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Scribble deficiency mediates
colon inflammation by inhibiting
autophagy-dependent oxidative
stress elimination

Xia Sun'3, Liying Lu'3, Kai Wang?, Lele Song?, Jiazheng Jiao, Yanjun Wu?, Xinyu Wang?,
Yanan Song? & Lixing Zhan**

Scribble is a master scaffold protein in apical-basal polarity. Current knowledge about the biological
function of Scribble in colonic epithelial plasticity/regeneration during intestinal inflammation is
limited. Here, we showed that the level of Scribble is decreased in inflammatory bowel disease

(IBD) patients and mice with DSS-induced colitis. Scrib®E¢ mice develops severe acute colitis with
disrupted epithelial barrier integrity and impaired crypt stem cell’s function. Mechanistically, Scribble
suppressed the process of autophagy by modulating the stability of caspase-dependent degradation
of Atg16L1 by directly interacting with Atg16L1 in a LRR domain-dependent manner in IECs and led
to an accumulation of ROS both in intestinal stem cells and epithelial cells. In addition, further study
indicates that dietary sphingomyelin alleviates DSS-induced colitis by increase the expression of
Scribble, which suggests that Scribble may be the critical marker of IBD. Our study shows that Scribble
deficiency is associated with the dysregulated autophagy and impaired maintenance of colonic
stemness, and it may be a target for diagnosis and treatment of IBD.

Inflammatory bowel disease (IBD) is a common chronic intestinal disease, which include Crohn’s disease (CD)
and ulcerative colitis (UC). IBD is one of the most common gastrointestinal diseases in the world!. The incidence
of IBD is increasing, and the number of IBD patients in China is projected to reach to 1.5 million by 2025% Loss
of gut barrier function, increased immune cell recruitment, and excessive immune response to the host gut
microbiota are thought to contribute to the development of IBD*#, but the exact etiology and pathogenesis of
IBD are still poorly understood. Therefore, it is necessary to study the pathogenesis of IBD.

Intestinal barrier integrity plays an important role in resisting the invasion of pathogenic microorganisms.
Loss of intestinal epithelial barrier function is a common feature of IBD, leading to inflammatory responses
and barrier disruption®. The junction between intestinal epithelial cells (IECs) is the most critical feature of
the intestinal barrier®, and incorporates tight junctions, adhesion junctions, and desmosomes’. IECs play an
important role in maintaining the homeostasis and function of the intestinal environment®. The maintenance
and differentiation of the intestinal stem cells (ISCs) are critical for IEC homeostasis and IBD repair. ISCs are
located at the bottom of the crypt, where these cell proliferate and differentiate to generate all types of IECs®.
Inner lineage tracing reveals that ISCs specifically express the leucine-rich repeat (LRR) -containing G protein-
coupled receptor 5 (Lgr5)*'°. Wingless-intergrin (Wnt)/p-catenin signaling is essential for the maintenance of
stem cell function, and contributes to controlling the expansion and differentiation of ISCs in response to tissue
injury and repair in IBD'"12,

Autophagy is a highly conserved cellular process leading to the degradation of dysfunctional or damaged pro-
teins and organelles'®. At present, most of the evidence for a link between autophagy and IBD comes from studies
of Autophagy gene 16L1 (ATG16L1) and its protein product'®. Earlier studies revealed that human cells harboring
the ATG16L1™%4 mutation exhibit impaired clearance of bacteria and increased production of proinflammatory
cytokines'®, and Paneth cells from CD patients have been shown to be homozygous for ATGI6L17%A! Mice
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engineered to express the human ATG16L17%4 variant or to selectively lack expression of the mouse homolog
(Atgl6L1) in IECs (Atgl6LI1°E€) exhibit abnormalities in the structure and function of Paneth cells, leading to
decreased expression of antimicrobial peptide!'*. ATG16L17%4 mice show impaired autophagy, a phenotype
that reflects the fact that ATG16L1"%4 is more sensitive to caspase 3-mediated cleavage and degradation than
is the wild-type protein'®'’. Atg16L1°"E mice exhibit excessive necroptosis and tumor necrosis factor alpha
(TNF-a) -mediated apoptosis in IECs, leading to exacerbation of colitis'®!. In summary, these previous stud-
ies show that Atgl6L1 plays a critical role in controlling intestinal epithelial homeostasis and inflammatory
immune responses Other Except autophagy-related genes (such as Unc-51-like kinase 1 (ULK1), Leucine-rich
repeat kinase 2 (LRRK2), and Tyrosine-protein phosphatase non-receptor type 2 (PTPN2) also have been shown to
contribute to IBD, but, in contrast to the case with ATGI6LI, the precise mechanism for the role of these other
genes remain unknown'*.

The Scribble scaffold protein was originally identified based on the molecule’s role in epithelial cell polarity
and epithelial integrity in Drosophila. Scribble is a conserved polarity protein belonging to the LAP (LRR and
PDZ) family, the protein includes 16 leucine-rich repeat (LRR) domains and 4 PSD-95, Discs-large, ZO-1 (PDZ)
domains®-?%, Scribble acts as an adaptor protein by facilitating key molecular interactions at distinct subcel-
lular locations. The LRR protein SHOC2/SURS has been shown to interact with the LRR domains of Erbin and
Scribble, forming an inhibitory complex for extracellular signal-regulated kinase (ERK) signaling ***. In some
biological contexts, the region of Scribble containing the LRRs region is sufficient to rescue Scribble function?-?’.
Scribble PDZ domains also serve as key integration sites for molecular interactions with other proteins, organ-
izing a vast range of cellular functions*®*, and Scribble PDZ domains show high affinity with numerous proteins
such as B-PIX and GIT1*. Our previous study showed that Scribble cooperates with the Myc oncoprotein in
a PPIX/ARGHEF7- and RAC-JNK-dependent manner?'. Together, research results have revealed that Scribble
could regulates the RAS-MAPK, TNF-JNK, PI3K-Akt, Hippo, and Wnt signaling pathways*’. However, the
potential roles of Scribble in the maintenance and regeneration of colonic barrier function, especially in the
context of autophagy and the pathogenesis of IBD, have not yet (to our knowledge) been studied. In the present
work, we demonstrated that Scribble inhibits colonic inflammation by ensuring that the process of autophagy
proceeds, suggesting that Scribble serves as a key marker of the intestinal barrier.

Results

Scribble is decreased in IBD patients and mice with DSS-induced colitis

To determine whether Scribble is involved in the pathogenesis of IBD, we measured expression of this gene
in specimens from patients with IBD and from healthy controls; this analysis employed datasets from public
databases of NCBI GSE9452 and GSE3365. Scribble transcript levels were significantly lower in patients with CD
and UC compared to control individuals (Fig. 1A,B). To further define the role of Scribble in the development
of colitis, we employed an animal model of acute colitis induced by treatment of C57BL/6 mice with 3% dextran
sodium sulfate (DSS). Specifically, the mice were divided into two groups and provided with drinking water,
either neat (Control) or containing 3% DSS (DSS) (Supplementary Fig. 1A). After 7 days, mice were euthanized
and gastrointestinal tissues were evaluated histopathologically. Mice of the + DSS group mice showed severe
ulceration, destruction of crypt structure, and mucosal and submucosal lesions (Supplementary Fig. 11). The
protein levels of phosphorylated-JNK (p-JNK), phosphorylated-P65 (p-P65), phosphorylated-STAT3(p-STAT3)
and the levels of transcripts encoding inflammatory cytokines were significantly elevated in colonic tissues from
the + DSS treated animals compared to the -DSS mice (Supplementary Fig. 1C,D), confirming the successful
induction of colitis in this model. Notably, the expression of Scribble (both at the mRNA and proteins levels)
was significantly lower in the colonic tissues of mice with DSS-induced colitis compared to those from control
animals (Fig. 1C,D), a result consistent with that obtained from the analysis of data from clinical samples. Thus,
our data indicated that Scribble may play a role in the pathogenesis of IBD.

Loss of Scribble in IECs increases the susceptibility of DSS-induced colitis

To clarify the potential role of Scribble in the pathogenesis of colitis, we generated an IEC-conditional Scribble
knockout mouse line by mating Villin-cre mice (which express the Cre recombinase under control of the gut
epithelial cell-specific Villin promoter) with Scrib¥1°x mice (Scrib™; in which exons 2-8 of the Scribble gene
are flanked by JoxP recombination sites. The resulting animals, here referred to as Scrib*®¢ mice, demonstrate
selective excision and inactivation of the Scribble gene in the IECs. (Supplementary Fig. 2A,B). As expected, the
progeny of this cross exhibited Scrib**¢ and Scrib” genotypes in accordance with a Mendelian ratio; the littermate
Scrib™ mice were used as controls. Western blot and qRT-PCR results confirmed efficient Scribble deletion in
the intestine of the Scrib*'t° mice (Supplementary Fig. 2C,D). Under otherwise identical growth conditions, the
2-month-old Scrib®®¢ mice displayed no significant differences compared to control mice. However, 8-month-
old Scrib®™C mice exhibited lower body weight and shorter colon length than littermate control (Supplementary
Fig. 3A,B). Furthermore, histopathology using hematoxylin and eosin staining at 8 months confirmed that crypt
foci were sparser in Scrib®'E€ mice than in control animals (Supplementary Fig. 3C), although the Scrib®E€ mice
had not developed spontaneous enteritis.

Next, we induced colitis in 8-week-old Scri mice and Scrib” mice by providing 7 days of free access to
drinking water containing 2.5% DSS. Following induction with DSS, Scrib®E¢ mice exhibited significantly lower
body weights, elevated disease activity index (DAI) scores, and shorter colon lengths compared to Scrib™ mice
(Fig. 2A-C). Additionally, HE staining showed that DSS-exposed Scrib®E€ mice exhibited more severe ulcera-
tion, mucosal epithelial denudation, crypt loss, and immune cell infiltration in the colon (Fig. 2D). Furthermore,
the colons of Scrib®™F¢ mice with DSS-induced colitis had significantly increased aggregation of macrophages
(F4/80* cells) and neutrophils (Ly-6G* cells) in compared to those of Scrib” mice (Fig. 2E). Consistent with
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Figure 1. Scribble transcript and protein levels are decreased in IBD patients and in mice with DSS-induced
colitis. (A,B) The relative expression of Scribble in specimens from healthy controls and from patients with IBD
(A from GEO dataset GSE9452, B from GEO dataset GSE3365). (C,D) The relative mRNA (C) and protein (D)
expression of Scribble in colonic tissues of mice maintained on drinking water neat (Control) or supplemented
with 3% DSS (DSS). The data are presented as mean + SEM. Statistical analyses were conducted using two-tailed
unpaired Student’s t-tests, *p <0.05, **p <0.01, ***p <0.001.

these inflammatory changes, qualitative reverse transcriptase-polymerase chain reaction (QRT-PCR) analysis
showed that transcripts encoding the pro-inflammatory cytokines IL-1B, IL6, TNFa, and IL-18, as well as that
encoding the neutrophil-associated chemokine Cxcl2, accumulated to significantly higher levels in the colonic
tissues of Scrib*®C mice than in those of controls (Fig. 2F). Together, these results highlighted our inference that
Scribble plays a critical role in maintaining colonic homeostasis, and demonstrated that Scribble deletion in IECs
potentiates the progression of DSS-induced colitis.

Loss of Scribble in IECs impaires epithelial barrier integrity in DSS-induced colitis

Dysfunction in the integrity of the intestinal barrier is known to contribute to gut inflammation®. Therefore,
we investigated whether loss of Scribble promotes intestinal permeability, as assessed by fluorescein isothiocy-
anate (FITC) permeability. This experiment showed that, in DSS-induced Scrib*™C animals, the surface of the
colonic mucosa mice accumulated higher levels of FITC-dextran (4000 Da), the serum exhibited higher levels
of fluorescence, than did DSS-induced control mice (Fig. 3A). These results indicated that Scribble ablation in
the IECs was associated with colonic leakage. Tight junctions (TJs) between IECs play a crucial role in maintain-
ing the intestinal epithelial barrier function, and loss of TJ proteins increases the permeability of the intestine
7, permitting a variety of pathogenic bacteria to infiltrate gut tissues, leading in turn to severe inflammation.
Therefore, we next examined the expression of known components of TJs. We found that the levels of key TJ]
proteins E-cadherin and occludin-1 were significantly decreased in the gastrointestinal tissues of Scrib*t¢ mice
compared to control animals (Fig. 3B-C). At the same time, transmission electron microscopy (TME) revealed
that Scrib®™¢ mice exhibited shorter tight junctions and wider gaps between epithelial cells (Fig. 3D). IECs are
critical to maintaining the intestinal barrier function, and epithelial cell death is the most direct cause of barrier
damage. We used terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays (a method
for detecting DNA fragmentation associated with cell death) to demonstrate that the colons of DSS-induced
Scrib®®C mice contained larger numbers of apoptotic cells than did those of DSS-expsosed Scrib™ mice (Fig. 3E).
We also showed that cleaved caspase-3 protein (a markere of apoptosis) accumulated to significantly higher
levels in the gastrointesinal tissues of DSS-induced Scrib*™¢ mice compared to those of DSS-exposed control
animals (Fig. 3F). Together, these data suggested that the deletion of Scribble leads to barrier disruption and
colonic leakage.
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Figure 2. Loss of Scribble in IECs increases the susceptibility of DSS-induced colitis. Scrib™ and Scrib®™* mice
(8 weeks old) were provided with free access to drinking water containing 2.5% DSS; after 7 days, the animals
were euthanized. (A) Relative body weights (normalized to baseline). (B) DAI scores. (C) Representative images
of colons from animals of the two groups and plot of colon length data (scale bar: 10 mm). (D) Representative
H&E images of colon tissue and plot of colon histological scores (scale bar: 50 um). (E) Representative images
of immunofluorescence (IF) staining of macrophage marker F4/80 and the neutrophil marker Ly-6G (scale bar:
50 um). IF staining is visualized as green punctae (F4/80* or Ly6G"), alone and merged with DAPI staining for
DNA (blue). (F) Relative expression in the colon mucosa of genes encoding inflammatory cytokines, as assessed
by qRT-PCR. Expression levels were normalized to that of the housekeeping gene S-actin. The data are presented
as mean + SEM; comparisons were conducted by two-tailed unpaired Student’s t-test. *p <0.05, **p<0.01,
*p<0.001.
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Loss of Scribble in IECs disrupts the function of crypt stem cells in DSS-induced colitis

The gut is a rapidly renewing tissue;IECs are complete replaced every 5-7 days®. Therefore, a stable cycle of
intestinal apoptosis and regeneration is essential for self-renewal and repair of the colon, and disruption of this
process promotes the development of colitis. This balance between apoptosis and regeneration depends on crypt
stem cells, and has a significant impact on the replacement of epithelial cells and maintenance of intestinal barrier
integrity. Immunohistochemical (IHC) staining for Ki67, a biomarker of proliferation, revealed that the propor-
tion of Ki67-positive cells was significantly reduced in Scrib*™€ mice compared to control animals (Fig. 4A).
Consistent with that observation, the expression in colon crypt cells of genes involved in proliferation and stem
cell identity was significantly downregulated in Scrib®’EC mice (compared to controls), including as Lgr5, Ascl2,
Smoc2, and others (Fig. 4B). Wnt/B-catenin signaling also is known to be critical for the self-renewal of ISCs and
mucosal repair. Using western blot analysis, we demonstrated that the levels of Wnt3a and p-catenin proteins
were significantly decreased in colonic crypt cells of DSS-treated Scrib®'E¢ mice compared to those from DSS-
induced Scrib” mice (Fig. 4C).

We extended this analysis by using colonic organoids, which are three-dimensional (3D) mini-guts derived
from colonic stem cells or pluripotent stem cells*. Such organoids serve as a powerful model for the study of
the self-renewal and proliferative abilities of ISCs. Specifically, we constructed colonic organoids derived from
Scrib™EC and Scrib™ mice that had been treated with DSS. The ability of cells derived from Scrib*E€ mice to
form organoids was significantly impaired compared to that of cells derived from Scrib” mice (Fig. 4D). We
also performed immunofluorescent (IF) staining of these organoids, demonstrating that the expression of both
Ki67 and E-cadherin was significantly decreased in the colonic organoid derived from Scrib*™=C mice compared
to those derived from Scrib™ mice (Fig. 4E). Next, we extracted proteins from the organoids and found that the
levels of c-Myc, a key regulator of events downstream of the Wnt signaling pathway, were significantly decreased
in Scrib*E€ organoids compared to Scrib”! organoids (Fig. 4F). Together, these data suggested that Scribble dele-
tion in IECs attenuates crypt stem cell proliferation in DSS-induced colitis.

Loss of Scribble in IECs permits the accumulation of ROS as a result of decreased autophagy
signaling

Elevated ROS levels are known to decrease the number and quality of hematopoietic stem cells and muscle stem
cells; oxidative stress plays an important role in apoptosis induction under both physiologic and pathologic
conditions®. Therefore, we examined whether ROS levels in crypt cells are altered by the selective deletion of
Scribble. For this assay, we incubated crypt cells from mice with DSS-induced colitis with 2',7'-dichlorofluores-
cein diacetate (DCFH-DA), a dye that serves as a cell-permeable redox probe. Following entry into the cells,
the parent chemical is oxidized to the fluorescent compound DCF upon exposure to ROS. As we hypothesized,
fluorescence in DCFH-DA-exposed crypt cells derived from DSS-induced Scrib®E€ mice was significantly higher
than that in the DSS-induced control mice (Fig. 5A), indicating that Scrib®€ cells have elevated ROS levels. To
determine whether impaired intestinal stem cell properties are related to the accumulation of ROS, we incubated
organoid cultures with N-acetyl-L-cysteine (NAC, 100 uM), a known ROS scavenger. NAC promoted the growth
of intestinal organoids (Fig. 5B), indicating that the accumulation of ROS inhibits the self-renewal of ISCs. Col-
lectively, these data showed that ROS play a key role in Scribble-mediated colitis.

Next, we explored the mechanism by which Scribble knockout leads to ROS accumulation. Specifically , we
investigated whether autophagy, a form of programmed death, is capable of limiting ROS accumulation by elimi-
nating damaged or redundant mitochondria®. Autophagy is essential for maintaining intestinal homeostasis,
proper intestinal immune response, and antimicrobial effects; abnormal autophagy can lead to the development
of IBD*. We speculated that Scribble may influence the development of IBD by regulating autophagy. Consistent
with this hypothesis, the expression of LC3, a marker of the autophagy, in gastrointestinal tissues was significantly
decreased in Scrib®'E¢ mice compared to Scrib mice (Fig. 5C). Moreover, the expression (at both the RNA and
protein level) of autophagy-related genes in the crypt cells of Scrib®™E€ mice was significantly attenuated compared
to that in Scrib™ mice, including the genes encoding LC3, Atgl6L1, Atg5, Atg7, and (strikingly) p-Atgl6L1, a
recently proposed marker of autophagy (Fig. 5D-E). A similar effect was observed for the conversion of LC3B-I
to LC3B-II (Fig. 5E), a process known to be essential to autophagy™ .

As a further test of the potential effect of Scribble on autophagy, we isolated IECs from the colons and sub-
jected these cells to autophagy-inducing conditions consisting of culturing for 6 days following by incubation
for 24 h in the presence of 100 ng.mL lipopolysaccharide (LPS). Western blotting analysis of the resulting cells
revealed that the induced Scrib®™¢ IECs exhibit significantly decreases in the LC31I/LC3I ratio and in Atgl16L1
compared to similarly treated Scrib™ cells (Supplementary Fig. 4A,B). Moreover, when SW480 cells (a human
colon adenocarcinoma line) were engineered to overexpress of Scribble and then exposed to rapamycin (Rapa;
100 uM for 4 h, a condition known to induce autophagy*’), the LC3II/LC3I ratio was elevated (compared to
that in rapamycin-exposed control SW480 cells) (Supplementary Fig. 4C). Together, these results implied that
knockout of Scribble inhibits autophagy.

To further verify whether the accumulation of ROS in Scrib®C cells reflects defects in autophagy, we induced
autophagy in colonic organoids by incubation (at Day 5 of growth) with Rapa for 10 h. MitoSOX, a red mito-
chondrial fluorescence probe, then was used to assess the level of ROS in organoids in which autophagy had
been induced. Notably, in the absence of Rapa exposure, organoids derived from Scrib*'F¢ mice accumulated
significantly higher levels of ROS than did those derived from Scrib? mice. However, when the organoids were
treated with Rapa, the ROS signal in Scrib*EC-derived organoids was significantly reduced (compared to no Rapa
exposure), such that the difference between Scrib*E¢- and Scrib™-derived organoids was no longer significant
(Fig. 5F). Together, theses results demonstrated that Scribble knockout causes dysregulation of autophagy, leading
to the accumulation of ROS and (in turn) affecting the function of crypt cells.
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«Figure 3. Loss of Scribble in IECs impairs epithelial barrier integrity in DSS-induced colitis. Scrib™ and
Scrib™EC mice (8 weeks old) were provided with free access to drinking water containing 2.5% DSS; after 7 days,
the animals were euthanized. (A) Representative images of fluorescence from FITC-dextran accumulation in the
surface of the colon mucosa and graph of data for the level of FITC-dextran in serum. (B) Immunofluorescence
(IF) staining for the epithelial marker E-cadherin (green) in the surface of the colon mucosa, both alone and
merged with DAPI staining for DNA (blue). (C) Left: Expression of tight junction proteins (E-cadherin and
occludin-1) and Scribble in colon tissues, as assessed by western blot using antibodies against the respective
proteins. The levels of Hsp90, a housekeeping protein, were measured as a loading control. Right: Graph of
data for relative protein expression, as obtained by measuring (using ImageJ) the band intensity in the western
blot; values were normalized to those for the Hsp90 loading control in the respective lane. (D) Representative
transmission electron microscope (TEM) images of tight junctions in colon epithelial cells. Images on the right
are enlarged from the boxes indicated in the images on the left. (E) TUNEL assay for colon tissue of mice. Left:
Representative images of TUNEL staining (green) in the surface of the colon mucosa, both alone and merged
with DAPI staining for DNA (blue). Right: Graph of data for TUNEL staining. (F) The expression of caspase-3,
both full-length and cleaved (C-caspase-3) in colonic crypt cells, as assessed by western blot using antibodies
against the respective proteins. The levels of Hsp90, a housekeeping protein, were measured as a loading control.
Left: Immunoblot. Center and right: Graphs of data for protein expression, as obtained by measuring (using
Image]) the band intensity in the western blot. The center graph shows values normalized to those for the Hsp90
loading control; the right graph shows ratio of cleaved:intact caspase-3. Data are presented as mean + SEM;
comparisons were conducted by two-tailed unpaired Student’s t-test. *p <0.05, **p <0.01, **p <0.001, n.s. no
significant.

Scribble binds to Atgl6L1 in an LRR domain-dependent manner, thereby inhibiting Atg16L1
degradation
The above results demonstrated that Atgl6L1 expression is significantly decreased in Scrib®®° mice. That obser-
vation is consistent with previous work showing the functional and clinical importance of ATG16L1 (the human
homolog) in controlling intestinal epithelial homeostasis and inflammatory immune responses*"*?. Therefore, we
hypothesized that Scribble may influence autophagy by directly regulating Atg16L1. To further assess whether
Scribble regulates Atgl6L1 accumulation, a human colon cancer cell line (HCT116) engineered to overexpress
Scribble was exposed to cycloheximide (CHX), an inhibitor of translation. We found that Atgl6L1 protein had
a longer half-life in Scribble-overexpressing cells than in control cells (Fig. 6A), which suggested that Scribble
stabilizes the ATG16L1 protein. Protein degradation is mediated by pathways include ubiquitination-, protea-
some- and caspase-dependent pathways. To identify the mechanism whereby Scribble affects the stability of
Atgl6L1, we first knocked down Scribble in HCT116 using a gene-specific small interfering RNA (siRNA), and
then treated cells for 4 h with MG132, a known inhibitor of the proteasomal pathway. Notably, Scribble knock-
down did not affect the proteasomal degradation of ATG16L1 (data not shown). Other work has shown that
a specific mutation of the AtgI6L1 gene (the Atgl61173%4 risk variant) renders the protein highly susceptible
to proteolytic degradation by caspase 3'®!7. To address the possible role of caspase-mediated degradation in
the Scribble-dependent stabilization of Atgl6L1, HCT116 was engineered to harbor a Scribble overexpression
plasmid (or the empty vector control), pretreated for 1 h with 10 uM zVADfmk (a caspase inhibitor) or the
vehicle control (dimethyl sulfoxide; DMSO), and then stimulated with varous concentrations of tumor necrosis
factor (TNF) in the presence of CHX. In this model, Scribble overexpression inhibited the induction of Atg16L1
degradation by TNF; notably, the difference was eliminated by the addition of the caspase inhibitor. This result
demonstrated that Scribble inhibits degradation of Atgl6L1 by the caspase-dependent pathway (Fig. 6B).
Although Scribble is not known to possess any intrinsic enzymatic activity, the protein contains many critical
domains that facilitate binding to other proteins. Co-immunoprecipitation (co-IP) of lysates from 293 T cells
engineered to overexpress FLAG-tagged Scribble or Atgl6L1 revealed that Scribble physically interacts with
Atgl6L1 (Fig. 6C). Subsequent in vitro pull-down assays using different hemagglutinin (HA) tagged-subdomains
of the Scribble protein (designated here as A, LRR domain; B, LAPSD domain, C, PDZ domains; or D, C-terminal
domain) indicated that Atgl6L1 binds to the LRR domain of Scribble (Fig. 6D and E). These observations sug-
gested that Scribble binds to Atgl6L1 in a LRR domain-dependent manner to inhibit the caspase-mediated
degradation of Atgl6L1.

Dietary sphingomyelin (SM) alleviates DSS-induced colitis and increases the expression of
Scribble and autophagy-related genes

Food intake is known to be an important factor in the development of IBD. Studies have shown that intake of
fruits and vegetables can decrease the risk of IBD**. We sought to explore what nutrients may have a mitigat-
ing effect on IBD. In a preliminary screen, we noted that sphingomyelin (SM) may ameliorate IBD (data not
shown). SM, an animal membrane sphingolipid, is found primarily in milk, eggs, and soybeans*!. SM and its
metabolites exhibit a variety of biological activities, including the regulation of cell growth, differentiation,
senescence, and apoptosis®®. Recent studies have shown that dietary SM suppresses aberrant colonic crypt foci
and lipid absorption***. To validate sphingomyelin’s possible role in counteracting DSS-induced colitis, mice
were maintained on either of two diets: a control diet (AIN-93) or the same diet modified to contain 0.1% (wt/
wt) milk SM (MSM; Avanti Polar Lipids). Following 1 week on either of these diets, mice were provided with
7 days of free access to drinking water neat or containing 2.5% DSS (Supplementary Fig. 5). Mice of the DSS+SM
group displayed attenuation of weight loss, decreased DAI scores, longer colon lengths, and more-complete colon
structure (as assessed by histopathology) than did with control (no SM) DSS mice (Fig. 7A-D) These results
indicated that dietary SM ameliorates DSS-induced colitis.
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«Figure 4. Loss of Scribble in IECs disrupts the function of crypt stem cells in DSS-induced colitis. Mice were
provided with 7 days of free access to drinking water containing 2.5% DSS and then were euthanized for tissue
collection. (A) IHC was performed to assess the expression of Ki67 in colon cells; the relative intensity of Ki67*
cells was measured using Image]. Left: Representative images of staining. Right: Graph of the relative intensity
of staining for Ki67. (B) The levels of selected mRNAs (encoding markers of proliferation and stemness) in
colon crypt cells were determined by qRT-PCR. (C) The expression of Wnt signaling-related proteins in colonic
crypt cells were assessed by western blotting. Left: Representative blot strips following hybridization with
antibodies against the indicated protein. Hsp90 was used as a loading control. Right: Plot of relative protiein
levels as determined by western blotting; values were normalized to those of the loading control in the respective
sample. (D) Left: Representative images of colon organoids derived from colonic crypts that had been isolated
(on Day 7) from DSS-treated mice and subsequently cultured in vitro for 6 days. Right: The diameters of the
resulting organoids were measured using Image]J. (E) Representative images of IF staining for E-cadherin and
Ki67 in colonic organoids derived from mice of the indicated genotypes. Left: staining for E-cadherin; center,
staining for Ki67 (green); right, merged images. (F) The expression of c-Myc in colonic organoids was detected
by western blotting. Representative blot strips are shown for membranes hybridized with antibodies against
c-Myc and Hsp90 (loading control). Values between the strips correspond to relative c-Myc expression following
normalization to values for the loading control in the respective sample. For all plots, data are presented
as mean + SEM; comparisons were conducted by two-tailed unpaired Student’s t-test. *p <0.05, **p <0.01,
*p<0.001.

To explore the mechanism of SM’s alleviation of colitis symptoms, we performed RNA-seq analysis on colonic
tissue samples. Gene Ontology (GO) term analysis of the expression profiles indicated that the levels of transcripts
encoding colonic inflammatory signals and cell junction proteins were significantly altered in DSS + SM animals
compared to the control (no SM) DSS mice (Fig. 7E). Specifically, compared to control DSS animals, DSS + SM
mice exhibited significantly decreased levels of the transcripts encoding pro-inflammatory cytokines including
those for IL-1p, IL-6, and IFN-y (Supplementary Fig. 6A,B). In contrast, the levels of transcripts encoding com-
ponents of TTs, including the key genes CDH1, ZO-1, and Scribble, were significantly elevated in the DSS + SM
mice compared to the control DSS animals; notably, the expression of Scribble was increased approximately
fivefold in SM-fed mice (Fig. 7F). Western blot analysis confirmed the effects on Scribble expression, showing
that also showed that the protein accumulated to significantly higher levels in DSS + SM mice (compared to
control DSS animals) (Fig. 7G). Next, these experiments were extended to in vitro cultures (using HT29 and
HCT116 cell lines) in which autophagy was induced (by exposure to 100 ng/mL LPS). For LPS-exposed cells,
growth in the presence of SM resulted in dose-dependent manner increases in Scribble expression (compared
to induced cells grown without SM supplementation) (Supplementary Fig. 6C,D). These studies indicated that
SM alleviates DSS-induced inflammation in mice and increases the expression of T] proteins, notably includ-
ing Scribble. Perhaps more importantly, we observed that the increase in Scribble levels was accompanied by a
significant increase in the expression of autophagy-related genes (Fig. 7H), further confirming the correlation
between Scribble and autophagy.

Discussion

In the present study, we demonstrated that Scribble deficiency aggravates colitis by inhibiting autophagy, a
process otherwise is used by the cell to respond to oxidative stress; the decrease in autophagy leads, in turn, to
loss of integrity of the intestinal barrier, as shown schematically in Fig. 8. Our results indicate that Scribble may
serve as a novel marker for maintenance of the intestinal barrier.

IBD seriously affects the quality of life of patients. The identification of effective targets for the screening,
diagnosis, and treatment of IBD are expected to benefit the clinical treatment of patients with IBD. The intes-
tinal epithelium is a single-cell layer that constitutes the most important "barrier" to the external environment;
proteins currently used as biomarkers of intestinal barrier deficiency in IBD include Occludin, E-cadherin and
so on. The intestinal epithelium is thought to maintain its integrity via a set of protein—protein complexes that
contribute to the formation of a permeable barrier*. The polarity protein Scribble, an evolutionarily conserved
protein belonging to the LAP (LRR and PDZ) family, plays a crucial role in the establishment of cell polarity and
also is known to contribute to maintaining normal function of epithelia. In the present study, we evaluated the
role of Scribble in the function of the intestinal barrier, using an in vivo model (DSS-induced colitis), in vitro
cell culture, and intestinal organoids. Notably, these organoids have evolved as valuable tools for studying the
regeneration function of the intestinal barrier. Our results indicated that Scribble is associated not only with the
maintenance of intestinal integrity, but also with the regenerative functions of the colonic epithelium. We there-
fore sought to explore the possible mechanisms whereby Scribble contribute to intestinal epithelial homeostasis
and to the repair of intestinal epithelial damage in IBD.

Autophagy is an evolutionarily well-conserved recycling process that is employed by cells in response to stress
conditions, including ROS accumulation. Previous studies have shown that autophagy becomes dysregulated
deleted for the genes encoding the autophagy proteins Atgl6L1, beclin-1, or LC-3B. Other work has shown
that normal levels autophagy are critical to the pathology of colitis. In the present work, we demonstrated that
Scribble expression is decreased (at both the RNA and protein levels) in mouse model of DSS-induced colitis,
suggesting Scribble plays a critical role in IBD. Further experiments revealed that selective deletion of Scribble in
IECs leads to ROS accumulations, with subsequent IEC death and impaired ISC function, thereby disrupting the
integrity of the intestinal barrier. Autophagy is considered the primary mechanism for removing ROS in cells®.
We speculated that inhibition of autophagy may promote the accumulation of ROS in intestinal inflammation.
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«Figure 5. Loss of Scribble in IECs is associated with the accumulation of ROS and depletion of components of
the autophagy signaling pathway. Colitis was induced by providing mice with 7 days of free access to drinking
water containing 2.5% DSS; animals then were euthanized, colons were recovered, and colonic crypt cells were
isolated. (A) Histograms (left) and MFI quantification (right) of ROS. (B) Left: Representative images of colonic
organoids derived from tissues of DSS-treated mice were cultured for 5 days in the absence and presence of the
antioxidant N-acetyl-1-cysteine (NAC). Right: The diameter of the resulting organoids were measured using
Image]. (C) Representative images of vertical sections of colon samples follwing immunofluorescence (IF)
staining for LC3 (green; left column) alone or merged with staining for DNA (DAPI; right column). (D) Relative
mRNA levels of Scribble and autophagy-related genes in colonic crypt cells, as assessed by QRT-PCR. Values
were normalized to those of a housekeeping gene. (E) The levels of Scribble and autophagy-related proteins was
assessed by western blotting. Left: Representative blot strips following hybridization with antibodies against the
respective proteins. Hsp90 was used as a loading control. Right: Relative expression as determined using Image].
Values were normalized to thatof the loading control (Hsp90) in the respective sample. (F) Colonic organoids
were incubated (for 10 h on Day 3) in the absence (Control) or presence (Rapa) of 100 uM rapamycin. The
organoids then were exposed to the MitoSOX dye probe. Left: Representative images of red fluorescence,
photographed using an inverted microscope. Right: The fluorescence intensities of the organoids were measured
and analyzed using Image]J. For all plots, data are presented as mean + SEM; comparisons were conducted by
two-tailed unpaired Student’s t-test. *p <0.05, **p <0.01, ***p <0.001, n.s. no significant.

Consistent with that hypothesis, our work revealed that Scribble deficiency resulted in depletion of Atgl6L1, a
key autophagy protein, reflecting decreased stability of the Atgl6L1 protein. We further demonstrated that this
decrease in stability resulted from increased caspase3-dependent degradation of the autophagy protein, a process
normally impeded by the direct binding of Scribble to Atgl16L1. Consistent with this inference, overexpression or
knockdown of Scribble did not affect the ubiquitination of Atgl6L1. A recent study in Arabidopsis also reported
that 14-3-3, another polarity protein, contribute to autophagy by modulating degradation of an autophagy-related
protein (ATG13), a process mediated by the SINAT E3 ubiquitin ligases*®. Thus, our finding supports the idea
that polarity proteins like Scribble may serve as molecular adaptors that help regulate autophagy by binding key
components of the autophagy machinery (in this case, AtgL161) in tissues experiencing stress and inflammation.
Thus, Scribble can be assigned a new function based on its ability to regulate the autophagy pathway.

We infer that Scribble contributes to IBD via Scribble’s regulatory role in autophagy. Furthermore, we dem-
onstrated, using our in vivo model, that dietary supplementation with SM ameliorates the effects of DSS-induced
colitis, and that this effect is mediated by increases in Scribble expression; these effects were confirmed using cell
culture experiments. These observations suggest that targeting Scribble may provide a new treatment for colitis.
However, our work also raises several issues. For instance, given the variety of sphingolipid structures, further
work will be necessary to identify compounds that provide the greatest therapeutic effects. Additionally, the
mechanism whereby SM potentiates Scribble expression needs to be elaborated. Our experiments also showed
exposure to SM enhances the growth of organoids and facilitates the Wnt pathway (Supplementary Fig. 7A-C).
It remains to be seen whether SM alleviates intestinal inflammation primarily via the Scribble-Atgl6L1 axis
or by other regulatory mechanisms. Finally, although we confirmed that Scribble stabilizes Atgl6L, inhibiting
caspase-dependent degradation of this autophagy protein, the mechanism of this inhibition is unknown. Other
research has shown that IKKa protects Atgl6L1 from caspase-dependent degradation by phosphorylating the
autophagy protein at Ser278%. Further experiments will be needed to determine whether Scribble inhibits the
Atgl6L1 degradation by increasing IKKa-mediated phosphorylation of this target.

In conclusion, we provided the first (to our knowledge) demonstration that a polarity protein, Scribble,
ameliorates IBD by autophagy-dependent sequestration of oxidative stress. Notably, the selective deletion of
Scribble in IECs leads to abnormal autophagy, resulting in IEC death and decreased self-renewal and repair by
ISCs, leading in turn to compromised integrity of the intestinal barrier and enhancement of colitis (Fig. 8). Fur-
thermore, we demonstrate that SM, a key nutrient in eggs and milk, counteracts the development of colitis, an
effect that may be mediated by increased expression of Scribble. We propose that Scribble may serve as a marker
of the intestinal barrier status, an inference that may find application in the etiology, diagnosis, and treatment
of IBD and related conditions.

Methods

Mice and mouse models

All mice were maintained in a specific pathogen-free (SPF) facility and all experimental procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) of the Shanghai Institute of Nutrition
and Health (SINH) (Shanghai, China) and complied with the relevant guidelines for the care and use of experi-
mental animals. To generate Scrib®'EC mice, Scribblef/°x (Scrib™) mice were crossed with Villin-cre mice that
express the Cre enzyme under control of the Villin promoter°.

For the dextran sulfate sodium (DSS) -induced colitis model, Scrib® ™€ and Scrib? mice (8- to 12-week-old
males) were provided with free access to drinking water containing 2.5% DSS (MW =36-50 kD; MP Biomedi-
cals, Santa Ana, CA, USA) for 7 days. Mouse weight and rectal bleeding were assessed daily. Colon length was
measured following euthanasia. The disease activity index (DAI) and histological scoring were performed as
described previously®’.
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Figure 6. Scribble binds Atg16L1 in a LRR domain-dependent manner, thereby stabilizing Atg16L1
degradation. (A) Left: HCT116 cells were transfected with vector (Control) and Scribble-encoding plasmids,
then incubated with the protein synthesis inhibitor cycloheximide (CHX, 100 ug/mL) for the indicated times;
cells then were lysed, and the levels of Scribble and Atg16L1 were assessed by western blot. Representative
images of blot strips are provided. Hsp90 was used as a loading control. Right: Relative intensities of band
staining were measured and analyzed using Image]J. Values were normalized to those of the loading control

in the respective sample. (B) HeLa cells were transfected with vector (Control) or Scribble-encoding

plasmids. Transfected cells were subjected to 1-h pretreatment with vehicle (DMSO) or 10 pM pan-caspase
inhibitor (ZVADfmk), then stimulated for 3 h with TNF in the presence of 10 ug/mL of the protein synthesis
inhibitor cycloheximide (CHX). The cells then were lysed and the levels of Scribble, full-length Atgl6L1, and
proteolytically cleaved protein (Cl-Atgl6L1) were assessed by western blot. Representative blot strips are shown;
Hsp90 was used as a loading control. (C) Flag-tagged SCRIB (Flag-SCRIB) or Flag-tagged ATG16L1 (Flag-
ATG16L1) was expressed in 293 T cells. Cells then were lysed and subjected to immunoprecipitation (IP) using
anti-Flag-tag antibody. Proteins present before (Input) and after IP were visualized by western blotting with
antibodies against the indicated proteins; representative images of blot strips are shown. —and + indicate the
absence and presence (respectively) of the indicated Flag-tagged protein. (D) Schematic showing the full-length
Scribble protein, and the four separate hemagglutinin (HA) -tagged Scribble subdomains (A: LRR, B: LAPSD,
C: PDZ, D: C-terminal domain). (E) 293 cells already expressing Flag-tagged ATG16L1 (Flag-ATG16L1) were
transfected with vector control (V) or plasmids encoding the indicated HA-tagged SCRIB protein domains.
Cells then were lysed and subjected to immunoprecipitation (IP) using anti-Flag-tag antibody. Proteins

present before (Input) and after IP were visualized by western blotting with anti-Flag-tag antibodies (to detect
ATGI16L1; smaller rectangular strips) or with anti-HA antibodies (larger square blots). Representative images of
blots and strips are shown. The positions of size markers (in kDa) are shown to the right.
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Histopathology, immunohistochemistry (IHC), immunofluorescence (IF), and TUNEL assay
To assess DSS-induced damage, formalin-fixed and paraffin-embedded murine colon tissue was sectioned
(5-um thicknesses) and stained with hematoxylin and eosin (H&E) stainby standard methods. For IHC stain-
ing, processing, sectioning, and staining were performed as described previously®?; IHC employed antibodies
directed against Ki67 (NBP1-40684, Novus). For IF staining, the primary antibodies were as follows: anti-LC3A/B
(#12741, CST), anti-F4/80 (#70076, CST), anti-Ly-6G (#68590, CST), anti-E-cadherin (#14472, CST), and anti
-c-Myc (#13987, CST). For the TUNEL assay, staining was performed using the TUNEL FITC Apoptosis Detec-
tion Kit (A111-01, Vazyme Biotech Co., Ltd., China) according to the manufacturer’s protocols.

ROS staining by flow cytometry
For detecting ROS levels, crypt cells were incubated with CM-H2DCFDA (10 mM; C6827, Life Technologies), a
cell-permeable detector of ROS. After incubation, the level of ROS was measured by flow cytometry (Beckman
Coulter, CytoFlex LX). Gate strategy of ROS was used FITC; Histogram.

To quantify fluorescence, mean fluorescence intensity (MFI) of ROS staining was determined and analyzed
using FlowJo software (v10.8.1). The mean value was used for subsequent statistical analysis.

Colon organoid culture

Using sterile technique, 6- to 8-week-old Scri and Scrib™ mice were euthanized by intraperitoneal injection
with 1.25% 2,2,2-tribromoethanol (0.2 mL/10 g of body weight). The colons then were recovered and any fecal
material was removed by flushing with phosphate-buffered saline (PBS). The entire colon was turned over to make
the crypt outward, then rinsed three times with cold PBS containing 2% (vol/vol) penicillin and streptomycin
(Gibco™, 15140163, 10000U/ml). The entire colon was placed in a 5-mL tube filled with 4 mL of Cell Recovery
Solution Buffer (Catalog No. 354253; Corning, NY, USA) and incubated for 30-40 min at 2-8 °C. Subsequently,
the crypt structures were obtained by filtering the digested tissue through 70-pm strainers. The crypt structures
were then washed (via 4 to 5 cycles of centrifugation (2 min at 200 x g at 2-8 °C) and resuspension) in 10 mL
DMEM/F12 (Gibco™, Waltham, MA) supplemented with 1% (vol/vol) penicillin and streptomycin (Gibco™,
15140163, 10000U/ml), 1% Glutamax (Gibco™), and 1% (vol/vol) 4-1-piperazineethanesulfonic acid (HEPES)
buffer (1 M, Gibco™), until remained clear after centrifugation. The crypts were counted and resuspended in
Matrigel (354,230, BD) to a density of ~ 600 organoids/mL, then seeded in prewarmed 24-well culture plates at
500 pL/well. After incubation at 37 °C for 10 min, the Matrigel was completely solidified, and colon organoid
complete medium (consisting of a 1:1 mixture of DMEM/F12:L-Wnt3A supernatant supplemented with 20% (vol/
vol) fetal bovine serum (FBS; BI), 1% (vol/vol) penicillin and streptomycin, 500 ng/mL R-Spondin (Catalog No.
3474-RS, R&D), 50 ng/mL epidermal growth factor (EGF; Catalog No. 50482-M01H, Sino Biological Co., Ltd.,
China), 100 ng/mL Noggin (Catalog No. 250-38-20, Peprotech), and 10 uM Y-27632 (Catalog No. 1254, Tocris))
was added at 500 pL/well. The plates then were incubated at 37 °C for the indicated times, and the resulting
organoids were collected for analysis by western blot or IE. For the N-acetyl-L-cysteine (NAC) treatment, NAC
(Sigma-Aldrich) was added to the growth medium to a final concentration of 100 uM on Day 1. For rapamycin
(Rapa; MCE (Med Chem Express), Rapa was added to the growth medium to a final concentration of 100 uM
on Day 5. Six hours later, organoids were incubated with MitoSOX Red probe (5uM; Invitrogen). The L-Wnt3A
cell line, which overexpresses Wnt3A, was purchased from Shanghai Fuxiang Biotechnology Co., Ltd.

hAIEC bf/f

Isolation of intestinal epithelial cells (IECs)

Four-week-old Scrib*E¢ and Scrib” mice were euthanized and the colons were recovered, cut into fragment,
and washed 4-5 times with PBS (room temperature). The cleaned pieces then were resuspended in a digestion
solution consisting of DMEM medium supplemented with 5% (vol/vol) FBS, 0.8m g/mL collagenase XI (Sigma),
4 ug/mL dispase (BD Biosciences, San Jose, CA), and 2% (vol/vol) penicillin and streptomycin and incubated
for 3-4 h at 37 °C. The digested mixture was centrifuged for 5 min at 300 xg and rinsed 5 times with cold wash
buffer (DMEM medium supplemented with 2.5% (g/vol) D-sorbitol (Sigma), 2% (vol/vol) penicillin and strep-
tomycin, and 20% (vol/vol) FBS). The resulting isolated IECs were seeded on Matrigel-coated 6-well plates and
cultured in IEC growth medium (DMEM/F12 supplemented with 1% (vol/vol) insulin mix, 2.5% (vol/vol) FBS,
and 2% (vol/vol) penicillin and streptomycin). For lipopolysaccharide (LPS; LPS from E. coli 0111: B4, L2630,
Sigma-Aldrich) treatment, IECs were cultured for 4-5 days before the addition of LPS to a final concentration
of 100 ng/mL; the plates then were incubated at at 37 °C for the indicated time.

Colon epithelial permeability assay

Scrib™EC and Scrib” mice that had been treated with DSS (to induce colitis) were administered by oral gavage
(PO) with fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich Cas#60842-46-8) at 0.6 mg/g body weight;
4 h later, animals were euthanized and colon tissue and serum were collected. Colon tissue was frozen and cryo-
sectioned for use in the assay. Serum was subjected to various dilutions in PBS and distributed to a 96-well plate
at 100 uL/well. The FITC content of the serum was determined by a fluorometer (excitation 490 nm, emission
520 nm) to measuring fluorescence in the dark.

Immunoprecipitation (IP)

IP was performed as described previously™. Briefly, 293 T cells (ATCC, cultured using DMEM medium with
10% FBS in a 37 °C incubator) were transfected with the indicated plasmids and harvested 24-48 h later. Cells
then were combined with IP Lysis Buffer (25 mM Tris-HCI (pH 7.4), 150 mM NacCl, 1% (vol/vol) NP-40, 1 mM
EDTA, 5% (vol/vol) Glycerol) and incubated for 30 min at 4 °C. The resulting lysates were incubated with
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«Figure 7. Dietary sphingomyelin (SM) alleviates DSS-induced colitis and is associated with increased
expression (RNA and protein) of Scribble and autophagy-related genes. Colitis was induced in C57BL/6 mice
by maintenance on DSS-containing water without or with sphingomyelin (SM) dietary intervention, and
animals were euthanized on Day 14. Control mice were maintained on drinking water neat without dietary
intervention. (A) Relative body weights (normalized to baseline). (B) DAI scores. (C) Left: Representative
images of colons from experimental animals. Right: Graph of colon length data in the three groups. (D) Left:
Representative images of H&E-stained colon tissue. Right: Graph of histological scores. (E) RNA was extracted
from colon tissue and subjected to RNA-seq analysis. The graph shows the results of Gene Ontology (GO)
annotation analysis from the comparison of DSS mice vs. DSS + SM animals. (F) RNA expression of Scribble
and of the tight junction related genes CDHI and ZO-1 was assessed by qRT-PCR. Values were normalized
against the expression of a housekeeping gene. (G) Protein isolated from the colon tissue of DSS and DSS + SM
mice was assessed for Scribble levels by western blotting. Left: Representative blot strips following hybridization
with anti-Scribble antibody. Hsp90 was used as a loading control. Right: Blot band intensities were quantified
and analyzed using Image]J. Values were normalized to those of the loading control in the respective sample.
(H) RNA was extracted from colon tissue and subjected to qRT-PCR analysis to assess transcript levels of the
autophagy-related genes Atgl6L, Atg7, Atg5, and Atg3 were detected by qRT-PCR. Values were normalized to
those of a housekeeping transcript in the respective samples. For all plots, data are presented as mean + SEM;
comparisons were conducted by two-tailed unpaired Student’s t-test. *p <0.05, **p <0.01, ***p <0.001.
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Figure 8. Proposed model for Scribble-mediated attenuation of ROS-induced damage to the colon. The
polarity protein Scribble ensures normal levels of autophagy in intestinal cells by stabilizing the autophagy-
related protein Atgl6L1. Conversely, the deletion of Scribble in IECs leads to attenuation of autophagy, resulting
in the accumulation of excess reactive oxygen species (ROS), and leading in turn to compromised intestinal
barrier integrity and increased inflammation.

pull-down hemagglutinin (HA) -conjugated beads (or with control beads) for 1 h at 4 °C. Following incubation,
the supernatant was discarded and the beads were washed 3 times with IP Wash Buffer (50 mM Tris (pH7.5),
274 mM NaCl, 1% (vol/vol) Triton X-100, 5 mM EDTA, 10% Glycerol, 10 mM NaF). The Wash Buffer then was
discarded, and the beads were resuspended in 30 pL IP Lysis Buffer and 30 pL 2 x Loading Buffer and incubated
for 10 min at 100 °C to release the proteins. The resulting samples were stored frozen at — 20 ‘C pending analysis
by western blot.
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Western blot analysis

Western blot analysis was performed as described previously>*. Before hybridization with the primary antibody,
each of the protein bands were cut from the whole membranes according to the predicted size of actual proteins
by prestained protein marker (Shanghai YaMei Biomedical Technology Co., LTD.), and a bright-field image and
exposure image of each band were performed with the Tanon Western blot imager (Tanon 5200 Multi). For
the current study, the primary antibodies were as follows: anti-p-NF-kB (Catalog No. 3033, CST), anti-HSP90
(Catalog No. 4875, CST), anti-p-Stat3 (Catalog No. 9145, CST); anti-Scribble (Catalog No. 3193, CST), anti-E-
cadherin (Catalog No. 14472, CST), anti-occludin (Catalog No. 91131, CST), anti-LC3A/B (Catalog No. 12741,
CST), anti-Atgl6L1 (Catalog No. 8089, CST), anti-Atg5 (Catalog No. 12994, CST), anti-Atg7 (Catalog No. 8558,
CST), and anti-p-JNK (Catalog No. 4668, CST). Quantitative analysis of protein levels was obtained by gray-scale
analysis of band intensity using Image] software (version 4.1; National Institutes of Health and the Laboratory
for Optical and Computational Instrumentation (LOCI, University of Wisconsin))*. Relative expression levels
were determined by normalizing protein levels to that of the loading control in the respective sample.

Real time-polymerase chain reaction (PCR) and quantitative reverse transcription-PCR
(gRT-PCR)

Total RNA from cells or tissues was isolated using the Trizol reagent (Takara, Dalian, China) according to the
manufacturer’s protocols. RNA glue (gel imaging) was used to detect its integrity of the extracted RNA, and meas-
ured the concentration of the extracted RNA using a NanoDrop2000 ultra microspectrophotometer and ensured
that the OD260/0OD280 ratio (R) was in the range of 1.8-2.1, which indicate minimal protein contamination of
the RNA. 1 ug RNA was reverse transcribed by using the PrimeScript RT-PCR Kit (Takara Bio) according to the
manufacturer’s instructions. The resulting complementary cDNA then was subjected to real-time PCR using
SYBR Premix Ex Taq (Takara Bio) according to the manufacturer’ instructions. Gene-specific primer sequences
are provided in the Supplementary Table.

Statistical analysis

Statistical analyses were performed using ImageJ and Prism (v. 6.0; GraphPad) software. Comparisons of data
from two groups were conducted using the two-tailed unpaired Student’s t-test. P<0.05 was considered statisti-
cally significant.

Data availability
All data relevant to this study are included in the main article or uploaded as supplementary information. Source
data may be obtained from the corresponding author on reasonable request.

Received: 8 May 2023; Accepted: 17 October 2023
Published online: 26 October 2023

References
1. Molodecky, N. A. et al. Increasing incidence and prevalence of the inflammatory bowel diseases with time, based on systematic
review. Gastroenterology 142, 46-e42; quiz e30. https://doi.org/10.1053/j.gastro.2011.10.001 (2012).
2. Kaplan, G. G. The global burden of IBD: From 2015 to 2025. Nat. Rev. Gastroenterol. Hepatol. 12, 720-727. https://doi.org/10.
1038/nrgastro.2015.150 (2015).
3. Monteleone, G., Fina, D., Caruso, R. & Pallone, F. New mediators of immunity and inflammation in inflammatory bowel disease.
Curr. Opin. Gastroenterol. 22, 361-364. https://doi.org/10.1097/01.m0g.0000231808.10773.8e (2006).
4. Gajendran, M., Loganathan, P, Catinella, A. P. & Hashash, J. G. A comprehensive review and update on Crohn’s disease. Dis. Mon.
64, 20-57. https://doi.org/10.1016/j.disamonth.2017.07.001 (2018).
5. Abraham, C. & Cho, J. H. Inflammatory bowel disease. N. Engl. ]. Med. 361, 2066-2078. https://doi.org/10.1056/NEJMra0804647
(2009).
6. Peterson, L. W. & Artis, D. Intestinal epithelial cells: Regulators of barrier function and immune homeostasis. Nat. Rev. Immunol.
14, 141-153. https://doi.org/10.1038/nri3608 (2014).
7. Camilleri, M., Madsen, K., Spiller, R., Greenwood-Van Meerveld, B. & Verne, G. N. Intestinal barrier function in health and
gastrointestinal disease. Neurogastroenterol. Motil. 24, 503-512. https://doi.org/10.1111/j.1365-2982.2012.01921.x (2012).
8. Barker, N., van de Wetering, M. & Clevers, H. The intestinal stem cell. Genes Dev. 22, 1856-1864. https://doi.org/10.1101/gad.
1674008 (2008).
9. Barker, N. et al. Identification of stem cells in small intestine and colon by marker gene Lgr5. Nature 449, 1003-1007. https://doi.
0rg/10.1038/nature06196 (2007).
10. Tian, H. et al. A reserve stem cell population in small intestine renders Lgr5-positive cells dispensable. Nature 478, 255-259.
https://doi.org/10.1038/nature10408 (2011).
11. Nusse, R. & Clevers, H. Wnt/beta-catenin signaling, disease, and emerging therapeutic modalities. Cell 169, 985-999. https://doi.
0rg/10.1016/j.cell.2017.05.016 (2017).
12. Kinchen, J. et al. Structural remodeling of the human colonic mesenchyme in inflammatory bowel disease. Cell 175, 372-386 €317.
https://doi.org/10.1016/j.cell.2018.08.067 (2018).
13. Mizushima, N. & Komatsu, M. Autophagy: Renovation of cells and tissues. Cell 147, 728-741. https://doi.org/10.1016/j.cell.2011.
10.026 (2011).
14. Nguyen, H. T, Lapaquette, P., Bringer, M. A. & Darfeuille-Michaud, A. Autophagy and Crohn’s disease. J. Innate Immun. 5, 434-443.
https://doi.org/10.1159/000345129 (2013).
15. Lapaquette, P, Nguyen, H. T. & Faure, M. Regulation of immunity and inflammation by autophagy: << All is well, all is fine, all
goes as well as possible>>. Med. Sci. (Paris) 33, 305-311. https://doi.org/10.1051/medsci/20173303018 (2017).
16. Lassen, K. G. et al. Atgl6L1 T300A variant decreases selective autophagy resulting in altered cytokine signaling and decreased
antibacterial defense. Proc. Natl. Acad. Sci. 111, 7741-7746. https://doi.org/10.1073/pnas.1407001111 (2014).
17. Murthy, A. et al. A Crohn’s disease variant in Atgl6l1 enhances its degradation by caspase 3. Nature 506, 456-462. https://doi.org/
10.1038/nature13044 (2014).

Scientific Reports |

(2023) 13:18327 | https://doi.org/10.1038/s41598-023-45176-2 nature portfolio


https://doi.org/10.1053/j.gastro.2011.10.001
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1097/01.mog.0000231808.10773.8e
https://doi.org/10.1016/j.disamonth.2017.07.001
https://doi.org/10.1056/NEJMra0804647
https://doi.org/10.1038/nri3608
https://doi.org/10.1111/j.1365-2982.2012.01921.x
https://doi.org/10.1101/gad.1674008
https://doi.org/10.1101/gad.1674008
https://doi.org/10.1038/nature06196
https://doi.org/10.1038/nature06196
https://doi.org/10.1038/nature10408
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1016/j.cell.2018.08.067
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1159/000345129
https://doi.org/10.1051/medsci/20173303018
https://doi.org/10.1073/pnas.1407001111
https://doi.org/10.1038/nature13044
https://doi.org/10.1038/nature13044

www.nature.com/scientificreports/

18. Pott, J., Kabat, A. M. & Maloy, K. J. Intestinal epithelial cell autophagy is required to protect against TNF-induced apoptosis during
chronic colitis in mice. Cell Host Microbe 23, 191-202 e194. https://doi.org/10.1016/j.chom.2017.12.017 (2018).

19. Matsuzawa-Ishimoto, Y. et al. Autophagy protein ATG16L1 prevents necroptosis in the intestinal epithelium. J. Exp. Med. 214,
3687-3705. https://doi.org/10.1084/jem.20170558 (2017).

20. Bryant, P. J. & Huwe, A. LAP proteins: What’s up with epithelia?. Nat. Cell Biol. 2, E141-143. https://doi.org/10.1038/35019616
(2000).

21. Zarbalis, K. et al. A focused and efficient genetic screening strategy in the mouse: Identification of mutations that disrupt cortical
development. PLoS Biol. 2, E219. https://doi.org/10.1371/journal.pbio.0020219 (2004).

22. Nourry, C., Grant, S. G. & Borg, J. P. PDZ domain proteins: Plug and play!. Sci. STKE 2003, RE7. https://doi.org/10.1126/stke.2003.
179.re7 (2003).

23. Young, L. C. et al. An MRAS, SHOC2, and SCRIB complex coordinates ERK pathway activation with polarity and tumorigenic
growth. Mol. Cell 52, 679-692. https://doi.org/10.1016/j.molcel.2013.10.004 (2013).

24. Dai, P, Xiong, W. C. & Mei, L. Erbin inhibits RAF activation by disrupting the sur-8-Ras-Raf complex. J. Biol. Chem. 281, 927-933.
https://doi.org/10.1074/jbc.M507360200 (2006).

25. Albertson, R., Chabu, C., Sheehan, A. & Doe, C. Q. Scribble protein domain mapping reveals a multistep localization mechanism
and domains necessary for establishing cortical polarity. J. Cell Sci. 117, 6061-6070. https://doi.org/10.1242/jcs.01525 (2004).

26. Legouis, R. et al. Basolateral targeting by leucine-rich repeat domains in epithelial cells. EMBO Rep. 4, 1096-1102. https://doi.org/
10.1038/sj.embor.embor7400006 (2003).

27. Norman, M. et al. Loss of Scribble causes cell competition in mammalian cells. J. Cell Sci. 125, 59-66. https://doi.org/10.1242/jcs.
085803 (2012).

28. Elsum, L, Yates, L., Humbert, P. O. & Richardson, H. E. The Scribble-DIg-Lgl polarity module in development and cancer: From
flies to man. Essays Biochem. 53, 141-168. https://doi.org/10.1042/bse0530141 (2012).

29. Humbert, P. O. et al. Control of tumourigenesis by the Scribble/Dlg/Lgl polarity module. Oncogene 27, 6888-6907. https://doi.
org/10.1038/0n¢.2008.341 (2008).

30. Lim, K. Y. B, Godde, N. J., Humbert, P. O. & Kvansakul, M. Structural basis for the differential interaction of Scribble PDZ domains
with the guanine nucleotide exchange factor -PIX. J. Biol. Chem. 292, 20425-20436. https://doi.org/10.1074/jbc.M117.799452
(2017).

31. Zhan, L. et al. Deregulation of scribble promotes mammary tumorigenesis and reveals a role for cell polarity in carcinoma. Cell
135, 865-878. https://doi.org/10.1016/j.cell.2008.09.045 (2008).

32. Stephens, R. et al. The scribble cell polarity module in the regulation of cell signaling in tissue development and tumorigenesis. J.
Mol. Biol. 430, 3585-3612. https://doi.org/10.1016/j.jmb.2018.01.011 (2018).

33. Rescigno, M. The intestinal epithelial barrier in the control of homeostasis and immunity. Trends Immunol. 32, 256-264. https://
doi.org/10.1016/j.it.2011.04.003 (2011).

34. Barker, N. Adult intestinal stem cells: Critical drivers of epithelial homeostasis and regeneration. Nat. Rev. Mol. Cell Biol. 15, 19-33.
https://doi.org/10.1038/nrm3721 (2014).

35. Sato, T. et al. Long-term expansion of epithelial organoids from human colon, adenoma, adenocarcinoma, and Barrett’s epithelium.
Gastroenterology 141, 1762-1772. https://doi.org/10.1053/j.gastro.2011.07.050 (2011).

36. Ravindran, R. et al. The amino acid sensor GCN2 controls gut inflammation by inhibiting inflammasome activation. Nature 531,
523-527. https://doi.org/10.1038/nature17186 (2016).

37. Patel, K. K. et al. Autophagy proteins control goblet cell function by potentiating reactive oxygen species production. EMBO J. 32,
3130-3144. https://doi.org/10.1038/embo;j.2013.233 (2013).

38. Larabi, A., Barnich, N. & Nguyen, H. T. T. New insights into the interplay between autophagy, gut microbiota and inflammatory
responses in IBD. Autophagy 16, 38-51. https://doi.org/10.1080/15548627.2019.1635384 (2020).

39. Hwang, H. J. & Kim, Y. K. The role of LC3B in autophagy as an RNA-binding protein. Autophagy 19, 1028-1030. https://doi.org/
10.1080/15548627.2022.2111083 (2023).

40. Ping, X. et al. Rapamycin relieves the cataract caused by ablation of Gja8b through stimulating autophagy in zebrafish. Autophagy
17, 3323-3337. https://doi.org/10.1080/15548627.2021.1872188 (2021).

41. Cadwell, K. et al. A key role for autophagy and the autophagy gene Atgl6l1 in mouse and human intestinal Paneth cells. Nature
456, 259-263. https://doi.org/10.1038/nature07416 (2008).

42. Hampe, J. et al. A genome-wide association scan of nonsynonymous SNPs identifies a susceptibility variant for Crohn disease in
ATG16L1. Nat. Genet. 39, 207-211. https://doi.org/10.1038/ng1954 (2007).

43. Hibi, T. & Ogata, H. Novel pathophysiological concepts of inflammatory bowel disease. J. Gastroenterol. 41, 10-16. https://doi.
0rg/10.1007/s00535-005-1744-3 (2006).

44. Vesper, H. et al. Sphingolipids in food and the emerging importance of sphingolipids to nutrition. J. Nutr. 129, 1239-1250. https://
doi.org/10.1093/jn/129.7.1239 (1999).

45. Hannun, Y. A. & Obeid, L. M. Principles of bioactive lipid signalling: Lessons from sphingolipids. Nat. Rev. Mol. Cell Biol. 9,
139-150. https://doi.org/10.1038/nrm2329 (2008).

46. Schmelz, E. M. et al. Sphingomyelin consumption suppresses aberrant colonic crypt foci and increases the proportion of adeno-
mas versus adenocarcinomas in CF1 mice treated with 1,2-dimethylhydrazine: implications for dietary sphingolipids and colon
carcinogenesis. Cancer Res. 56, 4936-4941 (1996).

47. Norris, G. H., Porter, C. M., Jiang, C., Millar, C. L. & Blesso, C. N. Dietary sphingomyelin attenuates hepatic steatosis and adipose
tissue inflammation in high-fat-diet-induced obese mice. J. Nutr. Biochem. 40, 36-43. https://doi.org/10.1016/j.jnutbio.2016.09.
017 (2017).

48. Qi, H. et al. 14-3-3 proteins contribute to autophagy by modulating SINAT-mediated degradation of ATG13. Plant cell 34, 4857-
4876. https://doi.org/10.1093/plcell/koac273 (2022).

49. Diamanti, M. A. et al. IKKalpha controls ATG16L1 degradation to prevent ER stress during inflammation. J. Exp. Med. 214,
423-437. https://doi.org/10.1084/jem.20161867 (2017).

50. Madison, B. B. et al. Cis elements of the villin gene control expression in restricted domains of the vertical (crypt) and horizontal
(duodenum, cecum) axes of the intestine. J. Biol. Chem. 277, 33275-33283. https://doi.org/10.1074/jbc.M204935200 (2002).

51. Garrett, W. S. et al. Communicable ulcerative colitis induced by T-bet deficiency in the innate immune system. Cell 131, 33-45.
https://doi.org/10.1016/j.cell.2007.08.017 (2007).

52. Xu, Y. et al. Loss of polarity protein AF6 promotes pancreatic cancer metastasis by inducing Snail expression. Nat. Commun. 6,
7184. https://doi.org/10.1038/ncomms8184 (2015).

53. Wang, Y. et al. PRAF2 is an oncogene acting to promote the proliferation and invasion of breast cancer cells. Exp. Ther. Med. 24,
738. https://doi.org/10.3892/etm.2022.11674 (2022).

Acknowledgements

All study methods were approved by the Institutional Animal Care and Use Committee (IACUC) of the Shanghai
Institute of Nutrition and Health (SINH) (Shanghai, China) (Approval No. SINH-2021-ZLX-3), and were consist-
ent with the relevant institutional and national guidelines for the care and use of animal in biological experiments.

Scientific Reports|  (2023) 13:18327 | https://doi.org/10.1038/s41598-023-45176-2 nature portfolio


https://doi.org/10.1016/j.chom.2017.12.017
https://doi.org/10.1084/jem.20170558
https://doi.org/10.1038/35019616
https://doi.org/10.1371/journal.pbio.0020219
https://doi.org/10.1126/stke.2003.179.re7
https://doi.org/10.1126/stke.2003.179.re7
https://doi.org/10.1016/j.molcel.2013.10.004
https://doi.org/10.1074/jbc.M507360200
https://doi.org/10.1242/jcs.01525
https://doi.org/10.1038/sj.embor.embor7400006
https://doi.org/10.1038/sj.embor.embor7400006
https://doi.org/10.1242/jcs.085803
https://doi.org/10.1242/jcs.085803
https://doi.org/10.1042/bse0530141
https://doi.org/10.1038/onc.2008.341
https://doi.org/10.1038/onc.2008.341
https://doi.org/10.1074/jbc.M117.799452
https://doi.org/10.1016/j.cell.2008.09.045
https://doi.org/10.1016/j.jmb.2018.01.011
https://doi.org/10.1016/j.it.2011.04.003
https://doi.org/10.1016/j.it.2011.04.003
https://doi.org/10.1038/nrm3721
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1038/nature17186
https://doi.org/10.1038/emboj.2013.233
https://doi.org/10.1080/15548627.2019.1635384
https://doi.org/10.1080/15548627.2022.2111083
https://doi.org/10.1080/15548627.2022.2111083
https://doi.org/10.1080/15548627.2021.1872188
https://doi.org/10.1038/nature07416
https://doi.org/10.1038/ng1954
https://doi.org/10.1007/s00535-005-1744-3
https://doi.org/10.1007/s00535-005-1744-3
https://doi.org/10.1093/jn/129.7.1239
https://doi.org/10.1093/jn/129.7.1239
https://doi.org/10.1038/nrm2329
https://doi.org/10.1016/j.jnutbio.2016.09.017
https://doi.org/10.1016/j.jnutbio.2016.09.017
https://doi.org/10.1093/plcell/koac273
https://doi.org/10.1084/jem.20161867
https://doi.org/10.1074/jbc.M204935200
https://doi.org/10.1016/j.cell.2007.08.017
https://doi.org/10.1038/ncomms8184
https://doi.org/10.3892/etm.2022.11674

www.nature.com/scientificreports/

Author contributions

L.Z., X.S. and K.W. conceived and designed the study. X.S. and L.L. wrote the main manuscript text and X.S.
prepared Figs. 1, 2, 3,4, 5, 6, 7, L.L. prepared Figs. 8 and Supplementary Figures. Jiazheng Jiao constructed the
Scribble plasmids encoding the HA-tagged Scribble domains. All authors reviewed the manuscript.

Fundin

The resea?ch in the authors’ laboratory was supported by the following sources: the National Natural Science
Foundation of China (Grant Nos. 82173007 and 81872369 to L.Z.), the Construction Fund of Key Medical Dis-
ciplines of Hangzhou (Grant No. 0020200093 to K.W.), and the Youth Program of the National Natural Science
Foundation of China (Grant No. 82003248 to K.W.)

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-45176-2.

Correspondence and requests for materials should be addressed to L.Z.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:18327 | https://doi.org/10.1038/s41598-023-45176-2 nature portfolio


https://doi.org/10.1038/s41598-023-45176-2
https://doi.org/10.1038/s41598-023-45176-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Scribble deficiency mediates colon inflammation by inhibiting autophagy-dependent oxidative stress elimination
	Results
	Scribble is decreased in IBD patients and mice with DSS-induced colitis
	Loss of Scribble in IECs increases the susceptibility of DSS-induced colitis
	Loss of Scribble in IECs impaires epithelial barrier integrity in DSS-induced colitis
	Loss of Scribble in IECs disrupts the function of crypt stem cells in DSS-induced colitis
	Loss of Scribble in IECs permits the accumulation of ROS as a result of decreased autophagy signaling
	Scribble binds to Atg16L1 in an LRR domain-dependent manner, thereby inhibiting Atg16L1 degradation
	Dietary sphingomyelin (SM) alleviates DSS-induced colitis and increases the expression of Scribble and autophagy-related genes

	Discussion
	Methods
	Mice and mouse models
	Histopathology, immunohistochemistry (IHC), immunofluorescence (IF), and TUNEL assay
	ROS staining by flow cytometry
	Colon organoid culture
	Isolation of intestinal epithelial cells (IECs)
	Colon epithelial permeability assay
	Immunoprecipitation (IP)
	Western blot analysis
	Real time-polymerase chain reaction (PCR) and quantitative reverse transcription-PCR (qRT-PCR)
	Statistical analysis

	References
	Acknowledgements


