www.nature.com/bjc

ARTICLE

Cellular and Molecular Biology

British Journal of Cancer

W) Check for updates

METTL14-mediated N6-methyladenosine modification of Pten
MRNA inhibits tumour progression in clear-cell renal cell

carcinoma

Lili Zhang'?, Xiaofang Luo? and Sen Qiao 125

© The Author(s), under exclusive licence to Springer Nature Limited 2022

BACKGROUND: Clear-cell renal-cell carcinoma (ccRCC) is one of the leading causes of tumour-related death worldwide.
Methyltransferase-like 14 (METTL14) is reported to regulate m6A modification in cancers. The aim of this study is to investigate the
biological function and molecular mechanism of METTL14 in the pathogenesis of ccRCC.

METHODS: Quantitative real-time PCR (qRT-PCR), western blot and immunohistochemical (IHC) assays were used to detect the
expression of METTL14 and Pten. METTL14 overexpression or knockdown was used in the in vitro and in vivo studies to investigate
the biological functions of METTL14. m6A-RNA immunoprecipitation and RNA immunoprecipitation were used to investigate the

m6A modification mediated by METTL14.

RESULTS: METTL14 expression was significantly down-regulated in ccRCC tissues. Functionally, upregulation of METTL14 inhibited
ccRCC cells proliferation and migration in vitro. METTL14 overexpression significantly inhibited the activation of the
phosphoinositide 3 kinase (PI3K)/AKT signalling pathway. Furthermore, phosphate and tension homology deleted on chromosome
ten (Pten) is a target of METTL14. Overexpression of METTL14 increased the m6A enrichment of Pten, and promoted Pten
expression. METTL14-enhanced Pten mRNA stability was dependent on YTHDF1.

CONCLUSIONS: METTL14-mediated m6A modification of Pten mRNA inhibited tumour progression, suggesting that METTL14
might be a potential prognostic biomarker and effective therapeutic target for ccRCC.
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INTRODUCTION

Kidney cancer is one of the most common cancers in the world [1].
Clear-cell renal-cell carcinoma (ccRCC) is the main subtype of
kidney cancer, accounting for more than 80% of all renal cancer,
and is the most aggressive subtype of RCC [2]. ccRCC often
showed traditional resistance to chemotherapy and radiotherapy,
making the treatment for ccRCC is very limited [3], and the
prognosis of ccRCC patients is unoptimistic [4]. The underlying
molecular mechanisms of ccRCC are largely unclear [4], restraining
the development of ccRCC therapy. So, it's of vital importance to
clarify the mechanism of ccRCC pathogenesis and find new
treatment targets.

N6-methyladenosine (m®A) RNA methylation is one of the most
abundant RNA modifications [5, 6], which plays a critical role in
tumour progression [7]. m®A modification is mediated by m°A
“writers”, “erasers” and “readers”, which functions in adding,
removing, and recognising m®A modifications, respectively [8].
mCA “writer” was composed of methyltransferase-like 3 (METTL3),
methyltransferase-like 14 (METTL14), and Wilms' tumour
1-associating protein (WTAP) [9]. METTL3 functions mainly in
catalysing the conversion of adenosine (A) to m6A, while METTL14

functions as an essential component to support METTL3 in
recognising RNA substrates [10]. m°A modification plays its role
through recruiting m6A “readers”, including YTH domain family
(YTHDF), HNRNPA2B1, and insulin-like growth factor 2 mRNA
binding protein 2 (IGF2BP) [11, 12], leading to the change of
mRNA stability, splicing, translation and microRNA maturation
[13, 14]. MCA “writers”, “erasers” and “readers” have been found to
play important regulatory roles in various cancer pathogenesis,
such as bladder cancer [15], gastric cancer [16] and colorectal
cancer [17]. In ccRCC, some m6A methylation regulators were
reported to exert potential prognostic value [18, 19]. However,
whether m6A methylation regulators take part in the pathogen-
esis of ccRCC and the underlying mechanism remains unknown.

In this study, we found that METTL14 was downregulated in
ccRCC, leading to the ccRCC tumour progression. The mechanism
was related to the METTL14-mediated m®A modification of Pten
mRNA. METTL14 could promote Pten expression through a
YTHDF1-dependent mechanism. Downregulation of METTL14
restrained Pten expression in ccRCC, leading to the tumour
progression through activation of the PI3K/AKT signalling
pathway.
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METHODS

Tissues samples collection

A total of 28 pairs of RCC tissues and the corresponding adjacent non-
tumour tissues were acquired from The Affiliated Hospital of Zunyi Medical
University from 2015 to 2017. All participants were naive to prior
chemotherapy or radiotherapy and the diagnosis was confirmed by two
independent pathologists. The consent agreement was signed and
approved by the Ethics Committee of The Affiliated Hospital of Zunyi
Medical University. All patients involved in the present study did not
receive chemotherapy or radiotherapy before the surgery. 16 tissues were
stored at —80 °C immediately after the surgery, and the other 12 tissues
were embedded in paraffin for pathological analysis.

Cell culture and transfection

HK2 cells and human ccRCC cell lines Caki-1 and Caki-2 cells were
purchased from ATCC (American Type Culture Collection). Cells were
cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM; Gibco, MA,
USA) containing 10% foetal bovine serum (FBS; Gibco, MA, USA) at a humid
condition of 37°C, 5% CO,. In all, 0.5uM BEZ235 (MedChem Express,
Dactolisib, USA), a dual PI3K/mTOR inhibitor, was dissolved in dimethyl
sulfoxide (DMSO) and then added to Caki-1 cells for24 h.

For overexpression of METTL14, Pten or YTHDF1 in cells, the coding
domain sequences of human METTL14, Pten or YTHDF1 mRNA were
amplified and inserted into pcDNA3.1 vector to construct the over-
expression plasmid. For knockdown of METTL14, Pten or YTHDF1 in cells,
the small hairpin RNA (shRNA) targeting METTL14, Pten or YTHDF1 was
designed and synthesised by the Genscript (Nanjing, China). The sequences
used were provided as follows: sh-METTL14: 5'-ACCTCGCCGTGTTAAATAGC
AAAGATTCAAGAGATCTTTGCTATTTAACACGGCTT-3’; sh-Pten: 5-ACCTCGAT
CTTGACCAATGGCTAAGTTCAAGAGACTTAGCCATTGGTCAAGATCTT-3; sh-YT
HDF1: 5/-ACCTCGACAGTCAAATCAGAGTAACATCAAGAGTGTTACTCTGATTTG
ACTGTCTT-3/; sh-NC: 5- ACCTCACTCAAAAGGAAGTGACAAGATCAAGAGTC
TTGTCACTTCCTTTTGAGTTT-3'. The overexpression plasmid or the shRNA
and the indicated control were transfected to the cells by using
Lipofectamine 3000 (Invitrogen, USA).

m°A RNA methylation quantification

The total RNA was extracted using TRIzol reagent (Invitrogen, USA). Then
m®A RNA Methylation Assay Kit (Abcam, MA, USA) was used to detect the
overall methylation m°®A content according to the manufacturer's
instruction. Briefly, 200 ng total RNA was inputted in per reaction following
the diluted capture antibody, detection antibody solution and the
enhancer solution adding into per reaction, respectively. The m°A level
was quantified by colorimetry, and the absorbance of each reaction was
measured at 450 nm.

Quantitative reverse-transcriptase PCR (qRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen). Then the total
RNA was used to generate cDNA by HiScript” lll 1st Strand cDNA Synthesis
Kit (Vazyme, Nanjing, China) with an oligo-dT primer. Real-time reverse-
transcriptase PCR was performed using the SYBR qRT-PCR Master Mix kit
(Vazyme, Nanjing, China) as recommended by the manufacturer. The
product was analysed on the RT-PCR Detection System (Analytic, Jena,
Germany). The quantitative measures were obtained using the AACT
method and GAPDH was served as the internal control. The primers for the
target genes were: METTL3, forward: 5/-TTG TCT CCA ACC TTC CGT AGT-3/,
reverse: 5-CCA GAT CAG AGA GGT GGT GTA G-3/; METTL14, forward: 5'-
GTT GGA ACA TGG ATA GCC GC-3/, reverse: 5'-CAA TGC TGT CGG CAC TTT
CA-3’; Pten, forward: 5'-GTTCATAACGATGGCTGTGG-3/, reverse: 5'-TGCATG
CATGACACATTAACA-3’; GAPDH, forward: 5-CGC CTT ATT CGA GAG GTG
TCA-3/, reverse: 5'-TGG GCT GTC ACT ACG GAA GG-3'.

Western blot

Total protein from tumour tissues or cells was extracted by using RIPA lysis
buffer plus PMSF on ice, and BCA assay kit (Santa Cruz, California, USA) was
used to measure the total protein concentration. A total of 40 pug protein
samples were separated by using SDS-PAGE electrophoresis, and then
transferred onto PVDF membranes. After blocking with 5% skim milk, the
membrane was incubated with prepared primary antibodies at 4°C
overnight. The other day, the membrane was washed and incubated with
the secondary antibodies for 1 h at room temperature. Finally, enhanced
chemiluminescence (ECL, ThermoFisher, MA, USA) was used to visualise
this membrane. The protein band was analysed by using the Image)
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software. Antibodies were listed as follows: anti-METTL3 (#86132, 1:1000,
CST, Beverly, Massachusetts, USA); anti-GAPDH (#5174, 1:5000, CST,
Beverly, Massachusetts, USA); anti-PI3K (#4249S, 1:1000, CST, Beverly,
Massachusetts, USA); anti-phospho-PI3K p85 (Tyr458)/p55 (Tyr199) (p-PI3K,
#4228S, 1:1000, CST, Beverly, Massachusetts, USA); anti-Akt (ab18785,
1:1000, Abcam, Cambridge, MA, USA); anti-p-Akt (Ser473) (ab81283, 1:1000,
Abcam, Cambridge, MA, USA); anti-mTOR (ab32028, 1:1000, Abcam,
Cambridge, MA, USA); anti-p-mTOR (Ser2448) (ab109268, 1:1000, Abcam,
Cambridge, MA, USA); anti-S6K (#9202, CTS, Beverly, Massachusetts, USA);
anti-p-S6K (Thr389) (#9205, CTS, Beverly, Massachusetts, USA); anti-4EBP1
(#9452, CTS, Beverly, Massachusetts, USA); anti-p-4EBP1 (Thr37/46) (#9459,
CTS, Beverly, Massachusetts, USA); anti-METTL14 (ab220031, 1:1000,
Abcam, Cambridge, MA, USA); anti-Pten (ab267787, 1:1000, Abcam,
Cambridge, MA, USA); anti-YTHDF1 (ab252346, 1:1000, Abcam, Cambridge,
MA, USA).

Immunochemical (IHC) staining

The paraffin-embedded tumour sections were dewaxed in xylene and
rehydrated in alcohol. 3% H,0, was used to block the endogenous
peroxidase, followed by microwave heating treatment to retrieve the
antigen. After blocking with 5% BSA at 37 °C for 1 h, the tumour sections
were incubated with primary antibodies against METTL14 or Pten (1:100
dilution, Abcam, USA) at 4 °C overnight. The other day, the sections were
washed away with the primary antibody and then subjected to incubation
with corresponding secondary antibodies at 37 °C for 1 h. One hour later,
the secondary antibodies were washed away, and the tumour sections
were stained with diaminobenzidine (DAB) solution and counterstained
with hematoxylin. Then slices were visualised and the representative
images were taken using a light microscope (Olympus, Tokyo, Japan).

Immunofluorescent (IF) staining

Cells were fixed with 4% paraformaldehyde and blocked with 1% BSA and
0.1% Triton-X at room temperature for 2 h. Then cells were incubated with
primary antibodies against Pten (1:100) overnight at 4 °C. The next day,
appropriate secondary antibodies (Abcam) were added and incubated
with cells for 1h at room temperature. The nuclei were stained with
Hoechst 33342 for 10 min at room temperature. Inmunofluorescence was
examined under a fluorescence microscope (Nikon, Japan).

CCK-8 assay

Cell Count Kit-8 (CCK-8) (Beyotime, Shanghai, China) was used to examine
cell proliferation according to the manufacturer’s instructions. Briefly, Caki-
1 and Caki-2 cells which were stably overexpressed or knocked down of
METTL14 were cultured in 96-well plates at the density of 1 x 10%/well. 24 h
later, 10 pL of CCK-8 solution was added to each well of the 96-well plate
to incubate the cells for 4 h. The detection was performed at 24, 48, 72 and
96 h, followed by measurement of the 450-nm OD using a microplate
reader.

Clone-formation assay

The cells were cultured in a six-well plate (9.6 cm?) at a density of 1 x 10%/well.
Two weeks later, the clone was macroscopic, and the cells were stained
with 0.5% crystal violet for 15 min. After washing off the staining solution,
the colonies were observed under a light microscope (Olympus, Tokyo,
Japan), and the number of the colonies was calculated in a six-well plate
(9.6 cm?).

5-ethynyl-2’-deoxyuridine (EdU) assay

EdU assay was performed by using the Cell Light EJU DNA Imaging Kit
(RiboBio, China) according to the manufacturer’s instructions. Briefly, the
cells were seeded into a 24-well plate overnight, and 50 uM EdU was
added the next day for an additional 2 h. Then the cells were fixed with 4%
paraformaldehyde at room temperature for 30 min, followed with a 5-min
incubation with the glycine solution and 10-min incubation with 0.5%
Trion X-100. After washing twice using PBS, the cells were stained with the
fluorescent dye and Hoeschst 33342. The images were captured using
fluorescent microscopy (Nikon, Japan), and the percentage of EdU-positive
cells was detected from five random fields in three wells.

Cell migration assay
Cell migration was determined by transwell assay. Caki-1 and Caki-2 cells
were seeded to the upper transwell chamber at a density of 5 x 10 cells/well
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METTL14 is low expressed in the ccRCC and correlates with poor prognosis. a Total m6A content in the ccRCC tissues. n=16.

b Protein levels of METTL3 in the ccRCC tissues (C1-C8) and the adjacent normal tissues (T1-T8) were detected by western blot. Protein
expression levels were analysed by Image) densitometric analysis. n = 16. ¢ mRNA levels of METTL3 in the ccRCC tissues and the adjacent
normal tissues were detected by gRT-PCR. n=16. d Protein levels of METTL14 in the ccRCC tissues (C1-C8) and the adjacent normal
tissues (T1-T8) were detected by western blot. Protein expression levels were analysed by ImageJ densitometric analysis. n =16. @ mRNA
levels of METTL14 in the ccRCC tissues and the adjacent normal tissues were detected by qRT-PCR. n=16. f Inmunochemical staining
showed METTL14 expression in tumour tissues. Bar =400 um. n=12. Data are presented as mean+SEM from three independent
experiments. *P < 0.05, **P < 0.01,***P < 0.001, compared to the control group.

into an 8-mm pore transwell plate (Costar, USA). Serum-free medium was
added onto the upper chamber, and the culture medium containing 20%
FBS was added into the lower chamber. Following 24 h of incubation, the
unmigrated cells were cleaned using a cotton swab and then fixed in 4%
paraformaldehyde for 20 min and stained with haematoxylin. Images were
taken with a light microscope (Olympus, Tokyo, Japan). The number of
migrated cells was counted in five random fields (200x) and represented
as the average of three independent replicates.

MeRIP and RIP-qRT-PCR

MeRIP was carried out by using Magna MeRIP m6A Kit (Merck Millipore,
Darmstadt, Germany) according to the manufacturer’s instruction. Total
RNAs were extracted from the cells and subjected to fragment and then
incubated with protein A beads pre-incubated with anti-m°A polyclonal
antibody (Abcam, MA, USA), YTHDF1 polyclonal antibody (Abcam, MA,
USA) or IgG (isotype control) in RIP buffer at 4 °C for 3 h. Then, the samples
were washed, followed by purification with Qiagen and subjected to gRT-
PCR for the detection of Pten.

RNA stability

To detect the RNA stability in cells, 5 mg/mL actinomycin D (Sigma, MA,
USA) was treated to cells overexpressed with YTHDF1 or not. RNA was
isolated using TRIzol reagent (Invitrogen, NY, USA) at the time point of 0, 1,
2, 3, 4,5 and 6h, and then analysed by real-time PCR, normalised to
GAPDH. t1/2 of mRNA was calculated.

Tumour xenograft model

For stable cell line construction, METTL14 shRNA lentivirus was constructed
using pLKD-CMV-EGFP vectors, and infected the cells which were selected
by treatment with puromycin (1.5 pg/mL) for 14 days. BALB/c nu/nu male
mice (4-6 weeks) were subcutaneously injected with the Caki-1 cells (1 x
107 cells/200 pl) with or without METTL14 knockdown into each flank.
Overexpression of Pten was performed by using Pten overexpression
lentivirus (GenePharma, Shanghai, China) by intratumoral injection of 50 pL
virus (4x 107 1U/mL) after the tumour cells injection. BALB/c nu/nu male

mice were randomly divided into three groups: negative control (NC) group
(n=5), METTL14 knockdown (METTL14 KD) group (n =5), METTL14 knock-
down+-Pten overexpressio (VMETTL14 KD + Pten OE) group (n = 5). The mice
were sacrificed after 28 days, and the tumours were isolated. The tumour was
subjected to haematoxylin and eosin (H&E) staining for tissue histopatho-
logical studies. IHC staining and western blot analysis of the tumour were
performed to analyse the METTL14, Pten expression and the Akt signalling
activation. The animal experiments were approved by the Affiliated Hospital
of Zunyi Medical University Animal Care and Use Committee.

Statistical analysis

Data were analysed using the Prism Graphpad 8.0 software and presented
as mean + SEM. Individual experiments were repeated three times. Two-
tailed Student’s t test made comparisons between two groups. One-way
ANOVA made comparisons between multiple groups. P<0.05 was
considered statistically significant.

RESULTS

METTL14 is low expressed in the ccRCC and correlates with
poor prognosis

Firstly, we detected the total m6A level in the ccRCC tissues. As
shown in Fig. 1a, m6A level showed a significant decrease in the
ccRCC tissues. We then detected the m6A methyltransferases
METTL3 and METTL14 expression in the ccRCC tissues. Western
blot and gRT-PCR showed that expression of METTL3 showed no
difference between the normal tissues and the tumour tissues
(Fig. 1b, c), while METTL14 expression was significantly down-
regulated in the tumour tissues (Fig. 1d, e), which were further
verified by the IHC staining (Fig. 1f). TCGA database also showed
that METTL3 showed no difference between the 72 normal tissues
and 533 ccRCC tumour tissues (Supplementary Fig. 1A), while
METTL14 was decreased in the 533 ccRCC tumour tissues
compared to the 72 normal tissues (Supplementary Fig. 1B).
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Fig. 2 METTL14 level is upregulated in ccRCC. a Total m6A content in the ccRCC cell lines. b qRT-PCR showed the mRNA expression of
METTL3 and METTL14 in ccRCC cell lines (Caki-1 and Caki-2) compared with HK2 cells. ¢ Western blot verified the protein expression of
METTL3 and METTL14 in Caki-1 and Caki-2 compared with HK2 cells. METTL14 was overexpressed or knocked down in Caki-1 and Caki-2 cells.
d, e The transfection efficacy was verified by gRT-PCR and western blot. *P < 0.05, **P < 0.01, ***P < 0.001, compared to the indicated group. NC
OE overexpression plasmid of negative control pcDNA3.1, METTL14 OE overexpression plasmid of METTL14, NC KD shRNA targeting negative

control, METTL14 KD shRNA targeting METTL14.

Moreover, TCGA database revealed METTL3 expression had no
correlation with the OS of ccRCC patients (Supplementary Fig. 1),
while low expression of METTL14 was associated with poor
prognosis of ccRCC patients (Supplementary Fig. 1D). The datasets
also showed that METTL3 level was downregulated in the kidney
chromophobe (KICH), tissues and increased in the liver hepato-
cellular carcinoma (LIHC), and lung squamous cell carcinoma
(LUSC) tissues (Supplementary Fig. 2A). METTL14 level was

British Journal of Cancer (2022) 127:30-42

decreased in the KICH, kidney renal papillary cell carcinoma (KIRP)
and LUSC tissues (Supplementary Fig. 2B). These results suggested
that METTL14 might be involved in ccRCC progression.

METTL14 inhibits ccRCC cell proliferation and migration

in vitro

We also detected the total m6A level in the ccRCC cells Caki-1 and
Caki-2. Compared to the HK2 cells, the level of m6A methylation in
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independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, compared to the indicated group. NC OE overexpression plasmid of negative
control pcDNA3.1, METTL14 OE overexpression plasmid of METTL14, NC KD shRNA targeting negative control, METTL14 KD shRNA targeting

METTL14.

the Caki-1 and Caki-2 was downregulated (Fig. 2a). Then, we
examined the expression of METTL3 and METTL14 in the ccRCC
cells Caki-1 and Caki-2. gRT-PCR and western blot showed that
METTL3 had no differences between normal cell line HK2 and
ccRCC cell lines (Caki-1 and Caki-2) (Fig. 2b, c). Compared to the
HK2 cells, METTL14 was significantly downregulated in the Caki-1
and Caki-2 cells (Fig. 2b, c). To investigate the regulatory role of
METTL14 in ccRCC, we explored the effect of METTL14 on ccRCC
cell proliferation and migration in vitro. Then, we knocked down
or overexpressed METTL14 in Caki-1 and Caki-2 cells. The
knockdown sequence used in the present study was selected

after verifying the knockdown efficacy from three shRNA in Caki-1
cells by using qRT-PCR (Supplementary Fig. 2). After verifying the
knockdown or overexpression efficiency by using gRT-PCR and
western blot (Fig. 2d, e), cell proliferation and migration were
measured. As shown by CCK-8 assay in Fig. 3a and EdU assay in
Fig. 3b, overexpression of METTL14 inhibited the cell proliferation,
while knockdown of METTL14 promoted proliferation of Caki-1
and Caki-2 cells. Consistent with the results of cell proliferation,
clone-formation assay showed that overexpression of METTL14
inhibited the clone formation, while knockdown of METTL14
increased the clone-formation rate of Caki-1 and Caki-2 cells

British Journal of Cancer (2022) 127:30-42
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(Fig. 3c). Transwell migration assay revealed that upregulation of
METTL14 impeded the migratory ability of Caki-1 and Caki-2 cells,
downregulation of METTL14 expression significantly elevated the
migration ability of Caki-1 and Caki-2 cells (Fig. 3d).

METTL14 inhibits the AKT signalling activation

We further explored the mechanism of the effect of METTL14 on
cell proliferation and migration. The PI3K/AKT signalling pathway
has been shown to regulate cell proliferation, apoptosis, and
tumour metastasis in various tumour progression, including RCC
[20, 21]. In this study, we found that overexpression of METTL14
decreased the phosphorylation level of PI3K, AKT and mTOR in
Caki-1 and Caki-2 cells, indicating the inhibition of the PI3K/AKT
signalling pathway (Fig. 4a, b). On the contrary, knockdown of
METTL14 enhanced the PI3K/AKT signalling transduction, as
indicated by the increasing phosphorylation level of PI3K, AKT
and mTOR in Caki-1 and Caki-2 cells (Fig. 4a, b). To ascertain the
actual activation of the cascade, the phosphorylation of mTOR
targets (S6K and 4EBP1) levels were also detected by western blot
assay. The result showed that overexpression of METTL14
decreased the phosphorylation levels of S6K and 4EBP1, while
knockdown of METTL14 increased the phosphorylation levels of
S6K and 4EBP1 in Caki-1 and Caki-2 cells (Fig. 4a, b).
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Pten is a tumour-suppressive protein, which modulates PI3K/Akt
signalling pathway negatively [22, 23]. We then detected the
effect of METTL14 on Pten expression. Western blot analysis
showed that METTL14 overexpression upregulated Pten expres-
sion, and knockdown of METTL14 inhibited Pten expression in
Caki-1 cells (Fig. 4c), the same as the results from IF staining of
Pten in Caki-1 cells (Fig. 4d). Moreover, IHC staining showed that
Pten was down-regulated in the ccRCC tissues (Fig. 4e). The
expression of METTL14 was significantly correlated with Pten
expression (Fig. 4f). All these data suggested that METTL14
positively regulates the Pten expression.

BEZ235 abrogates the effect of METTL14 knockdown in vitro
To further explore whether the effects of METTL14 were mediated
through the PI3K/AKT/mTOR pathway, BEZ235, in combination with
a dual PI3K/mTOR inhibitor, was added to Caki-1 cells with
METTL14 knockdown. Western blot assay showed that knockdown
of METTL14 increased the phosphorylation levels of S6K and 4EBP1,
which were abolished by BEZ235 (Fig. 5a). Moreover, BEZ235 signi-
ficantly compensated for the promoting effect of knockdown of
METTL14 on Caki-1 cell proliferation, clone formation and migration
(Fig. 5b—d). All these data suggested that blocking PI3K/AKT/mTOR
pathway abrogates the effect of manipulating METTL14.
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Fig.5 BEZ235 abrogates the effect of METTL14 knockdown in vitro. BEZ235, in combination with a dual PI3K/mTOR inhibitor, was added to
Caki-1 cells with METTL14 knockdown. a PI3K, AKT, mTOR, S6K, 4EBP1 and the related phosphorylation protein level in Caki-1 cells were
detected by using western blot. b CCK-8 assay was performed to measure the proliferation of Caki-1 cells of the indicated group. ¢
Representative images and quantification of colony-formation assay of Caki-1 cells of the indicated group. Magnification, x200. d Transwell
invasion assay was performed to determine the effects of BEZ235 on METTL14's regulation on migration ability of Caki-1 cells. Magnification,
%x200. Bar=100pum. n=6. Data are presented as mean+SEM from three independent experiments. *P <0.05, **P<0.01, ***P <0.001,
compared to the indicated group. NC shRNA targeting METTL14 4+ DMSO, METTL14 KD shRNA targeting METTL14 + DMSO, METTL14 KD +

BEZ235 shRNA targeting METTL14 + BEZ235.

METTL14 overexpression enhances Pten mRNA stability via an
m6A-YTHDF1-dependent manner
m6A modification could promote protein expression through
enhancing mRNA stability through YTHDF1 recognition [24].
Therefore, we wonder whether METTL14 upregulated Pten
expression through increasing its mRNA stability. We found that
overexpression of METTL14 increased the total m6A modification
level in Caki-1 and Caki-2 cells, while knockdown of METTL14
decreased the m6A modification in Caki-1 and Caki-2 cells (Fig. 6a,
b). MeRIP was performed to investigate the interaction of
METTL14 and Pten. As shown in Fig. 4c, METTL14 overexpression
enhanced the m6A enrichment of Pten mRNA, while knockdown
of METTL14 decreased the Pten mRNA m6A modification (Fig. 6¢).
YTHDF1 is the reader of mRNA m°A modification, and
facilitates the initiation of mRNA translation [25]. RIP-PCR
illustrated that YTHDF1 could directly interact with Pten mRNA,
indicating the potential binding of YTHDF1 on Pten mRNA
(Fig. 6d). Western blot further showed that YTHDF1 over-
expression could increase Pten protein expression (Fig. 6e). The

RNA stability assay showed that the mRNA t1/2 was prolonged
by YTHDF1 overexpression (Fig. 6f). All these data indicated that
METTL14 overexpression enhances Pten mRNA stability via an
m6A-YTHDF1-dependent manner.

METTL14 inhibits ccRCC cell proliferation, migration and the
AKT signalling activation via an m6A-YTHDF1-dependent
manner

Then, we assessed whether the silencing of YTHDF1 affected PTEN
levels and proliferation in the models of overexpression of
METTL14 in Caki-1 cells. The mRNA and protein levels of PTEN
were increased by overexpression of METTL14, which were
recovered by silencing of YTHDF1 (Fig. 7a, b). Functionally,
silencing of YTHDF1 significantly compensated for the inhibitory
effect of overexpression of METTL14 on Caki-1 cell proliferation,
clone formation and migration (Fig. 7c-e). Furthermore, over-
expression of METTL14 decreased phosphorylation of PI3K, AKT,
mTOR, S6K and 4EBP1, which were increased by knockdown of
YTHDF1 (Fig. 7f). All these data suggested that METTL14 regulates
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PTEN expression and participates in ccRCC progression via an
m6A-YTHDF1-dependent manner.

METTL14 inhibits ccRCC cell proliferation, migration and the
AKT signalling activation through upregulating Pten in vitro
As we have proved that METTL14 suppressed cell proliferation
and migration in Caki-1 and Caki-2 cells, we then investigated
whether the effect of METTL14 was dependent on its regulatory
effect on Pten expression. We overexpression of METTL14 in
Caki-1 cells with or without Pten knockdown. Moreover, we
knocked down METTL14 in Caki-1 cells with or without Pten
overexpression. Western blot analysis revealed that overexpres-
sion of METTL14 increased Pten expression, while knockdown of
METTL14 induced downregulation of Pten expression (Fig. 8a).
Overexpression of METTL14 suppressed cell proliferation, while
knockdown of Pten reversed the role of METTL14 (Fig. 8b).
Downregulated METTL14 promoted cell proliferation, which was
inhibited by overexpression of Pten (Fig. 8b). Clone-formation
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assay also showed that overexpression of METTL14 suppressed
clone formation, while knockdown of Pten further promoted
clone formation (Fig. 8c). Meanwhile, Pten overexpression
reversed the promoting effect of METTL14 on the clone
formation (Fig. 8c). Transwell assay showed that overexpression
of METTL14 inhibited Caki-1 cell migration, which was recovered
by knockdown of Pten (Fig. 8d). Knockdown of METT14
enhanced the migration ability of Caki-1 cells, and overexpres-
sion of Pten abolished the effect of METTL14 (Fig. 8d). Then,
western blot assay suggested that overexpression of METTL14
decreased phosphorylation of PI3K, AKT, mTOR, S6K and 4EBP1,
which were increased by knockdown of Pten (Fig. 8e). On the
contrary, METTL14 knockdown increased phosphorylation of
PI3K, AKT, mTOR, S6K and 4EBP1, while Pten overexpression
abrogated the effect of METTL14 on the PI3K/AKT/mTOR
signalling pathway (Fig. 8e). All these data suggested that the
effect of METTL14 was dependent on the regulation of Pten
expression.
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Fig. 7 METTL14 inhibits ccRCC cell proliferation, migration and the AKT signalling activation via an m6A-YTHDF1-dependent manner.
METTL14 was overexpressed in Caki-1 cells with or without YTHDF1 knockdown. a qRT-PCR assay showed the mRNA expression of Pten in
Caki-1 cells of the indicated group. b Western blot showed the expression of Pten in Caki-1 cells of the indicated group. ¢ CCK-8 assay was
performed to measure the proliferation of Caki-1 cells of the indicated group. d Representative images and quantification of colony-formation
assay of Caki-1 cells of the indicated group. Magnification, x200. e Transwell invasion assay was performed to determine the effects of YTHDF1
on METTL14's regulation on migration ability of Caki-1 cells. Magnification, x200. Bar = 100 um. f PI3K, AKT, mTOR, S6K, 4EBP1 and the related
phosphorylation protein level in Caki-1 cells were detected by western blot. n = 6. Data are presented as mean = SEM from three independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.001, compared to the indicated group. NC overexpression plasmid of negative control pcDNA3.1
+shRNA targeting negative control, METTL14 OE overexpression plasmid of METTL14 + shRNA targeting negative control, METTL14 OE +
YTHDF1 KD overexpression plasmid of METTL14 + shRNA targeting YTHDF1.

Pten reverses the effect of METTL14 knockdown in vivo

We then verified the effect and mechanism of METTL14/Pten on
ccRCC progression in vivo. The mice were divided into three
groups, with ten mice in each group. Caki-1 cells with or without
METTL14 knockdown were subcutaneously injected into each
flank of the mice to contrast the ccRCC xenograft model. Pten
overexpression lentivirus was administrated by intratumoral
injection after the tumour cells injection to overexpression Pten
in the tumour tissues. As shown in Fig. 9a, mice in METTL14
knockdown group showed an obvious larger tumour size than
the control group, while overexpression of Pten inhibited the
METTL14 knockdown-induced tumour progression. Knockdown
of METTL14 induced decreasing level of m6A modification in the
tumour tissues (Fig. 9b). IHC staining showed that knockdown of
METTL14 decreased the expression of Pten, which was recovered
by overexpression of Pten (Fig. 9c). Western blot analysis
further showed that knockdown of METTL14 increased the
phosphorylation level of PI3K, AKT, mTOR, S6K and 4EBP1, which
were inhibited by Pten overexpression, suggesting that Pten

overexpression abrogated the activation of PI3K/AKT signalling
induced by METTL14 knockdown (Fig. 9d).

DISCUSSION

ccRCC is a type of highly aggressive renal malignant tumour [26].
Traditional radiotherapy and chemotherapy often exhibit low
benefits for treating ccRCC, making it important to find the new
mechanism and new targets for ccRCC [27]. Recently, some m6A
methylation regulators have been reported to exert potential
prognostic value [18, 19]. Studies have indicated that over-
expression of METTL3, METTL14, METTL16, WTAP or other
components, can regulate several cancers development [28-31].
For instance, Chen et al. suggested overexpression of METTL14
inhibited colorectal cancer cells migration, invasion and metastasis
in vitro [32]. However, whether m6A methylation regulators
take part in the pathogenesis of ccRCC and the underlying
mechanism remains unknown. In this study, we found that
downregulation of METTL14 was involved in the pathogenesis of
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Fig. 8 METTL14 inhibits ccRCC cell proliferation, migration and the AKT signalling activation through upregulating Pten in vitro.
METTL14 was overexpressed in Caki-1 cells with or without Pten knockdown. METTL14 was knocked down in Caki-1 cells with or without Pten
expression. a Western blot showed the expression of Pten in Caki-1 cells of the indicated group. b CCK-8 assay was performed to measure the
proliferation of Caki-1 cells of the indicated group. ¢ Representative images and quantification of colony-formation assay of Caki-1 cells of the
indicated group. Magnification, x200. d Transwell invasion assay was performed to determine the effects of Pten on METTL14’s regulation on
migration ability of Caki-1 cells. Magnification, x200. Bar = 100 pm. e PI3K, AKT, mTOR, S6K, 4EBP1 and the related phosphorylation protein
level in Caki-1 cells were detected by using western blot. n = 6. Data are presented as mean + SEM from three independent experiments. *P <
0.05, **P < 0.01, ***P < 0.001, compared to the indicated group. NC overexpression plasmid of negative control pcDNA3.1+shRNA targeting
negative control, METTL14 OE overexpression plasmid of METTL14 4 shRNA targeting negative control, METTL14 OE + Pten KD
overexpression plasmid of METTL14 + shRNA targeting Pten, METTL14 KD shRNA targeting METTL14 + overexpression plasmid of negative

control pcDNA3.1, METTL14 KD + Pten OE shRNA targeting METTL14 + overexpression plasmid of Pten.

ccRCC. Downregulation of METTL14 restrained Pten expression in
ccRCC by regulating m6A modification of Pten mRNA, leading to
the tumour progression through activation of the PI3K/AKT
signalling pathway.

Dysregulation of m6A modification has been shown to play
important roles through modifying many target genes in various
cancer pathogenesis [33, 34]. m6A may exhibit oncogenic or
suppressive functions depending on the cellular environment [35].
As a core component of m6A “writer”, METTL14 expression levels
were reported to correlate with various cancer development. In
RCC, METTL14 was reported negatively correlated with RCC
pathological and clinical stages, and positively correlated with
OS [36]. In the present study, we found that METTL14 was
significantly down-regulated in the ccRCC tissues and cells, and

British Journal of Cancer (2022) 127:30-42

correlated to poor prognosis, indicating that METTL14 may
possess a regulatory role in ccRCC. While METTL13 had shown
no difference between the normal tissues and ccRCC.

METTL14 functioned in various cancer cell proliferation and
progression. In breast cancer cells, overexpression of METTL14
promoted cell proliferation, indicating METTL14 served as an
oncogene through regulation of m6A methylation [37]. In
colorectal cancer, overexpression of METTL14 suppressed tumour
metastasis, and METTL14-mediated N6-methyladenosine modifi-
cation of SOX4 mRNA [38]. So, the effect of METTL14 could be
variegated and debatable in different cancer. In the present study,
we found that METTL14 overexpression inhibited the Caki-1 and
Caki-2 cells proliferation and migration, while METTL14 knock-
down promoted the tumour cells malignancy, indicating that
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Fig. 9 Pten reverses the effect of METTL14 knockdown in vivo. Caki-1 cells with or without METTL14 knockdown were subcutaneously
injected into each flank of the mice to establish the ccRCC xenograft model. Pten overexpression lentivirus was administrated by intratumoral
injection after the tumour cells injection to overexpression Pten in the tumour tissues. a Pictures of the isolated tumours of the indicated
group. b Total m°A level of tumours in the indicated group. ¢ H&E and IHC staining of METTL14 and Pten of the tumour tissues. Bar = 400 pm.
d PI3K, AKT, mTOR, S6K, 4EBP1 and the related phosphorylation protein level in tumour tissues were detected by using western blot. Data are
presented as mean + SEM from three independent experiments. *P <0.05, **P <0.01, ***P < 0.001, compared to the indicated group. NC
overexpression plasmid of negative control pcDNA3.1+shRNA targeting negative control, METTL14 KD shRNA targeting METTL14 +
overexpression plasmid of negative control pcDNA3.1, METTL14 KD + Pten OE shRNA targeting METTL14 + overexpression plasmid of Pten.

METTL14 served as a tumour suppressor in ccRCC independently
of METTL3. Xu et al. showed that METTL14 acted as a key gene to
modulate tumour immunity, and indicated METTL14 might
become a potential therapeutic target for ccRCC [39]. It is worth
noting that Caki-1 cells have wild-type von Hippel-Lindau (VHL),
while Caki-2 cells express a non-functional mutant VHL [40]. Based
on these, METTL14 seems unlikely to be related to VHL tumour
suppressor function.

The PI3K/AKT/mTOR pathway plays a significant role in cell
proliferation, growth, and survival [41, 42]. A recent bioinformatics
study by using TCGA database demonstrated that METTL14
pathway regulates m6A in ccRCC cells via the PI3K/AKT/mTOR and
p53 signalling pathways [43]. PI3K is actives via the combination of
a variety of ligands and other growth factors to the receptor
tyrosine kinases [44]. Activated PI3K phosphorylates phosphatidy-
linositol 2 phosphoric acid (PIP2) to induce PIP3 [44, 45]. PIP3
recruits Akt and phosphoinositol-dependent protein kinase to
activate Akt [44, 45]. Akt activation also depends on phosphoryla-
tion by a second kinase called mTOR, on ser473 [44, 45]. The
mammalian rapamycin complex 1 (mTORC1) promotes the
phosphorylation of 4EBP1 and S6K1, which are downstream
targets of signal transduction and stimulate ribosome biogenesis
and protein synthesis [44, 46]. Consistently, we found that
METTL14 knockdown induced activation of PI3K/AKT signalling
pathway, and METTL14 overexpression inhibited the PI3K/AKT
signalling activation. Pten is a tumour-suppressive protein that
modulates PI3K/Akt signalling pathway negatively [22, 23].
METTL14 has also been reported to associate with Pten expression
in the previous study [36]. In this study, we found that METTL14
upregulation enhanced Pten expression, and knockdown of
METTL14 reduced Pten expression in ccRCC cells. Moreover, Pten
was downregulated in the ccRCC tissues, which showed a positive
correlation with METTL14 expression. Further in vitro and in vivo
studies showed that overexpression of Pten abolished the effect of
METTL14 knockdown on promoting the cell proliferation,

migration and tumour progression, indicating that the cell
proliferation promoting effect of METTL14 knockdown was
dependent on the consequence of downregulation of Pten.

m6A modification influences protein expression through
change of mRNA stability, splicing, translation and microRNA
maturation [13, 14]. We then performed MeRIP and found that
METTL14 overexpression induced significant m6A enrichment of
Pten. YTHDF1 is the reader of mRNA m°®A modification, and
facilitates the initiation of mRNA translation [25]. We found that
YTHDF1 could directly interact with Pten mRNA. The RNA stability
assay further showed that the mRNA t;, was prolonged by
YTHDF1 overexpression, suggesting that YTHDF1 mediated Pten
stability through an m®A-dependent manner.

To date, there are still some limitations in the study. It is currently
unclear what mediates METTL14 downregulation in ccRCC. Besides,
the regulating network of METTL14-m6A in ccRCC is complicated.
The effect of METTL14 manipulation on total cellular m6A indicates
that it must be affecting m6A at the majority of sites. However, the
mechanisms of METTL14 whether participates in ccRCC through
other genes remain unclear. In the future study, we will compare
changes in PTEN-m6A, with changes in m6A on other genes. In
addition, we wonder whether other readers of m6A exist in ccRCC
to interact with Pten. For instance, IGF2BP2, as m6A readers
regulate stability by inhibiting mRNA degradation or enhancing
MRNA storage [47]. In the context of ccRCC, IGFBP2 has prognostic
associations and would be of particular interest. Both the m6A-
demethylases, FTO and ALKBH5, have been described as direct
transcriptional targets of hypoxia-inducible factor (HIF), which in
turn is directly downstream of the VHL tumour suppressor gene in
ccRCC [48]. Therefore, we wonder whether erasers of m6A exist in
ccRCC to interact with Pten. Furthermore, we wonder whether m6A
on PTEN also affects any other properties of the transcript such as
splicing, nuclear export or translation. Moreover, the therapeutic
targeting of METTL14 is still in its infancy. Targeting of METTL14 for
clinical application in ccRCC has not been reported, to the best of
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our knowledge. Continuing efforts are still needed to design and
optimise strategies for targeting of METTL14 for ccRCC. With the
deepening of the understanding of the role and mechanism of
METL14 in ccRCC, it is promising to develop METTL14 targeted
agents in future.

In conclusion, we found that METTL14 was downregulated in

ccRCC, leading to the ccRCC tumour progression. The mechanism
was related to the METTL14-mediated m°A modification of Pten
mRNA. METTL14 could promote Pten expression through a
YTHDF1-dependent mechanism. Downregulation of METTL14
restrained Pten expression in ccRCC, leading to the tumour
progression through activation of the PI3K/AKT signalling path-
way. Our study provides a new understanding of ccRCC
development, and new insights for ccRCC therapy.

DATA AVAILABILITY
The data used to support the findings of this study are available from the
corresponding author upon request.
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