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TRIM27 maintains gut homeostasis by promoting intestinal
stem cell self-renewal
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Dysregulation of gut homeostasis is associated with irritable bowel syndrome (IBS), a chronic functional gastrointestinal disorder
affecting approximately 11.2% of the global population. The poorly understood pathogenesis of IBS has impeded its treatment.
Here, we report that the E3 ubiquitin ligase tripartite motif-containing 27 (TRIM27) is weakly expressed in IBS but highly expressed
in inflammatory bowel disease (IBD), a frequent chronic organic gastrointestinal disorder. Accordingly, knockout of Trim27 in mice
causes spontaneously occurring IBS-like symptoms, including increased visceral hyperalgesia and abnormal stool features, as
observed in IBS patients. Mechanistically, TRIM27 stabilizes β-catenin and thus activates Wnt/β-catenin signaling to promote
intestinal stem cell (ISC) self-renewal. Consistent with these findings, Trim27 deficiency disrupts organoid formation, which is
rescued by reintroducing TRIM27 or β-catenin. Furthermore, Wnt/β-catenin signaling activator treatment ameliorates IBS symptoms
by promoting ISC self-renewal. Taken together, these data indicate that TRIM27 is critical for maintaining gut homeostasis,
suggesting that targeting the TRIM27/Wnt/β-catenin axis could be a potential treatment strategy for IBS. Our study also indicates
that TRIM27 might serve as a potential biomarker for differentiating IBS from IBD.
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INTRODUCTION
Dysregulation of gut homeostasis has been associated with two of
the most common gastrointestinal disorders, namely, irritable
bowel syndrome (IBS) and inflammatory bowel disease (IBD),
which affect 11.2% and 0.3% of the worldwide population,
respectively [1, 2]. IBD, which includes Crohn’s disease (CD) and
ulcerative colitis (UC), is usually characterized by organic intestinal
lesions, and an increasing number of studies have suggested that
IBD results from a complex interplay among genetic variability, the
host immune system and environmental factors [3]. On the other
hand, IBS has been considered to be a functional intestinal
disorder and is divided into four different subtypes: constipation-
predominant IBS (IBS-C), diarrhea-predominant IBS (IBS-D), IBS
with mixed bowel habits (IBS-M) and unclassified IBS (IBS-U).
Among these subtypes, IBS-D appears to be the most common,
accounting for 37–62% of IBS cases [4]. Compared with IBD, IBS is
a largely neglected but much more common gastrointestinal
disorder, and its symptoms, such as increased gut permeability
and dysregulation of the gut microbiota, overlap with those of IBD
[5]. However, to date, the pathophysiology and underlying
molecular mechanisms, especially genetic susceptibility to IBS,

remain poorly understood, which impedes the precise diagnosis
and rational treatment of this disease.
Gut homeostasis depends mainly on the constant regeneration

of the intestinal epithelium, which is achieved via a tightly
regulated balance between intestinal stem cell (ISC) self-renewal
and differentiation [6]. The intestinal immune system and gut
microbiota also contribute to the maintenance of gut home-
ostasis [7]. Thus, dysregulation of the intestinal epithelial barrier,
intestinal immune system or gut microbiota can cause a variety of
intestinal disorders, such as IBS. To date, the majority of previous
studies have focused mainly on the regulatory roles of the gut
microbiota in IBS. A recent genome-wide association study
suggested that gut microbiota has genetic associations with but
not mechanistic implications in the development of IBS [8].
However, to date, the regulatory functions and molecular
mechanisms of specific genetic factors involved in the occurrence
and development of IBS remain poorly understood. Ubiquitina-
tion is a critical posttranslational modification related to various
intestinal inflammatory diseases [9, 10]. Tripartite motif (TRIM)
proteins constitute one of the largest subfamilies of Really
Interesting New Gene (RING) E3 ubiquitin ligases that mediate the
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ubiquitination of numerous protein substrates to regulate diverse
biological processes, including cell development and differentia-
tion. Notably, TRIM proteins also participate in multiple biological
processes independent of their E3 ubiquitin ligase activity.
Dysfunction of both their E3 ubiquitin ligase activity-dependent
and E3 ubiquitin ligase activity-independent roles is involved in a
variety of diseases, such as inflammatory and infectious diseases
[11, 12]. However, their physiological functions and regulatory
mechanisms in the maintenance of gut homeostasis remain
largely undefined.
In this study, by analyzing the expression levels of TRIM family

members in intestinal tissues of IBS and IBD patients, we identified
the E3 ubiquitin ligase TRIM27 to be highly expressed in IBD
patients but weakly expressed in IBS patients compared with
healthy controls. By establishing Trim27-knockout mouse models,
we found that Trim27 deficiency causes impaired self-renewal of
Lgr5-positive (Lgr5+) ISCs due to the inactivation of Wnt/β-catenin
signaling, followed by disruption of the tridirectional relationship
among intestinal epithelial integrity, the intestinal immune system
and the gut microbiota, eventually leading to spontaneously
occurring IBS-D-like symptoms in mice. Furthermore, the Wnt/β-
catenin signaling activator SKL2001 restores the self-renewal
ability of ISCs and ameliorates IBS-D-like symptoms in Trim27-
deficient mice. Together, our data reveal a key genetic factor,
TRIM27, in ISC self-renewal and gut homeostasis maintenance and
indicate a potential treatment strategy for IBS, especially IBS-D, by
targeting the TRIM27/Wnt/β-catenin axis.

RESULTS
TRIM27 deficiency induces spontaneous IBS-like symptoms
To investigate the regulatory roles of TRIM family proteins in gut
homeostasis, we collected publicly available intestinal tissue
microarray data of IBS (including IBS-C and IBS-D) and IBD
(including CD and UC) patients for gene expression analysis. We
screened for TRIM proteins with altered gene expression levels to
identify potential genetic factors linked to IBS and IBD. Among the
identified proteins, TRIM34, TRIM40, TRIM7 and TRIM27 exhibited
significant changes in gene expression. However, TRIM34, TRIM40
and TRIM7 expression changed only in patients with IBS or only in
patients with IBD, while TRIM27 was the only protein whose gene
expression level changed in both patients with IBS and patients
with IBD. More interestingly, TRIM27 showed opposite gene
expression patterns in those two diseases with overlapping
symptoms (Fig. 1a). Specifically, TRIM27 showed a high expression
level in the intestinal tissues of IBD patients, consistent with a
previous study [13], but it exhibited low expression in the
intestinal tissues of patients with IBS, especially IBS-D (Fig. 1b).
These results suggest that TRIM27 may play a precise regulatory
role in maintaining gut homeostasis. Previous studies have shown
that TRIM27 is involved in various biological processes, such as the
antiviral immune response [14], cancer development [15] and liver
homeostasis [11]. However, the physiological function of TRIM27
in the regulation of gut homeostasis remains largely unknown.
Given that a decreased TRIM27 gene expression level is

associated with IBS, we generated mice with global knockout of
Trim27 (Trim27-/- mice) to investigate the physiological function of
TRIM27 in maintaining gut homeostasis (Supplementary
Fig. 1a–c). We found that Trim27-/- mice did not exhibit symptoms
that are common in IBD patients, such as weight loss, growth
retardation and bloody stool (Supplementary Fig. 1d, e).
Furthermore, endoscopic examination showed no intestinal
mucosal changes, such as mucosal thickening, ulceration or
ischemic lesions, in Trim27-/- mice (Fig. 1c), while those symptoms
are commonly observed in the IBD mouse model [16]. Moreover,
the brains, hearts, lungs, livers, spleens and kidneys showed no
morphological or histopathological abnormalities (Supplemen-
tary Fig. 1e, f) in 16-week-old Trim27+/+, Trim27 heterozygous-

knockout (Trim27+/-) and Trim27-/- mice. However, compared with
Trim27+/+ mice, Trim27-/- mice showed decreases in the crypt
numbers, crypt depth and villus height in the small and large
intestines (Supplementary Fig. 2a–h), suggesting functional
dysregulation of gut homeostasis. Furthermore, Trim27-/- mice
exhibited a marked increase in the abdominal withdrawal reflex
(AWR) score (Fig. 1d), which indicates the result of an involuntary
motor reflex assay to assess visceral hypersensitivity [17]. In
addition, the gastrointestinal transit time (GITT), a biomarker for
evaluating gastrointestinal motility [18], was significantly
decreased in Trim27-/- mice (Fig. 1e). Consistent with this finding,
an increased number of fecal pellets was observed in Trim27-/-

mice compared with Trim27+/+ mice (Fig. 1f). Together, these
results indicate that Trim27-/- mice exhibit IBS-like symptoms,
including increased visceral hyperalgesia and abnormal stool
features, as observed in IBS patients [19, 20], suggesting TRIM27
as a potential regulator of gut homeostasis maintenance.
Emerging evidence indicates that IBS, especially the IBS-D

subtype, is characterized by low-grade intestinal mucosal
inflammation, intestinal barrier impairment, visceral hypersensi-
tivity, altered gastrointestinal motility and gut dysbiosis
[4, 21–24]. The low-grade intestinal inflammation in IBS-D
manifests as increased levels of proinflammatory cytokines
(including TNF-α and IL-1β) and chemokines (including mono-
cyte chemoattractant protein-1 (MCP-1) and macrophage
inflammatory protein-1α (MIP-1α)) in the intestines [25]. Con-
sistent with this finding, the levels of Tnf, Il1b, MCP-1 and MIP-1α
were found to be significantly higher in both the small and large
intestines in Trim27-/- mice than in Trim27+/+ mice (Fig. 1g–i).
Tryptase from mast cells and 5-HT (5-hydroxytryptamine) from
enterochromaffin cells are key components leading to visceral
hypersensitivity in IBS pathophysiology [26]. As expected, the
levels of both tryptase and 5-HT were increased in the intestine
of Trim27-/- mice compared with Trim27+/+ mice (Fig. 1i, j). A
recent study implied that the G protein-coupled estrogen
receptor (GPER), a crucial factor involved in the regulation of
gastrointestinal motility and visceral pain, is usually upregulated
in IBS-D patients [21]. Consistent with this finding, Trim27-/- mice
showed higher expression of GPER in intestinal tissues than did
Trim27+/+ mice (Fig. 1k). Furthermore, Trim27-/- mice showed
decreased levels of zonula occludens-1 (ZO-1), occludin and
claudins (Fig. 1l), which are the three most important tight
junction proteins that play vital roles in maintaining cell polarity
and intestinal epithelial barrier integrity [27], and the compro-
mised intestinal barrier has been reported to be a contributor to
the development of IBS-D symptoms [28]. In addition, the
composition of the normal microbiota was altered in Trim27-/-

mice, with an increase in the ratio of Firmicutes to Bacteroidetes,
consistent with results from clinically reported IBS patients
(Fig. 1m) [29, 30]. Collectively, these findings indicate that
Trim27-/- mice exhibit IBS-D-like symptoms. Thus, TRIM27 might
be a critical genetic factor for IBS.

TRIM27 promotes the development and regeneration of
intestinal tissues
To further investigate the underlying mechanism by which TRIM27
maintains gut homeostasis, we conducted immunohistochemical
analysis of Trim27 expression in mouse intestinal tissues. We
found that TRIM27 was highly expressed in intestinal crypts
(Fig. 2a), which are responsible for the development and
regeneration of the intestinal epithelium following injury or
inflammation. We then carried out hematoxylin and eosin (H&E)
staining to assess pathologic changes in tissue. Interestingly,
histopathological analysis demonstrated a significant decrease in
crypt numbers and the crypt depth in small intestines from 2–16-
week-old Trim27-/- mice compared with small intestines from
Trim27+/+ mice (Fig. 2b–d). Crypts are critical to the repair and
renewal of the intestinal barrier. We thus hypothesized that the
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Fig. 1 TRIM27 deficiency induces spontaneous IBS-like symptoms. a Changes in the expression levels of TRIM family genes in patients with IBS
and IBD compared with healthy controls (HCs), as determined by microarray analysis. b Comparison of TRIM27 gene expression in patients
with IBS-C and IBS-D with that in HCs (left) and in patients with CD and UC with that in HCs (right). c Endoscopic images of colons from 16-
week-old Trim27+/+ and Trim27-/- mice (n= 5). d The AWR scores of 16-week-old Trim27+/+ and Trim27-/- mice in response to graded colorectal
distention (0, 0.2, 0.3 and 0.4 mL). e GITT of 16-week-old Trim27+/+ and Trim27-/- mice. f The number of fecal pellets excreted from Trim27+/+

and Trim27-/- mice every hour. g, h Quantitative PCR (qPCR) analysis of Tnf (g) and Il1b (h) mRNA levels in the small intestine (SI) and large
intestine (LI) from 16-week-old Trim27+/+ and Trim27-/- mice. i Immunoblot analysis of MCP-1, MIP-1α, mast cell tryptase, Trim27 and GAPDH
protein levels in the SI and LI from 16-week-old Trim27+/+ and Trim27-/- mice. j Enzyme-linked immunosorbent assay (ELISA) of 5-HT in the SI
and LI from 16-week-old Trim27+/+ and Trim27-/- mice. k qPCR analysis of the G protein-coupled estrogen receptor (Gper) mRNA level in the
SI and LI from 16-week-old Trim27+/+ and Trim27-/- mice. l Immunoblot analysis of ZO-1, Occludin, Claudin-1 and GAPDH protein levels in the
SI and LI from 16-week-old Trim27+/+ and Trim27-/- mice.m The ratio of the Firmicutes to Bacteroidetes in the colonic contents from 16-week-old
Trim27+/+ and Trim27-/- mice. In b, d, e, f, g, h, j, k and m, statistical analyses were performed using the Wilcoxon rank-sum test with the
Benjamini–Hochberg method (b), two-way ANOVA with Sidak’s multiple comparisons test (d) and unpaired two-tailed Student’s t test
(e–h, j, k, m). The data are shown as the means ± SEMs (d, n= 5; m, n= 3) or in box-and-whisker plots displaying the medians, interquartile
ranges (boxes) and minima and maxima (whiskers) (e, n= 9; f, g, h, k, n= 5; j, n= 6). P > 0.05, not significant (ns); *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001
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Fig. 2 TRIM27 promotes the development and regeneration of intestinal tissues. a Immunohistochemical analysis of Trim27 expression in the
SI from Trim27+/+ and Trim27-/- mice. Bottom, enlarged images of the regions outlined in the upper panels. The red arrows indicate Trim27-
positive cells. Scale bars, 150 μm. b H&E staining of the SI from 2–16-week-old Trim27+/+ and Trim27-/- mice. Scale bars, 150 μm. c, d Crypt
depth (c) and number of crypts per mm (d). At least 20 randomly selected crypts (c) or randomly selected fields (d) from the SI of each mouse
were analyzed, and the average was calculated. Ten mice per group were analyzed. e Ki-67 staining of the SI from 16-week-old Trim27+/+ and
Trim27-/- mice after treatment with 2% DSS (top). Bottom, enlarged images of the regions outlined in the upper panels. Scale bars, 150 μm. f Ki-
67-positive area in the intestinal tissues described in e. Five mice per group were analyzed. g Alcian blue-periodic acid–Schiff (AB-PAS) staining
of the SI and LI from 2–16-week-old Trim27+/+ and Trim27-/- mice. Scale bars, 500 μm. h, i The number of AB-PAS-positive goblet cells per villus
in the SI (h) and LI (i) as described in g. At least 20 randomly selected villi from the small intestine of each mouse were analyzed, and the
average was calculated. Five mice per group were analyzed. j Immunohistochemical analysis of lysozyme expression in small intestinal tissue
sections from 2–16-week-old Trim27+/+ and Trim27-/- mice. Scale bars, 100 μm. k The number of lysozyme-positive Paneth cells per crypt in the
SI as described in j. At least 20 randomly selected crypts from the SI of each mouse were analyzed, and the average was calculated. Five mice
per group were analyzed. In c, d, f, h, i and k, statistical analyses were performed using two-way ANOVA with Sidak’s multiple comparisons
test. The data are presented as the means ± SEMs (c, n= 10; d, f, h, i, k, n= 5). P > 0.05, not significant (ns); **P < 0.01; ****P < 0.0001
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decreases in the number and depth of crypts may lead to defects
in intestinal injury repair and to dysplasia of intestinal epithelial
tissues in Trim27-/- mice. As expected, our Ki-67 staining data
showed that Trim27 deficiency reduced cell proliferation in mice
stimulated with 2% dextran sulfate sodium (DSS) (Fig. 2e, f).
Furthermore, using Alcian blue-periodic acid–Schiff (AB-PAS) and
lysozyme staining to analyze the main cell types, including goblet
cells and Paneth cells, in the intestinal epithelial lining, we found
that the proportions of both goblet and Paneth cells were
significantly decreased in the intestines of 2–16-week-old Trim27-/-

mice (Fig. 2g–k). It has been reported that the intestinal
epithelium is the interface between the microbiota and host
and that a decrease in the number of intestinal epithelial cell
subtypes is frequently related to the occurrence of intestinal
inflammation and dysbiosis of the gut microbiota [31]. As
expected, we found that the levels of proinflammatory cytokines,
including Tnf and Il1b, were significantly increased in the
intestines of 8- and 16-week-old Trim27-/- mice (Fig. 3a–d).
Moreover, at 16 weeks, Trim27-/- mice exhibited an increase in
the relative abundance of Proteobacteria at the phylum level,
which is an important characteristic of gut microbiota dysbiosis
[29]. In parallel, the amounts of bacteria reported to be abundant
in IBS-D patients, such as Desulfovibrionaceae at the family level
[32], were also significantly increased in Trim27-/- mice (Fig. 3e).
Taken together, these findings indicate that deficiency of TRIM27
causes defects in the development and regeneration of intestinal
tissues, followed by enhanced intestinal inflammation and gut
dysbiosis over time.

TRIM27 promotes the activation of Wnt/β-catenin signaling in
intestinal crypts
ISCs are the main cell type in crypts and are required for the
development and regeneration of the intestinal epithelium [33]. We
thus examined the expression of Lgr5, which is the main marker of
ISCs in crypts, and found that the expression of Lgr5 was
significantly decreased in Trim27-/- mice compared with Trim27+/+

mice (Fig. 4a). To further confirm that TRIM27 promotes ISC
proliferation, we additionally conducted a pulse-chase assay with
EdU labeling in Trim27+/+ and Trim27-/- mice to examine the
proliferation of ISCs in vivo, and we observed decreased proliferation
of Lgr5+ ISCs in Trim27-/- mice compared with Trim27+/+ mice
(Supplementary Fig. 3a, b). Consistent with this finding, the
organoid-forming efficiency of crypts harvested from Trim27-/-

mice was impaired (Fig. 4b–f). Since the Wnt and Notch signaling
pathways are critical in promoting ISC proliferation [34, 35], we
sought to determine whether the Wnt and Notch pathways are
suppressed in ISCs of Trim27-/- mice. Our data showed that the
expression of Wnt target genes (such as Wnt3a, Axin2 and Myc) was
significantly downregulated in crypts from Trim27-/- mice (Fig. 4g–l).
Furthermore, gene set enrichment analysis (GSEA) revealed a
negative correlation between Wnt signaling pathway activity and
IBS-D (Fig. 4m). However, the expression of Notch target genes was
not influenced by TRIM27 (Supplementary Fig. 3c–h), and no
correlation between Notch signaling pathway activity and IBS-D was
revealed by GSEA (Supplementary Fig. 3i). Collectively, these results
indicate that low expression of TRIM27 might result in inhibition of
Wnt/β-catenin signaling in Lgr5+ ISCs in IBS-D patients.

Fig. 3 TRIM27 deficiency causes enhanced intestinal inflammation and gut dysbiosis over time. a, b qPCR analysis of Tnf mRNA expression in
the SI (a) and LI (b) from 2–16-week-old Trim27+/+ and Trim27-/- mice. c, d qPCR analysis of Il1b mRNA expression in the SI (c) and LI (d) from
2–16-week-old Trim27+/+ and Trim27-/- mice. e Taxonomic cladogram generated via linear discriminant analysis effect size (LEfSe) analysis
showing the bacterial taxa (phylum, class, order and family) in 8-week-old (left) and 16-week-old (right) Trim27+/+ and Trim27-/- mice. Green
and red indicate an increased abundance in Trim27+/+ and Trim27-/- mice, respectively. In a–d, statistical analyses were performed using two-
way ANOVA with Sidak’s multiple comparisons test. The data are shown as box-and-whisker plots displaying the medians, interquartile ranges
(boxes) and minima and maxima (whiskers) (a–d, n= 5). P > 0.05, not significant (ns); **P < 0.01; ***P < 0.001; ****P < 0.0001
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TRIM27 stabilizes β-catenin to activate Wnt/β-catenin
signaling in ISCs
As reported, Wnt/β-catenin signaling is activated by the transport
of β-catenin from the cytoplasm to the nucleus followed by its
interaction with nuclear lymphoid enhancer factor (LEF)/T-cell
factor (TCF) transcription factors [36]. Thus, we speculated that
TRIM27 regulates the Wnt/β-catenin signaling pathway by
interacting with β-catenin or LEF/TCF transcription factors.
Through a coimmunoprecipitation assay, we found that TRIM27
interacted with β-catenin but not with LEF/TCF transcription

factors in the cytoplasm (Fig. 5a and Supplementary Fig. 4a).
Moreover, an increased protein level of phospho-β-catenin (Ser33/
37/Thr41), which can trigger ubiquitination-mediated proteasomal
degradation of β-catenin, was detected in intestinal crypts from
2–16-week-old Trim27-/- mice. Consistent with this finding, the
total β-catenin protein level was decreased in Trim27-/- mouse
crypts (Fig. 5b). Moreover, both the proteasomal inhibitor MG132
and the autophagy inhibitor chloroquine significantly rescued the
decrease in β-catenin expression in Trim27 knockout crypts,
indicating that TRIM27 inhibits both the proteasomal and

Fig. 4 TRIM27 promotes the activation of Wnt/β-catenin signaling in intestinal crypts. a Immunoblot analysis of the Lgr5 protein level in
intestinal tissues from 16-week-old Trim27+/+ and Trim27-/- mice. b Representative images of small intestinal and large intestinal organoids
formed by crypts of 16-week-old Trim27+/+ and Trim2-/- mice. Scale bars, 200 μm. c, d Quantification of the surface area of small intestinal (c)
and large intestinal (d) organoids formed by crypts as described in b. Five randomly selected organoids were analyzed per group. e, f The
small intestinal (e) and large intestinal (f) organoid-forming efficiency of crypts as described in b. Five randomly selected microscopic fields
were analyzed per group. g, h qPCR analysis of Wnt3a mRNA expression in intestinal crypts isolated from the SI (g) and LI (h) of 16-week-old
Trim27+/+ and Trim27-/- mice. i, j qPCR analysis of Axin2 mRNA expression in intestinal crypts isolated from the SI (i) and LI (j) of mice as
described in g. k, l qPCR analysis of Myc mRNA expression in intestinal crypts isolated from the SI (k) and LI (l) of mice as described in g.
m Gene set enrichment analysis (GSEA) results for the Wnt signaling pathway in IBS-D. FDR, false discovery rate. In c–l, statistical analyses were
performed using unpaired two-tailed Student’s t test. The data are presented as the means ± SEMs (c–f, n= 5) or in box-and-whisker plots
displaying the medians, interquartile ranges (boxes) and minima and maxima (whiskers) (g–l, n= 5). **P < 0.01; ***P < 0.001; ****P < 0.0001
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Fig. 5 TRIM27 stabilizes β-catenin to activate Wnt/β-catenin signaling in ISCs. a Immunoprecipitation (IP) of β-catenin, TCF-1, LEF-1, TCF-3 and
TCF-4 by Trim27 in crypts from 16-week-old Trim27+/+ mice. Crypts were lysed and immunoprecipitated with an anti-Trim27 antibody.
b Immunoblot analysis of phospho-β-catenin (Ser33/37/Thr41), β-catenin, Trim27 and GAPDH protein levels in crypts from 2–16-week-old
Trim27+/+ and Trim27-/- mice. c Immunoblot analysis of β-catenin, Trim27 and GAPDH protein levels in crypts from 16-week-old Trim27+/+ and
Trim27-/- mice after treatment with cycloheximide (CHX, 10 μM), CHX in combination with MG132 (5 μM) or CHX in combination with
chloroquine (CQ, 20 μM) for 8 h. d Pulldown of Myc-tagged Trim27 (5 μg) or its truncations (3 μg each) by GST (3 μg) or GST-β-catenin (10 μg
each). e Pulldown of His-tagged Trim27 (5 μg each) by GST (3 μg), GST-β-catenin (10 μg), GST-β-catenin ARM (8 μg), GST-β-catenin N (4 μg) or
GST-β-catenin C (3 μg). f Pulldown of His-tagged Axin1 (10 μg each) by GST-β-catenin (10 μg each) in the presence or absence of Myc-tagged
Trim27 (5 μg each). g Immunoblot analysis of phospho-β-catenin (Ser33/37/Thr41), β-catenin, Trim27 and GAPDH protein levels in
crypts infected with control, Trim27 or Trim27 C16,31A lentivirus. h Representative images of organoids formed by crypts from 16-week-old
Trim27+/+ and Trim27-/- mice in the presence of control, Trim27 or Trim27 C16,31A lentivirus. Scale bars, 200 μm. i Quantification of the surface
area of organoids formed by crypts as described in h. Eight randomly selected organoids were analyzed per group. In i, statistical analyses
were performed using two-way ANOVA with Sidak’s multiple comparisons test. The data are presented as the means ± SEMs (i, n= 8). P > 0.05,
not significant (ns); ****P < 0.0001
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autophagic degradation of β-catenin (Fig. 5c). Furthermore,
TRIM27 mainly suppressed K48-linked polyubiquitination and only
slightly suppressed K63-linked polyubiquitination of β-catenin
(Supplementary Fig. 4b). In addition, TRIM27 did not affect the
mRNA level of β-catenin (Supplementary Fig. 4c). Taken together,
these results indicate that TRIM27 stabilizes β-catenin by inhibiting
its proteasomal and autophagic degradation.
We then explored the molecular mechanism by which

TRIM27 suppresses the phosphorylation of β-catenin to inhibit
its degradation. We found that TRIM27 directly bound to the
conserved Armadillo (ARM) repeat in β-catenin through its
coiled-coil (CC) domain (Fig. 5d, e and Supplementary Fig. 4d).
Axin, which negatively regulates Wnt/β-catenin signaling by
forming a complex with glycogen synthase kinase-3β (GSK-3β)
and casein kinase 1 (CK1) to promote the phosphorylation and
degradation of β-catenin, directly interacts with the ARM repeat
of β-catenin [37]. We thus speculated that TRIM27 might inhibit
the phosphorylation and degradation of β-catenin by competi-
tively binding to the ARM repeat of β-catenin to block its
interaction with Axin. Indeed, Axin interacted with β-catenin
directly, and this interaction was abolished by ectopic expres-
sion of TRIM27 (Fig. 5f). We further confirmed that TRIM27
interacted with β-catenin to increase its stability in an E3
ubiquitin ligase activity-independent manner (Fig. 5g). TRIM27
in intestinal crypts from Trim27-/- mice was then reconstituted
with Trim27 or its E3 ubiquitin ligase activity-dead mutant
(Trim27 C16,31A) [13, 38] by treatment with recombinant
lentivirus expressing Trim27 or Trim27 C16,31A, respectively.
As expected, reconstitution with either Trim27 or Trim27
C16,31A restored the organoid-forming capacity of crypts
(Fig. 5h, i). Together, these results suggest that TRIM27 activates
Wnt/β-catenin signaling by stabilizing the β-catenin protein to
promote ISC self-renewal.

TRIM27 maintains Lgr5+ ISC homeostasis
To confirm the regulatory role of TRIM27 in ISCs, we generated
Trim27flox/flox (Trim27fl/fl) mice (Supplementary Fig. 5a) and then
generated mice with ISC-specific Trim27 knockout by introdu-
cing Lgr5-creERT2 into Trim27fl/fl mice (designated trim27[Lgr5]
mice) (Supplementary Fig. 5b). Histological analysis showed that
the Trim27 protein level was significantly decreased in the ISCs
of trim27[Lgr5] mice (Supplementary Fig. 5c). Interestingly,
trim27[Lgr5] mice exhibited phenotypes similar to those of
Trim27-/- mice, including the decreased crypt number, crypt
depth and villus height in the small and large intestines
(Fig. 6a–h); increased AWR scores (Fig. 6i); a decreased GITT
(Fig. 6j); and an increased number of fecal pellets (Fig. 6k). In
addition, trim27[Lgr5] mice exhibited decreased numbers of
goblet and Paneth cells (Supplementary Fig. 5d–g); reduced
ISC proliferation (Supplementary Fig. 5h, i); elevated Tnf, Il1b,
5-HT and tryptase levels (Fig. 6l–q and Supplementary Fig. 5j);
and dysbiosis of the gut microbiota (Fig. 6r). These results
further confirmed that TRIM27 plays a key role in maintaining
Lgr5+ ISC homeostasis. Furthermore, crypts were isolated from
trim27[Lgr5] mice and treated with recombinant lentiviruses
expressing β-catenin, Trim27, Trim27 C16,31A or Trim27 ΔCC. As
expected, expression of β-catenin, Trim27 or Trim27 C16,31A but
not Trim27 ΔCC rescued the disruption of organoid formation
from intestinal crypts isolated from trim27[Lgr5] mice (Fig. 6s, t).
In addition, intestinal crypts were treated with SKL2001, a Wnt/
β-catenin signaling activator that can disrupt the interaction of
β-catenin with Axin [39] without affecting the interaction
between β-catenin and TRIM27 (Supplementary Fig. 5k), and
we found that SKL2001 promoted organoid formation from
intestinal crypts isolated from trim27[Lgr5]mice (Fig. 6u, v). Thus,
TRIM27 promotes Lgr5+ ISC self-renewal in a manner dependent
on β-catenin but independent of its own E3 ubiquitin ligase
activity.

Wnt/β-catenin signaling activation or probiotic
supplementation alleviates TRIM27 deficiency-induced IBS
symptoms
Based on the rationale that TRIM27 maintains Lgr5+ ISC self-
renewal and gut homeostasis by activating Wnt/β-catenin
signaling, we then treated Trim27fl/fl and trim27[Lgr5] mice with
the Wnt/β-catenin signaling activator SKL2001. As expected,
SKL2001 alleviated the IBS phenotype in trim27[Lgr5] mice,
including the decreased crypt number, crypt depth and villus
height in the small and large intestines (Fig. 7a–h) as well as the
reduced proliferation of ISCs (Supplementary Fig. 6a, b).
Consistent with this finding, SKL2001 attenuated the Trim27
deficiency-mediated upregulation of proinflammatory cyto-
kines (including Tnf and Il1b) (Fig. 7i–l) and increase in the
level of 5-HT in intestinal tissues (Fig. 7m, n). Thus, these results
indicate that SKL2001 is a potentially attractive drug for
alleviating IBS-D symptoms. Furthermore, since knockout of
TRIM27 induces gut microbiota dysbiosis, we further speculated
that restoring gut eubiosis should also be an effective strategy
for relieving IBS-D-like symptoms in trim27[Lgr5] mice. Admin-
istration of probiotics can restore the disrupted gut microbiota
to restore intestinal homeostasis [40]. We then found that
treatment with VSL#3, a probiotic preparation containing a
combination of eight different probiotic bacteria [41], alleviated
the IBS-D-like symptoms in trim27[Lgr5] mice, including the
decreased crypt number, crypt depth and villus height in the
small and large intestines (Fig. 8a–h); elevated Tnf, Il1b and 5-HT
levels (Fig. 8i–n); and dysbiosis of the gut microbiota (Fig. 8o).
Taken together, these findings indicate that both targeting the
TRIM27/Wnt/β-catenin axis and maintaining gut eubiosis can
ameliorate Trim27 deficiency-induced IBS-D symptoms (Fig. 9).

DISCUSSION
IBS is an extremely common chronic functional gastrointestinal
disorder that prevents patients from participating in routine
activities; however, our understanding of its etiology remains
limited, which seriously limits its precise diagnosis and rational
treatment. A variety of factors, such as genetic predisposition,
stress, anxiety, and changes in the gut-brain axis and gut
microbiota, have been connected with the pathogenesis of IBS
[8]. However, the detailed molecular mechanisms, especially the
genetic factors, and their regulatory mechanisms in IBS remain
poorly understood. Here, we reveal that TRIM27 is a critical genetic
protective factor for IBS, especially IBS-D (the major subtype of
IBS). Specifically, we show that TRIM27 is expressed at low levels in
IBS-D, and by establishing Trim27-knockout mouse models, we
further demonstrate that Trim27 deficiency causes spontaneous
IBS-D-like symptoms in mice. Although the symptoms of IBS-D
overlap with those of IBD, there are still some differences between
these two types of disease. For example, IBD patients exhibit
weight loss, growth retardation, bloody stool and other extra-
colonic symptoms, all of which are absent in IBS patients [42].
Furthermore, the composition of the gut microbiota in IBS and IBD
patients is different. For example, the ratio of Firmicutes to
Bacteroidetes is usually increased in patients with IBS but
decreased in patients with IBD [29]. Data from our group and
others show that TRIM27 is highly expressed in the intestinal
tissues of IBD patients [13], and our data further show that TRIM27
is expressed at low levels in IBS patients, especially IBS-D patients.
Collectively, these data indicate that TRIM27 might function as a
bidirectional regulator of gut homeostasis and might serve as a
potential biomarker for differentiating IBS (a functional gastro-
intestinal disorder) from IBD (an organic gastrointestinal disorder).
Because of the poorly understood etiology and pathogenesis of
IBS, there has historically been a lack of suitable animal models for
basic and clinical studies of IBS. The currently available IBS animal
models are established by exposing mice to variable stressors
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Fig. 6 TRIM27 maintains Lgr5+ ISC homeostasis. a H&E staining of the SI from 16-week-old Trim27fl/fl and trim27[Lgr5] mice. Bottom, enlarged
images of the regions outlined in the upper panels. Scale bars, 300 μm. The white dashed lines mark crypt borders. b–d Crypt depth (b), crypt
number per mm (c) and villus height (d) in the SI from mice as described in a. At least 20 randomly selected crypts (b, d) or randomly selected
fields (c) from the SI of each mouse were analyzed, and the average was calculated. Five mice per group were analyzed. e H&E staining of the
LI from 16-week-old Trim27fl/fl and trim27[Lgr5] mice. Bottom, enlarged images of the regions outlined in the upper panels. Scale bars, 300 μm.
The white dashed lines mark crypt borders. f–h Crypt depth (f), crypt number per mm (g) and villus height (h) in the LI from mice as described
in e. At least 20 randomly selected crypts (f, h) or randomly selected fields (g) from the LI of each mouse were analyzed, and the average was
calculated. Five mice per group were analyzed. i The AWR scores of 16-week-old Trim27fl/fl and trim27[Lgr5] mice in response to graded
colorectal distention (0, 0.2, 0.3 and 0.4 mL). j GITT of 16-week-old Trim27fl/fl and trim27[Lgr5] mice. k The number of fecal pellets excreted from
Trim27fl/fl and trim27[Lgr5] mice every hour. l, m qPCR analysis of Tnf mRNA expression in the SI (l) and LI (m) from 16-week-old Trim27fl/fl and
trim27[Lgr5] mice. n, o qPCR analysis of Il1b mRNA expression in the SI (n) and LI (o) from mice as described in l. p, q ELISA of 5-HT in the SI (p)
and LI (q) from 16-week-old Trim27fl/fl and trim27[Lgr5] mice. r The ratio of Firmicutes to Bacteroidetes in the colonic contents from 16-week-old
Trim27fl/fl and trim27[Lgr5] mice. s Representative images of organoids formed by crypts of 16-week-old Trim27fl/fl and trim27[Lgr5] mice in the
presence of control-, β-catenin-, Trim27-, Trim27 C16,31A or Trim27 ΔCC lentivirus. Scale bars, 200 μm. t Quantification of the surface area of
organoids formed by crypts from mice as described in s. Five randomly selected organoids were analyzed per group. u Representative images
of organoids formed by crypts of 16-week-old Trim27fl/fl and trim27[Lgr5] mice treated with DMSO or various concentrations of SKL2001. Scale
bars, 200 μm. v Quantification of the surface area of organoids formed by crypts from mice as described in u. Five randomly selected
organoids were analyzed per group. In b–d, f–r, t and v, statistical analyses were performed using unpaired two-tailed Student’s t test
(b–d, f–h and j–r) or two-way ANOVA with Sidak’s multiple comparisons test (i, t and v). The data are presented as the means ± SEMs
(b–d, f–i, t and v, n= 5; r, n= 3) or in box-and-whisker plots displaying the medians, interquartile ranges (boxes) and minima and maxima
(whiskers) (j, n= 6; k, n= 9; l–q, n= 5). P > 0.05, not significant (ns); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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Fig. 7 Treatment with a Wnt/β-catenin signaling activator alleviates TRIM27 deficiency-induced IBS symptoms. a H&E staining of the SI from
16-week-old Trim27fl/fl and trim27[Lgr5] mice fed corn oil or SKL2001. Bottom, enlarged images of the regions outlined in the upper panels.
Scale bars, 300 μm. The white dashed lines mark crypt borders. b–d Crypt depth (b), crypt number per mm (c) and villus height (d) in the SI
from mice as described in a. At least 20 randomly selected crypts (b, d) or randomly selected fields (c) from the SI of each mouse were
analyzed, and the average was calculated. Five mice per group were analyzed. e H&E staining of the LI from 16-week-old Trim27fl/fl and
trim27[Lgr5] mice fed corn oil or SKL2001. Bottom, enlarged images of the regions outlined in the upper panels. Scale bars, 300 μm. The white
dashed lines mark crypt borders. f–h Crypt depth (f), crypt number per mm (g) and villus height (h) of the LI from mice as described in e. At
least 20 randomly selected crypts (f, h) or randomly selected fields (g) from the LI of each mouse were analyzed, and the average was
calculated. Five mice per group were analyzed. i, j qPCR analysis of Tnf mRNA expression in the SI (i) and LI (j) from mice as described in a. k,
l qPCR analysis of Il1b mRNA expression in the SI (k) and LI (l) from mice as described in a.m, n ELISA of 5-HT in the SI (m) and LI (n) from mice
as described in a. In b–d and f–n, statistical analyses were performed using two-way ANOVA with Sidak’s multiple comparisons test. The data
are presented as the means ± SEMs (b–d and f–h, n= 5) or in box-and-whisker plots displaying the medians, interquartile ranges (boxes) and
minima and maxima (whiskers) (i–n, n= 5). P > 0.05, not significant (ns); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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Fig. 8 Probiotic supplementation alleviates TRIM27 deficiency-induced IBS symptoms. a H&E staining of the SI from 16-week-old Trim27fl/fl and
trim27[Lgr5] mice fed VSL#3 daily. Bottom, enlarged images of the regions outlined in the upper panels. Scale bars, 300 μm. The white dashed
lines mark crypt borders. b–d Crypt depth (b), crypt number per mm (c) and villus height (d) in the SI from mice as described in a. At least 20
randomly selected crypts (b, d) or randomly selected fields (c) from the SI of each mouse were analyzed, and the average was calculated. Five
mice per group were analyzed. e H&E staining of the LI from 16-week-old Trim27fl/fl and trim27[Lgr5] mice fed VSL#3 daily. Bottom, enlarged
images of the regions outlined in the upper panels. Scale bars, 300 μm. The white dashed lines mark crypt borders. f–h Crypt depth (f), crypt
number per mm (g) and villus height (h) in the LI from mice as described in e. At least 20 randomly selected crypts (f, h) or randomly selected
fields (g) from the LI of each mouse were analyzed, and the average was calculated. Five mice per group were analyzed. i, j qPCR analysis of Tnf
mRNA expression in the SI (i) and LI (j) from mice as described in a. k, l qPCR analysis of Il1b mRNA expression in the SI (k) and LI (l) from mice
as described in a. m, n ELISA of 5-HT in the SI (m) and LI (n) from mice as described in a. o The ratio of Firmicutes to Bacteroidetes in the colonic
contents from mice as described in a. In b–d and f–o, statistical analyses were performed using two-way ANOVA with Sidak’s multiple
comparisons test. The data are presented as the means ± SEMs (b–d and f–h, n= 5; o, n= 3) or in box-and-whisker plots displaying the
medians, interquartile ranges (boxes) and minima and maxima (whiskers) (i–n, n= 5). P > 0.05, not significant (ns); *P < 0.05; **P < 0.01;
****P < 0.0001
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Fig. 9 Proposed model showing the mechanism underlying TRIM27-mediated IBS symptoms. In the setting of intestinal homeostasis, TRIM27
competitively binds to the conserved Armadillo (ARM) repeat domain of β-catenin to disrupt the interaction between Axin and β-catenin, thus
promoting the stabilization of β-catenin, followed by its transport from the cytoplasm to the nucleus to activate Wnt/β-catenin signaling
pathway-mediated self-renewal of Lgr5+ ISC and the ensuing development and regeneration of the intestinal epithelium to maintain
intestinal epithelial barrier integrity and gut homeostasis. In the absence of TRIM27, Axin directly interacts with the ARM domain of β-catenin
to promote its phosphorylation and ubiquitination-mediated proteasomal and autophagic degradation, leading to suppression of the Wnt/β-
catenin signaling pathway and defects in Lgr5+ ISC self-renewal. In turn, the defective self-renewal of Lgr5+ ISCs causes the disruption of
intestinal epithelial barrier integrity and gut homeostasis, leading to the occurrence of IBS symptoms, including reduced goblet and Paneth
cell numbers, elevated Tnf, Il1b and 5-hydroxytryptamine (5-HT) levels, a decreased gastrointestinal transit time (GITT) and dysregulation of
the gut microbiota
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(such as trinitrobenzenesulfonic acid treatment, cold and water
avoidance) [43]. However, to date, a genetically based model in
which animals spontaneously develop IBS symptoms that mimic
the clinical manifestations in IBS patients is still lacking. Mice in our
Trim27-knockout mouse model spontaneously develop a series of
symptoms similar to those of IBS-D patients; thus, our model
provides an important tool for further mechanistic and drug
development studies for IBS.
Gut homeostasis is maintained mainly by intestinal epithelial

barrier integrity, which requires coordination of ISC self-renewal
and differentiation, and dysregulation of ISC self-renewal and
differentiation is associated with a variety of intestinal disorders
[44, 45]. However, to date, the mechanism by which ISCs are
regulated in IBS patients and the physiological relevance of ISCs
remain unexplored. Here, we reveal that TRIM27 maintains gut
homeostasis by promoting ISC self-renewal. Mechanistically,
TRIM27 activates Wnt/β-catenin signaling by stabilizing β-catenin
through both the proteasomal and autophagic pathways in Lgr5+

ISCs to promote ISC self-renewal. It should be pointed out that
although TRIM27 can function as an E3 ubiquitin ligase, TRIM27
exerts this effect independent of its E3 ubiquitin ligase activity. In
this context, TRIM27 stabilizes β-catenin by competitively binding
to the ARM repeat of β-catenin to block its interaction with Axin.
Our finding is consistent with that of a recent study showing that
β-catenin is downregulated in IBS patients but highly expressed in
IBD and colorectal cancer patients [46], and our study further
provides the molecular mechanism underlying the previous
observation. It is worth mentioning that data from these two
studies help explain why IBD but not IBS is usually a driver of the
carcinogenic process [47, 48]. It is also important to note that Wnt/
β-catenin signaling, which plays a key role in promoting cell
proliferation, could perform a bidirectional regulatory function in
the maintenance of gut homeostasis. On the one hand, as
revealed in our study, Wnt/β-catenin signaling is required for gut
homeostasis by promoting Lgr5+ ISC self-renewal; on the other
hand, as shown by others, overactivated Wnt/β-catenin signaling
leads to colorectal cancer under certain conditions [49, 50]. Thus,
appropriate activation of Wnt/β-catenin signaling is crucial to
maintaining gut homeostasis. It should also be noted that
compared with mice with global Trim27 knockout, mice with
stem cell-specific conditional Trim27 knockout exhibited more
obvious IBS symptoms, suggesting that in addition to regulating
ISC functions, TRIM27 may also play certain roles in other intestinal
cell types, such as immune cells, to affect intestinal homeostasis.
As reported, immune cells such as macrophages and dendritic
cells (DCs) located in the gut are crucial for the maintenance of
intestinal homeostasis by shaping a healthy microbial community
and reinforcing epithelial barrier function [51], and uncontrolled
activation of intestinal immune cells such as macrophages, DCs
and T cells leads to the occurrence of IBD [52]. It has also been
reported that TRIM27 is involved in antiviral defense processes in
immune cells such as macrophages [14], but its regulatory role in
intestinal immune cells remains unclear. Based on these previous
observations, together with our finding that trim27[Lgr5] mice
showed more obvious IBS symptoms than Trim27-/- mice, we
speculate that TRIM27 may also function in immune cells to
regulate intestinal homeostasis, a possibility that warrants further
investigation in the future.
Gut homeostasis is maintained by a tridirectional relationship

among intestinal epithelial integrity, the intestinal immune system
and the gut microbiota. Previous studies have focused mainly on
the regulatory roles of the gut microbiota in intestinal home-
ostasis, but the genetic factors and their regulatory mechanisms
involved in this process are poorly understood. Our data reveal
that TRIM27 deficiency-mediated dysfunction of Lgr5+ ISCs leads
to the disruption of intestinal epithelial barrier integrity, followed
by enhanced intestinal inflammation and gut dysbiosis. Thus,
contrary to the previous idea that IBS is caused by gut dysbiosis

[53, 54], our data indicate that, instead of being an initiating factor
of IBS, gut dysbiosis may instead be an outcome of defective ISC
homeostasis under certain conditions, for example, aberrant
expression of genetic factors such as TRIM27. Clinically, IBS
patients are usually treated with symptom-relieving drugs, such as
antibiotics, probiotics and serotonin receptor ligands [42]. Target-
ing pro- and anti-inflammatory cytokines (such as TNF-α and IL-10,
respectively) is another strategy adopted for IBS treatment [55].
However, these currently available treatment strategies for IBS
only ameliorate certain symptoms without addressing the
pathology of the disease from the root, and these kinds of
symptom-based therapy tend to cause disease recurrence [56].
Here, we reveal that TRIM27 is an upstream regulator that
maintains gut homeostasis by promoting Wnt/β-catenin signaling-
dependent ISC renewal to prevent IBS. Together with the finding
that activating Wnt/β-catenin signaling with SKL2001 ameliorates
Trim27 deficiency-induced IBS symptoms, our data indicate that
TRIM27 is a critical genetic protective factor for IBS. Together, our
findings provide new insights into the pathogenesis of IBS by
revealing a crucial role of TRIM27 in maintaining gut homeostasis.
Our study identifies a potential treatment for IBS by targeting the
TRIM27/Wnt/β-catenin axis and suggests that TRIM27 might serve
as a biomarker for differentiating IBS from IBD.

MATERIALS AND METHODS
Bacterial strains, mammalian cell lines and plasmids
Escherichia coli DH5α and BL21 (DE3) were used for genetic manipulation
and protein overexpression. For protein expression in mammalian
HEK293T cells (ATCC CRL-3216, RRID: CVCL_0063), Trim27 or β-catenin
was cloned into pcDNA6A (with a Myc tag). Bacterial expression plasmids
were constructed by cloning cDNA into pET30a (with a His6 tag) or pGEX-
6P-1 (with a GST tag). All the plasmids were sequenced at the Beijing
Genomics Institute (BGI) for verification. The plasmids used in this study are
listed in Supplementary Table 1.

Antibodies
All of the antibodies were used according to the manufacturer’s instructions.
The following commercial antibodies were used: anti-Myc (Santa Cruz
Biotechnology, sc-40; RRID: AB_2857941), 1:2000 for immunoblotting; anti-
GST (ZSGB-BIO, TA-03; RRID: AB_2756893), 1:5000 for immunoblotting; anti-
His (ZSGB-BIO, TA-02; RRID: AB_2801388), 1:2000 for immunoblotting; anti-HA
(Abcam, ab236632; RRID:AB_2864361), 1:2000 for immunoblotting; anti-MCP-
1 (Abcam, ab25124; RRID: AB_448636), 1:2000 for immunoblotting; anti-MIP-
1α (Abcam, ab179638), 1:2000 for immunoblotting; anti-Mast cell tryptase
(Abcam, ab151757), 1:2000 for immunoblotting; anti-Trim27 (Abcam,
ab78393; RRID: AB_2042796), 1:2000 for immunoblotting and 1:200 for
immunocytochemistry; anti-ZO-1 (Invitrogen, 402200; RRID: AB_2533456),
1:2000 for immunoblotting; anti-Occludin (Invitrogen, 710192; RRID:
AB_2532617), 1:1000 for immunoblotting; anti-Claudin-1 (Invitrogen,
374900; RRID: AB_2533323), 1:1000 for immunoblotting; anti-Ki-67 (Novus,
NB500-170; RRID: AB_10001977), 1:2000 for immunoblotting and 1:200 for
immunocytochemistry; anti-β-catenin (Abcam, ab32572; RRID: AB_725966),
1:5000 for immunoblotting; anti-phospho-β-catenin (Ser33/37/Thr41), (Cell
signaling technology, 9561T), 1:1000 for immunoblotting; anti-TCF-1
(Proteintech, 14464-1; RRID: AB_2878061), 1:5000 for immunoblotting; anti-
LEF-1 (Proteintech, 14972-1; RRID: AB_2265677), 1:5000 for immunoblotting;
anti-TCF-3 (Proteintech, 14519-1; RRID: AB_2287033), 1:5000 for immunoblot-
ting; anti-TCF-4 (Proteintech, 13838-1; RRID: AB_2199812), 1:5000 for
immunoblotting; Anti-Axin1 (Cell signaling technology, 2087; RRI-
D:AB_2274550), 1:1000 for immunoblotting; anti-GAPDH (Santa Cruz
Biotechnology, sc-25778; RRID: AB_10167668), 1:5000 for immunoblotting;
anti-Lgr5 (Origene, TA503316; RRID: AB_2622395) 1:1000 for immunoblotting
and 1:200 for immunocytochemistry; anti-rabbit IgG H&L (HRP) (ZSGB-BIO,
ZB-2301; RRID: AB_2747412), 1:10,000 for immunoblotting; and anti-mouse
IgG H&L (HRP) (ZSGB-BIO, ZB-2305; RRID: AB_2747415), 1:10,000 for
immunoblotting.

Mice
Lgr5-creERT2 mice were a kind gift from Shu Zhu (University of Science and
Technology of China) [57]. Trim27-/- and Trim27fl/fl mice were generated by
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Biocytogen (Beijing, China) using the CRISPR‒Cas9 system. Mice on the
C57BL/6 genetic background were used in all experiments. Trim27fl/fl mice
were first crossed with Lgr5-creERT2 mice to generate F1 trim27fl/+-Lgr5-cre
mice. Trim27fl/+-Lgr5-cre mice were then crossed with Trim27fl/fl mice to
generate trim27fl/fl-Lgr5-cre (trim27[Lgr5]) mice as intestinal stem cell-
specific trim27-knockout mice and Trim27fl/fl mice as controls. Cre was
activated by 1 intraperitoneal injection of 0.1 mg/g body weight tamoxifen
(Sigma, T5648). Tamoxifen powder was dissolved in 900 μL of corn oil
(Sigma, C8267) and 100 μL of ethanol by sonication. The trim27[Lgr5] mice
received tamoxifen injections. All mice were bred and maintained in
specific pathogen-free-grade cages using standard humane animal
husbandry protocols. Female mice that were 2–16 weeks old during the
course of the experiments were used. The sample size was based on
empirical data from pilot experiments. All experimental protocols were
performed in accordance with the instructional guidelines of the China
Council on Animal Care and were approved by the Biomedical Research
Ethics Committee of the Institute of Microbiology, Chinese Academy of
Sciences (SQIMCAS2020039).

Endoscopy
Mice were anesthetized using an intraperitoneal injection of Nembutal,
and a high-resolution microendoscope imaging system (R. Wolf) was used
to determine the endoscopic condition of the mice.

AWR measurement
A distension balloon catheter (6-Fr, 2 mm external diameter) was placed in
the descending colons of the mice. Each 10 s distention period was
followed by a 20 s resting period. Mice were subjected to each level of
distention (0, 0.2, 0.3 and 0.4 mL) two times, and the balloon was deflated
and withdrawn after measuring the AWR. The visceral sensory responses to
colorectal distention (CRD) were quantified by scoring the AWR. The AWR
score was assigned as follows: 0, no behavioral response to CRD; 1, brief
head movement followed by immobility; 2, contraction of abdominal
muscles; 3, lifting of the abdomen; 4, body arching and lifting of the pelvic
structures [58].

Expression and purification of recombinant proteins
GST- and His-tagged fusion proteins were purified as described previously
[59]. For the expression and purification of Myc-tagged proteins, including
β-catenin, TRIM27 and TRIM27 truncations, HEK293T cells were transfected
with the indicated plasmids prior to immunoprecipitation using Anti-Myc
Affinity Gel (Yeasen, 20587ES03).

Histological evaluation
The intestinal tissues of each mouse, including the small intestine
(10–15 cm from the cecum) and the large intestine (5–7 cm from the
cecum), were dissected, washed in PBS to remove intestinal contents, and
fixed with 10% neutral-buffered formalin. The fixed intestinal tissues were
then embedded in paraffin, cut perpendicularly to the surface at a
thickness of 4 µm and stained with hematoxylin and eosin. The depth and
number of crypts were evaluated for all of the slides from the intestines of
each mouse, and the values were averaged.

Quantitative PCR (qPCR), immunoblot analysis and enzyme-
linked immunosorbent assay (ELISA)
The intestinal tissues of each mouse, including the small intestine (10–15 cm
from the cecum) and the large intestine (5–7 cm from the cecum), were
dissected and washed in PBS to remove intestinal contents and were then
sonicated in PBS and centrifuged at 900 × g for 5min. Then, the supernatants
were collected to analyze the production of 5-HT with a mouse 5-HT ELISA Kit
(SAB, EK12351) according to the manufacturer’s instructions. The cell pellets
were washed three times with PBS and harvested to analyze gene expression
by qPCR or immunoblotting. Specifically, total RNA was extracted from
isolated intestinal cells and was reverse transcribed into cDNA using Hieff
First Strand cDNA Synthesis Super Mix (YEASEN, 11103ES70). The cDNA was
then analyzed by qPCR using Hieff qPCR SYBR Green Master Mix (YEASEN,
11202ES08) on an ABI 7500 system (Applied Biosystems). Each experiment
was performed with triplicate samples and repeated at least three times. The
data were analyzed by the 2−ΔΔCT method and were normalized to the
expression of the control gene GAPDH. For immunoblot analysis, cells were
lysed in Cell Lysis Buffer (Beyotime Biotechnology, P0013) supplemented
with 1mM phenylmethylsulfonyl fluoride (PMSF; Beyotime Biotechnology,

ST505). Proteins were separated by SDS‒PAGE and transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore, PIVH00010). The
membranes were blocked with 5% nonfat dry milk in Tris-buffered saline
(20mM Tris-HCl, pH 7.4; 150Mm NaCl) with 0.1% Tween 20 (Sigma‒Aldrich,
P1379) (TBST) for 1 h at room temperature (RT) and subsequently incubated
overnight at 4 °C with primary antibodies. Following three washes with TBST
for 10min each, the membranes were incubated with goat anti-mouse IgG/
HRP (ZSGB-BIO, ZB-2305) or goat anti-rabbit IgG/HRP (ZSGB-BIO, ZB-2301) for
1 h at RT. After three washes with TBST, the membranes were treated with
Immobilon Western Chemiluminescent HRP Substrate (Millipore, WBKLS0500)
and exposed to X-ray film.

GITT measurement
Mice were transferred to individual cages and orally administered 0.3 mL of
0.5% methylcellulose solution containing 6% carmine red (Mreda,
M042735). The cage floor was covered with white paper for easy detection
of carmine in feces. The mice were then allowed access to food and water
ad libitum until the first red fecal pellet appeared. The GITT was calculated
as the time period between oral gavage and the appearance of the first red
fecal pellet.

Microarray and gene set enrichment analysis
For microarray analysis of TRIM family gene expression in the intestinal
tissues of IBD and IBS patients, publicly available microarray data (E-MTAB-
5811 for IBS analysis, GSE4183 for IBD analysis) were obtained from the
EMBL-EBI ArrayExpress database and NCBI Gene Expression Omnibus,
respectively. Specifically, the publicly available microarray data for IBS
included data for 20 IBS patients (10 IBS-C and 10 IBS-D, 5 men and 5
women each, aged 18–55 years old) and 10 age/sex-matched healthy
controls (HCs). The HCs had no personal or family history of IBS or other
chronic pain conditions. Additional exclusion criteria for all subjects
included infectious or inflammatory disorders; active psychiatric illness
over the past 6 months; use of corticosteroids in the past 6 months; use of
narcotics, antidepressants or other medications that could affect
neuroendocrine function in the past 2 months; and current tobacco or
alcohol abuse. The publicly available microarray data for IBD included data
for 20 IBD patients (10 CD, 4 women and 6 men, aged 19–66 years old; 10
UC, 2 women and 8 men, aged 27–51 years old) and 11 HCs (five women
and six men, aged 25–84 years old). The HCs had no significant
pathological findings on endoscopic or histological examination. All
endoscopic biopsies from which the publicly available IBS and IBD
microarray data were derived were taken from a defined area of the
sigmoid colon (at 20–30 cm measured during withdrawal). For analysis of
the publicly available IBS and IBD microarray data, data from the
microarrays were processed and normalized to gene counts using
the rma function in the affy (v 1.68.0) package [60], and the values for
the probes associated with the same gene symbol were then summed.
Differentially expressed genes were identified using the Linear Models for
Microarray Analysis (limma; v3.46.0) package in R (v4.0) after log2
transformation [61]. An adjusted P value threshold (Benjamini–Hochberg)
of 0.05 was used to determine statistical significance. For gene set
enrichment analysis (GSEA) of E-MTAB-5811 microarray data, Wnt and
Notch pathways were retrieved from the Molecular Signatures Database
(MSigDB; http://www.gsea-msigdb.org/gsea/msigdb/index.jsp, v6.1)
[62, 63], and GSEA software (v.4.0.3) was then used for further analysis
[63, 64]. An adjusted P value threshold (false discovery rate) of 0.05 was
used to determine statistical significance.

Bacterial 16S rRNA sequencing and data analysis
Bacterial DNA was extracted using PowerMax Stool/Soil) DNA Isolation Kits
(MoBio Laboratories, Carlsbad). Then, the V4 region of the bacterial 16S rRNA
gene was amplified by PCR using the designated primers and Phusion High-
Fidelity PCR Master Mix. After the individual quantification step, amplicons in
the samples were sequenced on the Illumina HiSeq 4000 platform (Guheinfo,
China). Quantitative Insights Into Microbial Ecology (QIIME; v 1.9.0, http://
qiime.org/) was used to process the sequencing data [65]. Sequences with
≥97% similarity were assigned to the same operational taxonomic units
(OTUs). Quality control and taxonomic classification of the OTUs were
conducted with Vsearch (v2.4.4, https://github.com/torognes/vsearch) to
search the representative sequences according to the Greengenes database
[66]. An OTU table was further generated to record the abundance of each
OTU in each sample and the taxonomic classification of these OTUs.
Differences in bacterial abundances were calculated using linear discriminant
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analysis (LDA) effect size (LEfSe) software (v 1.1.1) [67]. LDA values of greater
than two were considered to be significant. The 16S rRNA gene sequences
are available in the NCBI Sequence Read Archive (SRA) database under
accession number SRP355336.

Immunohistochemistry
Immunohistochemical staining for Trim27, Ki-67 (a cell proliferation
marker), Lgr5 (an intestinal stem cell marker) and lysozyme (a Paneth
cell marker) was performed in this study. In brief, formalin-fixed tissue
sections were embedded in paraffin by standard methods. Sections (5 mm)
were deparaffinized in xylene and rehydrated with graded ethanols, and
antigen retrieval was performed by boiling in citrate buffer (pH 6) for
20min. The slides were then treated with 3% hydrogen peroxide for 5 min
and washed with PBS prior to the addition of primary antibodies.
Afterward, the slides were washed with PBS, incubated with horseradish
peroxidase-conjugated secondary antibodies at RT for 30min, visualized
using 3,3′-diaminobenzidine tetrahydrochloride with 0.05% H2O2 for 3 min
and counterstained with Mayer’s hematoxylin. The percentage of Ki-67-
positive area was analyzed with QuPath software [68]. At least five
randomly selected fields from the small intestine of each mouse were
analyzed, and the average was calculated.

AB-PAS staining
Formalin-fixed tissue sections were embedded in paraffin by standard
methods, cut perpendicularly to the surface at a thickness of 4 µm and
stained with Alcian blue and periodic acid–Schiff reagent using an AB-PAS
staining kit (Solarbio, G1285) according to the manufacturer’s instructions.

Determination of crypt number, crypt depth and villus height
The crypt number, crypt depth and villus height were independently and
objectively analyzed and quantitated with ImageJ (v 1.37) software in a
blinded manner from coded digital photographs of crypts. The height in
pixels from the bottom to the top of a crypt or villus in the small and large
intestines, respectively, was measured. These measurements in pixels were
converted to length measurements (in μm).

Pulse-chase assay with EdU labeling
Mice were repeatedly treated with EdU (10mg/kg; Yeasen, 40284ES50)
intraperitoneally every 8 h for 4 days, and the small intestines were harvested
and fixed with 10% neutral-buffered formalin 0.5 days after the last EdU
treatment. Then, the formalin-fixed tissue sections were embedded in
paraffin and sectioned. Sections on glass slides were stained with Lgr5 for
10–30min. DAPI Staining Solution (Beyotime, C1002) was used to visualize
nuclei and to mount the slides. The slides were then scanned using an Aperio
Versa 200 slide scanner (Leica Biosystems). The EdU+Lgr5+ cells in each
intestinal section were counted using ImageJ (v 1.37) software.

Intestinal crypt culture (organoid formation)
The intestinal tissues of each mouse, including the small intestine (10–15 cm
from the cecum) and the large intestine (5–7 cm from the cecum), were
harvested and transferred into Petri dishes with ice-cold PBS. The intestinal
contents were removed by gentle swirling, and the tissues were cut into
2mm strips. The tissue pieces were then cleaned by gentle pipetting in ice-
cold PBS. This washing step was repeated several times until a clear
supernatant was visible. The tissue pieces were incubated in Gentle Cell
Dissociation Reagent (Stemcell, 07174) for 30min at RT to loosen crypts from
the surrounding tissues. The tissue pieces were then washed in 5mL of
DMEM/F12 (Stemcell, 36254) and gently sheared using a 10mL pipette. This
step was repeated three times, and the loosened crypts were collected at
each step. The resulting suspension was filtered through a 70 μm filter
(Corning, 352350) and centrifuged at 300 × g for 5min. The pellet was
resuspended in 10mL of DMEM/F12 and centrifuged at 150 × g for 2min.
Then, the pellet was resuspended in 200 µL of DMEM/F12 and a
corresponding volume of Matrigel Matrix (Corning, 356231). Twelve-well
plates were heated at 37 °C for 30min before use. Fifty microliters of Matrigel
containing intestinal crypts was placed at the center of each well and allowed
to solidify for 15min at 37 °C in 5% CO2. IntestiCult™ Organoid Growth
Medium (Stemcell, 06005) heated to 37 °C in a water bath was added to each
well (700 µL/well). The plates were incubated at 37 °C in 5% CO2 with a
medium change every 3 days. After 14 days, organoids were counted under a
light microscope. The size of the organoids was evaluated by quantifying the

surface area of a horizontal cross-section of organoids acquired from multiple
random nonoverlapping images using ImageJ software.

Pulldown assay
Recombinant proteins were added to 20 μL of glutathione resin (for GST-
tagged proteins) in 500 μL of binding buffer (50mM Tris, pH 7.5; 150mM
NaCl; 5 mM DTT; and 0.1% NP-40) supplemented with 1% protease
inhibitors for 1 h at 4 °C. The beads were washed five times with binding
buffer and further incubated with the prey protein supplemented with
0.1 mg/mL BSA (1:1 molar ratio of GST-tagged protein to prey protein).
After 2 h of incubation at 4 °C, the beads were washed and subjected to
immunoblot analysis.

In vivo ubiquitination assays
In vivo ubiquitination assays were performed using TRIM27+/+ and TRIM27-/-

HEK293T cells. For knockdown of the TRIM27 gene in HEK293T cells, 50 nM of
small interfering RNA was transfected into cells in the presence of
Lipofectamine RNAiMAX (Invitrogen, 13778) according to the manufacturer’s
instructions. Twelve hours after the first transfection, the cells were
retransfected as described above and were then incubated for an additional
24 h. The small interfering RNA sequences were as follows: TRIM27 siRNA,
forward-ggagaaaatccaagaattauu and reverse- aauucuuggauuuucuccuu; Luci-
ferase siRNA (NC siRNA), forward-uucuccgaacgugucacguuu and reverse-
acgugacacguucggagaauu. For ubiquitination assays, cells were transfected
with Myc-β-catenin, HA, HA-Ub, HA-Ub (K48 only) or HA-Ub (K63 only)
for 24 h. Then, the cells were lysed in Cell Lysis buffer and centrifuged at
12,000 × g. Prewashed anti-Myc beads were incubated with the supernatant
for 4 h at 4 °C to pull down Myc-tagged β-catenin and its bound proteins. The
beads were then washed with Cell Lysis buffer and analyzed by
immunoblotting with anti-HA or anti-Myc antibodies.

Lentivirus production and the indicated lentivirus-
reconstituted organoid formation
Control, β-catenin, Trim27 and Trim27 mutant recombinant lentiviruses
were produced by Genechem (Beijing, China). Purified crypts were infected
with the indicated recombinant lentiviruses at a multiplicity of infection of
15, and the complexes were then spinoculated at 400 × g and 20 °C for 1 h,
plated in IntestiCult Organoid Growth Medium (Stemcell, 06005) supple-
mented with the same volume of Matrigel Matrix (Corning, 356231) and
8 μg/mL polybrene (Santa Cruz Biotechnology, sc-134220), and incubated
in a culture incubator. The plates were maintained at 37 °C in 5% CO2 with
a medium change every 3 days. After 14 days, organoids were counted
under a light microscope.

Mouse model
For dextran sulfate sodium (DSS) treatment, mice aged 12–16 weeks were
given 2% DSS (30–50 kDa) (YEASEN, 60316ES60) in sterile water for 5 days,
and the DSS-containing water was then changed to sterile water for the
duration of the experiment. Then, the mice were euthanized, and the
intestinal tissues were harvested from each mouse on days 0, 7 and 14
after treatment with 2% DSS. For SKL2001 treatment, mice aged
12–16 weeks were orally fed SKL2001 (200 µg in 100 µL of corn oil)
(Selleck, S88219) or corn oil (100 µL) daily for 14 days. Then, the mice were
euthanized, and the intestinal tissues, including the small intestine
(10–15 cm from the cecum) and the large intestine (5–7 cm from the
cecum), were harvested from each mouse for further analysis. For probiotic
treatment, mice aged 16 weeks were divided into two groups (n= 5). One
group of mice was orally fed VSL#3 daily for 30 days. The daily dose of
VSL#3 was 1 × 108 colony-forming units (CFUs) per mouse in 200 μL of PBS.
The other group of mice (control group) was orally fed sterile water. Then,
the mice were euthanized, and the small intestine (10–15 cm from the
cecum), the large intestine (5–7 cm from the cecum) and the colon
contents were collected from each mouse for further analysis.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 8.0 software.
Data were analyzed by unpaired two-tailed Student’s t test or two-way
ANOVA with Sidak’s test to correct for multiple comparisons, as indicated
in the corresponding figure legends. *P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001 were considered to be statistically significant; P > 0.05
(not significant (ns)) denoted a nonsignificant difference between groups.

J. Wang et al.

172

Cellular & Molecular Immunology (2023) 20:158 – 174

https://www.casmart.com.cn/product-details/page/1700/154980943
https://www.casmart.com.cn/product-details/page/1700/154980943
https://www.casmart.com.cn/product-details/page/1700/154981076


All experiments were performed with at least two biological replicates with
similar results. Representative micrographs are shown.

DATA AVAILABILITY
The 16S rRNA gene sequences are available in the NCBI Sequence Read Archive (SRA)
database under accession number SRP355336. Publicly available microarray data (E-
MTAB-5811, GSE1710) were downloaded from the EMBL-EBI ArrayExpress database
and NCBI Gene Expression Omnibus. Any additional information required to
reanalyze the data reported in this paper is available from the corresponding author
upon request.
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