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Targeted deletion of Atg5 in intestinal epithelial
cells promotes dextran sodium sulfate-induced

colitis
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Autophagy-associated genes have been identified as susceptible
loci for inflammatory bowel disease. We investigated the role of
a core autophagy factor, Atg5, in the development of dextran
sodium sulfate (DSS)-induced colitis. Intestinal epithelial cell (IEC)-
specific Atg5 gene deficient mice (Atg5£¢ mice) were generated
by cross of Atg5-floxed mice (Atg5™) with transgenic mice
expressing Cre-recombinase driven by the villin promotor. Mice
were given three cycles of 1.5% DSS in drinking water for 5 days
and regular water for 14 days over a 60-day period. The dysfunc-
tion of autophagy characterized by a marked accumulation of p62
protein, a substrate for autophagy degradation, was detected in
epithelial cells in the non-inflamed and inflamed mucosa of
inflammatory bowel disease patients. DSS-colitis was exacerbated
in Atg5£¢ mice compared to control Atg5"" mice. Phosphorylation
of inositol-requiring transmembrane kinase/endonucleasela
(IRE10), a sensor for endoplasmic reticulum stress, and c-Jun N-
terminal kinase, a downstream target of IRE1a, were significantly
enhanced in IECs in DSS-treated Atg5t¢ mice. Accumulation of
phosphorylated IRE1e. was enhanced by the treatment with
chloroquine, an autophagy inhibitor. Apoptotic IECs were more
abundant in DSS-treated Atg5Yt mice. These findings suggest
that Atg5 suppresses endoplasmic reticulum stress-induced
apoptosis of IECs via the degradation of excess p-IRE1o.
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nflammatory bowel disease (IBD), including Crohn’s disease

(CD) and ulcerative colitis (UC), is characterized by chronic
relapsing intestinal inflammation of unknown etiology.!
Degradation and recycling of cellular components is critical for
all eukaryotic cells for the maintenance of cellular homeostasis.
Macroautophagy (hereafter referred to as autophagy) is an
intracellular catabolic system which degrades large cytoplasmic
components, including organelles, protein aggregates and intra-
cellular pathogens, by sequestering these components in auto-
phagosomes characterized by double membrane vesicles and
delivering this cargo for lysosomal degradation.) Recent studies
have revealed that autophagy selectively degrades unwanted
components which are resistant to degradation by the ubiquitin-
proteasome system.® In addition, autophagy regulates rapid
cellular changes essential for development and differentiation.®”
Dysregulated autophagy is involved in the pathophysiology of
various human disorders,® and genome-wide association studies
have identified single nucleotide polymorphisms (SNPs) in the
autophagy-related 16 like 1 (ATGI6L1) gene as a susceptibility
factor for CD.®1

The endoplasmic reticulum (ER) is the cellular organelle that

plays a critical role in protein folding and secretion.!'V In the ER
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lumen, proteins intended for secretion or display on the cell
surface are folded into their proper conformation.!" Protein
folding in the ER is sometimes impaired under various conditions,
leading to the accumulation of misfolded proteins (ER stress).!?
The misfolded proteins are harmful to cells and the unfolded
protein response (UPR) mediates refolding them or targeting
them for degradation.!” The UPR is mediated by ER membrane-
associated sensors such as inositol-requiring transmembrane
kinase/endonuclease 1 (IRE1).11? [RE1 stimulates a generation
of transcription factor X box protein-1 (XBP-1), which activates
several genes involved in the transport of misfolded proteins
from the ER to cytosol and in ER-induced protein degradation.!®
XBP-1 deficiency in IECs promotes intestinal inflammation as
consequence of increased ER stress, linking ER stress of IECs to
gut inflammation.¥

Recent studies have suggested an association of autophagy
and ER stress in the pathophysiology of IBD.!3'? For example,
enhanced ER stress is observed in the Paneth cells of CD patients
with SNP of the ATG16L1 gene."® The double knockout mice of
ATGI16L1 and XBP-1 develop spontaneous enterocolitis that
resembles human IBD.!" Mice with IEC specific ATG16L1
deletion caused accumulation of IREla in Paneth cells, resulting
in CD-like ileitis.®” However, it has not been fully elucidated
how autophagy interacts with ER stress in the inflammatory
conditions in the colon. Atg5 is a protein involved in the early
stages of autophagosome formation.®" In this study, we generated
IEC specific Atg5 gene deficient mice and investigated the
association between autophagy and ER stress using a dextran
sodium sulfate (DSS)-induced colitis model.

Materials and Methods

Tissue samples. Tissue samples were obtained by biopsy
under colonoscopy and/or surgery from patients with UC (n = 6)
and CD (n=6). Normal colonic samples were obtained from
surgically resected tissues of patients with colon cancer (n = 6).
This project was approved by the ethics committee of the Shiga
University of Medical Science, and written informed consent
was obtained from all patients (Permit number: 27-27).

Animals and DSS-induced colitis. Atg5-floxed (A41g5™")
mice were kindly provided by the RIKEN BRC through the
National Bio-Resource Project of the MEXT, Japan.®® Mice
lacking the Azg5 gene in their IECs (41g54E€) were generated
by crossing Atg5"" mice with transgenic mice that expressed
Cre-recombinase driven by the villin promotor (Villin-Cre mice:
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Jackson Laboratory, Bar Harbor, ME). Mice were divided into 4
groups: Atg5"" mice, Atg5*EC mice, DSS-treated A7g5"" mice
(Atg5™ DSS) and DSS-treated Azg5F¢ mice (Atg5*EC DSS)
(n =10 mice/group). Mice were given three cycles of 1.5% DSS
(molecular weight 36,000-50,000 Da; MP Biomedicals, Santa
Ana, CA) in drinking water for 5 days and regular water for 14
days over a 60-day period prior to being euthanized.®® This
project was approved by the Research Center for Animal Life
Science and Use Committee at the Shiga University of Medical
Science (Permit number: 2016-4-6).

Assessment of DSS induced colitis. The severity of colitis
was evaluated using the Disease Activity Index (DAI) based on a
previous report.?¥ The colon tissues were fixed with formalin,
embedded in paraffin, and cut into 4 um sections. Histological
evaluations were performed according to a validated scoring
system.>

Isolation of colonic epithelial cells. The isolation of colonic
epithelial cells was performed according to a previously described
method.® Briefly, the washed and inverted colons were incubated
in Hanks’ balanced salt solution (HBSS) containing 2 mM EDTA
at 37°C for 20 min with gentle shaking. Supernatants were
centrifuged and pellets were resuspended in 40% percoll and
centrifuged. The cells on the top layer were collected and used
as colonic epithelial cells.

Extraction of mRNA and real-time polymerase chain reac-
tion (PCR) analysis. Colonic epithelial mRNA was extracted
using the TRIzol reagent (Invitrogen, Carlsbad, CA). Real-time
PCR was performed using the LightCycler 480 System (Roche
Applied Science, Penzberg, Germany) and SYBR Premix Ex
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Taqll (TAKARA, Otsu, Japan). The expression of each target
gene was normalized with B-actin and expressed as a ratio relative
to the control group. The PCR primers used in this study are listed
in Supplemental Table 1*.

Extraction of protein and immunoblot analysis. The
protein from colonic epithelial cells was extracted according to the
method described previously.®” Signal detection was performed
using an ImageQuant LAS 4000 (GE Healthcare UK Ltd., Little
Chalfont, UK). The antibodies used in this study are listed in
Supplemental Table 2*.

Chloroquine treatment and TUNEL staining.  Chloroquine
(50 pg/g body weight) (Sigma-Aldrich, St. Louis, MO) or physio-
logical saline was intraperitoneally administered 6 h before
euthanasia on day 60. Perfusion fixation was performed using 4%
paraformaldehyde (PFA), and frozen sections were prepared.
TUNEL staining was performed according to the manufacturer’s
protocol using a DeadEnd Fluorometric TUNEL System (Promega,
Fitchburg, WI). TUNEL positive epithelial cells per 10 crypts
were measured and compared between groups.®®

Statistical analysis. The statistical significance of the differ-
ences was determined by one-way ANOVA with Bonferroni
post hoc tests and Student’s ¢ tests. P values less than 0.05 were
considered to be statistically significant.

Results

The protein p62 is a selective substrate for autophagy degrada-
tion® and lack of autophagy leads to accumulation of p62. In
order to investigate the activity of autophagy in the mucosa of
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The expression of p62 protein in the epithelium of patients with IBD. Immunostaining for p62 was performed in normal mucosa and in

the inactive and active mucosa of UC and CD patients. Pictures are shown from one of six independent samples with similar results. Original

magnification: x100. See color figure in the on-line version.

*See online. https://doi.org/10.3164/jcbn.20-90
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Fig. 2.

The deficiency of Atg5 increased susceptibility to DSS-induced colitis. IEC specific autophagy-deficient mice (Atg5'£) were generated by

crossbreeding Atg5 floxed (Atg5™") mice with Villin-Cre mice. The experimental chronic colitis was induced by 3 five-day cycles of 1.5% w/v DSS
treatment followed by 14 days of water. The mice were sacrificed on day 60. (A) Body weight. A statistically significant difference between the
Atg5™" DSS group and the Atg57£¢ DSS group was shown (*p<0.05). (B) Disease activity index. (C) Representative photographs of the colon. (D)

Colonic weight per length on day 60. The data are expressed as means
different (p<0.05). See color figure in the on-line version.

IBD patients, we stained p62 protein. An enhanced accumulation
of p62 protein was observed in the epithelial cells of the inactive
and active mucosa of UC and CD patients compared to normal
mucosa (Fig. 1), indicating an impaired autophagy flux in the
colonic epithelial cells of IBD patients.

Atg5"" and Atg54F¢ mice were normal in body weight gain
and showed no symptoms of colitis (Fig. 2A and B). Colitis was
induced by three cycles of administration of 1.5% DSS in 4zg5""
and A7g5YFC mice. Body weight loss after each DSS treatment
and disease activity index on day 60 were significantly higher in
the Atg54E€ DSS group than in the Arg5"" DSS group (Fig. 2A
and B). Moreover, colon length on day 60 was significantly
shorter in the Arg54 DSS group than in the A¢g5"" DSS group
(Fig. 2C). Colon weight/length ratio, a marker of tissue edema,
was significantly higher in the 47g54F¢ DSS group than in the
Atg5"" DSS group (Fig. 2D). In addition, histological scores on
day 60 were significantly higher in the Arg54E€ DSS group than
in the 4zg5"" DSS group (Fig. 3A and B). Thus, A/g5*E¢ mice
were highly susceptible to DSS-colitis, indicating a protective
role of Atg5-mediated autophagy in the colon.
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+ SEM (n = 10 mice/group). Values not sharing a letter are significantly

It has recently been reported that autophagy in IECs suppresses
excessive ER stress and controls intestinal inflammation.%2%
Therefore, we hypothesized that the Atg5 deficiency enhanced ER
stress in IECs, leading to the exacerbation of DSS-induced chronic
colitis. To test this hypothesis, we examined the expression of
IRE1a, which is a master regulator of the ER stress pathway. As
shown in Fig. 4A, phosphorylated IREla was not detected in the
absence of DSS treatment. DSS treatment induced an expression
of phosphorylated IREl1a in the colonic epithelial cells of the
Atg5"" mice, and this was much enhanced in the Arg5F¢ mice.
These results indicate that the Atg5 deficiency induced an
enhancement of ER stress in colonic epithelial cells.

To confirm a contribution of autophagy to induction of phos-
phorylated (p)-IRE1a in DSS mice, we used chloroquine. Chloro-
quine has been reported to affect the endo-lysosomal system and
impair the basal autophagic flux by decreasing autophagosome-
lysosome fusion and lysosomal protein degradation.®” This
leads to intracellular accumulation of proteins which should be
disassembled by autophagy. In this study, DSS colitis was induced
in the mice bearing normal Atg5 gene (the Azg5"" mice) (Fig. 4B).
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Fig. 3. Histological evaluation of chronic DSS-induced colitis. (A) Histological pictures of the colonic tissue on day 60. Original magnification; x200.
(B) Histological score. The data are expressed as means £ SEM (n = 10 mice/group). Values not sharing a letter are significantly different (p<0.05).
See color figure in the on-line version.

Atg5™/f Atg5AIEC Control Chloroquine
Atg57/f DSS Atg54IEC DSS DSS+Chloroquine

p-IREle EP-CAM DAPI

Fig. 4. The deficiency of Atg5 enhanced an activation of IRE1a in IECs. (A) Immunofluorescence staining was used to evaluate expression of
p-IRE1a (red fluorescence), EP-CAM (green fluorescence) and DAPI (blue fluorescence). Representative pictures are shown from one of four
independent experiments with similar results. (B) Effects of chloroquine, an inhibitor of autophagy, in DSS-colitis developed in Atg5 normal mice.
Chloroquine (50 ng/g body weight) (Sigma-Aldrich) or physiological saline was intraperitoneally administered 6 h before euthanasia on day 60.
See color figure in the on-line version.
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Fig. 5.

Immunoblot for phosphorylated (p)-IRE1a, IRE1a, p-JNK and JNK in the isolated colonic epithelial cells. (A) Total protein was isolated from

colonic epithelial cells. GAPDH was used as a loading control. The pictures are representative of four independent experiments. Relative expression
of p-IRE1a (B) and p-JNK (C). The data are expressed as means + SEM (n = 4 mice/group). Values not sharing a letter are significantly different

(p<0.05). See color figure in the on-line version.

Chloroquine itself did not stimulate p-IREla expression. DSS-
treatment induced phosphorylated IRE1a, and this was markedly
enhanced by chloroquine treatment. This finding suggests that
autophagy might mediate degradation of p-IREla in DSS colitis.

It has been reported that phosphorylation of IREla leads to
activation of c-Jun N-terminal kinase (JNK)©" which is a down-
stream target of IREla and plays a critical role in various cellular
responses. As shown in Fig. 5A and B, immunoblot analysis of
proteins isolated from colonic epithelial cells revealed that the
phosphorylation of IREla was significantly enhanced in the
Atg54E€ DSS group as compared to in the A7zg5"" DSS group, and
these responses were accompanied by a significant enhancement
of phosphorylation of c-JUN (Fig. 5A and C). These results
indicate that IEC-specific deficiency of autophagy enhanced the
activation of IRE1a-JNK pathway in colonic epithelial cells.

It is known that apoptosis of colonic epithelial cells contributes
to the severity of DSS-induced colitis.®>33 As shown in Fig. 6A,
TUNEL-positive colonic epithelial cells were more abundant in
the Azg54#¢ DSS mice than in the 47zg5"" DSS mice. The number
of apoptosis cells/10 crypts was significantly higher in the
Atg54™¢ DSS mice than in the A7g5"" DSS mice (Fig. 6B). These
results were also observed in the samples from mice of a similar
degree of histological score (Fig. 6C). The number of TUNEL
positive epithelial cells in the samples with a histological score
between 3 to 6 points was significantly higher in the Arg54¢
DSS group than in the Atg5" DSS group (Fig. 6D). These results
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indicate that Arg5 suppresses apoptosis of colonic epithelial
cells in DSS-induced colitis.

Discussion

Previous studies have revealed that autophagy and ER stress
play important roles in the pathophysiology of IBD.®*3% However,
the mechanistic relationship between autophagy and ER stress has
not been fully elucidated. In the present study, we demonstrated
that Atg5 in colonic epithelial cells plays a protective role in the
development of DSS-induced colitis by regulating excessive ER
stress via inhibition of the IRE1a-JNK pathway.

Genome-wide association studies identified autophagy-related
susceptibility gene loci for IBD such as IRGM, ATG16L1 and
NOD2,343637 guggesting the involvement of autophagy dysfunc-
tion in the pathophysiology of IBD. In this study, we examined
the autophagy activity in the inflamed mucosa of IBD patients by
p62 immunostaining. The p62 protein is degraded by autophagy
and its expression has a negative correlation with the autophagy
activity.®® A marked accumulation of p62 was observed in the
colonic epithelial cells of non-inflamed and inflamed mucosa of
UC and CD patients, suggesting an impaired autophagy response
in the colonic epithelial cells of IBD patients. Although impaired
autophagy response has been mainly implicated to the patho-
physiology of CD,'® our observation suggest that autophagy
response is also defective in UC patients. Furthermore, these
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The deficiency of Atg5 increased the apoptosis of colonic epithelial cells. (A) TUNEL staining in the colon sections. (B) Number of TUNEL

positive epithelial cells per 10 crypts. The data are expressed as means + SEM (n = 10 mice/group). Values not sharing a letter are significantly
different (p<0.05). (C) Correlation between number of TUNEL positive epithelial cells and histological score. (D) Number of TUNEL positive epithelial
cells per 10 crypts in the comparison using samples with a similar degree of histological score (from 3 to 6 points). The data are expressed as

means + SEM. **p<0.01. See color figure in the on-line version.

changes were unrelated to the severity of inflammation, suggesting
that autophagy dysfunction may be a fundamental etiologic factor
of IBD.

This study indicated that [EC-specific Atg5 deletion aggravated
DSS-induced colitis, suggesting a protective role of epithelial
Atg5. In addition, IEC-specific Atg5 deletion was accompanied
by an increased number of epithelial apoptotic cells. This was not
a consequence of inflammation, since the number of apoptotic
cells was significantly elevated in the Arg54E¢ mice compared to
the Azg5"" mice with similar disease activity. Pott et al.®? recently
reported a similar observation that chronic colitis induced by
infection of Helicobacter hepaticus in 1EC-specific Atgl6ll-
deficient mice exhibited increased apoptosis of colonic epithelial
cells. These findings suggest that the dysfunction of autophagy
might predispose IECs to apoptosis during mucosal inflammation
via an intrinsic mechanism. Epithelial cell apoptosis results in a
blockade of the epithelial barrier and leads to easy access of
luminal antigens and bacteria to immune cells in the lamina
propria and leads to the aggravation of colitis.

Along with the studies of autophagy-associated susceptible
genes, genome-wide association studies have identified a strong
association of IBD with ER stress/UPR genes,"'® suggesting a
linkage of dysfunction of autophagy and ER stress in the patho-
physiology of IBD. IRE1a., which is one of the ER stress sensors,
exists as a monomer in a steady state. Upon sensing ER stress,
IREla is activated by autophosphorylation leading to the forma-

K. Nishino et al.

tion of dimers and oligomers.“? In a steady state, monomeric
IREla is degraded via a ubiquitin ligase complex,“ but the ER
stress-induced molecular clusters of p-IREla are degraded by
autophagy.®%42%3 In order to improve accumulated ER stress, the
UPR induce autophagy to degrade misfolded proteins.!® ER stress
is harmful in any cells when the UPR or autophagy does not work
normally. In this study, marked accumulation of p-IREla in
colonic epithelial cells was found in A7g54E€ DSS mice. Inhibition
of autophagy by chloroquine induced strong intracellular
accumulation of IREla in DSS colitis in Atg5 normal mice.
These results suggest that autophagy mediates degradation of ER
stress-induced phosphorylation of IREla in IECs in DSS colitis.
In addition, we found that autophagy deficiency in IECs was
accompanied by an enhancement of JNK activation and apoptosis
of colonic epithelial cells. Since excessive ER stress has been
reported to induce apoptosis via the IRE1a-JNK pathway in
various cell types,* these findings suggest that autophagy in
IECs suppresses epithelial apoptosis via inhibition of the IREla-
JNK pathway leading to protection against chronic colitis.

JNK activation in Azg542¢ DSS mice plays another role in
inflammatory response. It has been reported that ER stress-
induced IREla activation stimulates JNK activation and recruits
TNF receptor-associated factor 2 (TRAF2) to trigger NF-xB
signaling.'® Since NF-kB is a central transcription factor in
immune and inflammatory responses such as cytokine secretion
and free radical production,® aggravation of DSS colitis in
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Atg5¢ mice might be mediated by ER stress-associated activa-
tion of NF-kB pathway. This possibility is supported by a recent
report that ER stress increased inflammation and IL-6 produc-
tion.“®

In conclusion, Atg5 in IECs directly protects against ER stress-
induced apoptosis via the IRE1a-JNK pathway during chronic
colitis. Our observation indicates that the autophagy and ER
stress/UPR pathways are closely linked and contributes to the
maintenance of intestinal homeostasis. Therefore, the develop-
ment of therapeutic drugs targeting autophagy and UPR may open
new avenues for the future treatment of IBD.
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