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Abstract
Purpose Erlotinib, a small molecule inhibitor of the tyro-
sine kinase (TK) domain of epidermal growth factor recep-
tor (EGFR), increases survival of advanced non-small cell
lung cancer patients who failed standard chemotherapy
(Phase III study). We evaluated whether erlotinib is also
eVective at an early stage of primary lung tumorigenesis in
a carcinogen-induced lung tumor model in mice.
Methods Sixteen weeks after carcinogen (urethane) injec-
tion, when small self-contained adenomas are evident, male
and female A/J mice were treated IP with 10 mg/kg erloti-
nib or Captisol vehicle daily over 3.5 weeks (15 mice per

group). The eYcacy, metabolism and mechanism of action
of erlotinib were evaluated.
Results Erlotinib reduced tumor burden in males by two-
fold compared to vehicle (12.7 § 1.2 vs 26.2 § 2.5 mg,
respectively; p < 0.0001), while tumor burden in erlotinib-
treated females slightly increased compared to vehicle by
21% (15.1 § 1.2 vs 11.9 § 0.9 mg, respectively; p < 0.05).
Tumor multiplicity, in contrast, was unaVected by erlotinib.
The levels of erlotinib that accumulated in plasma, lung
tumor tissue and adjacent uninvolved (UI) lung were com-
parable in males and females. Males, however, accumu-
lated more OSI-420, an active and pharmacologically
equipotent metabolite of erlotinib, than females in plasma,
lung tumors, and UI lung. In both genders, 80% of tumors
contained Kras mutations at codon 61, but no EGFR muta-
tions were detected. The cellular distribution and concen-
tration of EGFR were also similar between genders. In
control mice, however, phosphorylated EGFR (pEGFR)
levels were nearly 2.5-fold higher in males compared to
females in UI lungs and sevenfold higher in lung tumors.
Further, erlotinib decreased the contents of pEGFR in UI
lungs and lung tumors, particularly in males.
Conclusions Adenomas from male mice in this early lung
cancer model are responsive to erlotinib treatment, possibly
because of a greater dependence of male tumor growth on
the EGFR pathway compared to females. Importantly,
these results indicate that small lung adenomas from male
mice that utilize EGFR signaling but also harbor Kras
mutations shrink in response to erlotinib, suggesting that
erlotinib may be beneWcial for some patients very early dur-
ing lung cancer progression.
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Introduction

Lung cancer is the most common cause of death from can-
cer worldwide, with 1.18 million deaths, or 17.6% of the
world total [1]. In the United States, lung cancer accounts
for most cancer-related deaths in men and women with a 5-
year survival for all stages combined of only 16% [2]. The
obvious need to develop better strategies for treating lung
cancer should include improved detection methods and
chemotherapeutics targeting lung cancer at early stages.
Smoking is by far the most important risk factor for lung
cancer [2]. EVective intervention in smokers and ex-smok-
ers at initial stages of lung cancer could signiWcantly impact
the dismal prognosis of this deadly disease.

Epidermal growth factor receptor (EGFR) is expressed in
a wide range of tumors of epithelial origin including non-
small cell lung cancer (NSCLC) [3, 4], and is associated with
a poor prognosis [5]. EGFR (also known as ErbB1 or HER-
1) is one of four members of the ErbB receptor tyrosine
kinase (TK) family that also includes ErbB2/HER2, ErbB3/
HER3 and ErbB4/HER4 [6, 7]. Upon ligand binding by EGF
or related growth factors to the extracellular domain of
EGFR, receptor homo-dimerization or hetero-dimerization
activates its intrinsic kinase activity. The resulting autophos-
phorylation of speciWc tyrosine residues within the intracellu-
lar domain of EGFR initiates a cascade of downstream
signaling important for augmenting proliferation, decreasing
apoptosis, and enhancing tumor cell motility [6, 7]. Aberrant
EGFR signaling in cancer cells can consequently accelerate
tumor progression, and much eVort has focused on the devel-
opment of a class of drugs that inhibits EGFR TK activity
[8–10]. Erlotinib (Tarceva, OSI-774; OSI Pharmaceuticals,
Roche, Genentech) and geWtinib (Iressa; Astra-Zeneca) are
the two most extensively evaluated EGFR TK inhibitors
(TKIs) in clinical trials [11, 12]. Erlotinib, a low molecular
weight, orally available inhibitor that acts at the ATP-binding
site of the TK domain, signiWcantly improved survival of
advanced NSCLC patients who failed standard chemother-
apy in the pivotal Phase III BR.21 placebo-controlled study,
and was consequently approved by the FDA for treating
advanced NSCLC as a monotherapy [13].

Only a small percentage of patients treated with erlotinib
or geWtinib exhibit responses, predominantly non-smokers,
women, East Asians, and patients with adenocarcinomas
(AC) displaying bronchioloalveolar features [13, 14].
Molecular predictors in lung tumors of responsiveness
include EGFR mutations [15–17], absence of activating
Kras mutations [18, 19], and ampliWcation of the EGFR
gene [20, 21]. Dozens of gain-of-function somatic EGFR
mutations in exons 18–21 cluster around the TK domain of
EGFR [15, 16, 22]. In NSCLC patients, these mutations
occur more frequently in non-smokers, women, Asians and
AC, providing a mechanistic basis of positive response in

these subgroups. Yet, further analysis indicates that patients
with mutant EGFR respond better to many therapeutics and
some patients with wild-type EGFR respond to erlotinib
therapy [13, 21, 23]. The eVect of Kras mutations on EGFR
TKI eYcacy is unclear. Several reports indicate that Kras
mutations confer resistance to erlotinib and geWtinib in
NSCLC [18, 19], but lung tumors bearing Kras mutations
are often present in smokers [24] and tend to be very
aggressive with shortened survival irrespective of treatment
[25]. In pancreatic cancer, a tumor-type where Kras muta-
tions predominate, erlotinib increased overall survival in
combination with gemcitabine chemotherapy in a Phase III
study and was approved by the FDA for treatment of non-
resectable pancreatic cancer [26]. Thus, the role of EGFR
and Kras mutations in erlotinib eYcacy is not completely
understood and merits further investigation.

The low toxicity proWle of EGFR TKIs compared with
conventional chemotherapy make them attractive candi-
dates for chemoprevention or early chemotherapy. Erlotinib
is likely to be eVective at earlier stages of lung cancer since
increased EGFR expression is one of the Wrst and most con-
sistent abnormalities in the bronchial epithelium of smokers
and EGFR expression is detected in initial lung cancer pro-
liferative lesions [27, 28]. Given the success of erlotinib in
advanced NSCLC treatment, the eYcacy of erlotinib as an
early chemotherapeutic merits investigation.

Carcinogen (urethane)-induced primary lung tumors in
A/J mice provide an excellent model [29–31] for determin-
ing the eYcacy of erlotinib as an early chemotherapeutic as
well as evaluating mechanisms responsible for positive erl-
otinib activity. This experimental system can be vigorously
examined throughout lung carcinogenesis, from the appear-
ance of early pre-neoplastic proliferative lesions and small
adenomas [32] to malignancy [33]. A/J and other stains of
mice develop AC in response to chemical carcinogens, and
AC comprises the majority of human NSCLC diagnoses.
Primary mouse lung tumors share morphological, histogenic
and molecular characteristics with human AC [30], includ-
ing altered expression of common sets of genes as deter-
mined by global genomic analysis [33, 34], making it more
analogous to human disease than tumor xenograft models.
Chemical carcinogenesis more closely recapitulates the Weld
carcinogenesis induced in humans by tobacco than recently
developed congenic mouse lung tumor models that employ
targeted expression of a single mutant gene, Kras [35, 36].

We evaluated erlotinib as a chemotherapeutic agent in
small adenomas of male and female A/J mice exposed to
urethane. These early lesions grew faster in male than in
female mice, and erlotinib eVectively reduced the size of
adenomas in males but not females after a relatively brief
administration period of 25 days. While no gender diVer-
ences were observed in erlotinib pharmacokinetics (PK),
levels of OSI-420, a metabolite of erlotinib with equivalent
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activity against EGFR TK phosphorylation in vitro [37],
were higher in tissues derived from males compared to
females. Control males exhibited substantially higher levels
of phosphorylated EGFR (pEGFR) relative to control
females in both lung tumors and UI lung tissue, and erlotinib
treatment inhibited EGFR phosphorylation in these tissues
to a greater extent in males compared to females. Combined,
these data suggest an increased dependence for EGFR-med-
iated signaling in small tumors growing in male mice com-
pared to females that is susceptible to molecular targeting.

Materials and methods

Mice and erlotinib

Female and male A/J mice (7–10 weeks old) were pur-
chased from Jackson Laboratories (Bar Harbor, ME) and
maintained on hardwood bedding with a 12-h light/dark
cycle, and given Teklad-8640 standard laboratory chow
(Harlan Teklad, Madison, WI) and water ad libitum. A
10 mg/ml suspension of erlotinib® in 6% Captisol® vehicle,
provided by OSI Pharmaceuticals (Melville, NY) and
Cydex (Lenexa, KS) was diluted in sterile water or 6%
Captisol for IP administration to mice (total injection vol-
ume was 0.16–0.32 ml using a tuberculin syringe).

Erlotinib studies in naïve mice

A/J mice (8 weeks old) were treated with 3, 10, 30 and
100 mg/kg body weight erlotinib daily for 5 days by IP
administration, and weighed daily (n = 5 per treatment
group). Twenty-four hours after the last erlotinib administra-
tion, mice were killed by lethal injection of 9 mg sodium
pentobarbital with 100 U heparin (Sigma-Aldrich, St Louis,
MO) in 0.9% NaCl. Blood samples were obtained by open
cavity heart-puncture and centrifuged at low speed for 5 min
at 24°C. The top plasma layer was transferred to a separate
tube and stored at ¡80°C. Lung and liver samples were dis-
sected, transferred to cryotubes, and stored in liquid nitrogen.

Erlotinib studies in tumor-bearing mice

Mice (7–10 weeks old) were treated with a single IP injec-
tion of the carcinogen, urethane, at 1 mg/g body weight
(Sigma-Aldrich) dissolved in 0.9% NaCl, as previously
described [38]. Sixteen weeks after urethane injection when
small adenomas are well established, mice were treated
with erlotinib. For the erlotinib half-life study, mice
received a single IP injection of 10 mg/kg body weight erl-
otinib or 6% Captisol vehicle and were killed 0.5, 1, 4, 8
and 12 h later (n = 2 per timepoint). For the erlotinib thera-
peutic eYcacy study, mice received daily IP injections of

10 mg/kg erlotinib or 6% Captisol vehicle on a 5-day on, 2-
day oV schedule for 3.5 weeks, totaling 18–20 total injec-
tions (n = 14–15 per treatment group). One hour after the
last drug administration, animals were killed and plasma
and liver harvested as described above. Lungs were
removed and tumors were counted and dissected from adja-
cent uninvolved (UI) lung. Tumors from each mouse were
pooled together, transferred to pre-tared cryotubes, and
weighed to estimate total tumor burden. Tumor enumera-
tion and weighing were conducted in a blinded fashion.
Tumors and adjacent lung samples were stored immedi-
ately in liquid nitrogen.

Erlotinib and OSI 420/413 levels in mouse tissues

Erlotinib and the OSI-420/413 (OSI-420) metabolite levels,
were measured in plasma, lung, lung tumors and liver sam-
ples by a validated isocratic reverse-phase high-perfor-
mance liquid chromatography/tandem mass spectrometry
method, as previously described [37, 39, 40]. BrieXy,
plasma or tissue homogenized in sodium phosphate
buVered saline was combined with internal standard and
absorbed to a diatomaceous earth cartridge. Liquid/liquid
extraction with methyl tertiary butyl ether separated the
analytes from plasma and tissue components. Following
drying and resuspension, the retained analytes were sepa-
rated with a Waters Symmetry C-18 column using ammo-
nium formate buVer and methanol as the mobile phase.
Erlotinib, OSI-420, and an internal standard were eluted
from the column, ionized by heated nebulizer, and the mass
transitions monitored at 394.4/278.0, 380.3/278.0, and
408.4/292.0 m/z, respectively.

EGFR and Kras mutation analyses

DNA was isolated from A/J mouse lung tumor tissue using
the DNeasy® Tissue kit (Qiagen; Hilden, Germany and
Nexttec; Germany). Exon speciWc primers used to PCR-
amplify Kras exon 2, codon 61 were F-GGTCTTCTATTG
TTGAGCTG and R-ACAGGAATTCTGCATACTTG.
Exon speciWc primers for EGFR exons 18, 19, 20 and 21
were; 18F-CCACTGCTCCTTTGAACACA, 18R-CACT
GGTTCCCAGAAGCCTA, 19F-CCCAGCACTCTTGGA
TTTGT, 19R-CCCACGTCCCTATAAGCAGA, 20F-AA
AGGGATATGCGTGCCTCT, 20R-CGTGGAAGACCA
C AAGTCAA, 21F-CCGCATCAAGCAAAGTACAA and
21R-TTTGGCCTCTGAACAGGTCT. Each PCR reac-
tion contained 10–100 ng DNA, 1X iQ™ Supermix
(BioRad; Hercules, CA) and 150–175 ng forward and
reverse primers in 50 �l. For Kras, the PCR cycling param-
eters were: 1 cycle of 95°C for 5 min, 25 cycles of 94°C for
30 s, 55°C for 30 s and 65°C for 30 s, and Wnally 1 cycle of
65°C for 5 min. For each EGFR exon, touchdown PCR
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cycling parameters consisted of 4 steps: (1) 1 cycle of 94°C
for 3 min, (2) 20 cycles of 94°C for 30 s, 65°C for 1 min
(decreasing 0.5°C per cycle, ending at 55.5°C on cycle 20)
and 72°C for 2 min, (3) 15 cycles of 94°C for 30 s, 55°C for
1 min and 72°C for 2 min, and (4) 1 cycle of 72°C for
5 min. The resulting PCR products were electrophoresed on
a 2% agarose gel; a ladder of mass standards was used to
estimate concentration and purity. A 15 ng aliquot was
treated with ExoSAP-IT® (USB Corp.; Cleveland, OH) to
remove unconsumed dNTPs and primers, and sequenced in
the sense direction (Kras) or both sense and anti-sense
directions (EGFR) by the UCDHSC Cancer Center
Sequencing Core or by Northwoods DNA (Solway, MN).

Immunohistochemistry

Eight mice were killed and their lungs gently inXated
through a canulated trachea with formalin for 1 h. Lungs
were removed from the chest cavity and individual lobes
separated and submerged in formalin overnight, and
embedded in paraYn. Four �m sections were cut, deparaVi-
nized, and endogenous peroxidase activity blocked with 1%
hydrogen peroxide in methanol. Slides were submerged in
1 mM EDTA (Sigma-Aldrich) and microwaved for two
5 min cycles at full power interrupted by a 5 min pause to
retrieve antigen before blocking with 10% goat serum
(Sigma-Aldrich) and 20% avidin blocking solution (Vector
Laboratories, Burlington, CA) in TNS (15 mM Tris,
pH = 7.4, 150 mM NaCl). Slides were incubated with pri-
mary antibodies against EGFR (Cell Signaling Technology,
Danvers, MA), diluted 1:50, or with phospho-
EGFR(pTyr1068; Zymed, South San Francisco, CA), diluted
1:1,300, with 20% biotin blocking solution (Vector Labora-
tories) and 10% goat serum in TNS for 2 h or 90 min,
respectively, at 30°C in a humidiWed chamber. Addition of
a biotinylated goat anti-rabbit secondary (1:200; Vector
Laboratories) was followed by ABC complex incubation
(Vector Laboratories). Immunostaining was achieved using
the chromagen, diaminobenzidine (Sigma-Aldrich), with
hematoxylin as the counter-stain.

Immunoblotting

Dissected lung tumors and adjacent UI lungs were sub-
merged in 4°C 200–800 �l cell extraction buVer (Bio-
source, Camarillo, CA) with Mini Complete®, protease
inhibitor cocktail (Roche Applied Science, Indianapolis,
IN). Samples were Dounce-homogenized on ice, incubated
for 30 min at 4°C, sonicated, centrifuged at 16,000£g for
10 min, and supernatants retained and stored at ¡80°C. An
aliquot of each sample was assessed for protein concentra-
tion by the method of Lowry et al. [41], and the remainder
mixed with a 1:1 dilution of 2£ gel-loading buVer

(100 mM Tris pH 6.8, 0.4% sodium dodecyl sulfate, 2% �-
mercaptoethanol, 20% glycerol and 0.3% pyronine Y) and
incubated at 100°C for 5 min. Equal amounts of proteins
(100–150 �g) were resolved on a 6% SDS-polyacrylamide
gel followed by transfer on to an Immobilon-P PVDF mem-
brane (Millipore Corp., Bedford, MA) and blocked in 5%
non-fat dried milk with 0.1% Tween 20 in TNS for 30 min.
Membranes were incubated with primary antibodies against
EGFR at a 1:100 dilution overnight, or phospho-speciWc
EGFR (pTyr1068) at 0.1 �g/ml with 0.1%Tween 20 in TNS
for 1 h at 4°C followed by wash buVer (2% milk, 0.1%
Tween 20 in TNS). Addition of goat anti-rabbit secondary
(Santa Cruz Biotechnology, Santa Cruz, CA) at 0.02 �g/ml
with 0.1%Tween 20 in TNS for 1 h was followed by wash
buVer. Protein bands were visualized by incubation with
Western Lighting (PE Applied Biosystems, Foster, CA) or
Supersignal (Pierce, Rockford, IL) chemiluminescent sub-
strate, exposed to CL-Xposure X-ray Wlm (Pierce), and
bands were quantiWed by Un-Scan-It software (Silk Scien-
tiWc, Orem, UT). Equal protein loading was conWrmed by
Ponceau-staining of membranes in addition to pan-EGFR
immunoblots.

Statistical analysis

Data are represented as mean § SEM, and analyzed by Stu-
dent’s unpaired t-test with Prism 3.0 software (Graphpad,
San Diego, CA), except Kras mutation incidence which
was evaluated by Yates-corrected chi-square test. In all
analyses, signiWcance of p · 0.05 was accepted.

Results

Assessment of erlotinib toxicity and bioavailability 
in A/J mice

A dose-response study was conducted to determine the erl-
otinib concentration range that can be administered without
toxicity as well as drug bioavailability. Eight-week-old male
and female A/J mice were treated with 3, 10, 30 and 100
mg/kg body weight erlotinib daily for 5 days by IP adminis-
tration (Wve mice per treatment group). To assess toxicity,
animals were weighed 24 h after each erlotinib injection
(Fig. 1). The 100 mg/kg dose caused 9 and 12% weight loss
in female and male mice, respectively, with the greatest
weight loss occurring within the Wrst 24 h. The 30 mg/kg
elicited a notable 5–6% weight loss. As these toxicities were
observed after only a 5-day treatment, the 30 and 100 mg/kg
doses were not used in subsequent long-term studies. The 3
and 10 mg/kg doses resulted in minimal weight loss in both
male and female animals (no more then 3%). No alopecia or
skin problems were obvious at any dose.
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Erlotinib levels were measured in plasma and liver tis-
sue, the primary site of erlotinib metabolism, 24 h after the
last erlotinib IP injection, as described in “Materials and
methods” section (Fig. 2). OSI-420 and OSI-413 were also
assayed as they are the most prominent circulating metabo-
lites of erlotinib [42] and have in vitro cellular activities
against EGFR similar to erlotinib (data on Wle at OSI Phar-
maceuticals). The bioanalytical method used to measure
OSI-420 and OSI-413 does not distinguish between them as
they result from O-demethylation of either side chain in the
primary compound, so they were quantiWed together and
are collectively referred to as OSI-420 [37] as shown in
Fig. 2b, d. Plasma levels of erlotinib increased in a dose-
dependent manner and were similar in male and female
mice at the 10, 30 and 100 mg/kg doses (Fig. 2a), indicat-
ing that erlotinib is bioavailable in both genders of A/J
mice. The amount of OSI-420 in plasma generally
increased with dose with levels higher in male versus
female samples at the 10 and 100 mg/kg doses, however
this trend was not signiWcant (Fig. 2b). At the 3 mg/kg
dose, neither erlotinib nor OSI-420 levels were above the
limits of detection (1 ng/ml). In vitro studies in human cells
indicate that erlotinib is mainly metabolized by hepatic
enzymes, CYP1A2 and CYP3A4 [42]. Hepatic levels of
erlotinib and OSI-420 increased dose-dependently in male
and female mice (Fig. 2c, d). In mice receiving the 100 mg/kg
dose, erlotinib accumulated up to 25,000 ng/g tissue weight;
however, these livers exhibited abnormal white spots upon
gross examination and a fatty liver phenotype by histologi-
cal analysis. These pathologies, along with the weight loss
described above, conWrmed toxicity at the 100 mg/kg dose.
Extrahepatic metabolism may be mediated by CYP3A4 in
the intestine, CYP1A1 in the lungs, and CYP1B1 in tumor
tissue [42]. Erlotinib and OSI-420 were assayed in lung

tissue but detected only at the 100 mg/kg dose (data not
shown).

Erlotinib and OSI-420 half-lives in tumor-bearing mice

To determine levels of erlotinib and OSI-420 at earlier
timepoints after drug administration and establish if biolog-
ically relevant levels accumulate in lung tumors (0.1–2 �M)
[43, 44], a half-life study was conducted in tumor-bearing
animals. A/J mice were injected with 1 mg/g body weight
of the carcinogen, urethane, and tumors allowed to develop
for 16 weeks, a timepoint when multiple, small, lung nod-
ules (adenomas) composed of uniform-looking cells (»40
tumors per mouse, 500–800 �m diameter) can be observed
[32]. Adenocarcinoma with increased disorganization of
tumor cells and invasion into the stroma is typically not
observed in this model until 30 weeks after urethane treat-
ment [33]. After 16 weeks, mice received a single IP injec-
tion of 10 mg/kg erlotinib, and they were killed 0.5, 1, 4, 8
or 12 h later. Plasma, lung tumors, adjacent UI lung tissue
(i.e., pulmonary tissue in tumor-bearing mice with no
grossly observable lesions), and liver were immediately
harvested and analyzed as described in “Materials and
methods” section.

The elimination pattern of both erlotinib and OSI-420
was comparable between genders in all tissues assessed
(Fig. 3). Plasma erlotinib levels were highest at 0.5 h in
male and female mice at 4,500 and 5,500 ng/ml, respec-
tively, and the half-lives were 1.8 and 1.4 h, respectively.
Erlotinib half-lives were not signiWcantly diVerent between
males and females in lung tumors (T1/2 = 1.2 and 1.4 h,
respectively), UI lung (T1/2 = 1.5 and 1.6 h, respectively),
and liver samples (T1/2 = 0.9 and 2.0 h, respectively) as
shown in Fig. 3c, e, g, respectively. OSI-420 levels were

Fig. 1 EVect of erlotinib on 
weight loss in A/J mice. Female 
and male A/J mice were treated 
with 3, 10, 30 or 100 mg/kg 
body weight erlotinib daily for 
5 days by IP administration 
(n = 5 per treatment group), and 
weighed 24 h after each drug 
administration
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10–15% of erlotinib levels, with half-lives ranging from 2.2
to 3.8 h in all tissues evaluated from males and females
(Fig. 3b, d, f, h). Substantial amounts of erlotinib and
OSI-420 were observed in liver (3,500–6,000 and 300–500
ng/ml peak levels, respectively), consistent with the hepatic
metabolism of these compounds (Fig. 3g, h, respectively).
Interestingly, erlotinib levels were 2.5-fold higher in
tumors relative to adjacent UI lungs in both males (3,605
and 1,330 ng/ml average peak levels, respectively) and
females (3,595 and 1,495 ng/ml average peak levels,
respectively). OSI-420 levels concentrated in tumors to an
even greater extent (Wve- to sixfold increases) in both gen-
ders. The IC50 of erlotinib for in vitro growth inhibition in
sensitive human NSCLC cell lines ranges from 0.1 to 2 �M
or 42 to 840 ng/ml [43, 44]. Therefore, erlotinib levels in
mouse plasma, which ranged from »200 to 5,000 ng/ml
(0.5–12 �M) up to 8 h after drug administration, were
either within the concentration range required to impact
sensitive cells or at substantially greater concentrations.
More importantly with regard to therapeutics, biologically
relevant levels of erlotinib were achieved in lung tumors,
ranging from 3,500 ng/g or ng/cm3 (8 �M) at peak levels to
averages over 700 ng/g (2 �M) up to 4 h after erlotinib
administration.

Erlotinib eYcacy as an early chemotherapeutic agent

The anti-cancer activity of erlotinib against urethane-
induced lung tumors in A/J mice was determined. The

10 mg/kg erlotinib dose was chosen for this experiment
because this dose: (1) is analogous to the 150 mg erlotinib
per day dose administered to lung cancer patients (2 mg/kg
in a 75 kg individual) [13]; (2) elicited minimal toxicity in
A/J mice (<3% mouse weight loss, Fig. 1); and (3) resulted
in biologically relevant levels of erlotinib in plasma and
lung tumors in tumor-bearing A/J mice (Fig. 3).

Male and female A/J mice bearing early-stage lung can-
cer were treated with 10 mg/kg erlotinib or Captisol vehicle
for 3.5 weeks as described in “Materials and methods” sec-
tion. Mice exhibited no more than 5% (erlotinib) or 3%
(vehicle) weight losses by the end of the study. One hour
after the Wnal drug administration, animals were killed and
the tumor numbers and pooled weights of all tumors from
an individual mouse determined as described in “Materials
and methods” section. No diVerences in tumor multiplicity
were observed between erlotinib-treated and Captisol-
treated male or female mice (Fig. 4). Males had more
tumors then females in both treatment groups; 39.7 § 2.2
vs 35.6 § 1.7, respectively, with Captisol and 39.9 § 2.1 vs
37.5 § 1.8, respectively, with erlotinib, but these diVer-
ences were not signiWcant.

Figure 5 demonstrates two interesting Wndings. First,
tumors in male mice receiving vehicle alone grew signiW-
cantly faster than tumors in vehicle-treated female mice,
(total tumor weights = 26.2 § 2.5 vs 11.9 § 0.9 mg,
respectively; p < 0.0001). Urethane-induced lung tumors
also grow faster in males than in females in other studies
carried out in our laboratory. Secondly, these fast-growing

Fig. 2 Erlotinib (a) and OSI-420 (b) levels in plasma and erlotinib (c)
and OSI-420 (d) levels in liver. Female and male A/J mice were treated
with 3, 10, 30 or 100 mg/kg body weight erlotinib daily for 5 days by
IP administration (n = 5 per treatment group). Plasma and liver tissue
was harvested from each mouse 24 h after the last erlotinib administra-
tion, and assayed for erlotinib and OSI-420 concentration by reverse-

phase HPLC/tandem mass spectrometry as described in “Materials and
methods” section. In mice treated with 3 mg/kg erlotinib, the levels of
erlotinib and OSI-420 levels were below the limit of detection (1 ng/
ml) in all tissues. Neither erlotinib nor OSI-420 levels were statistically
diVerent between genders in all tissues assessed
123



Cancer Chemother Pharmacol (2008) 62:605–620 611
lung tumors in male mice were over twofold smaller after
the 3.5-week period of erlotinib treatment (12.7 § 1.2 mg
in the erlotinib group vs 26.2 § 2.5 mg in the Captisol
group; p < 0.0001). In contrast, the tumor burden in female
mice increased with erlotinib by 21% (15.1 § 1.2 in the erl-
otinib group vs 11.9 § 0.9 in the Captisol group; p < 0.05).
These data clearly show that erlotinib has promising
activity at early stages of lung cancer in males after a
relatively short 3.5-week treatment. Male dependent
erlotinib-induced tumor shrinkage may result from gender
diVerences in erlotinib metabolism and/or tumor biology, as
discussed below.

Erlotinib and OSI-420 levels in the therapeutic 
eYcacy study

To determine if diVerential metabolism of erlotinib and/or
formation of OSI-420 could account for the gender-depen-
dent inhibition of tumor growth by erlotinib, levels of the
parent drug and metabolites were assessed in plasma, lung
tumors and adjacent UI lung samples from the eYcacy
study described above (measured 1 h after the last drug
administration). No signiWcant diVerences in erlotinib lev-
els were observed between male and female mice in
plasma, 2,189 § 135 and 2,106 § 85 ng/ml, respectively;

Fig. 3 Erlotinib and OSI-420 
half-lives in tumor-bearing 
mice. Female (Wlled circle) and 
male (open circle) A/J mice 
were injected once with 1 mg/g 
body weight urethane to induce 
lung tumors. After 16 weeks, 
mice were treated with a single 
IP injection of 10 mg/kg erloti-
nib, killed after 0.5, 1, 4, 8 or 
12 h at which time tissues were 
immediately harvested (n = 2 
per timepoint; except liver 
where n = 1). Erlotinib levels 
were measured in plasma (a), 
lung tumor tissue (c), UI lung 
tissue (e) and liver tissue (g) and 
OSI-420 levels were measured 
in plasma (b), lung tumor tissue 
(d), UI lung tissue (f) and liver 
tissue (h) by reverse-phase 
HPLC/tandem mass spectrome-
try as described in “Materials 
and methods” section. Plots 
were evaluated by non-linear 
regression and one phase expo-
nential decay using Graphpad 
Prism 3.0 software
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tumor tissue, 2,150 § 253 and 1,750 § 232 ng/g, respec-
tively or adjacent UI lung, 1,100 § 280 and 975 § 103 ng/g,
respectively (Fig. 6a–c, respectively). Therefore, diVer-
ences in erlotinib accumulation cannot account for the
greater sensitivity of male lung tumors to erlotinib.
Amounts of erlotinib in all samples were well above the
concentrations needed to impact sensitive cell lines (42–
840 ng/ml or 0.1–2 �M; [43, 44]).

SigniWcant gender diVerences in OSI-420 levels were
noted, however. Male mice accumulated 50% more OSI-
420 than female mice in plasma (597 § 22 vs 403 § 14 ng/ml,
respectively, p < 0.0001) and also contained more of this
metabolite in adjacent UI lungs (133 § 15 vs 88 § 9 ng/g,
respectively, p < 0.05), as shown in Fig. 6d, f, respectively.
The amount of OSI-420 in lung tumors from male mice was
nearly twice that in females (643 § 63 vs 355 § 22 ng/g,
respectively, p = 0.005; Fig. 6e). This is in contrast to the
half-life study shown above (Fig. 3) where OSI-420 levels
were similar between males and females in all tissues
assessed over 24 h following a single erlotinib administra-
tion. Combined, these data imply that gender diVerences

in OSI-420 accumulation depend upon whether erlotinib
is administered as a single dose or as multiple doses over
a 3.5-week timecourse. With chronic treatment, females
either catabolize OSI-420 more rapidly than males or
males convert more erlotinib to this metabolite than
females.

Molecular determinants of erlotinib eYcacy: 
Kras and EGFR mutations

Activating codon 12 mutations in the oncogene, Kras, neg-
atively correlates with response of lung cancer patients to
geWtinib and erlotinib [18, 19]. We assessed whether Kras
mutation varied in tumors derived from male or female
mice in the erlotinib eYcacy study. Because urethane
induces Kras mutations at codon 61 [45, 46], this amino
acid was sequenced in all tumors (ca. 40 tumors per mouse)
from four male and four female tumor-bearing mice, half of
which received Captisol control and the other half erlotinib
(»320 tumors altogether). In human lung AC, activating
Kras mutations predominately occur at codon 12, however

Fig. 4 EVect of erlotinib on lung tumor-number. Male (a) and female
(b) A/J mice were injected once with 1 mg/g body weight urethane to
induce lung tumors. After 16 weeks, mice received daily IP injections
of 10 mg/kg erlotinib or 6% Captisol vehicle control on a 5-day on,
2-day oV schedule for 3.5 weeks (18–20 total injections) and were

killed 1 h after the last drug administration (14–15 mice per group).
Lungs were removed, tumors dissected from adjacent UI lung, and
counted in a blinded fashion. In both males and females, there was no
signiWcant diVerence in tumor number between control vehicle- and
erlotinib-treated animals
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Fig. 5 EVect of erlotinib on lung tumor-burden. Male (a) and female
(b) A/J mice were injected once with 1 mg/g body weight urethane to
induce lung tumors. After 16 weeks, mice received daily IP injections
of 10 mg/kg erlotinib or 6% Captisol vehicle control on a 5-day on, 2-
day oV schedule for 3.5 weeks (18–20 total injections) and were killed
1 h after the last drug administration (14–15 mice per group). Lungs

were removed, tumors dissected from adjacent UI lung, and the pooled
weights of all tumors from each individual mouse measured in a blind-
ed fashion to determine total tumor burden. Male control vs male erl-
otinib, p < 0.0001; female control vs female erlotinib, p < 0.05 and
male control vs female control, p < 0.0001
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mutations at codons 12 and 61 elicit similar inhibition of
GTPase activity to constitutively activate Kras and down-
stream signaling [47]. There was no diVerence between
male and female mice in the percentage of tumors bearing
Kras mutations in animals treated with Captisol (77 and
81%, respectively), and these percentages were unchanged
by erlotinib treatment (77 and 81%, respectively) as shown
in Table 1. Interestingly, a gender diVerence in the type of
Kras mutation was observed. Males had more Q61R muta-
tions relative to females (26 and 11%, respectively) and
fewer Q61L mutations (51 and 70%, respectively) in Capti-
sol-treated animals (Table 1). Values were similar in erloti-
nib-treated mice. As Kras mutation incidence was not
altered by erlotinib treatment in either gender, the Q61R
and Q61L incidences for all male mice was compared
against all female mice to reveal signiWcant gender bias
(p · 0.05 by chi-square test with Captisol- and erlotinib-
treated animals grouped together by gender, Table 1).
Importantly, these data combined with the eYcacy data in
Fig. 5 clearly show that tumors harboring Kras mutations in
male mice shrink in response to erlotinib, indicating that
Kras mutation and anti-EGFR TK activity against early
pulmonary lesions are not mutually exclusive.

Some somatic tumor mutations in the ATP-binding
region of the TK domain of EGFR correlate with favorable

response to erlotinib and geWtinib in clinical trials [15, 16].
Over 40 mutations have been identiWed in EGFR exons 18–
21, with nearly 90% as short, in-frame deletions in exon 19
that eliminate four amino acids (LREA) at positions 745–
748 or point mutations at amino acid 858 (exon 21), result-
ing in the substitution of arginine for leucine (L858R) [22].
These four exons were sequenced in lung tumors from male
and female mice to determine if the observed male-speciWc
erlotinib response corresponds with any gender dependence
of EGFR mutation incidence or type. Tumors were dissected
from male and female A/J mice treated with 0, 3 or 10 mg/
kg erlotinib daily for 6 days (four mice per treatment group),
and DNA isolated from one tumor per mouse; altogether 24
randomly selected tumors were analyzed. The four EGFR
exons were sequenced in both sense and anti-sense direc-
tions, as described in “Materials and methods” section. No
EGFR mutations were detected in any tumor (Table 1), sug-
gesting that EGFR mutation does not contribute to the posi-
tive response to erlotinib observed in male mice.

Cellular determinants of erlotinib eYcacy: EGFR 
and phosphorylated EGFR localization and expression

DiVerential EGFR concentration and/or phosphorylation status
between genders could also contribute to the male-speciWc

Fig. 6 Erlotinib levels in plasma (a), lung tumor tissue (b) and UI lung
tissue (c) and OSI-420 levels in plasma (d), lung tumor tissue (e) and
UI lung tissue (f). Female (black) and male (white) A/J mice were in-
jected once with 1 mg/g body weight urethane to induce lung tumors.
After 16 weeks, mice received daily IP injections of 10 mg/kg erlotinib
or 6% Captisol vehicle control on a 5-day on, 2-day oV schedule for
3.5 weeks (18–20 total injections). Mice were killed 1 h after the last
drug administration and plasma (15 mice per group), lung tumor (4

mice per group) and adjacent normal appearing lung tissues (4 mice per
group) were harvested. Erlotinib and OSI-420 levels were measured by
reverse-phase HPLC/tandem mass spectrometry as described in
“Materials and methods” section. Levels of erlotinib were not signiW-
cantly diVerent between genders in all tissues assessed. Levels of OSI-
420 were signiWcantly greater in males vs females in plasma,
p < 0.0001; lung tumor tissue, p = 0.005 and uninvolved lung tissue,
p < 0.05
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eYcacy of erlotinib. There were no apparent diVerences
between males and females in the expression pattern of
total EGFR in adjacent UI lung (Fig. 7a, b, respectively) or
lung tumors treated with Captisol control (Fig. 7c, d,
respectively), as analyzed by immunohistochemistry.
Tumor immunostaining from Captisol-treated animals was
similar to 10 mg/kg erlotinib-treated males (Fig. 7c, e,
respectively) and females (Fig. 7d, f, respectively). In UI
lung tissue, EGFR was most strongly expressed in Clara
cells (Fig. 7a, b). Lighter staining was also observed in type
I and type II cells and alveolar macrophages as identiWed by
morphology and location. In lung tumors, EGFR was
expressed in the majority of cells but with varying intensi-
ties (Fig. 7c–f). In positively stained cells, EGFR was com-
pletely absent from nuclei, as expected for a plasma
membrane receptor.

Phosphorylation at tyrosine-1068 was evaluated because
downstream signaling involved in survival (phosphatidylin-
ositol 3-kinase (PI3K)-AKT and signal transducer and acti-
vator of transcription (STAT) pathways) appears to couple
to EGFR activation at this site [9, 48]. Phospho-
EGFR(Tyr1068)-immunostaining in Captisol-treated ani-
mals was stronger in male UI lungs than in female UI lung
tissue (Fig. 7g, h, respectively). Immunostaining was dark-
est in Clara cells (Fig. 7g, h). Expression was also observed
in type I and type II cells and macrophages as identiWed by
morphology and location (depicted in Fig. 7g). Phospho-
EGFR(Tyr1068) staining was more pronounced in tumors
from male Captisol-treated mice than females (Fig. 7i, j,
respectively). This activated receptor protein localized at the
edges of distinct circular acinar-like structures, consistent

with localization on a polarized plasma membrane (Fig. 7i,
j). After erlotinib treatment, this pattern disappeared and
immunostaining was more diVuse throughout the tumor.
Further, the intensity of phospho-EGFR(Tyr1068) expres-
sion decreased to a much greater extent in tumors from
male mice as compared to female mice (compare Fig. 7i, k
vs j, l, respectively).

To conWrm these immunohistochemistry results, total
EGFR and phospho-EGFR(Tyr1068) levels were quantiWed in
lung tissues by immunoblotting. Total EGFR levels were
similar between males and females in UI lungs and
unaVected by erlotinib treatment (Fig. 8a). Consequently,
total EGFR levels were used as a loading control for subse-
quent phospho-EGFR(Tyr1068) immunoblots; (�-actin, the
protein commonly used as an immunoblot loading control
was not used as its expression was greater in male compared
to female tumors and UI lung tissue). pEGFR levels, how-
ever, were 2.5-fold greater in UI lung derived from males
compared to females (1.16 § 0.14 and 0.47 § 0.18 ratio of
pEGFR/EGFR relative densitometric units, respectively,
p < 0.05; Fig. 8a, b). Erlotinib treatment reduced the amount
of phospho-EGFR(Tyr1068) in UI tissue from males by 3.4-
fold compared to controls (0.34 § 0.08 and 1.16 § 0.14 ratio
of pEGFR/EGFR relative densitometric units, respectively,
p < 0.01); a decrease was observed in females but was not
statistically signiWcant (Fig. 8b). In tumors, total EGFR lev-
els were also similar between males and females and not
aVected by erlotinib treatment (Fig. 8c). Impressively, phos-
pho-EGFR(Tyr1068) detection was sevenfold higher in
tumors from males compared to females (1.20 § 0.15 and
0.17 § 0.04 ratio of pEGFR/EGFR relative densitometric

Table 1 Kras and EGFR muta-
tions in male and female mouse 
lung tumors

Gene Gender Erlotinib 
dose 
(mg/kg)

Number 
of mice 
analyzed

Number of 
tumors analyzed 
per mouse

Exons analyzed Mutation
type

Kras M 0 2 40, 32 2 Total, 77%
Q61L, 51%
Q61R, 26%

M 10 2 41, 38 2 Total, 77%
Q61L, 58%
Q61R, 19%

F 0 2 35, 28 2 Total, 81%
Q61L, 70%
Q61R, 11%

F 10 2 37, 25 2 Total, 81%
Q61L, 65%
Q61R, 16%

EGFR M 0 4 1 18, 19, 20, 21 None

M 3 4 1 18, 19, 20, 21 None

M 10 4 1 18, 19, 20, 21 None

F 0 4 1 18, 19, 20, 21 None

F 3 4 1 18, 19, 20, 21 None

F 10 4 1 18, 19, 20, 21 None
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units, respectively, p < 0.005; Fig. 8c, d). Most importantly,
treatment with erlotinib decreased pEGFR levels in male
tumors twofold compared to control animals (0.57 § 0.12
and 1.20 § 0.15 ratio of pEGFR/EGFR relative densitomet-
ric units, respectively, p < 0.005; Fig. 8d) but did not aVect
female levels (Fig. 8d).

These combined immunohistochemistry and immuno-
blotting results provide strong evidence that the ability of
erlotinib to shrink lung tumors in male but not female mice
is associated with selective inhibition of EGFR phosphory-
lation in males. This may result from a greater dependence
of male tumor maintenance on the EGFR pathway, sug-
gested by the higher levels of pEGFR in tumors from male
mice compared to tumors from females.

Discussion

To date, erlotinib has primarily been tested in clinical trials
of patients with end-stage metastatic lung cancer and is

approved for advanced NSCLC as a monotherapy in
patients who have failed standard chemotherapy [13]. Here
we show that erlotinib was also eVective as an early chemo-
therapeutic in a chemically induced mouse model of lung
AC in male mice. After a 3.5-week administration period,
erlotinib signiWcantly decreased the total burden of small,
early-stage adenomas in male mice twofold as compared to
vehicle, while tumor burden in erlotinib-treated females
increased by 21%. The basis of this gender discordance in
eYcacy could be due to sexual dimorphisms in PK factors,
tumor biology, or both, as discussed below.

Gender diVerences in erlotinib PK

Neither the accumulation or half-life of erlotinib diVered in
plasma, lung tumors or adjacent UI lung between male and
female mice treated with 10 mg/kg erlotinib, as shown in
Figs. 6 and 3, respectively. There were signiWcantly higher
levels of the erlotinib metabolite, OSI-420, in males com-
pared to females in all of these tissues when erlotinib was

Fig. 7 EVect of erlotinib on total EGFR and phosphorylated EGFR
localization in tumors from male and female mice. Immunohistochem-
istry of total EGFR in adjacent UI lung in a male (a) and female (b)
mouse treated with Captisol vehicle, lung tumors from male mice treat-
ed with Captisol vehicle (c) or erlotinib (e) and lung tumors from fe-
male mice treated with Captisol vehicle (d) or erlotinib (f) and
pEGFR(Tyr1068) in adjacent UI lung in a male (g) and female (h)
mouse treated with Captisol vehicle, lung tumors from male mice treat-
ed with Captisol vehicle (i) or erlotinib (k) and lung tumors from fe-
male mice treated with Captisol vehicle (j) or erlotinib (l). Samples

were obtained from A/J mice injected once with 1 mg/g body weight
urethane to induce lung tumors. After 16 weeks, mice received daily IP
injections of 10 mg/kg erlotinib or 6% Captisol vehicle control for
3.5 weeks as described in “Materials and methods” section. One hour
after the last drug administration, animals were killed, lungs removed,
embedded in paraYn blocs and cut into 4 �m sections. Samples are
representative of n = 2 for each treatment group. EGFR and pEG-
FR(Tyr1068) positive cells are brown. Hematoxylin counterstain. CC
Clara cell, Mac macrophage, T1 Type I cell, T2 Type II cell, ! acinar
structure. Original magniWcation £400
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applied over 3.5 weeks (Fig. 6), but not when administered
acutely as a single injection in the half-life study (Fig. 3).
These results imply that when erlotinib is chronically
administered to mice, females either catabolize OSI-420
more rapidly than males or males convert more erlotinib to
OSI-420 than females. The latter hypothesis should result
in lower levels of erlotinib in males compared to females,
but this was not the case. Thus, more rapid catabolism of
OSI-420 in females probably accounts for their lower OSI-
420 levels. Enzymes responsible for OSI-420 catabolism or
clearance may be more highly induced in females than
males in mice exposed to erlotinib for several weeks. Gen-
der diVerences in the pulmonary metabolism of xenobiotics
have been noted previously in mice, with the nature of this
dimorphism being drug-speciWc. Male mice metabolize sty-
rene more extensively than females, whereas females
metabolize 1–1-dichloroethylene and napththalene to a
greater extent than males [49]. Erlotinib levels in plasma
and lung tumors were also aVected by short or long-term
exposure to erlotinib as approximately twofold decreases in
drug were observed in chronically compared to acutely
treated mice, although no gender variation was observed
(Compare Fig. 6a, c with Fig. 3a, b). In humans, the PK of
erlotinib can be perturbed by chronic exposure to constitu-
ents in cigarettes. In the BR.21 clinical trial, current smok-
ing lung cancer patients had median steady-state erlotinib
trough plasma concentrations nearly half that of non-con-

current smokers [50], and lower plasma levels of both erl-
otinib and OSI-420 were observed in smokers compared to
non-smokers in healthy subjects [37]. This may occur
through induction of enzymes that contribute to erlotinib
metabolic clearance, including CYP1A1 and CYP1A2.

Gender diVerences in erlotinib PK were not been
reported in cancer patients [51]. In a study of healthy male
and female subjects, females achieved signiWcantly greater
exposure to erlotinib than males but gender variations in
OSI-420 were not addressed [52]. In mice, the only publi-
cation evaluating erlotinib PK that we are aware of is the
extensive report by Higgins et al. [53]. Our results on erl-
otinib PK in plasma from female mice are similar to this
study, including the short plasma half-life of erlotinib in
mice (1.5–4 h) compared to lung cancer patients (36 h)
[51]. Other comparisons cannot be made, as the Higgins
et al. study [53] was limited to plasma samples from non-
tumor bearing, immunodeWcient, female animals (nu/nu-
nuBR nude athymic mice) and OSI-420 levels were not
evaluated.

It seems unlikely that higher OSI-420 concentrations in
males impacted tumor burden as OSI-420 levels were typi-
cally only 10–20% of erlotinib levels and both compounds
are equally potent EGFR TKIs in vitro (data on Wle at OSI
Pharmaceuticals). Similarly, OSI-420 plasma concentra-
tions in humans account for only 5–10% of that of erlotinib
[37]. Nonetheless, because of the correspondence between

Fig. 8 EVect of erlotinib on pEGFR and total EGFR levels in adjacent
UI lung tissue and lung tumors from male and female mice. Immuno-
blotting of phospho-EGFR(Tyr1068) and total EGFR in UI lung tissue
(a) and lung tumors (c). Samples were obtained from male and female
A/J mice injected once with 1 mg/g body weight urethane to induce
lung tumors. After 16 weeks, mice received daily IP injections of
10 mg/kg erlotinib or 6% Captisol vehicle control on a 5-day on, 2-day
oV schedule for 3.5 weeks. Mice were killed 1 h after the last drug
administration and adjacent UI lung was dissected from tumors, pro-

cessed and pEGFR(Tyr1068) and EGFR levels detected by immunoblot
analysis; n = 3. Because EGFR levels are similar in all samples, it is
used as an internal control. Densitometric analysis represents
mean § SEM of the ratio of pEGFR/total EGFR in UI lung (b) and
lung tumors (d); n = 3. In UI lung samples, male control vs male erl-
otinib, p < 0.01, male control vs female control, p < 0.05 and female
control vs female erlotinib, p = 0.0818 (b) and in lung tumor samples,
male control vs male erlotinib, p < 0.05, male control vs female con-
trol, p < 0.005 and female control vs female erlotinib, p = 0.4613 (d)
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elevated OSI-420 levels and male response, more extensive
studies on gender diVerences in erlotinib metabolism may
be informative, given the clinical implications, including
that erlotinib is administered daily to lung cancer patients
over prolonged periods of time.

One of the strengths of utilizing this primary lung cancer
mouse model for erlotinib PK analysis is that drug levels
can be directly measured in tumors to verify that biologi-
cally relevant levels are present. The amounts of erlotinib
in tumors ranged from 2,000 to 3,500 ng/cm3 (»5–9 �M) at
peak levels to over 700 ng/g (2 �M) up to 4 h after erlotinib
administration (Figs. 3c, 6b), well within the concentration
range reported to inhibit sensitive human NSCLC cell lines
(IC50 = 0.1–2 �M) [43, 44]. In fact, initial high levels of erl-
otinib (5–9 �M) may inhibit other targets in addition to
EGFR, such as other ErbB family members. Interestingly,
in both genders, erlotinib concentrations were twofold
higher in tumors relative to adjacent UI lung tissue, and
OSI-420 concentrated even more strongly in tumors (Wve to
eightfold increase in tumors vs UI lung), as shown in
Figs. 3 and 6. Tumors thus increase their uptake and/or
decrease elimination of erlotinib and its metabolite com-
pared to adjacent lung tissue, implying that the concentra-
tions and/or activities of relevant metabolizing enzymes
vary between normal and neoplastic lungs. We have previ-
ously shown reduced expression of cytochrome P450
enzymes in lung tumors relative to either whole lung tissue
or precursor Clara cells, including CYP1A1 which is likely
involved in lung metabolism of erlotinib [42, 54].

Gender diVerences in EGFR biology

To further understand the mechanistic basis for the male
speciWc eYcacy of erlotinib, the following aspects of
EGFR-related biology were compared between male and
female tumor-bearing mice: (1) Kras mutations, (2) EGFR
mutations, (3) total EGFR levels, and (4) pEGFR levels.

The incidence of Kras codon 61 mutations was equally
high between genders (»80%), as shown in Table 1, and
thus does not appear to explain why tumors in females are
resistant to erlotinib. However, more male tumors exhibited
Q61R mutations relative to female tumors (Table 1), a gen-
der distinction observed in erlotinib- and vehicle-treated
mice which reXects a trend towards gender bias in tumor
initiation. In previous mouse studies, the Q61R mutation
associated with carcinomas while the Q61L corresponded
to early-stage adenomas [46, 55]. These data, combined
with the observed male response to erlotinib and greater
tumor burden of males compared to females in Captisol-
treated animals (Fig. 5), suggest that male tumors bearing
the Q61R mutation have a more aggressive, faster growing
phenotype with increased sensitivity to erlotinib. Most
importantly, our results clearly show that tumors harboring

Kras mutations in male mice shrink in response to erlotinib,
indicating that Kras mutation and anti-EGFR TK activity
are not necessarily mutually exclusive. Consistent with
these Wndings, geWtinib decreased the size and number of
lung lesions in a primary mouse model of lung cancer
induced by conditional expression of mutant KrasG12D [56].
Another group reported resistance to erlotinib using the
same transgenic model, but tumor burden was measured by
MRI and histology and the authors stated that more sensi-
tive measures of tumor size might reveal a partial response
[57]; neither study indicated the gender of mice that were
used.

A greater abundance of EGFR mutations in lung tumors
in male mice did not explain their sensitivity to erlotinib as
none were detected in exons 18–22 in either male or
females treated either with erlotinib or Captisol vehicle.
This is consistent with a Kras-driven mouse model of lung
cancer, as tumors bearing Kras mutations rarely also have
EGFR mutations [18, 19], possibly due to their overlapping
signaling functions. While lung cancer patients bearing
EGFR mutations are most likely to respond to EGFR TKIs,
and in a few cases the responses are quite dramatic and
long-lasting, it is also true that some patients with wild-type
EGFR can beneWt from this class of drugs [13, 21, 23]. A
putative corollary of our data is the use of erlotinib for stage
I lung cancer patients bearing early lung neoplasias that
have wild-type EGFR if EGFR is highly phosphorylated.

The expression pattern and amount of total EGFR in
tumors was similar between male and females as measured
by immunohistochemistry (Fig. 7c, d) and immunoblotting
(Fig. 8c), and these levels were not altered by erlotinib
treatment (Figs. 7, 8). EGFR was also present in adjacent
UI lung from both genders, with particularly high levels in
the Clara cells lining the bronchioles (Figs. 7a, b, 8a, b),
indicating that EGFR is not overexpressed in tumors rela-
tive to these normal lung cells. The lack of association
between total EGFR levels and responsiveness is similar to
the clinical setting, where the relationship between EGFR
levels as detected by immunohistochemistry and clinical
outcome with EGFR TKIs has been variable [4].

We did Wnd, however, that the phosphorylation status of
EGFR diVered between genders. pEGFR levels were sub-
stantially greater in lung tumors from males as compared to
females in Captisol-treated animals (Figs. 7i, j, 8c, d) and in
adjacent UI lung tissue (Figs. 7g, h, 8a, b). pEGFR levels in
male tumors decreased to a greater extent in response to erl-
otinib than in female tumors (Compare Fig. 7i, k vs j, l and
Fig. 8c, d), providing a clear mechanism for the male spe-
ciWc eYcacy of erlotinib in this model. There is surprisingly
little information correlating phosphorylated wild-type
EGFR with EGFR TKI sensitivity in preclinical studies or
clinical trials given the numerous reports on other aspects
of EGFR biology, such as total EGFR expression, EGFR
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DNA copy number, EGFR mutations and downstream sig-
naling [3, 4]. pEGFR was not detected in control tumors
from a benzo(a)pyrene mouse model of lung cancer respon-
sive to geWtinib as a chemopreventive agent [58]. This
study was limited to female animals and therefore the
inability to measure pEGFR is consistent with our data
showing low levels of pEGFR in tumor samples from
female mice. In clinical trials of EGFR TKIs, there are no
reports of pEGFR levels before or after drug treatment [4],
most likely due to the instability of pEGFR and the result-
ing technical diYculty of its assessment in archival human
samples. Based on the data provided by our mouse studies
showing the strong correspondence of pEGFR levels with
tumor response, we propose that future eVorts in EGFR
TKI clinical trials should include measurement of pEGFR
levels in lung tumors. We hypothesize that such pEGFR
analyses in humans would facilitate identiWcation of lung
cancer patients likely to respond to EGFR TKIs.

The elevated levels of pEGFR in male compared to
female tumors combined with the male-speciWc response to
erlotinib, suggest that EGFR signaling plays a pivotal role
in male mouse lung tumorgenesis. Tumor cells bearing
activating EGFR mutations exhibit increased phosphoryla-
tion of EGFR and activation of downstream signaling in
vitro [17]. This may promote dependency on a functional
EGFR for survival in vivo, a phenomenon referred to as
“oncogene addiction”, providing a rationale for the exqui-
site sensitivity of tumors bearing EGFR mutations to erloti-
nib and geWtinib [17]. We hypothesize that male tumors in
our mouse model are more dependent on EGFR signaling
relative to female tumors. This should result in greater acti-
vation of signaling downstream from EGFR, including Ras/
Raf/mitogen-activated protein kinase [extracellular signal-
regulated kinase (ERK) 1/2], phosphatidylinositol 3-kinase
(PI3K)/Akt, and signal transduction and activator of tran-
scription (STAT) pathways. Increased EGFR signaling in
male versus female tumors may also contribute to the
higher tumor burden observed in control males compared to
control females (Fig. 5). It is not known why pEGFR levels
are higher in tumors and adjacent UI lung tissue from males
compared to females. One intriguing explanation is that
male mice are more aggressive than females and require
more EGF to facilitate wound-healing. In fact, male mice
contain tenfold more EGF compared to female mice in the
submandibular glands that secrete EGF into saliva for
application to wounds by licking [59]. Submandibular
gland-derived EGF can also be found in the circulation and
increased levels in males compared to females might
enhance EGFR phosphorylation in multiple organs, includ-
ing the lungs.

Altogether, these results show that erlotinib is an eVec-
tive early chemotherapeutic in mouse lung tumors reliant
on EGFR signaling. Clinically, the limited number of

studies in early stages of lung cancer so far described have
shown eYcacy with EGFR TKIs [60]. The studies herein
support further evaluation of this class of drugs as early
chemotherapeutics or chemopreventive agents. The ongo-
ing improvement of methods to detect lung cancer at initial
stages of disease, including low-dose spiral computed
tomography (CT), bronchoscopic evaluation of airways,
and advanced techniques of sputum analysis [61], make the
diagnosis and treatment of early lung cancer a realistic pos-
sibility for the future.
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