
ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

https://doi.org/10.1038/s41467-026-70220-w

Received: 12 February 2025

Accepted: 18 February 2026

Cite this article as: Chen, J., Xue, M.,
Mi, S. et al. Targeting NAT10 alleviates
colonic senescence and elderly-onset
colitis by disrupting N4-acetylation of
DYRK1A. Nat Commun (2026).
https://doi.org/10.1038/
s41467-026-70220-w

Jingyu Chen, Meng Xue, Shuyi Mi, Anbo Fu, Wenwen Chen, Yuhao Sun, Shenglong Xia,
Qiwei Ge, Jiakai Luo, Qiao Yu, Liangjing Wang & Shujie Chen

We are providing an unedited version of this manuscript to give early access to its
findings. Before final publication, the manuscript will undergo further editing. Please
note there may be errors present which affect the content, and all legal disclaimers
apply.

If this paper is publishing under a Transparent Peer Review model then Peer
Review reports will publish with the final article.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not
have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Nature Communications
Article in Press

Targeting NAT10 alleviates colonic senescence and
elderly-onset colitis by disrupting N4-acetylation of
DYRK1A



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Targeting NAT10 Alleviates Colonic Senescence and Elderly-Onset Colitis by Disrupting 

N4-acetylation of DYRK1A  

Jingyu Chen1,2,3,4#, Meng Xue1,2,3,#, Shuyi Mi1,2,3,#, Anbo Fu1,2,3, Wenwen Chen1,2,3, Yuhao 

Sun1,2,3, Shenglong Xia1,2,3, Qiwei Ge1,2,3, Jiakai Luo1 , Qiao Yu1, Liangjing Wang1,2,3,*, Shujie 

Chen2,3,5,* 

1Department of Gastroenterology, Second Affiliated Hospital of Zhejiang University School of 

Medicine, Hangzhou, Zhejiang, China 

2Institution of Gastroenterology, Zhejiang University, Hangzhou, China 

3Prevention and Treatment Research Center for Senescent Disease, Zhejiang University School of 

Medicine, Hangzhou, China 

4Department of Gastroenterology, The Affiliated LiHuili Hospital of Ningbo University, Ningbo, 

China. 

5Department of Gastroenterology, Sir Run Run Shaw Hospital, Zhejiang University School of 

Medicine, Hangzhou, Zhejiang, China 

#These authors contributed equally: Jingyu Chen, Meng Xue, Shuyi Mi, 

*Corresponding author: 

Shujie Chen, Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, East 

Qingchun Rd, Hangzhou 310020, Zhejiang, PR China, Tel +86 0571 86006788, E-mail: 

chenshujie77@zju.edu.cn; Liangjing Wang, Second Affiliated Hospital of Zhejiang University 

School of Medicine, 88 Jiefang Rd, Hangzhou 310009, Zhejiang, PR China, Tel +86 0571 

89713905, E-mail: wangljzju@zju.edu.cn; 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Abstract 

Intestinal aging characterized by imbalance between cell senescence and mucosal self-renewal, 

increases susceptibility to the elderly-onset ulcerative colitis (UC), while the underlying 

mechanisms remain elusive. Here, we identify mRNA N4-acetylcytidine (ac4C) modification and 

its specific writer, N-acetyltransferase 10 (NAT10), as critical regulators of human colonic 

epithelial cell senescence. Knockdown of NAT10 significantly alleviates human colonic epithelial 

cell senescence in vitro and colonoid and intestinal aging in vivo in aged mice. Using ac4C-

modified transcriptome sequencing, we reveal that NAT10 stabilizes DYRK1A mRNA through 

ac4C modification, thereby driving colon epithelial senescence. Moreover, NAT10 and DYRK1A 

are markedly upregulated in ulcerative colitis tissues from elderly patients and positively correlate 

with disease severity. Knockdown of NAT10, treatment with Nat10 or Dyrk1a inhibitor, alleviates 

colitis in aged mice. Collectively, these findings suggest that modulating NAT10-mediated RNA 

ac4C modification could rejuvenate intestinal aging and provide a novel therapeutic strategy for 

elderly-onset colitis. 
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Introduction 

Aging is characterized by progressive decline in organ physiology and cellular function, 

ultimately resulting in pathological alterations1,2. Aging-related intestinal changes include a 

thinner mucus layer, increased intestinal permeability, and impaired intestinal stem cell function3-

5. Previous studies have demonstrated that aging-related intestinal deterioration contributes to the 

pathogenesis of colitis in aged rodents6-10. Consistently, recent epidemiological surveys reveal that 

ulcerative colitis (UC) exhibits a second incidence peak, with approximately 10% to 20% of cases 

occurring in individuals over 60 years old11,12. Treatment options for elderly UC patients are often 

constrained by comorbidities13,14. Additionally, elderly-onset UC patients frequently exhibit 

suboptimal responses to biologic therapies and face an increased risk of adverse reactions15,16. 

Beyond immunomodulators and biologic therapies, targeting intestinal aging represents a 

promising approach to mitigate elderly-onset UC17.  

Intestinal epithelial cells (IECs) form a critical barrier that protects the body from 

environmental toxins and pathogens18. Cell senescence, defined by the permanent halt in cell 

proliferation and defective apoptosis, is a cellular response to various sublethal endogenous and 

exogenous stresses19. Numerous factors have been implicated in driving cell senescence, including 

impaired DNA repair, mitochondrial dysfunction, disruption of protein homeostasis, and 

alterations in epigenetic regulation20. Epigenetic represents a reversible mechanism links genotype 
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to phenotype, which plays an important role in modulating the aging process in response to 

environmental stimulation21. Among them, RNA modifications represent an intriguing 

epitranscriptomic mechanism that fine-tunes gene expression, enabling rapid cellular responses 

and offering an energy-efficient means through the regulation of mRNA stability and translation. 

To date, over 170 types of RNA modifications have been identified, about 10 of which have been 

validated in mRNA within the mammalian transcriptome22. The ac4C modification of mRNA has 

been shown to regulate RNA stability and translation efficiency23. Recent studies highlight the 

significance of mRNA ac4C modifications in various biological processes, such as growth, 

development, and tumorigenesis24-26. However, the roles of mRNA ac4C modification in regulating 

cell senescence and age-related diseases remain largely unexplored. 

Here, we reported a significant upregulation of mRNA ac4C modification and its unique 

known writer N-acetyltransferase 10 (NAT10), and uncovered their roles on colon epithelial cell 

senescence. NAT10 stabilizes DYRK1A mRNA, thereby promoting colon epithelial cell 

senescence in an RNA ac4C-dependent manner. Notably, Nat10/Dyrk1a axis plays a critical role 

in colonic senescence, and provides therapeutic targets to mitigate colitis in aged mice. Clinically, 

NAT10 and DYRK1A are upregulated in ulcerative colitis tissues from elderly patients, and related 

with more severe disease status. Collectively, these findings suggest that targeting NAT10-

mediated RNA ac4C modification may rejuvenate colonic cell senescence and alleviate the elderly-

onset UC. 
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Results  

mRNA ac4C modification and its writer NAT10 are upregulated in the senescent colon 

epithelial cells 

We establish H2O2- (H-Sen) or Doxorubicin- (D-Sen) induced cell senescence models in the 

immortalized colon epithelial cell line NCM460 and the diploid finite colon epithelial cell line 

CCD841. We then utilized LC-MS/MS to detect the mRNA modification from both above 

senescent and proliferative cells (Figure. 1a). The senescent state of the cells was confirmed by 

SA-Gal staining (Figure. 1b), G1 cell-cycle arrest (Supplementary Figure. 1a,b) and the 

upregulation of classical pro-inflammatory senescence-associated secretory phenotype (SASP) 

genes (IL-1β and IL-6) (Supplementary Figure. 1c,d). The ac4C modification of mRNA was 

consistently upregulated in both H-Sen and D-Sen induced senescent NCM460 and CCD841 cell 

lines (Figure. 1c,d). N-acetyltransferase 10 (NAT10), the specific writer of mRNA ac4C 

modification, were upregulated in senescent colon epithelial cells, accompanied by increased 

expression level of aging-related markers (p53, p21, p16 and γ-H2AX) and reduced expression of 

the cell-cycle regulator Cyclin D1 (Figure. 1e). We next established a replicative senescence 

model when passage 20 in CCD841 cells, characterized by an enlarged and flattened morphology 
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and increased proportion of SA-Gal positive cells (Figure. 1f and Supplementary Figure. 1e,f). 

Similarly, the RNA ac4C modification and NAT10 protein levels was significantly upregulated in 

replicative-senescent CCD841 cells (Figure. 1g and Supplementary Figure. 1g). 

NAT10 regulates colon epithelial cell senescence through mRNA ac4C modification  

We then explore whether NAT10 regulates the senescence of colon epithelial cells in an RNA 

ac4C modification-dependent manner. Results showed that overexpression of wild type NAT10 

(NAT10-WT) increased mRNA ac4C modification which was impaired by NAT10 knockdown 

(Supplementary Figure. 2a,b), whereas overexpression of mutant plasmid (NAT10-MUT) failed 

(Figure. 2a). Overexpression of NAT10-WT, while not NAT10-MUT, could partially reverse the 

downregulation of aging-related markers (p53, p21, p16 and γ-H2AX) and the percentages of SA-

Gal and γ-H2AX positive cells, as well as upregulation of Cyclin D1 and the positive percentage 

of EdU under H2O2 or DOX treatment condition (Figure. 2b,c and Supplementary Figure. 2c-

e). 

Resistance to apoptosis is a hallmark feature of cellular senescence27. We next investigated 

the role of NAT10 in the senescent cell viability (Figure. 2d). A significant decrease number of 

colonies formation was observed in senescent colonic epithelial cells following 48 hours of NAT10 

siRNA transfection. Overexpression of NAT10-WT, while not NAT10-MUT, increased the number 

of colonies in both H-Sen and D-Sen cells (Figure. 2e and Supplementary Figure. 2f). In addition, 

NAT10 knockdown reduced cell viability, but increased caspase 3/7 apoptotic activity in senescent 

cells. Reintroduction of NAT10-WT could rescue this phenotype (Figure. 2f,g and 
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Supplementary Figure. 2g,h). Apoptosis assays further confirmed that NAT10 maintained the 

resistance of senescent cells to apoptosis in an RNA ac4C-dependent manner. (Figure. 2h and 

Supplementary Figure. 2i). 

Knockdown Nat10 alleviates intestinal aging in mice 

Previous findings on senescent colonic cells prompted us to further explore the expression of 

Nat10 in the colon of mice at different ages. Nat10 is predominantly localized in the colonic 

epithelial crypts, and its protein expression levels progressively increased in the colonic tissues in 

mice from 2, 6, 12, to18 months old (Figure. 3a,b). Accordingly, RNA ac4C modifications and the 

expression of Il-1β, Il-6, and TNF-α were upregulated in the intestines of 18-mon mice compared 

to those of 2-mon mice (Supplementary Figure. 3a,b). 

To investigate the role of Nat10 in colons, Littermate Nat10+/- and Nat10-WT mice were co-

housed, and colonic cell senescence was assessed in aged mice (Figure. 3c). In colonic tissues 

from Aged-Nat10+/- mice, Nat10 protein expression levels were significantly lower compared to 

Aged-WT mice. As marker of cell senescence, the expressions of p16, p21 and p53 were decreased, 

while Lgr5 and Ocln were upregulated in Aged-Nat10+/- mice (Figure. 3d). Furthermore, the 

colonic mucosal height and the fluorescence intensity of Ocln as well as the number of Ki67-

positive and goblet cells (Muc2+) were increased in Aged-Nat10+/- while the number of γ-H2AX+ 

diminished (Figure. 3e and Supplementary Figure. 3c). Additionally, qPCR analysis showed 

that the expression of Il-1β, Il-6, and TNF-α in colonic tissues were significantly downregulated 

in Aged-Nat10+/- mice (Supplementary Figure. 3d). Similarly, knockdown of Nat10 via AAV-
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shNat10 delivery system in aged mice also resulted in decreased expression of p16 and p21(Figure. 

3f), accompanied by increased expression of Ocln and Ki67⁺ in epithelial cells (Figure. 3g and 

Supplementary Figure. 3e). Collectively, these findings indicate that lowering NAT10 protein 

levels can diminish senescent cell accumulation and rejuvenate colon stem cells, thus enhancing 

mucosal barrier regeneration. 

To further substantiate the role of NAT10 in intestinal aging, we intraperitoneally injected with 

a NAT10 inhibitor Remodelin, to aged mice every three days for two months (Supplementary 

Figure. 4a). Biomarker of p53 and p21 were significantly downregulated in colon tissues when 

treated with Remodelin (Supplementary Figure. 4b). A significant increase in colon mucosal 

height, goblet cells and Ki67 positive cells in crypts, as well as the fluorescence intensity of the 

Ocln was observed (Supplementary Figure. 4c,d). In addition, Remodelin exhibited well 

tolerability in aged mice, without significant alterations in serum biochemical parameters or 

histopathological change in major organs (heart, liver, spleen, lung, and kidney) (Supplementary 

Figure. 4e,f). 

 

DYRK1A as a target gene of NAT10-mediated RNA ac4C modification  

To further explore candidate target genes with ac4C modification, we performed acRIP-seq on 

senescent colon epithelial cell knockdown of NAT10 or not, as well as wild type NCM460 cells 

(Figure. 4a). A summary of peak numbers and ac4C-enriched gene counts for each sample is 

presented in the Supplementary Table 1. We observed that ac4C modifications on mRNA were 
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enriched in CDS region (Figure. 4b and Supplementary Figure. 5a). Motif analysis showed that 

ac4C modifications were highly enriched within a C-rich sequence, which is consistent with 

previously reported results28 (Supplementary Figure. 5b). 1,228 hyperacetylated peaks (log₂FC > 

0) corresponding to 858 genes were identified in the H-Sen group compared with the control group. 

In contrast, 640 hypoacetylated peaks (log₂FC<0) corresponding to 529 genes were detected in the 

H-Sen NAT10-Si group. GO enrichment analysis of hyperacetylated genes in senescent NCM460 

cells revealed that these transcripts were functionally enriched in several senescence-related 

biological processes, including autophagy, type I interferon signaling, and DNA damage 

signaling27,29,30. While hypoacetylated genes in senescent NCM460 cells with NAT10 knockdown 

showed that these genes were primarily involved in the transmission and regulation of DNA 

damage response signaling pathways (Figure. 4c). 

To identify the potential targets through which NAT10-mediated RNA ac4C modification, we 

first identified 32 protein-coding transcripts that exhibited increased ac4C abundance (|log₂FC|>1.5) 

in H-Sen. Upon NAT10 knockdown in H-Sen (H-Sen-Si vs. H-Sen), 11 protein-coding transcripts 

showed reduced ac4C abundance (|log₂FC|>1.5). We intersected the differentially acetylated 

transcripts and identified four candidate genes: THAP5, DYRK1A, LMLN, and MVB12A (Figure. 

4d). acRIP-qPCR confirmed that ac4C enrichment on DYRK1A and LMLN were consistent with 

the sequencing data (Figure. 4e). In line with this, qPCR analyses indicated that only DYRK1A 

mRNA showed consistent changes (Figure. 4f). It has been reported that NAT10 enhances mRNA 

acetylation, which subsequently increases mRNA stability and translation23,31. To further validate 
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this, we performed RNA sequencing followed by transcription inhibitor actinomycin D (Act-D) 

treatment, and found that only DYRK1A mRNA, among the candidates (THAP5, DYRK1A, LMLN, 

and MVB12A), was regulated by NAT10, with its expression decreasing over time (Figure. 4g and 

Supplementary Figure. 5c). Consistently, merged IGV visualization for three groups of our 

acRIP-seq data revealed multiple changes in ac4C modifications across the CDS region of 

DYRK1A mRNA (Figure. 4h and Supplementary Figure. 5d). Western blot analysis further 

confirmed that NAT10 regulates DYRK1A protein expression (Figure. 4i). Collectively, these 

findings suggest that DYRK1A is a critical downstream effector of ac4C-mediated cellular 

senescence in colonic epithelial cells. 

 

NAT10 promotes colon epithelial cell senescence by regulating DYRK1A mRNA 

stabilization 

We observed significant enrichment of ac4C modification on the CDS domain of DYRK1A 

transcripts in senescent NCM460 cells (Figure. 5a). Additionally, the RNA and protein expression 

levels of DYRK1A were increased in senescent colon epithelial cells (Figure. 5b). Further 

immunofluorescence analysis confirmed that DYRK1A expression was relatively elevated in 

senescent cells, accompanied with higher DNA damage marker γ-H2AX (Figure. 5c). We 

hypothesized that NAT10-mediated ac4C modification directly regulates DYRK1A expression. We 

performed NAT10-RIP qPCR assay and observed an increased binding between NAT10 protein 

and CDS domain of DYRK1A RNA in senescent cells (Figure. 5d). To further investigate whether 
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transcriptional regulation of DYRK1A by NAT10 in senescent cells, the DYRK1A promoter was 

cloned into a luciferase reporter plasmid. No significant change in luciferase activity of the 

DYRK1A promoter was observed after knocking down NAT10 in senescent cells (Supplementary 

Figure. 5d). 

It has been reported that NAT10 enhances mRNA acetylation, which subsequently increases 

mRNA stability and translation23,31. We assumed that the increased expression of DYRK1A might 

be due to post-transcriptional regulation. To validate this, NCM460 cells were treated with the 

actinomycin D (Act-D). We observed that DYRK1A mRNA stability was increased in senescent 

cells. However, upon NAT10 knockdown in senescent colon epithelial cells, DYRK1A mRNA 

stability was reduced (Figure. 5e). Previous studies have shown that ac4C modification within the 

CDS region can regulate not only mRNA stability but also its translational efficiency. In line with 

this, polysome profiling followed by qPCR quantification demonstrated a reduced association of 

DYRK1A mRNA with heavy polysomes upon NAT10 knockdown, supporting that NAT10-

mediated ac4C modification also promotes DYRK1A translation (Figure. 5f). 

We next confirmed that overexpression of DYRK1A could rescue the senescence reduction 

effect induced by NAT10 knockdown (Figure. 5g), along with downregulation of IL-1β and IL-6 

mRNA expressions (Figure. 5h), γ-H2AX, p21 protein expressions (Figure. 5i), and upregulation 

of caspase3/7 activity in senescent cells (Figure. 5j). 

A significant upregulation of DYRK1A mRNA and protein was observed in replicative 

senescent colon epithelial CCD841 cells (Supplementary Figure. 6a). Additionally, acRIP-qPCR 
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and RNA decay assays corroborated that the ac4C modification on CDS domain of DYRK1A 

mRNA was enriched, accompanied by increased mRNA stability in replicative senescent colon 

epithelial cells (Supplementary Figure. 6b,c). We then knocked down DYRK1A in passage 15 

CCD841 cells and observed a marked increase in EdU⁺ proliferating cells (Supplementary Figure. 

6e) ,and a reduction in SA-Gal⁺ senescent cells (Supplementary Figure. 6f), further supporting 

the role of DYRK1A in promoting colonic epithelial senescence. Moreover, overexpression of 

DYRK1A could rescue the reduction in the senescence phenotype caused by NAT10 knockdown 

in CCD841 cells (Supplementary Figure. 6g,h). 

 

Targeting NAT10/DYRK1A axis delays colon senescence in mice. 

We treated aged mice with the DYRK1A inhibitor Harmine (10 mg/kg, intraperitoneally, every 

three days for two months) (Supplementary Figure. 7a). Notably, Harmine treatment led to a 

significant increase in Ki67⁺ epithelial cells in colonic crypts (Supplementary Figure. 7b), 

suggesting enhanced epithelial regenerative capacity. In addition, Harmine exhibited well 

tolerability in aged mice, without significant changes in serum biochemistry or histopathology of 

key organs (Supplementary Figure. 7c,d). 

To further determine the functional relevance of the NAT10/DYRK1A axis in regulating 

colonic aging, we next performed AAV-mediated gene manipulation in aged mice. Knockdown of 

Nat10 via AAV-shNat10 delivery system significantly alleviated colonic senescence, as evidenced 

by improved epithelial morphology and reduced expression of p16 and p21. Re-expression of 
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DYRK1A (AAV-Dyrk1a) reversed these protective effects, restoring colonic senescence as 

comparable to control group (Supplementary Figure. 7e,f). 

 

NAT10 knockdown or pharmacological inhibitor treatment in aged mice promotes 

intestinal organoid regeneration in vivo 

We and others have demonstrated that impaired intestinal epithelial regenerative capacity in 

intestinal organoids is a key characteristic of cell senescence32-34. We then isolated colonoids from 

Young-WT and Aged-WT mice, as well as Aged-Nat10+/- mice (Figure. 6a). Results revealed that 

colonoids derived from Aged-Nat10+/- mice exhibited superior stemness and proliferative 

capabilities compared to those from Aged-WT mice. Specifically, Aged-Nat10+/- colonoid 

displayed a higher proportion of budding, increased EdU level (Figure. 6b), faster budding growth 

rate (Figure. 6c), and elevated expression of Lgr5 protein (Figure. 6d). Additionally, the enhanced 

proliferation and differentiation capacities of Aged-Nat10+/- colonoid were further validated by the 

downregulation of p21 and the upregulation of Pcna and Muc2 (Figure. 6e,f). Remodelin was 

administrated every three days into aged mice for two months and colonoids were isolated 

(Supplementary Figure. 8a). We found an increased proportion of budding colonoid 

(Supplementary Figure. 8b) and Lgr5 protein expression (Supplementary Figure. 8c). 

Enhanced proliferation and differentiation capacities were also observed in the Remodelin 

treatment group (Supplementary Figure. 8d,e). Taken together, these results indicate that deletion 

with Nat10 enhances cell stemness and proliferation capacity in colonoid from aged mice. 
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Previous studies have reported that in colonoids, LPS can increase ER stress, leading to DNA 

damage and reduced proliferation capacity 35. We validated the appropriate LPS concentration for 

Aged-WT colonoid in an in vitro model (Supplementary Figure. 8f). After treating with complete 

culture medium containing 5μg/ml LPS (Figure. 6g), we found that Aged-Nat10+/- mice or 

Remodelin-treated Aged-WT colonoids maintained relatively higher levels of Lgr5 mRNA 

(Figure. 6h), and a higher proportion of budding colonoid (Figure. 6i,j). Aged-Nat10+/- or 

Remodelin-treated Aged-WT colonoids exhibited a reduction of γ-H2AX and Dyrk1a (Figure. 6k).  

 

Targeting the NAT10/DYRK1A axis alleviates colitis in aged mice 

Intestinal aging aggravates the susceptibility and severity of ulcerative colitis6,17. We further 

investigated the impact of intraperitoneal injection of NAT10 inhibitor Remodelin on DSS-induced 

colitis in Aged-WT mice (Supplementary Figure. 9a). Interestingly, Remodelin treatment 

markedly reduced body weight loss in aged mice (Supplementary Figure. 9b). Results revealed 

that a decrease in ac4C modification levels in Aged-WT mice following Remodelin treatment in 

colon tissues (Supplementary Figure. 9c). The Remodelin-treated group exhibited significantly 

reduced histopathological damage and the number of γ-H2AX-positive cells in Aged-WT mice 

(Supplementary Figure. 9d). Additionally, we observed a downregulation of Dyrk1a protein level 

following Remodelin treatment in colitis mice (Supplementary Figure. 9e). 

To confirm the role of NAT10 in aged colitis, we then treated Aged-Nat10-WT or Nat10+/- 

littermate mice with DSS-containing water for 7 days (Figure. 7a). Compared to Nat10-WT mice, 
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Aged-Nat10+/- mice showed significantly reduced body weight loss (Figure. 7b), colon shortening 

(Figure. 7c), as well as lower colonoscopy score and histopathological score (Figure. 7d,e). 

Correspondingly, RNA ac4C levels were decreased in the colons of Aged- Nat10+/- mice (Figure. 

7f). Based on these results, we hypothesized that upregulation of Nat10 may exacerbate colitis in 

aged mice, and depletion with Nat10 protein could alleviate DSS-induced colitis. Results 

confirmed a relative reduction in the number of γ-H2AX-positive cells, along with significant 

increase in Ki67-positive cells, goblet cells (Figure. 7g,h). The mRNA levels of p21 and intestinal 

inflammatory genes (Il-1β, Il-6, and Tnf-α) were significantly reduced in the colonic tissues of 

Aged-NAT10+/- mice (Figure. 7i). Additionally, Dyrk1a and γ-H2AX protein levels were 

decreased, while the barrier protein Ocln was upregulated (Figure. 7j,k). These findings further 

prompted us to investigate the role of Dyrk1a in colitis. We then used Harmine, a well-established 

Dyrk1a inhibitor, to treat aged mice in colitis model followed by colonoscopic examination 

(Supplementary Figure. 9f). Enema treatment with Harmine (10mg/kg) for 3 days significantly 

promoted the healing of colonic mucosal ulcers compared to Vehicle control group 

(Supplementary Figure. 9g).  

To further determine the role of NAT10/DYRK1A axis in elderly-onset colitis, we performed 

AAV-mediated gene manipulation in aged mice (Figure. 7l). Knockdown of Nat10 via AAV-

shNat10 significantly alleviated DSS-induced colitis, as reflected by reduced body weight loss and 

lower histopathological scores. Re-expression of DYRK1A (AAV-Dyrk1a) reversed these 

protective effects, restoring colitis severity (Figure. 7m,n). These findings further support that 
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targeting the NAT10/DYRK1A axis play a critical role in mitigating colitis in aged mice. 

 

NAT10 and DYRK1A highly expressed in the aged colon and elderly UC tissues. 

Immunohistochemical analysis of colon biopsy samples in our clinical cohort further 

confirmed the upregulation of NAT10 and DYRK1A in the colonic mucosa of healthy elderly 

individuals as well as elderly-onset UC patients (Figure. 8a-c). In addition, a positive correlation 

between NAT10 and DYRK1A immunohistochemical scores was observed in UC biopsy samples 

(Figure. 8d). Moreover, NAT10 and DYRK1A expression levels were higher in colonic mucosa 

from elderly UC patients with high endoscopic Mayo scores compared with those with low scores 

(Figure. 8e). Collectively, these findings suggest that the NAT10/DYRK1A axis may hold 

translational relevance and represent a potential therapeutic target for elderly-onset colitis. 

 

Discussion 

In this study, we identified mRNA ac4C modification and its specific writer N-

acetyltransferase 10 (NAT10) are upregulated in senescent colon epithelial cells. NAT10 

modulates colon epithelial cell senescence by stabilizing DYRK1A mRNA in an RNA ac4C-

dependent manner. Nat10 kncokdown or treatment with its inhibitor Remodelin significantly 

alleviated DSS-induced colitis in aged mice. Emerging evidence indicate that ac4C modification 

of mRNA is involved in the progression of various human diseases, including cancers, osteoporosis, 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

and autoimmune disorders such as rheumatoid arthritis and systemic lupus erythematosus 

(SLE)31,36-39.  A preclinical study shows that targeting NAT10 in vivo significantly enhances the 

healthspan in a LmnaG609G Hutchinson-Gilford Progeria Syndrome (HGPS) mouse model40. 

However, the regulatory mechanisms by which NAT10 influences aging and age-related diseases 

remain poorly understood.  

DYRK1A mRNA was identified as a direct target of NAT10-mediated RNA ac4C modification. 

DYRK1A, a member of the DYRK family, is characterized by its dual ability to autophosphorylate 

tyrosine residues and phosphorylate serine/threonine residues in substrate proteins, and also 

involved in various biological processes, including cell cycle regulation, cell signaling 

transduction, and cell senescence41,42. In cell cycle regulation, DYRK1A phosphorylates key 

substrates, such as p53, p27Kip1, and Cyclin D1. For example, it phosphorylates P53 at Ser15, 

inducing cell cycle arrest in embryonic neuronal cells43-45. In cell signaling transduction, DYRK1A 

phosphorylates STAT3 at Ser727, a conserved site essential for its function in both humans and 

mice46,47. Recent study suggests that DYRK1A overexpression may accelerate cell senescence, 

particularly in Down syndrome (DS), by exacerbating laminopathy through Lamin B1 

downregulation48. In this study, overexpression of DYRK1A was found to exacerbate the 

senescence phenotypes in colon epithelial cells and colonic aging in vivo. NAT10 enhances 

DYRK1A mRNA stability through ac4C RNA acetylation, sustaining DYRK1A protein expression 

in senescent colon epithelial cells. The specific ac4C location on DYRK1A mRNA is not pinpointed, 

and further investigation into the deposition of the ac4C site is necessary. In addition, several 
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transcription factors, including REST49 and MEF2D50, have been reported to regulate DYRK1A 

expression in different cellular contexts. Incorporating these factors as biological positive controls 

would further strengthen the conclusions derived from our transcriptional reporter assays in future. 

Studies have reported that reducing cellular senescence can alleviate experimental UC. For 

example, study demonstrated that the senolytic combination of Dasatinib and Quercetin 

significantly alleviate intestinal senescence and inflammation in aged mice8,51-53. Senescent cells 

trigger DNA damage responses that increase the release of pro-inflammatory cytokines, worsening 

age-related inflammation54. Recent studies have highlighted DYRK1A's involvement in DNA 

damage response. Reducing DYRK1A expression or using its inhibitors led to decreased γ-H2AX 

foci per nucleus48. In our study, Nat10 knocdown and its specific inhibition by Remodelin reduced 

DNA damage and promoted colonic epithelial proliferation in both aged colitis mice and colonoid 

models. Several studies have demonstrated that enhanced epithelial proliferation promotes 

epithelial regeneration, attenuates mucosal injury, and improves recovery following inflammation 

or epithelial damage55-57. In addition, NAT10 and DYRK1A expression levels were elevated in 

ulcerative colitis tissues from elderly patients, and their expression positively correlated with 

disease severity. These results suggest that the NAT10/DYRK1A axis may serve as potential 

therapeutic targets for elderly-onset UC.  

In summary, the mRNA ac4C modification and its specific writer N-acetyltransferase 10 

(NAT10) are characterized as key regulators in senescent colon epithelial cells. Reducing NAT10-

mediated ac4C modification alleviated colon epithelial cell senescence by regulation DYRK1A 
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mRNA stability. Upregulation of NAT10 was positively correlated to DYRK1A in elderly-onset 

UC patients, which suggest that NAT10-mediated ac4C modification is crucial for colonic cell 

senescence and provide a novel therapeutic approach for elderly-onset UC. 

 

Methods  

Cell culture  

The colon epithelial cell line NCM460 (Cellosaurus, #305430, RRID: CVCL_0460) was cultured 

in RPMI 1640 medium (GIBCO, Waltham, MA, USA), and the finite colon cell line CCD841 

(ATCC, CRL-1790, RRID: CVCL_2871) was maintained in Eagle's minimum essential medium 

(ATCC, Manassas, VA, USA). Each medium was supplemented with 10% fetal bovine serum 

(ExCell Bio, Suzhou, China) and 1% penicillin-streptomycin (Beyotime, Shanghai, China). All 

cells were incubated at 37°C in a humidified atmosphere with 5% CO2. 

 

Cell senescence induction 

To induce replicative senescence, we performed consecutive passages of CCD841 cells. To induce 

senescence using Doxorubicin (DOX) (Sigma Aldrich, St. Louis, MO, USA), NCM460 or 

CCD841 cells were cultured in the presence of DOX (300 nM) in complete culture media for 72 

h. Cells were maintained for an additional 5 days after DOX withdrawal before senescence assays 

were conducted. 

For the H₂O₂-induced senescence model (H-Sen), we adapted protocols for colorectal cancer cell 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

lines58, human fibroblasts59 and optimized the conditions accordingly. In brief, NCM460 cells were 

first exposed to 250 μM H₂O₂ for 48 hours, followed by incubation in medium containing 50 μM 

H₂O₂ for an additional 6 days to establish a stable senescent phenotype. The H₂O₂-containing 

medium was replaced daily throughout the induction period. 

 

SA-Gal staining 

SA-Gal activity was assessed using a SA-Gal staining kit (Beyotime, Shanghai, China). In brief, 

cells were rinsed three times with phosphate-buffered saline (PBS) and fixed at room temperature 

(RT) for 15 minutes with the fixing solution included in the SA-Gal staining kit. After being 

washed three more times with PBS, the cells were incubated overnight at 37°C in senescence 

detection solution. The stained cells were subsequently examined under a light microscope.  

 

Cell Cycle Analysis 

Cell cycle distribution was analyzed by propidium iodide (PI) staining followed by flow cytometry. 

Briefly, cells were collected and fixed in 70% ice-cold ethanol at −20°C for at least 2 h. After 

washing with PBS, cells were incubated with RNase A (100 µg/mL) and PI (50 µg/mL) for 30 min 

at room temperature in the dark. Samples were analyzed on a flow cytometer and processed using 

FlowJo software. 

 

Luciferase reporter assay 

DYRK1A promoter region ((−2000 to +100 bp) relative to the transcription start site) into the 
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pGL4.10 firefly luciferase vector. The Renilla luciferase plasmid pRL-TK was co-transfected for 

normalization. The dual-luciferase reporter assay was conducted using the Dual-Luciferase 

Reporter Assay System (Vazyme, DD1205, China). Cells were plated in 6-well plates and 

transfected with Lipofectamine 3000. CMV-driven firefly luciferase plasmid was included as a 

positive control. After 24 hours of transfection, Firefly and Renilla luciferase activities were 

measured according to the manufacturer’s instructions. Firefly luciferase activities were 

normalized to Renilla luciferase activities, and the ratio of Firefly to Renilla luminescence was 

calculated.  

 

EdU assay 

EdU incorporation was assessed using the EdU Imaging Kit (APEXBIO, K1076, USA) following 

the manufacturer’s instructions. Cells were exposed to 10 μM EdU for 1 hour, harvested by 

trypsinization, and washed with PBS. They were then fixed with 4% paraformaldehyde for 20 

minutes and permeabilized in 0.1% Triton X-100 for 20 minutes. After two additional PBS washes, 

single-cell suspensions were incubated with the EdU detection reagent for 30 minutes at room 

temperature in the dark. Samples were analyzed on a flow cytometer and processed using FlowJo 

software. 

 

Quantitative PCR 

Total RNA was extracted from cells or tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, 

USA). A magnetic mRNA isolation kit (NEB, Ipswich, MA, USA) was utilized to isolate poly 
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(A)+ mRNA from total RNA. Quantitative PCR (qPCR) was carried out with ChamQ Universal 

SYBR qPCR Master Mix (Vazyme, Nanjing, China,) on a Light Cycler 480 II system (Roche, 

Basel, Switzerland). Reactions were performed in triplicate, and β-actin was used for mRNA 

normalization. Primer sequences for qPCR are listed in Supplementary Table 2. The 2−ΔΔCt 

method was employed to determine relative mRNA expression levels. 

 

Liquid chromatography-tandem mass spectrometry for RNA modification dection 

A magnetic mRNA isolation kit (NEB, Ipswich, MA, USA) was used to isolate poly (A)+ mRNA 

from total RNA. The isolated mRNA (200 ng) was digested into nucleosides using 0.5 U nuclease 

P1 (FUJIFILM Wako, Tokyo, Japan) in 20 μL of buffer containing 10 mM ammonium acetate, pH 

5.3, at 42 °C for 6 hours. Subsequently, 2.5 μL of 0.5 M MES buffer, pH 6.5, and 0.5 μL shrimp 

alkaline phosphatase (NEB, USA) were added, followed by incubation at 37 °C for an additional 

6 hours. The mixture was then analyzed using liquid chromatography-tandem mass spectrometry 

(LC-MS/MS). Nucleosides were separated using ultra-performance liquid chromatography on a 

C18 column and detected by a triple-quadrupole mass spectrometer (AB SCIEX QTRAP 5500) in 

positive-ion multiple reaction monitoring mode. Mass transitions at m/z were monitored and 

compared to standard samples (Zz Standard, Shanghai, China), and nucleoside concentrations in 

the RNA samples were quantified by matching signal intensities to standard curves. 

 

Plasmid and lentivirus construction 

Full-length NAT10-WT, NAT10-K290A and DYRK1A was amplified and cloned into a pLVX-
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puro plasmid. HEK 293 T cells were transfected with above mentioned plasmids and the virus 

packing plasmids using PolyJet transfection reagent (SignaGen, Rockville, MD, USA). The viral 

supernatants were harvested and enriched via centrifugation. 

 

SiRNAs construction and transfection 

For transient knockdown, siRNAs targeting the NAT10 mRNA and DYRK1A mRNA were 

purchased from GenePharma (Shanghai, China). siRNA duplexes were transfected using 

Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA)). Transfection was performed 

according to the manufacturer’s instructions. The siRNA sequences used in this study are listed in 

Supplementary Table 3. 

 

RNA immunoprecipitation-qPCR 

Cells were lysed using RNA immunoprecipitation (RIP) buffer (25 mM Tris, pH 7.4, 150 mM KCl, 

0.5 mM DTT, and 0.5% NP-40) supplemented with RNase inhibitors (1:500, Beyotime, Shanghai, 

China). NAT10 antibodies (2 μg, Abcam, Cambridge, UK) or the anti-IgG (2 μg, Beyotime, 

Shanghai, China) were added to the RIP buffer and incubated overnight at 4 °C. Then, Protein A/G 

magnetic beads were added to the mixture and incubated for 4 h at 4 °C, followed by washing 

three times with NT2 buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM MgCl2, 0.05% NP-40). 

Input and immunoprecipitated RNAs were isolated using TRIzol, followed by qRT-PCR. 

Acetylated RIP-seq 

Total RNA was extracted using the previously described method and then heated to 70 °C for 6 
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minutes. The reaction was halted by the addition of EDTA. The fragmented RNA was subsequently 

purified using the Zymo RNA Clean and Concentrator-25 kit (R1017; Zymo Research, Costa Mesa, 

CA, USA). The purified RNA was incubated with an anti-ac4C antibody and Dynabeads Protein 

G (10004D; Invitrogen, Carlsbad, CA, USA)) at 4 °C for 6 hours. Following the manufacturer’s 

guidelines, the immunoprecipitated RNA was collected. Library construction was performed with 

the EpiTM Mini LongRNA-seq Kit (E1802; Epibiotek) in accordance with the provided protocol. 

Library quality was assessed using a Bioptic Qsep100 Analyzer (Bioptic). Sequencing was carried 

out on the NovaSeq high-throughput platform by Epibiotek (Guangzhou, China).  

 

Acetylated RIP-qPCR assay 

The ac4C modifications in individual genes were determined using acetylated (ac)RIP-qPCR assay. 

Briefly, cells cultured in a 10-cm plate were washed three times with ice-cold PBS and harvested 

by scraping in 1 mL of RIP buffer supplemented with RNase inhibitors. The TRIzol reagent was 

used for total RNA isolation. One-tenth of the total RNA was used as the input. Then, 80 μg of 

total RNA and 2 μg of ac4C antibody were added to RIP buffer supplemented with RNase inhibitors 

(1:500) and incubated overnight at 4 °C. Then, prewashed Protein A/G magnetic beads were added 

to the mixture and incubated for 4 h. Following five washes, the acetylated RNA was eluted from 

the magnetic beads using TRIzol. Eluted RNAs were precipitated using ethanol and dissolved in 

RNase-free water. The enrichment of certain fragments was detected using qPCR. The proportion 

of ac4C-enriched RNA to input RNA is presented as the ac4C level.  
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Western blotting 

Total protein was extracted using RIPA lysis buffer supplemented with protease inhibitors. The 

samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and transferred onto a polyvinylidene fluoride (PVDF) membrane. After blocking with 5% 

bovine serum albumin (BSA) for 2 hours at room temperature (RT), the membranes were incubated 

overnight at 4°C with the following primary antibodies: NAT10 (1:1000, Abcam, ab194297, UK), 

p53 (1:1000, 10442-1-AP,Proteintech, Rosemont, IL, USA), p21 (1:1000, 10355-1-AP and 28248-

1-AP, Proteintech, USA), p16 (1:1000, Proteintech, 10883-1-AP and 28416-1-AP USA), Occludin 

(1:1000, Proteintech, 27260-1-AP, USA), Cyclin D1 (1:1000, CST, #2978, USA), γ-H2AX 

(1:1000, ABclonal Technology, AP0687, MA, USA), DYRK1A(1:1000, Bioss, bs-11834R, China), 

LMLN(1:1000, Bioss, bs-18180R, China), THAP5 (1:500, OriGene, Rockville, MD, USA), Lgr5 

(1:1000, Bioss, bs-20747R, China) and β-actin (loading control) (1:1000, CST, #4967, Danvers, 

MA, USA). Universal antibody diluent (NCM Biotech, Suzhou, China) was used for antibody 

dilution. The membranes were then washed three times with Tris-buffered saline containing Tween 

20 (TBST) and incubated with horseradish peroxidase-conjugated secondary antibody (1:5000, 

Beyotime, Shanghai, China). Protein signals were detected using the ECL Western Blot Substrate 

(NCM Biotech, Suzhou, China) and visualized on an Azure 600 Gel Imaging System (1.6.3.1211, 

Azure Biosystems, Dublin, CA, USA) 

 

RNA ac4C dot blot assay 

A total of 2μl containing 1 μg of RNA was heated to 65 °C for 5 minutes and subsequently 
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transferred onto a Hybond-N+ membrane (GE Healthcare, Wauwatosa, WI, USA). The membranes 

were UV crosslinked for 30 minutes and stained with 0.02% methylene blue (Sangon Biotech, 

Shanghai, China) to visualize the input RNA. After blocking with 5% BSA, the membranes were 

incubated overnight at 4°C with an ac4C-specific antibody (diluted 1:250, Abcam, UK). Following 

three washes with TBST, each lasting 5 minutes, the membranes were treated with horseradish 

peroxidase-conjugated anti-IgG for 2 hours. The dot blot results were visualized using the Azure 

600 Gel Imaging System (Azure Biosystems, Dublin, CA, USA) and quantified with ImageJ 

software. Methylene blue staining served as the loading control. 

 

RNA decay assay 

In brief, actinomycin D (Selleck, Houston, TX, USA) was added to the culture medium at a final 

concentration of 5 μg/mL. Cells were harvested at 0, 2, and 4 hours. Total RNA was then isolated, 

and qPCR was conducted to quantify the relative levels of DYRK1A mRNA compared to the 0-

hour time point. 

 

RNA sequencing 

Total RNA was extracted as described above and assessed with an Agilent Bioanalyzer and 

NanoDrop. High-quality RNA was used for library construction. RNA-seq libraries were prepared 

using the Illumina Stranded mRNA Prep Ligation kit (Illumina) and sequenced on an Illumina 

NovaSeq X Plus platform (Cosmos Wisdom, Hangzhou, China). 
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Colony formation assay  

Cells were seeded into 6-well plates (50,000 cells per well) and cultured in the presence of a 

senescence inducer, as above described. Afterwards, the cells were transfected and cultured for 

another 2-4 days. At the end of the assay, the cells were fixed with 4% paraformaldehyde for 15 

minutes and stained with 0.2% crystal violet staining solution (Beyotime, Shanghai, China) for 15 

minutes at room temperature (RT). 

 

Immunofluorescence staining  

For the cell immunofluorescence assay, cells were cultured on coverslips and fixed for 15 minutes 

at room temperature (RT) in 4% paraformaldehyde solution. After fixation, the cells were 

permeabilized with PBS containing 0.1% Triton X-100 for 10 minutes at RT. The coverslips were 

then washed with PBS and blocked with 3% bovine serum albumin (BSA) in PBS. The primary 

antibodies were incubated for 2 hours at RT, followed by incubation with the secondary antibody 

for 1 hour at RT. Immunofluorescence analysis was performed using the γ-H2AX primary antibody 

(1:100, ABclonal Technology, USA), DYRK1A (1:100, Bioss, China), and Alexa 568-conjugated 

anti-rabbit secondary antibody (1:200, Invitrogen, USA). 

For the tissue immunofluorescence assay, paraffin-embedded colon tissues were deparaffinized, 

rehydrated, and subjected to antigen retrieval. The sections were then blocked with 3% bovine 

serum albumin (BSA) and incubated with the following primary antibodies: anti-Muc2 

(Proteintech, 27675-1-AP, 1:500), anti-Ki67 (Servicebio, GB111402, 1:500), anti-Occludin 

(Servicebio, GB111401, 1:500). After primary antibody incubation, the sections were incubated 
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with the appropriate secondary antibodies. 

 

Tissue HE staining and IHC analysis 

Colon tissues were fixed in 4% paraformaldehyde. Hematoxylin and Eosin (HE) staining and 

Periodic Acid Schiff (PAS) staining were performed to evaluate morphological changes.  

For IHC analysis, we collected formalin-fixed, paraffin-embedded biopsy specimens from 22 

healthy donors and 37 patients diagnosed with ulcerative colitis at the Second Affiliated Hospital 

of Zhejiang University School of Medicine. After deparaffinization, rehydration, antigen retrieval, 

and blocking of non-specific binding, the sections were incubated overnight at 4°C with NAT10 

antibody (Abcam, 1:200) or DYRK1A antibody (Bioss, 1:200). The next day, the sections were 

treated with secondary antibodies for 50 minutes at room temperature. Following this, the sections 

were stained with DAB, counterstained with hematoxylin, and observed under a Nikon microscope. 

The proportion of positive cells was quantified and categorized into four groups: 0 (0–5%), 1 (6%–

50%), 2 (51%–75%), and 3 (76%–100%). Staining intensity was graded as follows: 0 for no 

staining, 1 for weak, 2 for moderate, and 3 for strong staining. The final staining score was obtained 

by multiplying the positive cell percentage by the staining intensity. Information of human samples 

is provided in the Supplementary Table 4. 

 

DSS-induced colitis model  

Acute colitis was induced using DSS (160 110, MP Biomedicals). Two weeks prior to induction, 

the mice were randomly assigned to different cages for co-housing. They were then administered 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

a 7-day treatment with 3% DSS via oral gavage. All the mice used in this study were housed in the 

specific pathogen-free facility of the Laboratory. Experimental procedures were conducted in 

accordance with the guidelines of the Institutional Animal Use. 

For colonoscopy in mice, the animals were fasted for 24 hours and anesthetized with isoflurane. 

An ENDOQ small animal endoscope (ENDOQ-E1, Siboyu Biotechnology Corporation) was used 

to perform the colonoscopy. 

 

Nat10+/- mice and mice experiments 

Nat10-knockout mice were generated and obtained from Shanghai Model Organisms Center, Inc. 

Briefly, the Nat10+/- mice used in this study were created by deleting exon 4 using a CRISPR/Cas9-

based genome editing approach. Genotyping was performed by PCR with primers flanking the 

deleted region.   

All animal studies were conducted in accordance with the guidelines approved by the Institutional 

Animal Care and Use Committee of Zhejiang University. All mice used in this study were on a 

C57BL/6 genetic background and maintained at a specific pathogen-free (SPF) level animal 

facility in Animal Experiment Center, Zhejiang Chinese Medical University. The ambient 

temperature was maintained at 20–22°C with a relative humidity of 45–65%. Mice were provided 

a standard laboratory diet, water and were kept in ventilated cages under a 12-hour light/12-hour 

dark cycle. 

 

NAT10 and DYRK1A inhibitor treatment  
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Remodelin was prepared in PEG300 and TW-20 and administered intraperitoneally at a dose of 20 

mg/kg. Harmine was prepared in PEG300 and TW-20 and administered intraperitoneally at a dose 

of 10 mg/kg. A solvent with the same composition and volume was used as the vehicle group.  

For mouse enema treatment, the mice were fasted for 24 hours and anesthetized with isoflurane. A 

polyethylene catheter was inserted into the colon, approximately 4 cm from the anus, and Harmine 

or vehicle was slowly administered using a syringe. Following the injection, the mice were kept in 

an inverted vertical position for at least 1 minute. After recovery, the mice were allowed to resume 

normal water and food intake.  

 

Nat10 knockdown and Dyrk1a expression in mice 

All adeno-associated viruses serotype 8 (AAV8) were purchased from Genechem (Shanghai, 

China). AAV8-shNat10 and AAV8-shNC (CV762 vector with villin promoter) were used to knock 

down Nat10 expression in vivo. The shRNA targeting sequence for mouse Nat10 was 5ʹ-

GAGCATCTGGATTATGAGATT-3ʹ. Each mouse received 5.0E+11 v.g of virus via tail-vein 

injection. Dyrk1a overexpression was achieved using adeno-associated viruses (AAV8-Dyrk1a 

and AAV8-Vector, The GV411 vector with CMV promoter). Each mouse received 1.0E+12 v.g of 

virus via tail-vein injection. 

 

Colonoid construction and culture 

Colon tissues from C57BL/6 mice were dissected longitudinally and rinsed three times with cold 

Dulbecco's Phosphate-Buffered Saline (DPBS) containing penicillin–streptomycin to clear out 
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contents and mucus. The tissues were then cut into small pieces and incubated in 5 mM EDTA on 

a rotor at 4°C for 40 minutes. Crypts were released by mechanical shearing with pipette tips in 

PBS with 0.01% BSA. After passing through a 100 μm cell strainer, 200 crypts were combined 

with 50 μl of Matrigel (Corning #356231) and plated as a dome in the center of a pre-warmed 24-

well plate. The plate was incubated at 37°C with 5% CO2 for 10 minutes to solidify. Complete 

Intesticult medium (Stemcell Technologies #06005) was added to support colonoid growth and 

replaced every 3 days. Passaging was performed after 7 days of culture. 

For the in vitro lipopolysaccharide (LPS) treatment experiment, LPS (Sigma-Aldrich, L4391, USA) 

was added to the complete culture medium at a concentration of 5 μg/ml for colonoid cultivation. 

On day 3 of the culture period, the medium was replaced with LPS-containing medium. For the 

NAT10 inhibitor experiment, the NAT10 inhibitor Re (10 μM) or vehicle was added to the 

complete colonoid medium. Colonoids were photographed daily starting from day 7 of the culture 

period using an inverted microscope to evaluate regenerative growth. 

 

Statistics and reproducibility  

Each experiment was performed with at least three biological replicates. Representative images 

for fluorescence staining, PAS staining, H&E staining and SA-Gal staining are shown, each of 

these experiments included at least three independent samples and was repeated at least three times. 

Statistical analyses were performed using GraphPad Prism 10.0 Software (GraphPad, Inc., San 

Diego, CA, USA). Data were expressed as mean ± SD (standard deviation). Differences between 

groups were analyzed by Two-tailed unpaired Student’s t-test and two-way ANOVA with Tukey’s 
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multiple comparisons. Correlations were performed using the Spearman correlation test. A p-value 

＜0.05 was regarded as statistically significant. No statistical method was used to predetermine 

the sample size. The sample sizes (“n”) and the statistical tests are described in each figure legend, 

exact p values are provided in the Source Data (*p < 0.05, **p <0.01, and ***p <0.001). 

 

Reporting summary  

Further information on research design is available in the Nature Portfolio Reporting Summary 

linked to this article. 

 

Data availability 

The RNA-seq data generated in this study have been deposited in the SRA database under 

accession code PRJNA1394239 (https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1394239). The 

acRIP-seq data generated in this study have been deposited in the SRA database under accession 

code PRJNA1347399 (https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1347399). Other data 

from the findings of this study are available from the corresponding author upon request. Source 

data are provided with this paper. 
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Figure Legends 

Figure.1 NAT10 and mRNA ac4C modification are upregulated in the senescent colon 

epithelial cells. 

a, Flow diagram of mRNA modification screening. m/z, mass-to-charge ratio. Created in 

BioRender. Chen, J. (2026) https://BioRender.com/h61m193. b, Analysis of SA-Gal activity in 

proliferation, H-Sen and D-Sen cells of NCM460 and CCD841. The SA-Gal-positive percentages 

in senescent cell groups were compared to proliferation cells group. H-Sen, D-Sen: senescent cell 

induced by H2O2 or DOX. Scale bar for NCM460, 100µm. Scale bar for CCD841, 50µm. n=3 
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independent experiments. Data were represented as mean ± SD. c-d, mRNA modification levels in 

proliferation cells and senescent cell groups of NCM460 and CCD841. n=3 independent 

experiments. Data were represented as mean ± SD and represented relative to control. e, Dot blot 

of RNA ac4C modification level and western blot of Cyclin D1, γ-H2AX, p53, p21, p16 and NAT10 

in senescent NCM460 and CCD841 cells. f, Cell morphology and SA-Gal staining of P5 and P20 

CCD841 cells. Scale bar, 50µm. n=3 independent experiments. Data were represented as mean ± 

SD. g, mRNA ac4C modification level in P5 and P20 CCD841cells. n=3 independent experiments. 

Data were represented as mean ± SD. Comparisons were performed by Two-tailed unpaired 

Student’s t-test (b, c, d, f, g). *** p<0.001, ** p<0.01, ns p>0.05. Source data and exact p value 

are provided as a Source data file. 

 

Figure.2 NAT10 regulates colon epithelial cell senescence phenotypes through mRNA ac4C 

modification 

a, Dot blot of RNA ac4C modification levels in NAT10-reexpressed (NAT10-WT or NAT10-MUT) 

NCM460 cells after transfected with NAT10-Si and treated with H2O2 or DOX. n=3 independent 

experiments. Data were represented as mean ± SD. b, Western blot of NAT10, CyclinD1, γ-H2AX, 

p21, p53, and p16 in NAT10-reexpressed (NAT10-WT or NAT10-MUT) cells after transfected 

with NAT10-Si and treated with H2O2 or DOX. c, Analysis of SA-Gal activity and positive 

immunofluorescence staining of γ-H2AX in NAT10-reexpressed NCM460 cells after transfected 

with NAT10 siRNA and treated with H2O2. Scale bar for SA-Gal, 100µm. Scale bar for IF, 20µm. 

n=3 independent experiments. Data were represented as mean ± SD. d, Flow diagram for senescent 
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cell viability and caspase3/7 activity detection. Created in BioRender. Chen, J. (2026) 

https://BioRender.com/w97m115. e, Colony formation assay using H-Sen NCM460 cells after co-

transfection of NAT10-Si with either NAT10-WT or NAT10-MUT. f, Cell viability analysis in H-

Sen NCM460 cells after co-transfection of NAT10-Si with either NAT10-WT or NAT10-MUT. 

n=3 independent experiments. Data were represented as mean ± SD. g, Caspase3/7 activity 

analysis in H-Sen NCM460 cells after co-transfection of NAT10-Si with either NAT10-WT or 

NAT10-MUT. n=3 independent experiments. Data were represented as mean ± SD. h, Apoptosis 

flow cytometry analysis in H-Sen NCM460 cells after co-transfection of NAT10-Si with either 

NAT10-WT or NAT10-MUT. n=3 independent experiments. Data were represented as mean ± SD. 

Comparisons were performed by Two-tailed unpaired Student’s t-test (a, c, f, g, h). *** p<0.001, 

** p<0.01, ns p>0.05. Source data and exact p value are provided as a Source data file. 

 

Figure.3 Nat10 downregulation preserves epithelial renewal and reduces senescence in the 

aged colon 

a, Immunofluorescence analysis of Nat10 expression in 2-mon, 6-mon,12-mon, and 18-mon mice 

colon. Scale bar, 100 μm. b, Western blot analysis of Nat10 in the colon of 2-mon, 6-mon,12-mon, 

and 18-mon mice. mon, month. c, The schematic diagram of the WT and Nat10+/- mice 

experimental procedure. Created in BioRender. Chen, J. (2026) https://BioRender.com/x16w213. 

d, Western blot analysis of Nat10, Ocln, Lgr5, p53 p21, and p16 in colon tissues from Young-WT, 

Aged-WT (12-mon), and Aged-Nat10+/- (12-mon) mice. e, Hematoxylin-eosin staining and 

immunofluorescence staining of Nat10, Ocln, Ki67, and Muc2 in colon tissues from Young-WT, 
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Aged-WT, and Aged-Nat10+/- mice groups. The mucosal height was measured. n=15 random fields 

per group. The mean fluorescence intensity of 10 fields was normalized to the Young-WT group. 

Ki67+ and Muc2+ cells were quantified from 30 fields for comparison. The median positive cell 

number per crypt from each field was used for comparison. Scale bar, 50 μm. Data were 

represented as mean ± SD. f, Western blot analysis of Nat10, p21, and p16 in colon tissues from 

aged WT mice (18 months) after two months tail-vein injection of AAV-NC or AAV-shNat10. g, 

Hematoxylin–eosin staining and immunofluorescence for Ocln and Ki67 in colon tissues from the 

same aged WT mice, two months after tail-vein injection of AAV-NC or AAV-shNat10. Scale bar, 

100 μm. AAV, adeno-associated virus. Data are presented as mean values ± S.D. Comparisons 

were performed by Two-tailed unpaired Student’s t-test (e). *** p<0.001, ** p<0.01. Source data 

and exact p value are provided as a Source data file. 

Figure.4 DYRK1A as a target of mRNA ac4C modification in regulating colon epithelial cell 

senescence 

a, Schematic illustration of acRIP-seq in NCM460 cells. Created in BioRender. Chen, J. (2026) 

https://BioRender.com/j92d013. b, Pie charts showed the distribution of ac4C peak in the 

acetylated transcripts in the control NC-Si, H-Sen NC-Si, and H-Sen NAT10-Si groups. c, GO-BP 

enrichment analysis of hyperacetylated genes in H-Sen NCM460 cells compared to control 

NCM460 cells (left). GO-BP enrichment analysis of hypoacetylated genes in H-Sen NCM460 cells 

with NAT10-Si compared to H-Sen NCM460 cells with NC-Si (right). d, Overlapping the potential 

downstream targets of NAT10-meditated RNA ac4C modification in hyperacetylated gene (H-Sen 

NC-Si vs Control NC-Si) and hypoacetylated gene (H-Sen NAT10-Si vs H-Sen NC-Si) by the 
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acRIP-seq analysis. e, acRIP-qPCR validation of ac4C level alterations in four potential 

downstream targets across the control NC-Si, H-Sen NC-Si, and H-Sen NAT10-Si groups. n=3 

independent experiments. Data were represented as mean ± SD. f, qPCR was used to validate 

DYRK1A and LMLN RNA expression across the three groups. n=3 independent experiments. Data 

were represented as mean ± SD. g, Actinomycin D (ActD) chase RNA-seq showing DYRK1A 

mRNA level change in H-Sen NC-Si and H-Sen NAT10-Si cells. n=3 independent samples. Data 

were represented as mean ± SD. h, IGV plots showed that ac4C peaks changes in the CDS domains 

of DYRK1A mRNA in the control NC-Si, H-Sen NC-Si, and H-Sen NAT10-Si groups from acRIP-

seq data. i, RNA ac4C modifications and THAP5, DYRK1A and LMLN protein levels were 

detected by dot blot or western blot across the three groups. Two-way ANOVA analysis with 

Tukey’s multiple comparison was used for (g). Two-tailed unpaired Student’s t-test was used for 

other analyses (e, f). *** p<0.001, ** p<0.01, ns p>0.05. Source data and exact p value are 

provided as a Source data file. 

 

Figure.5 NAT10 promotes colon epithelial cell senescence by ac4C-mediated regulation of 

DYRK1A mRNA.  

a, acRIP-qPCR analysis of ac4C levels in CDS domain of DYRK1A among control, H-Sen, and D-

Sen NCM460 cells. n=3 independent experiments. Data were represented as mean ± SD. b, 

DYRK1A mRNA expression and protein expression in control, H-Sen, and D-Sen NCM460 cells. 

n=3 independent experiments. Data were represented as mean ± SD. c, Immunofluorescence 

staining of DAPI, γ-H2AX, and DYRK1A in control, H-Sen, and D-Sen NCM460 cells. Scale bar 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

for immunofluorescence, 20 μm. d, Immunoblotting of NAT10 after NAT10-RIP assay with cell 

lysate among control, H-Sen, and D-Sen NCM460 cells. qPCR analysis of CDS domain of 

DYRK1A was performed after NAT10-RIP. n=3 independent experiments. Data were represented 

as mean ± SD. e, DYRK1A mRNA stability was measured by adding actinomycin D in control, H-

Sen, D-Sen NCM460 cells and in H-Sen and D-Sen NCM460 cells with NAT10 knockdown. n=3 

independent experiments. Data were represented as mean ± SD. f. Sucrose gradient fractionation 

of H-Sen NCM460 cells and H-Sen NCM460 cells with NAT10 knockdown. Relative DYRK1A 

mRNA abundance across polysome fraction was quantified by RT-qPCR. n=3 independent 

experiments. Data were represented as mean ± SD. g, Analysis of SA-Gal activity in DYRK1A-

reexpressed NCM460 cells after transfected with NAT10 siRNA and treated with H2O2 or DOX. 

Scale bar for SA-Gal, 100 µm. h, qPCR analysis of IL-1β and IL-6 in DYRK1A-reexpressed 

NCM460 cells after transfected with NAT10 siRNA and treated with H2O2 or DOX. n=3 

independent experiments. Data were represented as mean ± SD. i, Western blot of NAT10, 

DYRK1A, γ-H2AX, and p21 in DYRK1A-reexpressed cells after transfected with NAT10-Si and 

treated with H2O2 or DOX. j, Caspase3/7 activity analysis in DYRK1A-reexpressed H-Sen and D-

Sen NCM460 cells after transfected with NAT10-Si. n=3 independent experiments. Data were 

represented as mean ± SD. Two-way ANOVA analysis with Tukey’s multiple comparison was 

used for (e). Two-tailed unpaired Student’s t-test was used for other analyses (a, b, d, e, f, g, h, j). 

*** p<0.001, ** p<0.01, * p<0.05. Source data and exact p value are provided as a Source data 

file. 
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Figure.6 Deficiency of Nat10 Enhances Colonoid Performance and Mitigates LPS-Induced Proliferation 

Loss in Aged Mice 

a, The schematic diagram of colonoid extraction from aged mice. Created in BioRender. Chen, J. 

(2026) https://BioRender.com/n10d667. b, Representative brightfield images and EdU 

immunofluorescence of Young-WT, Aged-WT, and Aged-Nat10+/- colonoids after 7 days of culture. 

Scale bar for brightfield, 200 μm. Scale bar for immunofluorescence, 50 μm. n=3 independent 

experiments. Data were represented as mean ± SD. c, Comparative analysis of the growth status 

of budding colonoid at different time points (3 days, 5 days, and 7 days). Relative colonoid size of 

5 days and 7 days were normalized to the 3 days. n=3 independent experiments. Data were 

represented as mean ± SD. d, Western blot of Lgr5, and Nat10 in Young-WT, Aged-WT, and Aged-

Nat10+/- colonoids. e-f, p21, pcna (e) and Muc2 (f) mRNA level in Young-WT, Aged-WT, and 

Aged-Nat10+/- colonoids. n=3 independent experiments. Data were represented as mean ± SD. g, 

The schematic diagram of in vitro colonoid LPS treatment. Created in BioRender. Chen, J. (2026) 

https://BioRender.com/k88n403. h, qPCR analysis of Lgr5 expression in Aged-WT, Aged-Nat10+/-, 

and qPCR analysis of Lgr5 in Aged-WT+Vehicle, Aged-WT+Rem after LPS treatment. n=3 

independent experiments. Data were represented as mean ± SD. i-j, Representative brightfield 

images of colonoids (day7) in Aged-WT, Aged-Nat10+/-, Aged-WT+Vehicle and Aged-WT+Rem 

colonoids after LPS treatment. Scale bar, 100 μm. The percentage of budding colonoids was 

compared. n=3 independent experiments. Data were represented as mean ± SD. K, Western blot 

of Dyrk1a and γ-H2AX in Aged-WT, Aged-Nat10+/-, and in Aged-WT+Vehicle, Aged-WT+Rem 

after LPS treatment. Two-way ANOVA analysis with Tukey’s multiple comparison was used for 
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(c). Two-tailed unpaired Student’s t-test was used for other analyses (b, e, f, h, j). *** p<0.001, 

** p<0.01, * p<0.05. Source data and exact p value are provided as a Source data file. 

 

Figure.7 Deficiency of Nat10 in aged mice alleviates DSS-induced colitis 

a, Schematic diagram showing that the process of DSS-induced acute colitis in aged (12-mon) 

Nat10-WT and Nat10+/- mice. Created in BioRender. Chen, J. (2026) 

https://BioRender.com/dn0esiu. b, Monitoring of body weight changes throughout the process of 

DSS-induced acute colitis in aged Nat10-WT and Nat10+/- mice. n=5 animals per group. Data are 

presented as mean values ± S.D. c, Representative image and length analysis of the mouse colon. 

n=5 animals per group. d, Representative colonoscopy images and scores analysis of colon mucosa 

on day 11. n=5 animals per group. Data are presented as mean values ± S.D. e, Pathological score 

analysis of colonic mucosa. n=5 animals per group. Data are presented as mean values ± S.D. f, 

Dot blot analysis of RNA ac4C modification levels in the colon. Quantification of relative ac4C 

modification intensity was calculated by quantifying the gray value of ac4C/MB. n=5 animals per 

group. Data are presented as mean values ± S.D. g-h, Immunofluorescence staining of γ-H2AX, 

Ki67 and PAS staining in colon tissues. γ-H2AX+ and Ki67+ cells were quantified from 15 random 

fields per group for comparison, Scale bar, 100 μm. i, Relative mRNA levels of p21, Il-1β, Il-6 and 

Tnf-α in the colon of Aged-WT and Aged-Nat10+/- mice. Data are presented as mean values ± S.D. 

j, Western blot analysis of Nat10, Dyrk1a, Ocln and γ-H2AX in colon tissues from Aged-WT and 

Aged-Nat10+/- mice following DSS exposure. l, Schematic showing the timeline of DSS-induced 

colitis after 2-month AAV tail-vein delivery. Created in BioRender. Shuyi, M. (2026) 
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https://BioRender.com/p2dg8is. m, Monitoring of body weight changes throughout the process of 

DSS-induced colitis after 2-month AAV tail-vein delivery. n=5. n, Representative HE staining and 

pathological scores of colonic mucosa from aged mice treated with DSS following 2-month AAV 

tail-vein delivery (NC+Vector, shNat10+Vector, or shNat10+Dyrk1a). Scale bar, 100 μm. n=5. 

Data are presented as mean values ± S.D. Body weight changes over time (b,m) were analyzed by 

two-way ANOVA with Tukey’s multiple comparison. Two-tailed unpaired Student’s t-test was 

used for other analyses. *** p<0.001, ** p<0.01, * p<0.05. Source data and exact p value are 

provided as a Source data file. 

 

Figure.8 NAT10 and DYRK1A expression are elevated in the aged colon and elderly UC 

tissues. 

a-c, Representative IHC staining image and IHC score of NAT10 and DYRK1A in the colonic 

mucosa of Young HC (n=10), Old-HC (n=12), Young-UC (n=21) and Old-UC (n=16) patients. 

Scale bar, 50 μm. d, Correlation analysis between NAT10 and DYRK1A immunohistochemical 

scores in colonic mucosal biopsies from UC patients. e, Comparison of NAT10 or DYRK1A 

immunohistochemical scores among old UC patients stratified by endoscopic Mayo score (Mayo 

0-1, Mayo 2-3). n=6 individuals for Mayo0-1 group, n=10 individuals for Mayo2-3 group. The 

box plots (b, c, e) show the median (centre line), the 25th and 75th percentiles (box bounds), and 

the minimum (lower whiskers) and maximum values (upper whiskers). Spearman correlation 

analysis was used for (d). Two-tailed unpaired Student’s t-test was used for other analyses (b, c, 

e). *** p<0.001, ** p<0.01, * p<0.05. Source data and exact p value are provided as a Source data 
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file. 

 

Editorial Summary 

This study identifies NAT10-mediated RNA ac4C modification as a key 

regulator of colonic epithelial aging. Through N4-acetylation regulation of DYRK1A, 

NAT10 promotes intestinal senescence, highlighting a potential therapeutic target for 

elderly-onset colitis. 
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