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Endothelial USP8 is essential for angiogenesis
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Abstract

Angiogenesis, the formation of new blood vessels from existing ones, is crucial for both development and disease.
Its dysregulation is associated with diseases such as cancer, obesity, and blindness. Vascular endothelial growth
factor A (VEGFA) signaling through VEGF receptor 2 (VEGFR?2) is the central regulator of angiogenesis. Conse-
quently, there is significant interest in identifying modulators of this pathway to develop targeted therapeutic inter-
ventions. Ubiquitination tags proteins for degradation, whereas deubiquitinases counteract this process by removing
the attached ubiquitin molecules. Previous studies have shown that the deubiquitinase Ubiquitin-Specific Protease
8 (USP8) regulates VEGFR?2 trafficking and activation in vitro, suggesting that USP8 may regulate endothelial cell
function. To examine the role of endothelial USPS8 in angiogenesis in vivo, we used conditional mouse genetics to
delete Usp8 in endothelial cells at different stages: during embryonic development, after birth, and in adulthood.
Loss of endothelial Usp8 during embryogenesis resulted in impaired intersomitic vessel angiogenesis and lethality by
E10.5. Early postnatal deletion caused severe defects in retinal angiogenesis and abnormal brain vasculature, while
adult deletion had no overt vascular effects. Impaired angiogenesis in endothelial Usp8 deficient mice was associ-
ated with decreased endothelial cell-cycle activation and increased vessel diameter in capillaries and veins. Mecha-
nistically, we found that loss of endothelial Usp8 led to VEGFR2 accumulation in early endosome aggregates and
reduced phospho-ERK signaling. Our findings identify endothelial USP8 as a key regulator of angiogenesis across
developmental and postnatal contexts, while dispensable for endothelial homeostasis in adulthood, highlighting its
potential as a therapeutic target for anti-angiogenic interventions.
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Introduction

Angiogenesis is the process of forming new blood vessels
from preexisting ones. This essential step in development
is finely regulated to establish a hierarchical vascular net-
work that supplies tissues with oxygen and nutrients [1].
In various pathological conditions—such as cancer, stroke,
diabetic retinopathy, and age-related macular degenera-
tion—this regulation is disrupted, leading to either exces-
sive or insufficient blood vessel formation [2].

During angiogenesis, endothelial cells detach from their
parent vessel and migrate to hypoxic sites. Tip cells lead
the way, followed by stalk endothelial cells that prolifer-
ate to expand the vascular plexus. Once an immature plexus
forms, vessel remodeling, endothelial stabilization, and
arteriovenous differentiation occur, ultimately creating a
functional, mature vascular network [1]. Hypoxia-driven
vascular endothelial growth factor A (VEGF) is a major
regulator of all these steps and it exerts most of its functions
through interaction with the VEGF receptor 2 (VEGFR2)
[3]-

VEGF-VEGFR2 signaling is tightly regulated at mul-
tiple levels, including transcriptional regulation, protein
processing, ligand interaction, endocytosis, and traffick-
ing [4]. Upon ligand binding, VEGFR2 dimerizes, leading
to the phosphorylation of intracellular tyrosine residues,
which initiate various signaling cascades essential for endo-
thelial function [5]. VEGFR2-ligand interaction also trig-
gers receptor endocytosis into early endosomes (EEs) [6].
This internalization and intracellular trafficking are critical
for regulating signaling output [7]. Consequently, ERK1/2
activation, which is essential for VEGFR2 signaling and
endothelial biology, is reduced when receptor trafficking is
impaired [8].

Ubiquitination is a reversible and dynamic posttrans-
lational modification that regulates multiple cellular pro-
cesses. Deubiquitinases (DUBs) are proteases that remove
ubiquitin residues from ubiquitinated proteins. Together,
ubiquitination and deubiquitination form a complex ubig-
uitin code that, not only targets proteins for proteasomal
degradation, but also plays non-degradative roles in cellu-
lar signaling and intracellular trafficking [9]. In membrane
receptors, the removal of ubiquitin residues can influ-
ence their degradation, signaling and recycling [10]. For
VEGFR2, once internalized, ubiquitination regulates its
endosomal sorting determining whether its recycled back to
the plasma membrane or degraded via the lysosomal-pro-
teasome system [11]. DUBs reverse ubiquitin signals with
equally high sophistication.

Ubiquitin-Specific Protease 8 (USP8) is a DUB known
to regulate VEGFR2 trafficking. Deficiency of USP8 in
endothelial cells in vitro results in a defective degradation
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and receptor trafficking affecting VEGF induced ERK acti-
vation [12]. Despite the critical role of USPS8 in regulating
VEGFR2 functions, it remains unclear to what extent this
regulation impacts endothelial cell functions during angio-
genesis and how the cellular and biochemical environment
of an organism influences its biological significance. Here,
we demonstrate that endothelial USP8 is essential for normal
angiogenesis, exerting organ-specific effects. Usp8 inactiva-
tion in endothelial cells disrupts angiogenesis and leads to
abnormal vascular network formation. Usp8-deficient endo-
thelial cells exhibit reduced numbers, impaired VEGFR2
trafficking, and diminished ERK activation. Together, our
findings reveal that USP8 plays a crucial role in endothelial
cell function, ensuring proper angiogenic processes.

Materials and methods
Mouse lines

Animal studies were approved by the CNIC Animal Experi-
mentation Ethics Committee and by the Community of
Madrid (Ref. 10/249364.9/25). All animal procedures con-
formed to EU Directive 2010/63EU and Recommenda-
tion 2007/526/EC regarding the protection of animals used
for experimental and other scientific purposes, enacted in
Spanish law under Real Decreto 118/2021 (modification
on Real Decreto 53/2013) and Ley 32/2007. To study the
role of USP8 in vascular development, we used mice with
a conditional Usp8™” allele [13] containing two loxP sites
flanking the exons 3 and 4 of the Usp8 gene. Usp8™* mice
were combined with the 7ie2Cre mouse line [14], which
expresses Cre recombinase driven by the Tie2 promoter, and
with Cdh5-CreER™ mice [15], which expresses tamoxifen-
inducible Cre-Recombinase in the vascular endothelium.
The reporter mouse line mTmG (R26™7"%) [16] was used
to assess Cre-mediated recombination. All mice were main-
tained in a C57BL/6 inbred background. Primer sequences
for genotyping can be found in Supplementary Table 1.

To constitutively delete Usp$ in endothelial cells, we
crossed Usp8™fex or Usp8o*.R26™™C females with
Usp8™»/". Tie2-Cre males. To analyze postnatal and adult
vasculature we crossed Usp8™/¥:R26"7"C females with
Usp8ﬂ‘”‘/ﬂ"x;th5-CreERT2;R26mT’"G or Usp8ﬂ‘”‘/ﬂ0x;th5-
CreER™ males. For postnatal studies, 20 pl of a 5 mg/mL
solution of 4-Hydroxytamoxifen (4-OHT; Sigma-Aldrich
H6278) was administered intraperitoneally (i.p.) at post-
natal day (P)1 and P2. For adult induction studies, 100 ul
of 5 mg/mL solution of Tamoxifen (Sigma-Aldrich T5648)
was administered i.p. at 6 weeks, during 4 consecutive days.
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Whole embryo analysis

Embryos were dissected at embryonic day (E)9.5 and were
sorted according to somite number to ensure comparable
developmental stages in all experiments with control and
mutant embryos. E9.5 embryos expressing ¢eGFP derived
from the mTmG allele were fixed in 4% formaldehyde
in phosphate buffer solution (PBS) for 2 h at 4 °C. After
several washes in PBS, whole embryos were stained with
anti-GFP (Aves Labs GFP-1010) and mounted on BRAND
cavity slides (Merck BR475505) using Vectashield mount-
ing media (Vector H-1000).

Histology and immunostainings

Embryos were fixed 5 h. in 4% formaldehyde in PBS at 4 °C.
Organs from postnatal or adult mice were fixed for 24-48 h.,
respectively, in 4% formaldehyde in PBS at 4 °C. For cryo-
sections, samples were soaked in 30% sucrose, embedded
in optimal cutting temperature (OCT) compound and stored
at —80 °C. For paraffin sections, samples were dehydrated
through a graded ethanol series followed by xylene washes
and embedded in paraffin at 65 °C. 10 pm OCT or 7 pm
paraffin sections were processed for immunostaining. For
phospho(p)ERK, ERG, N1ICD, and VEGFR2 staining, sec-
tions were boiled in 0.01 M Sodium Citrate solution pH=6
for antigen retrieval. All Sections were blocked for 30 min
with 0.5% Triton X-100 in PBS (0.5% PBS-TX), 5% Fetal
Bovine Serum (FBS) and incubated overnight at 4 °C with
primary antibodies (details in Supplementary Table 1). Sec-
tions were then washed several times in 0.3% Triton X-100,
and incubated for 1 h with the appropriate fluorescent-dye-
conjugated secondary antibodies (see Supplementary Table
1) diluted in the same solution. For N1ICD signal amplifi-
cation, we used InmPRESS HRP horse anti-rabbit polymer
(Vector Labs, MP-7401-15). For counterstaining we used
IsolectinB4 (endothelium) and DAPI (nuclei). For prolif-
eration analysis of embryos, pregnant dams received an
1.p. injection of 200 pl of 5-ethynyl-2’-deoxyuridine (EdU)
(5 mg/ml). After 2 h, embryos were collected in PBS and
processed for EQU immunodetection according to the man-
ufacturer protocols. In the case of N1ICD and pERK, sig-
nal was amplified with TSA Fluorescence System tyramide
kit (ApexBio, K1050). DAB staining was developed with
DAB Peroxidase (HRP) Substrate Kit (Vector, SK-4100).
Hematoxylin and Eosin staining was performed in 5 pm
thick paraffin sections using standard protocols on the CNIC
Histology Core. Sections were mounted with Fluoromount-
G (Southern Biotech, 0100-01) or DPX (Sigma-Aldrich
06522).

Whole-mount Immunofluorescence

In the case of retinas, eyes were collected at postnatal day
(P) 6, 12 or 14 weeks after birth and fixed in 4% formal-
dehyde in PBS for 30 min at room temperature. After PBS
washes, retinas were micro-dissected and fixed again for
45 min in 4% formaldehyde in PBS. After washing in PBS
and blocking with 0.3% PBS-TX, 5% FBS for 2 h, samples
were incubated with primary antibodies overnight at 4 °C
(Supplementary Table 1). After several washes in PBS,
retinas were incubated for 2 h at room temperature with
species-specific Alexa Fluor-coupled secondary antibodies
(details in Supplementary Table 1) and counterstained using
IsolectinB4. Retinas were mounted with Fluoromount-G
(Southern Biotech, 0100-01). For VEGR?2 staining with no
permeabilization, we removed Triton X-100 from the solu-
tions and followed described incubation times and antibody
concentration.

Brains were dissected and fixed for 24 h in 4% formal-
dehyde in PBS at 4 °C. 150-200 pm slices from the cortex
were obtained using a scalpel, washed in PBS and subse-
quently blocked in 0.3% PBS-TX, 5% donkey serum over-
night at 4 °C. Sections were then incubated with primary
antibodies (details in Supplementary Table 1) during 24 h at
4 °C in the same solution. After extensive washes in PBS,
samples were incubated overnight with species-specific
Alexa Flour-coupled secondary antibodies (details in Sup-
plementary Table 1) and mounted on BRAND cavity slides
(Merck BR475505) using Vectashield mounting medium
(Vector H-1000).

Image acquisition and quantification

Whole brain bright field images were obtained using a Leica
MZFLIII stereoscope coupled to a Nikon DP71 camera and
analyzed with CellSens software. Brains exhibiting hemor-
rhages were categorized as positive, while those lacking
hemorrhages were classified as negative.

Brightfield images from histological sections were taken
in an Olympus BX51 microscope coupled to a Nikon DP71
camera and CellSens software. Fluorescence images were
taken using a Leica SP8 or Leica Stellaris 8 confocal micro-
scope and LASX software. Images were processed and ana-
lyzed with Qupath v0.6.0 or ImageJ Fiji software.

For the analysis of the E9.5 embryonic vasculature, the
number of connecting vessels of intersomitic vessels was
counted in 3 somites of the rostral or caudal area, and the
perimeter of the cardinal vein and dorsal aorta was mea-
sured with the ‘freechand selections’ tool from Fiji software
from embryonic sections.

Vascular density was calculated measuring the IsolectinB4
or Endomucin area with the ‘create threshold’ tool followed
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by “Measurement” of the area. The result was normalized to
the total area of the tissue. Branching points were manually
counted and correlated to the vascular area. Tip cells were
manually counted and correlated to the vascular front area.
To assess the diameter of the vessels, the ‘straight line’ tool
from Fiji was manually employed on auto-scaled images.
The radial growth was calculated relating the progression of
the vessels to the length of the retina. Endothelial cell sur-
face area was manually measured by tracing the cell perim-
eter using the “Freehand Tool” in QuPath.

To determine the recombination levels, endogenous
mGFP signal was quantified using the ‘create threshold’
tool from Fiji software, and the result was correlated to the
vascular area. Similarly, smooth muscle actin (SMA) and
DESMIN signal was quantified with the ‘create threshold’
tool and correlated to the vascular area.

For Ki67, Cleaved Caspase 3 and EdU positive nuclei
detection, we used the ‘cell detection’ tool from Qupath
software, and the identified positive cells were normalized
to the total number of ERG" endothelial nuclei.

pERK positive cells in E9.5 embryos were manually
counted in the dorsal aorta, cardinal vein and meningeal
vessels and related to the total number of endothelial cells
constituting the vessels. pERK signal in the retinal vascula-
ture was quantified with the ‘create threshold’ tool from Fiji
software and correlated to the vascular area.

VEGFR?2 and Isolectin B4 signal intensity in 8-bit pic-
tures was determined using Fiji’s “RGB profile” tool, along
a 10-pixel-wide line across the vessel.

Evans blue

A 2% Evans Blue stock solution was prepared in sterile nor-
mal saline (0.9% NaCl). The dye was administered intra-
peritoneally at a dose of 5 puL per gram of body weight to
postnatal day 5 (P5) mice, and brains were harvested at
postnatal day 6 (P6).

RNAscope

Commercially available RNAscope probes for Acta2? (Cat-
alog # 319531-C2), USP8 (Catalog # 1305711-C1) and
Pecam (Catalog # 316721-C3) were acquired from Bio-
techne. RNAscope was performed according to manufac-
turer instructions. For fluorescence visualization RNAscope
multiplex TSA Buffer (Catalog # 322809) was used together
with TSA Vivid™ Fluorophore Kit 520 (323271), TSA
Vivid™ Fluorophore Kit 570 (323272), and TSA Vivid™
Fluorophore Kit 650 (323273) from Tocris.
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Statistical analysis

Data were analyzed using GraphPad Prism software. We
analyzed at least 3 specimens per experimental group for
all experiments. Statistical analyses were performed using
unpaired two-tailed Student’s T-test with Welch’s correction
unless otherwise specified. For hemorrhagic whole-mount
brains quantification and embryonic survival, statistical sig-
nificance was assessed using Fisher’s exact test. Differences
were considered statistically significant at P<0.05. Unless
otherwise stated, data are presented as mean+SD (error
bars).

Results

Loss of endothelial USP8 results in abnormal vessel
formation and embryonic lethality

To evaluate whether USPS8 regulates endothelial cell func-
tions in vivo we started by looking into the role of endothelial
USPS during early vascular development in mammals. For
this purpose, we crossed Usp8™* mice [13] with the Tie2¢"®
mouse line [14], which allows to delete Usp8 in endothelial
cells. Usp8™/%; Tie2“" mice exhibited expected mende-
lian ratios at E9.5, however, they did not survive beyond
E10.5 (Fig. l1a). We focused our study of the vasculature
of these mice at E9.5 when most mutant embryos appeared
healthy (75%). To easily visualize the endothelium of Usp-
§floxfiox. Tio2Cre mice, we crossed them with mice carrying
the R26"""C allele, which allows for mGFP expression
under the control of Cre recombinase resulting in membrane
eGFP expressing endothelial cells and therefore highlighting
the vasculature. Analysis of Usp8/ex/fiox. Tie2Cre: R 26 T/mG
(referred to as Usp82EC in Fig. 1) E9.5 whole-mount embryos
(stage-matched at 22—-23 somites) revealed defective forma-
tion of intersomitic vessels in mutants compared to controls
(Fig. 1b, c). These defects were observed in both the ros-
tral and caudal regions (Fig. 1b’, b, ¢’, ¢, d, e) suggest-
ing that the anomalies represent a specific impairment of
angiogenesis in mutants, rather than being a consequence
of delayed embryonic development. To further explore how
loss of endothelial Usp8 was affecting the vasculature, we
evaluated E9.5 embryo cross-sections immunostained with
anti-CD31. This analysis of the vasculature revealed a sig-
nificantly increased perimeter of the cardinal vein (CV)
and meningeal vessels (MV) in mutant mice compared to
controls. Interestingly, no differences were observed in the
perimeter of the dorsal aorta (DA) (Fig. 1f).

The presence of differential responses to loss of Usp8
among vascular segments led us to investigate whether
basal Usp8 expression varies between arteries, veins, and
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Fig. 1 Endothelial USP8 is required for embryonic angiogenesis. a
Survival rate of Usp82FC (blue) and control (gray) embryos at differ-
ent stages. b, ¢ Whole-mount immunofluorescence images of mGFP
expression in the trunk of control and Usp®F® E9.5 embryos. Boxed
regions show magnifications of somites (s) from control and mutant
embryos: s14-s18 (b’, ¢’), and s1-s5 (b” and ¢”’). Arrows point to
intersomitic connecting vessels. d, e Quantification of the rostral (s7—
s11) and caudal (s1-s5) intersomitic connecting vessels (n=3 embryos

capillaries. To assess Usp8 expression in the embryonic
vasculature, we performed fluorescent in situ hybridiza-
tion (FISH) using the RNAscope technology. We found that
Usp8 was ubiquitously expressed throughout the embryo,
including within the vasculature. No overt differences
were observed in Usp8 signal intensity among DA, CV, or
MV (Supplementary Fig. 1), suggesting that the different
response to changes in perimeter among the vascular seg-
ments are not due to a differential expression of Usp$.

per genotype). f, g CD31 immunohistochemistry on transversal sec-
tions at thoracic level of control and UspE® E9.5 embryos. CV: cardi-
nal vein, DA: dorsal aorta. h, i Magnification of boxed region in f-g;
red arrows indicate meningeal vessels (MV). j Quantification of the
perimeter of the CV, DA and MV (n=3 embryos per genotype; > 3
sections per embryo). Bars represent mean+S.D except for (¢). Data
were analyzed using unpaired T-test with Welch’s correction. Scale
bars indicate 250 um in b—c, 100 pum in b’—”’, and 50 um in f—i

Overall, our data shows that loss of endothelial Usp8
results in lethality after E10.5. Analysis of the vasculature
during early developmental stages reveals impaired angio-
genesis and dilation of the cardinal vein and meningeal
vessels in mutant mice, underscoring the essential role of
endothelial USPS8 in embryonic vascular formation.
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Endothelial USP8 regulates endothelial cell
functions during retinal angiogenesis

To shed further light into the role of endothelial USPS8 in
angiogenesis we turned to the mouse retina. The mouse reti-
nal vasculature develops after birth, allowing for the study
of vascular angiogenesis without the lethality or potential
developmental confounding effects associated with embry-
onic studies. For these studies, we crossed Usp8™ mice
with Cdh5ERT2 mice, enabling tamoxifen-inducible Cre
recombinase expression in endothelial cells [15]. Mutant
Usp811o%. Cdh5"eERT? (referred to as Usp8'AEC) and con-
trol mice were also carrying the R26"7"C allele. Recom-
bination of Usp8 and the m7/mG cassette was induced by
injection of 4OH-Tamoxifen to the pups at postnatal (P) day
1 and 2 (Fig. 2a). At P6, when retinal vessels are undergoing
angiogenesis, retinas were isolated and whole-mount immu-
nostained with IsolectinB4 to visualize endothelial cells.

Our analysis of IsolectinB4 (labels all endothelial cells)
and GFP-expressing endothelial cells (Cre-expressing cells)
revealed a close to 100% recombination efficiency in the
case of control mice, however we observed a high variabil-
ity in the levels of Cre-induced mGFP-expressing cells in
Usp82E€ mice (Fig. 2b—e). These differences in the mGFP
expressing endothelial cells were associated with differ-
ences in the severity of the vascular phenotypes observed.
Therefore, for our analyses, we decided to divide the mutant
mice into two groups according to their level of recombina-
tion: lower recombination (Fig. 2d-50% of the endothelium
expresses mGFP), and higher recombination (Fig. 2e and
51-100% of the endothelium cells expresses mGFP).

To establish a role for endothelial USP8 in the retinal
angiogenic response we evaluated the radial growth of the
vascular plexus, the vascular density, the vascular branch-
ing points, and the tip cells in Usp8**E€ compared to control
mice (Fig. 2).

Our analysis revealed a reduction in all these parameters
in mutant mice with low recombination, which was even
more pronounced in the group of mutant mice with a higher
recombination percentage (Fig. 2c—i). We also evaluated
vessel diameter in the different vascular segments: arter-
ies, capillaries and veins. This severely abnormal vascu-
lar plexus did not allow for the morphological distinction
of arteries and veins, which were only measured in low
recombination mutants and control mice. We observed an
increased diameter in the case of the veins and the capillary
segments, but no changes were detected in the arterial com-
partment (Fig. 2j).

Mural cells (vascular smooth muscle cells and pericytes)
are perivascular cells that interact with the endothelium and
stabilize the vasculature during the angiogenic process [3].
To determine whether mural cells were altered following
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Fig.2 Endothelial USPS is required for retinal angiogenesis. a Experi- }
mental design. b Percentage of vessel area expressing mGFP in whole-
mount retinas, grouped by control, low and high recombination (n>8
retinas per genotype). c—e Whole-mount immunofluorescence staining
with IsolectinB4 (IB4, gray) and ¢’—e’ mGFP expression (green) of P6
retinas from control (gray box) and Usp'“F€ mice with low (light blue
box) and high (dark blue box) levels of mGFP recombination. Quanti-
fication of f vascular density, g branching points, h radial growth i tip
cells, and j diameter of arteries, veins and capillaries of P6 control and
Usp™EC retinas (n>5 retinas per genotype). Bars represent mean+S.D.
Data were analyzed using unpaired T-test with Welch’s correction.
Scale bar indicates 500 um

endothelial deletion of Usp8, we immunostained the retinas
of control and mutant mice with anti-smooth muscle actin
(SMA) to visualize vascular smooth muscle cells (vSMCs),
and with anti-desmin to visualize pericytes and vSMCs. Our
analysis did not reveal any differences in the vascular cover-
age of vSMCs (Supplementary Fig. 2a—c) or pericytes (Sup-
plementary Fig. 2d—g). Overall, our findings show that loss
of endothelial Usp8 postnatally leads to an impaired angio-
genesis of the retinal vasculature characterized by reduced
vascular density and growth together with an increase in
diameter of the capillaries and venous vascular segments.

Postnatal loss of endothelial Usp8 differentially
affects the vasculature of several organs

In addition to the postnatal retinal vasculature, we also eval-
uated brain, lungs, heart and liver from control and mutant
mice to study the potential role of endothelial Usp8 in other
vascular beds (Fig. 3a and Supplementary Fig. 3). Upon dis-
section we did not observe any overt differences in the lungs,
heart or liver from mutant and control mice. However, brain
tissue exhibited multiple small hemorrhages in approxi-
mately 75% of mice lacking endothelial Usp8, whereas no
hemorrhages were observed in control mice (Fig. 3b—d).
Brain sections stained with hematoxylin and eosin (H&E)
revealed that these hemorrhages were not localized to a
specific area of the brain, but could be readily observed in
the cortex, the striatum and the cerebellum among other
areas (Fig. 3e—j). We further explored if Usp8“EC mice
also presented higher vessel permeability, in addition to the
observed hemorrhages, by injecting mice with Evans Blue
dye prior to brain harvest. Brains from mice with endothe-
lial loss of Usp8 displayed higher Evans Blue extravasation
compared to control mice (Supplementary Fig. 4).

Brain vascular structure was evaluated by whole-mount
immunostaining a thick slice of the surface of the brain with
anti-CD31 and anti-endomucin. Vascular density remained
comparable between mutant and control mice; however,
reduced branching frequency and increased luminal diame-
ters across all vascular segments —including arteries, veins,
and capillaries— was observed (Fig. 3k—0). Consistent with
these observations, immunostaining of sagittal sections of
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the whole brain similarly revealed increased perimeter of
the vascular lumen in all areas of the brain and no differ-
ences in endothelial cell density (Supplementary Fig. 3a—i).
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We also evaluated brain tissue to determine whether Usp8
was being depleted after tamoxifen treatment of Usp
mice. We used RNAscope probes recognizing Usp8 and

8iAEC

Pecam and observed a mosaic pattern of expression of Usp8
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4 Fig.3 Endothelial USP8 is essential for brain vascular integrity. a Left,
experimental design; right, schematic representation of a brain’s sag-
ittal section with boxed areas depicting the regions analyzed in e—j.
b, ¢ Representative images of whole brains from control and Usp'*E€
P6 mice. Arrows in ¢’ point to hemorrhages. d Quantification of brain
hemorrhages. Data were analyzed using Fisher’s exact test. e—j Rep-
resentative images from H&E staining of e, f cortex, g, h striatum and
i, j cerebellum sections of control and Usp'“E€ P6 mice. i’, j> Higher
magnification images from boxed areas in i, j. Arrows point to accu-
mulations of red blood cells. k, 1 Whole-mount brain immunofluores-
cent labeling with anti-Endomucin (Emcn, gray) and anti-CD31 (gray)
of control and Usp'“F€ P6 brain cortex slices. a=arteries; v=veins.
m-o Quantification of vascular density (m), branching points (n), and
diameter of arteries, veins, and capillaries (0) of P6 control and Usp'AE€
whole-mount cortex slices (7>4 slices per genotype). Bars represent
mean=S.D except for (d). Data were analyzed using unpaired T-test
with Welch’s correction except when stated otherwise. Scale bars indi-
cate | mm in b—c’, 100 um in e-h, 200 um in i—j and 100 um in f—i

in the vasculature. Nonetheless, we could detect several
abnormal vessel areas lacking Usp8 signal compared to
control mice (Supplementary Fig. 5) indicative of vascular
depletion of Uspd8 in our mutant mice.

Next, we evaluated the vasculature of the lungs, heart
and liver by immunostaining paraffin sections with anti-
endomucin and anti-ERG to label the blood vessels and
endothelial cell nuclei, respectively. No significant differ-
ences were observed in the endothelial cell density of lungs
or liver between Usp8*2EC and control mice (Supplementary
Fig. 3j—m, t—w), however a small decrease in endothelial
cell density was detected in the heart of Usp8'“EC mice com-
pared to control (Supplementary Fig. 3n-s).

Taken together our results suggest an organ-dependent
role for endothelial USP8, playing a key role in the postnatal
brain vasculature, but with milder effects on the postnatal
heart’s vasculature, and no differences in lung or liver endo-
thelial density.

Partial recombination of endothelial Usp8 can
be compensated by non-recombined endothelial
population

To explore the potential long-term consequences of the loss
of endothelial Usp8 after birth, tamoxifen-treated Usp8!2EC
and control mice carrying the R26"7" allele were allowed
to reach adulthood and their tissues were evaluated at 12
weeks of age (Supplementary Fig. 6a). Analysis of sur-
vival of Usp8“FC mice revealed that the majority (75%)
of mutant mice survived to adulthood (Supplementary
Fig. 6b). Whole-mount analysis of the retinal vasculature
did not show any differences in vascular density or branch-
ing points between mutant and control mice (Supplemen-
tary Fig. 6¢—f). Similarly, we detected no differences in the
diameter of arteries, capillaries, or veins (Supplementary
Fig. 6g) between mice with endothelial loss of Usp§ and
control mice. Tissue analysis of survivors showed that,

contrary to what was observed in early postnatal analysis,
no hemorrhages were present in the brain parenchyma of
surviving mutant mice at 12 weeks of age (Supplementary
Fig. 6h, 1). Notably, most endothelial cells (70%) in mutant
mice that reached adulthood lacked mGFP signal from the
R26™7MC allele (Supplementary Fig. 6j), suggesting these
cells may not have undergone Usp8 deletion and thus might
have a competitive advantage during angiogenesis and vas-
cular maturation.

Overall, our data suggest that mosaic deletion of Usp§ in
endothelial cells results in impaired cellular functions dur-
ing development which in many cases can be compensated/
outcompeted by wild-type cells and result in a normal vas-
cular development.

Adult deletion of endothelial Usp8 does not reveal
overt vascular anomalies

Next, we aimed to investigate whether endothelial USP8
plays a role in vessel homeostasis in addition to its function
in angiogenesis. For this purpose, we induced Usp8 gene
deletion in adulthood by delivering tamoxifen to 6-week-
old Usp8“E€ and control mice. We analyzed the vascula-
ture of different tissues eight weeks later (Supplementary
Fig. 7a).

Analysis of the whole-mount retina immunolabeled with
IsolectinB4 to highlight the blood vessels showed around
90% recombination of the R26"7"C allele in Usp8'“EC mice
pointing to an efficient deletion of endothelial Usp§ in these
mice (Supplementary Fig. 7b, d). Evaluation of the vascu-
lar plexus revealed no differences in the vascular density or
in the number of branching points of Usp8“F¢ compared
to control mice (Supplementary Fig. 7c—f). Similarly, no
differences were observed in the diameter of the arteries,
capillaries, or veins between mutant and control mice (Sup-
plementary Fig. 7g). Examination of the whole brain after
dissection did not reveal any hemorrhage in mutant or con-
trol mice (Supplementary Fig. 7h). To determine whether
deeper microhemorrhages might be present in the brain that
could not be detected by gross evaluation, we stained paraf-
fin sections with H&E. Our analysis showed that there were
no detectable hemorrhages in the brain tissue of mice with
endothelial loss of Usp8 (Supplementary Fig. 7i—j).

Immunohistochemical analysis using IsolectinB4, anti-
endomucin, and anti-ERG in paraffin sections from brain,
lung, heart, and liver of Usp8iAEC and control mice did not
reveal any differences in the vessel or endothelial cell density
of these tissues (Supplementary Fig. 8). The lack of vascular
anomalies prompted us to verify whether Usp8 expression
was also present in adult tissue. We labeled brain sections
with RNAscope probes targeting Pecam, Acta2, and Usp$.
Our analysis revealed low levels of Usp8 expression, with
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no apparent differences across vascular segments (Supple-
mentary Fig. 1b), indicating that the absence of a vascular
response was not due to a lack of Usp8 expression.

In summary, loss of endothelial Usp$ in adult mice indi-
cates that USPS is not crucial for vessel maintenance and
homeostasis.

USP8 regulates endothelial cell-cycle activation

To further understand how USP8 modulates endothelial cell
biology and alters the angiogenic response, we evaluated
endothelial cell proliferation, a key driver of angiogenesis.
We first determined whether there were differences in endo-
thelial proliferation at E9.5 between Usp8™; Tie2Cre and
control embryos. For this purpose, we injected 5-ethynyl-2'-
deoxyuridine (EdU) and analyzed the degree of endothelial
cell EAU incorporation in the DA, CV and the MV. Our data
showed a small, though not significant reduction in endo-
thelial proliferation in the CV and MV, but no differences in
the DA (Fig. 4a—).

Next, we evaluated endothelial proliferation in the devel-
oping retina from P6 Usp8'2E€ and control mice. In this case,
retinas were whole-mount immunostained with anti-Ki67 to
identify nuclei of cells in cell-cycle, anti-ERG to label endo-
thelial cells nuclei, and with IsolectinB4 to highlight the
endothelium. Our analysis revealed a significant decrease in
Ki67" endothelial cells (a surrogate for proliferation) in the
case of mutants exhibiting lower recombination, which was
more pronounced in the group of mutants with a high level
of recombination (Fig. 4d—h). Of note, we observed that in
the group of mutants with low recombination, around 75%
of the endothelial cells in cell-cycle (Ki67*, ERG") were
GFP-negative indicating that most of the proliferation was
occurring in cells that most likely had not lost Usp$8 (Fig. 4i,
j)- Taken together, our data point to a key role for endothe-
lial USP8 in regulating cell proliferation in the angiogenic
postnatal retina.

Loss of endothelial USP8 leads to a higher cell
number in enlarged vessels

Our findings of a greater vessel diameter in mice lacking
endothelial Usp8, together with observations of reduced
number of cells in cell-cycle, led us to question the reason
for this discrepancy—specifically, whether the number or
size of endothelial cells was altered in the capillaries and
veins of Usp8'2EC mice compared to controls. Alternatively,
we also considered the possibility of cardiac malformations
that could result in enlarged vessel diameters as a secondary
effect.

When evaluated for malformations, heart sections from
P6 Usp8“EC mice displayed no overt differences when
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Fig. 4 Endothelial Usp8 loss leads to reduced cell-cycle entry. a, b}
Immunofluorescence of transverse sections from control and UspAEC
E9.5 embryos stained with anti-Bromodeoxyuridine (BrdU, green),
IsolectinB4 (IsoB4, gray), and DAPI (blue). Yellow arrows indicate
the cardinal vein, yellow arrowheads mark the dorsal aorta, and gray
arrows point to the meningeal vessels. ¢ Quantification of BrdU incor-
poration in endothelial cells from E9.5 control and UspAEC embryos
(n=3 embryos per genotype). d.a.=dorsal aorta, c.v.=cardinal vein,
m.v.=meningeal vessels. Bars represent mean+S.D. Data were ana-
lyzed using unpaired T-test with Welch’s correction. d—f Whole-mount
P6 retinas from control and UspiAEC mice immunolabeled with anti-
Ki67 (green) and IsolectinB4 (IsoB4, blue). Boxed regions are magni-
fied in d’—f’. Yellow arrows point to Ki67+ endothelial cells. g Top,
quantification of the percentage of total Ki67+ endothelial cells in
P6 control and UspiAEC retinas (n>3 retinas per genotype). Bottom,
quantification of Ki67+ endothelial cells in arteries, veins and capil-
laries. Bars represent mean+S.D. Data were analyzed using unpaired
T-test with Welch’s correction. h Quantification of the number of endo-
thelial cells in P6 control and UspiAEC retinas (n>3 retinas per geno-
type). Data are represented using a violin plot. i Whole-mount P6 ret-
ina from UspAEC mice with low recombination immunolabeled with
anti-Ki67 (cyan), anti-ERG (magenta) and endogenous mGFP (green).
Yellow arrows point to double Ki67+ and ERG+ cells. j Quantification
of combined Ki67+ and GFP+ or Ki67+ GFP— cells in control, low
and high recombined UspiAEC retinas. Data represent percentage of
proliferative mGFP+ and mGFP— cells (n=4 retinas per genotype).
k—m Whole-mount P6 retinas from control and UspiAEC mice immu-
nolabeled with anti-cleaved Caspase 3 (red), Isolectin B4 (IB4, blue)
and ERG (gray). n Quantification of the percentage of cleaved Caspase
3-+endothelial cells in P6 control and UspiAEC retinas (n>3 retinas
per genotype). Boxed regions are magnified below. Scale bars indicate
25 pm in a-b, 250 pm in d—f and 50 pm in d’—f* and h

compared with their control counterparts. Moreover, no sig-
nificant differences were observed in the thickness of the
septum or the left ventricular posterior wall (Supplementary
Fig. 9) indicating that cardiac malformations were not pres-
ent in mice with loss of endothelial Usp8.

To study if there were changes in endothelial cell size
after the loss of endothelial Usp8, we immunostained whole
mount P6 retina from Usp8“F¢ and control mice with anti-
Vascular Endothelial Cadherin (VE-Cadherin or Cadherin
5). VE-Cadherin localizes to the endothelial cell membrane
allowing for easy visualization and

measurement of cell shape. Our analysis revealed no dif-
ferences in the endothelial surface area between mutant and
control mice in arteries, capillaries or veins (Supplementary
Fig. 10a—g).

We further evaluated whether endothelial cell number
was altered in mutant mice compared to control. We quanti-
fied the number of endothelial cell nuclei (ERG™) per vessel
area. Our data showed a similar density of cells between
Usp82E€ and control mice (Supplementary Fig. 10h). How-
ever, considering that vessel size of the mutants in the case
of capillaries and veins, a similar cellular density implies a
higher number of cells in these vessels.

We then questioned if the higher number of cells in mutant
mice was a result of changes in susceptibility to apoptotic
stimuli. To answer this, we immunostained wholemount P6
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retinas from Usp8*“E€ and control mice with anti-Cleaved
Caspase 3. We observed no differences in the percentage
of endothelial cells expressing Cleaved Caspase 3 between
mutant and control mice suggesting that loss of endothelial
Usp8 does not result in changes in endothelial cell apoptosis
(Fig. 4k-n).

Taken together, this data indicates that Usp8 does not
regulate endothelial cell size or apoptosis. However, loss of
Usp$ in the endothelium results in an increased number of
cells per vessel in mutant mice implying that Usp8*AE€ mice
likely exhibit defects in endothelial cell migration.

Notch signaling in endothelial cells is not regulated
by Usp8

The Notch signaling pathway plays key roles in endothelial
cells during angiogenesis and arteriovenous specification
[17]. Notch receptors in the cell surface interact with ligands
in neighboring cells; this interaction triggers the cleavage of
the protein releasing its intracellular domain (NICD) that
translocates to the nucleus and promotes the transcription
of its target genes. Previous works have described a role
for USP8 promoting the stability of NICD and therefore
modulating its signaling [18, 19]. To test whether Usp8
was regulating endothelial cell functions by altering Notch
signaling we immunostained sections from E9.5 Usp82E€
embryos and Control mice with anti-N1ICD. We evaluated
NI1ICD expression in the DA, CV and MVs and detected
no significant differences between mutant and control mice
(Supplementary Fig. 11). This data suggests that USP8 does
not regulate endothelial cell functions by modulating the
Notch signaling pathway.

The distribution and activation of VEGFR2 are
altered in endothelial USP8-deficient mutants

VEGF-A acting through the VEGFR2 is the most relevant
signaling axis in the angiogenic response [2]. Previous
work in vitro has described a role for USPS8 in regulating
VEGFR? trafficking and activation in human umbilical vein
endothelial cells (HUVECs) [12]. Hence, we hypothesized
that the abnormal angiogenic responses observed in mice
lacking endothelial Usp8 might result from impaired local-
ization and activation of VEGFR2.

To evaluate whether loss of endothelial Usp8 was alter-
ing the trafficking of VEGFR2, we immunostained sections
from E9.5 Usp8™/fx; Tje2¢7 and control embryos with anti-
VEGFR2 antibody. No differences were observed in the pat-
tern of expression of VEGFR2 in the DA, however, in CV
and MV of mutant embryos, VEGFR2 was mainly local-
ized in enlarged intracellular vesicles (Fig. Sa—f). Double
immunostaining of VEGFR2 and early endosome marker 1
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Fig. 5 Endothelial USP8 regulates VEGFR2 trafficking. a—f Immu—}
nofluorescence staining of E9.5 control and Usp“E® embryonic trans-
verse thoracic sections with anti-VEGFR2 (magenta) and DAPI (blue)
showing the dorsal aorta (a, b; DA), the cardinal vein (¢, d; CV) and
meningeal vessels (e, f; MV). Arrows point to aggregated VEGFR2.
g—j’ Whole-mount P6 retinas from control and Usp*F¢ mice immu-
nolabeled with anti-VEGFR2 (cyan), IsolectinB4 (IB4; magenta) and
ERG (gray) in permeabilized (g, h) and non-permeabilized (i, j) reti-
nas. Graph represents intensity of the RGB profile along the yellow
arrows in I’ and j’; yellow arrowheads point to the peak intensity of IB4
(blue) and VEGFR2 (red) in non-permeabilized retinas. k, n’ Immuno-
fluorescence staining of meningeal vessels of E9.5 control and Usp®F®
embryonic transversal thoracic sections stained with anti-VEGFR2
(red), anti-Early Endosome Antigen 1 (EEA-1; gray), and DAPI (blue).
Boxed regions are magnified in m’,n’. Arrows point to VEGFR?2 local-
ization in early endosomes. k-1’ Immunofluorescence staining of con-
trol and Usp™“E€ P6 whole-mount retinas with anti-VEGFR2 (red) and
anti-ERG (gray). Arrows point to abnormal VEGFR2 aggregates. o, p
Immunofluorescence staining of E9.5 control and Usp*EC embryonic
transversal thoracic sections with anti-phospho ERK (pERK; cyan),
IsolectinB4 (IB4; red), and DAPI (blue). CV is cardinal vein, DA is
dorsal aorta and MV are meningeal vessels. q Quantification of pERK
in endothelial cells of transversal thoracic sections from E9.5 control
and UspE€ embryos. r—t Whole-mount P6 retinas from control (white
box) and Usp™E€ mice with low (light blue box) or high (dark blue
box) recombination immunolabeled with anti-pERK (pERK; cyan)
and IsolectinB4 (IB4; red). u Quantification of pERK in endothelial
cells from control (gray) and and Usp'“E€ P6 retinas with low (light
blue) or high (dark blue) recombination (n>3 retinas per genotype).
Bars represent mean+S.D. Data were analyzed using unpaired T-test
with Welch’s correction. Scale bars indicate 5 um in a—f and k—n’;
20 pm in g—j°, 25 um in o—p and 100 pm in r—t

(EEA1) revealed that VEGFR2 distribution in mutants was
fundamentally aggregating in the endosomal compartment
(Fig. 5k—n). We also studied the distribution of VEGFR2
in the retinal vasculature of P6 Usp8"“F€ and control mice.
Consistent with our observations in the embryonic vascu-
lature, we detected an abnormal distribution of VEGFR2
located in structures compatible with intracellular vesicles
in the vessels from Usp8“F“ mice which was not observed
in the retinal vasculature from control mice (Fig. 5g-h).
These data indicate that USP8 plays a critical role in regu-
lating VEGFR2 intracellular trafficking in vivo.

Activation and signaling of VEGFR2 depend on its inter-
action with different partners, the timing of its presence in
the plasma membrane and the rate of internalization and
degradation [7, 20]. To gain further insights into the regula-
tion of VEGFR2 and its plasma membrane-associated levels,
we performed immunostaining for the receptor in non-per-
meabilizing conditions. Signal corresponding to VEGFR2
was evaluated together with signal from IsolectinB4 which
labels de endothelial cell membrane. Our data show that
intensity levels of VEGFR2 in the plasma membrane of
endothelial cells from Usp82E€ mice were markedly lower
than those of the control counterparts (Fig. 5i—j). Loss of
membrane-bound levels of VEGFR2 are indicative of defi-
cient availability to bind ligand and signal in Usp8'2EC mice
compared to control.
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Fig. 6 Working model for endothelial USP8 function. Left panel: In
wild-type embryonic vessels and angiogenic retina, USP8 regulates
VEGFR? trafficking, ensuring its activation and recycling to the mem-
brane, enabling adequate angiogenic response. Right panel: In mice

Our previous data showing a deficient angiogenic
response in mice with loss of endothelial Usp8, together
with the observed abnormal trafficking of the receptor led
us to investigate whether VEGFR2 activation was reduced
in our mutant mice. For this purpose, we evaluated the lev-
els of pERK in endothelial cells as an indicator of VEGFR2
activation [4]. Anti-pERK immunostaining of sections
from Usp8™/~; Tie2" and control embryos demonstrated
a marked reduction in endothelial pERK levels in the CV
and MV, with no reduction observed in the DA (Fig. 50—q).
Similarly, analysis of pERK in the postnatal retinal vascu-
lature of Usp8*EC and control P6 mice revealed a signifi-
cant decrease in endothelial pERK in mutant mice with low
recombination, with an even more pronounced reduction in
mutants with high recombination (Fig. 5r—u). Altogether,
our data indicate that USP8 is essential for regulating
VEGFR2 trafficking and activation in vivo, leading to lower
ERK activation.
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with endothelial Usp8 loss, VEGFR?2 trafficking is disrupted, prevent-
ing its degradation and/or recycling to the membrane. This leads to
reduced VEGEFR activation, decreased pERK signaling, and impaired
angiogenesis

Discussion

Angiogenesis, the generation of new blood vessels from
preexisting ones, is essential during development and plays
key roles in many pathological conditions [2]. Here, we
show, for the first time, that the deubiquitinase USPS plays
critical roles during angiogenesis. Endothelial Usp$ dele-
tion impaired angiogenesis during embryonic and postna-
tal stages but did not affect endothelial cell homeostasis in
adulthood. Mechanistically, we describe how the loss of
endothelial Usp8 disrupts VEGFR2 trafficking, leading to
its accumulation in intracellular vesicles, which, in turn,
reduces pERK signaling and endothelial cell-cycle activa-
tion (Fig. 6). Altogether, our work has identified endothelial
USPS as a key regulator of angiogenesis, and an attractive
potential target for antiangiogenic therapies.

Our data show that loss of endothelial Usp8 during
embryonic development results in embryonic lethality by
E10.5. Embryonic vascular development begins around
E7.5 with the specification and formation of the first set
of vessels from endothelial progenitors. Next, the vascular
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plexus develops through angiogenesis and continues deploy-
ing until around E11.5, when vessels mature. Mice with loss
of most of the well-known angiogenesis regulators exhibit
embryonic lethality at these early stages of vessel formation
[21]. In the case of VEGFR2, embryos with full loss of the
gene (Flkl) die in utero between E8.5 and E9.5 showing
profound defects in vascular development [22]. We believe
that our findings of impaired angiogenesis in the intersomitic
vessels and abnormal vasculature in E9.5 Usp82F© embryos,
along with embryonic lethality by E10.5, support a critical
role for endothelial USPS§ in developmental angiogenesis.

Analysis of the postnatal retinal vasculature, follow-
ing the induced deletion of endothelial Usp8, revealed
significant variability in recombination levels resulting in
a genetic mosaic where wild-type and mutant endothelial
cells coexist within the same tissue and microenvironment.
We also observed that the differences in recombination asso-
ciated with variations in the severity of the vascular phe-
notype. Considering our findings that loss of Usp8 impairs
VEGFR2 signaling and renders endothelial cells less capa-
ble of forming new vessels, we propose a model where, in
mosaic recombination with low efficiency, non-recombined
(wild-type) cells would out-compete cells lacking Usp$.
This situation would lead to a mild angiogenic phenotype,
as wild-type cells take over the vasculature, allowing it to
develop and function adequately.

When recombination is highly efficient, the few remain-
ing wild-type cells cannot compensate for the impaired
mutant cells, resulting in defective angiogenesis and a severe
phenotype. Consistent with this, when mice were allowed to
reach adulthood after postnatal induction of Usp8 recom-
bination, survival was arrested in approximately 25% of
them. This likely reflects the subset of mice that underwent
efficient Usp8 recombination, where the resulting severe
angiogenic phenotype proved lethal. In contrast, with par-
tial recombination, wild-type cells in the vasculature could
gradually compensate for Usp$8 loss, maintain function, and
enable survival into adulthood without an overt phenotype.

Consistent with our findings, Zarkada et al. [23] describe
how variable Fikl deletion efficiency in endothelial cells
leads to different retinal angiogenesis phenotypes due to
the competitive advantage of non-recombined cells. Garcia-
Gonzalez et al. [24] took this further by using the iSuRe-
HadCre mouse strain, which enhances Cre-recombinase
potency and labels recombined cells with TdTomato. This
tool enabled them to generate and visualize mosaic or full
Flkl recombination. Their observations on how differential
Flk1 recombination affects retinal angiogenesis align with
those of Zarkada et al. and, importantly, phenocopy the
retinal vascular defects observed in our models with high
and low efficiencies of postnatal endothelial Usp§ deletion.
These findings reinforce our conclusion that endothelial

USPS8 loss impairs angiogenesis by regulating VEGFR2
activity.

Postnatal endothelial loss of Usp8 affected the vascula-
ture of the brain and heart but not the liver or lungs. Simi-
larly, FikI deletion reduced vascular density in the retina,
liver, and heart, though its effects on the brain and lungs
were not assessed [25]. Our findings largely align with those
for Fikl, except in the liver, where endothelial Usp8 loss
had no apparent impact. This discrepancy may stem from
insufficient recombination efficiency in certain tissues (liver
and lung), though a distinct role for USP8 in different vas-
cular beds cannot be ruled out.

Because endothelial Usp8 loss mimics VEGFR2 defi-
ciency, and Flkl deletion impairs angiogenesis with wide-
spread vascular density reductions, similar effects may be
expected in the brain. However, our data show that endo-
thelial Usp8 loss does not significantly alter brain vascular
density but instead leads to vessel enlargement, increased
permeability, and microhemorrhages across all analyzed
regions. Increased permeability and vessel dilation are
often responses to elevated VEGFA signaling [26] which
seems contradictory to the proposed reduction in VEGFR2
signaling. The underlying mechanism responsible for the
observed vascular abnormalities in the brain remains to be
determined. However, we propose a model in which loss of
VEGFR2 expression in the membrane of endothelial cells
results in an excess of available VEGFA. This surplus of
VEGFA may overstimulate the VEGFR2 receptor in non-
recombined wild-type cells, promoting vessel leakage. In
parallel, dilated vessels containing Usp8-deficient cells
might be more prone to rupture resulting in the observed
microhemorrhages.

Our analysis of the postnatal retinal vasculature after
endothelial Usp8 loss revealed a significant reduction in
endothelial cell cell-cycle entry, consistent with a role for
USPS in regulating VEGFR2 trafficking. However, exami-
nation of the embryonic vasculature showed no significant
differences in the vascular segments evaluated. While reti-
nal angiogenesis is well-characterized, with defined stages
as sprouting, vessel elongation, arteriovenous specification,
remodeling and maturation, embryonic vascular devel-
opment is more complex and less temporally uniform.
Although we observed angiogenic differences in interso-
mitic vessels, the vascular segments analyzed for prolifera-
tion at E9.5 (DA, CV and MVs) may have already started
entered maturation and arrested proliferation, potentially
obscuring the impact of Usp8 loss on endothelial prolifera-
tion in these contexts.

In both the angiogenic embryo and postnatal retina, we
observed a significant enlargement of venous and capil-
lary segments diameter, while the arterial compartment
remained unaffected. The remodeling of the immature

@ Springer



15 Page 16 of 19

Angiogenesis (2026) 29:15

capillary plexus into distinct arterial, venous, or capillary
fates relies on endothelial cell migration from venous/capil-
lary segments towards arteries [27-29], a process regulated
by VEGF-VEGFR2 signaling and shear stress [30]. We pro-
pose that endothelial Usp8 loss, which disrupts VEGFR2
trafficking, impairs VEGFR2 signaling during this remod-
eling phase. As a result, endothelial cell migration toward
arteries is compromised, leading to an accumulation of
endothelial cells within capillaries and veins. This “entrap-
ment” likely accounts for the observed vessel enlargement
in these compartments.

Overall, arteries in our study appear refractory to Usp8
loss. Unlike capillaries and veins, arterial endothelial cells
in mutant embryos do not exhibit mislocalized VEGFR2
aggregates in enlarged vesicles, nor do they show reduced
pERK levels. One possible explanation, given the mosaic
recombination, is that non-recombined cells preferentially
populate the arteries. As noted earlier, recombined cells with
lower VEGFR?2 activity may be unable to migrate towards
arteries, leading to their selective enrichment with wild-type
endothelial cells. Alternatively, redundancy within the deu-
biquitinating enzyme family could compensate for USP8
loss in arteries. While multiple USP family members are
expressed in endothelial cells, their vascular segment-spe-
cific expression patterns and roles in angiogenesis remain
poorly defined [31-43]. Further studies are needed to clarify
these mechanisms and the function of deubiquitinases in
vascular development.

Our work has primarily focused on VEGFR2 regula-
tion by USPS8 as the main driver of vascular phenotypes in
Usp8*“E€ mice. However, we cannot exclude the possibil-
ity that USPS8 also modulates other key regulators of angio-
genesis. Both VEGFR1 and VEGFR3 play important roles
in vascular development and, like VEGFR2, are subject to
ubiquitination and trafficking-dependent activation [1, 44,
45]. The chemokine receptor CXCR4, an essential mediator
of angiogenic sprouting [46], has been reported to be regu-
lated by USPS in other cell types [47]. Interestingly, USP8
loss in those contexts results in increased CXCR4 surface
levels and enhanced ERK phosphorylation, which contrasts
with our observations in Usp8'“EC mice. Moreover, the Friz-
zled-4 receptor (FZD4), a key regulator of angiogenesis and
vascular permeability [48], is controlled by intracellular traf-
ficking [49] and interacts with USP8 [50]. Importantly, loss-
of-function phenotypes of these regulators do not mimic the
vascular defects seen in our mutants. Thus, VEGFR2 dys-
regulation likely accounts for the predominant effects, with
additional USPS targets contributing more subtly.

Our studies identify endothelial USPS as a key regulator
in angiogenesis, yet its absence does not disrupt endothelial
homeostasis, making it a promising target for anti-angio-
genic therapies. Pathological neo-angiogenesis underlies
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numerous diseases, including cancer and ocular diseases
[51]. While anti-angiogenic tumor therapies face challenges
such as resistance, combining them with chemotherapy or
immunotherapy, has shown promise [52]. The USP8-spe-
cific inhibitor DUBS-in2 [53] exhibits strong anti-tumor
potential by targeting the immunological tumor microenvi-
ronment [54, 55], positioning USP8 as a potential co-thera-
peutic target in cancer treatment.

In neovascular eye diseases like age-related macular
degeneration, diabetic retinopathy, and retinopathy of pre-
maturity, VEGF-targeting therapies are clinically effective,
but a subset of patients develop resistance after prolonged
treatment [56]. This underscores the need for alternative
strategies. Further studies will determine whether USP8
inhibitors, such as DUBS-in2, could offer viable therapeutic
or co-therapeutic options for neovascular eye diseases.
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