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Abstract 

Retinal neovascularization (RNV) disease is one of the leading causes of blindness, yet the molecular underpin-
nings of this condition are not well understood. To delve into the critical aspects of cell-mediated angiogenesis, 
we analyzed our previously published single-cell data. Our analysis revealed that retinal pigment epithelium (RPE) 
cells serve a crucial promotional function in angiogenesis. RPE cells were regulated by N6-methyladenosine (m6A). 
Next, we detected several critical m6A methylase in hypoxic ARPE-19 cells and in oxygen-induced retinopathy (OIR) 
mice, our results revealed a significant decrease in the level of methyltransferase like 3 (METTL3). METTL3 specific 
inhibitor STM2457 intravitreal injection or METTL3 conditional knockout mice both showed a significantly reduced 
neovascularization area of retina. Additionally, the angiogenesis-related abilities of human retinal endothelial cells 
(HRECs) were diminished after co-cultured with ARPE-19 treated with STM2457 or sh-METTL3 in vitro. Furthermore, 
through the integration of Methylated RNA immunoprecipitation (MeRIP) sequencing and RNA sequencing, we dis-
covered that the metabolic enzyme quinolinate phosphoribosyltransferase (QPRT) was directly modified by METTL3 
and recognized by the YTH N6-methyladenosine RNA binding protein C1 (YTHDC1). Moreover, after over-expressing 
QPRT, the angiogenic abilities of HRECs were improved through the phosphorylated phosphatidylinositol-3-kinase 
(p-PI3K)/ phosphorylated threonine kinase (p-AKT) pathway. Collectively, our study provided a novel therapeutic 
target for retinal angiogenesis.
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Introduction
Retinal neovascularization (RNV) is a severe complica-
tion of eye diseases, including retinopathy of prematurity, 
age-related macular degeneration, and diabetic retinopa-
thy, which cause severe vision loss and irreversible blind-
ness [1, 2]. Currently, therapeutic methods are limited, 
and the injection of anti-vascular endothelial growth fac-
tor (VEGF) drugs has been widely used in clinical treat-
ment; however, they have many side effects, including 
physiological angiogenesis suppression, adverse neurode-
velopmental outcomes, and VEGF resistance [3–6]. Thus, 
there is an urgent need to improve our understanding of 
the mechanisms underlying RNV and identify alternative 
therapeutic strategies.

Oxygen-induced retinopathy (OIR), a common model 
used to study RNV, is characterized by excessive oxida-
tive stress and retinal angiogenesis [7]. As the retinal pig-
ment epithelium (RPE) is critical for maintaining retinal 
homeostasis, the changes it undergoes during OIR have 
profound implications for the pathological angiogenic 
process [8]. The RPE is a layer of regular polygonal cells 
located in an oxygen-rich retinal environment that per-
forms various functions, including metabolism, cytokine 
secretion, and external blood-retinal barrier (BRB) for-
mation [9–12]. RPE cells are activated quickly to clear 
excessive reactive oxygen species and maintain the sta-
bility of the retinal microenvironment when the retina 
is disturbed by oxidative damage [13–15]. Additionally, 
RPE cells secrete numerous cytokines, such as trans-
forming growth factor beta (TGF-β), vascular endothelial 
growth factor A (VEGFA), and fibroblast growth factor 2 
(FGF2), which is critical for the formation of retinal ves-
sels [16, 17].

In our prior research, we discovered that RPE cells 
exhibit a high degree of plasticity, a feature that is sub-
ject to modulation by N6-methyladenosine (m6A) modi-
fication [18, 19].  m6A modification is the most common 
and reversible modification of eukaryotic mRNA and is 
regulated by three crucial elements, including writers, 
erasers, and readers [20, 21]. Writers, such as Methyl-
transferase like 3 (METTL3) and Methyltransferase like 
14 (METTL14), promote methylation. Erasers, such as 
Fat mass and obesity-associated protein (FTO) and Alk 
B homolog 5 (ALKBH5), are demethylases. RNA dem-
ethylases are highly specific for the type of methylation 
mark and the location within the RNA molecule that 
they target. These enzymes can modulate the methyla-
tion status of RNA molecules by removing methyl groups 
in response to cellular signals, thereby playing a role in 
the dynamic regulation of gene expression [18, 19, 22]. 
Readers, such as YTH N6-methyladenosine RNA bind-
ing protein C 1/2/3(YTHDC1/2/3) and YTH N6-methy-
ladenosine RNA binding protein F1/2/3, can specifically 

recognize  m6A. By interacting with m6A-modified RNA, 
these reader proteins can influence the fate of RNA mol-
ecules and regulate gene expression [23–25]. All of these 
are involved in a variety of physiological and pathological 
processes, such as embryonic development, stem cell dif-
ferentiation, and tumor progression [26–28]. A previous 
study found that METTL3 was substantially upregulated 
in human umbilical vein endothelial cells (HUVECs), 
and inhibition of METTL3 weakened the proliferation 
and tube formation abilities of HUVECs [29]. How-
ever, whether m6A modification is involved in hypoxia-
induced RNV remains unclear.

In our investigation, to identify the crucial methylases 
involved in OIR, we examined several key methylases 
and observed a decrease in METTL3 expression during 
OIR. Both in vitro and in vivo inhibition of METTL3 led 
to a notable reduction in pathological neovasculariza-
tion. Further exploration of the mechanisms revealed 
that METTL3-methylated quinolinate phosphoribosyl-
transferase (QPRT) was recognized by YTHDC1, and 
involved in angiogenesis through the phosphorylated 
phosphatidylinositol-3-kinase (p-PI3K)/ phosphorylated 
threonine kinase (p-AKT) pathway. These findings posi-
tion METTL3 as a potential therapeutic target for RNV, 
opening new avenues for the development of targeted 
treatments for this condition.

Materials and methods
Cell culture
The ARPE-19 cell line, purchased from the American 
Type Culture Collection (ATCC, USA), and human reti-
nal endothelial cells (HRECs) were obtained from Pro-
cell Life Science&Technology Co.,Ltd., they were grown 
in Dulbecco’s modified Eagle medium supplemented 
with 1% penicillin–streptomycin solution (Gibco, USA) 
and 10% fetal bovine serum (Gibco, USA). Passage 2–6, 
endothelial cells were used. Every cell was cultivated in a 
humidified, 37 °C, 5%  CO2 environment.

OIR mouse model and primary RPE studies
Adult wild-type C57BL/6  J mice were bought from the 
Experimental Animal Center of Chongqing Medical Uni-
versity (Chongqing, China). The Ethics Committee of the 
First Affiliated Hospital of Chongqing Medical University 
(2019-101) approved the study involving the use of ani-
mals. Best1-Cre transgenic mice (created by Beijing View 
Solid Biotechnology, China) were crossed with floxed 
Mettl3 mice provided by Professor Xianjun Zhu (Sichuan 
Provincial People’s Hospital) to create Mettl3-conditional 
knockout (cKO) mice. From postnatal day (P) 7 to P12, 
C57BL/6 J pups or cKO pups were subjected to a hyper-
oxia environment (75% oxygen content), and then were 
brought back to a normoxic environment. On P17, the 
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mice were euthanized, and the tissues were collected for 
additional studies.

After being thoroughly cleaned with sterile phosphate 
buffer saline (PBS) (BL302A, Biosharp) three times, the 
posterior ocular tissues of mice were digested at 37  °C 
for 30–35 min with 0.25% trypsin containing EDTA and 
Phenol red (meilunbio, China). The primary RPE cells of 
mouse were collected after centrifugation.

Hematoxylin and eosin (H&E) staining
After sacrifice, the eyeballs were harvested immediately 
from mice, fixed with formalin and embedded in paraf-
fin. The tissues were initially dehydrated using a series 
of graded alcohols (70–100%), followed by clarification 
in xylene, and subsequently embedded in paraffin. The 
retina was sectioned and the slices were mounted onto 
slides.

The tissue sections underwent standard H&E staining. 
Hematoxylin is alkaline and stains the basophilic struc-
ture of tissues (such as ribosome, nucleus, and RNA in 
the cytoplasm) into blue purple. Eosin is acidic and stains 
the eosinophilic structure of tissues (such as intracellu-
lar and intercellular proteins) pink, such that the shape of 
the entire cell tissue is clearly visible. Following the stain-
ing process, the sections were sequentially dehydrated 
with graded alcohols (70–100%) and cleared in xylene 
before being examined under a Leica microscope (Ger-
many). On the scale of 100 μm, the cells that penetrated 
the inner member were counted.

Cell stimulation and lentivirus infection
ARPE-19 cells were cultured in a hypoxia incubator with 
an oxygen concentration of 1–2% for 24  h to induce 
hypoxia. Briefly, 2 ×  105 ARPE-19 cells were seeded and 
cultivated in a 6-well plate, and then exposed to sh-NC 
or sh-METTL3 lentivirus (MOI:30, Shanghai Gene-
chem Co., Ltd.) for 6  h or overnight, depending on the 
manufacturer’s instructions. Images of the cells were 
taken on day 3 following transfection using a fluorescent 
microscope (DMIL4000, Leica, Germany). Stably trans-
formed cells were selected by puromycin or neomycin for 
investigation.

Real‑time quantitative polymerase chain reaction 
(RT‑qPCR) and Agarose gel electrophoresis
Total RNA was extracted from RPE cells using Steady-
Pure Mag Tissue & Cells RNA Extraction Kit (Accurate 
Biotechnology (Hunan) Co., Ltd., China) according to 
the manufacturer’s instructions. RNA concentration was 
measured using a spectrophotometer (Thermo Fisher 
Scientific. Inc., MA, USA), and cDNA was synthesized 
using Evo M-MLV Mix Kit with gDNA Clean for qPCR 
(Accurate Biotechnology (Hunan) Co., Ltd., China). 

RT-qPCR was performed on the ABI 7500 Real-time 
PCR System (Applied Biosystems, CA, USA) with SYBR 
Green Premix Pro Taq HS qPCR Kit (Rox Plus (Accurate 
Biotechnology (Hunan) Co., Ltd., China) according to 
the instructions. Relative expression levels were normal-
ized to β-actin levels and determined using the  2−ΔΔCT 
method. Rapid Taq DNA Master Mix (P222, Vazyme, 
China) was used to amplify target  METTL3fl/fl DNA in 
agarose gel electrophoresis, and Hot Start DNA Poly-
merase (EP1702, BBI, Canada) was used to amplify tar-
get BEST1-CRE DNA. All the primers sequence can be 
viewed in Supplementary Table 1.

Western blotting
The cells were subjected to lysis using radio immuno-
precipitation assay lysis buffer (RIPA, Beyotime, China) 
containing 1% phenylmethanesulfonyl fluoride (PMSF, 
Beyotime, China) while being kept on ice. The concentra-
tion of proteins was determined using the bicinchoninic 
acid assay quantification kit (BCA, Beyotime, China) fol-
lowing the provided instructions. Protein samples were 
separated by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and subsequently transferred onto poly-
vinylidene difluoride membranes (USA). Following a 
15-min incubation at room temperature in QuickBlock™ 
Blocking Buffer (Beyotime, P0235, China), the mem-
branes were subjected to immunoblotting. The immuno-
blotting process involved incubating the membranes with 
a primary antibody at 4 °C for 16 h or overnight. Follow-
ing incubation with secondary antibodies at room tem-
perature for 50 min to 1 h, the blots were developed with 
an enhanced chemiluminescence kit provided by MCE 
(USA). Band density was quantified  using Image J soft-
ware and normalized to the expression of β-actin. The 
primary antibodies utilized in this work have been sup-
plied and are documented in Supplementary Table 2.

m6A RNA quantification assay
m6A quantification was conducted with  EpiQuik™ m6A 
RNA Methylation Quantification Kit (Colorimetric) pro-
vided by EpigeenTek (P-9005). This kit contents include 
wash buffer, binding solution, capture antibody, detec-
tion antibody, enhancer solution, developer solution, and 
stop solution. In short, the positive control sample and 
negative control sample were used to generate a standard 
curve according to standard procedures. The RNA sam-
ples, including the positive and negative control samples, 
were applied onto an assay well for analysis subsequent to 
treatment with the binding solution. After the addition of 
the detection and capture antibodies, the enhanced solu-
tion was added for incubation. Subsequently, the absorb-
ance was determined at 450  nm using the created 
standard curve.
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Cell counting kit‑8 (CCK‑8) assay
RPE cells were seeded in 96-well plates at a density of 
1 ×  104 cells per well and incubated overnight and cul-
tured for another 24 h after treatment with different con-
centrations of STM2457 (T9060, TargetMol, USA). To 
detect proliferation, the culture medium was substituted 
with a medium containing CCK-8 reagent (C0005, Tar-
getMol, USA) and incubated for additional 2 h. Absorb-
ance was measured at 450 nm using a microplate reader 
(Thermo Fisher Scientific. Inc. MA, USA).

5‑ethynyl‑2´‑deoxyuridine (EdU) staining
The proliferation of RPE cells was examined using the 
BeyoClick™ Edu-555 Cell Proliferation Detection Kit 
(C0075S, Beyotime, China) in accordance with the guide-
lines provided by the manufacturer. In brief, following a 
24  h co-culture with ARPE-19 cells, HRECs were incu-
bated with a working solution of EdU for 1.5  h.  Subse-
quently, the samples were washed twice with PBS and 
fixed with a 4% paraformaldehyde solution for 15 min at 
room temperature. To facilitate permeabilization, a per-
meabilization buffer (G1204-100 ML, Servicebio, China) 
was applied for 10 min, followed by three further washes 
with PBS. The cells were then incubated with Click Addi-
tive Solution in the dark for 30 min according to the man-
ufacturer’s recommendations. Thereafter, the nucleus 
was stained for 10  min using 1 × Hoechst, and images 
were captured using a fluorescence microscope (Leica, 
Germany). During the DNA replication phase, RPE cells 
exhibit green fluorescence, while their nuclei display blue 
fluorescence.

Tube‑formation assays
Different groups of ARPE-19 cells were counted and 
evenly seeded in 6-well plates at 5 ×  105 cells per well. 
After 24  h of culture under different stimuli, the super-
natant was collected and centrifuged to remove the pre-
cipitate and then was used to culture HRECs (5 ×  105 
cells per well) for 24 h. A growth factor-reduced Matrigel 
basement membrane matrix (Corning, USA) was care-
fully thawed on ice and applied to a 96-well plate. Each 
well received 70  μl of the matrix for polymerization. 
Briefly, 2 ×  104 suspended endothelial cells were put into 
the Matrigel matrix. Images were captured by a micro-
scope after 6 h of incubation at 37 °C and then examined 
using ImageJ software.

Transwell assay
The Corning Transwell system with inserts (5 mm pores) 
was used. HRECs were cultured in a medium supple-
mented with supernatants obtained from ARPE-19 cells 
that had been subjected to normoxic, hypoxic sh-NC, 

and hypoxic sh-METTL3 conditions for 24  h. After the 
culture, 5 ×  104 HRECs from each group were collected 
and transferred to a serum-free medium for further 
cultivation in the upper compartment of a Transwell 
chamber. The lower chamber contained a medium sup-
plemented with 10% fetal bovine serum. Following a 24-h 
incubation, the ARPE-19 cells were washed with PBS and 
subsequently fixed with a 4% paraformaldehyde solution 
(BL539A, Biosharp) for 20 min at ambient temperature. 
Thereafter, the cells were stained with crystal violet (Bey-
otime, China) for 15  min. Following three washes with 
PBS, the cells located in the top chamber were removed. 
The stained cells were captured by a microscope and 
quantified by ImageJ (USA).

Enzyme‑linked immunosorbent assay (ELISA)
The supernatant of ARPE-19 cells was collected after 
different treatments for 24  h, and the concentration of 
VEGFA was detected using an ELISA kit (KHG0111, 
Thermo Fisher Scientific). The absorbance values at 
450  nm were determined using a microplate reader 
(Thermo Fisher Scientific). Each group had at least three 
repetitions.

mRNA stability assay
After subjection to hypoxia for 24 h, 5 mg/ml actinomy-
cin D (A1410, Sigma Aldrich, USA) was applied to the 
ARPE-19 cells for 0, 3, and 6  h. Following RNA extrac-
tion, RT-qPCR was applied to assess the relative mRNA 
expression of each target gene.

RNA immunoprecipitation (RIP)
An RIP Kit (BersinBio, Guangzhou, China) was used 
here. Cells were cultivated and washed twice with PBS, 
followed by collection of the cell lysates and addition of 
YTHDC1 antibody (ab259990, Abcam) or IgG (30000-0-
AP, Proteintech) for immunoprecipitation for 16 h. After 
washing and elution, RNA was collected and subjected to 
RT-qPCR.

Statistical analysis
Two-tailed Student’s t-tests and one-way ANOVA were 
used for parametric tests. Mann–Whitney U-test were 
used for non-parametric tests. Statistical significance 
was determined at the p-value threshold of less than 
0.05, with SPSS software utilized for the conduct of these 
analyses. Figures were created using Prism version 8.0 
software (GraphPad, San Diego, USA) and each dataset is 
given as mean ± SD.
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Results
Decreased expression of METTL3 in RPE cells 
under hypoxia
To delve into the critical aspects of cell-mediated angio-
genesis, we analyzed the expression patterns of genes 
associated with angiogenesis across various cell types, 
building upon our previous data obtained on the course 
of embryonic ocular development at 9, 10, 11, 14, 15, 18, 
20, 23, and 26  weeks (GSE228370). The results showed 
that RPE cells had a high expression of angiogenesis-
related genes, including VEGFA, VEGFB, and FGF2 
(Fig.  1A). The data indicated that RPE cells promoted 
angiogenesis, which is consistent with previous studies 
[30].

Because of their profound importance in several cell 
biological processes, such as cell differentiation, fetal 
development, and angiogenesis, the role of RNA meth-
ylation modifications in regulating gene expression and 
cellular fate is increasingly being acknowledged [31, 32]. 
Notably, angiogenesis is the key pathological phenotype 
of RNV. We therefore examined the expression of several 
critical  m6A-modified enzymes in ARPE-19 cells under 
normoxia and hypoxia. The mRNA levels of METTL3, 
FTO, and ALKBH5 were significantly decreased after 
hypoxia treatment, especially those of METTL3 and 
FTO (Fig.  1B). Western blotting revealed that METTL3 
protein level was significantly decreased (Fig.  1C, D). 
Additionally, immunofluorescence analysis revealed a 
decrease in the expression of METTL3 following expo-
sure to hypoxic conditions (Fig. 1E). Next, we established 
an OIR mouse model and isolated primary RPE cells 
from the control and OIR mice to verify the expression of 
METTL3 in vivo. The protein level of METTL3 was also 
significantly reduced in primary RPE cells isolated from 
OIR (Fig. 1F, G). Collectively, these results suggested that 
METTL3 may play a key role in OIR.

Inhibition of METTL3 alleviated neovascularization in OIR
STM2457 is a highly potent and selective first-in-class 
catalytic inhibitor of METTL3 [33, 34]. To investigate the 
effect of METTL3 on OIR, P13 OIR mice (mice under 
relative hypoxia on the first day) were injected with 
STM2457 at concentrations of 100, 300, 500, 1000, and 
2000  μM (Supplementary Fig.  1A). Retinal flat-mount 

showed that 1000 μM was the optimal concentration. P17 
is known as the peak period of angiogenesis; therefore, all 
mice were sacrificed on P17 [35, 36]. Furthermore, retinal 
flat-mount showed that the clusters of pathological neo-
vascularization were significantly increased in OIR mice 
treated with dimethyl sulfoxide (DMSO) compared with 
those in normal mice (NOR) treated with DMSO. How-
ever, after injection of STM2457, the clusters of patho-
logical neovascularization were significantly reduced 
(Fig.  2A, B). Additionally, H&E staining indicated that 
the retina thickened, retinal layer was disorganized, the 
inner border membrane was incomplete, and numerous 
endothelial cells penetrated the inner border membrane 
in OIR mice treated with DMSO, whereas the retinal 
layer was slightly disorganized, the inner border mem-
brane was almost intact, and a few endothelial cells pen-
etrated the inner border membrane in OIR mice treated 
with STM2457 (Fig. 2C, D).

To further validate the role of METTL3 in OIR, we con-
structed Mettl3 conditional knockout (Met3 cKO) mice 
by crossing floxed Mettl3 mice  (Met3fl/fl) with Best1-Cre 
transgenic mice (Supplementary Fig. 1B). After inducing 
OIR in these mice, retinal flat mounts showed that patho-
logical neovascularization was significantly decreased 
in Met3 cKO mice compared with that of  Met3fl/fl mice 
(Fig.  2E, F). Moreover, H&E staining revealed fewer 
endothelial cells penetrating the inner border mem-
brane in Met3 cKO mice than in  Met3fl/fl mice, and both 
the inner border membrane and retina layer were more 
intact than those in  Met3fl/fl mice (Fig. 2G, H).

These results suggest that, despite a decrease in 
METTL3 levels in the OIR model, it still functioned as a 
pathogenic gene. Inhibition of METTL3 led to a mitiga-
tion of neovascularization and an improvement in local 
ischemic perfusion within the retina.

Inhibition of METTL3 in ARPE‑19 cells attenuated 
angiogenesis
To investigate the effects of METTL3 in vitro, a METTL3 
knockdown lentivirus (sh-METTL3) was constructed. 
Transfection efficiency in ARPE-19 cells was approxi-
mately 90%, indicating successful transfection (Fig.  3A). 
Approximately 70% knockdown efficiency was observed 
in ARPE-19 cells transfected with sh-METTL3 (Fig. 3B). 

Fig. 1 Expression of METTL3 in RPE cells under hypoxia. A Angiogenesis-associated gene expression across distinct cellular clusters as revealed 
by single-cell RNA sequencing. B mRNA expression of METTL3, METTL14, FTO, and ALKBH5 in ARPE-19 cells with or without hypoxia for 24 h using 
RT-qPCR (n = 3; mean ± SD; ns > 0.05, *p < 0.05, **p < 0.01; unpaired Student’s t-test). C, D Quantitative levels of the proteins METTL3, METTL14, 
FTO, and ALKBH5 in the two groups mentioned above (n = 3; mean ± SD; ns > 0.05, *p < 0.05, **p < 0.01; unpaired Student’s t-test). E Fluorescence 
intensity and subcellular location of METTL3 (bar: 50 μm). F, G METTL3 protein level of primary RPE cells isolated from NOR and OIR mice (n = 3; 
mean ± SD; **p < 0.01; unpaired Student’s t-test)

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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Fig. 2 Attenuated angiogenesis in OIR mice with inhibition or knockout of METTL3. A, B Representative fluorescein angiography images of retina 
flat-mounts and percentage of pathological neovascularization area (bar: 1 mm) (n = 3/group; mean ± SD; *p < 0.05, ***p < 0.001; Mann–Whitney 
U test; the individual experiments were carried out with intervals ranging from 5 days to 2 weeks, each individual experiment was repeated 
once). C, D Representative images of histologic sections and corresponding quantifications of cells penetrating the inner limiting membrane. Red 
arrows, endothelial cells penetrating the inner limiting membrane; Black arrows, disorganized retinal layers (bar: 100 μm) (n = 3/group; mean ± SD; 
**p < 0.01, ***p < 0.001; Mann–Whitney U test; the individual experiments were executed with intervals varying from 1 week to half a month, 
each individual experiment was repeated once). E, F Representative retina flat-mounts and percentage of pathological neovascularization area 
in NOR  METTL3fl/fl, OIR/METTL3fl/fl, and OIR METTL3 cKO mice (bar: 1 mm) (n = 3/group; mean ± SD; *p < 0.05, **p < 0.01; Mann–Whitney U test; 
the individual experiments were carried out with intervals ranging from 5 days to 2 weeks, each individual experiment was repeated once). G, H 
Representative images of histologic sections and corresponding quantifications of cells penetrating the inner limiting membrane in NOR  METTL3fl/fl, 
OIR METTL3.fl/fl, and OIR METTL3 cKO mice. Red arrows, endothelial cells penetrating the inner limiting membrane; Black arrows, disorganized retinal 
layers (bar: 100 μm) (n = 3/group; mean ± SD; **p < 0.01, ***p < 0.001; Mann–Whitney U test; the individual experiments were executed with intervals 
varying from 1 week to half a month, each individual experiment was repeated once)

Fig. 3 Reduced angiogenesis-related abilities in METTL3-silenced ARPE-19 cells under hypoxia. A Transfection efficiency of the METTL3-silenced 
lentivirus in ARPE-19 cells (BF, bright field; EGFP, enhanced green fluorescence protein; bar: 200 μm). B METTL3 protein level and quantification 
in control and METTL3-silenced ARPE-19 cells (n = 3; mean ± SD; **p < 0.01; unpaired Student’s t-test). C  m6A % in ARPE-19 cells with control 
or siMETTL3 (n = 3; mean ± SD; **p < 0.01; unpaired Student’s t-test). D, G Percentage of EdU‐positive cells in ARPE-19 cells with control vector 
under normoxia or hypoxia, and in those with siMETTL3 under hypoxia (bar: 100 μm) (n = 3/group; mean ± SD; *p < 0.05, **p < 0.01; Mann–Whitney 
U test; the individual experiments were executed with intervals varying from 3 day to 1 week, each individual experiment was repeated once). E, 
H Transwell images and quantification of the above three groups (bar: 100 μm) (n = 3/group; mean ± SD; *p < 0.05, ***p < 0.001; Mann–Whitney U 
test; the individual experiments were executed with intervals varying from 3 day to 1 week, each individual experiment was repeated once). F, I 
Representative images and quantitation of HREC tube formation (bar: 100 μm) (n = 3/group; mean ± SD; **p < 0.01, ***p < 0.001; Mann–Whitney 
U test; the individual experiments were executed with intervals varying from 3 day to 1 week, each individual experiment was repeated once). J 
Protein levels and quantitative chart of HIF-1α, FGF2, ANGPTL4, MMP2, and MMP9 in ARPE-19 cells with or without siMETTL3 under hypoxia (n = 3; 
mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001; unpaired Student’s t-test;). K Cell viability of ARPE-19 cells after STM2457 treatment for 24 h at a series 
of concentrations by CCK‐8 assay (n = 5; mean ± SD; *p < 0.05; one-way ANOVA). L The overall  m6A% in ARPE-19 cells treated with DMSO or STM2457 
(n = 3; mean ± SD; *p < 0.05; unpaired Student’s t-test). M Western blotting for detecting the relative expression of HIF-1α, FGF2, ANGPTL4, MMP2, 
and MMP9 (n = 3; mean ± SD; *p < 0.05, **p < 0.01; unpaired Student’s t-test;)

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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The overall  m6A modification rate was significantly 
decreased after METTL3 silencing (Fig.  3C). To inves-
tigate the effect of RPE cells on endothelial cells, the 
supernatant of ARPE-19 cells subjected to normoxia or 
hypoxia was collected and used to culture HREC cells 
for 24 h. The results showed that tube formation, migra-
tion, and proliferation were significantly increased in the 
hypoxia-treated ARPE-19 group compared with those in 
the normoxia-treated ARPE-19 group; after the knock-
down of METTL3, these processes were significantly 
decreased (Fig. 3D–I). Subsequently, we detected molec-
ular-level changes in ARPE-19 cells. After hypoxia treat-
ment, the levels of vascular-related proteins, including 
hypoxia inducible factor 1 subunit alpha (HIF-1α), FGF2, 
angiopoietin like 4 (ANGPTL4), matrix metallopepti-
dase 2 (MMP2), and matrix metallopeptidase 9 (MMP9), 
were significantly decreased in METTL3 knockdown 
ARPE-19 cells (Fig. 3J). ELISA showed decreased secre-
tion of VEGFA in sh-METTL3-treated ARPE-19 cells 
under hypoxic conditions (Supplementary Fig. 2). Taken 
together, these results revealed that the inhibition of 
METTL3 in ARPE-19 cells obviously decreased angio-
genic activity.

Furthermore, ARPE-19 cells were treated with 
STM2457 for 24  h. Cell viability assay showed that 
12.5 μM was the optimal concentration (Fig. 3K). Moreo-
ver, the overall m6A modification rate was significantly 
decreased after treatment with STM2457 (Fig. 3L). Sub-
sequently, the levels of vascular-related proteins were 
examined. The results showed that the protein levels of 
HIF-1α, FGF2, MMP2, and MMP9 were significantly 
decreased in STM2457-treated ARPE-19 cells with 
hypoxia (Fig. 3M). In conclusion, our findings show that 
the suppression of METTL3, through inhibition of its 
expression or activity in ARPE-19 cells, results in a sig-
nificant downregulation of proteins critical to vascular 
function. This observation suggests that the suppression 
of METTL3 in these cells effectively mitigates disrup-
tions in angiogenic processes.

QPRT was directly modified by METTL3
To investigate the downstream targets modified by 
METTL3 in RPE cells, we performed  m6A methyla-
tion-sensitive RNA immunoprecipitation sequenc-
ing (MeRIP-seq) and RNA sequencing (RNA-seq) on 
siMETTL3-treated ARPE-19 cells [19]. Gene Ontology 
analysis revealed that the differentially expressed genes 
were mostly enriched in metabolism-related pathways 
(Fig.  4A). Particularly, we found that QPRT  m6A modi-
fication decreased most significantly compared to that of 
other genes and was implicated in metabolic processes. 
Therefore, we focused on QPRT for further study.

QPRT, a key enzyme involved in the de novo synthe-
sis of NAD ( +), mediates a critical process in tryptophan 
metabolism [37]. It is also an independent predictor of 
breast cancer prognosis and promotes tumor neovascu-
larization [38, 39]. We verified whether QPRT played a 
role in RPE cells after METTL3 inhibition under hypoxic 
conditions. We found that QPRT expression was sig-
nificantly reduced in STM2457-treated and METTL3-
silenced ARPE-19 cells under hypoxic conditions (Fig. 4B; 
Supplementary Fig. 3A). Additionally, the  m6A modifica-
tion of QPRT mRNA was significantly downregulated in 
METTL3-silenced ARPE-19 cells (Fig.  4C). To validate 
this result, we performed a MeRIP-qPCR assay and found 
that  m6A modification of QPRT mRNA was significantly 
decreased in METTL3-silenced ARPE-19 cells follow-
ing hypoxic stimulation (Fig. 4D). Furthermore, we per-
formed mRNA stability assays and found that the half-life 
of QPRT mRNA was shorter in METTL3-silenced ARPE-
19 cells than in the control group under hypoxia, suggest-
ing that METTL3 influenced QPRT expression through 
regulation of mRNA stability under hypoxia (Fig. 4E).

The YTH family is a crucial family of  m6A readers 
that can target thousands of mRNAs by recognizing 
 m6A motifs; therefore, we predicted the binding poten-
tial of YTH family members to QPRT mRNA using the 
POSTAR3 website and identified that the YTHDC1 pro-
tein could bind specifically to QPRT mRNA [40, 41]. We 
transfected YTHDC1 lentiviruses (shYTHDC1-1,2,3) 
and the corresponding vectors into ARPE-19 cells and 
selected shYTHDC1-3 cells with the highest knock-
down efficiency for further experiments (Supplementary 
Fig.  3B, C). After silencing YTHDC1, the protein levels 
of QPRT were significantly reduced under hypoxic con-
ditions (Fig. 4F). We then performed RIP assay, and the 
results showed significant enrichment between YTHDC1 
and QPRT compared to that in the IgG control group, 
suggesting that QPRT was specifically recognized by and 
bound to YTHDC1 (Fig. 4G). Collectively, these findings 
suggested that METTL3 regulated QPRT mRNA expres-
sion in a YTHDC1-dependent manner.

Overexpression of QPRT promoted retinal angiogenesis
To further verify the role of METTL3-modified QPRT, we 
overexpressed QPRT (oe-QPRT) in METTL3-silenced 
ARPE-19 cells under hypoxic conditions. The transfec-
tion efficiency reached > 80%, and the overexpression of 
QPRT was approximately sixfold compared to that of the 
vehicle (Fig.  5A, B). Our phenotypic analysis showed a 
marked enhancement in tube formation, migration, and 
proliferation abilities in METTL3-silenced ARPE-19 cells 
overexpressing QPRT (oe-QPRT) under hypoxic condi-
tions (Fig.  5C–H). Subsequent study of the protein lev-
els of key vascularization-related molecules, including 
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HIF-1α, FGF2, ANGPTL4, MMP2, and MMP9, revealed 
a significant upregulation in METTL3-silenced ARPE-
19 cells with oe-QPRT, compared to that in cells treated 
with the vehicle under hypoxic conditions (Fig. 5I). These 
findings suggest that QPRT modulates the expression 
of these proteins associated with angiogenesis. Moreo-
ver, ELISA results indicated a substantial increase in 
VEGFA secretion in METTL3-silenced ARPE-19 cells 
with oe-QPRT under hypoxic conditions (Supplementary 
Fig. 4). Collectively, these findings suggest that the QPRT, 

downstream of METTL3, exacerbates angiogenesis 
through the induction of these vascular-related proteins 
within ARPE-19 cells.

METTL3‑modified QPRT regulated angiogenesis 
through the p‑PI3K/p‑AKT signaling pathway
QPRT participates in cancer development via the PI3K/
AKT pathway [42, 43]. KEGG analysis of our MeRIP-seq 
data also revealed that the PI3K/AKT pathway was sig-
nificantly enriched in METTL3-silenced ARPE-19 cells 

Fig. 4 QPRT is regulated by METTL3 in a YTHDC1-dependent manner. A Gene Ontology analysis of differentially expressed genes. B QPRT protein 
expression of control and METTL3-silenced ARPE-19 cells under hypoxia. (n = 3; mean ± SD; ***p < 0.001; unpaired Student’s t-test;). C IGV map 
of QPRT by MeRIP-seq. D MeRIP-qPCR of QPRT in ARPE-19 cells with control or sh-METTL3 under hypoxia. (n = 3; mean ± SD; ***p < 0.001; unpaired 
Student’s t-test). E Detection of half-life of QPRT mRNA in ARPE-19 cells with control or siMETTL3 after hypoxia stimulation (n = 3; mean ± SD; 
**p < 0.01; unpaired Student’s t-test). F Representative western blotting images of QPRT in the control and YTHDC1-silenced groups under hypoxia. 
(n = 3; mean ± SD; **p < 0.01; unpaired Student’s t-test). G RIP assay of QPRT after IgG and YTHDC1 immunoprecipitation. (n = 3; mean ± SD; 
***p < 0.001; unpaired Student’s t-test)
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Fig. 5 Enhancement of neovascularization after QPRT overexpression. A Co-transfection of METTL3-silenced and QPRT-overexpressed lentivirus 
(BF, bright field; EGFP, enhanced green fluorescence protein; mCHERRY, red; scale bar: 200 μm). B Representative western blotting images 
and quantification of QPRT in control or oe-QPRT group. (n = 3; mean ± SD; ***p < 0.001; unpaired Student’s t-test). C, F Percentage of EdU‐positive 
cells in vector and METTL3-silenced ARPE-19 cells with or without oe-QPRT under hypoxia. (n = 3/group; mean ± SD; **p < 0.01; Mann–Whitney U 
test; the individual experiments were executed with intervals varying from 5 days to 2 weeks, each individual experiment was repeated once). D, 
G Transwell images and corresponding quantification in the above three groups (scale bar: 100 μm) (n = 3/group; mean ± SD; *p < 0.05, **p < 0.01; 
Mann–Whitney U test; the individual experiments were executed with intervals varying from 5 days to 2 weeks, each individual experiment 
was repeated once). E, H Representative images and quantitation of HREC tube formation in the above three groups (scale bar: 100 μm) (n = 3/
group; mean ± SD; **p < 0.01, ***p < 0.001; Mann–Whitney U test; the individual experiments were executed with intervals varying from 5 days 
to 2 weeks, each individual experiment was repeated once). I Western blotting for detecting the relative expression of HIF-1α, FGF2, ANGPTL4, 
MMP2, and MMP9 in METTL3-silenced ARPE-19 cells with vector or oe-QPRT (n = 3; mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001; unpaired Student’s 
t-test)
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(Fig.  6A). Therefore, we explored whether the effects of 
QPRT were associated with the PI3K/AKT pathway. 
Western blotting showed that the protein levels of p-PI3K 
and p-AKT were significantly elevated in METTL3-
silenced cells with oe-QPRT compared to those in the 
vehicle group under hypoxia, and no significant change 
was observed in PI3K and AKT, indicating that QPRT 
regulated phosphorylation of the PI3K/AKT pathway 
(Fig. 6B).

Collectively, our data suggested that METTL3-meth-
ylated QPRT was recognized by YTHDC1, and involved 
in angiogenesis by regulating vascular-related factors and 
endothelial cell function under hypoxia, which may be 
mediated through the p-PI3K/p-AKT pathway (Fig. 6C).

Discussion
OIR, a classical RNV model, has been widely used to 
investigate the pathogenesis and mechanisms underlying 
RNV. Numerous cell types, including microglia, Müller, 
and RPE cells, participate in RNV [44–48]. However, the 
role of the RPE cells in OIR has rarely been reported. RPE 
cells, located in the oxygen-rich retinal environment, 
perform a variety of functions, including metabolism, 
cytokine secretion, and external BRB formation [9]. In 
our study, using single-cell data, we found that RPE cells 
highly expressed vascular-related proteins during eye 
development.

The m6A RNA methylation, being a highly frequent 
RNA modification in eukaryotic cells, has garnered con-
siderable interest in research pertaining to angiogenesis-
related diseases, including malignant tumors and arthritis 
[49, 50].  m6A affects all aspects of mRNA metabolism, 
including stability, translation, localization, and splicing, 
and plays a key regulatory role in various processes, such 
as tumor and stem cell differentiation [51, 52]. It was 
found that  m6A not only affects the initiation and pro-
gression of cancer, but also tumor angiogenesis.

In bladder cancer, the knockout of METTL3 in can-
cer stem cells prevents angiogenesis [53, 54]. It has also 
been reported that FTO affects choroidal neovascu-
larization by regulating endothelial cell functions in an 
 m6A-YTHDF2-dependent manner and that METTL3-
mediated  m6A modification regulates pathological angio-
genesis in the retina and cornea of mice [55].

In the present study, we observed decreased METTL3 
expression in RPE cells isolated from OIR mice and in 
ARPE-19 cells after hypoxic stimulation. Interestingly, 
after inhibiting it, pathological neovascular clusters were 
significantly reduced. We speculated that this may be 
due to a compensatory mechanism in which the body 

attempts to mitigate the effects of the lesion by reducing 
METTL3 expression. However, this compensation may 
not be sufficient to completely prevent the pathological 
process, so further artificial inhibition of METTL3 may 
contribute to more effective disease remission. Further 
investigation into the underlying mechanisms will be 
conducted in our future studies.

Through integrated analysis by MeRIP-seq and RNA-
seq, we identified QPRT as a potential target gene of 
METTL3. QPRT, a rate-limiting enzyme involved in 
NAD + generation in the kynurenine pathway, is an inde-
pendent predictor of breast cancer prognosis and pro-
motes cancer through the PI3K/AKT signaling pathway 
[39]. The PI3K/AKT signaling pathway plays a vital role 
in the regulation of METTL3-mediated  m6A modifi-
cations in bone marrow mesenchymal stem cells [56]. 
Rescue experiments and RIP assay indicated that  m6A 
methylation of QPRT mRNA in ARPE-19 cells was rec-
ognized by the reader YTHDC1 under hypoxia, which 
regulated angiogenesis via the PI3K/AKT signaling path-
way. Contrary to previous studies, our results showed 
that the QPRT-mediated PI3K/AKT pathway in RPE cells 
does not affect RPE barrier function, but mainly affects 
angiogenesis [57], highlighting the adaptable nature of 
RPE cells in various environmental conditions.

Although our study suggests that METTL3 regulates 
retinal pathological neovascularization by affecting 
QPRT and acting in an  m6A-dependent manner on the 
RPE, we recognize that there are some limitations. Addi-
tional OIR models and patients with RNV are required 
to verify our findings. Additionally,  m6A methylation in 
the OIR mouse model and patients with RNV need to be 
confirmed. Moreover, although we confirmed that QPRT 
was directly modified by METTL3, it remains unclear 
which QPRT motif is the modified site. We detected 
METTL3 down-regulation in the OIR model; however, 
how METTL3 expression changes in other RNV mod-
els remains unclear. We speculated that METTL3 played 
a pathogenic role, but there may be a self-regulatory 
mechanism that downregulates METTL3 to reduce its 
pathogenic effect; however, its regulatory mechanism 
remains to be explored. Hypoxia stimulation is one of the 
pathogenic factors of RNV; thus, other factors, including 
hyperglycemia, high intraocular pressure, and oxidative 
stress, may also play key roles in RNV by affecting  m6A 
methylation [7, 58, 59].

Collectively, our results suggested that METTL3 pro-
moted pathological retinal neovascularization through 
QPRT in a YTHDC1-dependent manner in RPE cells. 
This indicates METTL3 as a potential therapeutic target 
for RNV.
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Fig. 6 Mechanistic network diagram of the role of METTL3 in angiogenesis. A Enrichment assessment of KEGG pathways for genes exhibiting 
differential expression. B Representative western blotting images of p-PI3K, PI3K, p-AKT, and AKT in METTL3-silenced cells subjected to vehicle 
or oe-QPRT after 24 h of hypoxia stimulation (n = 3; mean ± SD; ns > 0.05; *p < 0.05, **p < 0.01; unpaired Student’s t-test). C Graphical summary of this 
study
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