
A missense mutation in Muc2 promotes gut microbiome and
metabolome-dependent colitis-associated tumorigenesis
Giulio Verna, Stefania De Santis, Bianca N. Islam, Eduardo M. Sommella, Danilo Licastro, Liangliang Zhang, Fabiano De Almeida Celio, Emily N. Miller, Fabrizio Merciai, Vicky
Caponigro, Wei Xin, Pietro Campiglia, Theresa T. Pizarro, Marcello Chieppa, Fabio Cominelli

J Clin Invest. 2026;136(1):e196712. https://doi.org/10.1172/JCI196712.

  

Graphical abstract

Research Article Gastroenterology Inflammation

Find the latest version:

https://jci.me/196712/pdf

http://www.jci.org
http://www.jci.org/136/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI196712
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/21?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/27?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/196712/pdf
https://jci.me/196712/pdf?utm_content=qrcode


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1

Introduction
The pathogenesis of  colitis-associated cancer (CAC) is a multifacet-
ed process driven by chronic inflammation, genetic and epigenetic 
changes, dysregulated cell proliferation, oxidative stress, and alter-
ations in the gut microbiome. A significant risk factor for CAC is 
ulcerative colitis (UC), characterized by persistent inflammation of  
the colon and rectum, and whose prevalence has been rising, par-
ticularly in western and newly industrialized countries (1). Patients 
with UC with longstanding and relapsing inflammation face an 
approximately 2- to 3-fold increased risk of  developing colorectal 
cancer (CRC) (2). Despite advancements in surveillance and ther-
apy, CAC remains a high-risk condition with increased mortality, 
often requiring colectomy as a last therapeutic option (3).

Although the interface between chronic inflammation and 
carcinogenesis is an area of  active investigation, the precise mech-
anism(s) by which some, but not all, patients with UC progress to 
CAC remain unknown. This complexity arises from the challenge of  

understanding how multiple contributing factors interact, as they are 
often studied independently rather than comprehensively. Emerging 
evidence highlights a critical role for the gut microbiome and its met-
abolic byproducts in modulating CAC development (4, 5), suggesting 
that microbial interactions are essential among the multiple potential 
drivers of  CAC. The gut microbiome, a complex and dynamic eco-
system, influences intestinal homeostasis by producing microbe-de-
rived metabolites that modulate inflammation, immune function, 
and tumorigenesis (6). Dysbiosis, an imbalance in microbial compo-
sition, has been implicated in promoting a procarcinogenic environ-
ment through mechanisms such as the production of  genotoxic com-
pounds, disruption of  epithelial integrity, and induction of  chronic 
inflammation (7–9). Several experimental conditions demonstrate a 
decrease in colonic tumorigenesis under germ-free (GF) conditions, 
regardless of  the nature of  the trigger, whether genetic or chemically 
induced (10, 11). Thus, strategies including fecal microbiota trans-
plantation (FMT), probiotics, prebiotics, synbiotics, postbiotics, and 
dietary modifications have been explored to enhance the effectiveness 
of  immunotherapy by modulating the gut microbiome (12). Further-
more, the gut microbiome has been identified as both a biomarker 
and a modulator of  antitumor immunotherapy outcomes (13, 14). 
Indeed, combining modulation of  the gut microbiome with chemo-
therapy has been shown to enhance treatment efficacy in patients 
with CRC, suggesting that a synergistic approach to therapy may be 
more beneficial for these patients (15).

Colitis-associated cancer (CAC) arises from a complex interplay between host and environmental factors. In this report, we 
investigated the role of the gut microbiome using Winnie mice, an ulcerative colitis–like (UC-like) model with a missense 
mutation in the Muc2 gene. Upon rederivation from a conventional (CONV) to a specific pathogen–free (SPF) facility, Winnie 
mice developed severe colitis and, notably, spontaneous CAC that progressively worsened over time. In contrast, CONV 
Winnie mice showed only mild colitis but no tumorigenesis. By comparison, when re-derived into germ-free (GF) conditions, 
SPF Winnie mice were protected from colitis and colon tumors, indicating an essential role for the gut microbiome in the 
development of CAC in these mice. Using shotgun metagenomics, metabolomics, and lipidomics, we identified a distinct 
proinflammatory microbial and metabolic signature that potentially drives the transition from colitis to CAC. Using either 
SPF Winnie or WT (Bl/6) donors, fecal microbiota transplantation (FMT) into GF Winnie recipients demonstrated that, while 
colitis developed regardless of the donor, only FM from SPF Winnie donors resulted in CAC in recipient mice. Our studies 
present a relevant model of CAC, providing strong evidence that the microbiome plays a key role in its pathogenesis, thus 
challenging the concept of colon cancer as a strictly nontransmissible disease.

A missense mutation in Muc2 promotes gut microbiome 
and metabolome-dependent colitis-associated 
tumorigenesis
Giulio Verna,1 Stefania De Santis,2 Bianca N. Islam,1 Eduardo M. Sommella,3 Danilo Licastro,4 Liangliang Zhang,5  
Fabiano De Almeida Celio,1 Emily N. Miller,1 Fabrizio Merciai,3 Vicky Caponigro,3 Wei Xin,6 Pietro Campiglia,3  
Theresa T. Pizarro,2 Marcello Chieppa,7 and Fabio Cominelli1

1Department of Medicine, Digestive Health Research Institute, and 2Department of Pathology, Case Western Reserve University (CWRU) School of Medicine, Cleveland, Ohio, USA. 3Department of 

Pharmacy, University of Salerno, Fisciano, Italy. 4AREA Science Park, Padriciano, Trieste, Italy. 5Department of Population and Quantitative Health Sciences, CWRU School of Medicine, Cleveland, Ohio, USA. 
6Department of Pathology, University of South Alabama, Mobile, Alabama, USA. 7Department of Experimental Medicine (DiMeS), University of Salento, Lecce, Italy.

Authorship note: GV and SDS are co–first authors. MC and FC are co–senior authors.
Conflict of interest: The authors have declared that no conflicts of interest exists.
Copyright: © 2025, Verna et al. This is an open access article published under the 
terms of the Creative Commons Attribution 4.0 International License.
Submitted: June 27, 2025; Accepted: October 28, 2025; Published: November 6, 2025.
Reference information: J Clin Invest. 2026;136(1):e196712. 
https://doi.org/10.1172/JCI196712.

https://doi.org/10.1172/JCI196712


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2026;136(1):e196712  https://doi.org/10.1172/JCI1967122

metabolomic and lipidomic approaches, we characterized the omics 
profiles of  the 2 colonies (i.e., SPF Winnie and parental tumor-free 
CONV Winnie), revealing a microenvironment enriched in proin-
flammatory microbes, metabolites, and lipids that may be critical in 
transitioning from colitis to CAC in the SPF Winnie mice. Finally, 
to confirm the necessity of  gut microbiota and the related metab-
olome/lipidome in CAC pathogenesis in SPF Winnie mice, we 
performed FMT using either SPF Winnie or WT littermate control 
(Bl/6) mice as donors and GF Winnie mice as recipients. Our data 
showed that colitis was similarly observed in GF Winnie recipients, 
independent of  the donor feces. At the same time, only the trans-
fer of  SPF Winnie fecal material induced inflammation-associated 
colonic tumors, underscoring the importance — and perhaps the 
existence — of  a specific CAC-predisposing gut microbiome milieu 
in SPF Winnie mice. Therefore, in the present study, we report what 
we believe to be a previously undescribed CAC model dependent on 
a nontumor-associated genetic mutation, combined with a unique 
intestinal microbiome and metabolome. We provide convincing evi-
dence that the composition and function of  the gut microbiome play 
a nonredundant role in promoting colonic tumorigenesis through 
FMT into GF recipients harboring a genetic factor, such as Muc2, 
involved in regulating gut homeostasis and colonic inflammation.

Results
SPF Winnie mice show a protumorigenic phenotype compared with CONV 
Winnie mice. Winnie mice from a CONV facility in Italy were re-de-
rived to a SPF facility in the United States. Heterozygotic Winnie 
mice (Winnie/+) were used for breeding to obtain Winnie mice and 
their littermate WT controls (WT, Bl/6 mice) from the same breed-
ing. SPF Winnie mice developed a chronic colitis phenotype and 
CAC that increased in severity over time (Figure 1A). By compar-
ison, SPF Winnie/+ mice and their WT (Bl/6) littermates had no 
macroscopic signs of  colitis and/or CAC at any of  the time points, 
with histological scores of  0, both when cohoused and when sep-
arated. Weight comparisons between the original CONV and the 
new SPF colonies from weaning (4 weeks) to sacrifice (20 weeks) 
revealed significant differences (Figure 1B). While SPF Winnie mice 
were initially heavier at 4 weeks of  age, their growth stalled around 
8 weeks of  age, whereas CONV Winnie mice continued gaining 
weight (Figure 1B). By 12, 16, and 20 weeks, the CONV Winnie 
mice had significantly higher BWs, likely due to a worsening disease 
phenotype in the SPF Winnie mice (Figure 1, B and C). Despite no 
differences in colon length at sacrifice (data not shown), the SPF 
Winnie mice had a higher colon weight/BW ratio (Figure 1D), 
indicating colon-specific pathology. In line with this observation, a 
time-course analysis of  H&E-stained colon showed an increase in 
the histology score over time in SPF versus CONV Winnie mice 
(Figure 1E), with only mild inflammation even at later time points 
(Figure 1E). In line with the inflammatory score, tumor area bor-
ders progressively expanded over time, even at early time points (4 
weeks) (Figure 1F). Unlike the previously characterized Winnie-
APCMin/+ model (23), tumors in SPF Winnie mice were specifically 
located in the proximal and medial colon, as indicated by the light 
box and stereomicroscopic images (Figure 2A, left and right panels, 
respectively). Conversely, SPF Winnie/+ mice and Bl/6 littermates 
obtained from the same SPF-Winnie breeders did not show tumors 
or signs of  inflammation at any time points when cohoused and 

Interestingly, a recent finding suggests that alterations in both 
the gut microbiome and its metabolic products can influence the 
inflammatory environment, potentially contributing to the develop-
ment of  CAC (16). Additionally, metabolic pathway alterations may 
play a dual role in the pathogenesis of  CAC. On one hand, amino 
acid metabolism and bile acid biosynthesis have been implicated in 
driving the inflammation-to-carcinoma progression characteristic 
of  CAC (17). On the other hand, short-chain fatty acids (SCFAs), 
including acetate, propionate, and butyrate, have been shown to 
have an inverse correlation with inflammation, suggesting a poten-
tial protective effect against both chronic inflammation and CRC 
development (13). Several studies also demonstrated that lipids play 
a key role in CAC by influencing inflammation, immune respons-
es, and tumor progression. Proinflammatory lipid mediators regu-
late inflammatory pathways associated with cancer development 
(18) and are present in colon tumors, indicating their influence on 
the tumor microenvironment (19). Additionally, dysregulated lipid 
metabolism promotes CAC progression by disrupting antitumor 
immune responses (20). Overall, these findings suggest that CAC 
develops through a multifaceted, intricate process that also involves 
the gut microbiome and its related metabolome/lipidome.

To gain deeper insights into the histopathologic and morpho-
logic changes in CAC triggered by various factors and explore 
potential treatments, different murine models have been developed, 
including chemically induced, spontaneous, genetically modified, 
and adoptive transfer models (5). While these models have provided 
key insights into UC pathogenesis, replicating the full complexity 
of  the human disease remains a significant challenge. Notably, the 
Winnie mouse strain has emerged as a promising model of  UC-like 
colitis, closely mirroring the disease’s clinical and histopathological 
characteristics. Its ability to develop spontaneous colitis due to a 
point mutation in the Muc2 gene, leading to epithelial barrier dys-
function, highlights the critical role of  barrier damage in triggering 
inflammation, making it a valuable tool for studying UC progres-
sion and potential therapy (21, 22). Unlike chemically or genetical-
ly induced colitis models, Winnie mice naturally exhibit complex 
interactions among immune, epithelial, and neuronal cell popula-
tions and colonic microbiota, closely mirroring the complexity of  
human UC. Additionally, their spontaneous, fully penetrant pheno-
type, with disease manifesting as early as 4 weeks of  age, provides 
a significant advantage over IL-10–KO and MDR1α-KO mice, in 
which colitis results from genetic deletion and is not consistently 
present in all individuals (5). Notably, before this study, despite 
exhibiting chronic and progressive inflammation in the large intes-
tine, Winnie mice, to our knowledge, had never been reported to 
develop spontaneous CAC unless crossed with APCMin/+ mice (23).

With the intent to gain a comprehensive perspective on the effect 
of  the intestinal microbiota and associated metabolome/lipidome 
in colitis-prone Winnie mice, we re-derived Winnie mice, originally 
in conventional (CONV Winnie mice) housing (5, 22), into a spe-
cific pathogen–free (SPF) facility (SPF Winnie mice). Unlike what 
we previously published on CONV Winnie mice (23), we observed 
a more severe colitis in SPF Winnie mice, even without crossing 
them with APCMin/+ mice, as we did in the prior study, and, surpris-
ingly, an early onset of  colonic tumorigenesis (at 4 weeks of  age), 
with the extent and progression of  disease increasing over time (up 
to 20 weeks of  age). Using shotgun metagenomics and untargeted 
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confirmed the presence of  neoformations protruding into the colon 
lumen of  SPF Winnie mice (Figure 2B, upper row, white-dotted 
area) located close to the splenic flexure, a mark of  the transition 
from the distal to the medial part of  the colon (24).

separated. Data collected over time demonstrate that GF Winnie 
mice and their Bl/6 counterparts did not develop tumors or inflam-
matory phenotypes (Figure 2, A and B, respectively). Similar to the 
anatomical characteristics of  human CAC, endoscopic observations 

Figure 1. Increased disease severity and emergence of colonic tumors in SPF- versus CONV-raised Winnie mice. (A) Breeding strategy used to generate 
Winnie mice and their littermate controls (Bl/6) in SPF and CONV facilities, showing the specific phenotype of SPF Winnie, Winnie/+, and WT (WT Bl/6) 
mice. (B) Weight curves of SPF vs. CONV Winnie mice measured every 4 weeks until sacrifice at 20 weeks. (C–G) Necroscopic and histological evaluations 
of colonic inflammation and tumorigenesis comparing SPF versus CONV Winnie colons. (C) Weight and (D) colon weight/BW ratio percentage of experi-
mental mice measured at the time of sacrifice. Progression of (E) disease severity over time as evaluated by a gastrointestinal (GI) pathologist blinded to 
the H&E-stained slides of colon samples, using an established scoring system. (F) Tumor area over time was calculated by Image J using a necropsy image 
of the colon taken at the time of sacrifice. (G) Representative H&E-stained images of colonic tissue from CONV (upper panel) and SPF (lower panel) Winnie  
mice at the time of sacrifice. Scale bars: 50 μm, 100 μm, and 200 μm. Original magnification, ×10 and ×20 (inset highlights dysplastic crypt [arrow]). Data 
presented in the dot plots are expressed as the mean ± SEM. *P < 0.05, **P < 0.005, ***P < 0005, and ****P < 0.0001, by unpaired 2-tailed t test or 
Mann-Whitney U test. n =12 for each experimental group.
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neutral mucin production during tumor progression (Supplemen-
tal Figure 1, D–F). Finally, expression of  several intestinal mucin 
mRNAs showed significant changes in both colonic tumor areas 
and nontumor inflamed areas in SPF Winnie mice compared with 
WT (Bl/6) controls (Supplemental Figure 1G). Altogether, these 
results underline significant alterations in mucus composition in 
SPF Winnie mice with colitis and CAC. Overall, our data empha-
size the role of  the gut microbiota in driving CAC in SPF Winnie 
mice, as reflected by increased inflammation, greater tumor bur-
den, and distinct mucosal changes, highlighting the influence of  
environmental factors on disease progression.

Specific microbial populations shape the fecal and tumoral pheno-
type of  SPF Winnie mice. Next, we performed 16S rRNA analysis 
to compare stool microbiota from 20-week-old SPF and CONV 
Winnie mice. We observed a distinct separation between SPF and 
CONV Winnie mice in terms of  α diversity, as indicated by the 
observed operational taxonomic unit (OTU) and Shannon index 
(Figure 3, A and B, respectively), as well as β diversity (Figure 
3C). The composition of  the most abundant (>1%) microbial 

Furthermore, the mucosa in tumoral areas was thicker in 
SPF Winnie mice, obscuring blood vessels visible in their litter-
mate controls as well as in both GF Bl/6 and Winnie mice (Figure 
2B, lower row). Histological analysis of  20-week-old SPF Winnie 
mice revealed dysplastic crypts and severe inflammation (Figure 
1G, middle image plus inset), whereas CONV Winnie mice only 
showed diffuse inflammation (Figure 1G, upper image). Addition-
al inflammatory features in SPF Winnie mice included crypt elon-
gation, immune infiltration, and crypt abscesses; these features 
were absent in SPF Bl/6 and GF Winnie mice (Supplemental 
Figure 1, A–C; supplemental material available online with this 
article; https://doi.org/10.1172/JCI196712DS1). PAS-Alcian 
blue staining confirmed a general reduction of  mucus-secreting 
cells and loss of  acid mucins (Alcian blue staining) in SPF Win-
nie mice compared with SPF Bl/6 and GF Winnie mice (Sup-
plemental Figure 1, D–F). Moreover, aberrant crypts exhibited a 
unique PAS staining pattern, characterized by a reduced number 
of  mucus-secreting cells along the epithelium and a concentrat-
ed magenta staining in the crypt centers, indicating a shift toward 

Figure 2. Development of colon tumors in SPF Winnie mice is dependent on the presence of gut microbiota. (A) Representative light box images (left 
panels) and stereomicroscopic images (right panels) of fresh and fixed, respectively, 20-week-old SPF and GF WT (Bl/6) and Winnie colons. (B) Repre-
sentative endoscopic images of colons of 20-week-old SPF (left panels) and GF (right panels) Bl/6 and Winnie mice using white light (upper panels) and 
narrow band imaging (NBI) (lower panels). The white-dotted outline highlights the representative tumor area.
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genera from SPF and CONV Winnie mice is indicated by the 
pie charts shown in Figure 3D. Specifically, we found signifi-
cant upregulation of  Prevotellaceae_UCG-NK3B31, Faecalibaculum, 
Dubosiella, Lachnospiraceae_UCG-006, and Anaerosporobacter genera 
in SPF versus CONV Winnie mice, while an opposite regulation 
was detected for the genus Prevotellaceae_UCG-001 (Figure 3E). 
We also compared tumor-associated microbiota with nontumor 
mucosa without observing differences in β diversity (Figure 3F). 
Looking at the most abundant microbial genera composition in 
this comparison (Figure 3G), we found that 4 genera were dif-
ferentially represented in SPF Winnie mice. Specifically, Gastra-
naerophilales, Rhodospirillales, and Lachnospiraceae_AC2044 genera 
were less abundant, whereas Alloprevotella was more abundant in 
tumors compared with nontumor mucosa of  SPF Winnie mice 
(Figure 3H). Overall, these results reveal specific bacterial genera 
that were differentially enriched in SPF Winnie mice, suggesting a 
potential link between microbiota alterations and tumor progres-
sion in these mice.

Stool metabolomics and lipidomics highlight alter sphingolipid and 
nucleotide metabolism in SPF Winnie mice. We conducted metab-
olomics and lipidomics analyses of  stool samples from 20-week-
old SPF and CONV Winnie mice. Principal component analysis 
(PCA) revealed 2 distinct clusters corresponding to the experimen-
tal groups (Figure 4A). The volcano plot identified 300 metabolites 
and lipids that were significantly enriched (Figure 4B, blue) and 76 
that were decreased (Figure 4B, gray) in SPF mice compared with 
CONV Winnie mice. Enrichment analysis of  the top 25 metabo-
lites linked these metabolites to inflammatory bowel disease (IBD), 
inflammation, cancer, and autoimmune disorders (Figure 4C), with 
further associations with nucleotide metabolism and bioenergetic 
pathways (Figure 4D). The heatmap confirmed the distinct sepa-
ration of  the top 50 significant metabolites and lipids in fecal sam-
ples from the 2 groups (Figure 4E). Supplemental Figure 2 presents 
dot plots of  some of  the most significant metabolites and lipids. 
The dot plots in Figure 4, C and D, provide an overview of  the 
enriched metabolite sets, where the size of  the dots per metabolite 
set indicates the enrichment ratio, and the color intensity indicates 
the P value. Among the major lipid classes that were differentially 
abundant between SPF and CONV Winnie mice, sphingolipids — 
particularly ceramides (CerS), hexosylceramides (HexCerS), and 
sphingomyelins (SMs) — were the most modulated subclasses. SPF 
mice had higher fecal levels of  SMs, HexCerS, and CerS.

Additionally, lysophosphatidylcholines (LPCs) and lysophos-
phatidylethanolamines (LPEs) were significantly more abundant in 
SPF feces (P < 0.0001). As for the polar metabolome, we observed 
a pronounced alteration in purine and pyrimidine nucleotide 
metabolism. The levels of  adenosin-3′-monophosphate (AMP), 

cytidine-3′-monophosphate (CMP), guanosine-5′-monophosphate 
(GMP), and uridine-5-monophosphate (UMP) were all elevated in 
SPF mice, suggesting an upregulation of  nucleotide metabolism, 
which is often associated with tumor growth. Consistently, we found 
that NAD+ levels were also increased in SPF mice, reflecting higher 
metabolic demands, as cancer cells require significantly more NAD+ 
than normal cells to sustain their elevated energy consumption.

Shotgun metagenomic analysis reveals distinct microbial profiles 
and metabolic pathways in SPF and CONV Winnie mice. To build on 
insights from 16S sequencing, we performed shotgun sequencing of  
20-week-old SPF and CONV Winnie mice. This analysis revealed 
a clear distinction between the 2 experimental groups, as demon-
strated by the PCA score plot (Figure 5A) and microbial species 
clustering in the heatmap (Figure 5B). Despite these differences, 
we observed a close phylogenetic relationship among the most 
abundant and differentially represented species in SPF and CONV 
Winnie mice (Figure 5C). Examining the significantly regulated 
microbial species, we found that Duncaniella muris, Muribaculum 
intestinale, Parabacteroides distasonis, Phocaeicola sartorii, Lactobacillus 
taiwanensis, and Faecalibaculum rodentium were more abundant in 
CONV Winnie stool samples (Figure 5D). Interestingly, tumor-as-
sociated species such as Alistipes finegoldii, Phocaeicola vulgatus, and 
Bacteroides fragilis were enriched in SPF Winnie mice.

Additionally, in SPF Winnie mice, Akkermansia muciniphila 
and Ligilactobacillus murinus were significantly more abundant, even 
though these 2 species are frequently reported to be protective against 
colitis and cancer. Next, we performed a functional analysis of  these 
bacterial species, which revealed an enrichment of  proinflammatory 
and iron-related pathways in the SPF group (Figure 5E). These path-
ways correlated with the bacterial species that were more abundant in 
SPF Winnie mice. In contrast, SCFA metabolism was more strongly 
associated with bacteria characteristic of  CONV Winnie mice (Fig-
ure 5F). Shotgun analysis further indicated that SPF-associated bac-
teria exhibited heightened iron capture and metabolic activity, with 
increased representation of  iron ion–binding, heme-binding, and 
iron homeostasis pathways. Additionally, we found that several of  
the most prominent pathways aligned with the elevated metabolites 
detected in our Winnie cohorts, including those involved in thiamine, 
pantoate, nucleotide, and fatty acid metabolism.

Multiomics correlation analysis reveals distinct microbial and metabolic 
profiles driving CAC in SPF Winnie mice. The use of  the same fecal 
sample for 16S rRNA-Seq, metabolomics/lipidomics, and shotgun 
sequencing enabled direct comparisons across datasets, allowing 
us to uncover meaningful relationships among microbe compo-
sition, metabolic profiles, and lipidomic changes. Specifically, we 
performed a multiomics correlation analysis, which confirmed 
distinct segregation between SPF and CONV Winnie mice, consis-

Figure 3. Microbiome composition differs in tumor-bearing SPF versus CONV Winnie mice, with differential regulation of Gastranaerophilales, Rhodo-
spirillales, Lachnospiraceae AC2044 group, and Alloprevotella. (A–E) 16S rRNA-Seq of fecal total microbiota from 20-week-old SPF (n = 12) and CONV (n = 
8) Winnie mice. (A) Observed operational taxonomic unit (OTU), (B) Shannon diversity index, and (C) PCA were assessed in the 2 experimental groups. (D) 
Pie charts for SPF (right) and CONV (left) Winnie stool, indicating percentages of the most abundant genera (>1%). (E) Relative abundance (expressed as a 
percentage) of significantly represented genera in the stools of 20-week-old SPF (n = 12) and CONV (n = 8) Winnie mice. (F–H) 16S rRNA-Seq of nontumor 
and tumor-associated microbiota from 20-week-old SPF Winnie mice. (F) PCA with (G) pie charts depicting nontumor mucosa (upper) and tumor-associ-
ated mucosa (lower), showing percentages of the most abundant genera (>1%) and the (H) relative abundance (expressed as a percentage) of significantly 
represented genera in SPF Winnie. Data presented in the dot plots are expressed as the mean ± SEM. n = 12 for each experimental group. *P < 0.05, ***P < 
0.0005, and ****P < 0.0001, by unpaired 2-tailed t test or Mann-Whitney U test.
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Figure 4. Metabolipidomics profiling of 
stool samples from 20-week-old SPF 
and CONV Winnie mice reveals distinct 
metabolomic and lipidomic alterations. 
Metabolipidomics of stools from 20-week-
old CONV and SPF Winnie mice shown by 
(A) score plot of PCA analysis relative to 
metabolipidomics and (B) volcano plot 
indicating significantly increased (blue) 
and decreased (red) metabolites and 
lipids in SPF Winnie mice. (C) Quantitative 
enrichment analysis overview showing 
the top 25 related diseases, (D) metabolic 
pathways ranked according to P value (0.0 
equals < 0.05) and fold enrichment, and 
(E) heatmap for the top 50 significant 
metabolites and lipids of SPF relative to 
CONV Winnie mice.
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Figure 5. Shotgun analysis identifies bacterial strains and related pathways driving a protumorigenic phenotype in SPF versus CONV Winnie mice. 
Fecal samples from 20-week-old SPF versus CONV Winnie mice were analyzed and are presented by (A) PCA, (B) heatmap of the most abundant bacterial 
species (>1%), (C) circular dendrogram highlighting significantly different bacterial species, and (D) dot plots showing the relative abundance (expressed as 
a percentage) of the most abundant species. (E) Enrichment fold change of specific pathways relevant in colitis and colitis-associated cancer, comparing 
fecal material from SPF and CONV Winnie mice. (F) Spearman’s correlation between bacterial species and relevant pathways enriched in SPF versus CONV 
Winnie mice. Data presented in the dot plots are expressed as the mean ± SEM. n = 8 for each experimental group. *P < 0.05, **P < 0.005, ***P < 0.0005, 
and ****P < 0.0001 by unpaired 2-tailed t test or Mann-Whitney U test.

https://doi.org/10.1172/JCI196712
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relationship between microbial composition and metabolic alter-
ations in SPF Winnie mice. These findings offer a comprehensive, 
systems-level perspective on the microbial and metabolic shifts in 
SPF Winnie mice, underscoring the intricate interplay between the 
gut microbiota and host metabolism in CAC development.

FMT from SPF Winnie, but not SPF Bl/6 mice, specifically increases 
the dysplasia index in GF Winnie mice. To confirm the role of  micro-
biota in CAC onset in SPF Winnie mice, we performed FMT by 
transferring stool from 20-week-old SPF Winnie mice or their age-
matched parental control (SPF Bl/6) into GF Winnie mice. GF 
Bl/6 recipient mice served as negative controls (Figure 7A). Specif-
ically, FMT was performed by gavage (40 mg/mL) four times over 

tent with patterns observed in individual analyses when all datasets 
were combined (Figure 6A). A 2D projection further validated this 
separation, reflecting the clustering trends identified in the indepen-
dent analyses (Figure 6B). Focusing on dimension 1, the average 
distances between the principal coordinates are noticeably larger 
in the SPF group compared with the CONV group. Moreover, we 
observed strong positive correlations between differentially abun-
dant bacterial genera, metabolites, and lipids across the groups (Fig-
ure 6C). The differential contributions of  specific genera, lipids, and 
metabolites to the SPF and CONV Winnie phenotypes are shown in 
Figure 6D and suggest distinct microbial and metabolic signatures 
associated with each condition. This indicates a potential functional 

Figure 6. Integration of multiomics analyses shows a strong correlation between metabolomics, lipidomics, and bacterial genera. (A) Heatmap 
represents the correlation structure extracted from the 4 omics datasets. The correlation of each original feature pair is determined by each of their 
correlations with the components from the integrative method. (B) Arrow plots depict the similarities and discrepancies between a given sample across 
the 4 datasets, which can be seen (refer to the legend) . Short arrows indicate strong agreement between datasets, while long arrows highlight significant 
disagreement. Each sample is represented by a centroid and associated with 4 data types. (C) The circos plot depicts the correlations between each feature 
of each dataset. The top selected features of each dataset are shown. Lines are only drawn for correlations above 0.8 (cutoff = 0.8) to reduce visual clutter. 
(D) The loading generated from the PLS-DA applied to the multiomics data highlights the variables that discriminate between treatment conditions. Blue 
indicates the SPF group, and red represents the CONV group. n = 8 for each experimental group.
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Figure 7. FMT using SPF Winnie and Bl/6 donors indicates that tumor development depends on Winnie, not Bl/6, recipient genotype. (A and B) FMT 
experimental design (A) and timeline (B) involving FMT from SPF Winnie and Bl/6 donor mice into GF Winnie and Bl/6 recipient mice. (C) Changes in 
weight of experimental mice over time and (D) colon weight/BW ratio (expressed as a percentage) measured at sacrifice. (E) Representative white light 
endoscopic images (left panels) of GF Winnie recipient mice receiving donor fecal microbiota from SPF Winnie (lower left panel) or SPF Bl/6 mice (upper 
left panel), with associated endoscopic scores (right panel). (F) Representative H&E-stained images of experimental groups (original magnification, ×10; 
scale bars: 100 μm and 200 μm), with associated histological assessment of (G) inflammation and (H) dysplasia, as evaluated by a GI pathologist blinded 
to the H&E-stained slides of colon samples, using an established scoring system. Data presented in the histograms are expressed as the mean ± SEM. *P 
< 0.05 and **P < 0.005, by ordinary 1-way ANOVA with Tukey’s multiple-comparison or Kruskal-Wallis test followed by Dunn’s test. Stool homogenates 
were pooled from n = 4 donor mice, with n = 3–8 recipient mice for each experimental group.
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Microscopically, SPF Winnie mice showed increasing signs of  
inflammation in their colon, with dysplastic lesions appearing in 
4-week-old mice. Lesions that grew slowly and steadily with age in 
mice, similar to those in patients with CAC (30), showed a steep 
increase at 20 weeks of  age, concurrent with a higher dysplasia 
grade. On the other hand, CONV Winnie mice did not develop 
any tumors but only mild inflammation. Thus, differences in the 
microenvironment and in the housing facility led to distinct phe-
notypes; increased inflammation and the formation of  dysplastic 
lesions might have been caused by the SPF facility being cleaner 
than the CONV one, thereby perturbing the intestinal microbiota.

One of  the most striking aspects of  our model is the unique 
microbiome composition we identified through 16S rRNA sequenc-
ing. Despite and almost identical α diversity, β diversity changed dra-
matically, as evidenced by the clear separation of  the 2 Winnie pop-
ulations on the PCA plot; moreover, several bacterial genera were 
differentially represented in the stools of  these mice. Within the 
Bacteroidetes phylum, we noticed an opposite abundance for Prevotel-
laceae-UCG001 and Prevotellaceae NK3N31. The first was significantly 
less represented in the SPF Winnie microbiota, whereas the second 
was absent in CONV mice and more than 9% in the SPF Winnie 
mice. Both groups are associated with fiber consumption and SCFA 
production; however, Prevotellaceae-UCG001 has recently been linked 
to inhibition of  colorectal cancer progression in FMT experiments 
(12). Faecalibaculum, significantly more represented in the SPF-Win-
nie fecal material, is a lactic acid producer with a disputed role in 
colon cancer. It is possible that the abundance of  lactic acid in the 
lumen affects luminal pH, alters gut metabolism, and promotes the 
tumor microenvironment (31). Faecalibaculum has been suggested as 
a marker of  CRC. Nonetheless, its role in SCFA production may 
support the idea of  a prohomeostatic switch to pathogenic under 
particular conditions (32). Similarly, other SCFA-producing groups 
known for their antiinflammatory and tolerogenic potential (33–35), 
including Dubosiella, Lachnospiraceae UCG-006, and Anaerosporobacter, 
were increased in the SPF-Winnie fecal material. The hampered 
immune response may indeed accelerate tumor growth.

When we looked at the tumor-associated microbiota, we noticed 
that Alloprevotella was significantly higher in CAC tissue than the 
paired normal tissue of  SPF Winnie, similar to what was previously 
reported in humans (36). Gastranaerophilales, Lachnospiraceae AC2044, 
and Rhodospirillales were reduced considerably in the healthy tissue 
of  SPF Winnie mice, but their functional role is not fully elucidated. 
These bacteria may be associated with dysplastic mucosa or part of  
the mucosal biofilm that promotes tumor growth (37).

We performed stool metabolomics and lipidomics analy-
ses of  the same samples to gain a deeper insight into microbial 
activity. Similarly to what was observed for the 16S sequencing, 
samples from the SPF and CONV colonies separated well on the 
PCA plot. We identified several more abundant metabolites in 
SPF Winnie mice, related to energy production and amino acid 
recycling pathways. Among the metabolites related to nucleo-
tide metabolism, adenosine 3′-monophosphate and adenosine 
3′,5′-cyclic monophosphate were the most strongly detected in 
SPF Winnie, confirming what was previously reported in a fecal 
sample metabolomics analysis from patients with CRC (38). 
There is evidence that most of  the metabolites we detected are 
produced in areas of  ongoing inflammation, as immune cells uti-

2 weeks, and mice were sacrificed 4 weeks after the first gavage (Fig-
ure 7B). Weight monitoring revealed a trend of  weight reduction in 
recipients of  SPF Winnie mouse stool, regardless of  the recipient’s 
(GF Winnie or GF Bl/6) (Figure 7C). At sacrifice, the GF Winnie 
mice that received SPF Winnie stool had a higher colon weight/
BW ratio compared with those transplanted with SPF Bl/6 stool 
(Figure 7D). Endoscopic analysis showed an increased score for 
GF Winnie mice transplanted with both SPF Winnie and SPF Bl/6 
stools, although no significant difference was observed between 
these groups (Figure 7E).

Furthermore, histological analysis identified dysplastic lesions 
in GF Winnie mice transplanted with both SPF Bl/6 and SPF Win-
nie stools, although the lesions were larger in those receiving SPF 
Winnie stools (Figure 7F). Of  note, while the colonic inflammato-
ry score did not differ between GF Winnie mice transplanted with 
SPF Winnie or SPF Bl/6 stools (Figure 7G), the dysplasia index 
was significantly higher in GF Winnie mice transplanted with SPF 
Winnie stool compared with that for GF Winnie mice transplanted 
with stools from SPF Bl/6 (Figure 7H). In line with these results, 
GF Bl/6 mice receiving stool from either SPF Winnie or SPF Bl/6 
mice showed no weight reduction (Figure 7C), no changes in the 
colon weight/BW ratio (Figure 7D), and a null score for endosco-
py, inflammation and the dysplasia index (Figure 7, E, G, and H). 
These findings suggest that the microbiota from SPF Winnie mice 
played a crucial role in promoting CAC development in a geneti-
cally susceptible host.

Discussion
Here, we describe a relevant model of  early-onset CAC dependent 
on the gut microbiome and its metabolites. Following rederivation 
into an SPF facility, Winnie mice exhibited a more severe colitis phe-
notype and, notably, spontaneous CAC at as early as 4 weeks of  age. 
In contrast, CONV Winnie mice developed only mild colitis as pre-
viously reported in other facilities (5), with no overt signs of  tumor-
igenesis. We demonstrated the essential role of  the gut microbiome 
by observing that GF Winnie mice were protected from colitis and 
colon tumor development. Using shotgun metagenomics, metabolo-
mics, and lipidomics, we characterized a distinct proinflammatory 
microbial and metabolic signature that potentially drives the tran-
sition from colitis to CAC. FMT using either SPF Winnie or WT 
(Bl/6) donors into GF Winnie recipients demonstrated that, while 
colitis developed regardless of  donor, only FMT from SPF Win-
nie donors resulted in CAC, revealing a critical microbiota-driven, 
host-specific susceptibility to tumorigenesis in this model.

Compared with CONV Winnie mice, SPF Winnie mice showed 
decreased BW, but increased colon weight. This was mainly due to 
increased inflammation and a larger tumor area. Indeed, SPF Win-
nie mouse colons had tumors in the proximal and medial parts, 
a feature resembling what is often observed in the ascending and 
transverse portions of  patients with CAC (25, 26). Furthermore, the 
macroscopic features of  these tumors were comparable to those of  
flat and serrated adenomas, which are typical of  CAC (27). The dys-
plastic lesions had an early onset, consistent with the incidence of  
CAC in patients with IBD (28), unlike those with sporadic CRC or 
previously established models of  CAC, like azoxymethane/dextran 
sodium sulfate (AOM/DSS) or Winnie/APCmin/+ mice, in which 
tumors appear as polyps and have a late onset in patients (29).
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role in cancer overlaps with our correlation. To further confirm the 
microbial signature of  the SPF Winnie phenotype, we performed 
FMT experiments using GF Winnie mice. We transplanted the 
whole SPF Winnie stool into GF Winnie and Bl/6 recipients. GF 
Winnie recipients exhibited colonic inflammation, initial tumor 
formation, and dysplasia, whereas SPF Bl/6 microbiota mitigat-
ed this outcome. Our model stands out as a suitable recipient of  
FMT, exhibiting consistent microbial engraftment and replicating 
the donors’ phenotype well, consistent with previous results (7, 
12). The stool microbiota were responsible for the formation of  
dysplastic lesions, which resembled those observed macroscopical-
ly and microscopically in the stool donors. Despite these encour-
aging results, further studies are necessary to determine whether 
a specific group of  bacteria induces this phenotype or whether it 
results from a larger bacterial community. Previous results by our 
group lean toward the second hypothesis — that biofilm and bac-
teria are indeed responsible for increased intestinal inflammation 
— thus, the SPF tumorigenesis is likely to originate from a network 
of  bacteria species that is absent in CONV mice and that exploits 
“good” bacteria metabolites and their immunosuppressive abilities 
to trigger intestinal inflammation and cancer onset (12, 56). Other 
environmental differences between the CONV and SPF facilities, 
such as water, diet, and light cycles, may also explain the diverse 
phenotypes observed in the 2 colonies.

There is a relative paucity of  murine models that faithfully 
recapitulate CAC. The most widely used approach is the chemical-
ly induced AOM/DSS model, which relies on repeated cycles of  
DSS-driven epithelial injury combined with the carcinogen AOM. 
While highly informative, this model does not fully mimic the spon-
taneous development of  the colitis-associated neoplasia observed in 
patients. By contrast, the SPF Winnie mouse model described here 
represents an important advance, as tumorigenesis arose in the con-
text of  a Muc2 missense point mutation — highly relevant to human 
disease, in which Muc2 variants and altered mucin biology have 
been reported in colitis. This genetic defect drives epithelial barri-
er dysfunction and chronic inflammation, with cancer progression 
strongly influenced by the microbiome, thereby integrating several 
key pathogenic processes observed in human CAC.

Importantly, neoplastic lesions in SPF Winnie mice are fre-
quently localized to the proximal transverse colon, a site that is typ-
ically involved in inflammation and dysplasia in colitis-associated 
settings. The histopathologic spectrum of  neoplasia also includes 
high-grade dysplastic lesions with a serrated morphology, a fea-
ture increasingly recognized in human CAC. Taken together, the 
Winnie model complements existing murine systems by providing 
a spontaneous, genetically driven platform that highlights epithe-
lium-microbiome interactions, proximal colon involvement, and 
serrated dysplasia — features that underscore this model’s value in 
studying pathways highly pertinent to human CAC.

Overall, our findings reveal an intricate relationship between 
specific microbial communities and metabolic profiles that differed 
significantly from established models (9, 23, 57), suggesting that 
this relevant model can provide critical insights into the pathophys-
iology of  CAC. One limitation of  our study was the inability to 
perform cohousing experiments between CONV and SPF Winnie 
mice and/or to perform FMT from CONV mice into SPF Winnie 
mice because of  specific IACUC and vivarium regulations.

lize them to sustain their activity. Next, with stool lipidomics, we 
observed an interesting perturbation in the sphingomyelin/cera-
mide pathway. Sphingomyelin is a membrane phospholipid that 
can be hydrolyzed by sphingomyelinases (SMases) to generate 
ceramide (39). SPF Winnie mice had increased sphingomyelins 
in contrast to CONV mice, which had more ceramides in their 
stool (40). Bacteroidetes rise nonsignificantly in the SPF Winnie 
and are the only sphingolipid producers in the gut microbiome 
(41). Using serine palmitoyltransferase, long chain base subunit 
2–KO (Sptlc2-KO) mice, Li et al. demonstrated that blocking the 
ceramide de novo synthesis pathway dramatically affects the 
mucus layer and E-cadherin expression in the gut, suggesting a 
direct link between ceramide and gut barrier function (42). LPC, 
which we found to be increased in SPF Winnie’s stool, is often 
linked to increased inflammation and CRC. Bacterial sphingo-
lipids are indeed associated with increased inflammation and 
cellular division, which is connected to the onset of  cancer; 
conversely, ceramides have been shown to exhibit antiinflam-
matory potential. Moreover, other metabolites we found to be 
increased in the stools of  CONV Winnie mice, such as the sterols 
ST 29:1 and ST 28:1 (stigmasterol and its derivatives), are linked 
to decreased inflammation and protection from DSS colitis (43).

To confirm that stool bacteria produce these metabolites, we 
performed a functional analysis of  shotgun metagenomics data. 
What we found was indeed a more active sphingomyelin biosyn-
thetic pathway in SPF Winnie mouse stool compared with that of  
CONV mice. Furthermore, we observed a significant increase in 
the SCFA metabolic pathway in stools from CONV Winnie mice, 
indicating that some bacteria in their microbiota were actively 
producing SCFAs with antiinflammatory effects. Moreover, SPF 
bacteria exhibited increased iron metabolism, a sign often cor-
related with more pathogenic species, which can also increase 
the risk of  cancer formation in IBD conditions. The presence of  
tumor-related and tumor-promoting bacteria was also observed 
with the shotgun analysis, in which species like Alistipes finego-
ldii (44) and Bacteroides fragilis (45–47) were more abundant in 
SPF Winnie mice; the same can be said for the Phocaeicola (48) 
and Ligilactobacillus murinus (49, 50) species, while CONV mice 
had increased abundance of  Duncaniella muris and Lactobacillus 
taiwanensis, which are supposed to be protective against sustained 
inflammation (51, 52). Recent evidence suggests that the pres-
ence of  Akkermansia muciniphila in the gut microbiome may be a 
signature of  CAC susceptibility (53). Indeed, Winnie mice have 
increased Akkermansia abundance compared with their Bl/6 lit-
termates (22), which may initiate tumorigenesis in the presence 
of  other specific bacterial species (53, 54). The abundance of  
Akkermansia muciniphila might also indicate a more labile mucus 
layer that favors the epithelial exposure to luminal antigens and 
inflammatory mediators (54).

Using a comprehensive bioinformatics approach, we combined 
16S, shotgun metagenomics, metabolomics, and lipidomics data, 
and this cross-analysis confirmed all the single inputs we had. 
Moreover, we used an integrative bioinformatics approach, which 
has recently been applied to characterize patients with early-onset 
CRC (55). We obtained a correlation signature of  bacteria, meta-
bolic pathways, and metabolites that is representative of  the CONV 
and SPF Winnie phenotypes. Surprisingly, Akkermansia’s central 
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Deep-shotgun metagenomics and functional analysis. To better char-
acterize the microbiota of  our mice, we performed a deep-shot-
gun and functional analysis from the same samples used for the 
16S rRNA analysis. CosmosID carried out the analysis and bio-
informatics. DNA libraries were prepared from extracts using the 
Nextera XT DNA Library Preparation Kit (Illumina) and IDT 
Unique Dual Indexes with total DNA input of  1 ng. Libraries were 
then sequenced on an Illumina NovaSeq 6000 platform 2x150bp. 
Initial quality control), adapter trimming and preprocessing of  
metagenomic sequencing reads are done using BBduk (60). The 
quality-controlled reads were then translated and searched against 
a comprehensive, nonredundant protein sequence database, Uni-
Ref90. The mapping of  metagenomic reads to gene sequences was 
weighted by mapping quality, coverage, and gene sequence length 
to estimate community-wide weighted gene family abundances as 
described by Franzosa et al. (61). Gene families were then annotat-
ed to MetaCyc (62) reactions (Metabolic Enzymes) to reconstruct 
and quantify MetaCyc metabolic pathways in the community as 
described by Franzosa et al. (61). Furthermore, the UniRef90 gene 
families were also regrouped to gene ontology (GO) terms (63) in 
order to get an overview of  GO functions in the community.

Metabolomics and lipidomics sample preparation. Stool samples 
(200 mg) from the same animals used for the 16S sequencing were 
processed using the OMNImet·GUT kit (DNA Genotek) before 
the metabolite extraction. The samples were then processed and 
the metabolites were extracted as previously reported (64). Fol-
lowing centrifugation, polar metabolites and lipids fractions were 
separately collected, dried by a SpeedVac (Savant, Thermo Fisher 
Scientific), and stored until analysis. To assess repeatability and 
instrument stability over time, a QC strategy was implemented. 
Metabolomics and lipidomics were performed on 2 different ana-
lytical platforms (65).

Untargeted lipidomics and metabolomics. Lipid analysis was per-
formed by RP-UHPLC-TIMS on a Thermo Ultimate RS 3000 
coupled online to a TimsTOF Pro quadrupole time of  flight 
(Q-TOF) system (Bruker Daltonics). Lipidomics MS data align-
ment, filtering, and annotation were performed with MetaboS-
cape 2021 (Bruker). Untargeted metabolomics was carried out 
by hydrophilic interaction liquid chromatography-high resolution 
mass spectroscopy (HILIC-HRMS) on a Thermo Ultimate RS 
3000 coupled to a Q-Exactive quadrupole-Orbitrap (Thermo Fish-
er Scientific). Metabolomics MS data alignment, filtering, and 
annotation were performed with MS-DIAL v4.80. Detailed con-
ditions for liquid chromatography (LC) and mass spectrometry 
(MS) parameters together with all preprocessing steps are reported 
elsewhere (66, 67). Univariate and multivariate statistical analyses 
were performed with MetaboAnalyst 6.0 (https://www.metabo-
analyst.ca). Data preprocessing consisted of  the following steps: 
all metabolites or lipids missing in more than 50% of  QCs and 
75% of  real samples were excluded, and, subsequently, data were 
normalized, log-transformed, and autoscaled. For missing values 
and zeros, the minimum value for the target molecule in the data-
set was used as the replacement value. A preliminary investigation 
was conducted using PCA of  preprocessed data. Significant (P < 
0.05) metabolites and lipids and their human metabolome data-
base (HMDB) codes were used to build a pathway enrichment 
analysis using the “enrichment” function in MetaboAnalyst.

In conclusion, the present data demonstrate that environmen-
tal exposure may result in CAC in susceptible individuals. These 
results underscore the nonredundant roles of  the microbiome and 
metabolism in the pathogenesis of  CAC. The involvement of  the 
gut microbiome in cancer has been speculated (58, 59). Still, to the 
best of  our knowledge, these are the first results to demonstrate a 
direct connection between FMT and CAC development in a mouse 
model that has never been reported to spontaneously develop colon 
cancer. The unique microbiome and metabolic profiles observed 
in the 2 different facilities not only enhance our understanding of  
disease mechanisms but also open avenues for innovative therapeu-
tic strategies. As we continue to unravel the complexities of  the 
microbiome-cancer nexus, our findings underscore the importance 
of  integrating microbiological and metabolic research into cancer 
studies, potentially leading to more effective prevention and treat-
ment strategies for patients with CAC.

Methods
Sex as a biological variable. Our study examined male and female ani-
mals, and similar findings are reported for both sexes.

Animal studies. SPF and GF Winnie mice were generated from 
CONV Winnie mice provided by Chieppa’s laboratory by transferring 
preimplantation embryos into SPF or GF pseudopregnant recipient 
females. This technique was performed by the Case Transgenic and 
Targeting Core of CWRU (http://ko.cwru.edu/services/rederiva-
tion.html). Both sexes were used in all the experiments. All animals 
were maintained in a controlled environment (20°C–22°C, 12-hour 
light/12-hour dark cycles, and 45%–55% relative humidity), housed in 
standard cages with corn bedding, and fed a standard diet (Prolab Iso-
Pro RMH 3000, LabDiet). Mice were sex matched for all experiments, 
and experiments were performed on mice aged 4, 8, 12, 16, and 20 
weeks (each time point is specified throughout the text). All mice were 
on a C57BL/6J background (stock no. 000664, The Jackson Laborato-
ry), and all experiments were performed on sibling littermates.

Mouse endoscopies were conducted under isoflurane anesthe-
sia according to the IACUC protocol using a flexible uteroscope 
(Olympus) and following our laboratory’s standard procedure for 
imaging and scoring (24).

Histology analysis. Mice were euthanized according to the animal 
resource center (ARC protocols), and their colons were explanted, 
fixed in 10% formalin for 24 hours, and washed with and stored 
in 70% EtOH before paraffin embedment, sectioning, and stain-
ing with H&E or Alcian blue/periodic acid–Schiff  (PAS) (Ther-
mo Fisher Scientific) to be scored for inflammation by a trained 
pathologist. Colon length and weight were measured at sacrifice 
as indicators of  colonic inflammation. The colon/BW index was 
calculated as a percentage, representing the ratio of  colon weight to 
BW for each mouse.

16S rRNA-Seq. Stools (180 mg) sampled from CONV and SPF 
20-week-old Winnie mice were processed for DNA extraction using 
the QiaAMP Powerfecal Pro DNA kit (Qiagen) following the man-
ufacturer’s protocol. For tissue samples, total DNA was extracted 
using the Qiagen Blood and Tissue kit and processed like stool 
DNA. Paired-end sequencing was carried out on the Illumina MiS-
eq platform by the CWRU Genomics Core facility, and the V3–V4 
region was amplified for analysis of  diversity inside the bacteria 
domain as previously done (7).
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Data availability. Data and analytical methods will be made 
available upon request to the authors. 16S rRNA gene sequencing 
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Integration of  omics. We used a supervised N-integration approach 
to jointly analyze multiomics datasets, including 16S rRNA micro-
bial profiles, lipidomics, metabolomics, and functional pathways 
derived from metagenomics data, in the context of  CONV and 
SPF Winnie mice. Principal coordinates were first extracted from 
each omics layer, followed by integrated partial least squares dis-
criminant analysis (PLS-DA) using the mixOmics R package. This 
method constructs latent components by maximizing the covari-
ation between datasets while optimizing class discrimination and 
integration. The model utilizes M-fold or leave-one-out cross-valida-
tion across a user-defined parameter grid to determine the optimal 
sparsity level. The resulting parameters facilitate the simultaneous 
selection of  key discriminative features across all datasets.

FMT. A total of  400 mg stool from 5 male and 5 female 
20-week-old SPF Bl/6 and Winnie mice was dissolved in 10 mL 
sterile PBS to a final concentration of  40 mg/mL. Eight-week-old 
germ-free Bl/6 and Winnie mice were gavaged with 200 μL of  this 
stool suspension, twice a week for 2 weeks. Mice were monitored 
each day and weighed every week until sacrifice, 4 weeks after the 
first gavage. Mice were euthanized, and their colon was explant-
ed, measured, and weighed. The colon was cut longitudinally, and 
tumor areas were measured before fixation in formalin.

Assessment of  mucin markers. RNA extraction, reverse transcrip-
tion, and quantitative real-time PCR were performed with the 
Aurum Total RNA Mini kit (Bio-Rad), the High-Capacity RNA-to-
cDNA kit (Applied Biosystems), and LightCycler 480 SYBR Green 
I Master Mix (Roche), respectively. Expression of  mRNA was cal-
culated using the ΔΔCt method, and the results are presented as the 
fold change calculated using the formula 2–ΔΔCt. Mouse primers used 
for quantitative PCR (qPCR) are shown in Supplemental Table 1.

Statistics. Data analysis for dot plots and histograms was 
performed on GraphPad Prism 10 (GraphPad Software) using 
parametric and nonparametric tests, unpaired 2-tailed t test or 
Mann-Whitney U test, 1-way ANOVA followed by Tukey’s or Dun-
nett’s multiple-comparison test, or Kruskal-Wallis test followed by 
Dunn’s test as appropriate for group comparisons (see individual 
figure legends). Data were presented as mean ± SEM, with a P 
value of  less than 0.05 was considered significant.

Study approval. Our investigations were performed under the 
ARRIVE guidelines, and the relevant animal protocols, which were 
approved by both the IACUC of the National Institute of Gastroenter-
ology “S. de Bellis” in Italy (Organism Engaged for Compliance of Ani-
mal Wellbeing [OPBA]; DGSA protocol 768/2015-PR 27/07/2015) 
and the IACUC of CWRU (protocol 2014-0158) in the United States. 
All animal experiments performed in Italy were carried out in accor-
dance with the national guidelines of the Italian Directive 26/2014 and 
approved by the Italian Animal Ethics Committee of the Ministry of  
Health, General Directorate of Animal Health and Veterinary Drugs.
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