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1 | INTRODUCTION

Abstract

Growing evidence supports that N6-methyladenosine (m6A) modification acts as a
critical regulator involved in tumorigenesis at the mRNA level. However, the role of
m6A modification at the noncoding RNA level remains largely unknown. We found
that methyltransferase-like 14 (METTL14) was significantly downregulated in renal cell
carcinoma (RCC) tissues (n = 580). Gain-of-function and loss-of-function experiments
revealed that METTL14 attenuated the proliferation and migration ability of RCC cells
in vivo and in vitro. The methylated RNA immunoprecipitation experiments identified
that METTL14 decreased the expression of long noncoding RNA nuclear enriched
abundant transcript 1_1 (NEAT1_1) in an méA-dependent manner. Mechanistically,
RNA pull-down assay and RNA immunoprecipitation identified NEAT1_1 directly
bound to m6éA reader YTH Né6-methyladenosine RNA binding protein 2 (YTHDF2).
Notably, YTHDF2 accelerated the degradation of NEAT1_1 by selectively recognizing
METTL14-mediated m6A marks on NEAT1_1. Multivariate analysis suggested that
METTL14 downregulation was associated with malignant characteristics and pre-
dicted poor prognosis in RCC patients. In conclusion, our results uncover a newly
identified METTL14-YTHDF2-NEAT1_1 signaling axis, which facilitates RCC growth

and metastasis and provides fresh insight into RCC therapy.
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The carcinogenesis and development of RCC is a complex process

Renal cell carcinoma (RCC) is one of the most frequently diagnosed
malignancies of the genitourinary system, and the incidence has in-
creased stea\dily.l’2 The mortality of RCC is mainly due to a high rate
of postoperative recurrence and metastasis.>* The surgical and sys-
temic therapy of RCC has progressed, but is less than satisfactory.’

caused by abnormal genetic and epigenetic changes.® Therefore, it
is critical to explore the mechanism of carcinogenesis and the devel-
opment of RCC.

In epigenetic regulation, similar to DNA or histone, there are over
100 kinds of posttranscriptional modifications in RNA levels.” N6-
methyladenosine (m6A) modification is the most common mRNA
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modification in eukaryotic cells.® The m6A modification is mainly

mediated by “writers,” “readers,” and “erasers”, which can modulate
RNA translation, stability, and localization by reversibly regulating
the level of RNA m6A modification.”™ It has been reported that dys-
regulation of m6A modification is extensively related to tumorigen-
esis.*! Methyltransferase-like 14 (METTL14), as a critical member of
the méA methyltransferase complex, was recently reported to be
essential for tumorigenesis and progression in several types of can-
cers, including pancreatic cancer, breast cancer, and colorectal can-
cer.'?™ However, the regulatory mechanism for méA modification
in RCC remains unclear.

Long noncoding RNA (IncRNA) nuclear enriched abundant tran-
script 1 (NEAT1) is located on chromosome 11 (11g13.1), and plays
an oncogenic role in a variety of solid tumors, in which it acts as a
molecular sponge for microRNAs (MiRNASs).*®> Knockdown of NEAT1
has been shown to be related to inhibition of proliferation and me-
tastasis of tumor cells. For instance, NEAT1 acts as a competing en-
dogenous RNA to reduce the expression of miRNA-129-5p, thereby
promoting the malignant phenotype of hepatocellular carcinoma.¢
Similarly, it has been reported that NEAT1 also plays an oncogenic
role in RCC.Y Nuclear enriched abundant transcript 1 encodes a
short variant (NEAT1_1, 3,756bp) and a long variant (NEAT1_2,
22,743bp). Notably, abundant méA residues were found on the
NEAT1_1 sequence in a recent study,'® which suggested that m6A
modification might influence the function of NEAT1_1.

Here, we found that METTL14 was expressed at lower levels in
RCC than in normal tissues, and the downregulation of METTL14
expression portended poor prognosis of RCC. Moreover, we showed
that METTL14 decreased the expression of oncogenic NEAT1_1 by
upregulating the méA level of NEAT1_1, thus inhibiting the prolifer-
ation and migration of RCC cells.

In this process, YTH N6-methyladenosine RNA binding protein 2
(YTHDF2), as a specific reader of mé6A, modified NEAT1_1 and accel-
erated the degradation of NEAT1_1. Overall, we emphasize the cru-
cial role of RNA methyltransferase METTL14 in RCC, and suggest that
METTL14 could be a new prognostic marker and therapeutic target
for RCC.

2 | MATERIALS AND METHODS

2.1 | Clinical samples

The research protocol was reviewed and approved by the Ethics
Committee of Changzheng Hospital of the Naval Medical University
(Shanghai, China), and informed consent was obtained from all par-
ticipants included in the study, in agreement with institutional guide-
lines. A total of 210 RCC tissues and 47 pairs of RCC and matched
normal tissues were randomly selected and pathologically diagnosed
as clear cell carcinoma. All the samples were taken from the tissue
sample database of Changzheng Hospital. The samples were used

for real-time quantitative PCR and western blot analysis. The tissue

microarray (TMA) of renal clear cell carcinoma was made by our

group for immunohistochemical experiments.

2.2 | Tissue microarray and
immunohistochemistry analysis

The TMA contained 132 cases of RCC and normal tissues.
Immunohistochemical analysis was undertaken with anti-METTL14
(Cat#MA5-24706; Thermo Fisher Scientific) or anti-YTHDF2 Ab
(1:1000, Cat#ab220163; Abcam). Briefly, the tissue chip was dipped
in acetone solution for 5 minutes, dried, then soaked for 10 minutes
in xylene solution. Next, the chip was immersed in ethanol solution
and then 3% hydrogen peroxide solution. The chip was then blocked
with goat serum. After incubation with targeted Ab and second-
ary Ab, the chip was dripped with DAB chromogenic solution and
restained with hematoxylin. The results were analyzed by Aperio
Image Scope software and the H-score was calculated.

2.3 | Western blot analysis

The tissue or cell was cleaved for 20 minutes with RIPA (Beyotime)
lysate on ice. After centrifugation, the protein was quantified
using a BCA protein quantitative kit (Beyotime). The protein con-
centration was determined by the protein standard curve, and the
protein was adjusted into the proper concentration. Sample load-
ing buffer (5x) (Beyotime) was added and the mixture was boiled
at 100°C for 5 minutes. The PAGE glue was prepared according to
the molecular size of the corresponding protein and electrophoretic
separation was performed after adding samples. The membrane
was then transferred by constant current 270 mA for 90 minutes.
We blocked the membrane with 5% milk, it was incubated with pri-
mary Ab then secondary Ab, and finally scanned and recorded with
an Odyssey infrared scanner, semiquantified with internal refer-
ence GAPDH. Antibodies used in this experiment were as follows:
anti-GAPDH (1:5000, Cat# ab8245, Cat#ab9485; Abcam), anti-
METTL14 (1:1000, Cat#669602; BioLegend), anti-YTHDF2 (1:1000,
Cat#ab220163; Abcam), anti-YTHDF1 (1:1000, Cat#17479-1-AP;
Proteintech), anti-YTHDF3 (1:1000, Cat#ab220161; Abcam), anti-
IGF2BP2 (1:1000, Cat#11601-1-AP; Proteintech), and anti-IGF2BP3
(1:1000, Cat#14642-1-AP; Proteintech).

2.4 | RNAsolation and real-time PCR

The RNA of tissue or cell was extracted by an RNAsimple Total RNA
Kit, DP419 (Tiangen) and the concentration of RNA was measured
by Nanodrop. cDNA was synthesized by a reverse transcription kit
(RRO36A; Takara). The RT-PCR reaction was carried out with a TB
Green Premix Extra kit (RR420A; Takara). The Applied Bio Systems
Step One Plus Real-Time PCR System (Thermo Fisher Scientific) was
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used for reactions. All operations were carried out according to the
product instructions. f-Actin was used as the internal reference, and
the relative expression of the target gene was calculated by graact
and the expression of the control group was determined as 1. These
experiments were undertaken in triplicate. The primers used for

quantitative RT-PCR (qRT-PCR) are listed in Table S1.

2.5 | Celllines, cell culture and transfection

The 786-O and 769-P cells were cultured in DMEM, HK-2 was
cultured in serum-free medium (Keratinocyte-SFM) under 37°C,
5% CO,, and saturated humidity. Cell transfections were carried
out with siRNAs using Lipofectamine 3000 transfection reagent
(Invitrogen) according to the manufacturer’s instructions. The siR-
NAs and METTL14 overexpression and knockdown lentivirus were
obtained from GenePharma Company, and the sequences are listed
in Table S2. For transfection with lentivirus, the cells in logarithmic
growth phase were washed twice with PBS, then 5 mL serum-free
medium containing 8 ug/mL polybrene (Beyotime) was added. Cells
were cultured for 30 minutes and the virus was added according to
MOI = 0.4. Cells were supplemented with medium and cultured for
3 days, then the liquid was changed, with medium added contain-
ing 1 ug/mL puromycin (Beyotime). The culture continued for 3 days,
and the cells were collected.

2.6 | Cell proliferation and migration assay

The cells were incubated into a 96-well plate with 100 pL medium in
each well. The culture medium was prepared with CCK-8 (Dojindo
Molecular Technologies) and added to a 96-well plate. After in-
cubation with CCK-8 for 30 minutes, data were obtained in three
independent experiments with five replicates over 72 hours. The
migration ability was assessed according to the number of cells that
crossed Transwell inserts. First, 5 x 10* cells were plated in the
upper chamber with serum-free medium, and the medium in the
lower chamber contained 10% FBS. After 24 hours, the inserts were
stained with 1% crystal violet and photographed. These experi-

ments were carried out three times.

2.7 | Animal experiments

The animal experiments in this study were approved by the
Institutional Animal Care and Use Committee of the Naval Military
Medical University. Mouse subcutaneous xenograft and lung metas-
tasis experiments were carried out with six 4-week-old male BALB/c
nude mice as we described previously.r” For the subcutaneous
xenograft, the size of subcutaneous nodules was recorded weekly,
and mice were killed in the sixth week of the experiment. The H&E
and immunofluorescent staining were undertaken on the dissected

mouse tissues.

2.8 | RNA immunoprecipitation and methylated-
RNA immunoprecipitation assay

A Magna RIP kit (#17-700; Merck Millipore) was used in the
RIP experiment. Renal cancer cells in 15-cm plates were lysed
and incubated with the magnetic beads prebound to METTL14,
YTHDF2, or IgG Ab (5 plL) overnight at 4°C with rotation. Then
RNA was isolated from the binding protein by protease and pu-
rified. The experiment was divided into three groups: INPUT, IP,
and IgG. The expression of purified RNA relative to INPUT was
calculated by quantitative PCR. For methylated-RNA immunopre-
cipitation assay (MeRIP), m6A Ab was used to immunoprecipitate
methylated NEAT1_1. Antibodies used in this experiment were
as follows: anti-m6A (1:1000, Cat#202 003; Synaptic Systems),
anti-METTL14 (1:1000, Cat#669602; BiolLegend), anti-YTHDF2
(1:1000, Cat#ab220163; Abcam), and anti-IgG (Cat#2729; Cell
Signaling Technology).

2.9 | N6-methyladenosine quantification assay

The m6A levels in total RNAs were detected with the EpiQuik
m6é6A RNA Methylation Quantification Kit (Colorimetric) (P-9005;
Epigentek). Briefly, 200 ng RNAs (1-8 ulL) were bound to assay
cells. According to the manufacturer’s instructions, diluted Capture
Antibody solution and Detection Antibody solution were added suc-
cessively into assay wells. The absorbance of each sample was meas-
ured at 450 nm and quantification of RNA méA was carried out by
using the standard curve.

2.10 | RNA méA dot blot assay

After the RNA extracted by TRIzol was treated with DNase | to
remove DNA impurities, RNA (400 ng or 200 ng) was added to
the nylon membrane. The membrane was then cross-linked by UV
light (254 nm), sealed for 1 hour, and incubated overnight with
m6A Ab (1:1000, Cat# 202 003; Synaptic Systems) at 4°C. The
membrane was washed three times and incubated with anti-rabbit
IgG Ab (Cat# 2729; Cell Signaling Technology) for 1 hour at room
temperature. We scanned and photographed the nylon film with
m6A point. The same 400 ng and 200 ng RNA was placed on the
membrane, dyed with 0.2% methylene blue corrected by 0.3% so-
dium acetate (pH = 5.2) for 2 hours, then washed with RNase-free
water and photographed. These experiments were carried out

three times.

2.11 | RNA pull-down assay

Nuclear enriched abundant transcript 1_1 was transcribed in vitro
and biotinylated with biotinylated RNA labelling mix (Roche) and T7
RNA polymerase (Roche). Cell lysates (1 mg) were incubated with
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3 pg biotin-labelled NEAT1_1 at 25°C for 1 hour, and then the com-
plexes were separated with streptavidin agarose beads (Invitrogen).
After three washes, the protein present was retrieved from the pull-

down mix, and detected by immunoblotting analysis.

212 | RNAFISH

Fluorescence-conjugated NEAT1_1 or YTHDF2 probes were de-
signed and purchased (GenePharma). Hybridization was carried out
using DNA probe sets (GenePharma) following the manufacturer’s
instructions. Cells were then observed and recorded.

2.13 | RNA decay assays

RNA decay assays were undertaken to estimate the stability of
RNA. Renal cell carcinoma cells were cultured in 6-well plates
and treated with 5 pg/mL actinomycin D (#15021; Cell Signaling
Technology). Total RNAs of cells were isolated at 0, 4, 8 hours and
RT-qPCR was carried out to measure the relative RNA levels of
NEAT1_1.

2.14 | Statistical analysis

The classified variables in this experiment are expressed by fre-
quency or percentage, and the continuous variables in the experi-
ment are shown as mean + SD. The data between the two groups
were analyzed by Student’s t test, and multiple comparisons were
analyzed by one-way ANOVA or two-way ANOVA. Statistical analy-

ses were undertaken using SPSS 22.0.0 software.

3 | RESULTS

3.1 | Low expression of METTL14 is related to RCC
progression and poor prognosis

To determine the function of m6A modification in RCC, we first
determined the expression of major mé6A methyltransferases, in-
cluding METTL3 and METTL14 in RCC. As shown, the mRNA and
protein expression of METTL14 in RCC tissues were significantly
downregulated compared with paired normal tissues (Figure 1A,B).
However, there was no significant difference in the expression level
of METTL3 (Figure S1A). In addition, consistent expression patterns
of METTL14 and METTL3 in RCC were validated in The Cancer
Genome Atlas (TCGA) databases (Figures 1C and Figure S1B).
Immunohistochemical staining was also used to analyze METTL14
expression in TMAs of RCC vs normal tissues (Figure 1D). Low
METTL14 expression was observed in RCC (P < .001) (Figure 1E).
Therefore, our results determined that METTL14 was significantly
downregulated in RCC.

To detect the correlation between METTL14 and clinicopatho-
logic features, a cohort of 210 RCC cases was analyzed. We revealed
that METTL14 expression was considerably lower in the group with
tumors larger than 4 cm (P < .001), the group with distant metastasis
(P < .001), those with higher pathological stage (P < .05), and those
with higher TNM stage (Figures 1F-H and S1C). Dividing the cohort
into high and low METTL14 groups by median expression, based on
gRT-PCR results, we discovered that METTL14 expression nega-
tively correlated with RCC tumor size (P < .001), pathological grade
(P < .05), TNM stage (P < .01), and metastasis (P < .001) (Table S3).
Accordingly, TCGA data also showed that METTL14 expression was
lower in higher TNM stage (Figure S1D). An alluvial diagram was uti-
lized to visualize the distribution of TNM stage, tumor grade, and
METTL14 subgroup in the TCGA dataset (Figure S1E). The survival
analysis indicated that overall survival and recurrence-free survival
were significantly worse in the low METTL14 group than in the high
METTL14 group (Figures 11,J and S1F,G). Furthermore, multivariate
and time-dependent receiver operating characteristic analyses iden-
tified METTL14 expression as an independent prognostic factor in
RCC patients (Figures 1K,L and S1H).

3.2 | Methyltransferase-like 14 inhibits
proliferation and migration of RCC in vitro

To assess the functional role of METTL14 and METTL3, specific siR-
NAs were transfected into 786-0 and 769-P cell lines (Figure 2A,B).
The CCK-8 and colony formation assays showed that METTL14
knockdown significantly enhanced the proliferation of RCC cells
(Figure 2C,D). Similarly, the Transwell migration assay showed that
METTL14 knockdown significantly enhanced the migration of RCC
cells (Figure 2E). However, CCK-8 and Transwell migration assays for
METTL3-interfering RCC cells showed no significance, indicating
that METTL14, rather than METTLS3, played a prominent role in RCC
(Figure S2). In addition, we constructed and transfected METTL14
overexpression (OE-METTL14) and control lentivirus (OE-NC) into
RCC cell lines (Figure 2F,G). As expected, functional assays showed
that METTL14 overexpression attenuated the proliferation and mi-
gration of RCC cells (Figure 2H-J).

3.3 | Methyltransferase-like 14 suppresses tumor
growth and metastasis in vivo

To assess the effects of METTL14 in vivo, we constructed OE-
METTL14 or OE-NC 769-P cells and injected them into mouse arm-
pits to undertake the xenograft experiment (Figure 3A). At week
6 after injection, mice bearing OE-METTL14 had lower tumor vol-
umes and weights (Figure 3B,C). Moreover, immunohistochemical
assays indicated that the expression levels of Ki-67 were lower in
the OE-METTL14 group than in the OE-NC group (Figure 3D). Nude
mice were also injected intravenously with OE-METTL14 and OE-
NC 769-P cells to examine the impact of METTL14 on metastasis
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FIGURE 1 Low expression of methyltransferase-like 14 (METTL14) is related to renal cell carcinoma (RCC) progression and poor
prognosis. A, B, METTL14 mRNA (n = 47) and protein (n = 6) expression in RCC (T) and matched normal (N) tissues. C, METTL14 expression

in KIRC from The Cancer Genome Atlas (TCGA) database (n = 533). D, E, Inmunohistochemical

(IHC) analysis of METTL14 in RCC tissue

microarrays (n = 132). Magnification, 100x, 400x. F-H, METTL14 expression in tumors >4 cm group (n = 100) vs tumors <4 cm group

(n = 110), in the RCC with metastasis group (n = 50) vs RCC without metastasis group (n = 160),

and in the Fuhrman I/11 group (n = 144)

vs Fuhrman IlI/IV group (n = 66). 1, J, Kaplan-Meier analysis of correlation between METTL14 and overall survival (OS) or recurrence-

free survival. K, Multivariate analysis of factors associated with OS in RCC patients (n = 210). L,

Time-dependent OS receiver operating

characteristic (ROC) analysis. Error bars represent mean + SD. Student’s t test (A, E-H) and log-rank test (I, J) were used. *P < .05, **P < .01,

***P <.001. AUC, area under the ROC curve; Cl, confidence interval; HR, hazard ratio
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FIGURE 2 Methyltransferase-like 14 (METTL14) inhibits the proliferation and migration of renal cell carcinoma (RCC) cells in vitro.

A, B, METTL14 mRNA (A) and protein (B) levels in 769-P and 786-0 cells transfected with METTL14 siRNAs (si-M14-1 and si-M14-2) or
control (si-NC). C-E, CCK-8 assay (C), clone formation assay (D), and Transwell migration assay (E) of 769-P and 786-0 cells transfected with
METTL14 siRNAs or control. F, G, METTL14 mRNA (F) and protein (G) levels in METTL14 overexpression (OE-M14) and control (OE-M14)
RCC cells (P < .001). H-J, CCK-8 assay (H), cell clone formation assay (I), and Transwell migration assay (J) of METTL14 overexpression and
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FIGURE 3 Methyltransferase-like 14 (METTL14) suppresses renal cell carcinoma tumor growth and metastasis in vivo. A, Subcutaneous
xenograft models were established with METTL14 overexpressing (OE-METTL14) or control (OE-NC) 769-P cells (n = 6). B, C, Growth curve
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of metastatic nodules. Magnification, 400x. Error bars represent mean + SD. Mann-Whitney U test (C, F) and two-way ANOVA test (B) were

used. *P < .05, **P < .01, ***P < .001

(Figure 3E). As a result, the mice injected with OE-METTL14 cells
had fewer pulmonary metastases (Figure 3F). Taken together, these
results illustrated that higher METTL14 expression suppressed RCC
tumor growth and metastasis in vivo.

3.4 | Methyltransferase-like 14 inhibits
proliferation and migration of RCC cells by targeting
IncRNA NEAT1_1

Next, we investigated the mechanism underlying the inhibitory ef-
fect of METTL14 on malignant behaviors of RCC cells. Previous in-
vestigations have shown that METTL14 facilitated the installation
of m6A modification of IncRNAs and triggered downstream signal-
ing pathways.?° Potential target IncRNAs that might interact with
METTL14 by m6A modification were identified through the RMBase
version 2.0 database.?! Subsequently, we verified these potential
IncRNAs in the microarray data from the Gene Expression Omnibus
database (GSE117890). It was found that IncRNA NEAT1 was up-
regulated in RCC (Figure 4A). In line with a recent study in prostate
cancer, abundant mé6A modification sites were located in NEAT1_1
through the SRAMP database (Figure 4B), which suggested that m6A
methylation might play a pivotal part in regulating NEAT1_1.822 |n
addition, expression of NEAT1_1 was almost 4-5-fold higher than
NEAT1_2 in RCC cells (Figure S3A). By qRT-PCR, NEAT1_1 was up-
regulated in METTL14-interfering RCC cells (Figure 4C); NEAT1_1

was also reduced in RCC cells overexpressing METTL14 (Figure 4D).
In addition, NEAT1_2 showed no significant difference between
METTL14-interfering RCC cells and control (Figure S3B). Thus,
NEAT1_1 was selected for further study. It was found that NEAT1_1
expression was higher in RCC tissues than in normal tissues and neg-
atively correlated with METTL14 expression (Figures 4E,F and S3C).

It was reported that NEAT1 played an oncogenic role through
epithelial-mesenchymal transition in RCC.Y In our study, it was
identified that NEAT1_1 interference attenuated proliferation and
migration of RCC cells (Figure S3D-H). We also found that NEAT1_1
interference attenuated the enhancement of cell proliferation and
migration induced by METTL14 knockdown (Figures 4G-I and S3l).
These results indicated that METTL14 promoted proliferation and
migration of RCC cells through decreasing NEAT1_1.

3.5 | Methyltransferase-like 14 negatively
regulates NEAT1_1 in an m6A-dependent manner

It was unknown whether METTL14 directly mediated the downreg-
ulation of NEAT1 in an mé6A-dependent manner. We examined the
m6A expression profile between RCC and normal tissues by RNA
mé6A colorimetry, and found that méA levels were lower in RCC than
normal controls (Figure 5A,B). These data suggested the potential
role of m6A modification in RCC. In addition, the méA levels of RCC
tissues were clearly correlated with the expression of METTL14,
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FIGURE 4 Methyltransferase-like 14 (METTL14) inhibits the proliferation and migration of renal cell carcinoma (RCC) cells by targeting
nuclear enriched abundant transcript 1_1 (NEAT1_1). A, Analysis of long noncoding RNA in RCC vs normal tissue from the Gene Expression
Omnibus microarray. B, N6-methyladenosine (méA) sites on NEAT1_1 predicted by the SRAMP database. C, Relative NEAT1_1 expression in
RCC cells treated with METTL14 siRNA or control (si-NC). D, Relative expression of NEAT1_1 in METTL14 overexpression and control RCC
cells. E, NEAT1_1 expression in RCC and matched normal tissues (n = 47). F, Linear correlation pattern between METTL14 and NEAT1_1
from our RCC samples (n = 47). G-1, CCK-8 assays, cell clone formation, and Transwell assays of RCC cells cotransfected with sh-METTL14
and si-NEAT1_1 or si-NC. Error bars represent mean + SD of at least three independent experiments. Mann-Whitney U test (A), Student’s t
test (C-E, H, 1), two-way ANOVA test (G), and Pearson correlation analysis (F) were used. *P < .05, **P < .01, ***P < .001. ns, no significance

relative to control

rather than METTL3 (Figures 5C and S3J). Through méA dot blot-
ting, we verified that silencing of METTL14 could decrease the m6A
level of RCC cells, and overexpression of METTL14 could restore the
reduction of méA levels in RCC cells (Figure 5D). Methylated RNA
immunoprecipitation was used to ascertain whether METTL14 regu-
lates m6éA levels of NEAT1_1. Compared with the control, the RNA
abundance of méA antibody was significantly increased in RCC cells

overexpressing METTL14 (Figure 5E). These results confirmed that
the m6A modification on NEAT1_1 could be transferred in large part
by METTL14. Moreover, we dosed RCC cells with 3-deazaadenosine
(DAA), the global methylation inhibitor, and NEAT1_1 was decreased
with the increase of DAA concentration (Figure 5F). However, no
significant associations between the expression of NEAT1_1 and
méA level in RCC tissues were observed (Figure S3K), mainly due to
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FIGURE 5 Methyltransferase-like 14 (METTL14) negatively regulates nuclear enriched abundant transcript 1_1 (NEAT1_1) in an Né6-
methyladenosine (m6A)-dependent manner. A, méA levels of total RNAs in tumor and matched normal tissues by RNA méA colorimetry

(n = 10). B, m6A levels of total RNAs in renal cell carcinoma (RCC) cell lines and HK-2 cells by colorimetry. C, Correlation analysis between
m6A and METTL14 in RCC samples (n = 20). D, méA levels of METTL14 knockdown or overexpressing (OE) RCC cells by m6A dot blot assay.
MB, methylene blue; NC, control. E, Methylated-RNA immunoprecipitation (IP) assay-quantitative PCR analysis of NEAT1_1 in METTL14
overexpressing (OE-METTL14) RCC cells and the control (OE-NC). F, NEAT1_1 expression in RCC cells treated with 3-deazaadenosine (DAA)
and the control. Error bars represent the mean + SD. Student’s t test was used. *P < .05, **P < .01, ***P < .001

heterogeneous components in clinical tumor tissues. These results
indicated that METTL14 downregulated NEAT1_1 by promoting
m6A methylation, inhibiting growth and metastasis of RCC.

3.6 | YTH Né-methyladenosine RNA binding
protein 2 inhibits growth and metastasis of RCC by
recognizing and downregulating NEAT1

The m6A methylation is a labelling process that requires recognition
by m6A readers of the downstream target RNAs.2® We screened the
NEAT1-binding méA reader proteins by RNA pull-down assay, and
found that biotin-labelled NEAT1_1 significantly enriched YTHDF2,
compared to other readers (Figures 6A and S4A). We further proved

the combination of NEAT1_1 and YTHDF2 through RIP and double
FISH assays (Figure 6B,C). It has been determined that YTHDF2 can
promote the degradation of mé6A-dependent RNA.?* Therefore, we
hypothesized that YTHDF2 accelerated the decay of NEAT1_1 by
recognizing m6A marks. Moreover, the mRNA and protein levels of
YTHDF2 were lower in RCC than normal tissues (Figures 6D and
S4B,C). Importantly, YTHDF2 expression was negatively correlated
with NEAT1_1 (Figure 6E), which was verified in the TCGA database
(Figure S4D). Furthermore, TCGA data also showed that YTHDF2
expression was negatively associated with the prognosis of RCC
patients (Figure S4E,F). We undertook YTHDF2 knockdown experi-
ments and found that YTHDF2 knockdown attenuated the degra-
dation of NEAT1_1 (Figure 6F-H), which indicated that YTHDF2
mediated the degradation of NEAT1_1. Next, we determined
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FIGURE 6 YTH Né-methyladenosine RNA binding protein 2 (YTHDF2) inhibits growth and metastasis of renal cell carcinoma (RCC) by
recognizing and downregulating nuclear enriched abundant transcript 1 (NEAT1). A, RNA pull-down assays in RCC cells showing significant
interaction between YTHDF2 and NEAT1_1. B, RIP assays in RCC cells showing the enrichment of NEAT1_1 on YTHDF2 relative to IgG.

C, Double FISH experiment of YTHDF2 (green) and NEAT1_1 (red) showing the colocalization in RCC cells. D, YTHDF2 mRNA expression

in RCC and matched normal tissues (n = 47). E, Negative linear correlation between YTHDF2 and NEAT1_1 from our samples (n = 47). F,
YTHDF2 mRNA expression in RCC cells transfected with YTHDF2 siRNA or control. G, YTHDF2 protein expression in RCC cells transfected
with YTHDF2 siRNA or control. H, Degradation rate of NEAT1_1 after YTHDF2 interference in RCC cells. |, NEAT1_1 expression in
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whether METTL14 inhibited RCC growth and migration through a
YTHDF2-dependent pathway. We transfected OE-METTL14 RCC
cells with si-YTHDF2 or si-NC, and we found that downregulation of
NEAT1_1 induced by METTL14 overexpression could be reversed by
YTHDF2 knockdown (Figure 6l). Functionally, CCK-8 and Transwell
migration assays showed that YTHDF2 knockdown could largely re-
verse the inhibitory effect of METTL14 overexpression (Figure 6J-L).
Taken together, these findings suggested that the METTL14-
induced m6A process suppressed the expression of NEAT1_1
through YTHDF2-dependent RNA degradation (Figure 6M).

4 | DISCUSSION

In this study, it was found that METTL14 was downregulated in RCC
tissues and negatively associated with the prognosis of RCC patients.
In addition, METTL14 inhibited the proliferation and migration of RCC
by reducing NEAT1_1 in an mé6A-YTHDF2-dependent manner.

As a key component of the N®-methyltransferase complex,
METTL14 has been reported to play a critical role in various tu-
mors.'® In the present study, we revealed that METTL14 was
downregulated in RCC and low expression of METTL14 had a neg-
ative correlation with the prognosis of RCC patients, which was
consistent with previous bioinformatics studies.?>?¢ Although the
TNM staging system has played a dominant role in prognostic pre-
diction of RCC for decades, limitations remain. Thus, an méA-based
scoring model could be valuable supporting indicator of prognosis
for RCC patients. Larger prospective trials are required to validate
whether METTL14 could be applied in clinical practice as a valuable
prognostic biomarker. We confirmed that METTL14 could regulate
m6A modification and impair the growth and metastasis of RCC cells
in vitro and in vivo. However, the function of METTL14 varied in
different tumors, as METTL14 played an oncogenic role in pancre-
atic cancer, promoting tumor growth and metastasis by decreasing
PERP mRNA.*? Similarly, recent studies reported that METTL3 and
METTL14, which both serve as m6A writers, played oncogenic and
antioncogenic roles, respectively, in hepatocellular carcinoma.?*?’
These results, which appear to be contradictory, implied that the
functions of m6éA in tumor progression is complicated, probably due
to the differences of m6A modified sites on RNAs, different readers
that recognize these m6A modifications, or different target genes
regulating specific cellular processes. Thus, our results, along with
other observations, showed that dysregulation of mé6A methylation
caused by METTL14 is closely associated with tumor progression.
However, more research is needed to acquire all-round and deep
cognition of RNA m6A modification in tumorigenesis.

Increasing evidence shows that méA plays a regulatory role
for noncoding RNA (ncRNA), including IncRNA, and miRNA in vari-
ous cancer types.?° It was reported that METTL14 inhibited primary
miRNA processing to facilitate hepatocellular carcinoma metastasis.?’
Another study stated that METTL14-medicated m6é6A marks contrib-
ute in opposite fashion to INcRNA XIST in colorectal cancer.?® In line
with the previous study, NEAT1_1 was identified as an oncogene in

RCC in our study,” and the expression of oncogenic NEAT1_1 nega-
tively correlated with METTL14. As a highly abundant méA-modified
transcript, we observed that the downregulation of NEAT1_1 in RCC
induced by METTL14 depended on m6éA modification. In accordance
with previous studies, these results suggested that mé6A mediated
ncRNA methylation to regulate cancer progression.

The m6A modification is posttranscriptionally introduced by
writers and reversed by erasers, including FTO and ALKBH5.2%%°
The méA erasers also play an important role in tumor initiation and
progression. For example, ALKBH5 mediated mé6A demethylation
of mMRNA AURKB to enhance its stability, thus promoting cell pro-
liferation in RCC.3! In particular, ALKBH5 could upregulate NEAT1
by demethylation.®? Although the specific m6A readers of NEAT1_1
and subsequent process were not elucidated in the study, these re-
sults, along with our data, indicated that upregulation of méA lev-
els might lead to downregulation of NEAT1_1 expression. However,
whether ALKBH5 regulates méA-dependent IncRNA in synergy
with METTL14 in RCC requires further investigation.

Previous studies had identified YTH and IGF2BP as prominent
families of m6éA readers that might control the fate of m6A-modified
mRNA.3334 Notably, m6A readers were reported to recognize the
methylated IncRNA and determine further RNA processes. It was
shown that IGF2BP2 facilitated stemness-like properties and pro-
liferation of pancreatic tumor by promoting the stability of IncRNA
DANCR.® In addition, YTHDF2 recognized METTL14-mediated
m6A marks of INcRNA XIST,?® accelerating decay of XIST. In the
present study, YTHDF2, rather than the other méA reader proteins,
served as the specific m6A reader of NEAT1_1 and facilitated its
degradation. Furthermore, YTHDF2 expression was negatively as-
sociated with NEAT1_1 and has a positive correlation with the prog-
nosis of RCC patients. These results lead to the conclusion that the
METTL14-YTHDF2-méA signaling axis plays a regulatory role for In-
cRNAs. However, further research is needed to confirm the function
of YTHDF2 in RCC.

The m6A modification is reportedly involved in regulation of
IncRNA in various cancer types, such as MALAT1, XIST, NEAT1,
DANCR, and PVT1.18:2835-37 Significantly, the cooperation of writer,
eraser, and reader, rather than a single isolated gene, was proved
to participate in regulating mé6A-modified IncRNA, which provided
a better interpretation of the méA regulatory network. We noticed
that METTL14 and YTHDF2 regulated the expression of NEAT1_1
in synergy. However, the mechanism underlying this synergy effect
and target specificity remains foggy. Moreover, in the present study,
we did not locate the specific m6A sites on NEAT1_1 installed by
METTL14 and the role of the méA eraser in molecular mechanisms
regulating the physiological functions of NEAT1_1 remain unclear.
In addition, NEAT1_1 might be mediated by other regulators, such
as transcription factors. Therefore, studies considering transcription
factor regulatory mechanisms are required. Above all, these results
imply that mé6A-modified IncRNA is an essential part of the complex
mo6A regulatory network.

In this study, we confirmed the specificity and efficacy of the
METTL14-YTHDF2-NEAT1_1 signaling axis in regulating RCC
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progression and metastasis. Moreover, it was shown that METTL14

served as a prognostic marker for the prognosis of RCC patients.

These results might shed light on future clinical treatment strategies

in RCC, and more investigations are urgently needed to unveil the

integral mé6A regulatory networks.
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