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ABSTRACT

The expression of METTL14 is significantly reduced in patients with retinitis pigmentosa (RP).
To clarify the significance of the N6-methyladenosine (m®A) RNA modification in RP, we
examined phagocytosis, apoptosis, and cell cycle distribution in a human RPE cell line,
ARPE-19, following lentivirus-mediated knockdown of METTL14. Differentially expressed
genes and changes in m®A level were evaluated by RNA sequencing (RNA-seq) and methy-
lated RNA immunoprecipitation sequencing (MeRIP-seq), respectively. The results showed that
phagocytosis and proliferation were decreased whereas apoptosis was increased in RPE cells
by METTL14 silencing. We found that METTL14 directly regulated m®A level and the expression
of MAP2, as determined by RNA-seq, MeRIP-seq, MeRIP quantitative PCR, and the RNA pull-
down assay. Additionally, MAP2 could bind to neuronal differentiation (NEUROD)1,
a pathogenic gene in RPE-associated diseases. A family member of the YTH domain,
(YTHDF)2 was recognized as an m°A reader of MAP2 mRNA. MAP2 overexpression had the
same effects as METTL14 knockdown in RPE cells. Thus, METTL14 regulates the expression of
MAP2 via the modification of m®A, resulting in the dysregulation of NEUROD1 and pathologic
changes in RPE cells. These findings suggest that therapeutic strategies targeting
the m®A modification of MAP2 or the METTL14/YTHDF2/MAP2/NEUROD1 signaling axis may
be effective in the treatment of RPE-associated ocular diseases.
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1. Introduction
that eventually result in vision loss. The major
features of RP are progressive damage to the RPE
and photoreceptors and a high degree of genetic
heterogeneity [2]. In many RP patients, phagocy-
tosis is impaired and there is a loss of RPE cell
tight junction integrity [3,4]. Uveitis is an intrao-
cular inflammatory disease involving the uvea,
retina, and vitreous body that is mainly the result
of autoimmune dysfunction and can lead to blind-
ness. AMD is an oculopathy involving the outer
retinal layer, pigment epithelium, and choroid that
is thought to result from a combination of genetic
and environmental factors and is associated with
progressive central vision impairment.

Many studies have investigated the pathogenesis
of RPE-associated ocular diseases [5-7]. NEURODI1

The RPE forms the outermost layer of the
human retina. It is a monolayer of hexagonal
cells in a polar arrangement located between
the sensory layer and Bruch’s membrane. The
RPE functions primarily in the phagocytosis of
the outer segment of photoreceptor cells, provid-
ing nutrients for the outer cells of the sensory
retina and regulating metabolism. Abnormal
RPE structure and function leads to apoptosis
and necrosis of retinal photoreceptor cells,
resulting in severe RPE-associated ocular disor-
der including RP, uveitis, as well as age-related
macular degeneration (AMD)[1].

RP represents multiple inherited retinal diseases
with variable incidence, progression, and severity
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was identified as a pathogenic gene in RP, although
its mechanism of action is not fully understood [8];
and RP1 and RP1-like (RP1L)1 are also related to
RP [9]. MAP2 is highly expressed in the retina of
AMD patients [10]. Additionally, DNA methylation,
histone modification, chromatin remodeling, and
noncoding RNA regulation are epigenetic factors
associated with the pathogenesis of RPE-associated
ocular lesions [11-14]. As a novel type of epigenetic
modification, RNA methylation has been studied in
the context of multiple diseases.

m°A is the main type of RNA methylation in
eukaryotes, affecting approximately 80% of
mRNAs in processes such as transcription,
translation, and protein degradation [15,16].
The consensus m®A motif is RACH (R repre-
sents G or A; H represents U, A, or C). The
modification levels of an m°®A transcript can be
mediated via a methyltransferase (writer), bind-
ing protein (reader), and demethylase (eraser)
[17]. The writer mediates the RNA methylation
process [18]. METTL3 and METTL14 are the
most common writers, and their activities have
been identified both in vitro and in vivo [19].
The eraser (e.g., AlkB homolog 5, RNA
demethylase [ALKBH]5, and fat mass and obe-
sity-associated [FTO]) removes the RNA methy-
lation mark [20,21]. The reader detects the RNA
methylation mark and promotes RNA transla-
tion and degradation; m®A binding proteins in
the cytoplasm include YTHDF1, YTHDE2,
YTHDF3, and YTH domain-containing
(YTHD)2 [22,23].

m°A methylation links to the pathogenesis of
several diseases namely type 2 diabetes mellitus,
neurologic disorders, mitochondria-related dis-
eases, and various tumors [24]. However, the
significance of mC®A methylation in RPE-
associated ocular diseases has not been fully
explored. We hypothesized that METTL14 may
affect RPE cell phagocytosis, tight junction,
apoptosis and cell cycle by
regulating m®A methylation. In order to prove
this hypothesis, RPE cells were used as materials
in vitro. Our results demonstrated that
METTL14 is of vital significance in development
by regulating the expression of MAP2
via m°A modification and METTL14/YTHDF2/
MAP2/NEURODI1 signaling pathway.

2. Materials and methods
2.1. Cell culture and identification

ARPE-19 human RPE cells (CRL-2302) obtained
from ATCC (Manassas, USA), were cultured in
Dulbecco’s Modified Eagle’s Medium/F-12
(Gibco, USA) by the addition of 100 U/ml peni-
cillin (Beyotime, China), 100 ug/ml streptomycin
(Beyotime, China), and 10% fetal bovine serum
(Gibco, USA). Passage culture of cells was per-
formed every 2-3 days. Isolation of human RPE
cells was from the eye tissue of human cadavers in
the eye bank of The First Affiliated Hospital of
Chongqing Medical University. As per Helsinki
Declaration, written consent of the experimental
materials for medical research was gained from
donors or their families. The method of isolation
and culture of RPE cells have been previously
described (29). Cells were grown at a constant
temperature of 37°C inside a humidified 5% CO,
condition. The expression of RPE65 was detected
by cell immunofluorescence and the cells were
identified [25]. RPE65 antibody (A9615,
Abclonal, China) and fluorescent secondary anti-
body (AS011, Abclonal, China) were purchased
from Abclonal, China.

2.2. Lentivirus preparation

Lentivirus harboring a short hairpin (sh)RNA
against METTLI14 for gene silencing experiments
was packaged by Chongqing Biomedicine
Biotechnology Co (Chonggqing, China). Briefly,
293 T cells were incubated under a 5% CO,
atmosphere at 37°C and for 8-24 h.
Transfection was carried out when the cells
reached >50% confluence. A 400-ul mixture of
core and packaging plasmids were supplied drop-
wise to a cell culture dish; the culture medium
was mixed by gently rocking the dish and cell
incubation was conducted at 37°C with 5% CO,.
Following 12 h incubation, the culture medium
was discarded and an appropriate quantity of
complete medium prewarmed to 37°C was
added. The supernatant containing lentivirus
was collected 24 and 48 h following transfection,
filtered by passing through a 0.45-pm mesh, and
subsequently maintained under a condition of
—-80°C [26].



2.3. RNA sequencing (RNA-seq) and methylated
RNA immunoprecipitation sequencing
(MeRIP-seq)

Annoroad (Beijing, China) performed RNA-seq
and MeRIP-seq sample sequencing. For RNA-
seq, the total RNA of samples was initially
extracted and sample quality was evaluated.
Enrichment and purification were performed
using oligo(dT) magnetic beads. A commercial
kit was used to rRNA and
a fragmentation buffer was applied for mRNA
purification to obtain shorter fragments that
were adopted as a template for first-strand
cDNA synthesis with random hexamer primers.
A buffer solution containing RNase H, dNTPs,
and DNA polymerase I was supplied for second-
strand cDNA synthesis. A QIAquick PCR kit
(Qiagen, Valencia, CA, USA) was used for pur-
ification. The eluted double-stranded cDNA was
processed end repair, polyadenylation, and linker
addition. Followed by verification of target frag-
ments using agarose gel electrophoresis, PCR
amplification was performed for library con-
struction. Quantification was carried out by
applying a Qubit 3.0 fluorometer (Thermo
Fisher Scientific, USA), and the library was
diluted to 1 ng/ul. The instrument 2100
Bioanalyzer (Agilent, USA) was applied to detect
the insert size of the library; if it was smaller
than expected, fluorescence quantitative (q)PCR
was conducted via iQ SYBR Green Supermix on
a CFX96 Touch PCR detection system (Bio-Rad,
USA). The concentration of the library was >
10 nM indicating good quality. Based on
a sequencing strategy of PE150, the library was
sequenced on the Illumina platform (San
Diego, USA).

For MeRIP-seq, mRNA was enriched with oligo
d(T) magnetic beads and 100-bp fragments were
obtained wusing divalent cations. An anti-m-
°A antibody was used for coimmunoprecipitation
(co-IP). The cDNA synthesis template used IP
extracted RNA with random hexamers. The splint-
ligated products were purified with magnetic beads
and amplified by PCR. After agarose gel electro-
phoresis ran for confirming the quality of the
constructed library, the library was quantified
with Qubit v3.0. Libraries with sufficiently high
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concentrations were sequenced on an Illumina
sequencer based on target end reads [27,28].

2.4. Cell cycle analysis

ARPE-19 cells were initially rinsed using 3 ml phos-
phate-buffered saline (PBS), which was removed
and replaced with 1 ml trypsin for 1-5 min.
A 5-ml volume of PBS was added and followed by
transference of cell suspension to a 15-ml centrifuge
tube for centrifugation at 1500 g for 5 min.
Following the removal of supernatant, the cells
were resuspended using 500 ul PBS; 2 ml of 95%
cold ethanol (20°C) was supplemented dropwise
and the mixture was vortexed and fixed for
30 min. Centrifugation was performed at 1 500 g
for 5 min by the addition of 5 ml PBS followed by
the removal of supernatant. Of 5 ml PBS was sup-
plied for cell resuspension and the supernatant was
removed after centrifugation at 1500 g for 5 min.
Propidium iodide (PI) staining solution (800 pl)
was added, incubation was performed subsequently
at room temperature away from light for 30 min.
Flow cytometry analysis was ultimately conducted
(CytoFLEX, Kraemer Boulevard Brea, CA,
USA) [29].

2.5. Cell apoptosis assay

ARPE-19 cells were firstly added to 10 ml capacity
tubes; each sample contained 1-5 x 10° cells/ml.
The tube was centrifuged at 1000 g for 5 min fol-
lowed by the removal of supernatant. Following
a cycle of washing with incubation buffer, the cells
were centrifuged at 1000 g for 5 min, resuspended in
100 pl labeling solution and incubated in the dark
for 10-15 min at room temperature; Centrifugation
was conducted again at 1000 g for 5 min and fol-
lowed by precipitation, incubation and a cycle of
washing with the solution. Fluorescent solution (SA-
FLOUS; Beyotime Biotechnology, Shanghai, China)
was supplemented and incubated in the dark at 4°C
for 20 min with occasional agitation. Cell apoptosis
was subjected to flow cytometry at 488 nm excita-
tion wavelength. Fluorescein isothiocyanate and PI
fluorescence were detected at 515 and more than
560 nm, respectively [30].
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2.6. Cytophagocytosis assay

ARPE-19 cells were cultured in T-25 multiwell
plates. At approximately 90% cell confluency, the
solution was replaced with 3 ml of fresh complete
medium. Each plate contained 30 pl microspheres.
After incubation for 24 h, the cell medium was
transferred to an appropriate centrifuge tube.
Adherent cells were followed by three cycles of
washing with PBS and then digested using trypsin
at room temperature until the cells could be
detached by gentle trituration. The trypsin was
inactivated by adding a fresh complete culture
medium. The culture supernatant was carefully
pipetted to another tube for centrifugation at 1
000 g for 5 min, followed by the removal of the
supernatant. The cells were rinsed and resus-
pended in PBS and maintained in the dark until
they were counted. Flow cytometry was immedi-
ately performed [31].

2.7. Co-IP

Co-IP was performed with a kit (Bes3011; Bersin,
Guangzhou, China) as per manufacturer’s instruc-
tions. Briefly, ARPE-19 cells were cleaned twice by
the addition of PBS and radioimmunoprecipita-
tion assay (RIPA) buffer precooled at 4°C and
subsequently centrifuged at 14,000 g for 15 min.
The supernatant was obtained and for every 1 ml
containing total protein, 100 pl Protein A agarose
beads were provided, vortexed at 4°C for 10 min
and centrifugated at 4°C and 14,000 g for 15 min.
The supernatant was obtained and 500 pl was
combined with 20 pl primary antibodies and
after vortexing, the antigen—antibody mixture was
incubated overnight at 4°C. Centrifugation was
performed at 14,000 g for 5 s and agarose bead-
antigen-antibody complex was harvested, resus-
pended in sample buffer, heated for 5 min in boil-
ing water, and rapidly cooled on ice for Western
blot analysis [32].

2.8. m°A detection

m°A was detected using a kit (p-9005-48; EpiGen,
Farmingdale, USA) based on manufacturer’s
instructions. Generally, 2 pl negative control
(NC), 2 ul positive control (PC), or 200 ng sample

RNA (2 pl) were mixed with 80 pl binding solution
in a tube, followed by incubation at 37°C for
90 min. The binding solution was removed and
subsequently, a 50 pl capture antibody was sup-
plied for incubation at room temperature for
60 min. Being washed and supplemented with
50 pl of detection antibody, the solution was incu-
bated 30 min and washed a second time. Of 50 ul
enhancer solution was provided for incubation
30 min and then being washed. Developer solution
at 100 ul was added and incubated for 10 min in
the dark. The reaction was terminated with
a 100 pl stop solution. The optical density (OD)
was measured using a microplate reader at
450 nm. The following formula was used to
calculate m°A%: ([ODgample=ODxc]/S)/([ODpc
—ODnc]/P), where S indicates the input amount
of sample RNA in ng and P indicates the input
amount of PC in ng [33].

2.9. MeRIP-qPCR

MeRIP was performed using a kit (Bes5203;
Bersin) as per the manufacturer’s instruction.
Total RNA was extracted and combined with A/
G immunomagnetic beads and anti-m®A antibody.
The enriched RNA-antibody complex was
digested with protease, and MAP2 mRNA in the
enriched concentrate was detected by qPCR.

2.10. Western blotting

RIPA lysis buffer was supplemented to ARPE-19
cells. The mixed solution was vortexed for 1 min
and maintained on ice for 3 min; this was repeated
10 times. Following ice incubation for 15 min until
the proteins fully decomposed, the cells were cen-
trifuged at 13,000 g at 4°C for 20 min. After
centrifugation, the supernatant was pipetted to
a precooled tube with 1.5 ml capacity and the
protein concentration was determined subse-
quently. The samples were boiled at 100°C for
10 min, and 30 pg of protein was isolated by gel
electrophoresis using 10% sodium dodecyl sulfate
(SDS) polyacrylamide and transferred to
a polyvinylidene difluoride membrane. The film
was blocked with 5% skimmed milk in blocking
buffer at room temperature for 1 h. After three
repeated washing using Tris-buffered saline



containing 0.1% Tween-20, each time 5 min. the
membrane was incubated overnight at 4°C with
primary antibody diluted 1:1000-1:2000 in 3%
bovine serum albumin. After the addition of sec-
ondary antibody (1:1000), the membrane was
incubated for 1 h at room temperature and immu-
noreactivity was visualized via enhanced chemilu-
minescence. Antibodies against the following
proteins were applied: MAP2 (BM2572),
NEURODI (BM1147), and METTL14 (BM8530)
(all from IGEE, Chongging, China).

2.11. Quantitative real-time (qQRT-)PCR

Total RNA extraction was conducted via TRIzol
reagent (Takara, Japan) as per manufacturer’s
instructions. Reverse transcription used the
PrimeScript RT Kit (Takara) to synthesize the
first strand cDNA. CFX96 Real-Time system (Bio-
Rad) was applied for qRT-PCR assays via TB
Green Premix Ex Taq II (Takara). The primers
were synthesized by Chongging Biomedicine
Biotechnology Co. Ltd. Relative gene expression
was calculated using 27A2Ct method  (30).
GAPDH was used as an internal control gene.

2.12. RNA pull-down

The RNA pull-down assay was performed
through a pull-down kit (Bes51021; Bersin) as
per manufacturer’s instructions. ARPE-19 cells
were rinsed with PBS and digested with trypsin.
The reaction was terminated by adding
a complete medium. After centrifugation, the
supernatant was removed. Following twice
washes with ice-cold PBS, an addition of 500 pl
lysis buffer was provided for incubation on ice
for 20 min with occasional rocking.
Centrifugation was conducted at 4°C 5000 g for
5 min; the supernatant was obtained and 500 ul
was shifted to another tube, of which 50 pl was
removed and maintained at 4°C as the input
control (total RNA). A 100-pl volume of pre-
pared magnetic bead suspension was added and
subsequently incubated on a shaker at 4°C for
4 h. Following precipitation of magnetic beads,
the supernatant was discarded. The beads had
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tive cycles of washing with I ml lysis buffer and
recovered in 100 pl lysis buffer and the input
was removed as described above. A 500-pl
volume of TRIzol LS was supplied and vortexed.
The mixture was subsequently incubated at
room temperature for 5 min, supplemented
with 100 pl chloroform, vortexed, and centri-
fuged at 16,000 g 4°C for 15 min. The super-
natant (250 pl) was shifted to a new tube,
supplemented with 850 pl anhydrous ethanol,
and stored overnight at —20°C; the following
centrifugation at 16,000 g 4°C for 15 min, the
supernatant was abandoned. The pellets were
rinsed 3 times applying 75% ice-cold ethanol
prepared with diethylpyrocarbonate (DEPC)
water. The dried RNA pellets were dissolved by
the addition of 200 ul DEPC water, extracted
with 400 pl phenol: chloroform: isopropanol,
agitated for 15s, and centrifuged at 14,000 g
25°C for 10 min. Of 350 ul aqueous supernatant
was transferred to another Eppendorf tube, sup-
plemented 5 ul precipitate enhancer for RNA
precipitation, 50 pl salt solution I, 15 pl salt
solution II, and 850 pl anhydrous ethanol and
incubated for 1 h or overnight at —80°C. After
discarding the supernatant, the samples were
centrifuged at 4°C 14000 g for 15 min, washed
with 80% ice-cold ethanol, and centrifuged at
14,000 g 4°C for 15 min. After the removal of
the supernatant, the pellets were dried on ice.
A 10 pl-volume of enzyme-free water was added
and the pellets were dissolved on ice. The quality
of the extraction was estimated based on the
RNA measurement of the input sample [6].

2.13. RNA immunoprecipitation (RIP)

RIP technique was adopted through the Magna
RIP Kit (Bes5203; Bersin) based on manufac-
turer’s instructions. All of the cells were cross-
linked for 8 min using 0.2% formaldehyde and
kept in a neutralization buffer (containing 2.5 M
glycine and 25 mM Tris [pH = 7.4]) for 5 min,
followed by two washes with PBS. The beads
were cleaned twice using a buffer composed of
20 mM HEPES (pH 7.5), 350 mM NacCl, 1%
Nonidet (N)P-40, 0.5% deoxycholate, 0.25%
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SDS, and 5 mM dithiothreitol for 3 min, washed
twice in a buffer composed of 20 mM Tris (pH
7.4), 150 mM NaCl, and 0.1% NP-40 for 5 min.
Following be processed using proteinase K and
Turbo DNase, qRT-PCR was conducted via pur-
ified RNA [34].

2.14. Statistical analysis

All data collected were imported into SPSS v23.0
software (SPSS Inc, USA) and analyzed.
Measurement data were expressed as mean *
standard deviation. Paired t-tests were used for
before vs after treatment comparisons in the
same group. The statistic analysis tool ANOVA
was used for group comparison. P values less
than 0.05 were considered the results were
significant.

3. Results

m°A methylation links to the pathogenesis of sev-
eral diseases. We hypothesized that METTL14 may
affect RPE cell phagocytosis, tight junction, apop-
tosis and cell cycle by regulating m°A methylation.
To clarify the significance of the m®A RNA mod-
ification in RP, we tested phagocytosis, apoptosis,
and cell cycle distribution in a human RPE cells
following lentivirus-mediated knockdown of
METTLI14. Differentially expressed genes and
changes in m°A level were evaluated by RNA-seq
and MeRIP-seq.

3.1. Downregulation of METTL14 in RP is
associated with cytopathic changes in RPE cells

To elucidate whether METTL14 affected RPE-
associated ocular diseases, the research investigated
the expression of the METTLI14 gene in the Gene
Expression Omnibus (GEO) database (GSE12086,
GSE115828, and GSE66936). The findings indicated
that METTLI4 expression was downregulated in
patients with RP but not in those with AMD or
uveitis (Figure la). Cultured ARPE-19 cells were
infected with a lentivirus expressing shRNA against
METTLI14, and a decrease in METTLI14 level was
confirmed (Figure 1b-d). METTLI4 knockdown
decreased m°®A level in ARPE-19 cells (Figure le);
this was accompanied by a decrease in phagocytosis,

increase in apoptosis, and cell cycle arrest (figure
1f-i).

3.2. Detection of METTL14 mRNA expression
and methylation via RNA-seq and MeRIP-seq
approaches

To clarify METTL14 action in RP, METTLI14-
depleted ARPE-19 cells were analyzed on RNA-
seq and MeRIP-seq approaches. Transcripts with
3 250 upregulated and 4 262 downregulated
were detected by RNA-seq (Figure 2a).
Meanwhile, the MeRIP-seq results revealed that
peak m®A abundance was decreased in 346 tran-
scripts and increased in 685 (Figure 2b).
Differentially expressed genes (DEGs) were
assigned thresholds (the genes with a copy num-
ber in both the control and shRNA-mediated
METTLI14 knockdown groups <100 and [log,
(fold change)| >2), 920 DEGs and 1031 genes
with altered peak m°®A abundance were identi-
fied (Figure 2a-c). Six transcripts (AJAPI,
MAP2, LRRNI, FMN2, CDH4, and KANK2)
showed overlap between the RNA-seq and
MeRIP-seq gene sets (Figure 2c). Protein-pro-
tein interaction (PPI) analysis was carried out
between these 6 genes and over 110 genes
related to RPE-associated ocular diseases
(Figure 2d). Only MAP2 was found to interact
with RP-related pathogenic genes such as
NEURODI (Figure 2e). The m°A peaks of
MAP2 were markedly reduced in RPE cells fol-
lowing METTLI4 knockdown (figure 2f-h),
which was accompanied by increased expression
of MAP2 and NEURODI as detected by qPCR
(Figure 2i). MAP2 was therefore chosen as
a candidate target of METTL14 for subsequent
research.

3.3. Analysis of MAP2 function in RPE cells

As with METTL14 knockdown, MAP2 overexpres-
sion impaired phagocytosis and undermined the
integrity of tight junctions in RPE cells while
increasing apoptosis and inducing cell cycle arrest

(Figure 3a-h); these effects were accompanied by
upregulation of NEURODI (Figure 3i-k).
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Figure 1. METTL14 silencing induces cytopathic changes in ARPE-19 cells. (a) Expression level of METTL14 in RP patients
(GSE12086, lymphoblast samples), AMD patients (GSE115828, retinal samples), and uveitis patients (GSE66936, peripheral blood
samples) in the GEO database. (b) Detection of RPE65 protein expression in ARPE-19 cells by immunocytochemistry. (c) Efficiency of
METTL14 shRNA lentivirus infection in ARPE-19 cells. (d) METTL14 protein expression detected by Western blotting.
(e) m°A abundance. (f-h) Flow cytometry analysis of cell apoptosis (f), cell cycle distribution (g), and cytophagocytosis (h) following
METTL14 knockdown. (i) Cytophagocytosis of ARPE-19 cells. *P < 0.05, **P < 0.01.

3.4. Mechanism of METTL14-MAP2-NEUROD1
interactions

RNA pull-down assay revealed that METTL14
could directly bind to MAP2 mRNA
(Figure 4a). To further clarify the pathogenic

mechanism of MAP2, we examined the PPI net-
work and found that the METTL14-MAP2
interaction was linked to more than 110 genes
implicated in RPE-associated ocular diseases.
A co-IP assay was performed to evaluate binding
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Figure 2. RNA expression and methylation following METTL74 knockdown detected by RNA-seq and MeRIP-seq. (a,b)
Results of RNA-seq and MeRIP-seq. The x axes show the log fold change in DEGs expression; the y axes show negative log of the
statistical significance of expression changes. (c) Venn diagram of RNA-seq and MeRIP-seq results with 6 overlapped genes. (d) PPI
network of overlapped genes and >110 pathogenic genes in RP and AMD. (e) Interaction network between MAP2 and NEUROD1.
(/) mOA peak in MAP2. (g) Motif of METTL14. (h) MAP2 m%A abundance in RPE cells following METTL14 knockdown detected by
MeRIP-qPCR. (i) Detection of METTL14, MAP2, and NEUROD1 expression by qPCR following METTL14 knockdown. **P < 0.01.

between MAP2 and NEURODI1. A complex con-
taining both proteins was pulled down with anti-
MAP?2 antibody (Figure 4b), and MAP2 was also
identified in pull-down complex using anti-
NEURODI1 antibody (Figure 4c). These results
suggest that MAP2 directly binds to NEURODI.

3.5. METTL14 inhibits MAP2 expression and
translation via the YTHDF2 signaling pathway

As a methyltransferase, METTL14 acts in conjunc-
tion with an RNA mC®A reader to regulate target
gene expression. Common readers include
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detected by gPCR (f) and Western blotting (g, h) in the 4 groups. (i-k) METTL14, MAP2, and NEUROD1 expression detected by gPCR (i) and
Western blotting (j, k) in the 4 groups. NC, negative control; OE, overexpression; sh, short hairpin. *P < 0.05, **P < 0.01.

YTHDF1, YTHDEF2, and YTHDF3. We predicted
that YTHDEF2 is the main reader associated with
mediating MAP2 expression by METTLI4. To test
this hypothesis, this study examined the

interaction between YTHDF1, YTHDEF2, and
YTHDE3 and MAP2 by RIP-qPCR, and found
that MAP2 mRNA was pulled down using antibo-
dies against YTHDF2 and YTHDE3 (Figure 5).
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4. Discussion

The RPE is an essential supporting tissue for the
normal physiologic activities of photoreceptors.
Damage to the RPE can lead to the irreversible
impairment or death of photoreceptors and RPE-
associated ocular diseases such as RP and AMD.
The pathogenesis of RPE-associated ocular diseases
is poorly understood. The results of this study

demonstrate that METTL14 may be of vital signifi-
cance in RP development through regulation of the
MAP?2 expression.

RNA m°A modification is intimately correlated
with pre-mRNA editing, translation, stability,
nuclear export, and maturation of microRNA
[35]. It was reported that YTHDF1 inhibits mela-
noma by regulating histidine triad nucleotide



binding protein (HINT)2 mRNA translation, while
METTL3 was shown to target intercellular adhe-
sion molecule (ICAM)-1 to regulate replication
and apoptosis of epithelial cells in lens with dia-
betic cataract [36]. However, the relationship
between METTL14 and ocular diseases has not
been elucidated. METTLI14 is an essential compo-
nent of the m°A methyltransferase complex and it
is implicated in various disorders and the devel-
opment of malignant tumors [37]. Our analysis of
data in the GEO database revealed downregulation
of METTLI14 expression in RP patients. Our
in vitro experiments using ARPE-19 cells showed
that METTLI4 knockdown increased apoptosis
resulting from cell cycle arrest of RPE cells, sug-
gesting that METTL14 is involved in the develop-
ment of RPE-associated ocular diseases.

Our study provides the first evidence that
METTLI14 can directly regulate MAP2 expres-
sion through m°A modification. MAPs are clo-
sely related to the maintenance of cell
morphology and migration in eukaryotic cells
and the maintenance of nerve fiber networks.
MAP2 participates in microtubule assembly and
synaptic growth and mediates communication
between microtubules and other components of
nerve cells; abnormal expression of MAP2 links
to neurodegenerative diseases [38,39]. The highly
expressed MAP2 gene in the retina of AMD
patients indicates a close relationship with RPE-
associated ocular diseases [10]. We found that
MAP2 is involved in various aspects of RPE cell
function; upregulation of MAP2 decreased pha-
gocytosis, impaired tight junctions, inhibited
proliferation, and increased apoptosis in RPE
cells. We also demonstrated that MAP2 directly
interacted with NEURODI, a pathogenic gene in
RP. Collectively, these data suggest that
METTL14, MAP2, and NEURODI1 contribute
to the pathogenesis of RPE-associated ocular
diseases, although the detailed mechanism
remains to be determined.

m°A readers (YTHDF1/2/3, eukaryotic initia-
tion factor [eIF]3, and insulin like growth factor
2 mRNA-binding protein [IGF2BP]1/2/3) bind
to m®A-modified motifs either directly or indir-
ectly, thereby affecting RNA functions [39]. In this
study, we found that YTHDF2 and YTHDEF3 anti-
bodies could bind to MAP2 mRNA. YTHDEF?2 is
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known to promote RNA degradation [40]. In our
study, MAP2 expression was increased in
METTLI14-depleted RPE cells. The findings in the
present research demonstrate that MAP2 serves as
a target of YTHDEF2, which is by reports that
YTHDE?2 is the reader protein of METTL14 [28].
This study is the first to demonstrate that
METTL14 regulates the expression of MAP2 via
the modification of m°A. And YTHDF2 was
recognized as an m°A reader of MAP2 mRNA.
This study is the first to propose METTL14/
YTHDF2/MAP2/NEURODI axis, which provides
new ideas for the treatment of RP.

5. Conclusion

The results of our study demonstrate that
METTL14 in conjunction with YTHDF2 nega-
tively regulates the expression of MAP2
via m°A modification. We also found that
MAP2 interacts with NEURODI to induce
pathologic changes in RPE cells. These findings
provide a basis for investigations on the role
of m°A modification in RPE-associated ocular
disorder, indicating that therapeutic strategies
targeting  the @ METTL14/YTHDF2/MAP2/
NEURODI1 axis may be an effective treatment
for RP.

Highlights

METTL14 regulates the expression of MAP2 via the modifi-
cation of m°A.

MAP2 could bind to NEURODI.

YTHDEF2 was recognized as an m°PA reader of MAP2 mRNA.
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