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Abstract
Significant evidence implicatesa3b1 integrin in promoting breast cancer tumorigenesis andmetastasis-associated

cell behaviors in vitro and in vivo.However, the extent towhicha3b1 is actually required for breast cancermetastasis
remains to be determined. We used RNA interference to silence a3 integrin expression by approximately 70% in
4T1murine mammary carcinoma cells, a model of aggressive, metastatic breast cancer. Loss of a3 integrin reduced
adhesion, spreading, and proliferation on laminin isoforms, and modestly reduced the growth of orthotopically
implanted cells. However, spontaneous metastasis to lung was strikingly curtailed. Experimental lung colonization
after tail vein injection revealed a similar loss of metastatic capacity for the a3-silenced (a3si) cells, suggesting that
critical, a3-dependent events at the metastatic site could account for much of a3b10s contribution to metastasis in
thismodel. Reexpressinga3 in thea3si cells reversed the loss ofmetastatic capacity, and silencing another target, the
small GTPase RhoC, had no effect, supporting the specificity of the effect of silencing a3. Parental, a3si, and
a3-rescued cells, all secreted abundant laminin a5 (LAMA5), an a3b1 integrin ligand, suggesting that loss of a3
integrin might disrupt an autocrine loop that could function to sustain metastatic growth. Analysis of human breast
cancer cases revealed reduced survival in cases where a3 integrin and LAMA5 are both overexpressed.

Implications: a3 integrin or downstream effectors may be potential therapeutic targets in disseminated breast
cancers, especially when laminin a5 or other a3 integrin ligands are also over-expressed.Mol Cancer Res; 12(1);
143–54. �2013 AACR.

Introduction
Normal mammary epithelia are surrounded by the base-

ment membrane, an extracellular matrix rich in laminin

isoforms, including laminin-332 (LM-332; LAMA3/
LAMB3/LAMC2) and laminin-511 (LM-511; LAMA5/
LAMB1/LAMC1). Early studies revealed that mammary
carcinoma cells can co-opt LM-332 to promote anchor-
age-independent growth and survival (1, 2), and that LM-
332 can potently promote breast cancer cell migration (3).
Although early studies of clinical breast cancer specimens
suggested that LM-332 expression is often lost during
progression from ductal carcinoma in situ to invasive breast
cancer (4–7), LM-332 may be retained in certain breast
cancers, such as metaplastic breast carcinoma (8, 9), and in a
significant fraction of triple-negative, basal-like breast cancers
(10). Moreover, LM-332 may be upregulated in the reactive
stroma adjacent to invasive ductal carcinomas (11). In
addition, compared with LM-332, LM-511 may more often
be retained in advanced breast cancer (12–14), reviewed in
ref. (15). LM-511 is also abundant in adult bonemarrow (16,
17) and lung stroma (18) and thus may be a relevant
extracellular ligand for tumor cells at metastatic sites.
Breast carcinoma cells engage laminin isoforms via integ-

rins a3b1 (ITGA3/ITGB1) and a6b4 (ITGA6/ITGB4).
Expression of b4 integrin and a coregulated gene set corre-
lates with a more aggressive malignant phenotype in breast
cancer (19, 20), and numerous functional studies have
established a role for a6b4 integrin in promoting cancer
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cell survival, anchorage-independent growth, invasion, and
metastasis (reviewed in ref. 21–23). The tumor-promoting
activities of integrin a6b4 require the signaling functions of
the unusually large b4 integrin cytoplasmic tail and can
involve activation of RAC signaling toward NF-kB (2),
phosphoinositide 3-kinase association with insulin receptor
substrate-1/2 and signaling toward AKT and RAC (24, 25),
regulation of cyclic AMP levels and the interplay between
RHO, RAC, and protein kinase A (PRKCA) activity (26–
28), stimulation of autocrine VEGF signaling (29), cross-talk
with growth factor receptors (30–32), and phosphatase SHP2
(PTPN11) signaling toward multiple downstream effectors,
including the FYN tyrosine kinase (30, 33, 34). Some a6b4
oncogenic signaling functions may be independent of ligand
binding (31), but others require ligand engagement (35).
Significant evidence also implicates integrin a3b1 as a

regulator of breast cancer progression. However, the picture
that has emerged of a3b1 functions in breast cancer is
perhaps less clear than that of a6b4 integrin. Some early
studies described an association between the loss of a3
integrin in primary breast cancer specimens and the presence
of lymph node metastases (36, 37). However, other studies
revealed that a3b1 can contribute to breast carcinoma cell
adhesion to lymphnode stroma in cryostat sections (38) or to
cortical bone disks, in an in vitromodel of events relevant to
bone metastasis (39). In one study, antibody ligation of a3
integrin onMDA-MB-231 breast carcinoma cells enhanced
production of active matrix metalloproteinase-2 (MMP2),
increased protrusive activity in 3D Matrigel, and increased
Matrigel invasion (40). Yet a different group reported that
antibody ligation of a3b1 on the same cell type impaired
production of MMP9 and reduced Matrigel invasion (41).
In favor of the view that a3b1 can contribute to the
metastatic behavior of breast cancer cells, antibody ligation
ofa3b1 reduced (by�30%) the number of MDA-MB-231
cells detected in the lungs after injection in a rat tail vein
model of pulmonary arrest (42). Perhaps the strongest
experimental evidence to date that a3b1 can promote breast
cancer progression in vivo comes from Mitchell and collea-
gues (43), who showed that RNA interference (RNAi)
silencing of a3 in MDA-MB-231 cells suppressed tumor
growth at both subcutaneous and orthotopic sites. Thus,
a3b1 integrin can play an important role in the growth of
primary breast tumors; however, its role in metastatic dis-
semination and growth at secondary sites requires further
evaluation. Moreover, our recent finding that a3b1 can act
as a suppressor of metastatic colonization in a model of
aggressive prostate cancer (44) underscores the need to
carefully examine a3b1 in a variety of metastasis models,
to understand the range of a3b1 functions in metastasis.
To evaluate a3b1 integrin's potential to contribute to

breast cancer metastasis, we selected the 4T1 murine mam-
mary carcinomamodel. In the 4T1model, small numbers of
tumor cells implanted orthotopically in immunocompetent
mice give rise to rapidly growing primary tumors that
metastasize spontaneously and form macroscopic colonies
in the lung and other clinically relevant sites. In addition, the
4T1 model has been reported to resemble basal-like triple-

negative ductal carcinoma (45), an aggressive molecular
subtype of human breast cancer. Using this model, we now
provide evidence thata3b1 integrin can play a critical role in
spontaneous metastasis of breast carcinoma cells by a mech-
anism that may involve autocrine production of the a3b1
ligand, laminin-511.

Materials and Methods
Antibodies and extracellular matrix proteins
Antibodies used in this study were rabbit anti-a3 integrin

cytoplasmic tail antibody, A3-CYT (46), rabbit anti-mouse
laminin a5 (LAMA5; ref. 47), mouse anti-myc epitope tag,
(clone 9E10, Developmental Studies Hybridoma Bank),
rabbit anti-RHOC (clone D40E4, Cell Signaling Inc), ham-
ster anti-mouse a2 (ITGA2) integrin, (clone HMa2,
eBioscience), rat anti-mouse a6 integrin (clone GoH3,
eBioscience), and goat anti-mouse Cox-2 (PTGS2; M19,
sc-1747, Santa-Cruz Biotechnology). Alexa 488-conjugated
goat-anti-rabbit, goat-anti-mouse, and goat-anti-rat secondary
antibodies were purchased from Invitrogen. Cy2-conjugated
goat-anti-hamster was from Jackson ImmunoResearch. Extra-
cellular matrix proteins used in this study were laminin-332
(purified from SCC25 squamous carcinoma cell-conditioned
medium as previously described; ref. 48), rat tail collagen I
(BD Bioscience), and laminin-511 (BioLamina AB).

Cell culture and RNA interference
4T1 breast carcinoma cells (American Type Culture

Collection; ATCC) were cultured in RPMI medium.
GP2-293 retroviral packaging cells (Clontech) and MDA-
MB-231 cells (ATCC) were cultured in Dulbecco's mod-
ified Eagle medium. All 4T1 and MDA-MB-231-derived
cell lines were created from early passage cells that had been
cultured for less than 6 months after resuscitation. Growth
media were supplemented with 10% FBS (Valley Biomed-
ical), and 2 mmol/L L-glutamine, 100 U/mL penicillin, and
100 mg/mL streptomycin (Invitrogen). EGW593.Lu cells
are MDA-MB-231 cells that were recovered from a lung
metastasis after orthotopic implantation of the parental cell
type in the mammary fat pad of a female severe combined
immunodeficient mouse.
Retroviral particles were produced by transfection ofGP2-

293 cells with retroviral vectors, 0.45 mm filtering of virus-
containing supernatants, and supplementing with 4 mg/mL
polybrene. To facilitate monitoring tumor growth in vivo,
4T1 cells were first transduced with a luciferase cDNA in
retroviral vector pQCXIN (Clontech), and selected with
G418. For RNAi silencing of a3 integrin, double-stranded
oligonucleotides encoding short hairpin RNAs (shRNA)
targeting the murine a3 integrin mRNA were cloned into
a modified pSIREN-RetroQ retroviral vector (BD Bios-
ciences) harboring the hygromcyin resistance maker. Trans-
duced cells were selected with hygromycin and tested for a3
integrin expression by cell surface labeling and immunopre-
cipitation with A3-CYT anti-a3 integrin antibody. We
identified one effectivea3 shRNA,with a targeting sequence
of 50-GTCCTATCGTCATTGCCATGA-30. To restore
a3 expression in the a3-silenced (a3si) cells, we obtained
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a murine a3 integrin cDNA (catalog # MMM1013-
9202265, source ID# 6401146, Open Biosystems) and
used recombinant PCR to (i) remove the 50 and 30-untrans-
lated regions, (ii) introduce 4 silent mutations within the
shRNA-targeting sequence, and (iii) add restrictions sites to
facilitate cloning in frame with a 30 Myc epitope tag in the
pLXIZ retroviral vector. Stably transduceda3 rescue (a3Rx)
cells were selected with zeocin. To silence a3 integrin in
human EGW593.Lu cells, shRNA constructs were prepared
as described above using targeting sequences of 50-TC-
ACTCTGCTGGTGGACTATA-30 (a3sh3) and 05-GGA-
TGACTGTGAGCGG-ATGAA-30 (a3sh4). Throughout
the process of creating luciferase-labeled, a3 silenced and
a3Rx cells, all cell populations were maintained as stable,
polyclonal populations to minimize concerns about clonal
variation. Bioluminescence imaging of 4T1 parental, a3si,
and a3Rx cells revealed that all three lines had very similar
luminescence of approximately 40 photons/second/cell.

Cell surface labeling and flow cytometry
4T1 cells were labeled on ice with sulfo-NHS-LC-biotin

(Thermo-Fisher Pierce), lysed in 1%TritonX-100 detergent
(Sigma-Aldrich), and proteins were immunoprecipitated
from clarified lysates, as previously described (48). Immu-
noprecipitates were resolved by SDS-PAGE, transfered to
nitrocellulose, and visualized by blotting with IRDye-800-
streptavidin (Rockland Immunochemicals, Inc) and scan-
ning with an Odyssey infrared imaging system (LI-COR
Biosciences). For flow cytometry, immunostained cells were
analyzed on a Becton Dickinson FACScan flow cytometer.

Adhesion and spreading assays
For adhesion assays, wells were coated overnight with the

indicated concentrations of LM-332, with 20 mg/mL col-
lagen I or with 10 mg/mL heat-inactivated bovine serum
albumin (BSA; negative control). Wells were rinsed and
blocked with 10 mg/mL heat-inactivated BSA. 4T1 cells
were starved overnight in serum-free medium (SFM), and
20,000 cells/well were plated in SFM in each of the four
substrate-coated wells per condition in a 96-well plate. After
25 minutes at 37�C, 5% CO2, wells were rinsed three times
and adherent cells were fixed and quantified by staining with
crystal violet, as previously described (48).
To assess short-term cell spreading, cells were grown

overnight in SFM, harvested as described above for the adh-
esion assay, and plated on acid-washed glass coverslips that
had been coatedwith1mg/mLLM-332or 20mg/mLcollagen
I. After 30 minutes, cells were fixed and photographed on a
Leica DMIRE2 inverted microscope using a 20X phase
objective. ImageJ software (49) was used to measure the
spread area of at least 98 cells per cell type. Specific spreading
was calculated by subtracting the mean area of unspread cells
(fixed immediately after plating) from the spread cell areas
measured at the end of the assay, as in ref. (50).

Spontaneous metastasis assay
All animal procedures were conducted according to the

University of Iowa Animal Care andUseCommittee policies

(Iowa City, IA). Female BALB/c mice (NCI-Frederick) were
implantedwith 5,000 cells in a volume of 50mL in the fourth
mammary fat pad. Bioluminescent imaging (BLI) was con-
ducted in an IVIS100 imaging system (Caliper Life Sciences)
after intraperitoneal injection of luciferin (100 mL of 15 mg/
mL solution per 10 g) as described previously (51). Whole
body tumor growth rates were measured as follows: a
rectangular region of interest was placed around the dorsal
and ventral images of each mouse, and total photon flux
(photons/sec) was quantified using Living Image software
v2.50 (Caliper Life Sciences). The dorsal and ventral values
were summed and mean BLI values for each group were
plotted biweekly. Primary tumor growth was also measured
by caliper, and tumor volumes were calculated using the
formula 1/2(L � W2).
To quantify spontaneous metastasis to lung, ex vivo BLI

was conducted on lungs harvested at assay endpoint (day 31
or day 35). To ensure the best possible uniformity of
measurement conditions, mice were sacrificed in groups of
2 or 3, and lungs were immediately harvested and imaged ex
vivo. All lungs were imaged within 20 to 30 minutes after
euthanasia. 4T1 cells colonizing the lungs were recovered by
mincing the lungs with a sterile razor blade and digesting
with 200 U/mL collagenase II (Worthington Biochemical
Corp.) in complete medium for 15 minutes at 37�C.
Explanted cells were grown out under G418 selection for
analysis ofa3 integrin expression by cell surface labeling and
immunoprecipitation, as described above. Some lungs were
fixed and processed for histology as described for the exper-
imental metastasis assay, below.

Experimental metastasis assay
Female BALB/c mice were injected with 5� 104 cells via

lateral tail vein in a volume of 200 mL. BLI and quanti-
fication of whole body tumor growth rates were conducted
as described above for the spontaneous metastasis assay.
Kaplan–Meier analysis of survival was conducted using
Prism 5 (GraphPad Software) on the basis that day 0 was
the day of tail vein injections and the endpoint was the day
of euthanasia as determined by more than 10% body
weight loss, hind limb paralysis or fracture, immobility,
or a total photon flux more than 1� 108, a value that initial
results indicated reliably predicts death in less than one
week in this model. Lungs harvested at the endpoint were
fixed in 4% paraformaldehyde overnight at 4�C, rinsed and
transferred to 30% ethanol, and stored at 4�C until further
analysis.
For histology, lungs were routinely processed, paraffin

embedded, and three 4-mm thick sections were taken per
lung at 300 mm intervals and stained with hematoxylin and
eosin (H&E) for a microscopic tumor count. Tumor counts
were defined by counting tumor nodules. Tumor nodules
often times coalesced and were difficult to decipher. In these
cases, large nodules were counted as only one nodule. Three
4� fields of view were counted per slide. Three slides per
mouse were analyzed with 3 mice per group. Lungs were
chosen for histology to reflect the mean value for each group
as measured by BLI.
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