
Bao et al., Sci. Adv. 9, eadh5016 (2023)     30 August 2023

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

1 of 17

A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Inhibiting sorting nexin 10 promotes mucosal healing 
through SREBP2-mediated stemness restoration of 
intestinal stem cells
Weilian Bao1,2†, Yan You1†, Jiahui Ni1†, Hui Hou3, Jiaren Lyu1, Guize Feng1, Yirui Wang1, 
Keyuan You1, Sulin Zhang3, Lijie Zhang4, Xinyue Cao1, Xu Wang1, Haidong Li1, Hong Li1, 
Jiake Xu5,6, Chenying Liu7,8, Xiaomin Luo3, Peng Du7,8*, Daofeng Chen2*, Xiaoyan Shen1*

Intestinal stem cell (ISC) is a promising therapeutic target for inflammatory bowel disease. Cholesterol availability 
is critical for ISC stemness. Low plasma cholesterol is a typical feature of Crohn’s disease (CD); however, its impact 
on mucosal healing remains unclear. Here, we identified an essential role of sorting nexin 10 (SNX10) in maintain-
ing the stemness of ISCs. SNX10 expression in intestinal tissues positively correlates with the severity of human CD 
and mouse colitis. Conditional SNX10 knockout in intestinal epithelial cells or ISCs promotes intestinal mucosal 
repair by maintaining the ISC population associated with increased intracellular cholesterol synthesis. Disassocia-
tion of ERLIN2 with SCAP by SNX10 deletion enhances the activation of SREBP2, resulting in increased cholesterol 
biosynthesis. DC-SX029, a small-molecule inhibitor of SNX10, was used to verify the druggable potential of SNX10 
for the treatment of patients with CD. Our study provides a strategy for mucosal healing through SREBP2-mediated 
stemness restoration of ISCs.

INTRODUCTION
Loss of an integrated epithelial barrier leads to inappropriate trans-
location of gut luminal contents, commensal microbiota, and patho-
genic microbes into the intestinal lamina propria and eventually 
induces intestinal inflammation and mucosa injury. Complete re-
pair of the damaged mucosa clinically, referred to as mucosal heal-
ing, is a prognostic indicator for long-term relief and reduced 
surgical risk in patients with inflammatory bowel disease (IBD) ac-
cording to clinical studies (1). Under physiological conditions, the 
intestinal epithelial cells (IECs) are replenished from intestinal stem 
cells (ISCs) residing in the basal crypts every 3 to 4 days to preserve 
a continuous mucosal barrier. While the damage of the epithelial 
layer by various factors including infection, radiation, ischemia, 
physical trauma, or immune-mediated injury promotes the repair 
process for restoring the barrier function of the epithelium, it re-
quires proper spatial allocation and organization of ISCs under the 
regulation of molecules secreted by surrounding niches (2). Recent 
studies indicate that impaired ISC function in patients with Crohn’s 
disease (CD) and mice models is responsible for its chronic, relaps-
ing inflammation (3–6). Altered metabolic patterns in ISCs and as-
sociated niches are closely correlated with the aberrant function and 
activation of ISCs (3, 7–9). It was reported that cholesterol synthesis 

in ISCs is essential for the maintenance of its function (9), and low 
blood cholesterol level is a typical feature of active CD (10–12). 
However, the contribution of altered cholesterol metabolism in ISCs 
to CD progression has not been disclosed.

Sorting nexin 10 (SNX10) belongs to the SNX family character-
ized by the presence of phox homology domain, which binds to 
phosphoinositide on membrane structure. Previous studies found 
that SNX10 locates on the endosome, lysosome, and endoplasmic 
reticulum (ER) and acts as an adaptor protein to mediate signaling 
transduction and intracellular protein trafficking (13–15). SNX10 
has been identified as a key driver of intestinal inflammation in a 
functional genomics predictive network model based on three pop-
ulations of patients with different stages of IBD (16). We previously 
described the critical role of SNX10 in mediating inflammatory re-
sponse in macrophages, contributing to the development of colitis 
in mice (17, 18). Other groups reported that SNX10 acts as an im-
portant regulator of lipid metabolism in immune cells and adipo-
cytes (19–23). Here, we confirmed that SNX10-driven CD risk was 
closely associated with the impairment of intestinal epithelial bar-
rier function. We found that SNX10 restricted the expansion and 
function of ISCs by limiting cholesterol biosynthesis both in vivo 
and ex vivo. We further demonstrated that SNX10 deletion promoted 
sterol regulatory element–binding protein 2 (SREBP2) cleavage by 
disassociating endoplasmic reticulum (ER) lipid raft associated 2 
protein(ERLIN2) with sterol regulatory element-binding protein 
cleavage-activating protein (SCAP) on ER. Last, a previously identi-
fied SNX10 protein-protein interaction (PPI) inhibitor was used to 
verify the potential of SNX10 as a therapeutic target for IBD.

RESULTS
SNX10 expression in intestinal tissues positively correlates 
with the severity of CD
To understand the impact of SNX10 on CD, we first analyzed whole-
genome transcriptome profiling data (GSE112366 dataset) from 
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patients with active CD (24). As shown in Fig. 1A, SNX10 expres-
sion significantly increased in biopsy samples from patients with 
CD compared to healthy controls. Correlation analysis revealed a 
moderate positive correlation between SNX10 expression and sim-
ple endoscopic score for CD, an index for disease severity (Fig. 1B). 
Data from another clinical study (GSE100833 dataset) showed that 
SNX10 expression was higher in inflamed areas than noninvolved 
areas from the same intestinal segment (Fig. 1C). Among 141 IBD 
susceptible genes (25), 92 genes were positively correlated with SNX10 
expression and 31 genes were negatively correlated with SNX10 ex-
pression (r > 0.3) (fig. S1A). The gene expression of current thera-
peutic targets for IBD was also positively correlated with SNX10 
expression (fig. S1B). Gene set enrichment analysis (GSEA) showed 
that multiple immune cell activation−related gene sets annotated by 
Gene Ontology (GO) Resource (geneontology.org) were enriched in 
the patients with high SNX10 expression (fig. S1C), while epithelial 
cell maintenance−related gene sets annotated by GO resource were 
enriched in the patients with low SNX10 expression (Fig. 1D). Im-
munofluorescence staining of surgically resected ileum from pa-
tients with CD showed a significant up-regulation of SNX10 in 
typical lesions (Fig. 1E), including crypt branching, crypt atrophy, 
and crypt abscess, especially, in infiltrating macrophages (fig. S1D). 
The contribution of SNX10 in macrophages to colitis has been dis-
cussed in our paper published previously (17). As inflammatory cell 
infiltration intensified, SNX10 high-expressing epithelial cells in 
crypts increased (Fig.  1F). These results indicate a crucial role of 
intestinal SNX10 in the pathological process of CD, associated with 
both macrophages and epithelial cells.

Intestinal epithelium SNX10 deletion alleviated 
DSS-induced colitis and mucosal injury
Similarly, the positive correlation between SNX10 and colitis severity 
is also exhibited in IBD animal models. In 2,4,6-trinitrobenzenesulfonic 
acid solution (TNBS)–induced mouse colitis (GSE35609 dataset) 
(26), Snx10 expression increased with the prolongation of the dis-
ease course and reached its peak at day 14 (fig. S2A). In the colon of 
interleukin-10−deficient (Il-10−/−) mice that spontaneously devel-
op colitis at about 12 weeks of age (GSE27684 dataset) (27), Snx10 
expression was significantly higher than that in wild-type (WT) 
mice (fig. S2B). In the proximal and distal colon of dextran sulfate 
sodium (DSS)–induced colitis mice, SNX10 expression was posi-
tively correlated with the time of DSS exposure (figs. S2, C and D). 
Consistent with the results from clinic data, we also observed SNX10 
staining enhanced increasingly in the lamina propria and epitheli-
um of colon tissues following colitis development by DSS treatment 
(Fig. 2A). This result was confirmed by reverse transcription quanti-
tative polymerase chain reaction (RT-qPCR) and Western blot (WB) 
performed on colonic epithelial cells (EPCAM+CD45−) (Fig.  2B 
and fig. S2E). To understand the impact of intestinal epithelium SNX10 
on colitis, we further evaluated the effect of epithelial-specific dele-
tion of Snx10 on the development of IBD in mice. As shown in 
fig. S2F, the inserted loxp sites did not affect Snx10 expression. Snx10 
IEC-specific knockout (KO) mice were obtained by crossing Snx10fl/fl 
mice with Vil-Cre mice (fig. S2G), and the efficiency of KO was con-
firmed by showing a significant reduction of SNX10 in the epithelial 
cells of Snx10fl/fl;Cre+ (Snx10ΔIEC) mice compared to Snx10fl/fl;Cre− 
(WT) mice both at basal level and in IBD models (fig. S2H). Sur-
vival experiment showed that intestinal Snx10 deficiency effectively 
elevated the survival rate of DSS-treated mice (Fig.  2C). Weight 

change (Fig.  2D) and disease activity index (DAI) score (fig.  S2I) 
revealed a quicker recovery of Snx10ΔIEC mice after 6-day modeling. 
Consistent with the symptoms, the colon shortening (Fig. 2E) and 
the elevated levels of pro-inflammatory cytokines in serum (fig. S2J) 
and tissues (Fig.  2F) were significantly ameliorated in Snx10ΔIEC 
colitis mice. Hematoxylin and eosin (H&E) staining revealed that 
intestinal Snx10 deficiency effectively alleviated inflammatory cell 
infiltration and tissue damage (Fig.  2G) and retained more intact 
and lengthened crypt structures (fig. S2, K and L) in colitis mice. 
Moreover, E-cadherin staining and intestinal permeability assays 
showed that barrier dysfunction was significantly ameliorated in 
Snx10ΔIEC colitis mice (fig. S2, M and N). DSS-induced colitis is the 
classic epithelial injury−driven IBD model, which is suitable for 
studying repetitive tissue regeneration and wound healing after epi-
thelial injury. However, the TNBS model more closely resembles hu-
man CD in terms of immunological features (28). Hence, we further 
investigated the phenotype of Snx10ΔIEC mice in the TNBS model. 
As shown in Fig. 2, H and I, SNX10 deficiency effectively alleviated 
weight loss and shortened colon length in the TNBS model. Consis-
tently, inflammatory cell infiltration, colonic patch hypertrophy, and 
elevated pro-inflammatory cytokines caused by TNBS were signifi-
cantly reduced in Snx10ΔIEC mice compared to WT mice (Fig. 2, J 
and K). Collectively, these data suggest that intestinal epithelium 
SNX10 plays a critical role in the pathological injury of mucosa bar-
rier function and is the key factor to determine the severity and 
prognosis of IBD.

SNX10 deficiency enhanced the stemness of CBC stem cells 
and promoted the differentiation of secretory-lineage cells
The maintenance of intestinal mucosa barrier function relies on the 
self-renewal of IECs that are continually replenished by ISCs located 
at the crypt. Following self-renew, ISCs differentiate into absorptive 
and secretory-lineage cells for replacing constant cell loss (29). We 
observed a significantly increased staining of regeneration marker 
Ki67, and ISC marker AXIN2 in the colon tissues of Snx10ΔIEC coli-
tis mice, indicating a vigorous repairment of intestinal epithelium 
(Fig. 3, A and B). Immunostaining revealed that the recovered epi-
thelial cells consisted of more goblet cells (Alcian blue+) and tufts 
cells (COX1+) while fewer absorptive cells (CAII+) in Snx10ΔIEC 
mice (fig. S3, A and B). We observed a similar recovery of Ki67+ 
cells and goblet cells in the TNBS model of Snx10ΔIEC mice (fig. S3, 
C and D). Samples from patients with CD also showed that Ki67 
staining decreased in the crypts of mildly inflamed areas compared 
to that of normal areas and was negatively correlated with SNX10 
expression (Fig. 3C and fig. S3E). To confirm the role of Snx10 in 
manipulating the stemness of ISCs, the mRNA levels of markers re-
lated to crypt base columnar (CBC) stem cells and +4 position cells in 
isolated colonic epithelial cells were detected. As shown in Fig. 3D, 
the mRNA levels of CBC stem cell markers Lgr5, Axin2, Ascl2, Ephb3, 
and Ephb2 in WT colitis mice were significantly down-regulated, 
which were reversed by SNX10 deficiency. However, the mRNA ex-
pression of +4 position cell markers Bmi1, Hopx, Lrig1, and Tert did 
not show meaningful and concordant changes (fig. S3F). Although 
the reduction of ISC marker genes in the TNBS model was not sig-
nificant, SNX10 deficiency up-regulated Lgr5, Axin2, and Ascl2 
mRNA levels (fig. S3G). These data suggest that SNX10 mainly is 
involved in CBC stem cells but not +4 position cell maintenance. To 
confirm it, IECs isolated from the ileum or colon were used for organ-
oid in vitro culture. Consistent with increased regeneration in vivo, 
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Fig. 1. SNX10 expression in intestinal tissues positively correlates with the severity of IBD. (A) SNX10 mRNA expression in health controls (n = 26) and active patients 
with CD (n = 66) of the GSE112366 dataset. (B) The correlation between SNX10 mRNA expression in biopsy samples and ileum simple endoscopic score for CD (ses-cd) 
from GSE112366 was analyzed by Spearman (n = 253). (C) SNX10 mRNA expression in inflamed and noninvolved areas of different intestinal segments from the GSE100833 
dataset. (D) Patients with CD were divided into the high SNX10 expression group and the low SNX10 expression group according to the median of SNX10 mRNA 
level in the biopsy samples (GSE100833, n = 1717). Gene set enrichment analysis (GSEA) of indicated gene sets in CD patients with SNX10 low expression versus SNX10 
high expression was conducted. In one analysis, a nominal P value was shown. (E) Immunofluorescent staining of SNX10 in normal or typical lesion areas of the colon from 
patients with CD. All scale bar, 50 μm. (F) Immunofluorescent staining of SNX10 in the areas of varying degrees of inflammation of colon tissues from patients with 
CD. White arrows indicate SNX10-positive epithelial cells. Scale bar, 100 μm. Data are represented as means ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001. DAPI, 
4′,6-diamidino-2-phenylindole.
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Fig. 2. Intestinal epithelium SNX10 deletion alleviated DSS-induced colitis and mucosal injury. (A) Immunofluorescent staining of SNX10 in colon sections of DSS-
treated mice. Scale bar, 50 μm. (B) Relative mRNA levels of Snx10 in colonic epithelial cells (EPCAM+CD45−) isolated from DSS-treated mice (n = 6). (C) Survival curve of 
Snx10fl/fl (WT) and Snx10fl/fl;Vil-Cre+ (Snx10ΔIEC) mice (n = 16) subjected to colitis induction with 3% DSS for 6 days, followed by regular drinking water. (D) Body weight 
change of mice treated with 3% DSS for 6 days, followed by regular drinking water for 3 days (n = 10). (E) The colon length of WT and Snx10ΔIEC mice treated with DSS on 
day 9. (F) Relative mRNA levels of proinflammatory cytokines in the colon tissue measured by reverse transcription quantitative polymerase chain reaction (RT-qPCR) (n = 
7 to 10). (G) Representative hematoxylin and eosin (H&E) staining images of WT and Snx10ΔIEC mice on day 9. Scale bar, 100 μm. (H) Body weight change of mice (n = 6) 
treated with 1% (w/v) TNBS presensitization solution for 6 days, followed by 2.5% (w/v) TNBS intrarectal (ir) delivery (at day 0). (I) The colon length of WT and Snx10ΔIEC mice 
induced with TNBS on day 4. (J) Representative H&E staining images of WT and Snx10ΔIEC mice treated with TNBS. Scale bars, 100 μm. (K) Relative mRNA levels of proin-
flammatory cytokines in the colon tissue measured by RT-qPCR (n = 6). Data are represented as means ± SD. ns, not significant *P < 0.05, **P < 0.01, and ***P < 0.001.
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loss of SNX10 led to an elevation in size and complexity (higher 
number of buds) of small intestinal (SI) organoids (Fig. 3, E to G). 
Immunostaining of AXIN2 and Ki67 revealed that loss of SNX10 
caused greater self-renew capacity of IECs in SI organoids (Fig. 3H). 
ISCs among dispersed colonic epithelial cells cultured by WENR 
medium [epidermal growth factor (EGF), Noggin and R-spodin-1 

containing (ENR) medium plus 10% Wnt3a-conditioned medium] 
developed into spherical organoids without buds. We also observed 
an increase in the size and number of colon organoids developed 
from Snx10ΔIEC ISCs (Fig. 3, I to K), indicating a greater expansion 
capacity in vitro. This was further confirmed by AXIN2 and Ki67 
staining (Fig. 3L). Immunofluorescent staining of the markers for 

Fig. 3. SNX10 deficiency enhanced the 
stemness of CBC stem cells and promoted 
the differentiation of secretory-lineage 
cells. (A) Representative immunohistochem-
istry (IHC) images of Ki67 in colon sections 
and positive cell count in each crypt.  
(B) Immunofluorescent staining of AXIN2 in 
colon sections. (C) Immunofluorescent 
staining of Ki67 and SNX10 in colon tissues 
from patients with CD. White arrows: 
SNX10-positive epithelial cells. (D) ISC 
signature gene expression in colonic epithelial 
cells isolated from colitis mice. (E) Small 
intestinal (SI) organoids cultured from WT 
or Snx10ΔIEC mice. (F) Average surface area 
and (G) structure quantification (based  
on the number of buds) of SI organoids  
(n = 5, 30 organoids per mouse). (H) Immuno-
fluorescent staining of Ki67 or AXIN2 in SI 
organoids on day 7. (I) Representative 
images of colon organoids. (J) Average 
surface area and (K) quantification of colon 
organoids (n = 6, 30 organoids per mouse). 
(L) Immunofluorescent staining of Ki67  
or AXIN2 in colon organoids on day 7. (M and 
N) Immunofluorescent staining of differentia-
tion markers (Alpi or CAII: absorptive  
cells, Lyz: Paneth cells, Muc2: goblet cells, 
ChgA: enteroendocrine cells, COX1: tuft cells) 
in organoids on day 5. (O) Representative 
IHC images of β-catenin in the colon 
sections. (P) Immunofluorescent staining of 
β-catenin and SNX10 in the areas with 
different degrees of inflammation of colon 
tissues from patients with CD. Scale bar, 
100 μm. (Q) Immunoblots for active 
β-catenin in colonic epithelial cells isolated 
from colitis mice. Data are represented  
as means ± SD. *P < 0.05, **P < 0.01, and 
***P < 0.001.
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lineage differentiation (Alpi for enterocytes, Lyz for Paneth cells, 
Muc2 for goblet cells, ChgA for enteroendocrine cells, COX1 for tuft 
cells, and CAII for colonocytes) revealed that Snx10 deficiency re-
sulted in a shift to the secretory lineage in both SI and colon organ-
oids (Fig. 3, M and N), consistent with the results from DSS-induced 
mice. The activation of the Wnt pathway was reported to promote 
the differentiation of secretory epithelial cells (30). Consistently, we 
also observed that SNX10 deficiency caused a significant increase of 
β-catenin in the epithelium of colitis mice and organoids (Fig. 3O 
and fig. S3, H and I). Similarly, SNX10 expression in the crypt of 
patients with CD was negatively correlated with β-catenin expres-
sion (Fig. 3P). WB analysis also revealed active (nonphosphorylated 
at Ser33/37/Thr41) β-catenin increased in isolated EPCAM+CD45− 
epithelial cells from Snx10ΔIEC colitis mice (Fig.  3Q and fig.  S3J) 
supporting an activated Wnt signaling pathway by SNX10 deficiency. 
Collectively, our data suggest that Snx10ΔIEC promoted mucosal re-
pair through up-regulation of Wnt-driven ISC regeneration.

Lgr5-ISC−specific SNX10 deficiency maintained the ISC  
pool to accelerate the intestinal epithelial repair
LGR5+ CBC cells as the main ISC population are responsible for 
self-renew of IECs. It has been reported that the canonical colonic 
stem cell signature is disrupted in CD (6). As expected, GSE100833 
dataset analysis revealed that LGR5 expression was significantly de-
creased in patients with CD compared with healthy controls and 
positively correlated with disease severity (fig. S4, A and B). Consistent 
with the CBC stem cell signature gene expression in mice (Fig. 3C), 
the transcriptome landscape of guts in CD patients with low SNX10 
expression presented a positive stem cell−associated signature 
(Fig. 4A). In addition, the LGR5+ ISC signature genes, which were 
up-regulated in Snx10ΔIEC mice, were negatively correlated with 
SNX10 expression in patients with CD (Fig. 4B). These data imply a 
tight bond between SNX10 expression and stem cell fate. SNX10 has 
been listed as one of 384 signature genes of CBC stem cells by ana-
lyzing the transcriptional profiles of fluorescence-activated cell sort-
ing−sorted LGR5+ cells in an earlier study (31). To further confirm 
that CBC stem cells were the main ISCs affected by SNX10 defi-
ciency, Lgr5-EGFP-IRES-CreERT2 mice were introduced for direct 
labeling of CBC stem cells. As shown in Fig. 4C, LGR5+ cells in the 
crypt base coexpressed SNX10 on day 5 after DSS induction. Con-
sistent with the clinical data on regenerative capacity, we observed 
an elevated staining of SNX10 in the crypts of severely inflamed ar-
eas accompanied by a decrease in the number of CBC stem cells 
(OLFM4+) (Fig.  4D). To delete SNX10 in the ISCs, Lgr5-EGFP-
IRES-CreERT2;Snx10fl/fl mice were generated and induced by 
tamoxifen. As expected, Lgr5-ISC−specific SNX10 deficiency 
(Snx10ΔISC) significantly reduced the mortality (fig. S4C), promoted 
weight recovery (Fig. 4E), and ameliorated colon shortening (Fig. 4F) 
in DSS-induced colitis mice. Fluorescence imaging revealed that 
there  were more crypts containing LGR5+ cells in the colon of 
Snx10ΔISC mice during recovery (on day 9; Fig. 4, G and H). Notably, 
more LGR5+ ISC−containing crypts could be found at the inflam-
matory cell infiltrated areas in the colon of Snx10ΔISC mice before 
recovery (on day 6; Fig. 4I), suggesting that SNX10 deficiency−
induced ISC expansion occurred in the inflammation phase, despite 
the differences in epithelial structure and body weight between WT 
and Snx10 ΔISC mice that could only be found in the repair phase. 
Consistent with pathological changes in  vivo, Lgr5-ISC−specific 
SNX10 deficiency increased the number of LGR5+ cells and the 

growth efficiency of SI and colon organoids (Fig.  4, J and K, and 
fig. S4, D and E). These results suggest that SNX10 acts as a suppres-
sor in regulating the stemness of ISCs in the inflammatory environ-
ment, and targeted inhibition of SNX10 might be a promising strategy 
for restoring intestinal mucosa barrier function.

The increased cholesterol biosynthesis by SNX10 deletion 
contributed to intestinal epithelial repair
To determine the mechanism by which SNX10 restricted ISC ampli-
fication, we compared the transcriptome of isolated epithelial cells 
from WT and Snx10ΔIEC colitis mice. As shown in Fig. 5A, the iso-
prenoid metabolic process genes were enriched in epithelial cells 
from Snx10ΔIEC mice. Similarly, in biopsy samples from inflamed 
areas of patients with CD, cholesterol biosynthesis genes enriched in 
the low SNX10 group (fig.  S5A). Several previous genetic studies 
reported that the SNX10 gene is a signature locus in altering lipid 
metabolism (19–23). Further clinical data analysis revealed that 
SNX10 expression presented a weak negative correlation (0.2 < r < 
0.4) with fatty acid biosynthesis genes and moderate or strong nega-
tive correlation (0.4 < r < 0.8) with cholesterol biosynthesis genes 
(fig. S5, B and C), suggesting that SNX10 was involved in the biosyn-
thesis of lipids, especially cholesterol in colitis. Considering that 
cholesterol availability is necessary for the self-renewal of ISCs (9), 
we hypothesized that the restriction of ISC regeneration caused by 
SNX10 up-regulation in the inflammatory intestine was due to the 
altered cholesterol biosynthesis. To understand the involvement of 
SNX10 in ISC renewal and cholesterol synthesis, we arranged the 
ISC signature genes and the cholesterol synthesis genes according to 
the value of correlation coefficient (r) with SNX10 and plotted a ma-
trix to show the correlation between the ISC renewal genes and cho-
lesterol synthesis genes. As shown in Fig. 5B, the blue area converging 
in the lower right corner of the heatmap indicates coexpression rela-
tionships between the corresponding ISC renewal genes and choles-
terol synthesis genes. These coexpressed genes also have strong 
negative correlations with SNX10 expression, indicating a potential 
link role of SNX10 in ISC renewal and cholesterol synthesis. Immu-
nostaining revealed a strong negative correlation between the num-
ber of SNX10+ cells and the number of HMGCR+ cells per crypt in 
the inflamed area of patients with CD (Fig. 5C and fig. S5D). Next, 
we enquired whether this correlation could be verified in a DSS-
induced colitis model. Cholesterol measurement and filipin staining 
showed that SNX10 deficiency enhanced cholesterol levels in the 
colons of colitis mice (Fig. 5D and fig. S5E). Consistent with clinical 
data, the expression of 3-hydroxy-3-methylglutaryl-CoA reductase 
(HMGCR), a rate-limiting enzyme in cholesterol synthesis, was sig-
nificantly up-regulated by SNX10 deficiency (Fig.  5E). Methyl-β-
cyclodextrin (MβCD) was used to eliminate the difference in the 
cholesterol content between WT and SNX10-deficient organoids. 
Within 16 hours after MβCD treatment, SNX10 deficiency signifi-
cantly accelerated cholesterol synthesis in SI and colon organoids 
(Fig. 5, F and G). Lovastatin (5 μM), an enzyme activity inhibitor of 
HMGCR, could abolish the increase of cholesterol content, SI or-
ganoid budding, and colonic organoid colony caused by SNX10 defi-
ciency (Fig. 5, H and I, and fig. S5, F and G). However, the expression 
of cholesterol synthesis and fatty acid synthase genes was significantly 
up-regulated in SNX10-deficient organoids with or without lovastatin 
(Fig. 5J and fig. S5H). Consistent with the result of organoid devel-
opment, lovastatin erased the SNX10ΔIEC-induced up-regulation of 
ISC gene expression, which could be rescued by mevalonic acid (fig. S5I). 
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Fig. 4. Lgr5-ISC−specific SNX10 deficiency retained the ISC pool for accelerating the epithelial repair. (A) GSEA of indicated gene sets in CD patients with SNX10 
low expression versus SNX10 high expression from GSE100833 (n = 1717). (B) Correlation analysis by Spearman between SNX10 and ISC marker gene expression in CD 
patients with moderate or severe endoscopic activity from GSE112366 (n = 56). (C) Immunofluorescent staining of SNX10 and LGR5-EGFP (enhanced green fluorescent 
protein) in colon sections from colitis mice. (D) Immunofluorescent staining of OLFM4 and SNX10 in inflamed colon tissues from patients with CD. (E) Body weight change 
of WT and Snx10ΔISC mice (n = 6, tamoxifen-induced) subjected to colitis induction with 3% DSS for 6 days, followed by regular drinking water. (F) Colon length of WT and 
Snx10ΔISC mice on day 9. (G) Histology of the recovery region in the colon from WT or Snx10ΔISC mice on day 9. (H) Quantification of crypts with 0, 1, 2, or 3+ EGFP+ cells in 
recovery region (~50 crypts per mouse, six mice per group). (I) Histology of the inflamed region in the colon from WT or Snx10 ΔISC DSS-induced mice (day 6). Scale bar, 
100 μm. (J) Images of SI organoids and (K) colon organoids on day 5 from WT or Snx10ΔISC mice (left). The average surface area of 30 organoids per mouse (n = 5) was 
measured (right). Data are represented as means ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 5. The increased cholesterol biosynthesis by SNX10 deletion contributed to intestinal epithelial repair. (A) GSEA of gene sets enriched in colonic epithelial cells 
from Snx10ΔIEC mice (versus WT mice) with DSS colitis (n = 3). (B) Correlation analysis (by Spearman) matrix between ISC signature genes and cholesterol biosynthesis 
genes in the inflamed area from patients with CD of GSE100833 (n = 369). (C) Immunofluorescent staining of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and 
SNX10 in inflamed areas of colon tissues from patients with CD. Scale bar, 100 μm. (D) Free cholesterol content in colonic epithelial cells isolated from colitis mice (n = 6). 
(E) Immunofluorescent staining of HMGCR in colon sections. (F) SI and (G) colon organoids were treated with 500 μM methyl-β-cyclodextrin (MβCD) for 16 hours, and then 
replaced with normal medium for 16 hours. Free cholesterol content at different times was measured. (H) Representative images of organoids treated with or without 
lovastatin (5 μM) on day 6. (I) Free cholesterol content of organoids (n = 5). (J) Relative mRNA levels of cholesterol biosynthesis gene in organoids (n = 3). (K) Immuno-
fluorescent staining of Dishevelled2 (DVL2) in colon sections from DSS-treated mice. Scale bar, 50 μm. (L) Immunofluorescent staining of DVL2 and LRP6 in HCT116 cells 
that were treated with serum-free medium containing 500 μM MβCD for 16 hours, and then replaced with serum-free medium for 8 hours, followed by additional Wnt3a 
(200 ng/ml) for another 2 hours. Data are represented as means ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001. NES, normalized enrichment score.
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These data suggest that mevalonic acid supplementation directly 
skipped the inhibition of lovastatin on HMGCR and rescued the 
phenotype. In addition, we evaluated the effect of lovastatin on in-
testinal cholesterol levels and intestinal inflammation in the absence 
or presence of SNX10 during colitis. As shown in fig. S5 (J to L), al-
though lovastatin and SNX10 epithelial KO alleviated weight loss, they 
had opposite effects on cholesterol levels in epithelial cells, demon-
strating that the ameliorative effect of lovastatin on colitis is not depen-
dent on cholesterol synthesis. In Snx10ΔIEC mice, lovastatin lowered 
cholesterol levels and impaired the ameliorative effect of SNX10 de-
letion in the recovery phase. This can be explained by the strong in-
hibitory activity of lovastatin that overrides the Snx10ΔIEC-induced 
increase of HMGCR expression, ultimately leading to the decreased 
cholesterol level and attenuated Snx10ΔIEC phenotype in colitis. Pre-
vious studies suggest that cholesterol selectively activates the canon-
ical Wnt pathway by specifically facilitating the membrane recruitment 
of Dishevelled2 (DVL2) (32). We then further examined whether 
the increased cholesterol by SNX10 deficiency was associated with 
DVL2-mediated Wnt pathway activation. Immunofluorescence showed 
that SNX10 deficiency significantly increased DVL2 staining in the 
colonic epithelial cells of mice with colitis (Fig. 5K). In vitro experi-
ments showed that cholesterol depletion abolished the colocalization 
of DVL2 with LRP6 on the plasma membrane, while cholesterol syn-
thesis resulted in a stronger colocalization of DVL2 and LRP6 in 
SNX10-deficient cells, suggesting that the enhanced Wnt pathway 
activation by SNX10 deficiency is due to the increased cholesterol 
synthesis (Fig. 5L). Collectively, these data demonstrate that SNX10 
deficiency increased cholesterol synthesis and thus promoted epi-
thelial repair.

Disassociation of ERLIN2 with SCAP induced by SNX10 
deletion enhanced SREBP2 activation contributing to the 
increased cholesterol biosynthesis
SREBPs are the main regulators of cholesterol metabolism. To ex-
plore the mechanism underlying the increased cholesterol biosyn-
thesis caused by SNX10 deletion, we first ruled out the possibility 
that SNX10 deletion might increase the transcript levels of SREBP1 
or SRBEP2 in both SI and colon organoids (fig. S6A). The activation 
of SREBPs is mainly regulated by the cleavage of their precursor. By 
WB, we observed a marked increase of cleavage products (N terminus) 
and a decrease of SREBP1 and SREBP2 precursors in SI and colon 
organoids from Snx10ΔIEC mice. Notably, it was SREBP2, but not SREBP1, 
that still showed an increased N terminus in colon organoids with 
lovastatin treatment (Fig. 6A), suggesting that SRBEP2 cleavage might 
be directly altered by SNX10 deletion. Hence, we further investigated 
the mechanism by which SNX10 regulates SREBP2 cleavage. We first 
confirmed that SNX10 KO by CRISPR significantly increased the 
nuclear localization of SREBP2 (Fig. 6B). As reported, upon sensing 
a low level of cellular cholesterol, pre-SRBEP2 is transported from 
the ER to the Golgi apparatus for cleavage into a nuclear-localized 
mature form (33). As shown in Fig. 6C and fig. S6B, both nuclear 
and Golgi translocation of SREBP2 were largely enhanced by SNX10 
KO under control or cholesterol treatment. Impressively, these results 
were reversed by SNX10 rescue (fig. S6, C and D). Live cell imaging 
showed that mCherry-tagged SNX10 localized at ER instead of the 
Golgi apparatus regardless of additional cholesterol (fig. S6E). On 
the basis of the above findings, we assumed that SNX10 might be 
involved in the anchoring of SREBP2 on the ER and thereby limited 
its Golgi transport. When the cellular cholesterol level reaches a 

certain threshold, the SREBP2-SCAP-INSIG-ERLIN2 complex is 
anchored to the ER membrane, and therefore, SREBP2-SCAP is un-
able to translocate to the Golgi apparatus (33, 34). We virtually 
docked the structures of SNX10 (4PZG) (35) and SCAP in the pres-
ence of 25-hydroxycholesterol (6M49) (36). The predicted interfaces 
are based on residues 153 to 155 of SNX10, which are important for 
their binding to proteins (37) and can be blocked by a PPI inhibitor 
DC-SX029 (17). If we blocked these residues, then the predicted in-
teraction between SCAP and SNX10 was greatly reduced (fig. S6F). 
Consistent with the docking results, SREBP2 precursor, ERLIN2, and 
SCAP were pulled down by Flag-tagged SNX10, and these interac-
tions were attenuated in DC-SX029−treated cells (Fig. 6D). Meanwhile, 
SREBP1 was not pulled down by SNX10-Flag (Fig.  6D). Notably, 
SNX10 KO significantly inhibited the pull-down of SCAP by endoge-
nous ERLIN2 (Fig. 6E), and SNX10 reintroduction rescued the in-
teraction between ERLIN2 and SCAP (fig. S6G). Immunofluorescence 
staining displayed the colocalization of SNX10 with ERLIN2 or 
SCAP being significantly enhanced by additional cholesterol, fur-
ther confirming a function of SNX10 in anchoring SREBP2-SCAP 
to ER through interacting with ERLIN2 (Fig. 6, F and G, and fig. S6, 
H and I). These data suggest that the disassociation of ERLIN2 with 
SCAP by SNX10 deletion is responsible for SREBP2 activation and 
thereby promotes cholesterol biosynthesis.

SNX10 PPI DC-SX029 promoted epithelial repair by 
enhancing the SREBP2-mediated stemness of ISCs
Next, we investigated the feasibility of targeting SNX10 to promote 
intestinal epithelial repair in IBD. WB analysis showed that DC-
SX029 significantly facilitated the cleavages of SREBP2 in SI and 
colon organoids (Fig. 7A). As expected, free cholesterol content was 
increased in DC-SX029−treated SI and colon organoids (Fig. 7B). 
RT-qPCR analysis showed that DC-SX029 promoted the transcrip-
tion of ISC signature genes and cholesterol biosynthesis (Fig. 7, C 
and D). Accordingly, the size and regeneration capacity of the SI and 
colon organoids were significantly elevated (Fig. 7, E and F). Oral 
administration of DC-SX029 has been reported to be effectively 
ameliorated DSS-induced colitis in our previous studies (17). Here, 
we examined the effect of DC-SX029 on the regeneration capacity of 
epithelial cells in colitis mice. Immunohistochemistry (IHC) stain-
ing showed that DC-SX029 significantly increased the number of 
crypts where Ki67 and β-catenin were highly expressed (Fig. 7G). 
Cholesterol measurement showed that DC-SX029 enhanced the 
cholesterol level in the colons of colitis mice (Fig. 7H). The expression 
of ISC signature gene Lgr5, Axin2, and Ascl2 in isolated epithelial 
cells was increased in the DC-SX029 group (Fig. 7I). Consistently, 
oral administration of DC-SX029 significantly elevated the number 
of LGR5-EGFP (enhanced green fluorescent protein) cells, showing 
better efficacy than mesalazine at a dose of 50 mg/kg per day in vivo 
(Fig. 7J). Rescue experiments showed that DC-SX029 treatment af-
ter the onset of symptoms still promoted weight restoration and al-
leviated colon shortening, inflammatory cell infiltration, and crypt 
loss of both DSS-induced and TNBS-induced colitis mice (figs. S7, 
A to C, and S8, A to C). Consistently, DC-SX029 effectively reduced 
pro-inflammatory cytokines and increased ISC marker gene expres-
sion (figs. S7, D and E, and S8, D and E). Compared to mesalazine, 
DC-SX029 was superior in promoting ISC regeneration and sup-
pressing IL12p40 expression. Ki67 and β-catenin staining results 
also indicated that DC-SX029 enhanced ISC-mediated intestinal 
epithelial regeneration in colitis mice (figs. S7, F and G, and S8, F 
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Fig. 6. Disassociation of ERLIN2 with SCAP induced by SNX10 deletion enhanced SREBP2 activation contributing to the increased cholesterol biosynthesis. 
(A) Representative immunoblots for precursors (P) and N-terminal cleavage fragments (N) of SREBP1 and SREBP2 in SI or colon organoids with or without lovastatin from 
WT or Snx10ΔIEC mice. (B) Immunofluorescent staining of SREBP2 in WT or SNX10 KO HCT116 cells with or without cholesterol (10 μg/ml) treatment for 12 hours in low-
glucose Dulbecco’s modified Eagle’s medium (DMEM). (C) WT or SNX10 KO HCT116 cells 36 hours after transfected with CellLight Golgi-GFP were cultured with low-
glucose DMEM in the presence or absence of cholesterol (10 μg/ml) for 12 hours, followed by immunofluorescent staining of SREBP2. (D) Lysates of HCT116 cells 
transfected with empty vector (EV)-flag or SNX10-flag plasmids were prepared and subjected to immunoprecipitation with anti-FLAG M2 agarose beads, followed by a WB 
with the indicated antibodies. (E) Lysates of WT or KO HCT116 cells without or with cholesterol treatment for 12 hours were subjected to immunoprecipitation with anti-
ERLIN2 antibody, followed by a WB with the indicated antibodies. (F and G) Immunofluorescent staining of SNX10 and SCAP or ERLIN2 in HCT116 cells without or with 
cholesterol treatment for 12 hours. IgG, immunoglobulin G.
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Fig. 7. SNX10 PPI DC-SX029 promoted epithelial repair by enhancing the SREBP2-mediated stemness of ISCs. (A) Representative immunoblots for SREBP2 in SI or 
colon organoids with or without DC-SX029 (50 μM) treatment for 7 days. (B) Free cholesterol content in SI or colon organoids with or without DC-SX029 treatment for 7 
days. (C and D) Relative mRNA levels of ISC signature genes and cholesterol biosynthesis genes in SI or colon organoids measured by RT-qPCR. (E) SI organoids were cul-
tured in ENR medium without or with DC-SX029 (50 μM) for 7 days, followed by immunostaining with the antibodies against Ki67 and Axin2. (F) Colon organoids were 
cultured in WENR medium without or with DC-SX029 (50 μM) for 7 days, followed by immunostaining with the antibodies against Ki67 and Axin2. (G) Representative IHC 
images of Ki-67 and β-catenin in colon sections from each group on day 9. Scale bars, 50 μm. Mice (n = 10) were treated with 3% DSS for 6 days, followed by regular drink-
ing water for 3 days. Mesalazine (50 mg/kg per day) or DC-SX029 (2 mg/kg per day) was given intragastrically during the whole process. (H) Free cholesterol content in 
colonic epithelial cells isolated from the indicated groups (n = 6). (I) Relative mRNA levels of ISC signature genes in colon epithelial cells isolated from the indicated groups 
measured by RT-qPCR (n = 10). (J) Immunofluorescent images of colon sections from Lgr5-EGFP mice in each group. Scale bar, 50 μm. Data are represented as means ± 
SD. Data of Fig. 6 (B to D) were compared by two-sided unpaired t test. Data of Fig. 6H were compared by one-way analysis of variance (ANOVA) followed by the Bonfer-
roni post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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and G). Collectively, DC-SX029 as an SNX10 PPI, effectively re-
lieved mouse colitis by promoting SREBP2-mediated intestinal epi-
thelial repair.

DISCUSSION
Clinical studies have shown that the number of LGR5+ ISCs in the 
intestinal epithelium of patients with CD (6) is significantly lower 
than in patients with ulcerative colitis (38, 39). Similarly, LGR5+ ISCs 
were nearly depleted in the DSS-induced model (40). Several studies 
based on this model have confirmed the importance of LGR5+ ISCs 
in intestinal epithelium repair (41, 42). Therefore, the DSS-induced 
colitis mouse model was mainly used in the present study. Microar-
ray analysis from a previous study indicated that SNX10 may be in-
volved in the maintenance of ISCs (31). Here, we explored the 
function of SNX10 in maintaining the stemness of LGR5+ ISCs and 
the potential to restore intestinal epithelial barrier function by in vitro 
organoid culture and in  vivo two types of conditional KO mice, 
combined with analysis of clinical data. Our data suggest that SNX10 
is an ISC signature gene but acts as an intrinsic limiter. Previ-
ously, it was reported that although SNX10 mRNA is highly ex-
pressed in ISCs under physiological conditions, the protein level 
of SNX10 in ISCs is not different from that in other IECs (31). 
This is consistent with our data that SNX10 protein was not ex-
pressed at the base of the crypt before chemical induction. In an in-
flammatory environment, both mRNA and protein levels of SNX10 
in ISCs are significantly increased, which could result in the sup-
pression of ISC function. Conversely, inhibition or deletion of 
SNX10 abolishes the restriction of ISC expansion via SREBP2−
mediated cholesterol synthesis in colitis mice, suggesting a po-
tentialnew strategy for CD treatment.

Secretory lineage differentiation favors mucosal repair in mouse 
(43) and human CD (6). In a homeostatic environment, the differ-
entiation of ISCs is determined by the balance of Wnt and Notch 
signaling pathways (30). The Wnt pathway promotes the differentia-
tion of ISCs toward the secretory lineage, whereas the Notch pathway 
promotes the absorptive lineage. In the present study, we confirm 
that the deletion of SNX10 activates the Wnt signaling pathway and 
shifts ISC differentiation toward the secretory cell lineage. This con-
tributes to the beneficial effect of SNX10 deletion on the recovery of 
damaged epithelium of colitis mice. Different types of secretory cells 
derived from ISCs have distinct functions in mucosal repair. Goblet 
cells protect the damaged barrier from bacterial infection by secret-
ing mucus (44). Tuft cells enhance prostaglandin E2−mediated epi-
thelial repair to mitigate chronic colitis in response to bacterial 
infection (45). Both goblet cells and tuft cells were significantly in-
creased by SNX10 deficiency in mice with DSS-induced colitis, rep-
resenting a pattern of cell lineage differentiation to facilitate mucosal 
repair. However, the increase in enteroendocrine cells by SNX10 
deletion in organoids was not consistent with in vivo data, which 
might be, in part, due to the increased differentiation of secretory 
progenitor cells into enteroendocrine cells by DSS administration 
(46). A previous study accurately described the transient presence of 
fetal-like repair of epithelial cells characterized by increased Ki67 
and reduced Muc2 expression in the DSS model (47). We found that 
SNX10 deficiency up-regulated not only Ki67 but also Muc2 in the 
crypt, suggesting a contribution of mucins to epithelial repair.

Cholesterol availability is critical for ISC stemness (9). Clinically, 
low plasma cholesterol has been recognized as a typical feature of 

patients with CD and correlated with disease severity (10–12, 48–
50). Apparently, low plasma cholesterol reduces the accessibility of 
cholesterol to ISCs, which could lead ISCs to rely on their own intra-
cellular cholesterol biosynthesis. The ileum is the most frequently 
damaged region in the small intestine of CD. Accordingly, cholesterol 
biosynthesis was highly active in the ileal crypt compared with the 
other SI compartments (51). These findings inspired us to explore 
whether increased cholesterol biosynthesis in ISCs might be beneficial 
for the treatment of CD. Our study identifies SNX10 as a key gene that 
orchestrates cholesterol synthesis and ISC stemness. We observed 
that the increase in cholesterol synthesis caused by SNX10 deficiency 
enhanced the stemness of ISCs in both the small intestine and colon. 
In addition, the deletion of SNX10 also up-regulates key genes re-
lated to the fatty acid synthesis pathway, which are also important for 
the self-renewal of ISCs (8, 51, 52). Another interesting question raised 
is why statins reduce the risk of recurrence of CD (53, 54) and alleviate 
inflammation in patients with CD (55). This seems to contradict our 
data showing that the increase in cholesterol content promotes ISC-
mediated mucosal repair. The reported mechanisms underlying the 
relief of colitis by statins were not due to the inhibition of cholesterol 
biosynthesis but to fibroblast apoptosis (56), mucosal eNOS tran-
scription (57), and the TH1-polarized immune response (58). It can 
be speculated that the unfavorable effect of cholesterol-lowering by 
statins on intestinal epithelial repair might be overshadowed by other 
beneficial pharmacologic effects. Another concern is that increased 
cholesterol synthesis in immune cells may promote colitis. Cholesterol 
has been reported to activate the NACHT, LRR and PYD domains-
containing protein 3 (NLRP3) inflammatory pathway in macrophages 
(59), thereby promoting caspase-mediated IL-1β release, which is an 
important driver for the development of intestinal inflammation in 
patients with CD (60, 61). However, this concern can be excluded by 
our previous study, which demonstrated that loss of SNX10 in mac-
rophages could significantly inhibit the inflammatory response in-
duced by lipopolysaccharide or oxidation low-density lipoprotein 
(17, 18, 23). Collectively, SNX10 deficiency could promote mucosal 
healing by restoring the ISC stemness while inhibiting inflammation.

Cholesterol synthesis is mainly mediated by the nuclear factor 
SREBPs, which drive the transcription of key enzymes involved in 
this process. Activation of SREBPs requires cleavage in the Golgi 
before they function as transcription factors in the nucleus. Before 
cleavage, the precursors of SREBPs are anchored to ER by interact-
ing with the ERLIN2-SCAP-INSIG1 complex (34). SCAP is a chap-
erone protein of SREBPs containing a sterol-sensing domain. Under 
cholesterol-sufficient conditions, the cholesterol-bound SCAP binds 
to insulin-induced gene 1 protein (INSIG1), promoting the settle-
ment of the SREBP-SCAP complex on ER. When ER cholesterol 
falls below a critical threshold, SCAP undergoes a conformational 
change that allows the packaging of SREBP2-SCAP into COPII-
encapsulated vesicles for subsequent transport to the Golgi. Com-
pared with SCAP, functional studies of ERLIN2 are limited. It has been 
reported that the interaction of ERLIN2 with SREBP-SCAP-INSIG1 
at ER is required to restrict SREBP activation under cholesterol-
sufficient conditions (34). Our present study demonstrates that SNX10 
is essential for the binding of ERLIN2 and SCAP to anchor the SREBP2 
complex on ER. Therefore, manipulating the function or expression 
of SNX10 may be a possible way to restore the stemness of ISCs 
through SREBP2-mediated cholesterol synthesis.

In conclusion, we identify a critical role of SNX10 as an inherent 
restrictor in regulating the stemness of ISCs, and its expression 
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positively correlates with the severity of CD. Reducing SNX10 ex-
pression or inhibiting SNX10 function promoted mucosal healing 
by restoring the stemness of ISCs in colitis mice. Mechanism explora-
tion revealed that the disassociation of ERLIN2 with SCAP by 
SNX10 deletion unlocked SREBP2 from ER and translocated it to 
Golgi for cleavage, resulting in SREBP2 activation for cholesterol 
biosynthesis. Our study elucidates that sufficient cholesterol is es-
sential for the proliferation and differentiation of ISCs through the 
activation of the Wnt signaling pathway and therefore may be a new 
strategy for mucosal healing in CD. Targeting SNX10 or other regu-
lators involved in SREBP cleavage or cholesterol metabolic axes to 
restore intestinal epithelial homeostasis will pave the way for the 
development of therapy for CD.

MATERIALS AND METHODS
Study design
This study was initiated to explore the role of SNX10 in CD. To 
achieve this aim, we used both experimental mouse models induced 
by DSS and published clinical datasets. For animal experiments, 
8-week-old male mice of each genotype were allocated randomly for 
each experimental group, ensuring that the mean body weight in 
each group was similar. Experiments were performed in a nonblind-
ed fashion. All animal experiments were performed under the aus-
pices of the Experimental Animal Ethics Committee of the School of 
Pharmacy, Fudan University (approval number 2019-03-YL-SXY-01). 
Histopathological analyses, immunohistochemical staining, qPCR or 
RNA sequencing (RNA-seq), and measurement of proinflammatory 
cytokines in serum were performed to evaluate epithelium damage, 
quantification of specific cell populations, gene expression, and se-
verity of inflammation. For in vitro experiments, we performed or-
ganoid cultures of epithelial cells isolated from the small intestine or 
colon of mice for assessing the effect of SNX10 KO on the self-renew 
of ISCs. The partial study of the molecular mechanism was estab-
lished on human colon cancer cells HCT116 cell line to observe the 
intracellular localization of the protein of interest by fluorescence 
confocal microscopy.

Human samples
Sections for immunofluorescence staining were obtained from ex-
cised samples of colon or ileal lesions from patients with CD. The 
patients with CD were enrolled and followed up from July 2010 to 
July 2020 at the Department of Colorectal Surgery, Xinhua Hospital, 
Shanghai Jiao Tong University School of Medicine. CD diagnosis 
was based on clinical, endoscopic, and histologic criteria. The study 
complied with the Helsinki Declaration, and the study protocol was 
approved by the Institutional Ethics Committee of Xinhua Hospital 
affiliated with Shanghai Jiaotong University School of Medicine. 
All of the patients included in the study signed the informed consent.

Mice
Vil1-Cre and Snx10-floxed mice (C57Bl/6 background) were pur-
chased from Shanghai Model Organisms Center Inc. (Shanghai, China). 
Lgr5-EGFP-IRES-creERT2 mice were gifts from the Institute of Ra-
diation Medicine, Fudan University (Shanghai, China). Vil1-Cre mice 
were mated with Snx10-floxed mice to generate Snx10fl/fl;Cre−(WT) 
and Snx10fl/fl;Vil-Cre+ (Snx10ΔIEC) mice. Lgr5-EGFP-IRES-creERT2 
mice were mated with Snx10-floxed mice to generate Lgr5-EGFP-
IRES-CreERT2;Snx10fl/fl mice, which show tamoxifen-inducible KO of 

Snx10 in LGR5+ISCs; Snx10ΔISC refers to tamoxifen-induced Lgr5-
EGFP-IRES-CreERT2;Snx10fl/fl mice, compared to Lgr5-EGFP-IRES-
CreERT2;Snx10fl/fl mice without tamoxifen induction.

Cell culture
Human HCT116 cells purchased from American Type Culture Col-
lection were cultured in low-glucose Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum at 37°C 
under 5% (v/v) CO2 atmosphere.

Crypt isolation and three-dimensional culture
Isolation of SI crypts was performed as previously described (62). 
Briefly, after euthanizing the mice, the ilea were opened longitudinally 
and washed with phosphate-buffered saline (PBS). Tissues were in-
cubated at 4°C in EDTA (2 mM) for 30 min to dissociate the crypts 
which were suspended (200 to 400 crypts per well) in 50% Matrigel 
with a 50% advanced DMEM/F12 medium. After 20-min incubation 
to polymerize Matrigel, ENR medium containing advanced DMEM/
F12, 2 mM GlutaMAX, 10 mM Hepes, Primocin (100 μg/ml), 1 mM 
N-acetyl cysteine, B27 supplement, N2 supplement, mouse EGF (20 ng/ml), 
mouse Noggin (100 ng/ml), and mouse R-spondin 1 (500 ng/ml) was 
added (63).

Colon organoid culture was modified from the previous protocol 
(64). Briefly, after euthanizing the mice, colons were opened longi-
tudinally and washed with PBS. Tissues were incubated at 37°C in 
EDTA buffer (2 Mm EDTA, 43.4 mM sucrose, 54.9 mM d-sorbitol, and 
0.5 mM dl-dithiothreitol) for 30 min to dissociate the crypts. The iso-
lated crypts were incubated with TrypLE Express for 1 hour at 37°C 
to break up into individual cells. Colon epithelial cells were sus-
pended in 50% Matrigel with a 50% advanced DMEM/F12 medium. 
After 20-min incubation to polymerize Matrigel, WENR was added.

Organoid measurement
For organoid size evaluation, the surface area of organoid horizon-
tal cross sections was measured. Several random nonoverlapping pic-
tures were acquired from each well by a Zeiss LSM 710 Observer Z1 
inverted microscope, and then analyzed by ImageJ software. The “Ana-
lyze Particles” function of ImageJ software has been used to automati-
cally determine the perimeter of organoids for area measurement. The 
threshold for organoid identification was set based on monochrome 
images. Organoids touching the edge of the images were excluded 
from the counting. On day 5 in culture, the SI organoid structure was 
scored manually under light microscopy based on the number of buds 
under light microscopy: sphere (no budding), organoid 1 (one bud), 
organoid 2 (two buds), and organoid 3+ (three or more buds). The per-
centage of organoids with a different number of buds relative to the 
total number of organoids was calculated. On day 5 in culture, total 
colon organoid numbers per well were counted manually under light 
microscopy to evaluate colony formation efficiency (63).

Immunostaining and immunohistochemistry
Organoids in the plates were fixed with 4% paraformaldehyde for 
45 min at 4°C. Then, organoids were treated with PBS containing 
10% goat serum, 10% dimethyl sulfoxide, and 2% Triton X-100 for 
1 hour. HCT116 cells were fixed with 4% paraformaldehyde for 
10 min at 4°C, permeated with 0.1% Triton X-100 for 10 min, and 
blocked with 10% goat serum (Gibco, 16210064) for 2 hours. Cells or 
organoids were then incubated with primary antibodies for 2 hours 
at room temperature. After washing three times with PBS, cells 
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or organoids were incubated with appropriate Alexa Fluor−labeled 
secondary antibodies in the blocking buffer for 2 hours at room 
temperature. The slides were sealed by mounting media containing 
4′,6-diamidino-2-phenylindole, and then observed under a laser 
scanning confocal microscope (Zeiss, Germany) (65). Colocal-
ization analysis was completed by ImageJ’s JACop plugin.

Tissue samples were fixed in 4% paraformaldehyde and embedded 
in paraffin. Tissue embedding and sectioning assay were performed 
by Servicebio Inc. (Shanghai, China). For immunofluorescence stain-
ing, sections were deparaffinized with standard techniques, incu-
bated with primary antibodies overnight at 4°C, and then incubated 
with secondary antibodies at room temperature for 30 min. H&E 
staining and IHC assay were performed by Servicebio Inc. (Shanghai, 
China). The H&E-stained sections of the colon were analyzed by a 
light microscope (Olympus, Japan) to quantify the number and length 
of complete crypts. The immunofluorescence and IHC staining sec-
tions of the colon were pictured by an inverted phase contrast fluo-
rescence microscope (Olympus, Japan). Fluorescence images are 
processed and analyzed by ImageJ software.

In vivo experiments
All experiments based on the DSS model were performed on 
8-week-old male mice, including a 6-day 3% DSS modeling process 
and a 3-day or longer recovery period of normal drinking water. For 
compound treatment, mice that received DSS were administered in-
tragastrically once daily throughout the course (Fig. 7) or after the 
onset of symptoms (fig. S7). Mice were weighed and scored for DAI 
daily. DAI was assessed terminally by an unbiased observer using a 
previously published scoring system (28). Each mouse was scored 
from three aspects: rectal bleeding, stool consistency, and weight 
loss, each with a score of 0 to 4. On the indicated day, the mice were 
euthanized to collect colon tissues and blood. For the TNBS model, 
we adopted two strategies. For the experiments of DC-SX029 evaluation, 
we used a standard single-application TNBS model of 8-week-old 
female BALB/c mice. Briefly, mice were fasted for 24 hours before 
the experiment, and after ether anesthesia, a 2.0-mm-diameter sy-
ringe hose was lubricated with paraffin oil, gently inserted by the 
anus, and 200 μl of 5% TNBS/50% ethanol (1:1) solution was slowly 
injected (the normal control group was instilled with PBS solution), 
the tail was lifted, and the mice were kept lying flat and naturally 
awake after 5 min of continuous inversion, free to eat and drink. For 
transgenic mice with a C57BL/6 background, we added a presensiti-
zation step before modeling to increase the sensitivity of C57BL/6 
mice to TNBS. After the mice were anesthetized, a 1.5-cm2 area of hair 
between the shoulders of the back of the mice was shaved using an 
electric razor to expose the skin, 150 μl of 1% (w/v) TNBS presensitization 
fluid was applied to the shaved skin area using a pipette gun, and 
control mice were treated with the TNBS-free presensitization solu-
tion. After 6 days of presensitization, the mice were administered 
intrarectally with TNBS (28). Mice were grouped using a completely 
randomized method. According to the 3R principle, at least six mice 
were assigned to each group.

In vivo intestinal permeability assay
The intestinal barrier integrity was assessed using fluorescein iso-
thiocyanate (FITC)−dextran as previously described (66). Briefly, 
mice were starved for 4 hours, and then gavaged with FITC-dextran 
(600 mg/kg) followed by 4-hour fasting before euthanization. The 
content of FITC-dextran in serum was measured according to the 

standard curve by a microplate reader at a 480-nm excitation wave-
length and a 525-nm emission wavelength.

Isolation of colonic epithelial cells
Colonic epithelial cells were isolated using a protocol as described 
(67). Briefly, colon tissues from mice were opened longitudinally and 
flushed with ice-cold PBS. Tissues were cut into small pieces (1 cm) 
and vigorously shaken in Hanks’ balanced salt solution containing 
40 mM EDTA and 1 mM dithiothreitol at 37°C for 20 min, and then 
passed through a 100-μm cell strainer. Epithelial cells in the filtering 
liquid were collected and centrifuged at 300g for 10 min at 4°C. The 
isolated colonic epithelial cells were lysed followed by a WB or RT-
qPCR measurement.

Construction of SNX10 knockout stable cell line and 
reintroduction assay
The CRISPR-Cas9 system was used to generate SNX10 KO stable 
HCT116 cell line. Small-guide RNA (sgRNA) targeting human SNX10 
sequence is GTGTCTGGGTTCGAGATCCT. Lentivirus (Lenti-CAS9-
sgRNA-puro) encoding Cas9 and sgRNA targeting SNX10 or the 
control vector were constructed and packed by GeneChem (Shanghai, 
China). Cultured HCT116 cells were infected by Lentivirus-CAS9-
sgRNA-puromycin. After 72 hours, SNX10 KO cells were selected by 
puromycin and further confirmed by WB. For the reintroduction of 
SNX10, recombinant vector (EV-flag or SNX10-flag) were constructed 
and transfected into SNX10 KO cells with Lipofectamine 3000.

Immunoprecipitation
Cells transfected by SNX10-Flag plasmid were lysed in a buffer con-
taining 50 mM tris-HCl, 1% NP-40, 150 mM NaCl, cocktail protease 
inhibitors (Roche, 04693116001), and 0.1% SDS-Na for 30 min, 
then centrifuged at 13,000g for 15 min. Cell lysates were incubated 
with 30 μl of anti-FLAG M2 agarose for 6 hours at 4°C. For endog-
enous proteins, the sample was incubated with the antibody or im-
munoglobulin G for 12 hours at 4°C, and then protein A/G agarose 
(70 to 100 μl) was added to each sample. The lysate beads mixture 
was incubated at 4°C under rotary agitation for 4 hours. Immuno-
complexes were washed three times with 1 ml of lysis buffer and 
then detected by WB.

Western blot
Total proteins from cells or tissues were isolated by radioimmuno-
precipitation assay buffer on ice. BCA Protein Assay Kit was used to 
determine the concentration of proteins. Equal amounts of proteins 
(10 to 60 μg) of each group were performed by the standard pro-
tocol of WB.

ELISA
The blood of mice was let stand for 2 hours and centrifuged for 15 min 
at 3000 rpm to collect serum. The samples above were analyzed for 
cytokine concentration with ELISA (enzyme-linked immunosorbent 
assay) kits according to the manufacturer’s protocol (DAKEWE, 
Shanghai, China).

RNA isolation and RT-qPCR
For RT-qPCR analysis, the cells or tissues were lysed in TRIzol re-
agent to extract total RNA, followed by reverse transcription with 
HiScript II 1st Strand cDNA Synthesis Kit. Real-Time PCR was per-
formed using Hieff UNICON qPCR SYBR Green Master Mix. All 
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primers used for qPCR analysis were synthesized by HuaGen Bio-
tech (Shanghai, China). β-Actin or 18S ribosomal RNA was used as 
an internal control. All the qPCR primer sequences used in this 
study are listed in table S2.

RNA sequencing of colonic epithelial cells from colitis mice
The mRNA was purified from 1 μg of total RNA using oligo (dT) 
magnetic beads followed by fragmentation carried out using diva-
lent cations at elevated temperatures. Subsequently, first-strand and 
second-strand cDNAs were synthesized, followed by PCR amplifica-
tion. PCR products were purified (AMPure XP system), and library 
quality was assessed on an Agilent Bioanalyzer 4150 system. Last, se-
quencing was performed with an Illumina NovaSeq 6000/MGISEQ-T7 
instrument. Raw reads of fastq format were first processed through 
in-house perl scripts. In this step, the adapter sequence, low-quality 
(low quality means the number of lines with a string quality value 
less than or equal to 25 accounts for more than 60% of the entire 
reading), and N (N means that the base information cannot be de-
termined) ratio is greater than 5% reads that were removed to obtain 
clean reads that can be used for subsequent analysis. Then, clean 
reads were separately aligned to the reference genome with orienta-
tion mode using HISAT2 software (http://daehwankimlab.github.
io/hisat2/) to obtain mapped reads. FeatureCounts (http://subread.
sourceforge.net/) was used to count the reads numbers mapped to 
each gene. Then, the fragments per kilobase million (FPKM) of each 
gene was calculated on the basis of the length of the gene and reads 
count mapped to this gene. RNA-seq was performed by Applied 
Protein Technology (Shanghai, China).

GSEA and correlation analysis of datasets
RNA-seq results of colonic epithelial cells from colitis mice and the 
clinical data from the GSE112366 and GSE100833 datasets were 
performed standard GSEA and correlation analysis by using R (ver-
sion 4.1.2). Nominal P values are shown.

Statistical analysis
Statistical analysis was done by GraphPad Prism 7. Unless otherwise 
indicated, data are represented as means ± SD; not significant (ns), 
*P < 0.05, **P < 0.01, and ***P < 0.001. Differences in the quanti-
tative data were analyzed using a two-tailed unpaired t test between 
two groups, one-way or two-way analysis of variance (ANOVA) fol-
lowed by Bonferroni post hoc test for more than two groups. Sur-
vival curves were analyzed according to the log-rank (Mantel-Cox) 
test. Correlation between different data was performed by Spearman’s 
correlation analysis.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 and S2
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