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Abstract

We have shown previously that the vasoactive peptide bradykinin (BK) stimulates
proliferation of a cultured murine cell model of the inner medullary collecting duct
(mIMCD-3 cells) via transactivation of epidermal growth factor receptor (EGFR) by a
mechanism that involves matrix metalloproteinases (collagenases-2 and -3). Because
collagenases lack an integral membrane domain, we hypothesized that receptors for
extracellular matrix proteins, integrins, may play a role in BK-induced signaling by
targeting collagenases to the membrane, thus forming a functional signaling complex.
BK-induced phosphorylation of extracellular signal-regulated protein kinase (ERK) in
mIMCD-3 cells was reduced by ~65% by synthetic peptides containing an RGD
(arginine-glycine-aspartic acid) sequence, supporting roles for integrins in BK-induced
signaling. Neutralizing antibody against o5B1 integrin partially (~60%) blocked BK-
induced ERK activation but did not affect EGF-induced ERK activation. Silencing of a5
and B1 expression by transfecting cells with small interfering RNAs (siRNA) significantly
decreased BK-induced ERK activation (~80%) and EGFR phosphorylation (~50%).
This effect was even more pronounced in cells that were co-transfected with siRNAs
directed against both collagenases and o5B1 integrin. Based on our results, we
suggested that integrin o5B1 is involved in BK-induced signaling in mIMCD-3 cells.
Using immunoprecipitation/Western blotting, we demonstrated association of BK B;
receptor with o5B1 integrin upon BK treatment. Furthermore, BK induced association
of a5B1 integrin with EGFR. These data provide the first evidence that specific integrins
are involved in BK B, receptor-induced signaling in kidney cells, and ultimately might

lead to development of new strategies for treatment of renal tubulointerstitial fibrosis.
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Introduction

The vasoactive nonapeptide bradykinin (BK) plays important roles in the
regulation of kidney functions such as electrolyte and water excretion (Mukai et al.,
1996). Specifically, a role of BK in the control of absorptive function in the kidney
collecting ducts is well established (Tomita et al., 1985; Zeidel et al., 1990). BK also
acts directly as a potent cellular growth factor for multiple cell types including kidney
cells. Previously, we established that the BK B, receptor stimulates early mitogenic
signals associated with activation of extracellular signal-regulated protein kinase (ERK)
in a murine epithelial cells derived from the inner medullary collecting duct (mIMCD-3
cells), and demonstrated that BK-induced cell proliferation depends on transactivation of
the epidermal growth factor receptor (EGFR) (Mukhin et al., 2003). Further, we
demonstrated that BK B, receptor-induced EGFR transactivation involves activation of
matrix metalloproteinases (MMPs), namely collagenases-2 and -3 (Mukhin et al., 2006).
Because collagenases lack an integral membrane domain, we hypothesized that
integrins may play a role in BK-induced signaling by targeting collagenases to the
membrane, thus forming a functional signaling complex. Integrins are heterodimeric
receptors for cell-surface adhesion molecules and extracellular matrix (ECM) proteins,
that are composed of two subunits, o and B. Each off combination has specific
signaling properties (reviewed in Juliano, 2002). To date, eighteen o and eight 3
subunits have been identified, which form at least 24 different of integrins (Humphries
et al, 2006).

The first interaction between integrins and MMPs was identified in melanoma

cells in which it was demonstrated that the C-terminal domain of gelatinase-A (MMP-2)
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binds directly to integrin aVB3, which localizes MMP-2 in a proteolytically active form on
the surface of invasive cells (Brooks et al., 1996). Further, the involvement of the
oVB3/MMP-2 complex in tumor growth and angiogenesis has been demonstrated in
vivo (Brooks et al., 1998). Integrin otVP3 also cooperates with gelatinase-B (MMP-9) to
regulate migration of breast cancer cells (Rolli et al., 2003). Purified B2 integrin has
been shown to bind to the catalytic domain in pro-MMP-9 gelatinase to form complexes
of pro-MMP-9 with both the aMB2 and oLB2 integrins in leukemic cell lines; these
associations probably control the activation of the proenzyme (Stefanidakis et al., 2003).
Cell surface interactions between B2 integrins and gelatinases plays roles in normal
leukocyte migration and in cancer progression (Stefanidakis and Koivunen, 2006).
Interactions with integrins also have been demonstrated for collagenase-1 (MMP-1).
Thus, pro-MMP-1 specifically binds to o2B1 integrin on keratinocytes, facilitating the
cleavage of type | collagen and keratinocyte migration (Dumin et al., 2001). This
binding occurs via the I-domain of the o2 integrin subunit, and requires both the linker
domain and the hemopexin-like domain of MMP-1 (Stricker et al., 2001). MMP-1 also
interacts with o2B1 integrin in human neurons (Conant et al., 2004), and with al1B1
integrin in monocytes (Stricker et al., 2001). However, no interactions between integrins
and collagenases 2 or 3 have been described.

Interesting connections between integrins and G protein-coupled receptors
(GPCRs) have been described recently. Integrin-mediated cell anchorage impacts on
GPCR signaling to the ERK/MAPK (Della Rocca et al., 1999; Short et al., 2000).
Muscarinic receptors stimulate tyrosine phosphorylation of focal adhesion kinase (FAK)

via an integrin-dependent mechanism (Slack, 1998). FAK phosphorylation in response
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to bombesin and muscarinic signaling depends on the integrity of the cytoskeleton
(Hunger-Glaser et al., 2003). Activation of histamine receptors results in translocation
of the non-receptor tyrosine kinase PYK2 to focal adhesions and enhances PYK2
tyrosine phosphorylation leading to ERK activation in HeLa cells (Litvak et al., 2000).
The precise molecular mechanism underlying integrin-mediated GPCR signaling
to ERK remains to be defined, but one possibility involves integrin-mediated recruitment
of cytoskeletal components to form a scaffold that facilitates efficient assembly of the
components of the signaling pathway. Alternatively, some GPCRs interact directly with
integrins: P2Y; nucleotide receptor contains an RGD motif in the first extracellular loop
that enables it to interact with aVB3 and oVB5 integrins leading to increased astrocytes
migration (Bagchi et al., 2005; Wang et al., 2005). In addition, B1 and B3 integrins co-
localize with the mu opioid receptor in sensory neurons, and regulate receptor signaling
probably by altering its coupling to either Gaoi or Gass proteins (Berg et al., 2007).
Possible interactions between the BK B, receptor and integrins have not been
studied. Herein, we provide multiple lines of evidence that suggest the involvement of
integrin 51 in BK-induced signaling, and describe physical and functional connections

among BK B; receptor, a5B1 integrin and collagenases-2 and -3 in mIMCD-3 cells.
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Materials and Methods

Materials. Cell culture supplies were obtained from GIBCO/Invitrogen (Grand Island,
NY), or Corning Costar (Cambridge, MA). Bradykinin, EGF and other reagent grade
chemicals were from Sigma-Aldrich (St. Louis, MO). Cyclic RGD and control RGD
peptides, and MMP inhibitors were from Calbiochem (La Jolla, CA). Phospho-ERK kit
was obtained from Cell Signaling Technology (Beverly, MA). EGFR polyclonal
antibody, anti-phospho-EGFR (Tyr'*”®) monoclonal antibody, and monoclonal anti-
phospho-tyrosine antibody were from Upstate Biotechnology (Lake Placid, NY).
Monoclonal anti-BK B, receptor antibody was from BD Transduction Laboratories™
(Franklin Lakes, NJ). MMP-8 monoclonal antibody, MMP-13 monoclonal antibody, anti-
o5B1 integrin polyclonal antibody, monoclonal blocking antibodies against o281, o531,
oVB6, and o6 integrins, antibodies against a2, a3, aV, and B1 integrin subunits and
mouse monoclonal GAPDH antibody were from Chemicon International (Temecula,
CA). Antibodies against integrin o2, a5, a6, B6 and B1 subunits, blocking antibodies
against a3, oV and B3 integrins, MMP-8 siRNA, MMP-13 siRNA, integrin a2 siRNA,
integrin o5 SiRNA, integrin 1 siRNA and control siRNA were from Santa Cruz
Biotechnology (Santa Cruz, CA). The RNA Stat-60 reagent was from Tel-Test, Inc.,
(Friendswood, TX). The RT? Profiler™ PCR Array System for Mouse Extracellular
Matrix and Adhesion Molecules and the Oligo GEArray® kit for Mouse Extracellular
Matrix and Adhesion Molecules were from SuperArray Bioscience Corporation
(Frederick, MD).

Cell Culture. mIMCD-3 cells were obtained from American Type Culture Collection

(Rockville, MD). mIMCD-3 cells were grown in equal mixtures of DMEM and Ham'’s
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F12, supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, and 100 pg/ml
of streptomycin at 37°C in a humidified atmosphere of 95% air and 5% CO..

Study of expression levels of integrin subunits in mIMCD-3 cells. To monitor the
expression profile of integrins in mIMCD-3 cells we employed the Oligo GEArray® kit for
Mouse Extracellular Matrix and Adhesion Molecules. We extracted total RNA from
mIMCD-3 cells that were grown on plastic plates, using the RNA Stat-60 reagent, and
converted RNA into biotin-labeled cRNA target probes for Microarray hybridization using
the TrueLabeling-AMP linear RNA amplification kit (SuperArray Bioscience Co). The
CcRNA targets (6 pg of cRNA) next were hybridized with oligonucleotide probes
representing different genes that are printed on a nylon membrane. The resulting
products on arrayed membranes were detected by a chemiluminescent detection Kkit,
and analyzed by GEArray Analyzer data analysis software. We also used an RT?
Profiler™ PCR Array System for mouse extracellular matrix and adhesion molecules
that validates the expression of 84 relevant genes for cell-cell and cell-matrix
interactions, including 9 o and 4 f integrin subunits. Total RNA from mIMCD-3 cells
was extracted as above, and was converted to cDNA using the RT? Profiler™ PCR
Array first strand kit. Quantitative real-time PCR was performed according to the
manufacture’s protocol. The presence of various integrin subunits in lysates from
mIMCD-3 cells was supported by Western blots using commercially available
antibodies.

Transfections of mIMCD-3 cells — Integrin and MMP silencing. Transfections of
mIMCD-3 cells were achieved by nucleofection with an Amaxa Biosystems instrument

(Giessen, Germany). 1 x 10° cells were resuspended in 100 pl of Nucleofector™
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solution R and nucleofected with either 100 nM of siRNA for MMP-8, MMP-13, or
integrin o5B1 siRNA, or with the same amount of control siRNA using manufacturer’s
protocol T-16. 48 h post-nucleofection, cells were stimulated with BK, EGF or vehicle,
lysed and analyzed for integrin and MMP expression by Western blotting with anti-
MMP-8 or anti-MMP-13 or with anti-integrin o5, and 1 rabbit polyclonal antibodies, and
for EGFR phosphorylation and ERK activation. Blots were re-probed with a mouse
monoclonal GAPDH antibody to control for protein loading and for silencing specificity
and efficiency.

ERK Assay. ERK phosphorylation was assessed by Western blot using a
phosphorylation-state specific antibody that specifically recognizes threonine202 and

tyrosine204-phosphorylated ERK-1 and ERK-2 as previously described (Mukhin et al.,
2003) in mIMCD-3 cells treated for 5 min with BK, EGF, or vehicle. The membranes
were stripped using Re-Blot Plus antibody stripping solution (Chemicon International,
Inc., Temecula, CA) and re-probed with the control ERK antibody, which recognizes
equally well phosphorylated and non-phosphorylated ERK. Results are presented as
intensities of phospho-ERK bands relative to total ERK bands and expressed as fold of
basal phosphorylation (non-treated cells).

EGF Receptor Phosphorylation Assay. The phosphorylation state of EGFR was
assessed by immunoprecipitation/Western blotting studies as previously described
(Mukhin et al., 2003). Quiescent mIMCD-3 cells, grown in 100 mm dishes, were
pretreated with vehicle or inhibitors for 30 min. Subseqently, cells were treated with
100 nM BK, 1 ng/ml EGF or vehicle for 5 minutes and lysed in RIPA buffer (50 mM Tris-

HCI, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA,

10
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1 mM sodium fluoride, 1 mM NazVO,, 1 ug/ml aprotinin, leupeptin, and pepstatin, each).
Cell lysates were precleared by incubating with protein A-agarose bead slurries for
30 min at 4°C. Precleared lysates (1 pg/pl total cell protein) were incubated with 4 pg of
anti-EGFR polyclonal IgG overnight at 4°C. The immunocomplexes were captured by
the addition of protein A-agarose bead slurries, with incubation for two more hours at
4°C. The agarose beads were collected by centrifugation, washed three times with
RIPA buffer, resuspended in 2x Laemmli sample buffer, boiled for 5 min, and subjected
to SDS-PAGE. After wet transfer to polyvinylidine difluoride membranes, the

membranes were probed with monoclonal anti-phospho-EGFR (Tyr!'"

) antibody to
assess the phosphorylation state of EGFR, or with EGFR antibody.

Studies of possible complex formation between integrin o541, BK B, receptor and
collagenases. Quiescent mIMCD-3 cells, grown in 100 mm dishes, were treated with
100 nM of BK, 1 ng/ml EGF or with vehicle for different time periods, and lysed in RIPA
buffer. Cell lysates were pre-cleared by incubating with protein A-agarose bead slurries
for 30 min at 4°C. Pre-cleared lysates (1 pg/ul total cell protein) were incubated with 4
pg of anti-a5B1 integrin polyclonal IgG overnight at 4°C. The immunocomplexes were
captured by addition of protein A-agarose bead slurry and incubation for 2 more hours
at 4°C. The agarose beads were collected by centrifugation, washed 3 times with RIPA
buffer, resuspended in 2x Laemmli sample buffer, boiled for 5 min, and subjected to
SDS-PAGE. After wet transfer to polyvinylidine difluoride membranes, the membranes
were probed with monoclonal anti-BK B, receptor, with monoclonal anti-MMP-8 or anti-

MMP-13 antibody, and with anti-EGFR antibody to study possible physical associations

of these proteins.

11
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Data Analysis. ERK assays were performed in duplicate and repeated at least 3
separate times. EGFR assays were repeated 3 separate times for each condition.
Data are presented as mean + S.E.M. (Standard Error of the Mean), and were analyzed
for repeated measures by Student’s t-test for unpaired 2-tailed analysis, and by an
ANOVA test. Differences were considered significant at p < 0.05. Statistical probability

(p) in figures expressed as “p < 0.05, “p < 0.01, and ““p < 0.001.

12
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Results

Integrins are involved in BK-induced ERK1/2 activation and EGFR transactivation

in mIMCD-3 cells.

In the first set of experiments we tested the involvement of integrins in B, receptor-
induced EGFR transactivation and ERK phosphorylation using arginine-glycine-aspartic
acid (RGD) peptides. RGD was originally identified as the sequence in fibronectin that
is a recognition site for a5B1 integrin, but it also serves as a recognition motif for other
integrins including o381, a8p1, aVB1, aVB3, aVPR5, aVB6 and a2bB3 (Plow et al, 2000).
Quiescent mIMCD-3 cells were pretreated for one hour with 28 puM of either control or
cyclic RGD peptides prior to stimulation with 100 nM BK or with 1 ng/ml EGF for 5
minutes. Control RGD peptides were without effect whereas cyclic RGD peptides
reduced the activation of ERK by BK by ~65% suggesting that integrins with RGD
recognition specificity may be involved in BK-induced ERK phosphorylation (Figure
1A). At the same time, cyclic RGD peptides did not affect EGF-induced ERK activation
(Figure 1C).

Expression profile of integrin subunits in mIMCD-3 cells.

Having established a probable role for integrins in BK-induced signaling in mIMCD-3
cells, we attempted to examine specific integrins that could mediate this response. In
order to plan more specific experiments, we needed to determine which integrins are
present in mIMCD-3 cells because at least eighteen o and eight B integrin subunits
have been identified. First, we employed the Oligo GEArray® kit for Mouse
Extracellular Matrix and Adhesion Molecules, which represents 113 genes encoding

proteins important for the attachment of cells to their surroundings including various

13
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types of cell adhesion molecules (such as the integrins, 1gG superfamily members,
cadherins and catenins, and selectins) as well as extracellular matrix proteins,
proteases (such as the matrix metalloproteinases and the serine and cysteine
proteinases) and their inhibitors. This array allowed us to determine simultaneously the
expression profile of 13 o and 7 B integrin subunits in mMIMCD-3 cells. Table 1
summarizes mRNA expression of integrins in mIMCD-3. Integrin subunits a2b, a3, oV
and B1 appeared to be the most abundant in mIMCD-3 cells. The messages for a2, 06,
o7, aX, B6 and B7 integrin subunits also were detectable. To our surprise we did not
detect message for o5 integrin subunit although we expected to find o531 integrin in
mIMCD-3 cells based on the ability of RGD peptides to affect BK-induced signaling
(Figure 1A).

To verify the microarray data, we employed an RT? Profiler™ PCR Array System for
mouse extracellular matrix and adhesion molecules that measurees the expression of
84 relevant genes for cell-cell and cell-matrix interactions including nine o (a2, a3, 04,
o5, oE, aL, aM, aV and oX) and four B (31, B2, B3 and B4) integrin subunits. The
expression of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene was
used as control. RT-PCR results confirmed the expression of 02, o3, oX, oV and 1
genes identified by the Oligo microarray (not shown). In addition, an RT? Profiler™ PCR
Array System allowed us to detect the message for a5 integrin subunit. Our inability to
detect the message for a5 integrin subunit by the Oligo GEArray could be caused by a
technical issue with this particular Oligo GEArray layout, because the message for o5
integrin (spot #48) is probably masked by a strong message for Fibronectin-1 (spot #40)

which is highly expressed in mIMCD-3 cells. Further, to confirm the mRNA data and to

14
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support the expression of integrins on a protein level we performed Western blotting on
mIMCD-3 lysates using commercially available antibodies against integrins. Results
presented in Figure 2 support the presence of integrins o2, a3, a5, a6, oV, B1 and 36
in mIMCD-3 cells.

Roles of specific integrins in BK-induced ERK1/2 activation in mIMCD-3 cells.

To examine specific integrins that are involved in BK-induced ERK phosphorylation, we
employed commercially available neutralizing antibodies against mouse integrin
subunits. Quiescent mIMCD-3 cells were pretreated for 2 hours with anti-integrin
antibodies or normal rabbit IgG prior to stimulation with 100 nM BK or with 1 ng/ml EGF
for 5 minutes. Neutralizing antibody against o531 integrin when used in a concentration
of 100 ng/ml significantly (~60%) blocked BK-induced phosphorylation of ERK in
mIMCD-3 cells (Figure 1B; n = 3, p < 0.001), but did not affect EGF-induced ERK
activation (Figure 1D). Neutralizing antibody against o281 integrin in some experiments
also partially (~25%) decreased BK-induced phosphorylation of ERK in mIMCD-3 cells,
although these results were not statistically significant (not shown). At the same time,
neutralizing antibodies against a3, oV, 6 and a6 were without effect (not shown),
suggesting specificity in the involvement of a5B1 integrin in BK-induced ERK
phosphorylation.

Transfection of mIMCD-3 cells with integrin and MMP siRNAs decreases BK-
induced ERK activation.

To further support the involvement of integrins in BK-induced ERK activation, we
employed RNA-mediated interference to knock down the expression of o531 integrin.

mIMCD-3 cells were nucleofected with either 100 nM of siRNA for integrin a5B1 or with

15
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the same amount of control siRNA. 48 hours postnucleofection, cells were stimulated
with vehicle or 100 nM BK, or 1 ng/ml EGF for 5 minutes, lysed, and analyzed for ERK
phosphorylation. Cells transfected with o531 integrin sSiRNAs demonstrated ~80% less
BK-induced ERK activation than cells transfected with control siRNA (Figure 3A). EGF-
induced ERK activation was not affected by o581 integrin down-regulation (Figure 3B).
Silencing of «o2B1 integrin did not affect either BK-induced or EGF-induced
phosphorylation of ERK in mIMCD-3 cells (not shown), suggesting specificity in the
involvement of a5B1 integrin in BK-induced ERK phosphorylation.

Because previously we demonstrated the involvement of MMP-8 and MMP-13 in BK-
induced ERK activation (Mukhin et al, 2006), we performed the combined inhibition of
MMP-8 or MMP-13 and a5B1 integrins by co-transfecting cells with MMP-8 or MMP-13
siRNA in addition to integrin siRNAs. Cells transfected with a combination of MMP-8
and obB1 integrin siRNAs demonstrated ~75% decrease in BK-induced ERK
phosphorylation (Figure 3A). Cells transfected with a combination of MMP-13 and
o5B1 integrin  siRNAs demonstrated ~90% decrease in BK-induced ERK
phosphorylation. Because in our previous study we proposed roles for both
collagenases in BK-induced ERK phosphorylation (Mukhin et al, 2006), we blocked both
MMP-8 and MMP-13 by transfecting cells with a combination of MMP-8 and MMP-13
siRNAs in addition to silencing o5B1 integrin. Each set of transfected cells
demonstrated significant decreases in BK-induced ERK phosphorylation compared with
the set transfected with scrambled siRNA. Although differences between cells
transfected with o5B1 integrin SiRNA only and cells co-transfected with MMP-8 and

MMP-13 siRNAs in addition to a5B1 integrin siRNA, were not statistically significant, in
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all experiments there was a trend that down-regulation of both collagenases in addition
to a5B1 integrin resulted in a complete inhibition of the signal. Down-regulation of a531
integrin either alone or in combination with MMP-8 and/or MMP-13 did not affect EGF-
induced ERK activation (Figure 3B). Effective silencing of integrin and MMP
expression in mMIMCD-3 cells transfected with siRNAs was supported by immunoblotting
(Figure 4C). These results support the hypothesis that integrin a5B1 most likely
mediates BK-induced signaling in mIMCD-3 cells.

Transfection of mIMCD-3 cells with integrin o581 and MMP-13 and MMP-8 siRNAs
decreases BK-induced EGFR phosphorylation.

Because BK activates ERK in mIMCD-3 cells via EGFR transactivation (Mukhin et al.,
2003), in the next series of experiments we assessed the involvement of a5B1 integrin
in BK-induced EGFR phosphorylation. To test the involvement of integrin o581, we
transfected mIMCD-3 cells with either 100 nM of integrin o581 siRNA or with control
(scrambled) siRNA. To block the activity of collagenases we silenced MMP-8 and/or
MMP-13 expression by nucleofection with MMP-8 siRNA, MMP-13 siRNA or with both
MMP-8 and MMP-13 siRNAs. 48 h postnucleofection, cells were stimulated with vehicle
or 100 nM BK or with 1 ng/ml EGF for 5 min, lysed, and analyzed for EGFR
phosphorylation as described in Methods. Silencing of integrin a5B1 significantly (p <
0.01) decreased BK-induced EGFR phosphorylation (Figure 4A). At the same time, the
combined inhibition of MMP-8 and o531 integrin significantly blocked BK-induced EGFR
phosphorylation by ~70%, and the combined inhibition of MMP-13 and a5B1 integrin
completely abolished the effect of BK (Figure 4). Similar results were obtained when we

blocked the activity of collagenases by pretreatment mIMCD-3 cells transfected integrin
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o5B1 siRNA with chemical inhibitors of MMP-8 and MMP-13 (not shown) suggesting
that both MMP-8, MMP-13, as well as a5B1 integrin are involved in BK-induced
phosphorylation of EGFR. However, differences in BK-induced EGFR phosphorylation
between cells transfected with 531 integrin sSiRNA only and cells co-transfected with
MMP-8 and MMP-13 siRNAs in addition to a5B1 integrin sSiRNA were not statistically
significant. At the same time, down-regulation of a5B1 integrin either alone or in
combination with MMP-8 and/or MMP-13 did not affect EGF-induced EGFR
phosphorylation (Figure 4B).

BK induces complex formation between a5f1 integrin, EGFR, MMP-13, MMP-8,
and BK B, receptor.

We next considered that BK stimulates the assembly of a signal transduction complex
which includes molecules involved in EGFR phosphorylation, and examined whether BK
could induce a physical interaction between o531 integrin, EGFR, and collagenases.
To explore this possibility, we used immunoprecipitation of lysates from cells treated
with vehicle or BK or EGF with anti-a5B1 integrin antibody, followed by Western blotting
with antibody against EGFR, MMP-8, MMP-13 and BK B, receptor. Figure 5A shows
that o581 integrin and EGFR (175 kDa) co-immunoprecipitate and that their association
can be increased by stimulation of mIMCD-3 cells with BK. Stimulation with EGF did not
significantly increase association between o5B1 integrin and EGFR, supporting that
o5B1 integrin is not essential for EGF-induced EGFR activation. Figure 5B shows that
immunoprecipitation of o531 integrin from mIMCD-3 cells treated with BK but not with
EGF, resulted in co-precipitation of the BK B, receptor (42 kDa). The BK B, receptor

antibody, which we employed for these studies has been used previously used by our
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group (Kramarenko et al, 2009) and others (Golser et al, 2000; Xie et al, 2000) to
demonstrate the presence of the endogenous and/or transfected BK B, receptor in
different cell lines by Western blotting, and also to immunoprecipitate BK B, receptor
(Golser et al, 2000). The bands corresponding to EGFR or BK B, receptor were not
detectable in precipitates obtained from identical samples precipitated in the presence
of normal rat immunoglobulins instead of a5B1 integrin antibody (data not shown).
These results suggest that BK induces co-precipitation of o581 integrin with EGFR and
BK B; receptor. Furthermore, we found that MMP-8 and MMP-13 also are present in

BK-induced signaling complex (not shown).
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Discussion

The current work describes a novel mechanism of EGFR transactivation by the
Gg-coupled BK B, receptor in mIMCD-3 cells that involves integrin a531. What is new
about this work is that we have (1) characterized the repertoire of integrins in mIMCD-3
cells using RT-PCR, microarray detection and Western blotting; (2) implicated integrins
as key mediators of BK-induced ERK activation using RGD peptides; (3) provided
evidence that integrin o531 is involved in BK-induced EGFR transactivation based on
results of experiments utilizing neutralizing anti-integrin antibodies and siRNA; and (4)
demonstrated for the first time that BK induces formation of a signaling complex among
o581 integrin, EGFR, the BK B; receptor, and probably MMP-13, MMP-8.

In our previous work we established that the BK B, receptor stimulates early
mitogenic signals associated with activation of ERK1/2 in mIMCD-3 cells, and
demonstrated that BK-induced cell proliferation was dependent on activation of EGFR
(Mukhin et al.,, 2003). Further, we described a novel mechanism of EGFR
transactivation by the Gg-coupled BK B, receptor that involves activation of matrix
metalloproteinases (MMPs), namely collagenases 2 and 3 (MMP-8 and MMP-13). We
demonstrated that collagenases 2 and 3 are activated by the BK B, receptor in mIMCD-
3 cells, and are involved in cross talk between the B, receptor and EGFR (Mukhin et al.,
2006). In the current study, we looked further into this mechanism by testing the
hypothesis that in mIMCD-3 cells, integrins may play a role in BK-induced signaling by
targeting collagenases to the membrane, thus forming a functional signaling complex.
Several GPCRs have been shown to activate ERK in an integrin-dependent manner:

thrombin, BK and lysophosphatidic acid (LPA) receptors in PC12 rat
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pheochromocytoma cells (Della Rocca et al.,1999); gonadotropin-releasing hormone
receptors (GNRHR) expressed in HEK293 cells (Davidson et al., 2004); P2Y receptors
in endothelial cells (Short et al., 2000); histamine receptors in HelLa cells (Litvak et al.,
2000); and o- opioid receptors transfected into HEK293 cells and endogenously
expressed in neuroblastoma x glioma hybrid NG108-15 cells (Eisinger and Ammer,
2008).

In our study we assessed the involvement of integrins in BK-induced signaling in
mIMCD-3 cells, using RGD-containing synthetic peptides that inhibit ligand binding to
integrins with RGD recognition specificity, e.g. integrins o331, o581, a8B1, aVB1, aVp3,
oVB5, aVB6, and o2bP3. RGD peptides decreased BK-induced ERK activation by ~65%
(Figure 1A) without affecting EGF-induced ERK activation (Figure 1C) supporting the
hypothesis that integrins are involved in BK-induced ERK phosphorylation in mIMCD-3
cells. Next we aimed to determine specific integrins responsible for mediating BK-
induced ERK activation. Using two different methods of mRNA analysis and Western
blotting, we established that mIMCD-3 cells express the following integrin subunits: o2,
o2b, a3, ab, aV, oX, Bl and B6 (Table and Figure 2). These subunits may form four
integrins with RGD recognition specificity: o381, o581, aVB1 and aVB6. We employed
neutralizing antibodies against these integrins to study their possible involvement in BK-
induced ERK activation. Neutralizing antibody against o5B1 integrin significantly
blocked BK-induced phosphorylation of ERK by ~60% in mIMCD-3 cells without
affecting EGF-induced ERK activation (Figure 1B,D), suggesting the involvement of
o5B1 intergin in BK-induced ERK phosphorylation. At the same time, neutralizing

antibodies against a3, oV, 6 and oVB6 integrins did not change BK-induced ERK
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phosphorylation suggesting lack of involvement of o331, aVB1 and oVp6 integrins. We
further supported the involvement of o531 integrin in BK-induced signaling by using
mIMCD-3 cells, in which the expression of o5 and 1 subunits was knocked down by an
RNA-mediated interference (Figure 3A). Because silencing of integrin o531 also
decreased BK-induced EGFR phosphorylation (Figure 4A), the present findings
indicate that BK-induced ERK activation is mediated by integrin-stimulated EGFR. At
the same time, down-regulation of a5B1 integrin either alone or in combination with
MMP-8 and/or MMP-13 did not affect EGF-induced EGFR phosphorylation and ERK
activation (Figures 3B, 4B).

Thus, for the first time we have identified a specific integrin (a5p81) that
specifically mediates BK-induced EGFR transactivation and ERK phosphorylation in
mIMCD-3 cells.

The ability of integrins to cooperate with receptor tyrosine kinases including
EGFR to transduce proliferative signals and to regulate cell survival and migration has
been discussed previously (Miranti and Brugge, 2002; Schwartz and Ginsberg, 2002).

Integrins are able to form physical complexes with EGFR at the cell membrane and to

845 1068 1086 1173

trigger ligand-independent phosphorylation of Tyr™™, Tyr—°, Tyr—, and Tyr
residues in the EGFR molecule (Moro et al., 1998). This integrin-dependent EGFR
activation appears necessary for full EGFR-dependent transcriptional responses
(Cabodi et al., 2004). GPCR-dependent transactivation of EGFR is usually mediated by
MMP-dependent processing of membrane EGFR pro-ligands (Prenzel et al., 1999). In
our previous study we demonstrated the involvement of MMP-8 and MMP-13 in BK-

induced EGFR transactivation in mIMCD-3 cells but at the same time we found that this
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transactivation does not require extracellular release of EGF-like growth factors such as
HB-EGF and/or TGF-a (Mukhin et al., 2006). Our present data favor the possibility that
BK induces association of EGFR with integrin a5B1, thus causing ligand-independent
phosphorylation and activation of EGFR. In support of that idea, we showed that o531
integrin and EGFR co-immunoprecipitate upon BK treatment (Figure 5A).

The concept that the association of MMPs with integrins can modify intracellular
signaling has been demonstrated in several cell models (reviewed in Stefanidakis and
Koivunen, 2006). However most reports describe interactions between integrins and
gelatinases (MMP-2 and MMP-9) either in tumor cells (Brooks et al., 1998; Rolli et al.,
2003) or in leukocytes (Stefanidakis et al., 2003). The only collagenase described to
interact with integrins, collagenase-1 (MMP-1), was reported to be associated with o231
integrin in keratinocytes (Dumin et al., 2001) and in human neurons (Conant et al.,
2004), and with a1pB1 integrin in monocytes (Stricker et al., 2001). In the current work
the involvement of MMP-8 and MMP-13 in BK-induced ERK activation was supported
by combined inhibition of MMP-8 and/or MMP-13 and o501 integrin by co-transfecting
cells with MMP-8 or MMP-13 siRNA in addition to integrin siRNAs. Although differences
between cells transfected with o581 integrin siRNA only and cells co-transfected with
MMP-8 and MMP-13 siRNAs in addition to a5B1 integrin SiRNA, were not statistically
significant, in all experiments there was a trend that down-regulation of both
collagenases in addition to a5B1 integrin resulted in a complete inhibition of BK-
induced EGFR phosphorylation and ERK activation. (Figures 3A and 4A). Thus, the
current work suggests that collagenases-2 and -3 (MMP-8 and MMP-13) may act in

concert with integrin o581 to mediate BK-induced phosphorylation of EGFR and ERK in
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kidney cells. Interestingly, the BK B, receptor also was co-immunoprecipitated with
o5B1 intergin after BK treatment of mIMCD-3 cells (Figure 5B).

This work is novel in that there are only a few reports regarding interactions
between GPCRs and integrins. Colocalization of B1 and B3 integrins with the mu opioid
receptor was detected in trigeminal ganglion neurons by immunocytochemistry and
confocal imaging (Berg et al., 2007). These RGD-binding integrins probably regulate
the spatial distribution of G proteins in plasma membrane microdomains containing
GPCRs; therefore, the relative amounts of activated integrins (31 or B3) at focal
adhesions govern G protein subunit composition (Gai versus Gaos) coupled to the mu
opioid receptor, thus regulating the signaling of this receptor in sensory neurons. The
only GPCR that has been shown to interact directly with integrins, the P2Y; nucleotide
receptor, contains an RGD motif in the first extracellular loop that enables it to interact
with aVB3 and aVB5 integrins (Erb et al., 2001). These interactions between the P2Y,
nucleotide receptor and oV integrins are necessary for the receptor to activate Go and
to initiate Go-mediated signaling events leading to chemotaxis (Bagchi et al., 2005), and
also are critical for astrocyte migration (Wang et al., 2005). Our studies provide the first
evidence of the interaction of the BK B, receptor with a5B1 integrin, and demonstrate
that this interaction leads to transactivation of EGFR, and ERK phosphorylation in
cultured mIMCD-3 cells.

In conclusion, these studies demonstrate a novel mechanism of EGFR
transactivation by the Gqg-coupled BK B, receptor that involves formation of a functional

complex between o531 integrin, EGFR and BK B, receptor.
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Legends for figures.

Figure 1. Involvement of integrins in BK-induced ERK phosphorylation

Quiescent mIMCD-3 cells were pretreated for one hour either with 28 uM control or
cyclic RGD peptides prior to stimulation with 100 nM BK (A) or with 1 ng/ml EGF (C) for
5 minutes.

Quiescent mIMCD-3 cells were pretreated for 2 hours with 0.1 mg/ml neutralizing anti-
integrin antibodies prior to stimulation with 100 nM BK (B) or with 1 ng/ml EGF (D) for 5
minutes. Control samples were preincubated with 0.1 mg/ml of normal rabbit IgG.

ERK phosphorylation was measured as described in Methods. Bars represent
intensities of phospho-ERK bands relative to total ERK expressed as fold of basal (cells
treated with vehicle). Experiments were performed 3 times in duplicate. Data are
presented as mean + S.E.M. Statistical probability (p) expressed as ““p < 0.001.

Table: mIMCD-3 cells express mRNA for a- and B-integrins

Expression of mRNAs for specific integrins was assessed by by Oligo GEArray® as
described in Materials and Methods.

Figure 2. Western blot analysis of mIMCD-3 lysates

Western blot analyses of mIMCD-3 lysates (40 pg of total protein) were performed with
commercially available anti-integrin antibodies to demonstrate the expression of these

integrins on a protein level. The bands of o2 (155 kDa), a3 (150 and 130 kDa), o5 (150

kDa), a6 (140 kDa), aV (150 kDa), B1(130 kDa), and 36 (97 kDa) are indicated.
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Figure 3: Transfection of mIMCD-3 cells with integrin and MMP siRNAs
decreases BK-induced ERK activation

mIMCD-3 cells were nucleofected either with 100 nM of siRNA for integrin 531 alone
(-a5B1), or with combinations of MMP-8 siRNA (-a5B1 — MMP-8) and/or MMP-13 siRNA
(-05B1 — MMP-13), or with combinations of all SIRNAs (-a581- MMP-8-MMP-13), or with
the same amount of control siRNA (control). 48 hours post-nucleofection, cells were
stimulated with vehicle or 100 nM BK (A) or with 1 ng/ml EGF (B) for 5 minutes, lysed,
and analyzed for ERK phosphorylation.

ERK phosphorylation was measured as described in Methods. Bars represent
intensities of phospho-ERK bands relative to total ERK expressed as fold of basal (cells
treated with vehicle). Experiments were performed 3 times in duplicate. Data are
presented as mean + S.E.M. Statistical probability (p) expressed as “p < 0.01
compared with control BK-treated cells. ANOVA (-a5B1) compared with (-a51 — MMP-
8), (-a5B81 — MMP-13) or with (-a581- MMP-8-MMP-13), not significant.

Figure 4: Transfection of mIMCD-3 cells with integrin a51 and MMPs siRNAs
decreases BK-induced EGFR phosphorylation

Cells were nucleofected with either 100 nM of o581 siRNA (-a5B81), or with a
combination of MMP-8 siRNA (o581 — MMP-8), or MMP-13 siRNA (-a51 — MMP-13),
or with a combination of all SIRNAs (-a5B1- MMP-8-MMP-13), or with the same amount
of control siRNA (control), as described in Methods. 48 hours post-nucleofection, cells
were stimulated with vehicle or 100 nM BK (A) or with 1 ng/ml EGF (B) for 5 minutes,
lysed, and analyzed for EGFR phosphorylation as described in Methods. Experiments

were performed at least 3 times. Data are presented as mean + S.E.M. “p < 0.01
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compared with control BK-treated cells. ANOVA (-a5B1) compared with (-a51 — MMP-
8), (-a5B81 — MMP-13) or with (-a581- MMP-8-MMP-13), not significant.

C. Western blot analyses of lysates of mIMCD-3 cells transfected with either scrambled
siRNA or siRNAs for o5, 1, MMP-8 and MMP-13 (40 ug of total protein) were
performed with commercially available antibodies against o5 and 1 integrin subunits,
MMP-8 and MMP-13 to demonstrate down-regulation of these proteins. Blots were
stripped and re-probed with antibody against GAPDH to control for the specificity of
silencing and protein loading.

Figure 5: BK induces complex formation between EGFR and a5B1 integrin
Lysates from mIMCD-3 cells treated with vehicle, or 100 nM BK, or with 1 ng/ml EGF
were immunoprecipitated with anti-o5B1 integrin antibody as described in Methods.
Immunoblotting was performed with antibodies against EGFR (Panel A) and BK B,

receptor (Panel B). The blots shown are representative of four experiments.

A. Co-immunoprecipitation experiments show that o531 integrin and EGFR co-
immunoprecipitate and that their association can be increased by stimulation of mIMCD-
3 cells with 100 nM BK, but not with EGF. Inset presents representative Western blot
with antibody against EGFR showing immunoreactive band at 175 kDa. Blot was
stripped and re-probed with antibody against o5 integrin to control for
immunoprecipitation and protein loading. Immunoreactive band at 150 kDa is shown.

B. BK B, receptor co-immunoprecipitates with o581 integrin. Inset presents
representative Western blot with antibody against BK B, receptor showing

immunoreactive duplet at 42/40 kDa. Blot was stripped and re-probed with antibody
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against o5 integrin to control for immunoprecipitation and protein
Immunoreactive band at 150 kDa is shown.

IP, immunoprecipitation; IB, immunoblot
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Table: mIMCD-3 cells express mRNA for o and B integrin subunits
The expression of MRNA was assessed by the Oligo GEArray as
described in Methods. Proteins message for which we were able to

detect are shown in bold.

e e

1 02 44 + 11 oM 54 _
NS RN
3 a3 46 o+ 13 aX 56 ++
RN RN
5 o5 48 ~ 15 B2 58 -
RN SN
7 o7 50 + 17 B4 60 _
NN NN
9 oE 52 - 19 p6 62 ++
AN SN
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