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Tumor cell-derived ANGPTL2 promotes β-catenin-driven
intestinal tumorigenesis
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Uncontrolled proliferation of intestinal epithelial cells caused by mutations in genes of the WNT/β-catenin pathway is associated
with development of intestinal cancers. We previously reported that intestinal stromal cell-derived angiopoietin-like protein 2
(ANGPTL2) controls epithelial regeneration and intestinal immune responses. However, the role of tumor cell-derived ANGPTL2 in
intestinal tumorigenesis remained unclear. Here, we show that tumor cell-derived ANGPTL2 promotes β-catenin-driven intestinal
tumorigenesis. ANGPTL2 deficiency suppressed intestinal tumor development in an experimental mouse model of sporadic colon
cancer. We also found that increased ANGPTL2 expression in colorectal cancer (CRC) cells augments β-catenin pathway signaling
and promotes tumor cell proliferation. Relevant to mechanism, our findings suggest that tumor cell-derived ANGPTL2 upregulates
expression of OB-cadherin, which then interacts with β-catenin, blocking destruction complex-independent proteasomal
degradation of β-catenin proteins. Moreover, our observations support a model whereby ANGPTL2-induced OB-cadherin
expression in CRC cells is accompanied by decreased cell surface integrin α5β1 expression. These findings overall provide novel
insight into mechanisms of β-catenin-driven intestinal tumorigenesis.
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INTRODUCTION
Most sporadic human colorectal cancers (CRCs) arise as a
consequence of mutations in components of the WNT/β-catenin
signaling pathway and in the absence of overt inflammation. In
the absence of WNT signaling, β-catenin is phosphorylated by the
β-catenin destruction complex, which is composed of adenoma-
tous polyposis coli (APC), glycogen synthase kinase 3 (GSK3), AXIN,
and casein kinase 1α (CK1α), and undergoes proteasomal
degradation [1]. However, dysregulation of WNT/β-catenin signal-
ing due to alterations of the complex, such as mutations in APC or
CTNNB1, which encodes β-catenin, leads to tumorigenesis [2, 3].
On the other hand, the β-catenin pathway is reportedly regulated
by numerous stimuli, such as growth factors, extracellular
matrix–integrin interaction, mechanical force, or changes in the
adherens junction, in a manner independent of the destruction
complex [4]. Those regulatory activities are, however, less
understood.
Previously, we and others identified a family of secretory

proteins structurally similar to angiopoietin and designated them
angiopoietin-like proteins (ANGPTLs) [5, 6]. We later reported that
one of those proteins, ANGPTL2, contributes to maintenance of
tissue homeostasis [7]. Recently, we showed that intestinal stromal
cell-derived ANGPTL2 maintains the stem cell niche to regulates
epithelial regeneration and homeostasis [8]. On the other hand,
excess ANGPTL2 signaling leads to chronic inflammation and

irreversible tissue remodeling, promoting development and
progression of various diseases, including some cancers [7, 9].
Furthermore, we showed that, in an autocrine manner, tumor cell-
derived ANGPTL2 accelerates tumor cell migration and invasion in
lung cancer, breast cancer, and osteosarcoma [10, 11]. These
findings suggest that cell-autonomous ANGPTL2 signaling in
tumor cells functions in tumor metastasis. However, it remains
unclear whether tumor cell-derived ANGPTL2 is associated with
the regulation of WNT/β-catenin signaling pathway and tumor cell
proliferation.
Here, we report that tumor cell-derived ANGPTL2 contributes to

β-catenin-driven intestinal tumorigenesis by suppressing destruc-
tion complex-independent degradation of β-catenin proteins in
tumor cells. These findings provide novel insight into mechanisms
responsible for intestinal tumorigenesis caused by dysfunction of
β-catenin destruction complex.

RESULTS
Human and mouse CRC cells show upregulated ANGPTL2
expression
To assess ANGPTL2 expression in CRC tumors, we examined
ANGPTL2 expression in paraffin-embedded tumor samples and
normal colonic mucosa from biopsies of patients with CRC.
ANGPTL2 was undetectable in normal colonic epithelium but

Received: 29 August 2021 Revised: 24 June 2022 Accepted: 29 June 2022
Published online: 13 July 2022

1Department of Molecular Genetics, Graduate School of Medical Science, Kumamoto University, Kumamoto 860-8556, Japan. 2Department of Aging and Geriatric Medicine, Graduate
School of Medical Science, Kumamoto University, Kumamoto 860-8556, Japan. 3Center for Metabolic Regulation of Healthy Aging (CMHA), Graduate School of Medical Sciences,
Kumamoto University, Kumamoto 860-8556, Japan. 4Department of Gastroenterological Surgery, Graduate School of Medical Sciences, Kumamoto University, Kumamoto 860-8556,
Japan. 5Department of Pharmaceutical Microbiology, Faculty of Life Sciences, Kumamoto University, Kumamoto 860-8556, Japan. 6Department of Cell Signaling and Metabolic
Medicine, Faculty of Life Sciences, Kumamoto University, Kumamoto 860-8556, Japan. ✉email: tkado@gpo.kumamoto-u.ac.jp; oike@gpo.kumamoto-u.ac.jp

www.nature.com/onc Oncogene

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-022-02405-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-022-02405-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-022-02405-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-022-02405-8&domain=pdf
http://orcid.org/0000-0001-9344-8362
http://orcid.org/0000-0001-9344-8362
http://orcid.org/0000-0001-9344-8362
http://orcid.org/0000-0001-9344-8362
http://orcid.org/0000-0001-9344-8362
http://orcid.org/0000-0003-3327-6954
http://orcid.org/0000-0003-3327-6954
http://orcid.org/0000-0003-3327-6954
http://orcid.org/0000-0003-3327-6954
http://orcid.org/0000-0003-3327-6954
http://orcid.org/0000-0003-0121-4783
http://orcid.org/0000-0003-0121-4783
http://orcid.org/0000-0003-0121-4783
http://orcid.org/0000-0003-0121-4783
http://orcid.org/0000-0003-0121-4783
http://orcid.org/0000-0001-9339-1642
http://orcid.org/0000-0001-9339-1642
http://orcid.org/0000-0001-9339-1642
http://orcid.org/0000-0001-9339-1642
http://orcid.org/0000-0001-9339-1642
http://orcid.org/0000-0001-6419-3882
http://orcid.org/0000-0001-6419-3882
http://orcid.org/0000-0001-6419-3882
http://orcid.org/0000-0001-6419-3882
http://orcid.org/0000-0001-6419-3882
http://orcid.org/0000-0003-3245-5395
http://orcid.org/0000-0003-3245-5395
http://orcid.org/0000-0003-3245-5395
http://orcid.org/0000-0003-3245-5395
http://orcid.org/0000-0003-3245-5395
https://doi.org/10.1038/s41388-022-02405-8
mailto:tkado@gpo.kumamoto-u.ac.jp
mailto:oike@gpo.kumamoto-u.ac.jp
www.nature.com/onc


expressed in some cancer cells and stromal cells of primary CRC
tumors (Fig. 1a). Furthermore, analysis of the Gene Expression
database of Normal and Tumor tissues (GENT) showed that
expression levels of ANGPTL2 mRNA were significantly increased
in human CRC samples compared to nontumorous colon tissues
(Fig. 1b).
To searched for the in vivo source of ANGPTL2 in mice CRC

tumors, we took advantage of a sporadic colorectal tumorigenesis
model, in which mice are repeatedly injected with the potent
mutagen azoxymethane (AOM) to induce colon cancer. In this
model, AOM induces several mutations, including in Ctnnb1,
leading to accumulation of β-catenin protein [12]. Immunohisto-
chemical analysis of β-catenin in normal colon epithelial cells
revealed it was localized primarily at cell membrane (Fig. 1c, d).
However, in tumor cells, β-catenin proteins accumulated in the
cytoplasm and nuclei (Fig. 1c, d). Moreover, immunohistochemical
analysis of ANGPTL2 in wild-type (WT) mice revealed that colonic
stromal cells, but not colonic epithelial cells, abundantly expressed
ANGPTL2 in nontumorous regions (Fig. 1e). We also observed
upregulated ANGPTL2 expression in tumor cells (Fig. 1e).
Furthermore, we examined Angptl2 mRNA expression in epithelial

and stromal cells from normal and tumor tissues of WT mice.
Based on qRT-PCR analysis, Angptl2 transcripts were nearly
undetectable in normal intestinal epithelial cells (IECs) purified
from normal colon, while tumor cells from WT mice of the AOM
model abundantly expressed Angptl2 mRNA (Supplementary Fig.
1a). By contrast, qRT-PCR analysis revealed comparable levels of
Angptl2 transcripts in normal intestinal subepithelial myofibro-
blasts (ISEMFs) from WT mice and tumor-associated fibroblasts
(TAFs) from WT mice of the AOM model (Supplementary Fig. 1a).
Taken together, these results indicate that ANGPTL2 expression is
upregulated in both mouse and human intestinal tumor cells.

Angptl2-deficient mice show decreased β-catenin-dependent
tumorigenesis in a colon cancer model
Interestingly, we did not observe robust β-catenin accumulation in
dysplastic crypts that showed high expression of ANGPTL2 protein
(Supplementary Fig 1b). Accordingly, we hypothesized that
ANGPTL2 expression is induced prior to β-catenin accumulation
in intestinal tumor cells and that ANGPTL2 contributes to β-catenin-
dependent intestinal tumorigenesis. To investigate that possibility,
we subjected both Angptl2-deficient (Angptl2−/−) mice, which show
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Fig. 1 Colonic tumor cells express ANGPTL2 in vivo. a Representative images of ANGPTL2 immunostaining in surgical specimens of primary
tumors from patients with colon cancer. Scale bar, 100 μm. b Comparison of ANGPTL2 transcript levels in normal (n= 397) and tumor
(n= 3775) colon tissues based on the GENT database. Data are means ± SD. ***P < 0.001, Mann-Whitney test. Representative images of H&E
staining (c) and immunohistochemical staining for β-catenin (d) and ANGPTL2 (e) in tumor and nontumor tissues from WTmice at week 24 of
the AOM model. Angptl2−/− panels at right serve as a negative control for anti-ANGPTL2 antibody. Scale bar, 200 μm (top); 50 μm (middle and
bottom).
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normal intestinal development in the absence of injury-inducing
stimuli [8], and WT mice to the AOM model and assessed tumor
development at 16 and 24 weeks after initial AOM injection (Fig. 2a
and Supplementary Fig. 2a). Angptl2−/− mice showed a significantly
lower incidence of colonic tumors (Fig. 2b–d and Supplementary
Fig. 2b) and fewer tumors in colon relative to WT mice (Fig. 2e and
Supplementary Fig. 2c). Moreover, Angptl2−/− mice showed a
significant decrease in the size of tumors in the colon relative to WT
mice at week 16 of the AOM model (Supplementary Fig. 2d). By
week 24, average tumor size was comparable between genotypes
(Fig. 2f), but Angptl2−/− mice exhibited a lower frequency of large
tumors (≥3.5mm) than did WT mice (Fig. 2g). Histopathologic
analysis confirmed that the number of tumorous lesions in the
colon of Angptl2−/− mice decreased compared with those seen in
WT mice (Fig. 2h). Moreover, Angptl2−/− mice exhibited prolonged
survival relative to WT mice (Fig. 2i). These results overall suggest
that ANGPTL2 promotes development of colorectal cancers in this
context.
Next, we evaluated β-catenin protein accumulation and

observed reduced β-catenin levels in colonic tumors from
Angptl2−/− compared to WT mice (Fig. 2j). Tumors from
Angptl2−/− mice also showed significantly lower transcript levels
of β-catenin target genes, such as Ccnd1 and Ccnd2, and modest
but not significant decreases in Myc and Axin2 relative to WT mice
(Fig. 2k). We also observed significantly lower Mki67 expression in
tumors from Angptl2−/− relative to WT mice (Fig. 2l). Overall, these
results suggest that in this mouse model, ANGPTL2 contributes to
development of colorectal tumorigenesis by regulating the
β-catenin pathway.

ANGPTL2 deficiency decreases tumor growth and β-catenin
signaling in CRC cells
To assess ANGPTL2 function in CRC progression, we deleted
ANGPTL2 in the human colorectal cancer line SW480 using
clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 genome-editing technology and verified lack of
ANGPTL2 protein expression in multiple independent ANGPTL2
KO clones (ANGPTL2 KO SW480) (Fig. 3a, b). ANGPTL2 KO SW480
tumor cells showed significantly decreased clonogenic capacity
relative to control SW480 cells (Fig. 3c). We then used a xenograft
model to investigate whether ANGPTL2 contributes to tumor
progression in vivo. To establish the model, we injected ANGPTL2
KO or control SW480 cells into the back flanks of nude mice and
monitored volume of resultant tumors over the next 4 weeks.
Based on that analysis, mice injected with ANGPTL2 KO SW480
cells showed significantly decreased tumor growth relative to
mice injected with control cells (Fig. 3d). Interestingly, immuno-
blot analysis revealed decreased β-catenin protein levels in
ANGPTL2 KO relative to control SW480 cells (Fig. 3e). Accordingly,
immunoblot and qRT-PCR analysis revealed that respective
protein and transcript levels of β-catenin target genes, such as
c-Myc (encoded by MYC), Cyclin D2 (encoded by CCND2), and
Axin2 (encoded by AXIN2), significantly decreased ANGPTL2 KO
relative to control SW480 cells (Fig. 3e, f). These results support the
idea that tumor cell-derived ANGPTL2 promotes β-catenin protein
accumulation in CRC cells, accelerating their proliferation.

ANGPTL2 expressed in CRC tumor cells enhances their growth
and β-catenin signaling
Given the increased ANGPTL2 expression seen in colonic tumor
cells in the AOM model (Fig. 1), we asked whether ANGPTL2
induction in those cells contributes to β-catenin-driven intestinal
tumorigenesis. To do so, we established two independent cell
lines overexpressing (OE) ANGPTL2 in the human colorectal cancer
cell line SW480 (ANGPTL2-OE SW480) (Fig. 4a). ELISA analyses
confirmed that relative to control cells, ANGPTL2-OE SW480 cells
showed enhanced ANGPTL2 protein secretion into culture
medium (Fig. 4b). ANGPTL2 overexpression significantly increased

clonogenic capacity of tumor cells of both lines relative to cells
transduced with control vector (Fig. 4c), suggesting that tumor
cell-derived ANGPTL2 promotes CRC cell proliferation. Further-
more, mice subcutaneously injected with ANGPTL2-OE SW480
cells showed a significant increase in tumor volume relative to
mice injected with SW480 control cells (Fig. 4d). Interestingly,
immunoblot analysis revealed that β-catenin protein levels
increased in ANGPTL2-OE relative to control SW480 cells
(Fig. 4e). ANGPTL2-OE SW480 cells also showed increased levels
of β-catenin protein in both cytosolic and nuclear fractions relative
to control cells (Fig. 4f). Accordingly, qRT-PCR analysis revealed
that transcript levels of β-catenin target genes, such as MYC,
CCND2, and AXIN2, significantly increased in ANGPTL2-OE relative
to control SW480 cells (Fig. 4g).
To further assess the relationship between ANGPTL2 expression

and β-catenin accumulation in CRC cells, we overexpressed
ANGPTL2 in a different human colorectal cancer line, namely,
HCT116 cells (ANGPTL2-OE HCT116) (Fig. 4h, i). As in SW480 cells,
clonogenic capacity of ANGPTL2-OE HCT116 cells was significantly
increased relative to control cells (Fig. 4j), and ANGPTL2-OE
HCT116 cells showed relatively increased levels of β-catenin
protein (Fig. 4k). Moreover, qRT-PCR analysis revealed significantly
increased levels of MYC, CCND2 and AXIN2 transcripts in ANGPTL2-
OE relative to control cells (Fig. 4l). Overall, these results support
our observations that tumor cell-derived ANGPTL2 promotes
β-catenin protein accumulation in CRC cells and consequent
upregulation of β-catenin target genes, accelerating tumor cell
proliferation.

ANGPTL2 suppresses proteasomal degradation of β-catenin
independent of the destruction complex
To determine mechanisms underlying accumulation of β-catenin
protein in tumor cells overexpressing ANGPTL2, we assessed
stability of endogenous β-catenin proteins in ANGPTL2-OE SW480
cells cultured in the presence of the protein synthesis inhibitor
cycloheximide. Cycloheximide chase analysis revealed that in
control SW480 cells, most β-catenin protein was degraded within
12 h, whereas >50% of initial β-catenin protein remained in
ANGPTL2-OE SW480 cells (Fig. 5a). β-catenin protein phosphory-
lated at Ser33, Ser37, and Thr41 by GSK-3, a component protein of
β-catenin destruction complex, is ubiquitinated and undergoes
degradation [13]. Interestingly, Angptl2-deficient mice show
decreased tumorigenesis in the AOM model, in which the GSK-
3β phosphorylation consensus motif of β-catenin is reportedly
mutated [12]. Therefore, we hypothesized that ANGPTL2 blocks
β-catenin protein degradation independent of GSK-3β. SW480
cells harbor mutant APC (Fig. 5b), which leads to inactivation of
the β-catenin destruction complex [14–16]. Polyubiquitination of
phospho-β-catenin was readily detectable in HEK293 cells cultured
in the presence of the proteasome inhibitor MG132, based on
immunoblot analysis, while phospho-β-catenin was not ubiquiti-
nated in SW480 cells cultured in the presence or absence of
MG132 (Fig. 5b). These findings suggest that the destruction
complex is inactivated in SW480 cells. Indeed, β-catenin degrada-
tion was not inhibited by LiCl or the GSK-3 inhibitor CHIR99021 in
cycloheximide-treated SW480 cells (Fig. 5c, d). Nevertheless,
culture of cycloheximide-treated control SW480 cells with
MG132 suppressed β-catenin protein degradation (Fig. 5e).
Immunoblot analysis also revealed that polyubiquitination of
phospho-β-catenin was not detectable in either ANGPTL2-OE or
control SW480 cells in the presence of MG132, and ratios of
phosphorylated (S33/S37/T41) to total β-catenin protein were
comparable in ANGPTL2-OE SW480 and control cells (Fig. 5f).
These findings suggest overall that ANGPTL2 does not contribute
to β-catenin phosphorylation or to ubiquitination of phospho-
β-catenin. On the other hand, the increase in β-catenin protein
levels seen relative to controls in ANGPTL2-OE SW480 cells was
minimal in the presence of MG132 (Fig. 5g). Overall, these results
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suggest that β-catenin undergoes proteasomal degradation in
SW480 cells independent of the GSK-3-containing destruction
complex and that ANGPTL2 suppresses this activity.

Tumor cells overexpressing ANGPTL2 show OB-cadherin
upregulation and β-catenin stabilization
Next to determine how ANGPTL2 suppresses destruction
complex-independent β-catenin degradation in tumor cells, we
searched for proteins that interact with β-catenin in colon cancer
cells. To do so, we immunoprecipitated β-catenin proteins from

whole cell lysates of ANGPTL2-OE SW480 or control cells and
identified co-immunoprecipitated proteins by mass spectrometry
(Fig. 6a, b). That analysis revealed that Cadherin-11 (also known as
OB-cadherin) preferentially interacts with β-catenin in ANGPTL2-
OE SW480 relative to control cells (Fig. 6b and Supplementary Fig.
3a). Immunoblot analysis also showed upregulated OB-cadherin
expression in ANGPTL2-OE relative to control SW480 cells, and
that OB-cadherin was co-immunoprecipitated with β-catenin in
ANGPTL2-OE SW480 cells in the presence or absence of MG132
(Fig. 6c and Supplementary Fig. 3b).
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We next asked whether reduced OB-cadherin expression seen
in ANGPTL2-overexpressing CRC cells underlies decreased
β-catenin accumulation by transfecting ANGPTL2-OE SW480 cells
with either CDH11-specific or control scramble siRNA (Fig. 6d, e).
OB-cadherin knockdown in ANGPTL2-OE SW480 cells decreased
levels of β-catenin proteins (Fig. 6d). Furthermore, cycloheximide
chase assays revealed β-catenin protein to be less stable in

ANGPTL2-OE SW480 cells transfected with CDH11-specific siRNA
relative to control siRNA-transduced cells (Fig. 6f), an effect
blocked by MG132 treatment (Fig. 6g). We next asked whether
OB-cadherin/β-catenin interaction promotes β-catenin transloca-
tion from the plasma membrane to the cytoplasm. Although
cytosolic β-catenin protein levels increased in ANGPTL2-OE SW480
relative to control cells (Fig. 4f), the ratio of cytosolic to plasma
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membrane-bound β-catenin protein was comparable in both
groups (Supplementary Fig. 3c). Taken together, these results
suggest that ANGPTL2-induced OB-cadherin is required to
suppress proteasomal degradation of β-catenin proteins in
tumor cells.

ANGPTL2 induction of CDH11 expression is accompanied by
decreased cell surface expression of integrin α5β1
We next asked how ANGPTL2 induces OB-cadherin expression in
CRC cells. qRT-PCR analysis revealed markedly increased CDH11
transcript levels in ANGPTL2-OE SW480 relative to control cells
(Fig. 7a). To further assess a potential correlation between
ANGPTL2 and CDH11 expression in CRC cells, we analyzed gene
expression data from the Cancer Cell Line Encyclopedia (CCLE)
and found a positive correlation between ANGPTL2 and CDH11
mRNA expression in CRC lines (Fig. 7b), suggesting that ANGPTL2
may transcriptionally regulate CDH11 in CRC.
We next investigated molecular mechanisms underlying upre-

gulation of CDH11 by ANGPTL2. Because ANGPTL2 binds to
integrin α5β1 [7, 11, 17], we asked whether integrin α5β1 plays a
role in ANGPTL2-dependent CDH11 induction in CRC cells, by first
assessing cell surface expression of integrin α5β1 in these cells.
Interestingly, flow cytometry analysis revealed a significant
decrease in cell surface integrin α5β1 protein in ANGPTL2-OE
SW480 relative to control SW480 cells (Fig. 7c), while integrin α5
(ITGA5) and β1 (ITGB1) transcript levels were comparable between
groups (Fig. 7d). Consistent with this, immunofluorescence
analysis revealed integrin α5 protein primarily localized at cell-
to-cell borders in normal colon epithelial cells, while levels of cell
surface integrin α5 were lower in adjacent tumor cells in the AOM
model (Fig. 7e). To investigate mechanisms underlying ANGPTL2
regulation of cell surface integrin α5β1 expression, we examined
integrin α5 protein levels in cytosolic and plasma membrane
fractions of ANGPTL2-OE SW480 and control cells. Based on
immunoblot analysis, ANGPTL2-OE SW480 cells showed relatively
increased levels of early endosome antigen 1 (EEA1), which
localizes to early endosomes and is essential for endosome
trafficking, and integrin α5 protein in cytosolic fractions relative to
control cells (Supplementary Fig. 4a), suggesting that ANGPTL2
enhances ligand-induced integrin α5 internalization. OB-cadherin,
a type 2 cadherin, is a biomarker for mesenchymal phenotypes
[18], and integrin α5 at the lateral membrane is required for
epithelialization [19, 20]. Thus, we asked whether decreased levels
of cell surface integrin α5β1 contribute to ANGPTL2-dependent
CDH11 induction in tumor cells. To do so, we transfected SW480
cells with either ITGA5-specific or control scramble siRNA and
assessed CDH11 levels (Fig. 7f). CDH11 transcript levels

significantly increased in integrin α5-knockdown compared to
control cells (Fig. 7g). To further assess potential integrin α5β1
function in tumor progression in vivo, we deleted integrin α5 in
ANGPTL2-OE SW480 cells using the CRISPR/Cas9 system (Supple-
mentary Fig. 4b) and then injected either integrin α5 KO or control
ANGPTL2-OE SW480 cells into the back flanks of nude mice. We
observed no differences in tumor volume between groups
(Supplementary Fig. 4c). However, relative to control cells,
ANGPTL2-overexpressing SW480 cells already show decreased
surface expression of integrin α5β1 (Fig. 7c) plus increased CHD11
expression (Fig. 7a) and tumor growth in vivo (Fig. 4d); thus,
integrin α5 KO in those cells may not be sufficient to alter tumor
progression in vivo.

ANGPTL2 expression in human primary tumor tissues
correlates with β-catenin expression
Finally, we assessed a potential correlation between ANGPTL2,
β-catenin, and integrin α5 expression levels in primary tumors
from patients with CRC. Immunohistochemical analysis of tumor
tissues from these patients revealed relatively lower β-catenin
expression but higher integrin α5 expression in tissues expressing
low ANGPTL2 protein (Supplementary Fig. 5a–c, patients #1 and
#2). By contrast, CRC cells expressing abundant ANGPTL2 protein
showed high β-catenin and low integrin α5 expression (Supple-
mentary Fig. 5a–c, patients #3 and #4).

DISCUSSION
Here, we demonstrate that ANGPTL2 deficiency inhibits tumor
development in an experimental mouse model of sporadic CRC.
Moreover, induction of ANGPTL2 expression in tumor cells led to
accumulation of β-catenin proteins in CRC cells and enhanced
tumor cell proliferation. We also found that ANGPTL2 over-
expression blocks destruction complex-independent proteasomal
degradation of β-catenin in tumor cells. Mechanistically, our
findings suggest that ANGPTL2 enhances expression of OB-
cadherin, which interacts with β-catenin, resulting in inhibition of
β-catenin degradation in CRC cells. Furthermore, we showed that
ANGPTL2 induces OB-cadherin expression in CRC cells likely by
decreasing cell surface expression of integrin α5β1. Based on
these results we propose that ANGPTL2 promotes β-catenin-
driven colorectal tumorigenesis by accelerating β-catenin accu-
mulation in tumor cells via the integrin α5β1/OB-cadherin
pathway (Fig. 7h).
WNT/β-catenin signaling controls epithelial proliferation, intest-

inal homeostasis, and maintenance of intestinal stem cells [21, 22].
However, aberrant activation of β-catenin leads to development of

Fig. 4 Tumor cell-derived ANGPTL2 enhances β-catenin signaling. a Representative immunoblotting for ANGPTL2 in two lines (#1 and #2)
of ANGPTL2-OE SW480 and control cells. HSC70 served as a loading control. b ANGPTL2 protein concentrations in culture medium of
ANGPTL2-OE SW480 lines #1 and #2 or control cells. Data are means ± SD; n= 4 for each group. ***P < 0.001, one-way ANOVA test followed by
Tukey’s multiple comparison test. c (left) Clonogenic analysis of indicated groups at day 12 based on crystal violet staining. (right)
Quantification of data. Shown are means ± SD; n= 4 for each group. ***P < 0.001, one-way ANOVA test followed by Tukey’s multiple
comparison test. d Comparison of tumor volumes in nude BALB/c mice injected with either the ANGPTL2-OE SW480 line #1 (n= 10) or control
SW480 cells (n= 8). Data are means ± SD. ***P < 0.001, two-way ANOVA test. e Representative immunoblotting for β-catenin in ANGPTL2-OE
SW480 lines #1 and #2 and control cells. HSC70 served as a loading control. Numbers below panels represent normalized expression of
proteins. f (left) Representative immunoblotting for β-catenin in ANGPTL2-OE SW480 lines #1 and #2 and control cells. HDAC2 served as a
loading control for the nuclear fraction. GAPDH served as a loading control for the cytosolic fraction. (right) Shown are relative β-catenin/
GAPDH (cytosolic) and β-catenin/HDAC2 (nuclear) levels. Data are means ± SD; n= 3 for each group. ***P < 0.001; *P < 0.05, one-way ANOVA
test followed by Tukey’s multiple comparison test. g Comparison of MYC, CCND2, and AXIN2 transcript levels in ANGPTL2-OE SW480 lines #1
and #2 and control cells. Control cell levels were set to 1. Data are means ± SD; n= 4 for each group. ***P < 0.001; **P < 0.01, one-way ANOVA
test followed by Tukey’s multiple comparison test. h Representative immunoblotting for ANGPTL2 in ANGPTL2-OE or control HCT116 cells.
HSC70 served as a loading control. i ANGPTL2 protein concentrations in the culture medium of ANGPTL2-OE HCT116 or control cells. Data are
means ± SD; n= 4 for each group. *P < 0.05, Mann-Whitney test. j (left) Clonogenic analysis of indicated groups at day 10 based on crystal
violet staining. (right) Quantification of data. Shown are means ± SD; n= 3 for each group. *P < 0.05, unpaired t-test. k Representative
immunoblotting for β-catenin in ANGPTL2-OE or control HCT116 cells. HSC70 served as a loading control. Numbers below panels represent
normalized protein expression. l Comparison of MYC, CCND2, and AXIN2 transcript levels in ANGPTL2-OE or control HCT116 cells. Control cell
levels were set to 1. Data are means ± SD; n= 6 for each group. ***P < 0.001; *P < 0.05, unpaired t-test.
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adenomas and CRC [23, 24]. Loss of APC, which encodes a
component of the β-catenin destruction complex, in intestinal
epithelial cells drives formation of adenomas via increased WNT/
β-catenin signaling [25]. This mutation is found in approximately
30%–70% of sporadic adenomas and sporadic CRCs. In the AOM
model, the GSK-3β phosphorylation consensus motif of β-catenin

is reportedly mutated [12], suggesting that β-catenin degradation
in AOM-induced tumor cells does not depend solely on the
destruction complex. We demonstrate here that ANGPTL2 is
required for AOM-induced tumor development and that ANGPTL2
overexpression causes β-catenin accumulation in SW480 cells,
which harbor a typically truncated form of APC, resulting in
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represent normalized expression of proteins. d Representative immunoblotting for β-catenin in control SW480 cells incubated with
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protein expression. e (left) Representative immunoblotting for β-catenin in control SW480 cells incubated with cycloheximide (100 μg/ml) in
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two-way ANOVA test. f (left) Representative immunoblotting for β-catenin and phosphorylated (p)-β-catenin in ANGPTL2-OE SW480 lines #1
and #2 and control cells incubated 12 h with MG132 (20 μM). HSC70 served as a loading control. (right) Shown are relative levels of p-
β-catenin/β-catenin. Data are means ± SD; n= 3 for each group. ns, not significant (P > 0.05), one-way ANOVA test followed by Tukey’s multiple
comparison test. g Representative immunoblotting for β-catenin in ANGPTL2-OE SW480 lines #1 and #2 and control cells incubated with or
without MG132 (20 μM) for 12 h. HSC70 served as a loading control. Numbers below panels represent normalized expression of proteins.
Controls each condition (either with or without MG132) were set to 1.
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Fig. 6 Regulation of β-catenin signaling by ANGPTL2 requires OB-cadherin. a Representative images of silver staining of anti-β-catenin
immunoprecipitates from ANGPTL2-OE SW480 lines #1 and #2 and control cells incubated 12 h with MG132 (20 μM). b Results of anti-
β-catenin IP/MS experiments showing log2 ratio of normalized protein abundance in ANGPTL2-OE SW480 cells (lines #1 and #2) to abundance
seen in control cells. n= 1 for each group. The X-axis indicates the log2 ratio of normalized protein abundance in the ANGPTL2-OE SW480 line
#1 relative to control cells; the Y-axis indicates the log2 ratio of normalized protein abundance in the ANGPTL2-OE SW480 line #2 relative to
control cells. c Representative immunoblotting for β-catenin and OB-cadherin in input samples and anti-β-catenin immunoprecipitates from
ANGPTL2-OE SW480 lines #1 and #2 and control cells incubated 12 h with MG132 (20 μM). HSC70 served as a loading control. d Representative
immunoblotting for OB-cadherin and β-catenin in ANGPTL2-OE SW480 lines #1 and #2 transfected with two different siCDH11 constructs (#1
or #2) or control siRNA. HSC70 served as a loading control. e Representative immunoblotting for β-catenin and OB-cadherin in input samples
and anti-β-catenin immunoprecipitates from ANGPTL2-OE SW480 cells (line #1 only) transfected with siCDH11 constructs #1 or #2 or control
siRNA and then incubated 12 h more in MG132 (20 μM). HSC70 served as a loading control. f (upper) Representative immunoblotting for
β-catenin in ANGPTL2-OE SW480 cells (line #1 only) transfected with siCDH11 construct #2 or control siRNA and incubated with cycloheximide
(100 μg/ml) for indicated times. HSC70 served as a loading control. (lower) Shown is the percentage of β-catenin remaining at indicated
incubation times. Data are means ± SD; n= 3 for each group. *P < 0.05, two-way ANOVA test. g (upper) Representative immunoblotting for
β-catenin in ANGPTL2-OE SW480 cells (line #1 only) transfected with siCDH11 construct #2 and incubated with cycloheximide (100 μg/ml) in
the absence or presence of the proteasome inhibitor MG132 (20 μM) for indicated times. HSC70 served as a loading control. (lower) Shown is
the percentage of β-catenin remaining at indicated incubation times. Data are means ± SD; n= 3 for each group. *P < 0.05, two-way
ANOVA test.
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Fig. 7 ANGPTL2 induction of CDH11 is accompanied by decreased levels of cell surface integrin α5β1. a Comparison of CDH11 transcript
levels in ANGPTL2-OE SW480 lines #1 and #2 and control cells. Levels in control cells were set to 1. Data are means ± SD; n= 4 for each group.
***P < 0.001, one-way ANOVA test followed by Tukey’s multiple comparison test. b Correlation of ANGPTL2 and CDH11 mRNA levels in CRC cell
lines from the CCLE database (n= 58). Pearson’s correlation coefficient (r) was calculated for each correlation. c (left) Representative
histograms of cell surface expression of integrin α5β1 in ANGPTL2-OE SW480 lines #1 and #2 and control cells. (right) Shown is quantification
of integrin α5β1 Mean Fluorescence Intensity (MFI). d Comparison of levels of ITGA5 (left) and ITGB1 (right) transcripts in ANGPTL2-OE SW480
lines #1 and #2 and control cells. Levels in control cells were set to 1. Data are means ± SD; n= 4 for each group. ns, not significant (P > 0.05),
one-way ANOVA test followed by Tukey’s multiple comparison test. e Representative images of immunofluorescence for integrin α5 (red) in
tumor and adjacent nontumor tissues from WT mice at week 24 of the AOM model. Nuclei are counterstained with DAPI (white). Scale bar,
50 μm. f Representative histograms of cell surface expression of integrin α5β1 in SW480 control cells transfected with two different siITGA5
constructs (#1 and #2) or control siRNA. g Comparison of CDH11 transcript levels in SW480 control cells transfected with two different siITGA5
constructs (#1 and #2) or control siRNA. Levels in control siRNA were set to 1. Data are means ± SD; n= 3 for each group. ***P < 0.001, one-way
ANOVA test followed by Tukey’s multiple comparison test. h Model of proposed molecular mechanism underlying ANGPTL2-mediated
β-catenin-driven colorectal tumorigenesis. In CRC cells, tumor cell-derived ANGPTL2 signaling upregulates OB-cadherin, which blocks
proteasomal degradation of β-catenin, thereby augmenting β-catenin signaling and promoting cell proliferation.
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enhanced cell proliferation. These results support the idea that
ANGPTL2 controls β-catenin stability independent of the destruc-
tion complex, thereby promoting development of AOM-induced
tumors. Importantly, we demonstrated that knockdown of OB-
cadherin decreases levels of β-catenin protein in ANGPTL2-OE
SW480 cells. Thus, even if the β-catenin destruction complex
becomes nonfunctional in CRC cells, aberrant activation of
β-catenin signaling, which promotes intestinal tumorigenesis,
could be suppressed by targeting ANGPTL2 or OB-cadherin.
OB-cadherin, which was initially identified in mouse osteoblasts

[26], is also expressed in breast, prostate, gastric, and colon
cancers [27–31]. OB-cadherin functions in tumor cell invasion and
migration and cancer progression [32, 33]. OB-cadherin expression
is also reportedly associated with enhanced migration and
invasion of CRC cells [34]. Furthermore, recent studies demon-
strate that inhibiting OB-cadherin inactivates WNT/β-catenin
signaling [35, 36]. Our study indicates that OB-cadherin interacts
with β-catenin in ANGPTL2-OE cells and that OB-cadherin loss via
knockdown promotes proteasomal degradation of β-catenin,
suggesting that β-catenin/OB-cadherin interaction may protect
β-catenin proteins from degradation and activate β-catenin
pathway.
We also report that integrin α5β1 expression on tumor cells

decreases following ANGPTL2 overexpression and that integrin
α5 knockdown induces OB-cadherin mRNA expression in tumor
cells. OB-cadherin is a marker of the epithelial–mesenchymal
transition (EMT) [37], and integrin α5 expression positively
correlates with epithelial phenotypes in CRC cells [38]. Because
ANGPTL2 signaling enhances cancer cell metastasis via EMT
activation [17, 39], ANGPTL2 may induce OB-cadherin expression
by activating the EMT, although further studies are required to
confirm this possibility.
Here, we demonstrated that tumor cell-derived ANGPTL2

activates WNT/β-catenin signaling. On the other hand, we
previously reported that Angptl2-deficient mice show impaired
intestinal epithelial regeneration after dextran sulfate sodium
(DSS)-induced injury [8]. Mechanistically, in that study we found
that stromal cell-derived ANGPTL2 maintained the intestinal stem
cell niche by modulating signaling between bone morphogenetic
protein (BMP) and β-catenin and showed de-repression of Bmp2
and Bmp7 expression in ANGPTL2-deficient stromal cells. In
humans, perturbed β-catenin/BMP signaling is associated with
juvenile polyposis syndrome (JPS), familial adenomatous polyposis
(FAP), and colorectal cancer [40–42]. Thus, stromal cell-derived
ANGPTL2-mediated suppression of BMP expression may also
function in intestinal tumorigenesis.
Complementing this study, we previously showed that

ANGPTL2 signaling in tumor cells has tumor-promoting activity
[10, 11, 39, 43, 44]. However, we recently demonstrated that tumor
stroma-derived ANGPTL2 exhibits anti-tumor activities in a AOM/
DSS mouse model of colitis-associated colon cancer, in a mouse
kidney cancer model, and in murine syngeneic tumor models
[45, 46]. These studies suggest a dual role for ANGPTL2 in
oncogenesis functioning either in tumor promotion or suppres-
sion, depending on context, although mechanisms underlying
context-dependency remain unclear. One possibility is that
ANGPTL2 may have anti-tumor activity in highly immunogenic
tumor microenvironments characterized by T cell infiltration and
molecular signatures indicative of immune activation. Interest-
ingly, in our recent analysis of anti-tumor ANGPTL2 activity in
mouse kidney cancer, and murine syngeneic and AOM/DSS
models, we observed abundant T cell infiltration of tumors
[45, 46]. By contrast, in the AOM model, which is an inflammation-
independent sporadic colorectal tumorigenesis model,
ANGPTL2 showed tumor-promoting activities, supporting the idea
that ANGPTL2 function in cancer pathology depends on the
nature of the tumor microenvironment, as well as the type of cell
expressing ANGPTL2.

In conclusion, we propose that tumor cell-derived ANGPTL2
accelerates tumor cell proliferation by enhancing OB-cadherin
expression, in turn suppressing proteasomal degradation of
β-catenin and promoting β-catenin-driven intestinal tumorigen-
esis. Our findings represent a novel mechanism underlying
destruction complex-independent regulation of β-catenin signal-
ing in CRC cells and suggest that the ANGPTL2–OB-cadherin axis
could be targeted by novel therapeutics.

MATERIALS AND METHODS
Animals
Angptl2−/− mice on a C57BL/6 N background were described previously
[9]. Angptl2+/− mice were backcrossed to a C57BL/6 strain for 10 or more
generations. Age-and sex-matched littermate mice were used for
experiments. Nude BALB/c mice were purchased from CLEA (Japan).
Sample sizes were based on the literature. Data collection and analysis
were conducted in a randomized and blinded manner. Mice showing clear
signs of abnormal sickness were excluded from the study. All experimental
procedures were approved by the Ethics Review Committee for Animal
Experimentation of Kumamoto University.

Induction of sporadic colon tumorigenesis
Mice received intraperitoneal injections of 10mg/kg AOM (Wako) once a
week for 6 weeks. Tumor development was assessed at 16 and 24 weeks
after the initial AOM injection. Colonoscopy was performed using an
endoscope system (AVS), air pump (Tetra), and video capture box (IO-
DATA).

Isolation of colonic epithelial cells and fibroblasts
To isolate tumor cells, tissues from 15 pooled tumor specimens from WT
mice (n= 10) of the AOM model were washed twice with cold PBS and
incubated in 5 mM EDTA in PBS for 90 min at 4 °C on a tube roller. After
incubation, small pieces were vigorously shaken, passed through a 100-
μm cell strainer and centrifuged at 300 g for 5 min. Collected cells were
used for qRT-PCR. Remaining tissue was then incubated 2 h in 20 ml RPMI
1640 medium (Wako) containing 10 mg dispase and 10mg collagenase D
in a shaking 37 °C incubator. Digested tissue was treated with red blood
cell lysis buffer (ACK buffer; 0.15 M NH4Cl, 10 mM KHCO3, and 0.1 mM
EDTA) for 5 min, washed and then passed through a 100-μm cell strainer.
TAFs were isolated by MACS using a tumor-associated fibroblast isolation
kit (Miltenyi Biotec). Mouse normal colonic crypts or ISEMFs were isolated
as described [8].

Histology, immunohistochemistry, immunofluorescence
For histological analysis, colonic tissue samples were fixed with 15%
neutral buffered formalin, embedded in paraffin, sectioned with a
microtome, and stained with hematoxylin and eosin (H&E).
For immunohistochemistry, after antigen retrieval, endogenous perox-

idase was blocked using 3% H2O2 for 10min. Samples were then blocked
with 5% serum for 20min at room temperature and incubated with
primary antibodies overnight at 4 °C. Appropriate secondary antibodies
were applied for 60min at room temperature, and 0.02% DAB solution was
used for detection and visualization of staining. Slides were counterstained
with hematoxylin and mounted. Antibodies used were as follows: anti-
β-catenin (1:50, BD Biosciences, 610154), anti-integrin α5 (1:100, abcam,
ab150361). Immunohistochemical staining for human ANGPTL2 was
performed as described [10]. Immunohistochemical staining for mouse
ANGPTL2 was performed as described [47].
For immunofluorescence, after antigen retrieval, samples were blocked

with 5% serum for 20min at room temperature and incubated with
primary antibodies overnight at 4 °C, then incubated with antibodies
conjugated Alexa Flour 594 for 60min at room temperature. Nuclei were
stained with DAPI for 20min. Antibodies used were as follows: anti-integrin
α5 (1:00, abcam, ab150361).

Clinical samples
We obtained paraffin-embedded tumor samples from biopsy specimens of
primary tumors from patients with unresectable CRC at Kumamoto
University Hospital (Kumamoto, Japan). This study was approved by the
Ethics Committees of Kumamoto University. Written informed consent was
obtained from each subject.
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Cell culture
The human CRC cell line SW480, purchased from ATCC, was cultured in
Leibovitz’s medium (Invitrogen) supplemented with 10% FCS at 37 °C in a
humidified 5% CO2 atmosphere. The human CRC line HCT116 (purchased
from ATCC) was cultured in McCoy’s 5a medium (Invitrogen) supplemen-
ted with 10% FCS at 37 °C in a humidified 5% CO2 atmosphere.
ANGPTL2- or integrin α5-deficient cells were generated using the Guide-

it CRISPR/Cas9 system (Takara Bio) according to the manufacturer’s
instructions. Cells were transfected with expression plasmids encoding
Cas9 and ZsGreen1, and with single-guide RNAs (sgRNAs). The latter were
5′-CGACCAGAGACACGACCCCG-3′ for human ANGPTL2 #1; 5′-TGCGACCA
GAGACACGACCC-3′ for human ANGPTL2 #2; 5′-GGTGTAGGTGCACTTGTCCT-
3′ for human ANGPTL2 #3; and 5′- TCATGGATCGGACCCCTGACGGG-3′ for
human integrin α5. A Guide-it Control Anneals Oligos served as control.
After transfection, ZsGreen1+ cells were isolated by cell sorting (using a
SH800S sorter, Sony Biotechnology). ANGPTL2 KO was confirmed based on
lack of ANGPTL2 protein expression in established lines.
To create stably transfected cells, SW480 or HCT116 cells were

transfected with ANGPTL2 or control vectors [10] using Lipofectamine
2000 or 3000 (Invitrogen), according to the manufacturer’s protocol.
For transient knockdown of CDH11 or ITGA5, SW480 cells were transfected

with siRNA (Trilencer-27 human siRNA; OriGene) using Lipofectamine
RNAiMAX (Life Technologies) according to the manufacturer’s protocol. As a
control, we used Trilencer-27 Universal Scrambled Negative Control (OriGene).

Immunostaining
Cells were first fixed 10min in 4% paraformaldehyde and then
permeabilized with 0.1% Triton X-100 in PBS for 15min at room
temperature. Non-specific binding was minimized by blocking with 5%
normal goat serum. Cells were incubated with anti-human ANGPTL2
antibodies [10] and then with Alexa 594-conjugated anti-rabbit antibodies.
Nuclei were counterstained with DAPI.

Quantitation of ANGPTL2 protein by ELISA
Cells were grown to confluency, and then medium was collected to
quantify ANGPTL2 protein by ELISA. ANGPTL2 concentrations in the
medium were estimated using an ANGPTL2 Assay Kit (IBL) based on the
manufacturer’s instructions.

Clonogenic assay
Two thousand cells were seeded into 6-well plates. Growth medium was
refreshed every three days. After 10–12 days, cells were fixed with 4%
paraformaldehyde and stained 30min with 0.5% crystal violet in 25%
methanol and images of colonies were acquired manually. Stained cells
were then solubilized in 1% SDS, and the OD595 values were determined

Xenograft tumor model
ANGPTL2 KO and control SW480 cells (4 × 106) in 100 μL PBS were injected
subcutaneously into both back flanks of 5-wk-old nude mice. Likewise,
ANGPTL2-OE and control SW480 cells (1 × 106) in 50 μL PBS were injected
using the same protocol. Tumor volume (V) was measured with calipers
(V=width2 × height × 0.523).

Immunoblot analysis
Solubilized proteins were subjected to SDS-PAGE, and proteins were
electro-transferred to nitrocellulose membranes. Immunoblotting was
performed with antibodies against ANGPTL2 (1:1000, R&D Systems,
BAF1444), β-catenin (1:1000, BD Biosciences, 610154), c-Myc (1:1000, Cell
Signaling Technology, #5605), Cyclin D2 (1:1000, Cell Signaling Technology,
#3741), Axin2 (1:1000, Cell Signaling Technology, #2151), HDAC2 (1:1000,
Cell Signaling Technology, #57156), GAPDH (1:1000, Cell Signaling
Technology, #5174), APC (1:1000, Santa Cruz Biotechnology, #sc53165),
phospho-β-catenin (1:1000, Cell Signaling Technology, #9561), OB-
cadherin (1:1000, Cell Signaling Technology, #4442), Integrin α5 (1:1000,
abcam, ab150361), EEA1 (1:1000, Cell Signaling Technology, #3288), Na/K-
ATPase (1:1000, Cell Signaling Technology, #3010), or HSC70 (1:4000, Santa
Cruz Biotechnology, #sc7298). Immunodetection was carried out using an
ECL kit (GE Healthcare) according to the manufacturer’s protocol.

Cytosolic/nuclear/plasma membrane fractionation
Cytosolic/nuclear fractionation was performed as described [48]. Cells were
lysed in ‘cytosolic buffer’ (0.33M Sucrose, 10mM HEPES, 1mM MgCl2, 0.1%

Triton X100) for 10min. The lysate was centrifuged at 2400 rpm for 5min,
and the resulting supernatant was used as cytosolic fraction. The nuclear
fraction was obtained by dissolving pellets in ‘membrane buffer’ (0.25M
Sucrose, 20mM HEPES, 10mM KCl, 1.5 mM MgCl2, 1mM EDTA) for 25min on
ice to remove membrane-bound β-catenin. The lysate was then centrifuged
at 3000 rpm for 5min, and the pellet was considered the nuclear fraction.
Plasma membrane fractions were prepared using a Trident Membrane
Protein Extraction Kit (GeneTex) according to the manufacturer’s protocol.

Immunoprecipitation
Cells were lysed with lysis buffer containing 50mM Tris-HCl (pH 7.5),
150mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM
EDTA, protease inhibitor (Roche), 10 mM NaF, 1 mM Na3VO4, and 10mM
Na3P2O7. Lysates were centrifuged to remove debris, and supernatants
were incubated for 120min at 4 °C with Dynabeads protein G (Invitrogen)-
conjugated anti-β-catenin antibody (5 μg, BD Biosciences, 610154) or
control IgG (R&D Systems, MAB002). Resulting precipitates were washed
and eluted with SDS sample buffer. Purified proteins were fractionated by
SDS-PAGE and silver-stained (Wako).

In-gel digestion/Mass spectrometry
Extracted proteins were separated by SDS-PAGE followed by negative
staining. Total proteins in gels were reduced by treatment with 10 mM
dithiothreitol for 30 min, and alkylated using 50 mM iodoacetamide for
30 min. After overnight trypsin digestion, peptides were extracted from
gel pieces and purified with SDB-XC StageTip [49, 50]. NanoLC-MS/MS
was conducted using a Triple TOF 5600 (SCIEX) with an Ultimate 3000
RSLCnano (Thermo Fisher Scientific). An Acclaim PepMap RSLC (2 mm,
25 cm × 75 mm) column was used for peptide separation. The mobile
phase consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid
in acetonitrile. A linear gradient of 2% B to 25% B in 60 min, 50% B to
90% B in 15 min and 90% B for 5 min was employed. MS data were
subjected to a search against the Uniprot Human database with Protein
Pilot V.4.5 (AB Sciex). Peak areas of peptides were calculated by
PeakView (AB Sciex).

Total RNA extraction and real-time quantitative RT-PCR
Total RNA was isolated from cells and tissues using TRIzol regent (Invitrogen).
DNase-treated RNA was reversed-transcribed with a PrimeScript RT regent Kit
(Takara Bio). PCR products were analyzed using a Thermal Cycler Dice Real
Time System (Takara Bio). PCR primer sequences (forward and reverse,
respectively) were 5′-CCTGGTGCTCCATGAGGAGAC-3′ and 5′-CAGACTCT
GACCTTTTGCCAGG-3′ for human MYC; 5′-GAGAAGCTGTCTCTGATCCGCA-3′
and 5′-CTTCCAGTTGCGATCATCGACG-3′ for human CCND2; 5′-ACTGCCCA
CACGATAAGGAG-3′ and 5′-CTGGCTATGTCTTTGGACCA-3′ for human AXIN2;
5′-TGGCAGCAAGTATCCAATGG-3′ and 5′-TTTGGTTACGTGGTAGGCAC-3′ for
human CDH11; 5′-AGACATTCGATCCCTCTACAACT-3′ and 5′-AATCGGC-
CAAACTCATCATGG-3′ for human ITGA5; 5′-CCTACTTCTGCACGATGTGATG-3′
and 5′-CCTTTGCTACGGTTGGTTACATT-3′ for human ITGB1; 5′-TTTGCGAGTACT-
CAACACCAACATC-3′ and 5′- GAGCATATCTTCGGCCCACAC -3′ for human 18 S.
Relative transcript abundance was normalized to that of 18 S mRNA.

Flow cytometry
Cells were suspended in MACS buffer (Miltenyi Biotec), stained with anti-
integrin α5β1 (Millipore, MAB1999) or control IgG (R&D Systems, MAB002),
and then incubated with appropriate secondary antibodies. Viable cells
were identified as unstained with 7-AAD (Beckman Coulter). Stained cells
were analyzed by BD FACSVerse (BD Biosciences). Data analysis was
undertaken using FlowJo software (TreeStar).

Statistical analysis
Statistical analyses were performed using GraphPad prism 9 software
(GraphPad Software). Statistical parameters and methods are reported in
respective figures and figure legends. Results with p-values < 0.05 were
considered significant (P < 0.05= *; P < 0.01= **; P < 0.001= ***). Compar-
isons between two groups were performed using an unpaired two-tailed t-
test when variance was similar between groups, or the Mann-Whitney U test.
Comparisons between three or more groups were performed using one-way
ANOVA with Tukey’s multiple comparison test. For comparisons with two or
more independent variable factors, we used two-way ANOVA followed by
Sidak’s multiple comparison test. Survival rate was analyzed by log-rank test.
For comparison of tumor incidence, we used Fisher’s exact test.
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