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Abstract
Phospholipase C-γ1 (PLC-γ1), a tyrosine kinase substrate, has been implicated in the pathway for
the epidermal growth factor receptor (EGFR)-induced cell migration. However, the underlying
mechanism by which PLC-γ1 mediates EGFR-induced cell migration remains elusive. In the
present study, we sought to determine whether the lipase activity of PLC-γ1 is required for EGFR-
induced cell migration. We found that overexpression of PLC-γ1 in squamous cell carcinoma
SCC4 cells markedly enhanced EGF-induced PLC-γ1 activation, intracellular calcium rise and cell
migration. This enhancement was abolished by mutational inactivation of the catalytic domain of
PLC-γ1. Inhibition of the downstream signaling processes mediated by the activity of
phospholipase C (PLC) using IP3 receptor inhibitor or intracellular calcium chelator blocked EGF-
induced cell migration. These data indicate that EGF-induced cell migration is mediated by the
lipase domain of PLC-γ1 and the subsequent IP3 generation and intracellular calcium
mobilization.
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1. Introduction
Induction of cancer cell migration is a key step in invasion and metastasis. In many types of
cancer, upregulation of active migration is stimulated by growth factor receptor signaling,
the epidermal growth factor receptor (EGFR) being the most frequently implicated [1].
However, the signaling pathways that regulate EGFR-stimulated migration still poorly
understood. Elucidation of these pathways may lead to the development of novel cancer
therapeutic targets.
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Several pathways are known to be activated by EGFR. These pathways include mitogen-
activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K), Signal Transducer
and Activator of Transcription (STAT) and phospholipase C-γ1 (PLC-γ1) [1]. PLC-γ1, an
isozyme of the phosphoinositide-specific phospholipase C (PLC) family, is a multi-domain
protein that contains two pleckstrin homology (PH) domains, two Src homology 2 (SH2)
domains, one Src homology 3 (SH3) domain and two catalytic domains [2]. In response to
EGFR ligands such as epidermal growth factor (EGF) and transforming growth factor α, the
SH2 domain of PLC-γ1 binds to EGFR. This binding allows EGFR to phosphorylate PLC-
γ1 at its tyrosine residues and activates the lipase. The activated PLC-γ1 hydrolyzes
phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol 1,4,5-triphosphate (IP3) and
diacylglycerol (DAG). DAG is a physiological activator of protein kinase C (PKC), and IP3
induces the calcium release from intracellular stores. The intracellular calcium rise and PKC
activation are essential for many cellular activities [2].

Overexpression of PLC-γ1 has previously been reported in invasive carcinoma tissues,
including breast cancer [3], colorectal cancer [4] and squamous cell carcinoma [5], Several
studies have demonstrated that inhibition of PLC-γ1 expression or PLC activity blocks EGF-
induced cell migration in a variety of tumor cell types [6–13]}. Although these observations
implicate a role for PLC-γ1 and the lipase activity of PLC, they do not pinpoint the role of
the activity of PLC-γ1 in EGF-induced migration because the PLC inhibitor used in these
studies does not selectively target the γ1 isoform of PLC [14,15]. In the present study, we
provide direct evidence that PLC-γ1 requires its catalytic activity to mediate EGF-induced
squamous cell carcinoma (SCC) cell migration.

2. Materials and Methods
2.1. Cell Culture

Human tongue squamous cell carcinoma SCC4 cells obtained from ATCC were grown in
the SCC medium composed of 1:1 mixture of Ham’s F12 and Dulbecco’s Modified Eagle’s
Medium with 10% fetal bovine serum. Cells were serum-starved for 24 hrs before treatment
with EGF in subsequent experiments.

2.2. DNA constructs and transfection
SCC4 cells were transiently transfected in suspension with pcDNA 3.1 containing full-
length PLC-γ1 (a gift from Dr. John Imboden, San Francisco General Hospital) or the X
domain-deleted mutant tagged with the FLAG epitope (Figure 1) using a polybrene/glycerol
method [16]. The pcDNA3.1 vector contains the neomycin (G418) resistant gene to allow
selection. The transfected cells were selected by 4-day incubation in 300 μM G418 starting 2
days after transfection to enrich transfected cells as we previously described [17,18].

2.3. Immunoblotting
The total cell lysates were isolated using radioimmunoprecipitation assay lysis buffer
containing 50 mM HEPES, pH 7.4, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, 1 mM
EDTA, and Complete Protease Inhibitor Cocktail Tablets (Roche Applied Science,
Indianapolis, IN). The protein concentration of the lysate was measured by bicinchoninic
acid protein assay kits (Thermo Fisher Scientific, Rockford, IL). Equal amounts of protein
were electrophoresed by the reducing SDS-polyacrylamide gel electrophoresis and
electroblotted onto polyvinylidene fluoride microporous membranes (Immobilon-P, 0.45
μm; Millipore Billerica, MA). After incubation in blocking buffer (100 mM Tris base, 150
mM NaCl, 5% nonfat milk, and 0.5% Tween-20) for 1 h at room temperature, blots were
then incubated overnight at 4 °C with a monoclonal antibody against FLAG peptide at a
dilution of 1:1000 (Agilent Technologies, Santa Clara, CA).
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2.4. PLC-γ1 activity assay
PLC-γ1 activity was determined by measuring accumulation of IP3 according to the
experimental procedure described [19–22]. SCC4 cells in 150 mm dishes were washed with
PBS containing 0.1% sodium orthovanadate and 0.1% sodium fluoride, and then incubated
with 1% NP-40 containing Phosphatase Inhibitor Cocktail (Roche Applied Science,
Indianapolis, IN) and Complete Protease Inhibitor Cocktail Tablets (Roche Applied Science)
for 5 min. Cells were scraped into microfuge tubes and incubated at 4 °C on a rotator for 1 h.
Sixty micrograms of protein from the supernatant collected after centrifugation was
incubated with 2 μg polyclonal antibody against the C-terminus of PLC-γ1 (BD Biosciences,
San Jose, CA) at 4 °C overnight, and then with 20 μl UltraLink Immobilized Protein G
(Thermo Fisher Scientific) at 4 °C for 1 h. The PLC-γ1 antibody reacts with both
endogenous and transfected PLC-γ1 including the wildtype and mutants. After
centrifugation, the pellet was washed with the reaction buffer (10 mM HEPES, pH 7.0, 10
mM NaCl, 120 mM KCl, 2 mM EGTA, 0.05% deoxycholate, 5 μg/ml bovine serum albumin
and 10 μM CaCl2) and resuspended in 200 μl reaction buffer. In triplicates, 50 μl of the
suspension was incubated with sonicated vesicles containing [3H]-PIP2 (PerkinElmer Life
Science, Waltham, MA), phosphatidylcholine (Sigma Aldrich Corporation, St. Louis, MO)
and phosphatidylserine (Sigma Aldrich Corporation) in a molar ratio of 1:3:3 in 100 μl
reaction buffer. The reaction was ended by adding 200 μl of 10% trichloroacetic acid at 5
min and 200 μl of 10% bovine serum albumin. The radioactivity of supernatant after
centrifugation was determined by a scintillation counter and normalized to the protein
content in the immunoprecipitates.

2.5. Intracellular Calcium Determination
Intracellular calcium levels of SCC4 cells attached to glass coverslips were measured using
a Dual-wavelength Fluorescence Imaging System. Briefly, the cells were loaded with 1 μM
Fura-2 (Molecular Probes, Eugene, OR) in 0.1% Pluronic F127 (Molecular Probes, Eugene,
OR) in buffer A (20 mM HEPES buffer, pH 7.4, containing 120 mM sodium chloride, 5 mM
potassium chloride, 0.5 mM magnesium chloride, 1 mg/ml pyruvate, and 1 mM/ml glucose)
at room temperature for 30 min followed by a 30-min rinse in buffer A. The cells were then
alternately illuminated with 200-ms flashes of 340 and 380 nm light every 10 s, monitoring
the emission wavelength of 510 nm. The signals from 40 to 60 single cells for each
measurement were recorded. Intracellular calcium concentration was calculated based on the
ratio of emission at the two excitation wavelengths based on the formula developed by
Grynkiewicz et al [23].

2.6. Migration Assay
Cell migration assay was performed using Transwells containing polycarbonate membrane
(8–12 μM pore size, Corning Incorporated, Corning, NY). Cells were seeded onto the top of
each membrane. Medium containing 10 ng/ml EGF was added to the lower chamber. After
incubation for 16 h, non-migrated cells on the upper membrane surface were removed. The
attached migrated cells with the membrane were incubated with MTT at a concentration of 1
mg/ml for 2 h. After removing MTT solution, the remaining dark blue crystals were
dissolved in dimethyl Sulphoxide. Plates were read on a Dynatech plate reader at a
wavelength of 570 nm. The results were normalized to the total cell number. Six wells were
harvested for each treatment; three wells were used for the Transwell assay, and the
remaining three wells were used to determine the total cell number.

3. Results and Discussion
The importance of the catalytic activity of PLC-γ1 in mediating EGF-induced cell migration
was investigated by use of the antisense PLC-γ1 constructs or PLC inhibitor U-73122 in
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previous studies [6–13,24]. However, it remained undetermined that whether the catalytic
activity of PLC-γ1 plays a critical role in EGF-induced cell migration because the PLC
inhibitor used in these studies is not isoform-specific [14,15]. To pinpoint the role of the
catalytic activity of PLC-γ1 in EGF-induced SCC cell migration, we examined the effects of
overexpression of PLC-γ1 or the catalytically inactive mutant of PLC-γ1 on EGF-induced
PLC-γ1 activity, intracellular calcium rise and cell migration. The cDNA fragments for
transfection include a full-length human PLC-γ1 (FL) cDNA and a truncated mutant lacking
the X catalytic domain (ΔX). Both the cDNA inserts in the expression vector pcDNA 3.1
were tagged at the N-terminal end with a FLAG epitope which allows observations of
transfected PLC-γ1. These constructs were separately transfected into SCC4 cells (Fig. 1).
Transfected cells were then stimulated by EGF at a concentration of 50 ng/ml. The
expression of the full-length PLC-γ1 or the PLC-γ1 mutant was confirmed by
immunoblotting with anti-FLAG antibody (Fig. 1B). Both the constructs were found to
express comparable level of FLAG-PLC-γ1 (Fig. 1B). The catalytic activity of PLC-γ1 of
these constructs expressed in SCC4 cells was confirmed by PLC-γ1 activity assay. All the
constructs showed low and comparable levels of PLC-γ1 activity when transfected into
SCC4 cells under serum-starved conditions. EGF treatment for 2 minutes induced activity of
endogenous PLC-γ1 by 4-fold (Fig. 2). Overexpression of FL markedly enhanced EGF-
induced PLC-γ1 activation (Fig. 2). However, overexpression of ΔX did not enhance EGF-
induced PLC-γ1 activation, suggesting that deletion of the X-domain efficiently inactivated
the catalytic activity. These results justify the construct validity.

To determine whether the catalytic activity of PLC-γ1 is required for EGF-induced
intracellular calcium rise, SCC4 cells were transfected with the FL or ΔX constructs. The
empty vector was used as a control. Cells were then treated with G418 to enrich transfected
cells, and the response of intracellular calcium level to EGF was determined. The results
showed that EGF induced intracellular calcium rise by 4-fold in empty vector-transfected
cells. This induction was markedly enhanced by overexpression of FL. However,
overexpression of ΔX did not enhance EGF-induced intracellular calcium rise (Fig. 3).
These results suggest that PLC-γ1 requires its catalytic activity to mediate EGF-induced
intracellular calcium rise.

To address whether the catalytic activity of PLC-γ1 play a role in EGF-induced cell
migration, SCC4 cells were transfected with FL or ΔX constructs. After treatments with
G418, cells were treated with EGF for 16 h and migration was determined. The results
showed that EGF induced cell migration by 3-fold. Overexpression of FL dramatically
enhanced EGF-induced cell migration. However, overexpression of ΔX did not enhance
EGF-induced cell migration (Fig. 4). These data suggest that PLC-γ1 requires its catalytic
activity to mediate EGF-induced cell migration.

To further determine the mechanism by which the catalytic activity of PLC-γ1 mediates
EGF-induced cell migration, we examined the effects of the IP3 receptor inhibitor (2-APB)
and the intracellular calcium chelator (BAPTA/AM) on EGF-induced SCC4 cell migration.
The results showed that treatment with the IP3 receptor inhibitor or intracellular calcium
chelator blocked EGF-induced cell migration (Fig. 4). These data suggest a critical role of
the IP3 receptor and intracellular calcium in EGF-induced cell migration.

The activation of PLC-γ1 by EGF leads to hydrolysis of PIP2, thus to the generation of DAG
and IP3 which leads to the activation of PKC and the release of intracellular stores of
calcium, respectively [1]. Application of intracellular chelators of calcium has been reported
to produce a decrease in cell migration [25–31]. These observations suggest that cell
migration requires intracellular calcium. Our studies determined that EGF-induced
intracellular calcium rise and cell migration require the catalytic activity of PLC-γ1. Our
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results also indicate that EGF-induced migration requires IP3 receptor and intracellular
calcium. Thus, EGF requires the catalytic activity of PLC-γ1 to induce migration, perhaps
because of the ability of PLC-γ1 to generate second messengers, IP3, and calcium, which
stimulate migration.

In summary, this report shows EGF induces SCC4 cell migration by a mechanism that is
dependent on the catalytic activity of PLC-γ1, IP3 receptor activation and intracellular
calcium mobilization. These findings provide for the first time the direct evidence that the
catalytic activity of PLC-γ1 is required for EGF-induced cell migration.
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Abbreviations

EGF epidermal growth factor

EGFR epidermal growth factor receptor

SCC squamous cell carcinoma

PLC phospholipase C

PLC-γ1 phospholipase C-γ1

PI3K phosphoinositide 3-kinases PIP2

phosphatidylinositol 4 5-bisphosphate

PIP3 phosphatidylinositol 3,4,5-trisphosphate

IP3 inositol 1,4,5-trisphosphate

DAG diacylglycerol

PKC protein kinase C

SH2 Src homology 2, SH3, Src homology 3, PH, Pleckstrin
homology

BAPTA-AM 1,2-bis(2-aminophenoxy)ethane-N,N,N,N-tetraacetic acid
tetrakis (acetoxymethylester)
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Fig. 1.
Schematic diagram of the full-length and truncated PLC-γ1-FLAG-tagged fusion constructs.
A) The constructs of the full-length PLC-γ1 (FL) and PLC-γ1 lacking the X domain (ΔX).
(B) SCC4 cells were transfected with DNA constructs as indicated. The total cell lysates
were isolated. The level of the FLAG fusion protein was determined by immunoblotting
with anti-FLAG antibody.
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Fig. 2.
Lipase activity of the full-length and X-domain truncated PLC-γ1-FLAG-tagged fusion
constructs. SCC4 cells were transfected with the full-length (FL) and X-domain truncated
(ΔX) PLC-γ1-FLAG-tagged fusion constructs as indicated. Transfected cells were selected
by 4-day incubation in 300 μM G418, and then treated with EGF (50 ng/ml) for 2 minutes.
Cells were harvested and total cell lysates were isolated. PLC-γ1 in the total cell lysates was
immunoprecipitated using the antibody against the C-terminus of PLCγ1, and PLC-γ1
activity was assayed. The results are expressed as percentages of the values obtained with
vector-transfected/vehicle-treated cells. Data are mean ± SD of triplicates within a single
representative experiments, *P<0.01 (highly significantly different from the vehicle treated
cells). Results shown are representative of three independent experiments.
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Fig. 3.
EGF-induced intracellular calcium rise requires the catalytic activity of PLC-γ1. SCC4 cells
cultured on glass coverslips were transfected with the full-length (FL) and X-domain
truncated (ΔX) PLC-γ1-FLAG-tagged fusion constructs as indicated. Transfected cells were
selected by 4-day incubation in 300 μM G418. Intracellular calcium was measured, and the
response to EGF (50 ng/ml) was determined. The traces shown in this figure represent the
average intracellular calcium of 45–60 individual cells during recording. The results shown
are from a representative experiment repeated three times with three separate transfection
experiments.
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Fig. 4.
EGF-induced cell migration requires the catalytic activity of PLC-γ1, IP3 and intracellular
calcium. SCC4 cells were transfected with the full-length (FL) and X-domain truncated
(ΔX) PLC-γ1-FLAG-tagged fusion constructs as indicated. Transfected cells were selected
by 4-day incubation in 300 μM G418 and pretreated with 2-APB (50 μM), BAPTA-AM (10
μM) or vehicle, and then treated with EGF (50 ng/ml) for 16 h. Cell migration was
determined by Transwell assay. The results are expressed as percentages of the values
obtained with vector-transfected/vehicle-treated cells. Data are mean ± SD of triplicates
within a single representative experiment, *p<0.01 (highly significantly different from the
vehicle treated cells). Results shown are representative of three independent experiments.
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