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Inflammatory bowel disease (IBD) is a remitting and relapsing 
inflammatory disorder of the gastrointestinal (GI) tract character-
ized by pain, diarrhea and bloody stools and comprises two primary 

diseases: Crohn’s disease and ulcerative colitis1. Genome-wide asso-
ciation studies and gut microbiome analyses have identified various 
susceptible single-nucleotide polymorphisms and implicated imbal-
ance of protective and pathogenic bacteria in patients with IBD2,3. 
For example, nucleotide binding oligomerization domain containing 
2 (NOD2) is required for antibacterial immune responses and muta-
tions of NOD2 are associated with IBD susceptibility4–7. A depletion 
of bacteria with anti-inflammatory effects such as Faecalibacterium 
prausnitzii and colonization of proinflammatory bacteria, including 
adherent-invasive Escherichia coli and Fusobacterium varium are 
correlated with and potentially contribute to IBD8–10.

Colorectal cancer (CRC) is the third most prevalent cancer and the 
second-leading cause of cancer-related deaths worldwide with an esti-
mated new diagnosis of 1.8 million patients and 880,000 deaths in 2018 
(ref. 11). The development of CRC involves the accumulation of genetic 
alterations during repeated rounds of inflammation and mucosal 
healing that facilitate the evolution and malignancy of preneoplastic 
clones and excessive activation of STAT3 in intestinal epithelial cells 
by repeated infection-caused proinflammatory factor stimulation that 
promotes malignant cell survival12. The Cancer Genome Atlas proj-
ects have identified a number of frequently mutated genes or pathways 
associated with CRC, including Wnt signaling pathway, KRAS and 
TP53, which have been confirmed with various mouse colon cancer 
models13–16, indicating that targeting the components involved in these 
pathways would provide plausible therapeutic strategies.

Host pattern-recognition receptors (PRRs) recognize microbial 
pathogen-associated molecular patterns to initiate innate immune 

responses against invading pathogens17. PRRs and PRR-mediated 
signaling play essential roles in colitis or colon cancer18. For exam-
ple, Toll-like receptor (TLR)4 senses lipopolysaccharide (LPS) 
in the cell wall of Gram-negative bacteria and triggers MyD88- 
and TRIF-dependent signaling. Ectopic expression of TLR4 in 
the epithelia or deficiency of Tlr4 or Myd88 in mice results in 
hyper-sensitivity to chemically induced colitis, which is associated 
with dysbiotic microbiota and bacterial invasion in the mucosa19–21. 
We have previously shown that USP25 inhibits TLR-triggered 
MyD88-mediated inflammatory cytokine induction by deubiq-
uitinating and stabilizing tumor necrosis factor (TNF) receptor 
associated factor 3 (TRAF3)22,23. In addition, USP25 promotes 
Wnt signaling and cell growth by deubiquitinating and stabilizing 
tankyrases in vitro24. Whether and how USP25 regulates bacterial 
infections, infection-associated colitis as well as Wnt-related bio-
logical processes in vivo has not been investigated.

In this study, we discovered that USP25 deficiency results in 
hyper-immune responses after dextran sulfate sodium (DSS) treat-
ment or Citrobacter rodentium or Salmonella enterica Typhimurium 
(ST) infection. Meanwhile, knockout of USP25 downregulates Wnt 
signaling and modulates the SOCS3–pSTAT3 axis and thereby 
inhibits tumorigenesis in the colon. Finally, pharmacologic inhibi-
tion of USP25 alleviates DSS-induced colitis, protects from bacterial 
infections and impairs colon cancer development. These findings 
collectively suggest critical roles of USP25 in colitis and CRC, which 
serves as a potential therapeutic target.

Results
USP25 deficiency in nonhematopoietic cells leads to resistance to 
DSS-induced colitis. In our immunoblot and immunohistochemistry  
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(IHC) assays, we found that USP25 was expressed ubiquitously 
in the stomach, small intestine and colon as well as in the crypt of 
the small intestine and in epithelial cells (ECs) and lamina propria 
mononuclear cells (LPMCs) of the colon (Fig. 1a,b), consistently with 
recent single-cell RNA-sequencing (scRNA-seq) results that Usp25 
is ubiquitously expressed in various types of cells in the intestine25,26. 
We further found that the numbers of Paneth cells (lysozyme+) in 
the crypts and the number of goblet cells (AB/PAS+) in the villi were 
significantly increased in the small intestines of Usp25−/− mice com-
pared to Usp25+/+ mice (Fig. 1c). Ki67 and SOX9 staining was slightly 
decreased in Usp25−/− crypts compared to the Usp25+/+ counterparts, 
although the difference did not reach statistical significance (Fig. 1c). 
Together, these data suggest that USP25 is ubiquitously expressed and 
inhibits differentiation of secretory cells in the intestine.

We next induced a DSS-colitis model with Usp25+/+ and Usp25−/− 
mice and observed that Usp25−/− mice exhibited increased resis-
tance to weight loss, diarrhea and colon shortening compared to the 
controls (Fig. 1d)27. Hematoxylin and eosin (H&E) staining of the 
colons showed that Usp25−/− mice had more leukocyte infiltration 
and more remaining epithelium than the Usp25+/+ mice (Fig. 1e). 
USP25 has been shown to promote type I interferon (IFN) induc-
tion22,23. However, Usp25−/−Ifnar1−/− mice were also more resistant 
to DSS-induced colitis than Ifnar1−/− mice as monitored by weight 
loss, colon length and H&E staining of colons (Extended Data  
Fig. 1a–c). These data suggest that USP25 promotes colitis in a man-
ner independently of type I IFN signaling.

Analysis of LPMCs in the colon suggested more leuko-
cytes, CD11b+F4/80+ macrophages and CD8+ T cells and fewer 
CD11b+Gr-1+ neutrophils and CD4+interleukin (IL)-17A+ 
T cells infiltrating in colon lamina propria of Usp25−/− and 
Usp25−/−Ifnar1−/− mice than in Usp25+/+ or Ifnar1−/− mice after 
DSS treatment, respectively (Extended Data Fig. 1d–i). To deter-
mine whether such a difference was due to a defect of USP25 in 
immune cells, we adoptively transferred Usp25+/+ or Usp25−/− bone 
marrow cells (CD45.2+) into irradiated CD45.1+ congenic mice 
followed by DSS treatment (Extended Data Fig. 2a). Results from 
flow cytometry analysis suggested that the total cell numbers and 
the percentages of different immune cells were comparable in the 
colon lamina propria of CD45.1+ mice receiving either Usp25+/+ 
or Usp25−/− bone marrow cells (Extended Data Fig. 2b–d), indi-
cating that hematopoietic deficiency of USP25 does not affect 
immune cell homeostasis or differentiation in DSS-induced colitis. 
Consistently with this notion, we found that irradiated Usp25−/− 
mice receiving either Usp25+/+ or Usp25−/− bone marrow cells were 
more resistant to DSS-induced colitis than irradiated Usp25+/+ mice 
receiving either wild-type or Usp25−/− bone marrow cells as moni-
tored by weight loss, colon length and H&E staining of colons and 
that DSS treatment induced upregulation of USP25 in colon ECs  
(Fig. 1f–h and Extended Data Fig. 2e). These results indicate that 
USP25 deficiency in nonhematopoietic cells plays a dominant role 

in the resistance of DSS-induced colitis and homeostasis of immune 
cells in colon lamina propria.

USP25 deficiency alters cytokine expression in DSS-treated 
colon. Results from transcriptome analysis of colons from 
DSS-treated Usp25−/− and Usp25+/+ mice suggested that 878 genes 
(529 downregulated and 349 upregulated) were differentially 
expressed with statistical significance, which were closely related 
to cytokine and cytokine receptor interaction and bacterial or viral 
infections (Fig. 2a,b and Supplementary Table 1). Gene-set enrich-
ment analysis (GSEA) characterized differentially expressed genes 
into three clusters of cytokines and chemokines, IFN-regulated fac-
tor (IRF)-dependent products and genes with antibacterial activi-
ties (Fig. 2c and Supplementary Table 2). Results from quantitative 
reverse transcription (qRT)–PCR analysis confirmed that expression 
of proinflammatory cytokines and chemokines and genes related to 
acute-phase response to bacterial infection was significantly higher 
and expression of IRF- or IFN-dependent genes was significantly 
lower in Usp25−/− or Usp25−/−Ifnar1−/− colons than in Usp25+/+ or 
Ifnar1−/− colons during DSS-induced colitis, respectively (Fig. 2d–f 
and Extended Data Fig. 3a–c). Consistently with these observations, 
levels of phosphorylated p65 and p38 were potentiated and levels of 
TRAF3 were decreased in colon tissues from Usp25−/− mice com-
pared to Usp25+/+ mice after a 2-d DSS treatment and in LPS- or 
peptidoglycan (PGN)-treated Usp25−/− colon organoids compared 
to the Usp25+/+ colon organoids (Fig. 2g,h), which prompted us to 
hypothesize that USP25 deficiency-mediated protection of colitis 
was related to commensal bacteria in the GI tract. In support of 
this notion, knockout of USP25 did not show any protection from 
mortality, weight loss or colon shortening after antibiotic treatment 
followed by DSS induction (Extended Data Fig. 2e–g). Expression 
of related genes was comparable between Usp25−/− and Usp25+/+ 
colons (Extended Data Fig. 2h). These data suggest that USP25 
deficiency alters gene expression in DSS-treated colons and protects 
mice from DSS-induced colitis in a manner dependent on commen-
sal bacteria.

Usp25−/− mice exhibit hyper-immune responses to bacterial 
infections. DSS treatment induces epithelium damage, which 
allows commensal bacteria invasion and infection and thereby 
induces severe inflammation in the GI tract. To investigate whether 
USP25 regulates antibacterial infections in the GI tract, we infected 
mice with Citrobacter rodentium and monitored body weight and 
fecal bacteria count. As shown in Fig. 3a,b, Usp25−/− mice had more 
constant gain of weight than Usp25+/+ mice and the fecal bacteria 
count of Usp25−/− mice was 2–4 logs lower than that of Usp25+/+ 
mice, indicating that USP25 promotes bacterial replication in vivo. 
The spleens and colons of Usp25−/− mice were heavier and lon-
ger than those of Usp25+/+ mice at day 16 after oral challenge of 
C. rodentium (Fig. 3c,d). There were significantly more numbers of 

Fig. 1 | USP25 deficiency leads to resistance to DSS-induced colitis. a, Immunoblot analysis of USP25 in stomach, proximal, middle and distal small 
intestine and colon and in the ECs or the LPMCs of colon. b, IHC analysis of USP25 in small intestines and colons of Usp25+/+ and Usp25−/− mice. Red 
and green rectangles indicate crypts and lamina propria, respectively. c, IHC analysis (upper images) and counts (lower graphs) of lysozyme (lys) 
(n = 50 crypts from three mice), AB/PAS (n = 50 villi from three mice), Ki67 (n = 30 crypts from three mice) or SOX9 (n = 30 crypts from three mice) 
staining of crypts or villi of small intestines of Usp25+/+ and Usp25−/− mice. Arrow heads indicate positive staining. d, Body weight change (left) and gross 
morphological change and lengths of colons (right) of Usp25+/+ (n = 16) and Usp25−/− (n = 17) mice that were given 2.5% DSS in drinking water for 5 d, 
followed by normal drinking water for another 3 d. e, Images (left) and pathological scores (right) of H&E-stained colon sections of Usp25+/+ (n = 16) 
and Usp25−/− (n = 17) mice in d. f,g, Body weight change (f) and gross morphological change and lengths of colons (g) of the indicated chimeric mice 
(wild-type (WT) → WT (n = 8 mice), WT → Usp25−/− (n = 8 mice), Usp25−/− → WT (n = 10 mice), Usp25−/− → Usp25−/− (n = 8 mice)) that were given 
2.5% DSS in drinking water for 5 d, followed by normal drinking water for another 2 d. h, Images of H&E-stained colon sections of the indicated chimeric 
mice in f. Statistical analyses were performed with two-tailed Student’s t-test (d–g). Red and black scale bars, 100 μm and 20 μm (in b,c), respectively. 
Scale bars, 0.4 mm (in e,h). Data are representative of two independent experiments (a–c) or a combination of four (d,e) or two (f–h) independent 
experiments (mean in c and mean ± s.d. in d–g). Uncropped immunoblot images and numerical source data for the experiments in this figure are in  
Source Data Fig. 1.
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total cells and more numbers and higher percentages of activated 
CD8+ T cells (CD44+CD62L−) and FAS+GL7+ germinal center B 
cells in spleens from Usp25−/− mice than in those from Usp25+/+ 

mice after 14 d of C. rodentium infection (Extended Data Fig. 4a–c). 
H&E and immunofluorescent staining showed attenuated inflam-
mation and impaired C. rodentium replication in colons of Usp25−/− 
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mice compared to Usp25+/+ mice (Fig. 3e). Consistently with these 
observations, the expression of proinflammatory cytokines and 
antibacterial peptides was significantly higher in infected colons of 
Usp25−/− mice than in those of Usp25+/+ mice (Fig. 3f). In addition, 
increased levels of phosphorylated p65 and p38, decreased levels of 
TRAF3 and higher levels of TNF-α and IL-6 were observed in colon 
tissues or sera from Usp25−/− mice compared to Usp25+/+ mice at day 
5 or 9 after C. rodentium infection, respectively (Fig. 3g,h).

In addition, Usp25−/− mice were more resistant to ST-induced 
weight loss and death and bacteria count was significantly 
decreased in the feces of Usp25−/− mice compared to Usp25+/+ mice  
(Fig. 3i–k). Expression of proinflammatory cytokines was signifi-
cantly higher in colons of Usp25−/− mice than in those of Usp25+/+ 
mice after ST infection (Fig. 3l). Consistently with these observa-
tions, increased levels of phosphorylated p65 and p38, TNF-α and 
IL-6 were observed in colon tissues and sera from Usp25−/− mice com-
pared to Usp25+/+ mice at day 3 and 6 after ST infection, respectively  
(Fig. 3m,n). In contrast, the expression of IRF/IFN-dependent genes 
was lower in colons of Usp25−/− mice or colon organoids than in 
those of Usp25+/+ mice or organoids after C. rodentium or ST infec-
tion or LPS treatment (Fig. 3o and Extended Data Fig. 4d–g). These 
findings collectively suggest that USP25-deficient mice exhibit 
hyper-immune responses to bacterial infections and thereby restrict 
inflammation and bacterial infections.

Previous studies have demonstrated critical roles of 
Fusobacterium in IBD and CRC development and chemoresis-
tance10,28–32. Notably, the levels of USP25 were higher in human CRC 
biopsies with F. nucleatum colonization than in those without and 
positively correlated with the intensities of F. nucleatum coloniza-
tion (Extended Data Fig. 4h,i and Supplementary Table 3), indi-
cating that USP25 expression and bacterial colonization might be 
mutually promoted during inflammation or tumorigenesis. In this 
context, we have found that expression of USP25 was significantly 
upregulated in colon tissues after DSS treatment, C. rodentium or 
ST infection and in colon organoids after C. rodentium or ST infec-
tion or LPS stimulation (Fig. 2f,g and Extended Data Fig. 4f,g,j,k). In 
an F. nucleatum-induced ApcMin/+ colon cancer mouse model31, we 
found that ablation of USP25 in ApcMin/+ mice significantly impaired 
tumorigenesis in the colon after F. nucleatum infection and inhib-
ited F. nucleatum colonization in colon tumors (Extended Data 
Fig. 4l–n). Collectively, these data suggest that USP25 suppresses 
immune responses against bacterial infection and thereby promotes 
bacteria replication and inflammation.

USP25 promotes intestinal tumorigenesis. As analysis of the 
transcriptome data suggested critical roles of USP25 in the expres-
sion of proinflammatory cytokines, Socs3 and Wnt-related genes 
(Figs. 2 and 3 and data described below), we extended our inves-
tigations to determine whether USP25 regulates intestinal tumori-
genesis. Analysis of Gene Expression Profiling Interactive Analysis 
(GEPIA) data suggested that the expression levels of USP25 were 
associated with poor overall survival of patients with colon, rectum 
and stomach adenocarcinoma (gepia.cancer-pku.cn) (Extended 
Data Fig. 5a), indicating a correlation of USP25 and GI tract  

cancers. In the azoxymethane (AOM)/DSS model of colon cancer, 
we observed less tumor incidence and reduced tumor numbers 
in the colons of female Usp25−/− mice compared to Usp25+/+ mice 
(Fig. 4a). In addition, male Usp25−/− mice were more resistant to 
lethality than Usp25+/+ mice during AOM/DSS induction (Fig. 4b). 
In the AOM/Vil-Cre;Trp53fl/fl (VP) model, knockout of USP25 sig-
nificantly reduced tumor numbers in colons and promoted survival 
of mice (Fig. 4c,d). In a third model of intestinal cancer, ablation 
of USP25 in ApcMin/+ mice significantly inhibited tumorigenesis in 
the colon and small intestine (Fig. 4e,f). Consistently, knockout 
of USP25 promoted survival of ApcMin/+ mice (Fig. 4g). In addi-
tion, levels of USP25 were higher in tumor tissues than in normal 
tissues from the same mice or from control mice of the same age 
(Extended Data Fig. 5b), indicating that upregulation of USP25 was 
accompanied with tumorigenesis in the colon. These data together 
suggest that USP25 supports colon cancer development in multiple  
mouse models.

USP25 promotes Wnt signaling and inhibits SOCS3 expression. 
It has been shown that proinflammatory cytokines are involved in 
tumorigenesis in these models14,15,33. However, we found comparable 
levels of proinflammatory cytokines in Usp25+/+ and Usp25−/− colon 
tumors from the AOM/DSS, AOM/VP or ApcMin/+ models (Extended 
Data Fig. 5c–f). In contrast, the expression of Wnt pathway genes 
was significantly reduced in Usp25−/− colons or colon organoids 
compared to that in Usp25+/+ counterparts after DSS treatment, bac-
terial infection or Wnt3a stimulation (Fig. 5a–d and Extended Data 
Fig. 5g,h), consistently with a recent report that USP25 promotes 
Wnt signaling24. In addition, the products of Wnt-related genes were 
lower in USP25-deficient colons or small intestine tumor tissues 
than in USP25-sufficient counterparts (Fig. 5e and Extended Data 
Fig. 5i–k), suggesting that USP25 regulates Wnt signaling during 
colonic tumorigenesis.

In contrast to downregulated Wnt signals, SOCS3 was sig-
nificantly upregulated in USP25-deficient tissues compared to 
USP25-sufficient counterparts during DSS treatment or colon can-
cer induction (Fig. 5a–e and Extended Data Fig. 5i–k). Notably, 
upregulation of Socs3 in Usp25−/− versus Usp25+/+ organoids was 
observed by C. rodentium or ST infection but not by LPS treatment 
(Extended Data Fig. 4f,g) and depletion of bacteria in the GI tract by 
antibiotics diminished the differences of Socs3 expression between 
Usp25−/− and Usp25+/+ colons after DSS treatment (Extended 
Data Fig. 3h), indicating that USP25 restricts SOCS3 induction 
dependently on gut bacteria but independently of its regulation of 
LPS-triggered signaling. SOCS3 plays a negative regulatory role in 
STAT3 activation, colitis and CRC development34,35. Expectedly, 
phosphorylation of STAT3 was impaired in USP25-deficient colon 
or small intestine tumors compared to USP25-sufficient counter-
parts after tumor induction (Fig. 5e and Extended Data Fig. 5i–k). 
In addition, USP25 levels were positively or negatively correlated 
with β-catenin and pSTAT3 or SOCS3 levels in human CRC biop-
sies, respectively (Extended Data Fig. 6a,b). These results suggest 
that USP25 promotes Wnt signaling and STAT3 activation, which 
are hallmarks for tumorigenesis in the GI tract.

Fig. 2 | USP25 deficiency leads to altered cytokine expression. a,b, Heat map (a) and KEGG pathway enrichment analysis (b) of the transcriptome of 
colon tissues from Usp25+/+ (n = 2) and Usp25−/− (n = 2) mice that were given 2.5% DSS in drinking water for 5 d, followed by normal drinking water for 
another 2 d. S. aureus, Staphylococcus aureus. c, Heat map of selected genes related to inflammatory cytokines and chemokines, IRF-dependent genes 
and acute-phase bacterial infection. d–f, GSEA and qRT–PCR analysis of related genes of colon tissues from Usp25+/+ (n = 2, 4 and 4 at day 0, 4 and 6, 
respectively) and Usp25−/− (n = 2, 4 and 4 at day 0, 4 and 6, respectively) mice that were given 2.5% DSS in drinking water for indicated time points. ES, 
enrichment score; NES, nonenrichment score; FDR, false discovery rate. g,h, Immunoblot analysis of indicated proteins in colon tissues from Usp25+/+ and 
Usp25−/− mice that were given 2.5% DSS in drinking water for 0–2 d (g) or in Usp25+/+ and Usp25−/− colon organoids that were left untreated or stimulated 
with LPS (10 μg ml−1) or PGN (10 μg ml−1) for 30 min (h). *P < 0.05; **P < 0.01; ***P < 0.001 (hypergeometric test in b; two-way analysis of variance 
(ANOVA) in d,f). Data are representative of two independent experiments (d–h) (mean ± s.d. in d,f). Uncropped immunoblot images and numerical 
source data for the experiments in this figure can be found in Source Data Fig. 2.
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Targeting USP25 attenuates DSS-induced colitis and restricts 
bacterial infections. We next synthesized the compound AZ, which 
has been demonstrated as a potent inhibitor of USP25 activity and 

examined whether AZ1 could prevent development of related dis-
eases (Extended Data Fig. 6c,d)36. Gavage of AZ1 did not affect 
weight gain, sizes or weight of spleen and peripheral lymph nodes of 
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Fig. 3 | Usp25−/− mice exhibit resistance to bacterial infections. a, Body weight change of Usp25+/+ (n = 10) and Usp25−/− (n = 11) mice that were injected 
with 1 × 109 colony-forming units (c.f.u.) of C. rodentium by gavage. C.r., C. rodentium. b, Bacterial counts of Usp25+/+ (n = 3) and Usp25−/− (n = 4) mice at 9, 
12 or 15 d after injection of C. rodentium (1 × 109 c.f.u.) by gavage. c,d, Spleen morphological change and weights (c) and colon morphological change and 
lengths (d) of Usp25+/+ (n = 10) and Usp25−/− (n = 11) mice 16 d after C. rodentium infection. e,f, Images of H&E-stained colon sections (left two columns) 
and immunofluorescence staining (with anti-C. rodentium) of colon sections (e) and qRT–PCR analysis of Il6, Il18, Cxcl1 and Reg3b (f) in colons of Usp25+/+ 
(n = 3) and Usp25−/− (n = 4) mice 16 d after C. rodentium infection. g, Immunoblot analysis of indicated proteins in colon tissues from Usp25+/+ (n = 3) and 
Usp25−/− (n = 3) mice 5 d after C. rodentium infection (1 × 109 c.f.u.). h, ELISA analysis of indicated inflammatory cytokines levels in sera of Usp25+/+ (n = 9) 
and Usp25−/− (n = 9) mice 9 d after C. rodentium infection (1 × 109 c.f.u.). i, Survival of Usp25+/+ (n = 10) and Usp25−/− mice (n = 10) that were injected with 
ST (SL1344) (1 × 107 c.f.u.) by gavage and monitored for 14 d. j, Body weight change of Usp25+/+ (n = 10) and Usp25−/− mice (n = 9) that were injected with 
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injected with ST (5 × 106 c.f.u.) by gavage and monitored for 6 d (l). m, Immunoblot analysis of indicated proteins in colon tissues from Usp25+/+ (n = 2) 
and Usp25−/− (n = 2) mice 3 d after ST (5 × 106 c.f.u.) infection. n, ELISA analysis of indicated inflammatory cytokines levels in the sera of Usp25+/+ (n = 9) 
and Usp25−/− (n = 9) mice 6 d after ST (5 × 106 c.f.u.) infection. o, qRT–PCR analysis of Il1a, Il6, Il18, Reg3b, Reg3g and Cxcl2 in Usp25+/+ (n = 3, technical 
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mean ± s.d. in a–d,f,h,j–l and n). Uncropped immunoblot images and numerical source data for the experiments in this figure are in Source Data Fig. 3.
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Usp25+/+ or Usp25−/− mice (Extended Data Fig. 6e,f), indicating low 
toxicity of AZ1 through oral injection. In addition, AZ1 treatment 
potentiated C. rodentium-induced expression of proinflammatory 
cytokines and chemokines, whereas it inhibited Wnt3a-induced 

expression of downstream genes in Usp25+/+ but not Usp25−/− colon 
organoids (Extended Data Fig. 7a,b), suggesting selective inhibi-
tion of AZ1 on USP25 downstream of bacterial infections or Wnt 
stimulation. The replication of C. rodentium, ST or E. coli DH5α 

DSS DSS DSS

VP

VP25

0

5

10

15

20

25

VP VP25

W20

AnalysisSix successive weekly i.p. injections of AOM

Vil-Cre;Tp53 fl/fl

Vil-Cre;Tp53 fl/flUsp25 –/–
W0 W1 W2 W3 W4 W5

T
um

or
s 

pe
r 

m
ou

se
Apc min/+

Apc min/+Usp25 –/–

Apc min/+ Apc min/+Usp25 –/–

f

Usp25 +/+

Usp25 –/–

Analysis

0

3

6

9

12
C

ol
on

ic
 tu

m
or

s 
pe

r 
m

ou
se

0

3

6

9

12

T
um

or
 c

ou
nt

s
(p

ro
xi

m
al

 s
m

al
l

in
te

st
in

e)
  

Apc min/+Usp25 –/–Apc min/+

Apc min/+Usp25 –/–
Apc min/+

Apc min/+Usp25 –/–Apc min/+

0 10 20 30 40
0

20

40

60

80

100
a b

c

e

H2O H2O H2O

i.p. injection of AOM

W0 W1 W3 W4 W6 W7 W12

Usp25 +/+

Usp25 –/–

Usp25 +/+

Usp25 –/–

Usp
25

+/
+

Usp
25

–/
–

Usp
25

+/
+

Usp
25

–/
–

T
um

or
 in

ci
de

nc
e 

(%
)

Vil-Cre;Trp53 fl/fl

Vil-Cre;Trp53 fl/flUsp25 –/–

Days after last AOM injection

S
ur

vi
va

l (
%

)0

20

40

60

80

100

12 of 12

6 of 13

T
um

or
s 

pe
r 

m
ou

se

0

2

4

6

8

5 9 3 7 3 1 3 2 13 6 11

7 10 5 5 9 11 7 4 6 12 1815 21

d

g

Days after treatment

S
ur

vi
va

l (
%

)

0 100 200 300
0

20

40

60

80

100

S
ur

vi
va

l (
%

)

P = 0.00997

P = 0.0334

P = 0.00117

P = 1.34E-4

0 20 40 60 80 100 120 140
0

20

40

60

80

100

P = 0.0153

P = 0.0248

P = 2.00 × 10–4

d

Fig. 4 | USP25 deficiency inhibits tumorigenesis in the colon. a, A scheme of AOM/DSS colon cancer model (top). Images of (lower left), tumor 
incidence (lower middle) and tumor counts (lower right) in colons from female Usp25+/+ (n = 12) and Usp25−/− (n = 13) mice that were induced with colon 
cancer with the AOM/DSS protocol. i.p., intraperitoneal. b, Survival of male Usp25+/+ (n = 28) and Usp25−/− (n = 28) mice that were induced with colon 
cancer as in a. c, A scheme of induction of colon tumors with the AOM/Vil-Cre;Trp53fl/fl model (upper). Images (lower left) and tumor counts (lower right) 
in colons of Vil-Cre;Trp53fl/fl (n = 13) and Vil-Cre;Trp53fl/flUsp25−/− (n = 11) mice that were injected weekly with AOM (10 mg per kg body weight, i.p.) for 
6 weeks successively and killed at the 20th week after initial AOM injection. d, Survival of Vil-Cre;Trp53fl/fl (n = 25) and Vil-Cre;Trp53fl/flUsp25−/− (n = 27) 
mice that were induced with colon cancer as in b. e, Images and statistical analysis of tumor counts in the colons of 5-month-old ApcMin/+ (n = 11) and 
ApcMin/+Usp25−/− (n = 11) mice. f, H&E staining and statistical analysis of tumor counts in intestinal sections from e. g, Survival of ApcMin/+ (n = 19) and 
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was not affected by AZ1 in LB medium cultures (Extended Data  
Fig. 7c). Moreover, the composition and diversity of gut microbiota in  
feces were similar between PBS- and AZ1-treated groups (Extended 
Data Fig. 7d,e and Supplementary Table 4), indicating that AZ1  
neither exhibits direct toxicity to bacteria nor affects the microbiota 
in the gut.

We next investigated the effects of AZ1 on DSS-induced colitis 
and found that AZ1 gavage protected from weight loss and diar-
rhea and impaired colon shortening and potentiated the expres-
sion of proinflammatory cytokines and antibacterial peptides 
in colons of Usp25−/− mice compared to control counterparts  
(Fig. 6a–d). In addition, levels of p-p65, p-p38 and SOCS3 were 
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(n = 12) or AZ1 (40 mg per kg body weight) (n = 12) for 7 d successively. b,c, Morphological change of representative colons and colon lengths (b) (n = 12 
mice for PBS and AZ1 groups) and representative images of H&E-stained colon sections (c) from mice treated as in a. d, qRT–PCR analysis of indicated 
genes in colons of mice treated as in a (n = 5 mice for PBS and AZ1 groups). e, Immunoblot analysis of indicated proteins in colon tissues from mice 
that were treated with 2.5% DSS in the presence of PBS or AZ1 gavage for 2 d (n = 3 mice for PBS and AZ1 groups). f, A scheme of C. rodentium infection 
and AZ1 treatment (top) and body weight change (bottom) of WT mice (PBS, n = 9; AZ1, n = 10) that were infected with C. rodentium, followed by daily 
injection of AZ1 by gavage (40 mg per kg) at 5–13 d after infection with C. rodentium. g, Bacterial counts in fecal homogenates of mice treated as in e at 
10, 12 and 14 d after infection with C. rodentium (n = 5 mice for PBS and AZ1 groups). h, Representative images of H&E-stained colon sections (left two 
columns) and representative immunofluorescent staining images (anti-C. rodentium) of colon sections from mice treated as in f. i, qRT–PCR analysis of 
indicated genes in colon tissues from mice treated as in f (n = 5 mice for PBS and AZ1 groups). j, Immunoblot analysis of indicated proteins in colon tissues 
from mice that were infected with C. rodentium in the presence or absence of AZ1 gavage for 5 d (n = 3 mice for PBS and AZ1 groups). *P < 0.05; **P < 0.01; 
***P < 0.001 (two-tailed Student’s t-test in a,b,d,f,g,i). Scale bars, 0.4 mm (c,h). Data are combined of three (a,b) or two (f) independent experiments or 
representative of three (c–e) or two (f–h) independent experiments (mean ± s.d. in a,b,d,f,g,i). Uncropped immunoblot images and numerical source data 
for experiments in this figure are in Source Data Fig. 6.
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potentiated and levels of TRAF3 and pSTAT3 were decreased in 
colon tissues from AZ1-treated mice compared to PBS-treated mice 
(Fig. 6e). In contrast, AZ1 gavage did not alleviate DSS-induced 
colitis in Usp25−/− mice or the spontaneous colitis of Il10−/− mice 
(Extended Data Fig. 7f–k). In addition, gavage of AZ1 maintained 
weight gain and reduced the bacteria count in feces compared to 
the PBS group after C. rodentium infection (Fig. 6f,g). Consistently 
with these data, inflammation and bacterial replication in the colon 
were impaired, expression of proinflammatory cytokines and anti-
bacterial peptides was potentiated, levels of p-p65 and p-p38 were 
increased and levels of TRAF3 were decreased in colons of mice 
with AZ1 gavage compared to controls (Fig. 6h–j). These data col-
lectively suggest that inhibition of USP25 effectively alleviates colitis 
and restricts bacterial infections in the GI tract.

Inhibition of USP25 impairs colon cancer development. We next 
determined whether targeting USP25 would be of benefit for inhi-
bition of colon cancer. In the AOM/DSS model, AZ1 treatment 
significantly reduced tumor numbers in colons compared to the 
PBS group (Fig. 7a,b). Expression of Wnt-related genes and levels 
of pSTAT3 were decreased and levels of SOCS3 were increased in 
tumors of the AZ1-treated group compared to the control group 
(Fig. 7c–e). In the VP model, AZ1 treatment significantly inhib-
ited tumorigenesis in the colon and prolonged the survival of VP 
mice (Fig. 7f,g). Similarly, levels of Wnt-related genes and pSTAT3 
were significantly inhibited and levels of SOCS3 were potentiated 
in tumors of the AZ1-treated group compared to the control group 
(Fig. 7h–k). In contrast, AZ1 treatment had minimal effect on 
tumorigenesis in the USP25-deficient background (Extended Data 
Fig. 8a,b). These findings support the notion that targeting USP25 
inhibits colon tumorigenesis.

Discussion
We have previously demonstrated an essential role of USP25 in 
restricting TLR-triggered induction of proinflammatory cytokines 
by deubiquitinating and stabilizing TRAF3 (refs. 22,23). Here we show 
that knockout or pharmacological inhibition of USP25 potentiates 
immune responses against bacterial infections and alleviates inflam-
mation and tumorigenesis in the GI tract (Extended Data Fig. 8c). 
TLRs are highly expressed in gut ECs, goblet cells and Paneth cells, 
which are essential for gut microbial communities and inflamma-
tory bowel diseases37–40. The numbers of goblet cells and Paneth cells 
are increased in the intestine of Usp25−/− mice compared to Usp25+/+ 
mice. Therefore, increased numbers of secretory cells and enhanced 
TLR signaling in secretory cells and ECs from Usp25−/− intestines 
may be responsible for protection against DSS-induced colitis and 
bacterial infections. In this context, we found that USP25 in nonhe-
matopoietic cells played essential roles in DSS-induced colitis.

We found that depletion of bacteria leads to loss of protection 
against DSS-induced colitis in Usp25−/− mice, which highlights a 
primary regulatory role of USP25 in commensal bacteria-induced 
signaling during chemically induced colitis. Although the exact 

mechanisms are not fully understood, it might be due to a systemic 
alteration of cytokine and chemokine production in Usp25−/− 
colons versus Usp25+/+ colons after DSS challenge. For example, 
Usp25−/− colons or colon organoids upregulated Il1b expression 
after DSS treatment or TLR engagement and mice deficient in 
IL-1β or IL-1R exhibit hyper-sensitivity to DSS-induced colitis or 
bacterial infections41,42. IL18 polymorphisms known to reduce IL18 
mRNA and protein levels are positively associated with susceptibil-
ity to Crohn’s disease and IL-18 or IL-18R1 deficiency increases 
frequencies of colonic CD4+IL-17A+ and CD4+IFN-γ+ T cells43,44. 
Consistently, we found that IL-18 was upregulated by USP25 defi-
ciency in the DSS-induced colitis model, which was associated 
with decreased frequencies and numbers of CD4+IL-17A+ and 
CD4+IFN-γ+ T cells after DSS treatment. CCL2 and CXCL1 are 
potent attractants for neutrophils, which are higher in Usp25−/− 
colons than in Usp25+/+ colons after DSS treatment. However, we 
observed fewer neutrophils infiltrated in the lamina propria of 
Usp25−/− colons. Neutrophils are of short half-life (~5–10 h) and 
undergo apoptosis after degranulation and activation of reactive 
oxygen species upon phagocytosis and lysis of bacteria45. Apoptotic 
neutrophils are engulfed by macrophages, which is essential for 
would healing46,47. In this context, we observed increased percent-
ages and numbers of CD11b+F4/80+ macrophages in the lamina 
propria of Usp25−/− colons compared to Usp25+/+ colons, which 
might contribute to more efficient epithelial repair and clearance 
of CD11b+Ly6G+ neutrophils. Although USP25 deficiency poten-
tiates expression of proinflammatory cytokines in DSS-induced 
acute colitis, levels of proinflammatory cytokines are comparable 
between USP25-sufficient and -deficient tumors in chronic inflam-
matory colon cancer models, indicating that USP25 is involved in 
regulation of early and acute phases of inflammation and has a lim-
ited regulatory role in late and chronic phases. Consistently with 
this notion, inhibition of USP25 by AZ1 in Il10−/− mice did not 
affect development of spontaneous chronic colitis.

Wnt signaling is required for epithelium repair after DSS treat-
ment48. Although Wnt signaling is impaired by USP25 deficiency, 
Usp25−/− mice maintain the integrity of colon epithelium compared 
to Usp25+/+ mice after DSS challenge. A possible explanation for this 
is that elevated levels of proinflammatory cytokines facilitate epithe-
lium repair with a requirement of fewer Wnt-β-catenin signals. In 
this context, it has been shown that epithelial TNF-α–TNF receptor  
signaling facilitates Wnt-β-catenin signaling in mucosal repair in 
IBD49. In addition, increased levels of SOCS3 and decreased lev-
els of pSTAT3 are observed in USP25-deficient colon tumors or 
inflamed colon tissues compared to USP25-sufficient counterparts, 
consistently with previous reports that SOCS3 is a major regulator 
of inflammation by inhibiting STAT3 phosphorylation34,35,50,51.

Accumulating evidence suggests critical roles of gut bacteria in 
CRC development by directly activating protumor factors or indi-
rectly providing toxic factors52. Our study has revealed crosstalk 
between bacterial infections and protumor factors that are connected 
by USP25. USP25 is upregulated in colon tissues (most likely in the 

Fig. 7 | USP25 is a therapeutic target for colon cancer. a, A scheme of AZ1 treatment during the induction of AOM/DSS colon cancer. b, Tumor counts of 
colons from WT mice that were induced with colon cancer with the AOM/DSS protocol and injected daily with AZ1 (20 mg per kg) (n = 11) or PBS (n = 10) 
by gavage during three rounds of DSS treatment. c–e, qRT–PCR (c) (n = 5 mice for PBS and AZ1 groups), immunoblot (d) (PBS, n = 4 mice; AZ1, n = 5 
mice) and representative images of IHC and quantification analysis (e) (n = 5 mice for PBS and AZ1 groups) of indicated genes or proteins in colon tumors 
from mice treated as in a. f, A scheme of AZ1 treatment during induction of AOM/Vil-Cre;Trp53fl/fl model (top). Images (bottom left) and tumor counts 
(bottom right) of colons from Vil-Cre;Trp53fl/fl mice that were injected weekly with AOM (10 mg per kg) for 6 weeks successively, followed by injection of 
AZ1 (20 mg per kg) (n = 14) or PBS (n = 14) by gavage every 3 d from 13–20 weeks after initial AOM injection (bottom). g, Survival of Vil-Cre;Trp53fl/fl (PBS, 
n = 10; AZ1, n = 13) mice treated as in f. h–j, qRT–PCR (h), immunoblot (i) and representative images of IHC and quantification analysis (j) of indicated 
proteins or genes in colon tumor tissues from mice treated as in f (n = 5 mice for PBS and AZ1 groups). *P < 0.05; **P < 0.01; ***P < 0.001 (two-tailed 
Student’s t-test in b,c,e,h,k or log-rank analysis in g). Red and black scale bars, 50 μm and 1 mm (e,j), respectively. Data are combined from two (b,g) or 
three (f) independent experiments or representative of two (c–e,h–k) independent experiments (mean ± s.d. in b,c,e,f,h,k). Uncropped immunoblot images 
and numerical source data for the experiments in this figure are in Source Data Fig. 7.

NaTURe CaNCeR | www.nature.com/natcancer

http://www.nature.com/natcancer


ArticlesNATUrE CANCEr

epithelial layer cells and possibly in LPMCs) by bacterial infections 
or DSS treatment, which has at least three functions. (1) It modu-
lates the TLR–TRAF3–p65/p38 signaling axis and downstream 

cytokine expression, which leads to impaired antibacterial immune 
responses and aggravated inflammation in the colon. (2) It inhibits 
SOCS3 expression in a manner dependent on gut bacteria, which 
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leads to potentiated phosphorylation of STAT3. (3) It facilitates Wnt 
signaling in colon tissues during bacterial infection or colitis devel-
opment. Together, available data suggest a gut bacterial infection- or 
colonization-mediated connection between USP25-mediated regu-
lation of colonic inflammation and tumorigenesis.

AZ1 is a dual inhibitor for USP25 and USP28 (ref. 36). Notably, 
AZ1 significantly inhibits C. rodentium- or Wnt-induced expression 
of downstream genes in Usp25+/+ but not in Usp25−/− colon organ-
oids and attenuates DSS-induced colitis and tumorigenesis in the 
colons of Usp25+/+ mice but not Usp25−/− mice. In addition, our 
transcriptome sequencing data and others’ single-cell RNA-seq data 
suggest that expression levels of Usp25 in gut tissue are much higher 
(3–4-fold) than those of Usp28 and that DSS treatment upregulates 
Usp25 but not Usp28 mRNA levels25,26. It is thus likely that USP25, 
but not USP28, is the primary target of AZ1 or that USP25 plays 
a major role (compared to USP28) in these pathways or models. 
However, we could not rule out the possibility that USP28 func-
tions downstream of USP25 in related pathways or models. Further 
investigations with USP25-specific inhibitors are required to fully 
address this point. Nonetheless, our preclinical data using a phar-
macological inhibitor of USP25 provides an effective therapy for 
inflammation and cancers in the GI tract.

Methods
Mice. Usp25−/− mice were described previously53. B6.SJL (002014), Trp53fl/fl 
(008462) and Ifnar1−/− (032045) mice were purchased from Jackson Laboratory. 
WT C57BL/6 mice, Villin-Cre (T000142) and ApcMin/+ (T001457) mice were from 
GemPharmatech. Usp25+/+ and Usp25−/− (from Usp25+/− breeders) or Ifnar1−/− 
and Ifnar1−/−Usp25−/− (from Ifnar1−/−Usp25+/− breeders) littermates were used 
throughout the study. Villin-Cre;Trp53fl/fl and Villin-Cre;Trp53fl/flUsp25−/− mice were 
bred independently. Male ApcMin/+ and ApcMin/+Usp25−/− mice were bred with female 
Usp25+/+ and Usp25−/− littermates, respectively. No statistical methods were used to 
predetermine sample size. For all experiments presented in this study, age-matched 
(8–10 weeks old) and sex-matched (both male and female) mice were used and 
sample sizes were large enough to determine statistically significant effects. The 
control and experimental groups of mice were co-housed and randomly allocated 
to different treatments. All mice were housed in a specific-pathogen-free (SPF) 
animal facility at Wuhan University with a 12-h dark/12-h light cycle and fed 
with standard food and water. Il10−/− mice (002251, C57BL/6J background, male, 
8-week-old, SPF) were derived from Jackson Laboratory by Cavens Laboratory 
Animal Co. Immediately after arrival, these mice were housed in conventional 
conditions (open cages). At 12 weeks old, these mice were injected with PBS or 
AZ1 (40 mg per kg body weight) by gavage every 3 d for 8 weeks.

Human material. Colorectal tumor samples were collected between November 
2016 and November 2017 at the Department of Pathology of Zhongnan Hospital 
of Wuhan University (Supplementary Table 3). Tumor tissues were fixed with 4% 
paraformaldehyde and embedded in paraffin blocks. The tissue array was prepared 
as previously described54 and subjected to IHC or fluorescence in situ hybridization 
(FISH) analysis.

DSS-induced colitis and colon cancer models. For the DSS-induced colitis model, 
mice were administered the indicated dosage of DSS dissolved in sterile water for 
5 d, followed by regular water for 1–3 d. For the AOM/DSS colorectal tumor model, 
co-housed experimental mice were injected i.p. with 10 mg per kg azoxymethane 
(AOM; Sigma), followed by treatment of 2.5% DSS drinking water for 7 d and 
regular water for 14 d. This cycle was repeated three times and mice were killed 3 
weeks after the end of the last DSS cycle or immediately after the last DSS cycle. 
For the Villin-Cre;Trp53fl/fl colon cancer model, 8-week-old mice were injected i.p. 
with AOM (10 mg per kg) once per week for 6 weeks successively. At the 18–20th 
week after the initial AOM injection, colons were collected, washed to remove 
feces with cold PBS and slit open longitudinally to count tumors or monitored 
for survival for 20 weeks after the last injection of AOM. For the ApcMin/+ colon 
cancer model, mice were fed with normal food and water for 5 months. For 
F. nucleatum infection-induced colon cancer, ApcMin/+ and ApcMin/+Usp25−/− mice 
(6 weeks old) were orally injected with F. nucleatum (1 × 108 c.f.u. per mouse) for 
8 weeks successively. Colons and intestines were collected, washed and slit open 
longitudinally for various analyses.

RNA-seq and 16S rRNA-seq. Colons were flushed with PBS to clear feces and 
slit open longitudinally. Distal colon tissues (0.5 cm in length, about 0.5 cm 
away from the anus) were washed in PBS and homogenized in 2 ml of TRIzol 
(Invitrogen). Total RNAs were prepared and the quality of RNAs was determined 
by agarose gel electrophoresis and spectrophotometer analysis. Poly(A) mRNA 

was subsequently purified from 10 μg total RNA using NEBNext Oligo d(T)25 
Magnetic Beads Isolation Module. First-strand complementary DNA was 
synthesized with NEBNext RNA First-Strand Synthesis Module. NEBNext Ultra II 
Non-Directional RNA Second Strand Synthesis Module was used for the synthesis 
of the complementary strand of first-strand cDNA. The resulting double-stranded 
DNA was purified and Vazyme TruePrep DNA Library Prep kit V2 was used to 
prepare libraries followed by sequencing on an Illumina Hiseq X Ten platform with 
100-bp paired-end reads strategy (Novogene). Quality control of mRNA-seq data 
was performed by using Fatsqc and low-quality bases were trimmed by Cutadapt. 
All RNA-seq data were mapped to the mouse genome (mm9) by TopHat (v.2.1.1) 
and allowed a maximum of two mismatches per read. Gene expression level was 
calculated by Cufflinks with default parameters and normalized by FPKM.

Mice were treated with or without AZ1 gavage (40 mg per kg body weight) and 
simultaneously fed with normal water or 2.5% DSS for 6 d. Collected colons were 
split open and feces were collected and frozen into liquid nitrogen until analysis. 
Total genome DNA from samples was extracted using the CTAB/SDS method. 
DNA concentration and purity were monitored on 1% agarose gels. According 
to the concentration, DNA was diluted to 1 ng μl−1 using sterile water. 16S rRNA 
genes of distinct regions (16S V4/16S V3/16S V3-V4/16S V4-V5) were amplified 
used specific primers (for example, 16S V4:515F-806R) with the barcode. All PCR 
reactions were carried out with 15 μl of Phusion High-Fidelity PCR Master Mix 
(New England Biolabs); 0.2 μM of forward and reverse primers and about 10 ng of 
template DNA. PCR products were mixed in equidensity ratios and purified with 
Qiagen Gel Extraction kit (Qiagen). Sequencing libraries were generated using 
TruSeq DNA PCR-Free Sample Preparation kit (Illumina) following manufacturer’s 
recommendations and index codes were added. Library quality was assessed on the 
Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific) and Agilent Bioanalyzer 2100 
system. The library was sequenced on an Illumina NovaSeq platform and 250-bp 
paired-end reads were generated.

Bone marrow transfer and preparation of lamina propria leukocytes. The 
experiments were performed as previously described55. Recipient mice were 
irradiated with 10 Gy and isolated bone marrow cells were immediately injected 
through tail vein (106 cells per mouse). Colon pieces were incubated with RPMI 
1640 supplemented with 10% FBS, 5 mM EDTA, 1 mM DTT and 50 μg ml–1 
gentamicin and shaken at 220 r.p.m. at 37 °C for 30 min. Tissues were then incubated 
with RPMI 1640 containing 10% FBS, 50 U ml−1 DNase I and 0.5 mg ml−1 collagenase 
type IV for 30 min at 37 °C with shaking at 220 r.p.m. Liberated cells were collected 
by passage through a nylon mesh. Isolated cells from the collagenase-treated 
fractions were separated on a 40/80% discontinuous Percoll gradient.

Bacterial strains, growth conditions and infections. C. rodentium (ICC169) 
and ST were described previously56 and kindly provided by S. Li (Huazhong 
Agricultural University). F. nucleatum was cultured and the c.f.u. of F. nucleatum 
was determined as previously described32. Mice were injected by gavage with 
approximately 1 × 107 c.f.u. of ST or 1 × 109 c.f.u. of C. rodentium suspended in 
200 μl of sterile PBS. The weight and survival of mice were monitored daily. At 
indicated time points after infection, mice were killed and the colon and spleen 
were removed for analysis. For analysis of fecal bacteria count, fresh feces were 
collected and dissolved in sterile PBS, which was serially diluted and placed on 
conditional LB agar plates. The bacterial colonies were counted after incubation at 
37 oC for 24 h. For analysis of inflammation and bacterial replication in the colons, 
the colons were fixed in 4% paraformaldehyde and embedded in paraffin followed 
by H&E staining or frozen in Tissue-Tek O.C.T. compound (Thermo Fisher 
Scientific, 4583) for immunofluorescent staining, respectively.

Fluorescence in situ hybridization. The sections were baked at 90 oC for 1 h and 
deparaffinized by twice immersing in xylenes for 10 min, followed by immersing in 
100% (v/v, 5 min), 85% (3 min) and 75% (3 min) ethanol. Sections were immersed 
in HCl (0.2 M) for 15 min at room temperature followed by two washes with PBS. 
Proteinase K (50 μg ml–1, 500 μl) was added to cover the slices (37 °C for 15 min) 
and removed by three washes with PBS. The sections were dehydrated in 70%, 85% 
and 100% (v/v) ethanol (3 min and 500 μl each) and dried in a fume hood at room 
temperature. The probes (2 μg) diluted in hybridizing buffer (200 μl, 0.7 M NaCl, 
0.1 M Tris (pH 8.0), 0.1% sodium dodecyl sulfate, 10 mM EDTA) were applied 
to the surface of the slices that were put into a moisture-sealed slide incubation 
chamber. The samples on slices were hybridized by denature for 8 min at 85 °C and 
subsequent annealing for overnight at 37 °C. DAPI-antifade solution was added 
on the sections that were covered by a cover slide and incubated for 10 min. The 
covered slides were imaged with a fluorescence microscope and FISH spots were 
counted. Probes were labeled by Cy3 and the sequence for F. nucleatum FISH assay 
was 5′-CTTGTAGTTCCGGYTACCTC-3′ (FUS664, Exon Biotechnology).

Colon organoid culture. Colon tissues were vigorously shaken in 2 mM EDTA 
for 1 h at 4 °C, followed by removing the EDTA solution. Subsequently loosened 
crypts were prepared by pipetting the solution up and down with 15 ml of PBS 
through a 10-ml pipette for 8–10 times followed by 1 min rest. The supernatants 
containing the crypt suspension were transferred into a new 50-ml centrifuge tube 
and precipitants were re-suspended with 15 ml of PBS and pipetted up and down 

NaTURe CaNCeR | www.nature.com/natcancer

http://www.nature.com/natcancer


ArticlesNATUrE CANCEr

for repeated collection of crypts. FBS was added to the crypt suspensions at a final 
concentration of 10%. Supernatants containing crypts were centrifuged at 300g 
for 5 min. Pelleted crypts were re-suspended in 2 ml of conditional medium with 
growth factors (CMGF advanced DMEM/F12) and collected by centrifugation at 
130g for 5 min at 4 °C. Finally crypts were suspended in Matrigel (Corning) and 
placed in the center well of a 24-well plate (40 μl per well). After the Matrigel had 
solidified (15 min at 37 °C), crypts were cultured in culture medium (200 ng ml−1 
R-spondin, 10 ng ml−1 Noggin, 1 mM N-acetyl cysteine, 10 mM nicotinamide, 
0.5 μM A83–01, 3 μM SB202190, 50 ng ml−1 EGF, 1× B27 and 1× N2) at 37 °C with 
5% CO2. Culture medium was refreshed every 2–3 d. Organoids were treated by 
Wnt3a or LPS or infected with C. rodentium or ST SL1344 at day 6–7 after culture.

H&E staining. Colon tissues from mice with DSS-induced colitis or colonic 
tumors were fixed in 4% paraformaldehyde and embedded in paraffin blocks. 
The paraffin blocks were sectioned (5 μm) for H&E staining (Beyotime Biotech) 
followed by cover-slipping. Images were acquired with an Aperio VERSA 8 (Leica) 
multifunctional scanner. Pathogenic scores of inflamed colons were evaluated by 
combining disease activity index (DAI) score and histopathological score. DAI 
score was assessed for each animal as a cumulative score for severity of colitis, 
according to stool consistency (score: 0, normal; 1,soft and shaped; 2, loose stools; 
3, diarrhea), rectal bleeding (score: 0, normal; 1 and 2, bloody stool; 3, gross 
bleeding) and body weight loss (score: 0, none; 1, 1%–5%; 2, 5%–10%; 3, 10%–15%; 
4, >15%). Histopathological changes were analyzed as a cumulative score, on the 
basis of epithelial damage (0, normal morphology; 1, loss of goblet cells; 2, loss 
of goblet cells in large areas; 3, loss of crypts; 4, loss of crypts in large areas) and 
inflammatory cell infiltration (0, no infiltration; 1, infiltration around crypt bases; 
2, infiltration spreading to muscularis mucosa; 3, extensive infiltration in the 
muscularis mucosa with abundant edema; 4, infiltration spreading to submucosa).

Flow cytometry analysis. Single-cell suspensions were re-suspended in FACS 
buffer (PBS, 1%BSA) and blocked with anti-mouse CD16/32 antibodies for 10 min 
before staining with specific antibodies. Antibodies against cell surface markers: 
anti-CD3-PE (BioLegend, 100308), anti-CD4-FITC (100406), anti-CD8-BV510 
(100751), anti-CD11b-FITC (101206), anti-CD11c-PerCP (117328), anti-Gr-
1-APC (108411), anti-F4/80-PE (123110), anti-CD19-APC (M10191-11c), 
anti-GL7-PerCP (144610), anti-FAS-PE (152608), anti-CD62L-APC (104412) and 
anti-CD44-PE (MH10441-09D). For intracellular cytokine staining, cells were fixed 
and permeabilized using a fixation and permeabilization solution (eBioScience, 
50-112-9060). Antibodies used for intracellular cytokine staining were anti-IL-
17A-APC-Cy7 (506939), anti-Foxp3-APC (126408) and anti-IFN-γ-PerCP 
(505822). Flow cytometry data were acquired on a FACSCelesta flow cytometer 
and analyzed with FlowJo.

Immunoblot, IHC, ELISA and qRT–PCR assays. These experiments were 
performed as previously described54,57,58. Primary antibodies used were anti-USP25 
(A7975, ABclonal), anti-USP28 (17707-1-AP, Proteintech), anti-pStat3 (9145S, 
Cell Signaling Technology), anti-p-p65 (3033S), anti-p-p38 (9216S), anti-GAPDH 
(5174), anti-Stat3 (SC-8019, Santa Cruz Biotechnology), anti-p65 (SC-372), 
anti-p38 (SC-7149), anti-Lgr5 (A12987, ABclonal), anti-Axin2 (A2513) 
and anti-Socs3 (A0694). Secondary antibodies used were HRP-conjugated 
goat-anti-mouse or rabbit IgG (Thermo Fisher Scientific, PA1-86717 and 
SA1-9510). Histological analysis for inflammation, epithelial hyperplasia and 
tumorigenesis was performed by a board-certified pathologist (Z. Xu). Signals were 
imaged with an Aperio VERSA 8 (Leica) multifunctional scanner and quantified 
with the software Image-Pro Plus 6.0. Concentrations of TNF-α and IL-6 in 
the sera from mice infected with ST or C. rodentium were measured by ELISA 
(LEGENDplex Multi-Analyte Flow Assay kit, BioLegend).

Total RNA was extracted from distal colons of mice after colitis induction, 
colon tumor tissues or organoids using TRIzol (Invitrogen) and resolved in 
200 μl of RNase-free water and mixed with 20 μl of 8 M LiCl buffer followed 
by centrifugation at 14,000g for 30 min. Precipitants were dissolved in 200 μl 
of RNase-free water and mixed with 20 μl of 3 M sodium acetate and 400 μl of 
ethanol followed by centrifugation at 14,000g for 30 min. Precipitants containing 
RNAs were washed with 75% ethanol, dissolved with 50–100 μl of RNase-free 
water and quantified for qRT–PCR analysis. The value obtained for each gene was 
normalized to that of the gene encoding GAPDH. Gene-specific primers are listed 
in Supplementary Table 5.

Generation and HPLC analysis of AZ1. The compound AZ1 was generated by 
WuXi Apptec with a two-step protocol as follows.

Step 1. K2CO3 (977 mg, 7.07 mmol) was added to a solution of compound 1A 
(711.00 mg, 3.54 mmol) in DMF (6 ml) and the reaction mixture was stirred at 
20 °C for 4 h. Then compound 1 (1.0 g, 3.89 mmol) was added and the resultant 
solution was stirred at 20 °C for 0.5 h. LC–MS analysis showed that the starting 
material was consumed completely and the desired MS was detected. Ethyl acetate 
(10 ml) and H2O (10 ml) was added, the organic layer was washed with brine, dried 
over Na2SO4, filtered and concentrated under reduced pressure to dry to produce 
compound 2 (1.56 g, crude) as a yellow solid. This was used in the next step 
directly without purification.

Step 2. The mixture of compound 2 (500 mg, 1.33 mmol) and compound 
2A (81 mg, 1.33 mmol) in trimethyl orthoformate (5 ml) was stirred at 25 °C for 
3 h. Then the reaction mixture was concentrated under reduced pressure and 
dissolved in MeOH (5 ml), then NaBH4 (50 mg, 1.33 mmol) was added at 0 °C and 
the reaction mixture was stirred at 25 °C for another 1 h. LC–MS analysis showed 
that the starting material was consumed completely and the desired MS was 
detected. The reaction was quenched with ice-cold water (0.1 ml) and the mixture 
was concentrated under reduced pressure, purified by prep-HPLC (Xtimate 
C18 150 × 25 mm × 5 μm) with water (0.05% ammonia hydroxide (v/v)-CAN) to 
produce AZ1 (231.88 mg, 0.55 mmol, 41.4% yield, 99.4% purity) as a white solid.

The generated compound (5 mg) was dissolved in MeOH (0.1 ml) and loaded 
onto a column (XBridge C18, 3.0 × 50 mm, 3.5 μm) on an LC-20 AB instrument 
(SHIMADZU). The mobile phase consisting of 0.025% NH3·H2O in water (v/v) (A) 
and acetonitrile (B) ran at a rate of 1.2 ml min−1. The gradient was as follows: 70% 
A and 30% B for 0–3.0 min, 10% A and 90% B for 3.0–3.5 min, 70% A and 30% B 
for 3.5–4.0 min. Chromatography was detected with a photodiode array at 220 nm, 
215 nm and 254 nm.

Treatment with AZ1. AZ1 was dissolved in DMSO (100 mM, 42.2 mg ml−1) and 
aliquoted for stock until use. For treatment of cells or organoids, the stock was 
diluted with PBS and added to the culture medium and the final concentration of 
AZ1 was 5 or 10 μM. For treatment of mice, AZ1 was diluted in 100–200 μl of PBS 
and injected by gavage according to the body weight of mice (20 or 40 mg per kg 
body weight).

Study approval. All animal experiments were in accordance with protocols 
approved by the Institutional Animal Care and Use Committee of Wuhan 
University. For human samples, protocols in this study were approved by the 
Institutional Review Committees of Zhongnan Hospital of Wuhan University and 
the Medical Ethic Committee of the School of Medicine, Wuhan University.

Statistics and reproducibility. Graphs show mean ± s.d. of different mice unless 
indicated otherwise. ELISA, qRT–PCR and IHC experiments were analyzed by 
two-tailed Student’s t-test or two-way ANOVA with Bonferroni test. For animal 
survival analysis, the Kaplan–Meier method was adopted to generate graphs and 
survival curves were analyzed by log-rank analysis. RNA-seq data were analyzed by 
DESeq2 and DAVID 6.8. For correlation analysis, Pearson correlation calculations 
were performed with Prism 6. Hypergeometric test was performed for KEGG 
pathway analysis. All analyses above were performed using GraphPad Prism 6 
software. A P value (or an adjusted P value for multiple comparisons) <0.05 was 
considered statistically significant.

Reproducibility information is provided in the Reporting Summary, including 
sample size predetermination, randomization, blinding and replication. No 
statistical method was used to predetermine sample size and no data were excluded 
from the analyses. The experiments were randomized. The investigators were not 
blinded to allocation during experiments and outcome assessment.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The RNA-seq and 16S rRNA-seq data that support the findings of this study 
have been deposited in the Gene Expression Omnibus under accession codes 
GSE136727 and GSE143003, which can be found in Supplementary Tables 1 and 4, 
respectively.
Hhuman GI cancer data were derived from GEPIA (gepia.cancer-pku.cn). The 
dataset derived from this resource that supports the findings of this study is 
available at http://gepia.cancer-pku.cn/detail.php?gene=USP25### (cutoff-high, 
75%, cutoff-low, 25%; datasets: COAD, READ, STAD). Source data for Figs. 
1–7 and Extended Data Fig. 1–8 have been provided as Source Data Figs. 1–7 
(numerical source data), Source Data Extended Data Figs. 1–8 (numerical source 
data), Source Data Figs. 1–3 and 6–7 (uncropped gels) and Source Data Extended 
Data Figs. 2 and 5 (uncropped gels). All other data supporting the findings of this 
study are available from the corresponding author upon reasonable request. Source 
data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | USP25 deficiency inhibits DSS-induced colitis independently of type I IFN signaling. (a, b) Body weight change (a) and gross 
morphological change and lengths of colons (b) of Usp25-/-Ifnar1-/- mice (n = 3) and Ifnar1-/- mice (n = 3) that were given 2% DSS in drinking water for 
5 d, followed by normal drinking water for another 4 d. (c) Representative histological images (left) and pathological scores (right) of H&E stained 
colon sections of Usp25-/-Ifnar1-/- mice (n = 3) and Ifnar1-/- mice (n = 3) in (a). (d–f) Total cell number (d), representative flow cytometry images and 
analysis of the percentages and cell number of neutrophils (CD11b+Gr-1+) and macrophages (CD11b+F4/80+) (E), CD8+, CD4+, CD3+CD4+IFNγ+, 
CD3+CD4+IL−17γ+, and CD3+CD4+Foxp3+ cells (f) from lamina propria in Usp25+/+ (n = 3) and Usp25-/- (n = 3) mice that were given 2.5% DSS in drinking 
water for 5 d, followed by normal drinking water for another 3 d. (g–i) Total cell number (g), representative flow cytometry images and analysis of the 
percentages and cell number of neutrophil (CD11b+Gr-1+) and macrophage (CD11b+F4/80+) (h), CD8+, CD4+, CD3+CD4+IFNγ+, CD3+CD4+IL-17γ+, 
and CD3+CD4+Foxp3+ cells (i) of lamina propria from Usp25-/-Ifnar1-/- mice (n = 3) and Ifnar1-/- mice (n = 3) that were given 2% DSS in drinking water 
for 5 d, followed by normal drinking water for another 3 d. *P < 0.05; **P < 0.01 (two-tailed student’s t-test). Scale bars represent 0.4 mm. Data are 
representative of two independent experiments (Graphs show mean ± S.D.). Numerical source data for the experiments in this figure can be found in 
Numerical_Source_Data_Extended_Data_Fig.1.
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Extended Data Fig. 2 | USP25 deficiency in hematopoietic cells does not affect immune cell homeostasis or differentiation in the colon lamina propria 
after DSS treatment. (a) Flow cytometry analysis of the blood from irradiated CD45.1+ mice that were adoptively transferred Usp25+/+ (n = 5) and 
Usp25-/- (n = 5) bone marrow cells (1×106) (CD45.2+) for 6 weeks. (b–d) Total cell number (b), representative flow cytometry images and analysis of 
the percentages and cell number of neutrophil (CD11b+Gr-1+) and macrophage (CD11b+F4/80+) (c), CD8+, CD4+, CD3+CD4+IFNγ+, CD3+CD4+IL-17γ+, 
and CD3+CD4+Foxp3+ cells (d) of lamina propria from mice in (a) that were given 2.5% DSS in drinking water for 5 d, followed by normal drinking water 
for another 3 d. (e) qRT-PCR analysis of Usp25 mRNA levels (left graph) (n = 4 for each time point) and immunoblot analysis (n = 2 for each time point) 
of USP25 protein in colon epithelial cells isolated from wild-type mice treated with 2.5% DSS for 0–4 d. Data are representative of two independent 
experiments (Graphs show mean ± S.D., two-tailed student’s t-test.). Uncropped immunoblot images are shown in Uncropped_gels_Extended_Data_Fig.2. 
Numerical source data for the experiments in this figure can be found in Numerical_Source_Data_Extended_Data_Fig.2.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | USP25 deficiency inhibits DSS-induced colitis dependently on gut bacteria. (a) Gene set enrichment analysis of IRF-dependent 
genes of Usp25+/+ (n = 2) and Usp25-/- (n = 2) mice that were given 2.5% DSS in drinking water for 5 d, followed by normal drinking water for another 2 d. 
(b) qRT-PCR analysis of IRF-dependent genes in the colons of Usp25+/+ (n = 2 at day 0, n = 4 at day 4 and 6) and Usp25-/- (n = 2 at day 0, n = 4 at day 4 
and 6) mice that were given 2.5% DSS in drinking water for 4 or 6 d. (c) qRT-PCR analysis of the indicated genes in the colons from Usp25-/-Ifnar1-/- (n = 3) 
and Ifnar1-/- (n = 3) mice that were given 2% DSS in drinking water for 5 d, followed by normal drinking water for another 3 d. (d) A scheme of antibiotics 
treatment and colitis induction. Mice were fed with sterile water containing ampicillin (1 g/L), metronidazole (1 g/L), vancomycin (0.5 g/L), and neomycin 
(1 g/L). Four weeks later, the mice were used for 2% DSS-colitis analysis. (e) Survival of Usp25+/+ (n = 6) and Usp25-/- (n = 8) mice treated as in (d).  
(f, g) Body weight change (f), gross morphological change and lengths of colons, and representative H&E stained colon sections (g) of Usp25+/+ (n = 7) 
and Usp25-/- (n = 6) mice that were treated as in (d). (h) qRT-PCR analysis of the indicated genes in the colons of Usp25+/+ (n = 3) and Usp25-/- (n = 3) 
mice that were treated as in (d). *P < 0.05; **P < 0.01; ***P < 0.001 (two-tailed student’s t-test). Scale bars represent 0.4 mm. Data are representative of 
two (b, c, h) and combined two (e–g) independent experiments (Graphs show mean ± S.D.). Numerical source data for the experiments in this figure can 
be found in Numerical_Source_Data_Extended_Data_Fig.3.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | USP25 deficiency potentiates bacterial infection-induced expression of cytokines. (a) Image (left) and cell number (right) of 
spleens from Usp25+/+ (n = 4) and Usp25-/- (n = 4) mice that were orally infected with C rodentium (1 ×109 CFU) for 14 days. (b, c) Flow cytometry analysis 
of spleenocytes strained with fluorescence-conjugated antibodies against the indicated surface from mice in (a) (n = 4). (d, e) qRT-PCR analysis of the 
expression of the indicated genes in the colons from Usp25+/+ (n = 3) and Usp25-/- (n = 3) mice that were orally infected with C rodentium (1 ×109 CFU) 
for 14 days (d) (n = 3 for Usp25+/+; n = 4 for Usp25-/-) or S typhimurium (1 ×107 CFU) for 6 days (e) (n = 5). (f, g) qRT-PCR analysis of the expression of 
the indicated genes in Usp25+/+ and Usp25-/- colon organoids (n = 3, technical replicates) that were infected with C rodentium and S typhimurium (CFU of 
5×106 or 1×107) for 1 h (f) or stimulated with LPS (10 mg/ml) for 0–8 h (g). (h) Immunohistochemistry analysis (IHC) of USP25 and fluorescent in situ 
hybridization (FISH) of F. nucleatum in human colorectal cancer tissues (n = 18 for the + or - groups). (i) Correlation analysis (left) and representative 
images (right) of USP25 protein levels (IHC) and F. nucleatum colonization (FISH) in CRC tissues (n = 18). Scale bars represent 0.2 mm. (j) qRT-PCR 
analysis of the expression of USP25 in the colons from Usp25+/+mice day (n = 4 for each time point) that were orally infected with C rodentium (1 ×109 
CFU) at 0, 5, 10 day. (k) qRT-PCR analysis of the expression of USP25 in the colons from Usp25+/+mice day (n = 4 for each time point) that were orally 
infected S typhimurium (1 ×107 CFU) at 0, 2, 4. (l) Representative images and tumor counts of colons from ApcMin/+ (n = 10) and ApcMin/+ Usp25-/- (n = 7) 
mice that were daily fed with F. nucletum (1 ×108 CFU) for 8 weeks beginning at 6 weeks of age. (m, n) FISH (m) and statistical (n) (n = 10 mice for ApcMin/+; 
n = 3 mice for ApcMin/+ Usp25-/-) analysis of F. nucleatum of colon tumors from mice in (l). Black scale bars represent 2 mm. Red scale bars represent 0.1 mm. 
*P < 0.05; **P < 0.01; ***P < 0.001 (two-way ANOVA for j and k; two-tailed student’s t-test for a–e, h, l and n). Data are representative of two independent 
experiments (Graphs show mean in f and g or mean ± S.D. in a–e, h, j–n). Numerical source data for the experiments in this figure can be found in 
Numerical_Source_Data_Extended_Data_Fig.4.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Negative correlation of USP25 expression level and prognosis of gastrointestinal cancers. (a) The correlation of USP25 transcript 
expression with overall survival in gastrointestinal cancer patients (n = 187 for USP25 high and low patients, GEPIA database). (b) Immunoblot analysis of 
USP25 in the colon tumors from Usp25+/+ mice after AOM/DSS induction for 12 weeks (left), Vil-Cre;Trp53fl/fl mice at the 20th week after the first AOM 
injection (middle), or ApcMin/+ mice at 20-week-old (right). (c) qRT-PCR analysis of the expression of the indicated genes in the colon from Usp25+/+ (n = 5) 
and Usp25-/- (n = 5) mice after AOM/DSS induction for 9 weeks. (d-f) qRT-PCR analysis of the expression of the indicated genes in the colon tumors from 
Usp25+/+ (n = 5) and Usp25-/- (n = 5) mice after AOM/DSS induction (d), Vil-Cre;Trp53fl/fl (n = 6) and Vil-Cre;Trp53fl/flUsp25-/- (n = 6) mice at the 18th week 
after the first AOM injection (e), or ApcMin/+ (n = 5) and ApcMin/+Usp25-/- (n = 5) mice at 5-month-old (f). (g) qRT-PCR of the Wnt signaling genes in the 
Usp25+/+ (n = 3, technical replicates) and Usp25-/- (n = 3, technical replicates) colon organoids stimulated with Wnt3a (50 ng/ml) for 4 h. (h) Immunoblot 
analysis of the indicated proteins in Usp25+/+ (n = 3, technical replicates) and Usp25-/- (n = 3, technical replicates) colon organoids that were left untreated 
or stimulated with Wnt3a (50 ng/ml) for 4 h. (i) IHC images and the intensity quantification of Axin2, SOCS3, pStat3 and TNKS proteins in small intestine 
tumors from ApcMin/+ (n = 6) and ApcMin/+Usp25-/- (n = 6) mice at 5-month-old. (j, k) Immunoblot analysis and the intensity quantification of the indicated 
proteins in tumors from Usp25+/+ (n = 6) and Usp25-/- (n = 6) mice after AOM/DSS induction (j), or Vil-Cre;Trp53fl/fl (n = 5) and Vil-Cre;Trp53fl/flUsp25-/- 
(n = 5) mice at the 18th week after the first AOM injection (k). *P < 0.05; **P < 0.01; ***P < 0.001 (two-way ANOVA for g; two-tailed student’s t-test for c–f, 
i, j, k). Red and black scale bars represent 50 mm and 1 mm, respectively. Data are representative of at least three independent experiments (Graphs show 
mean in g or mean ± S.D. in c–f and i–k). Uncropped immunoblot images are shown in Uncropped_gels_Extended_Data_Fig.5. Numerical source data for 
the experiments in this figure can be found in Numerical_Source_Data_Extended_Data_Fig.5.
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Extended Data Fig. 6 | Synthesis and toxicity analysis of aZ1. (a, b) IHC images of USP25, b-Catenin, SOCS3 and pSTAT3 proteins (a) in patient CRC 
tissues (n = 36) and correlation analysis of USP25 with b-Catenin, SOCS3 and pSTAT3 proteins expression level (b). (c, d) The synthetic method (c) and 
HPLC chromatography (d) of the inhibitor AZ1. (e, f) Weight change (e) and images of spleens and lymph nodes (f) of 7-week-old male Usp25+/+ (n = 5) 
and Usp25-/- (n = 5) mice that were daily injected of PBS or AZ1 (40 mg/kg body weight) by gavage. Scale bars represent 0.4 mm. Data are representative 
of two experiments (a, e, f) (Graphs show mean ± S.D., two-tailed student’s t-test). Numerical source data for the experiments in this figure can be found 
in Numerical_Source_Data_Extended_Data_Fig.6.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Selectivity analysis of aZ1 on USP25. (a, b) qRT-PCR analysis of the expression of the indicated genes in Usp25+/+ (n = 3, technical 
replicates) and Usp25-/- (n = 3, technical replicates) colon organoids infected with C. rodentium (a) or treated with Wnt3a (50 ng/ml) (b) in the presence 
or absence of AZ1 (10 mM) stimulation for 4 h. (c) Growth rate (as indicated by the OD600 values) of different bacteria that were inoculated to fresh LB 
culture medium (1:200) for the indicated time points after overnight culture (n = 3, technical replicates). (d) Shannon diversity (left), bacterial relative 
abundance (middle) and PCoA analysis from 16 S rRNA seq in feces of WT mice fed with PBS (n = 5 mice) or AZ1 (n = 5 mice) for 15 days. (e) Shannon 
diversity (left), bacterial relative abundance (middle) and PCoA analysis from 16 S rRNA seq in feces of WT mice treated by 2.5% DSS for 5 d followed 
by normal water for 2d in the presence of PBS (n = 4 mice) or AZ1 (n = 5 mice) by gavage. (f, g) Body weight change (f) and gross morphological 
change and lengths of colons (g) of Usp25-/- mice that were given 2.5% DSS in drinking water for 5 d, followed by normal drinking water for another 2 
d in the presence or absence of seven successive daily gavage of PBS (n = 8 mice) or AZ1 (40 mg/kg) (n = 8 mice). (h, i) Weight change (h) and image 
and colon lengths (i) of Il10-/- mice (8-week old) housed in conventional open cage conditions and injected with PBS (n = 9 mice) or AZ1 (40 mg/kg) 
(n = 11 mice) by gavage every three days starting from 12-week old for 8 successive weeks. (j, k) qRT-PCR of the distal colon tissues (j) (n = 5 mice for 
PBS and AZ1 groups) and HE staining of colon (g) (PBS, n = 9 mice; AZ1, n = 11 mice) of Il10-/- mice treated as in (h). *P < 0.05; **P < 0.01; ***P < 0.001. 
(two-tailed Student’s t-test). Scale bars represent 300 μm. Data are representative of three (a–e) or two (j) independent experiments or combined two 
independent experiments (f–i) (Graphs show mean in a-c or mean ± S.D. in d-j). Numerical source data for the experiments in this figure can be found in 
Numerical_Source_Data_Extended_Data_Fig.7.
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Extended Data Fig. 8 | aZ1 has minimal effect on colon tumorigenesis in the USP25 deficient background. (a) A scheme of colon tumor induction in 
Vil-Cre;Trp53fl/flUsp25-/- mice (upper). Representative images and tumor counts of colons from Vil-Cre;Trp53fl/flUsp25-/- mice that were weekly injected 
with AOM (10 mg/kg) for six successive weeks, followed by injection of PBS (n = 6 mice) or AZ1 (20 mg/kg) (n = 6 mice) by gavage every three days 
from 12th to 18th weeks after initial AOM injection (lower). (b) qRT-PCR of the indicated genes in colon tumors from Vil-Cre;Trp53fl/flUsp25-/- mice treated 
in (a) (n = 3 mice for PBS and AZ1 groups). (c) A model for USP25 to modulate colonic infections, inflammations and colon cancer. USP25 inhibits the 
expression of anti-bacteria genes, promotes bacterial infections and inflammation in the colon, downregulates SOCS3 to facilitate activation of STAT3, 
and promotes Wnt signaling to increase the stemness of colonic epithelial cells, which are inducers of colon cancer. Pharmacologically inhibition of 
USP25 impairs inflammation, restricts bacterial infections and inhibits tumorigenesis in the colon. Two-tailed student’s t-test. Data are combination (a) or 
representative (b) of two independent experiments (Graph show mean ± S.D.). Numerical source data for the experiments in this figure can be found in 
Numerical_Source_Data_Extended_Data_Fig.8.
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