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SUMMARY

Mutations of the epidermal growth factor receptor (EGFR) gene have been identified in
specimens from patients with non—small-cell lung cancer who have a response to anili-
noquinazoline EGFR inhibitors. Despite the dramatic responses to such inhibitors,
most patients ultimately have a relapse. The mechanism of the drug resistance is un-
known. Here we report the case of a patient with EGFR-mutant, gefitinib-responsive,
advanced non—small-cell lung cancer who had a relapse after two years of complete re-
mission during treatment with gefitinib. The DNA sequence of the EGFR gene in his
tumor biopsy specimen at relapse revealed the presence of a second point mutation, re-
sulting in threonine-to-methionine amino acid change at position 790 of EGFR. Struc-
tural modeling and biochemical studies showed that this second mutation led to gefi-
tinib resistance.

ON—SMALL-CELL LUNG CANCER IS THE LEADING CAUSE OF DEATH
from cancer in both men and women in the United States.® Chemotherapy,
the mainstay of treatment in advanced disease, is only marginally effective,>3
but gefitinib and erlotinib, which target the epidermal growth factor receptor (EGFR)
pathway, show promise in the treatment of metastatic non—-small-cell lung cancer.* Re-
sponse rates are 10 to 20 percent when these ATP-competitive anilinoquinazoline in-
hibitors are used as second- or third-line treatment for advanced disease.>””
Responsiveness to these drugs is a characteristic of distinct subgroups of patients:
women, patients who have never smoked, patients with adenocarcinoma, and Asians.®
In the majority of patients with highly responsive tumors, the tumor contains somatic
mutations of the EGFR gene. These mutations are small deletions that affect amino ac-
ids 747 through 750 or point mutations (most commonly a replacement of leucine by
arginine at codon 858 [L858R]).°* These mutations mediate oncogenic effects by al-
tering downstream signaling and antiapoptotic mechanisms.*? Both types of mutation
increase the sensitivity of the tumor to anilinoquinazoline inhibitors of EGFR, most
likely by repositioning critical residues surrounding the ATP-binding cleft of the tyro-
sine kinase domain of the receptor, thereby stabilizing their interactions with both ATP
and its competitive inhibitors.>*® Notwithstanding the success of these drugs in cases
of non—small-cell lung cancer with activating EGFR mutations, it appears that all cases
eventually progress despite such treatment.
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CASE REPORT

A 71-year-old former smoker was found to have ad-
vanced, moderately differentiated adenocarcinoma
of the lung in May 2001. The diagnostic trans-
bronchial tumor-biopsy specimen had a deletion,
delL747-5752,*3 identical to a previously described
EGFR mutation that is associated with responsive-
ness to gefitinib. The disease progressed despite
treatment with carboplatin, taxanes, and gemcita-
bine. However, the patient had a clinical and radio-
graphic response to gefitinib monotherapy, which
was started in August 2002.

After 24 months of complete remission, during
which he continued to take gefitinib monotherapy,
his symptoms worsened and computed tomogra-
phy revealed progressive lung abnormalities consis-
tent with the occurrence of a relapse. At this point,
gefitinib was stopped, the patient provided written
informed consent, and a transbronchial aspirate
and transbronchial biopsy specimen were obtained.
Both cytologic and pathological analysis confirmed
the presence of recurrent, moderately differentiated
adenocarcinoma (Fig. 1A) against a background of
normal tissue, with approximately 30 percent of the
specimen made up of tumor cells. We hypothesized
that the patient’s relapse may have been due to an
acquired, second mutation in the EGFR gene that
conferred resistance to gefitinib, and therefore, we
resequenced the EGFR tyrosine kinase domain in the
second biopsy specimen. Since the relapse, the pa-
tient has been receiving various salvage therapies
for advanced lung cancer.

METHODS

SEQUENCING OF THE EGFR GENE
Genomic DNA was extracted from both tumor spec-
imens from the patient, and exons 18 through 21
(the area of the EGFR gene coding for the tyrosine ki-
nase domain) were amplified and sequenced as pre-
viously described.® Sense and antisense sequences
were obtained from the products of the same am-
plification reactions. All polymerase-chain-reaction
(PCR) assays were repeated twice. The presence of
the second mutation was confirmed by isolating
RNA from the tumor specimen and sequencing the
resultant complementary DNA (cDNA). Total RNA
was extracted from paraffin-embedded tumor sam-
ples with the use of an RNA isolation kit (Optimum
FFPE, Ambion Diagnostics). Then, 800 ng of total
RNA was subjected to reverse-transcription PCR
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Figure 1. Identification of a Second EGFR Mutation.

type and mutant sequences.

Panel A shows the patient’s transbronchial biopsy specimen obtained at the
time of relapse. Nests of moderately differentiated adenocarcinoma cells
(arrow) are intermixed with normal stromal and epithelial elements. In Panel
B, sequencing of exon 20 demonstrates a novel C-to-T (antisense G-to-A)
base-pair change (arrows). Raw sequences of the original biopsy specimen
and the biopsy specimen obtained on relapse demonstrate the appearance of
this mutation, and further subcloning confirms the presence of both the wild-

with random hexamer primers. Amplification of the
cDNA (sense primer: 5’GTTAAAATTCCCGTCGC-
TATC3', and antisense primer: 5’GGACATAGTC-
CAGGAGGCAG3') yielded two fragments, a 196-bp
(wild-type) fragment and a 178-bp (deletion prod-
uct) fragment. PCR products were subcloned into
the pGEM-T easy cloning vector (Invitrogen) and
sequenced.
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EGFR EXPRESSION CONSTRUCTS
Constructs with the full-length wild-type EGFR, as
well as the common mutations L858R and delL747—
P753insS, were kindly provided by Dr. Kwok-Kin
Wong. The delL747-S752 mutation (the initial EGFR
mutation identified in our patient) and a second
mutation in which methionine was substituted for
threonine at position 790 (T790M — the second
EGFR mutation identified in our patient) were intro-
duced by means of a site-directed mutagenesis kit
(QuikChange XL, Stratagene). All fragments con-
taining point mutations or deletions, or both, were
swapped with the corresponding sequence in wild-
type EGFR that had been subcloned into plasmid
DNA (pcDNA3.1). A hemagglutinin tag was added
to the 3’ end of the EGFR coding region. The result-
ing constructs were confirmed by sequencing.

TRANSFECTION AND WESTERN BLOTTING

For transient-transfection experiments, COS-7 or
NIH-3T3 cells were plated at a concentration of
5x104 cells per well in six-well plates. The following
day, these cells were transfected with 1 pg of the
expression constructs with the use of Fugene 6
(Roche), incubated for 12 hours in serum, and then
incubated in serum-free medium for an additional
12 hours. The cells were then stimulated with 100
ng of epidermal growth factor (EGF) per milliliter
for 15 minutes (Sigma). To determine whether the
mutant receptors were inhibited by gefitinib (Astra-
Zeneca), AG1478 (Calbiochem), cetuximab (com-
mercial supply), erlotinib (commercial supply), or
CL-387,785 (Calbiochem), each drug was added to
the culture medium three hours before the addi-
tion of EGF. Whole-cell extracts were separated on
8 percent sodium dodecyl sulfate—polyacrylamide
gels, transferred to nitrocellulose or polyvinylidine
difluoride membranes, and analyzed with the use of
a chemiluminescence reagent (Western Lightning,
PerkinElmer Life Science). Autophosphorylation of
EGFR was detected with antibody against phospho-
tyrosine at position 1068 (1:1000 dilution; Cell Sig-
naling Technology), and total protein expression
was measured with the use of antibody against
EGFR (1:1000 dilution; Santa Cruz Biotechnology).

STRUCTURAL MODELING

The crystallographic structure of the EGFR tyrosine
kinase domain, solved in complex with erlotinib,
was used as a model for the prediction of kinase-
inhibitor binding (Protein Data Bank accession code
1M17).** The inhibitor and solvent were stripped

from the model. We used the AutoDock program,
version 3.0,"° to predict binding, first using a model
of erlotinib, made by means of the JME molecular-
editing feature of the online resource PRODRG.*®
The erlotinib test yielded a model for ligand bind-
ing highly similar to that seen in the crystal struc-
ture. Using the AutoDockTools interface, we used a
grid spacing of 0.375A and 60x50x40 points cen-
tered around the catalytic cleft of the enzyme for
docking and adopted the genetic algorithm with lo-
cal search using default settings. Gefitinib and
CL-387,785 were then docked with the use of the
same protocol. To illustrate potential inhibitor
clashes with the T790M mutant, we prepared fig-
ures in which threonine at position 790 (T790) is
mutated to methionine. We then chose the lowest
free-energy cluster that overlapped in the quinazo-
line moiety with the crystallographic coordinates
found for erlotinib binding.

RESULTS

Exons 18 through 21 of the EGFR gene were se-
quenced from DNA isolated from both the original
diagnostic biopsy specimen and the biopsy speci-
men obtained at relapse. These exons encompass
most of the tyrosine kinase binding domain of EGFR
and all activating EGFR mutations described thus far.
The original diagnostic biopsy specimen contained
a small deletion mutation, delL747-S752, consis-
tent with other, commonly identified EGFR muta-
tions. Examination of the sequences of exon 19 con-
firmed the persistence of the original delL747-5752
mutation in the second biopsy specimen.

Comparison of the DNA sequences from the
original diagnostic biopsy specimen and the second
biopsy specimen demonstrated the presence of a
new, double peak in exon 20, which was confirmed
by re-amplification and sequencing in both sense
and antisense directions (Fig. 1B). The product of
exon 20 amplification was subcloned, and multiple
subclones were sequenced. Whereas 13 of 17 sub-
clones demonstrated wild-type sequences, 4 con-
tained an identical single base-pair change from cy-
tosine to thymidine (C to T) (Fig. 1B), confirming
that the new peak was caused by a base-pair change
at this position (position 164208; GenBank acces-
sion number AY5882406).

To obtain further evidence of the presence of a
second mutation, cDNA was generated from RNA
isolated from the paraffin block of the biopsy spec-
imen obtained at the time of relapse. The cDNA
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was amplified, and the C-to-T base-pair change was
confirmed in 14 of 40 subclones. Interestingly, the
C-to-T base-pair change was consistently observed
with either wild-type or delL747-S752 sequences,
suggesting that the mutation is either biallelic or
that the tumor has two distinct populations of cells.

The C-to-T base-pair change is predicted to
change threonine to methionine at position 790
(T790M) in the catalytic cleft of the EGFR tyrosine
kinase domain. Structural modeling was performed
on the basis of a cocrystallization model of the bind-
ing of erlotinib to the EGFR tyrosine kinase do-
main.™ Using the coordinates from this model, we
found that T790 appears to be critical for the bind-
ing of erlotinib to EGFR and is in juxtaposition to
the acetylene side chain of the aniline group (Fig.
2A). Because the methionine substitution introduc-
es a bulkier amino acid side chain than does threo-
nine at this position, the resulting steric hindrance
may interfere with the binding of erlotinib (Fig.
2B). Moreover, high-affinity binding of erlotinib by
means of water-mediated hydrogen bonding could
not take place with the methionine side chain,
whereas the hydroxyl group of T790 likely contrib-
utes to high-affinity binding of erlotinib.

Although a crystal structure of the gefitinib—
EGFR complex has not been published, a model of
this complex suggested that, in a conformation
similar to the erlotinib—~EGFR complex, the chlo-
ride at the 3 position of the aniline group lies in jux-
taposition to the T790 moiety. A T790M substitu-
tion is predicted to lead to a similar steric clash with
the gefitinib molecule (Fig. 2C). This amino acid
change is not expected to interfere with ATP-bind-
ing itself and, therefore, is not expected to alter the
activity of the kinase on ligand stimulation.

To confirm the functional effects predicted by
our structural model, the T790M substitution was
introduced into the sequence of the wild-type
EGFR, delL747-P753insS mutant EGFR (a fre-
quently identified deletion mutant), the L858R mu-
tant EGFR (the most common point mutation),
and the delL747-S752 mutant. We performed tran-
sient-transfection experiments in COS-7 and NIH-
3T3 cells using all four construct pairs (original
construct vs. original construct with the T790M
mutation). All four construct pairs demonstrated
identical levels of expression of total EGFR and
phosphorylated EGEFR (phosphorylated EGFR cor-
responds to activated EGFR tyrosine kinase), sug-
gesting that the presence of the T790M mutation
does not substantially alter the production, degra-

Figure 2. Mechanism of Drug Resistance.

mutation shown in orange).

Panel A shows the crystallographically determined binding of erlotinib to wild-
type EGFR, whereas Panel B shows how the T790M mutation leads to steric
hindrance of erlotinib binding owing to the presence of the bulkier methio-
nine side chain (orange) in the ATP-kinase-binding pocket. Panel C shows the
steric hindrance in the predicted complex of gefitinib and EGFR with the
T790M mutation. Panel D shows the predicted binding of CL-387,785 to
EGFR with the T790M mutation (structural change introduced by the T790M

dation, activation, or deactivation of the scaffold
EGFR molecule. In contrast, when transiently trans-
fected COS-7 cells were treated with increasing con-
centrations of gefitinib before EGF stimulation, the
original constructs were fully inhibited at a concen-
tration of 20 nM, whereas all four constructs carry-
ing the T790M amino acid substitution demonstrat-
ed high-level resistance, with persistent generation
of phosphorylated EGFR at concentrations of gefi-
tinib as high as 2 pM (Fig. 3A). Identical results
were obtained in NIH-3T3 cells (data not shown).
To determine whether the T790M mutation leads
to resistance to EGER inhibitors that have different
molecular structures and mechanisms, we screened
four commercially available EGFR inhibitors
(AG1478, cetuximab, erlotinib, and CL-387,785)
using cells that were transiently transfected with the
delL747-S752 construct and the delL747-S752+
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Figure 3. Resistance of EGFR with the T790M Mutation to Gefitinib (Panel A) and Susceptibility of EGFR with the T790M
Mutation to an Alternative Inhibitor (Panel B).

Panel A shows the inhibition of the activation of EGFR by gefitinib. Autophosphorylation of wild-type EGFR (tyrosine at
position 1068 [T1068]) is detected by immunoblots of whole-cell extracts isolated from transfected COS-7 cells after a

three-hour incubation with various concentrations of gefitinib. On the left, four different constructs without the T790M
mutation are shown in lanes 1 through 5 and four constructs with the T790M mutation are shown in lanes 6 through 10.
Total EGFR expression is shown on the right (control). Panel B shows the inhibition of EGFR autophosphorylation by CL-
387,785. In both panels, autophosphorylation of EGFR was detected with antibody against phosphotyrosine at position
1068 (1:1000 dilution; anti-p-EGFR), and total protein expression was measured with the use of antibody against EGFR

(1:1000 dilution; anti-EGFR).

T790M construct. We consistently found that CL-
387,785, a specific and irreversible anilinoquinazo-
line EGFR inhibitor,’” strongly inhibited EGE-
induced phosphorylation of both the delL747-58752
construct (apparent 50 percent inhibitory concen-
tration [ICs,] of 0.3 nM) and the delL747-S752+
T790 M double-mutant construct (apparent ICs, of
3.0 nM) (Fig. 3B). When tested with the double-
mutant construct, the CL-387,785 inhibitor dem-
onstrated 1/10th its potency against the delL747—
§752 construct, whereas the other tested inhibitors
were ineffective against the double-mutant con-
struct (data not shown). A model was generated
with CL-387,785 and EGFR (Fig. 2D). The 3-bro-
mine side chain in this model points away from
T790, as opposed to its orientation with respect to
erlotinib and gefitinib, thereby potentially reducing

the steric hindrance to binding of the mutated pro-
tein. The sensitivity of the delL747-S752+T790M
construct to CL-387,785 might be explained by ei-
ther its altered binding to the kinase domain or its
covalent binding to EGFR.

DISCUSSION

We identified a novel, second mutation of the EGFR
gene in a tumor with the delL747-S752 mutation
of EGFR. The delL747-S752 mutation is associated
with susceptibility of non—-small-cell lung cancer to
gefitinib, and in our patient, the tumor was highly
responsive to the drug. After a two-year remission
while still receiving gefitinib, however, the patient
had a relapse, and analysis of a biopsy of the gefi-
tinib-resistant tumor revealed a second mutation

790 N ENGL J MED 352;8 WWW.NEJM.ORG FEBRUARY 24, 2005

Downloaded from www.nejm.org on December 3, 2009 . For personal use only. No other uses without permission.
Copyright © 2005 Massachusetts Medical Society. All rights reserved.



BRIEF REPORT

in the tyrosine kinase domain of EGFR. Insertion of
this mutation into test cells rendered them resis-
tant to gefitinib in vitro. The development of a sec-
ond mutation in the EGFR gene that confers resis-
tance to gefitinib suggests that the tumor cells
remain dependent on an active EGFR pathway for
their proliferation.

In chronic myeloid leukemia and gastrointesti-
nal stromal tumors, the two main mechanisms of
resistance to imatinib are point mutations or, less
commonly, amplification of the BCR-ABL gene.*®"2°
Knowledge of these mechanisms has led to the de-
velopment of second-generation BCR-ABL inhibi-
tors.?* Interestingly, one of the most common
imatinib resistance mutations in BCR-ABL replaces
threonine at position 315 (the amino acid structur-
ally corresponding to T790 of EGFR) with isoleu-
cine in the ABL tyrosine kinase domain (T315I),
leading to a structural change very similar to that
observed with EGFR T790M.# In fact, on the basis
of the structural similarity between ABL and EGFR
tyrosine Kinases, the T790M change has been in-
troduced into wild-type EGFR; this altered EGFR
has high-level resistance to anilinoquinazoline in-
hibitors.?* Daily oral administration of gefitinib at
recommended doses results in mean steady-state
plasma concentrations of 0.4 to 1.4 pM.?3 Since at
these levels the T790M mutation still allows the ac-
tivation of EGFR, the presence of such a mutation
might resultin clinical resistance.

Although the T315I substitution in BCR-ABL
confers high-level resistance to all tested inhibitor
compounds, the corresponding T790M mutation
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