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Abstract Cancer stem cells (CSCs) are considered tumor-initiating cells and the main drivers
of disease progression. Targeting these rare cancer cells, however, remains challenging with
respect to therapeutic benefit. Here, we report the up-regulation of IL-13RA2 expression in
colorectal cancer (CRC) tissues and spheroid cells. The expression of IL-13RA2 was positively
correlated with canonical stemness markers in CRC. We further demonstrated that the level
of IL-13 was up-regulated in the serum of CRC patients. Biologically, recombinant IL-13 (rIL-
13) stimulation promoted the sphere formation, proliferation, and migration of CRC cells in vi-
tro and enhanced tumorigenesis in vivo. This phenotype could be reversed by knocking down
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Ubiquitinated
degradation
IL-13RA2. Mechanistically, IL-13 activated autophagy by inducing LC3I/LC3II transformation in
CRC-CSCs, which was crucial for the biological functions of IL-13. We further demonstrated
that IL-13RA2 acted as a modular link of the E3 ligase UBE3C and the substrate p53 protein,
enhancing the interaction of UBE3C and p53, thereby inducing the K48-linked ubiquitination
of p53. In conclusion, the IL-13/IL-13RA2 signaling cascade promotes CRC-CSC self-renewal
and tumorigenesis by inducing p53 ubiquitination, adding an important layer to the connection
between IL-13 and p53, which can be translated into novel targeted therapies.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Colorectal cancer (CRC) is the third most common cause of
cancer mortality worldwide, with approximately 1.8 million
new cancer cases and nearly 1.0 million cancer deaths
annually.1 Similar to most other human cancers, CRC initi-
ation and development are multistep processes that involve
various genetic changes and epigenetic modifications.2,3

However, the precise molecular mechanisms underlying
CRC development and progression remain unclear. Although
great strides have been made in surgery and new drug ap-
plications, the prognosis of CRC patients remains subopti-
mal. Therefore, new therapeutic strategies based on a
deeper understanding of the molecular mechanisms of CRC
are urgently needed.

Cancer stem cells (CSCs) are characterized as tumor-
initiating cells in many types of cancer, including CRC.4,5

CSCs are defined as a small subpopulation of tumor cells
that possess a large capacity for self-renewal, the potential
to propagate diverse cell types that support tumor onset,
tumor metastasis, and recurrence, and confer resistance to
conventional treatment.6e8 Recently, increasing evidence
suggests that CSCs are a dynamic population that is
continuously formed by the fusion of genetic, epigenetic
and microenvironmental factors.5 Therefore, investigating
key molecules and the underlying mechanism of sustaining
CSC characteristics may provide new strategies for CRC
therapy.

IL-13, a 17-kDa cytokine mainly secreted by activated T
cells, NK cells, and tumor cells, is involved in allergic
inflammation and fibrosis and contributes to carcinogenesis
in renal cell carcinomas and chronic lymphocytic leuke-
mia.9 Additionally, IL-13 promotes the biosynthesis of
cytidine deaminase in colonic epithelial cells to confer the
potential of activating the inflammatoryecancer transition
in the gut.10 Canonical IL-13 signaling transduction is
mediated by two receptor complexes, including a stimu-
lating responder and an inhibitory receptor.11,12 IL-13RA2 is
an inhibitory decoy receptor with a high affinity for IL-13
and diminishes its certain effector functions. IL-13/IL-
13RA2 signaling has been repeatedly reported as an excel-
lent therapeutic target for multiple types of cancers.13

Although many physiological and pathological roles of IL-
13/IL-13RA2 signaling transduction have been described, its
biological roles and regulatory mechanisms in CSCs remain
largely unknown.

Here, we report that recombinant IL-13 (rIL-13) pro-
motes the spheroid-forming ability of CRC-CSCs in vitro and
tumor formation in vivo via IL-13/IL-13RA2 signaling.
Furthermore, autophagy activation is closely associated
with IL-13/IL-13RA2-mediated regulation of CSC function.
Therefore, the findings reveal a previously unappreciated
biological role of IL-13 in CSC function regulation and
highlight the importance of IL-13/IL-13RA2 signaling in
maintaining the homeostasis of CSCs, suggesting that this
pathway is a new therapeutic target for CRC.

Materials and methods

Patient specimens

Primary tumor tissues (n Z 28) and adjacent noncancerous
tissues (n Z 28, more than 5 cm away from the primary
tissue site) were obtained from CRC patients who under-
went surgery at the Affiliated Hospital of Jining Medical
University from January 2018 to January 2022. All patients
were pathologically diagnosed with primary CRC without
receiving any antineoplastic therapy prior to the biopsy.
Venous blood samples were collected from patients prior to
any radiotherapy or chemotherapy treatment. The study
protocol was approved by the ethics committee of the
Affiliated Hospital of Jining Medical University (No.
2021B006). Written informed consent was obtained from all
participants in this study. All the research was carried out in
accordance with the provisions of the Declaration of Hel-
sinki of 1975.

Cell culture

Human colon cancer HCT116 and DLD1 cells and human
embryonic kidney HEK293T cells were obtained from the
Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences (Shanghai, China). The cells were cultured in
DMEM (Gibco, Grand Island, NY) containing 10% fetal bovine
serum (Gibco, Grand Island, NY), 100 U/mL penicillin, and
100 mg/L. The cells were grown at 37 �C in a 5% CO2

(Thermo, MA, USA) atmosphere in a fully humidified incu-
bator. Cells were tested routinely for Mycoplasma
contamination (Yeasen).

Colony formation assay

The colony formation assay was used to detect the passage
and proliferation ability of the cells in each group. The cells
in the logarithmic growth phase were trypsinized and

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


IL-13 regulates CRC-CSCs tumorigenesis 497
counted. Then, they were evenly seeded into a six-well
plate (1000 cells per well). After the cells adhered, PBS or
rIL-13 (50 and 100 ng/mL, RD) was added. The cells were
incubated for 2 weeks under conventional culture condi-
tions. Finally, the cell colonies were successively fixed,
stained, and counted. The cell colony number was calcu-
lated using ImageJ software (National Institutes of Health)
after obtaining images with an inverted light microscope
(CKX3-SLP, Olympus Corporation).

Migration assay

The migration assay was performed using transwell cham-
bers as described previously with minor modifications.14 In
brief, cells were serum-starved for 24 h and treated with
rIL-13. Then, cells were trypsinized and resuspended in a
serum-free medium. A 100-mL cell suspension was added to
the upper chamber (8.0 mM pore size; Corning), and me-
dium supplemented with 10% FBS was added to the bottom
chamber. Cells on the upper surface of filters were removed
after incubation for 36 h. Afterward, cells on the under-
surface were fixed with 4% paraformaldehyde for 30 min,
stained with 5% crystal violet and counted. Images of each
membrane were captured, and the number of migratory
cells was counted under a microscope.

Spheroid formation assay

Stem cell spheroidization medium consisted of DMEM basic
medium, 20 ng/mL EGF, 20 ng/mL bFGF, and 2% B27 (Gibco,
New York, USA) was prepared. Differently treated
HCT116 cells were trypsinized, centrifuged, resuspended in
a spheroidization medium, and seeded with 1000 cells per
well into low-attachment 6-well plates. After 7e10 days of
incubation, spheroids were obtained and counted under a
light microscope at 4� and 20� magnification.

SiRNA, overexpression plasmids, and transfection

The siRNAs targeting IL-13RA2 and UBE3C and the scram-
bled control siRNA (NC) were purchased from RiboBio
(Shanghai, China). N-Terminal FLAG-tagged IL-13RA2 and
HA-tagged p53 expression vectors in mammalian cells
(pCMV backbones) were obtained from GeneCopoeia
(Guangzhou, China). The sequences of siRNAs and primers
are listed in Table S1. SiRNAs and plasmids were trans-
fected using Lipofectamine 3000 reagent (Invitrogen). Cells
were harvested 72 h post-transfection for various assays.

RNA extraction, reverse transcription, and
quantitative PCR

RNA Easy Reagent (Vazyme, Nanjing, China) was utilized to
isolate total RNA from CRC tissues and cells. MRNA was
reverse transcribed into cDNA using HiScript III RTSuperMix
(Vazyme, Nanjing, China). Quantitative real-time PCR was
performed on a LightCycler 96 (Roche Diagnostics) using
FastStart Essential DNA Probes Master Mix (Roche Di-
agnostics). Primer sequences are listed in Table S2. GAPDH
was used as the reference gene for normalization.
Coimmunoprecipitation and Western blotting assay

Coimmunoprecipitation (CoIP) was performed as previously
described.15 Briefly, cells were lysed in 1 mL of IP lysis
buffer (Beyotime Bio). Cell lysates were immunoprecipi-
tated with the indicated primary antibodies overnight at
4 �C and then incubated with Protein A/G agarose beads for
2 h. The beads were washed three times with lysis buffer
and eluted in SDS sample buffer. The eluted immunocom-
plexes were resolved by SDS-PAGE, followed by Western
blotting analyses.

In vivo tumor xenograft model

For subcutaneous injection models, serial dilutions (103,
104, and 105) of control and knockdown cells were
implanted into the posterior dorsal flank region of mice
(male BALB/c nude mice; aged 4e6 weeks; n Z 4 per
group) with a Matrigel scaffold (BD Matrigel matrix, BD
Biosciences). Mice were maintained under standard condi-
tions according to the institutional guidelines for animal
care. Tumor volume was measured at the indicated time
points and calculated as length � width2/2. All experi-
mental protocols were approved by the Animal Ethics
Committee of the Affiliated Hospital of Jining Medical
University (2021B006).

Immunofluorescence

Immunofluorescence staining was performed as described
previously.16 Briefly, fresh subcutaneous tumor tissues were
fixed in 4% paraformaldehyde for 48 h. Then, tissues were
successively dehydrated, paraffin-embedded and sectioned
(thickness: 4e8 mm). Afterward, paraffin-embedded tissues
were deparaffinized in xylene and blocked in PBS contain-
ing 5% BSA for 1 h at room temperature. The cells were then
incubated with primary antibodies in 10% goat serum at 4 �C
overnight, followed by incubation with secondary fluoro-
chrome-labeled antibodies for 40 min at 37 �C. After incu-
bation with DAPI for 3e5 min at room temperature to stain
the nucleus, the cells were washed three times with PBS
and imaged with a confocal laser scanning microscope.
Detailed information for the primary antibodies and sec-
ondary antibodies is listed in Tables S3 and S4.

Flow cytometry analyses

The cells that had undergone different treatments were
trypsinized and resuspended in PBS and incubated with
fluorescently labeled anti-human CD133-PE, anti-human
LGR5-PE or anti-human CD44-PE antibodies in the dark for
30 min at 4 �C. The data were analyzed using FlowJo
software.

Enzyme-linked immunosorbent assay (ELISA)

Serum samples from CRC patients and healthy control in-
dividuals were collected and stored at �80 �C until testing.
Serum IL-13 levels were measured using a protein-specific
ELISA kit (Solarbio, Beijing) following the manufacturer’s



Figure 1 IL-13RA2 is highly expressed and is a CSC stemness marker in colorectal cancer (CRC). (A) mRNA expression ofIL-13RA2
was measured in CRC tissues and their adjacent tissues using qPCR analysis (n Z 28, Wilcoxon test). (B) Protein expression of IL-
13RA2 was measured in CRC tissues and adjacent tissues using Western blotting analysis (nZ 5). (C, D) The correlation between the
mRNA level of IL-13RA2 with that of LGR5 or SOX2 was measured in CRC tissues (n Z 28, Spearman rank-correlation analysis). (E)
Expression level of IL-13RA2 in CD133-positive (CD133þ) and CD133-negative (CD133�) cells sorted from HCT116 cells. (F)

Expression level of IL-13RA2 in LGR5-positive (LGR5þ) and LGR5-negative (LGR5�) cells sorted from HCT116 cells. (G) The mRNA
expression levels of IL-13RA2 were evaluated in vitro and in adherent cultured HCT116 cells. (H) The expression levels of IL-13RA2,
LGR5, CD133, SOX2, and CK14 were measured in spheroids and adherent cultured HCT116 cells. (I) The mRNA expression levels of
IL-13RA2 were evaluated in spheroids and readherent cultured HCT116 cells. (J) Protein expression of IL-13RA2, SOX2, Nanog, and
LGR5 was detected by Western blotting in spheroids and readherent cultured HCT116 cells. The P values in E�G & I were
determined by a two-tailed unpaired Student’s t-test. Data are presented as the mean � SEM of three independent experiments.
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instructions. All measurements were performed in dupli-
cate, and the average value was calculated from the
standard curve analyses.
Statistical analysis

GraphPad Prism software was used to create the graphs.
Data are plotted as the mean � SEM. Statistically signifi-
cant differences between groups were assessed using
analysis of variance and Student’s t-test with SPSS 17.0
software version (SPSS Inc.). Spearman rank-correlation
analysis was performed to analyze the correlation
between two molecules. P < 0.05 was considered statis-
tically significant.

Results

IL-13RA2 is highly expressed and is a potential CSC
stemness marker in colorectal cancer

To explore the role of IL-13RA2 in CRC, we analyzed the
mRNA expression levels of IL-13RA2 in 28 pairs of CRC tis-
sues and matched paracancerous tissues using qRT-PCR.
The results showed that IL-13RA2 was significantly



Figure 2 IL-13/IL-RA2 signaling enhances the proliferation and migration of colorectal cancer (CRC) cells. (A) Serum IL-13 levels
were measured in CRC patients and healthy controls using ELISA (n Z 9). (B, C) HCT116 cell colony-forming capacity was evaluated
after treatment with rIL-13 or PBS. (D, E) HCT116 cell migratory ability was assessed after treatment with rIL-13 or PBS. (F, G)
Colony formation was assessed after transfection of IL-13RA2 siRNA in IL-13-treated HCT116 cells. (H, I) Cell migratory ability was
analyzed after transfection of IL-13RA2 siRNA in IL-13-treated HCT116 cells. Student’s t-test (two-tailed) was used for C, E, G & I.
Data are presented as the mean � SEM of three independent experiments.
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increased in cancer tissues (Fig. 1A). Consistently, IL-13RA2
expression was higher in CRC tissues compared to that in
paired paracancerous tissues at the protein level (Fig. 1B).
Growing evidence suggests that CSCs play a key role in
various tumors.4,5 To clarify whether IL-13RA2 is involved in
CSC formation and stemness maintenance, we first detec-
ted and analyzed the relationship between IL-13RA2 and
two well-known CSC markers, LGR5 and SOX2. Correlation
analysis showed that IL-13RA2 was positively correlated
with the mRNA expression of LGR5 and SOX2 in CRC tissues
(Fig. 1C, D). We next analyzed the expression and
correlation between IL-13RA2 and CSC markers based on an
external database. First, normalized expression level of IL-
13RA2 was significantly increased in cancer tissues
compared to adjacent non-tumor tissues from the TCGA
COAD dataset (Fig. S1A). Next, a positive correlation be-
tween IL-13RA2 and LGR5 (or SOX2) transcript levels was
found in the TCGA dataset (r Z 0.3509 for IL-13RA2 vs.
LGR5; r Z 0.3007 for IL-13RA2 vs. SOX2; both P < 0.001;
Fig. S1B).

Then, we sorted cells positive or negative for CD133 and
LGR5 (CD133þ/LGR5þ or CD133�/LGR5�) and observed that



Figure 3 IL-13/IL-13RA2 signaling promotes CSC self-renewal capacity. (A) The spheroid number of HCT116 cells treated with rIL-
13 or PBS cultured in serum-free medium for 7 days. (BeF) The mRNA expression levels of SOX2, OCT4, Nanog, CK18, and MUC1
were measured in HCT116 cells treated with different concentrations of rIL-13. (G) Protein levels of CD133, SOX2, and OCT4 were
detected in HCT116 cells treated with different concentrations of rIL-13. (HeJ) The CD133þ, LGR5þ, or CD44þ cell percentages
sorted from HCT116 cells treated with different concentrations of rIL-13. (K) Spheroid-forming ability was assessed after trans-
fection of IL-13RA2 siRNA in IL-13-treated HCT116 cells. (LeN) The mRNA expression levels of LGR5, CD133, and OCT4 were
measured after transfection of IL-13RA2 siRNA in IL-13-treated HCT116 cells. Student’s t-test (two-tailed) was used for AeF & HeN.
Data are presented as the mean � SEM of three independent experiments.
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IL-13RA2 was highly expressed in CD133þ/LGR5þ colon
cancer cells (Fig. S1C, D; Fig. 1E, F). Next, HCT116 cells
were cultured in low-adherence plates with serum-free
spheroidization medium to generate spheroid cells.
Spheroid cells were validated by measuring stemness
markers, including Nanog, SOX2, and CD133, and the
epithelial differentiation marker CK18 (Fig. S1E). Consis-
tently, we observed significantly higher expression of IL-
13RA2 in spheroid cells compared to that in matched
adherent cells, which was consistent with the expression
pattern of classical CSC markers (Fig. 1G, H). Similar results
were observed in DLD1 cells (Fig. S1F, G).

To further verify the effect of IL-13RA2 on the stemness
of CRC-CSCs, we performed a spheroid redifferentiation
test by reseeding spheroid cells for 1 or 7 days. With the
prolongation of differentiation time, the expression of
stemness markers was significantly decreased, while the
expression of differentiation markers was significantly
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increased (Fig. S1H). As expected, the mRNA and protein
expression of IL-13RA2 were reduced, which was consistent
with the trends of changes in the expression of the stem-
ness markers (Fig. 1I, J; Fig. S1I, J). Together, these results
suggest that IL-13RA2 is a potential stemness marker for
CRC-CSCs.

IL-13/IL-RA2 signaling enhances the colony forming
ability and migratory capacity of colon cancer cells

IL-13 is a ligand for IL-13RA2. IL-13/IL-13RA2 plays a crucial
role in promoting early intestinal tumorigenesis. First, the
level of IL-13 in the preoperative serum of colon cancer
patients was tested by ELISA. The results demonstrated
that IL-13 was significantly higher in the serum of colon
cancer patients compared to healthy subjects (Fig. 2A). To
confirm the biological function of IL-13 in CRC, we treated
HCT116 and DLD1 cells with gradient concentrations of rIL-
13. We observed that rIL-13 promoted the colony forming
Figure 4 IL-13/IL-13RA2 signaling promotes tumor formation of C
siIL-13RA2 after stimulation with rIL-13 or PBS. The cells were the
(nZ 6 for each group). The tumor weight and tumor volume were m
and CK1 in xenograft tissues were detected using immunofluoresce
ability and migratory capacity in a dose-dependent manner
(Fig. 2BeE; Fig. S2A, B). To further verify the role of IL-13/
IL-13RA2 signaling in CRC, we performed rIL-13 stimulation
in IL-13RA2 knockdown CRC cells. The results showed that
the oncogenic effect of rIL-13, including the colony forming
ability and migratory capacity, was blocked after knock-
down of IL-13RA2 in HCT116 and DLD1 cells (Fig. 2FeI; Fig.
S2C, D). Collectively, these findings suggest that IL-13/IL-
13RA2 signaling enhances the colony forming ability and
migratory capacity of colon cancer cells.

IL-13/IL-13RA2 signaling promotes CRC-CSC self-
renewal capacity

To investigate the effect of IL-13/IL-13RA2 signaling on the
biological functions of CRC-CSCs, a spheroid formation
assay was performed. As expected, rIL-13 remarkably
promoted spheroid formation (Fig. S3A, B; Fig. 3A). To
further verify the effect of IL-13 on the stemness of CRC-
RC-CSCs. (AeC) HCT116 cells were transfected with sicontrol or
n serially diluted and injected subcutaneously into nude mice
onitored for the indicated tumor. (D, E) Levels of CD133, OCT4,
nce staining analysis.
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CSCs, we measured the expression of stem cell markers. As
shown in Figure 3BeG and Figure S3CeH, rIL-13 treatment
markedly enhanced the expression of the stem cell
markers SOX2 and OCT4 and inhibited the expression of
the differentiation markers CK14 and MUC1 in a concen-
tration-dependent manner at both the mRNA and protein
levels in HCT116 and DLD1 cells. Flow cytometry analysis
results demonstrated that rIL-13 treatment significantly
increased the proportion of CD133þ/LGR5þ/CD44þ cells
(Fig. S4; Fig. 3HeJ). We further determined the involve-
ment of IL-13RA2 in IL-13-mediated CRC-CSCs function.
The results showed that IL-13RA2 knockdown reversed the
rIL-13-enhanced spheroid-forming ability and expression
of stem cell markers (Fig. S3I, J; Fig. 3KeN). Taken
Figure 5 IL-13 activates CSC function by regulating autophagy ac
that expressed GFP-linked LC3 (GFP-LC3) and then treated with rIL
images. (B) The expression levels of LC3I/II and P62 were evaluated
(C) Quantification of LC3II/LC3I shown in Figure 2B by ImageJ
transfection of ATG7 siRNA in IL-13-treated HCT116 cells. (F, G) T
after transfection with ATG7 siRNA in IL-13-treated HCT116 cells.
presented as the mean � SEM of three independent experiments.
together, these data indicate that IL-13/IL-13RA2 pro-
motes the stemness of CRC-CSCs.
IL-13/IL-13RA2 signaling promotes tumor formation
of CRC-CSCs

The oncogenic role of IL-13 was further confirmed in
xenograft models. We established a xenograft tumor model
by subcutaneously injecting HCT116 cells pre-treated with
different concentrations of rIL-13. The results showed that
rIL-13 promoted tumor growth in a concentration-depen-
dent manner, as indicated by the xenograft tumor volume
and tumor weight (Fig. S5AeD). Next, we determined the
tivation. (A) HCT116 cells were transfected with an adenovirus
-13 or PBS. Confocal microscopy was used to obtain fluorescent
in HCT116 cells treated with different concentrations of rIL-13.
software. (D, E) Spheroid-forming ability was assessed after
he mRNA expression levels of LGR5 and CD133 were measured
Student’s t-test (two-tailed) was used for C & EeG. Data are



Figure 6 IL-13 promotes the stemness and autophagy of CRC-CSCs by regulating the K48-linked ubiquitination of p53. (A) The
correlation between p53 signaling pathway gene sets and rIL-13 treatment is assessed via GSEA. (B) The mRNA and protein level of
p53 in HCT116 cells treated with different concentrations of rIL-13. (C, D) HEK293T cells were first transfected with HA-p53 vector
and then treated with rIL-13 or PBS. The cell lysates were subjected to an IP assay with anti-HA agarose and immunoblotted with
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effect of IL-13/IL-13RA2 signaling on the tumorigenicity of
CRC-CSCs. Different concentrations of cells (103, 104, and
105) pre-treated with IL-13RA2 siRNA and rIL-13 were sub-
cutaneously injected into severely immunodeficient mice.
First, rIL-13 treatment significantly promoted the tumor
incidence of CRC cells and increased the tumor weight and
volume; while IL-13RA2 knockdown substantially attenu-
ated the tumor-promoting capacity induced by IL-13
(Fig. 4AeC and Table S5).

Next, we analyzed the expression of the stem cell
markers OCT4 and CD133 and the differentiation marker
CK14 in xenograft tissues. As shown in Figure 4D and E, up-
regulated OCT4 and CD133 and down-regulated CK14 were
observed in xenografts originating from rIL-13-treated
HCT116 cells; whereas IL-13RA2 knockdown remarkably
weakened IL-13-induced OCT4 and CD133 up-regulation and
CK14 down-regulation. Taken together, the data indicate
that IL-13/IL-13RA2 signaling promotes tumorigenesis of
CRC-CSCs in vivo.

IL-13 activates CSC function by regulating
autophagy activation

Next, we aimed to elucidate the molecular mechanisms by
which IL-13 regulates CSC stemness. Autophagy is necessary
to maintain the stemness of CSCs in various tumor
types.6 Moreover, several members of the interleukin
family have been reported to be involved in the regulation
of autophagy, which prompted us to hypothesize that IL-13
may exert biological effects in CRC-CSCs through auto-
phagy. To this end, we first examined the impacts of IL-13-
mediated autophagy activation and observed that rIL-13
treatment indeed induced the formation of autophago-
somes in a concentration-dependent manner (Fig. 5A).
Furthermore, rIL-13 treatment promoted cleavage-medi-
ated conversion of LC3 protein and enhanced the ratio of
LC3 II/LC3I (Fig. 5B, C). In addition, autophagy-related
marker P62 was remarkably reduced after rIL-13 stimula-
tion (Fig. 5B). Altogether, the data suggest IL-13 activates
autophagy in CRC.

To further consolidate the role of IL-13 in regulating
autophagy activation of CSCs, we first blocked autophagy
activation by knocking down ATG7 expression, which drives
the fundamental stages of degradative autophagy (Fig. S6).
The results demonstrated that ATG7 silencing significantly
blocked the spheroid-forming ability enhanced by rIL-13
treatment (Fig. 5D, E). Additionally, the knockdown of
ATG7 attenuated the IL13-induced up-regulation of stem-
ness markers, including CD133 and LGR5 (Fig. 5F, G). Taken
together, these results suggest that IL-13 promotes stem-
ness by impacting autophagy in CRC-CSCs.
ubiquitin and K48-ubiqutin antibodies. (E, F) HEK293T cells were fir
UBE3C siRNA. The cell lysates were subjected to an IP assay with
ubiqutin antibodies. (G) Interaction between UBE3C and p53 was as
formation was assessed after transfection of UBE3C siRNA in IL-13-t
after transfection of UBE3C siRNA in IL-13-treated HCT116 cells. (L
UBE3C siRNA in IL-13-treated HCT116 cells. Student’s t-test (tw
mean � SEM of three independent experiments.
IL-13 promotes the stemness and autophagy of CRC-
CSCs by regulating the K48-linked ubiquitination of
p53

Next, we investigated the molecular mechanisms by which
IL-13 promotes the stemness and autophagy of CRC-CSCs.
We performed transcriptome sequencing analysis of
HCT116 cells stimulated with rIL-13 or PBS. A total of 2233
down-regulated genes and 1745 up-regulated genes (�1.2-
fold) were detected after rIL-13 stimulation (Table S6).
Gene set enrichment analysis (GSEA) revealed that the
gene sets related to cell proliferation, colon cancer che-
mosensitivity, tumor early initiation, and metastasis posi-
tively correlated with rIL-13 stimulation in colon cancer
cells. The RNA-sequencing data bioinformatically validates
the oncogenic role of IL-13 in colon cancer (Fig. S7AeD).

Excitingly, we found that the p53 signaling pathway was
significantly inhibited after rIL-13 stimulation (Fig. 6A).
Considering the key role of this tumor suppressor in auto-
phagy and tumorigenesis, we speculated that IL-13 may
regulate CSC function and autophagy through p53 signaling
pathway. We first analyzed the mRNA and protein expres-
sion of p53 and observed IL-13 stimulation dramatically
reduced the p53 protein level but had no effect on the p53
mRNA level (Fig. 6B), indicating IL-13 may impact p53
protein post-translational modification.

The ubiquitin-proteasome system is the most important
mechanism of p53 protein posttranslational modification.
We thus postulated that IL-13 might impact p53 ubiquiti-
nation. As expected, IL-13 stimulation indeed induced total
ubiquitination the K48-linked ubiquitination of p53 protein
(Fig. 6C, D). The E3 ubiquitin ligase UBE3C was reported to
regulate autophagy by mediating ubiquitination at K48.
Moreover, we predicted the ubiquitination substrate of
UBE3C through the UbiBrowser website (http://ubibrowser.
ncpsb.org/) and identified p53 as the only high-confidence
interacting protein of UBE3C (Fig. S8A). Therefore, we
postulated that IL-13 impacts the interaction of the E3
ubiquitinase UBE3C and p53, thereby promoting p53 protein
ubiquitination and subsequent autophagy activation,
consequently promoting the self-renewal and tumorigen-
esis of CRC-CSCs. This notion was supported by the
following pieces of evidence: (i) knockdown of UBE3C
significantly reduced the total ubiquitination and K48-
linked ubiquitination of p53 (Fig. S8B; Fig. 6E, F); (ii)
coimmunoprecipitation (Co-IP) results confirmed that IL-13
stimulation greatly enhanced the interaction between
UBE3C and p53 (Fig. 6G); (iii) UBE3C knockdown indeed
reversed the oncogenic function induced by rIL-13 stimu-
lation, including cell viability, migratory ability, and
spheroidization (Fig. 6HeM). In the end, UBE3C knockdown
st transfected with HA-p53 vector and then cotransfected with
anti-HA agarose and immunoblotted with ubiquitin and K48-

sessed upon IL-13 stimulation using Co-IP analysis. (H, I) Colony
reated HCT116 cells. (J, K) Cell migratory ability was analyzed
, M) Spheroid-forming ability was assessed after transfection of
o-tailed) was used for I, K & M. Data are presented as the

http://ubibrowser.ncpsb.org/
http://ubibrowser.ncpsb.org/
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reversed autophagy-related markers LC3II/LC3I ratio and
P62 levels induced by rIL-13 stimulation (Fig. S8C, D),
highlighting the important function of UBE3C in IL-13-
mediated stemness and autophagy. Collectively, the data
suggest that IL-13 promotes the stemness and autophagy of
CRC-CSCs by regulating the K48-linked ubiquitination of
p53.

IL-13RA2 is a molecular link between UBE3C and
p53

In light of the above findings, we set out to determine how
IL-13RA2 involved in IL-13-mediated p53 ubiquitination.
First, we found that rIL-13 stimulation induced the
expression of IL-13RA2 in HCT116 cells (Fig. 7A). Second,
we observed that IL-13RA2 silencing inhibited the total
ubiquitination and K48-linked ubiquitination of p53
(Fig. 7B, C). Third, Co-IP analyses showed that IL-13RA2,
UBE3C, and p53 physically interacted with each other
(Fig. 7D, E). In addition, IL-13RA2 knockdown attenuated
the binding of UBE3C to p53; and UBE3C silencing weakened
the interaction between IL-13RA2 and p53 (Fig. 7D, E).
Together, the data suggest that IL-13RA2 serves as a mo-
lecular link between UBE3C and p53.
Figure 7 IL-13RA2 is a molecular link between UBE3C and p53.
treated with different concentrations of rIL-13. (B, C) HEK293T cell
cotransfected with IL-13RA2 siRNA. The cell lysates were subjecte
ubiquitin and K48-ubiqutin antibodies. (D) HEK293T cells were cot
action between UBE3C and p53 was assessed by Co-IP analysis. (E) H
siRNA. The interaction between IL-13RA2 and p53 was assessed by C
vector and gradient IL-13RA2 plasmids. The cell lysates were subjec
the K48-ubiqutin antibody. (G) HEK293T cells were cotransfected w
action between UBE3C and p53 was assessed using Co-IP analyses.
To further consolidate the regulation of the UBE3C-p53
interaction by IL-13RA2, we overexpressed IL-13RA2 in
HEK293T cells. As indicated in Figure 7F and G, elevated IL-
13RA2 expression significantly promoted UBE3C-p53 inter-
action and K48-linked ubiquitination of p53. Taken
together, our data suggest that IL-13RA2 acts as a modular
scaffold of UBE3C E3 ligase and p53 substrate and enhances
the interaction of UBE3C and p53, which results in the
activation of K48-linked ubiquitination of p53 (Fig. 8).

Discussion

CSCs are a self-renewing cell type found in various tumors
that promote tumorigenesis, expansion, drug resistance,
recurrence and metastasis.4,17,18 Effective tumor treat-
ment strategies rely on targeting CSCs and non-CSC to
eliminate possible tumorigenesis and recurrence opportu-
nities.4,19 At present, several surface markers of CSCs have
been found to facilitate the identification of CSCs, such as
CD133, LGR5, SOX2, OCT4, and Nanog.20 In addition, WNT/
b-catenin, TGF-b, Hedgehog, and Notch are important sig-
nals to maintain the self-renewal of CSCs.21e23 Nonethe-
less, the molecular mechanisms underlying the homeostatic
regulation of CSCs in cancer remain incompletely
(A) The protein level of IL-13RA2 was assayed in HCT116 cells
s were first transfected with HA-p53 vector, and the cells were
d to an IP assay with anti-HA agarose and immunoblotted with
ransfected with HA-p53 vector and IL-13RA2 siRNA. The inter-
EK293T cells were cotransfected with HA-p53 vector and UBE3C
o-IP analysis. (F) HEK293T cells were cotransfected with HA-p53
ted to an IP assay with anti-HA agarose and immunoblotted with
ith HA-p53 vector and gradient IL-13RA2 plasmids. The inter-



Figure 8 Schematic diagram of the study. IL-13 promotes IL-13RA2 expression and activation. Then, activated IL-13RA2 mediates
and enhances the interaction of the E3 ubiquitinase UBE3C and the substrate p53 protein, resulting in p53 ubiquitination. p53
ubiquitination activates autophagy, which ultimately promotes the self-renewal and tumorigenesis of CRC-CSCs.
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understood. In the present study, we demonstrated that
the IL-13/IL-13RA2 signaling cascade plays a critical role in
the homeostasis of CRC-CSCs. At the functional level, we
demonstrated that IL-13/IL-13RA2 signaling promotes the
tumorigenesis of CRC-CSCs, representing a viable thera-
peutic target for CRC.

Previous studies have shown that IL-13 is mainly involved
in the regulation of inflammation and immune re-
sponses.24,25 In recent years, IL-13 has been found to be
involved in the occurrence and development of tumors,
including breast cancer,26 lung cancer,27 pancreatic
cancer,28 bladder cancer29 and brain tumor.30 Many studies
have found that IL-13 exerts its function through its cell
surface receptors (IL-13RA1/IL-4RA, IL-13RA2).31 The bind-
ing affinity of IL-13RA2 to IL-13 is higher than that of the IL-
13RA1/IL-4RA complex. Commonly, IL-13RA2 is merely a
decoy receptor that binds strongly to free IL-13 without
eliciting a signal.32 Recent studies have reported that IL-
13RA2 is not just a decoy receptor. Fichtner-Feigl et al
demonstrated a role for IL-13RA2-mediated signaling that
requires the cytoplasmic tail of IL-13RA2 to participate in
TGF-b1 production, providing evidence for IL-13RA2-medi-
ated signaling.12 Ko et al found that IL-13 can induce the
expression of TGF-b through IL-13RA2 and exert its protu-
mor activity in the early stage of intestinal tumorigenesis.33

IL-13RA2 can also mediate the effect of IL-13 on colon
cancer cell adhesion, and silencing IL-13RA2 reduced the
promoting effect of IL-13 on colon cancer tumorigenesis
and proliferation.34 Here, we demonstrated that IL-13/IL-
13RA2 signaling promotes the self-renewal and tumorige-
nicity of CRC-CSCs. Thus, other prior research and our
present research consistently point to the notion that IL-
13/IL-13RA2 signaling activation is an important tumor-
initiating event.

Autophagy has been extensively studied in tumor biology
and is generally thought to influence tumorigenesis, tumor
metastasis, and drug resistance.35e37 With the deepening of
related research, the role and mechanism of autophagy in
the regulation of CSC functions are constantly being
discovered. The autophagy key protein LC3 was positively
correlated with the expression of ALDH1, CD44 and CD133,
which are important markers of CSCs.38 Down-regulation of
the expression of the autophagy-related proteins ATG5,
ATG7, and Beclin-1 significantly reduced the self-renewal
of CSCs.39 Considering previous studies on the close links
between autophagy and CSC function, we hypothesized
that IL-13/IL-13RA2 may regulate CSC stemness by
impacting autophagy. As expected, we demonstrated that
IL-13 promoted autophagosome formation in CSCs. Knock-
down of IL-13RA2 inhibited the activation of autophagy, and
down-regulation of ATG7 abolished the self-renewal ca-
pacity induced by IL-13 in CRC-CSCs. More importantly, IL-
13 enhanced the expression of IL-13RA2, suggesting that IL-
13/IL-13RA2 forms a positive regulatory loop that controls
CSC homeostasis. However, the way autophagy regulates
CSC homeostasis remains unclear.

The principal tumor-suppressor protein, p53, accumu-
lates in cells in response to DNA damage, oncogene acti-
vation, and other stresses.40,41 Analysis of transcriptome
sequencing data from rIL-13-treated cells showed that p53
signaling pathway was significantly inhibited after rIL-13
stimulation, indicating IL-13 might regulate CSC autophagy
via p53 signaling pathway. Studies have revealed that p53
inhibits autophagy by interacting with FIP200, which is
homologous to yeast ATG17.42 Knockdown of p53 in CRC
promoted the conversion of LC3I to LC3II and the expression
of Beclin-1, resulting in the activation of autophagy.43 By
evaluating the alterations of mRNA and protein levels of
p53 after rIL-13 stimulation, we demonstrated IL-13 im-
pacts p53 protein post-translational modification. The
ubiquitin‒proteasome system (UPS) is the most important
mechanism of p53 degradation.44 Therefore, we
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hypothesized that autophagy activation by IL-13/IL-13RA2
signaling may be mediated by p53 ubiquitination. Our re-
sults substantially confirmed that IL-13 stimulation pro-
moted the K48-linked ubiquitination of p53. Furthermore,
bioinformatics prediction combined with experimental
validation confirmed that IL-13RA2 can link UBE3C and p53
by acting as a potential modular scaffold to promote the
interaction of UBE3C and p53, augmenting the ubiquitina-
tion level of p53 and activating autophagy. Consistently,
UBE3C knockdown indeed reversed the autophagy activa-
tion and oncogenic function induced by rIL-13 stimulation,
including autophagy-related markers LC3 II/I ratio, P62
protein level, cell viability, migratory ability, and spher-
oidization. Together, IL-13 promotes the stemness and
autophagy of CRC-CSCs by regulating the UBE3C-mediated
ubiquitination of p53.

In conclusion, IL-13/IL-13RA2 signaling promotes the
stemness of CRC-CSCs via autophagy activation. Further-
more, our study shows a link between IL-13 and p53 and
highlights the necessity of the IL-13/IL-13RA2/p53 signaling
pathway for maintaining CSC homeostasis. Targeting this
pathway may be pivotal in the prevention or treatment of
CRC.
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