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PURPOSE. N6-methyladenosine (m6A) modification, one of the most common epigenetic
modifications in eukaryotic mRNA, has been shown to play a role in the development and
function of the mammalian nervous system by regulating the biological fate of mRNA.
METTL3, the catalytically active component of the m6A methyltransferase complex, has
been shown to be essential in development of in the retina. However, its role in the
mature retina remains elusive. In this study we aim to investigate the in vivo function of
Mettl3 in the photoreceptor cells using a conditional knockout allele of Mettl3.

METHODS. Deletion of Mettl3 in rod cells led to progressive retinal degeneration,
including progressive retinal thinning, impaired visual function, shortened
photoreceptor outer segments (OS), and reduced expression of disk membrane
proteins. Similarly, Mettl3 deficiency in cone cells led to the gradual degeneration of
cone opsins. Additionally, Mettl3 knockout significantly decreased the expression of the
METTL14 subunit and overall m6A methylation levels in the retina.

RESULTS. Multi-omics analyses revealed that Mettl3 deletion led to the downregulation of
mRNA and protein levels of 10 key target genes in rod cells, ultimately resulting in the
progressive death of photoreceptors. Mettl3 controls expression of its target genes by
regulating their m6A modification, ultimately leading to rod cell death.

CONCLUSIONS. These findings highlight critical roles of METTL3 in maintaining retinal
photoreceptor function and further elucidate the mechanisms of m6A modification in
photoreceptors.

Keywords: N6-methyladenosine (m6A), METTL3, retinal photoreceptors, knockout mouse
models, retinal degeneration

N6-methyladenosine (m6A) modification is one of the
most common and widely studied modifications of

eukaryotic messenger RNAs (mRNAs). Modification of m6A
is a dynamic and reversible process mediated by a series
of enzymes that can be categorized as “writers,” “erasers,”
and “readers.” The “writers” are mainly complexes of m6A
methyltransferases, including METTL3, METTL14, WTAP,
VIRMA, and HAKAI, whose main function is to catalyze
the methylation of adenosine residues.1,2 “Scavengers” are
demethylating enzymes, such as FTO and ALKBH5, which
are mainly responsible for removing methyl groups.1,3

“Readers” are m6A-binding proteins, such as YTHDF1,
YTHDF2, YTHDC2 and IGF2BP2, which recognize and bind

mRNAs undergoing m6A modification, thereby regulating
mRNA egress, splicing, translation, stability, and degrada-
tion.4 Studies have shown that m6A modification plays a
key role in many biological processes, such as embryonic
development, stem cell differentiation, and circadian regula-
tion.5–8 Aberrant m6A modifications have been associated
with a variety of diseases, including cancer, neurological
disorders, and metabolic disorders, highlighting the poten-
tial of m6A modifications as a therapeutic strategy for these
diseases.9–13

METTL3, as the only subunit in the m6A methyl-
transferase complex with methyltransferase catalytic activ-
ity, has become a key regulator of mRNA methylation.14

Copyright 2024 The Authors
iovs.arvojournals.org | ISSN: 1552-5783 1

This work is licensed under a Creative Commons Attribution 4.0 International License.

mailto:nickyym@uestc.edu.cn
mailto:xjzhu@uestc.edu.cn
mailto:wjliu@uestc.edu.cn
https://doi.org/10.1167/iovs.65.14.40
http://creativecommons.org/licenses/by/4.0/


Mettl3 is Essential for Photoreceptor Survival IOVS | December 2024 | Vol. 65 | No. 14 | Article 40 | 2

Numerous studies have shown that METTL3 plays an
important role in cellular processes such as cell cycle
progression, apoptosis, and differentiation. For example,
in various cancers, METTL3 has been shown to promote
the translation of specific oncogenes, thereby promoting
tumorigenesis and cancer progression.15,16 In leukemia,
METTL3-mediated m6A modification enhances the stabil-
ity and translation of MYC and BCL2 mRNAs, promot-
ing leukemogenesis.17,18 Similarly, in glioblastoma, METTL3
promotes tumor growth and self-renewal of cancer stem
cells through m6A modification of SOX2 mRNA.19,20 These
findings highlight the critical role of METTL3 in cancer
biology and suggest that targeting METTL3 may be a
potential therapeutic approach. In addition to cancer,
METTL3 has been linked to various other diseases, including
obesity, diabetes, cardiovascular disease, and immune disor-
ders.21–23

Photoreceptor cells in the retina include rod and cone
cells, which are essential for converting light into neural
signals that enable vision. Retinitis pigmentosa (RP) is a
group of inherited retinal degenerative diseases character-
ized by a progressive loss of photoreceptor cells, lead-
ing to impaired vision and ultimately blindness.24,25 Over
100 genes have been identified as RP-causing genes, which
are involved in a variety of cellular processes, includ-
ing phototransduction, RNA splicing, and protein trans-
port.24–29 Despite the diversity of genes, the common
result is photoreceptor degeneration. Current treatments
for photoreceptor degeneration (e.g., gene therapy and
stem cell therapy) have made great strides and offer
promising avenues for treating RP.30–33 However, effec-
tive treatments are still limited, so it is crucial to search
for new causative genes and explore the pathogenic
mechanisms.

Currently identified RP-causing genes explain only about
70% of RP patients, and the causative mechanism has not
been clarified in the remaining 30% of RP patients.25,34

This is likely to be caused by nonclassical genetic vari-
ants (including variants in non-coding regions, complex
variants and epigenetic variants). Modifications of m6A
are gaining attention as key modifications in epigenet-
ics. Recent studies have begun to recognize the role of
m6A modifications in the retina, and it has been shown
that METTL14 is essential for the normal function and
survival of photoreceptor cells and that METTL14 defi-
ciency affects the expression of genes essential for visual
signal processing and for the development and main-
tenance of photoreceptor cilia.35 However, the function
of METTL3 in photoreceptor cells has not been exten-
sively studied. Given that METTL3 is involved in regulat-
ing processes such as mRNA stability and translation in
other cell types, we speculate that METTL3 may similarly
affect the fate of downstream target genes in photoreceptor
cells.

The objective of this study is to dissect in vivo functions
of METTL3 in photoreceptor cells. Our data revealed that
deletion of Mettl3 in rod and cone cells resulted in progres-
sive retinal degeneration. Mettl3 deficiency diminished the
expression of METTL14 and m6A methylation levels in the
retina. Moreover, Mettl3 influences expression levels of its
target genes by regulating their m6A modification, ultimately
leading to neuronal cell death. These data highlight essen-
tial roles of METTL3 as a core subunit of the m6A methyl-
transferase complex in maintaining retinal photoreceptor
function.

MATERIAL AND METHODS

Mouse Models and Genotyping

Mettl3flox/flox mice in C57BL/6J background were purchased
from Shanghai Model Organisms. Rod-Cre mice were
obtained from The Jackson Laboratory, Bar Harbor, ME,
USA (B6.Cg-Pde6b+Tg(Rho-icre)1Ck/Boc, https://www.jax.
org/strain/015850).36 Cone-Cre mice were kindly provided
by Professor Yun-zheng Le from the University of Okla-
homa Health Sciences Center, Oklahoma City, OK, USA.37

Rod-specificMettl3 knockout (RKO) and cone-specificMettl3
knockout (CKO) were generated by breeding Mettl3flox/flox

mice with Rod-Cre or Cone-Cre mice. To monitor Cone-
cre expression, we crossed ROSA26-tdTomato reporter to
CKO mice.38 ROSA26-tdTomato reporter is a Cre reporter
tool strain containing a loxP-flanked STOP cassette prevent-
ing transcription of a CAG promoter-driven red fluores-
cent protein variant (tdTomato, https://www.jax.org/strain/
007914). The reporter was inserted into the Gt(ROSA)26Sor
locus. ROSA26-tdTomato reporter mice express strong
tdTomato fluorescence after Cre-mediated recombination.

All experimental protocols involving animals were
approved by the Institutional Review Board of Sichuan
Provincial People′s Hospital and were conducted in accor-
dance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. Animals were kept in a
specific pathogen-free (SPF) environment with temperature
and relative humidity maintained at approximately 25°C and
50%, respectively, under a 12-hour light/12-hour dark cycle.

Genotyping was performed using extracted mouse
tail DNA by PCR amplification. Primer sequences used
for mouse genotyping are as follows. Mettl3flox: Mettl3-
loxp-F, 5′-CCCAACAGAGAAACGGTGAG-3′;Mettl3-loxp-R, 5′-
GGGTTCAACTGTCCAGCATC-3′. Rho-Cre: RH1, 5′-TCAGT
GCCTGGAGTTGCGCTGTGG-3′; iCre, 5′-CTTAAAGGCCAGG
GCCTGCTTGGC-3′. Cone-Cre: Cre-F, 5′-GAACGCACTGATT
TCGACCA-3′; Cre-R: 5′-GCTAACCAGCGTTTTCGTTC-3′.

Real-Time Quantitative Polymerase Chain
Reaction (RT-qPCR)

RNA was extracted from mouse retinal tissue and reverse
transcription to cDNA was performed using xx kit. The
primer sequences used for RT-qPCR in this study are
listed in Supplementary Table S1. After the reaction system
was prepared, RT-qPCR was conducted with the following
program: 95°C (30 s), [95°C (5 s), 60°C (30 s)] × 42 cycles,
12°C (Hold). Gapdh was used as an internal reference, and
the relative expression levels of the corresponding genes
were calculated using 2−�(�Ct) formula.

Western Blot

Proteins were extracted from mouse retinal tissue and
protein concentration was determined spectrophotometri-
cally with a BCA assay kit. SDS-PAGE electrophoresis was
performed using FuturePAGE precast gels (Ace Biotech-
nology, Hunan, China). It was then transferred to the NC
membrane at 100 V, 280 mA for a duration depending on the
molecular weight of the target protein (60–120 minutes). The
membrane is sealed with a sealing solution (8% skimmed
milk or 5% BSA solution) on a shaker for one hour at
room temperature. Primary antibody diluted with the seal-
ing solution was added and incubated overnight at 4°C on

https://www.jax.org/strain/015850
https://www.jax.org/strain/007914


Mettl3 is Essential for Photoreceptor Survival IOVS | December 2024 | Vol. 65 | No. 14 | Article 40 | 3

a shaker. The membrane was washed four times with 1 ×
Tris-buffered saline solution with Tween 20 (TBST) at room
temperature, incubated with secondary antibody diluted in
the blocking solution for two hours at room temperature on
a shaker, and washed four times with 1 × TBST at room
temperature. Finally, the membrane was incubated with
chemiluminescent substrate, and the target protein bands
were visualized using a protein blotting imaging system.
If additional primary antibody incubation is required, the
membrane is incubated with an alkaline membrane wash
buffer for 15 minutes at room temperature and then recon-
stituted with a sealing solution.

Mouse Retinal Cryosectioning and
Immunohistochemistry

Eye balls marked on the superior nasal position were
enucleated and fixed overnight in 4% paraformaldehyde.
The cornea was cut under a dissecting microscope and
continued to be fixed on ice for two hours. The eyeballs
were then dehydrated in 30% sucrose until they sank to
the bottom. Under a dissecting microscope, the cornea
and lens were removed, and the eyeball was placed in
an embedding mold with OCT and frozen in a −80°C
freezer for two hours. Cryosections were made at a thick-
ness of 12 μm starting from the vicinity of the optic
nerve, dried in an oven at 37°C for 30 minutes, circled
with an immunohistochemistry pen on the retinal tissue
sections, and washed with PBS. The sections were incu-
bated with immunofluorescence blocking solution for two
hours at room temperature, and the primary antibody
diluted with immunofluorescence blocking solution was
added and incubated overnight at 4°C. The next day,
the sections were washed with PBS, with secondary anti-
body and DAPI added, and incubated for two hours at
room temperature with humidification. The sections were
removed, excess water was dried, sealing oil was added to
the retinal tissue, and a coverslip was slowly placed over the
section to avoid the formation of air bubbles. Images were
captured using an LSM900 laser confocal microscope (Zeiss,
Oberkochen, Germany) and saved for analysis. Primary
and secondary antibodies used in experiment of Western
blot and immunohistochemistry are listed in Supplementary
Table S2.

Retinal Flat Mount

Eyeballs were marked on the superior nasal side, enucleated
and immersed in ice-cold 4% PFA for three hours. They were
then immersed in PBS on ice for three hours. Subsequently,
0.4% PFA was added for further fixation for 24 hours. Under
a dissecting microscope, the retina was isolated, divided
into four quadrants, and flattened. The retina was incubated
with ice-cold methanol for three minutes and then incubated
with immunofluorescence blocking solution for two hours at
room temperature. Primary antibody was added and incu-
bated overnight at 4°C. The following day, the retina was
washed with PBS, and secondary antibodies were added
and incubated for four hours at room temperature. Under
a dissecting microscope, the retina was laid flat on a slide
and covered with mounting medium, and then a coverslip
was slowly placed over the section. Images were captured
using a Zeiss 900 laser confocal microscopy and saved for
analysis.

Mouse Retinal Paraffin Sectioning and
Hematoxylin and Esosin (H&E) Staining

Labeled eye balls were removed, and immersed in eye fixa-
tive for two hours, followed by three rinses with PBS. Gradi-
ent dehydration was performed using a series of ethanol
gradients ranging from low (70%) to high (100%) concen-
trations and cleared in xylene for 30 minutes at room
temperature. The retinal tissue was then immersed in melted
paraffin for three hours before being placed in an embed-
ding mold containing melted paraffin and cooled in a
refrigerator to solidify. Sections were cut using a paraf-
fin microtome, then the slides were stained with H&E.
Images were captured using a microscope and saved for
analysis.

Mouse Retinal Electrophysiology (ERG)

Animals were weighed to calculate the amount of anes-
thetic required (15 μL/g) and then placed in the ERG room
for overnight dark acclimation. The next day, an anesthetic
solution (1 mL ketamine + 50 μL xylazine hydrochloride)
was prepared. The mice were anesthetized by intraperi-
toneal injection, and then a compound tropicamide pupil
dilator was applied to the eyes. Dark adaptation tests
were performed under different light intensities. After a
period of light adaptation, photopic tests were carried out
under different light intensities. At the end of the record-
ing, antibiotic eye ointment was applied to both eyes of
the mice, and then the mice were placed at 37°C for
recovery.

Dot Blot Assay

Total retinal RNA was extracted from the experimental group
of mice, and mRNA was isolated from the total RNA using
an mRNA purification kit. MRNA concentration was deter-
mined and adjusted to equalize the mRNA concentration
in the experimental and control groups. MRNA 2 μL was
spotted onto the NC membrane and crosslinked twice with
12,000 μJ of crosslinker. The membrane was then incubated
with 5 mL of 5% BSA blocking solution for one hour at
room temperature. The m6A antibody diluted in the block-
ing solution was then added and incubated overnight at 4
°C on a shaker. The secondary antibody diluted with the
blocking solution was added and incubated on a shaker at
room temperature for two hours. Spot images were acquired
using a protein blotting imaging system. Methylene blue
staining was performed on the NC membrane as a loading
control.

Proteomic Analysis

Proteomic analysis was conducted on the retinas of
2.5-month-old Ctrl and RKO mice with three indepen-
dent biological replicates. Retinas from each animal were
collected and immediately flash-frozen in liquid nitrogen.
Samples were sent to Jingjie Bio-Tech Co., Ltd. (Hangzhou,
Zhejiang Province, China) for protein extraction and LC-
MS/MS analysis. Differential protein expression was deter-
mined using fold change thresholds greater than 1.2 as
significant upregulation and less than 1/1.2 as significant
downregulation, with a P value < 0.05. Data analysis was
performed using bioinformatics tools.
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Statistical Analysis

Data analysis in this study was performed using Graph-
Pad Prism 9.0 software, and statistical graphs were gener-
ated accordingly. Statistical analyses were conducted using
t-tests for comparisons between two groups, with results
presented as mean ± SEM. For comparisons among multiple
groups, one-Way ANOVA was employed. A P value < 0.05
was considered statistically significant. Significance levels
were denoted as follows: *P < 0.05, ** P < 0.01, ***P <

0.001, and ****P < 0.0001. Nonsignificant differences (P >

0.05) were indicated as “ns” (no significance).

RESULTS

Generation of Mettl3 Conditional Knockout Mice

METTL3 was highly expressed in the inner nuclear layer
(INL) and outer nuclear layer (ONL) of the mouse retina
(Supplementary Fig. S1A), suggesting that Mettl3 may have
potential functions in the retina. To investigate the func-
tion of Mettl3 in rod cells, rod specific knockout model of

Mettl3 (Mettl3loxp/loxp Rho-Cre, named RKO) was generated
by crossing Rho-Cre mice with Mettl3loxp/loxp mice (Supple-
mentary Fig. S1B). Littermate Mettl3loxp/loxp mice were used
as controls. Mice were genotyped using agarose gel elec-
trophoresis (Supplementary Fig. S1C). The knockout effi-
ciency of Mettl3 in RKO retina was evaluated by protein
immunoblotting, and results showed that the expression
level of METTL3 in RKO mice was reduced by approximately
50% at three months of age (Figs. 1A, 1B). Immunostain-
ing analysis revealed loss of METTL3 expression in reti-
nal section of RKO mice at three months of age (Fig. 1C).
Considering that rod cells account for about 60% of the
entire number of retinal cells, METTL3 level was effectively
reduced in rod cells of RKO mice.

Mettl3 is Essential for Rod Cell Survival and
Retinal Function

To assess whether visual function was altered in Mettl3 RKO
mice, we performed ERG examinations on three-month-old
mice. Dark-adapted ERG examination revealed that the mean

FIGURE 1. Specific deletion of Mettl3 in retinal rods causes impaired visual function. (A, B) Western blot analysis of Mettl3Rko retinas of
three-month-old Ctrl and RKO mice using an anti-METTL3 antibody revealed diminished expression level of METTL3. GAPDH served as
the loading control. Grayscale values were used to quantify protein expression levels. (C) Immunofluorescence staining of frozen retinal
sections from Ctrl and RKO mice revealed loss of METTL3 in rod cells. Green represents METTL3, marking their expression locations in
the retina. Red represents NaK ATPase antibody labeled inner segments. Scale bars: 30 μm. (D, E) Waveforms recorded following photic
stimulation at 3.0 and 10.0 cd · s/m2 under dark-adapted conditions for Ctrl and RKO mice, respectively. (F) Statistical analysis of the a- and
b-wave amplitudes from waveforms of Ctrl and RKO mice depicted in (D, E). (G) Waveforms elicited by a 3.0 cd · s/m2 light stimulus under
light-adapted conditions. (H) Flicker light response under light-adapted conditions. (I) Statistical analysis of the a- and b-wave amplitudes,
as well as the difference between the peak and trough of the flicker response, for Ctrl and RKO mice illustrated in (G, H). *P < 0.05, **P <

0.01, #P > 0.05.
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amplitudes of a-wave in RKO mice were decreased by ∼32%
and ∼35% at light intensities of 3.0 cd · s/m2 and 10.0 cd
· s/m2, respectively (Figs. 1D–F). The mean amplitudes of
b-wave in RKO mice were decreased by ∼38% and ∼42% at
light intensities of 3.0 cd · s/m2 and 10.0 cd · s/m2, respec-
tively (Figs. 1D–F). Whereas light-adapted ERG examination
did not reveal significant changes (Figs. 1G–I), indicating
no obvious defect in the function of the cone cells in RKO
mice at this time point. To further investigate the patho-
logical changes in RKO mice, we performed H&E staining
on paraffin sections of retinas from 1.5-, three-, six-month-
old mice (Figs. 2A–C). Retinas of 1.5-month-old RKO mice
did not show a degenerative phenotype (Fig. 2D). However,
the thickness of the ONL of three-month-old RKO mice was
reduced by approximately 25% (Fig. 2E).Moreover, the thick-
ness of the ONL of six-month-old Mettl3 RKO mice was
further reduced by approximately 60% (Fig. 2F).

The phototransduction process is dependent on
membrane disc proteins, which are crucial for retinal
function. Abnormal expression or loss of function of these
proteins can result in a range of retinal diseases, including
RP.39,40 To investigate whether the protein expression of
membrane disc proteins was affected by Mettl3 deletion,
we performed western blot assays on several membrane
disc proteins, and results showed that the expression
levels of several membrane disc proteins were significantly
down-regulated at three months of age (Supplementary
Figs. S2A–B), further revealing degenerative degradation
of the OS of rod cells. Moreover, immunohistochemistry
staining analysis with antibodies against major membrane
disc proteins RHO and PDE6B revealed that the OS of
rod cells in 3-month-old Mettl3 RKO mice became shorter
compared with that of control mice (Figs. 2G, 2H). At six
months of age, thickness of OS and ONL of RKO mice was
further reduced compared with that of controls (Figs. 2I, 2J).
At eight months of age only trace number of cells were
visible in ONL in RKO mice (Supplementary Fig. S3).

The retinal Müller glial cells are activated under patho-
logical conditions and exhibits astrocyte proliferation.41,42

We examined GFAP, a marker protein for Müller glial cells,
and found that GFAP expression was upregulated and exhib-
ited Müller glial proliferation in RKO mice (Supplemen-
tary Figs. S4A–C). TUNEL staining assay revealed the pres-
ence of stain-positive cells in the ONL of RKO mice (Figs.
S4D–E), suggesting that Mettl3 deletion led to apoptosis
of photoreceptor cells. These results indicated that Mettl3
deletion led to diminished expression of membrane disc
protein expression in rod cells, which triggers retinal degen-
eration and functional abnormalities. It is plausible that
Mettl3 ablation affected cell survival and function of rod
cells and resulted in decreased expression of membrane disc
proteins.

CKO Mice Exhibit a Progressive Degenerative
Phenotype of Cone Cells

Cone cells are primarily responsible for daytime vision
and color vision.43,44 We generated CKO mice to explore
the effects of Mettl3 deficiency in cone cells. Here we
introduced ROSA26-tdTomato reporter mice to monitor the
specific expression of Cone-Cre in cone cells. ROSA26-
tdTomato reporter mice express strong tdTomato fluores-
cence following Cone cre-mediated recombination (Fig. 3A).
Immunostaining with L/M-opsin antibody and cone marker

Peanut agglutinin (PNA) revealed evident loss of L/M-opsin-
marked cone cells at six months of age (Fig. 3B). We
then immunolabeled retinal cryosections with Cone-Arrestin
(cArr) and Alexa Fluor-594-conjugated PNA. Immunofluo-
rescence staining results showed a significant reduction in
the number of cones in CKO mice (Figs. 3A–D). In addition,
immunostaining for M-opsin on retinal flat mounts from six-
month-old CKOmice revealed a significant reduction in cone
cell numbers (Figs. 3E, 3F). Moreover, we also analysis cone
degeneration in CKO mice at three, 3.5 and 12 months of
age (Fig. 4). At 3 months of age, no visible cone degener-
ation was observed (Supplementary Fig. S5). Small reduc-
tion of Arrestin or M-opsin labeled cone cells was observed
in CKO mice at 3.5 months of age (Supplementary Fig. S6).
Moreover, a drastic decrease in the number of cone cells was
observed in CKO retinas (Figs. 4C, 4D), which was consis-
tent with the immunolabeling results of retinal flat mounts
(Figs. 4E, 4F). The above results suggested that Mettl3 is also
essential for the survival of cone cells.

Downregulation of Retinal m6A Modification
Levels in Mettl3 RKO Mice

METTL3 is the catalytically active subunit of the m6A methyl-
transferase complex, which is directly involved in m6A modi-
fication of adenosine (A).14,45,46 It forms a heterodimer
with METTL14. METTL14 mainly plays an auxiliary role
to enhance the catalytic activity of METTL3.14 In addi-
tion, METTL3 interacts with other auxiliary proteins (WTAP,
VIRMA, etc.) to enhance the stability of the complex.47,48 To
investigate the expression of METTL3 and METTL14 in the
retina of RKO mice, We first performed Western blot exper-
iments and found that METTL3 and METTL14 proteins were
down-regulated by 55% and 60%, respectively, in the retina
of RKO mice (Figs. 5 A, 5B). The expression level of another
auxiliary protein WTAP was not affected by METTL3 deletion
(Fig. 4A, 4B), which may be due to the fact that the bind-
ing between WTAP and METTL3 is transient or temporary.49

We also further verified this result by immunofluorescence
staining analysis and found that, similar to that of METTL3
(Fig. 5C), the expression level of METTL14 was significantly
reduced in the ONL of Mettl3 RKO mice (Fig. 5D). Simi-
larly, the expression levels of METTL3 and METTL14 were
also significantly reduced in the ONL of Mettl14 RKO mice
(Figs. 5E, 5F). Next, we explored the changes of m6A modi-
fication levels in the retina of RKO mice by m6A Dot blot
experiments (Fig. 5G), and found that the m6A modifica-
tion level was downregulated by about 45% in RKO mice
(Fig. 5H), indicating that deletion of Mettl3 resulted in a
direct decrease in m6A modification levels in the retina.
Given that rod cells constitute approximately 60% of the total
retinal cells, the overall reduction in m6A modification levels
in RKO was significant.

Multi-Omics Analysis Identifies Potential Target
Genes for Mettl3 in Retinal Rod Cells

A reduction in the level of reduced m6A modification
results in diminished binding affinity for reader proteins,
which affects various biological processes such as mRNA
export, stability, and translation efficiency. To investigate the
molecular mechanisms underlying retinal degeneration after
Mettl3 deletion, we performed proteomic analysis on 2.5-
month-old control and RKO mice, which started to exhibit
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FIGURE 2. Mettl3 deficiency in rod cells leads to retinal degeneration. (A–C) H&E staining of retinas from 1.5-, three-, six-month-old Ctrl and
RKO mice. Scale bar: 50 μm. (D–F) Progressive reduction of the outer nuclear layer (ONL) thickness in RKO mice at three and six months
of age. ONL was measured every 500 μm from the optic nerve head to both sides. Statistical significance: n = 3 per group. ****P < 0.001;
***P < 0.001; **P < 0.01; *P < 0.05; #P > 0.05. (G, H) Co-immunofluorescence staining of frozen retinal sections from three-month-old Ctrl
and RKO mice. Green represents the disc proteins RHO (G) and PDE6B (H) labeling the outer segments and red indicates NaK ATPase
labeling the inner segments. Nuclei were counterstained with DAPI. (I, J) Co-immunofluorescence staining of frozen retinal sections from
six-month-old Ctrl and RKO mice. Green fluorescence labels the outer segment disc proteins RHO (I) and PDE6B (J), and red fluorescence
marks NaK ATPase in the inner segments. Nuclei were counterstained with DAPI. Scale bar: 30 μm.



Mettl3 is Essential for Photoreceptor Survival IOVS | December 2024 | Vol. 65 | No. 14 | Article 40 | 7

FIGURE 3. Cone photoreceptor-specific Mettl3 knockout induces cone receptor degeneration at six months of age. (A) Immunofluorescence
staining of retinal cryosections from Cone-Cre mice. Green indicates the expression of METTL3 protein in the retina, and red represents
the fluorescence of ROSA-tdTomato, which represents Cre expression. Nuclei were counterstained with DAPI. Scale bar: 20 μm. (B) Retinal
cryosections from six-month-old mice labeled with cone marker PNA and M-opsin. Nuclei counterstained with DAPI. Scale bar: 30 μm.
(C) Representative immunofluorescence images of cone arrestin (green) and PNA (red) in the retina of six-month-old Ctrl and CKO mice.
Nuclei counterstained with DAPI (blue). Scale bar: 20 μm. (D) In Ctrl and CKO retinas, the number of cone arrestin-labeled cones per 500 μm
field of view. Cone clusters counted in the inferior and superior quadrants of the retina, starting −2000 μm from the ora serrata and moving
toward the optic disc every 500 μm. (E) Immunostaining for M-opsin on retinal flat mounts from six-month-old Ctrl and CKO mice revealed
a significant reduction in cone cell numbers in the CKO retina (F). with spontaneous red fluorescence from ROSA-tdTomato,. Scale bar, 50
μm. Representative images from the dorsal quadrant of the retina are shown below. Schematic of the retinal plane mount indicating the two
sectors (radius: 1 and 2 mm) used for counting cones.

retinal degeneration (Fig. S7). A total of 133 up-regulated
proteins and 136 down-regulated proteins were identified
in RKO mice compared with controls (foldchange >1.5
or < 1/1.5; P < 0.05) (Fig. 6A). The top 30 significant
differentially expressed proteins (DEPs) are shown as radar
plots (Fig. 6B). Gene ontology (GO) enrichment analysis
of the 269 differentially expressed genes revealed that the
majority of these genes are associated with photorecep-
tor outer and inner segments, as well as visual percep-
tion pathways (Fig. 6C, highlighted in red). By integrat-
ing the genes highlighted in the pathways, we identified
a total of 15 genes closely related to photoreceptor func-
tion (Fig. 6C, bottom). The reference DEPs mapped to KEGG
enrichment analysis pathways, including several key genes
within photoreceptors, was illustrated (Fig. 6D). Using previ-

ous m6A sequencing data in Mettl14 rod specific knockout
mice,35 we compared genes with downregulated m6A modi-
fication with genes downregulated in protein expression
after Mettl3 knockout and identified a group of 32 genes.
Similarly, we found five intersecting genes between down-
regulated m6A-modified genes and protein upregulated after
Mettl3 knockout (Fig. 6E). Further analysis revealed that all
15 genes identified in Figure 6C are among the 32 genes
downregulated in m6A modification and downregulated in
protein expression after Mettl3 knockout (Fig. 6E). A major-
ity of these 15 target genes of METTL3 overlapped with 18
target genes of METTL14 as previously identified,35 and the
overlapped 10 genes (Rho, Prph2, Pde6b, Gnat1, Guca1b,
Arl3, Unc119, RGS9, Rgs9bp, Rs1) were assigned as the most
probable METTL3 target genes (Fig. 6F). Heatmap analysis
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FIGURE 4. Severe degeneration of cone photoreceptors in 12-month-old CKO mice. (A–C) Immunofluorescence staining of retinal cryosec-
tions from 12-month-old mice using M-opsin (A), S-opsin (B), and Arrestin (C) to label cone photoreceptors, co-stained with the cone-
specific marker PNA (red). Nuclei were counterstained with DAPI (blue). Scale bar: 30 μm. (D) Quantification of Arrestin-positive cone
photoreceptors in both Ctrl and CKO retinas, counted across every 500 μm of retinal sections. **P < 0.01, ***P < 0.001, ****P < 0.0001.
(E, F) Immunostaining of whole-mounted retinas from Ctrl and CKO mice using M-opsin (green) and PNA (red). Quantification shows a
significant reduction in cone photoreceptor numbers in CKO retinas compared to controls. Scale bar: 30 μm. ****P < 0.0001.

of these 10 selected genes showed a consistent downreg-
ulation trend in both mRNA levels in METTL14 transcrip-
tome sequencing and protein levels in METTL3 proteome
sequencing (Fig. 6G).

Mettl3 Regulates the Expression of Multiple
Phototransduction-Related Proteins

To determine whether the above mentioned 10 candidate
genes we identified were target genes ofMettl3, we designed
a series of validation experiments. RT-qPCR experiments
revealed that the expression levels of mRNA of all 10 genes
were significantly down-regulated (Fig. 7A), suggesting that

deletion of Mettl3 may have affected the stability of the
mRNAs of the target genes. Furthermore, we performed
protein expression assays. Since we were unable to find a
suitable primary antibody to RGS9BP, we performed western
blot experiments on the protein expression of the other nine
genes excluding Rgs9bp. Protein expression levels were also
decreased for all 9 proteins except RGS9BP (Figs. 7B, 7C).
The aforementioned results indicated that loss of Mettl3
leads to reduction in m6A modification levels of target genes,
thereby decreasing the binding of reader proteins respon-
sible for mRNA stability and translation efficiency. Conse-
quently, this results in decreased mRNA and protein expres-
sion levels of the target genes, which contribute to photore-
ceptor degeneration.
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FIGURE 5. Loss of Mettl3 led to diminished expression level of m6A methyltransferase complex subunit METTL14 and m6A modification
levels. (A) Western blot analysis of m6A methyltransferase complex subunits METTL3, METTL14, and WTAP in the retina of three-month-
old Ctrl and RKO mice, with GAPDH as a loading control. (B) Quantification of METTL3, METTL14, and WTAP protein expression levels
and inter-group difference analysis. Number of samples per group, n = 3. Significance levels: ***P < 0.001; ns represent no significance.
(C, D) Immunofluorescence staining of frozen retinal sections from Ctrl and RKO mice. Green represents METTL3 (C) and METTL14
(D), marking their expression locations in the retina. Red represents CNGA1 labeling the outer segments. Scale bars: 30 μm. (E, F) Immunoflu-
orescence staining of frozen retinal sections from Mettl14Ctrl and Mettl14RKO mice. Green fluorescence indicates the expression of METTL3
(E) and METTL14 (F) in the retina. Red fluorescence marks CNGA1 in the outer segments. Scale bar: 30 μm. None; Dot blot images showing
m6A methylation levels in the retina of six-month-old mice, with the left image representing spots captured by incubation with an m6A
antibody and the right image showing methylene blue staining for control. (H) Statistical analysis of the grayscale values from dot blot
images obtained by incubation with the m6A antibody. Number of samples per group, n = 3, **P < 0.01.
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FIGURE 6. Proteomic data analysis of 12-week-old Ctrl and RKO mice. (A) Volcano plot of the proteomics, with values representing changes
in RKO relative to Ctrl; proteins upregulated are marked in red, downregulated in blue, and those without significant differences in gray.
(B) Dynamic map of protein changes in proteomics from RKO compared to Ctrl; upregulated proteins are indicated with pink circles,
downregulated proteins with blue circles, purple values represent relative expression levels of Ctrl proteins, and blue values represent those
of RKO proteins. (C) Gene ontology (GO) functional enrichment analysis of the differentially expressed proteins identified in the proteome.
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(D) Cripolt diagram showing the distribution of differentially expressed proteins among the top 10 KEGG pathways, with cripolt illustrating
the detailed relationship between expression levels of proteins (left semicircle) and their enriched KEGG pathways (right semicircle). Genes
are connected to their annotated terms by colored ribbons. (E) Venn diagram of METTL3 proteomics and METTL14 MeRIP-seq. (F) Venn
diagram of METTL3 targets genes and METTL14 targets genes. (G) Construct heatmaps for the selected 10 genes based on their expression
in METTL14 transcriptomics and METTL3 proteomics. M_14 represents METTL14, M_3 represents METTL3. M3 represents METTL3, M14
represents METTL14.

FIGURE 7. Validation of the expression change of selected downstream genes. (A) We extracted RNA from the retinal tissue of 2.5-month-old
Ctrl and RKO mice and verified the mRNA expression levels of the target genes using RT-qPCR experiments. Statistical analysis revealed a
significant downregulation in the mRNA expression levels of the 10 target genes. Number of samples per group, n = 4. (B) We validated
the protein expression levels of the target genes in 2.5-month-old Ctrl and RKO mice using Western blot experiments. (C) Using ImageJ
software, we calculated the grayscale values of the Western blot images and performed statistical analysis to determine the expression levels
of each protein. Number of samples per group, n = 3. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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DISCUSSION

In this study, a series of phenotypic experiments on Mettl3
RKO and CKO mouse models revealed that Mettl3 deletion
resulted in retinal degeneration phenotypic features such as
diminished visual function and photoreceptor degeneration.
Further mechanistic probing suggested that Mettl3 may trig-
ger photoreceptor degeneration by regulating the expres-
sion of several key genes related to vision formation in
the retina. Although previous work has demonstrated that
Mettl14 is indispensable for both photoreceptor cell func-
tion and survival, elucidation of the function of Mettl3, as
the only catalytically active key protein in the methyltrans-
ferase complex, in photoreceptor cells can further stress the
importance of m6A modification in visual maintenance and
provide theoretical support for subsequent treatment of reti-
nal diseases.

After specific deletion of Mettl3 in rod cells, western
blot and immunohistochemistry demonstrated a significant
reduction in METTL14 protein expression in these cells
(Figs. 5A–D), suggesting close interaction of METTL3 and
METTL14. This result is analogous to the downregula-
tion of METTL3 expression observed in Mettl14 deletion
in rod cells.35 Meanwhile, dot blot analysis revealed that
m6A modification in the retina of RKO mice was reduced
by approximately 45% in comparison to the overall level
observed in the control group (Fig. 5 G, 5H). Subsequent
proteomic analysis combined with m6A sequencing and
RNA-seq from previous studies35 identified ten potential
target genes likely regulated by METTL3-mediated m6A
modification (Figs. 6E, 6F). Furthermore, RT-qPCR and west-
ern blot experiments confirmed that these target genes
were down-regulated at both the mRNA and protein levels
(Figs. 7A–C). Several readers such as YTHDC1, YTHDC2,
YTHDF1, YTHDF2, YTHDF3, IGF2BP2, and HNRNPA2B1 are
highly expressed in rods/cones. In rod and cone photore-
ceptors, m6A-modified mRNA can be recognized by one or
multiple readers, leading to distinct functional outcomes.
The observed downregulation of mRNA targets upon Mettl3
deletion suggests that these readers may play a key role in
stabilizing or enhancing the translation of these transcripts
in photoreceptors. This may be attributed to the reduced
binding of m6A reader proteins, which are responsible for
regulating the stability and translational efficiency of mRNA,
following the reduction of Mettl3-mediated m6A modifica-
tion.

Phototransduction represents a pivotal process within
the visual system, whereby light signals are converted
into electrical signals. This process is orchestrated by a
complex network of proteins and signaling molecules,
with the precise regulation between them ensuring the
smooth progression of the phototransduction process.50

Five of the target genes identified belongs to members
of the phototransduction pathway, namely Rho, Pde6b,
Gnat1, Rgs9, and Guca1b. Mutations in the aforementioned
phototransduction-related genes have been previously docu-
mented in the literature to induce severe retinal degenera-
tive diseases. For instance, RHOmutations primarily result in
protein misfolding, which subsequently induces endoplas-
mic reticulum stress and ultimately leads to the demise of
rod cells, thereby causing retinal degeneration.51,52 Muta-
tions in PDE6B, which encodes the β-subunit of PDE6,
lead to disorders such as arRP.53 The Pde6b mutant mice
(Pde6brd1 and Pde6brd10) exhibit photoreceptor degenera-
tion, among other symptoms.54,55 Mutations in GNAT1 result
in the inability of the rod cells to activate the downstream

phosphodiesterase (PDE6), which affects the degradation of
cGMP. This ultimately leads to the death of the rod cells
and retinal degeneration. Gnat1-mutated mouse models
exhibit signs of night blindness and progressive degener-
ation of the rods over time.56 Mutations in RGS9, which
terminates light signaling by accelerating the activity of the
G protein GTPase, lead to abnormalities in light signal-
ing, which in turn cause retinitis pigmentosa and congen-
ital stationary night blindness.57 Moreover, mutations in
GUCA1B, which encodes a calcium-binding protein and acti-
vates the photoreceptor guanylate cyclase, lead to retinitis
pigmentosa, cone dystrophy and cone-rod dystrophy 2.58–60

The remaining target genes also play critical roles in rod
cells. PRPH2 and RS1 are essential for the maintenance of
the normal structure of the retina, and mutations in either of
them can lead to a variety of retinal degenerative diseases,
including RP.61,62 UNC119 is mainly involved in regulat-
ing the function of photoreceptor cells in the retina, and
mutations in UNC119 can lead to neurodegenerative disor-
ders, including retinal diseases.63 RGS9BP acts as a bind-
ing protein for RGS9, stabilizing the structure of RGS9 and
enhancing the regulation of the G-protein signaling path-
way by RGS9.64 Mutations in RGS9BP lead to an inherited
disease known as Brady′s vision, in which patients suffer
from reduced visual adaptation to sudden changes in light
and are subjected to significant impairment of visual func-
tion.65 ARL3 regulates the transport of prenylated proteins
and the cilia of the rod OS,66 and mutations in ARL3 lead to
diseases such as retinitis pigmentosa and congenital black
blindness.67

The present study demonstrates that Mettl3-mediated
m6A modification can regulate the mRNA and protein
expression levels of several target genes in rod cells. This
has important effects on the phototransduction process, rod
cell structure and internal protein transport, thus affecting
the function and survival of photoreceptor cells. Our study
contributes to the understanding of the function and mech-
anism of action of Mettl3, a core member of the writer
complex, in photoreceptor cells. This complements the regu-
latory mechanism of m6A modification in photoreceptor
cells and sheds light on potential application of m6A modi-
fication in the therapeutic development of retinal degenera-
tive diseases.
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