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Abstract

Background Excessive oxidative stress is known to cause endothelial dysfunction and drive cardiovascular diseases
(CVD). While telomerase reverse transcriptase (TERT) shows protective effects against oxidative stress in rodents

and is associated to human flow-mediated dilation in CVD, its regulatory mechanisms in human vascular systems
under pathological oxidative stress require further investigation.

Methods Human induced pluripotent stem cells (hiPSCs) were used to create vascular organoids (VOs). These VOs
and human umbilical vein endothelial cells (HUVECs) were subjected to oxidative stress through both hydrogen
peroxide (H,0,) and oxidized low-density lipoprotein (oxLDL) models. The effects of TERT overexpression by inhibi-
tion of the ubiquitin protein ligase E3 component N-recognin 5 (UBR5) on reactive oxygen species (ROS)-induced
vascular injury and cellular senescence were assessed using neovascular sprouting assays, senescence-associated
-galactosidase (SA-B-Gal) staining, and senescence-associated secretory phenotype (SASP) assays.

Results ROS significantly impaired VO development and endothelial progenitor cell (EPC) angiogenesis, evidenced
by reduced neovascular sprouting and increased senescence markers, including elevated SA-B-Gal activity and SASP-
related cytokine levels. Overexpression of TERT counteracted these effects, restoring VO development and EPC
function. Immunoprecipitation-mass spectrometry identified UBR5 as a critical TERT regulator, facilitating its degrada-
tion. Inhibition of UBRS5 stabilized TERT, improving VO angiogenic capacity, and reducing SA-B-Gal activity and SASP
cytokine levels.

Conclusions Inhibiting UBR5 stabilizes TERT, which preserves EPC angiogenic capacity, reduces VO impairment,
and delays endothelial cell senescence under oxidative stress. These findings highlight the potential of targeting UBR5
to enhance vascular health in oxidative stress-related conditions.
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Background they increase ROS levels and promote endothelial cell

Compelling evidence suggests that elevated levels of
reactive oxygen species (ROS) contribute significantly
to endothelial dysfunction and various cardiovas-
cular diseases (CVD), including pulmonary arterial
hypertension, hypertension, atherosclerosis, and myo-
cardial infarction [1-3]. The production of ROS origi-
nates from various sources, with the majority of ROS
(approximately 90%) being generated by the mitochon-
drial respiratory chain [3, 4]. The mitochondrial elec-
tron transport chain leads to the reduction of molecular
oxygen through untimely electron leakage, thereby
forming superoxide and hydrogen peroxide (H,0,) [3,
5]. ROS, such as superoxide and H,0O,, can activate
other enzymatic systems that further stimulate ROS
production and induce mitochondrial dysfunction. This
leads to a vicious cycle of persistent oxidative stress and
tissue damage [4, 6]. Both H,O, and oxLDL have been
extensively documented as inducers of oxidative dam-
age [7-9], with in vitro experiments confirming that

senescence [7, 10].

Telomerase reverse transcriptase (TERT), a critical
component of telomerase, is known for its role in elon-
gating telomeres and preventing replicative senescence.
Beyond its classic function, TERT also reduces cellular
ROS levels by binding to mitochondrial DNA (mtDNA)
at the mitochondrially encoded NADH:ubiquinone oxi-
doreductase core subunit 1 (mt-ND1) and mitochondri-
ally encoded NADH:ubiquinone oxidoreductase core
subunit 2 (mt-ND2) coding regions, thereby enhanc-
ing respiratory chain activity. This activity is crucial for
resisting oxidative damage and delaying cardiovascular
aging [11-15]. Rodent studies have demonstrated TERT’s
protective role against oxidative damage in the cardio-
vascular system [13, 14, 16, 17]. The cardiovascular pro-
tective effects of TERT in humans necessitate further
rigorous exploration.

Endothelial progenitor cells (EPCs), with their self-
renewal capacity and ability to differentiate into mature
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endothelial cells, are crucial for neovascularization and
maintaining endothelial integrity and vascular homeosta-
sis [18, 19]. Dysfunctional EPCs are linked to endothelial
dysfunction and various CVD [20, 21]. Recently, Wimmer
et al. developed a system using human induced pluri-
potent stem cells (hiPSCs) to create vascular organoids
(VOs), with EPCs representing an intermediate devel-
opmental stage [22, 23]. These organoids, which feature
endothelial tubes forming central cavities and interact-
ing closely with pericytes, are enveloped by a continu-
ous basement membrane [22]. Organoids are ideal tools
for in vitro development and disease modeling due to
their ability to closely replicate the cellular, spatial, and
molecular architecture of human organs [24]. VOs are
particularly valuable for studying vascular diseases such
as diabetes and hold promise for investigating viral infec-
tions [23, 25]. Their ability to simulate the complexity of
vascular tissues makes them indispensable for research
into both biology and disease mechanisms.

In this study, we focus on EPCs and utilize VOs as a
model to investigate the effects of oxidative stress on vas-
cular formation. We aim to elucidate the protective role
of TERT against ROS-induced oxidative damage in VOs.
Additionally, we explore the interaction between TERT
and UBR5, a ubiquitin protein ligase that facilitates TERT
degradation through ubiquitination. We demonstrate
that UBR5 knockdown leads to increased TERT levels
and offers protection against oxidative damage during
vascular development.

Methods

Cell culture and reagents

One line of hiPSCs was obtained from Nuwacell
(RC01001-B) and cultured in complete TeSR™-E8™
medium (Stemcell, 05990). HUVECs (Sciencell, 8000)
were cultured in endothelial cell medium (Sciencell,
1001). HEK293T cells were acquired from the American
Type Culture Collection (Maryland, USA) and grown in
Dulbecco’s modified Eagle medium (Macgene, CM10013)
supplemented with 10% fetal bovine serum (Excell Bio,
FND500). All cells were incubated at 37 °C in a humidi-
fied atmosphere with 5% CO,.

Treatments and stimuli

In H,0, model, HUVECs were treated with 100 pM H, 0O,
or an equivalent volume of PBS for 6 h. In oxidized low-
density lipoprotein (ox-LDL) model, cells were exposed
to 50 pg/mL oxLDL (Yiyuan, YB-002) or 50 pg/mL native
low-density lipoprotein (nLDL, Yiyuan, YB-001) for 48 h.

Plasmid construction and lentiviral production
Lentiviral vectors were constructed and packaged follow-
ing established protocols [26]. PCR amplification of gene
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fragments was performed using the following primers:
TERT forward, 5 -GCTCTAGAACCATGGCAGAGG
ACTACAAGGACGACGATGACAAGTTGATGCCGC
GCGCTCCCCG-3’; TERT reverse, 5'-CGGAATTCG
TCCAGGATGGTCTTGAAGT-3’. Gene overexpression
lentiviral vectors were created by inserting PCR-ampli-
fied fragments into pCDH-EF1-MCS-T2A-Puro (System
Biosciences). Lentiviral shRNA vectors were constructed
by cloning shRNA sequences into pSIH-H1-Puro (System
Biosciences).

Lentiviruses were produced by cotransfecting
HEK293T cells with the recombinant vectors and pack-
aging plasmids PLP1, PLP2, or VSV-G using polyeth-
yleneimine (PEI) transfection reagent (Selleck, E4019).
The supernatant containing lentiviruses was harvested
and used to infect target cells as per the manufacturer’s
instructions.

siRNA transfection

For siRNA transfections, Lipofectamine RNAIMAX
(Thermo, 13778150) was used according to the manufac-
turer’s protocol [27].

MitoTEMPO treatment

HUVECs were treated with 50 pM mitoTEMPO (MCE,
HY-112879) dissolved in endothelial cell medium for
48 h.

VOs and treatment

VOs were generated following the method described by
Dr. Wimmer et al. [22]. The hiPSCs were first washed
with DPBS and then digested with Accutase Cell Dis-
sociation Reagent (Thermo, A1110501) at 37 °C for
3 min. Cells were collected by centrifugation (200x g for
5 min), seeded into 6-well ultralow attachment plates
(5%10°-1x10° cells per well), and cultured in aggrega-
tion medium (day-1). This medium comprised KnockOut
DMEM/F12 (Gibco, 12660012), 20% v/v KnockOut SR-
Multi-Species Serum Replacement (Gibco, 2211510), 1%
v/v GlutaMAX (Gibco, 35050061), 1% v/v NEAA (Gibco,
11140035), 55 uM 2-mercaptoethanol (Gibco, 21985023),
100 U/mL penicillin—streptomycin (EallBio, 03.12001A),
and 50 uM Y-27632 (Topscience, T1870).

After 24 h in aggregation medium, the cells were tran-
sitioned to N2B27 medium (day 0) consisting of neu-
robasal medium (Gibco, 21103049), DMEM/F12 (Gibco,
11330031) in a 1:1 ratio, 1% v/v B27 supplement (Gibco,
12587010), 0.5% v/v N2 supplement (Gibco, 17502048),
0.5% v/v GlutaMAX (Gibco, 135050061), 55 uM 2-mer-
captoethanol (Gibco, 21985023), 100 U/mL penicillin—
streptomycin (EallBio, 03.12001A), 12 pM CHIR99021
(Tocris Bioscience, 4423), and 30 ng/mL BMP4 (Pepro-
Tech, 120-05).
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Three days later (day 3), the medium was changed to
N2B27 media containing 2 pM forskolin (Sigma Aldrich,
F3917) and 100 ng/mL VEGF-A (PeproTech, 10020).
The aggregates were then exposed to the following treat-
ments: 50 uM H,0O, or an equivalent volume of PBS for
9 h; 50 pg/mL oxLDL or 50 pg/mL nLDL for 48 h. Two
days post-treatment (day 5), aggregates were embedded
in Collagen I: Matrigel (1:1) gels and cultured in Stem-
Pro-34 complete SFM supplemented with 15% FBS
(Excell Bio, FND500), 100 ng/mL VEGEF-A (PeproTech,
10020), and 100 ng/mL FGF-2 (Novoprotein, C779).
Medium was replaced every 2 to 3 days. After approxi-
mately 5 days (day 10), single vascular networks were
isolated using sterile syringe needles and transferred to
96-well ultralow attachment plates for additional culture
for about 5 days (day 15) to complete VOs formation.
Neovascular sprouting was quantified using Image].

Telomeric repeated amplification protocol (TRAP) assay
Telomerase activity in VOs was assessed using the TRA-
Peze Telomerase Detection Kit (EMD Millipore Corp.,
S7700FR) according to the manufacturer’s instructions.
The TRAP assay, despite its limitations, is a widely rec-
ognized method for quantitative measurement of tel-
omerase activity [28-30]. Therefore, this study also used
the TRAP for quantitative analysis of telomerase activ-
ity. Briefly, VOs at different differentiation stages or cells
were collected in 1.5 mL centrifuge tubes and lysed with
1x CHAPS lysis buffer (1 M Tris—HCI, 0.1 M MgCl,, 1 M
EGTA) on ice for 30 min. Cell lysates were then collected,
and protein concentrations were determined using the
BCA Protein Quantitation Assay Kit (Thermo, 23,228).
For the TRAP assay, 50 ng of VOs or cell lysates were
used, and the reaction products were separated on a 10%
polyacrylamide gel.

Real-time quantitative polymerase chain reaction
(RT-qPCR)

Total cellular RNA was extracted using TsingZol Total
RNA Extraction Reagent (Tsingke, TSP401). First-strand
cDNA was synthesized using HiScript III All-in-one RT
SuperMix for qPCR (Vazyme, R333-01). PCR ampli-
fication of cDNA was performed with primers listed in
Table S1, and B-Actin served as an internal control. Rela-
tive mRNA expression levels were determined using the
comparative Ct method.

Relative mitochondrial DNA (mtDNA) content

DNA was extracted from HUVECs or VOs using an auto-
mated nucleic acid extractor (NanoMagBio, NMR0211-
20) according to the manufacturer’s protocol. The relative
mtDNA content was detected by RT-qPCR with modifi-
cations based on previous methods [31, 32]. The routine
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amplification of a segment mitochondrial genomic region
is conducted as a measure of mtDNA copy number
(mtDNA content) [33]. The assay is based on the princi-
ple that induced DNA damage hinders the progression of
DNA polymerase, leading to a decrease in the amount of
PCR product [33, 34]. The mt-ND1 gene, located in the
mtDNA, and the nuclear gene HGB were amplified sepa-
rately. The relative mtDNA content was calculated as the
ratio of mt-ND1 to HGB. Primer sequences for mt-ND1
and HGB are listed in Table S1.

RT-qPCR conditions for mt-ND1 were as follows: ini-
tial denaturation at 95 °C for 30 s, followed by 35 cycles
of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 50 s; 58 °C
for 5 min; 55 °C for 30 s, and 95 °C for 30 s. For HGB, the
conditions were: initial denaturation at 95 °C for 30 s, fol-
lowed by 35 cycles of 94 °C for 30 s, 58 °C for 30°s, 72 °C
for 50 s, 58 °C for 5 min, 95 °C for 15 s, and 95 °C for 30 s.

Senescence-associated B-galactosidase (SA-B-Gal) staining
SA-B-Gal staining was conducted following the manu-
facturer’s protocol (Cell Signaling Technology, C0602).
Adherent cells or VOs slides were first fixed with 4% for-
maldehyde solution. The staining working solution was
then applied to fully cover the tissue samples.

For adherent cells, the staining was performed at 37°C
without CO,. After staining, cells were washed with PBS
and examined under a microscope. For VOs, after the
initial staining, the sections were frozen. The frozen slices
were subsequently stained with eosin (ZSGB-BIO, ZLI-
9613) for 1-5 min, followed by dehydration through a
series of ethanol concentrations (90%, 95%, and absolute
ethanol) and xylene. Finally, the sections were observed
under a microscope.

Co-immunoprecipitation

Cells were lysed with immunoprecipitation (IP) buffer
(50 mM Tris—HCl, pH 7.4; 1% Triton X-100; 0.5 mM
EDTA; 150 mM NaCl; 10% glycerol; 40 mM 2-mercap-
toethanol) on ice for 30 min to obtain whole-cell lysates.
Anti-Myc Affinity Gel (Beyotime, P2285) or FLAG M2
monoclonal antibody affinity gel (Sigma Aldrich, A2220)
was then added to the lysates and incubated overnight at
4 °C. The beads were washed 3 times with IP buffer and
then resuspended in 2Xx SDS sample buffer. The samples
were analyzed by Western blotting.

Western blot

Cells were collected in 1.5 mL centrifuge tubes and
lysed on ice for 30 min using RIPA lysis buffer (150 mM
NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM Tris, pH 8.0). Protein concentrations in the
whole-cell lysates were quantified using the BCA Pro-
tein Quantification Assay Kit (Thermo, 23228). Equal
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amounts of protein were separated by 8% or 12% SDS-
PAGE and transferred to nitrocellulose membranes.

The membranes were blocked with TBST (contain-
ing 5% skim milk) for 1 h at room temperature and then
incubated overnight at 4 °C with the following primary
antibodies: anti-Cyclin D1 (ProteinTech, 60186-1-Ig,
1:1000), anti-Cyclin B (Santa Cruz, SC166210, 1:200),
anti-p53 (Millipore, 05-224, 1:5000), anti-p-Actin (Pro-
teinTech, HRP-60008, 1:10,000), anti-Flag-tag (Sigma
Aldrich, A8592, 1:5000), anti-Myc-tag (MBL, M047-7,
1:3000), anti-p21 (ProteinTech, 10355-1-AP, 1:1000), and
anti-Ub (MBL, D071-3, 1:500).

After incubation with primary antibodies, the mem-
branes were washed with TBST and then incubated with
appropriate secondary antibodies before detection.

Ubiquitination assay

HUVEC:s stably expressing Flag-tagged TERT (HUVEC-
Flag-TERT) were transfected with either Myc-UBR5 or
Myc-tag control using PEL The cells were then treated
with 10 uM MG132 (Apexbio, A2585) for 36 h prior to
harvesting. In separate experiments, HUVEC-Flag-TERT
cells were transfected with either siUBR5 or a non-target-
ing control (siNC) using RNAiMAX, followed by trans-
fection with Myc-UBR5 or Myc-tag using PEI according
to the manufacturer’s protocol. After 2 days, these cells
were further transfected with HA-Ubiquitin and treated
with 10 uM MG132 (Apexbio, A2585) for 6 h before
harvesting. Cell lysates were immunoprecipitated with
anti-Flag beads and analyzed by Western blotting using
anti-Ub antibody (MBL, D071-3, 1:500) and anti-Flag-tag
antibody (Sigma Aldrich, A8592, 1:5000).

Immunofluorescence (IF)

For VOs, whole-mount or 10 um slices were fixed with
4% paraformaldehyde and incubated in blocking buffer
(3% FBS, 1% BSA, 0.5% Triton X-100, 0.5% Tween 20,
0.01% sodium deoxycholate) for 2 h at room temperature.
Subsequently, the samples were incubated overnight at
4 °C with primary antibodies.

The following primary antibodies were used: anti-plate-
let endothelial cell adhesion molecule-1 (CD31) (Cell
Signaling Technology, 3528S, 1:100), anti-platelet-derived
growth factor receptor beta (PDGFR-B) (Cell Signal-
ing Technology, 3169S, 1:100), anti-collagen IV (Col IV)
(R&D, ab19808, 1:100), anti-alpha smooth muscle actin
(a-SMA) (Cell Signaling Technology, 19245S, 1:200),
Alexa Fluor® 488 anti-a-SMA (Abcam, ab184675, 1:200),
anti-p16"*4®  (ProteinTech, 10883-1-AP, 1:100), anti-
UBR5 (ProteinTech, 22782-1-AP, 1:100), and anti-Flag-
tag (Sigma Aldrich, F1804, 1:100).

After primary antibody incubation, samples were
treated with fluorescent secondary antibodies: Alexa
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Fluor™ 594-conjugated anti-rabbit IgG (Invitrogen,
A-11012, 1:500), Alexa Fluor" 488-conjugated anti-
rabbit IgG (Invitrogen, A-11008, 1:500), Alexa Fluor'"
594-conjugated anti-mouse IgG (Invitrogen, A-11005,
1:500), and Alexa Fluor"" 488-conjugated anti-mouse IgG
(Invitrogen, A-11001, 1:500). Nuclei were stained with
DAPL

Confocal images were acquired using a Zeiss LSM880
microscope. The excitation and emission wavelengths
were 590/617 nm for red fluorescence and 498/520 nm
for green fluorescence.

MitoSOX mitochondrial superoxide assay

Mitochondrial superoxide levels in HUVECs were
assessed using the MitoSOX "' Red Mitochondrial Super-
oxide Indicator (Invitrogen, M36008) following the man-
ufacturer’s instructions. Briefly, cells were incubated with
2 uM MitoSOX Red in Hank’s buffer for 30 min at 37°C
in a 5% CO, atmosphere. After incubation, superoxide
fluorescence was detected using fluorescence microscopy
with an excitation wavelength of 590 nm and an emission
wavelength of 617 nm.

5-Ethynyl-2’-deoxyuridine (EdU) incorporation assay

Cell proliferation was measured using the BeyoClick "
EdU Cell Proliferation Kit with Alexa Fluor 488 (Beyo-
time, C0071S) or 594 (Beyotime, C0078S) following the
manufacturer’s protocol. Cells were cultured overnight,
then incubated with EAU working solution (10 pM)
for 8 h. After EAU labeling, the culture medium was
removed and cells were fixed with 4% paraformaldehyde
for 15 min at room temperature.

Following fixation, cells were treated with Click Addi-
tive Solution for 30 min in the dark at room tempera-
ture. The cells were then washed three times with PBS
containing 0.3% Triton X-100 and stained with Hoechst
33342 for nuclear visualization. Fluorescence images
were acquired for detection.

Statistical analysis

Sample sizes were determined based on previous tri-
als or similar experiments to ensure sufficient statistical
power. Data analysis and graphical representation were
conducted using GraphPad Prism 9.5.1, IBM SPSS Statis-
tics 26.0, and Adobe Illustrator 27.0. Data that followed
a normal distribution are presented as mean * standard
deviation (SD), while data that did not follow a normal
distribution are presented as median + interquartile range
(IQR).

The significance of differences between two groups
with normally distributed data and equal variances was
assessed using Student’s t-test. For normally distributed
data with unequal variances, Welch’s t-test was used.
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For non-normally distributed data, the Wilcoxon rank-
sum test was applied. For comparisons among multi-
ple groups, one-way ANOVA was used when data were
normally distributed and variances were homogeneous,
followed by Fisher’s Least Significant Difference (LSD)
test for post-hoc analysis. When data met the normality
assumption but did not exhibit homogeneity of variances,
Welch’s ANOVA was employed, followed by Dunnett’s
T3 test for multiple comparisons. Non-normally distrib-
uted data with multiple groups were analyzed using the
Kruskal-Wallis test followed by Dunn’s test. A P-value
of<0.05 was considered statistically significant for all
tests. Each experiment was repeated at least three times.

Results

ROS impairs VO development and induce cellular
senescence

The development of VOs follows a series of stages: aggre-
gate formation, mesoderm induction, vascular lineage
induction, vascular network formation, and maturation
into fully developed VOs (Fig. 1A). On day 3, stem cells
progress to the streak/early mesoderm-like stage [35].
By day 4, the number of EPCs in VOs peaks [35]. EPCs
are known to promote endothelial cell (EC) differentia-
tion and vascular network formation both in vitro and
in vivo [36]. By day 10, highly migratory ECs, termed tip
cells, guide the proliferation of stalk cells, facilitating the
formation of new radial vessels. By day 15, these radial
vessels merge to establish a closed vascular network.
The ECs, identified by CD31, organize into dense vascu-
lar networks. This network comprises pericytes, marked
by PDGFR-B, smooth muscle cells, identified by a-SMA,
and a basement membrane, indicated by Col IV (Fig. 1B;
Fig. S1).

ROS are highly reactive molecules that can modulate
various cellular functions; but excessive ROS can cause
vascular damage [37]. To evaluate ROS-induced dam-
age in VOs, we exposed them to H,O, and oxLDL at
the EPC stage and analyzed the organoids at subsequent
intervals (Fig. 1C and Fig. S2). Neovascular sprouting

(See figure on next page.)
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in VOs, characterized by radial outgrowths of blood
vessels driven by tip cells, was significantly reduced in
the H,O,-treated and oxLDL-treated group, indicat-
ing impaired angiogenic potential (Fig. 1D, Fig. S2A).
Additionally, exposure to H,0, or oxLDL resulted in an
increased the proportion of senescent cells compared to
the PBS-treated group (Fig. 1E, Fig. S2B). H,O, treat-
ment also elevated levels of p16™5%2 a marker of cellular
senescence (Fig. 1F) [38]. Furthermore, VOs treated with
H,0, exhibited higher secretion of senescence-associated
secretory phenotype proteins (SASPs), such as C-X-C
motif chemokine ligand 1 (CXCL1) and matrix metallo-
proteinase 1 (MMP1)(Fig. 1G). The damage of mtDNA is
caused by the lack of protective histones in its structure
and the absence of effective repair mechanisms. Mito-
chondrial DNA is susceptible to oxidative damage by
ROS, leading to the formation of deoxyribose rings, apu-
rinic/apyrimidinic sites, strand breaks, and other types of
damage [33, 39]. To investigate mtDNA damage, we used
qRT-PCR to determine the mtDNA content. The VOs
treated with H,O, have a lower mtDNA content com-
pared to those treated with PBS (Fig. 1H). These findings
collectively demonstrate that ROS exposure impairs VO
angiogenic potential, disrupts development, and acceler-
ates cellular senescence.

TERT alleviates oxidative stress-induced senescence

in HUVECs

H,0O, or oxLDL treatment induces increased senescence
in ECs [10, 40], evidenced by reduced cell growth, pro-
liferation, angiogenesis, and increased SA-B-Gal activ-
ity [41]. H,0, increased ROS levels and exacerbated
HUVEC senescence (Fig. 2). Treatment with 50 pg/mL
of nLDL did not induce significant senescence, whereas
the same concentration of oxLDL increased SA-B-Gal
activity and senescence-related proteins such as p21,
reflecting augmented ROS production (Fig. S3). H,O, or
oxLDL (with nLDL as a control) were therefore employed
to enhance oxidative stress levels. To assess the pro-
tective role of TERT, a stable HUVEC line expressing

Fig. 1 ROS impairs VO development and induces cell senescence. A Schematic timeline and landmark stages of VO development from hiPSCs:
aggregates (day 0), mesoderm (day 3), vascular lineage (day 5), vascular networks (day 10), and VOs (day 15). Scale bar, 450 um. B IF of VOs. CD31
(red) labels endothelial cells, PDGFR- (green) labels mural cells, Col IV (red) labels the basement membrane, a-SMA (green) labels vascular smooth
muscle cells, and DAPI (blue) stains nuclei. Scale bar, 250 pm (day 15). C Schematic timeline for H,0, treatment of VOs: 50 uM H,0O, was applied

for 9 h at the vascular lineage stage (day 4). D Microscopic images of VOs (day 10) after treatment with 50 uM H,O, or PBS for 9 h at the vascular
lineage stage. Arrows indicate neovascular sprouting. Relative sprouting counts were analyzed using ImageJ. Scale bar, 250 um. E SA-3-Gal staining
of VOs (day 15). The percentage of SA-B-Gal-positive cells was calculated as the area of SA-B-Gal staining (blue) relative to eosin-stained area

(red). The values were obtained from five randomly selected fields. Scale bar, 50 um. F IF of VOs showing p1 6NK4a (green) as a marker of senescent
cells, with DAPI (blue) staining nuclei. Scale bar, 60 pm. Relative p1 6NK42 luorescence intensity was quantified from five randomly selected fields.

G Relative SASP (CXCL1, MMP1) levels in VOs assessed by RT-qPCR. H Relative mtDNA content in VOs measured by RT-gPCR. (ns, not significant;

**P<0.01;***P<0.001)
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Flag-tagged TERT (HUVEC-Flag-TERT) was con- by reduced SA-B-Gal activity (Fig. 2B, Fig. S4A). This

structed (Fig. 2A). TERT overexpression markedly allevi-
ated senescence induced by H,O, or oxLDL, as indicated

was supported by the 5-ethynyl-2’-deoxyuridine (EdU)
incorporation assay, showing preserved proliferation in
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HUVEC-Flag-TERT cells post-treatment (Fig. 2C, Fig.
S4B). Additionally, Cyclin B, Cyclin D1, and p21 levels
were less affected by H,O, in HUVEC-Flag-TERT com-
pared to HUVEC-Flag cells (Fig. 2D). The oxLDL treat-
ment did not significantly increase p21 and p53 levels
in Flag-TERT-expressing HUVECs (Fig. S4C). Oxidative
stress led to elevated SASP factors, including interleu-
kin-8 (IL8) and CXCL1, in HUVEC-Flag cells; however,
SASP levels in HUVEC-Flag-TERT cells were lower,

with minimal accumulation of IL8 and CXCL1 follow-
ing H,0, treatment (Fig. 2E). MitoSOX staining revealed
reduced mitochondrial ROS generation in HUVEC-Flag-
TERT compared to HUVEC-Flag cells post-H,O, treat-
ment (Fig. 2F). Moreover, mtDNA content decreased
in HUVEC-Flag cells after H,O, exposure, whereas
HUVEC-Flag-TERT cells showed no significant change
(Fig. 2G). Administration of mitoTEMPO, a mitochon-
drial ROS scavenger, negated the effects of H,O, on
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SA-B-Gal activity (Fig. S5). Collectively, these results sug-
gest that TERT protects against mitochondrial oxidative
stress, stabilizes mtDNA, and mitigates oxidative stress-
induced cellular senescence.

TERT alleviates ROS-induced VO impairment and cellular
senescence

During mammalian development, TERT expression
decreases with cell differentiation and maturation. TERT
mRNA and telomerase activity were present prior to vas-
cular lineage induction but declined as aggregates formed
and developed. By the vascular network and VO stages,
these levels were undetectable (Fig. 3A, B).

To explore TERT’s antioxidant and anti-senescence
effects, we generated VOs from hiPSCs stably expressing
Flag-TERT or Flag and subjected them to oxidative stress
induced by H,0O, during the EPC stage (Fig. 3C, D). Flag-
TERT expression preserved the vascular sprouting ability
of VOs under H,O, exposure (Fig. 3E). H,0, treatment
increased SA-B-Gal activity in VOs from hiPSC-Flag
cells; however, VOs expressing Flag-TERT showed sig-
nificantly reduced SA-B-Gal activity, despite increase in
ROS (Fig. 3F). Additionally, Flag-TERT counteracted the
ROS-induced upregulation of p16™ 4 (Fig. 3G). These
results indicate that Flag-TERT overexpression alleviates
ROS-induced VO impairment and cellular senescence.

UBR5 interacts with TERT and participates its
ubiquitin-mediated degradation

To further explore factors influencing TERT level and
function, we employed co-immunoprecipitation (Co-IP)
combined with mass spectrometry (MS) to identify pro-
teins interacting with Flag-tagged TERT (Flag-TERT) in
HUVECs. MS analysis revealed several interacting pro-
teins, including heat shock protein 70 (HSP70), UBRS5,
heterogeneous nuclear ribonucleoprotein R (HNRNPR),
and melanoma-associated antigen D2 (MAGED2)
(Fig. 4A, B). Notably, UBR5 stood out as it is part of the
E3 ligase complex (UBR5, DDBI1, and VprBP, collec-
tively known as EDVP) previously reported to interact
with TERT and facilitate its ubiquitin-mediated degra-
dation [42]. We confirmed the interaction of UBR5 and
TERT (Fig. 4C, D). Pescadillo ribosomal biogenesis fac-
tor 1 (PES1), a known telomerase assembly factor that
interacts with TERT [27], was used as a positive control
(Fig. 4C).

We then investigated whether UBR5 regulates TERT
levels by knocking down UBR5 in Flag-TERT overex-
pressing HUVECs, as endogenous TERT is typically pre-
sent in very low amounts (~500 molecules per cell, even
in cancer cells) and antibodies for its detection are lim-
ited [43]. We observed an increase in Flag-TERT levels
in UBR5-knockdown cells (Fig. 4E, F). To determine if
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UBR5 mediates TERT degradation via the ubiquitin—pro-
teasome pathway, we treated cells with the proteasome
inhibitor MG132, which blocked UBR5-induced Flag-
TERT degradation (Fig. 4G, H). Additionally, in HUVECs
stably expressing Flag-TERT, transient transfection
with HA-Ub followed by MGI132 treatment showed
increased Ub-tagged Flag-TERT levels after Myc-UBR5
transfection. Conversely, UBR5 siRNA transfection led
to a decrease in Ub-tagged Flag-TERT levels (Fig. 41, J).
In summary, UBR5 mediates TERT degradation via the
ubiquitin—proteasome pathway.

Inhibition of UBR5 protects VOs from oxidative
stress-induced senescence or damage

We next explored whether modulating UBR5 levels in
EPCs could prevent oxidative stress, delay cellular senes-
cence, and mitigate ROS-induced damage in VOs. To
achieve this, we constructed hiPSCs stably expressing
UBR5 shRNA (hiPSC-shUBR5) to inhibit UBR5 expres-
sion and then differentiated these cells into VOs (Fig. 5A,
B, Fig. S6). During vascular lineage induction, we exposed
the EPCs to H,0, to induce oxidative stress in the VOs
(Fig. 5A, B). UBR5 knockdown preserved the angio-
genic sprouting capacity of VOs under H,O, treatment
(Fig. 5C). Inhibition of UBRS5 also reversed the increase
in SA-B-Gal activity and mitigated the progression of
senescence in VOs exposed to H,0, (Fig. 5D). Addi-
tionally, UBR5 knockdown reduced the upregulation of
p16™K4 and SASP factors (IL8 and CXCL1), and allevi-
ated the reduction of mtDNA content caused by H,O, in
VOs (Fig. 5E-G). UBR5 siRNA transfection consistently
increased the Flag-TERT levels in hiPSCs and vascular
lineages, with or without exposure to H,O, (Fig. 5H, I).
These results suggest that inhibiting UBRS5 alleviates oxi-
dative stress-induced impairment in VOs.

To further investigate whether the protective effects
of UBR5 inhibition are mediated through TERT, we
analyzed the impact of UBR5 knockdown in HUVECs
transfected with an empty vector or Flag-TERT
(Fig. 6A, Fig. S7A). Telomerase activity is a hallmark
of undifferentiated iPSCs, thus, without it they are no
functional iPSCs. Given that TERT is essential for the
long-term culture and pluripotency of hiPSCs [44, 45],
culturing VOs from hiPSCs lacking TERT was not fea-
sible (data not shown). In our model system, we have
not detected the presence of TERT expression or tel-
omerase activity in endothelial cells. As anticipated,
UBR5 knockdown did not rescue ROS-induced senes-
cence in HUVECs transfected with the empty vec-
tor but significantly alleviated senescence in HUVECs
expressing Flag-TERT (Fig. 6B, Fig. S7B). Addition-
ally, UBR5 knockdown alleviated the reduction of
ROS-induced EdU incorporation (Fig. 6C, Fig. S7C),
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Fig. 3 TERT alleviates ROS-induced impairment and senescence in VOs. A Relative TERT mRNA levels in VOs during development, measured

by RT-gPCR. B Telomerase activity assessed by the telomerase repeat amplification protocol (TRAP). CHAPS lysate served as a negative control. C
Western blot analysis of Flag levels in hiPSCs. D Schematic timeline of H,O, treatment in VOs. E Microscopic images of VOs (day 10) following 50
UM H,0, or PBS treatment. Arrows indicate neovascular sprouting. Scale bars, 250 um. F SA--Gal staining of VOs (day 15). Scale bars, 50 um.
The percentage of SA-B-Gal-positive cell area (blue) relative to eosin-stained area (red) was calculated from five random fields. G IF of VOs

for p16™<42 (red) and DAPI (blue) staining. Scale bars, 50 um. Relative p16™%4? fluorescence intensity was calculated from five random fields. (ns,
not significant; *P < 0.05; **P < 0.01; ***P <0.001)



Zhao et al. Journal of Translational Medicine

(2024) 22:1080

A
Input IP: Flag

Flag-TERT - + - + KDa
— 180
- —140
- —100

IB: Flag —75

—60

D
UBR5 Flag-TERT

]

B

Merge

Page 11 0f 18

5_
°
G 5 4
b
KDa nE: 3]
14
o 2]
Myc-UBR5 - + - + §1—
MG132 - - + +
0
Myc-UBR5
MG132

C
Protein # Unique peptides Input IP: Myc KDa
TERT 39
HSP70 7 B:Myc| W B 250
UBR5 9
HNRNPR 6
MAGED2 6 w75
—1
LRPPRC 5 |B:F,ag‘..- = 50
NUMAT 5 Flag-TERT + + + + o+ o+
BRIX1 3 Myc-UBR5 - + - - + -
PURA 3 Myc-PES1 - - + - - +
PURH 3
1.2 ok
E _ F
8 o
P
g 0.8
£ siUBR5 - +  KDa
X
Q 0.4
14
0.0 T T
O \)
S K
N
S '99%
IP: Flag - =
Kok I KDa J_
—_— [
>
k)
S o] 3
IB: Ub %
0 2- il
o
=]
- v g
Flag-TERT + + + + &
Myc-UBRS - + - - oL 11 | 0o
T T siUBR5 - + o o O o
+ HA-Ubiquitin ~ + + + + » \5‘2?% S ,\3‘5%
+ MG132 + + + + \ﬁo’ >

Fig. 4 UBRS interacts with TERT, and its knockdown stabilizes TERT. A Whole-cell lysates from HUVEC-Flag and HUVEC-Flag-TERT cells were
subjected to immunoprecipitation (IP) with an anti-Flag antibody, followed by immunoblotting (IB) with an anti-Flag antibody. B Cell extracts

from HUVECs stably expressing Flag or Flag-tagged TERT (Flag-TERT) were immunopurified with an anti-Flag affinity gel, and the purified complexes
were analyzed by SDS-PAGE. Differential protein bands were retrieved and identified by MS. C Cells transiently transfected with Myc-UBR5

or Myc-PEST were immunoprecipitated (IP) with an anti-Myc antibody, followed by IB with the indicated antibodies. Myc-PES1 served as a positive
control for Co-IP. D IF of HUVEC-Flag-TERT for UBR5 (green) and Flag-TERT (red) staining. Arrows indicate the colocalization of UBR5 with Flag-TERT.
Scale bars, 15 um. E, F HUVEC-Flag-TERT cells were transiently transfected with siUBR5 or siNC. E Relative UBR5 mRNA levels were determined

by RT-gPCR. F Representative western blot of Flag levels in cell lysates. 3-Actin was used as an internal control. G, H HUVEC-Flag or HUVEC-Flag-TERT
cells transiently transfected with Myc-UBR5 or Myc-tag were treated with 10 pM MG132 for 36 h prior to harvesting. G Representative western

blot showing Flag levels in cell lysates. -Actin served as an internal control. H Relative UBR5 mRNA levels were measured by RT-gPCR. 1, J
HUVEC-Flag-TERT cells were transiently transfected with HA-ubiquitin (HA-Ub) and Myc-UBR5 or siUBR5 were treated with 10 uM MG132 for 6 h
before harvesting. I Whole-cell lysates were subjected to IP with an anti-Flag antibody, followed by IB with the indicated antibodies. J Relative UBR5
mMRNA levels were assessed by RT-gPCR. (ns, not significant; *P < 0.05; **P < 0.01; ***P<0.001)

reduced mitochondrial superoxide level (Fig. 6D), and
alleviated the reduction of mtDNA content (Fig. 6E)

in Flag-TERT-expressing HUVECs. Collectively, these

findings indicate that shUBR5 counteracts oxidative
stress-induced senescence through TERT, with UBR5
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inhibition providing protection against oxidative dam-
age in VOs.

Discussion
In the present study, we investigated the effect of mito-
chondrial ROS on VO development and cellular senes-
cence, and assessed the protective effects of the UBR5/
TERT axis on these processes. We adapted the 3D VO
creation technique initially developed by Wimmer and
colleagues [22], successfully establishing a robust cul-
ture system. This approach builds on the 2D co-culture
system established by Orlova et al. in 2014 [46], which
used hiPSCs to co-culture ECs and pericytes, facilitating
the formation of a primary vascular plexus. This system
enabled the cells to autonomously develop an endothe-
lial network through their interactions [47]. VOs offer a
novel 3D vascular network system that closely replicates
the morphology, function, and molecular characteristics
of human microvessels. They effectively model the inter-
actions between ECs and pericytes, the formation of vas-
cular lumens, and basement membrane deposition. This
innovative model holds significant promise for advanc-
ing personalized precision medicine. VOs have poten-
tial applications across various domains, including organ
development research [22], studying the pathophysiology
of secondary vascular diseases, modeling rare inherited
vascular disorders, and drug screening [23]. Additionally,
VOs could be utilized in clinical organ transplantation
strategies [48]. Given that the vasculature is influenced
by diverse physiological and environmental factors, VO
models can serve as valuable alternatives or surrogates to
in vivo experiments that may not meet ethical standards.
In our study, we utilized the VO model to explore
EPC function under conditions of increased oxidative
stress, induced by H,O, or oxLDL. Elevated ROS lev-
els compromised the vasculogenic capacity of EPCs and
accelerated cellular senescence in VOs. Our findings are
consistent with previous studies; for instance, Nikolova
et al. [35] reported that perturbation of the vascular
endothelial growth factor (VEGF) and Notch signaling

(See figure on next page.)
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pathways in VOs influences vascular network sprouting
and proliferation. Specifically, inhibition of the Notch
pathway leads to impaired endothelial cell-cell interac-
tions and reduced vessel formation [35]. In addition, VOs
were exposed to elevated glucose, tumor necrosis factor
(TNF), and interleukin-6 (IL-6) levels to effectively model
diabetic vasculopathy [23]. These VOs exhibited a reduc-
tion in endothelial and pericyte numbers, along with
thickened and multilayered basement membranes, simi-
lar to changes observed in the vasculature of type 2 dia-
betes patients [23]. VO models have been instrumental in
elucidating the role of glycolysis in ECs and the effects of
metabolic modulation on the vasculature [49]. Inhibition
of glycolysis in endothelial cells within VO models leads
to vascular remodeling, characterized by reduced peri-
cyte coverage, vessel density, and vessel length [49].
Previous study reported a notable increase in EPCs on
the fourth day of VO development [35]. EPCs are criti-
cal for maintaining endothelial integrity and vascular
homeostasis [20, 21, 36, 50, 51]. Dysfunctional EPCs are
implicated in endothelial dysfunction and various car-
diovascular conditions, including atherosclerosis, hyper-
tension, and stroke [20, 21]. Vascular progenitor cells
respond to mobilization signals by producing proangio-
genic and growth factors, which stimulate the prolifera-
tion and migration of existing endothelial cells, thereby
supporting vascular regeneration and tissue homeosta-
sis. However, elevated oxidative stress not only dimin-
ishes the number of endothelial cells but also impairs
EPC functionality. For instance, in a rat model of myo-
cardial infarction, increased ROS production was associ-
ated with a reduction in EPC numbers [50]. Conversely,
Nox2~/~ mice, which exhibit reduced ROS production
and lower oxidative stress levels in ischemic tissues, dem-
onstrate enhanced EPC migration and adhesion [51].
Our study elucidates the role of TERT in maintaining
vascular redox homeostasis in humans. We found that
overexpression of TERT mitigated the impairment of
neovascular sprouting and reduced cellular senescence in
VOs exposed to increased oxidative stress. Traditionally,

Fig. 5 Inhibition of UBRS alleviates ROS-induced VO impairment. A Schematic timeline of H,0O, treatment of VOs. hiPSCs expressing shNC

or shUBR5 were subjected to 50 uM H,0, or PBS for 9 h at the vascular lineage stage (day 4). B Relative UBR5S mRNA levels in hiPSCs and VOs were
assessed by RT-gPCR. CVOs were imaged after treatment with 50 uM H,O, or PBS for 9 h at the vascular lineage stage (day 10). Arrows indicate
neovascular sprouting. Scale bars: 300 pm. Sprouting numbers were quantified using ImageJ. D SA-3-Gal staining of VOs at day 15. Scale bars: 50
um. The percentage of SA-B-Gal-positive cell area (blue) relative to eosin-stained area (red) was quantified. The values were obtained from five
randomly selected fields. E IF staining of VOs for p16™*? (green) to mark senescent cells, with DAPI (blue) for nuclei. Scale bars: 250 um. p16N<4
fluorescence intensity was quantified from five randomly chosen fields. F Relative SASP (IL8, CXCL1) levels in VOs determined by RT-qPCR. G Relative
mtDNA levels in VOs determined by RT-gPCR. H-1 hiPSC-Flag-TERT cells were transiently transfected with siNC or siUBRS, followed by treatment

with 50 pM H,0, or PBS. H Western blot analysis showing Flag levels in lysates from hiPSC-Flag-TERT (left). Relative UBRS mRNA levels were assessed
by RT-gPCR (right). I Western blot analysis showing Flag levels in lysates from vascular lineage developed from hiPSC-Flag-TERT (left). Relative UBRS
mMRNA levels were assessed by RT-gPCR (right). (ns, not significant; *P < 0.05; **P < 0.01; ***P<0.001)
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Fig. 5 (Seelegend on previous page.)

telomerase is recognized primarily for its role as a tel-
omere ribonucleoprotein reverse transcriptase, which
extends telomeres, maintains genome stability, and sup-
ports unlimited cellular proliferation potential. While tel-
omerase RNA (TERC), harbors the telomerase template

sequence, is ubiquitously expressed, the presence of
TERT in the cardiovascular system is a matter of contro-
versy. Some studies have indicated that TERT is primar-
ily found in germ cells and stem cells in humans, and is
generally not detected in HUVECs [52-55]. Conversely,
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Fig. 6 Knockdown of UBRS5 alleviates ROS productlon and senescence in HUVECs. A-E HUVEC-Flag and HUVEC-Flag-TERT cells were transiently
transfected with siUBRS5 or siNC and treated with 100 pM H,0O, for 6 h. A Relative UBR5 mRNA levels in HUVECs were measured by RT-gPCR. B Cells
were subjected to SA-B-Gal staining; the percentage of SA-B-Gal-positive cells was quantified from five randomly selected fields. Scale bars, 500 um.
C EdU-labeled cells were stained with anti-EdU (red), and nuclei were counterstained with Hoechst 33342 (blue). The percentage of EdU-positive
cells was quantified from five randomly selected fields. Scale bars, 150 um. D Cells were stained with MitoSOX Red; nuclei were labeled with DAPI
(blue). Scale bars, 30 um. The relative MitoSOX fluorescence intensity was measured from five randomly selected fields. E Relative mtDNA content
in cells was determined by RT-qPCR. (ns, not significant; *P < 0.05; **P<0.01; ***P <0.001)

other researchers have detected the presence of TERT
in human microvascular endothelial cells as well as in
HUVECs [56-58]. Our study indicated that sustained
TERT expression was evident during the development
of hiPSCs into VOs, but was downregulated once cells
differentiated into a radially growing vascular network.
In our model, the mRNA level of TERT and telomer-
ase activity were not detected during the stages of vas-
cular network formation and VOs. This may be due to
the insufficient sensitivity of the TRAP assay or because
TERT and telomerase activity are dramatically inhibited
in our model system (occurring during the senescence of
ECs). To explore TERT’s protective role against oxidative
stress, we treated VOs with H,O, or oxLDL at the EPC
stage. Our findings add to the evidence that telomerase
has nonclassical functions, which are influenced by its
subcellular localization and TERT levels. Notably, telom-
erase is involved in preventing apoptosis and maintaining
redox homeostasis in somatic cells [59].

The overexpression of TERT counteracted the decrease
in mtDNA content and the increase in mitochondrial
ROS production, thus alleviating ROS-induced endothe-
lial cell senescence. Beyer et al. first reported that tel-
omerase’s nontelomeric effects can influence vascular

physiology [58]. Specifically, in patients with coronary
artery disease (CAD), decreased TERT protein levels in
microvessels led to elevated mitochondrial ROS produc-
tion due to reduced telomerase activity. TERT '~ rats
treated with angiotensin II showed an increased myo-
cardial infarction area after ischemia—reperfusion [12].
Interestingly, TERT has been localized to the mitochon-
dria rather than the nucleus [58, 60], suggesting addi-
tional roles beyond telomere extension. Oxidative stress
induces the nuclear export of TERT, a process depend-
ent on the phosphorylation of TERT at Tyr707 by the
Src kinase family [61]. Effective blood vessel function
depends critically on normal cellular energy metabo-
lism; thus, mitochondrial dysfunction and impaired
energy metabolism can contribute to vascular aging and
increased mitochondrial ROS release [1]. mtDNA, posi-
tioned near ROS production sites within mitochondria,
lacks protective histone coverage and has limited repair
mechanisms, resulting in a high mutation rate. These
mutations and deletions exacerbate energy production
disorders during cellular senescence [62]. Mitochon-
drial oxidative stress is implicated in vascular aging [2,
63], with mtDNA deletions identified in human ath-
erosclerotic lesions [1]. Within the mitochondria, TERT
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binds to mtDNA, protecting it from oxidative damage
[15] and reducing the generation of mitochondrial ROS
[64—66]. Overexpression of TERT decreases intracellular
ROS production and enhances mitochondrial function
[65-67].

After screening, we identified an interaction between
the E3 ubiquitin ligase UBR5 and TERT. Intracellularly,
UBR5, also known as E3 identified by differential dis-
play (EDD1), forms a complex with damage-specific
DNA binding protein 1 (DDB1) and Vpr-binding pro-
tein (VPRBP), collectively known as the UBR5, DDBI,
and VprBP (EDVP) complex [68]. UBR5, functioning as
a HECT E3 ligase [42, 69, 70], recognizes specific sub-
strates and ubiquitin chain topologies [71-73]. The
EDVP complex acts as a scaffold protein for ubiqui-
tinated TERT, and each component interacting with
TERT in HeLa cells [42], consistent with our findings.
Our results demonstrate that UBR5 negatively regulates
TERT levels through ubiquitination. UBR5 contains two
conserved domains: the HECT domain, which includes
an N-lobe for E2 binding and a C-lobe [74] with a cata-
lytically active cysteine that accepts ubiquitin from E2 to
form the E3-ubiquitin complex [75, 76], and the PABC
domain, involved in protein—protein interactions [77].
Our study highlights UBR5’s crucial role in vascular oxi-
dative stress-induced senescence. Inhibition of UBR5
alleviated oxidative stress-induced VO and endothelial
cell senescence, as evidenced by reduced SA-B-Gal activ-
ity, increased EdU" cell count, decreased SASP factors
secretion, maintenance of mitochondrial DNA content,
and preserved redox homeostasis.

In summary, this study introduces a novel 3D VO
model from hiPSCs and reveals a crucial interaction
between the E3 ubiquitin ligase UBR5 and TERT. The
identification of UBR5’s role in negatively regulating
TERT through ubiquitination provides novel insights into
oxidative stress-induced senescence and offers potential
avenues for targeted therapies against vascular damage.
Despite the challenges posed by UBR5’s large size and
low expression of endogenous TERT, future advances in
techniques like endogenous immunoprecipitation and
purified protein studies are anticipated to address these
issues and further clarify the UBR5-TERT interaction.

Innovation and value

« Novel target identification: We identified UBR5 as a
significant regulator of TERT, which was not previ-
ously recognized in the context of vascular endothe-
lial cells under oxidative stress. This novel finding
provides new insights into the mechanisms control-
ling TERT stability and its protective effects.
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+ Comprehensive models and methods: Our study
employed advanced models and techniques, includ-
ing hiPSCs induced VOs, which offer a groundbreak-
ing advantage as disease models by accurately repli-
cating the intricate cellular, spatial, and molecular
architecture of human vascular tissues, making them
exceptionally valuable for studying complex vascular
diseases.

+ DPotential therapeutic implications: By elucidating the
role of UBR5 in TERT regulation and its impact on
endothelial cell function, our research provides a new
insight for therapeutic strategies aimed at enhanc-
ing vascular health and combating oxidative stress-
related vascular diseases.

Conclusions

Our findings demonstrate that inhibiting UBR5 stabilizes
TERT, which preserves EPC angiogenic capacity, reduces
VO impairment, and delays endothelial cell senescence
under oxidative stress. These findings highlight the
potential of targeting UBR5 to enhance vascular health in
oxidative stress-related conditions.
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