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Abstract 

Background: Leaky gut and microbiota dysbiosis have been linked to many chronic inflammatory 

diseases. Strengthening the gut epithelial barrier is a novel but overlooked strategy for management 

of gut microbiota-associated illnesses. 

Results: Using the dextran sulfate sodium (DSS)-induced gut barrier injury-based colitis model, we 

found that DSS-induced weight loss, rectal bleeding, and colonic epithelium damage were 

ameliorated in dual-specificity phosphatase 6 (Dusp6)-deficient mice. These protective effects could 

be attributed to the enhanced colon barrier integrity conferred by Dusp6-deficiency. Consistently, 

DUSP6 mutation in Caco-2 cells elevated transepithelial electrical resistance, enhanced tight-

junctions, and increased expression of microvilli-associated genes. DUSP6-deficient Caco-2 cells 

also showed increased mitochondrial oxygen consumption accompanied by altered glucose 

metabolism and decreased glycolysis. Remarkably, our microbiome analysis found that Dusp6-

deficient mice harbored fewer pathobionts and facultative anaerobes and more obligate anaerobes 

than wild-type mice after DSS treatment. Our cohousing and fecal microbiota transplantation 

experiments demonstrated that the gut/fecal microbiota derived from Dusp6-deficient mice also 

conferred protection against colitis. 

Conclusion: We have thus identified Dusp6 deficiency as beneficial in enhancing gut barrier 

integrity, elevating epithelial phosphoxidation, and maintaining the gut microbiota eubiosis 

necessary to protect against colitis. 



 4 

Keywords: Gut microbiota, Inflammatory bowel disease, Experimental colitis, Barrier integrity, 

Leaky gut 

  



 5 

Background 

Compromised gut barrier integrity has been associated with many chronic inflammatory 

diseases, as barrier formation is a crucial function of gut epithelial cells. Through apical junctional 

complex (AJC) substructures, including the adherens and tight junctions (TJs), gut epithelial cells 

link together and establish a boundary that limits entry of digested food and gut microbes into the 

circulation [1-3]. The transcellular pathway is therefore the main route for nutrient absorption, and 

gut epithelial cells act as the frontline in response to luminal microbes. The enterocytes express 

pattern recognition receptors (PRRs) to sense microbe-associated molecular patterns (MAMPs) and 

promote immune responses, including the production of anti-microbial peptides, the transportation 

of secretory IgA (SIgA), and recruitment of immunocytes [4]. In addition, epithelial cells lining the gut 

are known to limit oxygen diffusion from the lamina propria into the intestinal tract, thereby 

establishing an anaerobic lumen for the growth of commensal anaerobes [5]. Enterocyte metabolism 

has also been found to mediate oxygen utilization, which can further limit the amount of oxygen that 

diffuses into the gut lumen [6]. 

Inflammatory bowel disease (IBD) refers to two chronic inflammatory digestive tract disorders: 

Crohn’s disease and ulcerative colitis (UC). IBD is a globally emergent disease with accelerating 

incidence in newly-industrialized countries with increasingly Westernized lifestyles, while incidence 

is stabilizing at a high burden of disease in Western and other industrialized countries. The onset 

and progression of IBD is multifaceted and associated with a combination of genetic, microbial, and 

environmental factors. IBD risk has been linked to more than 200 genetic loci that affect host-
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microbiome interaction, most of which are related to cell-intrinsic barrier and key immunological 

pathways. For example, polymorphisms in C1orf106 increase susceptibility to IBD and C1orf106 

has been shown to regulate epithelial cell surface levels of E-cadherin and adherens junction stability, 

which affect the intestinal epithelial cell barrier [7-9]. CDH1, the gene that encodes E-cadherin, is 

also associated with an increased risk of UC [10]. Another UC-specific susceptibility gene is LAMB1, 

which encodes the laminin β1 subunit [10, 11]. Laminins interact with integrins to create a critical 

cell adhesion network in the intestinal epithelium, suggesting enhancement of gut epithelium 

integrity as a potential therapeutic strategy for IBD. 

Intestinal barriers shape microbiota through multiple mechanisms [12] and, reciprocally, gut 

commensals aid in reinforcing gut barrier integrity [13]. In recent years, higher abundance of 

Proteobacteria and reduced diversity of the gut microbiome have become increasingly common in 

cases of IBD [14]. Although eubiosis and dysbiosis of gut microbiota have been shown to play 

important roles in the etiology of this disease, whether dysbiosis is an early event in IBD 

pathogenesis remains unclear due to the complex interactions of the host’s genetics that affect 

barrier functions, the immune system, and gut microbiota [15]. Nevertheless, diet and probiotics may 

play important roles in regulating the gut microbiome and have been explored as supplementary 

strategies to manage the course of IBD. Another gut microbiome-centered strategy with a potential 

therapeutic impact in IBD is fecal microbiota transplantation (FMT). However, FMT studies 

conducted on IBD patients thus far have shown variable and inconclusive results. Donor-recipient 

compatibility, which requires consideration of genetic and environmental factors, may be critical in 
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determining the likelihood of FMT success. 

An emerging concept is the importance of gut barrier integrity in maintenance of overall health 

[1]. However, there have yet to be any FDA-approved therapeutic agents designed to improve gut 

epithelial barrier integrity [16, 17]. Identification of a modulator with a vital role in regulation of gut 

epithelial function is imperative to improve management of intestinal diseases. We previously 

demonstrated that knockout of the Dusp6 gene, encoding Dual-Specificity Phosphatase 6 (DUSP6), 

a molecule involved in the negative feedback loop associated with Erk1/2 activation, ameliorated 

weight-gain after a high-fat diet, induced TJ pathway-related gene expression in the small intestine, 

and altered response of the gut microbiota to a high-fat diet in a mouse model [18]. We also found 

increased whole-body oxygen consumption in mice with Dusp6 deficiency. This evidence led to our 

hypothesis that Dusp6 depletion enhances gut epithelial barrier integrity and modulates the 

composition of the microbiota, providing a potential therapeutic target in the management of 

intestinal diseases. In this study, we applied multi-omics, cell biology, and gnotobiotic approaches 

using human gut epithelial Caco-2 cells and the DSS-induced experimental colitis model in Dusp6 

gene-deficient mice to explore causative links between enhanced TJs, altered gut epithelial 

metabolism, and microbiome composition. We further examined whether these molecular alterations 

resulted in protection against DSS-induced damage to the gut epithelium in an animal model. Our 

microbiome analysis demonstrated that colitis-induced expansion of Proteobacteria was 

ameliorated in Dusp6 knockout (D6KO) mice and provided proof-of-concept that FMT could prevent 

DSS-induced colitis in mice. Our results suggest that DUSP6 inhibition could be applied as a novel 
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therapeutic strategy to enhance gut epithelial barrier integrity in the prevention or treatment of gut 

barrier-related diseases. 

  



 9 

Results 

Dusp6 deficiency protects mice from DSS-induced colitis 

We first analyzed DUSP6 gene expression in human colonic mucosa samples from patients 

with UC using the public transcriptome dataset GSE9452 from the Gene Expression Omnibus [19]. 

DUSP6 expression was significantly up-regulated in UC-inflamed colonic mucosa compared with 

healthy controls; however, DUSP6 induction was significantly blunted in samples of UC-non-

inflamed compared with UC-inflamed colonic mucosa (Figure 1A). Moreover, our reanalysis of a 

published single-cell RNA-seq dataset (Single Cell Portal: SCP259) of cells from the colonic mucosa 

of UC patients and healthy individuals [20] revealed that UC-induced DUSP6 gene expression was 

observed primarily in colonic epithelial cells (Figure 1B), rather than in immune or stromal cells 

(Figure 1, C and D). We then investigated the effects of Dusp6 deficiency on intestinal epithelial 

injury using a murine model of dextran sulfate sodium (DSS)-induced colitis. After 9 days of 

treatment, immunohistochemical staining demonstrated colonic epithelial injury concurrent with 

increased DUSP6 expression in wild-type (WT) mice exposed to 2% (w/v) DSS compared to controls 

(Figure 1E). Changes in Dusp6 expression in response to DSS-induced gut epithelial injury in mice 

appeared similar to effects observed in samples from patients with UC. Additional analysis of DSS-

induced colitis in male D6KO mice showed attenuation of DSS-induced weight loss compared with 

DSS-treated WT littermates (Figure 1, F and G; Supplemental Figure 1A). Rectal bleeding and 

diarrhea caused by DSS in WT mice were ameliorated in D6KO mice (Supplemental Figure 1, B 

and C), leading to a lower disease activity index in DSS-treated D6KO mice compared to DSS-
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exposed WT controls (Figure 1H). Moreover, DSS-treated D6KO mice showed greater water 

consumption and food intake than DSS-treated WT mice (Supplemental Figure 1, D and E), 

suggesting that the D6KO mice had reduced disease severity and discomfort in response to DSS. 

Although D6KO mice showed no significant protection against DSS-induced splenomegaly or 

colonic cytokine production (Supplemental Figure 2, A and B), DSS-induced shortening of colon 

length in D6KO mice was attenuated (Figure 1, I and J). Thickening of the outer muscle layer of the 

colon was observed in both D6KO and WT mice after DSS stimulation (Figure 1K, top row), and 

transverse sections showed significantly altered colonic luminal architecture and barrier in WT mice 

after DSS treatment. In contrast, the luminal epithelial layer appeared normal in DSS-treated D6KO 

mice. Distortion of crypts of Lieberkuhn (intestinal glands) were observed in WT mice after DSS 

treatment (Figure 1K, bottom row), accompanied by a distinct reduction in the number of goblet 

cells and infiltration of mononuclear cells (Figure 1L). None of these pathohistological defects were 

observed in DSS-treated D6KO mice, suggesting that Dusp6 deficiency conferred protection against 

DSS-induced colitis via maintenance of intestinal epithelium integrity. 

We also explored whether sex was a factor contributing to the protective effects of Dusp6 

deficiency against DSS-induced colitis. The body weight of female WT mice decreased after 9 days 

of treatment with DSS, whereas the weight of female D6KO mice was not significantly different from 

controls (Supplemental Figure 3, A and B). DSS-induced shortening of the colon was observed in 

female WT mice, but not in female D6KO mice (Supplemental Figure 3, C and D). 

Pathohistological changes in the colonic epithelium, including crypt distortion, goblet cell loss, and 
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mononuclear cell infiltration were observed in female WT mice after DSS treatment, but not in DSS-

treated female D6KO mice (Supplemental Figure 3E). Therefore, female D6KO mice exhibited the 

same protection from DSS-induced colitis as male D6KO mice. 

 

Dusp6 deficiency enhances intrinsic colonic tight junctions and elongates microvilli in 

mice 

Dysregulation of the gut epithelial barrier has been linked to colitis; therefore, we examined TJs 

within the colonic epithelium in mice. Using quantitative real-time PCR (qRT-PCR) of mRNA 

expression of a panel of colonic TJ proteins, we found that the baseline mRNA levels of Tjp1, Tjp2, 

and Ocln were significantly higher in the colonic tissue of D6KO mice compared with that of WT 

mice (Figure 2A). The basal level of TJP1 was higher in the colonic epithelium of D6KO mice 

compared with WT littermates, as demonstrated by immunofluorescent staining of TJP1 protein on 

the epithelial surface along the lumen and crypt axes (Figure 2B, Water). Similarly, TJP2 was more 

abundant in colonic epithelial cells of D6KO mice compared to WT, and immunofluorescent images 

showed TJP2 protein localization on both the epithelial membrane and throughout the cytoplasm. 

Although the level of the Tjp3 transcript was not altered by Dusp6 deficiency, immunofluorescent 

staining displayed more extensive expression of TJP3 in the colonic epithelium of D6KO mice 

compared with WT (Figure 2, A and B). These results suggest that Dusp6 deficiency increased the 

overall production of TJ proteins in mice in the basal state. However, the levels of Tjp1 and Tjp2 

mRNA in DSS-treated D6KO mice were decreased to a level similar to those of DSS-treated WT 
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mice (Figure 2A), revealing that DSS treatment impeded the effects of Dusp6 deficiency on TJ-

associated gene induction. TJP1, TJP2, and TJP3 immunofluorescence was nearly undetectable at 

sites of colonic inflammation in DSS-treated WT mice due to the loss of epithelium (data not shown), 

whereas the intensity of protein-specific fluorescence at non-inflammatory sites was increased in 

WT mice after DSS treatment compared to WT controls (Figure 2B). These data suggest that the 

epithelial TJ proteins can be induced in a compensatory manner in regions not yet destroyed by 

DSS treatment. In addition, expression of TJP1, TJP2, and TJP3 was largely unaffected in the 

colonic epithelium of DSS-treated D6KO mice, and the fluorescence intensity of these proteins 

remained higher in D6KO mice than in WT mice after DSS treatment. Transmission electron 

microscopy also revealed that Dusp6 deficiency enhanced the electron density of colonic TJ 

complexes (Figure 2C), and increased colonic epithelial cell microvilli length was observed in D6KO 

mice compared to WT (Figure 2, C and D). We further assessed the mRNA levels of a panel of 

microvilli-associated genes and found that basal expression of Vil1, Vill, Myo5b, and Myo5c was 

significantly increased in the colonic tissue of D6KO mice compared with that in WT controls (Figure 

2E, Water). Overall, Dusp6 deficiency was found to increase intestinal barrier integrity through TJ 

enhancement and microvilli elongation. 

 

DUSP6 deficiency alters the transcriptome and phospho-proteome in Caco-2 cells 

The activation of gut barrier genes observed in D6KO mice may be due to intrinsic effects of 

gene deletion or exogenous factors such gut microbiota. To investigate whether DUSP6 deficiency 
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directly enhances gut epithelial barrier integrity, we examined the effects of DUSP6 knockout on 

barrier function and the expression of barrier-associated genes in human gut epithelial Caco-2 cells. 

A nonsense DUSP6 gene mutation that blocked DUSP6 protein expression was introduced into 

Caco-2 cells (DUSP6 KO) in our previous study [18]. Transepithelial electrical resistance (TEER) 

was significantly increased in DUSP6 KO Caco-2 cells compared with WT Caco-2 cells 

(Supplemental Figure 4A). Using RNA-seq transcriptome profiling, we found 1730 significantly up-

regulated genes and 1501 significantly down-regulated genes in DUSP6 KO Caco-2 cells compared 

with WT Caco-2 cells (Figure 3A). We then used FunRich software to analyze the differentially 

expressed genes (DEGs) with Gene Ontology (GO) enrichment analysis and found that DUSP6 KO 

Caco-2 cells had enrichment of up-regulated genes associated with 9 biological processes and 

enrichment of down-regulated genes associated with 4 biological processes (Supplemental Figure 

4B). Both up-regulated and down-regulated genes enriched in DUSP6 KO Caco-2 cells were 

predominantly involved in energy and metabolism pathways, which suggested that DUSP6-

deficiency significantly altered cellular metabolism and energy flow. We then identified potential 

biological pathways regulated by DUSP6 in gut epithelial cells using FunRich biological pathway 

analysis, which resulted in 68 pathways enriched in up-regulated DEGs and 116 pathways enriched 

in down-regulated DEGs from DUSP6 KO Caco-2 cells (Figure 3B). Among the 68 up-regulated 

pathways, we found several biological pathways potentially relevant to the effects of colitis, including 

mesenchymal-to-epithelial transition (MET), interferon alpha/beta signaling, and hypoxic and 

oxygen homeostasis regulation of hypoxia inducible factor (HIF)-1-alpha. The epithelial-to-
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mesenchymal transition (EMT) pathway showed enrichment in down-regulated DEGs in DUSP6 KO 

Caco-2 cells. The biological context of concurrent MET-stimulation and EMT-repression in DUSP6 

KO Caco-2 cells implied that improved intrinsic epithelium barrier function and enhancement of cell 

polarity are mediated by DUSP6 deficiency. 

DUSP6 is a phosphatase, and therefore it is plausible that DUSP6 knockout alters the 

phosphorylation status of other proteins. To assess the protein phosphorylation landscape in DUSP6 

KO Caco-2 cells, we performed phospho-proteomic profiling using a dimethyl labeling method [21]. 

A total of 1323 phosphosites on 580 phosphoproteins were identified, among which 61 down-

regulated and 84 up-regulated phosphoproteins had ≥ 1.5-fold change in expression in DUSP6 KO 

Caco-2 cells compared to the WT Caco-2 cells (Supplemental Table 2). An additional biological 

process and pathway analysis using FunRich showed that DUSP6 knockout largely altered the 

enrichment of the cellular signaling-related phospho-proteome (Figure 3C; Supplemental Figure 

4C; Supplemental Table 3). Among these, 34 biological pathways overlapped with pathways 

comprising the down-regulated DEGs enriched in DUSP6 KO Caco-2 cells (Supplemental Figure 

4D), most of which were associated with cellular signaling. We also found that 10 of the pathways 

enriched in the altered phospho-proteome overlapped with pathways comprising the up-regulated 

DEGs enriched in DUSP6 KO Caco-2 cells (Figure 3D). Concurrent identification of MET and 

hypoxic and oxygen homeostasis regulation of HIF-1-alpha pathways implied that epithelial barrier 

integrity, as well as cell polarity enhancement and oxygen homeostasis, might be modulated by 

DUSP6 deficiency via both gene expression and protein phosphorylation. Functional annotation by 
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GO enrichment analysis also revealed that DUSP6 deficiency altered the phosphorylation status of 

proteins associated with cell signaling, proliferation, differentiation, apoptosis, the cytoskeleton, 

adhesion, cell-cell junctions, and carbohydrate metabolism (Supplemental Figure 5A). Subsequent 

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis with D.A.V.I.D. further indicated the 

TJ pathway as significantly enriched in DUSP6 KO Caco-2 cells via phospho-proteomic profiling 

(Supplemental Figure 5B). 

Further examination by qRT-PCR revealed that the expression of TJP1, TJP2, TJP3, OLCN, 

CLDN3, and CLDN7 was induced by DUSP6 deficiency (Figure 3E). Western blotting showed that 

TJP1 and TJP2 expression was induced in DUSP6 KO Caco-2 cells (Figure 3F), although no 

increase in TJP3 expression was observed in comparison with WT cells. Immunofluorescent staining 

showed that TJP1 was expressed at the plasma membrane in both WT and DUSP6 KO cells, with 

a higher intensity and a sharper staining pattern in DUSP6 KO cells (Figure 3G). The intensity of 

TJP2 staining was dramatically higher in DUSP6 KO cells compared with WT cells, whereas the 

staining intensity of TJP3 was only slightly higher in DUSP6 KO cells compared to WT. We also 

assessed the mRNA levels of the panel of microvilli-associated genes and found that expression of 

VILL, PLS1, MYO5A, MYO5C, MYO7A, and MYO7B was significantly increased in DUSP6 KO cells 

compared to WT cells (Figure 3H). The evidence indicated that DUSP6 gene depletion alone could 

cause induction of TJ and microvilli-associated genes, leading to enhanced barrier integrity in vitro 

without the influence of gut microbiota. Together, these results indicate that DUSP6 deficiency might 
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enhance the TJ pathway at different levels, including those of gene expression, protein expression, 

and phosphorylation. 

 

DUSP6 deficiency induces mitochondrial phosphoxidation and reduces glycolysis 

Both transcriptome and phospho-proteome profiling suggested that hypoxia and oxygen 

homeostasis regulation via HIF-1-alpha pathways were affected by DUSP6 deficiency (Figure 3D). 

Therefore, we investigated the link between oxygen utilization and metabolism in DUSP6 KO Caco-

2 cells. Induction of hypoxia-associated gene expression was observed at both the mRNA and 

protein levels (Figure 4, A and B), which suggested a state of hypoxia and increased oxygen 

utilization in DUSP6 KO Caco-2 cells. Using a Seahorse Analyzer, we found that DUSP6 KO cells 

had a higher basal oxygen consumption rate than WT cells (Figure 4C). Increased mitochondrial 

ATP production and decreased spare respiratory capacity were also found in the DUSP6 KO cells 

compared to WT cells (Figure 4D), suggesting that DUSP6 KO cells relied on mitochondrial 

oxidative phosphorylation to maintain energy homeostasis. However, we found less change in pH, 

as indicated by culture medium color change from red (basic) to yellow (acidic) after incubation of 

DUSP6 KO Caco-2 cells compared to WT cells (Figure 4E). A change from glycolytic to more 

aerobic, and simultaneously from a more metabolic to a less metabolic state, was observed in the 

cells with DUSP6 gene knockout (Figure 4F). Although the extracellular acidification rate (ECAR) 

was comparable between WT and DUSP6 KO cells in the glucose starvation state, the DUSP6 KO 

cells showed a lower ECAR than WT cells after addition of glucose (Figure 4G), indicating a 
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decreased glycolysis rate in DUSP6 KO cells (Figure 4H). Inhibition of mitochondrial ATP synthase 

by oligomycin increased the demand for cytosolic glycolysis and led to ECAR elevation. Similarly 

increased ECARs were found in WT and DUSP6 KO cells after oligomycin supplementation, and 

the reserve capacity for glycolysis was not altered by DUSP6 knockout. These results suggested 

that the glycolytic machinery remained functional in DUSP6 KO cells in response to higher demand 

for glycolysis. However, a lower maximal glycolytic capacity was observed in DUSP6 KO cells 

compared with that in WT cells. Indeed, the phospho-proteomic profiling suggested that DUSP6 

deficiency altered the phosphorylation status of some glucose metabolism proteins (Supplemental 

Figure 5). Our qRT-PCR analysis also showed that genes associated with carbohydrate processing, 

such as SI, a crucial glucosidase for digestion of starch in the gut lumen [22], as well as SGLT1 and 

GLUT2, the major glucose transporters in gut epithelial cells [23, 24], were down-regulated in the 

context of DUSP6 deficiency (Figure 4I). An induction of cellular ATP production was found in WT 

Caco-2 cells after addition of glucose for 4 hours (Figure 4J). In contrast, no elevation of cellular 

ATP was found in DUSP6 KO Caco-2 cells after glucose stimulation. Collectively, these results 

indicate that DUSP6 deficiency in Caco-2 cells leads to reduced glycolysis and induction of 

mitochondrial phosphoxidation, which may further enhance hypoxia in the micro-environment that 

shapes the gut microbiota. 

 

The gut microbiota of Dusp6 knockout mice in DSS-induced colitis 

Besides gut barrier integrity, gut microbiota have been shown to play important roles in IBD [14, 
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25-27]. Reanalysis of the microbiome dataset from the NIH Human Microbiome Project 

demonstrated that IBD subjects harbored more Proteobacteria, Firmicutes, Fusobacteria and 

Actinobacteria, and less Bacteroidetes than non-IBD subjects (Figure 5A). Therefore, we analyzed 

the fecal/gut microbiota of D6KO mice and WT littermates with DSS-induced colitis. After 9 days of 

treatment with drinking water containing DSS, the fecal/gut microbiota richness, Shannon diversity, 

and evenness were decreased in WT mice compared to untreated (water only) control mice 

(Supplemental Figure 6A). While microbiota richness was also reduced in D6KO mice after DSS 

treatment compared to untreated controls, the Shannon diversity and evenness indices remained 

comparable to controls (Supplemental Figure 6A). These data suggest that Dusp6 deficiency 

protects and promotes gut microbiome eubiosis even under considerable chemical-induced colonic 

stress. Further Principal Coordinates Analysis (PCoA) based on the distance matrix of Bray-Curtis 

dissimilarity showed a significant difference in the fecal/gut microbiome between D6KO mice and 

WT littermates both before and after DSS treatment (PERMANOVA/Adonis test, P=0.01199 and 

P=0.003996, respectively; Supplemental Figure 6, B and C). The abundance of phylum 

Proteobacteria, commonly classified as inflammophilic pathobionts, increased substantially in the 

gut microbiome of WT mice after DSS treatment (Figure 5B; Supplemental Table 4). However, the 

abundance of Proteobacteria in the gut microbiome of D6KO mice was only slightly increased by 

DSS treatment. At the family level, the abundance of Enterobacteriaceae was largely elevated in 

DSS-treated WT mice (12.73 ± 2.09%) compared to the untreated WT controls (0.00 ± 0.00%). In 

contrast, Enterobacteriaceae abundance was only slightly increased in DSS-treated D6KO mice 
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(4.01 ± 1.26%) compared to untreated D6KO controls (0.00 ± 0.00%; Figure 5C; Supplemental 

Table 4). We further confirmed that the expansion of the Enterobacteriaceae family was primarily 

due to a greater abundance of Escherichia, a genus of facultative anaerobes (Supplemental Table 

4). Similarly, expansion of other facultative anaerobes, such as Enterococcus and Streptococcus, 

was observed in DSS-treated WT mice, whereas comparatively smaller increases in the abundance 

of these bacteria were found in DSS-treated D6KO mice (Supplemental Table 4). Numbers of 

obligatory anaerobes, such as Muribaculaceae, were relatively preserved in DSS-treated D6KO 

mice, whereas significant loss of Muribaculaceae was observed in DSS-treated WT mice (Figure 

5C; Supplemental Table 4). Phenotypic analysis using BugBase revealed that the abundance of 

oxygen-utilizing bacteria, including aerobes and facultative anaerobes, increased substantially in 

DSS-treated WT mice compared to WT controls (Figure 5D; Supplemental Table 5). In contrast, 

the gut microbiota comprising a greater proportion of obligatory anaerobes was preserved in DSS-

treated D6KO mice compared to D6KO controls. We also applied linear discriminant analysis effect 

size (LEfSe) to the microbiome data and confirmed that the abundance of Escherichia, 

Enterococcus, and Streptococcus was significantly higher in WT mice compared with D6KO mice 

after DSS treatment (Figure 5, E and F). Very low abundance of these bacteria was found in WT 

and D6KO mice before DSS treatment (Supplemental Table 4; Supplemental Figure 7), 

suggesting that those bacteria opportunistically expanded in DSS-treated WT mice, whereas 

expansion was restricted in DSS-treated D6KO mice. Further microbiome analysis at the species 

level, via aligning the microbial amplicon sequence variants (ASVs) against the NCBI database, 
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revealed that the biological context of DSS-treated WT mice favored certain pathobiont expansion, 

whereas restriction of the same pathobionts was observed in DSS-treated D6KO mice (Figure 5G). 

The Streptococcus spp., the pathobiont that naturally resides in the upper digestive or respiratory 

tracts, was found in DSS-treated WT mice. The abundance of Escherichia fergusonii, a pathobiont 

associated with intestinal and extra-intestinal infections in both humans and animals [28], was 

significantly increased in WT mice after DSS treatment but not in DSS-treated D6KO mice. The 

abundance of Enterococcus faecalis and Enterococcus hirae, a cause of diverse infectious diseases 

[27, 29, 30], was also increased in WT mice after DSS treatment, but restricted in DSS-treated D6KO 

mice. The abundance of Rodentibacter pneumotropicus, a pathobiont in laboratory animals [31], 

was elevated in DSS-treated WT mice, but D6KO mice showed reduced expansion after treatment 

with DSS. The abundance of Ruminococcus gnavus, an IBD associated bacteria [14, 25, 26, 32], 

was significantly increased in DSS-treated WT mice, and expansion was limited in DSS-treated 

D6KO mice. Contrary to the general pattern were the colitis-associated bacteria Bacteroides 

acidifaciens, the abundance of which was increased in both WT and D6KO mice after DSS treatment, 

and Bacteroides caecimuris, which has been reported to be elevated in the recovery phase after 

discontinuing DSS treatment [33], and was increased by nearly 2-fold in D6KO compared to WT 

mice after DSS treatment. This evidence demonstrated aberrant composition of gut/fecal microbiota 

of WT mice after DSS treatment, whereas expansion of the pathobionts was generally restricted in 

DSS-treated D6KO mice. 
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The gut microbiota from Dusp6 knockout mice contribute to protection from DSS-induced 

colitis 

In our previous study, we found that Dusp6 deficiency could protect mice from gut dysbiosis 

induced by nutritional stress [18]. To investigate whether microbiota-dependent machinery 

contributed to counteraction of chemical-induced stress on the gut barrier in D6KO mice, we setup 

cohousing experiments in which WT and D6KO mice were caged together for 4 weeks immediately 

after weaning, then treated with water alone or water with DSS to induce colitis (Figure 6A). We 

found that DSS-induced loss of body weight improved among WT mice cohoused with D6KO mice 

(Figure 6B). The colitis disease activity index was reduced in WT mice cohoused with D6KO mice 

(Figure 6C) compared to non-cohoused mice, an effect that was accompanied by recovery of colon 

length (Figure 6D). The luminal architecture, mucus production, and crypt structure of the colonic 

epithelium were relatively normal in the cohoused versus non-cohoused WT mice (Figure 6, E and 

F). In addition, the protective effects of Dusp6 deficiency on DSS-induced colitis were sustained in 

D6KO mice after cohousing with WT mice. The analysis of fecal/gut microbiota from DSS-treated 

mice revealed that cohoused WT mice harbored a lower abundance of phylum Proteobacteria 

compared with non-cohoused WT mice (Figure 6G; Supplemental Table 6). At the family level, 

lower abundance of family Enterobacteriaceae, Enterococcaceae, and Streptococcaceae bacteria, 

and greater abundance of Muribaculaceae were found in cohoused WT mice compared with non-

cohoused WT mice (Figure 6H; Supplemental Table 6). LEfSe showed a significant increase of 

genus Muribaculum bacteria and significant decreases of family Enterococcaceae and genus 
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Enterococcus bacteria in cohoused WT mice compared with non-cohoused mice (Supplemental 

Figure 8). Accordingly, BugBase analysis revealed that the abundance of facultative anaerobes 

decreased in cohoused WT mice (Figure 6I; Supplemental Table 7). These results suggest that 

Dusp6 deficiency and gut microbiota-mediated mechanisms may interact to protect against colitis. 

In addition to cohousing experiments, FMT in germ-free WT mice was performed to further 

demonstrate the beneficial effects of gut microbiota from D6KO mice. We transplanted the fecal 

microbiota from D6KO mice or WT littermates into germ-free B6 mice and conducted the DSS-

induced colitis experiment 2 weeks after transplantation (Figure 7A). DSS-induced weight loss was 

observed in B6 mice that received fecal microbiota from WT mice, whereas less weight loss was 

observed in B6 mice that received fecal microbiota from D6KO mice (Figure 7B). The disease 

activity index showed reduced severity of DSS-induced colitis in the germ-free mice with gut 

microbiota from D6KO mice compared to those with gut microbiota from WT mice (Figure 7C). 

Similarly, DSS-induced colon shortening was attenuated in germ-free mice that had received gut 

microbiota from D6KO mice (Figure 7D). The colonic epithelium was damaged by DSS in the 

transplant recipients with fecal microbiota from WT mice (Figure 7, E and F). In contrast, DSS-

induced damage to the colonic epithelium was mitigated in transplant recipients with gut microbiota 

from D6KO mice. Although the D6KO-derived microbiota did not induce the expression of TJ-

associated genes in germ-free mice that received normal drinking water, the levels of Tjp1, Tjp3, 

Ocln, Cldn3, and Cldn7 mRNA were significantly higher in DSS-treated mice that received D6KO-

derived microbiota than in those that received WT-derived microbiota (Figure 7G). Additionally, 
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significant decreases in DSS-induced expression of some cytokines were observed in germ-free 

mice that received D6KO-derived microbiota (Figure 7H). Overall, these results demonstrate that 

D6KO-derived fecal microbiota has the potential to regulate gut homeostasis and protect against 

DSS-induced damage to the mouse colonic epithelium. 
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Discussion 

Through this study, we are the first to show that Dusp6 deficiency enhanced intrinsic gut barrier 

integrity and aided in maintaining anaerobic gut microbiota eubiosis, and that gut/fecal microbiota 

derived from Dusp6 deficiency conferred host resistance to DSS-induced colonic injury (Figure 8). 

We found that Dusp6 deficiency was protective against DSS-induced colonic injury, although Bertin 

et al. showed that Dusp6 restrained spontaneous colitis in IL-10-deficient mice [34]. Critical 

differences in experimental design may have contributed to these divergent results. Due to the 

complexity of human IBD pathogenesis, diverse experimental mouse models have been established 

to mimic specific potential causes of IBD, allowing investigation of mucosal immune function and 

therapies [35]. Our studies focus on the roles of Dusp6 in gut epithelium barrier integrity. We 

therefore chose the DSS-induced colitis model, as DSS causes direct colonic epithelium barrier 

injury. In contrast, Bertin et al. used the IL-10-deficient mouse colitis model, which is a canonic 

immunoregulation model focused primarily on macrophages and T cells. Divergent results are not 

unexpected given the roles of Dusp6 were assessed in different cell types using different mouse 

models. Additionally, gut microbiota are known to play critical roles in the development of colitis in 

some experimental strains; for example, germ-free IL-10-deficient mice do not develop colitis [36]. 

In the study by Bertin et al., the Il10-/- and Il10-/-/Dusp6-/- mice were purposely cohoused starting at 

4 weeks of age, and these cohoused mice were used for all experiments to control for the effects of 

gut microbiota [34]. The effects of gut microbiota may be another key factor contributing to the 

discrepant results compared to our study, as we found that the gut microbiota derived from Dusp6-



 25 

deficient mice could confer host resistance to DSS-induced colonic injury. A recent report from 

Beaudry et al. also indicated that Dusp6-knockout mice are more resistant to DSS-induced colonic 

injury compared to WT mice [37], which is consistent with our findings. However, the Beaudry et al. 

report did not provide details regarding specific changes in the gut microbiota of Dusp6-deficient 

mice and how those alterations affect host susceptibility to DSS-induced colonic injury. 

The colon is the terminal portion of the gastrointestinal tract, and a healthy colon is an 

environment of low oxygen concentration that harbors a population of approximately 1010–1013 

bacteria consisting of predominantly obligate anaerobes [32, 38]. In our study, we observed a 

marked expansion of Enterobacteriaceae, Enterococcus, and Streptococcus in the fecal microbiota 

of WT mice with DSS-induced colonic epithelial damage, whereas the abundance of these 

pathobiont facultative anaerobes was restricted in the fecal microbiota of DSS-treated D6KO mice. 

These data suggested involvement of Dusp6 in the regulation of intestinal oxygen and microbiota 

eubiosis. The reduction of obligate anaerobes and sharp expansion of facultative anaerobes has 

been a proposed signature of IBD [14, 39]. Furthermore, low oxygenation has been shown to affect 

gut microbial composition and metabolism [6, 40]. Intriguingly, a newborn gastrointestinal tract is 

known to contain a relatively high level of oxygen, which in turn favors colonization by facultative 

anaerobes, such as Enterobacteriaceae, Enterococcus, and Streptococcus [41]. While some of 

these facultative anaerobes have pathogenic potential [32, 42], these early colonizers consume the 

luminal oxygen and create a healthy anaerobic micro-environment for subsequent expansion of 

obligatory anaerobes in the gut. Indeed, oxygen level has been linked to the virulence of intestinal 
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pathogens [43], and low oxygen has been shown to increase the bactericidal activity of host cells 

[44, 45]. Thus, Dusp6 deficiency may be beneficial in maintenance of low oxygenation in the gut 

lumen and lead to preservation and expansion of obligatory anaerobes, which may then decrease 

the risk of, and damage from, colitis. 

Whether alteration of microbiota is a cause or a consequence of colitis remains debatable [32]. 

Our data showed that Dusp6 deficiency limited the growth of pathobiont facultative anaerobes and 

ameliorated DSS-induced damage to the colonic epithelium, yet it is still unclear whether the 

expansion of gut microbes identified in DSS-treated WT mice are contributing to the development 

of colitis. The increased abundance of facultative anaerobes may also be a consequence of 

epithelium leakage, which accelerates the release of oxygen from the lamina propria into the 

intestinal tract [32]. In other words, the lower abundance of facultative anaerobes in D6KO compared 

to WT mice after DSS treatment may have resulted from reduced severity of DSS-induced epithelial 

leakage. We showed that Dusp6-deficient intestinal epithelial cells have enhanced barrier integrity, 

which limits the materials, including gut microbes, oxygen, and DSS, that flow across the epithelium 

through an intercellular pathway. Further studies are necessary to elucidate whether DSS treatment-

stimulated expansion of facultative anaerobes play a causative role in colitis and whether these 

events are directly restricted by Dusp6 deficiency. 

HIF plays critical roles in maintaining intestinal barrier function, mucin production, and the 

expression of anti-microbial peptides in response to both infective and non-infective colitis [46]. HIF-

1α elimination in mice resulted in increased severity of Clostridium difficile-induced intestinal injury 
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[47]. The lack of HIF-1α in epithelial cells has been shown to enhance colitis in mice, whereas the 

constitutive activation of HIF-1α in colon epithelial cells demonstrated protective effects [48]. 

Interestingly, hypoxia and HIF-1α protein stability have been associated with DUSP6 mRNA stability 

in both skin and colon cancer cells [49]. Hypoxia-induced DUSP6 mRNA stability has been shown 

to be regulated via HIF-1 and MEK/ERK dependent pathways [49]. However, we found that HIF-1 

expression was up-regulated in DUSP6-deficient cells. DUSP6 may act as a brake not only for the 

Erk1/2 pathway but also for hypoxia and HIF-1 downstream signaling. Besides the up-regulation of 

HIF-1, we also observed up-regulation of TJ proteins and increased transepithelial electrical 

resistance in DUSP6-deficient Caco-2 cells under normoxia. This suggests that the hypoxic signals 

and HIF-1 may be continuously activated in DUSP6-deficient intestinal epithelial cells, thereby 

increasing intestinal barrier function. 

Dysregulation of the gut epithelial barrier has been linked to many intestinal diseases [1, 3, 17, 

50, 51]. The loss of TJ proteins [52] has been reported to increase susceptibility to DSS-induced 

colitis in mice. Moreover, enhanced barrier function has been shown to enhance resistance against 

colitis [53]. In this study, we demonstrated that Dusp6 deficiency induces expression of TJ proteins 

in the colon. This is consistent with our previous finding that Dusp6 deficiency led to increased 

expression of TJ proteins in the small intestine [18]. Therefore, the elimination of Dusp6 could be a 

strategy to enhance epithelial barrier function in both the colon and small intestine. The increased 

expression of TJ proteins associated with Dusp6 deficiency was generally observed in the treatment-

naive state. Immunofluorescent staining for TJP proteins was undetectable in DSS-damaged 
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regions of the colon in WT mice due to epithelial loss. In contrast, we found that the intensity of TJP 

staining fluorescence in intact epithelial regions of the colon in WT mice was increased in a 

compensatory manner. These results suggest that the undamaged and yet to be damaged colonic 

epithelial cells increased barrier function in response to injury, despite timing that was too late to 

fully rescue epithelial function. In contrast, Dusp6 deficiency enhanced TJ-associated gene 

expression in treatment-naive epithelial cells, suggesting enhanced pre-treatment barrier integrity 

and protection from subsequent injury. This mechanism may explain the results of a recent pilot 

study in which the DUSP6 SNP rs704074 was associated with a significantly lower risk of developing 

necrotizing enterocolitis (NEC) and surgical NEC in preterm infants [54], further supporting the 

potential to use DUSP6 deficiency to protect against colitis. 

Besides Dusp6 regulation of TJ pathway gene expression and protein abundance, the TJ 

pathway was found to be one of the most enriched KEGG pathways via phospho-proteomic profiling 

of DUSP6-deficient Caco-2 cells. Prior phospho-proteomic profiling of liver tissue from mice fed a 

high fat diet has also shown significantly increased phosphorylation of the TJ proteins TJP1 and 

TJP2 in Dusp6-knockout compared to WT mice [55]. Therefore, Dusp6 may be involved in the core 

regulation of the TJ pathway in other tissues (e.g., liver) in addition to the colon and small intestine. 

TJs function as a physiological frontline and maintain cell polarity in barriers consisting primarily of 

epithelial and endothelial cells. Emerging experimental evidence has suggested that the reduction 

of TJs may be associated with various diseases, in addition to intestinal ailments, including multiple 

sclerosis, diabetic nephropathy, asthma, atopic dermatitis, infection, and tumor metastasis [56]. It is 
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possible that previously reported beneficial effects of Dusp6 deficiency, such as resistance to diet-

induced obesity [18] and alleviation of endothelial inflammation [57] are also related to enhanced TJ 

pathway signaling and improved barrier integrity. Given the important roles of TJs in physiology and 

disease, our findings that Dusp6-deficiency enhanced TJ pathway signaling have shed light on the 

previously neglected therapeutic potential of enhancing barrier integrity by inhibiting DUSP6 

expression. Remarkably, a pharmacological DUSP6 inhibitor, BCI, has been reported to induce E-

cadherin expression and reduce the migration and invasion of the gastric cancer cell lines SGC7901 

and BGC823 [58]. 

Epithelial microvilli play critical roles in establishing the gut barrier. A recent transcriptome 

analysis reported previously unrecognized features of Crohn’s disease, including the 

correspondence between decreased expression of microvilli-associated genes (e.g., VIL1, MYO5B, 

MYO7B, PLS1) and shortened length of intestinal microvilli [59]. Plastin 1 (encoded by PLS1) and 

Villin (encoded by VIL1) are the core components of microvilli. The Pls1-deficient mouse has shorter 

microvilli and increased sensitivity to DSS-induced intestinal injury [60]. Results of these studies and 

our data, which showed induction of microvilli-associated genes in DUSP6-deficient Caco-2 cells 

and/or D6KO mice, along with elongated colonic microvilli in D6KO mice, provide further evidence 

that enhanced baseline barrier integrity is conferred by Dusp6-deficiency. 

FMT has been explored as a novel approach to correct the gut dysbiosis associated with many 

diseases, and several clinical trials of FMT as IBD treatment have been conducted. For UC, the 

results from two randomized trials showed that FMT was more effective than placebo control [61, 
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62], but another randomized trial did not show any significant difference between FMT versus control 

[63]. For Crohn’s disease, FMT resulted in clinical improvement in a pilot study that enrolled pediatric 

patients and a small separate cohort of adults [64], whereas another randomized, single-blind pilot 

study showed that FMT did not result in clinical improvement but could serve as a maintenance 

treatment after corticosteroids [65]. Overall, the clinical evidence for the efficacy of FMT in the 

treatment of IBD is inconclusive, and another randomized clinical trial is ongoing 

(https://clinicaltrials.gov/ct2/show/NCT03078803). We found that commensal microbes derived from 

D6KO mice were protective to the host, as demonstrated in the cohousing experiments and through 

FMT in germ-free mice; and our results also indicated that acquired allogenic fecal microbiota, in 

addition to congenital genetic modification, conferred host resistance against DSS-induced colonic 

injury. Our findings serve as proof-of-concept that FMT may be an effective treatment for IBD, and 

that levels of DUSP6 expression may be useful in selecting appropriate microbiota donors and in 

stratifying patients/recipients. For example, individuals with lower DUSP6 expression in the colon or 

who express certain DUSP6 SNPs may be potential super donors for FMT in the treatment of IBD. 

 

Conclusions 

Our multi-omics and animal experiments have shown that a significant genetic alteration, such 

as the depletion of Dusp6, can be beneficial in enhancing intrinsic gut barrier integrity, elevating 

epithelial phosphoxidation, and maintaining the gut microbiota eubiosis necessary to protect against 

colitis. Dusp6 deficiency in mice provided early-onset protection from DSS-induced damage to the 

gut epithelium, indicating the potential benefits of microbiome-based strategies in prevention of IBD. 
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We have only begun to recognize the implications of these findings on IBD therapeutics. The 

powerful interplay between novel treatment targets, such as DUSP6, pharmacological inhibitors, 

DUSP6-deficiency-derived microbiota therapeutics, and DUSP6-based precision medicine for FMT 

has significant potential for improving prevention and treatment of IBD, while enhancing both patient 

care and overall quality of life. 
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Methods 

For information on cell culture experiments, histological analysis, real-time RT-PCR, Western 

blotting, RNA-seq transcriptome profiling, phospho-proteomic profiling, 16S rRNA gene-based 

microbiome analysis, and cohousing and FMT experiments, see Supplemental material. 

 

Mice.  D6KO mice, originally obtained from the Jackson Laboratory, were transferred onto a 

C57BL/6J genetic background by backcrossing more than 10 generations. The D6KO mice and their 

WT littermates were weaned 3-4 weeks after birth and housed separately (3-4 mice/cage). Mice 

with the same genotype from different litters were housed together, as needed. All mice experienced 

a continuous 12-hour light/dark cycle, were fed an autoclaved chow diet, and were maintained under 

semi-specific pathogen-free conditions. When experiments were complete, the mice were 

euthanized via CO2 inhalation. 

 

Induction of colonic epithelium damage by DSS. At 8-9 weeks of age, mice were treated with 

2% (w/v) DSS (MW = 36,000-50,000; MP Biomedicals, Solon, OH, USA) through their drinking water 

for 9 days. The Disease Activity Index (DAI), ranging from 0 to 16, was determined for each mouse 

daily by scoring weight loss, stool consistency, and rectal bleeding of mice throughout DSS 

treatment, as described previously [66]. The scores were defined as follows: weight loss (no loss = 

0; <5% = 1; 5-10% = 2; 10-20% = 3; >20% = 4), stool consistency (normal = 0; loose stool = 2; 

diarrhea = 4), and rectal bleeding (no blood = 0; hemoccult positive = 1; visual pellet bleeding = 2; 
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gross bleeding or blood around anus = 4). On day 9, mice were euthanized, and the spleen and 

colon were harvested. The colon was flushed with phosphate-buffered saline (PBS, pH 7.4) and 

colon length was measured. Approximately 2 cm of the proximal colon (adjacent to the caecum) was 

removed and fixed with 4% formaldehyde for subsequent histological analysis. Approximately 0.5 

cm of the distal colon was stored in RNAlater stabilization solution (Qiagen, Hilden, Germany) for 

subsequent RNA analysis. 

 

Statistical analysis for non-omics data. Comparisons between two groups were performed using 

the Student’s t-test. Comparisons of more than two data sets were performed using one-way 

analysis of variance followed by Fisher’s least significant difference (LSD) multiple comparison test. 

Differences were considered significant when P<0.05. Data are expressed as mean ± SEM. 
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Figures legends 

 

Figure 1 

Dusp6 gene deficiency mitigated DSS-induced colitis. (A) DUSP6 expression levels in normal 

controls and UC patients (NCBI dataset GSE9452; normal: n = 5; UC-inflamed: n = 8; UC-non-

inflamed: n = 13; each dot represents one microarray probeset for each group, with a total of 3 

probesets mapped to DUSP6 in one microarray chip). **P<0.01, Fisher’s LSD test. (B, C, D) 

Composition of cells with diverse levels of DUSP6 mRNA expression, as defined by the number of 

unique molecular identifiers (UMIs), in epithelial, immune, or stromal cells from colonic biopsies of 

healthy subjects and inflamed and non-inflamed tissues of UC patients (Single Cell Portal: SCP259). 

***P<0.001, Mann-Whitney U test. (E) Immunohistochemical staining of DUSP6 protein (brown) in 

colonic tissue from C57BL/6J mice after 9 days of treatment with water or water plus DSS (indicated 

as DSS throughout). (F) Daily records of changes of body weight of wild-type (WT) and Dusp6 gene 

knockout (D6KO) mice during 9 days of treatment with water or DSS. *P<0.05 and ***P<0.001, 

Fisher’s LSD test. (G) The weights of WT and D6KO mice with or without DSS treatment. *P<0.05 

and ***P<0.001, Fisher’s LSD test. (H) Daily disease activity index scores of WT and D6KO mice 

during 9 days of treatment with water or DSS. ***P<0.001, Fisher’s LSD test. Number of mice per 

group in F-H: WT-water, n = 6; D6KO-water, n = 6; WT-DSS, n = 7; D6KO-DSS, n = 7. (I, J) 

Representative colon tissue and colon length in WT and D6KO mice after water or DSS treatment 

for 9 days. *P<0.05 and ***P<0.001, Fisher’s LSD test. Number of mice per group: WT-water, n = 

10; D6KO-water, n = 12; WT-DSS, n = 11; D6KO-DSS, n = 15. (K) Representative H&E stained 



 46 

transverse sections of colon tissue (top row) and colonic epithelium (bottom row; scale bar = 50 µm) 

from WT and D6KO mice after 9 days of treatment with water or DSS. (L) Representative Alcian 

blue stained transverse sections of colon tissue (top row; scale bar = 500 µm) and colonic epithelium 

(bottom row; scale bar = 50 µm) from WT and D6KO mice after 9 days of treatment with water or 

DSS. D6KO, Dusp6 gene knockout mice; DSS, dextran sulfate sodium; H&E, hematoxylin and eosin; 

UC, ulcerative colitis; WT, wild-type mice. 

 

Figure 2 

Dusp6 deficiency led to increased expression of tight junction proteins and elongated 

microvilli in mouse colon tissue. (A) qRT-PCR analysis of tight junction-associated genes in the 

colonic tissues of WT and D6KO mice after 9 days of treatment with water or water plus DSS 

(indicated as DSS throughout). *P<0.05, **P<0.01, and ***P<0.001, Fisher’s LSD test. Number of 

mice per group: WT-water, n = 10; D6KO-water, n = 12; WT-DSS, n = 11; D6KO-DSS, n = 15. (B) 

Immunofluorescence staining of TJP1, TJP2, and TJP3 (green) in colon tissue from WT and D6KO 

mice treated with water or DSS for 9 days. Images of the colonic epithelium along luminal and crypt 

axes were captured by confocal microscopy. Cell nuclei were stained with DAPI (blue). (C) Ultra-

structural changes in the tight junctions and microvilli of the colonic epithelium in WT and D6KO 

mice via transmission electron microscopy. The tight junction complexes are indicated by yellow 

arrows. Scale bar = 200 nm. (D) Quantitative analysis of colonic epithelial cell microvilli length in WT 

and D6KO mice. ***P<0.001, Student’s t-test. Number of microvilli per group: WT, n = 66; D6KO, n 
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= 62. (E) qRT-PCR analysis of microvilli-associated genes in the colonic tissue of WT and D6KO 

mice after 9 days of treatment with water or DSS. *P<0.05, **P<0.01, and ***P<0.001, Fisher’s LSD 

test. Number of mice per group: WT-water, n = 10; D6KO-water, n = 12; WT-DSS, n = 11; D6KO-

DSS, n = 15. D6KO, Dusp6 knockout mice; DSS, dextran sulfate sodium; WT, wild-type mice. 

 

Figure 3 

DUSP6 knockout altered the transcriptome and phospho-proteome in human gut epithelial 

Caco-2 cells. (A) The heatmap of DEGs from RNA-seq analysis performed in WT and DUSP6 gene 

knockout (DUSP6 KO) Caco-2 cells after 21 days in culture (n = 5 in each group). The color coding 

indicates to relative gene expression level based on Z-score transformation. (B) Top 10 FunRich 

biological pathways of the transcriptome that were significantly up-regulated or down-regulated in 

DUSP6 KO compared to WT cells. (C) Top 20 FunRich biological pathways of the phospho-

proteome that were significantly altered in DUSP6 KO compared to WT cells. (D) Intersection of up-

regulated transcriptomic and phospho-proteomic datasets shows the enriched biological pathways 

that could be modulated by DUSP6 deficiency. (E) qRT-PCR analysis of tight junction protein genes 

in WT and DUSP6 KO cells after 21 days in culture. *P<0.05, **P<0.01, and ***P<0.001, Student’s 

t-test; n = 5 in each group. (F) Western blotting of DUSP6, TJP1, TJP2, and TJP3 protein from WT 

and DUSP6 KO cells after 21 days in culture. (G) Immunofluorescent staining of TJP1, TJP2, and 

TJP3 proteins in WT and DUSP6 KO cells after 7 days in culture. (H) qRT-PCR analysis of microvilli-
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associated genes in WT and DUSP6 KO cells after 21 days in culture. **P<0.01 and ***P<0.001, 

Student’s t-test; n = 5 in each group. 

 

Figure 4 

DUSP6 knockout elevated mitochondrial oxidation and attenuated glycolysis in Caco-2 cells. 

(A) mRNA levels of hypoxia-associated genes in WT and DUSP6 KO cells after 21 days in culture. 

**P<0.01 and ***P<0.001, Student’s t-test; n = 5 in each group. (B) Western blotting of HIF1A protein 

from WT and DUSP6 KO cells after 21 days in culture. β-tubulin protein was used as a loading 

control. (C) Real-time oxygen consumption rate (OCR) values from WT (n = 10) and DUSP6 KO (n 

= 11) cells in response to the addition of oligomycin (Oli), carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) and rotenone plus antimycin A (R/A). (D) Statistical 

analysis of non-mitochondrial respiration, basal respiration, ATP production, proton leak, maximal 

respiration, and spare capacity based on oxygen consumption rate values. *P<0.05, **P<0.01, and 

***P<0.001, Student’s t-test. (E) Color change of phenol red-containing medium after incubation with 

WT and DUSP6 KO cells for 3 days. Image was taken on day 21 of cell culture. (F) Plot of basal 

OCR versus extracellular acidification rates (ECARs) of WT (n = 10) and DUSP6 KO (n = 11) cells 

in glucose-containing medium. (G) Real-time ECARs of WT (n = 10) and DUSP6 KO (n = 11) cells 

in response to the addition of glucose (Glu), oligomycin (Oli), and 2-deoxy-D-glucose (2-DG). (H) 

Statistical analysis of non-glycolytic acidification, glycolysis, glycolytic capacity, and glycolytic 

reserve based on ECAR values. ***P<0.001, Student’s t-test. (I) qRT-PCR analysis of glucose 
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uptake genes in WT and DUSP6 KO cells after 21 days in culture. ***P<0.001, Student’s t-test; n = 

5 in each group. (J) Glucose utilization by WT and DUSP6 KO Caco-2 cells via evaluation of cellular 

ATP levels after supplementation with glucose for 4 hrs. **P<0.01, Student’s t-test; n = 5 in each 

group. DUSP6 KO, DUSP6 gene knockout Caco-2 cells; ECAR, extracellular acidification rate; OCR, 

oxygen consumption rate; WT, wild-type Caco-2 cells. 

 

Figure 5 

Comparison of fecal microbiota derived from WT and D6KO mice before and after DSS 

treatment. (A) Phylum-level relative abundance of fecal microbiota of IBD and non-IBD subjects 

reanalyzed from the HMP dataset (IBD, n = 57; non-IBD, n = 320). (B, C) Composition of fecal 

microbiota, at phylum and family levels, from WT and D6KO mice before or after 9 days of DSS 

treatment. (D) BugBase analysis of the proportion of aerobes, facultative anaerobes, and obligate 

anaerobes in mouse gut. (E) Cladograms generated from LEfSe analysis showing the microbial 

clades with the greatest differences in abundance in microbiota from WT (green) or D6KO (red) mice 

after DSS treatment. (F) LDA scores of microbial clades differing in abundance between WT and 

D6KO mice after DSS treatment (with LDA score >2 and significance of α < 0.05, determined by 

Kruskal–Wallis test). (G) Comparison of changes in bacterial species in WT and D6KO mice after 

DSS treatment. Values are means for each group. Number of mice per group: WT-water, n = 48 and 

D6KO-water, n = 51; WT-DSS, n = 22 and D6KO-DSS, n = 28. D6KO, Dusp6 gene knockout mice; 
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DSS, dextran sulfate sodium; HMP, human microbiome project; IBD, inflammatory bowel disease; 

LDA, linear discriminant analysis; WT, wild-type mice. 

 

Figure 6 

Cohousing of WT mice with D6KO mice mitigated DSS-induced colitis. (A) Schematic of the 

cohousing experiment. Two D6KO mice and two WT littermates were housed together for 4 weeks, 

followed by 9 days of treatment with DSS. (B, C) Daily weight change and disease activity index 

scores for WT and D6KO mice, with or without cohousing, during 9 days of treatment with water or 

water plus DSS (indicated as DSS throughout). *P<0.05, **P<0.01, and ***P<0.001, Fisher’s LSD 

test. (D) Colon length in WT and D6KO mice, with or without cohousing, after 9 days of treatment 

with DSS. *P<0.05 and ***P<0.001, Fisher’s LSD test. Number of mice per group in B-D: Non-

cohoused WT-water, n = 13; Non-cohoused D6KO-water, n = 14; Non-cohoused WT-DSS, n = 15; 

Non-cohoused D6KO-DSS, n = 15; Cohoused WT-water, n = 7; Cohoused D6KO-water, n = 8; 

Cohoused WT-DSS, n = 7; Cohoused D6KO-DSS, n = 9. (E) Representative H&E (top row) or Alcian 

blue (bottom row) stained transverse sections of colon tissue from the WT and D6KO mice, with or 

without co-housing, after 9 days of DSS treatment. (F) Representative images of colonic epithelium 

stained with H&E (top row) or Alcian blue (bottom row). (G, H) Composition of the fecal microbiota 

of DSS-treated WT and D6KO mice, with or without cohousing, at the phylum and family levels. (I) 

The proportion of aerobes, facultative anaerobes and obligate anaerobes in mouse gut analyzed via 

BugBase. Number of mice per group in G-I: Non-cohoused WT-DSS, n = 22; Cohoused WT-DSS, 
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n = 8; Non-cohoused D6KO-DSS, n = 28; Cohoused D6KO-DSS, n = 8. D6KO, Dusp6 gene 

knockout mice; DSS, dextran sulfate sodium; H&E, hematoxylin and eosin; WT, wild-type mice. 

 

Figure 7 

Fecal microbiota derived from D6KO mice mitigated DSS-induced colitis. (A) Schematic of the 

FMT experiment. The fecal microbiota were collected from non-cohoused WT or D6KO mice within 

30 min and transferred by oral gavage into germ-free mice three times per week. After the seventh 

FMT, the mice were rested for 3 days and then treated with DSS for 9 days. (B) Daily change in 

body weight was recorded for germ-free mice transplanted with fecal microbiota from WT or D6KO 

mice during 9 days of treatment with water or water plus DSS (indicated as DSS throughout). 

*P<0.05, **P<0.01, and ***P<0.001, Fisher’s LSD test. (C) Daily disease activity index scores of 

germ-free mice transplanted with gut microbiota from WT or D6KO mice during 9 days of treatment 

with water or DSS. **P<0.01 and ***P<0.001, Fisher’s LSD test. Number of mice per group in B-C: 

Donor:WT-water, n = 4; Donor:D6KO-water, n = 4; Donor:WT-DSS, n = 5; Donor:D6KO-DSS, n = 7. 

(D) Colon length in germ-free mice with gut microbiota from WT or D6KO mice during 9 days of 

treatment with water or DSS. ***P<0.001, Fisher’s LSD test. Number of mice per group: Donor:WT-

water, n = 7; Donor:D6KO-water, n = 7; Donor:WT-DSS, n = 9; Donor:D6KO-DSS, n = 10. (E) 

Representative H&E (top row) or Alcian blue (bottom row) stained transverse sections of colon tissue 

from germ-free mice with fecal microbiota from WT or D6KO mice after 9 days of treatment with 

DSS. (F) Representative images of colonic epithelium stained with H&E (top row) or Alcian blue 
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(bottom row). (G, H) qRT-PCR analysis of colonic tissues from Donor:WT and Donor:D6KO mice for 

expression of tight junction-associated genes and inflammatory cytokine genes after 9 days of 

treatment with water or DSS. *P<0.05, **P<0.01, and ***P<0.001, Fisher’s LSD test. Number of mice 

per group in G-H: Donor:WT-water, n = 7; Donor:D6KO-water, n = 7; Donor:WT-DSS, n = 8; 

Donor:D6KO-DSS, n = 9. D6KO, Dusp6 gene knockout mice; Donor:WT, germ-free mice with fecal 

microbiota transplantation from wild-type mice; Donor:D6KO, germ-free mice with fecal microbiota 

transplantation from Dusp6 knockout mice; DSS, dextran sulfate sodium; FMT, fecal microbiota 

transplantation; H&E, hematoxylin and eosin; WT, wild-type mice. 

 

Figure 8 

Dusp6 deficiency protects against DSS-induced colitis in mice. Dusp6 deficiency in mice 

results in induction of tight junction protein and microvilli-associated gene expression, which 

strengthens the connections between gut epithelial cells and extends the distance between 

microbes and the cytoplasm of enterocytes, thereby enhancing barrier integrity. Dusp6 deficiency 

also alters the cellular metabolic machinery, resulting in elevation of mitochondrial phosphorylation 

and reduction of glucose utilization. These changes maintain the gut lumen in an anaerobic state, 

which is an environment that promotes expansion of obligatory bacteria and limits the abundance 

of facultative bacteria and/or pathobionts. Therefore, Dusp6-deficient mice are resistant to DSS-

induced epithelial damage and associated colitis. 
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Figures

Figure 1

Dusp6 gene de�ciency mitigated DSS-induced colitis. (A) DUSP6 expression levels in normal controls and
UC patients (NCBI dataset GSE9452; normal: n = 5; UC-in�amed: n = 8; UC-nonin�amed: n = 13; each dot
represents one microarray probeset for each group, with a total of 3 probesets mapped to DUSP6 in one
microarray chip). **P<0.01, Fisher’s LSD test. (B, C, D) Composition of cells with diverse levels of DUSP6
mRNA expression, as de�ned by the number of unique molecular identi�ers (UMIs), in epithelial, immune,
or stromal cells from colonic biopsies of healthy subjects and in�amed and non-in�amed tissues of UC
patients (Single Cell Portal: SCP259). ***P<0.001, Mann-Whitney U test. (E) Immunohistochemical
staining of DUSP6 protein (brown) in colonic tissue from C57BL/6J mice after 9 days of treatment with



water or water plus DSS (indicated as DSS throughout). (F) Daily records of changes of body weight of
wild-type (WT) and Dusp6 gene knockout (D6KO) mice during 9 days of treatment with water or DSS.
*P<0.05 and ***P<0.001, Fisher’s LSD test. (G) The weights of WT and D6KO mice with or without DSS
treatment. *P<0.05 and ***P<0.001, Fisher’s LSD test. (H) Daily disease activity index scores of WT and
D6KO mice transverse sections of colon tissue (top row) and colonic epithelium (bottom row; scale bar =
50 μm) from WT and D6KO mice after 9 days of treatment with water or DSS. (L) Representative Alcian
blue stained transverse sections of colon tissue (top row; scale bar = 500 μm) and colonic epithelium
(bottom row; scale bar = 50 μm) from WT and D6KO mice after 9 days of treatment with water or DSS.
D6KO, Dusp6 gene knockout mice; DSS, dextran sulfate sodium; H&E, hematoxylin and eosin; UC,
ulcerative colitis; WT, wild-type mice. during 9 days of treatment with water or DSS. ***P<0.001, Fisher’s
LSD test. Number of mice per group in F-H: WT-water, n = 6; D6KO-water, n = 6; WT-DSS, n = 7; D6KO-DSS,
n = 7. (I, J) Representative colon tissue and colon length in WT and D6KO mice after water or DSS
treatment for 9 days. *P<0.05 and ***P<0.001, Fisher’s LSD test. Number of mice per group: WT-water, n =
10; D6KO-water, n = 12; WT-DSS, n = 11; D6KO-DSS, n = 15. (K) Representative H&E stained



Figure 2

Dusp6 de�ciency led to increased expression of tight junction proteins and elongated microvilli in mouse
colon tissue. (A) qRT-PCR analysis of tight junction-associated genes in the colonic tissues of WT and
D6KO mice after 9 days of treatment with water or water plus DSS (indicated as DSS throughout).
*P<0.05, **P<0.01, and ***P<0.001, Fisher’s LSD test. Number of mice per group: WT-water, n = 10; D6KO-
water, n = 12; WT-DSS, n = 11; D6KO-DSS, n = 15. (B) Immuno�uorescence staining of TJP1, TJP2, and



TJP3 (green) in colon tissue from WT and D6KO mice treated with water or DSS for 9 days. Images of the
colonic epithelium along luminal and crypt axes were captured by confocal microscopy. Cell nuclei were
stained with DAPI (blue). (C) Ultrastructural changes in the tight junctions and microvilli of the colonic
epithelium in WT and D6KO mice via transmission electron microscopy. The tight junction complexes are
indicated by yellow arrows. Scale bar = 200 nm. (D) Quantitative analysis of colonic epithelial cell
microvilli length in WT and D6KO mice. ***P<0.001, Student’s t-test. Number of microvilli per group: WT, n
= 66; D6KO, n = 62. (E) qRT-PCR analysis of microvilli-associated genes in the colonic tissue of WT and
D6KO mice after 9 days of treatment with water or DSS. *P<0.05, **P<0.01, and ***P<0.001, Fisher’s LSD
test. Number of mice per group: WT-water, n = 10; D6KO-water, n = 12; WT-DSS, n = 11; D6KODSS, n = 15.
D6KO, Dusp6 knockout mice; DSS, dextran sulfate sodium; WT, wild-type mice.



Figure 3

DUSP6 knockout altered the transcriptome and phospho-proteome in human gut epithelial Caco-2 cells.
(A) The heatmap of DEGs from RNA-seq analysis performed in WT and DUSP6 gene knockout (DUSP6
KO) Caco-2 cells after 21 days in culture (n = 5 in each group). The color coding indicates to relative gene
expression level based on Z-score transformation. (B) Top 10 FunRich biological pathways of the
transcriptome that were signi�cantly up-regulated or down-regulated in DUSP6 KO compared to WT cells.



(C) Top 20 FunRich biological pathways of the phosphoproteome that were signi�cantly altered in DUSP6
KO compared to WT cells. (D) Intersection of upregulated transcriptomic and phospho-proteomic
datasets shows the enriched biological pathways that could be modulated by DUSP6 de�ciency. (E) qRT-
PCR analysis of tight junction protein genes in WT and DUSP6 KO cells after 21 days in culture. *P<0.05,
**P<0.01, and ***P<0.001, Student’s t-test; n = 5 in each group. (F) Western blotting of DUSP6, TJP1, TJP2,
and TJP3 protein from WT and DUSP6 KO cells after 21 days in culture. (G) Immuno�uorescent staining
of TJP1, TJP2, and TJP3 proteins in WT and DUSP6 KO cells after 7 days in culture. (H) qRT-PCR analysis
of microvilli-associated genes in WT and DUSP6 KO cells after 21 days in culture. **P<0.01 and
***P<0.001, Student’s t-test; n = 5 in each group.

Figure 4

DUSP6 knockout elevated mitochondrial oxidation and attenuated glycolysis in Caco-2 cells. (A) mRNA
levels of hypoxia-associated genes in WT and DUSP6 KO cells after 21 days in culture. **P<0.01 and
***P<0.001, Student’s t-test; n = 5 in each group. (B) Western blotting of HIF1A protein from WT and
DUSP6 KO cells after 21 days in culture. β-tubulin protein was used as a loading control. (C) Real-time
oxygen consumption rate (OCR) values from WT (n = 10) and DUSP6 KO (n = 11) cells in response to the
addition of oligomycin (Oli), carbonyl cyanide-ptri�uoromethoxyphenylhydrazone (FCCP) and rotenone
plus antimycin A (R/A). (D) Statistical analysis of non-mitochondrial respiration, basal respiration, ATP
production, proton leak, maximal respiration, and spare capacity based on oxygen consumption rate
values. *P<0.05, **P<0.01, and ***P<0.001, Student’s t-test. (E) Color change of phenol red-containing
medium after incubation with WT and DUSP6 KO cells for 3 days. Image was taken on day 21 of cell
culture. (F) Plot of basal OCR versus extracellular acidi�cation rates (ECARs) of WT (n = 10) and DUSP6
KO (n = 11) cells in glucose-containing medium. (G) Real-time ECARs of WT (n = 10) and DUSP6 KO (n =



11) cells in response to the addition of glucose (Glu), oligomycin (Oli), and 2-deoxy-D-glucose (2-DG). (H)
Statistical analysis of non-glycolytic acidi�cation, glycolysis, glycolytic capacity, and glycolytic reserve
based on ECAR values. ***P<0.001, Student’s t-test. (I) qRT-PCR analysis of glucose uptake genes in WT
and DUSP6 KO cells after 21 days in culture. ***P<0.001, Student’s t-test; n = 5 in each group. (J) Glucose
utilization by WT and DUSP6 KO Caco-2 cells via evaluation of cellular ATP levels after supplementation
with glucose for 4 hrs. **P<0.01, Student’s t-test; n = 5 in each group. DUSP6 KO, DUSP6 gene knockout
Caco-2 cells; ECAR, extracellular acidi�cation rate; OCR, oxygen consumption rate; WT, wild-type Caco-2
cells.

Figure 5

Comparison of fecal microbiota derived from WT and D6KO mice before and after DSS treatment. (A)
Phylum-level relative abundance of fecal microbiota of IBD and non-IBD subjects reanalyzed from the
HMP dataset (IBD, n = 57; non-IBD, n = 320). (B, C) Composition of fecal microbiota, at phylum and family



levels, from WT and D6KO mice before or after 9 days of DSS treatment. (D) BugBase analysis of the
proportion of aerobes, facultative anaerobes, and obligate anaerobes in mouse gut. (E) Cladograms
generated from LEfSe analysis showing the microbial clades with the greatest differences in abundance
in microbiota from WT (green) or D6KO (red) mice after DSS treatment. (F) LDA scores of microbial
clades differing in abundance between WT and D6KO mice after DSS treatment (with LDA score >2 and
signi�cance of α < 0.05, determined by Kruskal–Wallis test). (G) Comparison of changes in bacterial
species in WT and D6KO mice after DSS treatment. Values are means for each group. Number of mice
per group: WT-water, n = 48 and D6KO-water, n = 51; WT-DSS, n = 22 and D6KO-DSS, n = 28. D6KO, Dusp6
gene knockout mice; DSS, dextran sulfate sodium; HMP, human microbiome project; IBD, in�ammatory
bowel disease; LDA, linear discriminant analysis; WT, wild-type mice.



Figure 6

Cohousing of WT mice with D6KO mice mitigated DSS-induced colitis. (A) Schematic of the cohousing
experiment. Two D6KO mice and two WT littermates were housed together for 4 weeks, followed by 9
days of treatment with DSS. (B, C) Daily weight change and disease activity index scores for WT and
D6KO mice, with or without cohousing, during 9 days of treatment with water or water plus DSS
(indicated as DSS throughout). *P<0.05, **P<0.01, and ***P<0.001, Fisher’s LSD test. (D) Colon length in



WT and D6KO mice, with or without cohousing, after 9 days of treatment with DSS. *P<0.05 and
***P<0.001, Fisher’s LSD test. Number of mice per group in B-D: Noncohoused WT-water, n = 13; Non-
cohoused D6KO-water, n = 14; Non-cohoused WT-DSS, n = 15; Non-cohoused D6KO-DSS, n = 15;
Cohoused WT-water, n = 7; Cohoused D6KO-water, n = 8; Cohoused WT-DSS, n = 7; Cohoused D6KO-DSS,
n = 9. (E) Representative H&E (top row) or Alcian blue (bottom row) stained transverse sections of colon
tissue from the WT and D6KO mice, with or without co-housing, after 9 days of DSS treatment. (F)
Representative images of colonic epithelium stained with H&E (top row) or Alcian blue (bottom row). (G,
H) Composition of the fecal microbiota of DSS-treated WT and D6KO mice, with or without cohousing, at
the phylum and family levels. (I) The proportion of aerobes, facultative anaerobes and obligate
anaerobes in mouse gut analyzed via BugBase. Number of mice per group in G-I: Non-cohoused WT-DSS,
n = 22; Cohoused WT-DSS, n = 8; Non-cohoused D6KO-DSS, n = 28; Cohoused D6KO-DSS, n = 8. D6KO,
Dusp6 gene knockout mice; DSS, dextran sulfate sodium; H&E, hematoxylin and eosin; WT, wild-type
mice.



Figure 7

Fecal microbiota derived from D6KO mice mitigated DSS-induced colitis. (A) Schematic of the FMT
experiment. The fecal microbiota were collected from non-cohoused WT or D6KO mice within 30 min and
transferred by oral gavage into germ-free mice three times per week. After the seventh FMT, the mice were
rested for 3 days and then treated with DSS for 9 days. (B) Daily change in body weight was recorded for
germ-free mice transplanted with fecal microbiota from WT or D6KO mice during 9 days of treatment



with water or water plus DSS (indicated as DSS throughout). *P<0.05, **P<0.01, and ***P<0.001, Fisher’s
LSD test. (C) Daily disease activity index scores of germ-free mice transplanted with gut microbiota from
WT or D6KO mice during 9 days of treatment with water or DSS. **P<0.01 and ***P<0.001, Fisher’s LSD
test. Number of mice per group in B-C: Donor:WT-water, n = 4; Donor:D6KO-water, n = 4; Donor:WT-DSS, n
= 5; Donor:D6KO-DSS, n = 7. (D) Colon length in germ-free mice with gut microbiota from WT or D6KO
mice during 9 days of treatment with water or DSS. ***P<0.001, Fisher’s LSD test. Number of mice per
group: Donor:WTwater, n = 7; Donor:D6KO-water, n = 7; Donor:WT-DSS, n = 9; Donor:D6KO-DSS, n = 10. (E)
Representative H&E (top row) or Alcian blue (bottom row) stained transverse sections of colon tissue
from germ-free mice with fecal microbiota from WT or D6KO mice after 9 days of treatment with DSS. (F)
Representative images of colonic epithelium stained with H&E (top row) or Alcian blue (bottom row). (G,
H) qRT-PCR analysis of colonic tissues from Donor:WT and Donor:D6KO mice for expression of tight
junction-associated genes and in�ammatory cytokine genes after 9 days of treatment with water or DSS.
*P<0.05, **P<0.01, and ***P<0.001, Fisher’s LSD test. Number of mice per group in G-H: Donor:WT-water, n
= 7; Donor:D6KO-water, n = 7; Donor:WT-DSS, n = 8; Donor:D6KO-DSS, n = 9. D6KO, Dusp6 gene knockout
mice; Donor:WT, germ-free mice with fecal microbiota transplantation from wild-type mice; Donor:D6KO,
germ-free mice with fecal microbiota transplantation from Dusp6 knockout mice; DSS, dextran sulfate
sodium; FMT, fecal microbiota transplantation; H&E, hematoxylin and eosin; WT, wild-type mice.

Figure 8

Dusp6 de�ciency protects against DSS-induced colitis in mice. Dusp6 de�ciency in mice results in
induction of tight junction protein and microvilli-associated gene expression, which strengthens the
connections between gut epithelial cells and extends the distance between microbes and the cytoplasm



of enterocytes, thereby enhancing barrier integrity. Dusp6 de�ciency also alters the cellular metabolic
machinery, resulting in elevation of mitochondrial phosphorylation and reduction of glucose utilization.
These changes maintain the gut lumen in an anaerobic state, which is an environment that promotes
expansion of obligatory bacteria and limits the abundance of facultative bacteria and/or pathobionts.
Therefore, Dusp6-de�cient mice are resistant to DSSinduced epithelial damage and associated colitis.
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