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Introduction

Proliferation, morphogenesis and motility of tumor cells and 
immune cells involve interactions with the local environment 
which is comprised of neighboring cells and the extracelluar 
matrix (ECM). Binding of diffusible factors (“growth factors”) 
with cognate receptors initiates many local (autocrine and para-
crine) cell-cell interactions. In addition, cells directly respond to 
and interact with each other and the ECM via adhesion recep-
tors. Signaling cascades generated in response to either diffusible 
factors or adhesion receptor ligands cooperate via cross-talk to 
regulate enzyme activities and gene expression essential for func-
tional characteristics of tumors and the immune response.

There are several adhesion receptor families including inte-
grins, cadherins, selectins and immunoglobulin superfamily 
members.1 Integrins are heterodimeric receptors composed of 
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a and b subunits whose combinations determine their specific-
ity for different ECM proteins.2,3 The binding of integrins to 
the ECM induces integrin clustering and recruitment of various  
intracellular proteins such as vinculin, talin, a-actinin, focal 
adhesion kinase (FAK) and paxillin to form macromolecular 
complexes.4-6 These integrin-based adhesion complexes are het-
erogeneous and dynamic structures that differ in morphology, 
composition and function. Several types of integrin-based adhe-
sions have been described including “classic” actin stress fiber-
linked focal adhesions (FAs), dot-like focal complexes (FXs) and 
elongated fibronectin-bound fibrillar adhesions (FBs).7,8 The 
assembly and turnover of these adhesion complexes is largely 
regulated by the Rho GTPase family and tyrosine phosphory-
lation of FA proteins. Rac activity induces the formation of 
FXs, whereas activation of Rho leads to the growth of FAs and 
enhances FBs formation.9-11 Recently, tyrosine phosphorylation 
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GRPr by BN could a useful experimental paradigm to study the 
regulation of LPXN localization and tyrosine phosphorylation. 
Examining the functions of LPXN and paxillin in cells endog-
enously expressing both family members (such as MDA-MB-231 
breast cancer cells) would be a way to begin to identify unique 
roles for each family member.

In this study, we demonstrate that activation of GRPr by BN 
stimulates LPXN translocation to FAs and tyrosine phosphoryla-
tion on Y22, 62 and 72. FA targeting is required and sufficient 
for dynamic tyrosine phosphorylation of LPXN. Like paxillin, 
LIM3 is the primary focal adhesion targeting domain for LPXN. 
Using siRNA-mediated knockdown in MDA-MB-231 cells, we 
found that although LPXN and paxillin share a similar mecha-
nism to localize to FAs, they have distinct roles in cell adhesion 
and spreading on different ECM substrates.

Results

Cancer cell lines express various levels of paxillin family  
members. Much less is known about LPXN than the other two 
family members, paxillin and Hic-5. To begin to understand 
LPXN functions in cells and compare them with other paxillin 
family members, we examined LPXN expression by western blot-
ting in a panel of different cancer cell lines. As shown in Figure 1,  
although LPXN was reported to be preferentially expressed in 
hematopoietic cells,22 in addition to lymphoma cell lines, we 
found LPXN expressed in cell lines derived from mesotheliomas, 
colon, breast and prostate cancer. LPXN expression in several 
solid tumor cell lines including MDA-MB-231, MDA-MB-435, 
Colo205 and Colo201 was comparable to that in lymphoid tumor 
lines, suggesting that LPXN might have an important function 
in many cell types.

of paxillin was implicated as a major switch to control different 
adhesion phenotypes.12

Besides direct ECM-mediated integrin clustering, activation 
of receptor tyrosine kinases and G protein-coupled receptors 
(GPCRs) can also stimulate FA formation.13,14 Bombesin (BN) is 
an example of a diffusible ligand known to stimulate membrane 
ruffling, stress fiber and FA formation.13,15,16 BN-like peptides 
signal through a family of GPCRs, including gastrin-releasing 
peptide receptor (GRPr).17 The agonist-occupied GRPr activates 
Ga

q
 to induce phospholipase C-b-mediated hydrolysis of phos-

phatidylinositides that leads to Ca2+ mobilization and activation 
of PKC.17 Evidence also suggests that GRPr couples to Ga

12/13
 to 

regulate Rho and Rac activity.18 BN-like peptides are chemoat-
tractants for a variety of cells such as macrophages, leukocytes 
and small cell lung carcinoma cells.19-21

Leupaxin (LPXN) is a member of the paxillin family of 
adapter proteins initially characterized as a paxillin homo-
logue preferentially expressed in hematopoietic cells.22 Like 
paxillin, LPXN contains two types of protein-protein interac-
tion domains: repeated leucine-aspartate (LD) motifs at the 
N-terminus, followed by LIM (Lin-11 Isl-1 Mec-3) domains at 
the C-terminus. LPXN has also been shown to be tyrosine phos-
phorylated in lymphoblastoid cells and osteoclasts.22,23 However, 
very little is known about the regulation of LPXN localization 
and phosphorylation. In contrast to paxillin, LPXN function is 
just beginning to be explored and little is known about the dis-
tinct roles of each paxillin family member. In osteoclasts, LPXN 
is involved in bone resorption and localizes to the podosomal/
sealing zone complex that is analogous to FAs in other cells.23 
LPXN has also been shown to stimulate PC3 prostate cancer 
cell migration.24 Since BN stimulates FA formation and tyro-
sine phosphorylation of FAK and paxillin,13,16,25 activation of 

Figure 1. There is wide variation of LPXN, paxillin and Hic-5 expression in human tumor cell lines. 20 mg of cell lysate from different human cancer 
cell lines were analyzed by anti-LPXN (LPXN), anti-paxillin (Pax) or anti-Hic5 (Hic5) western blotting. Equal loading was confirmed by anti-b-actin 
immunoblotting. Tumor types that are not specified in the panel: PC3 (prostate carcinoma), H460 (lung carcinoma), H2052 (mesothelioma) and HeLa 
(cervical carcinoma). *MDA-MB-435 was shown to be of melanoma origin recently.54,55
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domain regulating LPXN focal adhesion localization (Fig. 3A 
and B). Finally, we generated GFP-C293A, a full length LPXN 
construct with a point mutation at a Cys residue in LIM3 domain 
predicted to be essential for LIM3 structure (Fig. 3A and B;  
Sup. Fig. S1).35 Vinculin staining confirmed the presence of FAs 
in GFP-C293A expressing cells (Sup. Fig. S2), but GFP-C293A 
showed no focal adhesion translocation after BN treatment, 
confirming that LIM3 is the principle focal adhesion targeting 
domain for LPXN as was reported by Tanaka et al. while this 
manuscript was in preparation using a LIM3 deletion mutant of 
mouse LPXN.36

Serine phosphorylation of the paxillin LIM domains was 
implicated in temporal control of its focal adhesion target-
ing.37 Non-phosphorylatable (LIM3S481A) and phospho-mimic 
(LIM3S481D) mutants of paxillin retarded and increased focal 
adhesion targeting respectively upon adhesion to fibronectin.37 
We mutated the equivalent serine residue in LPXN LIM3 domain 
to determine if serine phosphorylation can regulate LPXN focal 
adhesion localization. Non-phosphorylatable (GFP-S307A/N) or 
phospho-mimic (GFP-S307D) mutants translocated after BN 
treatment (Fig. 3A and B; Sup. Fig. S3). In addition, the trans-
location time courses of these serine mutants were similar to wild 
type (data not shown), suggesting that phosphorylation of Ser307 
in LIM3 is not important for LPXN focal adhesion localization.

BN stimulates LPXN Tyr phosphorylation on Y22, 62 and 
72 in BALB/c 3T3 fibroblasts. Tyrosine phosphorylation of pax-
illin is regulated by integrin engagement with the ECM or by 
different classes of growth factor receptors including GRPr.25,38,39 
Tyrosine phosphorylation of paxillin is involved in regulating 
assembly and forms of adhesions.12 LPXN is tyrosine phosphory-
lated in JY8 lymphoblastoid cells and osteoclasts.22,23 However, it 
is not clear whether LPXN undergoes dynamic phosphorylation. 
To determine if BN stimulates LPXN tyrosine phosphorylation, 
sub-confluent GFP-LPXN cells were serum starved overnight, 
then treated with 100 nM BN for various times. Phosphorylation 
of GFP-LPXN was detected by immunoprecipitating GFP-LPXN 
with anti-GFP antibody, followed by anti-phosphotyrosine west-
ern blotting. BN induced rapid tyrosine phosphorylation of 
LPXN. BN-stimulated phosphorylation reached a maximum 
within 5–10 min after BN addition and sustained at or near the 
maximum level for up to 30 min (Fig. 4A and B).

LPXN Y22 was identified as a phosphorylation site by mass 
spectrometry in pervanadate pretreated Jurkat T cells.40-42 Y72 
was reported to be phosphorylated by Lyn kinase in transfected 
293T cells and in A20 B cells upon B cell antigen receptor stimu-
lation.43 There are three candidate Tyr phosphorylation sites in 
the LD domains: Y22, Y62 and Y72 (Fig. 3A). To identify sites 
of BN-stimulated tyrosine phosphorylation, we mutated one, 
two or all candidate phosphorylation sites in the LD domains 
and stably transfected them into myc-GRPr cells. As shown in 
Figure 4C and D, Y62 mutants (GFP-Y62F, GFP-Y22/62F and 
GFP-Y22/62/72F) showed reduced BN-induced tyrosine phos-
phorylation relative to GFP-LPXN (Fig. 4D, ‡), suggesting Y62 
is a primary phosphorylation site in response to BN. However, 
GFP-Y62F still had significant BN-stimulated tyrosine phos-
phorylation above basal (Fig. 4D, *) whereas GFP-Y22/62F and 

BN stimulates LPXN translocation to focal adhesions in 
BALB/c 3T3 fibroblasts and PC3 cancer cells. LPXN shares an 
overall modest sequence identity to paxillin (37%) but has much 
higher sequence homology in the corresponding LD motifs and 
LIM domains (60–80%). We sought to identify any conserved 
and distinct properties between LPXN and paxillin. LPXN was 
reported to localize to focal adhesions (FAs) in PC3 prostate 
cancer cells in steady state.32 However, the mechanism by which 
LPXN targets to FAs is not known. Bombesin (BN) stimulates 
robust FA formation in fibroblasts (Fig. 2C, left).16 Therefore, we 
utilized activation of GRPr by BN as a way of inducing FA for-
mation in order to study the dynamic regulation of LPXN focal 
adhesion targeting. We generated BALB/c 3T3 fibroblasts that 
stably express both myc-tagged-GRPr (myc-GRPr) and GFP-
tagged LPXN (GFP-LPXN cells). Activation of myc-GRPr by 
BN rapidly changed GFP-LPXN localization from the cytoplasm 
to FAs (Fig. 2A–C) confirmed by anti-vinculin immunofluores-
cence staining. In contrast, GFP alone did not localize to FAs, 
indicating that BN-stimulated LPXN focal adhesion targeting is 
not due to GFP (data not shown). BN stimulation of GFP-LPXN 
cells is an excellent model system to study the dynamic regulation 
of LPXN localization since activation of GRPr by BN stimulated 
dramatic GFP-LPXN translocation from the cytoplasm to FAs. 
GFP-LPXN FA translocation peaked approximately 4–5 min 
after BN addition (Fig. 2B) and GFP-LPXN remained at FAs 
throughout the time of observation (30 min; data not shown). To 
determine if endogenous LPXN can target to FAs dynamically, 
we studied LPXN localization in PC3 cells that express endog-
enous GRPr and LPXN.24,33 BN induced LPXN translocation 
to FAs in PC3 cells (Fig. 2D and E). However, the amplitude 
of BN-stimulated translocation was smaller and the time course 
slower than that in transfected BALB/c 3T3 fibroblasts. In PC3 
cells, peak LPXN translocation occurred at 30–60 min.

LIM3 is essential for LPXN focal adhesion targeting. 
Localization of paxillin to FAs is primarily mediated through 
LIM3 domain.34 To determine which domain(s) of LPXN are 
responsible for its focal adhesion targeting, myc-GRPr express-
ing BALB/c 3T3 fibroblasts (myc-GRPr cells) were stably trans-
fected with GFP-tagged deletion mutants of LPXN (Fig. 3A). We 
initially examined an amino-terminal construct containing only 
the LD domains (GFP-LD) and a carboxyl-terminal construct 
containing only the four LIM domains (GFP-LIM). GFP-LD 
failed to localize to FAs after BN treatment. In contrast, GFP-
LIM translocated to FAs after addition of BN, indicating that the 
main focal adhesion targeting domain lies in the LIM domains 
of LPXN (Fig. 3A and B). Unlike full length LPXN, GFP-
LIM localized to nucleus in addition to cytosol and FAs (Sup.  
Fig. S1), suggesting a nuclear export signal (NES) is present in 
the LD domains of LPXN.

To further determine which LIM domain(s) of LPXN are 
responsible for focal adhesion targeting, truncation mutants that 
delete only LIM4 or LIM3 + 4 were fused to GFP and stably 
transfected into myc-GRPr cells (Fig. 3A). LPXN with LIM4 
deleted (GFP-dLIM4) translocated efficiently to FAs. However, 
further removal of LIM3 (GFP-dLIM3 + 4) completely abol-
ished focal adhesion targeting, implicating LIM3 as the primary 
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triple Tyr mutant, GFP-Y22/62/72F, demonstrated a statistically 
lower BN-stimulated tyrosine phosphorylation compared with 
GFP-LPXN (Fig. 4D, ‡), and no BN-induced tyrosine phos-
phorylation above DMEM control (Fig. 4D). GFP-Y22/62/72F 
was the only mutant to have statistically lower basal phosphoryla-
tion compared with GFP-LPXN (Fig. 4D, #p = 0.00004). This 
suggests Y72 is also phosphorylated. Taken together, these data 
indicate that Y22, Y62 and Y72 were all phosphorylated after 
BN addition. There is a LPXN-specific band detected at baseline 
with the anti-phosphotyrosine antibody in all constructs, even in 

GFP-Y22/62/72F did not, suggesting that Y22 was also phos-
phorylated after BN addition. Although in each experiment with 
GFP-Y72F, BN-stimulated tyrosine phosphorylation was greater 
than basal and lower than BN-stimulated GFP-LPXN tyrosine 
phosphorylation, there was large interexperiment variability. This 
resulted in non-significant differences in BN-stimulated tyrosine 
phosphorylation between GFP-Y72F and GFP-LPXN (p = 0.067) 
and non-significant difference between basal and BN-stimulated 
tyrosine phosphorylation of GFP-Y72 (p = 0.24) unless a paired 
analysis was performed (in which case p = 0.024). However, the 

Figure 2 (See opposite page). BN stimulates LPXN translocation to focal adhesions in BALB/c fibroblasts and PC3 prostate cancer cells. (A and B) 
BALB/c fibroblasts stably expressing GRPr and GFP-LPXN (GFP-LPXN cells) were plated in glass-bottomed dishes and imaged in real time by confocal 
microscopy before and after addition of BN to a final concentration of 100 nM. (A) Representative images from a movie with GFP-LPXN cells. Arrows 
indicate some of the LPXN-containing focal adhesions (FAs). (B) GFP-LPXN containing FAs were counted if greater than 1 mm in size and GFP-LPXN 
translocation was expressed as LPXN-containing FAs/cell at various times after BN addition. Results shown are the mean ± s.e.m. of four live cell 
movies. (C) Serum-starved GFP-LPXN cells were treated with DMEM (Ctrl) or 100 nM BN for 10 min, fixed and then stained with anti-vinculin antibody 
(red) to visualize FAs. Co-localization of GFP-LPXN and vinculin (yellow) was evaluated by merging the two images (merged). (D and E) PC3 cells 
received no treatment (before BN, 0 min) or were treated with 100 nM BN for various times as indicated. Cells were then fixed and stained with anti-
LPXN antibody. Approximately 50–100 cells were scored blindly for each time point. Data shown are representative images (D) and quantification 
by determining percentage of cells with LPXN at FAs and is expressed as the mean ± s.e.m. of three experiments (E). *p < 0.05 compared with time 0 
(before BN). Bars, 10 mm (A); 13 mm (C); 15 mm (D).

Figure 3. LIM3 is essential for LPXN focal adhesion targeting. BALB/c fibroblasts stably expressing GRPr and GFP-tagged LPXN constructs were imaged 
in real time by confocal microscopy before and after addition of BN. (A) Schematic illustration of GFP-tagged LPXN constructs. (B) Quantification of 
BN-induced translocation of LPXN constructs is expressed as “BN-induced translocation”, defined as percentage of cells demonstrating a BN-induced 
increase in LPXN-containing FA number or size. Results shown are the mean ± s.e.m. of at least three experiments. *p < 0.05 compared with GFP-LPXN.
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Targeting of LPXN to focal adhesions is required and suf-
ficient for its dynamic Tyr phosphorylation. The time course 
of BN-induced LPXN tyrosine phosphorylation is very simi-
lar to its translocation to FAs, implying that there might be a 
causal relationship between these two events (compare Figs. 2B 
with 4B). GFP-C293A, which fails to translocate to FAs had 
no BN-induced tyrosine phosphorylation (Figs. 3B and 4C  
and D), strongly suggesting that focal adhesion targeting is required 

GFP-Y22/62/72F. To determine if this band was due to phospho-
LPXN or reactivity of the antibody with non-phosphorylated 
LPXN, we treated immunoprecipitated samples with tyrosine 
phosphatase. However, we were unable to prevent GFP-LPXN 
from degrading after tyrosine phosphatase treatment (data not 
shown). Therefore, we can not exclude the possibility that there 
is basal Tyr phosphorylation of LPXN before BN addition on 
unidentified residues in the LIM domains.

Figure 4. BN stimulates LPXN Tyr phosphorylation on Y22, 62 and 72 at focal adhesions in fibroblasts. (A and B) Time course of BN-induced LPXN 
tyrosine phosphorylation. Serum-starved BALB/c fibroblasts stably expressing GRPr and GFP-LPXN or GFP received no treatment (0 min) or 
were treated with 100 nM BN for various times as indicated. GFP or GFP-LPXN was immunoprecipitated by anti-GFP antibody, followed by anti-
phosphotyrosine (pY) western blotting. Equal loading was confirmed by anti-LPXN western blotting. Results shown are representative blots (A) and 
the average quantification of two experiments (B). (C and D) Serum-starved BALB/c fibroblasts stably expressing GRPr- and GFP-tagged wide-type 
LPXN or LPXN point mutants were treated with DMEM (-) or 100 nM BN (+) for 10 min. Cell lysates were processed as in (A and B). For each construct, 
tyrosine phosphorylation was normalized to expression and quantified relative to basal GFP-LPXN tyrosine phosphorylation (defined as 1). Results 
shown are representative blots (C) and the mean ± s.e.m. of at least three experiments (D). *p < 0.05 for difference within each cell line between 
BN-stimulated and unstimulated (basal) tyrosine phosphorylation. ‡ and #p < 0.05 for difference in BN-stimulated or basal tyrosine phosphorylation 
between a GFP-LPXN mutant and GFP-LPXN respectively.
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VBL also stimulated less LPXN tyrosine phosphorylation than 
BN (Fig. 5D). The amplitude of LPXN translocation correlated 
with the amount of tyrosine phosphorylation on LPXN (Fig. 5B  
and D). Based on these results, we conclude that LPXN translo-
cation reflects focal adhesion formation, which could be induced 
by BN/GRPr signaling or VBL. Targeting of LPXN to FAs is not 
only required but also sufficient for its dynamic tyrosine phos-
phorylation in fibroblasts.

LPXN knockdown enhances but paxillin knockdown 
inhibits cell adhesion to collagen I. Our data show that LPXN 
is similar to paxillin in the regulation of its FA targeting and 
tyrosine phosphorylation: they utilize the same targeting domain 
and require the same signals to be tyrosine phosphorylated.25,34 
However, LPXN and paxillin may have different functions at 
FAs. Paxillin is involved in many processes including cell adhe-
sion and spreading.37,48-51 Studies on paxillin functions in paxillin 
null or knockdown cells using different ECM substrates had con-
flicting results.28,49,50,52 Therefore, we hypothesized that LPXN 
and paxillin might be differentially involved in integrin signaling 
induced by different ECM proteins. In many LPXN-expressing 
cell lines, the other family members, paxillin and/or Hic-5, are 

for BN-induced LPXN tyrosine phosphorylation. Conversely, 
GFP-Y22/62/72F (no BN-stimulated tyrosine phosphorylation, 
Fig. 4D) still translocated to FAs after BN treatment (Fig. 3B;  
Sup. Fig. S3), indicating that LPXN focal adhesion targeting 
does not require tyrosine phosphorylation.

To further test the idea that focal adhesion targeting is neces-
sary for LPXN tyrosine phosphorylation, we utilized pharmaco-
logical reagents known to regulate FA dynamics and studied their 
effects on LPXN focal adhesion targeting and tyrosine phosphor-
ylation. Actin polymerization and Rho activity are required for 
FA formation. Cytochalasin D (cytoD), an actin polymerization 
inhibitor, completely eliminated LPXN translocation (Fig. 5A).  
Inhibition of Rho and Rho-associated kinase (ROCK) activ-
ity by exoenzyme C3 and Y27632 also prevented LPXN focal 
adhesion targeting (Fig. 5A and exoenzyme C3 data not shown). 
Cytochalasin D and Y27632 also abolished BN-induced LPXN 
tyrosine phosphorylation (Fig. 5C) but did not reduce the 
basal LPXN tyrosine phosphorylation. Microtubule disruption 
induces FA formation in a Rho-dependent manner.44-47 Addition 
of vinblastine (VBL), a microtubule disrupting agent, stimu-
lated some LPXN translocation but less than BN (Fig. 5B, ‡). 

Figure 5. Focal adhesion targeting is required and sufficient for LPXN tyrosine phosphorylation. (A) GFP-LPXN cells were incubated in vehicle control 
(ctrl DMEM or ctrl DMSO) or in medium containing 2 mM cytochalasin D (cytoD) or 30 mM Y27632 for 1 h or 30 min (Y27632 only). Cells were then 
imaged by confocal microscopy before and after addition of BN. BN-stimulated LPXN translocation was quantitated as in Figure 3B (means ± s.e.m. of 
at least four experiments). (B) GFP-LPXN cells were incubated in medium containing 0.06% DMSO for 1 h, 100 nM BN for 10 min or 1 mM VBL for 1 h, 
fixed and LPXN translocation was measured as percentage of cells with LPXN at FAs. (C) Serum-starved GFP-LPXN cells were pretreated with vehicle 
control (DMSO), cytochalasin D or Y27632 as in (A), then stimulated with DMEM (-) or 100 nM BN (+) for 10 min. Lysates were immunoprecipitated 
with anti-GFP antibody, followed by anti-phosphotyrosine (pY) or anti-LPXN western blotting. (D) Serum-starved GFP-LPXN cells were incubated in 
medium containing 0.06% DMSO for 1 h, 100 nM BN for 10 min or 1 mM VBL for 1 h. LPXN tyrosine phosphorylation was determined as in (C). *p < 0.05 
compared with vehicle control. ‡p < 0.05 for difference in VBL and BN-induced LPXN translocation.
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of paxillin alone (Pax, gray bar) or together with LPXN (L + P,  
hatched bar) inhibited MDA-MB-231 spreading on FN but 
LPXN knockdown (LPXN, open bar) was not different from con-
trol. In contrast, on CNI, LPXN knockdown reduced spreading 
to a similar degree as paxillin and double knockdown. Therefore, 
LPXN is involved in cell spreading induced by integrins for CNI 
but not for FN whereas paxillin regulates spreading on both sub-
strates indistinguishably. In addition, although both LPXN and 
paxillin single knockdown suppressed spreading, simultaneous 
knockdown of both LPXN and paxillin did not show a stronger 
suppression, suggesting that LPXN and paxillin likely act on the 
same pathway to regulate cell spreading.

Discussion

In this study, we demonstrated that BN-induced GRPr activa-
tion stimulated LPXN translocation from cytoplasm to FAs in 
fibroblasts and human tumor cells. Focal adhesion targeting was 
mediated primarily through LIM3 domain of LPXN. BN induced 
LPXN tyrosine phosphorylation on tyrosine residues 22, 62 and 
72 at FAs in transfected BALB/c fibroblasts. Despite the similar-
ity between LPXN and paxillin in their regulation of localization 
and tyrosine phosphorylation, they have distinct functions in cell 
adhesion and spreading on different ECMs.

Analysis of LPXN mutants and use of inhibitors showed that 
targeting to FAs is essential for LPXN tyrosine phosphoryla-
tion in response to BN. Several lines of evidence showed this 
principle might also apply to paxillin. Like LPXN, BN-induced 
paxillin tyrosine phosphorylation requires an intact actin cyto-
skeleton and Rho signaling.16,25,56 Using a YFP-tagged SH2 
domain of pp60c-Src as a phospho-tyrosine moiety reporter, 
Kirchner et al. demonstrated that the recruitment of several 
focal adhesion proteins including paxillin to FAs preceded 
tyrosine phosphorylation after microtubule disruption.57 VBL, 
which stimulated LPXN FA translocation, also induced LPXN 
tyrosine phosphorylation, indicating that FA targeting is not 
only essential but sufficient for LPXN tyrosine phosphoryla-
tion. Our data also suggest that activation of GRPr by BN 
might stimulate LPXN FA targeting and tyrosine phosphory-
lation through Ga

12 /13
 instead of Ga

q.
 It has been shown that 

constitutively active mutants of Ga
12

 or Ga
13

 stimulate paxil-
lin tyrosine phosphorylation, which is sensitive to cytochalasin 
D and Rho inhibitor (exoenzyme C3). A constitutively active 
mutant of Ga

q
 also stimulates paxillin tyrosine phosphoryla-

tion but to a less extent compared with Ga
12

 or Ga
13

.58 While 
both Ga

12 /13
 and Ga

q
 can activate Rho, GPCR-dependent 

activation through Ga
q
 required agonist concentration about 

two orders of magnitude higher than activation through Ga
12 

/13
.59 Moreover, although phorbol ester pretreatment inhibits 

GRPr-catalyzed Ga
q
 signaling including Ins(1,4,5)P

3
 produc-

tion and Ca2+ mobilization by ~80%,30 it did not block LPXN 
translocation induced by BN (unpublished data), suggesting 
that BN-stimulated LPXN translocation was likely mediated 
by Ga

12/13
 rather than Ga

q.
 Alternatively, it might also be pos-

sible that very few BN-occupied GRPr were needed to stimulate 
LPXN translocation.

also expressed (Fig. 1). Both LPXN and Hic-5 have been shown 
to suppress paxillin tyrosine phosphorylation. The counterbal-
ance between paxillin and Hic-5 expression affect integrin-
mediated cellular events like cell spreading.36,53 Therefore, it is 
important to determine the relative expression level of these three 
family members in one cell line in order to better interpret data 
obtained from siRNA knockdown studies. We determined the 
relative expression level of LPXN, paxillin and Hic-5 in PC3, 
MDA-MB-231 breast cancer cells and Ramos B cell lymphoma 
using GFP-tagged proteins as references (Sup. Fig. S4). Both 
PC3 and Ramos cells express vastly (more than 8-fold) differ-
ent levels of paxillin and LPXN: PC3 cells express more paxillin 
than LPXN while Ramos cells express more LPXN than Paxillin. 
In contrast, the difference between LPXN and paxillin expres-
sion is much less (about 3 fold different) in MDA-MB-231 cells, 
making them a suitable model system to compare LPXN and 
paxillin functions.

In MDA-MB-231 cells, LPXN localizes to punctate areas 
consistent with FAs on collagen I (CNI) and fibronectin (FN) 
(Fig. 6A). To evaluate the roles of LPXN and/or paxillin in adhe-
sion and spreading on different ECM, LPXN and paxillin were 
knocked down individually or together in MDA-MB-231 cells. 
72–96 h after siRNA transfection, LPXN and paxillin expression 
was suppressed by ~95 ± 2% and ~83 ± 5% respectively com-
pared with control (Fig. 6B; Sup. Fig. S5). Simultaneous treat-
ment with LPXN and paxillin siRNAs (L + P) showed a slightly 
less suppression of each, ~82 ± 2% for LPXN and ~77 ± 3% for 
paxillin (Sup. Fig. S5). A third family member, Hic-5, is also 
expressed in MDA-MB-231 cells. LPXN and paxillin siRNAs 
alone caused a small increase in expression of Hic-5 or LPXN 
respectively (Fig. 6B and Sup. Fig. S5).

We examined the effect of LPXN and/or paxillin siRNA on 
MDA-MB-231 adhesion on CNI or FN. On CNI, LPXN knock-
down (LPXN1, open bar) enhanced adhesion but paxillin knock-
down (Pax, gray bar) suppressed adhesion (Fig. 6C). Therefore, 
although LPXN and paxillin target to FAs in a similar fashion, 
they play opposite roles in adhesion to CNI. In addition, concur-
rent knockdown of both LPXN and Pax (L + P, hatched bar) 
behaved similarly to paxillin knockdown (Pax, gray bar), sug-
gesting that the function of LPXN in cell adhesion might depend 
on paxillin. On FN, LPXN knockdown also enhanced adhesion, 
but knockdown of paxillin alone or together with LPXN had no 
effect. To rule out the enhancement in adhesion is an off-target 
effect from the LPXN siRNA used or a phenomenon unique to 
MDA-MB-231 cells, we employed a second LPXN-targeting 
siRNA and another cell line, MDA-MB-435 to examine LPXN’s 
anti-adhesive function. MDA-MB-435 cells were considered as a 
breast cancer model at first but recently proven to be of melanoma 
origin.54,55 MDA-MB-435 cells express all 3 paxillin members 
similarly to MDA-MB-231 (Fig. 1). LPXN knockdown by two 
independent LPXN siRNAs (Fig. 6D, LPXN1 and 3) enhanced 
MDA-MB-435 adhesion on CNI and FN (Fig. 6E), confirming 
that LPXN inhibits adhesion.

LPXN knockdown suppresses cell spreading on collagen I 
but not on fibronectin. We also examined the roles of LPXN 
and paxillin in cell spreading. As shown in Figure 7, knockdown 
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the expression of different upstream kinases and/or different 
stimuli.

FA localization of LPXN, paxillin and Hic-5 is regulated by 
LIM domains34,60 and they share some common interacting part-
ners, such as Pyk2, focal adhesion kinase (FAK), the paxillin 
kinase linker p95PKL and PTP-PEST.23,24,60-63 In addition, we 

LPXN was reported to be phosphorylated only on Y72 upon 
B-cell antigen receptor stimulation in A20 mouse B lymphoma 
cells.43 In contrast, our data showed that LPXN is phosphory-
lated on Y22, 62 and 72 upon GRPr activation in a fibroblast 
model system. The difference of LPXN tyrosine phosphory-
lated residues in B cells and adhesive cells might result from 

Figure 6. LPXN and paxillin have distinct roles in cell adhesion dependent on ECM. (A) MDA-MB-231 cells were plated onto collagen I (CNI) or 
fibronectin (FN)-coated (10 mg/ml) coverslips then fixed and stained with anti-LPXN antibody. Data shown are representative images. Bars, 10 mm. 
(B) siRNA-mediated knockdown of paxillin family members in MDA-MB-231 cells. MDA-MB-231 cells were transiently transfected with scrambled, 
LPXN, paxillin (Pax) or both LPXN and paxillin (L + P) siRNA duplexes. Expression of each protein was measured by anti-LPXN, anti-paxillin or anti-
Hic5 western blotting and quantified relative to scrambled siRNA-treated cells (Sup. Fig. S5). (C) siRNA transfected MDA-MB-231 cells prepared as 
in (B) were collected by scraping and allowed to adhere for 1 h to 96-well plates coated with 10 mg/ml CNI or FN. BSA-coated wells were included as 
control. The plates were washed several times. In parallel, the wash step was omitted from at least two wells to determine total input. Cell number 
was measured by MTT assay. Adhesion was quantified as the absorbance of adherent cells as a percentage of the absorbance of all cells added to an 
equivalent well. (D) Five independent LPXN siRNAs or a control siRNA were transiently transfected into MDA-MB-435 cells and knockdown efficiency 
determined by anti-LPXN western blotting. Equal loading was confirmed by anti-b-actin immunoblotting. (E) Adhesion assay was performed with 
control, LPXN1 and 3 siRNA transfected MDA-MB-435 cells as in (C) except for adhering for 10 min. Results in (C and E) represent the mean ± s.e.m. of at 
least three experiments. *p < 0.05 compared with scrambled control. In MDA-MB-435 cells, p = 0.055 compared with control for LPXN1 on CN1.
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their biological roles independently or 
inter-dependently. Both Hic-5 and LPXN 
negatively regulate paxillin tyrosine phos-
phorylation.36,53 Overexpression of Hic-5 
inhibits cell spreading on FN in a com-
petitive manner with paxillin, possibly 
by sequestering FAK from paxillin.53 In 
this study, we found antagonistic roles 
of LPXN and paxillin in adhesion by 
comparing the phenotypes of single and 
double knockdown of LPXN and paxillin 
cells. Our data indicate that LPXN nor-
mally inhibits cell adhesion whereas pax-
illin stimulates adhesion. Moreover, the 
anti-adhesive function of LPXN depends 
on paxillin since double knockdown of 
LPXN and paxillin inhibited adhesion to 
CNI to a similar degree as paxillin single 
knockdown, suggesting that LPXN may 
act upstream from paxillin. Interestingly, 
overexpression of LPXN inhibits adhe-
sion of K562 erythroleukemia cells, sup-
porting the idea of LPXN’s anti-adhesive 
function.36 In fact, cells that predomi-
nantly express LPXN-like lymphocytes 
are non-adherent and highly motile cells. 
It has been shown that LPXN knockdown 
inhibits PC3 migration and adenovirus-
mediate LPXN overexpression stimulates 
migration.24 Salgia et al. reported that the 
expression of paxillin is consistently low 
in non-adherent small cell lung cancer 
(SCLC) cell lines, whereas there was pax-
illin expression in adherent non-small cell 
lung cancer cells.64 A paxillin antibody-
reactive band corresponding to the size of 

LPXN (~46 kDa) was concluded to be the dominant form in the 
non-adherent SCLC cells.64 It is very likely that as in lymphoma, 
LPXN is the predominant member expressed in non-adherent 
SCLC cells. It is possible that the expression levels of LPXN and 

have found that many cell types express more than one family  
member. Our data raise questions as to the functional relation-
ship among these three proteins. In different circumstances, 
they could have similar or unique functions and might perform 

Figure 7. LPXN and paxillin have different 
substrate dependency in regulating cell 
spreading. siRNA transfected MDA-MB-231 
cells were collected as in cell adhesion assay 
and allowed to spread on 35-mm Petri dishes 
coated with 10 mg/ml CNI or FN for various 
times as indicated. Cells were scored for 
spreading as described under Materials and 
Methods. “Spread cells (%)” was defined as 
the number of spread cells as a percentage 
of the total number of cells plated. In each 
experiment, 100–250 cells were scored for 
each siRNA transfectant. Results shown were 
representative images of the cells (A) and 
the mean ± s.e.m. of three experiments (B). 
Arrows indicate some spread cells. *p < 0.05 
compared with scrambled control.
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Materials and Methods

Materials. Dulbecco’s modified Eagle’s medium (DMEM), 
fetal bovine serum (FBS), penicillin/streptomycin, G-418 and 
Lipofectamine 2000 reagent were from Invitrogen (Carlsbad, 
CA, USA). BN was from Bachem (Torrance, CA, USA). 
Fibronectin, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT), anti-Vinculin (hVIN-1) and anti-
actin (AC-15) antibodies were from Sigma-Aldrich (St. Louis, 
MO, USA). Rat tail collagen I, anti-GFP polyclonal and anti-
Hic-5 monoclonal antibodies were from BD Biosciences (Palo 
Alto, CA, USA). Exoenzyme C3, Y27632 and Cytochalasin 
D were from Calbiochem (San Diego, CA, USA). Vinblastine 
was a gift from Dr. Susan Horwitz (Albert Einstein College of 
Medicine; Bronx, NY, USA). Anti-LPXN monoclonal antibody 
(283c) and pCEP4-GFP-LPXN were gifts from Dr. Donald 
Staunton (ICOS Corporation, Bothell, WA). GFP-tagged human 
paxillin and Hic-5 plasmids were gifts from Dr. Ken Jacobson 
(University of North Carolina; Chapel Hill, NC, USA) and 
Dr. Lance Terada (University of Texas Southwestern and The 
Dallas VA Medical Center; Dallas, TX, USA) respectively. Anti-
phosphotyrosine monoclonal antibody (pY100) was from Cell 
Signaling Technology (Danvers, MA, USA). Anti-paxillin poly-
clonal antibody (H-114) was from Santa Cruz Biotechnology, Inc., 
(Santa Cruz, CA, USA). PC3, MDA-MB-231, MDA-MB-435 
and Ramos cells were obtained from American Type Culture 
Collection (ATCC; Manassas, VA, USA).

DNA constructs or mutagenesis. Deletion mutants of GFP-
tagged LPXN expression plasmids were generated by PCR 
amplification of selected regions of a human GFP-tagged LPXN 
template (pCEP4-GFP-LPXN), followed by introduction of the 
amplified fragments into pCEP4 vector. The point mutants were 
created either by using QuikChange site-directed mutagenesis kit 
from Stratagene (La Jolla, CA) or a “megaprimer” PCR method 
described before.26 Correct in-frame incorporation with GFP and 
generation of planned point mutations without any undesired 
mutations were confirmed by autosequencing.

Cell culture and siRNA-mediated protein knockdown. 
PC3 cells were maintained at 37°C in F-12K supplemented 
with 50 units/ml penicillin, 50 mg/ml streptomycin and 10% 
FBS. MDA-MB-231, MDA-MB-435 cells and Chinese ham-
ster ovary cells expressing polyoma LT antigen (CHOP) cells27 
were maintained in DMEM containing penicillin, streptomy-
cin and 10% FBS. Stably transfected BALB/c fibroblasts were 
maintained in the above-mentioned media plus 200 mg/ml 
Hygromycin B and 300 mg/ml G-418. siRNA duplexes were 
purchased from Ambion (Austin, TX, USA) and Thermo Fisher 
Scientific (Lafayette, CO, USA). The sequences were as follows: 
LPXN1, 5'-GCU UAA UAG UCU UAU AGA AUU-3'; LPXN2, 
5'-AGA GUU AGA UGC CUU AUU G-3'; LPXN3, 5'-CUU 
CGG AGA UCC UUU CUA U-3'; LPXN4, 5'-GCG CAG 
CUC GUG UAU ACU A-3'; LPXN5, 5'-GGU ACA AGU UCC 
AUC CUG A-3'; paxillin, 5'-GUG UGG AGC CUU CUU 
UGG UUU-3';28 control, siGENOME Non-Targeting siRNA 

paxillin might determine the adhesion phenotype of a cell: high 
LPXN expression correlates with non-adherent/amoeboid-like 
cells and high paxillin expression associates with adherent cells.

In this study, we found the roles of LPXN and paxillin in 
cell adhesion and spreading are dependent on ECM proteins. 
LPXN and paxillin stimulate spreading of MDA-MB-231 on 
CNI in contrast to a report by Tanaka et al. indicating that 
LPXN suppresses spreading of NIH3T3 cells on FN.36 The 
apparent discrepancy may be explained by different substrates 
and cell types. Indeed, LPXN’s role in cell spreading was 
substrate-dependent because on FN, LPXN knockdown cells 
spread similarly to control cells. In contrast, paxillin regulated 
spreading on both CNI and FN. The mechanism is unknown 
whereby LPXN and paxillin have effects that depend upon 
the specific ECM substrate. Both family members have been 
shown to directly bind to integrins.65,66 Therefore, specificity 
of LPXN for CNI signaling in cell spreading might be due to 
differential affinity of LPXN for individual integrins whereas 
paxillin might bind to CNI- and FN-binding integrins with 
comparable affinity. LPXN, paxillin and Hic-5 differ in their 
mechanism of binding to a9-integrin. Mutations that ablated 
a9-integrin interaction with paxillin and Hic-5 had a smaller 
effect on LPXN.65 Alternatively, the association between LPXN 
and molecules critical for spreading might be regulated differ-
ently in response to CNI versus FN. In addition to cell spread-
ing, our results in cell adhesion also provide evidence of ECM 
substrate dependency of these paxillin family members. Paxillin 
knockdown only inhibited MDA-MB-231 adhesion to CNI 
but not to FN. Paradoxically, although paxillin knockdown 
had no effect on adhesion to FN, in the cells with both LPXN 
and paxillin knocked down, the enhanced adhesion caused by 
LPXN knockdown did not occur. We do not know the rea-
son for this finding at this time. It is possible that this unex-
pected result is due to the expression of Hic-5 in MDA-MB-231 
cells. Alternatively, the slightly higher expression of LPXN in 
cells treated with both siRNAs than cells treated with LPXN 
siRNA may be above a crucial threshold and allow for adequate 
signaling.

Finally, the molecular basis for the distinct roles of LPXN and 
paxillin in cell adhesion remains to be determined. Studies using 
virus-mediated expression of LPXN and paxillin chimeras in 
siRNA knockdown cells will likely be able to identify the struc-
tural determinant for their functional differences. The more vari-
able amino-terminal regions of paxillin family members probably 
contain motifs for interacting with different proteins to elicit 
distinct biological effects. For example, Sheibani et al. recently 
demonstrated that paxillin has a unique binding partner and 
functional properties compared with Hic-5 and LPXN.67 These 
data support the idea that sequence differences among these fam-
ily members are sufficient to mediate their functional differences. 
Data presented here provide the first evidence of dynamic reg-
ulation of LPXN localization and tyrosine phosphorylation by 
GPCRs as well as its distinct roles from paxillin in cell adhesion 
and spreading.
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at 4°C with 2.5 ml anti-GFP polyclonal antibody. Immune com-
plexes were washed four times with lysis buffer and with 10 mM  
Tris pH 8, 140 mM NaCl for the final wash. Proteins were 
extracted from the complexes by boiling in Laemmli buffer for 5 
min. The supernatant was analyzed by 10% SDS-polyacrylamide 
gel electrophoresis (PAGE) and western blotting.

Western blotting. Protein concentration was determined 
with the bicinchoninic acid protein assay from Pierce Chemical 
(Rockford, IL, USA) using the manufacturer’s instructions. 
Immunoprecipitated samples or total cell lysates were resolved 
by 10% SDS-PAGE and transferred to nitrocellulose membranes 
at 30 V overnight at 4°C. For anti-phosphotyrosine western 
blotting, membranes were blocked in 5% BSA in TBST (0.1% 
Tween 20 in Tris-buffered saline) and incubated overnight at 4°C 
in anti-phosphotyrosine antibody (pY100, 1:1,000). Membranes 
were washed three times with TBST, incubated in anti-mouse 
antibody conjugated with horseradish peroxidase diluted 1:2,000 
in 5% BSA in TBST at room temperature for 1 h, and then 
washed three times with TBST. For other antibodies, membranes 
were blocked in blotto (5% non-fat milk, 0.2% NP-40, 50 mM 
Tris, pH 8, 2 mM CaCl

2
 and 80 mM NaCl) and incubated with 

anti-GFP (1:1,000), anti-LPXN (283c, 1 mg/ml), anti-paxillin 
(1:700) or anti-Hic-5 (1:300) antibody as indicated in the Figure 
legends. Proteins were visualized by enhanced chemilumines-
cence (Pierce Chemical; Rockford, IL, USA). Blots were stripped 
in 2% SDS and 0.1 M b-mercaptoethanol in 62.5 mM Tris-HCl, 
pH 6.8, at 55°C for 30 min, washed and reprobed with anti-
LPXN (283c) or anti-actin antibody to ensure equal loading.

Confocal microscopy. For live cell imaging, stably trans-
fected BALB/c fibroblasts were plated in glass bottom 35 mm 
dishes (MatTek; Ashland, MA, USA) at 150,000 cells/dish and 
cultured overnight. The next day, cells were rinsed once with 
PBS and binding solution (98 mM NaCl, 59 mM KCl, 5 mM 
pyruvate, 6 mM fumarate, 5 mM glutamate, 11 mM glucose,  
25 mM HEPES, 2.2 mM KH

2
PO

4
, 0.1% BSA, 0.02% bacitracin, 

1.5 mM CaCl
2
 and 1 mM MgCl

2
 adjusted to pH 7.4) was added. 

Cells were then stimulated with 100 nM BN and imaged in real 
time on the stage of a Bio-Rad Radiance 2000 laser scanning 
confocal microscope preheated to 37°C. Immunofluorescence 
microscopy of fixed samples was carried out using a Bio-Rad 
Radiance 2000 laser scanning confocal microscope without 
temperature control. The fluorescence signal was recorded using 
parameters published previously.30

Cell adhesion assay. 24 h after siRNA transfection, cells were 
trypsinized then plated in 60-mm polystyrene tissue culture 
treated dishes at 1.8 x 106 cells/dish. Two days later, nearly con-
fluent siRNA transfected cells were wash twice with PBS without 
Ca2+/Mg2+ and incubated in 0.54 mM EDTA in PBS for 5 min 
at 4°C. Cell were collected by gently scraping and resuspended in 
binding solution. A 96-well plate (PerkinElmer; Waltham, MA, 
USA) precoated with 10 mg/ml collagen I, fibronectin or BSA 
was blocked by incubating with 150 ml 0.2% heat-inactivated 
BSA in PBS for 1 h at 37°C. 52,000 cells in a volume of 100 ml 
were added to each well and the 96-well plates were incubated at 
37°C for 1 h (MDA-MB-231) or for 10 min (MDA-MB-435). 
The plates were then washed three times with 100 ml 0.2% 

#2 (Thermo Fisher Scientific) and scrambled (the same nucleo-
tide composition as LPXN siRNA but the sequence is shuffled), 
5'-AUA UAU GAU AAC UAG UCU GUU-3'. MDA-MB-231 
and MDA-MB-435 cells were transfected with 3 mg siRNA and 
300 nM respectively using Amaxa nucleofector system (Amaxa 
Inc., Gaithersburg, MD, USA) according to the manufacturer’s 
instructions. Pilot experiments revealed that LPXN and paxillin 
knockdown was maximal between 72 and 96 h after transfection 
(data not shown). Therefore, functional experiments with siRNA 
transfected cells were performed 72–96 h following transfection.

Stable expression of LPXN constructs in myc-GRPr-
expressing BALB/c 3T3 fibroblasts. BALB/c 3T3 fibroblasts 
stably expressing myc-tagged GRPr29 were transfected with dif-
ferent LPXN constructs using Lipofectamine 2000 Reagent 
(Invitrogen, Carlsbad, CA) following the manufacturer’s instruc-
tions. Double selection with Hygromycin B (200 mg/ml) and 
G-418 (300 mg/ml) was begun 48 h after transfection and con-
tinued for 2–3 weeks. Stable cell pools containing 3–6 single 
clones were screened for GFP-tagged LPXN expression by immu-
nofluorescence microscopy. LPXN expression remained stable in 
a pool for 4–6 weeks (data not shown).

Immunofluorescence staining. Stably transfected BALB/c 
fibroblasts or PC3 cells were plated on poly-L-lysine coated cov-
erslips. The next day, PC3 cells were treated with 100 nM BN 
for various times. Transfected BALB/c cells were serum starved 
overnight and then treated with 100 nM BN for times indicated 
in the figure legends. MDA-MB-231 cells were plated on col-
lagen I or fibronectin-coated coverslips. At the end of BN treat-
ment or overnight adhesion onto collagen I or fibronectin-coated 
coverslips, cells were rinsed once with phosphate-buffered saline 
(PBS) and fixed with 3% paraformaldehyde. Fixed cells were 
incubated in 15 mM glycine for 10 min, 50 mM NH

4
Cl for  

2 x 10 min, then permeabilized and blocked with 0.2% saponin, 
0.5% BSA and 1% FBS in PBS for 20 min. An anti-vinculin 
monoclonal antibody (hVIN-1) was used to identify focal adhe-
sions in transfected BALB/c cells and an anti-LPXN (283c) 
monoclonal antibody was used to detect endogenous LPXN in 
PC3 and MDA-MB-231 cells. Cells were incubated in primary 
antibody for 1 h at room temperature. After washing in PBS for 
3 x 10 min, cells were labeled with Alexa Fluor 568 or 488 anti-
mouse antibody for 1 h at room temperature, washed in PBS and 
mounted in Vectashield mounting medium (Vector Laboratories, 
Burlingame, CA).

Immunoprecipitation. Stably transfected BALB/c fibroblasts 
were plated on 60-mm polystyrene tissue culture treated dishes 
at 500,000–600,000 cells/dish. The following day, cells were 
washed once with PBS and incubated in DMEM (without serum) 
for 18–24 h at 37°C. Cells were subsequently treated as described 
in the Figure legends. The media were removed and cells were 
lysed at 4°C with 0.65 ml of lysis buffer (50 mM HEPES, pH 
7.4, 0.75%/0.075% CHAPS/CHS, 50 mM NaCl, 2 mM EDTA,  
50 mM NaF, 1 mM Na

3
VO

4
, 25 mM sodium pyrophosphate, 

100 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 1 mg/ml leu-
peptin, 1 mg/ml aprotinin and 1 mg/ml pepstatin). Lysates were 
clarified by centrifugation at 13,700 rpm in a microcentrifuge for 
15 min at 4°C. GFP-LPXN was immunoprecipitated overnight 
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LPXN localized at FAs relative to the total cell number. Five 
images were taken randomly from different fields and approxi-
mately 50–100 cells were scored blindly under each treat-
ment. “LPXN-containing FAs/cell” was analyzed using ImageJ 
(Rasband, W.S., ImageJ, U.S. National Institutes of Health; 
Bethesda, MD, USA, http://rsb.info.nih.gov/ij/, 1997–2007). 
Images were high-pass filtered to approximate nearest neighbor 
deconvolution. This method works well when the features (such 
as focal adhesions) are within a known size range and are high 
contrast from the background. A Gaussian blurred image was 
subtracted from each frame in the live cell movies and the entire 
volume was linearly intensity rescaled based on the intensities 
within the entire volume. Particles were counted when greater 
than 1 mm in size. For western blotting analysis, band inten-
sity was quantified using Kodak Digital Science Image Station 
440CF with Kodak 1D 3.5 Image Analysis Software. Data were 
calculated using Microsoft Excel and expressed as means ± s.e.m. 
Difference between two treatments were analyzed by Student’s  
t-test, with p < 0.05 considered to be significant.
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heat-inactivated BSA in PBS to remove unbound cells, followed 
by addition of 100 ml binding solution. In parallel, the wash step 
was omitted from at least two wells for use to determine total 
input. Cell number was measured by MTT assay with minor 
modifications.31 Briefly, 10 ml MTT reagent was added to each 
well and the plate incubated at 37°C for 4 h. 100 ml MTT lysis 
buffer (10% SDS, 50% dimethylformamide, pH 4.0) was then 
added to each well and the plate incubated at 37°C overnight. 
Cell number was determined by reading OD

540
.

Cell spreading assay. 72 h after siRNA transfection, nearly 
confluent MDA-MB-231 cells were collected by scraping as 
described under “Cell adhesion assay.” 150,000 cells were plated 
onto 35 mm Petri dishes precoated with 10 mg/ml collagen I or 
fibronectin and allowed to spread for the times indicated at 37°C. 
Five pictures were taken randomly from different fields of cells 
plated on each substrate. Cells were scored with the investiga-
tor blinded to the treatment conditions as (1) spread, defined as 
a non-rounded shape with extended membrane protrusions, (2) 
partially spread, defined as a non-rounded shape but few mem-
brane protrusions, and (3) non-spread, defined as round and 
phase bright without any membrane protrusions. In each experi-
ment, 100–250 cells were scored under each condition. Results 
analyzed with or without “partially spread” cells grouped with 
“spread” cells yielded the same conclusion and only “spread” cells 
results are presented.

Image analysis and statistics. LPXN translocation was 
reported as “BN-induced translocation (% of total cells),” “cells 
with LPXN at focal adhesions (FAs) (%)” or “LPXN-containing 
FAs/cell” according to different experimental methods in order 
to best illustrate LPXN translocation for both live cells and fixed 
cells samples. “BN-induced translocation (% of total cells)” was 
defined as the percentage of cells demonstrating a BN-induced 
increase in LPXN-containing FA number or size relative to the 
total number of cells with detectable GFP signal. “Cells with 
LPXN at FAs (%)” was defined as the percentage of cells with 
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