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 2 

Abstract 19 

Inflammatory gut disorders, including inflammatory bowel disease (IBD), can be impacted by 20 

dietary, environmental and genetic factors. While the incidence of IBD is increasing worldwide, 21 

we still lack a complete understanding of the gene-by-environment interactions underlying 22 

inflammation and IBD. Here, we profiled the colon transcriptome of 52 BXD mouse strains 23 

fed with a chow or high-fat diet (HFD) and identified a subset of BXD strains that exhibit an 24 

IBD-like transcriptome signature on HFD, indicating that an interplay of genetics and diet can 25 

significantly affect intestinal inflammation. Using gene co-expression analyses, we identified 26 

modules that are enriched for IBD-dysregulated genes and found that these IBD-related 27 

modules share cis-regulatory elements that are responsive to the STAT2, SMAD3, and REL 28 

transcription factors. We used module quantitative trait locus (ModQTL) analyses to identify 29 

genetic loci associated with the expression of these modules. Through a prioritization scheme 30 

involving systems genetics in the mouse and integration with external human datasets, we 31 

identified Muc4 and Epha6 as the top candidates mediating differences in HFD-driven 32 

intestinal inflammation. This work provides insights into the contribution of genetics and diet 33 

to IBD risk and identifies two candidate genes, MUC4 and EPHA6, that may mediate IBD 34 

susceptibility in humans. 35 
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 3 

Introduction 42 

A long-term lipid-rich diet is associated with multiple metabolic disorders, such as obesity 43 

(Hasegawa et al., 2020), cardiovascular disease (Lutsey, Steffen and Stevens, 2008; Maurya et 44 

al., 2023), and systemic low-grade inflammation (Duan et al., 2018; Christ, Lauterbach and 45 

Latz, 2019). The gastro-intestinal tract is the primary site of adaptation to dietary challenge, 46 

due to its roles in nutrient absorption, immunity and metabolism (Enriquez et al., 2022). 47 

Dietary challenges or other environmental or genetic factors can lead to prolonged 48 

inflammation and eventually damage the gastro-intestinal tract (Huang et al., 2017; Enriquez 49 

et al., 2022). IBD encompasses several chronic inflammatory gut disorders, including 50 

ulcerative colitis (UC) and Crohn’s disease (Chang, 2020; Adolph et al., 2022). Patients with 51 

IBD, have a higher risk of developing colorectal cancer (CRC), one of the most lethal cancers 52 

(Kim and Chang, 2014; Shah and Itzkowitz, 2022). The incidence of IBD has increased 53 

worldwide (Alatab et al., 2020; Freeman et al., 2021) during the last decade, in part due to 54 

increased consumption of lipid-rich diets (Maconi et al., 2010; Hou, Abraham and El-Serag, 55 

2011). Furthermore, mouse studies show that HFD leads to more inflammation in the dextran 56 

sulfate sodium (DSS)-induced UC models compared to normal diet (Zhao et al., 2020). 57 

However, the response to HFD is variable across individuals (Zeevi et al., 2015) and the 58 

association between the lipid-rich diet and the risk of IBD in clinical studies is inconclusive 59 

(Kreuter et al., 2019), possibly due to genetic factors underlying inter-individual variability in 60 

gut inflammation and dysbiosis (Baumgart and Sandborn, 2012). More than 200 risk genes 61 

associated with IBD were identified through human genome-wide association studies (GWAS) 62 

(Huang et al., 2017), which have implicated epithelial function, microbe sensing and restriction, 63 

and adaptive immune response as drivers (Graham and Xavier, 2020; Kong et al., 2023). 64 

However, there is still no effective treatment for IBD. Current therapies, such as anti-tumor 65 

necrosis factor alpha (TNF-α) antibodies (Rutgeerts et al., 2005) and integrin a4b7 antibodies, 66 
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blocking leukocyte migration (Feagan et al., 2013), can temporarily alleviate inflammation in 67 

a subset of patients (Rutgeerts et al., 2005; Feagan et al., 2013) but cause adverse effects 68 

(Harbord et al., 2017) and fail to prevent relapses (Doherty et al., 2018). Therefore, it is 69 

important to understand the gene-by-environment (GxE) interactions underpinning pre-clinical 70 

gut inflammation that eventually evolves into IBD, to aid in designing novel preventive and 71 

therapeutic strategies for intestinal inflammatory disorders. 72 

Heterogeneity in clinical presentations as well as diversity in diet and lifestyle among human 73 

IBD patients render human genetic studies challenging (Molodecky et al., 2011). Experiments 74 

in laboratory mice allow to control several environmental factors, such as temperature and diet, 75 

when exploring the genetic modulators of IBD and also enable the collection of several relevant 76 

tissues to help elucidate tissue-specific mechanisms (Nadeau and Auwerx, 2019; Li and 77 

Auwerx, 2020). In addition, to mirror the heterogeneity of human populations, genetically 78 

diverse populations, such as mouse genetic reference populations (GRPs), can be used in a 79 

systems genetics paradigm (Nadeau and Auwerx, 2019; Li and Auwerx, 2020). This not only 80 

allows the mapping of clinically relevant traits in controlled environments but also the 81 

characterization of intermediate molecular phenotypes from tissues that cannot easily be 82 

obtained in humans (Williams et al., 2016; Li and Auwerx, 2020). For example, studies on the 83 

molecular basis of non-alcoholic fatty liver disease in the Collaborative Cross founder strains 84 

illustrated the importance of the genetic background in determining susceptibility to steatosis, 85 

hepatic inflammation and fibrosis (Benegiamo et al., 2023). Moreover, the BXD GRP was used 86 

to identify genetic variants associated with metabolic phenotype variation, such as bile acid 87 

homeostasis (Li et al., 2022), lipid metabolism in plasma (Jha, McDevitt, Halilbasic, et al., 88 

2018) and liver (Jha, McDevitt, Gupta, et al., 2018) as well as mitochondrial dysregulation 89 

(Williams et al., 2016), using GWAS or quantitative trait locus (QTL) mapping (Wu et al., 90 
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2014; Williams et al., 2016). Thus, large mouse GRPs are useful tools for identifying the tissue-91 

specific mechanisms of complex diseases. 92 

In order to decipher the genetic and environmental contributions to the development of 93 

intestinal inflammation, we measured the colon transcriptome of 52 BXD strains fed with CD 94 

or HFD (Williams et al., 2016). HFD feeding from 8 to 29 weeks of age induced an IBD-like 95 

transcriptomic signature in colons of some, but not all, BXD strains, uncovering a subset of 96 

BXD strains that could be susceptible to HFD-induced IBD-like state. Gene co-expression 97 

analysis revealed two IBD-related modules in the colons of HFD-fed mice, one of which is 98 

likely under the control of a ModQTL. Through a systems genetics prioritization of genes under 99 

this ModQTL, we identified candidate IBD-related genes that we validated using GWAS in the 100 

UK Biobank (UKBB) for human IBD.  101 
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 6 

Results 102 

HFD feeding leads to highly variable transcriptomic adaptations in the colon of BXD strains 103 

For this study, we used an extensively characterized BXD mouse panel of 52 BXD strains fed 104 

with a chow diet (CD) or high-fat diet (HFD) from 8 to 29 weeks of age (Williams et al., 2016; 105 

Jha, McDevitt, Gupta, et al., 2018; Jha, McDevitt, Halilbasic, et al., 2018), in which we mapped 106 

genetic determinants of metabolic traits in the liver (Williams et al., 2016; Jha, McDevitt, 107 

Gupta, et al., 2018) and plasma (Jha, McDevitt, Halilbasic, et al., 2018). These mice underwent 108 

metabolic phenotyping, with many metabolic traits being altered by HFD (Figure 1A), and 109 

multiple organs were harvested and flash-frozen for future use (Williams et al., 2016). Here, 110 

we focused on proximal colon samples from this population and performed microarray-based 111 

transcriptome analysis of this tissue (Figure 1A). 112 

Principal component analysis (PCA) of all transcriptomes (Figure 1—figure supplement 1A) 113 

showed that the first principal component (PC1) separated mice by diet, indicative of a global 114 

diet effect in the population. Nevertheless, transcriptomes of several strains (such as BXD12, 115 

BXD84 and BXD81) on HFD had very similar PC1 values to their CD counterparts (Figure 116 

1—figure supplement 1B), suggesting that they were resistant to dietary changes. Similarly, 117 

BXD strains did not cluster completely by diet based on hierarchical clustering analysis 118 

indicating that the genetic differences can override the impact of diet on the transcriptome in 119 

the colon (Figure 1—figure supplement 1C). To obtain a global, strain-independent, view of 120 

the HFD effect, we performed a differential expression analysis and identified 115 up- and 295 121 

down-regulated differentially expressed genes (DEGs, absolute Log2(Fold Change) > 0.5 and 122 

Benjamini-Hochberg (BH)-adjusted P value < 0.05, Figure 1B). Of note, Cldn4, one of 123 

claudins implicated in intestinal permeability (Ahmad et al., 2017), was significantly down-124 

regulated and serum amyloid A (Saa1 and Saa3), which have been involved in the 125 

inflammatory response (Ye and Sun, 2015; Tannock et al., 2018), were up-regulated upon HFD 126 
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 7 

(Figure 1B). Furthermore, gene set enrichment analysis (GSEA) showed an upregulation of 127 

inflammation, cell proliferation and translation, mitochondrial respiration, and stress response-128 

related pathways upon HFD, while genes involved in the intermediate filament - that contribute 129 

to maintaining intestinal barriers (Misiorek et al., 2016; Mun, Hur and Ku, 2022) - were down-130 

regulated (Figure 1C). All in all, the transcriptome data are consistent with an HFD-induced 131 

downregulation of components of the intestinal barrier, enhanced permeability, induction of 132 

the unfolded protein response (UPR) and increased inflammation in BXD colons, much like 133 

HFD does in humans (Bischoff et al., 2014). However, as in humans, not every strain exhibited 134 

the same response to dietary challenges. GSEA analyses applied individually to the diet effect 135 

in each strain showed a high degree of diversity in the inflammatory response (Figure 1—136 

figure supplement 1D). For example, BXD44, 45 and 55, highlighted in red, were the 3 most 137 

susceptible strains to gut inflammation upon HFD, whereas BXD1, 67, and 85, colored in green, 138 

showed no significant enrichment in gut inflammation. This diversity in responses provided 139 

the basis for a systems genetics investigation of HFD-driven gut inflammation determinants in 140 

the BXD. 141 

The transcriptomic response to HFD of a subset of BXD strains resembles DSS-induced 142 

ulcerative colitis (UC) 143 

IBD is characterized by increasing inflammation in the gastro-intestinal tract (Adolph et al., 144 

2022). To investigate the disease relevance of the chronic inflammation seen in BXD colons 145 

upon HFD, we extracted the transcriptomic signatures from DSS-induced mouse UC models 146 

(Czarnewski et al., 2019) and two IBD human studies (GSE16879 (Arijs et al., 2009) and 147 

GSE83687 (Peters et al., 2017), Materials and Methods) and used these signatures as custom 148 

gene sets in GSEA on the global HFD effect. DSS is widely used to induce UC in mouse 149 

models and disease severity increases over time (Czarnewski et al., 2019). GSEA analyses 150 

showed that DSS-induced genes from days 4 (early inflammatory phase), 6 and 7 (acute 151 
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inflammatory phase) were significantly enriched in genes upregulated by HFD, especially the 152 

dysregulated genes in the later stage of DSS-induced UC (Figure 1D, bottom panel). Similarly, 153 

genes involved in human IBD (UC and Crohn’s disease (CDs)) were also enriched in those 154 

same genes (Figure 1D, top panel). The same trend was observed for downregulated genes in 155 

mouse and human IBD, which were negatively enriched (Figure 1D), illustrating that HFD 156 

induced an IBD-like transcriptomic signature in BXD colons. 157 

While the average response across all BXDs shared features of mouse and human IBD, we 158 

assessed the strain-specificity of this response by measuring each strain’s response to IBD 159 

using GSEA (Figure 2A). Hierarchical clustering of the normalized enrichment scores (NES) 160 

in mouse IBD datasets classified the BXDs into three groups: susceptible strains highlighted 161 

in red (19 strains), intermediate strains represented in blue (11 strains), and resistant strains 162 

colored in green (17 strains) (Figure 2A, top panel). Of note, in line with colon histological 163 

lesions comparison of DSS-induced colitis mouse models in the literature (Mähler et al., 1998), 164 

the C57BL/6J strain, one of the parental strains of the BXDs, was classified as one of the 165 

susceptible strains while the other parental strain DBA/2J belonged to the resistant group 166 

(Figure 2A, top panel), suggesting that genetic determinants inherited from the parental strains 167 

may determine the susceptibility of BXD strains to HFD-induced IBD-like inflammation in the 168 

colons. 169 

To establish the functional relevance of this transcriptome-based classification on systemic 170 

inflammation, we compared plasma cytokine levels of these three groups under HFD (Williams 171 

et al., 2016). Interestingly, the susceptible group have significantly lower levels of the anti-172 

inflammatory cytokine - Interleukin (IL)-10 (Figure 2B, two-tailed t-test p < 0.01) and 173 

increased the proinflammatory cytokine - IL-15 (Figure 2C, two-tailed t-test p < 0.0001) 174 

compared to the resistant strains. IL10 itself has been identified as an IBD-related candidate 175 

gene using GWAS in humans (Franke et al., 2008) and IL-10-deficient mice are also well-176 
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 9 

known mouse model for IBD research (Keubler et al., 2015). IL-15 is another important 177 

cytokine involved in intestinal inflammation and is elevated in the human guts with IBD (Liu 178 

et al., 2000). IL-15 knock-out mice are also reported to have less severe symptoms, such as 179 

weight loss and histological scores, following DSS administration (Yoshihara et al., 2006). In 180 

summary, susceptibility to HFD-induced IBD-like inflammation in the colon, as assessed by 181 

changes in levels of genes associated with IBD, correlates with markers of the general 182 

inflammatory status of mice. 183 

Identifying IBD-related gene modules in BXD colons 184 

Since different BXD strains seem to exhibit different susceptibility to IBD, we set out to 185 

explore gene expression signatures underlying these differences. For that, we used Weighted 186 

Gene Co-expression Analysis (WGCNA) to construct CD- and HFD-specific gene co-187 

expression networks to identify modules of co-expressed genes (Figure 3A, Appendix 1 - 188 

Table 1). Disease-associated modules were then defined as modules under HFD are 189 

significantly enriched in mouse DSS-induced UC signatures by an over-representation analysis 190 

(ORA, BH-adjusted P value < 0.05 and number of enriched genes > 5, Figure 3A). The HFD 191 

co-expression network consisted of 39 modules ranging in size from 34 to 1,853 genes and 192 

containing a total of 14,723 genes (Appendix 1 - Table 1). We visualized this network using 193 

Uniform Manifold Approximation and Projection (UMAP) (Figure 3B), reflecting that the 194 

majority modules were closely connected in the co-expression network. 195 

Enrichment analyses indicated that modules HFD_M9 (484 genes), HFD_M16 (328 genes), 196 

and HFD_M28 (123 genes) were enriched with genes that are upregulated by DSS-induced 197 

colitis, while HFD_M15 (368 genes), HFD_M24 (159 genes), and HFD_M26 (135 genes) were 198 

significantly enriched with downregulated genes (Figure 3C). Of note, more than 20% of 199 

genes involved in HFD_M9 and HFD_M28 were part of the dysregulated genes of the acute 200 
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phase of mouse UC (day6 and day7) (Figure 3C). Interestingly, genes perturbed during IBD 201 

pathogenesis in humans were also enriched in HFD_M9 and HFD_M28 (Figure 3C). 202 

While IBD-related genes were predominantly found in HFD modules, we also found that two 203 

modules, CD_M28 (185 genes) and CD_M32 (142 genes), in CD-fed mouse colons were 204 

associated with IBD (Figure 3—figure supplement 1A). These two-modules significantly 205 

overlapped with the IBD-related HFD_M9 and HFD_M28 modules, respectively (BH-adjusted 206 

P value < 0.05) (Figure 3—figure supplement 1B). Moreover, the molecular signatures 207 

underlying human UC and Crohn’s disease were also clustered in these two modules (CD_M28 208 

and CD_M32) under CD (Figure 3—figure supplement 1C). Collectively, the co-expression 209 

and enrichment analyses identify HFD_M9 and HFD_M28 as IBD-related modules on which 210 

we focus our subsequent investigation. 211 

Identifying biological roles and transcriptional regulation of the IBD-related modules 212 

To identify the biological function of the IBD-related modules, we performed enrichment 213 

analyses using the Hallmark database and the cell-type gene signatures (Kong et al., 2023) 214 

(Materials and Methods). Genes in HFD_M9 were enriched in KRAS signaling and 215 

inflammation-related pathways, while HFD_M28 was enriched in IFN-α/γ responses (BH-216 

adjusted P value < 0.05) (Figure 4A). Both modules were enriched in IFN-γ response genes 217 

(Figure 4A). IFN-γ is an essential cytokine for innate and adaptive intestinal immune responses 218 

(Brasseit et al., 2018). It has been reported to play a key role in mouse (Ito et al., 2006) and 219 

human (Tilg et al., 2002) IBD pathogenesis, and was identified as a potential therapeutic target 220 

to alleviate inflammatory response in IBD (Li et al., 2021). In addition, genes that are 221 

dysregulated in immune cells of Crohn’s disease patients (Macrophages, B cell and immune 222 

cycling cells) were enriched in HFD_M9 (Figure 4B). In contrast, genes of HFD_M28 were 223 

not only enriched for genes that are dysregulated in immune cells, but also in intestinal 224 

epithelial cells of diseased individuals, such as Goblet and stem cells (Figure 4B). Overall, 225 
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HFD_M9 and HFD_M28 are both involved in inflammatory response, while genes involved 226 

in HFD_M28 also potentially influence intestinal epithelial barrier. 227 

To identify transcriptional drivers of the two IBD-related modules, we performed a 228 

transcription factor (TF) enrichment analysis (Materials and Methods) and found that ZIC2, 229 

SMAD3, REL, FOSL1, and BATF are the top enriched transcription factors for the genes in 230 

HFD_M9 (Figure 4C), while the expression of genes in module HFD_M28 may be regulated 231 

by Interferon regulatory factors (IRFs, IRF1, IRF2, IRF7, and IRF9) and the signal transducer 232 

and activator of transcription families (STAT, STAT2) (Figure 4D). In fact, most of these TFs 233 

have been reported to be involved in gut inflammation. For example, Smad3 mutant mice were 234 

more susceptible to intestinal inflammation (Yang et al., 1999). Moreover, the IFN-STAT axis 235 

is essential to initiate the type-I IFN induction that is critical for human immune defense, such 236 

as IBD diseases (Stolzer et al., 2021) and primary immunodeficiency diseases (Mogensen, 237 

2019) as well as for disease tolerance (Mottis et al., 2022). Collectively, we have identified 238 

TFs that likely control the expression of the two IBD-related modules to play an essential role 239 

in gut inflammation regulation. 240 

Identifying ModQTLs for IBD-related modules and filtering of candidate genes 241 

To analyze how the genotype impacts the IBD-like inflammatory response associated to HFD, 242 

we performed module QTL mapping analysis (ModQTL) for both IBD-related modules 243 

(HFD_M9 and HFD_28) (Figure 5A). We found a suggestive QTL for HFD_M28 (P value < 244 

0.1), on chromosome 16 containing 552 protein-coding genes (Figure 5A, Appendix 1 - Table 245 

2). The ModQTL analysis was also performed on the modules that are significantly enriched 246 

in IBD-downregulated genes (HFD_M15, HFD_M24, and HFD_M26), but no significant or 247 

suggestive QTLs were detected. Therefore, we focused on the QTL for IBD-induced genes in 248 

HFD_M28 and annotated its candidate genes based on three criteria (Figure 5B): (1) presence 249 

of high-impact genetic variants (such as missense and frameshift variants) in BXDs, (2) 250 
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association with inflammation based on literature mining (Materials and methods), (3) 251 

presence of cis-expression QTLs (eQTLs), that is, whether the expression of the gene is 252 

controlled by the QTL. The 27 genes satisfying at least two of the above criteria were 253 

considered as candidate genes driving the expression of module HFD_M28 (Figure 5C). 254 

To further prioritize candidate genes regulating module HFD_M28, we applied GWAS to 255 

detect Crohn’s disease- and UC-associated genetic variants using whole genome sequence 256 

(WGS) dataset in UKBB (Figure 5C, Materials and Methods). Interestingly, the genetic 257 

variants of two genes under the QTL peak, i.e, ephrin type A receptor 6 (EPHA6, P value = 258 

2.3E-06) (Figure 5C, Figure 5—figure supplement 1A, Appendix 1 - Table 3) and Mucin 259 

4 (MUC4, P value = 1.2E-06) (Figure 5C, Figure 5—figure supplement 1B, Appendix 1 - 260 

Table 4) were also associated with UC in humans. EPHA6 belongs to Eph/Ephrin Signaling 261 

and this pathway has been associated with gut inflammation (Coulthard et al., 2012) and 262 

proposed as a potential target to alleviate the inflammatory response in IBD (Grandi et al., 263 

2019), but the association between EPHA6 and IBD is not explored yet. The Gene-Module 264 

Association Determination (G-MAD) (Li et al., 2019) (https://systems-genetics.org/gmad) also 265 

revealed that expression of Epha6 in mouse gastro-intestinal tract correlates with genes 266 

involved in inflammation-related pathways, such as IL-6 production and regulation of 267 

inflammatory response (Figure 5D, Appendix 1 - Table 5). MUC4 is a transmembrane mucin 268 

(Gao et al., 2021) and highly expressed in gastro-intestinal tract according to the human protein 269 

atlas (Uhlén et al., 2015) (https://www.proteinatlas.org/humanproteome/tissue/intestine) 270 

(Figure 5C). The expression of MUC4 in the human gastro-intestinal tract correlates with 271 

genes that are enriched for CRC and O-linked glycosylation based on G-MAD (Li et al., 2019) 272 

(Figure 5E, Appendix 1 - Table 5). O-linked glycans are expressed by the intestinal 273 

epithelium to maintain barrier function, especially mucin type O-glycans, and gut disorders can 274 

be affected by dysfunction of O-linked glycosylation (Brazil and Parkos, 2022). Moreover, 275 
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MUC4 is upregulated in enterocytes and Goblet cells in colons of Crohn’s disease patients 276 

(Figure 5F). MUC4 hence is a strong candidate because of its role in maintaining the intestinal 277 

epithelium and controlling the gut inflammatory response (McGuckin et al., 2011) and EPHA6 278 

might be a novel candidate gene to impact gut inflammation. Based on the results of our QTL 279 

mapping, human GWAS in UKBB, and existing literature, we hypothesize that MUC4 and 280 

EPHA6 impact on colon integrity and inflammation and may be important players in gut 281 

inflammation or IBD triggered by an unhealthy, lipid-rich diet. 282 

However, it is unclear through what mechanisms the genetic variants in the candidate genes 283 

affect IBD susceptibility. One possibility is that genetic variation leads to altered levels of 284 

expression of the gene, ultimately affecting disease susceptibility. To test this possibility, we 285 

examined the GTEx resource (GTEx Consortium, 2013) and found that MUC4, but not EPHA6, 286 

has cis-eQTLs in the sigmoid and transverse colon. To establish likely causal links with IBD 287 

incidence, we used these associations as instruments in a two-sample Mendelian randomization 288 

(MR) (Hemani, Tilling and Smith, 2017; Hemani et al., 2018) analysis. Using publicly 289 

available GWAS summary statistics for IBD, Crohn’s disease, and ulcerative colitis (Liu et al., 290 

2015; Elsworth et al., 2020) as outcomes, we found suggestive evidence that increased 291 

expression of MUC4 in the sigmoid, but not transverse, colon may increase the risk of IBD 292 

(nominal P value = 0.033, Appendix 1 - Table 6). No eQTLs were reported for EPHA6 in the 293 

colon, precluding us from investigating the potential consequences of changes in its expression 294 

in these tissues. 295 

  296 
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Discussion 297 

Dietary, environmental and genetic factors have all been reported to influence intestinal 298 

inflammation (Adolph et al., 2022). Indeed, HFD can impair the intestinal epithelial barrier 299 

and trigger pre-clinical inflammation in the gastro-intestinal tract, eventually leading to 300 

inflammatory disorders of the gut (Enriquez et al., 2022). In addition, genetic factors identified 301 

by GWAS can also predispose to IBD. For example, the interleukin-1 and -7 receptors (IL-1R2 302 

and IL-7R) were identified as candidate genes that regulate the immune response in IBD (Khor, 303 

Gardet and Xavier, 2011). However, the heterogeneity of diet and other environmental factors 304 

in human studies limits our ability to identify GxE interactions and pinpoint the genes and 305 

pathways involved in diet-induced gut inflammation. Studies in model organisms such as the 306 

mouse, where the environment can be carefully controlled, provide a valuable complement to 307 

human genetics studies that by nature are mainly observational (Nadeau and Auwerx, 2019; Li 308 

and Auwerx, 2020). Unfortunately, most mouse studies only evaluate mice from a single 309 

genetic background, limiting their generalizability and translatability to humans (Nadeau and 310 

Auwerx, 2019; Li and Auwerx, 2020). Conversely, GRPs such as the BXDs can mimic at least 311 

in part the heterogeneity of human populations and allow us to estimate the effect of GxE 312 

interactions on complex diseases (Jha, McDevitt, Gupta, et al., 2018; Li and Auwerx, 2020).  313 

Here, we utilized a panel of 52 BXD genetically diverse mouse strains fed with either HFD or 314 

CD to explore the genetic and dietary modulators of inflammation seen in the colon 315 

transcriptomes using systems genetics approaches. The colon transcriptomic response to HFD 316 

in this mouse population recapitulated several of the general features observed in DSS-induced 317 

UC mouse models and human IBD patients. In particular, we identified the upregulation of 318 

inflammation-related genes and the UPR as well as the downregulation of intercellular 319 

adhesion-related genesets as common signatures induced by HFD (Kreuter et al., 2019). 320 

Moreover, our dataset not only was informative about the transcript changes of IBD at the 321 
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population level, but also unveiled extensive strain-specific effects that allowed us to classify 322 

strains based on their propensity to develop IBD-like signatures. The fact that these 323 

susceptibility groups also differed in anti- and pro-inflammatory plasma cytokine levels (IL-324 

10 and IL-15, respectively) suggests a relation between these tissue-specific transcriptional 325 

signatures and systemic low-grade inflammation. Since gene interactions determine cellular 326 

processes and the molecular functions of correlated genes are often similar (Nayak et al., 2009), 327 

we attempted to elucidate the mechanism underlying the diversity of IBD-like signatures and 328 

chronic inflammation in BXD colons using gene co-expression analyses. This led us to identify 329 

two IBD-related gene modules (HFD_M9 and HFD_M28). 330 

As most differentially expressed genes are likely to be driven by and not be a cause of disease 331 

(Porcu et al., 2021), we attempted to understand whether the signatures in the colon are causes 332 

or consequences of chronic inflammation. A first step was to characterize possible 333 

transcriptional and genetic regulators of IBD-related modules. Enrichment analyses showed 334 

that both IBD-associated modules largely consisted of immune response-related genes. 335 

Specifically, genes involved in HFD_M9 and HFD_M28 are both differentially expressed in 336 

immune cells in inflamed tissues of Crohn’s disease patients (Kong et al., 2023). Moreover, 337 

the HFD_M28 module was enriched for TF motifs of STAT2 and IRF family, and HFD_M9 338 

for SMAD3 and REL, which were illustrated to control the expression of these gut 339 

inflammation-related genes, and influence the inflammatory response triggered by HFD in the 340 

colon. 341 

While we found IBD-related gene modules and the TFs driving their expression, the genetic 342 

drivers of the diversity of gut inflammatory responses observed across the BXDs remained 343 

elusive. To find candidate genes causing gut inflammation upon HFD, we then performed 344 

Module QTL (ModQTL) analysis and allocated a suggestive ModQTL that may be controlling 345 

one of IBD-related module (HFD_M28) under HFD. Importantly, through our prioritization 346 
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scheme for the genes under the ModQTL, we identify two plausible candidates, Epha6 and 347 

Muc4, that have high-impact variants in the BXDs, are related to inflammation, and harbor 348 

variants in humans that are associated with IBD based on UKBB GWAS result. Mendelian 349 

randomization analysis suggests that higher expression of MUC4 in the sigmoid colon may 350 

increase the risk of IBD. Furthermore, Muc4 knock-out mice have been shown to be more 351 

resistant to DSS-induced UC through upregulating the expression of Muc2 (mucin secretion) 352 

and Muc3 (transmembrane mucin) (Das et al., 2016). A GWAS study also indicated that 353 

mutations in EPHA6 increase risk for CRC (Guda et al., 2015), but its potential association 354 

with IBD is a new finding. Therefore, these results point to important potential roles of Muc4 355 

and Epha6 in gut chronic inflammation leading to inflammatory gut disorders. 356 

Although studies in the BXD cohort are limited to variants present in the parental strains, 357 

C57BL/6J and DBA/2J, our analysis nevertheless shows how genetic diversity in this 358 

population allows us to detect the genetic modulators of chronic intestinal inflammation, that 359 

are more difficult to identify in widely used IBD mouse models on a single genetic background. 360 

In support of the generalizability of our data, the identified candidate genes in our mouse 361 

models were also associated to human UC, demonstrating that chronic inflammation induced 362 

upon HFD feeding may indeed be a prelude to human UC. 363 

In conclusion, our systems genetics investigation of the colon in a controlled GRP, 364 

complemented with human GWAS studies, enabled the prioritization of modulators of IBD 365 

susceptibility that were generalizable to the human situation and may have clinical value. 366 

  367 
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Materials and methods  368 

Population handling 369 

Mice were studied as previously described (Williams et al., 2016) and multiple organs were 370 

harvested for further analysis. Briefly, in groups of 3-5 animals from the same strain and diet, 371 

in isolator cages with individual air filtration (500 cm2, GM500, Tecniplast) and provided 372 

water ad libitum. Mice were fed CD ad libitum until 8 weeks of age. From 8 weeks to 29 weeks, 373 

half of the cohort was fed ad libitum HFD and the rest continued to be fed a CD (Figure 1A). 374 

CD composition: 18% kCal fat, 24% kCal protein and 58% kCal of carbohydrates (Teklad 375 

Global 18% Protein Rodent Diet 2018 chow diet, Envigo, Indianapolis, USA). HFD 376 

composition: 60.3% kCal fat, 18.4% kCal protein and 27.3% kCal of carbohydrates (Teklad 377 

Custom Diet TD.06414, Envigo, Indianapolis, USA). All mice were fasted overnight (from 378 

6pm to 9am) prior to euthanasia. All procedures were approved by the veterinary office of 379 

canton Vaud under animal experimentation license number VD2257. In this work, proximal 380 

colons were extracted from the bio-banked samples and we did not use any new animals. 381 

Transcriptome of the proximal colon in BXDs 382 

A ~1 cm portion of the proximal half part of the colon was excised following euthanasia, 383 

washed in PBS and immediately stored in liquid nitrogen. Approximately 5 animals of the 384 

same strain fed the same diet were pooled at equal mass concentration for further RNA 385 

extraction. Total RNA was extracted using Direct-zol (Zymo Research) including the DNase 386 

digestion step. 100ng of total RNA was amplified using the Ambion® WT Expression Kit from 387 

Life Technologies (part number 4411974) and 5,500ng of cDNA was fragmented and labeled 388 

using the Affymetrix WT terminal labeling kit (part number 900671) all following 389 

manufacturers protocols. Labeled cDNA was hybridized on an Affymetrix Clariom S Assay 390 

microarray platform (GPL23038) in ~16 hours of incubation, then washed and stained using 391 
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an Affymetrix 450 Fluidics Station according to Affymetrix protocols. Finally, arrays were 392 

scanned on Affymetrix GSC3000 7G Scanner. Microarray data preprocessing was performed 393 

using apt-probeset-summarize from the Array Power Tool (APT) suite (v2.11.3) with the gc-394 

sst-rma-sketch standard method and resulting expression values were log-transformed. 395 

Microarray probes targeting polymorphic regions in the BXD population were ignored in the 396 

process. For probesets targeting a same transcript, only the probeset with the highest value was 397 

considered. 398 

Differential gene expression analysis 399 

General differences in mRNA expression profiles between diets was assessed using Principal 400 

Component Analysis (PCA). Differential expression of individual transcripts between diets 401 

was assessed using the limma R Bioconductor package (version 3.48.3) (Ritchie et al., 2015). 402 

Briefly, statistical significance was assessed using an empirical Bayes method (eBayes function) 403 

with an additive linear model accounting for diet and strain effect and adjusted P values were 404 

calculated by the Benjamini-Hochberg (BH) approach. Transcripts showing BH-adjusted P 405 

value below 0.05 and absolute Log2 (Fold Change) above 0.5 were considered significantly 406 

associated with the effect of the diet. 407 

Gene set enrichment analysis (GSEA) and Over-representation analysis (ORA) 408 

Gene sets used in GSEA and ORA consisted of two parts: (1) the gene sets from the GO, KEGG, 409 

Hallmark, and Reactome databases were retrieved through the msigdbr R package (version 410 

7.2.1) (Liberzon et al., 2011). (2) the gene signatures of mouse and human IBD were used as 411 

custom gene sets (Table 1). 412 

GSEA was performed using clusterProfiler R package (version 3.10.1) (Yu et al., 2012) based 413 

on the log2(Fold Change) ranking using parameters (nPerm = 100000, minGSSize = 30, 414 
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maxGSSize = 5000, pvalueCutoff = 1). The gene sets with absolute NES higher than 1 and BH-415 

adjusted P value lower than 0.05 were identified as the significantly enriched gene sets. 416 

ORA analysis was also performed using clusterProfiler R package (version 3.10.1) (Yu et al., 417 

2012) using parameters (minGSSize = 30, maxGSSize = 800). The gene sets with adjusted P 418 

value calculated by BH lower than 0.05 were identified as the significantly enriched gene sets.  419 

Weighted gene correlation network analysis (WGCNA) 420 

We used WGCNA R package (v1.51) (Langfelder and Horvath, 2008) to construct co-421 

expression networks under CD and HFD, respectively. Firstly, the correlations between all 422 

pairs of gene across all BXDs fed with CD or HFD were calculated by Pearson correlation. 423 

Then, a best soft-thresholding power of 4 and 3 was chosen using pickSoftThreshold function 424 

with parameters (networkType = "signed hybrid", blockSize = 25000, corFnc = "bicor") for CD 425 

and HFD datasets in BXD colons separately. According to the calculated correlation 426 

coefficients, a network was constructed using parameters (networkType = "signed hybrid", 427 

minModuleSize = 30, reassignThreshold = 1e-6, mergeCutHeight = 0.15, maxBlockSize = 428 

25000). The constructed co-expression gene modules were assigned color names and the 429 

module eigengenes were also identified for further analyses. To detect the preserved CD-430 

modules in the co-expression modules under HFD, we defined gene modules under CD as 431 

custom genesets and performed ORA on each HFD-modules. 432 

Transcription factor (TF) enrichment analysis 433 

We first constructed a lognormal background distribution using the sequences of + 5kb region 434 

around the transcription starting site (TSS) of all genes and then downloaded the mouse 435 

HOCOMOCO-v10 (Kulakovskiy et al., 2018) motifs from R package motifDB to perform TF 436 

enrichment analyses using R package PWMenrich. The significantly enriched motifs (P value 437 

< 0.001) were selected and then ranked based on the percentage of enriched promoters. 438 
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Module Quantitative Trait Locus (ModQTL) mapping in the BXDs 439 

We first downloaded genotype information of each BXD mice from GeneNetwork 440 

(https://gn1.genenetwork.org/webqtl/main.py?FormID=sharinginfo&GN_AccessionId=600) 441 

and generated the kinship matrix of BXD mice using the leave-one-chromosome-out (LOCO) 442 

method. We then used the eigengenes of each module as phenotype input to perform Module 443 

QTL (ModQTL) with the R package qtl2 (version 0.28) (Broman et al., 2019) and the threshold 444 

of each QTL mapping analysis was obtained from a permutation test with 10,000 repeats. The 445 

peaks of QTL were calculated by find_peaks function with parameter: prob=0.95. 446 

The same methods were also applied to gene expression QTL mapping (eQTL) and the 447 

significance threshold of each gene was obtained from a permutation test with 1,000 repeats. 448 

The significant peaks overlapped with the location of their corresponding gene were identified 449 

as cis-eQTL. 450 

Literature mining 451 

To explore the inflammation related genes, we first used candidate gene names and keywords 452 

(“IBD”, “inflammatory bowel disease”, “Ulcerative colitis”, “Inflammation”, “Inflammatory”, 453 

“Crohn's disease”) to search the title or abstract of associated literature using R package 454 

easyPubMed (version 2.13). Then, the genes involved in inflammation were confirmed by 455 

manual curation. 456 

Genome-wide association study (GWAS) in UKBB 457 

The phenotype data of inflamed Ulcerative colitis (Data-Field 131629, n = 6,459) and Crohn’s 458 

disease (Data-Field 131627, n = 3,358) were firstly downloaded from UKBB (Bycroft et al., 459 

2018). 200,030 individuals with whole genome sequencing (WGS) (Halldorsson et al., 2022) 460 

in UK Biobank were selected and then the population of European descent (including with 461 

1,173 patients with Crohn’s disease and 2,295 patients with UC) was extracted for further 462 
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GWAS analyses. Control individuals (n = 143,194) were included based on the following 463 

criteria: (1) Individuals without non- inflamed colitis (Data-Field 131631), Crohn’s disease, 464 

and UC. (2) Individuals not taking any IBD-related medicine (Appendix 1 - Table 7). 465 

WGS data provided by UK Biobank and used for GWAS were processed starting from pVCF 466 

files. We used REGENIE step1 to estimate population structure and then REGENIE step2 were 467 

applied to test associations between phenotypes and genetic variants and also included the 468 

following covariates in our model: the first 10 genetic principal components, age, sex, age:sex 469 

interaction, Body Mass Index (BMI), and smoking status. All data preparation and GWAS 470 

steps were run on DNAnexus. 471 

Mendelian randomization (MR) analysis 472 

eQTLs in sigmoid colon and transverse colon were selected in and their effect sizes obtained 473 

from the GTEx Portal on 2023-03-28 (v8, https://www.gtexportal.org/home/datasets, dbGaP 474 

Accession phs000424.v8.p2) (GTEx Consortium, 2013). No eQTLs were found for EPHA6 475 

but 147 and 87 eQTLs were found for MUC4 in the sigmoid colon and transverse colon, 476 

respectively. 477 

GWAS summary statistics for outcomes of interest, namely inflammatory bowel disease, 478 

ulcerative colitis, and Crohn’s disease, were obtained from the IEU OpenGWAS project 479 

(Elsworth et al., 2020), using the ieugwasr package (v0.1.5, https://mrcieu.github.io/ieugwasr/). 480 

As multiple GWAS exist for these diseases, we selected a representative one for each, 481 

prioritizing those with greater sample sizes and more cases, while still providing enough 482 

genetic variants for a large overlap with GTEx data (> 1 M SNPs). The selected GWAS were 483 

inflammatory bowel disease (ieu-a-31) (Liu et al., 2015), ulcerative colitis (ieu-a-32) (Liu et 484 

al., 2015), and non-cancer illness code, self-reported: Crohn’s disease (ukb-b-8210) (Elsworth 485 

et al., 2020). 486 
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For each outcome, MUC4 eQTLs which were present in the outcome GWAS were pruned for 487 

independence (more than 10 kbp away or r² < 0.01) using Plink v1.90b6.21 (Purcell et al., 2007) 488 

with the GTEx LD reference panel. In most cases this resulted in only a single eQTL being 489 

retained, with the exception of the sigmoid colon - Crohn’s disease combination which resulted 490 

in two independent eQTLs. 491 

Mendelian randomization (MR) was performed using the TwoSampleMR R package (version 492 

0.5.6) (Hemani, Tilling and Smith, 2017; Hemani et al., 2018). In the case with more than one 493 

eQTL, we used inverse-variance weighted MR, otherwise the Wald ratio. Because the 494 

magnitude of the normalized effect sizes provided by GTEx have no direct biological 495 

interpretation (https://gtexportal.org/home/faq#interpretEffectSize), the resulting causal effect 496 

estimates do not have an associated unit and cannot be translated into direct biological 497 

consequences. The direction (sign) of the effect remains interpretable. 498 

  499 
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Figure Legends 768 

 769 

Figure 1. The effect of long-term HFD on gene expression in BXD colons. (A) Graphical 770 

representation of a pipeline of a previously described BXD mouse study (Williams et al., 2016). 771 

Mice were fed HFD or CD starting from 8 weeks of age and metabolic phenotyping was 772 

performed as indicated. Mice were sacrificed at 29 weeks of age and multiple organs were 773 

collected and frozen for further analyses. BXD colon transcriptomes were analyzed in this 774 

study. CD: chow diet indicated in blue, HFD: high-fat diet indicated in red. P values were 775 

calculated by two-tailed Student’s t-test and indicated as follows: * P <0.05; ** P <0.01; *** P 776 

<0.001; **** P <0.0001. (B) Volcano plot showing the HFD effect on BXD colon 777 

transcriptomes compared to CD and the up- and down-regulated differentially expressed genes 778 

(DEGs, absolute Log2(Fold Change) > 0.5 and BH-adjusted P value (adj. P) < 0.05) were 779 

highlighted in red and blue, respectively. (C) Gene set enrichment analysis showing the effect 780 

of HFD on gene expression in BXD colons. Gene sets were grouped into five categories: 781 

Translation, Inflammation, Mitochondria, Stress, and Intermediate filament. Normalized 782 

enrichment scores (NES) were represented by color and -Log10 (BH-adj. P) were represented 783 

by dot size and indicated as follows: * Adjusted P value <0.05; ** Adjusted P value <0.01; *** 784 

Adjusted P value <0.001. (D) Enrichment analysis of molecular signatures of mouse and human 785 

IBD on the transcriptome of BXD colons. UC: Ulcerative colitis, CDs: Crohn’s disease 786 

The following figure supplement is available for figure 1: 787 

Figure supplement 1. Transcriptome profile in BXD colons. 788 
  789 
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 790 

Figure 2. Identifying susceptible strains to HFD-induced IBD-like inflammation and their 791 

effect on plasma cytokines. (A) Enrichment analysis of the molecular signatures in human 792 

(bottom panel) and mouse IBD (top panel) models on the gene expression of individual BXD 793 

colons. Dendrogram showing the propensity to develop a mouse IBD-like signature among 794 

BXD strains upon HFD. BXD strains were divided into three clusters: susceptible (in red), 795 

intermediate (in blue), and resistant strains (in green). Normalized enrichment scores (NES) 796 

were represented by color and -Log10(BH-adjusted P values) were represented by dot size and 797 

indicated as follows: * Adjusted P value <0.05; ** Adjusted P value <0.01; *** Adjusted P 798 

value <0.001. UC: Ulcerative colitis, CDs: Crohn’s disease (B, C) Boxplots showing the effect 799 

of susceptible strains on plasma IL-10 (B) and IL-15 (C) level compared to resistant strains. P 800 

values were calculated by two-tailed Student’s t-test and indicated as follows: * P <0.05; ** P 801 

<0.01; *** P <0.001; **** P <0.0001. 802 

  803 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 11, 2023. ; https://doi.org/10.1101/2023.03.22.533818doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.22.533818
http://creativecommons.org/licenses/by/4.0/


 36 

 804 

Figure 3. Identifying IBD-related gene modules. (A) Pipeline for exploring the IBD-805 

associated gene modules. A co-expression gene network was constructed based on the 806 

transcriptome of BXD colons under HFD. IBD-associated modules were then defined as gene 807 

modules under HFD that are significantly clustered in mouse DSS-induced UC signatures. (B) 808 

UMAP representation of the co-expression gene network under HFD. 39 co-expression 809 

modules are represented in the corresponding color and the correlated modules (Spearman 810 

correlation coefficient between the eigengene of modules > 0.7) were linked by a grey line. (C) 811 

Heatmap showing the enrichment of co-expression modules in mouse and human IBD gene 812 

signatures and the number and percentage of enriched genes were labeled. The number of 813 

enriched genes divided by the number of genes involved in the respective module was defined 814 

as the percentage of enriched genes. Signed –Log10(adj. P) indicated BH-adjusted P value and 815 

the enriched gene set. Enriched modules of up- and down-regulated genes upon disease were 816 

highlighted in red and blue, respectively. UC: Ulcerative colitis, CDs: Crohn’s disease. 817 

The following figure supplement is available for figure 3: 818 
Figure supplement 1. Exploring IBD-associated co-expression modules under CD. 819 
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 822 

Figure 4. Biological interrogation of identified IBD-related modules. (A, B) Dot plots 823 

showing the enrichment of IBD-related modules in hallmark genesets (A) and cell-type gene 824 

signatures of inflamed colon in Crohn’s disease patients (B). Gene ratios higher than 0.1 are 825 

shown and represented by dot size. Dots are colored by -log10(BH-adjusted P values). (C, D) 826 

The enriched motifs for promoters of the genes involved in module HFD_M9 (C) and 827 

HFD_M28 (D). The significantly enriched motifs (P value < 0.001) were ranked based on the 828 

percentage of enriched promoters (In top motifs) and then the top five TFs were selected. TF: 829 

Transcription factor. PWM: Positional weight matrix. 830 
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 832 

Figure 5. ModQTL mapping for two IBD-related modules and the prioritization of 833 

candidate genes. (A) Manhattan plot showing the ModQTL mapping result for disease-related 834 

modules HFD_M9 and HFD_M28. ModQTL maps of HFD_M9 and HFD_M28 are indicated 835 

in orange and purple, respectively. The threshold calculated by permutation test (P < 0.1) for 836 

HFD_M28 is represented by a purple dashed line. (B) The filtering criteria for selecting 837 

candidate genes under the ModQTL peak for HFD_M28. Genes with 2 of the described criteria 838 

are considered as candidate genes. (C) The most significant associations between 27 candidate 839 

genes under the ModQTL peak and Crohn’s disease or UC identified through GWAS according 840 

to whole genome sequence in the human UKBB are shown in the scatter plot (top panel). 841 

Crohn’s disease and UC are indicated by pink circle and green triangle, respectively. The 842 

threshold (-Log10P value = 5) is represented by a red dashed line. Heatmap showing the 843 

identified 27 candidate genes of module HFD_M28 (bottom panel). Variants colored in blue 844 

indicate genes with high-impact genetic variants in BXD mice (including missense, frameshift, 845 

initiator codon, splice donor, splice acceptor, in-frame deletion, in-frame insertion, stop lost, 846 

stop gained). Inflammation is indicated in red and represents genes associated with 847 

inflammation based on literature mining. Cis-eQTL colored in purple indicates genes with Cis-848 
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eQTLs. Tissue specificity colored in orange means genes that are highly expressed in human 849 

intestine (data were downloaded from human protein atlas, 850 

https://www.proteinatlas.org/humanproteome/tissue/intestine (Uhlén et al., 2015)). GWAS 851 

result of UC in UKBB colored in green indicates that genes are significantly associated with 852 

human UC. (D, E) Manhattan plots showing the associated gene expression modules of Epha6 853 

in mouse gastro-intestinal tract (D) and that of MUC4 in human gastro-intestinal tract (E) (data 854 

from https://systems-genetics.org/gmad (Li et al., 2019)). The threshold is represented by the 855 

red dashed line (absolute Gene-Module Association Score (GMAS) >= 0.268). Terms above 856 

the threshold are identified as the significant associated terms. GO terms or gene modules are 857 

ranked by similarity. Known associated terms are shown as red dots and new significant 858 

associated terms are colored in black. (F) Dot plot showing that the expression of MUC4 was 859 

higher in four cell types of human inflamed colon with Crohn’s disease. 860 

The following figure supplement is available for figure 5: 861 
Figure supplement 1. Genome-wide association studies (GWAS) for Ulcerative colitis (UC) 862 
and Crohn’s disease (CDs) in humans. 863 
 864 
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 866 

Figure 1—figure supplement 1. Transcriptome profile in BXD colons. (A) Principal-867 

component analysis (PCA) of the microarray profiles of BXD colons under high-fat (HFD, 868 

indicated in red) or chow diet (CD, represented in blue). (B) Bar plot showing the primary 869 

principle (PC1) calculated by PCA of the colon transcriptomes in each BXD strain fed with 870 

CD (blue) or HFD (red). BXD strains highlighted in bold mean they are more resistant to 871 

dietary challenges. (C) Heatmap showing unsupervised hierarchical clustering of colon 872 

transcriptome in both the CD and HFD fed BXDs. (D) Enrichment analysis of inflammation-873 

related genesets showing the effect of HFD on gene expression in individual BXD colon. 874 

Normalized enrichment scores (NES) were represented by color and -Log10(BH-adjusted P 875 

values) were represented by dot size and indicated as follows: * Adjusted P value < 0.05; ** 876 

Adjusted P value < 0.01; *** Adjusted P value < 0.001. BXD strains highlighted in red 877 

represent the 3 most susceptible strains to gut inflammation upon HFD. BXD strains colored 878 

in green show no significant enrichment in gut inflammation. 879 
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 881 

Figure 3—figure supplement 1. Exploring IBD-associated co-expression modules under 882 

CD. (A) Heatmap showing modules enriched in mouse IBD gene signatures and the number 883 

and percentage of enriched genes were labeled. The number of enriched genes divided by the 884 

number of genes involved in the respective module was defined as the percentage of enriched 885 

genes. Signed –Log10(adj. P) indicated BH-adjusted P value and the enriched gene set. 886 

Enriched modules of up- and down-regulated genes upon disease were highlighted in red and 887 

blue, respectively. (B) Heatmap showing the similarity of co-expression modules identified 888 

under CD or HFD. The number and percentage of overlapped genes were labeled. The number 889 

of overlapped genes divided by the number of genes involved in the respective module in HFD 890 

was defined as the percentage of overlapped genes. Adjusted P values calculated by BH were 891 

indicated by color. (C) Heatmap showing the modules under CD enriched in human IBD gene 892 

signatures and the number and percentage of enriched genes were labeled. UC: Ulcerative 893 

colitis, CDs: Crohn’s disease. 894 
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 896 

Figure 5—figure supplement 1. Genome-wide association studies (GWAS) for Ulcerative 897 

colitis (UC) and Crohn’s disease (CDs) in humans. (A, B) Lollipop plots showing UC- or 898 

CDs-associated genetic variants of EPHA6 (A) and MUC4 (B) based on UKBB whole genome 899 

sequence data. Variants effect were predicted and their classification are represented by color. 900 

VEP: Variant Effect Prediction. 901 
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Tables 903 

Table 1: Gene signatures of mouse and human IBDs 904 

Disease Source DEGs Thresholds Species Tissues 

DSS-induced UC 
GSE131032 

(Czarnewski et al., 
2019) 

Author-provided 
DEGs 

absolute log2FC >1 & 
BH-adjusted P value < 

0.05 
Mouse Colon 

Crohn’s disease & 
UC 

GSE16879 
(Arijs et al., 2009; 

Li et al., 2019) 

Author-provided 
DEGs 

absolute FC >1 & BH-
adjusted P value <0.01 Human Colon 

Crohn’s disease & 
UC 

GSE83687 
(Peters et al., 2017) 

DEGs computed by 
limma package 
(Ritchie et al., 

2015) 

absolute log2FC >1 & 
BH-adjusted P value 

<0.001 
Human Colon 

Crohn’s disease SCP1884 
(Kong et al., 2023) 

Author-provided 
DEGs 

DE coefficient >1 & BH-
adjusted P value <0.05 Human Colon 
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Table Supplements and Legends 907 

Appendix 1 - Table 1. Co-expression networks under CD or HFD. Related to Figure 3 908 

Appendix 1 - Table 2. Genes under QTL peak of module HFD_M28. Related to Figure 5 909 

Appendix 1 - Table 3. Associations between genetic variants of EPHA6 and IBD. Related 910 

to Figure 5 and its figure supplement 1 911 

Appendix 1 - Table 4. Associations between genetic variants of MUC4 and IBD. Related 912 

to Figure 5 and its figure supplement 1 913 

Appendix 1 - Table 5. G-MAD result for Epha6 in mice and MUC4 in humans. Related to 914 

Figure 5 915 

Appendix 1 - Table 6. MR result for MUC4. 916 

Appendix 1 - Table 7. Medicine for human IBD. 917 
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