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Colitis-associated cancer (CAC) is closely related to chronic
inflammation, whose underlying molecular mechanism, how-
ever, has not been elaborated comprehensively. In the current
study, an investigation was conducted on the role of autophagy
in the initiation and progression of azoxymethane (AOM)/
dextran sulfate sodium (DSS)-induced colon tumors, a mouse
model for CAC in humans. Mice with the intestinal epithelial
cell (IEC)-specific deletion of the autophagy-related gene 7
(Atg7) saw a significant decrease in tumor number, burden,
and risk of high-grade dysplasia. The autophagy deficiency of
IECs resulted in the accumulation of T cells, especially CD8+ T
lymphocytes in colon lamina propria. Furthermore, it was found
that autophagy protects against DSS-induced intestinal injury
through maintaining epithelial barrier function and promoting
the survival and proliferation of IECs. Mechanistically, auto-
phagy in IECs enhanced the activation of epithelial STAT3/
ERK to promote the survival and proliferation of colonic epithe-
lial cells during the development of CAC. Therefore, the findings
unveil the essential role of autophagy in activating the processes
of colonic protection, regeneration, and tumorigenesis.

INTRODUCTION
As a most common cancer, colorectal cancer (CRC) has been experi-
encing an increase in its diagnosed incidence rate worldwide,1 whose
pathogenesis is complicated and includes mutations, inflammatory
bowel disease (IBD), gut microbiota, and lifestyle factors.2 Among
these, inflammation is a critical driver for CRC initiation, progression,
and metastasis.3 Patients with IBD, including Crohn’s disease and
ulcerative colitis, are more likely to develop colitis-associated cancer
(CAC), a subtype of CRC.4 However, the precise mechanism of
linking chronic inflammation to colorectal tumor formation remains
unclear.

As a conserved cellular process of clearing misfolded proteins and
damaged organelles, autophagy is critical for the maintenance of
cell survival and homeostasis.5 Autophagy-related gene 7 (Atg7), an
E1-like enzyme, is of importance for the conjugation of Atg12, the
lipidation of LC3, and the formation of autophagosome.6 Intestinal
epithelial cells (IECs) are predominant components in the gastroin-
Molecular
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testinal tract and the first line of defense against bacterial invasion.7

A number of studies have reported that many critical functions of
IECs are regulated by autophagy, which is implicated in the alteration
of granule structure and the antimicrobial peptide secretion of goblet
and Paneth cells under stress conditions.8–11 Epithelial autophagy has
also been shown to recognize and degrade intracellular pathogens like
Salmonella and Citrobacter rodentium infection, as autophagy defi-
ciency in IECs led to enhanced susceptibility and inflammation.12,13

Moreover, autophagy in IECs protects against colitis via the mainte-
nance of normal gut microflora and the secretion of mucus.14 In addi-
tion, epithelial autophagy controls chronic colitis by reducing tumor
necrosis factor alpha (TNFa)-induced apoptosis.15

In tumorigenesis, autophagy is complex and context-dependent.
Studies have shown that most patients with CRC and CRC cell lines
experienced an increase in the expression of autophagy-associated
proteins.16,17 Besides, a small number of patients with CRC were
reported to have a lower expression of autophagic protein and impair-
ment of autophagy.18,19 In the context of Apc conditional knockout
mice, Lévy and colleagues20 showed that inactivating Atg7 in IECs in-
hibited tumor growth through a microbiome-induced immune
response. In addition, Atg7 deficiency led to a stress response accom-
panied by metabolic defects, AMPK activation and cell-cycle arrest
mediated by p53 in tumor cells. Lucas and colleagues21 revealed
that the inhibition of autophagy in IECs suppressed colonic tumori-
genesis in Apcmin/+ mice under normal circumstances but promoted
Colibactin-producing Escherichia coli-induced colorectal carcinogen-
esis through increasing DNA damage and cell proliferation. Sakitani
and colleagues demonstrated that the suppression of autophagy in
colon cancer cells leads to a decrease in tumor size via promoting
Therapy: Nucleic Acids Vol. 28 June 2022 ª 2022 The Authors. 35
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Figure 1. Autophagy is activated in tumor tissues of CRC patients and AOM/DSS-induced mice colon tumors

(A) ThemRNA levels of autophagy-related genes in tumor tissues and paired adjacent normal tissues from 86 CRC patients were measured using real-time PCR. (B) Western

blot analysis of autophagy-related proteins in tumor tissues (T) and paired adjacent normal tissues (N) of CRC patients (n = 3). (C) Western blot analysis of autophagy-related

proteins in mice tumors and inflamed tissues. Data are represented as mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; according to the paired two-tailed, Student’s t test.
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p53 and endoplasmic reticulum stress-induced apoptosis.22 However,
CAC is different from Apc-driven colon cancer in the initiation, pro-
motion, and progression of tumorigenesis.23,24 Many animal models
provide evidence that a variety of cytokines, chemokines, growth
factors, and their receptors, as well as reactive oxygen species play a
critical role in CAC.25 Particularly, the oxidative injury that causes
general DNA damage results in cancer initiation. Up to now, auto-
phagy still plays an unclear role during CAC.

Herein, the role of autophagy in the carcinogenesis of a CAC mouse
model following azoxymethane (AOM) and dextran sulfate sodium
(DSS) administration was investigated. IEC-specific Atg7 knockout
mice were generated. It was demonstrated that autophagy could pro-
tect against DSS-induced epithelial damage and promote tumorigen-
esis. Mechanistically, autophagy enhanced the activation of epithelial
STAT3/ERK to promote the survival and proliferation of colonic
epithelial cells during the development of CAC.

RESULTS
Activation of autophagy in human CRC and murine CAC

First, the mRNA levels of various autophagy genes were analyzed by
quantitative real-time PCR in tumors and the paired adjacent normal
36 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
tissues of patients with CRC. The expression levels of ATG5, ATG7,
ATG12, and Lamp2 mRNA increased markedly in the tumor tissues
of 86 patients with CRC compared with those in adjacent normal tis-
sues (Figure 1A), which were also reported in a previous study.19

Next, whether autophagy is activated in CRC patients was explored
by analyzing LC3-I and LC3-II levels. It was observed that the level
of LC3-II suggesting autophagy activation increased in tumors than
in surrounding normal tissues (Figure 1B). Besides, other autophagy
proteins, such as ATG5, ATG7, ATG12, and Beclin1, also saw an in-
crease in tumors (Figure 1B). Finally, an AOM/DSS murine model
was used for examining the expression levels of autophagy proteins
in tumor initiation and promotion. Levels of LC3-II were significantly
higher in tumors and inflamed tissues than in control specimens,
while those of p62 degraded by functional autophagy decreased (Fig-
ure 1C). Therefore, these results demonstrate that autophagy is
induced in the initiation and progression of colon cancer.

IECs Atg7 deletion protects against AOM/DSS-induced

colorectal tumorigenesis

Vil-cre+Atg7f/f (hereafter referred to as Atg7DIEC), and Vil-cre� Atg7f/f

mice (hereafter referred to as Atg7f/f) models were established to
analyze the role of autophagy in inflammation-related tumorigenesis.



Figure 2. IECs Atg7 deletion protects against AOM/DSS-induced colorectal tumorigenesis

(A) Protocol of AOM/DSS-induced CAC in mice with analysis of intestinal tumors on day 87. (B) Gross morphology photographs of colon tissues from Atg7f/f and Atg7DIEC

mice after exposure to AOM/DSS. (C) Representative H&E staining of colon slices from Atg7f/f and Atg7DIEC mice (bar, 200 mm). (D–G) Tumor number (D), tumor load (E),

tumor distribution (F), and classified tumor size (G) from the colon tissues of mice. (Atg7f/f = 12, Atg7DIEC = 13). Results are indicated as mean ± SEM; *p < 0.05, **p < 0.01,

according to the unpaired two-tailed, Student’s t test.
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In the colorectal epithelium samples of Atg7DIEC mice, Atg7 expres-
sion was almost abolished (Figure S1A). Next, the intestinal defects
of Atg7DIECmice during the steady state were explored. No significant
differences were shown in colonic histology between Atg7f/f and
Atg7DIEC mice (Figure S1B). The proliferation of IECs determined
by the staining of Ki-67 and the analysis of Cyclin B1 and D1 expres-
sion by real-time PCR, was also free from the influence of Atg7 dele-
tion (Figures S1C–S1E). The comparison of immunohistochemical
staining for active caspase-3 showed no obvious differences in
epithelial apoptosis (Figures S1F–S1G). Then, an established colitis-
associated colorectal tumorigenesis model in which mice were intra-
peritoneally injected with AOM and then three cycles of DSS was used
(Figure 2A). Both AOM/DSS-treated Atg7f/f andAtg7DIECmice devel-
oped tumors that were found primarily in the distal colon (Figure 2B).
Histological analysis revealed that Atg7DIEC mice exhibited low-grade
dysplasia, whereas Atg7f/f mice demonstrated high-grade dysplasia
and adenomas (Figure 2C). The results showed that Atg7DIEC mice
developed much fewer tumors (Figure 2D) (6.67 ± 2.18 versus
3.69 ± 2.59, respectively). The tumor load representing the total diam-
eters of all tumors in a specific mouse decreased significantly in
Atg7DIEC compared with Atg7f/f mice (Figure 2E) (18.96 ± 6.82 versus
11 ± 7.43, respectively). Then, tumors were divided into three types
according to their diameters. Tumor size distribution was not
different between Atg7f/f and Atg7DIEC mice (Figure 2F). Although
average tumor size showed no difference (data were not shown), mid-
dle-size (2–4 mm) tumors significantly declined in Atg7DIEC

compared with Atg7f/f mice (Figure 2G). These results demonstrated
that autophagy deficiency in IECs could inhibit colitis-associated
tumorigenesis.
Autophagy promotes IEC survival and proliferation during early

tumor development

Previous studies revealed that altered apoptosis and proliferation
in the early phases of tumor promotion in CAC models may affect
the incidence and load of tumors.26,27 Thus, attention was paid to
these time points to investigate the molecular mechanism of pro-
moting colorectal tumorigenesis by autophagy. To probe into
whether autophagy deficiency renders IECs more susceptible to
apoptosis in early tumor promotion, Atg7f/f and Atg7DIEC mice
were treated with DSS for inducing acute colitis (Figure 3A).
Atg7DIEC mice demonstrated more severe intestinal injury with a
greater loss of weight than Atg7f/f mice (Figure S2A), which was
consistent with previous studies.13 Atg7DIEC mice also displayed
more severe colitis symptoms, including rectal bleeding, and abun-
dant diarrhea, leading to higher clinical scores (Figure S2B). The
extent of colitis was determined by measuring colon length, and
Atg7DIEC mice were found to have significantly shorter colons
compared with Atg7f/f mice (Figure S2C) (6.11 ± 0.29 versus
5.71 ± 0.26, respectively). Consistent with these observations,
H&E staining showed that Atg7DIEC mice exhibited crypt destruc-
tion, infiltration of inflammatory cells, and ulceration, as indicated
by higher histological score (Figure S2D). Moreover, interleukin
(IL)-6 and TNF-a serum levels experienced a marked increase in
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DSS-treated Atg7DIEC mice relative to those in Atg7f/f mice
(Figure S2E).

Immunoblot analysis was performed to analyze whether autophagy
protects IECs from death in the condition of inflammation-induced
DNA damage. The results showed that caspase-3 in isolated Atg7-
deficient IECs was significantly activated compared with that from
Atg7f/fmice, resulting in an enhanced apoptotic response (Figure 3B).
Meanwhile, Atg7DIEC mice were found to have the induction of pro-
apoptotic proteins bax, and gH2AX, a marker of DNA damage (Fig-
ure 3B). However, the expression of bcl-xL was similar though this
antiapoptotic protein was induced by AOM/DSS treatment.28 Immu-
nohistochemistry (IHC) staining for active caspase-3 further
confirmed that Atg7DIEC mice had more apoptotic epithelial cells
after DSS challenge than Atg7f/f mice (Figure 3C). Collectively, these
results show that the induction of bax and DNA damage rather than
bcl-xL may explain the increased rate of apoptosis found in DSS-
treated Atg7DIEC mice.

IHC staining was carried out for Ki-67 to examine whether auto-
phagy regulated cellular proliferation during the stage of epithelial
regeneration. The results showed that Atg7DIEC mice had fewer
Ki-67-positive proliferating cells per crypt (Figure 3D), indicating
a decrease in the proliferation of colonic epithelial cells during the
regeneration stage of colitis. Importantly, unchallenged Atg7f/f

mice were not intrinsically different from Atg7DIEC mice in
proliferation.

Overall, these results suggest that autophagy protects mice from
injury induced by colitis by raising the survival and proliferation of
colonic epithelial cells.

Autophagy deficiency destroys epithelial barrier function

Intestinal barrier dysfunctions resulted in microbiota invasion,
stimulating innate immune cells and causing excessive inflammation,
tissue damage, and cell death.29,30 Next, the role of autophagy in regu-
lating epithelial barrier function was determined. The expression of
occludin and E-cadherin as important molecules modulating tight
junctions and adherens junctions saw a reduction in the epithelia
from Atg7DIEC mice on day 7, while that of Zonula occludens-1
(ZO-1) was comparable (Figure 4A). IHC staining confirmed that
Atg7-deficient colons exhibited disrupted or discontinuous E-cad-
herin staining, indicating the destruction of an intact and functional
intestinal barrier in Atg7DIEC mice (Figure 4B).

The impairment of epithelial barriers causes the infiltration of
innate immune cells. The abundance of innate immune cells was
Figure 3. Autophagy promotes the survival and proliferation of IECs in the ear

(A) Scheme for colitis induction. Gray color indicates the duration of DSS treatment. (B)

isolated IEC fraction on day 7. (C) Representative cleaved caspase 3 staining of colonic

quantify cleaved caspase-3 positive cells and score three fields per mouse (n = 5 per grou

Ki-67-positive cells were counted, and 15 to 18 full-length crypts per mouse colon wer

0.001, according to the paired two-tailed, Student’s t test.
determined by IHC with marker macrophages (CD68) and neutro-
phils (myeloperoxidase [MPO]). The colons of Atg7DIEC mice with
DSS-induced colitis were found to have significantly increased
neutrophils and macrophages compared with those of Atg7f/f mice
(Figure 4C). Moreover, real-timeRT-PCR results revealed that the
expression of inflammatory cytokines and enzymes, including IL-
1b, IL-6, cyclooxygenase-2, TNF-a, IL-23a, and inducible nitric ox-
ide synthase, in colonic tissues from Atg7DIEC mice was significantly
elevated (Figure 4D). These findings demonstrated that impaired
epithelial barrier integrity in Atg7DIEC mice contributed to excessive
inflammation.

Autophagy deficiency inhibits STAT3 and ERK activation to

restrict tumorigenesis

Relevant pathways known to be of importance in colonic carcinogen-
esis were explored with an aim of further defining autophagy’s mech-
anism of affecting tumorigenesis. Mitogen-activated protein kinase
(MAPK) pathways and STAT3 are the main factors modulating
survival and proliferation during the development of cancer.31,32

As revealed by the western blot analysis of colon tumor lysates,
phosphorylated STAT3 (p-STAT3), phosphorylated ERK1/2 (p-
ERK1/2), and their main substrates cylinD1 exhibited a marked
decrease in Atg7DIEC mice (Figure 5A). Accordingly, the expression
of a few STAT3 target genes involved in the survival and proliferation
of cells also decreased in Atg7DIEC tumor tissues (Figure 5B). In line
with these findings, IHC analysis confirmed that Atg7DIEC mice saw
a significant decrease in p-STAT3 and cyclinD1-positive cells
compared with Atg7f/f littermates (Figure 5C). It is well known that
the survival and proliferation of premalignant epithelial cells are
important for CAC development. The above signaling pathways still
play a critical role in this process. To this end, the effects of autophagy
deficiency during tumor initiation were examined. A significant
decrease was observed in p-STAT3 and p-ERK1/2 in IECs from
Atg7DIEC mice on day 7 after the beginning of DSS treatment (Fig-
ure 5D). Therefore, autophagy plays an important role in the activation
of STAT3 and ERK in IECs during tumor initiation and growth.

The requirement for STAT3 mediating the impacts of autophagy
in vivo was examined. Besides, STAT3 inhibitor stattic was injected
into Atg7f/f and Atg7DIEC mice at the stage of DSS challenge (Fig-
ure S3A). Compared with vehicle treatment, stattic treatment
significantly aggravated weight loss, clinical scores, and colon length
shortening in not only Atg7f/f but also Atg7DIEC mice (Figures S3B–
S3D). However, autophagy failed to play a protective role after stattic
administration (Figures S3B–S3D). H&E staining revealed that stat-
tic-treated Atg7DIEC mice showed similar epithelial damage levels
and immune cell infiltration into the colonic lamina propria
ly stage of tumor formation in the CAC model

Western blot analysis of cleaved caspase 3, bax, bcl-xL, and gH2AX (ser139) in the

sections and quantification on day 7 (bar, 100 mm). Image Pro Plus 6.0 was used to

p). (D) IHC using the anti-Ki-67 antibody of colonic sections on day 14 (bar, 200 mm).

e scored (n = 5 per group). Data are represented as mean ± SEM, *p < 0.05; ***p <
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Figure 4. Autophagy deficiency disrupts epithelial barrier function

(A) Western blot detection for ZO-1, E-cadherin, and occludin expression in the IECs of Atg7f/f and Atg7DIEC mice on day 7 after DSS treatment. (B) IHC micrographs for

E-cadherin expression in the colons of Atg7f/f and Atg7DIECmice (bar, 200 mm). Quantification of E-cadherin staining by Image Pro Plus 6.0 (n = 5 per group) (C) IHC staining of

MPO, and CD68 proteins in Atg7f/f and Atg7DIEC mice on day 7 (bar, 200 mm). Quantification of staining by Image Pro Plus 6.0 (n = 5 per group). (D) Relative mRNA levels of

inflammatory cytokines and enzymes in the colons of Atg7f/f and Atg7DIECmice (Atg7f/f = 4, Atg7DIEC = 5). Data are represented as mean ± SEM, *p < 0.05; **p < 0.01; ***p <

0.001,according to the paired or unpaired two-tailed, Student’s t test.
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compared with Atg7f/f mice receiving stattic injection (Figures S3E
and S3F). The results further indicate that autophagy promotes the
survival and proliferation of IECs via the enhancement of STAT3
activation.

Autophagy deficiency in IECs enhances the immune response in

colon tumors

Based on the decrease of tumor burden and multiplicity in Atg7DIEC

mice, the immune response in the tumor microenvironment during
CAC was determined. First, the colon lamina propria cells in CAC
models were separated to analyze the subsets of CD3+ T cells.
Among the subsets of T cells, Atg7DIEC mice displayed higher pro-
portions of CD3+ T cells among CD45+ cells and CD8+ T cells
among CD3+ cells, and decreased proportions of CD4+ T cells
among CD3+ cells (Figure 6A). Given the changes of these immune
populations, key immune response-regulating chemokines and cy-
tokines were then measured. C-C ligand (CCL) chemokines CCL4
and CCL5, chemoattractants for innate immune cells,33 increased
significantly in Atg7DIEC tumors (Figure 6B). Moreover, the tumors
of Atg7DIEC mice exhibited a significant increase in the levels of in-
terferong, a key cytokine involved in tumor cytotoxicity,30
40 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
compared with those of Atg7f/f mice. On the whole, these findings
indicate that autophagy deficiency facilitates local antitumor im-
mune response.

Failure of autophagy deficiency in myeloid cells to inhibit colitis-

associated tumorigenesis

Atg7f/fmice were crossed with LysM-Cremice to assess the role played
by autophagy in myeloid cells in colon tumorigenesis. Successful Atg7
depletion inmyeloid cells was confirmed bywestern blot (Figure S4A).
Atg7f/f andAtg7DMYLmice were exposed to the AOM/DSS protocol to
test whether decreased tumorigenesis was due to the epithelium-
intrinsic effect. The results showed that Atg7DMYLmice developed tu-
mors comparable to Atg7f/f mice (Figure S4B), and Atg7 deletion had
no effect on tumor number, load, size, and distribution (Figures S4C–
S4F). Taken together, autophagy in epithelial cells rather than
myeloid cells plays a critical role in promoting tumorigenesis in mice.

DISCUSSION
Chronic intestinal inflammation can favor CRC development, which
is supported by the fact about an increase in the possibility of devel-
oping gastrointestinal neoplasia conferred by IBD.34 Some studies



Figure 5. Atg7 deficiency inhibits the activation of STAT3/ERK signaling during acute colitis and CAC

(A) Tumor lysates from AOM/DSS-treated Atg7f/f and Atg7DIEC mice were analyzed by immunoblotting with the indicated antibodies. (B) Expression of STAT3 target genes

in Atg7f/f and Atg7DIEC CAC tissues (n = 6 per group). (C) Images of p-STAT3 and cyclinD1 staining in CAC tumors from Atg7f/f and Atg7DIEC mice (bar, 100 mm).

Quantification of staining by Image Pro Plus 6.0 (n = 5 per group) (D) IEC fraction from DSS-treated Atg7f/f and Atg7DIEC mice were analyzed by immunoblotting with the

indicated antibodies. Data are represented as mean ± SEM, *p < 0.05; **p < 0.01, according to the paired two-tailed, Student’s t test.
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have reported that autophagy is implicated in the pathogenesis of hu-
man IBD.35,36 Nevertheless, it remains unknown whether autophagy
plays a role in regulating the initiation and progression of CAC. In
this paper, it was demonstrated that autophagy is upregulated in
mouse colitis-associated tumors and human CRC. The IEC-specific
knockout ofAtg7 greatly protects mice against tumorigenesis through
regulating premalignant IEC survival and proliferation via the
signaling of STAT3/ERK and accumulating T cells, especially CD8+

T lymphocytes in colon lamina propria during AOM/DSS-induced
CAC development. Targeting autophagy may be an effective strategy
for treating and preventing CAC.

Prior research has reported that significantly fewer and smaller
colonic tumors in Apc+/�Atg7�/� than Apc+/� mice through
enhancing antitumor responses maintained by the gut microbiota.19

The phenotype of the current study is in line with that of previous
research, but the mechanism is not the same. Reports have shown
that inflammatory mediators during CAC development support
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 41
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Figure 6. Atg7 deficiency results in increased CD8+ T accumulation in colon lamina propria

(A) Representative fluorescence activated cell sorting results of T cell subsets in lamina propria and statistical results of CD3+ T, CD4+T, CD8+ T cells (Atg7f/f = 6, Atg76IEC =

7). (B) The mRNA levels of chemokines were assessed by real-time PCR from colonic tumors on day 87 after AOM/DSS treatment (n = 7 per group). Data are represented as

mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; according to the unpaired or paired two-tailed, Student’s t test.
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tumorigenesis initiation by oxidative stress-induced mutations and
facilitate genetic instability.37 Under continuous inflammatory condi-
tions, Atg7DIECmice exhibited increased IEC apoptosis and decreased
proliferation compared with Atg7f/f ones. Moreover, Atg7DIEC mice
displayed an increased level of DNA damage, which was indicated
by gH2AX. Since proliferation associated with repair may be related
to tumor growth, Atg7 deletion during the induction of CAC led to a
drastic reduction in tumor multiplicity and load. Intriguingly,
myeloid-specific Atg7 knockout had no phenotypes significantly
differing from Atg7f/f mice. Therefore, reduced IEC survival may
42 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
partially explain the increase of colitis but the reduction of colorectal
adenomas in Atg7DIEC mice.

Epithelial barrier integrity is important for the maintenance of intesti-
nal homeostasis. An important component of epithelial barrier func-
tion is intercellular tight junctions, composed of ZO-1, occludin, and
claudins.38 Studies have found that several tight junction proteins,
and E-cadherin, an adherens junction protein, show a reduction in
both colitis and CRC.39,40 The data of the current study showed that
autophagy deficiency destroyed intestinal barrier function during



Figure 7. Proposed model for the role of autophagy in colorectal carcinogenesis

In response to AOM/DSS treatment, autophagy deficiency destroys epithelial barrier integrity to reduce the survival and proliferation of neoplastic epithelial cells by the

inhibition of STAT3/ERK pathway, thus limiting colorectal carcinogenesis. Besides, autophagy dysfunction also induces an antitumor immune response by promoting the

recruitment of T cells and the expression of key cytokines and chemokines to inhibit tumor growth. IFN, interferon.
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experimental colitis, characterized by the decreased expression of
E-cadherin and occludin compared with Atg7f/f mice. However, future
work needs to elaborate on autophagy’s mechanism of regulating the
cellular dynamics and localization of tight and adherent proteins.

Decreased premalignant IEC survival and proliferation found in
Atg7DIEC tumors raised the question about the underlying mechanism
of autophagy. The STAT3 pathway has been involved in cell prolifera-
tion and oncogenic transformation during cancer pathogenesis in a
variety of tissues.41 Bollrath and colleagues reported that STAT3 medi-
ates the survival of IECs dependent on IL-6 and IL-11 and promotes
proliferation by means of G1 and G2/M cell-cycle progression during
colitis-associated tumorigenesis.42 MAPK pathways are major factors
regulating cell growth and proliferation.43 A study had reported that
ATG proteins function as cellular scaffolds in the regulation of ERK
phosphorylation.44 In this study, Atg7 deletion in IECs showed a
decrease in the expression levels of p-STAT3 and p-ERK in CAC
mouse models. The expression of proliferation-promoting genes like
cyclin D1 and c-myc, and antiapoptosis genes like Mcl1 and Bcl2 are
regulated by STAT3.45 It was found that the expression levels of cyclin
D1 and c-myc were downregulated in the tumors of Atg7DIEC mice.
During epithelial regeneration following DSS-induced injury, STAT3
and ERK phosphorylation also saw a drop in IECs from Atg7DIEC

mice. Thus, the results reveal that autophagy in IECs is important for
both CAC initiation and progression through STAT3/ERK signaling
activation and premalignant IEC survival and proliferation.

Apart from producing an epithelium autonomous effect, autophagy
deficiency may also inhibit tumor growth by changing the immune
response in colon tumors. The data of this study showed that the
autophagy deficiency of IECs resulted in the accumulation of
T cells, especially CD8+ T lymphocytes in colon lamina propria.
Besides, Atg7DIEC mice exhibited increased macrophage and neutro-
phil infiltration in DSS-induced colitis. Overall, the changed tumor
microenvironment without autophagy can restrict the growth of
aberrant epithelial cells and tumor progression.

A previous study has identified that an Atg5/Atg7-independent auto-
phagic pathway plays an important role in response to cytotoxic
stressors.46 In addition, it has been indicated that alternative
autophagy can compensate for the functional role of conventional
autophagy.47 The current study failed to exclude the possibility that
alternative autophagy in Atg7 deletion in IECs is still activated by
DSS or AOM/DSS. It is now necessary to conduct further studies to
explore the functional role of alternative autophagy in CAC.

To sum up, the results demonstrate that autophagy deficiency pro-
tects against AOM/DSS-induced CAC through multiple mechanisms
in colonic tumorigenesis and progression (Figure 7). In addition,
autophagy deficiency destroys epithelial barrier integrity to promote
the death of neoplastic epithelia in DSS-induced inflammation, and
inhibits STAT3/ERK signaling activation, which is critical for the sur-
vival and proliferation of premalignant epithelial cells. Another axis
promoted by autophagy deficiency is the antitumor immune response
through promoting the recruitment of T cells and the expression of
key cytokines and chemokines to inhibit tumor growth during the
stage of CAC. Therefore, the findings of this study identify that
epithelial autophagy might be a potential target to attenuate the pro-
gression of the intestinal tumors.

MATERIALS AND METHODS
Human samples

Eighty-six colon tumor tissues and matched non-tumorous colon tis-
sues were obtained from Sir Run Run Shaw Hospital from 2018 to
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 43
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2019. Thirty-five stage I-II and 51 stage III-IV patients with CRCwere
included. This study was approved by the Ethics Committee of Sir
Run Run Shaw Hospital. Written informed consent was also obtained
from all subjects before the study protocol. Tissue samples were
collected and frozen in liquid nitrogen immediately after surgical
resection.

Mice

Atg7 floxed mice (Atg7f/f mice, RBRC02759)6 in a C57BL/6 back-
ground were purchased from the RIKEN Bio Resource Center.
Atg7DIEC mice were generated by crossing Atg7f/f mice with Villin-
Cre mice (The Jackson Laboratories). Atg7DMYL mice were generated
by crossing Atg7f/f mice with LysM-Cre mice (The Jackson Labora-
tories). All the mice were subjected to a 12-h light/dark cycle in a
pathogen-free animal facility, and were fed with standard rodent
chow and water ad libitum. All animal experiments were approved
by the Animal Care and Use Committee of Zhejiang University.

Induction of acute colitis and CAC

The acute colitis induced by DSS in mice was performed as reported
previously.48,49 Briefly, male mice between 8 and 10 weeks old were
treated with 2% DSS (molecular weight, 36,000–50,000; MP Biomed-
icals, Santa Ana, CA) in drinking water for 7 days, followed by regular
drinking water for an additional 7 days. Body weight, diarrhea, and
bloody stools were recorded daily.

CAC was induced in mice as previously described.44,45 Male mice be-
tween 8 and 10 weeks old were intraperitoneally injected with AOM
(10 mg/kg, A5486; Sigma-Aldrich, St. Louis, MO). Seven days later,
these mice were treated with 2%DSS in drinking water for 7 days, fol-
lowed by regular drinking water for 2 weeks. This cycle was repeated
twice, and all mice were killed at the indicated time points.

Histology staining and analysis

Tissue samples were fixed in 10% (v/v) formalin overnight, embedded
in paraffin, sectioned, and stained with H&E. For IHC, paraffin sec-
tions were rehydrated with ethanol (Ante, Suzhou, China) after being
deparaffinized with xylene (Aladdin, Shanghai, China). Endogenous
peroxidase activity was inhibited by incubation of 3% H2O2 in meth-
anol (Lingfeng, Shanghai, China), and slides were blocked with 10%
BSA (Meilunbio, Dalian, China) for 1 h at room temperature. The
slides were incubated overnight with primary antibodies at 4�C, fol-
lowed by secondary antibodies for 30 min at room temperature.
The following antibodies were used: Abcam (Ki-67, ab16667; CD68,
ab125212; MPO, 208670), Cell Signaling Technology (cleaved
caspase-3, 9664; gH2AX, 9718; E-cadherin, 3195; p-STAT3, 9145;
cyclinD1, 2978).

RNA isolation and quantitative real-time PCR

Total RNAs from cells and tissues were extracted using RNAiso Plus
reagent (9109; Takara, Tokyo, Japan). Reverse transcription was
performed using the HiScript III first Strand cDNA Synthesis Kit
(R312-02; Vazyme, Nanjing, China) according to manufacturer’s in-
structions. The SYBR Green Master Mix (CW0659; Cwbiotech,
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Beijing, China) was used to carry out real-time PCR. All the primers
used for real-timeRT-PCR were synthesized by Generay (Shanghai,
China). All the primer sequences used in this study are listed in
Table S1.

Western blot and quantification

Total proteins from cells and tissues were extracted with RIPA lysis
buffer (Meilunbio, Dalian, China) containing protease and phospha-
tase inhibitor cocktail (Bimake, Beijing, China). The concentration of
protein was measured using BCA Protein Assay Kit (Generay,
Shanghai, China). Equal amounts of proteins (20 mg) were separated
by 8% to 15% SDS-PAGE, then transferred to a PVDF membrane
(Bio-Rad, Hercules, CA). The membrane was blocked with 5%
non-fat milk in Tris-buffered saline plus Tween 20 (1&; Meilunbio,
Dalian, China) solution, and incubated with the primary antibody
overnight at 4�C, followed by incubation with appropriate
horseradish peroxidase-conjugated secondary antibodies (Bioker,
Hangzhou, China) for 1 h at room temperature. Signals were visual-
ized using enhanced chemiluminescence (Amersham Imager 600;
GE, Boston, MA). The antibodies obtained from different companies
were as follows: Cell Signaling Technology (ATG7, 8558; ATG5,
12994; ATG12, 4180; Beclin-1, 3495; b-actin, 4970; Bax, 2772;
Cleaved caspase-3, 9664; Bcl-xL, 2764; gH2AX, 9718; E-cadherin,
3195; p-STAT3, 9145; STAT3, 9139; ERK, 9102; p-ERK, 4370;
cyclinD1, 2978), LC3 (Sigma, L7543), p62 (R&D,MAB8028), Thermo
(ZO-1,61–7300; Occludin, 71–1500), Huabio (b-tubulin, 0807-2;
GAPDH, EM1101).

Isolation of IECs

IECs were isolated from the freshly dissected colon as previously
described.46 Briefly, colon tissues from mice were opened longitudi-
nally, washed with ice-cold PBS, cut into 2-mm slices, and incubated
in Hank’s balanced salt solution (HBSS) (Sigma-Aldrich) containing
1.5 mM dithiothreitol (DTT) (Sigma-Aldrich) and 30 mM EDTA
(Sigma-Aldrich) for 30 min at 4�C to remove mucus. Then, the
mucosa was flushed in PBS and incubated in preheated HBSS with
30 mM EDTA and 2% fetal bovine serum (FBS) in a 37�C shaker
for 30 min. The supernatant was gathered by centrifuging at 400 �
g at 4�C for 10 min and washed twice with cold PBS.

Isolation of colonic lamina propria and flow cytometry analysis

The colonic lamina propria cells were isolated from the tissue remain-
ing after the DTT and EDTA treatments. The tissues were cut into
pieces and digested in RPMI media with 1.5 mg/mL collagenase,
Type 4 (Sangon Biotech, Shanghai, China) and 2% FBS in a 37�C
shaker for 1 h. The tissue debris was removed by a 40-mm cell strainer
(Corning, Corning, NY) and cells were gathered by centrifugation
(400 � g, 4�C, 10 min), washed twice with cold PBS, and stained
with combinations of APC-conjugated anti-CD45 (Clone 30-F11;
eBioscience, Thermo Fisher Scientific, Waltham, MA), PerCP/Cy
5.5-conjugated anti-CD3e (Clone 145-2C11; BD Biosciences, San
Jose, CA), BV605-conjugated anti-CD4 (Clone RM4-5; BioLegend,
San Diego, CA), and phycoerythrin-conjugated anti-CD8a (Clone
53-6.7; BioLegend) Abs, for analysis via an antirat/hamster BD
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CompBeadsTM (#552845; Becton Dickinson and Company, Franklin
Lakes, NJ). The obtained profiles were analyzed by FlowJo software
(Ashland, OR).

ELISA

The levels of IL-6 and TNF-a in serumwere detected using ELISA kits
(Invitrogen, Waltham, MA) according to the manufacturer’s instruc-
tions. The results were calculated in pg/mL.

Stattic treatment

The STAT3 inhibitor stattic (MedChemExpress, Cat# HY-13818) was
dissolved in vehicle (10% DMSO, 40% PEG300, 5% Tween-80, 45%
saline) followed by intraperitoneal injection into mice treated with
DSS at a dosage of 3.75 mg/kg once daily.50 Control mice were only
injected with vehicle.

Statistical analysis

GraphPad Prism software (GraphPad, San Diego, CA) was used for
statistical analysis. Significant change between two groups were
analyzed with Student’s two-tailed t test. Data are presented as
means ± SEM. Statistical significance is represented by a p value of
less than 0.05.
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