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Retinal angiogenesis drives both normal vascular development and sight-
threatening retinal vascular diseases. While mitochondria are known to fuel this
process, the roles of many specific mitochondrial proteins are poorly under-
stood. Here we show that the mitochondrial protein RABS interacting factor
(RABSIF) as a critical pro-angiogenic regulator of physiological retinal vascular
development in neonatal mice (sex-balanced) and pathological retinal angio-
genesis in two models: oxygen-induced retinopathy mice (sex-balanced) and
laser-induced choroidal neovascularization mice (sex-balanced). Proteomic
sequencing identified SUMO2 as a critical downstream protein of RABSIF.
RABSIF silencing impeded mitochondrial respiration and ribosome biogenesis,
specifically suppressing SUMO2 mRNA translation initiation and consequently
lowering SUMO2 protein levels in retinal microvascular endothelial cells. We also
identify that SUMO2-mediated SUMOylation of Gail/3 is required for their roles
in mediating VEGF signaling. Mutations at the SUMOylation sites of Gail/3 hin-
dered VEGF-induced signaling and pro-angiogenic activity. Together, these
findings delineate a RABSIF-SUMO2-Gail/3 signaling axis essential for retinal
angiogenesis, presenting new therapeutic targets for neovascular eye diseases.

M Check for updates

Abnormal angiogenesis is a hallmark of several common retinal and
ocular diseases, including age-related macular degeneration (AMD),

and tractional retinal detachment’. Key factors driving this process
include vascular endothelial growth factor (VEGF), fibroblast growth

diabetic retinopathy (DR), and retinal vein occlusion'. It is char-
acterized by excessive and aberrant formation of blood vessels, lead-
ing to significant disruptions in retinal architecture and function'”. In
AMD, choroidal neovascularization (CNV) results in the infiltration of
abnormal blood vessels beneath the retinal pigment epithelium (RPE),
causing retinal detachment and subsequent photoreceptor
degeneration®. In DR, chronic hyperglycemia induces a cascade of
biochemical changes that promote retinal ischemia and neovascular-
ization, leading to further complications such as vitreous hemorrhage

factor (FGF), and pro-inflammatory factors, influenced by hypoxic
conditions and/or inflammation’.

Activated endothelial cells, instrumental in angiogenesis, secrete
an array of matrix metalloproteinases (MMPs) that degrade the base-
ment membrane, enabling cellular invasion®®, Upon angiogenic sti-
muli, endothelial tip cells exhibit directional migration, extending
filopodia and lamellipodia to guide sprout growth. As leading-edge
sensors, tip cells direct vascular development, while stalk cells pre-
dominantly proliferate for sprout elongation and lumen formation®%,
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Tip cell convergence coalesces sprouts into perfused vessels, signaling
the transition from angiogenesis to vascular maturation®®. This per-
fusion recruits pericytes and reforms the basement membrane, stabi-
lizing new blood vessels®’. These interactions demonstrate the
dynamic regulation of angiogenesis

Mitochondria, pivotal regulators of cellular metabolism, energy
production, and signaling, play a crucial role in endothelial cell func-
tion and angiogenesis®>. They provide ATP for the energy-
demanding processes of endothelial cell proliferation and
migration'*"% Beyond ATP synthesis, mitochondria generate reactive
oxygen species (ROS), which act as signaling molecules modulating
angiogenic responses'’'% The angiogenic shift towards aerobic gly-
colysis supports the biosynthetic demands of capillary formation and
maintenance'® "% Mitochondrial morphology dynamics, involving fis-
sion and fusion, are also important for endothelial cell integrity and
function, facilitating the distribution of mitochondrial content during
cell proliferation and migration'""2. Moreover, mitochondria interact
with the cytoskeleton to influence cell shape and motility, crucial for
vascular network formation'*"%,

RABSIF (RABS interacting factor) is a mitochondrial protein that has
attracted significant attention in recent research®; however, its specific
functions and roles within mitochondrial biology remain largely unex-
plored and inadequately characterized. A recent study employed
CRISPR-mediated knockout cells together with mass spectrometry-
based multiomics analyses have identified RABSIF as an important
mitochondrial protein associated with pathogenic variants linked to
cerebrofaciothoracic dysplasia®. These results show that RABSIF may
play a significant role in mitochondrial function. However, the specific
mechanisms underlying its function remain to be elucidated”. Ma et al.
have shown that RABSIF is upregulated in SONFH (steroid-induced
osteonecrosis of the femoral head) tissues'. Chen et al. demonstrated
that RABSIF is upregulated in hepatocellular carcinoma. Furthermore, in
conjunction with other genetic markers, RABSIF may serve as a potential
predictor of patient survival and clinical risk”. However, the expression,
functional role, and underlying mechanisms of RABSIF in endothelial
cells and angiogenesis are uncharacterized. In this study, we demon-
strate that endothelial RABSIF is essential for both physiological and
pathological retinal angiogenesis.

G protein subunit alpha i (Gai) proteins consist of three isoforms:
Gail, Gai2, and Gai3. These Gai proteins are known to interact with
G protein-coupled receptors (GPCRs) to inhibit the activation of
adenylyl cyclase, leading to a reduction in cyclic AMP (cAMP) levels'*”.
Our research highlights the critical roles of Gail and Gai3 in
angiogenesis®?, as they facilitate VEGF-induced endocytosis of
VEGFR2, activating the Akt-mTOR and Erk-MAPK pathways in endothe-
lial cells®. Additionally, in endothelial cells, Gail and Gai3 interact with
the c-Kit receptor, activated by stem cell factor (SCF), to enhance
angiogenesis®. Gail and Gai3 also form a complex with CD146 in
response to Netrin-1in endothelial cells, further promoting angiogenesis
via Akt-mTOR activation’®. Moreover, our recent study shows that
phosphoenolpyruvate carboxykinase 1 (PCK1) promotes Gai3 expres-
sion, enhancing Akt-mTOR activation through GATA binding protein 4
(GATA4)”. The association of Gail and Gai3 with the RSPO3 (R-spondin
3)-activated receptor LGR4 (leucine-rich repeat G protein-coupled
receptor 4) is significant for downstream Akt-mTOR activation and
angiogenesis®. The findings of this study demonstrate that RABSIF
enhances angiogenesis, possibly through its target protein small
ubiquitin-like modifier 2 (SUMO2)-mediated SUMOylation of Gail and
Gai3 in endothelial cells.

Results

Endothelial knockdown of RABSIF inhibits retinal neovascular-
ization in oxygen-induced retinopathy mice

We first examined the cellular expression and distribution of RABSIF
in oxygen-induced retinopathy (OIR) model characterized by

pathological retinal neovascularization”. After removing the batch
effects, dimensionality reduction, and annotating cells, we analyzed
single-cell retinal data from the OIR model and age-matched con-
trols under normoxia (“NORM”) (GSE150703) (Fig. 1A and B). The
UMAP (uniform manifold approximation and projection) plot
demonstrated that RABSIF is expressed across various retinal cell
types (Fig. 1A-C). Differential analysis revealed upregulation of
RABSIF transcripts in endothelial cells (ECs) and pericytes of the
retinas of OIR mice (Fig. 1D), and it was downregulated in amacrine,
cone, and rod cells (Fig. 1D). Volcano plot indicated a significant
increase in RABSIF transcripts in retinal endothelial cells of OIR mice
compared to the age-matched controls (Fig. 1E).

gRT-PCR and Western blotting assays of the primary murine
retinal microvascular endothelial cells (mMRMECs) isolated from
P17 normoxia and P17 OIR mice revealed significantly elevated
RABSIF mRNA and protein levels in the OIR model (Fig. 1F), aligning
with single-cell sequencing findings. Immunofluorescence staining
of P17 OIR retinal flat mounts revealed RABSIF (green) predominantly
within neovascular tufts extending into the vitreous, localizing to
both IB4-stained endothelial cells and NG2-stained pericytes (Fig. 1G).
We also sub-clustered the retinal endothelial cell population
derived from the OIR single-cell dataset into tip, proliferating,
and resting cells (Fig. 1H). UMAP and dot plots indicated that RABSIF is
mainly distributed in proliferating endothelial cells of P17 OIR
mice (Fig. 1H).

To investigate the effect of RABSIF on pathological retinal neo-
vascularization, we administered AAV encoding two different AAVF"™
ICAM2p-shRABSIFs via retro-orbital injection to P3 mice for
endothelial-specific knockdown of RABSIF (RABSIF-eKD#1/RABSIF-
eKD#2, representing two different shRNA sequences). Control groups
received the same AAV vector but carrying a scrambled control shRNA
(shC). To verify the construct, AAVF""-ICAM2p-GFP control construct
was injected, and GFP signaling localized specifically within the retinal
vasculature (IB4 staining) at P17 OIR mice (Fig. S1B). The qRT-PCR and
Western blotting analyses of mRMECs at P17 OIR mice confirmed
successful knockdown of RABSIF by RABSIF-eKD#1 and RABSIF-eKD#2
(Fig. 11). In retinal sections of OIR mice, RABSIF fluorescence was sig-
nificantly reduced in the vascular areas (IB4 staining) of the RABSIF-
eKD group, compared to the shC control (Fig. S1C). Visualization of the
retinal vasculature using IB4 staining on day P17 indicated that RABSIF-
eKD significantly inhibited the formation of pathological de novo
vessels in P17 OIR model (Fig. 1)), without impacting the size of the non-
perfused area (Fig. 1]). Western blot analysis of P17 OIR retinal lysates
demonstrated significantly higher protein expression of RABSIF spe-
cifically within the tufts area (pathological neovascularization) com-
pared to the avascular area (Fig. S1A). ELISA analysis showed that
RABSIF-eKD did not alter the levels of VEGFA in the vitreous of P17 OIR
mice (Fig. 1K). These results showed that upregulation of RABSIF in
endothelial cells is important for retinal neovascularization in
OIR mice.

Endothelial RABSIF knockdown inhibits laser-induced choroidal
neovascularization in mice

We further examined the expression and function of RABSIF in patho-
logical choroidal neovascularization. We analyzed choroidal single-cell
data (GSE135922) from human age-related macular degeneration (AMD)
and healthy controls (Fig. S1A and B). The UMAP plot indicated that
RABSIF is widely expressed in choroidal cells (Fig. S2A-C). Dot plots
demonstrated that RABSIF expression was significantly elevated in vas-
cular endothelial cells of the choroid in patients with dry AMD (dAMD)
and neovascular AMD (nAMD) (Fig. S2D), with higher levels observed in
nAMD (Fig. S2D). To model nAMD, we constructed a laser-induced
choroidal neovascularization (CNV) mouse model. RNA was extracted
from primary choroidal vascular endothelial cells of age-matched con-
trols and CNV mice. qRT-PCR assay results showed a significant increase
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in RABSIF transcript levels in choroidal vascular endothelial cells of CNV
mice (Fig. S2E), aligning with bioinformatic findings from single-cell
sequencing.

To investigate the effects of RABSIF on pathological CNV, we
again knocked down RABSIF expression in choroidal endothelial
cells (RABSIF-eKD) via intravitreal injection of AAV 21 days prior to
laser induction. A week post-laser induction, qRT-PCR and Western
blotting of primary choroidal vascular endothelial cell suspensions
confirmed successful knockdown of RABSIF (Fig. S2F and G).
Visualization of CNV dots using IB4 demonstrated that RABSIF-eKD
significantly hindered pathological neovascularization in CNV

model (Fig. S2H). Ex vivo choroidal explant culture findings showed
that RABSIF-eKD resulted in a significant reduction in vascular
sprout area (Fig. S2I) on day-3 and day-5. Therefore, RABSIF-eKD
significantly inhibited laser-induced choroidal neovascularization in
CNV mice.

Endothelial RABSIF knockdown hinders retinal vascular devel-
opment in neonatal mice

Next, we analyzed retinal single-cell data obtained from P6 and P10
neonatal mice (GSE175895) (Fig. 2A). UMAP and dot plots show that
RABSIF is predominantly expressed in the vascular endothelial cells
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Fig. 1| Endothelial knockdown of RABSIF inhibits retinal neovascularization in
oxygen-induced retinopathy mice. A UMAP (uniform manifold approximation
and projection) dimensionality reduction plot showing the cell annotations of
GSE150703 data. B Group information displayed in the UMAP plot for oxygen-
induced retinopathy (OIR) and age-matched normoxia mice (NORM). C UMAP plot
illustrating the distribution of RABSIF in OIR retinas. D Bidirectional bar graph
comparing the fold changes of RABSIF expression, with adjusted P-values shown.
Blue: significant downregulation, red: significant upregulation, gray: not significant
(N.S.). E Volcano plot highlighting differentially expressed genes (DEGs) between
OIR and age-matched normal mice groups, with RABSIF annotated. F qRT-PCR and
Western blot analyses showed elevated RABSIF levels in primary mRMECs from P17
OIR mice versus normoxia controls (pooled from 4 mice/sample, n=5 samples/
group, 15 pg protein/lane for WB). G Immunofluorescence of P17 OIR retinal flat
mounts revealed RABSIF (green) localized to pathological neovascular regions, co-
stained with IB4 (red) and NG2 (blue). Scale bar = 40 pm. (Representative of three

independent experiments). H Retinal endothelial populations from GSE150703
were subdivided by classical markers; UMAP and dot plots demonstrated RABSIF
expression patterns within endothelial subtypes. I-K The retro-orbital injection of
endothelial-targeted AAV (1 x 10" viral particles/7.5 uL/mouse) for RABSIF knock-
down was performed in neonatal P3 mice, followed by qRT-PCR and Western
blotting analysis on P17 OIR to assess RABSIF mRNA and protein levels in primary
mRMECs (pooled from 4 mice/sample, n =5 samples/group, 15 pg protein/lane for
WB) (I). IB4 staining at P17 OIR, showing representative images along with the
quantification of neovascular area (white areas) and non-perfused avascular area
(purple-shaded areas) in OIR mice (n =5 mice per group). Scale bar =1 mm (J).
ELISA analysis of VEGFA levels in the vitreous in P17 OIR mice (n =10 mice per
group) (K). Data are presented as means + S.D. “N.S.” indicates no statistical dif-
ference (P> 0.05); Wilcoxon rank sum test with Bonferroni’s post hoc test (D, E),
Two-tailed Student’s t-test (F) and one-way ANOVA with Bonferroni’s post hoc test
(I-K). Source data are provided as a Source Data file.

of neonatal mice (Fig. 2B and C). While a specific rod subpopulation
exhibits high RABSIF (Fig. 2B), the overall average for the whole
cluster can appear lower (Fig. 2C). We further sub-clustered the
vascular endothelial cell population of the P6 and P10 neonatal
mouse into tip, proliferating, and resting cells (Fig. 2D-F). UMAP
and dot plots results indicated that RABSIF was primarily
distributed in tip cells and proliferating cells (Fig. 2D-F). Immuno-
fluorescence of retinal flat mounts from P6 mice showed localization
of RABSIF protein (green fluorescence) within blood vessels
(Fig. 2G). Magnified images demonstrated RABSIF expression in
the tip and stalk cells at the anterior end of blood vessels (Fig. 2G),
co-localizing with the tip cell marker CXCR4 (C-X-C chemokine
receptor type 4) (Fig. S3A). qRT-PCR and Western blotting assays of
retinal tissues from neonatal mice (P1-P7) demonstrated a gradual
increase in retinal RABSIF mRNA and protein levels after birth
(Fig. 2H and I).

To assess the effects of RABSIF on physiological retinal neo-
vascularization, we specifically knocked down RABSIF in retinal
endothelial cells via retro-orbital injection of AAV at P1 mice. At P6,
gqRT-PCR and Western blotting of primary mRMECs verified the robust
knockdown of RABSIF (Fig. 2J and K). RABSIF-eKD#1 and RABSIF-
eKD#2 represent two different shRNA sequences (Fig. 2J and K).
Visualization of the retinal vasculature at P6 using IB4 staining
demonstrated that RABSIF-eKD significantly inhibited retinal vascular
development (Fig. 2L), evidenced by marked reductions in vessel radial
length, vessel density, and the number of vascular branches (Fig. 2L).
Analysis at P14 revealed that RABSIF-eKD led to a significant decrease
in the vascular density across all three major retinal plexuses—super-
ficial (SVP), intermediate (IVP), and deep (DVP)—with the intermediate
vascular plexus (IVP) showing the most pronounced effect (Fig. S4A
and B). These results showed that RABSIF-eKD disrupted retinal vas-
cular development in neonatal mice.

Additionally, we evaluated the effects of RABSIF-eKD on retinal tip
cells in P6 mice, finding significant reductions in the number of tip
cells, as well as the number and length of filopodia (Fig. 2L). A sig-
nificant reduction of tip cell marker proteins, CXCR4 and ESM1
(endothelial cell-specific molecule 1), was noticed in RABSIF-eKD
mRMECs, and RABSIF protein levels decreased (Fig. 2M). The immu-
nofluorescence staining in P6 mice retinas further confirmed a sig-
nificant and dramatic reduction in the percentage of CXCR4-positive
vascular area (tip cell) compared to the shC control (Fig. S3B). The EAU
staining assay detected a significant reduction in the number of pro-
liferating (EdU-positive) endothelial cells at the retinal vascular front
(Fig. S4C and D). Conversely, there was a slight increase in the number
of apoptotic endothelial cells in both the vascular front and posterior
vessels (Fig. S4E and F). These results suggest that RABSIF-eKD impairs
retinal vascular development by disrupting the activity of tip and
stalk cells at the vascular front and promoting the regression of vas-
cular network.

Endothelial conditional knockout of RABSIF inhibits retinal
vasculature in adult mice

To further elucidate the role of RABSIF in the retinal vasculature
of adult mice, two distinct AAV5-FLEX-sgRABSIF constructs were
intravitreously injected into TIEI-Cre C57BL/6] mice containing
a ubiquitous, floxed Cas9 allele. This intervention resulted in
the generation of RABSIF endothelial conditional knockout
(RABSIF-eCKO) mice, designated as RABSIF-eCKO#1 and RABSIF-
eCKO#2, after a period of 21 days. Each of the two AAVS5
constructs was designed to express non-overlapping sgRNA
sequences targeting murine RABSIF. To verify the specificity of
the construct, the AAV5-FLEX-GFP viral particles were adminis-
tered into the TIE1-Cre C57BL/6] adult mice. Following the 21-day
period, GFP signaling was observed to localize specifically within
the retinal vasculature (IB4 staining) (Fig. 3A). Western blotting
analyses conducted on primary mRMECs substantiated a marked
reduction in RABSIF protein expression in RAB5SIF-eCKO#1/2 mice,
when compared to that in control mice received AAV5-FLEX-
sgRNA control construct (sgC) (Fig. 3B). Visualization of the
retinal vascular architecture using IB4 staining indicated that
RABS5IF-eCKO impeded retinal vascular branching (Fig. 3C). Fur-
thermore, the retinal trypsin digestion assay and periodic acid-
Schiff (PAS) staining demonstrated a substantial increase in the
number of acellular capillaries following RABSIF-eCKO (Fig. 3D).
Results from the Evans Blue (EB) leakage assay revealed
that RABSIF-eCKO significantly increased retinal vascular leakage
(Fig. 3E). The disruption of retinal vasculature is known to cau-
se degeneration of retinal ganglion cells (RGCs). Consequently,
we assessed the impact of RAB5SIF-eCKO on RGCs. Double-staining
of RGCs in retinal flat mounts with Tubb3 (tubulin beta 3 class III)
and NeuN (neuronal nuclei), along with RBPMS (RNA-binding
protein with multiple splicing) staining of RGCs in retinal
sections, demonstrated that RABSIF-eCKO led to a significant
reduction in RGC numbers (Fig. 3F and G). This finding was fur-
ther corroborated by a decrease in the expression of RGC
marker proteins, Tubb3 and Thy-1 (thymocyte antigen 1), in the
retinal tissues of RABSIF-eCKO mice (Fig. 3H). These results
together showed that RABSIF-eCKO inhibited retinal vasculature
in adult mice. Consistently, RABSIF-eKD resulted in diminished
protein expression of RGC marker proteins, Tubb3 and Thy-1, in
the retinal tissues of P6 mice (Fig. 3I). We also tested RABSIF
endothelial overexpression in adult mice through retro-orbital
injection of AAV (AAVENT-ICAM2p-0eRABSIF) in eight-week-old
mice (Fig. S5A). Endothelial RABSIF overexpression (RABSIF-eOE,
Fig. S5A) did not significantly enhance retinal vascular branching,
cause vascular leakage, induce acellular capillary formation, or
alter RGC numbers in these healthy adult mice (Fig. S5B-E). This
aligns with the known quiescent state of the mature adult retinal
vasculature.
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RABSIF exerts significant pro-angiogenic activity in cultured
retinal microvascular endothelial cells

To elucidate the potential role of RABSIF in angiogenesis in vitro,
human retinal microvascular endothelial cells (hRRMECs) were trans-
duced with three distinct lentiviral ShRNAs targeting non-overlapping
sequences of RABSIF: shRABSIF#1, shRABSIF#2, and shRABSIF#3.

Following puromycin selection, stable cells were formed. Each of the
three shRNAs significantly reduced both mRNA and protein levels of
RABSIF in hRMECs, when compared to it in cells treated with a
scrambled control shRNA (shC) (Fig. 4A). Subsequent evaluation using
an in vitro sprouting assay revealed that RABSIF silencing markedly
inhibited the sprouting of hRMECs, evidenced by a significant decrease
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Fig. 2| Endothelial RABSIF knockdown hinders retinal vascular development in
neonatal mice. A UMAP dimensionality reduction plot showing cell annotations of
P6 and P10 neonatal mouse retinas (GSE175895). B UMAP plot illustrating the
expression distribution of RABSIF in P6 and P10 neonatal mouse retinas. C Dot plot
showing the expression levels of RABSIF in various retinal cell populations within P6
and P10 neonatal mouse retinas. D-F Retinal endothelial populations from
GSE175895 were subdivided by classical markers; UMAP and dot plots demon-
strated RABSIF expression patterns within endothelial subtypes.

G Immunofluorescence of P6 neonatal mouse retinal flat mounts, displaying
RABSIF (green fluorescence) and vasculature (IB4, red fluorescence). Scale bar =
400 pm; Magnified views of the vascular front and vascularized area were also
shown. Scale bar = 40 pm. (Representative of three independent experiments).
H, I qRT-PCR and Western blot analyses of RABSIF expression across neonatal time
points (individual samples, n =5 mice/group, 15 ug protein/lane). J, K At P1, retro-
orbital injection of endothelial-targeted AAV (1 x 10" viral particles/7.5 uL/mouse)

for RABSIF knockdown (RABSIF-eKD#1/#2) was performed, followed by qRT-PCR (J)
and Western blotting (K) analysis at P6 to assess knockdown efficiency of RABSIF in
mRMECs extracted from neonatal mice (pooled from 8 mice/sample, n =5 samples/
group, 15 pg protein/lane for WB). L IB4 staining of retinal flat mounts at P6,
showing representative images, red box (magnified vascular structures), red dots
(branching nodes), green box (magnified vascular front area), green arrows (tip
cells), and yellow dots (filopodia). Quantification of vascular radial length, vascular
density, branching nodes, number of tip cells, number of filopodia, and length of
filopodia in RABSIF-eKD and shC control groups of the neonatal mice (n =5 mice
per group). Scale bars =1 mm/60 pum. M Western blot of RABSIF, CXCR4, and ESM1
in mRMECs from RABSIF-eKD and shC mice at P6 (pooled from 8 mice/sample,
n=>5 samples/group, 15 pg protein/lane for WB). Data are presented as means +
S.D.; One-way ANOVA with Bonferroni’s post hoc test. Source data are provided as a
Source Data file.

in both the number of sprouts and the average length of each sprout
(Fig. 4B). RABSIF silencing also impaired the proliferation of hRMECs,
as indicated by a significant reduction in the ratio of EdU-positive
nuclei (Fig. 4C). In addition, results from the Transwell migration assay
demonstrated that the migratory capacity of hRMECs was compro-
mised following RABSIF silencing (Fig. 4D). The capillary tube forma-
tion assay further corroborated these findings, showing a significant
reduction in tube-like structures formed by RABSIF-silenced hRMECs
(Fig. 4E). These results provide robust evidence that silencing RABSIF
induced an anti-angiogenic response in retinal endothelial cells.

To eliminate potential off-target effects associated with the pre-
viously utilized RABSIF shRNAs and to further validate the role of
RABSIF in angiogenesis in vitro, we employed lentiviral CRISPR/Cas9
constructs designed to knockout RABSIF. These constructs included
sgRNAs targeting non-overlapping sequences in murine RABSIF and
were transduced separately into hRMECs. Following puromycin
selection and RABSIF KO screening, single stable cells, koRABSIF#1 and
koRABSIF#2, were established. Western blotting analysis, Fig. 4F,
confirmed the successful depletion of RABSIF in these koRABSIF
hRMECs. Consistent with the phenotypic changes observed in cells
expressing RABSIF shRNA, CRISPR/Cas9-induced RABSIF KO resulted
in a significant reduction in both the number of sprouts and the
average length of sprouting in hRMECs (Fig. 4G). Additionally, RABSIF
KO inhibited the proliferation and migration of hRMECs, as assessed
through nuclear EdU staining (Fig. 4H) and Transwell migration assays
(Fig. 41), respectively. Moreover, RABSIF KO compromised the tube-
forming capacity of hRMECs (Fig. 4J). Thus, RABSIF KO led to a pro-
nounced anti-angiogenic response in hRMECs. Importantly, we asses-
sed the impact of RABSIF on two key energy metabolic pathways:
oxidative phosphorylation (OXPHOS) and glycolysis, in hRRMECs. Sea-
horse analysis demonstrated that both RABSIF knockdown (via shRA-
B5IF#3) and KO (using koRAB5IF#1) resulted in a significant inhibition
of OXPHOS (Fig. 4K), as the basal oxygen consumption rate (OCR) and
maximum OCR as well as ATP production were decreased in RABSIF-
depleted hRMECs (Fig. 4K). Moreover, a significant reduction in the
basal glycolysis and maximum glycolytic capacity was detected in
RABS5IF-silenced/-KO hRMECs (Fig. 4L).

We also conducted a detailed investigation into the role of
RABSIF in mitochondrial function and morphology in hRMECs.
Our findings indicated that knockdown of RABSIF using shRA-
B5IF#3 decreased mitochondrial membrane potential, as evi-
denced by a marked decrease in Rhodamine 123 fluorescence
intensity (Fig. S6A) and the accumulation of JC-1 green monomers
(Fig. S6B). Immunofluorescence and electron microscopy ana-
lyses revealed that RABSIF silencing led to decreased fusion of
mitochondria, along with swelling and the loss or rupture of
mitochondrial cristae (Fig. S6C, D). Overall, our results under-
score the role of RABSIF in regulating mitochondrial function and
maintaining its morphology.

Contrarily, we investigated whether ectopic overexpression of
RABSIF could promote pro-angiogenic activity in hRRMECs. A lentiviral
construct encoding RABSIF cDNA was transduced into hRMECs,
resulting in the establishment of two stable cell selections, designated
as 0eRABSIF-SI1 and 0eRABSIF-SI2. RABSIF mRNA and protein expres-
sion levels were significantly elevated in the oeRABSIF hRMECs
(Fig. 4M). Quantitative analysis from in vitro sprouting assays indicated
that both the average number of sprouts and the average length of
each sprout were markedly increased following RABSIF over-
expression (Fig. 4N). Furthermore, RABSIF overexpression enhanced
hRMEC proliferation, as evidenced by a higher ratio of EdU-positive
nuclei (Fig. 40), and augmented the migratory capacity of hRMECs
(Transwell assays, Fig. 4P). The mitochondrial OXPHOS capacity, tes-
ted by the ATP production (Fig. 4Q), and glycolysis levels (Fig. 4R) were
both enhanced in RABSIF-overexpressed hRMECs. Therefore, these
in vitro results further supported the pro-angiogenic activity of RABSIF
in endothelial cells.

Proteomic sequencing identifies SUMO2 as a key RABSIF-
dependent protein
To further understand the possible underlying mechanism of
endothelial RABSIF in promoting angiogenesis, we performed
proteomic sequencing of shRABSIF (by shRABSIF#3) and shC
control hRMECs to identify differentially expressed proteins
(DEPs), followed by functional enrichment analysis (Fig. SA-C).
We identified a total of 170 downregulated proteins and 163
upregulated proteins, applying thresholds of an adjusted P-
value <0.05 and |Fold Change | > 1.5 (Fig. 5A). Functional enrich-
ment analysis indicated that the upregulated proteins are enri-
ched in endodermal cell differentiation and extracellular matrix
(ECM)-receptor interaction (Fig. 5B), whereas the downregulated
proteins are involved in small ribosomal subunit synthesis, gly-
colysis, pyruvate metabolism, and the TCA (tricarboxylic acid)
cycle (Fig. 5C). Proteins related to ribosomal subunit synthesis
were visualized (Fig. 5D). Western blotting further confirmed
that RABSIF knockdown led to decreased expression of the 40S
ribosomal subunit core protein RPS23, along with reductions in
several ribosome assembly/processing factors, such as RPS19BP1,
UTP6, PWP2, WDR46, and HEATRI1 (Fig. 5E).

Among the downregulated proteins, small ubiquitin-like modifier
2 (SUMO?2) protein expression was identified as the most significantly
downregulated (Fig. 5F). Western blotting assays revealed that the
knockdown or knockout of RABSIF resulted in a significant reduction
of SUMO2 protein expression in hRMECs (Fig. 5G), while SUMOL levels
remained unchanged (Fig. 5G). Additionally, the similar SUMO2 pro-
tein decrease was obtained by in primary mRMECs of P17 OIR RABSIF-
eKD mice (Fig. 5SH). No changes in SUMO2 mRNA levels were observed
(Fig. 5I). Polysome profiling in hRMECs showed that, after RABSIF
knockdown, 80S ribosomes failed to effectively bind mRNA and
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initiate translation, leading to the accumulation of 80S monomers and
reduced polysomes, indicating inhibited translation initiation (Fig. 5J).
Polysome PCR analysis indicated that RABSIF knockdown selectively
suppressed SUMO2 mRNA translation without affecting SUMOI mRNA
translation (Fig. 5K). Therefore, RABSIF specifically upregulates
SUMO2 protein in endothelial cells by selectively modulating the
translation of SUMO2 mRNA.

Endothelial SUMO2 knockdown inhibits retinal
neovascularization

Next, experiments were carried out to determine the possible role of
SUMO2 in retinal neovascularization, we constructed shRNAs specifi-
cally targeting endothelial SUMO2 (SUMO2-eKD), which were again
delivered via endothelial-targeted AAV(AAVFN-ICAM2p-shSUMO2)
by retro-orbital injection. Two different SUMO2 shRNA with
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Fig. 3 | Endothelial conditional knockout of RABSIF inhibits retinal vasculature
in adult mice. A The TIEI-Cre C57 mice (six-seven weeks old) were intravitreously
injected with AAV5-FLEX-GFP viral particles (7 x 10%° viral particles/0.5 uL/mouse),
followed by frozen sections and flat mount staining 21 days later to observe GFP-
positive infection area. Scale bar =100 pum / 50 pm. B-H The TIE1-Cre C57 mice (six-
seven weeks old) were intravitreously injected with AAV5-FLEX-sgRABSIF (RABSIF-
eCKO#1 and RABSIF-eCKO#2, encoding non-overlapping sgRNAs against murine
RABSIF) or AAV5-FLEX-sgRNA control viral particles (“sgC), both at 7 x 10%° viral
particles/0.5 uL/mouse; After 21 days RABSIF protein expression in the primary
mRMECs extracted from adult mice was shown (pooled from 4 mice/sample,

n =35 samples/group, 15 pg protein/lane for WB) (B); IB4 staining of retinal flat
mounts, showing representative images, and quantification of vascular branch
numbers. Scale bar = 100 um (C). PAS staining of retinal tissue, showing repre-
sentative images, and quantification of acellular capillary numbers. Scale bar = 60
pm (D). Evans blue (EB) leakage assay assessing retinal vascular leakage, showing

representative images, and quantification of EB leakage. Scale bar = 1 mm (E).
Tubb3/NeuN double staining of retinal flat mounts to label RGCs, showing repre-
sentative images, and quantification of Tubb3*/NeuN* cell numbers. Scale bar = 60
pm (F). RBPMS staining of retinal sections to label RGCs, showing representative
images, and quantification of RBPMS" cell numbers. GCL, ganglion cell layer; ONL,
outer nuclear layer; INL, inner nuclear layer. Scale bar = 200 um (G). Expression of
listed neuronal marker proteins in the retinal tissues was also tested (individual
samples, n =5 mice/group, 15 pg protein/lane) (H). I At P1, endothelial-targeted AAV
(1 x 10" viral particles/7.5 uL/mouse) was injected retro-orbitally for RABSIF
knockdown (RABSIF-eKD). Subsequently, listed neuronal markers were detected by
Western blot at P6. (pooled from 8 mice/sample, n =8 samples/group, 15 pg pro-
tein/lane for WB). Data are presented as means + S.D; One-way ANOVA with Bon-
ferroni’s post hoc test. n =5 mice per group. Source data are provided as a Source
Data file.

non-overlapping sequences were utilized, including SUMO2-eKD#1
and SUMO2-eKD#2. Compared to the control shRNA treatment (shC),
the knockdown of SUMO2 in endothelial cells significantly inhibited
retinal vascular development in neonatal mice, as evidenced by
reductions in radial vascular length, vascular density, and the number
of vascular branches (Fig. 6A). Additionally, this knockdown affected
the tip cell phenotype, resulting in a marked decrease in the number of
tip cells, as well as in the count and length of filopodia (Fig. 6A).
Western blotting confirmed that SUMO2-eKD inhibited the expression
of SUMO2 and tip cell markers CXCR4 and ESM1 in mRMECs from P6
neonatal mice, without affecting RABSIF protein expression (Fig. 6B).
Subsequently, we also examined SUMO2-eKD'’s effect in pathological
retinal neovascularization (OIR model) and discovered that SUMO2-
eKD had a pronounced inhibitory effect on pathological neovascular
tufts (Fig. 6C). ELISA analysis showed that SUMO2-eKD did not alter the
levels of VEGFA in the vitreous of P17 OIR mice (Fig. 6D). Additionally,
in the OIR model, we investigated the localization of SUMO2 protein
and discovered that SUMO2, similar to RABSIF, was mainly expressed
within the pathological neovascular tufts (Fig. 6E). These results sug-
gest that RABSIF’s downstream protein SUMO2 is indeed important for
pathological and physiological retinal neovascularization.

To investigate whether SUMOL1 can compensate for SUMO2, we
overexpressed SUMOL1 in retinal endothelial cells via retro-orbital
injection of AAV (AAVFN-ICAM2p-0eSUMOI1) (Fig. S7A). In the OIR
model, SUMOI-eOE failed to affect the inhibition of SUMO2-eKD on
pathological retinal neovascularization (Fig. S7A). In vitro, using len-
tiviral vectors we generated SUMO2 knockdown (shSUMO2) hRMECs,
with or without SUMOI1 overexpression (+0eSUMOI1) (Fig. S7B).
SUMO?2 silencing significantly impaired pro-angiogenic activity, evi-
denced by reduced tube formation and sprouting (Fig. S7C, D), which
was not rescued by 0eSUMOI1 (Fig. S7C, D).

Endothelial SUMO2 knockdown inhibits retinal neovasculariza-
tion reverses RABSIF overexpression-facilitated retinal
neovascularization

To determine whether SUMO?2 is the critical downstream protein
mediating the pro-angiogenic effects of RABSIF, we tested whether
silencing of SUMO2 could reverse RABSIF-induced retinal neovascu-
larization. We achieved RABSIF overexpression in retinal endothelial
cells through retro-orbital injection of AAV (AAVF"™-ICAM2p-0eRAB5IF)
in P1 mice. Results indicated that endothelial overexpression of RABSIF
(RABSIF-eOE) significantly enhanced retinal vascular development by
P6, characterized by significant increases in radial vascular length,
vascular density, and the number of vascular branches (Fig. 6F). Fur-
thermore, RABSIF-eOE induced a substantial increase in the number of
tip cells, as well as the length and quantity of filopodia (Fig. 6F). In
primary mRMECs isolated from P6 neonatal mice, protein expression
levels of both RABSIF and SUMO2 were significantly elevated in
RABSIF-eOE mice (Fig. 6G). Importantly, SUMO2-eKD(#1) reversed the

upregulation of SUMO2 in mRMECs from RABSIF-eOE P6 mice without
altering RABSIF expression (Fig. 6G). In the oxygen-induced retino-
pathy (OIR) model, we similarly overexpressed RABSIF (RAB5IF-eOE) in
retinal endothelial cells through retro-orbital injection of same AAV at
P3 mice. By P17 OIR, RABSIF-eOE resulted in a significant increase in
pathological neovascular clusters (Fig. 6H). These findings further
substantiate the role of RABSIF in promoting retinal neovasculariza-
tion. Co-administration of AAVEN-ICAM2p-shSUMO2 (SUMO2-eKD#1)
in the aforementioned RABSIF-eOE mice completely reversed both
physiological (P1-P6) and pathological (OIR) retinal neovascularization
(Fig. 6F, H). These results suggest that SUMO?2 is an essential down-
stream protein target of RABSIF in mediating angiogenesis.
Conversely, we overexpressed SUMO?2 in retinal endothelial cells
through retro-orbital injection of AAV (AAVEN"-ICAM2p-0eSUMO2) in
RABSIF-eKD mice. Notably, while SUMO2-eOE significantly increased
SUMO2 mRNA levels in primary mRMECs of RAB5IF-eKD OIR mice
(P17) (Fig. S8A), there was no significant increase at the protein level
(Fig. S8B). This result strongly supports our proposed translational
regulatory mechanism, where the absence of functional RABSIF pre-
vents the proper translation of SUMO2 mRNA into protein, irrespective
of mRNA availability. (see Fig. 5). In vitro, using lentiviral vectors we
generated SUMO2 knockdown (shSUMO2) hRMECs with or without
RABSIF overexpression (0eRABSIF) (Fig. S8C). shSUMO?2 significantly
impaired pro-angiogenic activity, evidenced by reduced tube forma-
tion and sprouting (Fig. S8D, E), which was not rescued by oeRABSIF
(Fig. S8D, E). These results further support that SUMO?2 acts as the key
downstream effector of RABSIF in mediating its pro-angiogenic effect.

SUMO2-mediated SUMOylation of Gail/3 at both K92 and K277
is required for VEGF-induced signaling and pro-angiogenic
activity

Since RAB5IF-driven angiogenesis is primarily mediated by promoting
SUMO2 protein expression in endothelial cells, we explored the key
protein targets that could possibly be SUMOylated by SUMO2.
Importantly, both Gail and Gai3 proteins, two key signaling proteins
important for endothelial cell functions and angiogenesis'®*, were
pulled down using anti-Flag magnetic beads (Fig. 7A), and mass spec-
trometry identified specific SUMO2 peptide segments within the
complexes (Fig. 7A). Co-immunoprecipitation (Co-IP) experiments in
HEK-293T cells confirmed that SUMO2-HA established an interaction
with Gail-Flag and Gai3-Flag (Fig. 7B). Additionally, SUMO2 protein
associated with Gail and Gai3 in hRRMECs (Fig. 7C, D).

After knockdown of SUMO2 using two different shRNAs,
shSUMO2-1# and shSUMO2-2#, in hRMECs, no changes in Gail/3
protein levels were observed (Fig. 7E). It is therefore possible that
SUMO2-mediated SUMOylation of Gail/3 may influence their interac-
tion with other signaling proteins. Co-IP results indeed showed that
SUMO2 knockdown hindered Gail/3’s association with the receptor
VEGFR2 and the key adaptor protein Gab1*? in VEGF-treated hRMECs
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Fig. 4 | RABSIF exerts significant pro-angiogenic activity in cultured retinal
microvascular endothelial cells. A-E The human retinal microvascular endothe-
lial cells (\RMECs) expressing the applied RABSIF shRNAs (shRABSIF#1, shRA-
BSIF#2 and shRABSIF#3, with different shRNA sequences against RABSIF) or the
scramble control shRNA (shC) were established, expression of RABSIF mRNA and
protein was shown (n =5 biological repeats, 15 pg protein/lane for WB) (A); Cells
were further cultured for the indicated time periods, sprouting (B), cell prolifera-
tion (by testing EdU-positive nuclei ratio, C), migration (Transwell assays, D) and
the capillary tube formation (E) were tested by the listed assays. F-J Stable hRMECs
expressing the listed lentiviral CRISPR/Cas9-RABSIF-KO construct (koRABSIF#1/
koRABSIF#2, with different sgRNA sequences against RABSIF) or the control con-
struct with non-sense sgRNA (koC) were established, and RABSIF protein expres-
sion was tested (n =S5 biological repeats, 15 pg protein/lane for WB) (F); Cells were
further cultured for the indicated time periods, sprouting (G), cell proliferation (by

testing EdU-positive nuclei ratio, H), migration (Transwell assays, I) and the capil-
lary tube formation (J) and were tested. K, L Stable hRMECs with the designated
genetic modifications on RABSIF were cultured and subjected to Seahorse analyses
to evaluate oxidative phosphorylation (K) and glycolysis (L). M-R Stable hRMECs
with the lentiviral RABSIF-expressing construct (0oeRABSIF-SI1/0eRABSIF-SI2, two
stable cell selections) or the empty vector (Vec) were established, expression of
RABSIF mRNA and protein was shown (n =5 biological repeats, 15 pg protein/lane
for WB) (M); Cells were further cultured for the indicated time periods, sprouting
(N), cell proliferation (by testing EdU-positive nuclei ratio, 0) and migration
(Transwell assays, P) were tested, with results quantified. Seahorse assays were also
carried out to evaluate ATP contents (Q) and basal glycolysis levels (R). Data are
presented as means + S.D., n =5 (biological repeats). “N.S.” indicates no statistical
difference (P> 0.05); One-way ANOVA with Bonferroni’s post hoc test. Scale bars =
100/200 pm. Source data are provided as a Source Data file.
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Fig. 5 | Proteomic sequencing identifies SUMO2 as a key RABSIF-dependent
protein. A-F Proteomic sequencing was performed on hRMECs with shRABSIF
(shRABSIF#3) or shC, with volcano plots shown differentially proteins (A) (n=3
biological repeats/group); GO functional analysis for the upregulated proteins (B)
and downregulated proteins (C). Volcano plots showing differentially expressed
proteins involved in ribosomal subunit synthesis (D). Expression of listed ribosomal
proteins was also tested (n =4 biological repeats, 15 pg protein/lane) (E). Scatter
graph displaying SUMO2 as the top downregulated protein following RABSIF
silencing in hRMECs (F), with the center line marking the median (n =2 biological
repeats, a replicate was excluded due to non-detection of the SUMO2 protein).

G Western blotting analysis of SUMO1 and SUMO?2 protein expression following
RABSIF knockdown (shRABSIF) or RABSIF knockout (koRABSIF) in hRMECs (n=5

biological repeats, 15 pg protein/lane for WB). H Western blotting analysis of
SUMO1 and SUMO2 protein expression in mRMECs extracted from RABSIF-eKD and
shC groups in P17 OIR mice (pooled from 4 mice/sample, n =5 samples/group, 15 ug
protein/lane). I qRT-PCR analysis of SUMOI mRNA expression following RABSIF
knockdown (by shRABSIF#3) or RABSIF knockout (by koRABSIF#1) in hRMECs (n =5
biological repeats). J Polysome profiling of shRABSIF or shC. The x-axis represents
the sucrose concentration gradient, and the y-axis shows OD260, reflecting mRNA
levels (n =5 biological repeats). K Polysome PCR analysis of SUMOI and SUMO2
mRNA expression in shRABSIF or shC hRMECs. The P/non-P ratio indicates overall
translation activity (n =5 biological repeats). Data are presented as means + S.D;
Fisher’s exact test (B, C), One-way ANOVA with Bonferroni’s post hoc test (E) and
Two-tailed Student’s t-test (D, G, K). Source data are provided as a Source Data file.
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(Fig. 7F). As a result, phosphorylation levels of VEGFR2-Gail/3 down-
stream targets, including Akt, S6K, and Erkl/2, were substantially
decreased (Fig. 7G). These findings suggest that SUMO2-mediated
SUMOylation of Gail/3 is important for VEGFR2-Gail/3-Gabl complex
formation and VEFGR2 signaling transduction.

To further pinpoint the SUMOylation sites of Gail/3, we utilized
JASSA and SUMOplot™ analysis tools to predict potential SUMOylation
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sites. This analysis identified two highly-conserved sites: lysine 92
(K92) and lysine 277 (K277) for both Gail and Gai3 (Fig. S9A-C). Using
the CRISPR/Cas9 method, we successfully generated Gail and Gai3
double knockout (dKO) hRMECs (Fig. 7H). Next, we transfected Gail/3-
dKO hRMECs with plasmids overexpressing wild-type, single-site Gail
and Gai3 mutants (K92R and K277R), and double-site mutant (dKR)
Gail and Gai3 proteins. Co-IP assays revealed that both K92R and
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Fig. 6 | Endothelial SUMO2 knockdown inhibits retinal neovascularization, and
reverses RABSIF overexpression-facilitated retinal neovascularization. A, B At
P1, endothelial-targeted AAV (1 x 10" viral particles/7.5 uL/mouse) carrying
SUMO2 shRNA (SUMO2-eKD#1/#2) was injected. Different shRNA sequences were
utilized: SUMO2-eKD#1 and SUMO2-eKD#2) was performed. The IB4 staining of
retinal flat mounts at P6, showing representative images. The red box (magnified
vascular structures), red dots (branching nodes), green box (magnified vascular
front area), green arrows (tip cells) and yellow dots (filopodia). Quantifications of
vascular radial length, vascular density, branching nodes, number of tip cells,
number of filopodia, and length of filopodia in P6 neonatal mice were shown (n=5
mice per group). Scale bars =1 mm/60 pm (A). Western blotting of listed proteins in
primary mRMECs from P6 mice (pooled from 8 mice/sample, n =5 samples/group,
15 pg protein/lane) (B). C-E At P3, mice received the same AAV injections and were
subjected to OIR induction. At P17, IB4 staining revealed neovascular and non-

perfused areas, quantified across groups (n =5 mice per group) (C). Scale bar =

1 mm. ELISA analysis of VEGFA levels in the vitreous in P17 OIR mice (n =10 mice per
group) (D). Immunofluorescence of SUMO2 protein expression in pathological
neovascular areas of P17 OIR mouse retinas (E). Scale bar = 40 pm. F, G At P1, AAV
was injected to overexpress RABSIF (RABSIF-eOE) alone or combined with SUMO2
knockdown (SUMO2-eKD#1). At P6, IB4-stained flat mounts were analyzed for
vascular parameters as above (n =5 mice per group). Scale bars =1 mm/60 pm (F).
Western blotting of mMRMECs confirmed protein expression (pooled from 6 mice/
sample, n =5 samples/group, 15 pg protein/lane) (G). H At P3, the same treatments
were applied followed by OIR induction. At P17, IB4 staining was performed to
assess and quantify neovascular and non-perfused areas (n =35 mice per group).
Scale bar =1 mm. Data are presented as means + S.D. “N.S.” indicates no statistical
difference (P> 0.05); One-way ANOVA with Bonferroni’s post hoc test. Source data
are provided as a Source Data file.

K277R mutations inhibited Gail/3 binding to SUMO2 (Fig. 7H), while
dKR nearly completely blocked their interaction (Fig. 7H). These
results indicated that both K92 and K277 are critical SUMOylation sites
for Gail and Gai3.

Moreover, we assessed the impact of overexpressing wild-type
and mutant Gail/3 proteins on VEGF-induced downstream signaling
and in vitro angiogenesis. VEGF-induced Akt, S6K, and Erki/2 phos-
phorylation was potentiated by Gail/3-WT in hRMECs (Fig. 7I).
Whereas single-site Gail/3 (K92R or K277R) mutants weakened its
effect (Fig. 71), and Gail/3 dKR almost blocked it completely (Fig. 71).
The sprouting assay demonstrated that, upon VEGF stimulation, Gail/
3-WT significantly enhanced endothelial cell sprouting; While single-
site single-site Gail/3 (K92R or K277R) mutants inhibited this effect,
and Gail/3-dKR (K92R and K277R) blocking it entirely (Fig. 7J). The
capillary tube formation, Transwell, and nuclear EdU staining assays
showed that Gail/3-WT potentiated VEGF-induced capillary tube for-
mation, migration, and proliferation, while single-site Gail and Gai3
mutants (K92R and K277R) suppressed these effects (Fig. 7K-M), with
dKR completely blocking them (Fig. 7K-M). Thus, SUMOylation of
Gail and Gai3 at both K92 and K277, by the RABSIF’s protein target
SUMO?2, is required for VEGF signaling and pro-angiogenic activity.

SUMOylation of endothelial Gail/3 is required for retinal neo-
vascularization in neonatal and OIR mice

To validate SUMOylation at the two conserved sites of Gail and Gai3
(K92and K277), which is important for angiogenesis in vivo, we con-
structed endothelial-specific AAV for overexpressing wild-type Gail/3
(Gail/3-WT-eOE) and the double-site mutant (Gail/3-dKR-eOE), both
tagged with Flag. The AAV were delivered via retro-orbital injection at
P1. Compared to the control vector (Vec), Gail/3-WT-eOE significantly
enhanced retinal vascular development, as evidenced by increased
radial vascular length, vascular density, and the number of vascular
branches at P6 (Fig. 8A). This was accompanied by a marked increase in
tip cells, with a noticeable rise in their number, filopodia count, and
length (Fig. 8A), as well as enhanced expression of tip cell markers
CXCR4 and ESM1 (Fig. 8B). The expression levels of the endogenous
Gail and Gai3 (lower molecular weight) remained largely unchanged
upon overexpression of the Flag-tagged dKR mutants or WT ones
(Fig. 8C). In the OIR model, Gail/3-WT-eOE treatment at P3 also
demonstrated a significant pro-angiogenic effect, resulting in a sub-
stantial increase in the area of pathological neovascular clusters at P17
OIR (Fig. 8D). In the contrast, the double-site mutants, Gail/3-dKR-eOE,
failed to increase retinal neovascularization in neonatal and OIR mice
(Fig. 8A-D). ELISA analysis showed that both Gail/3-eOE and Gail/3-
dKR-eOE did not alter the levels of VEGFA in the vitreous of P17 OIR
mice (Fig. 8E). These results suggest that SUMOylation at K92 and K277
of Gail/3 are required for their pro-angiogenic activity in vivo.
Importantly, Western blotting analysis of P17 OIR retinal lysates
demonstrated significantly higher protein expression of SUMO2 and

Gail/3 specifically within the tufts area (pathological neovasculariza-
tion) compared to the avascular area (Fig. S1A)

We investigated the signaling changes in the mRMECs derived
from the aforementioned murine models. Our findings indicate a sig-
nificant elevation in the activation of Akt (p-Akt), mTOR (p-S6) and Erk
(p-Erk1/2) in the primary mRMECs of P17 OIR Gail/3-WT-eOE mice,
compared to the vector control group (Fig. 8F). In contrast, the Gail/3-
dKR-eOE mutants did not exhibit a statistically significant increase in
Akt-mTOR activation within the mRMECs (Fig. 8F). In hRMECs over-
expressing RABSIF, specifically oeRABSIF-SI1 and 0eRABSIF-SI2 (refer
to Fig. 4), both SUMO2 protein expression and VEGF-induced Akt-S6K
phosphorylation were markedly enhanced (Fig. 8G).

Increased vascular expression of RABSIF and SUMO?2 in fibro-
vascular membranes of proliferative diabetic retinopathy
patients

At last, we analyzed RABSIF and SUMO2 expression in proliferative
diabetic retinopathy (PDR) patients. Utilizing the GSE60436 dataset,
we investigated the expression of RABSIF in fibrovascular membranes
(FVMs) associated with both active and inactive PDR. Our analysis
revealed no significant difference in RABSIF expression in inactive
FVMs; however, there was a marked upregulation of RABSIF in active
FVMs compared to normal retinal tissues (Fig. 9A). Additionally,
GSE94019 dataset demonstrated a significant increase in RABSIF
expression in primary human retinal vascular endothelial cells (ECs)
within FVMs, accompanied by elevated transcript levels of SUMOI-3
(Fig. 9B). corroborate these findings, we examined clinical vitrectomy
samples collected from our institution. The mean age of patients with
macular epiretinal membranes (MEMs) and PDR was 60.50 + 11.43 and
57.88+6.90 years, respectively, showing no significant difference
(two-tailed Student’s t-test, P=0.5887). Western blotting analysis
revealed elevated protein levels of RABSIF and SUMO2 in FVMs
obtained from PDR patients (Fig. 9C), in contrast to MEMs from con-
trol patients (Fig. 9C). Furthermore, immunofluorescence analysis
showed enhanced RABSIF protein signals (in green fluorescence) in
FVMs compared to MEMs (Fig. 9D, E), with fluorescence primarily
localized to the vascular structures (IB4 staining) within the FVMs
(Fig. 9D, E). Similarly, immunofluorescence staining for SUMO2 pro-
tein indicated stronger fluorescence in FVMs relative to MEMs, with
pronounced SUMO?2 signals within blood vessels in the FVMs (Fig. 9F,
G). These results showed that RABSIF and SUMO2 expression is
increased in FVM of PDR patients.

Discussion

A comprehensive understanding of the molecular mechanisms gov-
erning aberrant angiogenesis in ocular tissues is essential for the
development of innovative therapeutic approaches, including anti-
VEGF treatments and gene therapies' >**. Mitochondria’s multifaceted
roles in energy metabolism, ROS signaling, and structural dynamics

Nature Communications | (2025)16:11402

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66212-x

A anti-Flag-beads SUMO2 VA_|G 1Q DG4S |V |V Q F K
.‘ = 8100 | s S o
o O < & g i
woc s Lofjilm®: |
hd o ] i
————————— © 50 { |
anti-Flag-beads LCMS/MS o g
v s o) " v 87946
e 2 NI AN A
/N\ ‘ Vi : me
Gai1/3-3x Flag =0 100 300 500 700 900 1100
hRMECs ShSUMOZ
B. hRMECs D. HRMECS E. shC_#1 #2 (kDa)
HEK-293 P. IgG SUMO2 SUMO1 Eﬁs
SUMO2:HA — + T (kDa) (kDa) . 1gG Gail  1gG Gai3 ¢
Gail/3-Flag v 1B:Gai |40 IP: 196 Gait  IgG Gaid \ o8 55
. o3
8 | 18:Fiag(Gaita) E B:Gas_Mm]-42 B:sUMO2| =] 15 £2
. - - » 9 N
& | IB:HA(SUMO2) 15 Gui1E40 Gou1_ -m—m o 30
Q
© | Flag(Gai1/3) -l 2 ' = 7 [ 42 SUMO2 15
; 2| cas[mmee
3 = - 3 B-actin | == e e—-43
=2 ool o]
VEGF, 10’
F IP: VEGFR2 hRMECS G Gais = 4w |
. W . ShSUMOZ
shSLlJMOZ Input @ _ shC _#1 #2 kDa) 5 p:ggg: P<$11
shC 2 (kDa) % g EO- p-Akt -60 :; ,E 1
ShSUMO2 S =
VEGFR2 220 shC 71 72 (kDa) ggo Akt1] w———-60 ggOB
— = c 7] D.
) - y - a
Gab1 §110 Gail| S w— g -40 8¢ p-SEK| e 70 %%
3 = o> -
Gi3[ e = |42 20 SSKE}JO £% 0
Gai3 — L % shC #1 #2shC #1 #2 52 shC #1 #2shC #1 #2
Gab1| e s s - 110 8 kS shSUMO2 shSUMO?2  p-Erk1/2| e -42 § shSUMO2 shSUMO2
_ >= Gaiz__ Gail p-Akt  p-S6K
Gait 40  VEGFR2| == == &= |-220 VEGF, 2 Erk1/2) e e am 42 VEGE. 10
' Gai1/3-DKO hRMECs > '+ Y
& S «\WOJ ‘ﬁ\{b & L(I_E !
ST L K Q ]
LS Le 2
f Aé) el “3'{- f*;'k ‘b’b
S S P LN Y
I T
. §ESSE S Suwa K
o ‘Flag B +
E (G(]i1/3) | - - --| 42 "('5
L &
% | 1B: sumoz| [T >
o | a9 ' - a2 VEGF- VEGF- NS,
= |(Gail/3) hRMECs NS VEGF+ VEGF+ p=0046
o .S. N.S. c
2 © p <0001 2_ <0001 ST p<_09m‘L‘0026 - 0003
I | sumo2 b....-‘fw 5860, P<0001520001 peooot 3; 6, peoooty "m o g Er =
ey ) 5 P01 p< £
Eo 1 5 58, & LIS T
I. z3 201 & » r % %’n & a @ A L9090 :
hRMECs g0 €50 F gn PBS___Gall/s
Gai/3 Vec WT_KO2RK277R dkR — Veo  WT K9RKZTTR kR) VEGF
VEGF 5 24n Gail/3 4h Gail/3 = e
Vec WT K92R K277R dKR 48 2058
(25ng/ml) — = = a) NS e
> <0001 S 36p<ooor g 02
p-Akt—--‘-~-~-.*60 =0003 > 24
. p<.0001 p=0001 X 12
AKET | s—— v — v o ———— G0 — 3] " r e
X kel P
<
P-SOK | 1 e - e 70 42 M"”48h
>
SOK | m e s o s e s o o e |70 T - 240 pfoBo"?m p=00e8
p-Erk1/2 ....::;..g;-.;;'—_:iz:ﬁ—n < B & 180{p=0
= - | 0 25 420
Erk1/2 | e S . S S - S S S 12 53 o
B-aCtNn | e ——— — —— —— — (13 0
24h VEGF

underscore their indispensable contribution to the complex and
highly-regulated process of angiogenesis'>**.

Early studies have highlighted the important roles of specific
mitochondrial elements in angiogenesis. Wang et al. found that
knockdown of the mitochondrial outer-membrane protein FUNDC1
(FUN14 domain-containing protein 1) in endothelial cells reduced
VEGFR2 levels, negatively affecting capillary tube formation and

spheroid sprouting in vitro, as well as angiogenesis in vivo?. In endo-
thelial progenitor cells, inhibiting pyruvate kinase muscle isoenzyme 2
(PKM2) through C3k-mediated pathways led to downregulation of
angiogenesis-related genes and suppressed capillary tube formation®,
A recent study further demonstrated that genetic depletion of
TIMM44 (translocase of inner mitochondrial membrane 44), a protein
in the inner mitochondrial membrane®, disrupted mitochondrial
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Fig. 7 | SUMO2-mediated SUMOylation of Gail/3 at both K92 and K277 is
required for VEGF-induced signaling and pro-angiogenic activity. A hRMECs
were transduced with wild-type (WT) Gail plus Gai3 constructs (tagged with Flag),
and stable cells were formed after puromycin selection. The anti-Flag magnetic
beads were used for immunoprecipitation of Gail/3-Flag protein complexes, and
SUMO?2 peptides were identified through LC-MS/MS. B-D The co-
immunoprecipitation (Co-IP) assays showed the association between SUMO2 and
Gail/3 in HEK-293T cells (B) and hRMECs (C, D). (n =5 biological repeats).

E-G hRMECs were infected with lentivirus-packed SUMO2-shRNAs (shSUMO2-1# or
shSUMO2-2#, representing two different sequences) or lentivirus-packed scramble
control shRNA (shC), and stable cells established after puromycin selection.
Expression of listed proteins tested (E); The above cells were also treated with VEGF
(25 ng/mL) for designated time, and VEGFR2-Gab1-Gail/3 complex formation was
tested via Co-IP assays (F), (n =5 biological repeats); Expression of the listed sig-
naling proteins was also tested (G). (n =5 biological repeats, 15 pg protein/lane).

H The Gail plus Gai3 double knockout hRMECs (Gail/3-DKO hRMECs) were further
transduced with the designated wild-type (WT) or mutant Gail plus Gai3 constructs
(tagged with Flag), stable cells were formed after puromycin selection, the asso-
ciation between SUMO?2 and Flag-tagged Gail plus Gai3 as well as their expression
levels were tested (n=>5 biological repeats). I-M The stable hRMECs with the
designated wild-type (WT) or mutant Gail plus Gai3 constructs were treated with
or without VEGF (25 ng/mL) for designated time, expression of listed protein was
tested (n =5 biological repeats, 15 pg protein/lane) (I); In vitro sprouting ability (J),
capillary tube formation (K), cell proliferation (nuclear EdU staining assay) (L), and
migration (Transwell assay) (M) were also examined, with results quantified. Scale
bars, 100 um for (J) and 200 um for (K). Data are presented as means + S.D.n=5
(biological repeats). “N.S.” indicates no statistical difference (P> 0.05); One-way
ANOVA with Bonferroni’s post hoc test. Source data are provided as a Source
Data file.

functions in endothelial cells and impeded angiogenesis in vitro and
in vivo. POLRMT (polymerase RNA mitochondrial transcription) is a
mitochondrial enzyme responsible for synthesizing mitochondrial
RNA. NDUFS8 (NADH: ubiquinone oxidoreductase subunit S8) is a
component of the mitochondrial respiratory chain, specifically part of
Complex L. Studies have shown that both are important for endothelial
cell function and the process of angiogenesis®**.

RABSIF is a mitochondrial protein that has garnered great atten-
tion recently®”; however, its specific functions and roles within mito-
chondrial biology remain largely unexplored and poorly understood.
The results of the present study suggest that endothelial RABSIF is
crucial for angiogenesis in vitro and in vivo. Analysis of single-cell RNA
sequencing data and experimental verification demonstrated that
RABSIF is significantly increased in the retinal endothelial cells of OIR
mice. Interestingly, RABSIF, SUMO2, and Gail/3 were found to have
significantly higher protein expression in the pathological neovascu-
larization (tufts) of P17 OIR retinal lysates compared to the avascular
area. This localized presence was supported by immunofluorescence,
which showed strong RABSIF protein signals specifically within neo-
vascular tufts. Additionally, single-cell RNA sequencing data indicate
that RABSIF is predominantly expressed in the proliferating endothe-
lial cells of P17 OIR mice, which are essential for pathological angio-
genesis. These results suggest that targeting the RABSIF-SUMO2-Gail/
3 cascade may specifically inhibit pathological neovascularization and
explain why its inhibition reduced tuft formation without affecting the
central avascular area. This finding is consistent with previous OIR
studies on interventions such as Akt inhibition®’, IL-33 silencing®,
Twistl knockout™, and valproic acid treatment®, similarly reducing
pathological neovascularization without significantly altering the
avascular area.

RABSIF is also significantly upregulated in choroidal endothelial
cells during laser-induced CNV and knocking down RABSIF in chor-
oidal endothelial cells effectively suppressed pathological CNV. Fur-
thermore, RABSIF expression is elevated in mRMECs from P1 to P7
neonatal mice, and its knockdown hindered vascular development.
RABSIF eCKO also disrupted retinal vascular structure in adult mice. In
vitro, depletion of RABSIF through shRNA or CRISPR/Cas9 techniques
significantly inhibited hRMEC sprouting, proliferation, migration, and
capillary tube formation, while ectopic overexpression of RABSIF eli-
cited opposite effects, promoting these processes. Therefore, RABSIF
is a key mitochondrial protein required for endothelial cell function as
well as physiological and pathological angiogenesis.

Arik and colleagues elucidated the critical role of glycolysis in the
differentiation of tip cells®*. Additionally, their findings indicate that
both glycolysis and mitochondrial respiration (ATP production) are
actively engaged during the proliferation of non-tip cells, as well as
during sprouting angiogenesis, in both in vitro and in vivo settings®.
Diebold et al. demonstrated that the depletion of a crucial subunit of
the respiratory chain complex Ill, QPC, in endothelial cells leads to a

significant reduction in cellular respiration, resulting in decreased
endothelial cell proliferation and retinal angiogenesis in vivo”. It has
been shown that VEGF elevated the expression levels of mitofusin 1
(MFN1) and mitofusin 2 (MFN2) in endothelial cells. This upregulation
is crucial for the promotion of mitofusin, which is important for
endothelial cell functions that underpin angiogenic processes®.
Importantly, RABSIF is important for mitochondrial respiration and
morphology in endothelial cells. In RAB5IF-silenced or -KO hRMECs,
oxygen consumption, ATP production, the maximum glycolytic
capacity, and glycolysis ratio were all significantly reduced. Con-
versely, endothelial cells overexpressing RABSIF exhibited elevated
ATP levels and enhanced glycolytic capacity. Furthermore, shRNA-
mediated silencing of RABSIF resulted in mitochondrial depolarization
and disrupted mitochondrial fusion in hRRMECs. These results support
an important role of RABSIF in maintaining mitochondrial respiration
and morphology in endothelial cells (see proposed signaling carton
in Fig. 10).

One important finding of this study is that RABSIF-mediated
angiogenesis appears to occur through the upregulation of SUMO2
expression. Proteomic sequencing identified SUMO2 as a crucial
downstream protein dependent on RABSIF in endothelial cells. In
cultured hRMECs, silencing or knockout of RABSIF led to a marked
reduction in SUMO2 protein levels, and its level was increased in
RAB5IF-overexpressed endothelial cells. Furthermore, the endothelial
knockdown of RABSIF resulted in decreased SUMO2 protein expres-
sion in MRMECs derived from P17 OIR mice, whereas RABSIF-eOE
exerted opposite activity. RABSIF silencing reduced the expression of
RPS23, a core protein of the 40S ribosomal subunit, alongside several
critical ribosome assembly and processing factors, including
RPS19BP1, UTP6, PWP2, WDR46, and HEATRI. Polysome profiling
revealed that RABSIF knockdown prevented 80S ribosomes from
effectively binding mRNA and initiating translation, resulting in an
accumulation of 80S monomers and a reduction in polysomes, con-
sistent with inhibited translation initiation. Furthermore, polysome
PCR analysis demonstrated that RABSIF knockdown selectively sup-
pressed SUMO2 mRNA translation. Therefore, RABSIF depletion
impedes ribosome biogenesis and translation initiation, specifically
suppressing SUMO2 mRNA translation and consequently lowering
SUMO2 protein levels in endothelial cells. Notably, the endothelial
knockdown of SUMO2 not only inhibited retinal neovascularization in
both neonatal and OIR mouse models, but also reversed RABSIF
overexpression-facilitated retinal neovascularization in these contexts.
These findings indicate that SUMO?2 is a critical downstream protein
target of RABSIF in the regulation of endothelial cell function and
angiogenesis. A more detailed mechanistic investigation of the specific
translational regulation of SUMO2 by RABSIF will be an exciting
direction for future research.

SUMOylation, a post-translational modification involving the
covalent attachment of SUMO proteins, plays a pivotal role in
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regulating angiogenesis. It is important for the activity, stability, and
localization of various key pro-angiogenic factors. For instance,
SUMOylation of hypoxia-inducible factor 1 (HIF-1at) at K391 and K477
enhances its transcriptional activity to enhance VEGF expression,
thereby promoting endothelial cell proliferation, migration, and
survival®. During pathological angiogenesis, SENP1 (small ubiquitin-
like modifier protease 1)-mediated deSUMOylation of VEGFR2 is also
important for its intracellular trafficking and signaling®°.

Previous studies in our group have demonstrated that Gai pro-
teins, specifically Gail and Gai3, serve as crucial signaling molecules
that mediate the activation of the Akt-mTOR signaling cascade in
response to both receptor tyrosine kinases (RTKs)?**""* and non-RTK

receptors*®*. Gail and Gai3 are integral to maintaining endothelial cell
function and promoting angiogenesis, as they associate with VEGFR2
and other receptors involved in pro-angiogenic signaling'® . In this
study, we demonstrate that SUMO2, the RABSIF downstream protein
target, mediates SUMOylation of Gail and Gai3, and this modification
is essential for their functional roles in endothelial cells. Silencing of
SUMO2 significantly impaired the association of Gail and Gai3 with
VEGFR2 and Gabl, thereby inhibiting VEGF-induced Akt-mTOR and
Erkl/2 signaling in hRMECs. SUMO?2 silencing did not alter the
expression of Gail and Gai3 in endothelial cells. Importantly, muta-
tions at the proposed SUMOylation sites of Gail and Gai3 disrupted
their interaction with SUMO2 and inhibited VEGF-induced
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Fig. 8 | SUMOylation of endothelial Gail/3 is required for retinal angiogenesis
in neonatal and OIR mice. A-C At P1, retro-orbital injection of endothelial-
targeted AAV (1 x 10" viral particles/7.5 uL/mouse) was performed to overexpress
murine wild-type (Gail/3-WT-eOE) or double mutant (K92R, K277R) Gail/3 (Gail/3-
dKR-eOE), both Flag-tagged. The IB4 staining of retinal flat mounts at P6, showing
representative images. The red box (magnified vascular structures), red dots
(branching nodes), green box (magnified vascular front area), green arrows (tip
cells) and yellow dots (filopodia) were shown (A). Quantifications included radial
length, vascular density, branching nodes, tip cell number, and filopodia features
(n=5 mice per group) (A). Scale bars = 1mm/60 um. Tip cell markers CXCR4 and
ESM1 were assessed by immunofluorescence at the vascular front (n=>5 mice per
group) (B). Scale bars = 60 pm. Expression of listed proteins in mRMECs of P17 OIR
mice was shown, with endogenous Gail and Gai3 protein expression quantified

(pooled from 4 mice/sample, n =5 samples/group, 15 pg protein/lane) (C). D-F At
P3, the same AAV injections were performed. Mice were then subjected to OIR
treatment at P12, IB4 staining on P17 OIR mice showed representative images, along
with quantification of neovascular area and non-perfused area in the mice (n=5
mice per group). Scale bar =1 mm (D). Vitreous VEGFA levels at P17 were measured
by ELISA (n =10 mice per group) (E). The primary mRMECs were isolated from P17
OIR mice for protein analysis (pooled from 6 mice/sample, n=5 samples/group,
15 pg protein/lane) (F). G Stable hRMECs expressing RABSIF (0eRABSIF-SI1/SI2) or
empty vector (Vec) were generated and treated with VEGF (25 ng/mL) for indicated
times. Listed protein expression was examined (n =5 biological replicates, 15 pg/
lane). Data are presented as means * S.D. “N.S.” indicates no statistical difference
(P> 0.05); One-way ANOVA with Bonferroni’s post hoc test. Source data are pro-
vided as a Source Data file.

downstream signaling in hRMECs. Furthermore, these mutations also
resulted in reduced sprouting, capillary tube formation, proliferation,
and migration of hRMECs in response to VEGF. In in vivo models,
overexpression of Gail and Gai3 augmented retinal neovasculariza-
tion in both neonatal and OIR mouse models; conversely, the double-
site mutants of Gail and Gai3 exhibited a markedly diminished effect.
These findings underscore the critical role of SUMOylation, by the
RABSIF protein target SUMO?2, in the functionality of Gail and Gai3 in
VEGF signaling, endothelial cell function, and angiogenesis (see pro-
posed signaling carton in Fig. 10).

OIR, AMD, and PDR are common ocular diseases characterized by
abnormal angiogenesis'>**. RABSIF expression is upregulated in
endothelial cells within both OIR and AMD mouse models, as well as in
FVM of PDR patients. This upregulation underscores the potential
translational value of RABSIF as a therapeutic target, suggesting that
interventions aimed at modulating its expression or function could
provide strategies for treating these sight-threatening ocular condi-
tions associated with pathological vascular growth.

Methods

Clinical sample collection and ethics

Macular epiretinal membranes (MEM) and fibrovascular membranes
(FVM) were collected from informed written consent patients
undergoing vitrectomy for macular disease or proliferative diabetic
retinopathy (PDR) at Nanjing Medical University Eye Hospital (Nanjing,
China). Our study population was limited to patients with severe
disease requiring surgical intervention, as patients with milder
conditions were excluded. Patients with surgical contraindications or a
history of significant ocular trauma or prior surgery were excluded.
The specimen collection did not alter the standard procedure or
add any patient risk. All procedures received approval from the
Ethics Committee of Nanjing Medical University Eye Hospital.
These procedures complied with the principles outlined in the
Declaration of Helsinki and the Department of Health and Human
Services Belmont Report. Clinical information for the participants is
available in Table S2.

Animal welfare and Ethics

All animal experiments were conducted using C57BL/6]) mice pur-
chased from Hangzhou Ziyuan Laboratory Animal Technology Co.,
LTD (Hangzhou, China). For studies involving adult mice, half male and
half female were used. Neonatal mice (P1 to P7) utilized mixed-sex
litters, as sex cannot be reliably determined at this age. Mice were
maintained in a specific-pathogen-free (SPF) animal facility with a 12-
hour light/dark cycle, at a controlled temperature (22+2°C) and
humidity (50-60%), with ad libitum access to food and water. Animal
protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) and the Ethics Committee of Nanjing Medical
University Eye Hospital, adhering to international standards for ethical
treatment of animals in research.

Reagents

Polybrene and puromycin were purchased from Sigma-Aldrich (St.
Louis, MO). All antibodies used in this study are listed in Table-S1. The
mouse VEGFA ELISA kit (BMS619-2) and anti-Isolectin B4 (121413) was
obtained from Invitrogen (Nanjing, China). Dulbecco’s modified
Eagle’s medium (DMEM), antibiotics, serum, and other cell culture
reagents were obtained from Gibco-BRL (Suzhou, China).

Cell culture

Human retinal microvascular endothelial cells (hRMECs, cat no. CP-
H130) were procured from the Procell (Shanghai, China). All cell lines
used in this study were authenticated by Short Tandem Repeat (STR)
profiling and confirmed to be free of mycoplasma contamination.
hRMECs was cultured in high glucose DMEM/F-12 medium (17.51 mM)
supplemented with 10% fetal bovine serum (FBS). The cells were
maintained at 37 °C in a humidified atmosphere containing 5% CO,. To
promote an angiogenic phenotype in vitro, the culture medium was
supplemented with insulin (2.5 pg/mL), epidermal growth factor (EGF,
100 ng/mL), VEGF (2.5 ng/mL), and adenine (24 pg/mL)"®*.

Processing and analysis of published sequencing data
Single-cell RNA sequencing datasets were obtained from the Gene
Expression Omnibus (GEO), including OIR (oxygen-induced retino-
pathy) and age-matched control normoxia mouse retina data
(GSE150703), postnatal day 6 (P6) and P10 mouse retina data
(GSE175895), and age-related macular degeneration (AMD) patient
versus normal control human choroid data (GSE135922*). The raw
counts were processed in R using the Seurat v5 package, transforming
each dataset into a Seurat object, followed by quality control to filter
out low-quality cells based on feature counts (200 to 3000 features).
Data normalization was performed to account for sequencing
depth and technical variations, and UMAP (uniform manifold
approximation and projection) plots were generated to visualize
clustering results, with expression of RABSIF assessed using
feature plots. Endothelial cells were further annotated and clustered
based on specific marker genes. Tip endothelial cells express high
levels of classic tip markers (VEGFR2, TP53I11, CXCR4), Stalk ECs show
high proliferation markers (K167, PCNA, TOP2A), and Phalanx ECs
express VEGFRI and TIEI without active tip or stalk markers**°.
Additionally, RNA-seq data from proliferative membranes of PDR
(proliferative  diabetic retinopathy) patients (GSE94019 and
GSE60436) were utilized to analyze RABSIF expression through dif-
ferential expression analysis using the limma package, with results
visualized via a volcano plot.

Gene silencing or knockout (KO) in vitro and in vivo

For in vitro studies, lentiviral short hairpin RNAs (shRNAs) and single
guide RNAs (sgRNAs) obtained from Shanghai Genechem Co.
(Shanghai, China) were utilized for gene knockdown and knockout
(KO) in hRMECs. The vector employed for the delivery of lentiviral
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Fig. 9 | Increased vascular expression of RABSIF and SUMO2 in fibrovascular
membranes of proliferative diabetic retinopathy patients. A RNA-seq data
(GEO: #GSE60436) showing the expression of RABSIF in healthy human retinas,
inactive PDR fibrovascular membranes, and active PDR fibrovascular membranes
(individual samples, n =3 tissues/group). The box plot displays the median (center
line), interquartile range (IQR; box limits), and 1.5 x IQR whiskers. B RNA-seq data
(GEO: #GSE94019) displaying the expression of RABSIF and SUMOI-3 in primary
retinal vascular endothelial cells extracted from healthy human retinas and PDR
fibrovascular membranes (individual samples, n =4 tissues in CTRL group, n=9
tissues in FVM group). The box plot displays the median (center line), IQR (box
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limits), and 1.5 x IQR whiskers (n = 3 biological repeats). C Western blotting analysis
and quantification of RABSIF and SUMO2 protein expression levels in the described
macular epiretinal membrane (MEM) and fibrovascular membrane (FVM) tissues
(individual samples, n=8 tissues/group, 15ug protein/lane).

D-F Immunofluorescence of RABSIF (D, E) and SUMO2 (F, G) proteins in the
described macular epiretinal membrane (MEM) and fibrovascular membrane (FVM)
tissue sections, along with vascular staining (IB4). Scale bars = 100/20 um. (n=8
tissue slides per group). Data are presented as means + S.D.; two-tailed Student’s
t-test (B, C, E, and G). Source data are provided as a Source Data file.
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Fig. 10 | The proposed signaling pathway of this study. RABSIF promotes
pathological and developmental retinal angiogenesis, potentially through pro-
moting mitochondrial respiration and fusion, as well as increasing SUMO2 protein
expression. The latter also promotes SUMOylation of Gail and Gai3, which is vital
for mediating VEGFR signaling.

shRNA in vitro was GV493 (hU6-MCS-CBh-IRES-puromycin, devoid of
GFP), while the vector for lentiviral sgRNA-mediated gene knockout
was GV708 (U6-sgRNA-EF1a-Cas9-FLAG-CMV-P2A-puromycin, also no
GFP). Lentivirus production was achieved by transducing the afore-
mentioned constructs along with lentiviral packaging constructs into
HEK-293 cells. The endothelial cells were plated in six-well plates at 50-
60% confluence in complete medium supplemented with polybrene,
and subsequently infected with lentivirus at a multiplicity of infection
(MOI) of 10-11. Following a 24 h incubation, the cells were cultured in
complete medium containing puromycin (3.0 pg/mL) for an additional
5-6 passages to select for successfully transduced stable cells. The
efficacy of gene silencing or KO in the stable cell populations was
confirmed through Western blotting and/or qRT-PCR (quantitative
reverse transcription polymerase chain reaction) assays. Control cells
received lentivirus encoding a non-sense scramble control shRNA
(“shC”, Genechem) or non-sense sgRNA (“sgC”, Genechem). Double
knockout (DKO) of Gail and Gai3 in cultured endothelial cells
expressing Cas9 and stable cell establishment via CRISPR/Cas9-KO
lentiviral constructs, which respectively carried the puromycin resis-
tance marker. Gail and Gai3 DKO was subsequently achieved through
puromycin selection, single-cell cloning, and verification via Western
blotting assays in the stable cells. For in vivo studies, adeno-associated
viruses (AAV) sourced from Shanghai Genechem Co. were engineered
to express specific ShRNA sequences constructs. These AAV utilized an
endothelial-specific promoter, intercellular adhesion molecule 2
(ICAM2), in conjunction with a high-transduction serotype (AAVEN'-
ICAM2p), thereby facilitating targeted delivery to retinal endothelial
cellsin vivo. For the neonatal mouse and OIR models, retro-orbital AAV
injection used a dose of 1 x 10" viral particles/7.5 uL/mouse, and for the
CNV model, intravitreal AAV injection used a dose of 1 x 10" viral
particles/0.5 uL/mouse. To generate RABSIF endothelial conditional
knockout (RABSIF-eCKO) mice, AAV5-FLEX-sgRABSIF constructs from
Genechem Co. were engineered to express two different sgRNA
sequences targeting murine RABSIF. These two constructs were
respectively administered via intravitreal injection at a dose of 7 x 10
viral particles/0.5uL/mouse into adult TIEI-Cre C57BL/6] mice (as

reported previously”), resulting in the successful establishment of
RABS5IF-eCKO mice after 21 days. These mice contain a ubiquitous,
floxed Cas9 allele and the TIEI-Cre transgene. Upon intravitreal injec-
tion of AAVS5-FLEX-sgRABSIF constructs, Cas9 expression is con-
ditionally activated via Cre-mediated recombination exclusively in
TIEl-expressing endothelial cells. This activated Cas9, guided by the
AAV, then precisely targets the RABSIF gene within these specific cells.
The methodology for the intravitreal injection of AAV has been
detailed in our previous study”. The targeted sequences utilized were
listed in Table-S3. T7 endonuclease I (T7E1) cleavage assay and Sanger
sequencing of target DNA Loci were utilized to confirm successful
gene RABSIF editing. Western blot assays were carried out to verify the
knockout of the target protein.

Gene overexpression

For in vitro studies, the pcDNA3.1-3xFlag constructs, which encode
both wild-type (WT) or mutant Gail and Gai3 proteins (murine and
human), were acquired from Suzhou Genepharma Co. (Suzhou,
China). The lentiviral GV492 constructs (Genechem, Shanghai, China),
which harbors the RABSIF-expressing sequence, SUMOl-expressing
sequence or SUMO2-expressing sequence, were provided by Gene-
chem. Lentivirus was produced by transducing HEK-293 cells with the
constructs and virus packaging components. Cells were plated at 60%
confluence in complete medium with polybrene and infected with
lentivirus at MOI of 10-11. After 24 h, they were cultured in puromycin
(3.0 pg/mL) medium for 5-6 passages to select stable cells. The efficacy
of gene expression was confirmed via Western blotting and/or qRT-
PCR assays. Control cells were infected with a lentiviral empty vector
construct. For in vivo studies, AAV sourced from Shanghai Genechem
Co. were engineered to express cDNA of targeted genes (SUMOI,
SUMO2, RABSIF, Gail or Gai3). These AAVs again utilized an
endothelial-specific promoter, AAVENT-ICAM2p. The AAV were admi-
nistered to retinal tissues through retro-orbital injection. For control
treatment, an AAV-packed vector control was administered.

Retro-orbital injection

For retro-orbital injection, a 31-gauge needle attached to a 0.3-mL
syringe (BD Ultra-Fine Il 8 mm needle, Shanghai, China) was utilized on
adult mice anesthetized”, while pups were manually restrained with-
out anesthesia. The needle, bevel facing downward, was inserted into
the eye socket at the “three o’clock” position at an angle of approxi-
mately 30°, with successful entry into the sinus confirmed by drawing
back the syringe plunger to observe blood.

Oxygen-induced retinopathy (OIR)

The newborn mouse pups (P7) were raised with nursing mothers and
exposed to 75+1% oxygen from P7 to PI2. Following the oxygen
exposure, the pups were returned to normal room air (21% oxygen) for
an additional 5 days (P12 to P17). Upon reaching P17, mice were anes-
thetized and euthanized via cervical dislocation, followed by retinal
dissection and vascular staining. The stained retinal flat mounts were
used to assess the area of neovascularization and the area of non-
perfusion. The purple-shaded areas denote the avascular (non-per-
fused) regions, while white areas denote the pathological neovascular
tufts. Neovascularization percentage = (neovascular area / total flat
mount area) x 100%; Non-perfusion percentage = (non-perfused area /
total flat mount area) x 100%. To separate tufts and avascular regions,
P17 OIR mouse retinas (without PFA fixation) were flat-mounted and
positioned with the inner surface up in a Sylgard-coated petri dish
under a fluorescence dissecting microscope after systemic
IB4 staining. Using the IB4 fluorescence as a guide, precise micro-
dissection was performed to isolate the neovascular tufts and the
central avascular regions. The excised tissue samples were immedi-
ately transferred to pre-chilled microcentrifuge tubes containing RIPA
lysis buffer with protease inhibitors, snap-frozen on dry ice, and then
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stored at —80°C until further protein extraction and Western blot
analysis.

Retinal vascular development

As reported previously”, neonatal mice were utilized to study retinal
blood vessel development. On postnatal day 6 (P6), pups (half male,
half female) were anesthetized, euthanized by cervical dislocation, and
their retinas were dissected and stained. Endothelial-targeting AAV was
injected retro-orbitally on postnatal day 1 (P1), with eyes harvested for
analysis at Pé6. Stained retinal flat mounts allowed the assessment of
parameters such as radial length (measured from the center to the
farthest point of the vessels), vascular density (ratio of vascular area to
total area), number of branching nodes (manually counted), number of
tip cells (manually counted at vessel ends), as well as the number and
lengths of filopodia (photographed, counted, and measured from base
to tips).

Laser-induced choroidal neovascularization (CNV) model

The laser-induced CNV model was established using photocoagulation
in 7-8-week-old C57BL/6]) mice (half male half female). After anes-
thetizing and dilating their pupils with 1% tropicamide (Alcon, Geneva,
Switzerland), laser photocoagulation (Quantel Medical, Clermont-
Ferrand, France, 577 nm) was applied at three, six, nine, and twelve
o’clock positions surrounding the optic discs bilaterally, utilizing a slit
lamp delivery system with a coverslip as a contact lens. The laser
(75 um diameter, 100 ms duration, 100 mW) disrupted Bruch’s mem-
brane, confirmed by immediate subretinal bubble formation; sites
without bubbles were excluded. Endothelial-targeting AAV particles
were injected intravitreally 21 days prior to laser induction, and the
eyes were harvested 7 days later. The CNV area was quantified through
choroidal flat mounts stained with isolectin B4 (IB4). Eyes are collected
and fixed in 4% paraformaldehyde (PFA) for 30 min, followed by
careful enucleation and dissection to separate the retina and choroid,
which are then placed on glass slides for immunofluorescence analysis
to evaluate vascular structures.

Ex vivo choroidal explant culture

Adult C57BL/6 ] mice were euthanized by CO, asphyxiation followed
by cervical dislocation. The eyes were promptly enucleated and
immersed in ice-cold EBM (endothelial basal medium, Lonza, Basel,
Switzerland) for dissection. The choroid was carefully excised and cut
into explants measuring 1 x 1 mm?2. These explants were embedded in
growth factor-reduced Matrigel (Corning, Corning, New York) mixed
with endothelial growth medium-2 (EGM-2, Lonza) supplemented with
10% serum. Each explant was placed in a 24-well plate and incubated at
37 °C for 30 min. Afterward, each well was filled with 500 pL of med-
ium and incubated at 37 °C. Images of the explants were captured at 3
to 5 days post-culture to assess vascular growth, and the sprouting area
was quantified by measuring the extent of vascular outgrowth from
each explant.

Immunofluorescence staining

The described tissues were fixed in 4% PFA for 30 min at room tem-
perature, then permeabilized overnight at 4 °C in a PBS solution con-
taining 1% Triton X-100 and 5% BSA (Biofroxx, Germany). They were
subsequently incubated with primary antibodies at 4 °C for 12-48 h.
For vascular staining, samples were stained with IB4 probe” at 4 °C for
2 h. Images were captured using a fluorescence microscope (Olympus,
Japan). The antibodies utilized for the immunofluorescence assays
were listed in Table-S4.

Extraction and primary culture of retinal or choroid vascular
endothelial cells

Primary retinal and choroidal vascular endothelial cells were isolated
by digesting retinas and choroids. For primary retinal vascular

endothelial cells, retinas from 6-8 pups were minced and digested with
1 mg/mL collagenase | (Sigma, St. Louis, MO) at 37 °C for 45 min, fil-
tered through a 45um strainer (Beyotime, Wuxi, China), and cen-
trifuged at 90 xg for 5min before re-suspension in the described
endothelial basal medium. For primary choroidal vascular endothelial
cells, the RPE (retinal pigment epithelium)-choroid-sclera complex
tissues from 4-5 mice was pooled and treated with 0.05% trypsin
(Thermo Fisher) at 37 °C for 15 min to detach RPE. The choroid-sclera
complex was minced and digested with 2 mg/mL collagenase Il (Bio-
Froxx, Germany) and 30 U/mL DNase | (Beyotime, Wuxi, China) in
serum-free medium at 37°C for 60 min, with pipetting to aid dis-
sociation. After filtering and centrifugation, choroidal cells were
washed and resuspended in endothelial basal medium. Cell suspen-
sions were purified using Dynabeads™ CD31 magnetic beads (Invitro-
gen, Suzhou, China) and approximately 2 x 10° viable cells cultured in
endothelial basal medium on 0.2% w/v gelatin-coated 6-well plates for
analysis.

Periodic acid-schiff (PAS) staining

Freshly enucleated eyes were fixed in 10% neutral formaldehyde for
24 h. The retina was then excised and incubated in 3% trypsin at 37 °C
until the non-vascular components dissociated, creating a cloudy
medium. The retina was gently agitated to release the vascular net-
work, washed, and mounted on glass slides to dry. Vascular structures
were stained using PAS-hematoxylin and examined under light
microscopy. Images were analyzed to quantify the number of acellular
capillaries.

Evans blue (EB) permeability assay

To evaluate retinal vascular permeability, EB dye (30 mg/kg) was
administered intravenously via the femoral vein in adult mice. After 1 h,
the mice were euthanized, and the ocular globes were fixed in 4% PFA
for 30 min. The retinas were then dissected into four quadrants. Por-
tions of the retinas were used for fluorescence microscopy to detect
EB, while others were incubated overnight in dimethylformamide at
70 °C to extract the dye. The supernatant containing the extracted dye
was analyzed spectrophotometrically, measuring absorbance at
620 nm for the blue signal and at 740 nm for background correction.
The amount of EB leakage the retina was calculated based on the
standard curve of EB.

In vivo retinal ganglion cells (RGCs) assessment

RGCs were quantified through NeuN (neuronal nuclear) plus Tubb3
(tubulin beta 3 class IlI) double staining in flat-mounted retinas and
RBPMS (RNA binding protein with multiple splicing) staining in retinal
cryosections. Detailed immunofluorescence procedures were outlined
in the immunofluorescence section.

Cellular functional assays and gene/protein detection

Cellular assays were conducted to evaluate various functions in cul-
tured endothelial cells, including cell proliferation via nuclear EdU (5-
ethynyl-2’-deoxyuridine) staining, in vitro cell migration using “Trans-
well” assays, and endothelial cell capillary tube formation. Cell pro-
liferation was assessed by nuclear EdU (5-ethynyl-2-deoxyuridine)
staining. Briefly, 5 x 10* cells were seeded in 24-well plates and stained
using the EdU Kit (Byotime, Nanjing, China) according to the manu-
facturer's protocols. For Transwell assays, 1.5 x 10* genetically treated
endothelial cells were added to each chamber. In the capillary tube
formation assay, 1 x 10° cells were seeded onto pre-coated 24-well
plates. Crystal violet dye was used to stain migrated cells and the
length of the formed tubes was quantified utilizing the Angiogenesis
Analyzer plugin in Fiji (ImageJ). For other fluorescence dye assays,
hRMECs with specified genetic modifications were cultured at a den-
sity of 5 x 10* cells per well in 24-well plates for a duration of 24 h. Cells
were then exposed to selected fluorescent dyes, including JC-1
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(5,5,6,6-Tetrachloro-1,1',3,3-tetraethylbenzimidazolcarbocyanine
iodide) and Rhodamine-123, at 37 °C for a period ranging from 20 to
30 minutes. Subsequently, the cells were washed with PBS to remove
any unbound dye. Fluorescence images were then acquired using an
Olympus fluorescence microscope, and the intensity of the fluores-
cence signals was quantified. For quantitative reverse transcription-
polymerase chain reaction (QRT-PCR), total RNA was extracted from
tissues or cultured cells using TRIzol reagent (Biyuntian, Wuxi, China),
and its concentration was determined spectrophotometrically. Com-
plementary DNA (cDNA) was then synthesized, and quantitative PCR
was performed using SYBR Green assays with gene-specific primers
according to the manufacturer’s protocol (Vazyme, Nanjing, China).
Relative gene expression levels were normalized to the endogenous
control gene GAPDH. For Western blotting, total proteins from clinical
samples and cultured cells were harvested using RIPA lysis buffer
containing a protease inhibitor cocktail. Proteins were separated by
10-12.5% SDS-PAGE and transferred to PVDF membranes, which were
subsequently blocked with 8% non-fat milk for 40 min at room tem-
perature. Primary antibodies were incubated for 10 hours at 4 °C, fol-
lowed by HRP-conjugated secondary antibodies for 55minutes at
room temperature. Target protein bands were visualized using an
Enhanced Chemiluminescence (ECL) detection system using X-ray
films. Due to varied laboratory supplies, two types of protein mole-
cular weight markers were used: pre-stained (visible under X-ray film)
and non-stained (non-visible under X-ray film). For blots using the non-
stained but colorful ladder, the PVDF membrane was cut post-transfer
based on the predicted molecular weight of the target band, leaving
approximately a window (15-20 kD above and below the target). This
portion was marked on the X-ray film for alignment. For all conditions,
the primary image was captured using X-ray film. The target band and
its surrounding area were then cropped to a rectangular outline for
presentation. This rectangular image was imported into Adobe Pho-
toshop to crop the final band to the Figure’s desired width. Full,
uncropped rectangular blotting images, including molecular markers
(or their marked alignment), are provided in Source Data.

For co-immunoprecipitation (Co-IP), total cellular lysates (0.5 mg
total lysates per sample) were incubated with the primary antibody for
10 hat 4 °C to capture the protein complex. Protein A/Sepharose beads
(Amersham Biosciences, Shanghai, China) were then used to pre-
cipitate the complex, which was subsequently washed, eluted, and
subjected to Western blotting for interaction protein identification.
The parallel “sister” gels were utilized for examining different proteins
in the same lysates, when necessary.

Sprouting assay

Following treatment, hRMECs were harvested and coated onto Cyto-
dex 3 microcarrier beads (GE Healthcare, Shanghai, China). These
coated beads were subsequently embedded in 2 mg/mL fibrin gels
prepared in 24-well plates by mixing 2 mg/mL fibrinogen (Calbiochem,
Darmstadt, Germany) with PBS, 0.625 U/mL thrombin (Sigma-Aldrich),
and 0.15 U/mL aprotinin (Sigma-Aldrich). The endothelial basal med-
ium containing 20,000 hRMECs per well was then added. The cultures
were maintained for designated time. Bright-field images were
acquired using an inverted microscope (Olympus, Japan). The number
of sprouts and the average length of each sprout were quantified using
the Sprout Morphology plugin in Fiji (ImageJ).

Mitochondrial morphological analysis

Mitochondrial morphology was assessed using immunofluorescence
staining for the mitochondrial outer membrane protein TOM20, in
conjunction with transmission electron microscopy (TEM). hRMECs
were fixed with 4% paraformaldehyde for 15 min, permeabilized with
0.1% Triton X-100 for 10 min, and blocked with 5% BSA for 1 h. The cells
were then incubated with anti-TOM20-Alexa Fluor 488 antibody
(Abcam, Shanghai, China) for 2h and counterstained with DAPI for

5 min. Images were captured using fluorescence microscope (Olym-
pus, Japan) to visualize mitochondrial morphology. Quantitative ana-
lysis of mitochondrial branch length, area, and network branch count
was performed using the MiNA plugin in Fiji from ImageJ software. For
TEM analysis, hRMECs were cultured in 10-cm dishes to achieve
approximately 50-60% confluence. Cells were fixed with the electron
microscopy fixative glutaraldehyde at 4 °C. The ultrastructure of the
mitochondria was subsequently examined using a TEM Hitachi
HT7700, yielding detailed insights into mitochondrial morphology
and organization.

Metabolic analysis

Metabolic assessments were conducted using the Seahorse XF96
extracellular flux analyzer (Agilent Technologies, Santa Clara, CA)
based on the attached protocols. In brief, ARMECs were seeded at 4 x
10* cells per well in 96-well plates. For the glycolysis stress test, 10 mM
glucose, 1.5 uM oligomycin, and 50 mM 2-deoxyglucose (2-DG) were
added to measure extracellular acidification rate (ECAR), assessing
maximum glycolytic capacity and glycolytic reserve. In the mito-
chondrial stress test, 1.5 pM oligomycin was added for ATP production,
followed by 1.5 uM FCCP to evaluate maximal respiration and a mix of
antimycin A (2.5pM) and rotenone (2.5puM) to inhibit the electron
transport chain. Key parameters included basal oxygen consumption
rate (OCR), spare capacity, and proton leak, with basal OCR indicating
resting respiration and spare capacity reflecting metabolic flexibility.
Proton leak was determined by the OCR after oligomycin treatment.

Proteomic sequencing and functional analysis

Samples from the designated hRMECs underwent label-free proteomic
sequencing at Genechem Biotechnology (Shanghai, China). For the
proteomic analysis, proteins were classified as differentially expressed
if at least 50% of the replicate data within the sample group showed
non-null values, with a fold change exceeding 1.5 (either upregulated
or downregulated) and an adjusted P-value below 0.05. The differen-
tially expressed proteins and genes were then analyzed for Gene
Ontology (GO) functional enrichment using the Enrichr tool.

SUMOylation sites prediction

SUMOylation sites were identified utilizing the JASSA and SUMOplot
programs. Protein sequences of Gail/3 from six different species
(Homo sapiens, Mus musculus, Rattus norvegicus, Gallus gallus,
American chameleon, Xenopus laevis, and Danio rerio) were retrieved
from the UniProt database (https://www.uniprot.org/) and aligned
using the T-Coffee tool (https://www.ebi.ac.uk/jdispatcher/msa/
tcoffee?stype=protein).

Polysome profiling and PCR analysis

hRMECs (1 x 107 cells per sample) were subjected to polysome profiling
by first lysing cells on ice for 30 min in 300-500 pL of polysome
profiling lysis buffer (QingZebio, Guangzhou). Cleared lysates (100 L)
were then layered onto continuous 10-45% (w/v) linear sucrose gra-
dients, which were prepared using Polysome profiling sucrose buffer
(QingZebio, Guangzhou) and an automated density gradient pre-
paration system (Biocomp, Canada). These gradients were centrifuged
in an SW41 rotor using a Beckman Optima XE-90 ultracentrifuge
(Beckman Coulter, Germany) at 2.2x10°g for 3h at 4 °C. Fractions
were collected with continuous absorbance monitoring at 260 nm
(OD) to generate polysome profiles, and these fractions were imme-
diately stored at —80 °C. RNA was subsequently extracted from these
collected fractions, followed by qRT-PCR analysis.

Statistical analysis

Data conforming to a normal distribution were expressed as mean +
standard deviation (S.D.). No data were excluded. Sample collection
was not blinded, but a blinded investigator without knowing the group
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distribution performed the subsequent data analysis. To assess sta-
tistical differences between two specific groups, a two-tailed unpaired
t-test was employed. For comparisons involving three or more groups,
one-way analysis of variance (ANOVA) followed by Bonferroni’s post
hoc test was utilized. The term “biological repeats” refers to experi-
ments conducted at different time points using independently pre-
pared cell cultures. A P-value of less than 0.05 was considered
statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA-seq and RNA-seq files in Figs. 1, 2 and Fig. S2 are from
publicly available sources (GSE150703, GSE175895, GSE135922,
GSE94019, and GSE60436). The proteomic sequencing data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD063519. Source data are
provided with this paper. All data needed to evaluate the conclusions
in the paper are present in the paper and the Supplementary Materials.
The newly-generated materials are available in Figures and the Sup-
plementary Files. Source data are provided with this paper.
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