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Integrin o9 depletion promotes f3-catenin degradation
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Although integrin a9 (ITGA9) is known to be involved in cell adhesion and motility, its expression in cancer and its role in
tumor growth and metastasis remain largely unknown. Our study was designed to investigate the role of ITGA9 in triple-
negative breast cancer (TNBC). ITGA9 expression in TNBC cells was knocked out (KO) using CRISPR/Cas9 technology. Four
orthotopic mouse mammary xenograft tumor models coupled with cell culture studies were performed to determine the effect
of ITGA9 depletion on TNBC tumor growth and metastasis and the underlying mechanism. Bioinformatics analysis showed that
ITGA9 level is significantly higher in TNBC than other breast cancer subtypes, and higher ITGA9 level is associated with
significantly worse distant metastasis-free survival and recurrence-free survival in TNBC patients. Experimentally, ITGA9 KO
significantly reduced TNBC cell cancer stem cell (CSC)-like property, tumor angiogenesis, tumor growth and metastasis by
promoting B-catenin degradation. Further mechanistic studies revealed that ITGA9 KO causes integrin-linked kinase (ILK)
relocation from the membrane region to the cytoplasm, where it interacts with protein kinase A (PKA) and inhibits PKA activity
leading to increased activity of glycogen synthase kinase 3 (GSK3) and subsequent B-catenin degradation. Overexpressing
B-catenin in ITGA9 KO cells reversed the inhibitory effect of ITGA9 KO on tumor growth and metastasis. Furthermore, ITGA9
downregulation in TNBC tumors by nanoparticle-mediated delivery of ITGA9 siRNA drastically decreased tumor angiogenesis,
tumor growth and metastasis. These findings indicate that ITGA9 depletion suppresses TNBC tumor growth and metastasis

by promoting p-catenin degradation through the ILK/PKA/GSK3 pathway.
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What’s new?

ITGA9 depletion suppressing TNBC metastasis

Integrin a9 (ITGA9), part of the integrin family of cell adhesion molecules, is among the least studied integrin molecules.
Similar to others in its family, ITGA9 is suspected of influencing tumor growth and metastasis, though little is known about its
expression or role in cancer. This study shows that ITGA9 is highly expressed in triple negative breast cancer (TNBC). In TNBC
cells, ITGA9 depletion resulted in downregulation of the ILK/PKA/GSK3/B-catenin pathway and suppression of cancer cell
stemness, tumor growth, and metastasis. The findings offer new insight into TNBC biology and identify ITGA9 as a potential

therapeutic target in TNBC.

Introduction

Integrins are a large family of heterodimeric transmembrane
receptors and each integrin consists of an o and p subunit.
Integrins are key mediators of cell adhesion and most mem-
bers of the integrin family are found to play critical roles in
cell migration, invasion, and tumor metastasis.'> Human
integrin subunit a9 (ITGA9), known to partner with the sub-
unit Bl to form integrin a9P1, is one of the least studied
integrins.»> While studies showed that ITGA9 has important
roles in regulating cell adhesion, motility, lymphangiogenesis
and angiogenesis, its expression pattern in cancer and its role
in tumor growth and metastasis remain largely unknown.*

Triple-negative breast cancer (TNBC) is a breast cancer
subtype that does not express estrogen and progesterone recep-
tor and lacks the amplification of human epidermal growth
factor receptor 2, accounting for 10-20% of newly diagnosed
breast cancer cases.””® TNBC overlaps largely with basal-like
breast cancer that is one of breast cancer subtypes classified by
microarray-based gene expression profiling studies.”'® Clini-
cally, TNBCs usually show worse metastasis and poorer patient
prognosis than other breast cancer subtypes.''™'* It was reported
that the worst survival among all breast cancer subtypes having
metastatic disease was seen in TNBC with metastasis cases with
a median survival of about 7 months.'"'> However, the mecha-
nism of TNBC displaying more aggressive metastatic behavior
remains poorly understood. A previous study of 141 invasive
breast carcinomas and 10 normal breast tissues showed strong
associations between the expression of integrin a9p1 and the
expression of basal cytokeratins, the triple negative status of
breast carcinoma and poorer patient survival,'* suggesting a
potentially important role of integrin a9f1 in TNBC. None-
theless, whether ITGA9 plays a role in TNBC metastasis and
the underlying mechanism are currently unknown.

B-Catenin is a critical signaling molecule in the canonical
Wnt/B-Catenin pathway, which plays key roles in normal
development and cancer.'” Importantly, the Wnt/p-catenin
pathway is critically involved in the generation and mainte-
nance of cancer stem cells (CSCs) that play pivotal roles in
cancer initiation and metastasis.'®'” Interestingly, studies
showed that the Wnt/B-catenin pathway is activated and
enriched in TNBC.'®?° However, how the Wnt/p-catenin
pathway is activated and enriched in TNBC remains poorly
understood and it remains to be determined whether ITGA9
plays a role in regulating the p-catenin pathway in TNBC.

In our study, we found that ITGA9 expression level is
significantly higher in TNBC cells and tumors; and higher
ITGA9 expression level is associated with significantly worse
distant metastasis-free survival (DMFS) and recurrence-free
survival (RFS) in TNBC patients. ITGA9 depletion in TNBC
cells or tumor tissues significantly reduced TNBC cell stemness,
tumor angiogenesis, tumor growth and metastasis by promoting
f-catenin degradation. Further mechanistic studies revealed that
ITGA9 depletion promotes f-catenin degradation through the
integrin-linked kinase (ILK)/protein kinase A (PKA)/glycogen
synthase kinase 3 [GSK3] pathway.

Materials and Methods

Cell lines and cell culture

MCF-7, T-47D, BT-474, MDA-MB-453, Hs578T and BT-549
cells were purchased from ATCC (Manassas, VA). MDA-MB-231
cells were obtained from Dr. Suyun Huang (MD Anderson Can-
cer). MDA-MB-231-LM2 (LM2) cells were provided by Dr. Joan
Massagué Lab (Memorial Sloan-Kettering Cancer Center). The
LM2 cells, a derivative of MDA-MB-231 cells, were selected for its
strong ability to metastasize to the lung.*' All above cells were
cultured following instructions from ATCC. SUM-159 cells
were obtained from Dr. Stephen Ethier (Wayne State University)
and cultured in F-12 supplemented with 5% FBS, 1% penicillin/
streptomycin at 37°C in a humidified 5% CO, atmosphere.

Generation of ITGA9 CRISPR/Cas9 knockout cells

ITGA9 CRISPR/Cas9 knockout (KO) TNBC LM2 and SUM-
159 cells were generated following the procedures described
in our recent study.** Briefly, ITGA9-specific gRNA oligos were
cloned into the pX459 two-in-one CRISPR targeting vector
(Addgene, Cambridge, MA). Two target sequences for ITGA9
KO are GGTGCTGGCGCTGGTGGTCGCGG and CCTCGA
CCCGCAGCGCCCCGTGC. After successful cloning, the ITGA
9 CRISPR/Cas9 targeting vector was transfected into LM2 and
SUM-159 cells and selected with puromycin for generating
ITGA KO cells, which was confirmed by DNA sequencing and
Western blot analysis. Two confirmed ITGA9 KO clones from
each cell line were pooled together and used in this study.

ITGA9, B-catenin and PKA catalytic subunit o stable
overexpression in ITGA9 KO LM2 and SUM-159 cells
Full-length human ITGA9, f-catenin and PKA catalytic
subunit a (PKA-Ca) cDNAs were obtained from OriGene
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Technologies (Rockville, MD) and Addgene and cloned into
lentiviral expression vector pLenti6.3/V5-DEST™ (Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions.
Vector control, ITGA9-, pB-catenin- and PKA-Coa-expressing
lentiviral particles were packaged as described in our recent
publications.”>** To stably overexpress ITGA9, B-catenin or
PKA-Ca in ITGA9 KO cells, ITGA9 KO LM2 and SUM-159
cells were transduced with vector control (pLenti6.3), ITGA9-
expressing (pLenti6.3-ITGA9), p-catenin-expressing (pLenti6.3-
f-catenin) or PKA-Ca-expressing (pLenti6.3-PKA-Ca) lentiviral
particles and selected with blasticidin.

Orthotopic mouse mammary xenograft tumor model studies
and IVIS bioluminescent imaging analysis

All following animal study protocols were reviewed and
approved by the University of Kentucky IACUC. Seven-
week-old female nude mice (Nu/Nu; Charles River Laborato-
ries, Wilmington, MA) were used and the orthotopic mouse
mammary xenograft tumors were established as described in
our recent studies.”*** Four orthotopic mammary xenograft
tumor model studies were carried out: (i) to study the effect
of ITGA9 KO on mammary tumor growth and metastasis,
mouse mammary fat pad was injected with 1 X 10° of LM2
parental cells (n = 6 mice) or LM2 ITGA9 KO cells (n = 5
mice). Mice injected with LM2 parent cells or LM2 ITGA9
KO cells were euthanized 6 and 10 weeks after the injection,
respectively. (if) To study the rescue effect of ITGA9 reexpressing
in ITGA9 KO cells on the inhibitory effect of ITGA9 KO on
mammary tumor growth and metastasis, mouse mammary
fat pad was injected with 1 x 10° of LM2 ITGA9 KO vector
control (LM2-ITGA9KO-pLenti6.3; n = 5 mice) or LM2 ITGA9
KO with ITGA9 reexpressing (LM2-ITGA9KO-pLenti6.3-ITGA9;
n = 5 mice) cells. All mice were euthanized 7 weeks after the
injection. (iii) To study the effect of siRNA knocking down
IGTA9 expression in mouse mammary xenograft tumor tissues
on tumor growth and metastasis, 1 X 10° of parental LM2 cells
were injected into mouse mammary fat pad to produce
orthotopic mammary xenograft tumors. When mammary tumor
volumes reached about 200 mm?® 2 weeks after injection, tumor-
bearing mice were randomly divided into two groups (n = 5
mice in each group) and the average tumor volumes between
two groups were not significantly different. One group of mice
were treated with control siRNA oligos and the other group of
mice were treated with ITGA9 siRNA oligos. Both control and
ITGA9 ON-TARGETplus SMARTpool siRNA oligos (a mixture
of four different siRNAs provided as a single reagent) were pur-
chased from Dharmacon (Lafayette, CO), packaged into hybrid
nanoparticles (HNP) that were developed recently in our
laboratory,”” and given to mice via intratumoral injection at
a dose of 12.5 pg/mouse, three times per week for 3 weeks. All
mice were euthanized 1 week after the last intratumoral injec-
tion. (iv) To study the effect of P-catenin overexpression in
ITGA9 KO cells on the inhibitory effect of ITGA9 KO on
mammary tumor growth and metastasis, mouse mammary fat
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pad was injected with 1 x 10° of B-catenin overexpressing LM2
ITGA9 KO cells (LM2-ITGA9KO-pLenti6.3-p-catenin; n = 5
mice). Mice were euthanized 6 weeks after injection. All mam-
mary tumors were collected and fixed in 10% formalin solution
for H&E and vascular marker CD31 immunofluorescence
(IF) staining as described in our recent studies.’>*® LM2 cells
also stably express the luciferase 2 reporter, so the lungs of mice
injected with LM2 cells were collected and imaged with the
IVIS bioluminescent imaging system to determine lung metas-
tasis as described in our recent studies.”?

Suspension serum-free culture sphere formation assay

The suspension serum-free culture sphere formation assay
was carried out to determine the presence of CSC-like cells as
previously described.””*® Briefly, cells were plated into the
ultralow adhesion 24-well cell culture plates (2,500 cells per
well) and cultured for 10 days for sphere formation. At the
end of culture, spheres with a diameter bigger than 100 pm
were photographed and counted.

Flow cytometry analysis of CD44"/CD24~ cells

The parental LM2 and SUM-159 cells and the ITGA9 KO
LM2 and SUM-159 cells (1 x 10° cells) were harvested,
washed with PBS and stained with anti-CD44-PE (Thermo
Fisher # 12-0441-82) and/or anti-CD24-APC (Thermo Fisher
# 17-0247-42) on ice for 30 min following the manufacturer’s
instructions. At the end of antibody staining, cells were
washed and stained with DAPI and processed for BD FACS
(LSR II) analysis. The results were analyzed using BD FlowJo
software (BD Biosciences).

Quantitative PCR analysis

The TRIzol Reagent was used to extract cellular total RNA.
Gene mRNA expression levels were measured by quantitative
PCR (Q-PCR) analysis carried out in ABI QuantStudio 3 Q-PCR
System using ABI TagMan gene expression assay and p-actin
was used to normalize gene mRNA expression levels as
described in our previous study.*

Western blot, cell fractionation and coimmunoprecipitation
analysis

Western blot, cell fractionation and coimmunoprecipitation
(Co-IP) analysis were carried out as described in our previ-
ous publications.”***** The following primary antibodies
were used: anti-ITGA9, anti-CD31 (Abcam, Cambridge, MA);
anti-B-catenin, anti-nonphospho-p-catenin, phospho-f-catenin
(Ser33/37/Thr41, Thr41/Ser45, Ser675), phospho-GSK3a (Ser21),
phospho-GSK3 (Ser9), total GSK3a, total GSK3p, phosphor-
CREB (Ser133), total CREB, ILK, PKA-Ca and PARP-1 (Cell
Signaling Technology, Beverly, MA); anti-PKA RlIla regula-
tory unit (Santa Cruz Biotechnology, Dallas, TX); anti-p-actin
(Sigma, St. Louis, MO).
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IF staining of cultured cells and mouse tumor tissue
sections

Cellular B-catenin, ILK and PKA RIla regulatory subunit IF
staining were performed following our previous protocols.”**®
Mouse mammary tumor section P-catenin and CD31 staining
were performed as described in our previous studies.”>*
The CD31 staining was quantified by counting CD31 positive
staining structures in 10 randomly selected fields (magnifica-
tion: X 200) from each mouse mammary tumor section and
sections from three mouse tumors in each group were stained
and counted; and presented as the number of CD31 positive-
stained structures per field of view (FOV). Mouse tumor tissue
fB-catenin IF images were taken using a confocal microscope
(Nikon Ti2). The presented images for cultured cells and
mouse tumor tissues are overlaid images of a specific protein
positive staining with nuclear DNA 4’6-diamidino-2-phenylindole
(DAPI) staining.

Statistical analysis

The statistical analyses for the significance in the presented
numerical data (as mean £ SD) were performed by testing for
different treatment effects by one-way analysis of variance
(ANOVA). The differences between treatment groups were
determined using two-tailed student -test. A value of p < 0.05
was considered statistically significant.

Results

ITGA9 expression level is significantly higher in basal-like
breast tumors and basal mesenchymal-like TNBC cells than
other subtype breast cancers and higher ITGA9 expression
level is associated with significantly worse DMFS and RFS in
TNBC patients

The expression level of ITGA9 among breast cancer subtypes
is not well-known. To determine the potential role of ITGA9
in breast cancer, we first compared ITGA9 expression levels
among different subtypes of breast cancer by performing
bioinformatics analysis of 942 breast cancer patient gene
expression data from TCGA PanCancer Atlas Breast Invasive
Carcinoma dataset (http://www.cbioportal.org/index.do). As
shown in Figure 1a, the expression level of ITGA9 is signifi-
cantly higher in basal-like breast cancers than other breast can-
cer subtypes. Western blot analysis showed that ITGA9 protein
level is significantly higher in strongly migratory and invasive
basal mesenchymal-like TNBC cells than other breast cancer
cells (Fig. 1b). Since basal-like breast cancer overlaps largely
with TNBC, these findings suggest that ITGA9 level is signifi-
cantly higher in TNBC tumor tissues and cell lines.

Moreover, by analyzing a large number of breast cancer
patients’ ITGA9 expression and survival data from KM plotter
(http://kmplot.com), we found that a higher ITGA9 expres-
sion level is associated with significantly worse DMFS in
patients (Fig. 1c). Importantly, this reverse association is only
significant in the TNBC subtype group after stratifying differ-
ent breast cancer subtypes including ER+, PR+, Her2+ and

ITGA9 depletion suppressing TNBC metastasis

triple negative (Fig. 1d). Similarly, a higher ITGA9 expression
level is also associated with worse RFS in breast cancer
patients (p = 0.061; Fig. le); and this reverse association
became statistically significant (p = 0.011) after stratifying the
TNBC subtype (Fig. 1f). These findings suggest that higher
ITGA9 expression may contribute significantly to breast can-
cer metastasis and recurrence, particularly to TNBC metastasis
and recurrence.

ITGA9 depletion by CRISPR/Cas9 KO suppresses TNBC cell
CSC-like property, tumor angiogenesis, tumor growth and
metastasis

We next used CRISPR/Cas9 technology to knock out ITGA9
expression in two TNBC cell lines (LM2 and SUM-159) for
determining the role of ITGA9 in TNBC. ITGA9 depletion in
LM2 and SUM-159 cells was confirmed by Western blot
(Fig. 2a). To ensure that the effects observed below in ITGA9
KO cells were indeed caused by ITGA9 downregulation, we
also stably reexpressed ITGA9 in ITGA9 KO cells for per-
forming rescue experiments (Fig. 2a).

CSCs play key roles in cancer metastasis and recurrence.
We thus first determined the effect of ITGA9 KO on TNBC cell
CSC-like property using a well-established serum-free suspen-
sion culture mammary sphere formation assay. It was found
that ITGA9 KO significantly reduces the number of mammary
spheres formed by the TNBC SUM-159 cells (Fig. 2b). Stably
reexpressing ITGA9 in ITGA9 KO cells significantly recovered
the capability of ITGA9 KO cells forming mammary spheres
(Fig. 2b). In addition, we also performed flow cytometry analy-
sis to determine the effect of ITGA9 KO on the number of cells
with CD44"/CD247, a mark used for identifying breast CSC. It
was found that ITGA9 KO significantly reduces the number of
cells with CD44"/CD24” in both LM2 and SUM-159 cells
(Supporting Information Figs. Sla and S1b). Together, these
findings suggest that ITGA9 KO is capable of reducing TNBC
cell CSC-like property.

Our recent studies showed that nude mouse mammary fat
pad injection of LM2 cells produced rapidly growing and
strongly metastatic mammary tumors.”>*® To determine the
effect of ITGA9 KO on TNBC tumor growth and metastasis,
we produced our first nude mouse orthotopic mammary
xenograft tumor model by mammary fat pad injection of LM2
parental cells or LM2 ITGA9 KO cells. It was found that
tumors produced by LM2 parental cells reached allowed size
limit 6-7 weeks postinjection; in contrast, tumors produced
by LM2 ITGA9 KO cells still did not reach the allowed size
limit 10 weeks postinjection (Supporting Information Fig. S1c).
The LM2 cells also stably express luciferase 2 reporter facili-
tating the determination of lung metastasis using IVIS Spec-
trum imaging system. Bioluminescence imaging analysis
showed that all mice injected with LM2 parental cells devel-
oped lung metastasis as evidenced by the appearance of strong
bioluminescent signals in the lungs detected by the IVIS imag-
ing (reported in our recent publication, Ref. 22); however, none

31,32
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Figure 1. ITGA9 expression level is significantly higher in TNBC than other breast cancer subtypes and high ITGA9 expression level is
associated with significantly worse DMFS and RFS in TNBC patients. (a) ITGA9 expression level analysis among different breast cancer
subtypes. The patient gene expression data were retrieved from TCGA PanCancer Atlas Breast Invasive Carcinoma dataset (http://www.
cbioportal.org/index.do) and log2 transformed. The differences among groups were determined by one way ANOVA. (b) Representative images
of Western blot analysis of ITGA9 protein level among different type of breast cancer cells. (c, d) DMFS analysis. The KM plotter (http://
kmplot.com/analysis/) was used to analyze the relationship between ITGA9 expression level and DMFS for all breast cancer subtypes (c) or
TNBC subtype (d). (e, f) RFS analysis. The KM plotter was used to analyze the relationship between ITGA9 expression level and RFS for all
breast cancer subtypes (e) or TNBC subtype (f). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 2. ITGA9 KO by CRISPR/Cas9 significantly reduces TNBC cell CSC-|
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mean + SD (n = 3). *p < 0.05, compared to parental SUM-159 cells or ITGA9 reexpressing ITGA9 KO cells. Scale bar, 50 pm. () Mouse mammary
xenograft tumor weight (mean 4 SD, n = 5). (d) Images of mouse lung ex vivo IVIS bioluminescence imaging analysis. (€) Representative
overlaid images of IF staining of CD31 (red) and nuclear DNA DAPI (blue) and quantifications of CD31 positive staining in mouse mammary

xenograft tumors. The CD31 positive staining was counted and presented
(FOV; mean = SD, n = 30). *p ¢ 0.05. Scale bar, 50 pm.

of mice injected with LM2 ITGA9 KO cells developed lung
metastasis as evidenced by the absence of bioluminescent sig-
nals in the lungs (Supporting Information Fig. S1d). To deter-
mine that the aforementioned inhibitory effect on tumor
growth and metastasis was indeed caused by ITGA9 KO, we
produced our second nude mouse orthotopic mammary xeno-
graft tumor model by mammary fat pad injection of LM2
ITGA9 KO vector control (LM2-ITGA9-KO-pLenti6.3) or LM2
ITGA9 KO with ITGA9 stable reexpression (LM2-ITGA9-KO-
pLenti6.3-ITGA9) cells. It was found that the inhibitory effect of
ITGA9 KO on mouse mammary xenograft tumor growth was

as numbers of CD31 positive staining structures per field of view

reversed by stably reexpressing ITGA9 (Fig. 2c). Moreover, no
mice injected with ITGA9 KO vector control cells developed lung
metastasis (n = 5 mice); in contrast, all five mice injected with
ITGA9 KO with ITGA9 stable reexpression cells developed lung
metastasis as evidenced by the appearance of strong biolumines-
cent signals in the lungs detected by the IVIS imaging (Fig. 2d).
These findings indicate that ITGA9 KO significantly reduces
TNBC cell CSC-like property, tumor growth and metastasis.
Previous studies showed that ITGA9 plays important roles in
normal angiogenesis.33’34 Since tumor angiogenesis is essential
for tumor growth and metastasis, we then determined whether

Int. J. Cancer: 145, 2767-2780 (2019) © 2019 UICC
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ITGA9 plays a role in TNBC tumor angiogenesis. IF staining of
a vascular structure mark protein CD31 revealed extensive
CD31 positive staining in mouse mammary tumors from injec-
tion of LM2 parental cells; in contrast, very limited CD31 positive
staining was seen in mouse mammary tumors from injection of
ITGA9 KO cells (Supporting Information Fig. S2 and Fig. 2e).
Strong CD31 positive staining was observed again in mouse
mammary tumors from injection of ITGA9 KO with ITGA9
stable reexpression cells (Fig. 2e). These results suggest that
ITGA9 plays a critical role in TNBC tumor angiogenesis.

ITGA9 downregulation in mammary tumors by nanoparticle-
mediated delivery of ITGA9 siRNA significantly reduces
tumor angiogenesis, tumor growth and metastasis

We next determined whether downregulating ITGA9 expression
in TNBC tumor tissues using ITGA9 siRNA has an effect on
tumor growth and metastasis. Knocking down a gene expression
in tumor tissues by siRNA is challenging due to the intrinsic
unstable nature of siRNA oligos. Nanoparticle-mediated delivery
of siRNA oligos is one of the promising solutions. We used a
HNP that was recently developed in our laboratory for efficient
in vivo plasmid DNA delivery” to deliver siRNA oligos to
tumor tissues. Western blot analysis showed that HNP-mediated
delivery of ITGA9 siRNA oligos is capable of reducing ITGA9
protein level in LM2 cells, which is comparable to the knock-
down efficiency (60-70%) of a commonly used commercial
transfection reagent Lipofectamine-2000. No significant cytotox-
icity was observed in HNP- or Lipofectamine-2000-transfected
cells.

We then produced our third orthotopic mammary xenograft
tumor model by injecting parental LM2 cells into nude mouse
mammary fat pad. When tumors reached about 200 mm?,
HNP-packaged control siRNA or ITGA9 siRNA oligos were
given to mice via intratumoral injection. After 3 weeks of treat-
ment, tumors treated with ITGA9 siRNA was significantly
smaller than tumors treated with control siRNA oligos (Fig. 3a).
Western blot analysis showed that HNP-ITGA9 siRNA treat-
ment significantly reduced tumor tissue ITGA9 level (Fig. 3b).
Moreover, all five mice in control siRNA-treated group devel-
oped strong lung metastasis as evidenced by the appearance of
strong bioluminescent signals in the lungs detected by IVIS
imaging (Fig. 3c). In contrast, only very limited, focally and
weakly bioluminescent signals were detected in the lungs of five
mice in ITGA9 siRNA-treated group (Fig. 3c). These results
indicate that ITGA9 siRNA treatment is capable of significantly
reducing mammary tumor growth and suppressing lung metas-
tasis, suggesting that ITGA9 could serve as a potential thera-
peutic target for treating TNBC.

Consistent with above findings showing that mammary
tumors resulting from injection of ITGA9 KO cells have very
limited tumor angiogenesis (Fig. 2e), CD31 IF staining rev-
ealed that mammary tumors treated with ITGA9 siRNA oligos
display significantly less CD31 positive staining structures
than tumors treated with control siRNA (Fig. 3d). These
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findings suggest that downregulating tumor ITGA9 level sig-
nificantly reduces TNBC tumor angiogenesis.

ITGA9 KO reduces p-catenin level through promoting
B-catenin proteasome degradation and overexpressing
B-catenin reverses the effect of ITGA9 KO on tumor growth
and metastasis

We next determined the mechanism of ITGA9 downregulation
inhibiting TNBC cell CSC-like property, tumor angiogenesis,
tumor growth and metastasis. One of the critical signaling
pathways that play crucial roles in cancer stemness, tumor
angiogenesis, tumor growth and metastasis is the canonical
Wnt/B-catenin pathway; and p-catenin is the key signaling mol-
ecule in this pathway.'>""’

The best-characterized mechanism of downregulating
f-catenin level is that p-catenin protein phosphorylation pro-
motes its ubiquitylation and subsequent proteasome degrada-
tion.*® Nonphospho-f-catenin is considered as the active form
of B-catenin. Western blot analysis revealed that ITGA9 KO
caused a drastic decrease of total and nonphospho-f-catenin
protein level, an effect that was significantly rescued by stably
reexpressing ITGA9 in ITGA9 KO cells (Fig. 4a). Moreover,
treatment with a proteasome inhibitor MG132 greatly recov-
ered B-catenin protein level in ITGA9 KO cells (Fig. 4a). Partic-
ularly, MG132 treatment almost completely recovered the level
of phospho-B-catenin (Ser33/37/Thr41), which is the main
phospho-form of B-catenin that is ubiquitylated and degraded.
The SCF B-TRCP complex is well-known to be responsible for
the ubiquitination of phosphorylated-p-catenin, it is likely that
ITGA9 KO causes PB-catenin downregulation mainly through
the SCF B-TRCP complex-mediated ubiquitination of B-catenin
and subsequently increasing its proteasome degradation. More-
over, this statement is further supported by the q-PCR analysis
showing that ITGA9 KO has no significant effect on p-catenin
mRNA level.

p-Catenin is a cotranscription factor and its nuclear localiza-
tion indicates fB-catenin activation increasing its target gene
expression.”® B-catenin IF staining showed that B-catenin is
mainly localized in nucleus in parental LM2 cells as evidenced
by the merged pinkish color from f-catenin IF staining (red)
and nuclear DNA DAPI fluorescent staining (blue; Supporting
Information Fig. S3a). Consistent with the results from West-
ern blot analysis showing the diminished level of nonphospho-
B-catenin in IGTA9 KO cells (Fig. 4a), very few and weakly
pinkish color was viewed in the ITGA9 KO cells (Supporting
Information Fig. S3a), which indicates significantly less
fB-catenin nuclear localization. In contrast, stably reexpressing
ITGA9 in ITGA9 KO cells greatly recovered p-catenin nuclear
localization (Supporting Information Fig. S3b). Confocal
microscopy imaging of p-catenin IF staining revealed that sig-
nificant -catenin positive staining and nuclear localization are
detected in mouse mammary tumors resulting from injection
of LM2 parental cells; in contrast, diminished B-catenin positive
staining and nuclear localization are observed in tumors from
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Figure 3. Downregulation of ITGA9 expression in mouse mammary tumor tissues by nanoparticle-mediated delivery of ITGA9 siRNA oligos
significantly reduces tumor angiogenesis, tumor growth and metastasis. (a) The average mouse mammary tumor weight after 3-week siRNA
treatment (mean + SD, n = 5). (b) Quantitation of Western blot analysis of ITGA9 level in mouse mammary tumors after 3-week siRNA
treatment. The relative ITGA9 level is presented as the ratio of ITGA9 Western blot band intensity divided by the correlated p-actin Western
blot band intensity (mean 4 SD, n = 4-5; *p < 0.05). () Images of mouse lung ex vivo IVIS bioluminescent imaging analysis. (d) Representative
overlaid images of IF staining of CD31 (red) and nuclear DNA DAPI (blue) and quantifications of CD31 positive staining in mouse mammary
tumors after 3-week siRNA treatment. The CD31 positive staining was counted and presented as numbers of CD31 positive staining structures

per field of view (FOV; mean £ SD, n = 30; *p ¢ 0.05). Scale bar, 50 um.

injection of LM2 ITGA9 KO cells (Fig. 4b). Increased p-catenin
positive staining and nuclear localization were detected again in
tumors from injection of ITGA9 KO with ITGA9 stable
reexpression cells (Fig. 4b). These findings are supported by cell
fractionation experiments showing that nuclear B-catenin pro-
tein level is markedly decreased in ITGA9 KO cells; and ITGA9
reexpression in ITGA9 KO cells greatly recovered nuclear
f-catenin protein level (Supporting Information Fig. S3c).
Nuclear-localized p-catenin interacts with TCF/LEF family of
transcription factors and promotes its target gene expression.15
We further determined whether ITGA9 KO has an effect on
f-catenin transcriptional activity using TOPflash (with wildtype
TCF binding sites) and FOPflash (with TCF binding sites
mutated) luciferase reporter assays. As shown in Supporting
Information Figure S4a, the TOPflash luciferase reporter activity
was significantly lower in ITGA9 KO SUM-159 cells than
the parental SUM-159 cells; and stably reexpressing ITGA9

significantly increased the TOPflash luciferase reporter activity.
Due to LM2 cells stably expressing luciferase gene, we could not
use this cell line for TOPflash luciferase reporter assay. How-
ever, Q-PCR analysis showed that the expression levels of three
fB-catenin target genes (vascular endothelial growth factor-A
[VEGF-A]; Adenomatous polyposis coli protein 2 [APC2]; and
pyruvate dehydrogenase kinase 1 [PDHKI1]) are significantly
lower in ITGA9 KO LM2 cells than parental cells; and stably
reexpressing ITGA9 greatly recover their expression levels
(Supporting Information Fig. S4b). Together, these findings
indicate that ITGA9 KO reduces f-catenin protein level in
TNBC cells and tumors, resulting in decreased nuclear localiza-
tion and transcriptional activity of f-catenin and causing down-
regulation of its target gene expression.

To demonstrate the importance of f-catenin downregulation
in the inhibitory effect of ITGA9 KO on tumor growth and
metastasis, we stably overexpressed p-catenin in ITGA9 KO
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Figure 4. ITGA9 KO downregulates p-catenin level and overexpressing p-catenin reverses the inhibitory effect of ITGA9 KO on tumor growth
and metastasis. (a) Representative images of Western blot analysis of total p-catenin, nonphospho-f-catenin and phospho-f-catenin levels in
ITGA9 KO and reexpressing cells with or without MG-132 treatment. Cells were treated with a vehicle control or MG-132 (10 pM) for 2 hr and
collected for Western blot analysis. (b) Representative overlaid confocal microscopy images of IF staining of p-catenin (red) and nuclear DNA
DAPI (blue) in mouse mammary tumors from injection of LM2 parental, ITGA9 KO, ITGA9 KO vector control or ITGA9 reexpressing cells. Scale
bar, 20 pm. (¢) Representative Western blot showing p-catenin overexpression in ITGA9 KO cells. (d) Mouse mammary tumor images and lung
ex vivo IVIS bioluminescence analysis images. (e) Representative overlaid confocal microscopy images of IF staining of p-catenin (red) and
nuclear DNA DAPI (blue) staining in mouse mammary tumors from injection of vector control or f-catenin overexpressing ITGA9 KO LM2 cells.

Scale bar, 20 pm.

LM2 cells to determine whether overexpressing P-catenin
reverses the inhibitory effect of ITGA9 KO on tumor angio-
genesis, tumor growth and metastasis. Overexpression of f-catenin
in ITGA9 KO cells was confirmed by Western blot (Fig. 4c).
Injection of ITGA9 KO with p-catenin overexpressing LM2 cells
produced significantly larger mammary tumors (4.04 g + 1.53,
n = 5) than injection of ITGA9 KO LM2 vector control cells
(0.34 g = 0.28, n = 5; Figs. 4d and 2c). Importantly, all 5 five
mice injected with ITGA9 KO-B-catenin overexpressing LM2
cells developed strong lung metastasis (Fig. 4d). Confocal
microscopy imaging of P-catenin IF staining revealed that
mouse mammary tumors from injection of p-catenin over-
expression cells display significant B-catenin positive staining
and nuclear localization (Fig. 4e). Moreover, tumors from
B-catenin overexpression cells also displayed significantly
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more CD31 positive staining (51.1 £ 7.98, n = 30) than the
tumors from vector control cells (8.4 £ 2.45, n = 30; Supporting
Information Fig. S5). These results demonstrate a crucial role of
[-catenin downregulation in the inhibitory effect of ITGA9 KO
on tumor growth and metastasis.

ITGA9 KO downregulates p-catenin by increasing GSK3
activity through inhibiting the activity of PKA

We then determined the mechanism of how ITGA9 KO
downregulates p-catenin. p-Catenin ubiquitylation and subse-
quent proteasome degradation are preceded by its phosphory-
lation mediated mainly by the serine/threonine protein kinase
glycogen synthase kinase 3o and 3B (GSK3a, 3p).'>”° The
best-characterized mechanism that regulates GSK3 activity is
its inhibitory phosphorylation of serine21 (Ser21) in GSK3a
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or of serine9 (Ser9) in GSK3p that reduces its kinase activity;
and thus lower phospho-level of Ser21 in GSK3a or of Ser9 in
GSK3p reflect higher activity of GSK3a and GSK3p, respec-
tively.’® Western blot analysis showed that the phospho-level
of Ser21 in GSK3a and of Ser9 in GSK3p are significantly
lower in ITGA9 KO LM2 cells than the parental LM2 cells,
and stably reexpressing ITGA9 reverses the observation
(Fig. 5a). These results indicate that ITGA9 KO increases the
activity of GSK3a and GSK3p leading to P-catenin down-
regulation. This conclusion is further supported by the finding

ITGA9 depletion suppressing TNBC metastasis

showing that inhibiting GSK3 activity with a GSK3 inhibitor
lithium chloride (LiCl) greatly increased total B-catenin pro-
tein level and its target gene expression in ITGA9 KO LM2
cells (Supporting Information Fig. S6).

The inhibitory serine-phosphorylation of GSK3a (Ser21)
and GSK3p (Ser9) are carried out mainly by several seri-
ne/threonine protein kinases such as PKA, AKT (also known
as PKB), etc.’® Western blot analysis revealed no significant
changes of the activation phosphorylation of AKT (Ser473)
between the parental and ITGA9 KO LM2 cells (Fig. 5a),
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specific gene expression assay and normalized by p-actin (mean + SD, n
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suggesting that ITGA9 KO causes no significant change of
AKT activity. However, the phospho-level of CREB (p-CREB;
cAMP response element-binding protein), a substrate of
PKA, was drastically lower in ITGA9 KO cells; and stably
reexpressing ITGA9 recovered the level of p-CREB (Ser133;
Fig. 5a). These results suggest that ITGA9 KO may reduce
PKA activity in TNBC cells, which leads to decreased inhibitory
serine-phosphorylation of GSK3a (Ser21) and GSK3f (Ser9)
increasing GSK3 activity. We then used following three
approaches to demonstrate that ITGA9 KO decreases GSK3
phosphorylation via reducing PKA activity: (i) Parental LM2
cells treated with a PKA inhibitor H-89 showed reduced levels
of p-CREB (Ser133), p-GSK3a (Ser21), p-GSK3p (Ser9) and
total P-catenin (Fig. 5b). Moreover, the phosphorylation of
B-catenin at Ser675 is carried out by PKA.>”*® It was found that
LM2 cells treated with H-89 have significantly lower level of
p-P-catenin (Ser675; Fig. 5b). (ii) ITGA9 KO LM2 cells treated
with a PKA agonist Forskolin showed increased levels of
p-CREB (Ser133), p-GSK3a (Ser21), p-GSK3f (Ser9), p-p-catenin
(Ser675) and total B-catenin (Fig. 5b). (iii) Stably expressing a
constitutive active PKA-Co in ITGA9 KO cells also increased
the levels of p-CREB (Serl33), p-GSK3a (Ser21), p-GSK3f
(Ser9), p-p-catenin (Ser675) and total P-catenin (Fig. 5b).
Moreover, B-catenin IF staining revealed that total and
nuclear localized B-catenin staining is significantly reduced in
H-89-treated LM2 cells compared to vehicle control-treated LM2
cells (Supporting Information Fig. S74). In contrast, total and
nuclear localized p-catenin staining was increased in Forskolin-
treated or PKA-Ca stable expressing ITGA9 KO cells compared
to vehicle control-treated ITGA9 KO cells or ITGA9 KO vector
control cells (Supporting Information Fig. S7b and Fig. 5c).
Further q-PCR analysis demonstrated that the expression levels
of three P-catenin target genes are significantly increased in
PKA-Ca stable expressing ITGA9 KO cells (Fig. 5d). Together,
these results indicate that ITGA9 KO downregulates [-catenin
by increasing GSK3 activity by inhibiting the activity of PKA.

ITGA9 KO causes cytoplasmic translocation of ILK that
interacts with PKA regulatory subunit llx leading to
inhibition of PKA activity

We further determined the mechanism by which ITGA9 KO
reduces PKA activity. The PKA holoenzyme is an inactive
heterotetramer consisting of two regulatory subunits and two
catalytic subunits. The binding of two cyclic adenosine mon-
ophosphates (cAMP) to each of the two regulatory subunits
releases and activates the catalytic subunits, which phosphory-
late serine and threonine residues on the substrate proteins.
Proteins interacting with PKA regulatory or catalytic subunits
may enhance or inhibit PKA activity.*®** One of the important
proteins that regulate integrin a9p1 signaling is the scaffold
protein ILK, which was found to interact with ITGB1 cytoplas-
mic tail and other proteins at cellular membrane region.*>*
We hypothesize that ITGA9 KO disrupts the interaction
between ITGA9 and ITGB1, which leads to ILK translocation
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from cellular membrane region to cytoplasm and interacts with
PKA regulatory subunits and reduces PKA activity.

To test our hypothesis, we first performed ILK IF staining
and found that strong ILK staining at cellular membrane
region is observed in parental SUM-159 cells; in contrast,
ILK staining is mostly seen at cytoplasm in ITGA9 KO
SUM-159 cells (Supporting Information Fig. S8a). Moreover,
reexpressing ITGA9 in ITGA9 KO cells greatly recovered ILK
staining at cellular membrane region (Supporting Information
Fig. S8b). Co-IF staining of ILK and PKA regulatory subunit
o (PKA-IIa-reg) showed that PKA-Ila-reg is stained at cyto-
plasm in both parental and ITGA9 KO cells, and PKA-Ila-reg
(green color) is colocalized with ILK (red color) in cytoplasm
in IGTA9 KO cells as revealed by the merged yellowish color
(Fig. 6a). In contrast, no significant colocalization between
PKA-IIa-reg and ILK was detected in parental cells (Fig. 6a).
We next performed two Co-IP assays to further demonstrate
the interaction between ILK and PKA-Ila-reg in ITGA9 KO
cells. First, after IP ILK, a significant more amount of PKA-
Io-reg was detected in ITGA9 KO cells, suggesting the
increased interaction between ILK and PKA-Ila-reg in ITGA9
KO cells compared to the parental cells (Fig. 6b). The increase
of ILK and PKA-Ila-reg interaction was reduced by stably
reexpressing ITGA9 in ITGA9 KO cells (Fig. 6b). Second,
after IP PKA-Ila-reg, a significantly more amount of ILK and
PKA-Ca protein was detected in ITGA9 KO cells (Supporting
Information Fig. S9), indicating that more ILK and PKA-Ca
are associated with PKA-Ila-reg in ITGA9 KO cells. Again,
the increased interaction among ILK, PKA-Ila-reg and PKA-
Ca in ITGA9 KO cells was decreased by reexpressing ITGA9
in ITGA9 KO cells (Supporting Information Fig. S9).

To demonstrate that increased interaction between ILK and
PKA reduces PKA activity in ITGA9 KO cells, we used siRNA
to knock down ILK level. It was found that knocking down
ILK level in ITGA9 KO cells increased the phospho-levels of
two PKA substrates: p-CREB (Ser133) and p-f-catenin (Ser675;
Supporting Information Fig. S10). Moreover, the upregulation
of p-CREB (Ser133) and p-f-catenin (Ser675) resulting from
ILK knockdown in ITGA9 KO cells was reversed by treating
cells with a PKA inhibitor H-89 (Supporting Information
Fig. S10). These results indicate that ILK knockdown in ITGA9
KO cells increases PKA activity. As a result, ILK knockdown in
ITGA9 KO cells increased the levels of p-GSK3a (Ser21) and
p-GSK3p (Ser9), indicating that the activity of GSK3a and
GSK3p is reduced leading to increased level of total B-catenin
(Supporting Information Fig. S10), Again, this effect was reversed
by treating cell with a PKA inhibitor H-89 (Supporting Infor-
mation Fig. S10). Together, these results demonstrate that
ITGA9 KO decreases PKA activity through ILK.

Discussion

Although ITGA9 has been shown to be involved in cell adhe-
sion and motility,” its expression pattern and its role in tumor
growth and metastasis and the underlying mechanism remain
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Figure 6. ITGA9 KO causes ILK relocation from cellular membrane region to cytoplasm and increases the interaction between ILK and PKA
regulatory subunit lla. (a) Representative images of IF staining of ILK (red), PKA regulatory subunit ll« (green) and nuclear DNA DAPI (blue)

in parental and ITGA9 KO SUM-159 cells. White arrows point to representative ILK cellular membrane staining in parental cells and ILK
cytoplasm staining in ITGA9 KO cells. Scale bar, 50 pm. (b) Representative Western blot images of Co-IP analysis determining the
interaction between ILK and PKA regulatory subunit lla in parental, ITGA9 KO and reexpressing LM2 and SUM-159 cells. Abbreviations:

IP, immunoprecipitating; 1B, immunoblotting.

largely unknown. By analyzing a large number of patients’
ITGA9 expression data, we found that ITGA9 expression level
is significantly higher in TNBC than other breast cancer sub-
types; and TNBC patients with higher ITGA9 level have signifi-
cantly worse DMFS and RES, implying an important role of
ITGA9 in TNBC metastasis. Indeed, ITGA9 depletion in TNBC
cells drastically reduced TNBC cell CSC-like property, tumor
angiogenesis, tumor growth and tumor metastasis. Furthermore,
ITGA9 downregulation in TNBC tumor tissues by nanoparticle-
mediated delivery of ITGA9 siRNA significantly decreased
tumor growth and metastasis. Mechanistically, ITGA9 depletion
caused ILK translocation from cellular membrane region to
cytoplasm, where ILK interacted with PKA and reduced PKA

activity leading to increased GSK3 activity and p-catenin down-
regulation and inhibition of TNBC cancer stemness, tumor
angiogenesis, tumor growth and metastasis. This study not only
demonstrates a crucial role of ITGA9 in TNBC tumor growth
and metastasis and the underlying mechanism but also identifies
targets for developing new therapeutic strategies for treating
metastatic TNBC, which currently lacks effective therapies rep-
resenting a critical unmet clinic need.

One of important proteins that regulate integrin a9pl1
function is ILK, a scaffold protein that interacts with the cyto-
plasmic tail of p1 integrin.*’ ILK regulates integrin function
by scaffolding p integrin cytoplasmic tail and other molecules
critical for signal transduction initiated by integrin-mediated
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cell-matrix adhesion.**** In this study, we revealed a new
mechanism for ILK regulation of integrin a9f1 function
through the ITGA9/ILK/PKA/GSK3/B-catenin pathway.

Increased PKA activity is observed in cancer and PKA has
been proposed as an important target for cancer treatment.** Pre-
vious studies showed that cellular compartmentalized regulation
of PKA activity is mainly achieved by A-kinase anchoring pro-
teins, a group of proteins interacting with PKA regulatory sub-
units, recruiting PKA to cellular specific loci, and directing PKA
kinase activity to specific substrates.***®*” Using Co-IF staining
and Co-IP experiments, we demonstrated that ITGA9 KO signifi-
cantly increases the interaction between ILK and PKA. Although
it remains to be determined whether ILK directly interacts with
PKA regulatory subunit or catalytic subunit, this interaction
reduces PKA activity. It is likely that the interaction between ILK
and PKA in ITGA9 KO cells causes PKA conformational change,
which enhances the interaction between PKA regulatory subunits
and its catalytic subunits and reduces PKA activity.

The finding that increased interaction between ILK and
PKA leading to inhibition of PKA activity and downregulation
of B-catenin in ITGA9 KO TNBC cells is novel and signifi-
cant. Although previous studies showed that the Wnt/
B-catenin pathway is activated and enriched in TNBC, the
underlying mechanism is poorly understood.'*° Our find-
ings showing that ITGA9 KO abolishes p-catenin pathway in
TNBC provided new mechanistic insight for the strong activa-
tion of the Wnt/p-catenin pathway in TNBC.

Integrin a9P1 has been shown to interact with VEGF-A
and thrombospondin-1 to promote angiogenesis,”>>* however,
its role in tumor angiogenesis remains to be determined. In
this study, we found that downregulation of ITGA9 in TNBC
cells or tumors drastically reduces tumor angiogenesis and
reexpression of ITGA9 significantly recovers tumor angiogenesis.
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Mechanistically, ITGA9 downregulation greatly decreased the
angiogenic factor VEGF-A expression level via promoting
B-catenin degradation. These findings identified a new mecha-
nism for understanding the role of ITGA9 in angiogenesis.

The Wnt/p-catenin pathway plays pivotal roles in devel-
opment, adult tissue homeostasis and cancer; and non-
discriminatively targeting p-catenin for cancer therapy could
be challenging due to the potential devastating effects on nor-
mal tissues.*® Alternatively, targeting abnormally expressed or
activated molecules in cancer cells that enhance p-catenin
signaling may achieve desired therapeutic effect with less
unwanted side-effects. In our study, we found that ITGA9
downregulation promotes fB-catenin degradation, which may
provide an alternative strategy for inhibiting p-catenin path-
way through targeting ITGA9. Indeed, ours and other recent
studies provided additional support to this idea of targeting
abnormally expressed or activated molecules in cancer cells
that enhance p-catenin signaling to reduce TNBC stemness,
tumor growth and metastasis.***°

In summary, the findings from this study not only shed
new light on TNBC biology and also reveal novel therapeutic
opportunities with the potential to improve clinical outcomes
of TNBC by targeting ITGA9.
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