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Targeting the m°A RNA methyltransferase METTL3 attenuates
the development of kidney fibrosis
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Kidney fibrosis is a major mechanism underlying chronic kidney disease (CKD). N®-methyladenosine (m®A) RNA methylation is
associated with organ fibrosis. We investigated m®A profile alterations and the inhibitory effect of RNA methylation in kidney
fibrosis in vitro (TGF-B-treated HK-2 cells) and in vivo (unilateral ureteral obstruction [UUO] mouse model). METTL3-mediated
signaling was inhibited using siRNA in vitro or the METTL3-specific inhibitor STM2457 in vivo and in vitro. In HK-2 cells, METTL3
protein levels increased in a dose- and time-dependent manner along with an increase in the cellular m°A levels. In the UUO model,
METTL3 expression and m°A levels were significantly increased. Transcriptomic and m°A profiling demonstrated that epithelial-to-
mesenchymal transition- and inflammation-related pathways were significantly associated with RNA m®A methylation. Genetic and
pharmacologic inhibition of METTL3 in HK-2 cells decreased TGF-B-induced fibrotic marker expression. STM2457-induced inhibition
of METTL3 attenuated the degree of kidney fibrosis in vivo. Furthermore, METTL3 protein expression was significantly increased in
the tissues of CKD patients with diabetic or IgA nephropathy. Therefore, targeting alterations in RNA methylation could be a

potential therapeutic strategy for treating kidney fibrosis.

Experimental & Molecular Medicine (2024) 56:355-369; https://doi.org/10.1038/s12276-024-01159-5

INTRODUCTION

Chronic kidney disease (CKD) is emerging as a major public health
issue owing to an increase in overall prevalence and socio-
economic expenditure’. The overall prevalence of CKD is
estimated to be 8-13%7 The overall prognosis of patients
worsens with the progression of CKD, and some patients
eventually progress to end-stage kidney disease that requires
kidney replacement therapy, including dialysis or kidney trans-
plantation. Importantly, disease-specific treatment for CKD is still
lacking®. Among the various pathological mechanisms of CKD
development and progression, kidney fibrosis has attracted
attention as a therapeutic target for CKD* Kidney fibrosis is
characterized by the pathological accumulation of extracellular
matrix proteins associated with the activation of myofibroblasts
and involves various molecular signaling pathways, including TGF-
3 family cytokines, connective tissue growth factor, nuclear factor
kB (NF-kB), Smad signaling, Wnt/B-catenin, Notch, and other
growth factors.

RNA methylation is a post-transcriptional RNA modification that
regulates various intracellular signaling pathways and is involved
in many critically important biological processes by regulating
several aspects of RNA processing®. The most prevalent internal
mRNA modification is N®-methyladenosine (m®A), which is
deposited on mRNA by m°A methyltransferases (METTL3/14,
WTAP, RBM15/15B, VIRMA, and ZC3H13, termed “writers”),

removed by demethylases (FTO, ALKBH5, and ALKBH3, termed
“erasers”), and recognized by m®A-binding proteins (YTHDC1/2,
YTHDF1/2/3, IGF2BP1/2/3, HNRNP, and elF3, termed “readers”).
RNA methylation is associated with various inflammatory states,
including autoimmunity, infection, metabolic diseases, cancer,
neurodegenerative diseases, cardiovascular diseases, and bone
diseases’. Recently, m°A RNA methylation was shown to be
related to fibrosis in the lung, liver, and kidney®'°.

This study investigated the remodeling of the RNA methylation
profile during kidney fibrosis in various kidney fibrosis models and
the inhibitory effect of RNA methylation on CKD development and
progression via specific inhibition of METTL3. Epitranscriptomic
reprogramming of m°A RNA methylation associated with kidney
fibrosis was explored using methylated RNA immunoprecipitation
sequencing (MeRIP-seq). The expression of the m°®A writer METTL3
was examined in human kidney tissues collected from CKD
patients with IgA nephropathy and diabetic kidney disease. Our
study suggests that remodeling of m°A RNA methylation during
kidney fibrosis provides a therapeutic target for patients with CKD.

MATERIALS AND METHODS

Establishment of an in vitro model of kidney fibrosis

We established an in vitro TGF-B-induced fibrosis model using HK-2 cells.
HK-2 cells (1 x 10° cells/well) were seeded in six-well plates. We examined

'Genomic Medicine Institute, Medical Research Center, Seoul National University, Seoul, Republic of Korea. 2Department of Internal Medicine, Seoul National University College of
Medicine, Seoul, Republic of Korea. Department of Internal Medicine, Seoul National University Boramae Medical Center, Seoul, Republic of Korea. “Department of Biomedical
Sciences, Seoul National University College of Medicine, Seoul, Republic of Korea. *Medicine Major, Seoul National University College of Medicine, Seoul, Republic of Korea.
SCollege of Pharmacy, Kyung Hee University, Seoul, Republic of Korea. “Cancer Research Institute, Seoul National University, Seoul, Republic of Korea. 8These authors contributed

equally: Hae Rim Jung, Jeonghwan Lee. ®email: nephrolee@gmail.com; csybio@snu.ac.kr

Received: 15 March 2023 Revised: 1 November 2023 Accepted: 7 November 2023

Published online: 1 February 2024

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s12276-024-01159-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s12276-024-01159-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s12276-024-01159-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s12276-024-01159-5&domain=pdf
http://orcid.org/0000-0002-6033-290X
http://orcid.org/0000-0002-6033-290X
http://orcid.org/0000-0002-6033-290X
http://orcid.org/0000-0002-6033-290X
http://orcid.org/0000-0002-6033-290X
http://orcid.org/0000-0002-7240-3744
http://orcid.org/0000-0002-7240-3744
http://orcid.org/0000-0002-7240-3744
http://orcid.org/0000-0002-7240-3744
http://orcid.org/0000-0002-7240-3744
http://orcid.org/0000-0002-4714-1260
http://orcid.org/0000-0002-4714-1260
http://orcid.org/0000-0002-4714-1260
http://orcid.org/0000-0002-4714-1260
http://orcid.org/0000-0002-4714-1260
https://doi.org/10.1038/s12276-024-01159-5
mailto:nephrolee@gmail.com
mailto:csybio@snu.ac.kr
www.nature.com/emm

H.R. Jung et al.

356

fibrosis-related epithelial-to-mesenchymal transition (EMT) and RNA
methylation markers at different time points (0, 8, 24, and 48h) with
various concentrations of TGF-f§ (1, 10, and 100ng/mL). In vitro
experiments were performed at least twice to evaluate the statistical
significance of the results.

Animal models of UUO and kidney fibrosis

A two-week UUO mouse model was established and used in this
experiment to establish kidney fibrosis. This study was approved by the
Seoul National University Boramae Medical Center Institutional Animal
Care and Use Committee (No. B22-0024-001). Animal experiments were
carried out in the animal laboratory of the Seoul National University
Boramae Medical Center under specific pathogen-free conditions in
accordance with the National Research Council’s “Guidelines for the Care
and Use of Laboratory Animals”. Male C57BL/6 mice (20-22 g, seven weeks
old, Koatech, Kyeonggi-do, Korea) were given one week to adjust to the
laboratory environment. Animals were randomly divided into two
experimental groups/models (7-day and 14-day UUO, n = 7/experimental
group, and n=2 in the sham group for each experiment). Rompun™
(xylazine 10 mg/kg; Bayer Korea Co. Ansan, Korea) and Zoletil™
(zolazepam 30 mg/kg; Virbac Korea, Seoul, Korea) were intraperitoneally
injected into the mice to induce anesthesia. The animals were placed on
heating pads throughout the treatment to keep their temperature at
~37°C. Following a left flank incision, the left kidney of the mouse was
moved to the outside, exposing the kidney pedicles for manipulation.
Proper adipose and connective tissue dissection was performed on the
pedicle at the lower pole of the left kidney containing the ureter. The
exposed pedicle was tied twice at the distal and proximal parts using 4-0
black silk to obstruct the urinary flow and induce hydronephrosis. The
pedicle of the left kidney in the sham group was not ligated but was only
exposed during the procedure. Mice were sacrificed on postoperative Day
7 or 14, and the left kidney was removed and prepared for the experiment.
The left kidney was cut transversely into upper and lower halves. The
upper half was divided transversely into three specimens, which were used
for mRNA extraction, frozen tissue specimens, and western blot analyses to
determine protein expression. The lower half was divided transversely into
two pieces with higher paraffin tissue blocks for histological examination
and the lower part for protein expression using western blotting. At least
two independent animal experiments were conducted to assess statistical
significance.

Histological examination for fibrosis and
immunohistochemistry
Kidney tissues were removed from the sacrificed mice and embedded in
paraffin blocks. Embedded kidney tissues were sectioned into 4 um thick
slices and stained with periodic acid-Schiff, Masson's trichrome, and Sirius
red staining (all from ScyTek Laboratories, Logan, UT, USA) to evaluate the
tissue morphology and kidney tissue fibrosis''. At least eight fields were
randomly selected from each kidney segment and photographed under a
light microscope (BX53F2; Olympus, Tokyo, Japan). The areas of fibrosis
and total tissue were measured at X100 magnification using ImageJ 1.52d
software (Wayne Rasband, National Institute of Health, USA). The extent of
fibrosis was assessed at X100 magnification using ImageJ (v1.53e, Wayne
Rasband, National Institute of Health, USA)'%'3,

Paraffinized kidney tissue section (4 um thick) were deparaffinized using
a solution of xylene and rehydrated with ethanol. Antigen retrieval was
performed by heating the sections three times in a microwave oven for
5 min, followed by immersion in 10% citrate buffer solution (pH 6.0). The
sections were subsequently incubated with hydrogen peroxide in
methanol (3%) for 10 min at room temperature to suppress endogenous
peroxidase activity. Kidney tissue sections were incubated overnight at 4 °C
with the primary METTL3 antibody (Cell Signaling Technology, Beverly, MA,
USA; #86132). Rabbit primary antibodies were used with the Polink HRP
DAB kit (GBI Labs, Bothell, WA, USA). Mayer’s hematoxylin was used as a
counterstain (ScyTek Laboratories, Logan, UT, USA). At least five carefully
chosen fields of the stained slides were imaged and examined at a
magpnification of x200. The proportion of METTL3-positive regions was
calculated using Image) (v1.53e; Wayne Rasband, National Institute of
Health, USA)">">,

Western blot analysis
Protein was extracted from HK-2 cells, which were incubated with TGF-f
for 48 h, and homogenized kidney tissues were collected two weeks after
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UUO induction using RIPA buffer containing a full protease inhibitor
cocktail (Thermo Fisher, Rockford, IL, USA). Protein concentrations were
determined using the bicinchoninic acid (BCA) test (Thermo Scientific,
Rockford, IL, USA), and equivalent amounts of protein extracts were
separated using 10% sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis. Proteins were subsequently transferred to a nitrocellulose
membrane (Millipore Corporation, Bedford, MA, USA). Next, the mem-
branes were blocked with 5% skim milk containing 2% BSA buffer and
incubated with specific primary antibodies overnight at 4 °C (Supplemen-
tary Table 1). Anti-mouse or anti-rabbit IgG antibodies (Thermo Fisher
Scientific, Rockford, IL, USA) were used as secondary antibodies. Protein
bands were visualized using an improved chemiluminescence system
(Advansta, CA, USA).

Quantitative reverse transcription PCR (qRT-PCR)

mRNA expression was evaluated using qRT-PCR. Kidney cell lysates and
total RNA were extracted using TRIzol reagent (Bioline, Luckenwalde,
Germany). A Reverse Transcription System kit (Promega, Madison, WI, USA)
was used to synthesize cDNA from 1 g of RNA from each tissue sample.
The expression levels of the METTL3, METTL14, METTL16, FTO, ALKBHS5,
YTHDF1, YTHDF2, and GAPDH genes were measured using quantitative RT-
PCR on a CFX96 Real-Time Detection System (Bio-Rad, Hercules, CA, USA)
using each primer and assay-on-demand SYBR Green (Supplementary Table
2). Relative quantification was performed using the AACT method after the
mRNA levels of various genes were normalized to those of GAPDH.

Measurement of the m®A RNA methylation level

The levels of m®A were quantified using the EpiQuik m6A RNA Methylation
Quantification Kit (Epigentek, Farmingdale, NY, USA) according to the
manufacturer’s protocol . Briefly, 80 mL of the binding solution was added
to each well before use. Two microliters of negative control (NC), 2 uL of
diluted positive control (PC), or 300 ng of sample RNA was then plated into
the wells, and the solution was mixed by gently tilting from side to side.
The strip plate was sealed and incubated at 37 °C for 90 min. Each well was
washed three times with 150 pL of diluted wash buffer by pipetting. The
diluted capture antibody (50 pL) was added to each well and incubated at
room temperature for 60 min. The capture antibody solution was removed,
and each well was washed three times with 150 pL of diluted wash buffer.
Diluted detection antibodies (50 uL) were added to each well and
incubated at room temperature for 30 min. Each well was washed four
times with 150 uL of wash buffer, and 50 uL of enhancer solution was
added to each well and incubated at room temperature for 30 min. Each
well was washed five times with 150 uL of wash buffer. One hundred
microliters of developer solution was added to each well and incubated at
room temperature for 10 min in the dark. A stop solution (100 uL) was
added to each well to stop the enzyme reaction, and the absorbance was
measured on a microplate reader at 450 nm. The m°A quantity was
calculated using the following formula:

(Sample OD — NC OD)-+S
(PCOD — NCOD)~+-P

m6A % = x 100%

where S is the amount of the input sample RNA (ng) and P is the amount of
input positive control (PC) in nanograms.

MeRIP-seq

MeRIP-seq and data analysis were performed as previously described with
minor modifications'”. Briefly, mRNA was purified from total RNA using a
Dynabeads™ mRNA Purification Kit (Thermo Fisher, Rockford, IL, USA).
Then, 5pug of mMRNA was fragmented and immunoprecipitated using an
anti-m°A antibody (202003, Synaptic Systems, Gottingen, Germany); the
immunoprecipitated RNA was washed and eluted by competition with N°-
methyladenosine (Sigma-Aldrich, M2780). The purified RNA fragments
from m®A MeRIP were used for library construction using the SMARTer
Stranded RNA-seq kit (Clontech) and sequenced using an lllumina
NovaSeq 6000 system.

The quality of the raw FASTQ files was assessed using FastQC (v0.11.9)
The reads were trimmed using Trimmomatic (v 0.39)'” and in-house
methods. Trimmed reads were aligned to the human (GRCh38) or mouse
(mm10) reference genome using STAR (v2.7.8a)'8, and gene expression
levels were quantified using RSEM (v1.3.3)'°. m®A peaks and DMPs were
detected using the exomePeak2 R package (v1.3.7)%°. Peaks were
annotated using an in-house method using the gencode.v22.annota-
tion.gtf file. Significant DMPs were considered those with [fold change] >3/

16
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2 or [fold change] <2/3 and P value < 0.05. The mCA peak distribution was
visualized using the Guitar R package (v2.6.0)*'. Motif discovery was
performed using findMotifsGenome.pl from HOMER (v4.11)?2. Volcano
plots were generated using the EnhancedVolcano R package (v1.12.0)%,
and the peak of interest was visualized using IGV software (v2.12.2).
Analysis of sequencing data was mostly carried out using the computing
server at the Genomic Medicine Institute Research Service Center.

MeRIP-qPCR and RNA immunoprecipitation (RIP)-qPCR

RNA was fragmented by repeated heating at 94 °C for 2 min and vortexing.
The fragmented RNA was purified using RNA Clean and Concentrator kits
(Zymo Research, Irvine, CA, USA). Protein A/G Magnetic Beads (Pierce,
88802) were used for immunoprecipitation with 1 ug of anti-m°A antibody
(Synaptic Systems, 202003) and 20 pg of total RNA for each reaction. Two
micrograms of total RNA was preserved as RNA input. Immunoprecipita-
tion tubes were incubated overnight at 4 °C. The beads were washed, and
RNA was eluted and purified using an RNA Clean & Concentrator kit. RNA
levels were analyzed using quantitative RT-PCR and primers for NETT: 5'-
CGCTTACAGATGTGGCTCTG-3' and 5-ATGATGCTCCCCTTACGAGA-3'. For
RIP-gPCR, cell lysates were immunoprecipitated with an anti-IGF2BP1
antibody, and subsequently, the recovered RNAs were subjected to
quantitative RT-PCR using primers for NET1.

Suppression of METTL3 expression using siRNA transfection
or STM2457
To inhibit the production of RNA methylation-related proteins, we
transfected HK-2 cells with siRNAs for METTL3, FTO, and YTHDF1 (sequence
provided in Supplementary Table 3). HK-2 cells (1x10° cells/well) were
grown in antibiotic-free growth medium with fetal bovine serum and
incubated in a CO, incubator at 37 °C for one day prior to transfection. For
cell transfection, a mixture of Transfection Reagent (siRNA duplex solution
mixed with Transfection Medium, both acquired from Invitrogen) was used.
In this study, we used STM2457 (Chemicals, DC53045, Shanghai, China),
a selective inhibitor of METTL3 catalytic activity, as a pharmacological
inhibitor of METTL3 in in vitro and in vivo experiments. HK-2 cells were
challenged with TGF-8 (10 ng/mL for 48 h), and STM2457 was added at
different doses (1, 5, and 10 uM). In the UUO experiment, mice were
randomly allocated to four experimental groups (sham/vehicle, n=4;
sham/STM2457, n = 4; 14-day UUO/vehicle, n =7; 14-day UUO/STM2457,
n = 6). STM2457 was dissolved in a 2-hydroxypropyl cyclodextrin vehicle at
a concentration of 20% (w/v) (Sigma, H1 07)**. The mice were administered
vehicle or STM2457 (50 mg/kg) daily for 2 weeks.

Measurement of METTL3 expression in tissues obtained from
patients with CKD

We enrolled 16 patients with CKD, of which eight had diabetic
nephropathy, eight had IgA nephropathy confirmed by kidney biopsy,
and 11 were control patients. A kidney biopsy was performed
prospectively to evaluate the primary cause of kidney disease, and
participants signed a voluntary informed consent form before enrollment.
This prospective study was approved by the Institutional Review Board of
the Seoul National University Boramae Medical Center (No. 06-2011-50).
Patient baseline demographic and clinical information, including age, sex,
serum creatinine, estimated glomerular filtration rate levels, urinary
albumin-to-creatinine ratio, and pathological reports of kidney biopsy,
were obtained from electronic medical records.

Statistical analysis

Data are presented as the mean and standard deviation. Standard deviations
and mean values are shown in bar graphs, and individual data are depicted
as dot plots. Statistical analyses were performed using Prism 9.4.0 (GraphPad
Software, San Diego, CA, USA) and SPSS (version 24.0; IBM Corp., Amrok, NY,
USA). Differences between groups were examined using an independent t
test or one-way ANOVA with a post hoc Tukey test, as appropriate. A P value
of 0.05 was used as the cutoff point for statistical significance.

RESULTS

Alterations in the levels of m®A RNA methylation-associated

genes in the TGF-B-induced cell fibrosis model

The TGF-B-challenged human kidney tubular epithelial cell (HK-2)
fibrosis model was used to evaluate alterations in the RNA
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methylation profile during kidney fibrosis. The levels of fibrosis-
related and RNA methylation writer, eraser, and reader proteins
after TGF-B challenge (10 ng/mL) at baseline and 8, 24, and 48 h
are shown in the western blot results in Fig. 1a. The levels of
N-cadherin increased as those of E-cadherin, a representative
marker of EMT, decreased over time. RNA methylation-related
METTL3, FTO, and YTHDF1 expression was also increased after
TGF-B administration. An increase in the levels of METTL3, FTO,
and YTHDF1 was also observed at all tested doses of TGF-$ (Fig.
1b, 1, 10, and 100 ng/mL). The RNA expression levels of RNA
methylation-related proteins are shown in Fig. 1c. METTL3,
METTL14, ALKBH5, YTHDF1, and YTHDF3 mRNA expression
significantly increased after TGF-B challenge. Furthermore, the
amount of m°A RNA methylation after TGF-B treatment signifi-
cantly increased (Fig. 1d). The inhibitory effects of METTL3, an RNA
methylation writer, were tested using an siRNA against METTL3.
METTL3 expression was successfully inhibited after siRNA treat-
ment, and the TGF-B-induced increase in N-cadherin and
fibronectin expression was suppressed after knockdown of
METTL3 (Fig. 1e). We also evaluated the inhibitory effects of FTO
and YTHDF1 using siRNAs (Supplementary Fig. 1). Knockdown of
FTO increased the levels of one of the fibrotic markers, fibronectin,
in the presence of TGF-B compared to those of the control cells
(Supplementary Fig. 1a), but YTHDF1 inhibition had a negligible
effect on fibrotic markers, in contrast to METTL3 inhibition
(Supplementary Fig. 1b).

Among m®A reader proteins, IGF2BPs (IGF2BP1, IGF2BP2, and
IGF2BP3) have been reported to promote the stability of target
mRNAs®. When we treated HK-2 cells with TGF-B, we found that
TGF-B increased IGF2BP1 expression, while TGF- slightly
decreased the expression levels of IGF2BP2 and IGF2BP3
(Supplementary Fig. 2a, b). When we knocked down IGF2BPs,
we found that depletion of IGF2BP1 decreased the expression of
EMT markers, including N-cadherin, vimentin, and fibronectin, in
the presence of TGF-B, but knockdown of IGF2BP2 and IGF2BP3
had little effect on the TGF-B-induced expression of EMT markers
(Supplementary Fig. 2c-e). These data suggested that IGF2BP1
plays roles in the TGF-B-induced EMT process as one of the main
reader proteins.

Alterations in the levels of m®A RNA methylation-associated
genes in the unilateral ureteral obstruction (UUO) mouse
model of kidney fibrosis

UUO-treated mouse kidneys showed increased tissue fibrosis, and
the difference was significant in the 14-day UUO model
(Supplementary Fig. 3). The levels of fibrosis-related and RNA
methylation writer, eraser, and reader proteins in the 7-day and
14-day UUO mouse models are shown in the western blot results
in Fig. 2a, b, respectively. The protein expression of METTL3 was
significantly increased, while that of YTHDF1 was decreased in
both the 7-day and 14-day UUO models (Fig. 2c). The levels of
METTL16, FTO, and ALKBH5 showed an increasing trend, whereas
those of YTHDF2 and YTHDF3 showed a decreasing trend (Fig. 2a,
b). The kidney tissue area with METTL3 protein expression was
significantly increased in the 14-day UUO mouse model (Fig. 2d).
The total levels of mSA RNA methylation significantly increased in
both the 7-day and 14-day UUO models (Fig. 2e, f).

Effect of METTL3 knockdown on transcriptomic remodeling in
TGF-B-challenged HK-2 cells

Because changes in the m®A RNA methylation profile are highly
associated with transcriptomic remodeling of mRNAs, we inves-
tigated the effect of METTL3 knockdown on transcriptomic
alterations in the TGF-B-challenged HK-2 cells. When the expres-
sion of METTL3 was downregulated by siRNAs in TGF-f3-challenged
HK-2 cells, 219 genes were significantly upregulated by treatment
with siRNA against METTL3, and 153 genes were significantly
downregulated (P<0.05, |fold change| = 1.5; Fig. 3a and
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Fig. 1 TGF-B increased N®-methyladenosine (m°A) RNA methylation in renal tubular epithelial cells. a Western blot of HK-2 cells for fibrosis-
related and m°A RNA methylation writer, eraser, and reader proteins after TGF-p challenge (10 ng/mL) at baseline and at 8, 24, and 48 h.
b Western blot of fibrosis-related and RNA methylation proteins in HK-2 cells with TGF-p challenge (1, 10, and 100 ng/mL) for 48 h. ¢ Messenger
RNA levels of RNA methylation-related markers with or without TGF- challenge (10 ng/mL for 48 h) analyzed using real-time PCR. d m°A RNA
methylation levels after TGF-f challenge (10ng/mL for 48 h) estimated using enzyme-linked immunosorbent assays for RNA m°A. An
independent unpaired t test was used for comparisons between two groups. P < 0.01. e Effect of METTL3 knockdown on TGF-p-mediated gene
expression of fibrosis-related genes. After METTL3 was inhibited using siMETTL3, HK-2 cells were challenged with TGF-$ (10 ng/mL for 48 h).
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a, b Western blot for fibrosis-related and m®A RNA methylation writer, eraser, and reader proteins in 7-day (a) and 14-day (b) UUO-induced
mouse models. ¢ Densitometric measurement of western blots for METTL3 and YTHDF1 in 7-day and 14-day UUO-induced mouse models.
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and 14-day (f) UUO-induced mouse models estimated using an enzyme-linked immunosorbent assay for RNA m°A. Comparisons of means
between two and three groups were analyzed using independent t tests and ANOVA with post hoc Tukey tests, respectively. "P > 0.05,

"P<0.05, "P<0.01, P <0.001.
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Supplementary Fig. 4a, b). Analysis of the top 40 differentially
expressed genes following METTL3 knockdown revealed that in 29
of 40 genes, the effects of siRNA tended to be reversed by METTL3
overexpression, and approximately half of these genes exhibited a
dependency on METTL3 activity (Fig. 3a). These genes contain the

SPRINGER NATURE

canonical motifs for m®A modification. Gene Ontology (GO)
analysis using ClueGO*® showed that these 372 differentially
expressed genes were enriched in several EMT-related GO terms,
such as ‘regulation of transforming growth factor beta produc-
tion’, ‘positive regulation of transmembrane receptor protein
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Fig. 3 Transcriptomic effect of METTL3 knockdown on TGF-B-mediated epithelial-mesenchymal transition in renal tubular
epithelial cells. a Top 40 differentially expressed genes following METTL3 knockdown in TGF-f-treated HK-2 cells. After transfection of
siRNA targeting the 3’ UTR of METTL3 and METTL3-overexpressing vectors resistant to siRNA, HK-2 cells were treated with TGF-p (10 ng/mL for
48 h), and their transcriptome was analyzed using RNA sequencing. Heatmap demonstrating the top 40 differentially expressed genes
(P < 0.05, [fold change| 21.5) sorted by fold change. Each row represents a gene, and each column represents a sample. Red and green indicate
expression levels above and below the median of each gene across the samples, respectively. b Network representation of enriched Gene
Ontology (GO) biological processes (analyzed by ClueGO; P<0.05) using 372 differentially expressed genes following treatment with
METTL3 siRNA (P < 0.05, [fold change| 21.5). The node size represents the term enrichment significance. The nodes are linked based on their
kappa score (=0.4), where the term labels with the most genes per group are shown. ¢ Gene set enrichment analysis (GSEA) for Gene
Ontology biological process (GOBP) gene sets using RNA sequencing data for TGF-p-treated (10 ng/mL for 48 h) HK-2 cells with the control
and METTL3 siRNAs. The left panel shows the enriched GOBP gene sets (P < 0.02) in the control siRNA-treated cells compared with the METTL3
siRNA-treated cells. The right panel shows the enrichment plots for representative GOBP gene sets. On the x axis, the genes are ranked from
the most upregulated to the most downregulated between the control siRNA-treated cells (left end; positively correlated) and the METTL3
siRNA-treated cells (right end; negatively correlated). The y axis shows a running enrichment score for METTL3 siRNA treatment. d GSEA for
WikiPathways gene sets using RNA sequencing data for the TGF-p-treated (10 ng/mL for 48 h) HK-2 cells with the control and METTL3 siRNAs.
The left panel shows the enriched WikiPathways gene sets (P < 0.05) in the control siRNA-treated cells compared with the METTL3 siRNA-
treated cells. The right panel shows the enrichment plots for representative WikiPathways gene sets. On the x axis, the genes are ranked from
the most upregulated to the most downregulated between the control siRNA-treated cells (left end; positively correlated) and the METTL3

siRNA-treated cells (right end; negatively correlated). The y axis shows a running enrichment score for METTL3 siRNA treatment.

serine/threonine kinase signaling pathway’, and ‘collagen fibril
organization’, and morphogenesis-related GO terms, including
‘kidney morphogenesis’ and ‘vasculature development’ (P < 0.05;
Fig. 3b). When the RNA sequencing data were used in gene set
enrichment analysis (GSEA)*® with Gene Ontology biological
process gene sets, several gene sets associated with RNA
processing, including ‘cytoplasmic translation’, ‘RNA splicing’,
‘mRNA processing’, and ‘mRNA splice site selection’, were enriched
in the control cells compared to the METTL3 knockdown cells
(P < 0.02; Fig. 3c), suggesting that METTL3 knockdown suppressed
these pathways. In addition, GSEA using WikiPathways (https://
www.wikipathways.org/) gene sets showed enrichment of
inflammation-related gene sets, such as ‘immune infiltration in
pancreatic cancer’, ‘CCL18 signaling pathway’, and ‘overview of
proinflammatory and profibrotic mediators’, in the control cells
compared to the METTL3 knockdown cells (P < 0.05; Fig. 3d).

TGF-B-induced alterations in the m°®A profiles of HK-2 cells
As TGF-f treatment increased METTL3 expression and total cellular
m°A levels in HK-2 cells (Fig. 1a, d), we analyzed the TGF-
B-induced alterations in m®A profiles in mRNAs by performing
MeRIP-seq (Supplementary Fig. 5). In accordance with previous
studies, m®As were enriched around the stop codon of the mRNAs
(Fig. 4a), and the GGAC sequence was the most enriched
transcript sequence with or without TGF-B treatment (Fig. 4b).
We detected 9815 peaks in the TGF-B-treated HK-2 cells and 7011
peaks in the untreated cells, suggesting that mRNAs of 5360 genes
were subjected to m6A modifications in one or more of the two
conditions. Among 372 differentially expressed genes by METTL3
knockdown (Fig. 3a, b), 91 genes (24.6%) were detected in MeRIP-
seq analysis of the TGF-B-treated or nontreated HK-2 cells,
indicating modification by METTL3. When we analyzed the
differentially methylated peaks (DMPs) in mRNAs, we found that
a total of 55 peaks were increased (fold change >1.5, P < 0.05) and
206 were decreased (fold change <0.67 and P < 0.05) after TGF-3
treatment (Fig. 4c). Gene set analysis using these 261 genes with
DMPs demonstrated the enrichment of immune-related gene sets,
including ‘IL2 STATS5 signaling’ and ‘TNFa signaling via NFkB’, and
DNA damage-related gene sets, such as ‘DNA repair' and ‘p53
pathway’ (P < 0.01; Fig. 4d and Supplementary Fig. 6).

Among the genes with increased methylated peaks following
TGF-B treatment, we further analyzed the m®A methylation of the
NET1 (neuroepithelial cell transforming 1) gene because NETT has
been suggested to play roles in TGF-B-induced EMT in human
retinal pigment epithelial cells and mouse fibroblasts?”?%. The
MeRIP-seq data showed that TGF- increased the m®A methyla-
tion of the NETT transcript around the transcription termination
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site (Fig. 4e). TGF-B-induced augmentation of m°A levels in NET7
cells was validated using MeRIP-gPCR (Fig. 4f). In addition, we
verified the interaction between NETT mRNA and the m®A reader
IGF2BP1 through RIP-qPCR analysis (Supplementary Fig. 2f).

NET1 as a possible regulator in TGF-B-induced fibrosis of
kidney tubular epithelial cells

Next, we investigated the role of NET1 in TGF-B-induced fibrosis of
kidney tubular epithelial cells. TGF-B treatment increased the
mRNA and protein expression of NET1 in HK-2 cells (Fig. 5a, b).
Knockdown of METTL3 resulted in a decrease in NETT mRNA levels,
and overexpression of siRNA-resistant METTL3 restored NETI1
mMRNA levels (Supplementary Fig. 7). When we estimated the
mRNA stability of NETT in the presence of actinomycin D, we
found that TGF-3 treatment enhanced the stability of NETT mRNA
(Fig. 5¢), probably due to increased m°®A levels of NETT mRNA (Fig.
4f). In contrast, addition of the METTL3-specific inhibitor
STM2457%* decreased the stability of NETT mRNA (Fig. 5d),
suggesting that m®A modification of NET7 mRNA is needed for
the TGF-B-mediated stabilization of NETT mRNA.

When the expression of NET1 was downregulated by siRNA
treatment, the TGF-B-increased mRNA expression of EMT markers,
such as N-cadherin and vimentin, was suppressed compared to that
in the control siRNA-treated cells (Fig. 5e). The protein levels of
N-cadherin and fibronectin, which were induced by TGF-f treatment,
were diminished by treatment with siRNA against NET1 (Fig. 5f). In
addition, overexpression of NET1 enhanced TGF-B-induced expres-
sion of N-cadherin and vimentin in the METTL3 knockdown HK-2 cells
(Supplementary Fig. 8a, b). These data suggest that the TGF-
B-induced stabilization and increase in NETT mRNA levels play a role
in the TGF-B-mediated expression of EMT markers.

To investigate the effects of NETT knockdown on TGF-B-induced
signaling in HK-2 cells, we performed RNA sequencing on control
cells, TGF-B-treated cells, and TGF-fB-treated cells with NET7
knockdown. GSEA using KEGG pathways revealed significant
enrichment of 15 gene sets in the TGF-f-treated cells compared to
the controls (P < 0.05, Supplementary Fig. 9a). In the TGF-B-treated
cells with NETT knockdown, 3 of these 15 gene sets showed
significant depletion (P <0.1; Supplementary Fig. 9b). Further-
more, 11 of the 15 gene sets exhibited a trend toward depletion in
the TGF-B-treated NETT knockdown cells compared to the TGF-
B-treated cells (normalized enrichment score >1 in TGF-B-treated
cells; Supplementary Fig. 9b). EMT-related gene sets, such as ‘focal
adhesion’, ‘adherent junction’, and ‘vascular smooth muscle
contraction’, were included in these gene sets. These findings
collectively suggest that NETT depletion leads to a reversal of
several TGF-B-induced transcriptomic changes.
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Fig. 4 Profile of N°>-methyladenosine (m°A) RNA methylation in in vitro kidney fibrosis models. a M®A peak distribution across the mRNA
transcripts, including 5’ untranslated regions (5 UTR), coding DNA sequence (CDS), and 3’ UTR. The RNA m°A profile was analyzed using
methylated RNA immunoprecipitation sequencing (MeRIP-seq). b Enriched consensus m®A motifs were identified from the MeRIP-Seq analysis
in the control and TGF-B-treated (10 ng/mL for 48 h) HK-2 cells. ¢ Volcano plot for differentially methylated peaks in transcript levels from the
MeRIP-Seq analysis between the control and TGF-p-treated HK-2 cells ([fold change] >3/2 or <2/3, P < 0.05). The x axis represents fold changes
in the TGF-p-treated cells compared with the control cells. d Significantly enriched hallmark gene sets (P < 0.01) in 261 genes with differentially
methylated m6A peaks between the control and TGF-p-treated HK-2 cells. e The Integrative Genomics Viewer (IGV) tool revealed the m®A peak
distribution in NETT from the MeRIP-Seq analysis in the control (TGF-B [-]) and TGF-B-treated (TGF-B [+]) HK-2 cells. f M®A methylation levels of
the NETT transcript in the control and TGF-p-treated HK-2 cells estimated using MeRIP-qPCR.
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Alterations in m®A profiles in the UUO model

Next, we analyzed in vivo alterations in mRNA m°A profiles in the
UUO mouse model using MeRIP-seq. In accordance with the cell
line data (Fig. 4a, b), m®As were enriched around the stop codon
of the mRNAs (Fig. 6a), and the GGAC and CGCA sequences were
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enriched in transcript sequences in both the control and UUO
mice (Fig. 6b). When we analyzed the DMPs in mRNAs, a total of
600 peaks were increased (fold change >1.5, P <0.05), and 955
were decreased (fold change <0.67 and P<0.05) in the UUO
model mice (Fig. 6¢). Gene set analysis using these 472 genes with
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Fig. 6 Profile of N°-methyladenosine (m°A) RNA methylation in in vivo kidney fibrosis models. a M°A peak distribution across the mRNA
transcripts, including 5 untranslated regions (5’ UTR), coding DNA sequence (CDS), and 3’ UTR. The RNA m°®A profile was analyzed using
methylated RNA immunoprecipitation sequencmg (MeRIP-seq) using kidney tissues from control and unilateral ureteral obstruction (UUO)-
induced model mice. b Enriched consensus m®A motifs were identified from the MeRIP-Seq analysis in the control and UUO-induced mice.
¢ Volcano plot for differentially methylated peaks in transcript levels from the MeRIP-seq analysis between the control and UUO-induced mice
([fold change] >3/2 or <2/3, P<0.05). The x axis represents fold changes in the UUO induced mice compared with the control mice.
d Significantly enriched hallmark gene sets (P < 0.01) in 472 genes with increased m°A peaks (fold change >2) in the UUO-induced mice
compared with the control mice. e The Integrative Genomics Vlewer (IGV) tool revealed the m®A peak distribution in the NETT gene from the
MeRIP-Seq anaIyS|s in the control and UUO-induced mice. f M®A methylation levels of the NET7 transcript in the control and UUO model mice

estimated using MeRIP-gPCR.
<

increased DMPs (fold change >2) demonstrated the enrichment of
EMT-related gene sets, including ‘epithelial-mesenchymal transi-
tion’, ‘notch signaling’, and ‘Wnt beta catenin signaling’, and
immune-related gene sets, such as ‘TNFa signaling via NFkB’ and
‘allograft rejection’ (P<0.01; Fig. 6d). Although there was
individual variation, the m°A methylation levels of NETT were
augmented in the UUO-treated mice compared to the control
mice in the MeRIP-seq and MeRIP-gPCR experiments (Fig. 6e, f).

Effects of METTL3 inhibition on fibrosis in vitro and in vivo
Next, we investigated the effects of a METTL3-specific inhibitor in
HK-2 cells challenged with TGF-B in an in vitro fibrosis model and
a 14-day UUO in vivo mouse model. The change in m°A RNA
methylation levels in HK-2 cells after treatment with the METTL3-
specific inhibitor STM2457%* at different concentrations (1, 5, and
10 uM) is shown in Fig. 7a. The amount of m°A RNA methylation
significantly decreased after treatment with STM2457 at all the
tested concentrations. Higher doses of STM2457 were associated
with greater inhibitory effects on cellular m°A levels, but the
difference was not statistically significant. Protein expression
levels during EMT and fibrosis are shown in Fig. 7b. The expression
of vimentin, fibronectin, and a-SMA was suppressed after
treatment with STM2457 in the presence of TGF-B. However,
STM2457 exhibited a minimal effect on the TGFB-induced
expression of EMT markers in the METTL3 knockdown cells
(Supplementary Fig. 10), suggesting that the effect of STM2457
is mediated through the inhibition of METTL3. In addition,
treatment with STM2457 decreased the cellular levels of m°A in
rat kidney fibroblasts and NRK49F cells (Supplementary Fig. 11a,
b). Furthermore, STM2457 suppressed the expression of all EMT
markers in the presence of TGF-f in NRK49F cells (Supplementary
Fig. 11a, c), suggesting that the METTL3 inhibitor shows
antifibrotic effects even in kidney fibroblasts.

Figure 7c shows the mRNA expression levels of EMT and fibrotic
markers in the UUO-treated mice with or without treatment with
STM2457. The expression of vimentin and aSMA significantly
decreased after treatment with STM2457 in the UUO models (Fig.
7¢). Kidney fibrotic areas were measured with Masson'’s trichrome
staining, and kidney tissue expression of aSMA and Colla was
measured by immunohistochemical staining (Fig. 7d). The
increased fibrotic area and expression of aSMA and Col1a were
significantly decreased after STM2457 treatment in the UUO
models.

METTL3 expression in human CKD tissue

Kidney tissue was collected from 16 CKD patients with diabetic
nephropathy (n=28) or IgA nephropathy (n=8) and control
subjects (n=11). METTL3 expression in kidney tissues was
determined using immunohistochemical staining. Figure 8a shows
representative METTL3 immunohistochemical staining results for
the three samples (IgA nephropathy, diabetic nephropathy, and
control; scale bar 50pm, x400). The intensity of METTL3
expression was higher in the tubular cell nuclear area of kidney
tissue from the CKD patients than in that from the control patients
(Fig. 8b). The proportion of the METTL3-positive area was
compared according to disease, CKD stage, proteinuria level,
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and degree of interstitial fibrosis. METTL3 expression in CKD
patients, especially those with IgA nephropathy, was significantly
higher than that in the control patients (P=0.013; Fig. 8b). In
addition, patients with heavy proteinuria and higher degrees of
interstitial fibrosis had larger areas of METTL3 positivity (Fig. 8b).
These results suggest a role for METTL3-mediated m®A modifica-
tions in human CKD.

DISCUSSION
We investigated alterations in RNA methylation and the inhibitory
effects of METTL3 on the development of kidney fibrosis in UUO-
induced model mice and TGF-B-challenged human kidney tubular
epithelial cells. In addition, we examined METTL3 expression in the
kidney tissues of CKD patients. We demonstrated that the mRNA
and protein levels of m®A methyltransferases (writers), demethylases
(erasers), and m®A-binding proteins (readers) are related to RNA
methylation changes during kidney fibrosis. Our experimental results
showed that inhibition of METTL3 can suppress EMT and reduce the
development and progression of kidney fibrosis both in vitro and
in vivo. Furthermore, using MeRIP-seq, we found that NETT could be
a possible regulator of TGF--mediated kidney cell fibrosis in UUO
mouse models. Finally, we showed that the METTL3 expression
levels in kidney tissues collected from patients with CKD were higher
than those in controls. These results suggest that changes in RNA
methylation, especially activation of METTL3, play an important role
in kidney fibrosis and that the initiation and progression of kidney
fibrosis can be alleviated through regulation of RNA methylation.
RNA methylation is one of the processes that controls gene
expression at the post-transcriptional level’. RNA methylation is
widespread in mRNA, transfer RNA (tRNA), ribosomal RNA (rRNA),
noncodlng small RNA (sncRNAs), and long-chain noncoding RNA
(INcRNAs)?. m®A is the most common methylation of MRNA%,
Proteins assoaated with RNA methylation include methylation-
specific methyltransferases (writers), demethylases (erasers), and
RNA methylation-recognition proteins (readers). The majority of m°A
methylation on mRNA is carried out by protein complexes with
METTL3 and METTL14%'. METTL3 acts catalytically, whereas METTL14
aids in RNA substrate binding. As a major biological function of RNA
methylation, RNA methylation can determine the survival of stem
cells and regulate gene translation and the response to DNA
damage®2. Recent research has suggested that RNA methylation
primarily regulates EMT'. EMT associated with RNA methylation
contributes to the metastasis of cancer cells by decreasing
E-cadherin expression®>. In addition, RNA methylation is involved
in solid organ fibrosis, including that in the lungs and liver® 193433,
Recently, RNA methylation was suggested to be involved in
kidney fibrosis. TGF-B increases m°A modification in HK-2 cells, and
METTL3 suppression by knockdown attenuates TGF-f-induced
EMT and fibrosis markers>®. Ning et al. reported that the m®A RNA
demethylase ALKBH5 was suppressed with an increase in the total
m°A levels in a UUO-induced kidney fibrosis model and that soy
isoflavone genistein administration restored ALKBH5 inhibition and
improved kidney fibrosis by suppressing EMT and improving
inflammatory markers®”. ALKBH5 knockdown increased EMT and
kidney fibrosis associated with a-smooth muscle actin and Snail
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Fig. 7 Effects of METTL3 inhibition on kidney fibrosis models. a Total RNA N°-methyladenosine (m®A) levels in HK-2 cells after treatment
with the METTL3 inhibitor STM2457 (1, 5, and 10 uM for 24 h). b Western blot of fibrosis-related proteins in the HK-2 cells challenged with TGF-
B (10 ng/mL for 48 h) with or without STM2457 (5 uM for 48 h). ¢ RT-PCR results for METTL3 and other fibrosis-related proteins in the 14-day
UUO-induced mouse model. d Masson’s trichome stain (MT) and immunohistochemical staining results in the 14-day UUO-induced mouse
model after treatment with STM2457 (50 mg/kg, daily). Comparisons of means between two and three or more groups were analyzed using
independent t tests and ANOVA with post hoc Tukey tests, respectively. Scale bar: MT 100 pm (x200), aSMA/Col1a 50 pm (x400). "*P > 0.05,
P<0.05, “P<0.01, "P<0.001.

SPRINGER NATURE Experimental & Molecular Medicine (2024) 56:355 - 369



H.R. Jung et al.

Controls

(o2

Overall P=0.013

3° o *

©

< 47 o

e

% 31 $

Z

§2' [) [ ]

T

o

= 14 °

E

w

s 0+ r'y
Controls DMN IgAN

Overall P =0.009

S
S 6-
= *
©
5 °
5 41 °
>
- )
5, ore
L o
E °
Controls uPCR uPCR uPCR
<1 1.0-3.5 >3.5

MEETTL3 density of total area(%)

MEETTL3 density of total area(%)

Overall P = 0.048
)

CKD CKD CKD

Controls stage 1-2 stage 3-4 stage 5

Overall P =0.023

61 *
44 [
° ° T
°
2] °
MO
0 -
IF IF IF IF
abscent mild moderate severe

Fig. 8 Tissue expression of METTL3 in patients with chronic kidney disease (CKD). a Representative METTL3 immunohistochemical staining
results in kidney tissues from CKD patients with IgA nephropathy and diabetic nephropathy and control patients. Scale bar: 50 pm (x400).
b Measurement of the METTL3-positive area according to disease type, CKD stage, proteinuria levels, and degrees of interstitial fibrosis. DMN
diabetic nephropathy, IgAN IgA nephropathy, IF interstitial fibrosis, uPCR urinary protein-to-creatinine ratio (g/g). Comparisons of means
among three or more groups were performed using an independent ANOVA with a post hoc Tukey’s test. "P < 0.05.

expression. ALKBH5 overexpression increased E-cadherin expres-
sion and suppressed Snail expression. Liu et al. found that METTL3
methyltransferase, which mediates RNA m°A modification, is
activated in the UUO model and that METTL3-induced HK-2 cell
fibrosis is mediated by the miR-21-5p-activated SPRY1/ERK/NF-kB
pathway>®. Recently, Xu et al. reported that the METTL14-regulated
PI3K/Akt signaling pathway contributes to the EMT of kidney
tubular cells in diabetic kidney disease®®. Our data highlight the
role of METTL3 in kidney fibrosis models and suggest METTL3 as a
therapeutic target for kidney fibrosis.

RNA m°A modification and activation of METTL3 have been
suggested to be major mediators of kidney diseases in models other
than TGF-B-induced and UUO kidney fibrosis. Meng et al. investi-
gated the role of METTL3 in an ischemia-reperfusion injury rat model
and hypoxia/reoxygenation in vitro model. m°A and METTL3
expression levels increased in in vivo and in vitro experimental
models, and METTL3 inhibition reduced m°®A levels and cellular
apoptosis*. In addition, cisplatin-induced acute kidney injury in mice
led to increased m°A levels and alterations in the expression of

Experimental & Molecular Medicine (2024) 56:355 - 369

methyltransferase complexes, including METTL3, METTL14, FTO, and
ALKBH5*'. In a mouse cystic disease model, METTL3 deletion
suppressed cyst formation, and the methionine-METLL3-c-Myc/Camp
pathway was involved in the pathogenesis of cystic kidney disease®.
These data suggest that RNA methylation through METTL3 may have
a protective effect against kidney disease through various mechan-
isms and pathways that are not directly related to kidney fibrosis.

NET1 is a specific guanine nucleotide exchange factor for RhoA
and has been suggested to play a role in TGF-B signaling and EMT.
Our data demonstrated that TGF-$ treatment increased the mRNA
expression of NET7 and the m°A methylation of NET7 mRNA (Fig. 5a,
b). As TGF-f treatment increases and METTL3-specific inhibitors
decrease the stability of NET1 mRNA, m®A modification of NETT
mRNA plays a role in the TGF-B-mediated increase in NETT
expression by stabiliziing mRNAs. In addition, NETT knockdown
decreased the expression of fibrotic markers (Fig. 5e, f). m°A
modification of NETT mRNA was also validated in UUO mouse
models (Fig. 6e, f). Therefore, our data suggest that m®A modification
of NETT mRNA is a contributing factor to kidney fibrosis.
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In conclusion, RNA methylation mediated by METTL3 contri-
butes to kidney fibrosis, and inhibition of RNA methylation
attenuates kidney fibrosis in vitro in human kidney tubular
epithelial cells and in vivo in mouse unilateral obstruction models.
NET1 may be a regulator of TGF-B-mediated kidney cell fibrosis.
Human kidney tissues from patients with CKD express higher
levels of METTL3; therefore, modification of the METTL3-mediated
RNA methylation pathway could be a therapeutic target for the
development and progression of kidney fibrosis.
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