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Abstract
The link between Ras transformation and enhanced cell migration due to altered integrin signaling
is well established in tumorigenesis, however there remain gaps in our understanding of its
mechanism. The Ras suppressor, Rsu-1, has recently been linked to the IPP (integrin-linked kinase
{ILK}, PINCH-1/LIMS1, parvin) focal adhesion complex based on its interaction with the LIM 5
domain of PINCH1. Defining the role of the Rsu1-PINCH1-ILK-parvin complex in tumorigenesis
is important because both ILK and PINCH1 are elevated in certain tumors while ectopic expression
of Rsu-1 blocks tumorigenesis. Our studies previously identified an alternatively-spliced isoform of
Rsu-1 in high-grade gliomas. We report here the detection of a truncated (p29) Rsu-1 protein, which
correlates with the presence of the alternatively spliced Rsu-1 RNA. This RNA and the respective
protein were detected in human tumor cell lines that contain high levels of activated Ras, and inhibitor
studies demonstrate that the Mek-ERK pathway regulates expression of this truncated Rsu-1 product.
We also show that Rsu-1 colocalizes with ILK at focal contacts and co-immunoprecipitates with the
ILK-PINCH1 complex in non-transformed cells, but following Ras transformation the association
of Rsu-1 with the PINCH1-ILK complex is greatly reduced. Using a human breast cancer cell line,
our in vitro studies demonstrate that the depletion of Rsu-1 full-length protein enhances cell migration
coincident with an increase in Rac-GTP while the depletion of the p29 Rsu-1 truncated protein
inhibits migration. These findings indicate that Rsu-1 may inhibit cell migration by stabilizing the
IPP adhesion complex and that Ras activation perturbs this inhibitory function by modulating both
Rsu-1 splicing and association of full-length Rsu-1 with IPP. Hence, our findings demonstrate that
Rsu-1 links the Ras pathway with the IPP complex and the perturbations of cell attachment-dependent
signaling that occur in the malignant process.
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Introduction
The loss of integrin engagement and detachment of cells from the extracellular matrix can lead
to apoptosis in a process referred to as anoikis (Frisch and Francis, 1994). Many tumor cells
are insensitive to detachment-induced cell death and this insensitivity contributes to their
motility and metastatic potential as well as the capacity to grow in an anchorage-independent
manner. Oncogene activation enhances the resistance to anoikis observed in tumor cells, and
the ectopic expression of tumor suppressor genes can restore sensitivity to detachment in some
circumstances (Davies et al., 1998; Khwaja et al., 1997; Koul et al., 2001; Lu et al., 1999;
Rosen et al., 2000). Hence, the regulation of cell attachment signaling is critical for control of
tumor growth.

Studies in our laboratory have focused on characterization of the Rsu-1 protein, which was
originally isolated in an expression cloning assay based on its ability to suppress transformation
by the Ras oncogene (Cutler et al., 1992). Rsu-1 is a highly conserved, ubiquitously expressed
single-copy gene that encodes an LRR (leucine-rich repeat) protein (Cutler et al., 1992; Tsuda
and Cutler, 1993). Ectopic expression of Rsu-1 prevented Ras oncogene-induced phenotypic
transformation, inhibited anchorage-independent growth of rodent and human tumor cell lines
and blocked tumor formation in a nude mouse xenograft model (Cutler et al., 1992; Tsuda et
al., 1995; Vasaturo et al., 2000). The human Rsu-1 locus maps to10p13, a region that is deleted
in high-grade gliomas, and an alternatively spliced Rsu-1 mRNA that encodes a truncated and
unstable protein product occurs in 30% of high-grade gliomas (Chunduru et al., 2002). Ectopic
Rsu-1 expression altered actin cytoskeleton organization and blocked the activation of Jun
kinase and ROCK, but not ERK, by growth factor stimulation (Masuelli and Cutler, 1996;
Vasaturo et al., 2000).

Recently we and others reported that Rsu-1 binds to the LIM-domain protein PINCH1
(Dougherty et al., 2005; Kadrmas and Beckerle, 2004). PINCH1 contains five LIM domains
(LIM 1-5) and functions as a scaffolding protein. The LIM 1 domain of PINCH1 binds to the
aminoterminal ankyrin repeat domain of the integrin-linked kinase (ILK) and can modulate
ILK activity (Tu et al., 1999). The LIM 4 domain of PINCH1 binds to the SH2-SH3 protein
Nck2 (Tu et al., 1998). Our data revealed that the LIM 5 domain of PINCH1 binds to Rsu-1,
and that Rsu-1 colocalized with PINCH1 in focal adhesions (Dougherty et al., 2005). PINCH1,
in association with ILK and α-parvin, mediates cell matrix-adhesion functions in part by linking
focal adhesion contacts to the actin cytoskeleton (Herreros et al., 2000; Nikolopoulos and
Turner, 2000, 2001; Tu et al., 1999; Zhang et al., 2002a,b). ILK binds to the cytoplasmic domain
of the β-integrins (Hannigan et al., 1996) through the respective carboxyterminal domain. The
aminoterminal ankyrin repeat region of ILK interacts with the LIM-domain proteins PINCH1
and 2 (Tu et al., 1999, 2001) and paxillin (Nikolopoulos and Turner, 2001). Parvin, which also
binds to ILK, can bind F-actin as well as paxillin, providing another mechanism to localize
ILK to focal adhesions (Legate et al., 2006; Nikolopoulos and Turner, 2002). Studies
demonstrated that both PINCH1 and ILK are required for the localization of the complex to
focal adhesions (Tu et al., 2001), and the inhibition of PINCH-ILK interaction in mammalian
cells inhibited spreading and reduced motility, suggesting that PINCH is required for ILK
activity (Zhang et al., 2002a, b). In this study we examined the relationship of Rsu-1 to the IPP
complex in the context of Ras activation. We demonstrate that expression of a truncated form,
p29 Rsu-1, initially observed in high-grade gliomas, correlates with Ras activation in tumor
cell lines. We also demonstrate that the p29 Rsu-1 does not bind to PINCH1. The association
of full-length Rsu-1 with the IPP complex is reduced by Ras transformation, and the Ras-
dependent effects on Rsu-1 can be partially restored by blocking the Mek-Erk pathway.
Additionally, MDA-MB-468 breast cancer cells depleted of p33 Rsu-1 showed enhanced cell
migration and Rac activation. We conclude that Rsu-1 promotes adhesion and inhibition of
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migration as a component of the IPP complex. This function is actively altered by Ras signaling
and these data lend insight to the tumor suppressor effects of Rsu-1.

Materials and methods
Cell lines

The human breast cancer cell lines used in the study (MCF7, T47D, MDA-MB-231, MDA-
MB-468) were obtained from the American Type Culture Collection. The immortalized human
astrocytes (E6/E7/hTERT) and the Ras-transformed version (E6/E7/hTERT/Ras) were
provided by Dr. Russell Pieper and the cells were propagated as described (Sonoda et al.,
2001a,b). The A7r5 (rat vascular smooth muscle) cell line was cultured as previously described
(Burgstaller and Gimona, 2004). Cos-1 cells were propagated as described (Dougherty et al.,
2005).

Western blotting
The preparation of the cell lysates in RIPA buffer and the Western blotting procedures were
performed as described previously (Dougherty et al., 2005; Galbaugh et al., 2006). The anti-
Rsu-1 carboxyterminal antibody has been described (Dougherty et al., 2005). The anti-
aminoterminal Rsu-1 antibody was prepared in rabbits by immunization with an aminoterminal
peptide and followed by affinity purification. The antibodies used for Western blotting include
mouse anti-PINCH1 clone 49 (BD Biosciences, San Diego, CA, USA), mouse anti-ILK clone
65.1.9 (Upstate Biotechnology, Charlottesville, VA, USA), rabbit anti-ILK (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-Rac1 clone 102 (BD Biosciences), and anti-β-
actin clone AC15 (Sigma, St. Louis, MO, USA). Immunoprecipitations were performed
following the lysis of the cells with buffer consisting of 1% NP40, 10% glycerol, 50 mM NaCl,
25 mM Tris (pH 7.5), and protease and phosphatase inhibitors, and clearing by centrifugation
at 12,000g for 5 min. Immunoprecipitates were collected with 1 µg of primary antibody and
protein A agarose for 2 h on a rocker platform at 4°C. The precipitates were washed 4 times
with lysis buffer prior to addition of gel loading buffer and boiling for 5 min.

RT-PCR
The RT-PCR of total RNA from human tumor cell lines was performed as described previously
(Chunduru et al., 2002). Primers TT11 (forward 5’-GCTACCTTCCGTGACCATGT) and
TT15 (reverse 5’-CCCTTCCTTATC TTTCTTGG) were used. The RT-PCR products were
separated by agarose gel electrophoresis and analyzed by Southern blot following transfer to
nylon membranes and hybridization to a probe for Rsu-1. In addition, the RT-PCR products
were TA-cloned and sequenced to confirm their identity as the Rsu-1 altered splice product
(Chunduru et al., 2002).

siRNA
Depletion of Rsu-1 and truncated Rsu-1 was accomplished using siRNA in a reverse
transfection protocol with RNAiMax lipofection reagent (Invitrogen, Carlsbad CA, USA). The
siRNAs were used at 75 nM concentration in cell culture. The control siRNA was a documented
negative control siRNA (Qiagen, Valencia, CA, USA). The sequences of the sense strands of
the siRNAs (Invitrogen) are: Rsu-1: 5’UCAACGGCCUCUUUACCUUdTdT, Truncated
Rsu-1 (RsuJ): 5’AGAACUAGCCUCUACGGCAUU.

Immunofluorescence microscopy
The following cell lines were used to localize endogenous Rsu-1: A7r5, Cos-7, and E6/E7/
hTERT (E6/7) and E6/E7/hTERT/Ras (E6/7/Ras) human astrocytes. All cells were plated on
glass coverslips coated with human plasma fibronectin at 10 µg/ml (Roche, Indianapolis, IN,
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USA), cultured overnight at 37°C, and assayed for immunofluorescence the next day in the
following protocol: cells were rinsed briefly in phosphate-buffered saline (PBS), then fixed on
ice with cold methanol for 5 min. Cells were washed three times in PBS and incubated in 0.25
% Triton X-100 for 10 min. After three additional washes in PBS, the cells were blocked in
2% bovine serum albumin (BSA) for 1 h. Samples were incubated with primary antibodies
diluted in 2% BSA for 1 h followed by three washes in PBS. Alexa Fluor anti-rabbit and anti-
mouse secondary antibodies (Invitrogen) were diluted in 2% BSA, with or without ToPro-3
iodide nuclear stain (Molecular Probes/Invitrogen) and incubated for 30 min followed by three
washes in PBS. Coverslips were mounted on glass slides with Prolong Antifade solution
(Invitrogen) and dried overnight. High magnification fluorescence images were obtained with
a Zeiss Axiovert 100 M confocal microscope equipped with a 100× 1.4 N.A. objective. Image
acquisition and post-acquisition analysis were performed with Zeiss LSM software and Adobe
Photoshop 7.0 software. Anti-aminoterminal Rsu-1 rabbit polyclonal, monoclonal anti-ILK
antibody clone 65.1.9 (BD Biosciences), monoclonal anti-focal adhesion kinase (FAK)
antibody clone 77 (BD Biosciences), and monoclonal anti-phosphotyrosine (pTyr) antibody
clone PY99 (Santa Cruz) were used for immunofluorescence analysis.

Cell migration assays
Cell migration and invasion assays on human tumor cell lines were performed at 72 h post
transfection of siRNA. The cells were seeded in serum-free medium at 2 × 104 cells per chamber
into the top part of a Boyden chamber (BD Biosciences) and the chamber was inserted into a
well containing complete medium with 10% fetal bovine serum. The cells were seeded in 8-
µm pore chambers with or without matrigel coating. At 20 h post seeding the cells were
removed from the top chamber by swabbing and the cells on the bottom of the membrane were
fixed and stained (Albini et al., 1987). The membranes were mounted on slides and
photographed, and the cells were enumerated microscopically. The percentage of migrating
cells and the percentage of invading cells were calculated from quadruplicate wells. Migration
was determined as the number of membrane invading cells/total number of cells seeded × 100.
The invasion results were calculated by normalizing the number of cells migrating through
matrigel to those migrating through the uncoated membrane.

Detection of GTP-Ras and GTP-Rac
Breast cancer cell lines were serum starved for 24 h then stimulated with EGF for 7.5 min or
left untreated. The level of Ras-GTP was determined as described (Taylor and Shalloway,
1996). Cells were lysed in buffer containing 25 mM HEPES (pH 7.5), 150 mM NaCl, 1 %
NP-40, 0.25 % Na deoxycholate, 10 % glycerol, 25 mM NaF, 10 mM MgCl2, 1 mM EDTA,
1 mM Na vanadate, 10 mg/ml leupeptin, and 10 mg/ml aprotinin, and centrifuged at 12,000g
for 5 min. Equal amounts of lysate containing 1 mg protein were used for affinity binding to
glutathione– Sepharose-GST-RBD, which contains amino acids 1–149 of cRaf-1 fused to GST,
for 30 min at 4°C with agitation. As controls lysates were incubated with or without 1 mM
GDP or 0.5 mM GTPγS for 10 min prior to binding. Beads were washed three times with lysis
buffer, resuspended in SDS–PAGE sample buffer, and boiled for 5 min. The bound proteins
were resolved on 12 % gels and subjected to Western blotting; 5% of the total lysate was
subjected to SDS–PAGE for detection of “total Ras”. Blots were probed with anti-pan Ras
clone OP22 (Calbiochem, San Diego, CA, USA).

The levels of Rac-GTP were determined by a similar method. Lysates of stimulated cells were
prepared as described above and bound to GST-p21 binding domain of Pak1 (GST-PBD) (BD
Biosciences) (Usui et al., 2003). The bound and unbound proteins were detected by Western
blotting with mouse anti-Rac1 clone 102 (BD Biosciences).
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Results
A truncated p29 Rsu-1 protein is specifically detected in Ras-activated tumor cell lines

Rsu-1 was isolated based on its ability to suppress transformation by activated Ras. The main
Rsu-1-interacting protein, PINCH1, is an adaptor protein that binds to ILK. Since both PINCH1
and ILK exhibit increased expression in tumors and in tumor stroma (Ahmed et al., 2003; Dai
et al., 2003; Gao et al., 2004; Graff et al., 2001; Ito et al., 2003; Marotta et al., 2001, 2003;
Wang-Rodriguez et al., 2002), we examined both the level of Rsu-1 expression in tumor cell
lines and its relationship to that of PINCH1 and ILK, in the context of tumor cells that exhibit
Ras activation.

We examined the level of Rsu-1, PINCH1 and ILK in a series of human breast cancer cell lines
including estrogen receptor-positive (ER+) MCF7 and T47D and estrogen receptor-negative
(ER−) MDA-MD-231 and MDA-MB-468 cell lines. The cell lines chosen include the less
malignant (i.e. estrogen-dependent) MCF7 and T47D cells that exhibit limited tumorigenicity
in mice and grow poorly in anchorage-independent conditions, as well as more malignant
MDA-MB-231 and 468 cells that readily proliferate without the benefit of hormone, grow in
an anchorage-independent manner and rapidly give rise to metastatic tumors in mice (Kenny
et al., 2007). The results in Figure 1A indicate that in human breast tumor cell lines the levels
of PINCH1 protein tend to increase as the cells become more malignant, as there appears to
be elevated PINCH1 in both MDA-MB-231 fibroblastic breast cancer cell line, as well as in
the less adherent MDA-MB-468 cells. However, the levels of p50 ILK (Fig. 1A) and parvin
(data not shown) remain constant. The appearance of a higher-molecular-weight protein
reacting with anti-ILK is detected in cell lines except for MCF7 and this may represent ILK-2
or possibly a phosphorylated version of ILK (Li et al., 1999; Tan et al., 2002). The other notable
finding from this analysis is the appearance of a 29-kDa protein that is detected by anti-amino-
terminal Rsu-1 antibody in the more malignant ER− breast tumor cell lines; both the p29 Rsu-1
and p33 Rsu-1, the full-length Rsu-1 protein, are expressed in the ER− cells. Our previous
studies identified an alternatively-spliced form of Rsu-1 RNA that occurs in approximately
30% of high-grade gliomas (Chunduru et al., 2002). Due to exon skipping there is a shift in
the Rsu-1 reading frame near the end of the LRR region in this RNA that introduces a premature
termination codon. The RNA sequence predicts a protein product of approximately 29 kDa
and expression of this Rsu-1 protein revealed that it is highly unstable and lacking the
carboxyterminal domain, therefore it was not recognized by the anti-carboxyterminal Rsu-1
antibody (Chunduru et al., 2002).

The highly transformed (ER-) breast cancer cell lines in which p29 Rsu-1 was detected contain
either a mutant form of Ki-Ras (MDA-MB-231) or activation of high-level ErbB signaling
(MDA-MB-468) leading to a high level of Ras activation. To confirm the level of Ras activation
in the breast cancer cell lines, we examined the levels of Ras-GTP in these cells (Fig. 1B). The
Ras ARIA assay, which uses binding of Ras-GTP but not Ras-GDP to a GST fusion protein
containing the Ras-binding domain of Raf (GST-Raf-RBD), was performed on lysates of cells
with or without EGF stimulation. Cells with Ki-Ras mutation (MDA-MB-231) and cells with
elevated ErbB1 signaling (MDA-MB-468) exhibit constitutively elevated Ras-GTP and higher
levels upon EGF stimulation. Increased Ras activation correlated with the appearance of the
29-kDa Rsu-1 product in breast cancer cell lines.

To extend the investigation to a tumor cell line model in which the contribution of Ras
activation could be more directly evaluated, we examined a non-transformed human astrocytic
cell line (E6/7) and its Ha-Ras (V12)-transformed counterpart (E6/7/Ras) (Sonoda et al.,
2001a,b). In the E6/7 cells only p33 Rsu-1 was detected, but p29 Rsu-1 was also detected as a
consequence of expression of a constitutively activated mutant of Ha-Ras in the E6/7-Ras cells
(Fig. 1C). Similar to the results observed in breast cancer cell lines, the level of PINCH1 protein
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is elevated in Ras-transformed astrocytes but the levels of ILK and parvin (data not shown)
are unchanged.

Since expression of mutant Ras or high levels of GTP-Ras resulted in the appearance of the
29-kDa truncated Rsu-1 protein product we searched for the alternatively spliced Rsu-1 RNA
in the breast cancer and astrocytic cell lines. Reverse transcription and amplification with
primers from the 5’ and 3’ ends of the Rsu-1 open reading frame results in production of an
858-bp fragment. If exon 8 is not included in the mature Rsu-1 mRNA, then a 725-bp fragment
is the resulting PCR product. The RT-PCR products derived from MDA-MB-231 and MDA-
MB-468 cells, but not the MCF7 cells, contain this 725-bp fragment (Fig. 1D). The size and
the sequence of the RT-PCR products in these cells is identical to Rsu-1 alternatively-spliced
products previously observed in human gliomas or from human cell lines that express mutant
forms of Ras (i.e. HT1080 and LS174) (Chunduru et al., 2002). The RT-PCR product resulting
from the exon 8-deleted RNA was also detected in the E6/7/Ras cell line but not the
immortalized E6/7 astrocytic cell line (Fig. 1D). Together these results indicate that the
presence of activated Ras correlates with the presence of exon-deleted Rsu-1 RNA that encodes
a truncated 29-kDa Rsu-1 protein.

Ras transformation regulates alternative splicing of the adhesion molecule CD44 via the
splicing co-activator SRM160 as well as the RNA-binding protein SAM68 (Cheng and Sharp,
2006; Cheng et al., 2006). Our studies indicated that SAM68 levels did not change in response
to Ras activation in breast cancer cell lines (data not shown), and it is unclear whether Ras
activation regulates Rsu-1 splicing by a SRM160-dependent mechanism similar to that for
CD44.

The 29-kDa Rsu-1 does not co-immunoprecipitate with endogenous PINCH1
Our previous studies demonstrated that Rsu-1 binds to the adaptor protein PINCH1 and that
Rsu-1 co-immunoprecipitated with PINCH1 in mammalian cells in culture (Dougherty et al.,
2005). We therefore tested whether PINCH1 could also immunoprecipitate the 29-kDa
truncated Rsu-1 protein in ER− breast cancer cell lines. As shown in Figure 2A, the full-length
p33 Rsu-1 co-precipitated with PINCH1 in all the breast cancer cell lines; however, the p29
Rsu-1 was not detected in PINCH1 precipitates from ER− human breast cancer cell lines that
expressed the p29 Rsu-1. PINCH1 immunoprecipitates from E6/7/Ras human astrocytes also
did not contain p29 Rsu-1 (data not shown). We conclude that the p29 Rsu-1 isoform binds
poorly or not at all to PINCH1, and likely does not compete directly with full-length Rsu-1 for
PINCH1 binding.

The expression of truncated Rsu-1 requires Mek-ERK activation
Based on our observation that Ras activation correlated with expression of the p29 Rsu-1
protein, we tested specific chemical inhibitors of Ras-dependent signal transduction to
determine if p29 Rsu-1 expression could be blocked, and if so, to identify which Ras effector
pathways regulated expression. The E6/7/Ras-transformed human astrocytes that expressed
p29 Rsu-1 were treated with various inhibitors of Ras-dependent signaling and the effect on
the expression of the p29 Rsu-1 truncated protein product was determined by Western blotting.
The results shown in Figure 2B demonstrate that the MEK inhibitor U0126 strongly reduced
expression of the p29 Rsu-1 protein. The Erk inhibitor, PD98059, partially inhibited expression
of p29 Rsu-1 but the constitutive inhibition of Mek activation was more effective. A higher
concentration of PD98059 (20 µM) also resulted in additional inhibition of p29 Rsu-1
expression (data not shown). In contrast, inhibitors of Rho kinase (Y27632), Jun kinase (JNK)
II (SP600125), and p38 kinase (SB202190) had little or no effect on p29 Rsu-1 expression at
any concentration tested. In addition, inhibition of PKC and stimulation with, or neutralization
of, TGFβ did not affect the level of p29 Rsu-1 expression. This indicated that a major Ras-
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dependent signal transduction pathway (Mek-Erk) was responsible for expression of p29
Rsu-1.

Ras transformation alters the association of p33 Rsu-1 with the IPP complex
We next tested whether Ras activation altered the association of p33 Rsu-1 with ILK and
PINCH1. Immunoprecipitation of ILK from the immortalized human astrocytes or their Ras-
transformed counterparts was followed by Western blotting. We identified both PINCH1 and
Rsu-1 in the immunoprecipitates from both the control and Ras-transformed cells. However,
the ILK immunoprecipitates from E6/7/Ras astrocytes contained less p33 Rsu-1 than the E6/7
counterparts (Fig. 2C) whereas the association of PINCH1 with ILK appeared to increase with
Ras transformation. These results demonstrate that Ras transformation reduces the association
of p33 Rsu-1 with the IPP complex.

We also tested whether inhibition of Mek altered the association of p33 Rsu-1 with ILK (Fig.
2D). Exposure of E6/7/Ras cells to U0126 for 24 h prior to lysis and immunoprecipitation of
ILK increased the amount of p33 Rsu-1 in the ILK-PINCH1 complex relative to untreated
cells. As previously observed, pretreatment of E6/7/Ras astrocytes with U0126 reduced the
amount of p29 Rsu-1 protein. This data suggests that inhibition of Mek activation can restore
the association of p33 Rsu-1 with the IPP complex in the E6/7 astrocytes despite the presence
of activated Ras.

Rsu-1 localization at focal adhesions is altered by Ras transformation
We previously noted colocalization of epitope- and fluorescently-tagged forms of Rsu-1 and
PINCH1 at focal adhesions (Dougherty et al., 2005). To test whether endogenous Rsu-1 also
localized at focal adhesions, we examined several cell lines for colocalization with ILK, a
marker for both focal and fibrillar adhesions (Dedhar, 2000). Using anti-amino-terminal Rsu-1
antibody, we detected colocalization of Rsu-1 and ILK in Cos-7 (Fig. 3A) and A7r5 (Fig. 3B)
cell lines. We also detected colocalization of Rsu-1 with other markers of focal adhesions,
including focal adhesion kinase (FAK) and phosphotyrosine (Fig. 3C, D). This data
demonstrates that endogenous Rsu-1 is a component of focal adhesions. To examine the
localization of Rsu-1 in the context of Ras transformation, we also tested E6/7 and E6/7/Ras
astrocytes. In E6/7 astrocytes, Rsu-1 localization appears similar to the localization pattern
observed in Cos-7 and A7r5 cells, and we confirmed colocalization of Rsu-1 with ILK at focal
adhesions in this cell line (Fig. 4A). Expression of activated H-Ras in cell lines has been
demonstrated to suppress integrin activation (Hughes et al., 1997) and significantly affect cell
morphology, including a decrease in the number and size of focal adhesions (Nobes and Hall,
1999; Furuhjelm and Peranen, 2003). We note that Rsu-1 localization at focal adhesions
appears reduced in E6/7/Ras astrocytes, and we confirmed that Rsu-1 colocalizes poorly if at
all, with ILK at focal adhesions (Fig. 4B). The effect of Ras on focal adhesion turnover has
been shown to require ERK activation but not JNK activation (Hughes et al., 1997), and the
inhibitor of ERK activation, U0126, has been shown to inhibit focal adhesion disassembly
(Orr et al., 2002; Webb et al., 2004). We examined E6/7/Ras astrocytes under conditions where
p29 Rsu-1 expression was blocked to specifically determine the subcellular location of p33
Rsu-1. After treatment of E6/7/Ras astrocytes with U0126 (24 h, 20 µM) or the control
treatment with DMSO, the cells were assayed by immunofluorescence. In contrast to the
control DMSO treatment, we observed partial restoration of Rsu-1 colocalization with ILK at
focal adhesions in Ras-transformed astrocytes treated with U0126 (Fig. 4C, D). Interestingly,
in E6/7 astrocytes treated with U0126, we observed enlarged cells with focal adhesions of
increased size and number (data not shown). We conclude that Rsu-1 colocalization with ILK
at focal adhesions is Ras and ERK dependent. This data also suggests that p29 Rsu-1 expression
correlates with conditions of increased focal adhesion turnover. Additionally, localization of
p33 Rsu-1 to focal adhesions correlates with non-transformed cell lines (Cos-7, A7r5) or in
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transformed cell lines in which focal adhesion disassembly is inhibited (E6/7/Ras treated with
U0126). This also agrees with our observation that Ras signaling reduces p33 Rsu-1 in ILK
immunoprecipitates in E6/7/Ras astrocytes.

p33 Rsu-1 and p29 Rsu-1 depletion have opposing effects on tumor cell migration
Our previous studies demonstrated that RNAi-directed reduction of Rsu-1 inhibited cell
adhesion (Dougherty et al., 2005) whereas elevated expression of Rsu-1 enhanced cell
spreading (Masuelli and Cutler, 1996). Hence, we tested the influence of Rsu-1 depletion on
tumor cell line migration or invasion. MDA-MB-468 cells were transfected with control, p33
Rsu-1- or p29 Rsu-1-specific RNAi. For p29 Rsu-1 depletion, an siRNA (RsuJ) directed against
the aberrant exon-exon junction generated in the alternative splicing of the Rsu-1 RNA was
synthesized. At 72 h post transfection of siRNA the cells were analyzed for migration through
uncoated membranes or invasion through matrigel-coated membranes in Boyden chamber
assays. The results shown in Figure 5A demonstrated that the siRNAs efficiently depleted the
respective proteins. Compared to control siRNA, the depletion of p33 Rsu-1 enhanced transit
of cells across the membrane regardless of the presence of matrigel coating. However, the
depletion of p29 Rsu-1 inhibited migration of MDA-MB-468 cells, again regardless of the
presence of matrigel. The normalized data, where migration of control siRNA-transfected cells
was set as 1.0, indicated a significant increase when p33 Rsu-1 was depleted (1.7) and a
significant decrease when p29 Rsu-1 was depleted (0.4). Thus, we conclude that p33 Rsu-1
depletion enhanced cell migration. In addition, because depletion of the p29 Rsu-1 inhibited
migration, we conclude that its presence in cells may contribute to the migratory phenotype.

Rsu-1 levels contribute to the control of Rac activation
Rac1 is a small GTPase that when activated (GTP-bound) promotes cellular migration through
localized polymerization of actin at the leading edge of cells (Raftopoulou and Hall, 2004).
Depletion of Rac1 significantly decreases lamella formation and multi-directional cell
migration, thus activated Rac1 is a useful marker for this activity (Pankov et al., 2005).
Members of the IPP complex have been reported to affect Rac activation. Ectopic ILK
expression activated Rac1 and Cdc42 in fibroblasts (Qian et al., 2005), and inhibition or
depletion of ILK inhibited Rac activation in HeLa and other cells (Filipenko et al., 2005; Lu
et al., 2006; Zhang et al., 2004). Depletion of PINCH1 inhibited Rac activation whereas
depletion of α-parvin, but not β-parvin, enhanced Rac activation (Zhang et al., 2004). Hence,
we examined Rac1 activation in MDA-MB-468 breast cancer cell lines depleted of Rsu-1.

The GST-PBD assay, which uses binding of Rac-GTP to a GST fusion protein containing the
p21-binding domain of Pak1 (GST-PBD), was performed on lysates of MDA-MB-468 cells
depleted of p29 or p33 Rsu-1. Our data indicate that depletion of p33 Rsu-1 enhanced Rac1
activation, as might be expected in cells with increased migratory capacity (Fig. 5B).
Conversely, depletion of p29 Rsu-1 in this cell line decreased Rac1 activation compared to
control siRNA treatment. We next examined whether ectopic transient expression of p33 Rsu-1
could influence Rac-GTP levels in Cos-1 cells (Fig. 5C). Cos-1 cells were transfected with
empty vector or vector encoding p33 Rsu-1 and tested for Rac-GTP levels with or without EGF
stimulation. In the vector control cells EGF stimulation resulted in elevated Rac-GTP levels.
The expression of p33 Rsu-1 resulted in a decrease in Rac-GTP levels compared to the control
cells, regardless of EGF stimulation. Taken together these data demonstrate that loss of p33
Rsu-1 expression correlates with increased cell migration and activation of Rac1, whereas a
decrease in p29 Rsu-1 correlates with decreased migration and decreased Rac-GTP.
Additionally, these data indicate that p33 Rsu-1, in contrast to PINCH1 or ILK, has an
inhibitory effect on cell migration.
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Discussion
Previous work demonstrated that Rsu-1 binds to PINCH1 and is required for cell adhesion
(Dougherty et al., 2005). The results reported here indicate that Rsu-1 can also function to
inhibit cell migration. It appears that the association of p33 Rsu-1 with PINCH1 is required
for inhibition of migration, as the reduction of p33 Rsu-1 association with the IPP complex
correlates with Rac1 activation and increased migration. This is further supported by our
observation that Rsu-1 localizes to focal adhesions in non-transformed cells but is significantly
reduced at focal adhesions in cells expressing activated Ras. The IPP complex is linked to actin
cytoskeletal activities via parvin as well as proteins bound to PINCH1 and ILK (Legate et al.,
2006). Nck2, which binds the LIM 4 domain of PINCH1 (Tu et al., 2001), also binds a number
of effectors involved in regulating cytoskeletal organization such as the WASP/Scar family of
proteins (Buday et al., 2002; Li et al., 2001). The Nck small adaptor proteins have been
implicated in linking the PDGF receptor (Li and She, 2000) and other receptor tyrosine kinases
via Rho effectors (e.g. Pak) to cytoskeleton rearrangement (Braverman and Quilliam, 1999).
More recently, a role for Nck1 and Nck2 in directed cell migration and lamellapodia formation
has been demonstrated (Bladt et al., 2003; Rivera et al., 2006). Ectopic expression of Rsu-1 in
NIH3T3 cells also resulted in increased cell spreading and abnormal actin staining, suggesting
a link between Rsu-1 and the actin cytoskeleton (Masuelli and Cutler, 1996). Rsu-1 expression
blocked activity of RasGAP (Masuelli and Cutler, 1996), a protein that has been reported in a
complex with Nck1 and Dok (Becker et al., 2000; Jones and Dumont, 1998), and Rsu-1 also
blocked ROCK activation (Masuelli and Cutler, 1996; Vasaturo et al., 2000). Thus, binding of
Rsu-1 to PINCH1 may stabilize the IPP complex, and the activities of Nck2 or similar effectors
of PINCH1 may be modulated by p33 Rsu-1 association.

An alternative model whereby p33 Rsu-1 may promote cell adhesion and inhibit migration, is
by reducing either direct or indirect activation of JNK and Rac1. Some recent studies suggest
that JNK activation regulates cell migration (Huang et al., 2003). Activated JNK localizes to
focal adhesions (Almeida et al., 2000), and activation of JNK is correlated with an increase in
migration (Abassi and Vuori, 2002; Hauck et al., 2001; Huynh-Do et al., 2002). Additionally,
the activation of the integrin-ILK-PINCH1 pathway in Drosophila activates JNK signaling
(Clark et al., 2003; Harden et al., 1996). Previous work from our laboratory demonstrated that
ectopic expression of Rsu-1 inhibited JNK activity (Masuelli and Cutler, 1996; Vasaturo et al.,
2000), and our recent demonstration that the knockdown of Rsu-1 was accompanied by
elevation of JNK and p38 kinase activity supports this finding (Dougherty et al., 2005).
Moreover, the disruption of Rsu-1 and PINCH1 expression in Drosophila interfered with JNK
activity during dorsal closure in embryogenesis (Kadrmas and Beckerle, 2004). Thus, p33
Rsu-1 may regulate cell migration in part by blocking JNK activation. This may involve
effectors linked to the IPP complex, for example the guanine nucleotide exchange factor (GEF)
α-PIX. Evidence suggests that activation of Rac1 by ILK may occur via binding of β-parvin
to α-PIX (Feng et al., 2002; Filipenko et al., 2005; Mishima et al., 2004). α-PIX, in association
with an additional GEF, GIT1, as well as p65 PAK, regulates focal adhesion turnover (Manabe
et al., 2002; Obermeier et al., 1998). These components are directly controlled by Rac1 and
required for efficient cell migration (Raftopoulou and Hall, 2004). Thus, p33 Rsu-1 may also
affect Rac exchange activity through its association with PINCH1 and components that
influence α-PIX activity.

Increasing evidence suggests that Rsu-1 acts as a tumor-suppressor gene by enhancing adhesion
and inhibiting cell migration, in part through its association with PINCH1 of the IPP complex.
While Rsu-1 can suppress the transformed phenotype elicited by the Ras oncogene, elevation
of Ras activation can modulate the function of Rsu-1 by regulating expression of an isoform
of Rsu-1 which does not inhibit, but rather may promote migration. Future studies will aim to
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clarify the mechanism whereby these Rsu-1 isoforms regulate focal adhesion stability, cell
adhesion and cell migration.
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Fig. 1. Ras-activated human tumor cell lines and immortalized human astrocytes express a
truncated 29-kDa Rsu-1 protein
(A) Lysates (100 µg in RIPA buffer) of human breast tumor cell lines were examined for
expression of Rsu-1, PINCH1, ILK, and β-actin by Western blotting. Detection of actin was
used as a loading control. Ras activation correlates with expression of a truncated 29-kDa Rsu-1
protein (arrow). (B) Cell lines expressing the truncated form of Rsu-1 contain high levels of
Ras-GTP. Breast cancer cell lines were serum starved for 24 h and then stimulated with EGF
for 7.5 min or left untreated. The level of Ras-GTP was determined by binding 1 mg lysate
proteins to GST-Raf-RBD beads. The Ras-GTP bound to the beads and the total Ras protein
in the lysates were detected by Western blotting using anti-pan Ras antibody. (C) Lysates (100
µg in RIPA buffer) of immortalized human astrocytes and their Ras-transformed counterparts
were examined for expression of Rsu-1, PINCH1, ILK, and β-actin by Western blotting. Ras
activation correlates with expression of a truncated 29-kDa Rsu-1 protein (arrow). (D) An
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alternatively-spliced transcript of Rsu-1 is detected in human breast cancer cell lines and Ras-
transformed astrocytes; 1 µg RNA was used for RT-PCR to amplify the Rsu-1 open reading
frame-specific sequence. RT-PCR products were separated on 1% agarose gels, stained with
ethidium bromide and transferred to filters for Southern blotting with an Rsu-1 open reading
frame-specific probe. A 725-bp product that encodes the p29 Rsu-1 protein is specifically
detected in cell lines with Ras activation but not in matched controls.
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Fig. 2. The association of Rsu-1 with the PINCH1-ILK complex is altered in tumor cell lines
(A) Lysates of human breast cancer cell lines were immunoprecipitated with anti-PINCH1.
The immunoprecipitates were analyzed by Western blotting for co-immunoprecipitation of
endogenous Rsu-1. Only p33 Rsu-1 is detected in PINCH1 immunoprecipitates. (B) The Ras-
transformed immortalized human astrocytes were treated with inhibitors at the indicated
concentrations for 36 h and the effect on p33 and p29 Rsu-1 protein expression was determined
by Western blotting. Inhibitors: 10 µM PD98059, 10 and 20 µM U0126 (left and right lanes,
respectively), 10 µM LY29402, 500 nM SB20350, 100 nM JNKII (SP600125), 100 nM RhoK
inhibitor (Y27632), 5 ng/ml TGFβ. (C) Lysates of immortalized human astrocytes and the Ras-
transformed astrocyte cell line were immunoprecipitated with anti-ILK. The
immunoprecipitates were analyzed by Western blotting for co-immunoprecipitation of
endogenous Rsu-1 and PINCH1. (D) The ILK-immunoprecipitates of Ras-transformed
astrocytes were analyzed by Western blotting for co-immunoprecipitation of endogenous
Rsu-1 with and without pre-treatment of the cells with U0126.
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Fig. 3. Rsu-1 colocalizes with focal adhesion components
Cos-7 (A, C, D) or A7r5 (B) cells were plated on fibronectin-coated coverslips and assayed by
immunofluorescence using anti-amino-terminal Rsu-1 (A–D), anti-ILK (A, B), anti-FAK (C),
and anti-pTyr antibodies (D). Colocalizations are highlighted in circles. Nuclei were
counterstained with Topro-3 in (B). Bars: 10 µm (A–D).
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Fig. 4. Ras transformation reduces Rsu-1 colocalization with ILK at focal adhesions
E6/7 astrocytes (A) and E6/7 astrocytes transformed with activated Ras (E6/7/Ras) (B–D) were
plated on fibronectin-coated coverslips and assayed by immunofluorescence using anti-amino-
terminal Rsu-1 and anti-ILK antibodies. Nuclei were counterstained with Topro-3 (to exclude
cells with aberrant or multiple nuclei.). Colocalizations are highlighted in circles.
Colocalization at focal adhesions is reduced in E6/7/Ras (B). Inhibition of ERK activation (20
µM U0126 for 24 h prior to plating) partially restores Rsu-1 and ILK colocalization at focal
adhesions (C). (D) Solvent control (DMSO). Bars: 10 µm (A–D).
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Fig. 5. Effect of Rsu-1 expression on cell migration and levels of Rac-GTP
(A, B) MDA-MB-468 cells were depleted of p33 Rsu-1 (siRNA Rsu) or p29 Rsu-1 (siRNA
RsuJ) for 72 h. (A) siRNA-treated cells (5 × 104) were seeded on matrigel-coated membranes
in Boyden chambers. At 20 h post seeding the cells migrating through the membrane were
fixed, stained and enumerated (lower panels). The percentage of cells migrating was
normalized to that of control siRNA-treated cells (siRNA c) which was set at 1.0. Upper panels:
Verification of reduced Rsu-1 expression after siRNA treatment. (B) siRNA-treated cells were
harvested and the level of Rac-GTP was determined by binding to the GST-Rac-binding
domain of Pak1 (GST-PBD) (upper panel). (C) Cos-1 cells were transfected with an empty
vector or a vector encoding p33 Rsu-1. At 72 h post transfection the cells lysates were prepared
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from cells with or without EGF stimulation (100 ng/ml, 7 min), and the level of Rac-GTP was
determined (upper panel). Five percent of the total cell lysate was included as control for
cellular levels of Rac (B, C; lower panels).
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