
Cancer Sci | April 2007 | vol. 98 | no. 4 | 506–511 doi: 10.1111/j.1349-7006.2007.00428.x 
© 2007 Japanese Cancer Association

Blackwell Publishing Asia

Hypoxia increases the motility of lung 
adenocarcinoma cell line A549 via activation of the 
epidermal growth factor receptor pathway
Tao Wang,1 Toshiro Niki,4,5 Akiteru Goto,1 Satoshi Ota,1 Teppei Morikawa,1 Yu Nakamura,1 Etsuko Ohara,1 
Shumpei Ishikawa,3 Hiroyuki Aburatani,3 Jun Nakajima2 and Masashi Fukayama1

1Department of Human Pathology, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, 113-0033, Tokyo; 2Department of 
Cardiothoracic Surgery, The University of Tokyo Hospital, 7-3-1 Hongo, Bunkyo-ku 113-8655, Tokyo; 3Division of Genome Science, Research Center for Advanced 
Science and Technology, The University of Tokyo, 4-6-1 Komaba, Meguro-ku 153-8094, Tokyo; 4Department of Integrative Pathology, Jichi Medical University, 
3311-1 Yakushiji, Shimotsuke 329-0498, Tochigi, Japan

(Received September 16, 2006/Revised December 6, 2006/Accepted December 7, 2006/Online publication March 12, 2007)

Tumor hypoxia is associated with a malignant phenotype of cancer
cells and poor patient prognosis. To investigate the role of hypoxia
in tumor progression, we studied the effects of hypoxia in the
A549 lung adenocarcinoma cell line. First, we showed that hypoxic
treatment decreased cell–cell adhesion and induced a scattering of
cancer cells. Concomitant with these morphological changes, the
motility of cancer cells was increased, as demonstrated by the Boyden
chamber assay. Then, we used oligonucleotide array analyses to
identify the genes causally related to the hypoxia-induced motile
phenotype. The results showed that the expression of approximately
100 genes was induced more than 5-fold by hypoxia. These included
(among others) epidermal growth factor receptor (EGFR), as well
as other well-known hypoxia-induced genes, such as vascular
endothelial growth factor. Immunohistochemical analyses of primary
lung adenocarcinomas confirmed the induction of EGFR in tumor
cells in the vicinity of necrotic areas, a histological indicator of tumor
hypoxia. Remarkably, the EGFR inhibitor AG1478 (10 µM) completely
blocked the increased cell motility induced by hypoxia. Thus, the
present study demonstrates the importance of the EGFR pathway in
the increased motility of cancer cells that occurs in a hypoxic tumor
environment. (Cancer Sci 2007; 98: 506–511)

Lung cancer is the leading cause of cancer mortality in the
USA, Japan and other developed countries.(1) Among the

four major histological subtypes, the increased incidence of lung
adenocarcinoma is widely recognized.(2) The prognosis for lung
carcinoma patients is generally poor: even if diagnosed and
treated successfully, patients with stage I lung carcinoma have a
5-year survival rate of only 70% after surgical resection.(3)

Currently, the molecular mechanisms underlying the progression
of lung adenocarcinomas are not well understood.(4,5) Clearly,
the understanding of these mechanisms is essential in estab-
lishing more rational therapeutic approaches for the treatment of
lung adenocarcinoma patients.

Epidermal growth factor receptor (EGFR) is a receptor-type
tyrosine kinase that is frequently overexpressed in lung cancer.(6)

Besides this overexpression, gene mutation and amplification of
EGFR also occurs in lung cancer, especially in lung adenocarci-
nomas.(7–11) Although it is generally assumed that EGFR is
involved in tumor cell proliferation, migration and antiapoptotic
signaling,(6) our knowledge concerning the roles of EGFR
signaling in the development and progression of lung cancer is
still incomplete.

There is now increased recognition that hypoxia plays important
roles in tumor biology.(12–15) It has been shown experimentally
that hypoxia induces genetic instability, promotes the selection
of hypoxia-resistant clones, and facilitates the metastasis of
cancer cells.(12–15) Also, low oxygen tension in tumors is associated

with a poor prognosis for patients.(13) With regard to cell motility,
studies indicate that hypoxia increases the motility of cancer
cells via several pathways.(16–18)

In the present study, we first show that hypoxia decreases
cell–cell adhesion, induces cell scattering and enhances the
migration of A549 lung adenocarcinoma cells. We also demon-
strate that this motile phenotype induced by hypoxia is mediated
by the EGFR pathway. Thus, the present study reveals a new
role of EGFR in hypoxia-mediated tumor progression.

Materials and Methods

Cell lines and medium. The lung adenocarcinoma cell line A549
was obtained from the Japanese Cancer Research Resources
Bank (Osaka, Japan). Cells were maintained in Dulbecco’s
Modified Eagle’s Medium supplemented with 10% fetal bovine
serum, glutamine and antibiotics in a humidified atmosphere
with 5% CO2 and 95% air.

Reagents. Desferrioxamine mesylate was purchased from
Sigma-Aldrich (St Louis, MO, USA). The stock solution of
desferrioxamine (100 mM) was prepared in a serum-free medium
and stored at −80°C until use. EGFR inhibitor AG1478 was
from BioMol (Plymouth Meeting, PA, USA). The stock solution of
AG1478 (10 mM) was prepared in dimethylsulfoxide (DMSO)
and stored at −80°C until use.

Hypoxic culture. To establish hypoxic conditions, cells were
placed in an airtight chamber (ThermoQuant, Tokyo, Japan) that
was flushed with a gas mixture of 5% CO2, 94.5% N2 and 0.5% O2.
The whole airtight chamber was then placed in a CO2 incubator
and the culture was continued for the indicated periods of time.

Cell counting. The effect of desferrioxamine (100 mM) on cell
growth was determined by counting the cells. Briefly, cells were
plated onto 10-cm dishes and allowed to attach and spread. Two
days after plating, cells were treated with desferrioxamine
(100 mM), and at 24 and 48 h cells were harvested by trypsini-
zation and counted using a hemocytometer. Control cells were
also counted and compared.

Migration assay. A cell migration assay was carried out essen-
tially as described previously(19) using Biocoat cell culture inserts
with 8-µm porosity polyethylene teraphthalate filters (BD
Biosciences, San Jose, CA, USA). Briefly, preconfluent tumor
cells were trypsinized and 5 × 104 cells were plated onto the
upper chamber of each culture insert. To see the effects of
desferrioxamine (100 µM) and/or AG1478 (10 µM) on cell
migration, these reagents were added into the media in both the
upper and lower chambers. Preliminary experiments had shown
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that no cytotoxicity occurred at these concentrations as inspected
under the microscope or by the trypan blue exclusion test. A
control culture for experiments using AG1478 received only a
vehicle (0.1% DMSO). Cells were allowed to migrate for 24 h.
Then, the upper surface of the membrane was wiped to remove any
non-migratory cells. Cells that had migrated to the undersurface
of the membrane were fixed with methanol, stained with Giemsa
solution, and counted. To determine the number of migrated
cells for individual wells, cells in five randomly chosen fields
were viewed at ×400 magnification with an eyepiece equipped
with a grid square, and the number of cells within the largest
square was counted, and the means were calculated. The results
for each culture condition were expressed as the mean ± SD of
three individual wells after taking the relative ratio to the results
of the control culture.

RNA extraction. Total RNA was isolated by the acid guanidium/
phenol/chloroform method using TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA). All samples were treated with RNase-free
DNase during the isolation according to the manufacturer’s
protocol (Qiagen, Valencia, CA, USA). The purity and con-
centration of RNA were determined by spectrometry at 260 nm
and 280 nm.

Oligonucleotide microarray analysis. A comprehensive gene
expression analysis was carried out using an oligonucleotide
microarray as described previously(20) (GeneChip Human
Genome U133A array; Affymetrix, Santa Clara, CA, USA). This
array contained probe sets interrogating approximately 14 000
clusters from the UniGene database (Build 133). Analysis was
carried out essentially according to the instructions from the
Affymetrix GeneChip Expression Analysis Technical Manual.
Briefly, double-stranded cDNA was synthesized from 10 µg of
total RNA with an oligo(dT)24 T7 primer using the SuperScript
II System (Invitrogen). In vitro transcription was carried out to
produce biotin-labeled cRNA using a BioArray High Yield RNA
Transcript Labeling Kit (Affymetrix). The biotinylated RNA
was cleaned with an RNAeasy Mini Kit (Qiagen), fragmented
to 50–200 nucleotides, and hybridized to the oligonucleotide
microarrays. After washing, the arrays were stained with
streptavidin–phycoerythrin (Molecular Probes, Eugene, OR, USA),
amplified by biotinylated streptavidin (Vector Laboratories,
Burlingame, CA, USA), and analyzed on an Affymetrix GeneChip
Scanner 2500 to collect the image data. GeneChip Analysis
Suite software 5.0 was used to calculate the signal intensity for each
gene probe set on the array (expressed as an intensity value of
the gene expression). Signals on each chip were scaled to a mean
intensity of 100. Annotations of all filtered transcripts were
updated using Affymetrix Netaffx (http://www.affymetrix.com/
analysis/index.affx), based on the October 2003 annotation update.

Antibodies. Rabbit polyclonal anti-EGFR antibody (#2232)
and antiphosphorylated EGFR (P-EGFR) antibodies (Y845
#2231 and Y1068 #2234) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Mouse monoclonal anti-EGFR
antibody (clone 31G7) was from BD Bioscience (Franklin Lakes,
NJ, USA) and rabbit polyclonal anti-c-Met antibody was from
IBL (Tokyo, Japan).(19,21) Goat polyclonal anti-actin antibody
(I-19) was from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Anti-rabbit IgG peroxidase conjugate was purchased
from Amersham (Piscataway, NJ, USA) and antirabbit IgG
biotin conjugate was from Vector Laboratories.

Western blot analysis. Cells were lysed in RIPA buffer con-
sisting of 50 mmol/L Tris-HCl (pH 7.4), 1% sodium deoxycholate,
1% NP-40, 0.1% sodium dodecyl sulfate and a cocktail of
proteinase inhibitors. Protein concentrations were determined
using the DC Protein Assay kit (Bio-Rad). For western blotting,
equal amounts of protein samples were size-separated on 8%
polyacrylamide gels and electroblotted onto a polyvinylidene
difluoride membrane. Nonspecific binding was blocked by
immersion of the membranes for 1 h in 5% skim milk in

Tris-buffered saline (TBS) at 4°C. The membranes were washed
with TBS buffer containing 0.1% Tween, incubated for 1 h at
room temperature with rabbit polyclonal anti-EGFR antibody
(diluted 1/500; Cell Signaling, #2232), rabbit polyclonal anti-
phosphorylated EGFR antibodies (diluted 1/500; Cell Signaling
#2231 and #2234), or goat polyclonal anti-actin antibody
(diluted 1/1000; Santa Cruz, I-19), washed again, and incubated
for 1 h with appropriate secondary antibodies. The antigen was
detected using ECL Western Blotting Detection Reagents
(Amersham) according to the manufacturer’s instructions.

Lung adenocarcinoma patients and tissues. We examined 108
primary lung adenocarcinomas resected at Tokyo University
Hospital between 1999 and 2002. The patients consisted of 71
men and 37 women, ranging in age from 38 to 90 years (average
65.2 years). The cases were staged according to the tumor-node-
metastasis system adopted by the American Joint Committee on
Cancer and the International Union Against Cancer.(22) The cases
consisted of 78 stage I (49 stage IA, 29 stage IB), 12 stage II
(four stage IIA, eight stage IIB) and 17 stage III (10 stage IIIA,
three stage IIIB) adenocarcinomas. There were no stage IV cases.

Immunohistochemical staining for carcinoma specimens.
Immunohistochemical staining was carried out on formalin-fixed,
paraffin-embedded tissue sections of lung adenocarcinoma
specimens. Sections (5-µm thick) were deparaffinized in xylene
and rehydrated in decreasing concentrations of ethanol. Antigen
retrieval was carried out by incubating the sections with 0.1%
trypsin (Sigma-Aldrich, T0646) for 1 h at room temperature (for
EGFR) or by heating for 10 min at 120°C by autoclave
treatment (for phosphorylated EGFR and c-Met). After blocking
endogenous peroxidase activity with a 3% aqueous H2O2 solution
for 5 min, the sections were reacted with mouse monoclonal
anti-EGFR antibody (diluted 1/20), antiphosphorylated EGFR
antibody (diluted 1/50), or anti-c-Met antibody (diluted 1/50)
for 1 h at room temperature. After washing with TBS buffer, a
secondary antibody (diluted 1/500) was applied for 1 h at room
temperature. Subsequently, the sections were allowed to react
for 30 min with an avidin–biotin–peroxidase complex (ABC)
using a Vectastain ABC kit (Vector Laboratories). The DAB
(3-,3′-diaminobenzidine tetrahydrochloride) Liquid System
(Dako, Glostrup, Denmark) was used to detect the immunostaining.

In a preliminary experiment, we screened a small panel of
lung adenocarcinoma cases for EGFR and p-EGFR immuno-
reactivities. We chose a case that showed moderately strong
immunostaining for both EGFR and p-EGFR and used it as a
positive control in subsequent immunostaining. We confirmed
that this positive control gave constant results in all of the
immunostaining experiments.

Immunoreactivity was evaluated by two investigators (T. N.
and T. M.) and categorized following the methods of Han et al.
with slight modifications.(23) In brief, the percentage of EGFR-
positive tumor cells was multiplied by the dominant staining
intensity pattern (1, trace; 2, weak; 3, moderate; 4, intense), and
slides were classified as having negative (0, score 0–100), low
(1+, score 101–200), intermediate (2+, 201–300) or high (3+,
301–400) EGFR expression. p-EGFR was scored as positive if
more than 5% of cells had granular cytoplasmic staining.(23)

Statistical analysis. To analyze the effect of desferrioxamine
and AG1478 on cell migration, the number of migrated cells
was counted and the results for each culture condition were
expressed as the mean ± SD of three individual wells after
taking the relative ratio to the results of the control culture. The
effect of desferrioxamine on cell growth was analyzed in a
similar method. The correlation between EGFR and p-EGFR
staining was analyzed by χ2-test. The difference of EGFR and
p-EGFR staining according to the presence or absence of tumor
necrosis was also analyzed by χ2-test. The difference was
considered significant when 1.0 did not belong to the 95%
confidence interval of the treated or control ratio.

http://www.affymetrix.com/
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Results

Hypoxia increases the motility of lung adenocarcinoma cells. To
examine the effects of hypoxia in lung adenocarcinomas,
we treated A549 lung adenocarcinoma cells with 100 µM
desferrioxamine, a hypoxia-mimetic agent. After exposure to
this agent, A549 cells gradually underwent morphological
changes and showed features associated with a motile pheno-
type: decrease in cell–cell adhesion, scattering of cell clusters,
and increased number of single cells that display cytoplasmic
protrusions (Fig. 1a). Also, the cells treated with desferrioxamine
took on a flattened appearance. These morphological alterations
were evident at 24 h, became more prominent at 48 h, and were
maintained throughout the exposure to desferrioxamine. Desfer-
rioxamine treatment also induced growth arrest in A549 cells
(Fig. 1b), a phenomenon well documented in the literature.(24)

The cell number remained the same at 24 h and slightly
decreased at 48 h following desferrioxamine treatment, whereas
control cells grew 2- and 4-fold at 24 and 48 h, respectively.
Exposure to a hypoxic condition (0.5% O2) induced the same
morphological changes with similar kinetics. As these
morphological characteristics indicated increased motility, we

next examined the effect of desferrioxamine on cell migration.
Indeed, treatment with desferrioxamine (100 µM) increased the
migration of cancer cells as shown in Fig. 2.

Oligonucleotide microarray analysis. To identify the genes asso-
ciated with the motile phenotype induced by hypoxia, we
extracted RNA from lung adenocarcinoma cells cultured either
under normoxic or hypoxic conditions for 24 and 48 h, and
RNA samples were subjected to a comprehensive gene expression
analysis using Affymetrix Oligonucleotide Microarrays. Through
this analysis we identified approximately 100 genes whose
expression was induced >5-fold and approximately 50 genes
whose expression was decreased <20% by hypoxia. Among the
100 genes induced by hypoxia were well-known hypoxia-
induced genes, such as vascular endothelial growth factor
(VEGF), carbonic anhydrase IX (CA9) and tissue factor (F3),
thereby validating our hypoxic culture system. The expression of
genes involved in cell cycle control were also altered by hypoxia:
TP53 and cyclin G2 (CCNG2) were upregulated, whereas
topoisomerase IIα (TOP2A), SKP2 and polo-like kinase (PLK)
were downregulated. Alterations in the expression of these
genes most likely related to the cell cycle arrest that occurs in
most cells exposed to hypoxia.(15)

Fig. 1. (a) The effect of the hypoxia mimetic
agent desferrioxamine on the morphology of
A549 cells. Control A549 cells grow in clusters,
but A549 cells treated with desferrioxamine
(100 µM) for 24 and 48 h showed cell scattering
and decreased cell–cell adhesion. (b) The effect
of desferrioxamine on the growth of A549
cells. The control cells grew 2- and 4-fold at 24
and 48 h, respectively. In contrast, the cell
number remained the same at 24 h and slightly
decreased at 48 h following desferrioxamine
treatment. The data represent mean ± SD of
three experiments.
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Next, we sought to identify the genes causally related to the
hypoxia-induced motile phenotype of lung adenocarcinomas.
Among the 100 genes upregulated by hypoxia, EGFR caught our
attention as previous studies reported frequent overexpression of
EGFR in lung cancer and increased motility of cancer cells by
activation of EGFR.(6) Previous studies have attributed hypoxia-
induced cell motility to various molecules, such as Snail, which
downregulates the cell adhesion molecule E-cadherin,(16) urokinase-
type plasminogen activator and its receptor system,(17) and the
tyrosine kinase c-Met.(18) Therefore, we reviewed the results of
the oligonucleotide array analysis and compared the fold changes
in the expressions of these genes and all of the receptor tyrosine
kinase genes.(25) We found no significant change in the expression
of E-cadherin (1.1-fold change), urokinase-type plasminogen
activator (uPA) (0.52-fold change) or the uPA receptor (2.0-fold
change). The results for receptor tyrosine kinases are shown in
Fig. 3. The induction of EGFR clearly stood out among the
receptor tyrosine kinases.

Hypoxia induces the expression of EGFR protein and its activation.
To confirm the induction of EGFR by hypoxia, A549 cells were
exposed to 100 µM desferrioxamine for 1, 3, 8, 24 and 48 h, and
the EGFR protein levels were examined by western blotting.
As shown in Fig. 4, treatment with desferrioxamine induced a
modest increase in the expression of the EGFR protein. The
tyrosine-phosphorylated form of EGFR was also increased in
parallel with the increase in total EGFR.

EGFR expression is enhanced in primary lung adenocarcinoma cells
adjacent to necrotic areas. Tumor necrosis is associated with
tumor aggressiveness and a poor patient prognosis. It is gen-
erally accepted that tumor necrosis occurs due to inadequate
blood supply and lack of oxygen relative to a high oxygen
demand by proliferating tumor cells. Therefore, we investigated
whether EGFR expression is enhanced in primary lung
adenocarcinoma cells that are adjacent to necrotic areas. To this
end we immunostained sections from 108 cases of surgically
resected lung adenocarcinomas using polyclonal anti-EGFR
antibody and antiphosphorylated EGFR (Y1068). Overall,

Fig. 2. The effects of desferrioxamine on the migration of A549 cells.
The migration of A549 cells was examined using the Boyden chamber
assay. Treatment with desferrioxamine increased the migration of A549
cells approximately 2-fold.

Fig. 3. Fold changes in the mRNA levels of receptor tyrosine kinases by
hypoxia. A549 cells were cultured under normoxic or hypoxic
conditions for 24 and 48 h. RNA was then extracted and subjected to a
comprehensive gene expression analysis using an Affymetrix U133A
array. Fold changes in the expressions of all receptor tyrosine kinases(22)

are indicated as bar graphs. Genes with minimal expression were
excluded from the graph. As fold changes varied according to the
probe sets for a given gene, the results represent mean values.
Induction of epidermal growth factor receptor mRNA stands out
among the genes shown here.
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positive EGFR expression (representing score 1+ to 3+) was
found in 95 of the 108 cases (88.0%). Positive p-EGFR expression
(representing >5% tumor cells stained), which appeared granular
in the cytoplasm,(23) was found in 88 of 108 cases (81.5%). In
keeping with a previous report,(23) no correlation was found
between EGFR and p-EGFR expression (P = 0.355; Table 1).

Tumor necrosis was found in 15 cases, of which 11 were
positive for EGFR expression. Close examination of these 11
cases showed that in five of them, enhanced EGFR expression
was observed in tumor cells adjacent to necrotic areas (Fig. 5).
Of the 15 cases with tumor necrosis, nine cases were positive
for p-EGFR. Again, close examination revealed that six of nine
cases showed enhanced p-EGFR staining adjacent to necrotic
areas. Although the cases with enhanced EGFR and those
with enhanced p-EGFR do not completely overlap, enhanced
protein expression of EGFR was accompanied by enhanced
phosphorylation of EGFR in the majorities of the cases (three of
five cases).

Although the positive rate of EGFR did not differ between
tumors with necrosis (95/108, 88.0%) and those without necrosis
(11/15, 73.3%), this was due to the fact that the scoring system

for EGFR reflected the overall staining intensity and the per-
centage of positive cells. Because necrotic area accounted for
only a minor proportion of tumors, the presence of increased
staining in a narrow area adjacent to necrosis did not contribute
to the scoring system in a significant way.

The expression of c-Met was reported to be enhanced by
hypoxia.(16) Therefore, we also immunostained semiserial sections
for c-Met using the same set of cancer specimens, but in
contrast to EGFR, no enhanced staining of c-Met was observed
in tumor cells adjacent to necrotic areas (data not shown).

EGFR inhibitor blocks hypoxia-induced increased migration.
To obtain direct evidence that enhanced EGFR is causally
related to hypoxia-induced increased motility, we examined
the effects of the EGFR inhibitor AG1478. A549 cells were
treated with desferrioxamine (100 µM) with or without AG1478
(10 µM). Cells without desferrioxamine treatment were also
cultured with or without AG1478 (10 µM). The results are shown
in Fig. 6. Strikingly, AG1478 also completely blocked the
increased migration of A549 cells treated with desferrioxamine.

Discussion

In the present paper we first showed that hypoxia or the
hypoxia-mimetic agent desferrioxamine induced morphological
alterations that are characteristic of motile cells: cell scattering
and decreased cell–cell adhesion. Increased motility was demon-
strated by migration assays. Oligonucleotide microarray analysis
revealed EGFR to be one of the genes upregulated by hypoxia.
Because the EGFR inhibitor AG1478 strongly inhibited the
increased migration of A549 cells by hypoxia, we may reasonably
conclude that the EGFR pathway is essential for the hypoxia-
induced migration.

Previous studies implicated molecules other than EGFR in
hypoxia-induced motility. These molecules include Snail,(16)

urokinase-type plasminogen activator and its receptor system,(17)

and c-Met.(18) We checked the gene expression of these mole-
cules in our hypoxic culture model, but no significant increase
was observed in the expression of these genes. Therefore, at
least under our culture conditions, these molecules play only
minor roles in the hypoxia-induced motility of A549 cells.
Because a given cell line may use different pathways during
adaptation to a hypoxic environment, it remains unclear whether
EGFR upregulation by hypoxia is a frequent phenomenon in
primary lung adenocarcinomas. To answer this question, we
examined the expression of EGFR protein in primary lung
adenocarcinoma specimens by immunohistochemistry. Strikingly,
enhanced staining of EGFR was observed in tumor cells adjacent
to necrotic areas, a histological indicator of tumor hypoxia.
We examined the expression of c-Met in the same set of lung
adenocarcinoma specimens, but we did not find any such staining
enhancement of c-Met.

Although we demonstrated that the EGFR pathway is essential
for the hypoxia-induced migration of A549 cells in our culture

Fig. 4. Induction of the epidermal growth factor receptor (EGFR)
protein by desferrioxamine. The expression of EGFR was analyzed
at the protein level by western blot analysis. Desferrioxamine induced
a modest increase in the amount of EGFR protein. Increased
phosphorylation of EGFR (Y845) occurred as well.

Table 1. Relationships between epidermal growth factor receptor
(EGFR) and p-EGFR staining

p-EGFR n
EGFR

− 1+ 2+ 3+

Positive 88 10 53 20 5
Negative 20 3 8 8 1

No correlation was found between the two stainings (P = 0.36). The 
difference between EGFR and p-EGFR staining was analyzed by χ2-test.

Fig. 5. Enhanced expression of the epidermal
growth factor receptor (EGFR) protein by
hypoxia in primary lung adenocarcinomas.
Enhanced membranous staining for EGFR was
observed in tumor cells adjacent to necrotic
areas, a histological indicator of tumor hypoxia.
Enhanced phosphorylation of EGFR, which
appeared granular in the cytoplasm, was also
seen. The lines indicate the border of necrosis.
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system, the mechanism for EGFR activation needs to be
determined. Activation of EGFR may occur either in a ligand-
dependent or ligand-independent manner.(26) For example, a
point mutation or short deletion in the kinase domain of the
EGFR gene leads to constitutive activation of EGFR.(7,8) However,
this is unlikely in our present model as the A549 cells harbor no
mutation of the EGFR gene.(27) Instead, we speculate that EGFR

activation occurs in a ligand-dependent autocrine manner,
because: (i) the addition of transforming growth factor (TGF)-α
induces cell scattering and enhanced migration of A549 cells;(19)

and (ii) the gene expression of TGF-α was increased 2.5-fold by
hypoxia in A549 cells in our oligonucleotide array analysis (data
not shown). Interestingly, two recent studies have indicated that
autocrine activation of EGFR may confer resistance to treatment
with gefitinib irrespective of gene mutations of EGFR.(28,29) Thus,
the role of hypoxia-mediated EGFR induction in tumor progres-
sion and therapeutic resistance is an interesting issue that needs
to be addressed by further investigations.

In summary, we have shown that hypoxia increases the
migration of lung adenocarcinoma cells and that the EGFR
pathway is essential to this hypoxia-induced phenomenon.
Further studies are warranted to elucidate the mechanisms
underlying enhanced EGFR expression by hypoxia and its
possible role in tumor progression and therapeutic resistance.
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Fig. 6. The effects of epidermal growth factor receptor inhibitor
AG1478 on the desferrioxamine-induced migration of A549 cells.
Concomitant addition of AG1478 with desferrioxamine inhibited the
increased migration of A549 cells by desferrioxamine. *P < 0.05,
**P < 0.01.


