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NAT10-mediated N4-acetylcytidine modification in KLF9 mRNA

promotes adipogenesis
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Dysfunctional adipogenesis is a major contributor of obesity. N-acetyltransferase 10 (NAT10) plays a crucial role in regulating N4-
acetylcysteine (ac4C) modification in tRNA, 18SrRNA, and mRNA. As the sole “writer” in the ac4C modification process, NAT10
enhances mRNA stability and translation efficiency. There are few reports on the relationship between NAT10 and adipogenesis, as
well as obesity. Our study revealed a significant upregulation of NAT10 in adipose tissues of obese individuals and high-fat diet-fed
mice. Furthermore, our findings revealed that the overexpression of NAT10 promotes adipogenesis, while its silencing inhibits
adipogenesis in both human adipose tissue-derived stem cells (hNADSCs) and 3T3-L1 cells. These results indicate the intimate
relationship between NAT10 and obesity. After silencing mouse NAT10 (mNAT10), we identified 30 genes that exhibited both hypo-
ac4C modification and downregulation in their expression, utilizing a combined approach of acRIP-sequencing (acRIP-seq) and
RNA-sequencing (RNA-seq). Among these genes, we validated KLF9 as a target of NAT10 through acRIP-PCR. KLF9, a pivotal
transcription factor that positively regulates adipogenesis. Our findings showed that NAT10 enhances the stability of KLF9 mRNA
and further activates the CEBPA/B-PPARG pathway. Furthermore, a dual-luciferase reporter assay demonstrated that NAT10 can
bind to three motifs of mouse KLF9 and one motif of human KLF9. In vivo studies revealed that adipose tissue-targeted mouse AAV-
NAT10 (AAV-shRNA-mNAT10) inhibits adipose tissue expansion in mice. Additionally, Remodelin, a specific NAT10 inhibitor,
significantly reduced body weight, adipocyte size, and adipose tissue expansion in high-fat diet-fed mice by inhibiting KLF9 mRNA
ac4C modification. These findings provide novel insights and experimental evidence of the prevention and treatment of obesity,

highlighting NAT10 and its downstream targets as potential therapeutic targets.
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INTRODUCTION

Obesity poses a significant threat to human health, often leading
to life-threatening conditions such as diabetes, coronary heart
disease, and hypertension [1, 2]. The underlying cause of obesity
resides in impaired adipogenesis, a process that induces
proliferation and hypertrophy of adipocytes. This pathological
state amplifies lipogenesis, inviting the infiltration of inflammatory
cells and augmenting oxidative stress, resulting in cellular
dysfunction [3-5].

Post-transcriptional modification of mRNA is a crucial regulatory
mechanism that governs various biological processes, including
mRNA stability, precursor cleavage, polyadenylation, transport,
and translation initiation [6-8]. Among the diverse modifications,
N6-adenosine methylation (m6A), N1-adenosine methylation
(m1A), and cytosine hydroxylation (m5C) are some of the most
common [9-11]. N4-acetylcysteine (ac4C) modification of RNA was
previously detected only in tRNAs and 18S rRNA [12, 13].In 2018, a
pivotal discovery by Arango et al. [14]. revealed the presence of
ac4C modification in mRNA. Intriguingly, N-acetyltransferase 10
(NAT10) stands as the sole known “writer” responsible for mRNA
ac4C modification. NAT10 modifies the mRNA of downstream

target genes through ac4C, thereby influencing the stability of
these mRNAs and their protein translation efficiency [14].
However, the role of NAT10 in adipogenesis and its contribution
to obesity remains unclear, leaving an unexplored area of
research.

The NAT10 protein is a highly conserved entity in both
prokaryotes and eukaryotes, exhibits a unique mechanism of
action [15]. Specifically, it acetylates the N4 nucleoside ac4C of the
cytosine within the target gene’s mRNA, leading to the formation
of an intramolecular hydrogen bond, this modification profoundly
influences the spatial conformation of cytosine and its subsequent
binding with guanosine, ultimately affecting the stability and
translation efficiency of the target gene’s mRNA [16-18]. Notably,
the acetylation sites mediated by ac4C in the target gene’s mRNAs
are frequently located on the third base of the codon, often
adhering to a characteristic “CXXCXXCXX" structure. This mod-
ification can occur across various regions of the mRNA, including
the 5’-untranslated region (5’-UTR), coding sequence (CDS), and 3'-
untranslated region (3'-UTR) [14, 19]. Since Arango et al.'s
groundbreaking discovery of mRNA ac4C modification in 2018
[14], numerous studies have emerged highlighting the
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significance of this modification, it has been implicated in diverse
biological processes such as oocyte maturation, germ cell meiosis,
tumor cell proliferation, bone differentiation, nerve injury, and
even fatty acid metabolism in cancer cells [15, 20-25]. There is
currently no report on whether Remodelin can prevent obesity by
inhibiting NAT10 mediated mRNA ac4C modification. Remodelin, a
specific inhibitor of NAT10 [26], has been found effective in
treating malnutrition and ameliorating the cellular phenotype of
Hutchinson Gilford premature aging syndrome (HGPS) [27]. Prior
research has also revealed that Remodelin exerts its regulatory
effects on target gene function by inhibiting the NAT10-mediated
ac4C modification of downstream mRNA. This modulation has
been observed to inhibit proliferation and promote osteogenic
differentiation in multiple mouse experiments [25, 28-31]. How-
ever, to date, there is no report whether Remodelin can prevent
obesity by targeting NAT10-mediated mRNA ac4C modification.
In our study, we observed a significant upregulation of NAT10 in
adipose tissues of obese individuals and mice fed a high-fat diet,
suggesting a pivotal role in promoting adipogenesis. Furthermore,
through a combined approach of acRIP-sequencing (acRIP-seq)
and RNA-sequencing (RNA-seq), we validated KLF9 as a down-
stream target gene of NAT10. Notably, downregulation of NAT10
led to a decrease in KLF9 mRNA stability, impeding the
adipogenesis process via the CEBPA/B-PPARG signaling pathway.

RESULTS

Upregulation of NAT10 in adipose tissues of obese patients
and high-fat diet mice

To explore the hNAT10 expression, different tissues including
subcutaneous adipose tissues (SATs), visceral adipose tissues
(VATSs), liver, small intestine, pancreas, kidney and muscle were
collected from patients (n=4), and our results showed the
hNAT10 is comprehensively expressed. Moreover, for mNAT10
expression analysis, different tissues were isolated from mice
(n=4), also elucidated that mNAT10 is widely expressed in
various tissues, including inguinal white adipose tissues (iWATs),
epididymal white adipose tissues (eWATs), brown adipose tissues
(BATs), the small intestine, and others (Fig. 1A). This implies that
NAT10 has a broad tissue distribution. In addition, the hNAT10
mRNA (n=6) and protein (n=3) expression of SATs and VATs
were found higher than in obese patients (BMI: >32kg/m?)
compared to normal individuals (BMI: 18.5-23.9 kg/m?) (Fig. 1B-D).
Furthermore, in eWATs and iWATs of mice, the mNAT10
expression were also significantly upregulated in high-fat diet
mice (n=4) compared to chew diet (n=4) (Fig. 1E-G). Never-
theless, the mNAT10 was gradually upregulated with high-fat diet
for 0, 4, 8, and 12 weeks in eWATs and iWATs of mice (n=3)
(Fig. 1H, 1). In addition, the hNAT10, mNAT10, the makers of
adipogenesis including peroxisome proliferative activated recep-
tor gamma (PPARG) and fatty acid binding protein 4 (FABP4) and
cellular triglyceride (TG) content were gradually increased during
hADSCs and 3T3-L1 adipogenesis (Fig. 1J-Q). Lastly, the mNAT10
expression in different tissues were detected after mice were fed
with high-fat diet for 12 weeks (n = 4) (Fig. 1R).

mRNA ac4C modification increased in adipogenesis

To explore mRNA ac4C modification in adipose tissues of obese
patients, the mRNA ac4C modification in SATs and VATs of obese
(n=26) and normal weight (n=6) patients were detected with
anti-ac4C immuno-northern blot and ac4C dot blot. Our results
showed that mRNA ac4C modification was drastically elevated in
SATs and VATs of obese compared to normal weight patients
(Fig. 2A-C). Besides, mRNA ac4C modification was also remarkably
increased in eWATs and iWATs of mice fed with high-fat diet
(n=3) than chew diet (n = 3) for 12 weeks (Fig. 2D, E). Moreover,
during high-fat diet, the mRNA ac4C modification was gradually
enhanced in iWATs (n=3) (Fig. 2F, G). In vitro, mRNA ac4C
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modification was gradually increased in hADSCs and 3T3-L1 cells
adipogenesis (Fig. 2H, ). Our results implied that NAT10 mediated
mMRNA ac4C modification may play a critical role in adipogenesis.

NAT10 promotes adipogenesis

To further investigate the role of NAT10 in adipogenesis, hADSCs
and 3T3-L1 cells were overexpressed or silenced with NAT10, and
the transfection efficiency of NAT10 were evaluated (Fig. S1). Next,
after hADSCs were overexpressed or silenced with NAT10, the cells
were induced to mature adipocytes. Oil Red O staining revealed
that NAT10 markedly accelerated hADSCs adipogenesis. On the
contrary, silencing NAT10 strongly prevented hADSCs adipogen-
esis (Fig. 3A). The FFA concentration in culture medium, cellular
FFA and TG contents were significantly increased or decreased
when hADSCs were overexpressed or silenced with NAT10
(Fig. 3B-D). In addition, CCAAT enhancer binding protein alpha
(CEBPA), FABP4 and PPARG were upregulated or downregulated
when hADSCs were overexpressed or silenced with NAT10
(Fig. 3E-G). However, the markers of BATs including uncoupling
protein 1 (UCP1), hormone-sensitive lipase (HSL) and adipose
triglyceride lipase (ATGL) were unchanged (Fig. 3H-L). In addition,
increased and decreased NAT10 also significantly promoted or
inhibited 3T3-L1 cells adipogenesis with Oil Red O staining and
elevated or attenuated FFA concentration in culture medium,
cellular FFA and TG contents (Fig. 3M-P), PPARG, CEBPA and
FABP4 also were upregulated or downregulated when 3T3-L1 cells
were overexpressed or silenced with NAT10 (Fig. 3Q-S), but the
expression of UCP1, HSL and ATGL remained unchanged
(Fig. 3T-X). Lastly, mRNA ac4C modification was also increased
or decreased after 3T3-L1 cells were overexpressed or silenced
with mNAT10 (Fig. 3Y, Z). These results indicated that NAT10
promotes human and mouse adipogenesis.

NAT10 mediates mRNA ac4C modification in adipogenesis

To find the target genes of NAT10 mediated mRNA ac4C
modification in adipogenesis, after 3T3-L1 cells were transfected
with siRNA-mNAT10 or siRNA-mNC for 48 h and then were
induced differentiation for 48 h, the acRIP-seq combined with
RNA-seq were used to screen the possible target genes, which
both of mRNA were modified with ac4C, and expression were
downregulated. In acRIP-seq, 1066 differential ac4C peaks were
detected in siRNA-mNAT10 vs siRNA-mNC, the most of mRNA
ac4C peaks were comprehensively distributed in 3-UTR, CDS and
5'-UTR (Fig. 4A and supplementary table 3). In addition, in siRNA-
mNAT10 and siRNA-mNC group, the highest abundance mRNA
ac4C peaks were distributed in CDS (both were 33.7%) (Fig. 4B).
The GO - biological process (GO-BP) analysis of the differential
genes was enriched in RNA splicing, mRNA processing, nuclear
transport etc (Fig. 4C). In KEGG pathway analysis, the differential
genes were enriched in protein processing in endoplasmic
reticulum, RNA transport, spliccosome etc (Fig. 4D). Moreover,
most ac4C peaks contained typical “CXXCXXCXX" motifs and the
highest abundance peaks of two groups are shown in Fig. 4E. In
RNA-seq, the 1711 differential expression genes (DEGs) were
detected in siRNA-mNAT10 vs siRNA-mNC, among them, 1104
DEGs were downregulated (Fig. 4F, G and supplementary table 4).
The GO analysis showed that DEGs are enriched in fat cell
differentiation, brown fat cell differentiation, and the regulation of
lipid processes. etc (Fig. 4H). However, the KEGG pathway analysis
of DEGs were enriched in cytokine-cytokine receptor interaction,
JAK-STAT signaling pathway and PPAR signaling pathway etc
(Fig. 4l). PPAR signaling pathway has been previously reported to
be regulated by NAT10 through ac4C modification of genes such
as ELOVL6, ACSL1, ACSL3, ACSL4, ACADSB, and ACATI1, thus
modulating fatty acid metabolism in cancer cells [25]. Among
them, 13 genes were participated in PPAR signaling pathway
(Fig. 4J). There were 30 genes which were interacted of hypo-
acetylation in acRIP-seq and downregulated DECs in RNA-seq
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Fig. 1 NAT10 is increased in adipogenesis. A Human NAT10 (hNAT10) and mouse NAT10 (mNAT10) were comprehensively distributed in
different tissues of human and mice (n = 4 for each). B The hNAT10 mRNA (n = 6) and protein (n = 3). C, D was found increased in SATs and
VATs of obese (n = 6) compared to normal weight patients (n = 6). E The mNAT10 mRNA (n = 4) and protein (n = 3) (F, G) was found elevated
in eWATs and iWATs of high-fat diet (n = 4) than chew diet mice (n = 4). H, I The mNAT10 protein was gradually increased after mice were fed
with high-fat diet for 12 weeks (n = 3). J hNAT10 mRNA expression was upregulated during hADSCs adipogenesis (n =6). K, L The protein
level expression of hNAT10, hFABP4 and hPPARG was upregulated during hADSCs adipogenesis (n=3). M The TG content was found
gradually increased during hADSCs adipogenesis (n = 3). N mNAT10 mRNA (n = 6) and protein expression of mMNAT10, mFABP4 and mPPARG
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(n=13). R The protein expression of MNAT10 were comprehensively distributed in mice differential tissues after fed with high-fat diet for
12 weeks (n =4). *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig.2 The level of mRNA ac4C modification is increased in adipogenesis. A Immune and northern blot revealed mRNA ac4C modification
was found upregulated in SATs (n = 6). B, C mRNA ac4C modification was found upregulated in SATs and VATs of obese (n = 3) compared to
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mice (n = 3). F, G mRNA ac4C modification of iWATs was found increased after mice were fed with high-fat diet for 12 weeks (n = 3). H, | mRNA
ac4C modification was upregulated during hADSCs and 3T3-L1 adipogenesis (n = 3). *P < 0.05, ***P < 0.001.

(Fig. 4K), and partial results are showed in Fig. 4L. Our results
indicated that NAT10-mediated mRNA ac4C modification strongly
participated in adipogenesis.

NAT10-mediates KLF9 mRNA ac4C modification regulates
adipogenesis

To further explore the NAT10 mediated ac4C modification target
genes in adipogenesis, we screened the interacted 30 genes of
acRIP-seq and RNA-seq, and found mKLF9 might be a target gene
which was modified by mNAT10 in Fig. 4L. KLF9 has been reported
to be positively regulated in adipogenesis in 3T3-L1 cells via
CEBPA/B-PPARG pathway [32, 33]. In acRIP-seq, mKLF9 maotifs
were visualized by IGV software (Fig. 5A). In addition, the hNAT10
and mNAT10 motifs also were predicted using PACES software,
the results showed hKLF9 mRNA contained one motif might be
ac4C modified too, however, there were three predicted motifs of
mKLF9 (Fig. 5B). Both of hKLF9 and mKLF9 motifs are located at 5'-
UTR (Fig. 5C). Next, we designed the specific primer according to
motifs predicted by PACES software to detect whether the ac4C
level of mMKLF9 was regulated by the expression of mMNAT10. The
acRIP-PCR results showed that mKLF9 or hKLF9 mRNA were ac4C
modified by mNAT10 or hNAT10, respectively (Fig. 5D-F). In
addition, hKLF9 were significantly upregulated in SATs and VATs
of obese (n=6) compared to normal weight patients (n=6)
(Fig. 5G). Moreover, mKLF9 was also upregulated in iWATs of high-
fat diet (n =4) compared to chew diet mice (n=4) (Fig. 5H, I).
Nevertheless, mKLF9 was gradually increased during adipogenesis
(Fig. 5J, K). To verify whether mNAT10 regulates adipogenesis via

SPRINGER NATURE

ac4C modification of mKLF9 mRNA and downstream mKLF9-
mCEBPA/B-mPPARG pathway, firstly, the mKLF9 were detected
after 3T3-L1 cells were overexpressed or silenced of mNAT10, our
results revealed that mKLF9 mRNA and mKLF9, mCEBPA, mCEBPB
and mPPARG protein expression were significantly upregulated or
downregulated by overexpressed or silenced of mMNAT10
(Fig. 5L-R). After conducting gPCR followed by NAT10 RIP
(NAT10 RIP-PCR), we confirmed that both mKLF9 and hKLF9
mMRNAs could interact with mNAT10 and hNAT10, respectively
(Fig. 6A, B). Next, to verify which mKLF9 motif may participate in
combining to mNAT10, the 3 mutated plasmids for 3 different
motifs were constructed, and dual-luciferase reporter assay
revealed that all of the 3 mutated motifs did not combine to
mNAT10 (Fig. 6C). Our results confirmed that all 3 motifs of mKLF9
are ac4C modified. In addition, the hKLF9 mRNA was also verified
to combine to hNAT10 using dual-luciferase report assay (Fig. 6D).
Some previous studies have reported the no. 641 amino acid of
hNAT10 is an ac4C acetylation site [30, 34, 35]. So, the mutated
hNAT10 plasmid (G641E) was constructed to explore whether
hNAT10 could regulate hKLF9 via hNAT10 acetylation site. Our
results showed that the mutated hNAT10 did not combine with
hKLF9 mRNA (Fig. 6E). In addition, mutated hNAT10 did not affect
hKLF9-hCEBPA/B-hPPARG pathway (Fig. 6F-K). Next, to verify
whether mNAT10 regulates mKLF9 stability, after 3T3-L1 cells were
silenced with mKLF9 and then were treated with actinomycin D
(5pg/mL) to examine RNA decay. The results indicated that
silenced mMNAT10 dramatically decreased mKLF9 stability (Fig. 6L).
To further verify whether mNAT10 regulated adipogenesis

Cell Death & Differentiation (2025) 32:1613 -1629
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expression levels of both mCEBPA and mPPARG

the overexpression of mNAT10 in 3T3

the rescue experiment was performed, silencing

through mKLF9,

3) (Fig. 60, P),
mCEBPB and

n—=

L1 cells (

of mKLF9 was able to partially decrease cellular lipid droplets form

/

levels of both mCEBPA

mPPARG also were decreased after overexpression of mNAT10 in

and protein expression

(Oil red O staining) (n =3) (Fig. 6M), and partially decrease the

cellular TG content (n

) (Fig. 6N), the gPCR experiment revealed

3

3T3-L1 cells (n=3) (Fig. 6Q-V), these results verified the NAT10

that the silencing of mKLF9 resulted in a reduction in the mRNA
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Fig. 3 NAT10 promotes the mRNA ac4C modification and adipogenesis in vitro. A Overexpression and silencing of hNAT10 promoted or
inhibited hADSCs adipogenesis (Oil red O staining, n = 5). Overexpression and silencing of hNAT10 promoted or inhibited FFA concentration
in culture medium of hADSCs (n = 5) (B), cellular FFA contents (n = 5) (C), cellular TG contents of hADSCs (n = 5) (D). E-G Overexpression and
silencing of hNAT10 promoted or inhibited the mRNA expression of hCEBPA, hFABP4 and hPPARG in hADSCs (n = 5). H Overexpression and
silencing of hNAT10 could not promote or inhibit the mRNA expression of hUCP1 (n=5) and protein expression of hHSL and hATGL in
hADSCs (n =5) (I-L). Overexpression and silencing of mNAT10 promoted or inhibited 3T3-L1 adipogenesis (Oil red O staining, n = 5) (M), FFA
concentration in culture medium (N), cellular FFA contents (0) and cellular TG contents of 3T3-L1 (n = 5) (P). Q-S Overexpression and silencing
of mNAT10 promoted or inhibited the mRNA expression of mMPPARG, mCEBPA and mFABP4 in 3T3-L1 (n =5). T Overexpression and silencing
of mMNAT10 could not promote or inhibit the mRNA expression of mMUCP1 and protein expression of mHSL and mATGL in 3T3-L1 (n = 5) (U-X).
Y, Z Overexpression and silencing of mNAT10 could promote or inhibit mRNA ac4C modification in 3T3-L1 (n =5). *P < 0.05, **P < 0.01,

**%P < 0,001.
<

regulated PPARG-CEBPA/B pathway in a KLF9-dependent manner.
In summary, NAT10 promotes adipogenesis via KLF9 mRNA ac4C
modification.

Remodelin inhibits adipogenesis via ac4C KLF9 mRNA

To explore whether a specific NAT10 inhibitor, Remodelin could
regulate adipogenesis, 3T3-L1 cells were induced for 9 days, where
the culture medium contained 0-40 uM Remodelin (DMSO as
control), the Qil red O staining showed that adipogenesis was
inhibited and cellular FFA and TG contents were significantly
decreased by Remodelin in dose-depend manner (Fig. 7A-C).
Next, the cell viability was further evaluated with Cell Counting Kit-
8 (CCK-8) assay, and we found that Remodelin did not have
significant effect on cell viability (Fig. 7D). The mRNA and protein
levels of mMNAT10, mKLF9, mCEBPA, mCEBPB and mPPARG and
mFABP4 mRNA were significantly inhibited by Remodelin in dose-
depend manner (Fig. 7E-M). Moreover, 20uM Remodelin
decreased mRNA ac4C modification, which was confirmed by
using ac4C dot bolt (Fig. 7N and Fig. S2). Besides, 20 uM
Remodelin inhibited ac4C mKLF9 mRNA according acRIP-PCR
(Fig. 70, P). Additionally, overexpression of mKLF9 could partially
rescue Remodelin-inhibited adipogenesis (Oil Red O staining) and
cellular FFA and TG contents and mKLF9-mCEBPA/B-mPPARG
pathway (Fig. 7Q-Z). Our results indicated that Remodelin
drastically inhibits adipogenesis thorough mKLF9 mRNA ac4C
modification.

Silencing of mNAT10 inhibits adipose tissues depots in vivo

via downregulation of mKLF9-mCEBPA/B-mPPARG pathway

The AAV injection experiments protocol in vivo are summarized in
Fig. 8A, in which mice were fed high-fat diet for 12 weeks, and
injected with adipose tissue targeted AAV-shRNA-mNAT10
(3x10"v.g, n=5) or AAV-shRNA-mNC (3 x 10''v.g, n=5) twice
(at the beginning and on 4th week) in left iWATs. In addition,
physiological saline was injected into the right iWATs twice (at the
beginning and on 4th week). To evaluated tissue specificity of
adipose tissue targeted AAV-shRNA-mNAT10 and AAV-shRNA-
mNC, our western blot results showed that no reduction in the
expression of mNAT10 in the heart, muscle, and liver in AAV-
shRNA-mNAT10 compare to AAV-shRNA-mNC group (n = 6) (Fig.
S3). In addition, our results showed that the food intake and body
weight did not make any significant difference in two groups
(Fig. 8B, C), however, the size and weight of left iIWATs was smaller
and lighter in AAV-shRNA-mNAT10 group compared to AAV-
shRNA-mNC group (Fig. 8D, E), but the eWATs did not have any
difference (Fig. 8F). In AAV-shRNA-mNAT10 group, the H&E
staining showed that the adipocyte size of left iWATs was smaller
in  AAV-shRNA-mNAT10 group compared to AAV-shRNA-mNC
group (Fig. 8G, H). Besides, GTT and ITT results showed no
difference between the two groups (Fig. S4). In addition, the
mKLF9 ac4C was found decreased in AAV-shRNA-mNAT10 group
compared to AAV-shRNA-mNC group (Fig. 8l, J). Next, the mNAT10
and mKLF9-mCEBPA/B-mPPARG pathway were verified for down-
regulation in AAV-shRNA-mNAT10 group compared to AAV-
shRNA-mNC group (Fig. 8K-0). Lastly, the protein expression

SPRINGER NATURE

pattern of MNAT10 and mKLF9-mCEBPA/B-mPPARG pathway are
showed in Fig. 8P, Q. The above results suggested that mNAT10
inhibits adipose tissue depots in vivo.

Remodelin impedes adipose tissue depots through inhibiting
mNAT10 and further decreases mKLF9 ac4C modification

To further investigate whether Remodelin could inhibit adipogen-
esis via mNAT10 mediated downregulation of mKLF9, the mice
were gavage with Remodelin (100 mg/kg/day) or DMSO and fed
with high-fat diet for 12 weeks (Fig. 9A). Our results indicate that
although the food intake did not show difference in Remodelin
and DMSO groups (Fig. 9B), the body weight was significantly
decreased in Remodelin group compared to DMSO group (Fig. 9C).
In GTT and ITT experiments, our other study showed that
Remodelin also elevated glucose tolerance and enhanced insulin
sensitivity compared to DMSO group [36]. In addition, the size and
weight of iIWATs and eWATs were also apparently decreased in
Remodelin group (Fig. 9D-F). The H&E staining showed that the
adipocytes size of iWATs were smaller in Remodelin than DMSO
group (Fig. 9G, H). In molecular level, Remodelin decreased mKLF9
mRNA ac4C modification (Fig. 9l) and dramatically inhibited
mMNAT10, mKLF9, mPPARG, mCEBPA and mFABP4 expression in
iWATs (Fig. 9J-N). Lastly, Remodelin significantly inhibited the
protein expression of mMNAT10 and mKLF9-mCEBPA/B-mPPARG
pathway in iWATs, eWATs and BATs (Fig. 90-R). These results
indicated that Remodelin prevents adipose tissue expansion via
inhibiting mKLF9 mRNA ac4C modification.

DISCUSSION
While post-transcriptional modifications of mRNA, including m6A
and m5C, have been documented to play a role in adipogenesis
[11, 37, 38], the role of mMRNA ac4C modification in regulating this
process remains obscure and less explored. Our current research
study reveals a novel finding: NAT10 enhances adipogenesis by
facilitating ac4C modification of KLF9 mRNA, which subsequently
leads to the upregulation of the CEBPA/B-PPARG pathway.
NAT10 is known to be widely expressed in various tissues of
humans and mice, with particularly high levels in adipose tissues
in mice [15, 39, 40]. While research on mRNA ac4C modification
and its regulators is still limited, NAT10 stands out as the only
known “writer” but not “eraser” and “reader” involved in this
process, and its role in adipogenesis has not been extensively
studied [41, 42]. Furthermore, the abundance of mRNA ac4C
modification is relatively low compared to m6A methylation
[14, 16]. Despite the scarcity of research, approximately 200 studies
have investigated mRNA ac4C modification in different genes
[43-46], yet the precise mechanisms underlying its regulation of
mRNA function remain unclear. Consistent with most studies
[47-49], our acRIP-seq analysis revealed that the majority of ac4C
peaks are located in the CDS and 3’- UTR of mRNAs, with minimal
distribution in the 5-UTR (2.2% in the siNRA-mNC group and 4.1%
in the siRNA-mNAT10 group). This aligns with previous findings
that NAT10 primarily acetylates motifs located in the 3'-UTR, and
that CDS acetylation positively regulates mRNA stability and
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translation efficiency [21, 50, 51]. Furthermore, Arango et al.
observed that many motifs located in the 5-UTR accumulate near
the translation initiation site (TIS) [19]. However, in our study, the
ac4C motifs of both human and mouse KLF9 genes were not
found to be situated within the TIS region. It is generally believed
that ac4C modification in the 5-UTR can inhibit translation
initiation, thereby suppressing protein translation and negatively
regulating protein expression [19]. Nevertheless, in our research,
we discovered that silencing NAT10 reduced KLF9 ac4C

Cell Death & Differentiation (2025) 32:1613 - 1629

modification and impaired KLF9 mRNA stability. Intriguingly, Wu
et al. also reported that NAT10 positively modulated transforming
growth factor beta 1 (TGFB1) mRNA ac4C modification, mRNA
stability, and protein expression, despite the TGFB1 mRNA ac4C
motif being situated in the 5-UTR as well [52]. Our further
analysis revealed that the target for ac4C modification in KLF9 was
actually the C base within the Kozak sequence, which occurred in
the 5'-UTR outside the TIS region. This finding suggests that the
location and context of ac4C modification, rather than its mere
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Fig. 5 mNAT10 promotes adipogenesis and mKLF9 mRNA ac4C modification. A mKLF9 motif in acRIP-seq was visualized using IGV
software. B The hNAT10 and mNAT10 ac4C motifs, predicted with PACES software. C hNAT10 and mNAT10 ac4C motifs in mRNA 5-UTR.
D acRIP-PCR verified that mMNAT10 was able to ac4C modify mKLF9-1 (containing 2 motifs) (n = 4) and (E) mKLF9-2 (n = 4). F acRIP-PCR verified
that hNAT10 was able to ac4C modify hKLF9 (n = 4). G The mRNA expression of hKLF9 was upregulated in SATs and VATs of obese (n = 6)
compared to normal body weight (n = 6) patients. H, | The protein expression of mKLF9 was upregulated in iWATs and eWATs of high-fat diet
group (n =4) than chew diet group (n = 4). J, K mKLF9 was gradually upregulated during 3T3-L1 adipogenesis (n =5). L mNAT10 positively
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mCEBPB in 3T3-L1 (n=3). *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6 mNAT10 promotes adipogenesis via mKLF9 mRNA ac4C modification. A NAT10 RIP-PCR revealed that mNAT10 can interact with
mKLF9 (n = 4). B NAT10 RIP-PCR revealed that hNAT10 can interact with hKLF9 (n = 4). Dual-luciferase reporter assay verified that mNAT10 is
combined with 3 motifs of mMKLF9 in 3T3-L1 cells (n = 3) (C); hNAT10 combined with 1 motif of hNAT10 in HEK293T cells (n = 3) (D); hNAT10
ac4C modification site (G641E) mutation did not combine with hKLF9 in HEK293T cells (n = 3) (E). F-K hNAT10 ac4C modification site (G641E)
mutation did not affect hKLF9, hPPARG, hCEBPA and hCEBPB (n = 3). L RNA decay experiment detected the mKLF9 mRNA stability after 3T3-L1
cells were silenced by mNAT10 for 48 h (n =4). M, N The rescue experiments revealed that silencing of mKLF9 is able to partially decrease
cellular lipid droplets form (Oil red O staining) (n = 3), and cellular TG content (n = 3). O, P The qPCR experiment revealed that the silencing of
mKLF9 resulted in a reduction in the mRNA expression levels of both mCEBPA and mPPARG, subsequent to the overexpression of mNAT10 in
3T3-L1 cells (n = 3). Q-V The western blot experiment revealed that the silencing of mKLF9 resulted in a reduction in the protein expression
levels of both mCEBPA, mCEBPB and mPPARG, subsequent to the overexpression of mNAT10 in 3T3-L1 cells (n =3). *P < 0.05, **P < 0.01,
***p < 0.001.

Cell Death & Differentiation (2025) 32:1613 - 1629 SPRINGER NATURE



X. Wan et al.

%k K
A B - cC —= D E
— kK
* Kk —
r 1 *kk
* kK r

ITI %k k.
K] — o T —1 0.70
%—«4 * o os |ﬁ| -+~ DMSO s

— ]
;% 'P T -=- Remodelin g
583 S 06 E 4
22 3 g g
£= g g oss 3
&82 £ 04 2 g
82 = 1 ]
LE £ s X E o
T3 g S =%
591 £ 0.2 g 2
SE 5 0.60: z
i = 3
S o 200 —TT—T

O N & & O S & &8 0 5 10 15 20 25 30 35 40

S F TS F Tttt um

-
[

5 5
5 15 5 @ 2
s ° 8
2 Fokok 2 s £
i = g g -
351 sg" 5 £
<f <= 3 2<
Z0 Zw @ SE
g2 ZE g g
E v 05 & Eso. ° PR
g° 1 2 Z H
2 £ 5 5
- 3 s E
]
€ o0 © 2 2
O NS STy U =
oF T

m P = g6 P

-~
r

5

*kk : £ w0 § - ™ R

T 1 © s *

%k k *
s e s s £ — £ r 1
S s = g 18 2 g _e0 8 _60- %
. |E H ¢ 3% 2% :
3040 S, 3m 4340 L5 a0
EX ™ s& " =& = Xe
e T g gw Es Eg
L e o 7@ 3
5 5
ggu.s g-éo.s +, 2% % 2
= E=3 = < 0 L 0
s s s & 0 & & O &
2 [ e & ¥ & N
2 o0 2 00 ° o & o &
= = = e &

O S SS O STy Q¢ ¢
o8 Tt o ettt

A
(7]
-
<

3T3-L1
3 Zos < c 15 <
s - 3 8 5 o 8
=5 o A 3 — @2
22 "5 06 £ g £
S5 = £Q 25 10 * gy
£3 2 <5 <8 L, <2
88 £ 04 B Z0 Zn
32 = xE ¥E . xE
£E £ E 0. Ew 05 Es
T3 £o2 2 2 2
SE S ] =1 E
ERS 8 & k] 5
° [} [ [
8 © 00 « & 00 [
o & &
R
CEL
on@\o
w
3T3-L1 3T3-L1 3T3-L1 3T3-L1 3T3-L1
mNAT10 5 5 5 S ik s
g 15 g 4 *okk g 25 ok g 20 — w25 _—
8 ok 8 — 8 — 8 g —
mKLF9 g i g 3 Te g 20 £ 15 g 20
=g 10 ce e b S s c8
c2
S5 3y S5 wex S@ gm1s| *
mPPARG 82 SEZ] wnx ga T go 1o g9 !
5E ns &8 E 10 8B £ 1.0
2% 05 — 2% | 2 3= sl 5E
2 2 . $°0s =° s
2 2 2 2 2
mCEBPA K k4 g O 8 g o
® ® ° ° ®
° 0.0 e 0 2 0.0 e 0.0 2 0.0
= O & @ S R S S & @ F S & & = S & @
mCEBPB & & & & & K o5 O K o
F&EE & & E & & E F&EE & &S
L4 & L obb\\*‘ & L4 & € &
S S S J
S < £ 5
GAPDH o o o o o

Fig. 7 Remodelin inhibits adipogenesis through mNAT10-mKLF9-mCEBPA/B-mPPARG pathway. A Remodelin impeded adipogenesis (Oil
red O staining) in a dose-depend manner (0-40 pM). B Remodelin impeded cellular FFA contents and TG contents (C) in a dose-depend
manner (n = 5), but Remodelin did not affect cell viability (CCK-8) (n = 5) (D). E-M Remodelin significantly inhibited mRNA (n = 5) and protein
(n = 3) expression of mPPARG, mCEPBA and mFABP4 (n =5). N Ac4C dot blot showed that 20 pM Remodelin decreased 3T3-L1 cell's mRNA
ac4C modification. Remodelin inhibited mKLF9 (motif 1 and 2) (0) and (motif 3) mRNA ac4C modification (P), which was detected by using
acRIP-PCR (n = 4). Q-S Overexpression of mKLF9 partially increased adipogenesis (Oil red O staining), cellular FFA contents and TC contents
after 3T3-L1 cells were treated with 20 uM Remodelin (n = 5). T-Z Overexpression of mKLF9 partially increased the mRNA (n = 5) and protein
(n =3) of mMPPARG, mCEBPA and mFABP4 after 3T3-L1 cells were treated with 20 pM Remodelin. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 8 AAV-shRNA-mNAT10 inhibits adipose tissue expansion in vivo. A The protocol of AAV-shRNA-mNAT10 injection in mice. B Food
intake in AAV-shRNA-mNAT10 and AAV-shRNA-mNC groups (n=5). C Body weight in AAV-shRNA-mNAT10 and AAV-shRNA-mNC groups
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*P <0.05, **P <0.01, ***P < 0.001.
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*P<0.05, **P<0.01, ***P < 0.001.

presence in the 5-UTR, may determine its effect on mRNA and Our acRIP-PCR and dual-luciferase reporter assays revealed that
protein expression. Therefore, the question of how ac4C NAT10 can bind to three motifs of mKLF9 and one motif of hKLF9.
modification in the 5-UTR specifically impacts mRNA and protein In a separate study, NAT10 was shown to modify distinct motifs
expression remains to be further investigated, particularly in cases within SYT9 mRNA [24]. These findings suggest that NAT10 has
where the modification does not occur near the TIS or Kozak the ability to modify ac4C mRNA of target genes at multiple sites,
sequence. rather than being restricted to a single site.
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KLF9 is a member of KLFs family, which is a group of
evolutionarily conserved and zinc finger structured transcription
factors [53, 54]. KLF9 is reported to play a positive regulatory role
in the adipogenesis of 3T3-L1 cells, at the molecular mechanism
level, KLF9 can bind to the promoter of CEBPA, thereby promoting
adipogenesis [32]. On the other hand, KLF9 also is able to interact
with CEBPB and can form a complex to active PPARG2 transcript
via combination of PPARG2 promoter [33]. Our study revealed that
NAT10 was able to regulate adipogenesis through KLF9-CEBPA/B-
PPARG pathway in vitro and in vivo.

Remodelin, a specific inhibitor of NAT10, has been extensively
utilized to investigate the diverse biological functions of this
enzyme [55]. In our study, Remodelin exhibited robust inhibitory
effects on NAT10, significantly suppressing adipogenesis in a
dose-dependent manner. In other research, Remodelin has been
shown to alleviate cellular defects associated with HGPS [27], and
to inhibit mitochondrial lipid metabolism in cancer cells [56].
While a previous study found that Remodelin did not affect mRNA
ac4C modification [57], it is still widely used to target ac4C
acetylation levels [23, 44, 58]. Both in vitro and in vivo studies have
demonstrated that Remodelin can significantly hinder tumor
progression [59-62]. Notably, several studies have shown that
Remodelin is non-toxic to cells or mice [22, 55, 63, 64]. Consistent
with these findings, in our study, concentrations of Remodelin
ranging from 0 to 40 uM did not impact the viability of 3T3-L1
cells, and a 12-week gavage treatment with 100 mg/kg/day
Remodelin did not lead to mortality in mice. However, it is worth
mentioning that some mice exhibited partial whitening of their
hair. Furthermore, there are indications that four FDA-approved
drugs, including Fosaprepitant, Leucal, Fludarabine, and Dantro-
lene, may possess stronger inhibitory effects on NAT10 than
Remodelin, in conclusion, further research is necessary to
determine if Remodelin and these four drugs could potentially
be used in the treatment of obesity through their ability to inhibit
NAT10 [58].

In conclusion, we illustrated that human and mice
NAT10 significantly promoted adipogenesis through KLF9 mRNA
ac4C modification and increased KLF9 mRNA stability and further
regulated KLF9-CEBPA/B-PPARG pathway. Furthermore, Remode-
lin might emerges as a promising small molecular inhibitor that
holds potential for obesity treatment.

MATERIALS AND METHODS

Specimen collected

Human tissues were collected from different patients (n = 4) who suffered
from abdomen trauma. The remaining tissues of SATs, VATs, liver, spleen
and small intestine were obtained through surgery. The SATs and VATs
were collected from individuals with normal body weight (n =6, BMI:
18.5-23.9kg/m?) and obese patients (n=6, BMI: >32kg/m?), the
clinicopathological features of normal body weight and obese patients
were provided in supplementary table 1. Different tissues including iWATs,
eWATs, BATs, lung, liver, kidney, muscle, spleen and small intestine of
C57BL/6 mice (n = 4) were collected too. In addition, C57BL/6 mice (n = 4)
were fed by chow diet (Jiangsu Xietong Pharmaceutical Bio-engineering
Co., Ltd., China, 1010001) and high-fat diet (XTHF60) (n = 4) for 12 weeks,
eWATs, iWATs and BATs were isolated from mice at 0, 4, 8 and 12th week.
This study was approved by the Ethics Committee of The Third Xiangya
Hospital of Central South University, Changsha, China (NO: 2023-5027), and
was performed according to the guidelines outlined in the Declaration of
Helsinki. All participants provided written informed consent form. All
animal experiments were performed according to the guidelines of the
Ethical Committee for Animal Experiments of The Third Xiangya Hospital of
Central South University (Changsha, China).

hADSCs isolation and culture of 3T3-L1 cells

Approximately 10 g of SATs were obtained from patient's VATs (n = 4), the
adipose tissues were washed by PBS for three times, and cut into
1x 1 mm? size, then, the tissues were digested by collagenase | solution
(Cat# 17100017, Gibco, Life Technology, Shanghai, China) for 1h, the

Cell Death & Differentiation (2025) 32:1613 - 1629

X. Wan et al.

mixture were filtered with a 70-um cell strainer (BD Falcon, Becton
Dickinson, Franklin Lakes, NJ, USA), centrifuged at 150x g for 10 min,
gently poured out the supernatant, 3 ml of erythrocyte lysate (Beyotime
Institute of Biotechnology, Shanghai, China) was used to remove red blood
cells, centrifuged at 150 x g for 10 min again, the cells were washed with
10 ml PBS for three times and were cultured in DMEM/F12 (Cat#11320033,
Gibco, Life Technology, Shanghai, China) containing 10% fetal bovine
serum (Cat#A5670701, Gibco, Life Technology, Shanghai, China). Consis-
tent with previous studies, we utilized cells from the fourth passage as
hADSCs in our research [65-67]. 3T3-L1 cells were bought from
Wellbiology (Changsha, China) and cultured with high glucose DMEM
(Cat# 11965092, Gibco, Life Technology, Shanghai, China) containing 10%
FBS and 100 U/ml penicillin and 100 pg/ml streptomycin.

hADSCs and 3T3-L1 cells differentiation and Remodelin
treatment

When hADSCs and 3T3-L1 cells grew in confluence, the cells were cultured
in differentiation medium. For hADSCs, DMEM/F12 contained 1puM
dexamethasone (Cat# D4902), 10uM insulin (Cat# 12643), 0.5mM
isobutylmethylxanthine (IBMX, Cat# 15879), and 200 uM indomethacin
(Cat# 17378) all provided by Sigma, St. Louis, MO, USA). The medium was
replaced every 2 days. For 3T3-L1 cells, DMEM contained 1pM
dexamethasone, 10 uM insulin and 0.5 mM IBMX, after 48 h, the medium
was changed to DMEM containing 10 uM insulin for every 48 h. In addition,
during hADSCs and 3T3-L1 cells differentiation, cells were treated with
different concentration Remodelin (Cat#SD1168, Beyotime Institute of
Biotechnology, Shanghai, China) (0, 5, 10, 20, 40 uM).

Oil Red O staining and free fatty acid (FFA) measure

The differentiated adipocytes were fixed by 4% paraformaldehyde
(Cat#P0099, Beyotime Institute of Biotechnology, Shanghai, China) for 4 h
at room temperature and washed by PBS for 3 times, the Oil Red O staining
(Cat#00625, Sigma, St. Louis, MO, USA) was added to the plates and
incubated at room temperature for 10 min and washed by water for 3
times. The images were captured by microscope (Leica DM IL LED Fluo,
Germany). The culture medium and cellular FFA level were tested by
fluorescent quantification kit (BC0590, Solarbio Science & Technology Co.
LTD, Beijing, China).

TG level measurement

TG was measured using the assay kit (BC0620, Solarbio Science &
Technology Co., LTD, Beijing, China) following manufacturer’s guideline. In
summary, 5 to 10 million cells were first collected into a centrifuge tube,
and following centrifugation, the supernatant was discarded. Subse-
quently, 1 mL of reagent A was added to the cell precipitate, and the
mixture was sonicated for 1 min at a power rate of 200 W, using a cycle of
2s of ultrasound followed by 1 s of rest. After sonication, the mixture was
centrifuged again at 8000 g and 4 °C for 10 min. Finally, the supernatant
was collected and tested at a wavelength of 420 nm.

Reverse transcription real-time quantitative PCR (RT-qPCR)
The RNA was isolated from cells and tissues using TRIzol (Cat#15596018CN,
Invitrogen, Shanghai, China) method, and RNA was reverse transcribed to
cDNA (Cat#K1622, Thermo Scientific, Shanghai, China), the gPCR amplifica-
tion was performed with SYBR Green gPCR Mix (Cat#TSE201, Tsingke
Biotech Co., Ltd., Beijing, China). The primer sequences are listed in
supplementary table 2.

Western blotting

The total cells or tissues protein were extracted using a protein extraction
kit (Cat#KGB5303, KeyGEN BioTECH, Nanjing, China), protein concentration
was quantified using BCA method (Cat#23225, Thermo Fisher, Shanghai,
China), and 30 ug total protein samples were subjected to SDS-PAGE gel
electrophoresis for 1.5 h. Separated proteins were then transferred from
gel to nitrocellulose membrane at 300 mA for 1 h. Membrane was then
blocked in 5% skimmed milk powder for 2 h. The primary antibody, such as
NAT10 (13365-1-AP), PPARG (16643-1-AP), CEBPA (29388-1-AP), CEBPB
(23431-1-AP), FABP4 (12802-1-AP), HSL (17333-1-AP), ATGL (55190-1-AP),
and GAPDH (60004-1-lg) [all provided by Proteintech, Wuhan, China] and
KLF9 (sc-376422, Santa Cruz, Texas, USA) were used for the incubation of
membrane for overnight. The secondary antibody (Cat#SA00001-1 and
Cat#SA00001-2, Proteintech, Wuhan, China) was incubated for 1h, and
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after washing, ECL reaction (Cat#32209, Thermo Fisher, Shanghai, China)
was performed to develop image, which was observed by GelDoc XR gel
imaging analysis system, and band was analyzed.

Immuno-northern blot of RNA in SATs

The RNA extracted from SATs was purified through ethanol precipitation at
a temperature of —80 °C for overnight. Subsequently, the precipitated RNA
pellets were resuspended in a solution containing LET buffer (composed of
25mM Tris-HCI at pH 8.0, 100 mM LiCl, and 20 mM EDTA at pH 8.0),
supplemented with 1% SDS. To achieve further purification, the
resuspended RNA was extracted twice using a phenol/chloroform/LET
mixture. The purified RNA samples were then analyzed on 1.5% agarose
gels containing 6.66% formaldehyde, and the RNA bands were successfully
transferred onto Hybond-N membranes. After the transfer process, the
nylon membrane was carefully removed from the system, rinsed with 2X
SSC to remove any residual agarose gel fragments, and dried at room
temperature, then the membrane was exposed to a UV crosslinker with a
wavelength of 254 nm and an energy setting of 120 mJ/cm? for 30-45 s to
immobilize the RNA onto the nylon membrane. For the detection of 185
RNA, one of the membranes was incubated with a biotin-labeled 18S
probe (TTTCGCTCTGGTCCGTCTTG, the sequence was labeled using the
Biotin 3’ End DNA Labeling Kit, Cat#R3106, Beyotime Institute of
Biotechnology, Shanghai, China). Hybridization was performed using the
Biotin Northern Blot Kit (Cat#R0219, Beyotime Institute of Biotechnology,
Shanghai, China), and the results were visualized using the GelDoc XR gel
imaging analysis system. For the ac4C assay, another membrane
crosslinked with total RNA was blocked with non-fat milk and then
treated with the anti-ac4C antibody (Cat#ab252215, Abcam, Shanghai,
China; diluted 1:1000) for overnight. Following this, the membrane was
incubated with a secondary antibody (Cat#SA00001-1, Proteintech, Wuhan,
China) and the results were observed using the GelDoc XR gel imaging
analysis system.

Ac4C dot blot

Approximately 10 ug of RNA was denatured at 95 °C for a duration of 5 min
and promptly chilled on ice. Subsequently, 2 yl of this RNA was applied to
nitrocellulose membranes (Merck, Shanghai, China). These membranes were
then cross-linked using ultraviolet light for 10 min and washed in 10 ml of
wash buffer (composed of 1xTBS and 0.02% Tween-20) for 5 min. Next, the
membranes were submerged in blocking buffer (consisting of 1xTBS, 0.02%
Tween-20, and 5% non-fat milk) at room temperature for an hour. Following
the removal of the blocking buffer, the membranes were incubated with an
anti-ac4C antibody (Cat#ab252215, Abcam, Shanghai, China; diluted 1:1000)
at 4 °C overnight. This antibody is capable of detecting in vitro transcribed
RNAs containing ac4C modification. After incubation, the membranes were
washed three times with 10 ml of wash buffer at room temperature.
Subsequently, a secondary antibody was added and incubated at room
temperature for an hour. The membranes were then washed four times with
wash buffer. For detection, ECL reagent was poured onto the membranes
and exposed in the dark. Additionally, as an internal control, the membranes,
which had been photographed and washed were incubated in 0.02%
methylene blue (Cat# M9140, Sigma-Aldrich, Shanghai, China) for 2h and
washed with RNase-Free water for another 2 h. Since methylene blue can
directly bind to RNA or DNA, the level of ac4C could be calculated based on
the ratio of the intensity of the HRP-labeled ac4C signal to the total RNA
signal detected by methylene blue.

Human lentivirus plasmid and adipose tissue-targeted mouse
adeno-associated virus (AAV) plasmid construction

Lentivirus overexpression human NAT10 (LV-OE-hNAT10) plasmid, lenti-
virus negative human control (LV-OE-hNC) plasmid, lentivirus shRNA
human NAT10 (LV-shRNA-hNAT10) and lentivirus shRNA human negative
control (LV-shRNA-hNC) were designed and constructed by Genechem
Co. Ltd., Shanghai, China. In addition, overexpressed mouse NAT10 (OE-
mNAT10, NM_153126.4) plasmid and overexpressed mouse negative
control plasmid (OE-mNC) was constructed. The coding sequence (CDS)
of mNAT10 was amplified in 3T3-L1 cells. The primer sequence was as
follows: F:5-GTGGATCCGAGCTCGGTACCCGCCACCATGAATCGGAAGAAGGT
GGATAACC-3', R:5-ATATTTTATTACCGGTTTAATTAACTACTTCTTTCGCTTCAG
TTTCATATC-3". Kpnl and Pacl were used as restriction enzymes, the
amplification product was inserted into GV658 vector. The siRNA mNAT10
(siRNA-mNAT10), siRNA mKLF9 (siRNA-mKLF9) plasmid and siRNA mouse
negative control (siRNA-mNC) plasmid was designed and synthetized by
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Sangon Biotech (Shanghai, China). The most effective sequence was
verified by gPCR (sense sequence: 5'-GCUGGAUUUGUUCCUGUCUAUTT-3',
the antisense: 5-AUAGACAGGAACAAAUCCAGCTT-3'). Adipose tissue-
targeted adenovirus shRNA mNAT10 (AAV-shRNA-mNAT10) and AAV
shRNA mouse negative control (AAV-shRNA-mNC) plasmid were designed
and constructed by Genechem Co.,Ltd., Shanghai, China, the vector
element sequence was FABP4p-EGFP-MIR155(MCS)-SV40 PolyA. In addi-
tion, the hNAT10 (G641E) mutation (MUT) and wild type (WT) plasmid were
constructed by Genechem Co. Ltd., Shanghai, China.

Cell transfection

The transfection process was performed by using our previously
established protocols [68, 69]. Briefly, 1 x 10° hADSCs or 3T3-L1 cells were
seeded in six-well plates and incubated for 24 h. Upon reaching a cell
density of approximately 80%, the cells were transfected with lentiviral
vectors, plasmids, or siRNA in a serum-free medium for a duration of 16 h.
After transfection, the medium was replaced with a complete growth
medium. Specifically, the hADSCs were transfected with LV-hNAT10, LV-
hNC, LV-shRNA-hNAT10, LV-shRNA-hNC, and LV-hNAT10-mutation
(mutated hNAT10), respectively. In parallel, 3T3-L1 cells were transfected
with OE-mNAT10, OE-mNC, siRNA-mNAT10, siRNA-mNC, and OE-mNAT10
combined with siRNA-mKLF9, following the manufacturer’s instructions.
Subsequently, the transfected cells were induced to differentiate into
mature adipocytes.

Ac4C-specific RNA immunoprecipitation and next generation
sequencing (acRIP-seq) and acRIP-PCR

The acRIP-seq was performed and data was analyzed by Epibiotek Co., Ltd,
Guangzhou, China. Briefly, the 3T3-L1 cells were transfected with siRNA-
mNAT10 or siRNA-mNC for 48h and further were induced and
differentiated for 48 h. Total RNA was extracted from two groups, after
rRNA was removed using QlAseq FastSelect-rRNA HMR Kits (Qiagen, Cat.
No: 334385), about 200pug RNA was fragmented using Epi™ ac4C
immunoprecipitation kit (Epibiotek Co., Ltd, Guangzhou, China, R1815)
according to operating manual. The fragmented RNA was mixed with ac4C
or IgG (Abcam, ab172730) antibody for 4 h at 4 °C; then, the protein A/G
magnetic beads (Cat# 8880210002D/10004D, Invitrogen) were added and
incubated for 2 h at 4 °C. The supernatant was discarded and the magnetic
beads were washed for twice. The RNA was purified and precipitated,
RNase inhibitor was added and incubated at 4 °C for overnight; then, the
magnetic beads were washed for twice, the ac4C-enriched RNA was
collected and RNA-seq library was constructed. Lastly, paired-end
sequencing was performed in an lllumina NovaSeq 6000 sequencer
(lllumina Inc.,, San Diego, CA, USA). The ac4C peaks were visualized by
Integrative Genomics Viewe (IGV) software. In addition, hKLF9 and mKLF9
mRNA ac4C modification sites were also predicted by PACES software
(http://www.rnanut.net/paces/). The mKLF9 acRIP-qPCR was amplified from
cDNA which was reverse transfected by ac4C-enriched RNA. The premiers
were designed with primer 5.0. The sequence of the primer 1 (included
motif 1 and 2) was as follows: F: 5-TGGCTCGCAGTTGGCTTT-3, R: 5'-
ACCTCAGCCCCTCATCTTTAC-3'; the sequence of the primer 2 (motif 3) was
as follows: F: 5-GTAAAGATGAGGGGCTGAGGT-3', R: 5-CCCTGGCCTC
GGACGA-3'. The hKLF9 (NM_001206.4) acRIP-PCR primer was similar to
mouse primer 2.

RNA-seq

The 3T3-L1 cells were transfected with siRNA-mNAT10 or siRNA-mNC for
48 h and further were induced and differentiated for 48 h. Then, the RNA-
seq was performed and data analysis was performed by Epibiotek Co., Ltd.,
Guangzhou, China. The differentially expressed genes (DEGs) was analyzed
with DEseq2 software according |log2FC|> 1 and P value was <0.05. The
GO analysis (https://geneontology.org/) and pathway analysis (https://
www.kegg.jp/) were alos performed.

NAT10 RIP-PCR

The NAT10 RIP according to acRIP method as mentioned above; the
mRNAs combined to NAT10 were collected; the RNA was reverse
transcribed and mKLF9 mRNA was amplified.

Dual-luciferase reporter assay
According to the three ac4C motif sequences of mouse KLF9, pGL3-basic-
mKLF9-mutation 1 (mKLF9-MUT1), pGL3-basic-mKLF9-mutation 2 (mKLF9-
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MUT2), pGL3-basic-mKLF9-mutation 3 (mKLF9-MUT3) and pGL3-basic-
mKLF9-wild type (mKLF9-WT) plasmids were constructed, and dual-
luciferase reporter assay was performed in 3T3-L1 cells. In addition, the
ac4C motif sequences of hKLF9-wild type (hKLF9-WT) and pGL3-basic-
hKLF9-mutation (hKLF9-MUT) plasmids were also constructed, dual-
luciferase reporter assay was performed in HEK293T cells. Dual-luciferase
reporter assay system (Cat# N1521, Promega, Madison, WA, USA) was used
to detect luciferase activity. The double luciferase assay was provided by
Jiman Biotechnology Co., LTD., Shanghai, China.

mRNA stability assay

The 3T3-L1 cells were transfected with siRNA-mNAT10 and siRNA-mNC for
48 h, and the cells were then treated by 5 ug/mL Actinomycin D (58964,
Selleck, Houston, USA) for 0, 2, 4, 6 h, the KLF9 mRNA expression was
amplified by RT-qPCR. The half-life(t;,) was calculated according to the
formula developed by Wang, et al. [30].

CCK-8 assay

The cell viability was evaluated by CCK-8 (Cat# C0037, Beyotime Institute of
Biotechnology, Shanghai, China). The 3T3-L1 cells were treated with O, 5,
10, 20, and 40 uM Remodelin (n=5); 10 uL CCK-8 was added into each
well, and cells were incubated at 37 °C, 5%CO2 for 4 h. The absorbance was
detected by microplate reader (Molecular Devices, Sunnyvale, USA) at
450 nm.

Animal experiment

6-weeks-old male C57BL/6J mice were injected with adipose tissue
targeted AAV-shRNA-mNAT10 (3x10''v.g, n=5) or AAV-shRNA-mNC
(3x10"'v.g, n=5) in left iWATs and physiological saline was injected into
the right iWATSs, respectively. Mice were fed with high-fat diet for 12 weeks.
In addition, at 4th week, two groups of mice were injected with same dose
AAV again in left iWATs. The NAT10 expression were detected with gPCR
and western blotting. In addition, 6-week-old male C57BL/6J mice were
treated with Remodelin (100 mg/kg/day, n=15), a specific inhibitor of
NAT10, or DMSO (n = 5) by gavage, respectively, the two groups also were
fed by high-fat diet for 12 weeks.

Hematoxylin and eosin (H&E) staining

The iIWATs was fixed with 4% paraformaldehyde for 24 h, then, the iWATs
were dehydrated and embedded with paraffin wax, subsequently, the wax
blocks were cut about 5um-thick sections. After the sections were
deparaffined and rehydrated, the H&E (Cat# G1120, Solarbio Science &
Technology Co. LTD, Beijing, China) staining was performed according to
the manufacturer’s protocol. The images were captured by microscope
(Leica DM IL LED Fluo, Germany) and adipocyte size was analyzed with
image processing software (Leica QWin V3, Cambridge, England).

Glucose tolerance test (GTT) and insulin tolerance test (ITT)
After completing the 12-week AAV-mediated NAT10 adipose tissue-
targeted silencing experiment, mice underwent a 12-h fasting period for
GTT. In summary, they were intraperitoneally administered a glucose dose
of 1.5 g/kg, and their blood glucose levels were meticulously monitored at
various time points: 0, 30, 60, 90, and 120 min post-injection. Additionally,
for the ITT mice were fasted for 12 h and then injected with 11U/kg of
insulin sourced from Novo Nordisk (Copenhagen, Denmark).

Statistics analysis

The data underwent analysis utilizing Graphpad Prism 10 software, the
data from two groups were compared using a t-test, significance is defined
as p<0.05.

DATA AVAILABILITY
The acRIP-seq and RNA-seq data are available in supplementary table 3 and 4.
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