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            Abstract
Several features common to a Western lifestyle, including obesity and low levels of physical activity, are known risk factors for gastrointestinal cancers1. There is substantial evidence suggesting that diet markedly affects the composition of the intestinal microbiota2. Moreover, there is now unequivocal evidence linking dysbiosis to cancer development3. However, the mechanisms by which high-fat diet (HFD)-mediated changes in the microbial community affect the severity of tumorigenesis in the gut remain to be determined. Here we demonstrate that an HFD promotes tumour progression in the small intestine of genetically susceptible, K-rasG12Dint, mice independently of obesity. HFD consumption, in conjunction with K-ras mutation, mediated a shift in the composition of the gut microbiota, and this shift was associated with a decrease in Paneth-cell-mediated antimicrobial host defence that compromised dendritic cell recruitment and MHC class II molecule presentation in the gut-associated lymphoid tissues. When butyrate was administered to HFD-fed K-rasG12Dint mice, dendritic cell recruitment in the gut-associated lymphoid tissues was normalized, and tumour progression was attenuated. Importantly, deficiency in MYD88, a signalling adaptor for pattern recognition receptors and Toll-like receptors, blocked tumour progression. The transfer of faecal samples from HFD-fed mice with intestinal tumours to healthy adult K-rasG12Dint mice was sufficient to transmit disease in the absence of an HFD. Furthermore, treatment with antibiotics completely blocked HFD-induced tumour progression, suggesting that distinct shifts in the microbiota have a pivotal role in aggravating disease. Collectively, these data underscore the importance of the reciprocal interaction between host and environmental factors in selecting a microbiota that favours carcinogenesis, and they suggest that tumorigenesis is transmissible among genetically predisposed individuals.
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                    Figure 1: An HFD accelerates cancer progression.[image: ]


Figure 2: Diet-induced tumour progression is associated with an altered microbial community.[image: ]


Figure 3: Butyrate supplementation, but not prebiotics, confers protection against HFD-induced tumorigenesis.[image: ]


Figure 4: Disease-associated bacteria can be transmitted to healthy K-rasG12Dint animals, and antibiotic treatment abolishes tumorigenesis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 An HFD accelerates carcinogenesis independently of obesity and insulin resistance.
a, Primary tumours metastasized to the liver, pancreas and spleen in K-rasG12Dint mice maintained on an HFD for 43 weeks. b, Immunohistochemistry staining of duodenal samples using an antibody specific for 5-bromodeoxyuridine (BrdU) showed increased proliferation in K-rasG12Dint mice. c, Weight curves for LSL-K-rasG12D/+ controls (n = 5) and K-rasG12Dint (n = 6) littermate animals showed no difference in weight gain under the normal diet (ND) condition, although K-rasG12Dint mice (n = 7) remained significantly leaner when fed on an HFD (LSL-K-rasG12D/+ controls n = 4). P values were determined by t-test and adjusted for multiple testing. The error bars indicate s.e.m. *, P ≤ 0.05; **P ≤ 0.01. d, In accordance with the weight curves, the response to glucose overload and insulin secretion during a glucose tolerance test (GTT) remained similar between the two groups under the ND condition; however, K-rasG12Dint mice remained insulin sensitive on an HFD (ND, LSL-K-rasG12D/+ controls n = 5, K-rasG12Dint mice n = 3; HFD, LSL-K-rasG12D/+ controls n = 8, K-rasG12Dint mice n = 5). P values were determined by t-test and adjusted for multiple testing. The error bars indicate s.e.m. *, P ≤ 0.05; **, P ≤ 0.01. The results are representative of two to three independent experiments. e, Together with resistance to diet-induced obesity, K-rasG12Dint mice showed microvesicular steatosis, in contrast to the littermate controls (which had macrovesicular steatosis), suggesting decreased lipid accumulation in the liver of K-rasG12Dint mice. f, Messenger RNA expression levels of F4/80 and TNF-α were analysed by reverse transcriptase (RT)–PCR (HFD, LSL-K-rasG12D/+ controls n = 3, K-rasG12Dint mice n = 6). Plasma TNF-α levels determined by enzyme-linked immunosorbent assay (ELISA) showed decreased levels in K-rasG12Dint mice (HFD, LSL-K-rasG12D/+ controls n = 7, K-rasG12Dint mice n = 11). P values were determined by t-test. The error bars indicate s.e.m. *, P ≤ 0.05.

                          Source data
                        


Extended Data Figure 2 The host immune response is dampened in K-rasG12Dint mice.
a, Relative mRNA expression levels of genes involved in the immune response were analysed by RT–PCR in duodenal samples from mice under the ND or the HFD regimen (ND, LSL-K-rasG12D/+ controls n = 3, K-rasG12Dint mice n = 3; HFD, LSL-K-rasG12D/+ controls n = 3, K-rasG12Dint mice n = 6). P values were determined by one-way analysis of variance (ANOVA) and adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. **, P ≤ 0.01. #, P ≤ 0.05 and ##, P ≤ 0.01 compared with littermate controls. b, Azure eosin staining of duodenal samples showed decreased amounts of granules with antimicrobial peptides in the crypts of K-rasG12Dint mice. c, The expression of differentiation markers for Paneth cells (cryptdin), epithelial cells (sucrase-isomaltase) and enteroendocrine cells (synaptophysin), as well as mucins in the duodenum, was analysed by RT–PCR under the ND or the HFD regimen (ND, LSL-K-rasG12D/+ controls n = 3, K-rasG12Dint mice n = 3; HFD, LSL-K-rasG12D/+ controls n = 3, K-rasG12Dint mice n = 4). P values were determined by one-way ANOVA and adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. *, P ≤ 0.05. ###, P ≤ 0.001 compared with littermate controls. d, Flow cytometric analysis of cells from the lamina propria (LP) and Peyer’s Patches (PP) indicated the presence of CD11c+ dendritic cells (DCs) and the expression of MHC class II molecules in K-rasG12Dint mice and littermate controls on the ND or the HFD regimen (n = 2). P values were determined by one-way ANOVA and adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. *, P ≤ 0.05; **, P ≤ 0.01. #, P ≤ 0.05 compared with littermate controls.

                          Source data
                        


Extended Data Figure 3 An HFD leads to community changes in the gut microbiota.
a, b, Linear discriminant analysis (LDA) effect size (LEfSe) results showed bacteria that were significantly different in abundance among K-rasG12Dint mice and littermate controls on the HFD and indicated the effect size of each differentially abundant bacterial taxon in the small intestine (LSL-K-rasG12D/+ controls, n = 3; K-rasG12Dint mice, n = 8) (a) and colon (LSL-K-rasG12D/+ controls, n = 5; K-rasG12Dint mice, n = 7) (b). c, The relative abundance of Escherichia/Shigella spp. and Helicobacter spp. in the small intestine of K-rasG12Dint mice on the ND or the HFD.


Extended Data Figure 4 Systemic deletion of Myd88 prevents tumour progression in K-rasG12Dint mice.
a, Histological scores for the small intestine showed complete lack of tumour progression in HFD-fed K-rasG12Dint mice with systemic Myd88 deletion. However, tissue-specific deletion of Myd88 did not confer any protection against tumour progression in K-rasG12Dint mice (Myd88−/− LSL-K-rasG12D/+ controls, n = 19; Myd88−/− K-rasG12Dint mice, n = 15; Myd88fl/fl LSL-K-rasG12D/+ controls, n = 5; Myd88IEC K-rasG12Dint mice, n = 7; K-rasG12Dint+WT BM mice, n = 7; K-rasG12Dint+Myd88−/−BM mice, n = 8). Each point represents one animal, and the lines indicate means. A two-sided Fisher test was applied. Adjustments on pairwise t-tests were made using the single-step method. ***, P ≤ 0.001; NS, not significant. Myd88IEC K-rasG12Dint, K-rasG12Dint mice with IEC-specific deletion of Myd88; K-rasG12Dint+WT BM, K-rasG12Dint mice transplanted with wild-type bone marrow; K-rasG12Dint+Myd88−/−BM, K-rasG12Dint mice transplanted with Myd88-deficient bone marrow. b, LEfSe results showed bacteria that were significantly different in abundance among HFD-fed K-rasG12Dint mice with (n = 8) or without (n = 4) systemic Myd88 deletion. Peptostreptococcaceae, Deferribacteraceae and Ruminococcaceae in the small intestine, as well as Peptostreptococcaceae and Deferribacteraceae in the colon, became abundant after Myd88 deficiency (K-rasG12Dint mice, n = 7; Myd88−/− K-rasG12Dint mice, n = 4). c, Flow cytometric analysis of LP cells indicated that the decreased recruitment of, and surface antigen presentation by, CD11c+ DCs following the HFD was partially attenuated after Myd88 deletion (Myd88−/− LSL-K-rasG12D/+ controls, n = 8; Myd88−/− K-rasG12Dint mice, n = 4; LSL-K-rasG12D/+ controls, n = 2; K-rasG12Dint mice, n = 2). P values were determined by one-way ANOVA and adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. *, P ≤ 0.05; **, P ≤ 0.01.

                          Source data
                        


Extended Data Figure 5 Bacterial composition differs between K-rasG12Dint mice with tissue-specific and systemic deletion of Myd88.
LEfSe results showed that the composition of the small intestinal microbiota was significantly different between HFD-fed K-rasG12Dint mice with and without Myd88 deletion in the IECs (a) or the haematopoietic cells (b, c) (Myd88IEC K-rasG12Dint mice, n = 4; K-rasG12Dint+WT BM mice, n = 4; K-rasG12Dint+MyD88–/–BM mice, n = 4; K-rasG12Dint mice, n = 8).


Extended Data Figure 6 An HFD decreases SCFA concentrations.
a, The HFD decreased the acetate, butyrate and propionate concentrations in stool samples from K-rasG12Dint mice and littermate controls, whereas the isovaleric acid and valeric acid concentrations increased (ND, LSL-K-rasG12D/+ controls n = 6, K-rasG12Dint mice n = 8; HFD, LSL-K-rasG12D/+ controls n = 7, K-rasG12Dint mice n = 11). P values were determined by one-way ANOVA and adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. b, SCFA concentrations of small intestinal samples (LSL-K-rasG12D/+ controls, n = 4; K-rasG12Dint mice, n = 4) and colonic samples (LSL-K-rasG12D/+ controls, n = 3; K-rasG12Dint mice, n = 5) from K-rasG12Dint and littermate controls on the HFD supplemented with arabinogalactan. P values were determined by one-way ANOVA followed by Bonferroni’s multiple comparison test. The error bars indicate s.e.m. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. c, Flow cytometric analysis of cells from the LP and the MLNs revealed compromised DC recruitment and decreased surface antigen presentation in mice fed the HFD supplemented with GOS (HFD, LSL-K-rasG12D/+ controls n = 2, K-rasG12Dint mice n = 2; HFD + GOS, LSL-K-rasG12D/+ controls n = 5, K-rasG12Dint mice n = 3). P values were determined by one-way ANOVA and adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. The differences are not significant.

                          Source data
                        


Extended Data Figure 7 Prebiotic supplementation does not protect K-rasG12Dint mice against HFD-induced tumorigenesis.
a, Relative mRNA expression levels for genes involved in the immune response and those that encode mucins and differentiation markers for Paneth, enteroendocrine and epithelial cells in duodenal samples (HFD + GOS, LSL-K-rasG12D/+ controls n = 5, K-rasG12Dint mice n = 6; HFD + antibiotics (Abx), LSL-K-rasG12D/+ controls n = 5, K-rasG12Dint mice n = 6). P values were determined by one-way ANOVA and adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. *, P ≤ 0.05. #, P ≤ 0.05, ##, P ≤ 0.01 and ###, P ≤ 0.001 compared with littermate controls. b, Prebiotic supplementation had little or no effect on stool SCFA concentrations (HFD, LSL-K-rasG12D/+ controls n = 7, K-rasG12Dint mice n = 11; HFD + GOS, LSL-K-rasG12D/+ controls n = 5, K-rasG12Dint mice n = 6). P values were determined by one-way ANOVA and adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. *, P ≤ 0.05, ***, P ≤ 0.001. ##, P ≤ 0.01 and ###, P ≤ 0.001 compared with littermate controls.

                          Source data
                        


Extended Data Figure 8 Butyrate attenuates K-Ras signalling and has systemic effects on metabolic parameters.
a, Sodium butyrate treatment only slightly affected butyrate and propionate concentrations in the stool compared with prebiotic supplementation (HFD, LSL-K-rasG12D/+ controls n = 7, K-rasG12Dint mice n = 11; HFD + butyrate, LSL-K-rasG12D/+ controls n = 6, K-rasG12Dint mice n = 5). P values were determined by one-way ANOVA and adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. #, P ≤ 0.05, ##, P ≤ 0.01 and ###, P ≤ 0.001 compared with littermate controls. b, The higher proliferation levels observed in the duodenum of K-rasG12Dint mice were decreased following butyrate supplementation. c, The expression of differentiation markers and mucins in the duodenum (HFD, LSL-K-rasG12D/+ controls n = 3, K-rasG12Dint mice n = 4; HFD + butyrate, LSL-K-rasG12D/+ controls n = 3, K-rasG12Dint mice n = 3). P values were determined by one-way ANOVA and adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. *, P ≤ 0.05; **, P ≤ 0.01. #, P ≤ 0.05 and ##, P ≤ 0.01 compared with littermate controls. d, Butyrate had systemic effects and protected K-rasG12Dint mice and littermate controls against HFD-induced hyperinsulinaemia (n = 5 per group). Data were assessed by t-test, and P values were adjusted for multiple testing. The error bars indicate s.e.m. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. e, Butyrate treatment did not affect H3 or H4 acetylation (n = 3–8). The data were assessed by one-way ANOVA, and P values were adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. The differences are not significant.

                          Source data
                        


Extended Data Figure 9 HFD-induced dysbiosis and the associated cancer risk can be transferred to K-rasG12Dint mice on a normal diet.
a, Following 1 week of antibiotic cocktail treatment, K-rasG12Dint mice and littermate controls (approximately 7 weeks of age) on the ND regimen were gavaged three times a week with fresh stool pellets from HFD-fed mutants (which had been HFD fed for 24 weeks on the day of first transfer) for a total of 15 weeks. Haematoxylin and eosin staining of duodenal samples from three gavaged K-rasG12Dint mice show mSA-LGD and mSA-HGD, as well as invasive carcinoma development. b, LEfSe results showed bacteria that were significantly different in abundance between ND-fed K-rasG12Dint mice that had been gavaged with stool samples from HFD-fed K-rasG12Dint donors and ND-fed K-rasG12Dint mice that had not been gavaged. Helicobacteraceae, Enterococcaceae and Deferribacteraceae became more abundant in the colon after stool transfer (K-rasG12Dint mice + ND, n = 3; K-rasG12Dint mice + ND + stool, n = 6). c, Flow cytometric analysis of cells from the PP and MLNs showed antigen presentation by CD11c+ DCs (ND, LSL-K-rasG12D/+ controls n = 2, K-rasG12Dint mice n = 2; ND + stool, LSL-K-rasG12D/+ controls n = 7, K-rasG12Dint mice n = 10). P values were determined by one-way ANOVA and adjusted for the number of comparisons by using the Bonferroni method. The error bars indicate s.e.m. ***, P ≤ 0.001. #, P ≤ 0.05 and ##, P ≤ 0.01 compared with littermate controls. d, Glucose clearance during a GTT in ND-fed K-rasG12Dint mice and littermate controls (n = 5 per group) that had received stool samples from HFD-fed K-rasG12Dint donors. The results were analysed by t-test. P values were adjusted for multiple testing. The error bars indicate s.e.m. The differences are not significant.

                          Source data
                        


Extended Data Figure 10 Antibiotic treatment blocks HFD-induced tumorigenesis in K-rasG12Dint mice.
a, The expression profiles of selected genes involved in antigen recognition, immune response, immune cell recruitment, differentiation markers and mucins in duodenal samples from LSL-K-rasG12D/+ and K-rasG12Dint littermate animals (ND, LSL-K-rasG12D/+ controls n = 3, K-rasG12Dint mice n = 3; ND + stool, LSL-K-rasG12D/+ controls n = 3, K-rasG12Dint mice n = 5). P values were determined by one-way ANOVA and adjusted for the number of comparisons with the Bonferroni method. The error bars indicate s.e.m. ***, P ≤ 0.001. #, P ≤ 0.05, ##, P ≤ 0.01 and ###, P ≤ 0.001 compared with littermate controls. b, Fluorescence-activated cell sorting (FACS) analysis of MLN cells indicates recruitment of, and antigen presentation by, CD11c+ dendritic cells following treatment with antibiotics (HFD, LSL-K-rasG12D/+ controls n = 2, K-rasG12Dint mice n = 2; HFD + Abx, LSL-K-rasG12D/+ controls n = 5, K-rasG12Dint mice n = 7). P values were determined by one-way ANOVA and adjusted for the number of comparisons with the Bonferroni method. The error bars indicate s.e.m. ***, P ≤ 0.001. The results are not significant. c, The mechanistic scheme suggests that HFD-induced changes in the bacterial community, SCFA levels and mucin profiles cooperate with an oncogene-associated decrease in host immunity, collectively enhancing carcinogenesis in the small intestine.

                          Source data
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