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METTL3-mediated m6A modification
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Epigenetic changes are present in many physiological and path-
ological processes. The N6-methyladenosine (m6A) modifica-
tion is the most common modification in eukaryotic mRNA.
However, the role of m6A modification in diabetic nephropa-
thy (DN) remains elusive. Here, we found that m6A modifica-
tion was significantly upregulated in the kidney of type 1 and
type 2 diabetic mice, which was caused by elevated levels of
METTL3. Moreover, METTL3 is increased in podocyte of renal
biopsy from patients with DN, which is related to renal dam-
age. METTL3 knockout significantly reduced the inflammation
and apoptosis in high glucose (HG)-stimulated podocytes,
while its overexpression significantly aggravated these re-
sponses in vitro. Podocyte-conditional knockout METTL3
significantly alleviated podocyte injury and albuminuria in
streptozotocin (STZ)-induced diabetic mice. Therapeutically,
silencing METTL3 with adeno-associated virus serotype-9
(AAV9)-shMETTL3 in vivo mitigated albuminuria and histo-
pathological injury in STZ-induced diabetic mice and db/db
mice. Mechanistically, METTL3 modulated Notch signaling
via the m6A modification of TIMP2 in an insulin-like growth
factor 2 mRNA binding protein 2 (IGF2BP2)-dependent
manner and exerted pro-inflammatory and pro-apoptotic ef-
fects. In summary, this study suggested that METTL3-medi-
atedm6Amodification is an importantmechanism of podocyte
injury in DN. Targeting m6A through the writer enzyme
METTL3 is a potential approach for the treatment of DN.
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INTRODUCTION
Diabetic nephropathy (DN), a common microvascular complication
of diabetes, is the main cause of chronic kidney disease (CKD), which
accounts for approximately 50% of end-stage renal disease (ESRD)
cases.1,2 The pathological features of DN include a variety of struc-
tural and functional changes in the kidneys, including glomerular
and tubular hypertrophy, mesangial matrix expansion, extracellular
matrix (ECM) accumulation, and podocyte dysfunction.3–5 Podo-
cytes are highly differentiated glomerular epithelial cells that play
an essential role in maintaining the integrity of the glomerular filtra-
M
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tion barrier.6 Since podocytes have limited repair and regeneration
capabilities, the degree of podocyte injury is considered to be the
main prognostic determinant of ESRD.7 In addition, increased
inflammation can directly destroy the structure of the kidney, which
is closely related to the progression of DN.8,9 Although progress has
been made to control blood glucose, hypertension, dyslipidemia,
and related metabolic abnormalities, the number of patients who
progress to ESRD due to DN remains high. There is an urgent need
to further understand the etiology of DN as well as identify new bio-
markers and therapeutic targets.

N6-methyladenosine (m6A) methylation is ubiquitous modification
in eukaryotic mRNA. The effects of m6A modification include the
maintenance of mRNA stability, transport, splicing, positioning,
translation, and protein-RNA interaction.10 The m6A modification
in mammalian cells is dynamic and reversible. The m6Amethyltrans-
ferase (also referred as the writer: METTL3; METTL14; KIAA1429;
andWTAP) performs the modification reaction, whereas m6A deme-
thylase (also referred as the eraser: FTO and ALKBH5) leads to the
reversal of this modification.11 Furthermore, specific RNA-binding
proteins (also known as readers: YTHDF1/2/3; IGF2BP1/2/3; eIF3;
HNRNPA2B1; etc.) can directly or indirectly bind to m6A motifs
and thereby influence the RNA function. The biological functions
of m6A modulators are related to tissue development, cell differenti-
ation, circadian rhythm, and tumor progression.12 In addition, m6A
modification can regulate inflammation and apoptosis, which are
important mechanisms mediating pathological injury in DN.
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However, the biological role of m6A and the potential regulatory
mechanism in DN remain largely unknown.

In this study, we explored the biological role of METTL3-mediated
m6Amodification in DN and revealed for the first time that METTL3
may serve as a new predictive biomarker and therapeutic target to
block the progression of DN.
RESULTS
Association of DN in type 1 and type 2 diabetes with high levels

of m6A mRNA methylation

To clarify the functional role of m6A modification in DN, we first de-
tected the level of m6Amodification in mRNA of type 1 diabetic mice
kidneys (4, 8, 12, and 16 weeks after streptozotocin [STZ] induction).
Through colorimetric detection of RNA m6A methylation, we found
that STZ-induced renal tissue RNA m6A modification levels 12 and
16 weeks after STZ induction were significantly higher than those
in the control group (Figures 1A and 1B). The m6A modification is
mainly catalyzed by the m6A writer (METTL3, METTL14,
KIAA1429, and WTAP) and removed by eraser (ALKBH5 and
FTO). To explore the reasons for the changes in m6A modification
in DN, we compared the temporal mRNA levels of m6A writers
and erasers in diabetic and control kidneys (Figure S1A). The results
showed that the mRNA expression levels of different enzymes
changed differentially at 4, 8, 12, and 16 weeks after STZ induction.
To further determine the cause underlying the changes in m6Amodi-
fication during early DN, we used the mice kidney tissue at 12 weeks
after STZ induction to perform western blotting. As shown in Figures
1C and S1B, the protein level of METTL3 significantly increased,
while the expression of METTL14 was decreased; there was no signif-
icant change in other enzymes, which suggested that METTL3 may
mediate the increased m6A modification of renal mRNA in STZ-
induced DN. Similar results were also found in type 2 diabetic db/
db mice. The results presented in Figures 1D and 1E show that the
m6A methylation in the kidneys of the db/db mice at 20 weeks of
age was significantly higher than in the db/m group. RT-PCR results
showed that the expression levels of several methylation-related genes
changed significantly at 20 weeks (Figure S1C). Results of protein
Figure 1. The expression of m6A was upregulated in type 1 and type 2 diabetic
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level analysis showed that a significant increase in METTL3 level
may be involved in mediating the enhanced m6A modification (Fig-
ures 1F and S1D). Conclusively, increased m6A modification is
observed in the type 1 and type 2 diabetes, and it may be mediated
by the increased expression of METTL3.
Upregulated expression of METTL3 in podocytes induced by

high glucose (HG) accounts for the aberrant m6A modification

To explore the cell type that primarily contributes to the m6A modi-
fication in renal mRNA, we screened the methylation-related en-
zymes in three different cell lines (Figure S2). The results showed
that changes in methylation-related enzymes in mesangial (Fig-
ure S2A) and epithelial cells (Figure S2B) were not obvious after
the stimulation with HG. However, the m6A modification of podo-
cyte mRNA increased significantly (Figures 1G and 1H), and the ex-
pressions of “writer” and “eraser” varied significantly (Figures 1I and
S2C) after the stimulation with HG. Therefore, we selected podocytes
as the target cell to further study the role of m6A methylation.
Furthermore, we performed immunofluorescence staining in db/m
or db/db mice and STZ-induced mice to explore the key gene
involved in m6A modification in DN. The results showed that only
METTL3 was activated in podocyte in both db/db mice and STZ-
induced mice compared with that in the control (Figure S3A).
In vitro, we used small interfering RNA (siRNA) to silence the four
methylation writer proteins, respectively (Figures S4A and S4B). Ac-
cording to the results of Figure 1J, we found that knockdown
METTL3, METTL14, and KIAA1429 all reduced the m6A modifica-
tion level of podocyte stimulated by HG. Only METTL3 silencing can
reduce the expression of HG-stimulated podocyte tumor necrosis fac-
tor alpha (TNF-a), which is also a manifestation of podocyte injury
(Figure 1K), suggesting that METTL3 may play an important role
in podocyte injury in DN. Therefore, METTL3 was selected for
further study. Consistently, we observed that advanced glycation
end product (AGE) stimulation also significantly increased the
expression of METTL3 (Figure 1L). Furthermore, results of immuno-
histochemistry (IHC) showed that METTL3 expression was signifi-
cantly increased in the glomeruli of mice with type 1 and type 2 dia-
betes (Figure 1M). Using immunofluorescence staining of METTL3
mice, consistent with the increased levels of METTL3 in podocyte
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and WT-1, we found that the METTL3 expression was increased
significantly in the podocytes of mice with type 1 and type 2 diabetes
(Figure 1N). In order to explore the correlation between METTL3
expression and clinical DN, we performed immunofluorescence dou-
ble staining for METTL3 and podocyte marker WT-1 in renal speci-
mens of DN patients. Results showed that expression of METTL3 in
podocytes was positively correlated with 24-h urinary microalbumin
(Spearman r = 0.6722; p < 0.05) and creatinine (CRE) levels
(Spearman r = 0.2717; p < 0.05) and negatively correlated with esti-
mated glomerular filtration rate (Spearman r =�0.4957; p < 0.05; Fig-
ures 1N and S5A–S5C).

METTL3 knockout alleviates inflammation and apoptosis in HG-

stimulated podocytes

We explored the function of METTL3 in vitro using CRISPR-Cas9 to
knock out METTL3 expression in podocytes (Figure 2A). Results of
western blot analysis showed that knocking outMETTL3 significantly
restored the expression levels of nephrin, WT-1, and podocin
following HG stimulation (Figure 2B). Electron microscopy showed
condensed chromatin and decreased cell content in the cytoplasm
of podocyte after HG stimulation; METTL3 knockout eliminated
these changes (Figure 2C). Furthermore, knocking out METTL3
significantly reduced TNF-a, interleukin-1b (IL-1b), and MCP-1
expression after HG treatment (Figure 2D) along with the levels of
phospho-p65 nuclear factor kB (NF-kB) protein (Figure 2E), which
is a key transcription factor of the classic inflammatory pathway.
By the detecting of cleaved-caspase3 (Figure 2F) and performing
flow cytometry (Figure 2G), we observed that the reduced METTL3
alleviated the HG-induced apoptosis in podocytes. Moreover, we
overexpressed METTL3 in MPC5 cells (Figures 2H and 2I) and
observed that METTL3 overexpression enhanced HG-induced in-
flammatory indices (Figure 2J) and apoptosis (Figure 2K) in
podocytes.

METTL3 deletion alleviated podocyte injury in STZ-induced

diabetic mice

To elucidate the role of METTL3 in podocyte injury in vivo, we
generated conditional knockout mice in which METTL3 was specif-
ically ablated in podocytes using Cre-LoxP recombination system
(Figure 3A). Nphs1-Cre mice were crossed with METTL3fl/fl to
generate Nphs1-Cre METTL3fl/fl mice (conditional knockout
[cKO] mice), which were identified by tail genotyping (Figure 3B)
Figure 2. METTL3 facilitates HG-induced inflammation and apoptosis in podoc
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represent the mean ± SEM for 3–4 independent experiments. *p < 0.05, **p < 0.01, an

SiMETTL3, siRNA-METTL3.
and western blot analysis of METTL3 in glomeruli isolated from
Cre+/METTL3fl/fl mice (Figure S6A). The 24-h urinary albumin
excretion rate of diabetic mice was significantly higher than that of
the control group but decreased significantly after METTL3 deletion
to only about 50% of the diabetic group (Figure 3C). In addition,
cKO of METTL3 in podocytes had no significant effect on blood
glucose levels (Figure 3C). Periodic acid-Schiff (PAS) staining results
showed that conditional deletion of podocyte METTL3 significantly
reduced the mesangial expansion index in diabetic mice (Figure 3D).
Electron microscopy results also confirmed that cKO of METTL3
reduced the level of podocyte injury (Figure 3E). Results of western
blot and IHC showed that METTL3 deletion restored the loss of DN
podocyte markers (Figures 3F and 3G). The results of terminal deox-
ynucleotidyl transferase deoxyuridine-triphosphate nick end label-
ing (TUNEL) staining and glomerular western blotting showed
that knocking out METTL3 can significantly reduce podocyte
apoptosis (Figures 3H and 3I). Furthermore, compared with the dia-
betic group, the expression of TNF-a, IL-1b, and MCP-1 mRNA was
significantly reduced after METTL3 knockout (Figure 3J). To
explore the therapeutic potential of silent METTL3, we silenced
METTL3 in STZ-induced diabetic mice. In vivo imaging of mice
showed that EGFP was significantly enriched in the kidney after in-
jecting adeno-associated virus serotype-9 (AAV9) coated with short
hairpin RNA (shRNA)-METTL3-EGFP into the renal pelvis of dia-
betic mice (Figure S7A). AAV9-shMETTL3 significantly reduced the
expression of METTL3 in the kidneys of the diabetic mice (Figures
S7B–S7D). The 24-h urinary albumin excretion rate of diabetic
mice was significantly higher than that of the control group, while
decreased markedly after METTL3 silencing (Figure S7E). Further-
more, knocking down METTL3 had no significant effect on blood
glucose (Figure S7E). PAS staining results showed that silencing
METTL3 significantly alleviated the mesangial expansion index of
diabetic mice (Figure S7F). The electron microscope results
confirmed that silencing METTL3 reduced the extent of podocyte
injury (Figure S7G). Western blot, IHC, and immunofluorescence
results showed that silencing METTL3 restored the loss of podocyte
markers in STZ-induced mice (Figures S7H and S7I). TUNEL stain-
ing and western blot analysis showed that silencing METTL3 can
markedly reduce podocyte apoptosis (Figures S7J and S7K).
Concomitantly, the expression of TNF-a, IL-1b, and MCP-1 signif-
icantly reduced after METTL3 silencing when compared with the
diabetic group (Figure S7L).
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Silencing METTL3 in vivo significantly reduces kidney injury and

podocyte loss in db/db mice

To explore the role of METTL3 in type 2 diabetic mice, we silenced
METTL3 in vivo in db/db mice. Immunofluorescence (Figure S8A),
IHC imaging (Figure S8B), and western blot analysis (Figure 4A)
showed that AAV9-shMETTL3 significantly reduced the expression
of METTL3 in the kidney of db/db mice. The 24-h urinary albumin
excretion rate of db/db mice was significantly higher than that of
the db/m group, while decreased markedly after METTL3 expression
was silenced (Figure 4B). Furthermore, knocking downMETTL3 had
no significant effect on blood glucose levels (Figure 4B). PAS staining
results showed that silencingMETTL3 significantly alleviated the me-
sangial expansion index in diabetic mice (Figure 4C). The electron
microscope results also confirmed that silencing METTL3 reduced
the level of podocyte injury (Figure 4D). Results of western blot
and IHC analysis showed that silencing METTL3 restored the loss
of podocyte markers in db/db mice (Figures 4E and 4F). The results
of TUNEL staining and western blot of glomeruli showed that
silencing METTL3 can markedly reduce apoptosis in podocytes (Fig-
ures 4G and 4H). Concomitantly, the expression of TNF-a, IL-1b,
and MCP-1 was significantly reduced after METTL3 was silenced
in the db/db group (Figure 4I).

METTL3-mediated m6A modification of TIMP2 mRNAmaintains

its IGF2BP2-dependent stability

In order to determine the molecular mechanism underlyingMETTL3-
mediated DN promotion, we performed RNA sequencing (RNA-seq)
and mouse m6A-mRNA epitranscriptomic microarray in MPC5 cells
with METTL3 knockdown or control cells following HG stimulation.
Silencing METTL3 significantly affected the expression of podocyte
genes under HG treatment (Figure 5A). RNA-seq showed that the
expression of 131 transcripts was significantly downregulated (fold
change> 1.5; p < 0.05) following METTL3 knockdown. Mouse m6A-
mRNA epitranscriptomic microarray demonstrated that the m6A
methylation modifications of 196 transcripts showed decreased abun-
dance (fold change >1.2; p < 0.05). Interestingly, six transcripts overlap-
ped in the RNA-seq and epitranscriptomic microarray data. Next, we
compared these six transcripts with RNA-seq of diabetic kidney tissue
induced by STZ.We screened genes whose genes in the diabetes group
were 1.5 times higher than those in the normal group andwhose p value
was less than 0.05 for further overlap screening. We found that only
TIMP2was elevated in the case of diabetes and the level ofm6Amethyl-
Figure 3. Conditional knockout METTL3 in podocyte in vivo attenuates podocy

(A) Conditional knockout mice withMETTL3 specifically excised in podocytes were produ

preparation and PCR. (C) Mouse urine albumin ELISA showed that knockout METTL3

Results showed that blood glucose increased significantly in the diabetic group, while

tifications showing typical glomerular structure changes in different groups of mice. Sca

used to analyze the representativemicrographs and quantification of the average thickne

in different age groups of mice. Scale bars: 500 nm. (F) IHC of WT-1 and immunofluor

Statistical analysis of IHC is shown on the right panel. Scale bars: 20 mm. (G) Western b

analysis is shown on the right panel. (H) Western blot of glomerular tissue showing the ex

(I) TUNEL staining of the kidney showed that apoptosis of podocytes was significantly in

bars: 20 mm. (J) The relative levels of the inflammatory index of kidney tissue in different gr

0.001. cKO, conditional knockout of METTL3 in podocyte; Ctr, control; WT, wild type.
ation was significantly regulated by METTL3 and affects its expression
(Figure 5B). The m6A abundance of TIMP2 transcript decreased by
1.38-fold when METTL3 was downregulated, and the p = 0.018.
Furthermore, we used the m6A prediction website SRAMP (http://
www.cuilab.cn/sramp) and found that TIMP2 has multiple suspicious
methylation modification sites near the stop codon (Figure 5C). Next,
we verified the mRNA levels of TIMP2 following HG stimulation. As
shown in Figure 5D, TIMP2 was highly expressed in podocytes and
was significantly downregulated in the MPC5 cell line with METTL3
knockout. Consistently, western blot (Figure 5E), real-time PCR (Fig-
ure 5F), and IHC(Figure 5G) showed that silencingMETTL3decreased
TIMP2 expression under both in vitro and in vivo conditions.

Methylated RNA immunoprecipitation (MeRIP)-qPCR results indi-
cated that, compared with the immunoglobulin G (IgG) group, the
m6A antibody notably enriched TIMP2 mRNA following HG stimu-
lation. However, the m6A-specific antibody significantly decreased
the enrichment of TIMP2 mRNA in METTL3 knockout cells (Fig-
ure 5H). Considering that the m6A modification positively regulates
the mRNA level of TIMP2, we detected whether m6A modification
affects the stability of TIMP2 mRNA. MPC5 cells were treated with
the transcription inhibitor actinomycin D (Figure 5I) for indicated in-
tervals, and results showed knockout of METTL3 significantly
reduced the stability of TIMP2 mRNA. In order to further verify
the m6Amodification of TIMP2 mRNA byMETTL3, we constructed
a luciferase reporter gene containing wild-type or mutant TIMP2. For
the mutant TIMP2, the high-confidence GGACA near the stop codon
was deleted to cause mutation (Figure 5J). The luciferase reporter
assay showed that, in the absence of METTL3, the transcription level
of wild-type TIMP2 decreased significantly, while the mutant TIMP2
did not (Figure 5K). These results indicate that the regulation of
TIMP2 is controlled by METTL3-related m6A modification.
Recently, there was a study reported that IGF2BPs, including
IGF2BP1/2/3, a unique family of m6A readers that targets thousands
of mRNA transcripts by recognizing m6A motifs, enhances mRNA
stability and translation.13 Therefore, we respectively designed three
specific siRNAs for each target of IGF2BP1/2/3 (Figure 5L), and re-
sults showed that only knocking down IGF2BP2 significantly in-
hibited the expression of TIMP2 mRNA, while that of IGF2BP1/3
had no apparent effect (Figure 5M). As shown in Figure 5N,
compared with the IgG control antibody, the IGF2BP2 specific anti-
body significantly enriched TIMP2 mRNA, which markedly
te injury and albuminuria in STZ-induced diabetic mice

ced using the Cre-LoxP recombinant system. (B) Genotyping was determined by tail

in podocyte significantly reduced STZ-induced 24-h urine albumin excretion rate.

knockout METTL3 in podocyte did not affect its levels. (D) PAS staining and quan-

le bars: black 50 mm; red 20 mm. (E) Transmission electron microscopy (TEM) was

ss of the glomerular basement membrane (GBM) and the average foot process width

escence of synaptopodin showed that knockout METTL3 restored podocyte loss.

lot showing the expression levels of WT-1 and nephrin in different groups. Statistical

pression level of cleaved-caspase3. Statistical analysis is shown on the below panel.

creased in diabetic mice and restored by knocking out METTL3 in podocyte. Scale

oups. Data represent the mean ± SEM for 5–6mice. *p < 0.05, **p < 0.01, and ***p <
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decreased in podocyte without METTL3 in RIP-qPCR analysis.
Therefore, our study indicated IGF2BP2 enhances TIMP2mRNA sta-
bility in a m6A-dependent manner.

TIMP2 inhibition mitigates podocyte injury in type 1 diabetic

mice

To further characterize the effect of TIMP2 in DN, we used AAV9-
shTIMP2 to generate TIMP2 knocking down mice (Figures 6A,
S8C, and S8D). Under in vivo conditions, we found that silencing
TIMP2 significantly reduced the 24-h urinary albumin excretion
rate of STZ-induced diabetic mice without altering their blood
glucose levels (Figure 6B). PAS showed that silencing TIMP2 allevi-
ated mesangial expansion (Figure 6C). The results of electron micro-
scopy demonstrated that silencing TIMP2 significantly reduced
podocyte injury (Figure 6D). IHC and western blot results showed
that the loss of podocytes in diabetic mice was relieved after TIMP2
silencing (Figures 6E and 6F). Moreover, knocking down TIMP2
expression reduced apoptosis in glomeruli (Figures 6G and 6H)
and inhibited kidney inflammation (Figure 6I).

TIMP2 inhibition mitigates podocyte injury in type 2 diabetic

mice

To further characterize the role of TIMP2 in db/db mice, we
used AAV9-shTIMP2 to generate TIMP2 knocked down db/db and
db/m mice. Results showed that, compared with the db/db group,
silencing TIMP2 (Figures S7A, S8E, and S8F) significantly reduced uri-
nary albumin excretion rate (Figure 7B), pathological injury of kidney
(Figures 7C and 7D), podocyte loss (Figures 7E and 7F), podocyte
apoptosis (Figures 7G and 7H), and inflammation in diabetic mice
(Figure 7I).

Regulation of diabetic podocyte inflammation and apoptosis

through TIMP2-mediated Notch signaling pathway-dependent

pathways by METTL3

To further characterize the role of TIMP2 in DN, we generated three
different siRNAs targeting TIMP2 and confirmed the knockdown ef-
ficiency of these constructs using qRT-PCR and western blotting (Fig-
ures 8A and 8B). Knockdown of TIMP2 significantly improved the
expression of nephrin and WT-1 (Figure 8C) and reduced cellular
inflammation (Figures 8D and 8E) and apoptosis (Figures 8F and
8G) following HG stimulation. We employed a rescue experiment
to further verify whether METTL3 plays a pro-inflammatory and
pro-apoptotic effect through TIMP2 in podocytes treated with HG.
Figure 4. METTL3 knockdown in vivo alleviates podocyte injury and albuminur

(A) Representative western blot and summary data demonstrated the effect of METTL3

on the right panel. (B) Mouse urine albumin ELISA showed that silencing METTL3 signifi

blood glucose in different groups are also shown. (C) PAS staining and quantifications s

black 50 mm; red 20 mm. (D) TEM was used to analyze the representative micrographs a

width in different age groups ofmice. Scale bars: 500 nm. (E) IHC ofWT-1 and podocin sh

the right panel. Scale bars: 20 mm. (F) Western blot showing the expression levels of WT

Western blot of glomerular tissue showing the expression level of cleaved-caspase3. Sta

kidney showed that apoptosis of podocytes was significantly increased and restored

flammatory index of kidney tissue in different groups. Data represent the mean ± SEM
Results showed that TIMP2 overexpression with METTL3 knockout
eliminated the protective effect of METTL3 knockout in podocyte
injury, inflammatory response, and podocyte apoptosis under HG
stimulation (Figures 8H–8K). Therefore, our data indicated that
METTL3 promotes DN podocyte injury by upregulating the expres-
sion of TIMP2. To further determine the mechanism of TIMP2 in po-
docytes stimulated by HG, we performed RNA-seq on podocytes
silencing TIMP2, with or without HG stimulation. The results
showed that knocking down TIMP2 significantly downregulated
several signal transductions, including inflammation and apoptosis.
Furthermore, the heatmap showed that the expression of Notch1/2/
3/4 were obviously altered by TIMP2 knockdown (Figure 8L).
Furthermore, we confirmed this change in podocytes and diabetic
mice kidney with or without silenced TIMP2 (Figures 8M–8O). Re-
sults showed that knockdown of TIMP2 can significantly reduce
the expression of Notch3 and Notch4 (Figures 8M–8O). In addition,
knockout of METTL3 significantly reduced the protein and mRNA
expression levels of Notch3 and Notch4 in podocytes stimulated by
HG, while silencing METTL3 significantly reduced the protein and
mRNA expression levels of Notch3 and Notch4 in glomeruli of
type 1 and type 2 diabetic mice (Figures S9A–S9F). Rescue experi-
ments also showed that METTL3 mediated the expression of Notch3
and Notch4 in podocytes stimulated by HG through TIMP2 (Fig-
ure S9G). Based on these results, we concluded that TIMP2 may pro-
mote podocyte injury by upregulating Notch3 and Notch4
expression.
DISCUSSION
The m6A modification is the most abundant modification in eukary-
otic mRNA and non-coding RNA. It plays a significant role in various
human diseases, including cancer progression, diabetes, neurodevel-
opment disorder, and ischemic heart disease.14–20 In this study, we
demonstrated that m6A levels increased significantly due to the upre-
gulation of the methyltransferase METTL3 in DN. Mechanistically,
increased METTL3 in podocytes stimulates the m6A modification
of TIMP2 mRNA. Subsequently, the m6A reader IGF2BP2 directly
binds to the m6A site on TIMP2 mRNA and maintains the stability
of the mRNA. Knockdown of TIMP2 significantly reduces kidney
damage and podocyte inflammation and apoptosis in DN. Our data
provide a new mechanism underlying diabetic kidney damage and
suggest that targeting METTL3 may be an attractive target for DN
therapy.
ia in db/db mice

knockdown in the kidney of db/db mice. Statistical analysis of western blot is shown

cantly reduced 24-h urine albumin excretion rate in db/db mice; the results of serum

howing typical glomerular structure changes in different groups of mice. Scale bars:

nd quantification of the average thickness of the GBM and the average foot process

owed that silencingMETTL3 restored podocyte loss. Statistical analysis is shown on

-1 and nephrin in different groups. Statistical analysis is shown on the right panel. (G)

tistical analysis of western blot is shown on the below panel. (H) TUNEL staining of the

by knocking down of METTL3. Scale bars: 20 mm. (I) The relative levels of the in-

for 5–6 mice. *p < 0.05, **p < 0.01, and ***p < 0.001. ns, not significant.
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Firstly, we screened suitable cells and necessary methylation-related
genes contributing to high-level m6A modification in DN. RNA
m6A modification participates in various cellular processes, such as
mRNAmaturation, protein translation, and molecular structure con-
version, and has become a hotspot in the field of diabetic regulation in
recent years.21 In this study, we examined the expression of four m6A
methyltransferases and two demethylases in mouse models of type 1
and type 2 diabetes and found that the expression of METTL3 was
significantly increased in the kidney tissues of type 1 and type 2 dia-
beticmice. By screening different cell lines, we found thatm6A-related
modification enzymes in podocytes may mediate crucial important
regulatory mechanisms. Here, for the first time, we showed that
increased expression of METTL3 was accompanied by deterioration
of general DN indicators. Based on the transfection of siRNA targeting
WTAP/METTL14/KIAA1429/METTL3 in podocytes to obtain tran-
sient knockdown cells, we demonstrated that METTL3 is not only
responsible for m6A modifications but also accounts for high TNF-
a level in podocytes under HG conditions.

The cytokine TNF coordinates the immune response by activating an
inflammatory transcription program, but these signals can also
trigger cell death.22 TNF-a has been widely studied to trigger pro-
grammed cell death by inducing apoptosis and/or necroptosis.23–25

In this study, we investigated the expression of TNF-a by silencing
different methyltransferases, respectively, and we found that only
knockdown of METTL3 significantly relieved the expression of
TNF-a in podocytes stimulated by HG. Next, we found that knocking
out METTL3 significantly alleviated the inflammation and apoptosis
of podocytes in vitro and in vivo. Previous studies have found that the
death domain (DD)-receptor-containing signal in the TNF receptor
family mainly induces cell apoptosis. The main biochemical functions
of the three death receptors Fas, death receptor 4 (DR4), and DR5
related to TNFR1 are activation of caspase and apoptotic cell death.26

Therefore, we speculate that METTL3-mediated podocyte apoptosis
may be partly the result of promoting TNF-a expression.

We explored the role of METTL3 in DN. The m6A homeostasis is
achieved by the coordinated regulation of the m6A methylase com-
plex and demethylase. In intestinal epithelial cells, chondrocytes,
Figure 5. METTL3-mediated m6A modification of TIMP2 mRNA maintains its IG

(A) Heatmap showed differentially expressed genes in RNA sequencing (RNA-seq) in

stimulated by HG. (B) RNA-seq and mRNA Epitranscriptomic Array (m6A) in podocyte

section analysis with RNA-seq of STZ-induced diabetic mice. (C) Using m6A prediction w

TIMP2. (D) qRT-PCR verified the relative expression levels of TIMP2 in different groups

protein in different groups. Quantitative analysis is shown on the right panel. (F) qRT-PC

METTL3 knockdown. (G) IHC was used to detect TIMP2 expression in type 1 and type 2

panel. Scale bars: 50 mm. (H) MeRIP-qPCR analysis was employed to demonstrate M

decreased when METTL3 was knocked out. (I) The levels of TIMP2 expression in METT

mL) at indicated time points were detected by qRT-PCR. (J) We constructed wild-typ

transcriptional level of wild-type TIMP2, but not the mutation, significantly decreased

IGF2BP1/2/3 was demonstrated by RT-PCR. (M) The mRNA levels of TIMP2 in IGF2B

antibody and IgG control antibody were used to detect the enrichment of IGF2BP2 bindi

*p < 0.05, **p < 0.01, and ***p < 0.001. KD, knockdown of METTL3; MUT, mutatio

IGF2BP3; SiNC, siRNA-NC.
and microglia, the role of METTL3 in regulating inflammation has
been verified.27–29 Our studies have shown that METTL3 primarily
mediates the increase in podocyte m6A modification levels, while de-
leting METTL3 in podocyte can alleviate diabetic kidney injury by
mediating inflammation and apoptosis; overexpression of METTL3
aggravates these injuries. In addition, METTL3 upregulation has
also been detected in podocytes of DN patients, and it is positively
correlated with 24-h urinary albumin excretion and creatinine and
negatively correlated with estimated glomerular filtration rate
(GFR), suggesting that it could be used as an indicator of disease
severity in clinical DN patients. This finding highlights the signifi-
cance of METTL3 in podocyte pathophysiology in DN. The research
results suggest that targeting m6A modification by adjusting the level
of METTL3 is a promising strategy for the treatment of DN.

Furthermore, we investigated the detailed mechanism underlying
METTL3-mediated regulation of podocyte injury. The m6A reader
is involved in controlling the fate of mRNA, and IGF2BP1/2/3 is
related to the stability of mRNA methylation. IGF2BPs, including
IGF2BP1/2/3, are a unique family of m6A readers that target thou-
sands of mRNA transcripts by recognizing a consistent GGC
(m6A) sequence. Different from the function of family protein 2 con-
taining YTH domain that promotes mRNA degradation, IGF2BPs
promote the stability and storage of its target mRNAs in an m6A-
dependent manner, thereby affecting gene expression.17 For the first
time, we showed that only IGF2BP2 was directly bound to the specific
m6A site of TIMP2 and controlled the half-life of TIMP2 mRNA in
an m6A-dependent manner. However, our previous study found
that the expression of IGF2BP2 in type 1 and type 2 diabetic mice
did not increase significantly compared with that in the control group.
Therefore, further molecular mechanisms of m6A methylation and
mRNA fate warrant an in-depth study.

We detected the role played by TIMP2 in DN and its potential mech-
anisms. Through mouse mRNA epitranscriptomic array (m6A), we
found that TIMP2 is a key downstream target of METTL3 in DN.
TIMP2 belongs to the tissue inhibitor of metalloproteinase (TIMP)
family. TIMP2 is an early biomarker for predicting critical illness in
patients, especially sepsis patients and sepsis animals, suggesting
F2BP2-dependent stability

cells with METTL3 knockdown when compared with their corresponding controls

with or without METTL3 knockdown stimulated by HG were performed with inter-

ebsite SRAMP (http://www.cuilab.cn/sramp) to predict the m6Amodification site of

with knocked out METTL3. (E) Western blot showed the expression levels of TIMP2

R was used to detect TIMP2 mRNA levels in type 1 and type 2 diabetic mice with

diabetic mice with METTL3 knockdown. Quantitative analysis is shown on the right

ETTL3-mediated TIMP2 m6A modifications. The m6A modification of TIMP2 was

L3 knockout and their corresponding control cells treated with actinomycin D (5 mg/

e or mutant TIMP2-30 UTR fused with the luciferase reporter, respectively. (K) The

in METTL3 knockout cells by luciferase reporter assay. (L) The silencing effect of

P1/2/3 knockdown MPC5 cells were detected by qRT-PCR. (N) IGF2BP2-specific

ng TIMP2 m6Amodification sites using RIP-qPCR. Data represent the mean ± SEM.

n; SiIGF2BP1, siRNA-IGF2BP1; SiIGF2BP2, siRNA-IGF2BP2; SiIGF2BP3, siRNA-
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that pre-injury or stress conditions often lead to acute kidney injury
(AKI).30,31 At the same time, studies have also found that the elevation
of TIMP2 induced byHG levels orAng-II contributes to the pathogen-
esis of DN; however, themechanism is unknown. In our present study,
we found that the expression of TIMP2 increased in DN podocytes,
further aggravating apoptosis and inflammation. We also performed
RNA-seq; we found that Notch may be a potential target of TIMP2.
Notch signal transduction can mediate inflammation, autophagy,
and apoptosis in DN.32–34 Silencing TIMP2 significantly reduces the
activation of the Notch pathway, thereby alleviating the injury of po-
docytes induced by HG. Therefore, it is necessary to further elucidate
the role of Notch signaling and other potential downstream targets of
METTL3 epigenetic regulation in podocytes. We attempt to find the
mechanism by which TIMP2 regulates Notch signaling. TIMP is an
endogenous inhibitor that activates matrix metalloproteinase
(MMP). MMP is a large family of zinc-dependent endopeptidases
that can degrade ECMproteins, such as collagen, laminin, fibronectin,
vitronectin, and proteoglycan, and play an important role in AKI and
DN.35,36 The activity of MMP2 and MT1-MMP is influenced by its
physiological inhibitor TIMP2.37 Previous studies have found that up-
regulation of MMP2 by histone H3K9 b-hydroxybutyrylation antag-
onizes glomerulosclerosis in diabetic rat.38 Results showed HG
decreased MT1-MMP gene expression and MMP-2 activation and
promoted mesangial matrix accumulation in DN.39 In this study, we
also found that METTL3 can regulate the expression of MMP2 and
MT1-MMP (Figures S10A–S10C). In vitro, METTL3 knockout can
restore the decreased expression ofMMP2 andMT1-MMP stimulated
by HG in podocytes and thus reduces ECM deposition, including
collagen IV and fibronectin. In vivo METTL3 silencing can signifi-
cantly reduce the expression of collagen IV and fibronectin in STZ-
induced diabetic mice and db/db mice (Figures S10D–S10G). It has
been found that MT1-MMP negatively regulates Notch signaling by
cutting Dll1 to maintain normal B cell development.40 Another study
found that MT1-MMP partially regulates the occurrence andmatura-
tion of endothelial cells (ECs) cilia by inhibiting Notch hyperactiva-
tion.41 It is possible to speculate that TIMP2may affect the occurrence
and development of DN by downregulating Notch signal by MT1-
MMP. Notch activation further induces inflammation and apoptosis
in DN.32

In conclusion, our findings reveal for the first time that METTL3 is
highly expressed in type 1 and type 2 DN and increases the m6A
modification level of TIMP2 of podocytes through an IGF2BP2-
dependent mechanism to enhance its stability, which mediates DN
Figure 6. TIMP2 knockdown in vivo attenuates podocyte injury and albuminuri

(A) Representative western blot and summarized data showing TIMP2 gene knockdo

different groups. (C) PAS staining and quantifications showing typical glomerular structu

was used to analyze the representative micrographs and quantification of the average t

mice. Scale bars: 500 nm. (E) IHC of WT-1 and podocin showed that silencing TIMP2 re

20 mm. (F) Western blot shows the expression levels of WT-1 and nephrin in different gro

tissue showed the expression level of cleaved-caspase3. Quantitative analysis is show

podocytes was significantly increased and restored by knockdown of TIMP2. Scale bar

groups. Data represent the mean ± SEM for 5–6 mice. *p < 0.05, **p < 0.01, and ***p
podocyte inflammation and apoptosis through upregulating
Notch3/4 signaling pathway. Our work reveals a new pathogenic
mechanism of DN and opens up new avenues to explore effective
DN treatment strategies.

MATERIALS AND METHODS
Human renal biopsy samples

The clinical studies were performed in accordance with the principles
of the Declaration of Helsinki after obtaining informed consent from
the patients. It was approved by the Research Ethics Committee of the
First Affiliated Hospital of Anhui Medical University. The kidney bi-
opsy specimens were recruited from the Department of Nephrology,
the First Affiliated Hospital of Anhui Medical University. Type 2 dia-
betes mellitus (DM) patients were selected. The inclusion criteria
were as follows: (1) diagnosed with type 2 diabetes; (2) renal biopsy
diagnosed as DN; (3) 24-h urine albumin protein >30 mg/24 h; and
(4) no obvious symptoms of apyrexial and infection, no cancer, and
no autoimmune diseases. The control samples were obtained from
patients with healthy kidney poles; they all underwent tumor ne-
phrectomy and were not diagnosed with diabetes or other kidney dis-
ease. Fresh renal tissues were fixed with formalin for 24 h and
embedded in paraffin until use. The information of DN patients is
shown in Table S1.

Chemicals and reagents

The following reagents were used: transfection was performed with
Lipofectamine RNAiMAX Reagent (Invitrogen Life Technologies, 13,
778-030) according to the manufacturer’s protocol. The following an-
tibodies were used: anti-b-actin antibody (Proteintech, 66009-1-Ig);
anti-m6A antibody (Synaptic Systems, 202,003); anti-METTL3 anti-
body (Abcam, Ab195352, ZEN-BIOSCIENCE [382,974]); anti-
METTL14 antibody (Cell Signaling Technology, 51, 104); anti-
WTAP antibody (Proteintech, 10200-1-AP); anti-KIAA1429 antibody
(SAB, 29, 774); anti-TIMP2 antibody (Abcam, ab180630); anti-NF-kB
p65 antibody (Cell Signaling Technology, 8242); anti-phospho-NF-kB
p65 antibody (Cell Signaling Technology, 3033); anti-cleaved caspase3
antibody (Abcam, Ab2302); anti-NOTCH3 antibody (Proteintech,
55114-1-AP); anti-NOTCH4 antibody (Affinity, DF13597); anti-WT-
1 antibody (Abcam, ab267377); anti-nephrin antibody (Abcam,
ab216341); anti-podocin antibody (Abcam, ab181143); anti-MMP2
antibody (Proteintech, 10373-2-AP); anti-MT1-MMP antibody (Pro-
teintech, 14552-1-AP); anti-IGF2BP2 antibody (Proteintech, 11601-
1-AP); anti-col-Ⅳ antibody (Abcam, ab6586); and anti-fibronectin
antibody (Abcam, ab6586). STZ was purchased from Sigma Chemical
a in STZ-induced DN

wn in the kidney. (B) Results of mouse urine albumin ELISA and blood glucose of

re changes in different groups of mice. Scale bars: black 50 mm; red 20 mm. (D) TEM

hickness of the GBM and the average foot process width in different age groups of

stored podocyte loss. Quantitative analysis is shown on the right panel. Scale bars:

ups. Quantitative analysis is shown on the right panel. (G) Western blot of glomerular

n on the below panel. (H) TUNEL staining of the kidney showed that apoptosis in

s: 20 mm. (I) The relative levels of the inflammatory index of kidney tissue in different

< 0.001.

Molecular Therapy Vol. 30 No 4 April 2022 1733

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy

1734 Molecular Therapy Vol. 30 No 4 April 2022



www.moleculartherapy.org
Company (MO, USA). The PAS kits were obtained from Solarbio (Bei-
jing, China). Mouse Albumin ELISA Kit was obtained from Abcam
Biotechnology (Cambridge, UK).

Diabetic mice model

All animal experiments were performed in the specific pathogen-free
(SPF) animal laboratory of Anhui Medical University according to
the NIH Guide for the Care and Use of Laboratory Animals and
were approved by the Ethics Committee of Animal Research of Anhui
Medical University (Hefei, China). Male C57BL/6J mice (approxi-
mately 6‒8 weeks old) were purchased from the Experimental Animal
Center, Anhui Medical University. Male db/db mice were purchased
fromGemPharmatech (Nanjing, China). The experimental mice were
maintained under standard conditions. The mice were provided with
ad libitum access to food and water in a roomwith a constant temper-
ature of 22�C ± 2�C and a humidity of 60% with a 12-h day/night cy-
cle. After 7 days of acclimatization, STZ, dissolved in 0.1 M citrate
buffer, was intraperitoneally administered daily to mice at a dose of
50 mg/kg after 12 h of food deprivation each day for 5 consecutive
days. The type 1 diabetic mice were randomly separated into four
groups (n = 5–8): AAV9-scramble-control group; AAV9-scramble-
STZ; AAV9-shRNA-control; and AAV9-shRNA-STZ group (Hanbio
Biotechnology, China). The 50 UL titer of 1� 1012 virus was injected
into the renal pelvis using an insulin needle and maintained there for
2 to 3 s. The type 2 diabetic mice were randomly separated into four
groups (n = 5–8): AAV9-scramble-db/m group; AAV9-scramble-db/
db group; AAV9-shRNA-db/m group; and AAV9-shRNA-db/db
group (Hanbio Biotechnology, China). The 100 UL titer of 1 �
1012 virus was injected into the tail vein using an insulin needle and
maintained there for 2 to 3 s. Blood glucose was monitored weekly
in mice. At the end of 12 weeks, the 24-h urine samples were collected
from the mice kept in metabolic cages. We collected kidney tissue and
blood for further analysis. Blood was collected for determination of
urea nitrogen and creatinine content. The kidneys were collected
for paraffin embedding, electron microscope observation, and molec-
ular biological analysis. Experimental animals were euthanized hu-
manely after the administration of anesthesia.

Generation of podocyte-specific METTL3 knockout mice

METTL3 Flox/Flox (METTL3fl/fl) mouse lines were constructed by
GemPharmatech (Nanjing, China). Nphs1-Cre METTL3fl/fl (cKO)
mice (cKO) were generated by crossing METTL3 fl/fl mice with
mice expressingCre recombinase (Cre) under the control of the neph-
rin promoter (Nphs1-Cre).
Figure 7. TIMP2 knockdown in vivo alleviates podocyte injury and albuminuria

(A) Representative western blot and summarized data showing gene knockdown of TIM

glucose of different groups. (C) PAS staining and quantifications showing typical glom

20 mm. (D) TEM was used to analyze the representative micrographs and quantification

age groups of mice. Scale bars: 500 nm. (E) IHC of WT-1 and podocin showed that silen

Scale bars: 20 mm. (F) Western blot shows the expression levels of WT-1 and nephrin in d

glomerular tissue showed the expression level of cleaved-caspase3. Quantitative ana

apoptosis of podocytes in db/db mice was significantly increased and restored by knock

kidney tissue in different groups. Data represent the mean ± SEM for 5–6 mice. *p < 0
Cell culture

Conditionally immortalized mouse podocytes (MPC5) were pur-
chased from the Institute of Basic Medical Sciences, Chinese Acad-
emy of Medical Sciences. MPC5 was cultured at 33�C in RPMI
1640 containing 10% fetal bovine serum and 20 U/mL mouse recom-
binant interferon-g (IFN-g) medium. In order to induce differentia-
tion, the podocytes were maintained for 7 days under non-permissive
conditions without IFN-g at 37�C for the experiment. Mouse tubular
epithelial cells (mTECs) were kindly provided by Professor Lan HY
from Chinese University of Hong Kong. Mouse mesangial cells
(SV40) were purchased from the Cell Bank of Chinese Academy of
Sciences and cultured in DMEM containing 5% serum. siRNA or
overexpression plasmid (Hanbio Biotechnology, China) was trans-
fected into MPC5 cells by adding Lipofectamine RNAiMAX Reagent
(Invitrogen) as recommended by the manufacturer (siRNA sequences
used in this study are shown in Table S2). We used the negative
scrambled siRNA or negative scrambled plasmid (Hanbio Biotech-
nology, China) as a control. The diluted siRNA or plasmid and Lip-
ofectamine RNAiMAX were combined and incubated for 20 min.
The mixture was then added to the cells in OPTI-MEMmedium. Af-
ter incubation for 6 h, the cells were replaced by a complete medium.
In this study, different treatments were used as followed: normal
glucose (NG) (5.5 mM glucose); mannitol and low glucose (MG)
(24.5 mM mannitol + 5.5 mM glucose); HG (30 mM glucose); and
AGE (0–200mg/mL)

Western blot

Cells and kidney samples were homogenized and ruptured using ice-
cold radio-immunoprecipitation assay (RIPA) buffer containing fresh
protease andphosphatase inhibitors (Beyotime, China), and the protein
concentration was measured using the bicinchoninic acid (BCA) assay
(Beyotime, China). After denaturation, protein samples were subjected
to SDS-PAGE, followed by immunoblotting with antibodies. Blots were
visualized with an Enhanced ECL Chemiluminescent Substrate Kit
(Yeasen, 36222ES76) and the Amersham Imager 600 System.

Quantification of the m6A modification

RNA was extracted from renal samples using the Trizol reagent (In-
vitrogen, 15,596,018) recommended by the manufacturer. NanoDrop
(Thermo Fisher Scientific, MA, USA) was used to analyze the RNA
quality. After the sample quality was unified, the changes in the over-
all m6A levels of mRNAwere evaluated using the EpiQuik m6A RNA
methylation quantification kit (colorimetric method; Epigentek, P-
9005-48) according to the manufacturer’s instructions. Poly(A)
in db/db diabetic mice

P2 in the kidney of db/db mice. (B) Results of mouse urine albumin ELISA and blood

erular structure changes in different groups of mice. Scale bars: black 50 mm; red

of the average thickness of the GBM and the average foot process width in different

cing TIMP2 restored podocyte loss. Quantitative analysis is shown on the right panel.

ifferent groups. Quantitative analysis is shown on the right panel. (G) Western blot of

lysis is shown on the below panel. (H) TUNEL staining of the kidney showed that

down of TIMP2. Scale bars: 20 mm. (I) The relative levels of the inflammatory index of

.05, **p < 0.01, and ***p < 0.001.
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purified RNA (200 ng) was used for the analysis of each sample.
Briefly, 200 ng of RNAwas coated on the assay well. Then, the capture
antibody solution and the detection antibody solution were added to
the measurement wells at appropriate dilution concentrations. The
m6A level was quantified calorimetrically by measuring the absor-
bance at 450 nm and then calculated based on a standard curve.

Dot blot

The RNA sample was boiled in a metal bath at 70�C for 5 min, placed
on ice, and quickly cooled, and the RNA sample was spotted on the
nylon membrane. Then, the membrane was put in a UV cross-linker
for cross-linking for 5 min (UV lamp can be replaced, irradiated for 1
h) to bind RNA to the nylonmembrane. Themembrane was placed in
5% skimmed milk, sealed on a shaker at room temperature for 2 h,
applied with m6A primary antibody, and incubated overnight on a
shaker at 4�C. The next day, the membrane was washed three times
with Tris-buffered saline with 0.1% Tween 20 detergent (TBST) solu-
tion on a shaking table at room temperature, each time for 10 min.
Then, the secondary antibody was applied. The other membrane
was stained with methylene blue as a control.

Immunohistochemical

After kidney paraffin sections were baked at 70�C for 30 min, the sli-
ces were dewaxed gradually, followed by a citrate autoclave for 5 min
for antigen retrieval; naturally cooled to room temperature; and then
placed in a 3% hydrogen peroxide solution at 37�C for 20 min. Next,
10% goat serum was used to seal in a 37�C incubator for 40 min, and
the primary antibody was diluted with PBS according to the concen-
tration specified in the instructions and placed in a humidified refrig-
erator at 4�C overnight. On the next day, the wet box was taken out to
room temperature and reheated for half an hour, followed by PBS
rinse three times, and the secondary antibody was added dropwise.
After 40 min of incubation at 37�C, 3,3’-diaminobenzidine (DAB) co-
lor development was performed. After color development was
completed, it was rinsed in running water for 10 min. The nuclei
were stained with hematoxylin and photographed with a ZEISS mi-
croscope, and the IPWIN60 software was used to quantitatively
analyze the immunohistochemical pictures.

RNA immunoprecipitation (RIP)

RIPwas performed using theMagna RIPRNA-Binding Protein Immu-
noprecipitation Kit (Millipore Sigma, 17–701) following the manufac-
Figure 8. Inhibition of TIMP2 mitigates podocyte injury by downregulating Not

(A and B) RT-PCR and western blot analysis were performed to detect the siRNA silenci

and WT-1 in MPC5 cells. (D) Podocyte inflammatory responses of different groups were

reduced the phosphorylation of P65 in podocytes. (F) Western blot analysis and quantita

were stainedwith FITC-conjugated annexin V and PI and analyzed by flow cytometry to e

TIMP2 in podocytes with METTL3 knockout and usedwestern blot analysis to detect the

of different groups of inflammatory factors. (K) Western blot analysis showed the expres

TIMP2 on the mRNA levels of different genes in podocytes treated with HG. (M) Real-ti

Notch3, and Notch4 genes in podocytes treated with HG. (N)Western blot analysis and q

expression of Notch3 and Notch4 in renal tissue from mice with type 1 and type 2 diab

**p < 0.01, and ***p < 0.001. KO-HG, METTL3-KO-HG; KO-OE-HG, METTL3-KO +

Vector-NG; Sg-Vec-HG, SgNC-Vector-HG.
turer’s instructions. MPC5 cells were transfected with the negative
control or siRNA before treatment with HG concentrations. Briefly,
magnetic beads pre-coatedwith 5mgof anti-IGF2BP2normal antibody
(Proteintech, 11601-1-AP) or rabbit IgG (Millipore) were incubated
with cell lysate at 4�C overnight. The beads containing the immunopre-
cipitated RNA-protein complex were then treated with proteinase K to
remove protein. The RNA was purified using the Trizol method
(Thermo Fisher Scientific), and the input was normalized using qRT-
PCR (calculation of the fold change for comparison).

RNA isolation and real-time quantitative PCR

Trizol (Invitrogen) was used to extract total RNA from cells or kidney
following the manufacturer’s instructions. RNA was reverse tran-
scribed into cDNA and amplified using Thermal Cycler system
(CFX-6, Bio-Rad, CA, USA). b-actin acted as an internal reference
to normalization, and data were expressed as the mean ± SEM. The
primers used in this study are shown in Table S3.

m6A MeRIP-qRT-PCR

Total RNA was isolated fromMETTL3-knockout MPC5 cells or their
corresponding controls under HG stimulation. The total RNA was
sonicated into 100- to 150-nt fragments RNA and then incubated
with m6A antibody to confirm m6A enrichment of the RNA by per-
forming qRT-PCR or high-throughput assays. Briefly, fragmented
RNA and 5 mg of m6A antibody or rabbit IgG were combined in
1 mL RIP immunoprecipitation buffer (100 mL of the supernatant,
860 mL of RIP Wash Buffer, 35 mL of 0.5 M EDTA, and 5 mL RNase
inhibitor for each reaction) and incubated with shaking at 4�C over-
night. m6A IP protease was incubated in proteinase K buffer at 55�C
for 30 min with shaking. Trizol was used to extract RNA, and m6A
immunopurification of mRNA was performed using the sample for
detection using RT-PCR.

CRISPR-Cas9 knockout of METTL3 in MPC5

First, we designed the single guide RNA (sgRNA) targeting METTL3
(http://crispr.mit.edu): mMETTL3-sgRNA1: CGCTTCGCGAGAG
ATTGCAG; mMETTL3-sgRNA2: ACGCCGTTTCTGCCCTGCGA.
Each sgRNAselectedat least 10–15 single clones for knockout detection.
Next, the primers were designed to amplify the knockout target frag-
ments and were sent for sequencing. A knockout virus was constructed
using the Lenti-V2-GFP viral vector. The sensitivity of MPC5 cells to
puromycin was tested before infection, and the lowest lethal dose was
ch signaling

ng effect of TIMP2. (C) Representative western blot and summarized data of nephrin

detected by qRT-PCR. (E) Western blot data showed silencing TIMP2 significantly

tive data of cleaved-caspase3 in MPC5 cells. (G) Podocytes with different treatments

valuate the role of TIMP2 in the aggravation of apoptosis. (H and I) We overexpressed

expression levels ofWT-1, nephrin, and P-P65. (J) qRT-PCR showed the expression

sion of different groups of cleaved-caspase3. (L) The heatmap showed the effect of

me PCR demonstrated the effect of TIMP2 on the mRNA levels of Notch1, Notch2,

uantitative data of Notch3 andNotch4 inMPC5 cells. (O) Real-time PCR showed the

etes. Data represent the mean ± SEM for 3–4 independent experiments. *p < 0.05,

TIMP2-OE-HG; OE-HG, TIMP2-OE-HG; SiTIMP2, SiRNA-TIMP2; Sg-Vec, SgNC-
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1 mg/mL. Cells in the log phase were selected and were cultured in six-
well plates by 2� 105 cells per well. When the cell confluence reached
50%, the complete medium was replaced with a ratio of 1.5 mL 10%
FBS + 60mL virus supernatant, supplementedwith 10mg/mLpolybrene
to improve the virus infection efficiency. The six-well plates were centri-
fuged at room temperature for 30min. After 24 h of infection, the virus
infection solution was aspirated and added to complete medium. After
48 h, the corresponding concentration of puromycin was added for
screening. The screening was performed for 3–5 days. The medium
was changed, and the drug was added every day until all blank control
cells were dead. Western blot was performed to analyze the knockout
efficiency and select single clones for subsequent amplification.

Glomerulus separation

After anesthesia, the mice were cut along the midabdominal line to
separate the abdominal aorta and inferior vena cava. A polyethylene
tube was inserted along the abdominal aorta, and a small opening
was cut in the inferior vena cava. Preheated 2 mL mixed trypsin and
8 mL magnetic bead solution were injected into the mice abdominal
aorta. After all the injection was completed, the kidney was removed
and cut into 1 cubic mm pieces and then cut into pieces. Three milli-
liters of digestive liquid was added, and the pieces incubated were for
30 min at 37�C. The mixture was beaten gently every 5 min. After that,
the specimen was placed on ice, and the kidney tissue was washed by a
100-mm filter with Hank’s balanced salt solution (HBSS) buffer. After
washing twice, the kidney tissue was centrifuged at 4�C for 300 g for
5 min. The supernatant was discarded, and HBSS was used to re-sus-
pend the precipitate. The precipitate was cleaned twice by magnetic
rack, and the protein lysate was added to extract the protein.

Luciferase reporter assay

MPC5 cells in 24-well plates were transfected with luciferase reporter
vector fusing TIMP2-30 UTR with or without wild-type or mutant
TIMP2-30 UTR. For the mutant m6A motif, the high-confidence
GGACA near the stop codon was deleted to cause mutation. All cells
were collected 48 h after transfection, and the firefly luciferase and
Renilla luciferase activities in each well were calculated by the dual
luciferase reporter gene analysis system (Promega, E1910). The rela-
tive ratio of firefly luciferase activity and Renilla luciferase activity was
determined. Each experiment was repeated three times.

TUNEL staining

The one-step TUNEL cell apoptosis detection kit (Servicebio, lot no.
XZ203802) was used according to the manufacturer’s instructions. In
brief, 20 mg/mL proteinase K was added to the tissue of the paraffin
section of the kidney after dehydration; washed with PBS; the pre-
pared TUNEL test solution added, which contains 2 mL TdT enzyme
and 48 mL fluorescent labeling solution for one sample; and the
mixture finally observed by Zeiss microscope.

Flow cytometry

The culture medium was collected into a 15-mL centrifuge tube, and
the cells were washed twice with cold PBS and digested with trypsin
without EDTA. The medium containing FBS was used to neutralize
1738 Molecular Therapy Vol. 30 No 4 April 2022
the digestion in time and the cells collected by centrifugation at
1,000 rpm for 5 min. The cells were washed twice with cold PBS.
The cells were suspended in 400mL binding buffer, and 5mL annexin
V-fluorescein isothiocyanate (FITC) added to the suspended cells,
mixed gently, and incubated for 15 min in a refrigerator at 4�C in
the dark. Ten microliters propidium iodide (PI) was added, mixed
gently, and incubated at 4�C in the dark for 5 min. Beckman flow cy-
tometer was used to detect cell apoptosis.

RNA-seq and data analysis

After siRNA transfection and HG treated for 24 h, METTL3-knock-
down cells and their controls were collected for RNA-seq. Total RNA
samples were enriched by Oligo dT, and then, the library was con-
structed by using KAPA Stranded RNA-Seq Library Prep Kit (Illu-
mina). Sequencing was performed by Illumina NovaSeq 6000 instru-
ment. RNA-seq data were deposited in the Gene Expression Omnibus
database (GEO:GSE190436). ForTIMP2-knockdowncells, after siRNA
transfection andHG treated for 24h,TIMP2-knockdowncells and their
controls were collected for RNA-seq. Total RNA was isolated by Trizol
method. RNA integrity was assessed using theAgilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Next-generation
sequencingwasperformedby an IlluminaNovaSeq6000 instrument ac-
cording to the manufacturer’s instructions (Illumina, San Diego, CA).
The raw sequence reads were deposited in NCBI sequence read archive
(SRA) database, with the accession number NCBI: SRR17177962-69.

Mouse m6A-mRNA epitranscriptomic microarray

The sample preparation andmicroarray hybridization were performed
based on theArraystar’s standard protocols. Agilent Feature Extraction
software (version 11.0.1.1) was used to analyze acquired array images.
Raw intensities of immunoprecipitation (IP) (Cy5 labeled) and super-
natant (Sup) (Cy3-labeled) were normalized with average of log2-
scaled spike-in RNA intensities. Microarray data were deposited in
the Gene Expression Omnibus database (GEO: GSE190516).

Statistical analyses

Data are presented as mean ± SEM as indicated in the figure legends.
Statistical significance of differences was analyzed by unpaired t test
or one-way ANOVA using GraphPad Prism 8 software. All experi-
ments were performed independently thrice. p < 0.05 was regarded
as a statistically significant difference.
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