAs were pur-
chased from GenePharma. The detailed sequence information is as
follows: siDDI2-1: 5-GCAAAGTGAATGGACATCCTGTGAA-3'; siDDI2-
2: 5-GCTTGGACAATCCAGCCTT-3'; siNF2-1: 5-CAGCCTGTCTTTC
GACTTCAA-3'; siNF2-2: 5-GGACAAGAAGGTACTGGAT-3'; siRNF146-
1: 5-GGATGTATCTGCAGTTGTT-3'; siRNF146-2: 5-CCCGATCGATC
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AGATCGAT-3'. siRNA transfection was performed using Lipofectamine
RNAIMAX Reagent (13778075, ThermoFisher).

Lentiviral production and infection

Lentivirus was produced by co-transfecting pLVX or lentiCRISPR v2
vector with packaging vectors psPAX2 and pMD2.g into HEK293T
cells. Two days later, the medium containing virus was harvested
and filtered through a 0.45 pm filter (SLHP033RS, Millipore), and
the virus was concentrated by ultracentrifugation. Cells were
infected with virus in the presence of 10 pg/ml polybrene (TR-1003-
G, Sigma-Aldrich). At 48 h after infection, stable cells were selected
with 2 pg/ml puromycin (ant-pr-1, Invivogen).

Generation of knockout cell lines

The CRISPR/Cas9 system was applied to delete specific genes in
HEK293A cells. Small guide RNA (sgRNA) sequences were designed
using CRISPR design tool at http://www.e-crisp.org/E-CRISP/ and
cloned into the plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0
(Addgene #62988) or lentiCRISPR v2 (52961, Addgene) kindly pro-
vided by Dr. Feng Zhang. The sgRNA sequences targeting all the
aspartic proteases are listed in Appendix Tables S2 and S3. Other
sgRNA sequences were used as described previously (Wang
et al, 2021). To generate single cell clones, transfected cells were
selected with 2 pg/ml puromycin for 48 h and then sorted into 96-
well plates with one cell in each well. The clones were screened by
Western blotting and confirmed by DNA sequencing. The genomic
DNA sequences of AMOT KO, AMOT/L1/L2-tKO, TNKS1/2-dKO,
RNF146-KO, and LPARI-3-tKO knockout cell lines were described
previously (Wang et al, 2021). NF2-KO, SAVI-KO, MST1/2-dKO,
LATS1/2-dKO, MOB1A/B-dKO, and MST1/2-MAP4Ks-9KO cells were
described previously (Meng et al, 2015; Plouffe et al, 2016; Qi
etal, 2022).

Western blotting

Cell lysates were denatured by boiling at 95°C for 5 min in SDS
loading buffer (50 mM Tris-HCI at pH 6.8, 2% SDS, 10% glycerol,
0.025% bromophenol blue and B-mercaptoethanol). Proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and electro-transferred onto nitrocellulose mem-
branes. After blocking with 5% nonfat milk at room temperature for
1 h, the membranes were hybridized with indicated primary anti-
bodies in 5% bovine serum albumin (BSA) overnight at 4°C and
then secondary antibodies in 5% milk for 1 h at room temperature.
Protein bands were visualized using High-sig ECL Western Blotting
Substrate (Tanon, #180-501), and chemiluminescence was detected
using the Tanon 5200S imaging system. Quantification of the inten-
sity of the protein bands was performed using Image] software
(NIH).

Immunoprecipitation

Cultured cells were lysed in ice-cold RIPA buffer containing 50 mM
HEPES at pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5%
sodium deoxycholate, 1 mM PMSF, protease inhibitor cocktail (HY-
K0010, MCE), and phosphatase inhibitors (HY-K0021; HY-K0022,
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MCE). Cell lysates were centrifuged at 13,500 g for 15 min at 4°C,
and the supernatants were used for immunoprecipitation. Superna-
tants were incubated with the primary antibody for 1 h at 4°C. Pro-
tein A beads were then added and incubated for an additional 2 h.
For IP of FLAG-tagged proteins, anti-FLAG M2 affinity agarose beads
(A2220, Sigma-Aldrich) were used. Beads were washed four times
with ice-cold RIPA buffer. Immunoprecipitated proteins were eluted
with SDS loading buffer at 95°C for 5 min. The immunoprecipitated
proteins were then separated by SDS-PAGE and analyzed by immu-
noblotting.

Immunofluorescence staining

Cells cultured on fibronectin-coated coverslips were used for immu-
nofluorescence staining. Cells were washed with PBS three times,
fixed with 4% paraformaldehyde for 15 min, then permeabilized
with 0.2% Triton X-100 for 10 min. After blocking with 3% bovine
serum albumin and 3% goat serum in PBS for 1 h at room tempera-
ture, cells were stained with primary antibodies overnight at 4°C.
Cells were then washed three times and incubated with Alexa-Fluor
488, 555, or 647 conjugated secondary antibodies (ThermoFisher)
for 1 h at room temperature. Slides were washed and mounted with
ProLong™ Gold Antifade Mountant with DAPI (P36935, Thermo-
Fisher). Images were captured with a Leica SP8 confocal microscope
or ZEISS LSM 900 confocal microscope with Airyscan 2.

5’ ethynyl-2'-deoxyuridine (EdU) staining

EdU incorporation assay was carried out by using a 12-well glass-
bottom plate (P12-1.5H-N, Cellvis) coated with fibronectin. Briefly,
2 x 10° cells were seeded in one well and allowed to attach over-
night. Cells were incubated with 10 uM EdU in complete media for
2 h at 37°C. After EdU incubation, cells were washed with PBS and
fixed in 4% paraformaldehyde for 15 min, then permeabilized with
0.2% Triton X-100 for 10 min. Proliferating cells that incorporate
EdU were detected with EdU Imaging Kits (K1075, APExBio)
according to the manufacturer’s instructions. DAPI staining was
used to visualize the nuclei. Images were captured with a ZEISS
LSM 900 confocal microscope with Airyscan 2. The numbers of
EdU-positive and DAPI-positive nuclei were counted automatically
using the Image Analysis program in ZEISS ZEN3.1 software.

Transwell cell migration assay

HUVEC or HMECI cells (1 x 10* cells suspended in 100 pl medium
containing 0.1% FBS) were seeded in the transwell insert (3422,
Corning) with 20% FBS medium in the bottom wells as a chemoat-
tractant. After incubation for 24 h at 37°C, cells were fixed with 4%
formalin and stained with violet solution (V5265-500ML, Sigma),
the nonmigrated cells on the upper side were removed with a cotton
swab. Migrated cells were photographed and quantified.

HUVEC spheroid-based sprouting angiogenesis assay
HUVEC spheroid-based sprouting angiogenesis assay was performed
as previously described (Tetzlaff & Fischer, 2018). 8 x 10* HUVEC

cells were resuspended in 4 ml Endothelial Cell Growth Medium (C-
22010, PromoCell), and mixed with 1 ml methyl cellulose carefully.
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The entire mixture was pipetted in 25 pl hanging droplets onto a
10 cm dish and incubated upside-down for 24 h for spheroid forma-
tion. The spheroids were rinsed with PBS and resuspended in 2 ml
of methocel containing 20% FBS. Collagen type I from rat tails
(354236 and 354249, Corning) and 10 x Medium 199 (M9163,
Sigma) were mixed on ice, and the pH was adjusted to 7.4 using
0.1 N NaOH. Two milliliter of this mixture was added to the spher-
oid suspension and the final concentration of collagen is 2 mg/ml.
One milliliter of the spheroid-collagen solution was pipetted into a
35-cm glass-bottom culture dish (D35-20-1-N, Cellvis) and incubated
at 37°C for 30 min. After polymerization of the collagen gel, 1 ml
culture medium containing 25 ng/ml VEGF was added to the dish.
The spheroids were incubated for a further 18 h and fixed with 4%
paraformaldehyde, then stained with DAPI (D9542-1MG, Sigma),
CellMask (C10045, ThermoFisher), and Phalloidin (A22287, Ther-
moFisher). Images were taken using a ZEISS LSM 900 confocal
microscope with Airyscan 2. The length of individual sprouts was
measured from the spheroid margin to the sprout apex using ImageJ
(NIH).

RNA extraction, reverse transcription, and real-time PCR

Total RNA was isolated from cells using the MiniBEST Universal
RNA Extraction Kit (TaKaRa) and reverse-transcribed to cDNA with
the First-Strand cDNA Synthesis SuperMix (TransGen Biotech). RT—
gPCR was performed using TB Green Premix Ex Taq (TaKaRa) on
the 7500 Real-Time PCR system (Applied Biosystems). Primers
sequences used in this study were as follows: Ddi2, F: 5-GTGAT
GTTGTGATTCTAC-3’, R: 5-TATGCTACTGAAGTCAAT-3'; f-Actin,
F: 5-GGCTGTATTCCCCTCCATCG-3/, R: 5-CCAGTTGGTAACAAT
GCCATGT-3'.

Zebrafish husbandry

Transgenic fishline Tg(flk:GFP) was maintained under standard con-
ditions (Westerfield, 1995). Embryos from natural spawning were
collected in E3 medium (5 mM NacCl, 0.17 mM KCl, 0.33 mM CacCl,,
and 0.33 mM MgSO,, pH 7.2) in Petri dishes and the medium was
replaced twice daily. Embryos over 24 hpf were treated with
0.003% PTU (1-phenyl-2-thiourea, Sigma, P7629) to prevent pig-
mentation for observing vascular phenotypes. All experiments were
performed according to institutional and national ethical and animal
welfare guidelines.

Morpholinos and mRNA injection

The following MOs (Gene Tools, LLC) were injected into one-cell
stage embryos as described (Yuan & Sun, 2009). amot-MO, 5'-CC
TTACTTGACCTATTGAGGAGCAG-3' (Aase et al, 2007); Ilpal-MO,
5-TGGAGCACTTACCCAATACAATCAC-3' (Lee et al, 2008; Yukiura
et al, 2011); Ilpa4-MO, 5-GGCCATTTTGGCACTTGCAGTAGAT-3’
(Yukiura et al, 2011); tnksa-MO, 5-ACGTCGCCATTTTCGCACAC
AAATC-3' (Wang et al, 2015a); tnksb-MO, 5-GTGAGGATCGAC
GGGACACCGCCAT-3' (Wang et al, 2015a); rnf146-MO, 5'-CTAGCC
ATACTGACAATGTAGCCGA-3'; ddi2-MO, 5'-CTTCTCTCTCGCTGTC
AGAAACT-3'. ¢cDNA sequences of human AMOTp130, AMOT-CT,
AMOT-NT, AMOT-ATBD, and AMOT-Acut were inserted into
pcDNA3.1 vector. mRNAs were then synthesized by in vitro
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transcription using the mMESSAGE mMACHINE kit (Ambion) and
purified by MEGAclear kit (Invitrogen) according to the manufac-
turer’s instructions. Injection dosage was as follows: 8 ng amot-MO;
7.6 ng lpal-MO + 3.8 ng lpa4-MO; 6.4 ng tnksa-MO + 6.4 ng tnksb-
MO; 20.8 ng rnfl46-MO; 9.6 ng ddi2-MO; 8 ng amot-MO + 440 pg
hAMOTp130; 8 ng amot-MO + 400 pg hAMOT-CT; 8 ng amot-
MO + 120 pg hAMOT-NT; 8 ng amot-MO + 440 pg hAMOT-ATBD;
8 ng amot-MO + 440 pg hAMOT-Acut; 9.6 ng ddi2 2-MO + 440 pg
hAMOTp130; 9.6 ng ddi2-MO + 400 pg hAMOT-CT.

Zebrafish imaging

Zebrafish embryos were embedded in 1% low melting agarose for
imaging. Fluorescent images were obtained using a Zeiss Axio
Observer.Z1-inverted microscope equipped with an Apotome, and
3D projections were generated by Zeiss Zen software.

Mouse models

The Animal Ethics Committee of Shanghai Medical College, Fudan
University approved all mouse experiments. Transgenic Nf2ﬂ/ n
mouse was generated as described in the previously published paper
(Wang et al, 2021). AMOT-Acut KI (Amot-e(c.394-399del) 1), AMOT-CT
(R26-e(CAG-LSL-mNeoGreen-FLAG-AMOT-132-1084aa)), AMOT-Acut
(R26-e(CAG-LSL-mNeoGreen-FLAG-AMOT-A131132aa)), and Ddi2""
mice were in-house generated as described in Appendix Figs S4-S6
and S9. CdhS-(PAC)-creERT2 mice are used to delete or overexpress
genes in endothelial cells (Zhao et al, 2019). The detailed information
about the mouse strains is shown in Table 1. In order to induce gene
deletion, P3-P5 or P1-P3 pups received three consecutive intraperito-
neal injections with 50 pl tamoxifen (Sigma, T5648; 2 mg/ml), and the
retinas were collected at P5 to P7, for further analysis.

Retina dissection and staining

Mice were sacrificed and eyes were fixed in 4% paraformaldehyde
for 90 min on ice. The retinas were dissected out, washed in PBS,
and blocked for 2 h at RT in blocking buffer (0.5% block reagent
(FP1012, PerkinElmer) in TNT buffer). Next, the retinas were incu-
bated in blocking buffer with diluted primary antibody (anti-ERG,
1:200, ab92513, Abcam) and Alexa-Fluor-conjugated Isolectin B4
(121411 or 121412, 20 pg/ml, Invitrogen) overnight at 4°C. The ret-
inas were washed three times (30 min each time) in TNT buffer
(150 mM NaCl, 100 mM Tris-HCIl (pH 7.4), 0.4% Triton X-100 in
H,0) and then incubated with Alexa-Fluor 488/555/647 conjugated
secondary antibodies (1:200, Invitrogen) for 2 h. After washing and
flat-mounting (Fluromount-G, Invitrogen), retinas were analyzed
using a confocal fluorescence microscope (Leica SP8 and Zeiss
LSM900). Quantification was done with ImageJ (NIH).

Retina analysis and quantification

Retina analysis and quantification were performed according to the
published protocol (Pitulescu et al, 2010). Briefly, EC coverage was
calculated by normalizing [B4-positive area to total retinal area
using images of the whole retina. For the quantification of sprout
number and length, we defined the angiogenic front as the line
connecting the bases of sprouting ECs and counted the number and
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length of sprouts along the angiogenic front. The ratio of sprout
number in each field per 100-um endothelial vessel length and the
mean length of sprouts were calculated. Number of nuclei was
counted along the sprouting front border per 100-um endothelial
vessel length. Branch points were defined as junctions of capillary
segments and counted using vascular plexus images taken between
an artery and a vein. In the oxygen-induced retinopathy model, the
avascular area was defined as the ratio of central avascular area and
whole retinal area, and the sprouting area was quantified in the red
stippled area. Image analysis and quantification were performed
with ImageJ (NIH) and Adobe Photoshop.

Oxygen-induced retinopathy model

OIR was performed as described in the published protocol (Connor
et al, 2009). In brief, P7 pups and breeding mothers were exposed to
75% O, until P12. In this process, two breeding mothers were used
for rotation every other day. Then, the pups were exposed to room
air until P15 (CTESTC mice) or P17(Acut KI mice). Eyes were col-
lected and retinas were stained with IB4 and ERG antibody, and
avascular and sprouting areas were measured.

Quantification and statistical analysis

Statistical analyses were performed using GraphPad Prism 9 soft-
ware (GraphPad Software, Inc., USA). All representative experi-
ments shown were repeated three or more times as reported in the
figures and corresponding figure legends. The results were
expressed as the mean + SEM. Statistical significance was deter-
mined using the Student’s t-test between groups. *P < 0.05,
**P < 0.01, ***P < 0.001, n.s. indicates not significant.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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