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Integrative analysis reveals marker
genes for intestinal mucosa barrier
repairing in clinical patients

Xiao-Hu Zhao,1,4 Peinan Zhao,2,4 Zihao Deng,2 Ting Yang,1 Yu-Xing Qi,1 Li-Ya An,1 Da-Li Sun,1,5,*

and Hai-Yu He3,*

SUMMARY

This study aims to identify biomarkers of intestinal repair and provide potential
therapeutic clues for improving functional recovery and prognostic performance
after intestinal inflammation or injury. Here, we conducted a large-scale
screening of multiple transcriptomic and scRNA-seq datasets of patients with in-
flammatory bowel disease (IBD), and identified 10 marker genes that potentially
contribute to intestinal barrier repairing: AQP8, SULT1A1, HSD17B2, PADI2,
SLC26A2, SELENBP1, FAM162A, TNNC2, ACADS, and TST. Analysis of a pub-
lished scRNA-seq dataset revealed that expression of these healing markers
were specific to absorptive cell types in intestinal epithelium. Furthermore, we
conducted a clinical study where 11 patients underwent ileum resection demon-
strating that upregulation of post-operative AQP8 and SULT1A1 expression
were associated with improved recovery of bowel functions after surgery-
induced intestinal injury, making them confident biomarkers of intestinal healing
as well as potential prognostic markers and therapeutic targets for patients with
impaired intestinal barrier functions.

INTRODUCTION

The small and large intestines are vital organs of the digestive system that transport and absorb nutrients

and water. Moreover, they provide a critical physical barrier defending against pathogens that reside in gut

microbiota. This barrier function of intestines is conferred by a layer of epithelial cells that is organized into

crypts and villi. This barrier structure is essential for maintaining intestinal homeostasis and segregation of

intestinal fluids and microbes. The epithelial layer of intestines harbors multiple types of cells with special-

ized functions, including absorptive cells (enterocytes, also termed colonocytes in the colon), secretory

cells (goblet cells, enteroendocrine cells (EECs), and Paneth cells), and intraepithelial immune cells. The

homeostasis of the intestinal barrier is maintained through the continuous renewal of epithelial cells

derived from intestinal stem cells (ISCs) that reside in the base of crypts.1,2

As a common clinical manifestation, impaired intestinal barrier function has been associated with a broad

range of diseases including ischemia-reperfusion (I/R) injury, inflammatory bowel disease (IBD) and post-

operative anastomotic leakage. Intestinal barrier dysfunction can be induced by many clinical factors,

such as trauma, surgery, infection, and autoimmunity. It is widely hypothesized that when the integrity of

the intestinal barrier is compromised, an uncontrolled flux of gut pathogens may enter the bloodstream,

leading to secondary infections. In the most severe cases, patients may suffer from shock, multiple organ

failures and even death.3 Over the past years, much attention was focused on protecting intestinal barrier

integrity in patients with gastrointestinal conditions through clinical interventions including early enteral

nutrition, supplementation with glutamine or probiotics, which have been shown to promote intestinal bar-

rier repair in clinical and basic studies.4–6 However, the resulting outcomes of these limited interventions

were not always satisfactory.7 Therefore, the lack of effective therapeutic manipulation to repair damaged

intestinal barrier clearly reflects the fact that the underlying molecular mechanisms of intestinal barrier

repair remains relatively unclear.7

Healing of the injured intestinal barrier is an intricate process consisting of inflammation, cell proliferation and

tissue remodeling. After the initial inflammatory response, pathogens are removed from the site of injury,
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following by ISC proliferation and differentiation to remodel and repair the injured tissue.8 Emerging evi-

dence also indicates that, to regenerate the damaged intestinal tissue, intestinal epithelial cells can dediffer-

entiate into progenitor-like state characterized by expression of fetal gene signatures.9,10 This repairing

mechanism is crucial to ensure full recovery of patients from intestinal diseases like I/R and IBD.11 Previous

studies have identified several metabolic pathways as the key mediators of intestinal repairing.12,13 One

such example is that mitochondrial oxidative phosphorylation (OXPHOS) and pyruvate metabolism pathways

cooperatively regulate ISC differentiation.14 In addition, multiple recent studies have confirmed that fatty acid

oxidation (FAO) plays a critical role in ISC survival and renewal.15–17 Ketone bodies, which are synthesized

from the FAO product acetyl-CoA, were also reported to mediate ISC regeneration through NOTCH

signaling.18 Furthermore, emerging evidence indicates that dietary nutrients could enhance intestinal tissue

repair. For example, enteral nutrients were demonstrated to promote the restoration of the intestinal barrier

in patient studies.19,20 Also, administration of fish oil supplements in IBD mouse models has been shown to

alleviate inflammation and enhance mucosal healing,21 and a high-fat ketogenic diet has also been shown to

boost the regenerative capacity of ISCs in mouse models.18 Despite all these findings, the key regulators and

molecular pathways that mediate the repair of intestinal epithelial barrier after injury and inflammation remain

largely uncovered.7 Therefore, a further investigation focusing on the key regulators of intestinal barrier re-

pairing would provide a potential scaffold for developing more efficient therapeutic strategies to promote

gut epithelial barrier healing in patients with intestinal injury and inflammation.

To this end, we conducted a large-scale analysis of multiple layers of ‘‘omics’’ data retrieved from published

studies. Given the resemblance in the underlying mechanisms of epithelial barrier healing of inflamed and

injured intestines,22,23 we first analyzed six transcriptomic datasets of inflamed intestine samples from active

IBD patients and of non-inflamed/remission intestine samples from control individuals. We established a mo-

lecular landscape and identified 10 key regulatory genes of intestinal barrier repairing through a functional tran-

scriptomics approach. We then interrogated their expression pattern in various colonic epithelial cell popula-

tions using a published scRNA-seq dataset, showing that the expression of these markers is restricted to the

territory of absorptive cell population. Furthermore, we showed that upregulation of two of these markers is

associated with improved bowel functional recovery post prophylactic ileostomy through gene and protein

expression analyses on intestinal tissues biopsied at the anastomotic wound site. Together, our work provides

new insight into the molecular mechanisms of intestinal mucosal repairing at the multiomics level and suggests

multiple potential biomarkers that associate with the repairing of the intestinal barrier.

RESULTS

Screening markers of intestinal mucosal healing by consensus DEGs in GEO datasets

To establish the molecular landscape of the inflamed and post-inflamed (remission)/non-inflamed intesti-

nal barrier, we analyzed six transcriptomic profiling datasets24–29 from the Gene-Expression Omnibus

(GEO) repository Table 1 as outlined in Figures 1A and S1. Firstly, we performed differential expression an-

alyses to identify a set of Differentially ExpressedGenes (DEGs) from each dataset (Figure 1A and Table S1).

Consistent with the pathological features of IBD,30 we identified that the most significantly enriched path-

ways associated with inflamed intestines were immune responses, such as neutrophil, T cell and B-cell acti-

vation (Figure 1B).31–33 However, for non-inflamed/remission samples, we showed that the top enriched

gene sets were associated with metabolic pathways that are known to play key regulatory roles in intestinal

wound healing, including fatty acid metabolism, oxidative phosphorylation (OXPHOS)14 andmitochondrial

functions13,34 (Figure 1B and Table S2). Then, we carried out Gene Ontology (GO) enrichment analysis to

elucidate the functional characteristics of these DEGs (Figure 1C). We compared the DEGs across the six

transcriptomic datasets to identify consensus genes. Out of the total of 17,988 DEGs, 1,507 (8.4%) common

DEGs were shared by at least five datasets. The GO enrichment analysis of these consensus DEGs further

confirmed their relevance to intestinal inflammation- and barrier healing-related biological processes (Fig-

ure 1C, Table S2). Intriguingly, the most significantly upregulated DEGs in non-inflamed/remission samples

were genes that play critical roles in intestinal regeneration, including the rate-limiting enzyme in fatty acid

oxidation, CPT1A,16 and multiple ketogenic enzymes HMGCS2, HMGCL, BDH1, and ACAT118 (Table S1).

Taken together, the identification of these consensus DEGs provided us a set of preliminary candidates,

which is critical for the screening of key molecular markers for intestinal wound repairing.

Identifying central regulatory genes by modular gene Co-expression analysis

To further uncover the key regulatory genes of post-inflammatory healing of injured intestinal barrier, we

firstly sought to identify the key molecular signatures that mark non-inflamed intestinal epithelial barrier by
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extracting the expression profile of the consensus DEGs and performing a modular gene co-expression

analysis using the GEO dataset with the largest sample size (GSE179285, N = 361, including 136 inflamed

and 225 non-inflamed intestinal mucosal biopsies). Five co-expressed gene modules were identified, each

module corresponds to a cluster of correlated genes that are likely to have similar functions or involved in

the same molecular pathways (Figure 2A). A Gene Set Enrichment Analysis (GSEA) was then performed to

investigate the module gene enrichment in inflamed and non-inflamed samples (Figure 2A). The functional

characteristics of each gene module were explored by GO enrichment analyses and protein‒protein inter-

action (PPI) network analyses, and all the genes in each module were ranked according to their connectivity

with other genes in the co-expression network (Figures 2B–2D and S2). The central hub genes of each mod-

ule with high connectivity scores were considered to be the potential key regulatory genes of the relevant

biological process.

We found that three modules (M2, M3, and M4), which were positively correlated with the non-inflamed

samples as indicated by their normalized enrichment score (NES), demonstrated remarkable functional

relevance to knownmolecular mechanisms that are involved in epithelial barrier maintenance and repairing

mechanisms. Genes fromM2 were significantly associated with OXPHOS and cellular respiration pathways,

which are central mediators of ISC differentiation (Figure 2C).14 The top central hub gene of M2, PPARG, is

a master regulator of anti-inflammation processes and wound repair (Figure 2C), the agonists of its en-

coded receptor protein have been widely used as the first-line treatment for IBD35 and have shown to facil-

itate tissue healing in multiple diseases.36 M3 consisted of genes involve in FAO, such as ACADS - a key

enzyme for butyryl-CoA oxidation (Figure 2D), which is known to regulate colonocyte proliferation and dif-

ferentiation during wound repair,37 whereasM4 contained cytochrome P450 (CYP) enzymes such asCYP2J2

(Figure 2B). The arachidonic acid epoxidation pathway, which is catalyzed by CYP enzymes, was proposed

Table 1. GEO datasets

Dataset Experiment Patient samples Anatomical site Sample preparation Country Year

GSE38713 Microarray (Affymetrix

Human Genome U133

Plus 2.0)

15 inflamed (active UC)

8 remission (UC in remission)

colon (n = 23) Samples were obtained with

mucosal pinch biopsies, treated

with RNAlater and stored frozen.

Spain 2012

GSE95437 CAGE-seq 45 inflamed (25 active

UC, 20 active CD)

20 remission (17 UC in

remission, 3 CD

in remission)

colon (n = 65) Samples were obtained with

mucosal pinch biopsies, treated

with RNAlater and stored frozen.

Denmark 2018

GSE179285 Microarray (Agilent 4 3

44K Whole Human

Genome)

136 inflamed (46 active

UC + 90 active CD)

225 uninflamed (48

uninflamed regions in

UC patients +177

uninflamed regions in

CD patients)

colon (n = 236),

ileum (n = 125)

Samples were obtained with

mucosal biopsies, treated with

RNAlater and stored frozen.

USA 2021

GSE75214 Microarray (Affymetrix

Human Gene 1.0 ST)

125 inflamed (74 active

UC + 51 active CD)

39 remission (23 UC in

remission, 16 CD in

remission)

colon (n = 97),

ileum (n = 67)

Samples were obtained with

mucosal biopsies, immediately

snap-frozen in liquid nitrogen

and stored frozen.

Belgium 2017

GSE59071 Microarray (Affymetrix

Human Gene 1.0 ST)

82 inflamed (74 active

UC+8 active CD)

23 remission (23 UC

in remission)

colon (n = 105) Samples were obtained with

mucosal biopsies, immediately

snap-frozen in liquid nitrogen

and stored frozen

Belgium 2015

GSE83687 RNA-seq 74 inflamed (32 active

UC + 42 active CD)

60 uninflamed (59

normal control+1 UC in

remission)

ileum (n = 42), colon

(n = 86), rectum (n = 6)

Samples were obtained with

surgical specimen, immediately

snap-frozen in liquid nitrogen

and stored frozen

USA 2017
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Figure 1. Transcriptomic profile of the inflamed and post-inflamed (remission)/non-inflamed intestinal barrier

(A) Schematic diagram showing the workflow of analysis.

(B) Dot plot representing the GO-BP enrichment of genes upregulated in active IBD cases and non-inflamed/remission

intestinal samples from six GEO datasets. The top three enriched terms in each dataset were selected.

(C) UpSet plot showing the consensus DEGs in at least five out of six GEO datasets. Orange and blue colors represent

genes that were upregulated in inflamed and post-inflamed (remission)/non-inflamed patient intestinal samples,

respectively. The top five GO-BP terms enriched in the consensus DEGs are listed on the left-hand side.
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as a potential target for improving wound healing in diabetic patients.38 Finally, based on the degree of

connectivity, we shortlisted the top 30 central hub genes from each module as the potential markers

that may play a crucial role in promoting intestinal barrier repair (Table S3).

Next, we thought to further validate the relevance of these 30 markers in the context of remission (post-

inflammation). We again applied the same analytical strategy on the dataset with the largest remission

cohort - GSE75214, which contains 125 inflamed and 39 remission intestinal mucosal biopsies. Out of

the total of six co-expressed gene modules identified, three modules (M2, M3, and M4) exhibited positive

correlation with the remission group (Figure S3A). Consistently, the enrichment analysis on these three

modules also yielded GO terms that are significantly associated with epithelial barrier homeostasis and

wound healing (Figure S3B). Most importantly, the top 30 central hub genes identified from GSE179285

were also seen in M2, M3, andM4 which represent intestinal epithelial barrier at remission stage (Table S4).

Single-cell transcriptomic data revealed celltype-specific expression of wound repair marker

genes

Next, we sought to explore the expression pattern of intestinal barrier repairing genes in different cell

types by analysing single-cell transcriptomic data of the inflamed and non-inflamed colonic mucosa

from three patients with ulcerative colitis.1 Clustering identified eight colonic epithelial cell types based

on their marker genes (Figure S4A, Table S5, including absorptive cells (CT colonocytes and colonocytes),

secretory cells (goblet cells and EECs), undifferentiated cells and immune cells (T cells/mast cells and ILCs)

(Figure 3A). In addition, comparison between the inflamed and non-inflamed colon epithelium samples

determined 195 DEGs (Table S6). Then, to validate our findings from theGSEA analysis, we cross compared

the 195 DEGs with the top 30 central hub genes from M2, M3 and M4 (Table S3). Notably, 10 genes were

obtained from the intersection: AQP8, SULT1A1, HSD17B2, PADI2, SLC26A2, SELENBP1, FAM162A,

TNNC2, ACADS, and TST. Next, we depicted the expression pattern of these 10 genes in inflamed and

non-inflamed samples (Figure 3C and Table S7). Of interest, all of the 10 genes were significantly upregu-

lated in absorptive cell types (CT colonocytes and colonocytes) from non-inflamed samples, whereas no

difference was observed in secretory or immune cell types (Figures 3B, 3C, and S4B), suggesting that these

10 genes are likely to have celltype specific functions in intestinal absorptive cells. This finding is also

consistent with the previous study showing that absorptive colonocytes play a major protective role in in-

testinal barrier.2

Verification of intestinal mucosal healing marker genes in patients’ longitudinal RNA-seq and

proteomics datasets

To further verify if the 10 genes obtained through the intersection analysis can be designated as the mo-

lecular signatures for intestinal barrier healing, we analyzed two published patient studies which contain

longitudinal RNA sequencing (RNA-seq) and proteomic datasets. In the first study, a prospective clinical

trial was conducted where active IBD patients were treated with Olamkicept. The patient’s intestinal mu-

cosa was sampled at 0 h (baseline), 4 h, 24 h, 2 weeks, 6 weeks and 14 weeks after the first administration of

Olamkicept, and subjected to RNA-seq.39 Therefore, we investigated the expression changes of the 10

genes along this time course in three patients who reached disease remission after treatment. Of note,

the expression of PADI2, SLC26A2, SULT1A1 and FAM162A showed an increasing trend during the healing

of intestinal mucosa (Figure S5, Table S8).

Next, we validated these 10 genes by analyzing a proteomic study on intestinal mucosa samples from 17

ulcerative colitis patients and 15 healthy volunteers.40 We found that the top enriched pathways in inflamed

intestinal mucosa were associated with immune responses whilst in healthy samples were metabolic path-

ways.40 This data is in agreement with our previous analysis as shown in Figure 1. Moreover, the protein

Figure 2. Co-expressed gene modules

(A) GSEA of five co-expressed gene modules (M1-M5) in IBD active and remission samples. Circle size represents the number of genes in each module, and

colour represents the normalized enrichment score (NES).

(B) GSEA of five co-expressed gene modules (M1-M5) in IBD active and remission samples. Circle size represents the number of genes in each module, and

color represents the normalized enrichment score (NES).

(B–D) Top: GO-BP enrichment of genes in M2-M4. The top 10 terms enriched in each module are listed.

Bottom: Protein‒protein interaction (PPI) and correlation networks of genes in each module. Each dot (hub) represents a gene, and lines connecting the

genes indicate gene correlations or PPIs (demonstrated by hub colors). The size of the hubs demonstrates the degree of connectivity.
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Figure 3. Cell-specific marker gene expression

(A) UMAP plot of colonic epithelial cells sampled from inflamed and non-inflamed mucosa from patients with ulcerative colitis. Colors indicate the cell types.

(B) The 10 marker genes identified in the current study were upregulated in non-inflamed regions compared with inflamed areas. The dot plot showing the

cell-type-specific DE of these marker genes.

(C) UMAP plot comparing the cells in inflamed and non-inflamed regions. Colors represent the expression levels of the marker genes.
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levels of eight of the 10 genes, SLC26A2, SELENBP1, AQP8, PADI2, FAM162A, HSD17B2, SULT1A1 and

TST, were significantly upregulated in healthy samples, with expression levels 4.17-, 3.33-, 2.63-, 2.56-,

2.38-, 2.22-, 2.22- and 1.96-fold higher than those in ulcerative colitis samples, respectively (Table 2).

Together, these cross comparisons with previous studies further support our notion of the 10 genes as po-

tential molecular markers for intestinal barrier healing.

Intestinal mucosal healing markers are associated with improved patients’ post-operational

recovery outcomes

To determine the clinical relevance of the 10 potential intestinal barrier repairing markers identified in the

current study, we then conducted a patient study involving 11 patients who underwent ileocecal resection

surgery followed by enterostomy. In this study, intestinal mucosal samples were collected at the site of en-

terostomy during the operation, and at the stoma site at 24 h and 48 h post-operation from each patient.

The sampled tissues were then confirmed to be intestinal epithelium using a Hematoxylin and Eosin (H&E)

staining (Figure S6C). Next, we measured the gene and protein expression levels of the potential healing

markers in each sample using quantitative polymerase chain reaction (q-PCR) and western blot. Among the

10 marker genes, we showed that four of them, namely PADI2, FAM162A, AQP8 and SULT1A1, were signif-

icantly upregulated at 24 and/or 48 h post-operation compared with those during the surgery. And most

importantly, this upregulation was consistent at both mRNA (q-PCR) and protein (western blot) levels

(Figures 4A and 4B). Although a significant downregulation of SLC26A2 expression at both mRNA and pro-

tein levels 24 and 48 h following enterostomy was observed, and a mild upregulation of HSD17B2 mRNA

expression was detected only at 48 h post-surgery, the gene and protein expression levels of ACADS, SE-

LENBP1 and TNNC2 remained unchanged throughout the study period (Figures S6A and S6B) whereas TST

expression was not detected. Together, these findings indicate that the observed expression changes of

PADI2, FAM162A, AQP8 and SULT1A1 are not because of a non-specific generalized transcriptional disrup-

tion associated with the surgical procedures of ileocecal resection and enterostomy.

It has been identified that healing of the intestinal barrier after the surgery-induced injury can be reflected

by the recovery of patient’s bowel function, which is measured by four parameters (1) incidence of oral di-

etary intolerance at 48 h post-operation; (2) incidence of infectious complications at seven days post-oper-

ation; (3) time to first passage of flatus; (4) time to first passage of stool.41,42 Among the 11 patients in the

study, two patients (patient 5 and 9) had both oral intolerance and infectious complications (pneumonia),

one patient (patient 1) showed oral intolerance and one patient (patient 8) had only infectious complication

(wound infection), whereas the others did not exhibit any post-operational adverse event on record

(Table S9). Of interest, we found that despite the relatively small cohort size, the expression levels of

SULT1A1 and AQP8 at 48 h after surgery were significantly higher in patients without post-operational

Table 2. Protein validation of key genes contributing to intestinal mucosal barrier recovery using the in-depth

proteins

Ration UC/H Protein name Gene names Majority protein ID -Log p value

Proteins of increased abundance in healthy controls compared to UC

4.17 Sulfate transporter SLC26A2 P50443 18.52

3.33 Selenium-binding protein 1 HEL-S-134P;

SELENBP1

V9HWG1 15.36

2.63 Aquaporin-8 AQP8 Q53GF6 7.86

2.56 Protein-arginine deiminase type-2 PADI2 A0A024RA98 16.12

2.38 Protein FAM162A FAM162A F8W7Q4 12.91

2.22 Estradiol 17-beta-dehydrogenase 2 HSD17B2 Q53GD0 12.22

2.22 Sulfotransferase; Sulfotransferase 1A1 SULT1A1;

hCG_1993905

A0A024QZB4 12.85

1.96 Sulfurtransferase;

Thiosulfate sulfurtransferase

TST Q53EW8 14.02

1.00 Short-chain specific acyl-CoA

dehydrogenase, mitochondrial

ACADS E5KSD5 �4.34E-08
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oral intolerance or infectious complications compared with those who had these adverse events (Fig-

ure 4C). Moreover, SULT1A1 andAQP8 expression levels at 48 h post-operation were negatively correlated

with the time to first passage of flatus as well as to first passage of stool after receiving the ileocecal

C

D

A

B

Figure 4. Validation of identified potential biomarkers in clinical patients and correlation analysis on their expression levels and the degree of

intestine functional recovery

(A) mRNA expression levels of PADI2, FAM162A, AQP8 and SULT1A1 at different timepoints of intestinal injury repair after surgery in patients.

(B) Protein expression levels of PADI2, FAM162A, AQP8 and SULT1A1 at different timepoints of intestinal injury repair after surgery in patients.

(C) AQP8 and SULT1A1 mRNA levels in patients with and without oral dietary intolerance 48 h after surgery and in patients with and without infectious

complications 7 days after surgery.

(D) Correlation analysis of the mRNA levels of AQP8 and SULT1A1 at 48 h after surgery and the time of passing flatus and stool. *p%0.05, **p%0.01, ***p%

0.001, ****p %0.0001, one-way ANOVA with Tukey’s multiple comparisons test. Data are represented as mean G standard deviation.
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resection surgery (Figure 4D). This finding indicated that higher post-operational expression of SULT1A1

and AQP8 is associated with improved bowel recovery, making them the confident markers of intestinal

barrier repair, which can potentially be exploited as the prognostic and therapeutic markers in patients

with intestinal barrier injuries.

DISCUSSION

In this study, we identified 10 markers, AQP8, SULT1A1, HSD17B2, PADI2, SLC26A2, SELENBP1, FAM162A,

TNNC2, ACADS, and TST, that are potential molecular signatures of intestinal barrier repairing through a

series of integrative analyses of multiple transcriptomic and scRNA-seq datasets of IBD patients. In addi-

tion, our analysis on the published scRNA-seq data indicated that the functional role of these marker genes

was specific to absorptive cells which reside in intestinal epithelium. Finally, we conducted a clinical study

on 11 patients who underwent ileum resection surgery and identified that elevated post-operational

expression of AQP8 and SULT1A1 were associated with improved bowel function recovery after surgery-

induced intestinal injury, making them potential prognostic markers and therapeutic targets of intestinal

barrier recovery. To our knowledge, this is the first large-scale screening of public datasets for molecular

markers of intestinal barrier healing post-inflammation, providing potential clues for developing new ther-

apeutic strategies to promote the repairing of epithelial barrier in patients with intestinal injuries.

AQP8 encodes aquaporin 8 (AQP8), a cell membrane protein essential for water transfer and absorption

that is widely distributed in the gastrointestinal tract.43–45 In agreement with our findings, multiple studies

have reported significant downregulation of AQP8 in intestinal tissues of ulcerative colitis patients, which is

linked to defective absorptive function of colon epithelial cells.27,46,47 In patients with collagenous colitis

(CC), reduction of AQP8 expression in colonic mucosa was associated with frequent diarrhea, whereas

restoration of AQP8 expression level was observed in CC patients who have reached clinical remission.48

Moreover, the aquaporin protein family has been extensively used as markers to evaluate the efficacy of

treatment strategies for diarrhea.49–51 Although the functional role of AQP8 in maintaining intestinal

fluid-homeostasis has been largely uncovered, AQP8 has not previously been linked to intestinal barrier

repairing. Of note, previous studies showed that another member of aquaporin family, AQP3, have a water

transport-independent function in regulating intestinal cell proliferation.52,53 Therefore, based on our and

other’s findings, it is reasonable to speculate that AQP8 may also play a crucial regulatory role in intestinal

epithelial healing and regeneration after injury. The mechanism whereby AQP8 mediates intestinal barrier

repairing is an avenue for further research.

HSD17B2 encodes 17b-Hydroxysteroid dehydrogenase 2 (17b-HSD2), a pivotal enzyme that catalyses the

intracellular conversion of potent sex hormones estradiol (E2) and testosterone into their weaker precursor

form, estrone (E1) and androstenedione, respectively.54 Although some studies showed that E2 and testos-

terone exert protective effect on injured intestines,55–57 other studies indicated that high level of E2 and

testosterone could induce colonocytes apoptosis.58–60 However, the intestinal barrier-specific functions

of E1 and androstenedione, as well as 17b-HSD2 itself, are little-known. In this study, our analysis revealed

that 17b-HSD2 may be required for the repairing of intestinal epithelial barrier. Whether it is through cat-

alytic activities of E2 and testosterone conversion or other enzyme-independent functions requires further

research.

Sulfotransferase 1A1 (SULT1A1) is a member of sulfotransferases enzyme family encoded by SULT1A1. It

catalyses sulfonate conjugation, an important metabolic pathway that detoxifies/inactivates a wide range

of molecules through the addition of sulfate group.61 Intriguingly, SULT1A1 also plays a critical role in the

inactivation of circulating estrogen, particularly the most potent form, E2.62 Our results demonstrated that

elevated expression of SULT1A1 is associated with both disease remission of IBD as well as improved post-

surgery bowel recovery in patients. Whether this is because of inhibition of estrogen pathway by SULT1A1

in damaged gut barrier is also an avenue for future investigation. The other potential biomarkers of intes-

tinal repair discovered in our study include PADI2, SLC26A2, SELENBP1, FAM162A, TNNC2, ACADS, and

TST. Some of them, such as PADI2, already have supporting evidences from previous studies showing its

role in regulating wound healing and tissue regeneration in zebrafish.63 Moreover, downregulation of

PADI2 has been reported in patients with colorectal cancer and active ulcerative colitis.64 However, themo-

lecular mechanisms by which themajority of thesemarkers influence intestinal barrier repairing remains un-

clear and needs further studies.
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Taken together, our work depicts an analysis strategy for large-scale screening of public datasets to un-

cover disease-associated biomarkers, and using this approach, we identified 10 potential signature

markers for intestinal barrier repairing. These findings bring valuable insights in understanding the funda-

mental biology of intestinal barrier healing at a molecular level and provide potential clues for the devel-

opment of new therapeutic strategies aimed at facilitating the repairing of impaired intestinal barrier.

Limitations of the study

Although in the current study, we have identified 10 potential molecular markers of intestinal barrier heal-

ing post injury and inflammation by screening public datasets, only two showed clinical relevance in our

patient study, suggesting that the rest of eight markers may highly associate with a healthy and functional

status of intestine rather than an active healing status. In addition, this may also reflect a potential mech-

anistical variation in intestinal barrier healing between surgery-induced gut injury and IBD-induced injury

given that our clinical study was performed on patients who underwent enterostomy. These highlight

the need for a large cohort clinical study where IBD patients are subjected to long-term clinical monitoring

to further validate the relevance of the 10 markers. Moreover, the functional roles of these 10 markers can

also be explored in various conditions associated with impaired intestinal epithelial barrier like burn,

abdominal trauma, enteritis, and other major intestinal surgeries in future studies.
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Antibodies

AQP8 antibody Bioss Cat#bs-6786R, RRID:AB_2934320

SULT1A1 antibody Bioss Cat# bs-6283R, RRID:AB_11094764

SLC26A2 antibody Proteintech Cat# 27759-1-AP, RRID:AB_2880963

PADI2 antibody Bioss Cat# bs-11662R, RRID:AB_2934324

HSD17B2 antibody Bioss Cat# bs-3856R, RRID:AB_10858090

FAM162A antibody Abcam Cat# ab122295, RRID:AB_11129715

ACADS antibody Abcam Cat# ab110318, RRID:AB_10860028

SELENBP1 antibody Bioss Cat# bs-4200R, RRID:AB_11086827

TNNC2 antibody Proteintech Cat# 15875-1-AP, RRID:AB_2878194

GAPDH antibody Abmart Cat# P30008M

Anti-rabbit IgG, HRP-linked antibody Cell Signaling Technology Cat# 7074, RRID:AB_2099233

Anti-mouse IgG, HRP-linked antibody Cell Signaling Technology Cat# 7076, RRID:AB_330924

Deposited data

Gene expression levels of IBD

(inflamed VS. remission) RNA-seq data

N. Planell et al., 20134 GSE38713

Gene expression levels of IBD

(inflamed VS. remission) RNA-seq data

M. Boyd et al., 201855 GSE95437

Gene expression levels of IBD

(inflamed VS. uninflamed) RNA-seq data

M. E. Keir et al., 202134 GSE179285

Gene expression levels of IBD

(inflamed VS remission) RNA-seq data

M. Vancamelbeke et al., 201715 GSE75214

Gene expression levels of IBD

(inflamed VS remission) RNA-seq data

W. Vanhove et al., 201518 GSE59071

Gene expression levels of IBD

(inflamed VS uninflamed) RNA-seq data

L. A. Peters et al., 201724 GSE83687

Gene expression levels of IBD

(inflamed VS uninflamed)

single-cell RNA-seq data

K. Parikh et al., 201943 GSE116222

Gene expression levels of IBD

restoration after treatment with

Olamkicept RNA-seq data

S. Schreiber et al., 202141 GSE171770

Patients’ proteomics datasets A. Schniers et al., 201932 https://clinicalproteomicsjournal.biomedcentral.com/

articles/10.1186/s12014-019-9224-6

Oligonucleotides

q-PCR primers are listed in Table S10 This paper N/A

Software and algorithms

GraphPad Prism 8.3.0 GraphPad Software https://www.graphpad.com/scientific-software/prism/

3DHISTECH’s Slide Converter 3DHISTECH Ltd https://www.3dhistech.com/research/

slidecenter/slidemaster/

CaseViewer 2.4 3DHISTECH Ltd https://www.3dhistech.com/solutions/caseviewer/

R 4.1.0 R Core Team, 202156 https://cran.r-project.org/bin/

windows/base/old/4.1.0/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Da-Li Sun (sundali2018@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d This paper analyses existing, publicly available datasets from the GEO repository. These accession

numbers for the datasets analysed during the current are listed in the key resources table.

d All dataset analyses were performed based on R 4.1.0.65 The original code has been deposited into Zen-

odo and is publicly available as of the date of publication. DOI of the deposited original code is listed in

the key resources table.

d Any additional information required for re-analysing the datasets reported in this paper is available from

the lead contactupon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient selection criteria and ethics statement

A clinical study was designed to verify the identified marker genes. Patients with primary, nonmetastatic

colorectal cancer requiring prophylactic enterostomy were recruited between December 2020 to

November 2022 from the Department of Gastrointestinal Surgery at The Second Affiliated Hospital of

Kunming Medical University.66 The following patient inclusion criteria were applied: 1) patients aged be-

tween 40 to 85 years old; 2) patients with colorectal cancer and partial obstruction or patients with ultralow

rectal cancer; 3) patients undergoing laparoscopic radical resection for colorectal cancer and requiring

prophylactic enterostomy according to intestinal conditions during operation. The exclusion criteria

were as follows: 1) current pregnancy; 2) patients with total colorectal obstruction; 3) patients with prior his-

tory of major abdominal surgery; 4) patients with severe abdominal infection. Informed consents were pro-

vided voluntarily by all patients involved in this study, and all experiments were approved by the Ethics

Committee of the Second Affiliated Hospital of Kunming Medical University (PJ-2020-138 and PJ-2021-

212) and conducted in accordance with clinical research ethics review guideline (FEY-ZD-5-1.3).

Patient sample collection

A total of 11 patients (6 males, 5 females) were recruited in this study (Table S9). For all participants in this

study, an enterostomy in which a 3–4 cm section of ileum was diverted to a stoma created in the abdominal

wall, was performed after laparoscopic radical resection for colorectal cancer to prevent anastomotic

leakage. The ileum was anchored to the stoma through suture during the enterostomy, the stoma was

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

limma 3.48 M. E. Ritchie et al., 20155 https://bioconductor.org/packages/

release/bioc/html/limma.html

EdgeR 3.34 Mark D. Robinson et al., 200964 https://bioconductor.org/packages/

release/bioc/html/edgeR.html

ClusterProfiler 4.0.0 G. Yu et al., 20123 https://bioconductor.org/packages/release/

bioc/html/clusterProfiler.html

CEMiTool 1.16.0 Pedro S. T. Russo et al., 201831 https://www.bioconductor.org/packages/

release/bioc/html/CEMiTool.html

Seurat 4.0.5 Yuhan Hao et al., 202158 https://cran.r-project.org/web/

packages/Seurat/index.html

Other
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then reopened at 24 hours postoperation to drain intestinal fluid and after 48 hours of the surgery for stoma

bag attachment. Patient intestinal mucosal tissue was sampled at the site of enterostomy during the pro-

cedure as well as 24 and 48 hours after the operation through forceps biopsy. Of note, these mucosal sam-

ples do not contain tumour tissues. Then, collectedmucosal tissue samples were processed for histological

and expression analyses. For histology, samples were fixed in 4% paraformaldehyde at least overnight and

embedded in paraffin. For q-PCR and western blotting, samples were snap-frozen immediately in liquid

nitrogen and stored at -80�C.

Patient outcome measurement

All participants involved in the study were surveyed to evaluate the postoperative recovery outcome based

on four measurements: 1) incidence of oral dietary intolerance at 48 hours postoperation. Oral intolerance

is defined as the inability to tolerate oral nutrition (ON) that supplies 30% full nutritional requirements, with

digestive symptoms, including vomiting, diarrhoea, abdominal distension and ileus, at 48 hours after the

operation41,42; 2) incidence of infectious complications, including pneumonia, systemic inflammatory reac-

tion syndrome (SIRS), septicaemia, intra-abdominal abscess and wound infection; 3) time of first passage of

flatus; 4) time of first passage of stool. (Table S9)

METHOD DETAILS

Transcriptomic data collection

Gene expression and clinical annotation datasets from GSE38713, GSE95437, GSE179285, GSE75214,

GSE59071 and GSE83687, which included 477 (56.0%) inflamed and 375 (44.0%) remission/non-inflamed

bowel epithelial patient samples, were retrieved from the Gene-Expression Omnibus (GEO) database.

All the patient samples involved in these datasets were fresh-frozen tissues collected from the distal ileum

(27.5%), colon (71.8%) and rectum (0.7%) in the past 10 years. Among the inflamed samples, 266 were from

patients with ulcerative colitis (UC), and 211 were from patients with Crohn’s disease (CD). The remission/

non-inflamed samples were tissues collected from patients at disease remission stage (GSE38713,

GSE95437, GSE59071, GSE75214), adjacent non-inflamed regions (GSE179285) or healthy controls

(GSE83687) (Table 1).

Differential expression analysis and pathway enrichment analysis

Differential expression (DE) analysis of inflamed versus remission/non-inflamed patient intestinal samples

was performed on each dataset using limma (v.3.48)67 for microarray datasets or EdgeR (v.3.34)68 for RNA

sequencing datasets. The differentially expressed genes (DEGs) were identified with false discovery rate

(FDR) < 0.01. Functional enrichment tests were performed using the R package ClusterProfiler (v.4.0.0).69

Over-representation analysis (ORA) of gene ontology biological processes (GO-BPs) was conducted using

the R package ClusterProfiler (v.4.0.0). The significantly enriched pathways were identified with the Benja-

mini‒Hochberg procedure adjusted p-value <0.01.

Gene co-expression module analysis and protein‒protein interaction (PPI) network

The normalised expression profile of the consensus DEGs (DEGs appeared in at least five out of six GEO data-

sets) was extracted from GSE179285 for gene co-expression modular analysis. The R package CEMiTool

(v.1.16.0) was used to identify co-expressed gene modules with the following settings: filter = FALSE, cor_me-

thod = pearson, network_type = signed. The soft-thresholding parameter beta was selected as the first value

that leads the gene co-expression network to be approximately scale-free (linear regression fit of adherence to

scale-free topology R2> 0.8), as recommended by the authors of CEMiTool.70

Gene set enrichment analysis (GSEA) was performed to evaluate the enrichment score of each gene mod-

ule in inflamed and remission samples. A GO-BP enrichment analysis was performed to interrogate the bio-

logical function of the co-expressed gene modules. Protein‒protein interaction (PPI) information was ex-

tracted from the STRING database (v.11). Confident protein interactors (combined score >700) of the

module genes were extracted from STRING and visualised using CeMiTool.

Single-cell RNA-seq data analysis

Seurat 4.0.571 was used to analyze the published single-cell RNA-seq (scRNA-seq) dataset of colonic

epithelial cells from healthy individuals and IBD patients (GSE116222). Sequencing data from three individ-

uals in each group were merged and integrated using the SCTransform and anchored-based integration
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workflow. Principal component analysis (PCA) was performed, and the top 10 significant principal compo-

nents (PCs) were used as the input to generate the uniformmanifold approximation and projection (UMAP).

Eight cell populations were classified using the FindCluster function at a resolution of 0.3. FindAllMarkers

was used to identify the marker genes of each cluster, and the cell types were manually assigned according

to the top marker genes. DEGs (log2FC > 0.25, adj_pval <0.01) between the inflamed and non-inflamed/

healthy samples were then identified in each celltype using FindMarkers function.

q-PCR

For patient ileum biopsies, TRIzol reagent (Lifetech 15596026) was used for total RNA extraction according

to the manufacturer’s instructions. The total RNA samples were then reverse transcribed using a FastKing

RT Kit (with gDNase, TIANGEN, KR116). Quantitative PCR (q-PCR) was performed with Taq ProUniversal

SYBR qPCR Master Mix (Vazyme) on a LightCycle 96 Instrument (Roche). Relative gene expression levels

were calculated using the DDCT method by normalising genes of interest to GAPDH analysed using

GraphPad Prism 9. The oligonucleotide primers used for q-PCR are listed in Table S10.

Western blotting

To isolate total protein, intestinal mucosa tissue was homogenised in RIPA lysis buffer (Beyotime) contain-

ing 10% protease inhibitor cocktail (Roche) using standard methods. Equal amount of protein samples

(80 mg) was separated by SDS-PAGE method and transferred onto PVDF membrane. Blots were blocked

in 5% BSA in TBST at room temperature for 1 hour and processed for primary antibody incubation at

4�C for overnight. Primary antibodies used for western blotting were anti-PADI2 (Bioss, bs-11662R,

1:1000), anti-FAM162A (Abcam, ab122295, 1:1000), anti-AQP8 (Bioss, bs-6786R, 1:500), anti-SULT1A1 (Bio-

ss, bs-6283R, 1:1000) and anti-GAPDH (Abmart, P30008 M, 1:4000). Then, blots were washed in TBST and

incubated with HRP-linked secondary antibodies (CST7074, 1:2000) at room temperature for 2 hours. Bands

were developed with 1 mL ECL solution (Applygen) and imaged using a Tanon Chemi-Image System. Anti-

body information and the greyscale values of western blot images are provided in Table S11.

Histological analysis

The intestinal mucosal biopsies sampled from 11 patients at three timepoints were processed and

embedded in paraffin as described above. A total of 33 5-mm transverse sections were obtained and

stained with haematoxylin and eosin (H&E). The sections were imaged and evaluated through microscopy

(Danjier, China) with 3DHISTECH’s Slide Converter and CaseViewer 2.4 (scale bar = 1mm).

QUANTIFICATION AND STATISTICAL ANALYSIS

All expression analysis results were expressed as mean G standard deviation. Statistical analysis was per-

formed using the statistical software GraphPad Prism v8.3.0, and one-way ANOVA was used to test statis-

tical difference among multiple groups, followed by the Tukey post hoc test. Wilcoxon rank sum test (two-

group comparisons) or Pearson correlation (correlation tests) were used accordingly. A P-value < 0.05 was

considered statistically significant.
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