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[Cancer Biology & Therapy 7:4, 557-568; April 2008]; ©2008 Landes Bioscience

It has been demonstrated that A549 non-small cell lung cancer 
(NSCLC) cells are sensitive to epidermal growth factor receptor 
(EGFR) inhibitors in in vivo xenograft animal models, but are rela-
tively resistant in conventional in vitro monolayer growth assays. 
Here, we utilized anchorage-independent cell growth/survival 
assays as well as motility assays and demonstrated that these tests 
detect the effects of two EGFR inhibitors, the small molecule 
inhibitor AG1478 and the ligand-blocking antibody 225 mAb, on 
A549 cells more sensitively than monolayer growth assays. AG1478 
was more effective than 225 mAb at inhibiting EGF-stimulated 
anchorage-independent cell growth, in part due to its pronounced 
ability to inhibit cell survival, whereas 225 mAb and AG1478 
were both able to inhibit cell motility. In order to determine 
which EGFR signalling pathway components were most strongly 
associated with these cell responses, we analyzed in parallel the 
phosphorylation levels of EGFR itself as well as several downstream 
pathway elements. We found that the limited ability of 225 mAb to 
inhibit MAPK, PI3K and STAT3 phosphorylation correlated with 
its inability to promote anchorage independent apoptosis, but did 
not correlate with its ability to inhibit motility. Based on our results 
in A549 cells, we propose that EGF stimulates tumour progres-
sion of NSCLC largely through effects on anchorage-independent 
growth and survival, as well as motility.

Introduction

Lung cancer remains the most common type of cancer in men 
and women worldwide1 and is the leading cause of cancer-related 
deaths (2006, American Cancer Society) largely as a result of its 

highly metastatic nature. Due to the generally poor clinical response 
to conventional lung cancer treatments, increasing efforts are being 
made to develop novel treatment strategies directed against molecular 
therapeutic targets. Overexpression of epidermal growth factor 
receptor (EGFR) occurs in 40–80%2 of non-small cell lung cancers 
(NSCLC) and is correlated with disease progression and resistance 
to chemotherapy.3 Moreover, in many tumor types including lung, 
co-expression of EGFR ligands is common3 suggesting the presence 
of activating autocrine loops. The epidermal growth factor receptor 
(EGFR) pathway contributes to a number of processes important 
to cancer development and progression, including cell proliferation, 
apoptosis, angiogenesis and metastatic spread.4

One therapeutic strategy designed to target EGF receptors 
involves the development of small molecule tyrosine kinase inhibi-
tors (TKIs) directed against the adenosine triphosphate (ATP) 
binding site of the tyrosine kinase domain. AG1478 is the proto-
type for this class of compounds5 and is frequently used as a potent 
and specific EGFR inhibitor in in vitro and cell-based assays.6 
This approach has been further developed resulting in a newer 
generation of EGFR antagonists for clinical use, such as gefitinib/
ZD1839/Iressa*, (Astra Zeneca, see ref. 7) or erlotinib/Tarceva* 
(OSI/Genentech, see ref. 8). An alternative approach to targeting 
EGFR consists of the development of anti-receptor antibodies that 
block ligand binding, thereby interfering with growth factor receptor 
mediated autocrine and/or paracrine signaling, reviewed in ref. 9. 
One such anti-EGFR antibody, the humanized 225 monoclonal 
antibody (225 mAb), cetuximab (Erbitux*, Imclone), has also been 
used therapeutically.10,11

The pleotropic effects of EGFR activation are mediated by the 
activation of multiple downstream signalling proteins, including the 
extracellular-related kinase (ERK)/MAP kinase, phosphatidyl-inosi-
tiol-3' (PI-3) kinase (PI3K) and STAT3. MAPK and PI3K-AKT 
signaling are involved in EGFR-dependent growth and survival.12 In 
addition, these signal transduction molecules have been implicated 
in tumor associated motility and invasion.13,14 STAT3 has also been 
implicated in processes related to tumor cell survival and motility.15,16 

Research Paper

Differential sensitivity of A549 non-small cell lung carcinoma cell 
responses to epidermal growth factor receptor pathway inhibitors
Maria L. Jaramillo,1,* Myriam Banville,1 Catherine Collins,1 Beatrice Paul-Roc,1 Lucie Bourget1 and Maureen O’Connor 
-McCourt,1,2

1Biotechnology Research Institute; National Research Council of Canada; Montreal, Quebec Canada; 2Department of Biochemistry; McGill University; Montreal, Quebec 
Canada

Abbreviations: NSCLC; non-small cell lung cancer, EGF; epidermal growth factor, EGFR; epidermal growth factor receptor, mAb; mono-
clonal antibody, TKI; tyrosine kinase inhibitor, EMT; epithelial-mesenchymal transition, PBS; phosphate buffered saline, FBS; fetal bovine 
serum

Key words: epidermal growth factor receptor, AG1478, 225 mAb, anchorage-independent growth, motility, antibody, tyrosine kinase 
inhbitor

*Correspondence to: Maria L. Jaramillo; Biotechnology Research Institute; National 
Research Council of Canada; 6100 Royalmount Avenue; Montreal, Quebec H4P 2R2 
Canada; Tel.: 514.496.6384; Fax: 514.496.5143; Email: maria.jaramillo@nrc.ca

Submitted: 10/16/07; Revised: 12/21/07; Accepted: 01/07/08

Previously published online as a Cancer Biology & Therapy E-publication: 
http://www.landesbioscience.com/journals/cbt/article/5533

www.landesbioscience.com Cancer Biology & Therapy 557

D
ow

nl
oa

de
d 

by
 [

65
.1

9.
16

7.
13

1]
 a

t 0
9:

26
 1

6 
M

ar
ch

 2
01

6 



Effects of EGFR inhibitors on A549 growth and motility

In NSCLC in particular, EGFR-STAT3 signalling has been shown to 
promote tumor growth and survival in vitro and in vivo.17

The A549 cell line is a well-studied lung adenocarcinoma cell 
line that is characterized with respect to K-ras and p53 status, as well 
as other factors. A549 cells contain an activating K-ras mutation, 
which is commonly found in NSCLC tumors and corresponding cell 
lines.18 As part of the NCI-60 tumor cell line panel, this cell line has 
been tested for its responsiveness to chemotherapeutics and various 
molecularly targeted therapeutics.19 The A549 cell line has also been 
used in xenograft, including orthotopic, models of NSCLC to study 
primary tumor growth and metastasis.20-24 Notably, A549 cells lack 
the EGFR kinase mutation that confers auto activation and EGFR 
TKI sensitivity and that has been detected in some sensitive lung 
cancer tumors and cell lines.25-27

Despite the fact that this cell line expresses high levels of surface 
EGFR28 it has been previously characterized to exhibit low to 
intermediate29-33 sensitivity to known EGFR inhibitors in conven-
tional monolayer growth assays. More recently, however, it has 
been demonstrated that humanized 225 mAb (cetuximab) exhibits 
antitumor activity in xenograft models based on A549 cells as well 
as other NSCLC cell lines expressing EGFR.34,35 In addition, other 
reports show that EGFR TKIs such as ZD1839 (gefitinib)36,37 and 
erlotinib38 exhibit anti-tumor activity in A549 xenograft tumors 
both as monotherapy, and in combination with chemotherapies or 
vascular targeting agents. The reason behind the discrepancy between 
the sensitivity of A549 cell growth to EGFR inhibitors in vitro versus 
in animal xenograft models is not clear. This differential sensitivity 
in vitro versus in vivo may relate in part to the effects of EGFR 
inhibitors on the tumor microenvironment, i.e., non-tumor cell 
actions, including known inhibitory effects on tumor vasculature.39 
However, the discrepancy may also result from the limited ability 
of conventional monolayer growth assays to accurately predict the 
direct effect of EGFR inhibitors on tumor cell behavior in vivo.

Although perhaps limited in predictive power, two-dimensional 
monolayer cell growth assays have traditionally been relied upon 
in preclinical studies designed to assess the efficacy of EGFR and 
other molecularly targeted inhibitors. These assays generally measure 
relatively short term growth of carcinoma cell lines usually through 
the evaluation of metabolic activity using reducing dyes such as 
MTT. These monolayer growth assays fail to measure anchorage-
independent survival and growth, one of the distinguishing features 
of transformed cells.40 On the other hand, assays performed under 
anchorage-independent conditions, such as colony-forming or clono-
genic assays, tend to measure more accurately the in vivo tumorigenic 
potential of tumor cell lines.41 An additional limitation of both 
monolayer and anchorage-independent tumor cell growth assays is 
their failure to take into account the effect of inhibitors on processes 
related to metastasis, such as motility and invasion. It has recently 
been proposed that increased cell motility and invasion may impact 
not only metastasis, but also growth at the primary tumor site. This 
“self-seeding” hypothesis postulates that cell motility may contribute 
to the high cell density, rapid growth rate and large primary tumor 
size of more aggressive tumors.42 Accordingly, effects of inhibitors 
on primary tumor growth may also be underestimated if effects on 
motility and invasion are not assessed.

The goal of the current study was two-fold. First, we were inter-
ested in assessing the efficacy of EGFR inhibitors in  quantitative 

anchorage-independent growth/survival and motility assays to deter-
mine if these tests could detect the effect of EGFR inhibitors on 
A549 phenotypic responses more sensitively than conventional 
monolayer growth assays. Our second objective was to correlate 
these A549 cellular responses with the phosphorylation of signalling 
pathway components in order to identify the pathway elements that 
were most strongly associated with different phenotypic behaviours. 
We utilized two EGFR inhibitors, the small molecule kinase inhib-
itor AG1478 and the ligand-blocking antibody 225 mAb, so that 
we could compare their potencies to affect both signaling pathway 
events and phenotypic responses. We observed that 225 mAb was 
less effective than AG1478 at inhibiting EGF-stimulated anchorage-
independent growth, partly due to its inability to promote cell 
apoptosis. This correlated with 225 mAb’s limited ability to inhibit 
MAPK, PI3K and STAT3 phosphorylation. 225 mAb and AG1478 
both inhibited cell motility, in spite of their differential effects 
on downstream MAPK, PI3K and STAT3 phosphorylation. In 
summary, our results indicate that in vitro anchorage-independent 
growth/survival and motility assays are more appropriate measure-
ments than monolayer growth assays for assessing EGFR inhibitor 
efficacy.

Results

Expression of EGFR family members. As background for the 
study of the effect of EGF and EGFR inhibitors on A549 cell 
signaling pathways and phenotypic responses, we first determined the 
levels of expression of EGFR and related family members (erbB 2, 3, 
4) in these cells (Fig. 1). Using Western blotting to assess the total 
levels of receptor (both intracellular and cell surface), we detected the 
presence of both EGFR and erbB2 (Fig. 1A). This is consistent with 
results from other studies on A549 cells31,32 and is not unexpected 
considering that erbB2 and EGFR tend to be co-expressed in up 
to 80% of human lung adenocarcinoma tumor specimens45 as well 
as in most cell lines derived from these tumors. We also observed a 
relatively low level of expression of erbB3, which is in agreement with 
a previous study in which mRNA transcripts encoding erbB3 were 
detected by RT-PCR in A549 cells.46 We did not detect expression 

Figure 1. erbB expression in A549 cells. (A) A549 cell were treated in the 
absence or presence of EGF (100 ng/ml) for 10 minutes at 37°C prior to 
lysis. Cell lysates were subject to Western blotting with antibodies directed 
against various erbB family members. (B) Detection of cell surface EGFR 
and erbB2 on A549 cells by flow cytometry (as indicated in Materials and 
Methods).
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Figure 2. Effect of EGFR inhibitors on signal transduction pathways in 
A549 cells. A549 cells were pretreated with various concentrations 
of EGFR inhibitors, 225 mAb or AG1478, for 60 minutes prior to 
incubating for 10 minutes with EGF (as indicated). Cell lysates were 
subject to immunoblotting with phospho-specific EGFR (Y1068) (A 
and B), anti-phosphotyrosine, anti-phosphoMAPK, anti-phosphoAKT 
or phosphoSTAT3 antibodies (C). Protein loading was determined by 
blotting against β-actin (C).

of erbB4, which is also in agreement with the reported lack of erbB4 
mRNA expression in this cell line.46

We next utilized flow cytometry analysis of live cells to examine 
the cell surface levels of EGFR and erbB2, i.e., the two EGFR family 
members that we detected as being expressed at significant amounts 
in these cells by Western blotting. Previously, using Scatchard 

analysis, we determined that approximately 150,000 EGFR 
molecules are expressed at the surface of A549 cells.28 Here, 
we detected relatively high surface expression levels of EGFR 
(Fig. 1B), which is consistent with our Scatchard and Western 
blot results. By comparing the flow cytometry data for EGFR 
with that of erbB2 (Fig. 1B), we estimate that there are 12,000 
surface erbB2 receptors per A549 cell (see Materials and 
Methods).

Effect of EGFR modulation on receptor phosphorylation 
and downstream signalling. Activated EGF receptors trans-
duce extracellular signals to the cytoplasm by dimerizing with, 
and transphosphorylating, other erbB receptor molecules, 
and then phosphorylating downstream signalling proteins, 
reviewed in refs. 47 and 48. As the first step in our investiga-
tion of the effect of EGFR stimulation and inhibition on A549 
signaling pathways, we assessed the ability of two concentra-
tions of AG1478 (0.5 and 2.0 μM) and two concentrations of 
225 mAb (0.5 and 2.0 μg/ml) to inhibit EGFR phosphoryla-
tion in the absence of added EGF, as well as following a 10 
minute incubation in the presence of 10 or 100 ng/ml EGF. 
We monitored EGFR phosphorylation using either EGFR 
phosphorylation site-specific antibodies (Tyr1068—Fig. 2A 
and 2B Tyr845, 1086, 1173—data not shown) or an antibody 
detecting total phosphotyrosine (Fig. 2C). A basal level of 
EGFR phosphorylation was observed at all the sites with the 
level of phosphorylation being strongly induced by both 10 
and 100 ng/ml EGF at all sites, as expected (Fig. 2A and data 
not shown). 225 mAb and AG1478 were observed to reduce 
the levels of both basal and EGF-stimulated EGFR phospho-
rylation at all sites in a dose dependent manner (Fig. 2A and 
B and data not shown). It is interesting to note that 225 mAb 
at 0.5 μg/ml (3.3 nM) and 2.0 μg/ml (13.2 nM) was able 
to inhibit EGF-stimulated phosphorylation more effectively 
at the lower concentration of EGF (10 ng/ml, 1.7 nM) as 
compared to the higher concentration of EGF (100 ng/ml, 
17 nM) (Fig. 2A). This effect is likely due to the fact that 
EGF competes with 225 mAb for binding to the extracellular 
domain of EGFR.49 In contrast, AG1478 was able to inhibit 
EGFR phosphorylation to the same extent at both EGF 
concentrations. This likely results from the fact that AG1478 
targets the catalytic site rather than the ligand-binding site.

Next, using a range of AG1478 and 225 mAb concentra-
tions, we determined the dose-response curve of each inhibitor 
for reducing EGF-stimulated EGFR phosphorylation. It can 

be seen that 1000 ng/ml 225 mAb and 2000 nM AG1478 effectively 
inhibited EGFR phosphorylation in the presence of 10 ng/ml of 
EGF (Fig. 2B). Accordingly, in subsequent experiments in which we 
examined downstream signaling and phenotypic responses, we used 
these inhibitors at concentrations in this range.

We next examined the effects of AG1478 and 225 mAb on phos-
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phorylation of MAPK, AKT, and STAT3, three major components 
in pathways downstream of EGFR (as well as on tyrosine phosphory-
lation of EGFR/erbB as an internal control; Fig. 2C) following a 10 
minute incubation with EGF. A low basal level of MAPK phospho-
rylation was observed using an antibody that detects phosphorylation 
on Thr183 and Tyr185 and, as expected, this was strongly induced 
by EGF. Similarly, a low basal level of activated AKT was observed, 
using an antibody that detects phosphorylation on Ser 473, which 
was further stimulated by EGF. Little basal activation of STAT3 
(assessed by Tyr705 phosphorylation) was detected, however, as 
expected, EGF stimulated STAT3 phosphorylation. Consistent with 
our results obtained using EGFR phosphorylation site-specific anti-
bodies (Fig. 2A), 225 mAb (at 0.5 and 2.0 μg/ml) and AG1478 (at 
0.5 and 2.0 μM) effectively blocked EGF-induced EGFR tyrosine 
phosphorylation as detected by phosphotyrosine immunoblotting 
(Fig. 2C). The EGF-induced phosphorylation of MAPK, AKT 
and STAT3 was also completely inhibited by both 0.5 and 2.0 μM 
AG1478 (Fig. 2C). Significantly, 225 mAb at both 0.5 and 2.0 μg/
ml only slightly inhibited the EGF-induced phosphorylation of these 
downstream signalling components (Fig. 2C), even though EGFR 
tyrosine phosphorylation was essentially completely inhibited. This 
demonstrates that in A549 cells there is a differential sensitivity of 
pathways downstream of EGFR to inhibition by AG1478 versus 225 
mAb. This differential inhibition of downstream pathways conve-
niently provides us with an approach to determining, in the same cell 
system, which phosphorylated signalling molecules are most strongly 
associated with control of specific cell behaviors, such as growth and 
migration, i.e., we will be able to compare cell behavior under condi-
tions in which EGFR phosphorylation is inhibited either with or 
without inhibition of MAPK, AKT and STAT3 phosphorylation.

Effect of EGFR modulation on monolayer growth. Although 
anchorage-dependent monolayer cell growth assays may be limited in 
their ability to predict in vivo responsiveness, they are conventionally 
used and form the basis for the NCI 60 tumor cell line panel in vitro 
screen for cytotoxic and cytostatic drugs.50 We initiated our study of 
the behavior of A549 cells in various phenotypic assays by investi-
gating the effects of EGF, 225 mAb and AG1478 on the monolayer 
growth of A549 cells using an established 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT) metabolic dye-based 
read-out. As background, we examined the effect of EGF on mono-
layer growth in the presence and absence of various amounts of serum 
(Fig. 3A). These cells were able to grow in the absence of serum 
(doubling time of 45 hrs), with their proliferation being enhanced 
by increasing amounts of serum (up to 2-fold by 5% FBS; doubling 
time of approximately 24 hrs). In the absence of serum, EGF did 
not stimulate monolayer growth, even at 100 ng/ml. In media 
containing 5% serum, exogenous EGF slightly increased growth in a 
dose-dependent manner, i.e., 20% and 30% increases were observed 
in the presence of 10 and 100 ng/ml EGF, respectively. Both 225 
mAb and AG1478 were able to inhibit the EGF-stimulated ~30% 
increase in monolayer growth that occurred in 5% serum (Fig. 3B), 
however they did not significantly inhibit basal monolayer growth 
in 5% serum. These results indicate that the monolayer growth of 
A549 cells is only modestly stimulated by exogenous EGF and that, 
in the absence of added EGF, it is not dependent on  autocrine or  
serum-derived EGFR ligands. This provides an explanation for the 
relative insensitivity of conventional monolayer growth assays to 

detect the response of these cells to EGFR inhibitors.29-33

Effect of EGFR modulation on anchorage-independent growth. 
Despite the simplicity and convenience of short-term anchorage-
dependent monolayer growth assays, they are limited in their ability 
to assess the potential clinical efficacy of compounds (see refs. 51-
52). The soft agar clonogenic assay which measures colony formation 
by cells with the ability to grow under anchorage-independent condi-
tions correlates better with cellular tumorigenicity in nude mice.41 
However, soft agar clonogenic assays are both labor-intensive and 
time-consuming (2–3 weeks incubation). In order to evaluate the 
effect of EGF and EGFR inhibitors on A549 cells in a more rapid 
and convenient test for anchorage-independent growth, we utilized a 
novel over-agar assay53 in which cells are grown in suspension on top 
of a layer of agar for a 7-day period. This assay, which we adapted to 
measure viable cells by using a soluble metabolic dye (Alamar Blue), 
gives similar results to those obtained using a traditional soft agar 
growth assay (data not shown) but in a more expedient manner (see 
Materials and Methods).

To assess the effects of EGF and EGFR inhibitors on anchorage-
independent proliferation/survival, we tested varying concentrations 
of AG1478 and 225 mAb on A549 cells plated under suspension 
conditions in the presence and absence of 50 ng/ml EGF (Fig. 4A). 
It can be seen that, in the absence of exogenous EGF, AG1478 
and 225 mAb inhibited basal anchorage-independent growth in a 

Figure 3. Effect of EGF and EGFR inhibitors on monolayer growth in A549 
cells. Cells were plated at 2000 cells/well in a 96-well tissue culture plate 
with DMEM-5% FBS for 24 hours. (A) After serum starving for 2 hours, 
cells were incubated with various concentrations of serum and/ or EGF as 
indicated. (B) Cells were preincubated with 1 μM AG1478 or 1 μg/ml 225 
mAb for 30 min prior to addition of EGF (0,10,100 ng/ml). After 72 hours, 
cell viability was assessed by adding MTT and measuring the absorbance at 
595 nM (as described in Materials & Methods). Results shown are of a typi-
cal experiment performed in triplicate with associated standard deviations.
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dose-dependent manner to a maximum of 60–70% (30–40% basal 
growth remaining, Fig. 4A). This demonstrates that, in contrast to 
monolayer growth, anchorage-independent basal growth of A549 
cells is partially dependent on EGFR activity. Notably, the anchor-
age-independent growth of the A549 cells in the presence of 0.2 μM 
and higher concentrations of AG1478 was essentially the same in the 
presence and absence of added EGF. This suggests that these concen-

trations of AG1478 are able to block both EGF-stimulated and basal 
anchorage-independent growth relatively effectively. In contrast, 
at all concentrations of 225 mAb, anchorage-independent growth 
remained higher in the presence of exogenous EGF as compared to 
in its absence. This indicates that 225 mAb is relatively less potent 
in the presence of added EGF. This may reflect the competition 
between EGF and 225 mAb for binding to the extracellular domain 
of EGFR.

The effects of EGF and EGFR inhibitors on A549 cell anchorage-
independent growth that we detected using the soluble metabolic dye, 
Alamar Blue, may result from changes in cell survival or division, or 
both. To determine the effects of EGFR modulation on cell viability 
under anchorage-independent conditions, we took advantage of the 
fact that, when using the over-agar assay, cells can be easily harvested. 
Accordingly, we were able to measure the percentage of viable cells 
by live/dead staining followed by flow cytometry (see Materials & 
Methods). The percentage of viable cells after 7 days of anchorage-
independent growth was 41% (Fig. 4B) with the viability being 
increased to 64% by 50 ng/ml EGF, indicating that the stimulation 
of anchorage-independent growth by EGF reflects, at least partially, 
an increase in cell survival. AG1478 at 1 μM significantly decreased 
cell viability to a level of 11–15% both in the absence and presence of 
EGF, indicating that this inhibitor blocks basal and EGF-stimulated 
anchorage-independent growth due, at least in part, to its ability to 
reduce EGFR-dependent cell survival. 225 mAb at 2 μg/ml in the 
absence of EGF decreased the percentage of viable cells from 41% to 
29%, but not to the extent induced by AG1478 (11–15%). In the 
presence of EGF, 225 mAb had no significant effect on cell survival. 
The fact that, in the presence of 50 ng/ml EGF, 225 mAb at 2 μg/
ml significantly inhibited anchorage-independent growth (Fig. 4A) 
while having no effect on the percent of viable cells (Fig. 4B), implies 
that the effect of 225 mAb on anchorage-independent growth may 
be more reflective of its effect on cell division than on cell survival.

Since the differences in cell viability that we observed are likely 
related to anoikis, i.e., the apoptosis that occurs following loss of 
cell anchorage, we next examined the effects of EGF and EGFR 
inhibitors on apoptosis by monitoring the 85 kDa cleavage product 
of PARP, a caspase-3 substrate and a contributor to commitment 
to apoptosis.54 The PARP cleavage product was detected in A549 
cells grown under anchorage-independent conditions, but not under 
monolayer plating conditions (Fig. 4C), indicating that A549 cells 
indeed undergo anoikis when grown in an anchorage-independent 
environment. AG1478 enhanced PARP cleavage both in the absence 
and presence of EGF confirming that this inhibitor promotes anoikis 
and that it blocks basal and EGF-stimulated anchorage-independent 

Figure 4. Effect of EGF and EGFR inhibitors on anchorage-independent 
growth and survival in A549 cells. Cells were plated on agarose-coated 
tissue culture plates to prevent adhesion and incubated for 7 days in various 
concentrations of EGF or EGFR inhibitors, 225 mAb or AG1478 (as indi-
cated) prior to analysis of viable cell count using Alamar Blue as described in 
Materials and Methods. (A) Effect of increasing concentration of EGFR inhibi-
tors on A549 anchorage-independent growth in the presence or absence 
of added EGF (50 ng/ml). (B) Cells were harvested after 7 day suspension 
growth and percent cell viability was assessed by live/dead staining with 
Calcein AM and propidium iodide followed by flow cytometry. Results shown 
are average of two experiments with associated s.e.m. (C) Analysis of full 
length and cleaved PARP was determined by Western blotting following 7-
day incubation in monolayer or suspension cultures.
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growth due, in part, to its ability to reduce EGFR-dependent cell 
survival. Notably, 225 mAb failed to promote PARP cleavage in 
the absence or presence of EGF, indicating that 225 mAb does not 
significantly promote anoikis and that this underlies its lower ability 
to reduce cell viability under anchorage-independent conditions.

Effect of EGFR modulation on morphology and motility. 
During the course of these studies we noticed that EGF induced 
distinct morphological changes in A549 cells with characteristics 
similar to an epithelial-to-mesenchymal transition (EMT). EMT is a 
process by which epithelial cells lose epithelial features, including the 
presence of cell-adhesion molecules, and acquire migratory and/or 
invasive properties characteristic of mesenchymal cells. EMTs are 
necessary for morphogenetic movements of epithelial cells during 
development and are analogous to those that take place during the 
acquisition of an invasive phenotype in tumors of epithelial origin, 
reviewed in ref. 55.

EGF treatment promoted the dissociation of A549 cells that were 
clustered in a cobblestone fashion within epithelial “islands” and 
formation of spindle-shaped migratory fibroblast-like cells. Indirect 
immunofluorescence analysis was performed in order to determine 
if changes in the levels or subcellular localization of epithelial and 
mesenchymal markers, as well as EGFR, occur in A549 cells in 
response to EGF (Fig. 5). As expected, incubation with EGF for 
48 hrs resulted in a dramatic internalization and downregulation of 
EGFR, as indicated by a sharp decrease in intensity of EGFR and a 
punctate intracellular staining profile reminiscent of late endosomes/
lysosomes. E-cadherin, an epithelial cell adhesion molecule, was local-
ized to the plasma membrane, particularly at sites of cell-cell contact, 
in untreated cells. Upon incubation, EGF induced a redistribution 
of E-cadherin resulting in a general diffuse intracellular staining 
pattern. In addition, beta-catenin, which is normally associated with 
E-cadherin on the inner leaflet of the plasma membrane in epithelial 
cells, was translocated predominantly to the nucleus in response to 
EGF. Vimentin, a mesenchymal marker, was expressed in untreated 
A549 cells, as has been demonstrated for a variety of epithelial cell 
lines cultured in vitro, however, its expression increased dramatically 
in the fibroblast shaped cells. Taken together these results are consis-
tent with the morphological changes that are expected to occur upon 

an EMT-like transition.
Since cell motility changes generally correlate with EMT-like 

cell morphology changes and because EGFR overexpression has 
been implicated as promoting tumor cell motility and invasion in 
vitro56,57 and in vivo,58 we investigated the effects of EGF and EGFR 
inhibitors on cell motility using a scratch closure assay (Fig. 6A). In 
this assay, an area of confluent cells is removed using the end of a 
pipette tip and the rate of movement of cells into the denuded area is 
recorded. EGF stimulated motility, as evidenced by the filling of the 
area partially and fully, after 24 hr incubation with 10 ng/ml and 100 
ng/ml EGF, respectively. EGF-stimulated motility was inhibited by 
AG1478 and 225 mAb, however, 225 mAb appeared to be less effec-
tive at blocking the motility induced by the higher concentration of 
EGF, once again illustrating the competitive nature of 225 mAb and 
EGF binding. In contrast, basal motility was not inhibited by 225 
mAb and AG1478, indicating that the basal motility of these cells is 
not dependent on EGFR activity. These effects on motility were not 
due to changes in cell proliferation since EGF and EGFR inhibitors 
have a minor effect of monolayer cell growth (Fig. 3). In addition, 
mitomycin C, a drug that blocks the proliferation of these cells, failed 
to block EGF-induced motility (data not shown).

We also quantitatively analyzed motility using a recently estab-
lished innovative method in which cells are plated at a low density on 
an ECM matrix in the presence of fluorescent beads.44 Upon migra-
tion, the area is cleared thus leaving fluorescent-negative “tracks” on 
a fluorescent background, which can be quantitated using OpenLab 
software (see Materials and Methods). This clearing of a particle-
free trail by a combination of cell locomotion and phagocytosis, 
described as “phagokinetics”, has been used to quantify the motility 
of a variety of cell types.59-61 In the fluorescent-negative track assay, 
EGF induced an approximate 2-fold increase in the area of the 
tracks formed on collagen (Fig. 6B, part 1 and 2). AG1478 and 
225 mAb completely inhibited this EGF-stimulated motility, but 
did not inhibit basal motility in agreement with the scratch closure 
assay.

An advantage of this assay is that the intake of fluorescent beads 
into cells, which results from phagocytosis during locomotion, 
has been shown to correlate with motility in certain cell lines,44 

Figure 5. Effect of EGF on epithelial-to-mesenchymal transition in A549 cells. Indirect immunofluorescence analysis was performed with antibodies directed 
against EGFR and EMT markers (E-cadherin, β-catenin, vimentin) following incubation of A549 cells with 10 ng/ml EGF for 48 hrs as indicated in Materials 
and Methods.

D
ow

nl
oa

de
d 

by
 [

65
.1

9.
16

7.
13

1]
 a

t 0
9:

26
 1

6 
M

ar
ch

 2
01

6 



Effects of EGFR inhibitors on A549 growth and motility

www.landesbioscience.com Cancer Biology & Therapy 563

and can be sensitively quantified by flow cytometry. In Figure 6C, 
part 1, representative histograms are shown, which illustrate the 
distribution of fluorescent A549 cells following overnight incuba-
tion on plates coated with collagen and 0.001% fluorospheres. A 
heterogeneous population of cells can be detected by this method 
with varying levels of fluorescence. As can be seen, in the absence 
of EGF and AG1478, approximately 44% of cells were fluorescent, 
with an average bead uptake of 0.8 beads per cell. Upon incuba-
tion with 20 ng/ml EGF overnight, the proportion of cells that are 
fluorescent increases to 64% with an average bead uptake of 1.8 
beads per cell, a 2.2 fold increase. The amount of EGF stimulation 
measured by bead uptake correlated well with the direct measure-
ment of track clearing (i.e., 1.8 vs. 2.2 fold stimulation by EGF 

in the track clearing and bead uptake assay, respectively). AG1478 
blocked the EGF-stimulated uptake of beads to a level similar to 
that in the absence of EGF (average bead uptake of 1.1 beads per 
cell). We further investigated the effect of EGF and the EGFR 
inhibitors on bead uptake by varying the concentration of 225 mAb 
and AG1478. Both 225 mAb and AG1478 completely inhibited 
EGF-stimulated bead uptake with as little as 100 ng/ml 225 mAb 
or 100 nM AG1478 , but had no effect on basal motility (Fig. 6C, 
part 2), which is consistent with the results obtained in the track 
clearing-based motility assay.

Discussion

The overall objective of this study was to examine the phenotypic 

Figure 6. Effect of EGFR inhibitors on cell motility in A549. Various cell motility assays (as described in Materials and Methods) were used to measure the 
effects of EGF and/or EGFR inhibitors (as indicated). In the scratch closure assay, cell migration into the “scratched” denuded area is observed after 24 hrs 
incubation (A). In the track clearing assay, cells are plated on collagen in the presence of 0.025% fluorescent beads overnight and the area of the fluores-
cent-negative tracks which are created upon migration (B, part 1), are quantitated relative to the total number of cells in each field. Results shown are from a 
typical experiment in which the average of cleared area/cell from 4 independent fields of treated cells is analyzed relative to untreated cells (B, part 2). In 
the fluorescent phagokinetic assay, cells are plated on collagen in the presence of 0.001% fluorescent beads overnight and the intake of fluorescent beads 
into cells during the course of migration is analyzed by flow cytometry. Typical results of the distribution of the fluorescent beads in the A549 cell population 
is shown in the histogram with the average bead intake indicated (C, part 1). Quantitation of the phagokinetic assay relative to the average bead uptake 
of the untreated A549 cells (C, part 2). Results are shown in which the average bead uptake from of treated cells is analyzed relative to untreated cells 
(average of 3 experiments with associated standard deviation).
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responses of A549 cells to EGF and EGFR inhibitors in a variety 
of in vitro assays and to correlate these responses with the phos-
phorylation of signalling pathway components. We chose to study 
the A549 NSCLC cell line in particular since this cell line model 
exhibits a discrepancy between its sensitivity to EGFR inhibitors in 
in vitro monolayer growth assays versus in animal xenograft models. 
Taking this into consideration, we were interested in comparing the 
efficacy of EGFR inhibitors in other clinically relevant biological 
assays related to tumor progression, namely anchorage-independent 
growth and motility assays. Also, by correlating these cell behaviors 
(monolayer growth, anchorage-independent growth, motility) with 
phosphorylation changes in signaling pathway components, we 
aimed to identify the pathway elements that were most strongly 
associated with different phenotypic behaviors. We utilized two 
EGFR inhibitors, the small molecule kinase inhibitor AG1478 and 
the ligand-blocking antibody 225 mAb, in order to compare the 
sensitivity of each assay to both inhibitors, and to have the potential 
for correlating differential effects of these two inhibitors on signaling 
pathways with disparities in phenotypic responses.

Our analysis of the effect of AG1478 and 225 mAb on signaling 
pathway phosphorylation events revealed that, at concentrations at 
which both 225 mAb and AG1478 were able to completely inhibit 
EGFR phosphorylation, only AG1478 was able to effectively inhibit 
EGF-induced MAPK, AKT and STAT3 phosphorylation (Fig. 2), 
demonstrating that these two inhibitors differentially affect signaling 
pathways downstream of EGFR. Since different inhibitor treatments 
may shift signal transduction kinetics in ways that are not notice-
able from single time-point experiments, we further examined the 
effect of 225 mAb at additional time points after EGF stimulation. 
In agreement with our 10 minute time point, we observed a slight 
reduction in the magnitude of MAPK or Akt phosphorylation, with 
no obvious shift in the kinetics of phosphorylation in either A549 
or HeLa cells (data not shown). The reason that 225 mAb is much 
less effective than AG1478 in the suppression of signals downsteam 
of EGFR is not clear. However, it could be that the differential 
effect of 225 mAb and AG1478 on internalization and trafficking 
of EGFR, which we have previously documented in A549 cells, may 
underlie this phenomenon. In our previous study, we demonstrated 
that 225 mAb, but not AG1478, induces EGFR internalization 
and weak downregulation in A549 cells via a mechanism distinct 
from that underlying EGF-induced EGFR internalization and 
downregulation.28 Since certain signalling pathways are dependent 
upon internalization of EGFR for full activation,48,62 differential 
internalization and routing of EGFR in response to 225 mAb versus 
AG1478 may impact on the effect of these inhibitors on downstream 
pathways, such as MAPK signalling. Although another explanation 
is that AG1478 may be acting non-specifically on kinases other than 
EGFR, which influence MAPK and PI3K signalling, this possibility 
seems unlikely at the concentrations of AG1478 used, i.e., ~1 μM. 
Another interesting finding in our signaling studies was the observa-
tion that 225 mAb, but not AG1478, varied in its ability to inhibit 
EGFR phosphorylation depending on the concentration of EGF. 
This is likely due to the fact that EGF competes with 225 mAb for 
binding to the extracellular domain of EGFR.

Our monolayer growth assays demonstrated that EGF had a 
modest stimulatory effect (25–30% increase) on growth (Fig. 3B) 
and that this increase was inhibited by both AG1478 and 225 mAb. 

The lack of inhibition of basal growth by AG14768 and 225 mAb 
indicates that these cells do not depend on an EGFR autocrine loop 
for basal monolayer growth and is consistent with other reports that 
evaluated the basal growth response of A549 cells in monolayer 
culture to other EGFR inhibitors such as gefitinib30,31,33 and the 
chimeric version of 225 mAb, C225.32

In order to determine whether anchorage-independent growth of 
A549 cells was more sensitive than monolayer growth to EGF and 
EGFR inhibitors, we utilized a rapid and convenient over-agar assay. 
Our results demonstrating that both AG1478 and 225 mAb inhibit 
basal anchorage-independent growth indicates that, in contrast to 
monolayer growth, these cells rely at least in part on the presence 
of an EGFR ligand autocrine loop for anchorage-independent 
growth. We found that EGF stimulated anchorage-independent 
growth approximately 2-fold (Fig. 4A) and that AG1478 and 225 
mAb reduced this stimulation, albeit to different extents. Although 
AG1478 was effective at inhibiting anchorage-independent growth 
in both in the presence and absence of EGF, 225 mAb was less effec-
tive in the presence of EGF (Fig. 4A). This likely occurs as a result of 
the competition between EGF and 225 mAb for binding to the extra-
cellular domain of EGFR, and correlates with the effect of EGF on 
the ability of 225 mAb to block EGFR phosphorylation (Fig. 2A).

Extensive crosstalk exists between integrin and growth factor 
signalling pathways, including EGFR, which affects cell survival, 
differentiation and proliferation, reviewed in ref. 63. When cultured 
under anchorage-independent conditions in which integrin attach-
ment is abrogated, cell anoikis, i.e., the apoptosis that occurs upon 
prevention of cell-matrix contact, is promoted. Because of this, 
effects on anchorage-independent growth may represent effects on 
both survival and cell division, rather than cell division alone.64 
Indeed, in this study, anchorage-independent conditions were found 
to enhance apoptosis as assessed by monitoring PARP cleavage (Fig. 
4C). Additionally, the finding that EGF increased the percentage of 
viable cells indicates that EGF signaling promotes survival (Fig. 4B). 
Our studies on cell viability and apoptosis under anchorage-inde-
pendent conditions also revealed that 225 mAb and AG1478 appear 
to differ with respect to the mechanism that they primarily use to 
affect anchorage-independent growth. Whereas AG1478 inhibited 
both basal and EGF-stimulated viability and promoted apoptosis 
(enhanced PARP cleavage), 225 mAb had limited effects on cell 
viability and no detectable effect on PARP cleavage (Fig. 4B and C). 
These observations suggest that 225 mAb inhibited anchorage-inde-
pendent growth primarily by affecting events other than apoptosis, 
such as by inducing growth arrest, whereas AG1478 inhibited 
anchorage-independent growth primarily by reducing survival. The 
differential effect of 225 mAb and AG1478 on apoptosis/survival 
correlates with their differential effect on EGF-stimulated phos-
phorylation of MAPK, PI3K or STAT3 in A549 cells grown under 
monolayer (Fig. 2C) or anchorage-independent conditions (data not 
shown). This observation is in agreement with other studies demon-
strating a role for PI3K and/or STAT3 as mediators of survival in 
NSCLC and other cell types.14,17,65

Our results demonstrating a strong inhibition of anchorage-
independent growth and survival of A549 cells by AG1478 suggests 
that this type of EGFR inhibitor may block cell growth particularly 
well under circumstances in which cell survival is being reduced by 
therapeutic regimes such as chemotherapy or radiation. There is 
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evidence that other small molecule EGFR inhibitors synergize with 
radiation and/or chemotherapy to inhibit growth of NSCLC cell 
lines.36-38,66 More specifically, in the study by Bianco et al (2002), 
a significant inhibition of A549 soft agar growth in vitro and tumor 
growth in mouse xenograft models was observed with the small 
molecule EGFR inhibitor ZD1839, which was enhanced by ionizing 
radiation.37

We also observed that EGF induced a striking loss of cell adhe-
sion molecules (Fig. 5), and a concomitant scattering of A549 cells 
in a process resembling an EMT. Interestingly, we and others67 have 
shown that untreated A549 cells express both mesenchymal markers, 
such as vimentin, as well as epithelial markers such as E-cadherin. 
These findings indicate that A549 cells may be prone to undergo an 
EMT-like process. The work of Thomson et al,67 demonstrated that 
NSCLC cell lines that have undergone an EMT are more resistant to 
the growth inhibitory effects of the EGFR inhibitor, erlotinib. This 
leads to the idea that the tendency of A549 cells to express mesen-
chymal characteristics may underlie its low in vitro monolayer growth 
response to EGFR inhibitors. This premise is further supported by 
more recent findings in which a gene signature indicative of a 
mesenchymal phenotype is predictive of resistance to erlotinib-
mediated growth inhibition in NSCLC cell lines.68 Our current 
results indicate that A549 cells exhibit mesenchymal characteristics, 
particularly in the presence of EGF, and are relatively insensitive to 
EGFR inhibitors in monolayer growth assays, as expected. On the 
other hand, our results clearly demonstrate that A549 cells maintain 
the ability to respond sensitively to EGFR inhibitors in motility and 
survival assays.

As an additional phenotypic readout, we analyzed the effect of 
EGF and EGFR inhibitors on A549 cell motility using a variety of 
motility assays (Fig. 6). 225 mAb and AG1478 had no effect on the 
basal motility of A549 cells, indicating that their basal motility is 
not dependent on autocrine or serum-derived EGFR ligands. Using 
a novel quantitative flow cytometry-based assay, we observed that 
EGF stimulation resulted in a 2-fold increase in cell motility, and 
that this was completely inhibited by AG1478 (100 nM) and 225 
mAb (100 ng/ml) (Fig. 6). Interestingly, the concentration of 225 
mAb that inhibited EGF-stimulated motility was unable to inhibit 
EGF-induced MAPK, Akt or STAT3 signalling (Fig. 2C), suggesting 
that these molecules are not involved in EGF-stimulated motility 
in A549 cells. Other effectors such as PLCγ69, 70 or FAK, which 
have been implicated in EGF-stimulated motility and invasion in 
A54971 and other epithelial cell lines,72 may be more tightly asso-
ciated with motility. The dissection of which signalling molecules 
are most strongly associated with control of various cellular pheno-
types is necessary for the derivation of models that are predictive of 
response to pathway inhibitors. At a systems biology level, Kumar 
et al,73 recently identified, using mass spectrometry, elements of the 
signalling network of tyrosine phosphorylated proteins that govern 
HER2-mediated effects on migration and proliferation and derived 
predictive models accordingly.

In summary, the higher sensitivity of A549 cells to EGFR inhibi-
tors in anchorage-independent cell growth and survival assays, as 
well as in cell motility assays, indicates that these assays are more 
predictive of the in vivo response of these cells. This may explain, 
in large part, the discrepancy between the sensitivity of A549 cell 
growth to EGFR inhibitors in in vitro conventional monolayer 

growth assays29-33 versus in animal xenograft models.34-38 Based on 
our results with A549 cells, we propose that EGF stimulates tumour 
progression of NSCLC primarily through effects on anchorage-
independent growth/survival and motility and that assays measuring 
these cellular phenotypes are more appropriate for assessing EGFR 
inhibitor efficacy.

Materials and Methods

Antibodies and chemicals. Recombinant human EGF was 
purchased from AUSTRAL Biological. AG1478 was obtained from 
Calbiochem. Hybridoma expressing 225 antibody directed against 
the EGF receptor (ATCC HB-8508) was grown in DMEM/10% 
horse serum and 225 antibody purified using standard techniques 
Briefly, 50% ammonium sulfate precipitation was performed and 
the pellet dialyzed against and, resuspended in phosphate buffered 
saline (PBS) pH7.4. Affinity purification was then performed 
on donkey anti-mouse IgG column (Jackson ImmunoResearch), 
dialyzed against PBS and quantitated by BCA protein assay (Pierce). 
225 mAb preparations were functionally tested for their ability to 
bind EGFR expressed on A549 cells by FACS analysis.

Antibodies used for Western blotting against EGFR (sc-03) 
HER2/neu (sc-284), erbB3 (sc-415) and ErbB-4 (sc-283) were 
obtained from Santa Cruz. Phospho-specific EGFR Y1068 was from 
Biosource International Inc. (Camarillo, CA). Other antibodies 
include monoclonal anti-β actin antibody (Sigma), anti-phospho-
tyrosine antibody (4G10, Upstate Biotechnology Incorporated), 
anti-PARP (Biomol SA250), anti-phosphoAkt Ser473 (Cell signal-
ling # 9271) anti-phosphoMAPK pTEpY (Promega V8031) and 
anti-phosphoSTAT3 Y705 (Cell signalling # 9131).

Cell culture. Human Caucasian lung carcinoma cell (A549) were 
obtained from American Type Culture Collection and were grown in 
Dulbecco’s modified Eagle’s media (MultiCell, Wisent, Inc.) supple-
mented with 5% fetal bovine serum (Gibco) and 1% glutamine.

For detection of signalling pathways (EGFR, MAPK, Akt, 
STAT3), 100,000 cells were plated per well in a 12 well plate in 2 
mls RPMI/5% FBS. The following day, the media was changed and 
replaced with EGFR inhibitors as indicated in RPMI/5% FBS and 
pre-incubated for 60 minutes prior to the addition of 200 μl EGF 
(supplied as a 10x concentrated stock, final concentration 10 or 100 
ng/ml) for 10 minutes at 37°C. After aspiration of media, cells were 
lysed by the addition of boiling 2%SDS (100 ul/well).

Western blotting. Total cell lysates were prepared in boiling 2% 
SDS (50 ul/well in 24 well dish). 10 to 15 μl of lysate was loaded on 
a 7.5% polyacrylamide gel and analyzed by SDS gel electrophoresis. 
After transfer to nitrocellulose (Amersham), blots were blocked with 
5% skim milk in TBS (10 mM Tris-CL pH7.5, 150 mM NaCl) 
containing 0.05% Tween-20. Blots were probed with antibodies (at 
their recommended dilutions) in 5% skim milk in TBS overnight at 
4°C. Following detection with the appropriate horseradish-peroxidase 
conjugated secondary antibody (Jackson ImmunoResearch), blots 
were developed by enhanced chemiluminescence according to manu-
facturer’s directions (Perkin Elmer Life Sciences). Quantitation of the 
Western blots was performed on an AlphaImager2200 using Alpha 
Imagev5.5 software (Alpha Innotech corp., San Leandro, CA).

Surface erbB detection by flow cytometry. Typically, A549 were 
cells plated at 250,000 cells per 100 mm dish the day before 72 
hr treatment. Following incubation, cells were washed in PBS and 
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harvested by the addition of cell dissociation buffer (Sigma). Cells 
were suspended in PBS containing 10% FBS at 5 x 106 cells per ml 
and 200 μl were incubated with saturating amounts (2 μg or more) 
anti-EGFR (225 mAb) or erbB-2 (clone 9G6.10, Neomarkers, 
Labvision corporation, Fremont CA) antibodies for 2 h at 4°C. 
Following washes with PBS/FBS, cells were detected with saturating 
amounts of goat anti-mouse IgG Alexa 488 secondary antibodies 
(Molecular Probes). Alexa green fluorescence signal analyses were 
performed on viable cells gated on forward scattering, side scattering 
parameters and propidium iodide dye exclusion using a Coulter 
EPICSTM XL-MCL flow Cytometer (Beckman-Coulter, Miami, 
Fl) and standard filter set. Since EGFR and erbB2 antibodies are of 
the same isotype (IgG1), their detection with secondary antibody 
should be comparable. Having previously calculated the amount of 
surface EGFR on these cells by Scatchard analysis, we compared the 
flow cytometry data (mean Intensity—background Intensity) for 
EGFR with that of erbB2 to estimate the cell surface erbB2 receptor 
density.

Growth and viability assays. For analyzing adherent cell growth, 
standard 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
bromide (MTT) assays were performed as previously described.43 
Briefly, A549 cells were plated at 2000 cells/well in a 96 well plated 
overnight in RPMI/5% FBS. Serum (FBS), EGF and EGFR inhibi-
tors were added to their final concentrations (as indicated) in a final 
volume of 100 μl. After 48 hrs incubation at 37°C, 25 μl of MTT 
(2 mg/ml) was added and further incubated for 4 hrs at 37°C. The 
medium was then aspirated and the insoluble formazon product solu-
bilized in 100 μl DMSO for 1 hr at 37°C. The absorbance at 595 nM 
was analyzed on a Molecular Devices Spectra Max 250 plate reader.

For analyzing suspension growth and viability, typically 500 μl 
of 1% agarose (Gibco) in RPMI was added to a 24 well dish and 
allowed to solidify. 50,000 A549 cells were plated in 500 μl RPMI 
containing 5% FBS. Inhibitors were added at 2X concentrations 
were indicated and cultures grown for 7 days at 37°C. 50 μl of 
Alamar Blue (Biosource) was added and incubated at 37°C for 2–4 
hrs. The fluorescence of the reduced product was measured at an 
excitation wavelength of 530 nm and emission wavelength of 580 
nm on a CytoFluor multiwell plate reader (PerSeptive Biosystems).

In some cases, live/dead staining of the resulting cell population 
was performed by incubating with calcein AM (4 μg/ml, Molecular 
Probes) and propidium iodide (10 μg/ml, Molecular Probes) prior 
to analysis by flow cytometry. Signal analyses were performed on 
cells gated on forward scattering, side scattering parameters using 
a Coulter EPICSTM XL-MCL flow Cytometer (Beckman-Coulter, 
Miami, Fl) and standard filter set.

Indirect Immunofluorescence. A549 cells were grown on chamber 
slides to 50–80% confluency, exposed to 10 ng/ml EGF for 48 hrs at 
37°C. Following incubation, cells were washed with PBS, fixed with 
4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton-
X 100 for 10 min, and blocked with 4% serum for 1 h at room 
temperature. Cells were then incubated with anti-EGFR antibody 
(EGFR polyclonal sc-03, Santa Cruz Biotechnology; 1:50); anti-
E-cadherin antibody (Zymed, 1:200); anti-beta-catenin antibody 
(Santa Cruz, 1:200); or anti-vimentin (ICN, 1:50) for 1 h at room 
temperature washed with PBS and then exposed to Alexa-488 labeled 
anti-mouse IgG or Alexa-568 labeled anti-rabbit IgG antibody 
(Molecular probes) for 1 hr at room temperature. The cells were then 

washed 3x times with PBS and mounted in fluorescent mounting 
medium (Antifade, Molecular Probes). As negative controls, primary 
antibodies were omitted and secondary antibodies were used alone. 
Fluorescent images were captured using a Coolsnap CCD digital 
camera mounted on a Leitz upright microscope.

Motility based assays. Assays were performed essentially as previ-
ously described44 with some minor modifications . For track clearing 
assays, plates were coated with 50 μg/ml collagen in 0.1 N acetic 
acid (Sigma #C7661) for one hour to overnight at 4°C and washed 
with PBS, before coating with 0.025% (v/v) Fluospheres (Molecular 
Probes #F-8823) in PBS for four hours to overnight at 4°C. Plates 
were washed 3 times with PBS to remove unattached beads, and cells 
were plated at low density (12 cells/mm2). Once attached, cells were 
treated with inhibitors 30 minutes prior to addition of EGF. After 20 
hours incubation, cells were fixed with 3% paraformaldehyde (PBS) 
and fluorescent images were photographed at low magnification using 
a Qimaging Retiga 2000R Fast1394 digital camera mounted on a 
Leica DMIL upright microscope. Track clearing quantification was 
performed after binary mask analysis of at least four fields per view, 
minimum 200 cells analyzed (Openlab software, Improvision).

For flow cytometry analysis of motility, cells plated on collagen 
plates which were coated with a lower density of fluorescent beads 
(0.001% (v/v) Fluospheres) and treated as above for track clearing. 
Cells were collected after 20 hours by trypsinization, and analyzed by 
flow cytometry. Green fluorescence signal analyses were performed 
on viable cells gated on forward scattering, side scattering parameters 
using a Coulter EPICSTM XL-MCL flow Cytometer (Beckman-
Coulter, Miami, Fl ) and standard filter set.
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