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Cancer metastasis is a multi-step process in which tumor cells gain the ability to invade beyond the pri-
mary tumor and colonize distant sites. The mechanisms regulating the metastatic process confer changes
to cell adhesion receptors including the integrin family of receptors. Our group previously discovered that
the a6 integrin (ITGA6/CD49f) is post translationally modified by urokinase plasminogen activator (uPA)

Keywords: and its receptor, urokinase plasminogen activator receptor (uPAR), to form the variant ITGA6p. This var-
ITGAG. iant of ITGAG is a cleaved form of the receptor that lacks the ligand-binding domain. Although it is estab-
iig‘;e‘ lished that the uPA/uPAR axis drives ITGA6 cleavage, the mechanisms regulating cleavage have not been

Focal adhesion kinase defined. Intracellular integrin dependent “inside-out” signaling is a major regulator of integrin function
Integrin linked kinase and the uPA/uPAR axis. We hypothesized that intracellular signaling molecules play a role in formation of
uPAR ITGAG6pD to promote cell migration during cancer metastasis. In order to test our hypothesis, DU145 and
PC3B1 prostate cancer and MDA-MB-231 breast cancer cell lines were treated with small interfering RNA
targeting actin and the intracellular signaling regulators focal adhesion kinase (FAK), integrin linked
kinase (ILK), and paxillin. The results demonstrated that inhibition of actin, FAK, and ILK expression
resulted in significantly increased uPAR expression and ITGA6p production. Inhibition of actin increased
ITGAG6p, although inhibition of paxillin did not affect ITGA6p formation. Taken together, these results sug-
gest that FAK and ILK dependent “inside-out” signaling, and actin dynamics regulate extracellular pro-
duction of ITGA6p and the aggressive phenotype.
© 2014 Elsevier Inc. All rights reserved.

1. Introduction and the mechanisms that control proper function of these mole-

cules. The cell adhesion receptors that bind extracellular matrix,

In cancer, metastatic lesions are responsible for 90% of cancer
related mortalities, not the primary tumor [1]. Prostate cancer
patients diagnosed with confined disease have a 5-year patient
survival rate of 100%, while breast cancer patients with confined
disease have a 5-year patient survival rate of 98% [2]. However,
for prostate and breast cancer patients diagnosed with metastatic
disease the 5-year survival rate drastically decreases to 28% and
24%, respectively [2]. Therefore it is imperative to develop targeted
therapies to prevent, delay, or inhibit the invasion and migration of
cancer cells. Migrating cancer cells rely on cell surface receptors
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such as the integrins, are often post-translationally modified to
promote migration and invasion during metastasis [3,4]. During
prostate cancer progression, the laminin-binding integrins are
expressed while all other integrin family members are not [5-8].
Integrin alpha 6 (ITGA6/CD49f) is expressed in 70% of advanced
prostate carcinomas and in prostate cancer derived micro-metasta-
ses [5,6,9]. Previous studies by our group have identified a struc-
tural variant of ITGA6 called ITGA6p, that lacks the ligand
binding extracellular domain and is formed following cleavage of
ITGAG6 by urokinase-type plasminogen activator (uPA) [10,11]. In
addition to the necessary role of uPA in cleaving ITGA6, recent
work by our group has shown that macrophages can stimulate
uPA/uPAR production in tumor cells and increase ITGA6 cleavage.
These data suggested that tumor activated macrophages promote
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prometastatic integrin-dependent pericellular proteolysis and the
metastatic phenotype [12]. Furthermore, ITGA6 cleavage has been
shown to contribute to cell invasion and migration on laminin, and
inhibition of ITGAG6 cleavage was shown to substantially delay the
onset of bone metastasis and promote curative-type bone metasta-
sis lesions in xenograft mouse models [13-15]. In addition to the
role of extracellular regulators in ITGA6p production, our group
has shown that cleavage of ITGA6 was dependent on actin [16].
The integrin-actin complex is essential for “inside-out” integrin
signaling [17-20] and intracellular signaling molecules such as
focal adhesion kinase (FAK) and integrin linked kinase (ILK) and
structural complex molecules such as paxillin, vinculin and talin
all play pivotal roles in cancer progression and with integrin in
the formation of focal adhesions [21-28]. We hypothesized that
key intracellular signaling molecules involved with cell migration
and invasion promote cleavage of ITGA6 and modulate the invasive
phenotype. The goal of this study was to identify whether the inte-
grin-actin axis and FAK, ILK and focal adhesion adaptor molecules
regulate ITGA6p production in aggressive prostate and breast can-
cer tumor cells.

2. Materials and methods
2.1. Antibodies and reagents

The anti-ITGAG rabbit polyclonal (pAb) antibody AA6A was gen-
erated against the intracellular COOH-terminal domain of ITGA6
and purified by Bethyl Laboratories Inc (Montgomery, TX). The
AAGA pAb is specific for the last 16 amino acids of human ITGA6
sequence and the cytoplasmic domain of o3 integrin (ITGA3)
[13]. The anti-ITGA6 rabbit pAb, AAGNT antibody was generated
using a recombinant fragment of the N-terminal p-barrel domain
as previously described [14]. The J1B5 rat anti-ITGA6 monoclonal
antibody (mAb), was generated in the laboratory of Dr. Caroline
Damsky (University of California, San Francisco, CA) [29]. The
anti-ITGA3 rabbit pAb (1920), was, purchased from Chemicon
(Temecula, CA). The mAb anti-uPAR antibodies included mouse
antibodies 3936 (Sekisui Diagnostics, Lexington, MA) and 62022
(R&D Systems, Minneapolis, MN). The anti-B-actin antibodies
included the rabbit mAb 13E5 (Cell Signaling, Danvers, MA) and
rabbit pAb AANO1 (Cytoskeleton, Denver, CO). The anti-ILK mouse
mAb (611802) and the anti-paxillin Ab were purchased from BD
Biosciences (San Jose, CA). The anti-FAK rabbit pAb (06-543) and
anti-o-Tubulin mouse mAb DM1A were purchased from Millipore
(Bedford, MA). Secondary conjugated Alexa-488 antibodies, don-
key anti-rat and goat anti-mouse were purchased from Life Tech-
nologies (Carlsbad, CA) and secondary anti-rabbit and anti-mouse
horseradish peroxidase antibodies used were purchased from Jack-
son ImmunoResearch Laboratories (West Grove, PA). The ILK inhib-
itor QLT0267 was a generous gift from Dr. Shoukat Dedhar
(University of British Columbia, Vancouver, Canada).

2.2. Cell lines and culture conditions

All cells lines were maintained in Iscove’s Modified Dulbecco’s
medium (Life Technologies) supplemented with 10% fetal bovine
serum (Hyclone Laboratories, Logan, UT) and 1% penicillin/strepto-
mycin (Life Technologies) at 37 °C in a humidified atmosphere of
95% air and 5% CO,. The DU145 prostate carcinoma and the breast
carcinoma cell line MDA-MB-231 were obtained from American
Type Culture Collection (Manassas, VA). PC3B1 cells were gener-
ated as an aggressive subclone of PC3 cells isolated from bone met-
astatic lesions produced in a xenograft model as previously
described [14].

2.3. Immunoprecipitations and SDS-PAGE/immunoblotting

Cells were rinsed two times with HEPES buffer (5% HEPES;
7.59% NaCl; 0.4% KCl, 0.16% MgCl,, 0.15% CaCl,) and lysed using
cold RIPA buffer (50 mM Tris; 150 mM NaCl; 1% Triton X-100;
0.1% SDS; 1% Na-Deoxycholate; pH 7.4), 1 mM PMSF, 1 pg/ml Leu-
peptin and 1 pg/ml Aprotinin. Lysates were sonicated 8 times at
one-second intervals and then were pre-cleared with 40 pul Pro-
tein-G Sepharose beads (GE Healthcare, Piscataway, NJ) for 1 h at
4 °C with agitation. The immunoprecipitation reactions contained
250 pg of protein, 30 pl of Protein-G Sepharose beads and 3 pl of
the J1B5 antibody. The final volume was adjusted to 500 pl using
RIPA buffer and the reactions were incubated on a rotational inver-
ter for 18 h at 4 °C. The protein complexes were then analyzed by
SDS-PAGE and immunoblot was performed using chemilumines-
cence (ECL Western Blotting Detection System, GE Healthcare).

2.4. Flow cytometry

Cells were harvested using cold PBS containing 5 mM EDTA,
washed in PBS and resuspended in 200 pl of 1x PBS with specific
antibodies (1:200 dilution) and incubated on ice for 30 min. Cells
were then washed in PBS and incubated with either an Alexa-
488 anti-rat secondary antibody (1:500) or an Alexa-488 anti-
mouse secondary antibody (1:500) in PBS for 30 min on ice. Cells
were analyzed using a BD FACScan and Flow]o (version 7.2.2).

2.5. Small interfering RNA

Small interfering RNA (siRNA) targeting ITGAS6, actin, ILK, FAK,
paxillin or a non-targeting control (siControl) were purchased from
Dharmacon (GE Healthcare) The transfections were performed per
instructions provided by the manufacturer and at the optimized
concentration of 30 nM using DharmaFECT 4 reagent. The transfec-
ted cells were then incubated at 37 °C with 5% CO, for 48, 72, or
96 h. The cells were transfected a second time for incubations last-
ing longer than 48 h.

2.6. Real-time PCR

RNA was quantified using Eppendorf’s BioPhotometer 6131.
Equal amounts (1250 ng) of RNA were prepared for real-time PCR
(RT-PCR) and Applied Biosystems TagMan One Step RT-PCR Master
Mix Reagent Kit was used. Probes for ILK and GAPDH from Applied
Biosystems were used. Cycle parameters for RT-PCR experiment
using Applied Biosystems ABI Prism 7000 sequence Detection Sys-
tem were as followed; one cycle of 50 °C for 2 min to convert RNA
to DNA using reverse-transcriptase, one cycle of 95 °C for 10 min to
denature reverse-transcriptase, 40 cycles of (95°C for 15s and
60 °C for 1 min) quantified amplification. Analysis of data was per-
formed using the Relative expression software tool (REST 2009).
Independent experiments were performed twice.

3. Results
3.1. Inhibiting actin expression increased ITGA6p formation

DU145 cells and MDA-MB-231 cells were transiently transfec-
ted with siRNA targeting actin or a non-targeting control for 48
and 96 h. The cells were harvested using RIPA lysis buffer and
J1B5 was used to immunoprecipitate all forms of ITGA6. The
results in Fig. 1A show that ITGA6p formation increased in
DU145 and MDA-MB-231 cells following actin depletion for 96 h.
Actin silencing occurred at 48 and 96 h after siRNA treatment in
both cell lines (Fig. 1B and C). Flow cytometric analysis indicated
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Fig. 1. (A) DU145 and MDA-MB-231 cells were treated with siRNA targeting actin (siActin (+)), a non-targeting siRNA (siCon (—)) or mock treatment (M) for 48 or 96 h. (A)
ITGA6 was immunoprecipitated from DU145 and MDA-MB-231 cells and immunoblot analysis was used to detect ITGA6 and ITGA6p following a 96 h siRNA treatment.
DU145 (B) and MDA-MB-231 (C) cells were harvested following 48 or 96 h of siRNA treatment and immunoblot analysis was performed to detect actin expression. Tubulin
was used as a loading control. Flow cytometric analysis of cell surface ITGA6 in (D) DU145 and (E) MDA-MB-231 cells after 96 h of siRNA treatment. Secondary only is the gray
filled peak, siActin is the black solid line, siCon is the gray line, and mock is the black dotted line. Independent experiments were performed three times.

that total cell surface expression of ITGA6 did not change in either
cell line (Fig. 1D and E). These results show that although depleting
actin from cells for 96 h increased ITGA6p formation, it did not
affect total cell surface levels of the integrin.

3.2. Inhibition of FAK and ILK increased ITGAG6 cleavage

DU145 cells were transiently transfected with siRNA targeting
FAK, LK, paxillin or siControl for 48, 72 or 96 h. Cells were har-
vested using RIPA lysis buffer and ITGA6 was retrieved by immu-
noprecipitation using the mAb J1B5. ITGA6 was then separated
on a non-reducing 10% SDS-PAGE gel and both forms of ITGA6
(ITGA6 and ITGA6p) were detected using the pAb AAGA. The results
in Fig. 2A and B show that ITGA6p increased after silencing FAK or
ILK expression, respectively. ILK knockdown was confirmed in
DU145 cells via real-time PCR and immunoblot (Fig. 2C and E).
Flow cytometry analysis of PC3B1 cells treated with siRNA target-
ing ILK showed no change in cell surface levels of ITGA6 (Fig. 2D).
The ILK kinase inhibitor QLT0267 also increased protein levels of
ITGA6p (Fig. 2B and F). Decreased paxillin expression at 72 h
post-siRNA treatment did not affect ITGA6 or ITGA6p levels in
DU145 cells (Fig. 2G).

3.3. Depletion of FAK and actin increased uPAR in DU145 cells

We next determined if increased ITGA6 cleavage following siR-
NA treatment for FAK, ILK, or actin coincided with an increase in
uPAR expression. The results in Fig. 3A and B show that silencing
of actin or FAK expression increased uPAR protein levels in
DU145 cells. In contrast, siRNA depletion of ILK for 96 h did not
affect uPAR protein levels in DU145 cells (Fig. 3C). DU145 cells

treated with siRNAs targeting, actin, FAK or siControl for 72 or
96 h were harvested for flow cytometric analysis of cell surface
uPAR. The results show that cell surface uPAR expression was
unchanged following siRNA treatment of DU145 cells (Fig. 3D
and E).

4. Discussion

The lethality of cancer lies with the ability to spread to distant
sites and impair normal vital organ function. Continued investiga-
tion of the changes that occur to a cancer cell that bestow the abil-
ity to invade, migrate and metastasize are constantly underway
[30-32]. Previous studies by our group have identified a cleaved
form of ITGA6, called ITGA6p, which has been shown to contribute
to cell invasion and migration [13]. Inhibition of ITGA6 cleavage
substantially delayed the onset of bone metastasis and promoted
curative-type bone metastasis lesions in xenograft mouse models
[14,15]. Due to the high prevalence and pro-metastatic phenotype
of ITGA6p, we further investigated selected molecular candidates
as modifiers of ITGA6p production.

Six molecular candidates (actin, ILK, FAK, paxillin, vinculin and
talin) were investigated since their involvement in the integrin-
actin signaling and structural complex has been established [17-
20]. All have pivotal roles with integrin in the formation of focal
adhesions [21-23]. The results indicated that suppression of actin,
FAK and ILK expression using a siRNA approach led to an increase
of ITGAG cleavage (Figs. 1 and 2). Loss of the actin cytoskeleton and
functionally related signaling molecules resulted in the observed
increase in ITGA6 cleavage.

While the production of ITGA6p was increased by suppression
of ILK or FAK expression, it was unaffected by suppression of
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Fig. 2. (A) DU145 cells were transfected for 72 h with siRNA targeting FAK (+) or non-targeting control (siCON (—)) and blotted for ITGAG6, FAK, or tubulin. Cells were
harvested and ITGA6 was immunoprecipitated. Immunoblot analysis indicates expression of ITGA6 and ITGA6p (top blot) and FAK with tubulin as a loading control (lowest
blots). (B) DU145 cells were transfected for 48 h with siRNA targeting ILK (siILK), siCON or mock treated (M). Cells were harvested and ITGA6 was immunoprecipitated and
detected using immunoblot analysis (left blot). DU145 cells were treated with the ILK inhibitor QLT0267, DMSO, or left untreated. ITGA6 and ITGA6p expression were
analyzed using immunoblot analysis (right blot). (C) Messenger RNA levels determined by real-time PCR following 72 h silLK or siCon. Flow cytometry analysis was
performed on PC3B1 cells after 96 h silLK (black line), siCon (gray line), mock transfection (black dotted) and secondary only (gray filled) controls. (D) Cell surface expression
of ITGAG in PC3B1 cells is reported. (E) DU145 cells were transfected for 72 h with silLK (+) or siCon (—). Whole cell lysates were harvested and immunoblot analysis of ILK
and tubulin was performed. (F) DU145 cells were harvested for WB after 48 h treatment with ILK inhibitor (QLT0267), DMSO, or untreated and blotted for ITGA6 and actin. (G)
DU145 cells were transfected with siRNA targeting paxillin (+), siCON (-), or mock treated (M) for 72 h. Cells were harvested and ITGA6 was detected using immunoblot
analysis of whole cell lysate with the AA6A antibody (top blot) or following immunoprecipitation of ITGA6 (middle blot). Immunoblot analysis of paxillin was performed

using whole cell lysates with tubulin as a loading control (lowest blots). Independent experiments were performed three times.

paxillin (Fig. 2), talin or vinculin (data not shown). A potent ILK
kinase inhibitor, QLT0267, [33] also increased production of ITGA6p
(Fig. 2B and F). In a breast cancer study, QLT0267 also altered F-actin
distribution [34]. Taken together, these results suggested that per-
turbing enzymatic signaling associated with actin dynamics was a
determinant of ITGA6p production. The involvement of actin
dynamics as a determining factor is consistent with the established
concept of “inside-out” regulation of integrin function [35,36].

The rationale for the current study included the knowledge that
integrin cleavage was dependent upon the uPA/uPAR axis and the
reports that uPAR and integrins interact [37-40]. Recently, pub-
lished work indicates that ITGA6 cleavage is closely associated
with uPAR and uPA levels [12]. These observations of increased
ITGA6 cleavage prompted us to determine if uPAR levels were
increasing as well. Loss of actin, FAK and ILK expression resulted
in an increase in ITGA6 cleavage in DU145 cells (Figs. 1A and 2A
and B) and under these conditions, DU145 cells showed a signifi-

cant increase in uPAR expression (Fig. 3A and B). We note with
interest that while DU145 cells showed an increase in the total
amount of uPAR protein, flow cytometry analysis of uPAR levels
resulted in no change of uPAR levels at the cell surface (Fig. 3D).
This suggests that a dynamic component of uPAR may be involved
rather than simply static levels of the receptor as a determinant of
ITGAG6p production.

Since the defining feature of ITGA6p is the loss of the laminin
ligand binding domain, the results suggested that an actin depen-
dent trigger exists which would increase the loss of the laminin
binding function of ITGA6. Previous work in model organisms
has shown an actin dependent coordination of laminin and fibro-
nectin adhesion. For example, in normal development of the follic-
ular epithelium during Drosophila oocyte maturation, changes from
a columnar to squamous morphology is accompanied by a switch
from laminin binding integrin to RGD binding integrin. During
these changes, integrin adhesive structures remain at actin fiber
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Fig. 3. (A) DU145 cells were transfected with siRNA targeting (A) actin for 96 h (B) FAK for 72 h and (C) ILK for 72 h. Immunoblot analysis using whole cell lysates was used to
detect uPAR expression for each experiment. DU145 cells were transfected with siRNA targeting (D) actin for 96 h and (E) FAK for 72 h and cell surface expression of uPAR was
detected by flow cytometry using the mAB 3936. Independent experiments were performed three times.

ends [41]. It is possible that human tumors, during metastasis and
collective migration, retain the ability to modify laminin adhesion
similar to developing embryos by utilizing actin dynamics.

Finally, we note that the responsiveness of tumor cells to alter-
ations in actin function to modulate integrin dependent laminin
adhesion (via integrin cleavage) may be most relevant to tumors
that retain collective migration properties and E-cadherin expres-
sion, consistent with collective migration and tubulogenesis mod-
els of metastasis [42,43]. DU145 cells express E-cadherin whereas
PC3 and MDA-MB-231 cells have undergone epithelial to mesen-
chymal transition (EMT) [44,45]. Previous work in vitro suggested
an increase in ITGA6p occurs during increased cell-cell interac-
tions stimulated during the in vitro differentiation of skin keratino-
cytes or induced by overexpression of the androgen receptor
in vitro [10,46]. Future studies will be directed at understanding
the potential role of actin dynamics in regulating the production
of ITGAGp via the UPA/uPAR axis in collective migration.
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