
MOLECULAR AND CELLULAR BIOLOGY, Aug. 2007, p. 5790–5805 Vol. 27, No. 16
0270-7306/07/$08.00�0 doi:10.1128/MCB.00778-07
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Role of Phospholipase C�1 in Cell Spreading Requires Association
with a �-Pix/GIT1-Containing Complex, Leading to

Activation of Cdc42 and Rac1�

Neil P. Jones and Matilda Katan*
Cancer Research UK Centre for Cell and Molecular Biology, Chester Beatty Laboratories, The Institute of

Cancer Research, Fulham Road, London SW3 6JB, United Kingdom

Received 3 May 2007/Accepted 24 May 2007

The significance of multiprotein signaling complexes in cell motility is becoming increasingly important. We
have previously shown that phospholipase C�1 (PLC�1) is critical for integrin-mediated cell spreading and
motility (N. Jones et al., J. Cell Sci. 118:2695-2706, 2005). In the current study we show that, on a basement
membrane-type matrix, PLC�1 associates with the adaptor protein GIT1 and the Rac1/Cdc42 guanine ex-
change factor �-Pix; GIT1 and �-Pix form tight complexes independently of PLC�1. The association of PLC�1
with the complex requires both GIT1 and �-Pix and the specific array region (�SA) of PLC�1. Mutations of
PLC�1 within the �SA region reveal that association with this complex is essential for the phosphorylation of
PLC�1 and the progression to an elongated morphology after integrin engagement. Short interfering RNA
(siRNA) depletion of either �-Pix or GIT1 inhibited cell spreading in a fashion similar to that seen with siRNA
against PLC�1. Furthermore, siRNA depletion of PLC�1, �-Pix, or GIT1 inhibited Cdc42 and Rac1 activation,
while constitutively active forms of Cdc42 or Rac1, but not RhoA, were able to rescue the elongation of these
cells. Signaling of the PLC�1/GIT1/�-Pix complex to Cdc42/Rac1 was found to involve the activation of
calpains, calcium-dependent proteases. Therefore, we propose that the association of PLC�1 with complexes
containing GIT1 and �-Pix is essential for its role in integrin-mediated cell spreading and motility. As a
component of this complex, PLC�1 is also involved in the activation of Cdc42 and Rac1.

Phosphoinositide-specific phospholipase C (PLC) enzymes
have been established as crucial signaling molecules involved
in the regulation of a variety of cellular functions (28, 54, 55).
The evidence also suggests a critical involvement of members
of the PLC� family (PLC�1 and PLC�2) in several aspects of
motility regulation (25, 27, 72). A distinct regulatory feature of
PLC� enzymes is that their activation is linked to an increase
in the phosphorylation of specific tyrosine residues; multiple
protein-protein interactions (mainly mediated by the SH2 and
SH3 domains) also contribute to activation and have an im-
portant role in localizing PLC� into protein complexes in dif-
ferent cellular compartments (4, 37, 57). As a direct substrate
for a number of growth factor receptors with intrinsic tyrosine
kinase activity, PLC�1 has been shown to mediate chemotaxis
towards these growth factors as a rate-limiting component (re-
viewed in references 26 and 70). This role of PLC�1 has been
demonstrated in different cell types (9, 33, 58), including sev-
eral tumor cell lines characterized by high levels of growth
factor receptors (27, 50, 66). It has also been suggested that
epidermal growth factor (EGF)-driven and PLC�1-mediated
chemotaxis could have an important role in invasion in several
human tumor xenograft models in vivo (68).

The possibility that PLC� could also be an important signal-
ing component in responses triggered directly by extracellular

matrix receptors was initially suggested by observations that
PLC�1 can become phosphorylated upon integrin engagement
or be recruited to integrin complexes in fibroblasts (34, 75).
Further studies with highly specialized cell types (platelets and
osteoclasts) supported the role of PLC� isoforms in “outside-
in” signaling, downstream of extracellular matrix receptors (22,
43, 72). Morphologically, platelets generated from mice defi-
cient in PLC�2 (the main PLC� isoform in this cell type) had
reduced cell spreading following the engagement of von Wil-
lebrand factor or �2�1 and �IIb�3 integrins (22, 39, 72). Re-
cently, we have shown that PLC�1 has a key role in integrin-
dependent cell motility, the invasion of diverse cancer cell
types, and the morphogenesis of endothelial cells on basement
membranes (25). Analysis of several cancer cell lines and en-
dothelial cells where PLC�1 was depleted using short interfer-
ing RNA (siRNA), as well as PLC�1�/� fibroblasts, demon-
strated that all cell types retain their initial rounded
morphology, lacking stable cell protrusions, while the wild-type
cells subsequently undergo polarization and elongation; this
was particularly pronounced on some three-dimensional ma-
trices (25). Similar observations, suggesting a role for PLC�1 in
integrin-mediated cell spreading, were also reported for
PLC�1�/� fibroblasts plated on fibronectin (69). Together,
these data demonstrate that PLC�1 is more widely involved in
processes related to cell motility than originally anticipated
and that, in addition to chemotaxis triggered by growth factor
receptors, PLC�1 is stimulated through integrin activation in
different cell types.

Cell attachment, spreading, and motility are complex pro-
cesses requiring the integration of diverse signaling networks
and structural assemblies (17, 18, 26, 70, 71). Early signaling
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from integrin-mediated attachments is associated with path-
ways that lead to Rac and Cdc42 activation and actin polymer-
ization. This then links to dynamic formation and disassembly
of adhesion complexes, suggested to have a role in localizing
and stabilizing actin protrusions (6, 11, 46). Although some of
the key regulators have been identified, the identities of all
components of these super-molecular formations and how they
act together are not well understood. In the case of PLC�1,
despite considerable circumstantial evidence for the involve-
ment of PLC�1 in the reorganization of cytoskeletal compo-
nents (26, 70), there are few observations that suggest an un-
derlying molecular mechanism (42, 53, 64) or a link with the
known regulators of actin cytoskeleton, such as small GTPases
from the Rho family (1, 15). Also, most previous studies have
involved the use of overexpression systems and little has been
done to investigate the functioning and interactions of endog-
enous PLC�1.

Here we investigated possible endogenous interaction part-
ners for PLC�1 and their functional implications for maintain-
ing a motile phenotype on three-dimensional extracellular
matrices. In this study, we used different cell types and com-
bined several experimental approaches, including the deple-
tion of specific components and direct and indirect rescue
experiments using their wild-type and mutant variants. We
show that, upon the engagement of �1 integrins on basement
membrane, PLC�1 associates with the adaptor protein GIT1
and the Rac1/Cdc42 guanine nucleotide exchange factor
(GEF) �-Pix; for PLC�1 to fully engage this complex, both
GIT1 and �-Pix are required. The binding is mediated by the
region in PLC�1 specific to the PLC� family (specific array
[�SA]), containing critical SH2 domains, and is essential for its
role in cell spreading and motility. Our data also suggest that
the �-Pix/GIT1/PLC�1 complex acts upstream of Cdc42 and
Rac1 and that several signaling events, including the activation
of calpains, could provide the link with Cdc42 and Rac1 acti-
vation.

MATERIALS AND METHODS

The following chemicals were from Calbiochem: PLC inhibitor U73122, Rac
inhibitor NSC23766, ROCK inhibitor Y-27632, calcium chelator bis-(aminophe-
noxy)-ethane-N,N,N�,N�-tetraacetic acid (BAPTA-AM), src inhibitor PP2 (and
PP3), and calpeptin. Mouse and rabbit horseradish peroxidase (HRPO)-conju-
gated secondary antibodies, lysozyme, and protease inhibitor cocktails (1 and 2)
were from Sigma. Texas Red-X phalloidin and tert-butoxycarbonyl-Leu-Met-
chloromethylaminocoumarin (Boc-LM-CMAC; fluorescence-linked calpain sub-
strate) were from Molecular Probes. siRNA oligonucleotides were obtained
from Dharmacon, Inc. (Smartpool: PLC�1, GIT1, �-Pix, Rac1, Cdc42, and
RhoA) or Santa Cruz (Tiam1, Crk1/2, and p130CAS). Dharmafect siRNA re-
agent was from Dharmacon, and Lipofectamine/Lipofectamine plus and OPTI-
MEM were from Invitrogen.

Anti-PLC�1 (for immunoprecipitation), anti-Rac, anti-Src, and anti-p130CAS
antibodies were from Upstate. Anti-glyceraldehyde-3-phosphate dehydrogenase
(anti-GAPDH) was purchased from Research Diagnostics, Inc. Anti-�-Pix, anti-
GIT1, anti-Cdc42, anti-Rac1, anti-RhoA, anti-Tiam1, anti-Crk1/2, and anti-hem-
agglutinin (anti-HA) antibodies (all for Western blotting) and HRPO–anti-goat
secondary antibody were supplied by Santa Cruz. Anti-GIT1 antibody (for im-
munoprecipitation), cell recovery solution, and Matrigel were obtained from BD
Bioscience. Antifilamin and anti-�-Pix antibodies (for immunoprecipitation)
were from Chemicon. Anti-HA (for immunoprecipitation), antispectrin (fodrin),
and anti-phospho-PLC�1 (Y783) antibodies were from Cell Signaling Technol-
ogies. Anti-penta-His antibody was from QIAGEN, and anti-integrin b1 (4B4)
(blocking antibody) was from Beckman. Protein G-agarose and glutathione-
Sepharose were from Roche. The following reagents were previously described:
PLC�1�/� and PLC�1� (add back) mouse embryonic fibroblasts (MEFs) (24),

rat PLC�1-green fluorescent protein (GFP) construct (75), HA-tagged Src ho-
mology 2 (SH2) mutant PLC�1 constructs (8, 23), �-Pix constructs (47), �-Pix-
glutathione S-transferase (GST) construct (65), GIT1 constructs (29), GIT1 and
�-Pix baculoviruses (49), Cdc42 (N17 and L61), Rac1 (N17 and V12) and RhoA
(N19 and V14) constructs (56), PAK Rho family binding domain (RBD) con-
struct (10) for Rac1 pull down, and N-WASP CRIB for Cdc42 pull down (30).

Cell culture, siRNA treatment, and transfection. BE (colon carcinoma) and
A431 (adenocarcinoma) cells and PLC�1�/� and PLC�1� MEFs were main-
tained at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum. For all siRNA protocols, preannealed purified
siRNA probes were rehydrated prior to transfection using the standard protocol.
siRNA probes (200 nM) were transfected using Dharmafect reagent, using a
multiple transfection strategy that involved successive siRNA transfections on 3
consecutive days. Treated cells were then either used for experiments 72 h after
the first transfection or had their protein extracted for Western blotting to check
protein depletion. For siRNA rescue experiments, BE cells were transfected with
suitable DNA constructs (resistant to siRNA) on day 3 of the multiple transfec-
tion protocol, prior to the third and final siRNA transfection. Briefly, 1 �g of
DNA was transfected into the cells for 4 h using the Lipofectamine plus trans-
fection system. Subsequently, following extensive washing, the third and final
siRNA transfection was performed in a fashion similar to the previous siRNA
transfections. The effects of the rescue were then analyzed 24 h later (72 h after
the first siRNA transfection). Transfection-only experiments or transfections of
other cell lines (i.e., MEFs) were also performed in a similar fashion, using the
Lipofectamine plus system with effects analyzed 24 h after transfection.

Preparation and processing of cell extracts. Cells were scraped into ice-cold
lysis buffer (20 mM Tris-HCl [pH 7.4], 1 mM EDTA, 50 mM KCl, 1 mM
dithiothreitol [DTT], 1 mM Na3VO4, 5 mM MgCl2, 5 mM NaF, 10% [vol/vol]
glycerol, 1% [vol/vol] Triton TX-100) supplemented with protease inhibitor
cocktail (Roche) and phosphatase inhibitor cocktail II (Sigma) and then homog-
enized by passing the lysate through a Hamilton syringe (22 gauge) 10 times.
After standing on ice for 10 min, the lysates were clarified by centrifugation
(15,800 � g/10 min) and the supernatant used as the cell extract. Extracts were
used for immunoprecipitation (see below), for protein concentration determina-
tion (by the Bradford methods), or directly for sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE)/blotting following the addition of
SDS sample buffer. In most circumstances, cell extracts were obtained from
Matrigel. Briefly, cells on Matrigel were washed and then incubated for 30 min
with phosphate-buffered saline (PBS) containing phosphatase inhibitor cocktail
2 (Sigma). Following this, the cells were scraped into a suitable volume (2 ml per
cm2) of ice-cold cell recovery solution (BD Biosciences) and left on ice for 1 h to
digest the Matrigel. Following digestion, the cell pellet was recovered by cen-
trifugation (160 � g for 5 min) and the cells lysed and processed in accordance
with the above lysis protocol. For immunoprecipitation protocols, cell extracts
were incubated first with the equilibrated protein G-agarose beads for 2 h at 4°C
as a preclearing step. Following this, the supernatant was incubated overnight at
4°C with the desired primary antibody. Protein G-agarose was added to this
mixture, and the incubation allowed to proceed for a further 2 h at 4°C. The
beads were then washed three times with lysis buffer and combined with SDS
sample buffer. Samples were separated by 10% SDS-PAGE, and the proteins
transferred to polyvinylidene difluoride membrane. After being blocked, the
membranes were incubated with the required primary antibody (1 in 1,000
dilution) overnight at 4°C. Following washing with 0.1% Tris-buffered saline-
Tween, the membranes were incubated with suitable HRPO-conjugated second-
ary antibody for 2 h at 24°C. After further washing, proteins were visualized using
the enhanced chemiluminescence detection method (Amersham Bioscience).

Analysis of cell morphology and migration on Matrigel. Cell culture dishes
were coated with a thin layer of Matrigel (diluted at 2 parts to 1 part Dulbecco’s
modified Eagle’s medium). This was then allowed to set at 37°C for 90 min
(approximately 200 �l of this mix was used per cm of dish area). BE cells either
pretreated with siRNA or incubated in the presence or absence of inhibitors (as
specified in figure legends) were plated on the Matrigel, and the ability of the
cells to elongate and subsequently form connected networks (through cell move-
ment and cell-cell contacts) was analyzed after various, specified time points
(usually 4 h, as in control treatments this was found to be the time point where
the majority of cells had a clearly defined elongated phenotype) using phase
contrast and fluorescence microscopy (Nikon microscope camera and OpenLab
software). Treatments with either siRNA or pharmacological inhibitors in most
cases resulted in uniform changes in cell morphology, as shown when four fields
of 	100 cells were analyzed. For quantification experiments, the numbers of
elongating cells per 100 cells counted were recorded and used to produce graph-
ical representations of the effects of various treatments on cell spreading. When
rescue experiments that involved the transfection of plasmids (specified in figure
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legends) were performed, the analysis was, in most instances, based on a proce-
dure previously described for PLC�1 plasmids used for the transfection of
siRNA-pretreated BE cells (25). To distinguish cells that express proteins en-
coded by specific constructs with efficiencies of 40 to 70%, GFP-tagged variants
were transfected and the analysis took into account the cells showing green
fluorescence. Typically, 3 to 4 areas with 	100 fluorescent cells were analyzed
and the mean value calculated.

Immunofluorescence. Cells were fixed in 3.7% formaldehyde in PBS and
permeabilized in 0.2% Triton X-100 in PBS. Following being blocked in 2%
bovine serum albumin in PBS for 1 h, fixed cells were incubated with Texas
Red-phalloidin (1 in 1,000) for 2 h. After being washed extensively, the cells were
observed by using immunofluorescence microscopy (Nikon Eclipse E600) and a
Bio-Rad confocal setup plus Laser Sharp software (Bio-Rad MRC1024).

Analysis of protein-protein interactions. For the protein-based pull-down in-
teractions of GIT1, �-Pix, and PLC�1SA, the proteins were purified as GST
fusion proteins (GST-GIT1, GST-�-Pix, and GST-�1SA protein were purified).

Purification of the GST-fused proteins, �1SA (57), GIT1 (29), and �-Pix (65),
was as previously described. Briefly, bacterial cell pellets expressing proteins
encoded by appropriate pGEX vectors were lysed using ice-cold STE buffer (10
mM Tris [pH 7.5], 1 mM NaCl, 1 mM EDTA) supplemented with protease
inhibitors (Sigma). Lysozyme (100 �g/ml) was added, and the reaction mixture
left for 15 min on ice. DTT (5 mM), Tween 20 (to 0.1%), and SDS (to 0.03%)
were added to the lysate, which was then centrifuged at 13,000 � g (4°C) for 40
min. The resulting supernatant was incubated for 1 h with prewashed glutathi-
one-Sepharose at 4°C for 1 h to allow the GST proteins to bind to the beads.
Following centrifugation, the beads were washed three times with STE buffer and
used immediately in the pull-down assay.

For the expression and processing of baculoviruses expressing GIT1 and �-Pix
proteins, methods similar to those of Premont et al. (49) were employed. Briefly,
SF9 cells were infected with GIT1, �-Pix, or both GIT1 and �-Pix viruses and
infection/expression allowed to proceed for 72 h. SF9 cell pellets were collected
by centrifugation (2,000 � g) and frozen at �80°C until required. For processing,
the pellets were resuspended in lysis buffer (20 mM Tris, [pH 7.5], 2 mM NaCl,
2 mM EDTA) and DNase I (10 �g/ml), NP-40 (0.5%), and DTT (1 mM) added.
These samples were then incubated for 1 h at 4°C with constant rotation.
Subsequently, the samples were centrifuged at 10,000 � g for 40 min. The
resulting supernatants were collected, standardized for protein levels, and used
in pull-down experiments.

To analyze protein-protein interactions, standard pull-down assays, based on
immobilized GST fusion proteins, were used (57). For in vitro studies, freshly
prepared (see above) �1SA (His tagged) was incubated with either GST-GIT1 or

FIG. 1. PLC�1, �-Pix, and GIT1 form interaction complexes in
various cell lines. (A) Expression of PLC�1, �-Pix, and GIT1 in BE
(colorectal) and A431 (squamous carcinoma) cells and PLC�1� and
PLC�1� MEFs analyzed by Western blotting. (A faint nonspecific
band is observed in the PLC�1� MEF with the Sigma PLC�1 antibody
but not with the other antibodies used in this study; further-

more, these cells have been well characterized as being deficient in
PLC�1 [24]). (B) PLC�1, �-Pix, and GIT1 coimmunoprecipitate. BE
or A431 cells or MEFs were plated on Matrigel for 4 h and then
recovered from Matrigel and lysed, and immunoprecipitation (IP) was
performed with PLC�1, �-Pix, or GIT1 antibodies as indicated below
the panels. Subsequent Western blotting of these samples was per-
formed using PLC�1, �-Pix, or GIT1 antibodies as indicated. (C)
Complex formation between PLC�1 and GIT1/�-Pix requires both
GIT1 and �-Pix. Western blots showing the effect of the indicated
siRNA depletion of PLC�1, �-Pix, or GIT1 protein in BE cells are
shown in the left panel. For IP experiments (right panel), BE cells
previously treated with the indicated siRNAs (Scr, scrambled; PLC�1,
smart pool to PLC�1; �-Pix, smart pool to �-Pix; and GIT1, smart pool
to GIT1) were plated on Matrigel for 4 h and then recovered from
Matrigel, lysed, and subjected to IP using anti-PLC�1 antibody. Sub-
sequent Western blotting of these samples was performed using
PLC�1, �-Pix, or GIT1 antibodies as indicated; Western blots for
GAPDH levels in total cell lysate (TCL) were used as a loading control
(bottom panels). (D) PLC�1, �-Pix, and GIT1 siRNAs inhibit cell
elongation on Matrigel. Pretreated (with the indicated siRNA, as de-
scribed for panel C) BE cells were plated on Matrigel, and the level of
elongation analyzed by phase-contrast microscopy (large panels). Cells
were also stained with phalloidin and analyzed for individual cell spread-
ing (insert panels). (E) Graphical representation of the effects of PLC�1,
�-Pix, and GIT1 siRNAs (as described for panel C) on BE cell elon-
gation on Matrigel. The number of elongated cells (per 100 cells) were
counted and expressed as a percentage of the total cell number (n 

4 fields analyzed). Error bars show standard deviations.
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GST-�-Pix immobilized on glutathione-Sepharose beads (30 �l) for 1 h at 4°C.
Alternatively, crude SF9 cell lysates containing GIT1, �-Pix, or GIT1/�-Pix were
incubated with GST fusion protein (�1SA) immobilized on glutathione-Sepha-
rose beads (30 �l) for 1 h at 4°C. In all cases, the beads were subsequently
washed three times in lysis buffer and then processed for SDS-PAGE and
Western blotting. Processed samples were subjected to SDS-PAGE, transferred,
and incubated with �-Pix, GIT1, or His antibodies, as indicated for individual
experiments.

For cell-based studies, freshly prepared BE cell extracts were standardized for
protein amount and equal amounts of cell extracts (in a final volume of 150 �l)
were incubated with GST fusion protein (�1SA) immobilized on glutathione-
Sepharose beads (30 �l) for 1 h at 4°C. The beads were subsequently washed
three times in lysis buffer and then processed for SDS-PAGE and Western
blotting. Processed samples were subjected to SDS-PAGE, transferred, and
incubated with �-Pix or GIT1 antibodies, as indicated for individual experiments.
Samples of total cell extracts and the pull-down supernatant were also analyzed
by Western blotting.

Assays for Cdc42/Rac1 activity. The amount of active (GTP-bound) Cdc42 or
Rac1 was analyzed using binding domains from proteins that only bind to active
forms of Cdc42 or Rac1; the Cdc42 or Rac1 in the resulting complexes was
subsequently visualized by Western blotting. For Rac1, the CRIB domain of
p21PAK (PAK-RBD) is commonly used (10), and for Cdc42, the GTPase bind-
ing domain of N-WASP (WASP-CRIB [RBD]) is considered more suitable (30).
These domains were expressed as GST fusion proteins and processed as de-
scribed above for the other GST fusion proteins. After purification, the GST
fusion proteins were bound to glutathione-Sepharose beads as described above
and used immediately in pull-down studies of cell extracts. Briefly, freshly pre-
pared BE cell extracts were standardized for protein concentration (in a final
volume of 150 �l) and incubated with GST-fused proteins (PAK- or WASP-
RBD) immobilized to glutathione-Sepharose beads (30 ul) for 1 h at 4°C. The
beads were subsequently washed three times in lysis buffer and subjected to
Western blotting using antibody to either Rac1 (PAK-RBD pull down) or Cdc42
(WASP-RBD pull down). Total Rac1 or Cdc42 was also analyzed by Western
blotting of cell extracts, and the ratios of active GTPase to total cellular GTPase
were calculated by densitometry measurements (using Western blot autoradio-
graphs and NIH image software) and corrected for protein levels based on the
amounts of Src and GAPDH in cell extracts and pull-down supernatant samples.
The resulting activity measurements from several experiments for each GTPase
were expressed as percentages of the GTPase activity of control cells and pre-
sented in graphical form.

Assay for calpain activity. To assay calpain activity, methods similar to those
of Satish et al. were used (62). These involved using Boc-LM-CMAC, a non-
fluorescent calpain substrate which, when cleaved by calpain, generates a fluo-
rescent cleavage product that can be detected by fluorescence microscopy.
Briefly, BE cells were pretreated with inhibitors (30 min) or siRNA prior to the
addition of the calpain substrate Boc-LM-CMAC. Boc-LM-CMAC (50 �m) was
then added to the cells for 30 min prior to trypsinization to allow for cellular
uptake of the substrate. The cells were then plated on Matrigel and allowed to
elongate for 4 h. After this, the cells were fixed and the presence of the fluores-
cent cleavage product of the Boc-LM-CMAC was assessed by fluorescence mi-
croscopy (Nikon microscope and Simple PCI software). Several images were
taken for each treatment, and the amount of fluorescence in each cell was
quantified using densitometry (Image J software) to establish the relative calpain
activity.

RESULTS

PLC�1 complexes with GIT1 and �-Pix. We have previously
shown that in BE cells, PLC�1 becomes phosphorylated on the
critical tyrosine residue Y738 upon the engagement of �1
integrins by components of basement membrane matrices
(Matrigel). The involvement of Src kinase in PLC� phos-
phorylation was further documented by using Src kinase inhib-
itors, by the ability of this kinase to directly phosphorylate the
PLC�1 Y738 residue, and by the presence of Src kinase in
complexes with PLC�1 isolated by immunoprecipitation of
PLC�1 from motile BE cells (25). We have also detected the
adapter protein GIT1 in these complexes (25). Since in some
cellular systems, GIT1 forms complexes with the Rac/Cdc42
GEF �-Pix (38, 49, 76), we extended our studies to include

several cell types (BE [colorectal], A431 [squamous cell carci-
noma], and PLC�1� and PLC�1� MEFs) and monitored the
endogenous expression and coimmunoprecipitation of PLC�1,
�-Pix, and GIT1 in these cell types (Fig. 1).

BE and A431 cells and PLC�1� MEFs were found to con-
tain appreciable levels of PLC�1, �-Pix, and GIT1, whereas
PLC�1� MEFs, as expected, only contained GIT1 and �-Pix
(Fig. 1A). Immunoprecipitation experiments revealed that
GIT1, �-Pix, and PLC�1 coimmunoprecipitate from BE and
A431 cells (Fig. 1B, top panels). While immunoprecipitation

FIG. 2. Tiam1, p130CAS, and Crk1/2 do not interact with PLC�1
or affect the elongation of BE cells on Matrigel. (A) PLC�1 does not
complex with Tiam1, p130CAS, or Crk1/2. BE cells were extracted
from Matrigel 4 h after plating, lysed, and subjected to immunopre-
cipitation with PLC�1 antibody. Both the supernatants (SN) and im-
munoprecipitates (IP) were subjected to Western blotting using
PLC�1, GIT1, Tiam1, p130CAS, and Crk1/2 antibodies. (B) siRNA
treatment against Tiam1, p130CAS, or Crk1/2 does not inhibit cell
spreading. BE cells were pretreated with the indicated siRNA probes
(scrambled [Scr] and against PLC�1, Tiam1, p130CAS or Crk1/2) and
plated on Matrigel for 4 h. Representative Western blots for Tiam1,
p130CAS, and Crk1/2 siRNA treatments are shown in upper panels.
The level of elongation was analyzed by phase-contrast microscopy
(lower panels). Cells were also stained with phalloidin and analyzed for
individual cell spreading (insert panels). (C) Graphical representation
of the effects of PLC�1, Tiam1, p130CAS, and Crk1/2 siRNAs (as
described for panel B) on BE cell elongation on Matrigel. The number
of elongated cells (per 100 cells) was determined and expressed as a
percentage of the total cell number (n 
 4 fields analyzed). Error bars
show standard deviations.
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FIG. 3. Importance of PLC�1SA domain in interactions with GIT1 and �-Pix. (A) Domain organization of PLC�1, showing the SA region (aa
484 to 936) and positions of mutations in SH2 domains (*) in PLC�1. Nm, R586K mutation in N-terminal SH2 domain; Cm, R694K mutation in
C-terminal SH2; NCm, R586K and R694K mutations. (B) Cellular �-Pix and GIT1 interact with the �SA domain of PLC�1. A431 or BE cells were
lysed, and the cell extract incubated with GST-PLC�1SA or GST alone bound to glutathione beads. The resulting pull-down complex was analyzed
by Western blotting; Src present in the initial total cell lysate (TLC) was included as a loading control. (C) Purified GIT1 and �-Pix weakly interact
with the �SA domain of PLC�1. The purified �SA domain of PLC�1 containing a histidine tag was incubated with either GST-GIT1 (upper right
panel) or GST–�-Pix (upper left panel) or GST alone bound to glutathione beads (upper panels). Sf9 lysates containing GIT1, �-Pix, or GIT1/�-Pix
were incubated with GST-�1SA bound to glutathione beads (lower panels). The resulting pull-down complexes were analyzed by Western blotting
using the antibodies indicated. (D) Cellular tyrosine phosphorylation is important for interactions between PLC�1 and GIT1/�-Pix. BE cells
pretreated with genistein (50 �M) were plated on Matrigel for 4 h and lysed, and the cell extract incubated with GST-�1SA. The resulting
pull-down complex was analyzed by Western blotting (left panel). BE cells pretreated (1 h) with genistein (50 �M) or �1 integrin-blocking antibody
(anti-�1, 10 �g/ml), were plated on Matrigel for 4 h, lysed, and subjected to immunoprecipitation (IP) using anti-PLC�1 antibody. Subsequent
Western blotting of these samples was performed using PLC�1, �-Pix, or GIT1 antibodies as indicated; Western blots for GAPDH levels in total
cell lysate (TCL) were used as a loading control (right panel). (E) SH2 domains of PLC�1 are important for PLC�1 interactions with GIT1/�-Pix.
BE cells transfected with HA-tagged full-length PLC�1 (�1) or full-length PLC�1 with point mutations in either N-SH2 (Nm), C-SH2 (Cm) or N-
and C-SH2 (NCm) were extracted from Matrigel 4 h after plating, lysed, and subjected to IP with HA antibody. Subsequent Western blotting of
these samples was performed using antibodies to PLC�1, �-Pix, or GIT1 or, as a loading control in TCL, using antibodies to Src. (F) The
interaction of GIT1 and �-Pix with PLC�1SA facilitates the phosphorylation of PLC�1SA on the activating tyrosine 783 site. BE cells treated with
siRNAs (scrambled [Scr], GIT1, �-Pix, or Rac1 [for effectiveness of GIT1 and �-Pix siRNAs, see Fig. 1C, and for Rac1 siRNA, see Fig. 6A]) were
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with PLC�1 pulled down a substantial quantity of not only
PLC�1, but also �-Pix and GIT1, immunoprecipitation with
GIT1 or �-Pix antibodies only pulled down a fraction of the
total cellular PLC�1. In PLC�1� MEFs, immunoprecipitation
with PLC�1 or GIT1 antibodies again showed PLC�1, �-Pix,
and GIT1 to coimmunoprecipitate, whereas in PLC�1� cells,
the PLC�1 antibody did not nonspecifically pull down any of
the components; in PLC�1� MEFs, GIT1 antibody pulled
down GIT1 and �-Pix (Fig. 1B, bottom panels).

Based on observations from PLC�1� MEFs that �-Pix and
GIT1 are tightly complexed irrespective of the presence of
PLC�1 (Fig. 1B, bottom panels), we analyzed further the in-
teraction between PLC�1 and the �-Pix/GIT1 complex in BE
cells. siRNA treatments were used to deplete the cells of
PLC�1, GIT1, or �-Pix, respectively (Fig. 1C, left panel), and
the interactions analyzed postdepletion by immunoprecipita-
tion and Western blotting (Fig. 1C, right panel). Depletion of
PLC�1 prevented the pull down of GIT1 or �-Pix by the
PLC�1 antibody. However, siRNA depletion of either �-Pix or
GIT1 prevented any coimmunoprecipitation of both GIT1 and
�-Pix by PLC�1 (Fig. 1C, right panel). This suggests that both
�-Pix and GIT1 are necessary for the complete interaction of
the �-Pix/GIT1 complex with PLC�1 and supports the notion
of a tight, semipermanent �-Pix/GIT1 complex in cells.

We also investigated the possibility that some other proteins
previously suggested to interact and form complexes with
PLC�, namely, Tiam1 (15), p130CAS, and its binding partner
Crk1/2 (44, 67), were present in our PLC�1/GIT1/�-Pix com-
plex in BE cells following plating on Matrigel. Immunoprecipi-
tation with PLC�1 antibody did not pull down appreciable
levels of Tiam1, p130CAS, or Crk1/2 (compared to the levels
of GIT1 and �-Pix which coimmunoprecipitate with PLC�1),
although readily detectable levels of Tiam1, P130CAS, and
Crk1/2 were present in the cells (Fig. 2A). This suggests that in
cell spreading on Matrigel, the system analyzed here, the main
binding partners for PLC�1 are GIT1 and �-Pix.

Our previous studies that established the requirement for
PLC�1 for cell spreading focused on early changes in BE cell
morphology. In addition to early morphological differences
(marked by the presence of cell protrusions), the wild-type BE
cells subsequently undergo marked elongation and network
formation on Matrigel. This helps to easily distinguish the
wild-type cells from PLC�1-deficient cells, which remain
rounded, with few cell-cell contacts (25). We used the same
conditions to analyze BE cells after the depletion of �-Pix or
GIT1 using siRNA. The depletion of either GIT1 or �-Pix
yielded an inhibition of cell elongation similar to that seen with
PLC�1 knockdown, with the cells retaining the initial rounded-

cell phenotype (Fig. 1D and E). The inhibition of cell spread-
ing was clearly visible after 4 h (as shown in Fig. 1D and E), a
time point where control cells were clearly elongated; however,
it was also observed that the inhibited cells retained the round-
ed-cell phenotype 20 h after plating on Matrigel (24; data not
shown). We also explored the effects of depletion of the Tiam1,
p130CAS, and Crk1/2 proteins. BE cells pretreated with these
siRNAs spread normally, and these data further support the
hypothesis that in this system, these proteins are not linked to
PLC�1 and its role in establishing the elongated-cell pheno-
type (Fig. 2B and C).

Association of PLC�1 with GIT1/�-Pix complexes is essen-
tial for its function in cell spreading. All three components,
�-Pix, GIT1, and PLC�1, are multidomain proteins that could
be involved in a number of protein-protein interactions (21, 54,
60). PLC�SA contains two SH2 domains, an SH3 domain, and
an internal PH domain (Fig. 3A) and has been implicated in
various protein-protein interactions (55). To analyze the im-
portance of �SA in our system, we first demonstrated that
purified, immobilized �SA protein (amino acids [aa] 484 to
936) can pull down considerable amounts of the �-Pix and GIT
1 present in the cell lysate of BE cells plated on matrigel (Fig.
3B). However, interactions between purified �-Pix and �SA
could not be detected, while the binding of purified GIT1 to
�SA was very weak; interestingly, coexpression of �-Pix and
GIT1 in SF9 cells to some degree increased the binding of both
to �SA protein when compared to the binding of each protein
expressed individually in the same system (Fig. 3C). Previous
attempts to express GIT1 and �-Pix suggested that protein
stability and the ability to form GIT1/�-Pix complexes were
required for their coexpression (49). This could also be one of
the reasons for our observations, but could not fully explain the
low levels of complex formation with �SA even when �-Pix and
GIT1 are coexpressed. Another important factor for GIT1 and
�-Pix binding to �SA could be the need for further posttrans-
lational modifications that are difficult to reproduce correctly
in insect cells. Consistent with this possibility, our data show a
marked reduction in complex formation in BE cells in the
presence of genistein, an inhibitor of tyrosine phosphorylation
(Fig. 3D, right panel). Furthermore, the association of GIT1
and �-Pix present in cell lysates from genistein-treated cells
with the purified, unmodified �SA protein was greatly reduced
(Fig. 3D, left panel). It is therefore likely that tyrosine phos-
phorylation of the �-Pix/GIT1 complex contributes largely to
the interaction with �SA.

The experiments carried out with BE cells using different
PLC�1 variants further supported the requirement of �SA for
the complex formation and, more importantly, suggested that

extracted from Matrigel 4 h after plating, lysed, and subjected to IP with PLC�1 antibody. Subsequent Western blotting of these samples was
performed using either phospho-PLC�1 (pY783) or PLC�1 antibodies as indicated; Western blots for Src levels were used as a loading control (left
panels). BE cells, transfected with GFP alone (GFP), GFP-tagged full-length PLC�1 (�1), or GFP-tagged PLC�1SA (�1SA), were extracted from
Matrigel 4 h after plating, lysed, and subjected to IP with GFP antibody, and the Western blots analyzed using GIT1, �-Pix (middle panels), or
pY783 (right panel) antibodies. (G) Graphical representation of the effects of PLC�1 constructs on BE cell elongation and the ability of PLC�1
constructs to rescue cells treated with PLC�1 siRNA. The numbers of elongating BE cells on Matrigel after transfection with GFP (GFP) and
GFP-tagged PLC�1 constructs (�1 and �1SA) were analyzed in untreated cells (bars 1 to 3). The numbers of elongating BE cells on Matrigel after
siRNA treatments and subsequent transfection with the indicated PLC�1 constructs are shown in bar 4 (Scr, scrambled siRNA) and bars 5 to 11
(PLC�1 siRNA). The number of elongated cells was determined as described in Materials and Methods and expressed as a percentage of the total
cell number selected for the analysis. Error bars show standard deviations.
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this complex formation is critical for the activation of PLC�1
and its role in cell elongation. As shown in Fig. 3E, we found
that point mutations in the SH2 domains (known to abolish
protein-protein interactions (8, 23) introduced into the full-
length PLC�1 prevented the association of PLC�1 with the
GIT1/�-Pix complex in transfected BE cells. This reduction
was even more striking than that observed with the treatment
with genistein. Furthermore, the association of PLC�1 with the
GIT1/�-Pix complex was also found to be necessary for the
phosphorylation of PLC�1 on the tyrosine 783 site associated
with PLC�1 activation. On Matrigel, BE cells depleted of ei-

ther GIT1 or �-Pix were found to have a dramatically reduced
phosphorylation of PLC�1 Y783 (Fig. 3F, left panel). In trans-
fected cells, both PLC�1 and �1SA are incorporated in GIT1/
�-Pix complexes, providing further evidence that �1SA is the
main region of PLC�1 involved in the association with the
GIT1- and �-Pix-containing complexes (Fig. 3F, middle panel).
We have also established that, like the full-length PLC�1,
isolated �1SA becomes phosphorylated on the critical Y783
(Fig. 3F, right panel).

Subsequently, we tested different PLC�1 constructs for the
ability to restore the elongated morphology of PLC�1-de-

FIG. 4. Importance of GIT1 and �-Pix in forming complexes with PLC�1. (A) Interaction between PLC�1 and �-Pix in BE cells. Domain
organization of �-Pix: the wild type (WT) and various deletion variants (�SH3, �PH, and �DH) of �-Pix are shown (upper panel). The expression
of the indicated GFP-tagged �-Pix deletion variants was analyzed by Western blotting using anti-GFP antibody (middle panel). Results of
immunoprecipitation of BE cells transfected with �-Pix constructs and subsequent Western blotting are shown in lower panels; immunoprecipi-
tation (IP) was either with GFP antibody (lower left panel) or PLC�1 antibody (lower right panel). Src (present in total cell lysates [TCL]) was
included as a loading control in both cases. (B) Graphical representation of the ability of GFP-tagged GIT1 or �-Pix variants to rescue the
elongation on Matrigel of BE cells treated with either GIT1 or �-Pix siRNA. The following GFP-tagged GIT1 variants were used in cells treated
with GIT1 siRNA (bars 2 to 5): GFP alone (GFP), wild-type GIT1 (GIT), GIT1 GAP region (aa 1 to 374) (GAP), and GIT1 SP region (aa 486
to 645) (SP). �-Pix siRNA-treated cells (bars 6 to 10) were transfected with GFP only or the following GFP-tagged variants of �-Pix: wild-type �-Pix
(Pix), the SH3 domain deletion variant (�SH3), the PH domain deletion variant (�PH), and the DH domain deletion variant (�DH). The number
of elongated cells was determined as described in Materials and Methods and expressed as a percentage of the total cell number selected for the
analysis. Error bars show standard deviations. Scr, scrambled siRNA.
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pleted cells, demonstrating that for PLC�1 variants incorpo-
rating mutations in SH2 domains, this ability correlates with
the ability to form complexes with GIT1/�-Pix (Fig. 3G). In-
terestingly, �1SA (which does not contain the catalytic activity
of PLC�1) acted as a dominant negative construct in respect to
cell elongation (Fig. 3G) and, despite the ability to be incor-
porated in the complex and phosphorylated (Fig. 3F, middle
and right panels), did not restore the elongated morphology in

BE cells depleted of endogenous PLC�1 (Fig. 3G). This is
consistent with previous findings and the data shown here
using catalytically inactive variants and pharmacological inhib-
itors of PLC activity (25) (see Fig. 9A, lower panel).

The role of �-Pix in the GIT1/�-Pix complex interaction with
PLC�1 was further investigated in transfected cells by using a
series of �-Pix domain deletion mutants (Fig. 4A). Immuno-
precipitation with either anti-GFP (to pull down the �-Pix

FIG. 5. PLC�1, GIT1, and �-Pix are all required for cell spreading on Matrigel. (A) PLC�1, �-Pix, and GIT1 siRNAs inhibit the elongation
of BE cells on Matrigel, and rescue of cell spreading is specific to restoration of expression of the siRNA’s targeted protein. BE cells pretreated
with siRNA were transfected with specific PLC�1, GIT1, or �-Pix plasmids (GFP-tagged variants that are not targeted by PLC�1, GIT1, or �-Pix
siRNA, respectively) or scrambled siRNA (Scr). Cells were stained with phalloidin, and individual cell spreading analyzed. (B) Cdc42 and Rac1,
but not RhoA, GTPases can rescue PLC�1, GIT1, or �-Pix knockout effects on cell spreading. BE cells were transfected with constitutively active
Rho family GTPases (Rac1 V12, Cdc42 L61, or RhoA V14) after prior treatment with PLC�1, GIT1, or �-Pix siRNA and plated on Matrigel. Cells
were stained with phalloidin, and individual cells analyzed by fluorescence microscopy. (C) Graphical representation of the effects of PLC�1, GIT1,
and �-Pix rescue constructs (upper panel) and constitutively active (CA) Rac1, Cdc42, and RhoA constructs (lower panel) on the elongation on
Matrigel of BE cells pretreated with either PLC�1, �-Pix, or GIT1 siRNA. For the experiments shown in the upper panel, conditions were as
described for panel A. BE cells were treated with scrambled siRNA (bar 1), PLC�1 siRNA (bars 2 to 5), GIT1 siRNA (bars 6 to 9), or �-Pix siRNA
(bars 10 to 13). The transfection was with GFP-tagged constructs of PLC�1, GIT1, or �-Pix as indicated. Lower panel shows quantitative analysis
of data using conditions as described for panel B. BE cells were treated with siRNA as described for upper panel and then transfected with
constitutively active Cdc42L61 (Cdc), Rac1V12 (Rac), or RhoAV14 (Rho) construct as indicated. In both cases, the number of elongated cells was
determined and expressed as a percentage of the total cell number selected for the analysis. Error bars show standard deviations.
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FIG. 6. Cdc42 and Rac1, but not RhoA, are essential for cell spreading on Matrigel. (A) Cdc42 or Rac1 siRNA treatment of BE cells prevents
cell elongation. BE cells pretreated with the indicated siRNA were plated on Matrigel, and cell morphology analyzed by phase-contrast microscopy
(upper panel). Cells were also labeled with phalloidin, and individual cells analyzed by fluorescence microscopy (lower panel). Western blot of BE
cells from Matrigel (right panels) shows the effectiveness of the Cdc42, Rac1, and RhoA siRNA (smart pool) probes. (B) Dominant negative (DN)
variants or inhibitors of Cdc42 or Rac1, but not RhoA, inhibit cell spreading. BE cells were treated with inhibitors of Rac (10 �M NCS23766) or
a Rho target, ROCK (10 �M Y27632), or transfected with dominant negative GTPase constructs (Rac1 N17, Cdc42 N17, or RhoA N19) and then
plated on Matrigel. Cells were stained with phalloidin, and individual cells analyzed by fluorescence microscopy. (C) Cdc42 or Rac1 can signal
downstream of PLC�1 in MEFs. PLC�� MEFs were transfected with the indicated dominant negative variants of these GTPases (upper panel).
PLC�� MEFs were transfected with plasmids encoding constitutively active forms of Rac1, Cdc42, or RhoA prior to plating on Matrigel (lower
panel). In both cases, the cells were plated on Matrigel, stained with phalloidin, and analyzed by fluorescence microscopy. (D) Graphical
representation of the effects of Rac1, Cdc42, and RhoA siRNAs, Rho family constructs, and pharmacological inhibitors on cell elongation on
Matrigel. BE cells treated with the indicated siRNA, dominant negative construct, or inhibitor using conditions as described for panels

5798 JONES AND KATAN MOL. CELL. BIOL.



constructs) or PLC�1 revealed that the SH3 domain of �-Pix
(aa 1 to 60) could facilitate, directly or indirectly, the interac-
tion of �-Pix with PLC�1 (Fig. 4A). The SH3 domain of �-Pix
has previously been suggested to bind other proteins (41, 65),
so it could be that binding of other factors to this region
stabilizes the complex or facilitates the binding of PLC�1.
Deletion of the SH3 domain of �-Pix did not appear to affect
its binding to GIT1, which is reported to associate with the
C-terminal regions of �-Pix (aa 416 to 646) (49, 76). The DH
and PH domains did not appear to be required in the interac-
tion of �-Pix with PLC�1. Interestingly, in a functional assay, a
�-Pix mutant with the DH domain deleted was not able to
restore the elongated phenotype in �-Pix-depleted cells (Fig.
4B), suggesting that other properties of this domain (such as its
GEF activity [7]) could be important for the function of �-Pix
in promoting cell elongation.

In similar functional studies of cell elongation, only full-
length GIT1 (aa 1 to 770), but not variants expressing just the
GAP domain (aa 1 to 374) or the SP region (aa 486 to 645) of
GIT1, was able to rescue the elongation of BE cells depleted of
GIT1, again emphasizing the need for functional components
of the PLC�1/GIT1/�-Pix complex (Fig. 4B).

Complexes containing GIT1, �-Pix, and PLC�1 are re-
quired for activation of Cdc42 and Rac1. To further analyze
the functional relationships among PLC�1, GIT1, and �-Pix,
we performed rescue experiments with different knockdown
BE cells (Fig. 5A and C, upper panel). The addition of a
PLC�1 expression vector was unable to rescue cells from either
a GIT1 or �-Pix siRNA-induced rounded phenotype, although
it could rescue PLC�1 siRNA depletion. Similarly, the addition
of a GIT1 expression vector could only rescue the elongation
of cells depleted of GIT1, but not that of cells depleted of
PLC�1 or �-Pix. The addition of a �-Pix expression vector had
no effect on the rounded-cell phenotype in cells with PLC�1 or
GIT1 depleted, but could restore elongation in cells treated
with �-Pix siRNA. This suggests that all three components
(PLC�1, GIT1, and �-Pix) of the complex are necessary and
that overexpression of individual components is not sufficient
to replace deficiencies in another component of the PLC�1/
GIT1/�-Pix complex.

Numerous studies have implicated Rho family GTPases as
being critical in integrin signaling leading to early actin remod-
eling, cell spreading, and motility (6, 11, 13, 20, 46, 52). There-
fore, we tested the abilities of the constitutively active variants
of Rac1, Cdc42, and RhoA to rescue BE cells depleted of
PLC�1, GIT1, or �-Pix by the specific siRNA (Fig. 5B and C,
lower panel). In these experiments, active Rac1 and Cdc42
were able to rescue the cell elongation phenotype in cells
depleted of PLC�1, GIT1, or �-Pix. This shows that Cdc42 and
Rac1 signaling are sufficient to establish BE cell spreading on

Matrigel and suggests that the major signaling role of the
complex is to activate the Cdc42/Rac1 cascade. Active RhoA
was unable to rescue the spreading phenotype in BE cells
treated with PLC�1, GIT1, or �-Pix siRNA, emphasizing that
RhoA is not involved in the suggested signaling cascade. Es-
sentially the same conclusion was obtained when using
PLC�1� MEFs (Fig. 6C, lower panel, and D, lower panel).

In further studies of Rho family GTPases in our system, we
used a combination of established reagents to confirm their
critical role in the spreading and motility of BE cells. The use
of an siRNA strategy against RhoA, Rac1, or Cdc42 revealed
that, while depletion of either Cdc42 or Rac1 abolished the cell
elongation phenotype, depletion of RhoA had no effect on
spreading and the cells elongated normally (Fig. 6A and D,
upper panel). Further analysis revealed that dominant negative
variants of Rac1 or Cdc42 or chemical inhibitors in either BE
(Fig. 6B and D, upper panel) cells or PLC�1� MEFs (Fig. 6C,
upper panel, and D, lower panel) yielded the rounded-cell
phenotype indicative of an inhibition of cell spreading.

Since we confirmed that Cdc42 and Rac1 were important in
establishing cell spreading, we decided to further investigate
signaling to these GTPases. The RBD domain of p21PAK (10)
was used to pull down active (GTP bound) Rac1 from cells on
Matrigel. Similarly, the CRIB domain of WASP (30) was used
to pull down the active form of Cdc42. A time course for Cdc42
activation after plating on Matrigel was performed (Fig. 7A),
and this established 4 h to be the optimum time point, as Cdc42
activity was high at this point and correlated with the observed
cell-spreading phenotype. Initial studies with BE cells treated
with U73122 or the comparison of PLC�1� with PLC�1�

MEFs revealed that PLC�1 activity is required to generate
active Rac1 and Cdc42 (Fig. 7B). This correlated with the
cell-spreading profiles of these cells/treatments on Matrigel
and suggested that PLC�1 may lie upstream of Rac1 and
Cdc42. In further experiments, siRNA against PLC�1, GIT1,
or �-Pix was found to inhibit the activation of Rac1, as mon-
itored by a PAK pull-down assay (Fig. 8A). The siRNA probes
against PLC�1, GIT1, and �-Pix were also found to inhibit
Cdc42 activation (Fig. 9B).

In initial experiments to establish an assay for the detection
of activated Rac and Cdc42 in our system, we used control
conditions where dominant negative variants of Rho GTPases
were introduced into cells (Fig. 7C). The dominant negative
RhoA variant had no effect on either Cdc42 or Rac1 activity,
and the Rac1 mutant only affected Rac1 activity. However, the
Cdc42 mutant not only inhibited Cdc42 activity, but also in-
hibited Rac1 activity to a degree, suggesting that Cdc42 may lie
upstream of Rac1 and play a role, along with other compo-
nents, in activating Rac1 (Fig. 7C, right panel). Use of the

plated on Matrigel, and the number of elongating cells determined 4 h after plating (upper panel). For siRNA treatment (bars 1 to 4), the following
probes were used: scrambled siRNA (Scr), Cdc42 siRNA (Cdc), Rac1 siRNA (Rac), or RhoA siRNA (Rho). BE cells were also transfected with
dominant negative construct (bars 6 to 9) Cdc42 N17 (Cdc), Rac1 N17 (Rac), or RhoAN19 (Rho) or treated with pharmacological inhibitor (bars
9 and 10) using 10 �M Rac inhibitor NCS23766 (�) and 10 �M Rock inhibitor Y27632 (��). Conditions for quantitative analysis of MEF elongation
(lower panel) were as described for panel C. Cells transfected with the indicated dominant negative (PLC�� MEFs, bars 2 to 4) or constitutively
active (CA) (PLC�� MEFs, bars 5 to 8) constructs were plated on Matrigel and the number of elongating cells determined 4 h after plating.
Dominant negative constructs, bars 2 to 4: Cdc42 N17 (Cdc), Rac1 N17 (Rac), and RhoA N19 (Rho). Constitutively active constructs, bars 6 to
8: Cdc42 L61 (Cdc), Rac1 V12 (Rac), and RhoA V14 (Rho).
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siRNAs against Rac1, Cdc42, and RhoA further supported
these observations (Fig. 8A and B).

Calpains are involved downstream of the PLC�1 complex in
signaling to Cdc42/Rac. In some cellular systems, the action of
calcium-activated proteases and calpains is required for the
activation of Cdc42 and Rac (3, 32, 51, 59, 62). Calpains have
also been previously implicated in cell motility events on Ma-
trigel (5). Since we identified PLC�1-dependent increases in
intracellular calcium as being critical for cell elongation, rather
than the activation of protein kinase C (25), we tested whether
the increase in calcium concentration generated by PLC�1
could contribute to Cdc42 and Rac1 activation through the

action of calpains (Fig. 9A, upper panel). Chemical inhibition
of calpains or chelation of intracellular calcium dramatically
inhibited the activation of Cdc42. Chemical inhibition of cal-
pains was also found to inhibit BE cell spreading (Fig. 9A,
lower panel). This suggests that calcium release is important in
Cdc42/Rac1 activation and that calcium-regulated calpains
could have a role in the activation of Cdc42/Rac1 and in es-
tablishing the cell elongation phenotype. The activation of
calpains in the cell-spreading phenotype was then investigated
by using a fluorescence-linked calpain substrate (62). Calpains
were activated in elongating BE cells on Matrigel (Fig. 9B and
C), and siRNA depletion of PLC�1, GIT1, or �-Pix dramati-

FIG. 7. Requirements for activation of Cdc42 and Rac1. (A) Time course for Cdc42 activation on Matrigel. Serum-starved (24 h) BE cells were
plated on Matrigel for the times shown (pre: preplating). Cell extracts were then analyzed in the N-WASP RBD pull down (PD) to isolate active
Cdc42 and processed as described for panel B. Results from several experiments were analyzed, and the results expressed graphically as relative
Cdc42 activity. A representative Western blot is also shown. TCL, total cell lysates. (B) BE cells, control and treated with U73122 (2 �M) (U731),
or MEFs (PLC�� and PLC��) were plated on Matrigel for 4 h. The cell extracts were subsequently analyzed by PAK RBD pull-down assay to
isolate active Rac1 (left panel) or subjected to N-WASP RBD pull down to isolate active Cdc42 (right panel). Western blots using anti-Rac1 and
anti-Cdc42 antibodies were performed on the pull-down precipitates and on total cell lysates to assess both the amount of GTP-bound Rac1 or
Cdc42 (in pull downs) and total Rac1 or Cdc42 (in total cell lysates). The samples of total cell lysates were also subjected to Western blotting using
anti-Src antibody to assess total protein levels (loading control). All blots were quantified by densitometry, and the Cdc42 or Rac1 activity
calculated based on the ratios of active Rac1 or Cdc42 to total Rac1 or Cdc42 when corrected for protein loading. Results from several experiments
were analyzed and were expressed graphically as a percentage of the Cdc42 or Rac1 activity in control, untreated BE cells (n 
 4 experiments).
Representative Western blots are also shown. (C) Control BE cells (Con) and BE cells transfected with the indicated constructs encoding dominant
negative Rho family GTPases (Rac1 N17, Cdc42 N17, and RhoA N19) were plated on Matrigel for 4 h, and GTPase activity assessed by pull-down
assays. Rac1 activity (left panel) and Cdc42 activity (right panel) were analyzed and are presented as described for panel B. Error bars show
standard deviations.
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cally reduced calpain activity. The depletion of Cdc42 or Rac1
by siRNA or chemical inhibition of Rac1 activity, while pre-
venting cell spreading, did not affect calpain activity, support-
ing the notion that calpain activity lies upstream of Cdc42 and
Rac1 but downstream of the PLC�1 complex (Fig. 9B and C).
The use of chemical inhibitors of the PLC�1 pathways previ-
ously implicated in cell spreading on Matrigel (25) also sug-
gested a requirement for PLC�1 signaling upstream of calpain
signaling (Fig. 9B and C, lower panel). The depletion of RhoA
by siRNA or chemical inhibition of ROCK was found not to
affect calpain activity.

We then looked at possible calpain substrates, which could
have a role to play in calpain signaling to Cdc42/Rac1. The
calpain-dependent cleavage of the cytoskeleton-linked protein

spectrin (fodrin) to yield an active 150-kDa product has pre-
viously been implicated upstream of Rac1 activation (3). In our
cell system, spectrin was cleaved in a calpain-dependent man-
ner in BE cells spreading on Matrigel (Fig. 9D, upper left
panel). Spectrin cleavage was also greatly reduced in cells
where PLC�1 was either depleted by siRNA or inhibited by
U73122 (Fig. 9D, upper left panel). This implicates the cleav-
age of spectrin as one route by which the PLC�1 complex may
utilize calpain activation to facilitate the activation of Cdc42
and Rac1.

The cytoskeleton-linked protein filamin was also found to be
cleaved in BE cells plated on Matrigel; however, the inhibition
of calpain or PLC�1 activity did not prevent this cleavage,
suggesting that filamin cleavage is not important in our system
(Fig. 9D, right panel). The calpain cleavage of RhoA to yield
a dominant negative fragment of RhoA has also been sug-
gested to be an important motility event in some cell types
(31). In BE cells plated on Matrigel, we were unable to detect
any RhoA cleavage products. This suggests that the inhibition
of RhoA, which could facilitate Cdc42- and Rac1-mediated
responses, is not part of the regulatory mechanism in this
cellular system. As both calcium and calpains have many down-
stream targets, it is possible that, in addition to the links de-
scribed above, their other effects that are related to or inde-
pendent of Cdc42/Rac1 activation could be involved in the cell
spreading observed in this cellular system.

DISCUSSION

A number of recent observations suggest a critical involve-
ment of members of the PLC� family in several aspects of
motility regulation, including chemotaxis triggered by growth
factor receptors and cell spreading and movement regulated by
the engagement of integrins by the components of the extra-
cellular matrix (25, 27, 72). However, the underlying molecular
mechanisms and signaling links with the known regulators of
cell motility have not been clarified. Here we show that in BE
cells plated on a basement membrane-type matrix, the function
of PLC�1 in cell spreading and motility requires the associa-
tion of PLC�1 with �-Pix/GIT1-containing complexes, leading
to the activation of the Rho family GTPases Cdc42 and Rac1.
The type of cell elongation observed here is similar to cell
spreading and motility phenotypes we previously described for
several cell lines (BE, DU145, and HUVEC) (25) and to the
well-characterized elongated motility (61).

Our data (Fig. 1) suggest that the association of endogenous
PLC�1 with the �-Pix and GIT1 proteins requires both com-
ponents, as we found that siRNA depletion of either �-Pix or
GIT1 abolishes interaction with PLC�1. This supports a model
where GIT1 and �-Pix form a tight multimeric complex to
which other proteins can bind (49). It is known that the �-Pix
and GIT1 proteins can homodimerize and that subsequent
complexes assembled in cells by �-Pix and GIT1 interactions
are likely to be very large (1 to 2 MDa) (49). The other
components often present in GIT1/�-Pix complexes, depend-
ing on cellular localization, are PAK (36, 41) and paxillin (38,
67). Several other signaling proteins linked to this complex
have also been identified, including Rac1/Cdc42 (21, 59, 65),
Cbl (12, 14), and calpain (59). Since a large number of GIT1
and �-Pix molecules are present within this extended scaffold,

FIG. 8. PLC�1/GIT1/�-Pix signal to activate Cdc42 and Rac1.
(A) siRNA knockdown of PLC�1, GIT1, �-Pix, Cdc42, Rac1, and
RhoA in BE cells was performed as described in the Fig. 1 and 6
legends. Cells treated with siRNA were plated on Matrigel for 4 h, and
subsequently, the cell extracts subjected to PAK RBD pull-down assay
to isolate active Rac; the resulting precipitates and the total cell ex-
tracts were analyzed by Western blotting using antibodies to Rac1 and
Src, for a loading control. After quantification of selected areas on
Western blots, the data were normalized for loading and the Rac
activity expressed as the percentage of Rac activity in control, un-
treated BE cells (n 
 4 independent experiments). Representative
Western blots are also shown. (B) BE cells were processed as described
for panel A, except that N-WASP RBD was used to isolate active
Cdc42 that was visualized using anti-Cdc42 antibody. A graphical rep-
resentation of normal Cdc42 activities relative to the activity of the
control (expressed as percentages) is shown, as well as representative
Western blots. PD, pull down; TCL, total cell lysates; Scr, scrambled
siRNA. Error bars show standard deviations.
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the same domain in different GIT1 or �-Pix molecules could
recruit different binding proteins at the same time and/or mul-
tiple copies of each binding protein (49).

Our studies of the structural requirements for complex for-
mation (Fig. 3 and 4) suggest that multiple protein-protein
interactions are likely to be involved in the assembly and main-
tenance of PLC�1 within complexes based on the GIT1/�-Pix
scaffold. Our observations suggest that the �SA region of
PLC�1 provides sites for these multiple interactions; this is
consistent with the results of previous initial, separate studies
of the interactions of GIT1 and �-Pix proteins with potential
binding partners that suggest the involvement of PLC� iso-
forms (1, 19, 63). Furthermore, our studies provide the evi-
dence that the association of PLC�1 with GIT1/�-Pix com-
plexes is critical for tyrosine phosphorylation (associated with
the active state) and the function of PLC�1 in cell spreading
(Fig. 3). There are several similarities between our observa-
tions in BE cells and another cellular system where PLC�1 is a
key component of large protein complexes, namely, the acti-
vation of T cells through T-cell receptors. In T cells, intricate
multiprotein scaffolds are observed, where the LAT-Gads-
Slp76 complex creates a platform for the recruitment of mul-
tiple signaling molecules, including PLC�1, Grb2, Nck, Vav,
cCbl, and Itk (4, 48). Similar to our observations in BE cells
(Fig. 3 and 4), several protein-protein interactions, mediated
by �SA, are involved in PLC�1 recruitment into these T-cell
complexes in response to the stimulation of T-cell receptors
(4). In BE cells, PLC�1, as suggested for some other proteins
(49, 59), could be recruited and released from the �-Pix/GIT1
platform in a regulated manner triggered by integrins.

How PLC�1 recruitment to the GIT1/�-Pix complex is re-
lated to the cellular functions of the complex is a complicated
issue, since the �-Pix and GIT1 proteins could have multiple
roles (21, 60). Both positive (73, 74) and negative roles (16) for
GIT in cell motility events have been previously reported,
depending on the cell type, the stimulus employed, and isoform
preference (GIT1 or GIT2). Nevertheless, considering our ob-
served cell spreading/motility defect in cells depleted of
PLC�1, �-Pix, or GIT1 (Fig. 1 and 5), PLC�1 is likely to be
linked to the paxillin–GIT1–�-Pix–PAK module implicated in
the adhesion turnover and localized actin protrusion formation
involved in cell spreading and migration (13, 35, 45). The

function of this module is also closely linked to the Rho family
GTPases Rac and Cdc42 (59). Based on our studies using
specific-siRNA depletion and rescue experiments, pharmaco-
logical inhibitors, and constitutively active and dominant neg-
ative variants of different signaling components (Fig. 7 and 8),
the complex formation that includes GIT1/�-Pix and PLC�1
seems to be upstream and required for the activation of both
Cdc42 and Rac1. We also observed a correlation between the
involvement of these proteins in integrin signaling and the
spreading/motility phenotypes of BE cells and MEFs on base-
ment membrane matrices (Fig. 5 and 6). Our data (Fig. 7 and
8) also indicate that Cdc42 could be required for the activation
of Rac1, as observed in some other cellular systems (6, 52, 61).

It is possible that several signaling events could provide a
link between complexes that include �-Pix/GIT1 and PLC�1
and the activation of Cdc42 and Rac1. Although �-Pix belongs
to a family of Rho GEFs characterized by the presence of the
DH domain, there are reports that Pix proteins could lead to
the activation of Cdc42 and Rac1 by both GEF activity-depen-
dent and -independent events (59). The evidence that �-Pix
acts as a Rho family GEF is based on several observations (2,
7, 12). Most notably, in the case of Rac1, direct binding to
�-Pix and recruitment to the plasma membrane and focal ad-
hesions at the leading edge were proposed and shown to have
a role in cell spreading; furthermore, in the same system, �-Pix
was shown to be able to act as a GEF to bound Rac1 (65). In
our system, a deletion mutant of �-Pix lacking the GEF activ-
ity-containing DH domain was unable to rescue the spreading
of cells depleted of endogenous �-Pix (Fig. 4C), suggesting that
the GEF activity of �-Pix may be important in cell spreading
events. However, we cannot completely exclude the possibility
that �-Pix has primarily a scaffolding role or that, in addition,
other GEFs are involved and required for the activation of
either Cdc42 or Rac1.

Another signaling link between complexes that include
�-Pix/GIT1 and PLC�1 and the activation of Cdc42 and Rac1
could be provided by PLC�1-dependent calcium release. Our
previous observations have suggested a key role for the cata-
lytic activity of PLC�1 and, in particular, increases in intracel-
lular calcium in cell spreading on basement membranes (25).
Although there are numerous potential downstream targets of
calcium, the data presented here (Fig. 9) suggest that calcium-

FIG. 9. PLC�1 signaling pathways utilize calpain activity as one route by which they signal to Cdc42/Rac1. (A) Calpain activity and calcium facilitate
Cdc42 activation. Cells were plated on Matrigel and either left untreated (Con) or incubated for 4 h in the presence of 2 �M PLC inhibitor U73122
(U73122), 10 �M calcium chelator BAPTA-AM (BAPTA), or 75 �g/ml calpain inhibitor calpeptin (Calp). BE cells were either analyzed for active Cdc42
(upper panel) or fixed, stained with phalloidin, and visualized by fluorescence microscopy (lower panel). (B) On Matrigel, the PLC�1/GIT1/�-Pix complex
signals to calpains. BE cells pretreated with calpeptin (75 �g/ml) (upper panel), siRNA (middle panel), or inhibitor (anti-�1 integrin antibody [anti-�1;
10 �g/ml], Src inhibitor [PP2; 10 �M], U73122 [2 �M], BAPTA [10 �M], Rac inhibitor [NCS23766 10 �M], or ROCK inhibitor [Y27632; 10 �M]) (lower
panel) were incubated with the calpain substrate Boc-LM-CMAC (50 �M) prior to plating on Matrigel for 4 h. Cells were fixed and visualized by
fluorescence microscopy for the presence of the fluorescent cleavage product that signifies calpain activity. For control and calpeptin treatments in top
panels, representative fluorescent images (top left) are shown along with bright field images (top right) to show typical fields of view. Scram, scrambled
siRNA. (C) Graphical representation of quantification of fluorescence in images from calpain activity assay. From the images from several independent
experiments, individual cells were selected and fluorescence intensity quantified (Image-J). Calpain activity is expressed as a percentage of activity in the
control (Con) (n 
 60 cells analyzed). BE cells pretreated with calpain inhibitor, Calpeptin, or siRNA (upper panel); BE cells pretreated with PLC�1
pathway inhibitor (lower panel). Scr, scrambled siRNA. (D) Western blot analysis of possible calpain substrates. BE cells pretreated with calpeptin (75
�g/ml), siRNA (scrambled [Scr] or PLC�1), or U73122 (2 �M) were plated on Matrigel for 4 h, and the cells then extracted, processed for Western
blotting, and probed with the antibodies to spectrin (fodrin) (full length, 240 kDa; cleavage product, 150 kDa) (upper left panel), filamin (full length, 280
kDa; cleavage product, 90 kDa) (upper right panel), and RhoA (full length, 23 kDa; cleavage product, 20 kDa) (lower right panel). Error bars show
standard deviations. Con, control.
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activated proteases, calpains, could be among the key media-
tors. This is consistent with several previous observations, in-
cluding findings that members of the PLC family can regulate
calpain activity (62), that calpains associate with Pix proteins
(59), and that protein cleavage by calpains is, in some cellular
systems, an early event required for Rac activation, although
the relevant substrate and mechanism are not clear (3, 32, 59).
As proposed in a model depicted in Fig. 10, the role of PLC�1
in the complex could be to provide an increase in local calcium
concentrations, leading to calpain activation that acts together
with �-Pix or other GEFs to activate Rac and/or Cdc42.

In our studies, we focused on basement membrane-like ex-
tracellular matrices and linked PLC�1-dependent spreading
phenotypes to the activation of �1 integrin in several cell types
(25). However, PLC�1 may not be involved in signaling from
other integrins activated by different extracellular matrices;
one example of such integrin dependence shows that protein
kinase C� is required for �5�1 but not �4�1 integrin signaling
(40). Nevertheless, the data obtained by using the cellular
systems described in this study underline the importance of
dynamic multiprotein complexes in signaling from adhesion
receptors towards a cell spreading/motile phenotype and pro-
pose PLC�1 as an important component in the GIT1/�-Pix
complex which signals to Rac1/Cdc42 and facilitates integrin-
mediated cell motility events.
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