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PLCvy1-dependent invasion and migration of cells
expressing NSCLC-associated EGFR mutants
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Abstract. The increased tyrosine kinase activity of non-small
cell lung cancer (NSCLC)-associated epidermal growth factor
receptor (EGFR) mutants results in deregulated pathways that
contribute to malignant cell survival, tumor progression and
metastasis. Previous studies investigating lung cancer-asso-
ciated EGFR have focused on the prognostic implications of
receptor kinase mutations in patients with NSCLC; however,
the role of EGFR mutations in tumor cell invasion and migra-
tion remains undetermined. The present study was designed to
investigate the role of NSCLC-associated mutant EGFR-driven
signaling pathways in cell proliferation and invasion.
Non-endogenous EGFR-expressing 293 cells stably expressing
EGFR mutants that are sensitive or resistant to Food and Drug
Administration (FDA)-approved EGFR-targeted tyrosine
kinase inhibitors (TKIs) were used in the present study. The
experiments demonstrated an increased phosphorylation of
phospholipase (PLC)yl, c-Cbl, signal transducer and activator
of transcription (Stat), extracellular regulated kinase (Erk)1/2,
Akt, She and Gabl proteins in cells expressing a mutant form,
rather than the wild-type receptor. As PLCyl is a known regu-
lator of metastatic development, mutant receptor-mediated
PLCyl activation was further evaluated. To examine the
effects of EGFR and PLCy1 phosphorylation, the metastatic
potential of cells expressing mutants was investigated using
wound healing, Transwell cell migration and invasion assays.
The inhibition of receptor phosphorylation with the Ist, 2nd
and 3rd generation TKIs, gefitinib, afatinib, osimertinib,
respectively, reduced PLCyl phosphorylation, and reduced
the invasive and migratory potential of 293 cells, confirming
PLCyl1 as one of the probable downstream effectors of mutant
EGFR signaling. However, the PLC inhibitor, U73122,
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inhibited cell migration and invasion without affecting EGFR
signaling and PLCyl phosphorylation. Notably, U73122
reduced Akt and Erk1/2 phosphorylation within 25 min of its
application; however, 100% cell viability was recorded even
after 48 h. Upon further investigation, proliferative signaling
pathways remained active at 48 h, in accordance with cell
viability. Therefore, the present study concludes that mutant
receptor-mediated PLCy1 activation may play a significant
role in the migration and invasion of NSCLC tumors; however,
its regulatory role in tumor cell proliferation warrants further
investigation and validation in lung tumor cell lines harboring
EGFR mutations.

Introduction

Non-small cell lung cancer (NSCLC) is the most common
type of cancer and accounts for 85% of the total number
of lung cancer cases. The delayed diagnosis of NSCLC
renders treatment more difficult using surgical interven-
tions and also renders the tumor insensitive to conventional
chemotherapy (1). Over the past two decades, different
expression patterns have been detected for various proteins,
including epidermal growth factor receptor (EGFR) (2,3)
and KRAS (4,5), which are associated with various types of
lung cancer. The most common altered expression pattern is
observed for EGFR, a membrane receptor tyrosine kinase
in NSCLC tumors. Since this observation was made, the
detection of EGFR mutations in patients with NSCLC has
become an important test to predict the treatment response to
the Food and Drug Administration (FDA)-approved tyrosine
kinase inhibitors (TKIs), gefitinib and erlotinib. Patients with
mutations in exon 19 and 21 of the receptor tyrosine kinase
domain tend to have an improved outcome following treatment
with these drugs (2,3,6). Nonetheless, the majority of patients
develop secondary mutation. T790M in the ATP binding site
of exon 20 confers drug resistance. Since the discovery of
T790M, this amino acid change has become a major determi-
nant of acquired resistance to first generation drugs (7-9). The
2nd generation TKIs targeting sensitive and resistant mutant
receptors have exhibited promising results; however, they are
associated with dose-limiting toxicity due to the inhibition
of wild-type (Wt) EGFR signaling. Similarly, 3rd generation
TKIs selectively and irreversibly target both resistant and
sensitive mutant receptors with no effect or limited effects on
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the Wt receptor. Osimertinib, a 3rd generation TKI, has been
approved by the FDA and the European Medicines Agency
for the treatment of patients with NSCLC with EGFR-T790M
mutations following the failure of 1st and 2nd generation
TKIs (10-12). In spite of the availability of receptor targeted
drugs and the consideration of receptor mutations for the treat-
ment prediction, the prognosis of patients with advanced stage
lung tumors remains poor.

Somatic mutations in the tyrosine kinase domain main-
tain the receptor constitutively active in a ligand-dependent
and -independent manner, promoting several proliferative
pathways which contribute to lung tumor cell proliferation
and the evasion of programmed cell death (13,14). Tumor
progression is generally associated with the invasion and
metastasis of cancer cells, which is a complex process. The
majority of studies on lung cancer-associated EGFR mutations
are limited to the importance of kinase domain mutations for
the prediction of the response of patients to TKIs. However,
the functional dependence of signaling pathways recruited in
the response to activated mutant receptor kinases for tumor
progression and its connection with the metastatic potential
of cells harboring EGFR mutations remains unclear. In the
advanced stages of cancer, tumor cells leave the site of origin
and invade various parts of the body. Most commonly, the
invasion of cancer cells to the liver, lungs, brain and bones
is the main reason for the mortality of patients with cancer.
Thus, the diagnosis and treatment of metastasis varies with the
original cancer type and is vital for treating the patient.

In the present study, the signaling pathways recruited in
response to mutant receptor kinases, and their functional role
in the invasive potential of cells expressing NSCLC associated
EGFR mutants using 293 cells was investigated. Cells stably
expressing receptor mutants sensitive to FDA-approved drugs,
L858R and L861Q of exon 21, and 293 cells expressing resis-
tant mutants, T790M of exon 20 and double-mutant-harboring
L858R/T790M, were used in the present study. Furthermore,
the regulatory role of mutant receptor-mediated phospholipase
(PLC)yl in the invasive and migratory potential that signifies
metastasis, was ascertained. The present study demonstrated an
increased phosphorylation of PLCy1 and other signaling mole-
cules in cells expressing L858R, L861Q and L858R/T790M,
compared to the Wt and T790M receptor. The inhibition of
PLCy1 phosphorylation following the reduction of receptor
phosphorylation with TKI treatment confirms that PLCyl
activation is driven by mutant receptors. A significant reduc-
tion in the in vitro migration and invasion of cells following
TKI or PLC inhibitor treatment suggests that EGFR-mediated
PLCyl activation may be crucial in maintaining the invasive
phenotype of NSCLC tumor cells harboring EGFR mutations.

Materials and methods

Generation of EGFR mutants and stable cell lines. EGFR
mutants; L861Q, L858R, T790M and double-mutant
L858R/T790M were generated by introducing point muta-
tions at desired locations in the full-length EGFR coding
sequence in the CMV promoter driven eukaryotic expres-
sion vector, pcDNA3.1, as previously described (15). Clones
were confirmed by sequencing. The 293 cell line was
obtained from the National Centre for Cell Science (NCCS),
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India and 293 cells (with no endogenous EGFR expression)
stably expressing mutant receptors were also generated
using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) following the manufacturer's instructions.
Stable clones were selected with the neomycin analogue, G418
(Invitrogen; Thermo Fisher Scientific, Inc.) at a concentration
of 600 pg/ml. Stable cells were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 10% fetal
bovine serum (HiMedia Laboratories) and 300 ug of G418.
The expression of Wt and mutant receptors in 293 cells was
confirmed by western blot analysis using anti-EGFR anti-
bodies (Santa Cruz Biotechnology, Inc.).

Western blot analysis. For western blot analysis, 293 cells
stably expressing Wt and mutant receptors were grown to
80-90% confluency, followed by an overnight serum starva-
tion. The following day, the cells were stimulated with 10 ng/ml
recombinant human EGF (Sigma-Aldrich; Merck KGaA) for
varying time points up to 30 min. Following treatment, the
cells were lysed using 1X lysis buffer containing 150 mM
NaCl, 20 mM Tris-HCI (pH 7.5), 1 mM Na,EDTA, 1 mM
EGTA, 2.5 mM sodium pyrophosphate, 1% Triton X-100,
1 mM B-glycerophosphate, I mM sodium vanadate, 1 mM
PMSF and 1 ug/ml leupeptin (Cell Signaling Technology, Inc.).
The protein concentration was determined by Bradford assay;
20 ug of total protein from each sample was resolved using
10 % SDS-PAGE followed by western blot analysis. Blocking
of non-specific proteins was performed by incubating the
blots in 5% BSA or 5% skimmed milk in 1X TBST for 2 h
at room temperature. The blots were incubated with anti-
bodies against phospho-EGFR (Y1068) (cat. no. 3777, diluted
1:5,000), phospho-PLCy1 (cat. no. 14008, diluted 1:5,000),
phospho-Akt (cat. no. 4060, diluted 1:1,000), phospho-c-Cbl
(cat. no. 8869, diluted 1:2,000), phospho-Erk1/2 (cat. no. 4370,
diluted 1:5,000), phospho-Shc (cat. no. 2434, diluted 1:2,000),
phospho-Gabl (cat. no. 3233, diluted 1:2,000) (all from Cell
Signaling Technology, Inc.) and f-actin (sc-47778, Santa Cruz
Biotechnology, Inc.; diluted 1:6,000) in blocking buffer.
Protein expression was detected using HRP-conjugated
anti-rabbit (cat. no. A0545, diluted 1:10,000) or anti-mouse
(cat. no. A4416, diluted 1:10,000) secondary antibodies (both
from Sigma-Aldrich; Merck KGaA). Protein bands were
visualized using ECL substrate (cat. no. 170-5060) obtained
from Bio-Rad Laboratories Inc. The blots were stripped
using a stripping buffer composed of 62.5 mM Tris-HCI (pH
6.8), 100 mM p-mercaptoethanol and 2% SDS at 55°C for
45 min and re-probed with antibodies against total PLCyl
(cat.no. 5690, diluted 1:2,000; Cell Signaling Technology, Inc.),
EGFR (sc-373746, diluted 1:2,000; Santa Cruz Biotechnology,
Inc.) and c-Cbl (cat. no. 9794, diluted 1:1,000; Cell Signaling
Technology, Inc.).

Treatment with TKI and U73122. The first-generation TKIs,
gefitinib and erlotinib, the 2nd generation TKI, afatinib, and the
3rd generation drug, osimertinib (Biovision, Inc.), were used in
the present study. TKIs were reconstituted in 99.5% DMSO
and desired dilutions were made in fresh DMEM prior to use.
The PLC inhibitor, U73122 (Sigma-Aldrich; Merck KGaA),
was used to block PLC activity. U73122 was first dissolved in
chloroform at 10 mg/ml. This was then aliquoted and purged
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with nitrogen gas to leave a thin, dry film and was stored
at -20°C. Immediately prior to the experiment, one vial was
removed from -20°C and reconstituted with 99.5% DMSO to
make a 5 mM stock solution. Working dilutions were made
in serum-free medium. For inhibitor experiments, 293 cells
expressing Wt and mutant receptors were grown to 90% conflu-
ency, serum-starved overnight and treated with TKIs (erlotinib,
100 nm; gefitinib, 100 nm; afatinib, 50 nm; and osimertinib,
50 nm) for 2 h or for 25 min with PLC inhibitor at concentra-
tions of 0, 10 and 20 ym. This was followed by stimulation
with 10 ng/ml recombinant human EGF for 10 min. Equal
amounts of total protein from each sample was analyzed for
EGFR and PLCyl phosphorylation as described above in the
western blot analysis section.

Wound healing assay. Cells expressing Wt or mutant receptors
were plated in 12-well plates and grown to 90% confluency.
Cells were then starved overnight and a wound was gener-
ated by scratching the confluent monolayer using a sterile
micropipette tip. Media was replaced with fresh medium
containing 0.1% FBS, 200 nM TKI or 3 yM U73122 in the
absence or presence of EGF (10 ng/ml). DMSO was used as
a control. Images were captured at O and 24 h post-treatment
with a digital microscopic camera, DC5 (Magnus) connected
to an inverted microscope (Nikon ECLIPSE, TS-100, Nikon
Healthcare Japan Inc.) and wound closure was measured
using ImagelJ software (ImageJ 1.46r, National Institute
for Health) (16). A total of 6 measurements per image were
acquired and the average gap distance was calculated. Results
are presented as a mean of two different experiments.

Boyden chamber assay. Boyden chambers with 6.5 mm diam-
eter polycarbonate filters of 8 ym pore size (BD Biosciences)
were used in the present study. Wt or mutant receptor-expressing
cells were grown as mentioned above and serum starved.
Following serum starvation, the cells were trypsinized and
4x10* cells were suspended in serum-free DMEM containing
200 nM TKI or 3 yuM U73122 or DMSO and EGF (10 ng/ml).
A total of 200 ul of the cell suspension was added to the upper
chamber of a Transwell insert, placed in a 24-well plate and
cells were allowed to settle down for 5 min. Subsequently,
700 pul of 10% FBS was added to the lower chamber of the
Transwell insert as a chemoattractant and the cells were incu-
bated at 37°C in 5% CO,. At 24 h post-incubation, the Transwell
inserts were removed from 24-well plates and non-migrated
cells from the upper chamber were removed using a cotton
swab. The cells that had migrated through the membrane were
stained with 0.1% crystal violet (Thermo Fisher Scientific,
Inc.) at room temperature for 1 h. Stained cells were counted
at a higher magnification from 6 different representative fields
using a phase contrast inverted microscope (Nikon Healthcare
Japan Inc.). Data are represented as the means + SEM from
3 independent experiments.

Matrigel invasion assay. For invasion assays, stock solution of
8.5 mg/ml Matrigel was thawed overnight on ice in 4°C refriger-
ator. The following day, Matrigel was diluted to a concentration
of 0.3 mg/ml in serum-free DMEM using pre-chilled tips and
tubes. A total of 40 ul of Matrigel was added to the upper
chamber of a Transwell insert in 24-well plate and allowed
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to solidify for 1 h at 37°C in 5% CO, to form a thin Matrigel
layer. The cell suspension containing 4x10* cells was added
on top of the Matrigel layer to facilitate invasion. Following
24 h of incubation at 37°C in 5% CO,, invading cells were
stained and counted as described above. Data are shown as the
means + SEM from 3 independent experiments.

MTT assay. Cell viability was measured using MTT assays.
In brief, 293 cells stably expressing Wt and mutant receptors
were cultured in 96-well plates in triplicates at a density of
10,000 cells/well. After 24 h, growth medium was replaced
with maintenance medium containing either PLC inhibitor,
U73122 or DMSO (vehicle control). At 48 h post-drug treat-
ment, the cells were incubated with 20 ul of 5 mg/ml MTT
at 37°C in 5% CO, for 3 h. MTT reagent was then aspirated
off and formazan crystals were dissolved in 200 1 of DMSO.
The absorbance was recorded at a 560 and 670 nm wavelength
on a SpectroMax Plus 384 microplate reader (Molecular
Devices, LLC). The percentage cell viability was calculated
using the following formula: OD of treated cells - blank/OD of
untreated cells - blank x100 and plotted against the concentra-
tion of the drug. Data are presented as the means + SD using
GraphPad Prism software (GraphPad Software, Inc.).

Soft agar colony formation assay. The anchorage-inde-
pendent growth of cells expressing mutant receptors was
determined using soft agar assays. The bottom layer of
0.8% agarose was created by mixing equal volumes of
1.6% low melting agarose, 2X DMEM supplemented
with 20% FBS and 2X antibiotics to give a solution of
0.8% agar + 1X medium + 10% FBS + 1X antibiotics. A total
of 1.5 ml of the solution was poured into each well of 6-well
plates and allowed to solidify for 30 min at room temperature.
Cells expressing Wt or mutant receptors were trypsinized and
were suspended at the rate of 5,000 cells/well into 750 ul of
2X culture medium containing 1 M TKI or 10 uM U73122,
10 ng/ml EGF and G418. This solution was then mixed with
750 ul of 0.8% low melting agarose to make the concentration
of agarose 0.4%. Immediately, the cell suspension was poured
over the solidified bottom layer and the plate was incubated at
37°C in 5% CO, for 9-10 days. Cells were fed with 200 ul of
culture medium twice a week to prevent the desiccation and
deprivation of nutrients. After 10 days, colonies were stained
with 0.005% crystal violet (Thermo Fisher Scientific, Inc.)
for 30 min at room temperature. Images were captured using
an inverted microscope (Nikon Healthcare Japan Inc.) and
colonies were counted using ImagelJ software (ImageJ 1.46r,
NIH).

Statistical analysis. Data analysis was carried out using
GraphPad Prism v.5.0 software (GraphPad Software, Inc.).
One-way ANOVAs (Tukey's post hoc test for multiple
comparisons) were applied to assess the significance of differ-
ences between samples and a P-value <0.05 was considered to
indicate a statistically significant difference.

Results

Activation of mutant EGFR induces the increased phosphory-
lation of PLCyl and other signaling molecules. Cells stably



992 MITTAL et al: MUTANT EGFR-MEDIATED PLCyl ACTIVATION

min 0 510152030 0 5 10 15 20 30 O 5 1015 2030 0 5 10 15 20 30

EGF(10ng/ml) - + + + + + - + + + + + - + + + + + - + + + + +

p-EGFRl. v o ---.\-“H L e —————————
: 170 kDa

FOFR  emeeesereman e ese

pRLCY | remmemeeen | cessenenentt || e
} || 150 kDa
< 43kDa

peore [N & W 0% | |~ = e
j £ _d

}170 kDa

p-EGFR

Protein level (fold change)

p-PLCy1

Protein level (fold change)

L858R/T790M

EE WT

= 1L861Q

&= L858R

arm T790M

@2 L858RITTI90M

= WT

= L861Q

== L858R

o T790M
L8SBR/TTI0M

Time (min)

Figure 1. Mutant EGFR induces PLCy1 phosphorylation. Cells stably expressing Wt or mutant receptors were serum-starved overnight and stimulated with
10 ng/ml of EGF for different periods of time. Following stimulation, cells were harvested and lysates were prepared. An equal amount of each protein sample
was subjected to SDS-PAGE followed by western blot analysis using anti-p-EGFR (1068), anti-p-PLCy1, total EGFR and PLCyl antibodies. -actin was
used as a loading control. (A) TKI-sensitive mutants, L861Q, L858R, double-mutant (L858R/T790M) exhibited an increased phosphorylation of PLCyl as
compared to Wt and resistant mutant receptor, T790M-expressing cells corresponding to receptor phosphorylation. Total protein levels of EGFR and PLCyl
remained unaltered. Expression of proteins from the western blots was quantified using ImageJ software and normalized to the total protein levels. Values are
represented as bar graphs from 3 independent experiments and the statistical significance of phosphoprotein expression levels between wild-type and mutants
was indicated on graphs ("'P<0.05, “P<0.01). Bar graphs showing the quantification of (B) p-EGFR vs. EGFR (C) p-PLCy1 vs. PLCyl. EGFR, epidermal growth
factor receptor; PLCy1, phospholipase y1; TKI, tyrosine kinase inhibitor; Wt, wild-type.

expressing TKI sensitizing mutants, L861Q, L858R; resis-
tant mutants, T790M, L858R/T790M (double-mutant) and
Wt receptor were analyzed for their activation and recruited
signaling molecules in response to receptor phosphorylation.
The activation of mutant receptors following EGF stimulation
at different time points resulted in an increased phosphoryla-
tion of PLCyl1 in 293 cells. The absence of EGF also increased
the phosphorylation of mutant receptor and PLCyl. The phos-
phorylation of PLCy1 in cells expressing receptor mutants
independent of each other, exhibited an association with the
corresponding receptor phosphorylation. These experiments

confirmed the activation of mutant receptors in a ligand-depen-
dent/independent manner and mutant receptor-driven PLCy1
phosphorylation (Fig. 1). The total PLCyl, EGFR and fB-actin
levels remained unaltered in all samples. Furthermore,
signaling molecules, such as Akt, Erk1/2 and c-Cbl, and the
adaptor proteins, Gabl and Shc, also exhibited an increased
phosphorylation following EGF stimulation (Fig. S1A and B).

Inhibition of EGFR activity by TKIs abrogates PLCyl phos-
phorylation. Mutant receptor-mediated PLCy1 phosphorylation
was measured in the presence of FDA-approved EGFR-targeted



INTERNATIONAL JOURNAL OF ONCOLOGY 57: 989-1000, 2020

A Erlotinib (100 nm)

Gefitinib (100 nm)
EGF (10 ng/ml)

p-EGFR

EGFR
p-PLCy1

PLC v1

B-actin

T ]
WT Las1Q
= § 28 == WT
5 20 P-EGFR @x L861Q
s &= L858R
s 15 oo T790M
= L858RIT790M
% 10
2
£ os )
s i
I " el
2 o0 ol o
Gefitinib  Erlotinib

Control

C EGF(10ng/ml) +

p-PLCy1
PLCy1
B-actin

7L ]

993

170 kDa

150 kDa

T T
L858R/ T790M

WT L858R

T790M
T 25 == WT
2 p-PLCy1 = L861Q
% 2.0 == L858R
] mm T790M
s 18 LB58R/T790M
= 1.0
H
= 05
:
3 oo e =
o Control Gefitinib Erlotinib

p-EGFR p-PLCy1

== WT
o Lge1a

Protein level (fold change)

Protein level (fold change) U

Control

L858R T790M L858R/
T790M

WT  L861Q L858R T790M L858R/

T790M
= p-EGFR = p-PLCy1
& s S s
j § = WT
5 4 £ 4 &= Lg61Q
z, g == L858R
Kl om T790M
= EZ3 LBSBRT790M % ¥ LBSBRT790M
i : 2
£ 1 e 1
@ * =
s v sl [ %
= Control  Osimertinib &

Figure 2. Inhibition of EGFR activity by TKIs abrogates PLCyl phosphorylation. Cells expressing Wt or mutant receptor were serum-starved overnight.
The following day, the cells were pre-treated with the desired concentrations of 1st, 2nd and 3rd generation TKIs prior to EGF stimulation. Post-stimulation,
cells were harvested and subjected to SDS-PAGE followed by western blot analysis using anti-p-EGFR (1068), anti-p-PLCy1, total PLCy1 and total EGFR
antibodies. 3-actin was used as a loading control. (A) Treatment of cells with gefitinib and erlotinib (B) quantification of p-EGFR and p-PLCy1 in gefitinib- and
erlotinib-treated cells (C) treatment of cells with afatinib and osimertinib (D) quantification of p-EGFR and p-PLCyl in afatinib- and osimertinib-treated
cells. Densitometric values are represented as bar graphs of 3 independent experiments and the statistical significance of p-EGFR and p-PLCyl expression
between TKI-treated and untreated cells expressing receptor mutants is indicated on the graphs. For gefitinib treatment, significance is indicated with asterisk
symbols ("P<0.05, “P<0.01, “"P<0.001); and for erlotinib, ampersand (&) symbols were used (“P<0.05, *“P<0.01, ““4P<0.001). EGFR, epidermal growth factor
receptor; PLCyl, phospholipase y1; TKI, tyrosine kinase inhibitor; Wt, wild-type.

drugs (TKIs). Cells expressing mutant receptors were treated
with the desired concentrations of 1st, 2nd and 3rd generation
TKIs. Cells were serum-starved overnight followed by EGF
stimulation for 10 min and TKI treatment for 2 h. The phos-
phorylation of PLCyI, as examined by western blot analysis,
was shown to be reduced following the inhibition of receptor
phosphorylation by TKIs, demonstrating that PLCy1 activation
is mutant receptor-driven (Fig. 2). Conversely, treatment of the
cells with the PLC inhibitor, U73122, had no marked effect on

EGFR and PLCyl phosphorylation (Fig. 3). Treatment with
TKIs resulted in the inhibition of the aforementioned signaling
molecules, suggesting that these are recruited in response to
mutant receptor activation (data not shown).

PLCyl-mediated migration and invasion of cells expressing
mutant receptors. PLCyl is a known regulator of tumor
progression and cell migration activated by receptor tyrosine
kinase signaling (17,18). The role of PLCyl in the migration
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Figure 3. Validation of PLCyl phosphorylation using PLC inhibitor. Cells stably expressing Wt and mutant receptors were pre-treated for 25 min with
various concentrations of PLC inhibitor, U73122 followed by EGF stimulation. Cell lysates prepared were resolved on SDS-PAGE and blots were probed with
anti-p-EGFR, anti-p-PLCyl, total PLCyl, EGFR and B-actin antibodies. (A) Phosphorylation status of EGFR and PLCy1 (B) densitometric analysis of the
protein level. EGFR, epidermal growth factor receptor; PLCyl1, phospholipase y1; TKI, tyrosine kinase inhibitor; WT, wild-type.
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Figure 4. TKIs and PLC inhibitor inhibit the migration of cells expressing receptor mutants. The effect of TKI on EGFR mediated PLCyl1 activity in migration of
receptor mutant expressing cells was examined by wound healing assay. Cells expressing receptor mutants were grown to 90% confluency followed by overnight
serum starvation. Wound was generated with a sterile micropipette tip. Cells were replenished with fresh medium containing desired concentrations of afatinib
or U73122 in the presence or absence of EGF. Cells were incubated for 24 h and allowed for wound closure. Images were acquired at 0 and 24 h post-treatment
and wound closure was measured using ImageJ software. Graphical representation of percentage of wound healing measured in cells (A) untreated (B) treated
with EGF at the concentration of 10 ng/ml. Data represent the means of + SEM of the determinants. One-way ANOVA was used to calculate the P-values.
Differences in the migration of mutants vs. Wt and drug-resistant mutant expressing cells not treated with EGF were statistically significant (P<0.0001), and
the differences between drug treated vs. untreated cells were also statistically significant (P<0.0001). Images showing the migration of cells are presented in
the supplementary figures (Figs. S2-S6). EGFR, epidermal growth factor receptor; PLCyl, phospholipase y1; TKI, tyrosine kinase inhibitor; WT, wild-type.

and invasion of cells expressing NSCLC-associated receptor
mutants was determined using wound healing and Boyden
chamber assays. Wound healing assays were carried out in
cells expressing L861Q, L858R, L858R/T790M, T790M and
Wt receptor treated with TKIs or the PLC inhibitor, U73122
with or without EGF stimulation. Afatinib, a 2nd generation
TKI, was only used to inhibit receptor phosphorylation in
this experiment, as it has been approved for the treatment
of NSCLC tumors with resistant mutations. It has also been
shown to be effective against tumors harboring both common

and uncommon EGFR mutations in vitro (19) and in clinical
settings (20).

Wounds were generated using a micropipette tip and
wound closure was measured using ImagelJ software at 0 and
24 h post-incubation. In the absence of EGF, cells expressing
L861Q, L858R and L858R/T790M mutants migrated out to
fill the gap, thus closing the wound. Cells expressing Wt or
T790M mutant did not exhibit any marked migration, leaving
the gap unfilled. The extent of the migration of the cells is
illustrated in Fig. 4A. EGF stimulation at the concentration
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Figure 5. Effect of PLCyl inhibition on cell migration. Cells expressing mutant and Wt receptors were plated in Boyden chambers. The upper well of insert
contained no serum, whereas the lower well contained 10% FBS that served as a chemoattractant. Cells were treated either with TKIs (200 nM) or U73122
(3 uM) in the presence of EGF. At 24 h post-treatment, cells were stained with 0.1% crystal violet and visualized under a microscope. Five representative fields
counted at a higher magnification were shown graphically from 3 independent experiments. (A) Migrating cells (B) data representing the means of + SEM of
the determinants. Results are consistent with wound healing assay; the difference in migration of mutants vs. Wt and T790M mutant-expressing cells untreated
with EGF (P<0.0001), and the difference between U73122 treated vs. untreated cells (P<0.0001) is statistically significant. EGFR, epidermal growth factor
receptor; PLCyl, phospholipase y1; TKI, tyrosine kinase inhibitor; WT, wild-type.

of 10 ng/ml induced the migration of cells expressing Wt
and resistant mutant T790M as well, subsequently leading to
wound closure (Fig. 4B). However, treatment with TKIs and
PLC inhibitor blocked cell migration, irrespective of EGF
stimulation (Figs. S2-S6).

Similar results were obtained with Boyden chamber migra-
tion and invasion assays. In the absence of EGF, the migration
of cells expressing mutant receptors through Transwell inserts
further confirmed the role of the ligand-independent activa-
tion of mutant EGFR and PLCyl signaling in cell migration
and invasion. Treatment with afatinib at a concentration of
200 nM and U73122 at 3 uM followed by EGF stimulation,
inhibited the migration (Fig. 5) and invasion (Fig. 6) of cells
expressing Wt and mutant receptors. Taken together, these data

demonstrate that mutant receptor driven PLCyl is a potential
regulator of invasive and migratory potential of NSCLC cells
harboring EGFR mutations.

PLC inhibitor, U73122, does not inhibit the proliferation of
cells expressing EGFR mutants. The inhibition of proliferation
of NSCLC tumors harboring EGFR mutations with TKI treat-
ment is a well-established fact. In the present study, the role of
PLCyl in tumor cell proliferation and invasion was determined
with the PLC inhibitor, U73122, following EGF stimulation.
Treatment of cells with U73122 for 25 min significantly
reduced the invasion and migration of 293 cells expressing
both TKI sensitive and resistant mutants as aforementioned.
Nonetheless, no effect of PLC inhibitor treatment on cell
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Figure 6. Effect of PLCyl inhibition on cell invasion. The experiment was performed as described in Fig. 5. Matrigel at a concentration of 0.3 mg/ml was
used to coat the upper chamber of a Transwell insert. At 24 h post-treatment, cells were stained with 0.1% crystal violet and visualized under a microscope.
Five representative fields counted at higher magnification are shown graphically from 3 independent experiments. (A) Invading cells (B) data representing the
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TKI, tyrosine kinase inhibitor; WT, wild-type.

viability was observed. Cells were observed to be 100% viable
after 48 h following U73122 treatment, as assessed by MTT
assays (Fig. 7A). Upon validation of the signaling pathways,
U73122 treatment for 25 min at 10-20 uM inhibited Akt
and Erk1/2 phosphorylation transiently, whereas it increased
the phosphorylation of both these signaling molecules was
observed following 48 h of drug treatment. This suggested that
cells can maintain their proliferative potential independent of
PLC activation (Fig. 7B).

The effect of PLC inhibitor on cell proliferation was vali-
dated using soft agar colony formation assays. Cells expressing
Wt and mutant receptors treated with 10 uM U73122, a higher
concentration than the concentration used for the invasion
and migration assays, exhibited no significant reduction in
colony size compared to the untreated cells (Fig. S7). This

experiment confirmed that PLCyl may not have a direct regu-
latory role on the proliferation of cells expressing NSCLC
associated EGFR mutants, irrespective of EGF stimulation.
Cells treated with 1M TKIs were included in this assay as a
positive control. The anchorage independent colony forming
ability of 293 cells expressing receptor mutants was reduced
following treatment with TKIs. Treatment with U73122 did
not inhibit the formation of colonies, further identifying
that PLCyl may be a downstream component of activated
EGFR. In addition, no significant effect of U73122 on Akt
and Erk1/2, cell survival signaling pathways was observed
up to 48 h post-treatment (Fig. S8). However, this experiment
was performed once, as it was already confirmed that U73122
exerted no inhibitory effect on cell proliferation by soft agar
assay.
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Figure 7. Downregulation of Akt and Erk1/2 signaling following inhibition of PLC activity. Cells expressing mutants were plated in 96- and 12-well plates. At
the desired confluency, cells were serum-starved and treated with various concentrations of the PLC inhibitor, U73122, for 25 min followed by EGF stimula-
tion. Lysates were prepared from 12-well plates post-drug treatment and subjected to SDS-PAGE followed by western blot analysis with specific antibodies to
anti-p-Akt, anti-p-Erk1/2, anti 3-actin. Cells in the 96-well plate were incubated in U73122-containing medium and the percentage of viability was measured
at48 h by MTT assay. (A) Graph representing the percentage of viability in cells treated with U73122, (B) expression of p-Akt, total Akt, p-Erk1/2, total Erk1/2
and fB-actin, (C) quantification of p-Akt vs. Akt and p-Erk1/2 vs. Erk1/2 levels. Densitometric values are represented as 3 independent experiments and the
statistical significance of p-Akt and p-Erk1/2 expression in U73122-treated vs. untreated cells expressing receptor mutants is indicated on the graphs ('P<0.03,
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Discussion

Receptor tyrosine kinase activity, induced upon ligand
binding, recruits various signaling pathways and downstream
molecules which are regulators of cell survival and growth.
The dysregulated activity of receptors, due to mutations in
its kinase domain, is one of the mechanisms involved in the
progression of a number of tumors, including lung cancer
types. In the present study, the signaling molecules recruited
in response to NSCLC-associated EGFR mutations in a
ligand-dependent and -independent manner in the 293 cell
line were evaluated. It is a non-endogenous EGFR-expressing
cell line and is considered EGFR-negative. It was used as a
negative control for the comparison of EGFR expression in
lung cancer cell lines expressing EGFR (21). Thus, the 293 cell
line with a EGFR null background was used to investigate the
effects of EGFR mutants on molecular signaling. The present

study demonstrated an increased phosphorylation of the
signaling molecules, PLCyl, c-Cbl, Stat, Erk1/2, Akt, Shc and
Gabl, in response to altered EGFR activity and the abrogation
of their phosphorylation following treatment with TKIs. These
signaling molecules are known to be involved in a number of
biological processes that are essential for tumor cell prolifera-
tion, survival, migration and invasion. Both Gabl and Shc are
adaptor proteins, essential for the receptor-activated Erk1/2,
Akt and Stat pathways (22,23). c-Cbl is an ubiquitin ligase
that plays an important role in ligand-dependent receptor
ubiquitination (24). The results from the present study are in
agreement with those of earlier reports, in which the induc-
tion of signaling pathways was demonstrated in response to
NSCLC-associated EGFR mutant kinase activity (13,14).
The mutant receptor remains constitutively active and leads
to malignant cell survival, tumor progression, migration and
metastasis.
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The induction of tumor cell migration is a foremost step in
tumor metastasis, and it is evident from a number of studies
that PLCyl is highly expressed in invasive tumors, such
as metastatic colorectal cancer cells (25) and breast carci-
noma (26). PLCy1 plays a regulatory role in cell proliferation,
invasion and metastasis in various other cancer types (17,18).
PLCyl1 is a lipase and isozyme of the phosphoinositide specific
PLC family. It is a multi-domain protein consisting of two
pleckstrin homology (PH), two Src homology 2 (SH2), one Src
homology 3 (SH3) and two catalytic domains. PLCy1 signaling
is induced by growth factors, such as EGF (27), PDGF (28)
and IGF (29) following the increased activity of their respec-
tive receptors, and subsequently contributes to enhanced cell
motility (30,31). PLCy1 binds directly with activated EGFR
through its SH2 domain (32). EGFR then phosphorylates
PLCyl1 at its tyrosine residues and activates its lipase activity.
Activated PLCy1 hydrolyzes phosphatidylinositol 4, 5-bispho-
sphate (PIP2) to give two secondary messengers, inositol
1, 4, 5-triphosphate (IP3) and diacylglycerol (DAG). IP3 is
important for the transient increase in intracellular Ca**, while
DAG activates protein kinase C (PKC). These processes are
essential for cell proliferation, invasion and migration.

Previous studies have demonstrated a fundamental
role of the EGFR family members for PLCyl activation in
tumor cell motility and metastasis control (33). However,
NSCLC-associated EGFR mutant-driven PLCyl activa-
tion and its role in cell invasion and migration is currently
unknown. The migration of tumors from the site of origin is
the primary cause of the majority of cancer-related mortality.
In the present study, NSCLC-associated EGFR mutant-driven
PLCy1 phosphorylation and its functional role in cell invasion
and migration was demonstrated. Following EGF stimula-
tion, 293 cells expressing L861Q, L858R and double-mutant
L858R/T790M exhibited an increased phosphorylation of
PLCyl, as compared to the drug-resistant mutant, T790M
and Wt receptor. Phospho-PLCy1 levels were associated with
the corresponding mutant receptor phosphorylation levels
in 293 cells. Receptor mutant-recruited PLCyl-mediated
cell invasion and migration was validated using wound
healing assays, Transwell cell migration assays and invasion
assays using TKIs and the PLC inhibitor, U73122. These
experiments together demonstrated NSCLC-associated
EGFR mutant-driven PLCyl activation in 293 cells. NSCLC
patients commonly develop TKI resistance due to a variety
of reasons. The most commonly reported is the development
of secondary mutations in the exon 20 region of receptor
kinase domain (7-9). Patients not presenting T790M mutations
develop resistance due to the modulation of other proliferative
signal pathways (34-38) resulting in enhanced tumor progres-
sion.

PLCyl1 is the downstream signaling molecule of activated
receptor kinase by growth factors and plays a significant role
in the intracellular signaling to modulate cell proliferation and
growth (39). Its role in the induction of proliferation was inves-
tigated by inhibiting its lipase activity in 293 cells expressing
receptor mutants. Treatment of the cells with U73122 inhibited
cell migration and invasion with no notable effect on EGFR
and PLCyl phosphorylation. Similarly, following U73122
treatment, no effect on cell proliferation was observed. This
may be due to the fact that cell proliferation depends upon
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interactions between PLCyl protein and other effector
molecules instead of its lipase activity as the PLC inhibitor,
U73122, is known to inhibit its lipase activity (40). A study
by Xie et al also reported that the catalytic activity of PLCyl
is required for the EGF-induced migration of squamous cell
carcinoma cells (41).

Akt and Erk1/2 pathways were inhibited within 25 min
of U73122 treatment followed by EGF stimulation, although
the cells remained viable even after 48 h of drug treatment. In
association with cell viability, the increased phosphorylation of
survival signaling molecules, Akt and Erk1/2 were recorded.
This indicates that the inhibition of PLCyl catalytic activity
by U73122 may attenuate the recruitment of survival signals
soon after its addition; however, this effect may be nullified
by other mechanisms, which warrant further investigation.
EGFR directly activates PLCyl and indirectly activates Akt.
Both these signaling molecules are important in intracellular
signaling. One is involved in metastasis and the other one in
proliferation, respectively The interaction of phospho-PLCyl
with Akt in EGF-stimulated receptor tyrosine kinase activa-
tion in metastasis has been previously reported (32). In the
present study, the interaction between phospho-PLCyl and
Akt in 293 cells expressing receptor mutants was not exam-
ined; however, whether these two proteins associate or not and
whether their association has any significance in the regulation
of cell proliferation is another aspect that warrants investiga-
tion. It is evident from the present study that PLC inhibitors
do not impose any negative effect on mutant receptor activity;
therefore, it remains constitutively active and recruits survival
signals. This allows cells to enter the proliferative mode
within a short period even in the presence of PLC inhibitor.
As discussed by Jang et al, phospho-PLCyl1 likely interacts
with other signaling molecules to maintain the cells in a
proliferative mode, as PLC inhibitor has no effect on PLCyl
phosphorylation (40).

Similar effects have been reported in HNSCC and prostate
cancer cells where the inactivation of PLCyl inhibited cell
invasion without affecting the cell growth and tumor volume
in vitro and in vivo, respectively (42,43). On the contrary, in
human gastric adenocarcinoma cells, PLCyl-dependent prolif-
eration was reported beyond its role in cell migration (44),
although the upregulation of PLCyl was negatively associated
with the survival of patients with hepatocellular carcinoma.
It exerts an oncogenic effect and induces HCC tumorigenesis
through Erk1/2 and NF-kB pathways (45). The suppression
of PLCyl prevents the phosphorylation of NF-«B and Erk1/2
activation. It was has also been demonstrated to be involved in
colorectal tumorigenesis (46). PLCy1 has been established as
a key modulator of migration and invasion of various tumor
types. However, the detailed mechanism of action for PLCyl
mediated tumor proliferation needs to be explored in various
cancer types including lung cancer.

In conclusion, the results of the present study demon-
strated that mutant receptor-recruited PLCyl activation
mediates the invasion and migration of 293 cells expressing
NSCLC-associated EGFR mutants. Nonetheless, constitu-
tively active mutant receptor overcomes the effects induced by
the inhibition of PLCyl lipase activity, recruiting proliferative
signals to keep the cells viable. Considering the aforemen-
tioned results, PLCyl may be considered as a drug target upon
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validation and confirmation in more lung cancer cell lines
with NSCLC-associated EGFR mutations in combination
with other therapeutics to increase the disease-free survival of
patients with NSCLC.
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