Life Sciences 379 (2025) 123889

Contents lists available at ScienceDirect

Life Sciences

ELSEVIER journal homepage: www.elsevier.com/locate/lifescie

Notch activation downregulates EZH2 to thereby attenuate endothelial cell
proliferation and angiogenesis via MYC destabilization

Yanyan Duan *”', Ting Wen ™", Jingli Ma?, Yuxin Chen?, Liang Liang", Ziyan Yang ",
Peiran Zhang P, Quan Zhangvb’c, Manhong Li °, Xingxing Feng ", Danni Jia ", Shangiang Luo ",
Jiaxing Sun ", Hua Han """, Xianchun Yan """

2 Institute of Future Agriculture, Northwest Agriculture and Forestry University, Yangling 712100, China

Y State Key Laboratory of Holistic Integrative Management of Gastrointestinal Cancers, Department of Biochemistry and Molecular Biology, Fourth Military Medical
University, Xi'an 710032, China

¢ Department of Ophthalmology, Xijing Hospital, Fourth Military Medical University, Xi'an 710032, China

4 Tangdu Innovative Institute of Science and Technology, Tangdu Hospital, Fourth Military Medical University, Xi'an 710038, China

ARTICLE INFO ABSTRACT

Keywords: Aims: Angiogenesis, a tightly regulated process involving dynamic endothelial cell (EC) proliferation, is critical in
Notch both physiological and pathological contexts such as ocular neovascular disorders. While Notch signaling is
EZH2

known to regulate angiogenesis, its downstream molecular mechanisms remain incompletely understood.
Main methods: Gene-modified mice with a Cdh5-Cre®RT transgene were generated to block Notch signaling in ECs.
Primary HUVECs were cultured in vitro. Gene expression were analyzed via qRT-PCR, western blotting, and
immunofluorescence. Transcriptional regulation was investigated using reporter and ChIP assays. EC prolifera-
tion and migration were assessed through EAU incorporation, Transwell, and wound healing assays, respectively.
Angiogenesis was evaluated in vivo using Matrigel plug, retinal angiogenesis, oxygen-induced retinopathy (OIR),
and choroidal neovascularization (CNV) models.

Key finding: Notch activation upregulated, whereas Notch blockade downregulated EZH2 expression in both
mRNA and protein levels. Mechanistically, Notch signaling directly suppresses EZH2 promoter activity, thereby
transcriptionally repressing EZH2 expression. Functionally, EZH2 inhibition impaired EC proliferation and
sprouting angiogenesis, while EZH2 overexpression enhanced these processes. Furthermore, EZH2 inhibition
reversed the pro-angiogenic effects of Notch blockade. At the molecular level, EZH2 stabilized MYC protein by
modulating Thr58 phosphorylation and regulating MYC stability factors, thereby preventing its proteasomal
degradation. MYC overexpression rescued the angiogenesis defects caused by EZH2 inhibition. Importantly,
EZH2 was upregulated in OIR and CNV models, and pharmacological EZH2 inhibition (GSK126) effectively
suppressed pathological angiogenesis.

Significance: Our findings not only elucidate the novel role of EZH2 in mediating Notch function in angiogenesis
but also provide a promising therapeutic strategy for treating neovascularization-related diseases with EZH2
inhibitors.

MYC
Endothelial cell
Angiogenesis

1. Introduction increased demand of tissue perfusion [1,2]. This angiogenic process
plays a pivotal role in both physiological tissue development and ho-

Under the stimulation of various growth factors, particularly the meostasis, and pathological neovascularization in microvascular-related
vascular endothelial growth factor (VEGF), endothelial cells (ECs) un- diseases as well [3]. In clinical practice, anti-angiogenic therapies
dergo proliferation, tip/stalk differentiation, migration, and arterial- (AATs), especially those employing VEGF-VEGF receptor (VEGFR)
venous specification, and form new vascular networks to meet the signal blockers, have shown significant efficacy in treating neovascular
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disorders such as age-related macular degeneration (AMD) and reti-
nopathy of prematurity (ROP) [1,4]. These therapeutic strategies pri-
marily work by suppressing EC proliferation and modulating other
relevant cellular processes, thereby effectively slowing disease pro-
gression [5]. Consequently, elucidating the fundamental mechanisms
that regulate EC proliferation holds significant theoretical importance
and translational potential for clinical applications.

The Notch signaling pathway serves as a critical regulator of EC
proliferation, tip/stalk differentiation, and arterialization during
angiogenesis [6-9]. Both published studies and our previous work have
established that Notch activation downregulates the MYC proto-
oncogene to thereby inhibit EC proliferation while promote arterial
specification [7,10,11]. Moreover, Fernandez-Chacén et al. recently
demonstrated disruption of Notch signaling through DIll4 deletion
potently activates MYC-dependent EC proliferation and promotes tip
cell specification [12]. Mechanistically, Notch activation may repress
MYC through different growth-related signaling pathways such as the
PI3K-Akt signaling and Ras signaling [13]. We have recently been
focusing on a panel of Notch downstream miRNAs, and have identified
miR-218 and miR-342-5p could mediate the repression of MYC by Notch
activation and consequently attenuate angiogenesis [10,11,14]. Never-
theless, whether Notch activation represses MYC via other downstream
regulators in controlling EC functions and angiogenesis remains to be
identified.

Enhancer of zeste homolog 2 (EZH2) is a catalytic subunit of the
polycomb repressive complex 2 (PRC2), and responsible for mediating
trimethylation of histone H3 at lysine 27 (H3K27me3), a modification
associated with gene silencing. Beyond its well-established repressive
function, emerging evidence suggests that EZH2 can also act as a tran-
scriptional activator by methylating non-histone proteins or directly
interacting with other regulatory factors, thereby promoting down-
stream gene expression independently of PRC2 [15]. In ECs, EZH2,
modulated by shear stress and VEGFR signaling [16,17], has been shown
to regulate EC proliferation, inflammation, and survival through mul-
tiple downstream molecules and signaling pathways, including PI3K/
Akt, VEGFR2/ERK, eNOS, NF-kB, and non-coding RNAs [15,18]. EZH2
inhibition attenuates EC proliferation and angiogenesis under both
physiological and pathological conditions [19,20]. Furthermore,
emerging evidence suggested that EZH2 may interact with Notch or
MYC to modulate proliferation and differentiation of other cells
[21-24]. However, the precise upstream and downstream mechanisms
of EZH2 and its therapeutic implications in angiogenesis and related
diseases such as ocular neovascular diseases remain to be fully
elucidated.

In this study, we demonstrated that Notch signaling transcriptionally
represses EZH2 expression, consequently inhibiting EC proliferation and
sprouting angiogenesis. Mechanistically, EZH2 downregulation de-
stabilizes MYC protein, which in turn reduces the expression of key cell
cycle regulators, ultimately impairing EC proliferation and angiogen-
esis. Notably, we identified substantial upregulation of EZH2 in patho-
logical ECs associated with ocular neovascular disorders including
choroidal neovascularization (CNV) and oxygen-induced retinopathy
(OIR). Pharmacological targeting EZH2 effectively suppresses aberrant
angiogenesis in both CNV and OIR animal models, highlighting its po-
tential as a therapeutic strategy for these intraocular neovascular
disorders.

2. Materials and methods
2.1. Animal models

C57BL/6 mice were maintained under specific pathogen-free (SPF)
conditions. Cdh5-Cre™R", and RBPj1°**d mice were described previously
[25-27]. Polymerase chain reaction (PCR) was used for genotyping of
mice and primers were listed in Supplementary Table S1. For induction
of Cre-mediated recombination, male or female mice aged 6-8 weeks
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were intraperitoneally (i.p) injected daily with 100 pl tamoxifen (20
mg/ml, Sigma-Aldrich, St.Louis, MO, USA) for 5 days, while neonatal
pups were subcutaneously (s.c) injected with 2.5 pl tamoxifen for 3
consecutive days from postnatal day 1 (P1). In some cases, pups were
subcutaneously (s.c) injected daily with GSK126 (100 mg/kg, Target-
Mol, Shanghai, China) or dimethyl sulfoxide (DMSO) from P3 to P6.
Retinas were then harvested and fixed for subsequent immunostaining.

For the OIR model, pups and their mothers were placed in a high
oxygen-chamber (75 + 2 %) from P7 to P12 and then returned to con-
ventional conditions as described before [28]. GSK126 (100 mg/kg),
10058-F4 (30 mg/kg) or DMSO were i.p injected every other day from
P12. Retinas were collected and fixed for subsequent immunostaining on
P17.

For the CNV model, mice were anesthetized, and their pupils were
dilated with tropicamide. Five laser spots were then made between the
major retinal vessels on both eyes of mice using a 532 nm laser beam
(Iris Radiation Systems, USA; spot size 75 pm, power 100 mW, duration
0.1 s) as described before [28]. The disruption of Brush's membrane was
further confirmed by the appearance of a cavitation bubble without any
accompanying hemorrhage. GSK126 (100 mg/kg) or DMSO were i.p
injected every other day from day 1 after photocoagulation and retinas
were collected for subsequent staining on day 7.

For the Matrigel plug assay, 300 pl of Matrigel (BD Bioscience, San
Jose, CA) containing 400 ng/ml VEGF and 250 ng/ml basic fibroblast
growth factor (bFGF) (Sino Biological, Beijing, China) was imbedded
along the dorsal midline on each side of mice. Mice were maintained for
7 days and Matrigel plugs were harvested for subsequent Masson's tri-
chorme staining with a kit (Servicebio, Wuhan, China, G1006). All an-
imal experiments were reviewed and approved by the Animal
Experiment Administration Committee of the Fourth Military Medical
University.

2.2. Histology

To analyze retinal and choroidal angiogenesis, retinas or the retinal-
pigment epithelium (RPE)-choroid-sclera complex tissues were fixed in
4 % paraformaldehyde (PFA), blocked and permeabilized in PBS con-
taining 1 % bovine serum albumin (BSA) and 0.5 % Triton X-100
overnight at 4 °C. Tissues were then immunostained with anti-CD31
antibody (Biolegend, San Diego, CA), followed by incubating with
Alexa Fluor 594-conjugated donkey anti-rat IgG secondary antibody
(Invitrogen, Carlsbad, CA). Samples were then flat-mounted, and photos
were captured under a confocal laser scanning microscope (A1R, Nikon,
Tokyo, Japan). To quantify the vascular density, capillary loops or
neovascular areas were determined and compared between different
groups by Image-Pro Plus 6.0 software as previous described [28].

For immunofluorescence, tissues were fixed in 4 % PFA at 4 °C for 4
h, followed by dehydration in 30 % sucrose in PBS overnight. Samples
were embedded in optimal cutting temperature (OCT) compound
(Sakura Finetek, Inc., Torrance, CA), cryosectioned at 8 pm thickness,
and dried for 2 h at room temperature. Sections were then blocked with
1 % BSA in PBS, permeabilized with 0.5 % Triton X-100, and incubated
overnight at 4 °C with primary antibodies. After washing, sections were
incubated with secondary antibodies at room temperature for 1 h. Im-
ages were captured under a fluorescence or laser-scanning confocal
fluorescence microscopes (A1R). Cell samples were fixed with 4 % PFA
for 30 min at room temperature, permeabilized with 0.3 % Triton X-100,
and blocked in 5 % BSA for 30 min at room temperature. Samples were
stained in the same way and nuclei were counter-stained with Hoechst
33258 (Sigma-Aldrich).

2.3. Cell culture and transfection
Primary human umbilical vein endothelial cells (HUVECs) were

isolated from human umbilical cord biopsies obtained from the
Department of Gynecology and Obstetrics in Xijing hospital, and
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cultured in complete endothelial cell medium (ECM, ScienCell, San
Diego, CA) as previously described [25]. HUVECs of passages 3 to 6 were
used for subsequent experiments. The use of human samples was
approved by the Ethics Committee of Xijing Hospital, Fourth Military
Medical University.

To induce Notch activation in vitro, HUVECs were infected with
adenovirus expressing human Notchl intracellular domain (NICD)
(AdNIC, HanBiol, Shanghai, China) at a multiplicity of infection (MOI)
of 50 or treated with soluble Delta-like 4 (D114) proteins (Sino Biological
Inc., Beijing, China) coated on culture dishes at the concentration of 1
pg/ml as previously described [10,11]. To block Notch signal, HUVECs
were treated with the y-secretase inhibitor DAPT (Selleck Chemicals,
Houston, TX) at the concentration of 25 pmol/l. To induce EZH2
blockade, GSK126 or DNZep were purchased from TargetMol and used
at the concentration of 10 pmol/l. To knock down the EZH2 level in
vitro, HUVECs were transfected with EZH2 siRNA (Genepharma,
Shanghai, China) at the concentration of 50 nmol/l. To overexpress
EZH2 or MYC, HUVECs were infected with adenovirus expressing MYC
or EZH2 or control virus (HanBio) at an MOI of 100, as previously
mentioned [10,11]. For MYC inhibition, HUVECs were treated with
10058-F4 (TargetMol) at the concentration of 10 pmol/1. For the protein
decay assay, HUVECs were treated with MG-132 or cycloheximide
(CHX, Selleck Chemicals) at the concentration of 50 mmol/1 or 50 mg/
ml, respectively.

2.4. Cell proliferation and migration

To evaluate cell proliferation, HUVECs were incubated with medium
containing 50 pmol/l EAU (RiboBio, Guangzhou, China) for 2 h, fixed
with 4 % PFA at room temperature for 30 min, followed by staining with
Apollo 567 and Hoechst according to the manufacturer's instructions.
Alternatively, HUVECs were fixed, permeabilized, blocked and incu-
bated with anti-Ki67 antibody (Abcam), followed by incubating with
Alexa Fluor 594-conjugated donkey anti-rabbit IgG secondary antibody
(Invitrogen). Images were captured under a fluorescent microscope and
the cell proliferation ability was determined by the percentage of EQU™
or Ki67™" cells.

To evaluate cell migration, the wound healing assay and Transwell
assay were performed. For the wound healing assay, a scratch was
created with a pipette tip, and the medium was then replaced by ECM
supplemented with 0.5 % FBS. Wound closure was measured under a
microscope. For the Transwell assay, HUVECs were harvested and
seeded into the upper chamber of Transwell unit (Corning) at a total
number of 1 x 10° cells, and complete ECM was added to the lower
chamber. Cells were cultured for 12 h and fixed by 4 % PFA, and stained
with crystal violet. Number of cells migrating to the lower membrane
was observed under a microscope.

2.5. Fibrin beads assay

A fibrin beads assay was performed using a fibrin beads assay kit
(Amersham-Pharmacia Biotech) as previously described [25]. Briefly,
HUVECs were incubated with Cytodex 3 microcarrier beads (400 cells
per bead) at 37 °C for 4 h and then transferred into a 12-well plate and
left overnight. The beads were embedded in fibrinogen (Sigma-Aldrich)
containing 0.625 U/ml thrombin (Sigma-Aldrich) at a density of 100
beads/ml in a 48-well plate, and MRC5 cells (2 x 10° cells per well) in
0.5 ml EGM-2 medium were added. The medium was changed every
other day. The average number of sprouts per bead and the average
sprout length were calculated for each independent sample.

2.6. Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR)

Cells were lysed with the Trizol reagent (Sigma-Aldrich). RNA was
extracted and reverse transcribed into complementary DNA (cDNA)
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using a reverse transcription kit (Takara Biotechnology, Dalian, China).
Real-time PCR was performed using a SYBR Premix Ex Tagq kit (Takara
Biotechnology) and a Quant-Studio 5 real-time PCR system (Life Tech-
nologies, Waltham, MA, USA). Gene expression level was evaluated as
relative fold-change with f-actin as an internal control. For data anal-
ysis, the control sample value from one group was first normalized to 1,
all other samples in the same experimental run were then compared
relative to this reference control. The primer sequences are listed in
supplementary Table S1.

2.7. Western blotting

Cells were lysed with the radio-immunoprecipitation assay (RIPA)
buffer (Beyotime, Shanghai, China) containing phenylmethylsulfonyl
fluoride (PMSF, Sigma-Aldrich). Proteins were isolated and separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto polyvinylidene fluoride membranes. The mem-
branes were then blocked and incubated with primary antibodies at 4 °C
overnight, followed by the corresponding horse-radish peroxidase
(HRP) - conjugated secondary antibodies. Primary antibodies included
anti-EZH2 (1:1000, Abcam), anti-MYC (1:1000, CST, Boston, MA, USA),
anti-H3K27me3 (1:1000, CST), anti-phosphorylated MYC (pT58)
(1:1000, Biodragon, Suzhou, Jiangsu, China), anti-AURKB (1:1000,
Biodragon), anti-B-ACTIN (1:5000, Proteintech, Chicago, IL, USA).
Bands were developed using an enhanced chemiluminescence (ECL)
system (Clinx Science Instruments, Shanghai, China). Images were
analyzed using the ImageJ2x software (Rawak Software, Stuttgart,
Germany). For data analysis, the control sample value from one group
was first normalized to 1, all other samples in the same experimental run
were then compared relative to this reference control.

2.8. Reporter assay

The EZH2 promoter fragment (—1238 bp ~ +100 bp) was synthe-
sized and cloned into the pGL3-basic plasmid (Promega, WI, USA) to
construct the pGL3-EZH2-pro plasmid. HEK293T cells were infected
with adenovirus expressing NICD (AdNIC) or control, together with
pGL3-EZH2-pro (100 ng) or pGL3-basic (100 ng) and phRL-TK (5 ng) for
48 h. Cells were lysed, and the firefly and renilla luciferase activities
were analyzed using a dual luciferase reporter assay system (Promega).

2.9. Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using a commercial kit (CST) according to
the supplier's instructions. Briefly, HUVECs were fixed with 1 % form-
aldehyde and quenched with 1.25 mol/1 glycine. Cells were then washed
and lysed in 0.5 % SDS lysis buffer at 4 °C for 30 min. Supernatants were
incubated with anti-HES1 antibody (CST) at 4 °C for 12 h. Protein A/G
beads were then added and incubated at room temperature for 2 h. The
precipitates were then reverse crosslinked, and DNA was purified and
the target fragments were quantified by qPCR. Relative enrichment was
determined as the percentage of input (%) = 2 % x 2 (Ct of input — Ct of
sample) and compared with the IgG group. The primer sequences are
listed in supplementary Table S1.

2.10. Statistical analysis

Statistical analysis was conducted using Image-Pro Plus6.0, Graph-
Pad Prism 8.0 and GSEA2-2.2.3 software. All quantitative data were
presented as means + standard deviation (SD). Statistical significance
was calculated using Student's t-tests or one-way ANOVA followed by
Tukey's post hoc test. Nonparametric tests were used for non-normally
distributed data. p < 0.05 was considered statistically significant.
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3. Results
3.1. EZH2 is downregulated by Notch activation in ECs

The Notch signaling pathway plays a crucial role in regulating EC
proliferation, tip/stalk specification, arterial-venous specification dur-
ing angiogenesis, at least partly via repressing MYC [7,10-12,29]. To
further identify molecules mediating the effect of Notch activation, we
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downstream repressors HES1 and HEY1 [30], we constructed a reporter
and performed the reporter assay (Fig. 1G). The result showed that
Notch activation by NICD overexpression significantly repressed the
EZH2 promoter (Fig. 1H). Further ChIP experiments revealed that the
Notch downstream effector HES1 could efficiently bind to the 3 poten-
tial sites in the EZH2 promoter (Fig. 1I) [31]. Taken together, these
results suggest that Notch activation transcriptionally represses EZH2
expression in ECs.

first analyzed a public transcriptome dataset of ECs isolated on different
days during retinal vascular development (GSE8678). The results
revealed a gradual decrease in EZH2 expression as EC transitioned from
a proliferating to a quiescent state, and an inverse correlation with the
expression of Notch signaling-related genes (Fig. 1A). Analysis of
another published transcriptomic data from Notch-activated versus
control ECs (GSE45750) demonstrated significantly reduced expression
of EZH2 downstream target genes in Notch-activated group (Fig. 1B).
Subsequent in vitro experiments using adenovirus-mediated NICD
overexpression (AdNIC) showed that both mRNA and protein levels of
EZH2 were markedly decreased in Notch-activated ECs, as confirmed by
qRT-PCR and Western blotting (Fig. 1C and D). Notably, this suppressive
effect exhibited sustained persistence (Fig. S1A). Conversely, pharma-
cological inhibition of Notch signaling using DAPT resulted in upregu-
lation of EZH2 at both mRNA and protein levels (Fig. 1E and F). To
evaluate whether Notch activation downregulates EZH2 by repressing
the EZH2 promoter, which harbors putative binding sites for Notch

3.2. EZH2 is required for EC proliferation and angiogenesis

To investigate the role of EZH2 in ECs, we performed a reanalysis of
published RNA sequencing (RNA-seq) data (GSE71164), and the result
revealed that EZH2 knockdown significantly downregulated genes
associated with cell cycle and proliferation (Fig. S2 A-E). To further
validate these findings, we employed siRNA-mediated silencing and
pharmacological inhibition of EZH2 using GSK126 or DNZep. Consis-
tently, EAU incorporation assay and Ki67 immunofluorescence staining
confirmed that EZH2 inhibition markedly suppressed EC proliferation
(Fig. 2A and B; S3A-C). Meanwhile, qRT-PCR revealed concomitant
downregulation of multiple proliferation-related genes following EZH2
inhibition (Fig. S3D). In contrast, Transwell and wound healing assays
showed that EZH2 inhibition did not significantly affect EC migration
(Fig. S3E and F). To assess the functional consequences of EZH2 mod-
ulation on angiogenesis, we performed a fibrin bead assay, and the result
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Fig. 1. Notch signal downregulates EZH2 expression in ECs. A Heatmap depicting differential expression pattern of EZH2 and Notch signaling-related genes in retinal
ECs isolated from postnatal mice at indicated developmental time points (GSE8678 dataset). B GSEA demonstrating significant enrichment of EZH2 target genes and
methyltransferase complex-associated genes in Ctrl versus NICD overexpressing groups (GSE45750). C qRT-PCR analysis of HEY1, HES1 (Notch signal markers) and
EZH2 mRNA levels in HUVECs following 48 h infection with NICD-overexpressing (AdNIC) or control adenovirus (n = 3). D Western blotting analysis of NICD (n = 5)
and EZH2 (n = 8) protein expression in HUVECs treated as in (C). E qRT-PCR quantification of HEY1, HES1 and EZH2 mRNA level in HUVECs cultured for 48 h on
DLL4-coated or control dishes with/without DAPT inhibitor (n = 3). F Western blot analysis of NICD and EZH2 protein expression in HUVECs treated as in (E) (n = 4
for NICD, n = 5 for EZH2). G Schematic representation of the HES1 and HEY1 binding sites within the EZH2 promoter region, as identified using the JASPAR online
prediction tool. H Dual-luciferase reporter assay evaluating EZH2 promoter activity in HEK293T cells co-transfected with pGL3-EZH2-pro/pGL3-control plus phRL-
TK, followed by NICD-overexpressing or control adenovirus infection (n = 5). I ChIP analysis of HES1 binding to the EZH2 promoter in HUVECs. Cells were
immunoprecipitated with either anti-HES1 antibody or control IgG, followed by qRT-PCR analysis of the enriched EZH2 promoter fragments (n = 3). Bars = means +
SD. *, p < 0.05; **, p < 0.01; ,p < 0.001; , P < 0.0001. Statistical tests: two-tailed Student's t-test for C — D, I; one-way ANOVA followed by Tukey's post hoc
test for E — F, H.
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Fig. 2. EZH2 modulates EC proliferation and angiogenic sprouting in vitro. A HUVECs were transfected with EZH2-targeting siRNA for 48 h. EC proliferation was
assessed using EAU incorporation assay (n = 6) and Ki67 immunofluorescence (n = 3). BHUVECs were treated with EZH2 inhibitor GSK126 for 48 h. EC proliferation
was evaluated by EdU assay (n = 3) and Ki67 immunofluorescence (n = 3). C siRNA-mediated EZH2 knockdown in HUVECs followed by fibrin bead-based
angiogenesis assay for 4 days. Sprout length and number were quantified (n = 10). D HUVECs were treated with GSK126 during fibrin bead assay for 4 days.
Sprout length and number were analyzed (n = 6). E Adenovirus overexpression of EZH2 (AdEZH2) in HUVECs for 48 h. EC proliferation was determined by EdU assay
(n = 5) and Ki67 immunofluorescence (n = 3). F EZH2-overexpressing HUVECs in fibrin bead assay with quantification of sprout length and number (n = 6). Bars =

means + SD. *, p < 0.05; **, p < 0.01;
Tukey's post hoc test for A and C.

showed that EZH2 blockade significantly impaired EC sprouting (Fig. 2C
and D). Conversely, adenovirus-mediated EZH2 overexpression
enhanced both proliferation and sprouting of HUVECs (Fig. 2E and F;
S3G and H). Collectively, these findings demonstrate that EZH2 is
required for EC proliferation and sprouting angiogenesis.

Extensive evidence has established Notch signaling as a master
regulator of endothelial tip/stalk cell fate and arterial-venous specifi-
cation during angiogenesis [7,8,11,12]. To assess the potential role of
EZH2 in regulating tip/stalk cell differentiation and arterial specifica-
tion, we examined EZH2-mediated control using multiple approaches.
Analysis of RNA-seq data and qRT-PCR validation demonstrated that
EZH2 knockdown did not significantly alter the expression of tip/stalk
cell markers (Fig. S4A-C) [32]. Meanwhile, EZH2 overexpression failed
to rescue the inhibitory effects of Notch activation on tip cell markers or
counteract the Notch-mediated upregulation of stalk cell markers
(Fig. S4D), suggesting functional independence in tip/stalk cell differ-
entiation between Notch and EZH2. Furthermore, although EZH2
knockdown elicited modest upregulation of both the arterial marker
EFNB2 and venous marker EPHB4, the overall arteriovenous markers
remained largely unaffected (Fig. S4E-G). Additionally, EZH2 over-
expression did not interfere with the ability of Notch activation to
upregulate arterial markers (Fig. S4H). Together, these data indicate
that EZH2 might not be a major modulator of tip/stalk cell

, p < 0.001; n.s, not significant. Statistical tests: two-tailed Student's t-test for B, D, E - F; one-way ANOVA followed by

differentiation or arterial specification, and is not involved in Notch-
dependent control of these processes.

3.3. Notch activation attenuates EC proliferation and angiogenesis by
downregulating EZH2

To further investigate the role of Notch signaling-mediated EZH2
suppression in EC proliferation and angiogenesis, we blocked Notch
signaling and examined the effect of EZH2 inhibition on EC prolifera-
tion. EdU staining revealed that EZH2 inhibition with GSK126 attenu-
ated the enhanced EC proliferation induced by Notch blockade (Fig. 3A).
On the other hand, EZH2 overexpression rescued the impaired prolif-
erative capacity caused by Notch activation (Fig. 3B). Furthermore,
EZH2 inhibition suppressed the Notch blockade-induced increase in
sprouting angiogenesis (Fig. 3C and D). To extend these findings in vivo,
we generated EC-specific RBPj knockout mice in which the canonical
Notch signaling is blocked in ECs, and angiogenesis was evaluated with
the Matrigel plug assay and the retinal neovascularization. The results
demonstrated that Notch blockade in ECs led to enhanced angiogenesis,
which was significantly attenuated by GSK126-induced EZH2 blockade
(Fig. 3E and F). Overall, these findings indicate that Notch activation
suppresses EC proliferation and angiogenesis through downregulation of
EZH2.
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3.4. EZH2 inhibition downregulates MYC expression by reducing its
protein stability

To further elucidate the downstream regulatory mechanisms of
EZH2, we performed analysis of the transcriptomes of EZH2 knockdown
and control ECs. The results demonstrated significant downregulation of
MYC downstream genes in EZH2 blockade group (Fig. 4A). Notably,
MYC-regulated genes associated with cell proliferation, including those
metabolic pathways involving glycolysis, tricarboxylic acid (TCA) cycle,
and nucleotide metabolism, showed marked reduced expression upon
EZH2 knockdown (Fig. S5A) [33,34]. qRT-PCR analysis revealed that
key enzymes involved in nucleotide metabolism were substantially
downregulated (Fig. S5B-D). Further experimental validation confirmed
that EZH2 blockade led to a pronounced reduction in MYC protein
expression, although it did not significantly affect MYC mRNA level
(Fig. 4B-E). Furthermore, EZH2 overexpression could rescued the
downregulation of MYC protein level induced by Notch activation
(Fig. 4F). These results demonstrate that EZH2 does not regulate MYC
gene expression in ECs, but significantly affects MYC protein levels.

Extensive studies have established that MYC protein levels are tightly
regulated through post-translational mechanisms [33,34]. Prior studies
have suggested that EZH2 could protect MYC protein stability [24]. To
investigate this further, we assessed MYC protein turnover using
MG132, a proteasome inhibitor. Our results demonstrated that blockade
of proteasomal degradation completely rescued EZH2-mediated MYC
downregulation (Fig. 4G; S6A). Moreover, CHX chase assays showed
that EZH2 inhibition markedly enhanced MYC degradation (Fig. 4H).
Consistent with these observations, EZH2 inhibition led to a pronounced
increase in MYC phosphorylation at threonine 58 (T58) (Fig. 4I), a
phosphorylation pattern recognized by E3 ligases such as FBW7, leading
to MYC protein degradation [11,35,36]. Furthermore, EZH2 inhibition
led to coordinated transcriptional reprogramming, characterized by
downregulation of MYC-stabilizing factors and concurrent upregulation
of MYC-destabilizing genes (Fig. S6B and C) [37-40]. Notably, we
identified AURKB, a known direct regulator of MYC protein phosphor-
ylation and stability [37], as being markedly downregulated at both
mRNA and protein levels following EZH2 inhibition (Fig. 4I; S6B and C).
In contrast, the expression levels of miR-218 and miR-342-5p, known



Y. Duan et al. Life Sciences 379 (2025) 123889
A B c 15 F o 3
Cowling MYC targets 15 2 DMSO ]_3 C & R T
® o 05 < GSK126)@ S & V¢ 3
9 > Z 104 Y Y c
» 2210 [ s,
5 |- 23 5. | MYC e
o [P0 £Z0s5 Oos =
E | q=0.11 o > °
5 2 E = z
2 ‘ 00 © B-ACTIN £
s I DMSO £00+ T T 1 g cl
Tl
siEZH2 GSK126 s 0 100 200 300 o
o Min post ActD addition AdNiC AGEZED
D E
DMS0 GoK126 _ H3K27me3 EZH2 MYC NC SEZH2 H3K27me3 MYC
H3K27me3 % 15- 15 DMSO | 4 T NC
B | < X Gskizs  H3K27me3 =19 15 SEZH2
EZH? |- — 10 + 10 1y 1 ¥ 240 I 104 1
e 2. I o -
MYC | —— el + 05 —— 205 s 4
B-ACTIN | S— 3 00 0.0 T 00 0.0
14 Ii4
Min post CHX addition
= -MG132 +MG132
-MG132 +MG132 9 0 10 30 40 60 90 B 15 ctl a5
GSK126 N * 225 3 GSK126
- - £ 20 MYC - @ 2.0- *
N s 3 A A =1 218
MYC - —- -4 j‘ * = s =
o 107 [& -+ O[B-ACTIN | " v v v v - | S 05- 510
B-ACTIN 2 05 j 2 2 % os!
3 00 0 9 MYC & . 1, 00
© DMSO C .- € 09550 40 60 &b 100 R
GSK126 7]
o B-ACTIN’ —————— ‘ GSK126
| J
MYC  MYC (pT58)MYC _ AURKB
NC siEZH2  © g
37 5 25 . NC siEzH2 2
2 107 [f] T 15 T AURKB —
MYC (pT58) | M- — a | m o[ 5
= 05 g
(1] - -
B-ACTIN |s— s— ool LI oo s
NC NC
SIEZH2 SIEZH2

Fig. 4. EZH2 inhibition promotes MYC protein destabilization. A GSEA showing significant enrichment of MYC target genes in EZH2-knockdown (siEZH2) HUVECs
compared with control cells from a published dataset (GSE71164). B gqRT-PCR analysis of MYC mRNA expression in HUVECs treated with GSK126 or DMSO for 48 h
(n = 6). C MYC mRNA stability assay: HUVECs treated as in (B) were exposed to ActD, with MYC transcript levels quantified by qRT-PCR at indicated time points (n
= 3). D Western blotting analysis of H3K27me3, EZH2 and MYC protein levels in HUVECs treated as in (B) (n = 3 for H3K27me3 and EZH2; n = 4 for MYC). E
Western blotting demonstrating reduced H3K27me3 and MYC protein expression following EZH2 siRNA-mediated knockdown compared with Ctrl. F Western
blotting demonstrating MYC protein expression in HUVECs transfected with AANIC, AANIC+AdEZH2 or Ctrl (n = 3). G Proteasome inhibition assay: MYC protein
levels were assessed by western blot in cells treated as in (B) with or without MG-132 (n = 7). H Protein stability analysis: CHX chase assay showing MYC degradation
kinetics in GSK126- versus DMSO-treated HUVECs. Relative MYC protein levels compared with 0 min and area under curve (AUC) quantification are presented (n =
3). I Western blot analysis of MYC phosphorylation at threonine 58 (pT58) (n = 6) in EZH2 knockdown versus control cells. J Western blot analysis of AURKB protein
level under EZH2 knockdown (n = 6). Bars = means + SD. *, p < 0.05; **, p < 0.01; n.s, not significant. Statistical tests: two-tailed Student's t-test for B - E, G-J; one-

way ANOVA followed by Tukey's post hoc test for F.

mediators of MYC stability downstream of Notch signaling, remained
unaltered upon EZH2 depletion (Fig. S6D) [10,11]. These findings
suggest a post-translational regulatory mechanism whereby EZH2 gov-
erns MYC protein abundance primarily by enhancing its stability.

3.5. EZH2 promotes EC proliferation and angiogenesis through MYC

To further elucidate the impact of EZH2 in regulating MYC-
dependent EC proliferation and angiogenesis, we treated HUVECs with
the EZH2 inhibitor while overexpressed MYC using virus-mediated
transfection (Fig. 5A). EAU incorporation assay revealed that MYC
overexpression effectively restored the diminished proliferation induced
by EZH2 suppression (Fig. 5B), whereas pharmacological inhibition of
MYC abolished the pro-proliferative effect of EZH2 overexpression
(Fig. 5C). Additionally, MYC overexpression significantly rescued the
angiogenesis defects induced by EZH2 suppression (Fig. 5D). Taken
together, these results demonstrate that MYC is a critical downstream
mediator of EZH2 in regulating EC proliferation and angiogenesis.

3.6. EZH2 inhibition compromises pathological ocular angiogenesis

Next, we evaluated the therapeutic potential of targeting EZH2 in
pathological neovascularization. Initial analysis of published single-cell
RNA sequencing (scRNA-seq) data (PRINA864092) revealed significant
upregulation of EZH2 and proliferation-associated genes in ECs from the
OIR model [41], which was further validated by GSEA (Fig. 6A and B).
To evaluate the translational potential, we employed two well-
established murine models, OIR and laser-induced CNV, which mimic
ROP and AMD, respectively [28]. Immunofluorescence staining
confirmed robust EZH2 upregulation in ECs of pathological neovessels
in both models (Fig. 6C and D). Pharmacological inhibition of EZH2
using GSK126 markedly attenuated intraocular pathological angiogen-
esis, as demonstrated by reduced CD31" vascular outgrowth in both
models (Fig. 6E and F). Similarly, MYC inhibition with the 10058-F4
compound effectively suppressed pathological angiogenesis in the OIR
model (Fig. S7). These findings collectively indicate that EZH2 repre-
sents a potential therapeutic target for ocular neovascularization-related
disorders.
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4. Discussion

Extensive research, including our previous studies, has established
that Notch signaling attenuates MYC expression through diverse
downstream mechanisms to modulates EC proliferation, tip/stalk cell
specification, and arterial-venous specification, consequently inhibiting
angiogenesis while preserving vascular homeostasis [7,10,11,13,14]. In
the current study, we elucidated a novel mechanistic pathway wherein
Notch signaling transcriptionally represses EZH2 expression. This sup-
pression results in diminished MYC protein stability, ultimately
impairing EC proliferation and angiogenesis (Fig. 7). Notch signaling
pathway has been shown to transcriptionally repress downstream target
genes through its effector transcription factors, HES1 and HEY1, which
can regulate angiogenesis either independently or cooperatively
[30,42-44]. Our results identified potential binding sites for both HES1
and HEY1 within the EZH2 promoter region. ChIP assays validated HES1
binding, but whether HEY1 similarly interacts with the EZH2 promoter
remains to be determined. Moreover, further investigation is also
needed to elucidate whether Notch-mediated transcriptional repression
of EZH2 depends on HES1 or HEY1 individually or necessitates their
synergistically activity [42].

Previous studies have documented the complex regulation of EZH2
expression in ECs, involving multiple signaling cascades (including HIF-
1o and VEGF pathways), inflammatory mediators, hemodynamic forces,
and epigenetic regulators [16,45-48]. Notably, our recent work has
shown that EZH2 expression is negatively regulated by shear stress — a
critical determinant of EC quiescence and survival [16,17]. Given that

Notch functions as a mechanosensitive receptor capable of transducing
hemodynamic signals [11,49], and intriguing unanswered question is
whether Notch mediates the effects of shear stress on EZH2 regulation.
Tsou et al. previously established that EZH2 can repress Notch signaling
through transcriptional silencing of the Notch ligand DLL4 [50], the
potential existence of a reciprocal negative feedback loop between
Notch EZH2 warrants further investigation. Furthermore, the regulatory
network between Notch signaling and EZH2 may exhibit higher-order
complexity within the in vivo microenvironment [51]. This
complexity stems from: spatiotemporal specificity during vascular
development; dynamic crosstalk between Notch and other critical
pathways (e.g., VEGF) [29]. To systematically decipher this regulatory
network, future studies could integrate multi-omics profiling with high-
resolution intravital imaging [52,53], thereby elucidating the dynamic
regulatory mechanisms of the Notch-EZH2 axis during angiogenesis in
vivo.

Sprouting angiogenesis, a complex morphogenetic process, critically
depends on EC proliferation [54], where its targeted suppression alone is
sufficient to impair angiogenic sprouting [55,56]. EZH2 was reported to
be upregulated under hypoxia and pro-angiogenic factors such as VEGF,
enhances EC proliferation, migration, and angiogenic potential
[20,45,47], whereas its inhibition exerts opposing effects [16]. Our
current findings suggested that genetic (siRNA) and pharmacological
(small-molecule inhibitor) blockade of EZH2 significantly attenuated EC
proliferation and sprouting angiogenesis but did not markedly affect
migration, further supporting a pro-angiogenic role for EZH2 in these
processes. However, the regulatory function of EZH2 in EC proliferation,
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and angiogenesis appears highly context-dependent. For instance, while Conversely, in quiescent and mature ECs, Notch blockade produces a
Mitic et al. reported that EZH2 modulation improved neovascularization more modest elevation of ERK activity that paradoxically stimulates
and functional recovery in a murine hindlimb ischemia model [57], proliferation [54,58]. Although our current study has characterized the
Tsou et al. found that EZH2 inhibition preserved normal angiogenesis in overall vascular phenotypes in vivo, the precise regulation of EC pro-
scleroderma [50]. These apparently contradictory findings highlight liferation dynamics by the Notch-EZH2 axis under physiological condi-
that the net effects of EZH2 on angiogenesis may be determined by tions remains to be elucidated. Future investigations employing
tissue-specific microenvironments or pathological conditions. The pre- advanced single-cell resolution techniques, particularly mosaic analysis
cise molecular mechanisms underlying these differential responses with lineage tracing [7,58], will be essential to dissect the spatiotem-
remain to be fully elucidated and require further investigations. poral control of EC proliferation by the Notch-EZH2 axis in vivo.
Previous work by the Benedito group revealed that Notch signaling Notch signaling has been well-documented as a critical regulator
exerts temporally and context-dependent regulation of EC proliferation governing both tip/stalk cell fate decisions and arterial-venous specifi-
during sprouting angiogenesis [54]. Their studies showed that Notch cation during angiogenesis [7,8,11,12]. Our results demonstrated that
inhibition at the angiogenic front — where proliferation is most active — EZH2 knockdown fails to significantly alter the expression of tip/stalk
leads to enhanced ERK signaling, resulting in upregulation of the cell cell markers or arteriovenous differentiation markers. Moreover, ectopic
cycle inhibitor p21 and subsequent suppression of EC proliferation. EZH2 expression showed no observable impact on Notch-mediated
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regulation, suggesting that EZH2 operates independently of the Notch
signaling in regulating these EC differentiation programs. While our in
vitro data clearly demonstrate this functional dissociation, the potential
in vivo role of EZH2 in modulating these processes requires more
comprehensive genetic investigations in the future [7,12].

Emerging evidence suggests that EZH2 coordinates multiple down-
stream mechanisms to regulate endothelial homeostasis, angiogenesis,
and inflammation, including canonical PRC2-dependent gene silencing,
non-canonical transcriptional regulation, and metabolic reprogramming
[15]. Previous studies by our group and others have established that the
transcription factor MYC, directly or indirectly repressed by Notch
signal, serves as a master regulator of EC proliferation in both physio-
logical and pathological angiogenesis [7,10,11,13]. MYC could exert its
effects through diverse molecular mechanisms that modulate gene
expression, metabolic reprogramming, and cell cycle progression [34].
In the present study, we demonstrate that Notch-dependent down-
regulation of EZH2 reduces MYC protein abundance and its transcrip-
tion activity on regulating the expression of cell cycle progression-
related and nucleotide synthesis-related genes, resulting consequent
impairment of EC proliferative and angiogenic capacities. Notably, MYC
overexpression effectively rescued the compromised EC proliferation
and sprouting angiogenesis induced by EZH2 inhibition.

MYC is controlled through multilayered regulation, encompassing
transcriptional, translational, and post-translational mechanisms [33].
Although prior studies have shown that EZH2 can either directly interact

10

with MYC or indirectly silencing the tumor-suppressor gene SMAD4 to
upregulate MYC expression in cancer [23,24], we found that in ECs,
EZH2 does not significantly affect MYC transcription and mRNA sta-
bility. Instead, EZH2 inhibition promoted phosphorylation of MYC at
threonine-58 (T58), leading to protein destabilization. This effect ap-
pears independent of miR-218-5p and miR-342-5p, which we previously
reported to destabilize MYC by downregulating EYA3 expression
[10,11]. Our findings revealed that pharmacological inhibition of
EZH2's methyltransferase activity (via GSK126) is sufficient to markedly
reduce MYC protein abundance, implying that EZH2 exerts transcrip-
tional control over factors governing MYC stability. Integrative omics
profiling coupled experimental validation further demonstrated that
EZH2 inhibition downregulated multiple genes involved in MYC protein
stabilization while upregulating several MYC-destabilizing factors and
downregulating multiple MYC-stabilizing factors [37,38,40,59,60].
Notably, AURKB, a kinase known to phosphorylate and stabilize MYC,
was downregulated at both mRNA and protein levels upon EZH2 inhi-
bition, consistent with prior findings by Li et al. [61]. However, whether
AURKB mediates the effects of EZH2 on protein stability, as well as the
precise mechanisms underlying EZH2-dependent regulation of MYC
stability, requires further investigations. In addition, our results
revealed that the expression levels of USP36 and HECTD3, two key
molecules regulating MYC protein stability, also underwent significant
alterations upon EZH2 knockdown. Specifically, USP36 expression was
markedly upregulated, while HECTD3 expression was substantially
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downregulated. Previous studies have shown that USP36 inhibits MYC
degradation by interacting with FBW7, whereas HECTD3 promotes MYC
polyubiquitination and subsequent degradation [38,39]. It remains an
open question whether EZH2 modulates MYC stability by regulating
USP36 and HECTDS3.

Aberrant angiogenesis, the uncontrolled formation of new blood
vessels, plays a critical role in multiple diseases, including ocular dis-
orders and cancer. The inhibition of EZH2 has emerged as a promising
therapeutic strategy for pathological vascular diseases [62], including
atherosclerosis [63], pulmonary arterial hypertension (PAH) [64], and
tumor progression [65]. In ocular contexts, Wan et al. previously
established that EZH2 inhibition attenuates angiogenesis in a corneal
neovascularization model [20]. Our current study extends these findings
by demonstrating a marked upregulation of EZH2 expression in ECs
during the progression of OIR and CNV. Notably, pharmacological
intervention with the EZH2 inhibitor GSK126 significantly suppressed
pathological ocular angiogenesis, providing compelling evidence that
EZH2 represents a viable therapeutic target for hyper-angiogenesis-
related ocular diseases. In addition, previous studies indicated that
EZH2 modulates angiogenesis through transcriptional regulation of
VEGF signaling pathway [18,19]. Given that anti-VEGF agents represent
the cornerstone of current therapeutic strategies for intraocular neo-
vascular disorders [5], investigating potential synergistic effects be-
tween EZH2 inhibition and conventional anti-VEGF therapy might be a
compelling avenue for translational research. In addition, our findings
demonstrate that pharmacological inhibition of MYC can also effectively
suppress pathological neovascularization in the OIR model. However,
given the broad physiological roles of MYC, its systemic inhibition may
lead to unintended off-target effects [66]. Therefore, further compre-
hensive evaluation is warranted to determine its suitability as a thera-
peutic target for intraocular neovascular disorder.

In summary, our study has unveiled a tripartite regulatory network
wherein Notch negatively regulates EZH2 to control MYC-dependent EC
proliferation and angiogenesis. The translational significance is high-
lighted by EZH2 inhibitor's efficacy in ocular neovascularization models,
proposing EZH2 as a therapeutic target for diseases like ROP and AMD.
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