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FTO-mediated m®A modification of SOCSI mRNA promotes
the progression of diabetic kidney disease

Dear Editor,

N°-methyladenosine (m°A) is the most prominent and
frequent internal messenger RNA (mRNA) modification
and plays diverse roles in regulating functions of modi-
fied transcripts.! However, the role of m°®A modification
in kidney disease remains rarely understood, especially
at the onset of diabetic kidney disease (DKD).” Here, we
delineate the biological role of FTO-mediated m°®A modi-
fication in DKD through imaging mass cytometry (IMC),
LC/MS, and RNASeq methods. The results show that the
loss of m°A levels by overexpressing FTO recapitulated
human DKD by increasing the expression of suppressors
of cytokine signalling 1 (SOCSI) protein level to allevi-
ate inflammation response and kidney injury. Thus, FTO
maybe a potential therapeutic target for DKD patients.

To quantify the m®A level at cellular and spatial lev-
els, we designed an IMC panel specific to kidney histology
and used this to analyse kidney biopsies (Figure 1A and
Table S1). IMC integrates IHC using metal isotope-tagged
antibodies with laser ablation and mass-spectrometry-
based detection to produce high-dimensional images,’
which allow simultaneously quantified the m°A levels and
its regulators. We identified 17676 cells and quantified
the levels of m°A, regulators, and spatial characteristics
at single-cell level (Figures 1 and S1). We identified five
dominant cell clusters of proximal tubules, distal convo-
luted tubule, glomerulus (Glom) endothelial, macrophage,
and stromal cell populations.* IMC and IHC data demon-
strated that the m®A levels were significantly increased
in several types of cells, and FTO expression was signif-
icantly reduced (Figure 2). The results suggest that FTO
plays important roles in m°A dynamics in DKD.

Further analysis revealed that serum m°A levels were
significantly upregulated in T2D and DKD patients
(Figures S2 and S3a). RNASeq data showed that FTO was
significantly downregulated in T2D and DKD patients,
whereas other regulators remained unchanged (Figures
S3b and S4). Further data also showed that the m°A

levels remained significantly upregulated in T2D and
DKD patients, and FTO level was negatively correlated
with m°A levels (Figure S3c-¢). Furthermore, re-analyses
of public datasets revealed that FTO was significantly
decreased in DKD or uremina patients (Figure S3f-h). To
further investigate the role of FTO in DKD pathogenesis,
high-concentration glucose (HG) treatment was used to
simulate the phenotypes in DKD.” HG treatment signif-
icantly reduced FTO expression, whereas the m°A RNA
level was significantly increased (Figure S5a-d). More-
over, other regulators remained unchanged after the HG
treatment (Figure S6). FTO overexpression or knock-down
significantly reduced or augmented the m°A levels, respec-
tively (Figure S5e-h). HG often triggers glucose-response
transcriptional factor ChREBP expression,® further analy-
sis revealed that the FTO promoter had several ChREBP-
binding sites, indicating HG may suppress FTO expression
via activating ChREBP (Figure S5i). Together, these data
reveal that the m®A modification levels are increased due
to FTO downregulation in DKD.

To investigate the molecular mechanism by how dysreg-
ulated FTO is involved in DKD. We performed MeRIP-seq
in HMC after FTO overexpression, and the results showed
that m®A peaks were significantly enriched at the 3'-
UTR region (Figure 3A,C) and were characterized by the
RAACH motif (Figure 3B). Overall, 25 genes were affected
at both RNA expression and m°A levels. Pathway enrich-
ment analyses revealed that the genes affected are involved
in inflammation (Figure 3D,E and Tables S6 and S7). More
specifically, the m°A level of SOCS1, a key regulator of
inflammation, was significantly reduced after FTO overex-
pression (Figure 3F), which was confirmed by re-analyses
of public datasets (Figure S7a). MeRIP-qPCR results
showed that SOCSI m°A level was significantly reduced
on FTO overexpression (Figure 3G). Further data revealed
that SOCSI protein level was significantly increased when
FTO was overexpressed (Figure 3H). SOCSI mRNA expres-
sion was also positively associated with FTO expression
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FIGURE 1 Single-cell phenotypes in high-dimensional histopathology of diabetic kidney: (A) schematic of imaging mass cytometry
(IMC) acquisition of multiplexed images from four patients with diabetic kidney disease (DKD) and the analyses of single-cell phenotypes,
meta-clusters, and architecture; (B) summary example images from different patients of the analysed cohort; (C) map using ¢-distributed
stochastic neighbour embedding (t-SNE) of 17 676 subsampled single cells from high-dimensional images of kidneys coloured by cell-type
meta-cluster identifier; (D) heat map showing the z-scored marker expression of each cell; (E) t-SNE plot showing the group of DKD or
healthy kidney (HK) and the expression of m®A, METTL3, and FTO in each cell
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FIGURE 2 Imaging mass cytometry (IMC) analysis identifies increased m®A modification levels in various cells in diabetic kidney
disease (DKD) patients: (A) the composition of different cells in different samples; (B-D) violin plot showing the expression of m°A (B),
METTL3 (C), and FTO (D) in different types of cells across DKD and healthy kidney (HK) samples; (E) heat map showing correlation
between m®A and METTL3/FTO in different types of cells across DKD and HK samples; (F) representative images of H&E, PAS, and PSR
analyses of kidney biopsies from DKD or health kidneys; (G) representative images of IHC analyses of indicated proteins of kidneys from
DKD or health kidneys. Statistical analyses were performed by two-tailed Mann-Whitney U test. ns, not significant; ***p < .001
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FIGURE 3 FTO-mediated m®A modification of suppressors of cytokine signalling 1 (SOCSI) messenger RNA (mRNA) decreases its
protein expression due to loss of FTO: (A) pie chart of m®A locus distribution in controlsand FTO overexpression HMC cells; (B) m°A
enriched for known consensus motif RAACH using HOMER; (C) m®A-enriched peak distribution on the metagene using guitar; (D) RNA-seq
and MeRIP-seq identified differentially expressed genes or m®A peaks in FTO stable overexpression HMC cells when compared with their
corresponding controls; (E) enriched pathway analyses of significantly altered m°A peaks after FTO overexpression. p Values were calculated
according to the hypergeometric test based on the number of physical entities present in both the predefined set and user-specified list of

physical entities; (F) the m®A abundances on SOCSI mRNA transcripts in HMC cells as detected by MeRIP-seq were plotted;

(G) MeRIP-gPCR analysis was employed to demonstrate FTO-mediated SOCS1 m°A modifications. The m®A modification of SOCSI was
decreased on the upregulation of FTO; (H) Western blot analyses of indicated proteins in HMC or HK-2 cells after FTO overexpression;
(I) meRIP-PCR analysis of SOCSI mRNA level in HMC cells after overexpressing wild-type or mutant FTO wild-type; (J) FTO-RIP-PCR
analysis of SOCSI mRNA level in HMC cells. Data are represented as mean =+ s.e.m. Statistical analyses were performed by two-tailed
unpaired student -tests and corrected for multiple comparisons using the Holm-Sidak method.



SUN ET AL. C CAL AND TRANSLATIONAL MEDICINE 50f7

OpenAccess

(C) ~ db/m do/db  db/db+fto

fto

=

P=0.001 P=0.005

o
s

m6A

’ collagen IV

ﬁ. . Nephrin

mMBA/A (%)
mouse kidney
o
i

o
@

, ﬁcleus \ / %us

Inflammation §

Inflammation 1
~~ mA
SOCS7T mRNA

E
| x ] (
S H— D C—G

meA modification t Cytoplasm m°A modification | Cytoplasm

SOCS7T mRNA

FIGURE 4 Fto overexpression alleviates kidney injury through increasing suppressors of cytokine signalling 1 (socs1) expression and
decreased phosphorylation of jak2 and stat3 in vivo: (A) relative mSA levels in the kidney of db/m, db/db injected with control virus, and
db/db with fto overexpression lentivirus; (B) representative images of H&E, PAS, and PSR analyses of kidneys from db/m, db/db injected with
control virus, and db/db with fto overexpression lentivirus; (C) representative images of IHC analyses of indicated proteins of kidneys from
db/m, db/db injected with control virus, and db/db with fto overexpression lentivirus; (D) model depicting the effect of decreased expression
of m®A modulators in diabetic kidney disease (DKD): induction of a generalized state of hypermethylation and downregulation of socsl and
leading to increased phosphorylation of jak2 and stat3 and consequent kidney injury. Data are represented as mean =+ s.e.m. Statistical
analyses were performed by two-tailed unpaired student ¢-tests and corrected for multiple comparisons using the Holm-Sidak method.
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(Figure S7b). Moreover, SOCS1 expression was signifi-
cantly suppressed after FTO knock-down (Figure S7c).
The inhibition of FTO induced by HG treatment could
also result in the reduced expression of SOCS1 (Figure
S7d). Further results showed that demethylation-inactive
mutant FTO (H231A and D233A) had no effects on both
mCA and protein level of SOCS1 compared with wild-
type FTO (Figures S7e and 3I).Moreover, FTO-RIP-qPCR
assays showed the direct binding of FTO on SOCSI mRNA
(Figure 3J). Our findings indicate that FTO can increase
the expression of SOCSI via removing its m°A.

Inflammation plays vital roles in DKD, and SOCS1
is considered an important inflammation regulator.®’
Network and GSEA analyses showed that inflammation-
related pathways including the JAK-STAT pathway were
significantly repressed after FTO overexpression (Figure
S8a,b). Moreover, FTO overexpression significantly inhib-
ited inflammation via inhibiting JAK2/STAT3 phosphory-
lation. In contrast, FTO knock-down and HG aggravated
DKD by promoting JAK2/STAT3 phosphorylation (Figure
S8c-e). The rescue assay showed that p-JAK2 and p-STAT3
levels were significantly inhibited after SOCS1 knock-
down (Figure S8f). Collectively, these results suggest that
the JAK-STAT signalling pathway is activated due to the
decreased FTO expression.

We generated the db/db mice that were most com-
monly used T2D/DKD model.!’ Intriguingly, injecting
fto-overexpressing lentivirus significantly alleviated kid-
ney damage, indicating that fto might be a potential
therapeutic target (Figure S9a-g). LC/MS results showed
that m®A levels were higher in db/db mice, and m°A
levels were decreased after injecting FTO-overexpressing
lentivirus (Figures 4A and S9h). qRT-PCR and analyses
of public microarray data showed that fto expression was
significantly reduced in various mouse models (Figure
S9i-m). WB and IHC results showed that both fto and
socsl were significantly reduced in db/db mice, which
led to inflammation response via promoting jak2 and
stat3 phosphorylation (Figures 4B,C and S10). Surprisingly,
fto overexpression significantly increased socsl expression
which alleviated inflammation response as the IHC and
WB data showed (Figures 4B,C and S10). The H&E, PAS,
SR, and THC data further indicated that fto overexpression
attenuated kidney injuries and fibrosis. Thus, our data sug-
gest that fto overexpression can alleviate kidney injury via
suppression of inflammation.

In conclusion, our findings reveal a protective role
of FTO during DKD pathogenesis. Mechanistically, the
FTO/SOCS1/JAK-STAT axis promotes DKD pathogene-
sis via promoting inflammation (Figure 4D). Moreover,
FTO expression is significantly decreased in DKD, and
overexpression of FTO can dramatically alleviate kidney
inflammation. Therefore, we suggest that therapeutic tar-

geting of FTO in combination with current therapeutic
approaches might be a new avenue for DKD treatment.
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