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The presence of epidermal growth factor receptor (EGFR) somatic
mutations in non-small-cell lung cancer patients is associated
with response to treatment with EGFR-tyrosine kinase inhibitors,
such as gefitinib and erlotinib. More than 100 mutations in the
kinase domain of EGFR have been identified. In particular there
are many variations of deletion mutations in exon 19. In this
study, using yellow fluorescent protein-tagged fragments of the
EGFR intracellular domain, we examined the differences in sensi-
tivity to gefitinib, erlotinib and afatinib between several exon 19
mutants and other common EGFR mutations. We also used serum
of patients undergoing treatment with EGFR-tyrosine kinase
inhibitors in this system. In addition, we examined the relative
kinase activity of these mutants by measuring relative fluores-
cent intensity after immunofluorescence staining. We found that
both sensitivity to EGFR-tyrosine kinase inhibitors and relative
kinase activity differed among several EGFR mutations found in
the same region of the kinase domain. This study underscores
the importance of reporting the clinical outcome of treatment in
relation to different EGFR mutations. (Cancer Sci 2013; 104: 584—
589)

A bout half of lung adenocarcinoma patients in Japan have
somatic mutations in the kinase domain of epidermal
growth factor receptor (EGFR),"? and the presence of these
mutations is known to be associated with increased response to
treatment with EGFR-tyrosine kinase inhibitors (EFGR-TKI).”
) To date, more than 100 EGFR somatic mutations have been
identified in lung cancer patients, as detailed in the COSMIC
database  (www.sanger.ac.uk/genetics/CGP/cosmic/).  About
90% of EGFR mutations consist of either short deletion muta-
tions in exon 19 or a point mutation in exon 21 (L858R).
Mitsudomi et al.‘® reported the response rate to gefitinib was
higher in patients with exon 19 deletion mutations (81%) than
in those with an L858R mutation (71%) in exon 21. The
L861Q point mutation in exon 21 accounts for 1-2% of EGFR
mutations, "’ and the response rate of affected patients to
EGFR-TKI is reportedly 60%.® G719X is a point mutation in
exon 18 of EGFR, in which the glycine at codon 719 is substi-
tuted with cysteine, alanine or serine; it comprises <5% of all
EGFR mutations. Patients with these mutations are reported to
be less sensitive to EGFR-TKI, and the response rate is around
56%.© Mutations in exon 20, such as the T790M second
mutation, are known to be resistant to EGFR-TKI. Thus, there
is variability in sensitivity of different EGFR somatic muta-
tions to these drugs.”” Furthermore limited data exist regarding
the more uncommon EGFR mutations, including the less fre-
quent variants in exon 19. In this study, using yellow fluores-
cent protein (YFP)-tagged fragments of the EGFR intracellular
domain (YFP-EGFR-ICD), we examined the sensitivity of var-
ious exon 19 mutations and other common EGFR mutations to
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EGFR-TKL"*'" We then compared the autophosphorylation
levels of the kinase domains of the different mutants by mea-
suring fluorescent intensity.

Materials and Methods

Plasmid construction and site-directed mutagenesis. The
mutant YFP-EGFR-ICD constructs were generated as
described previously.'>' A KOD -Plus- Mutagenesis kit
(TOYOBO, Tokyo, Japan) was used to construct EGFR
mutants according to the manufacturer’s protocol with WT
YFP-EGFR-ICD as a template. Primers for each mutation are
described in Data S1.

Cell culture, transfections and drug treatments. The human
breast cancer cell line Michigan Cancer Foundation (MCF)-7
was grown in DMEM supplemented with 10% FBS, 100-U
/mL penicillin and 100-pg/mL streptomycin (Gibco, Carlsbad,
CA, USA). Cells were seeded onto sterile glass coverslips in
six-well plates and transfected with 1-pg plasmid DNA using
the X-tremeGENE 9 Transfection Reagent (Roche, Indianapo-
lis, IN, USA) according to the manufacturer’s protocol. Gefiti-
nib, erlotinib and afatinib were added at the indicated
concentrations at 24 h after transfection, and the cells were
incubated for 12 h before they were processed for immunoflu-
orescence analyses. Drug treatments were always performed in
standard culture medium containing 10% FBS. Gefitinib and
erlotinib were purchased from Cayman Chemical (Ann Arbor,
MI, USA), and afatinib was purchased from Selleck Chemicals
(Houston, TX, USA).

Immunofluorescence and microscopy analysis. To evaluate
EGFR autophosphorylation, a rabbit anti-phosphorylated
EGFR-Y 1068 antibody (#3777S, diluted 1:200, Cell Signaling
Technology, Danvers, CO, USA) was used. The immunostain-
ing procedure was used as previously described.'? Briefly,
cells were fixed using 4% formaldehyde in PBS for 20 min
and permeabilized with 0.2% Triton X-100 in PBS for 15 min.
After a blocking step with Blocking One Histo (Nakarai,
Kyoto, Japan) for 30 min, primary antibody diluted in PBS
with 0.1% Tween20 was applied for 1 h. After being washed
with PBS, samples were incubated with Alexa Fluor 594
(AF-594)-conjugated anti-rabbit secondary antibody (diluted
1:400, Life Technologies, Carlsbad, CA, USA) for 1 h.
Finally, the coverslips were mounted onto microscopic slides
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with VECTASHIELD Mounting Medium with DAPI (Vector
Laboratories Inc., Burlingame, CA, USA).

Slides were examined with a Keyence BZ-8100 fluorescence
microscope (Osaka, Japan). BZ Analyzer software (Keyence)
was used to collect images, and exposure time was kept con-
stant to allow for comparison of the signal intensities among
different samples.

Semi-quantitative comparison of YFP-EGFR-ICD autophos-
phorylation levels was performed with computer-assisted
image analysis. With a x20 objective lens, images of several
transfected cells were taken, and the fluorescent intensity in
the green and red channels was measured within a cytoplasmic
area (YFP signal and AF-594 signal) and within an area out-
side the cells (background). The intensity of the YFP and
AF-594 signals for each cell was plotted on a scatter plot and
an approximation straight lines was obtained. Then, the angles
of inclination were compared on a bar graph. All plotted signals
in each group were subjected to the analysis of covariance.
P-values less than 0.05 were considered to be statistically signi-
ficant. Excel 2008 (Microsoft Corporation, Redmond, WA,
USA) was used for these analyses.

Results

Sensitivity to EGFR-TKI. Michigan Cancer Foundation-7 cells
were transfected with plasmids encoding YFP-EGFR-ICD for
WT EGFR or mutant variants of EGFR. Twenty four hours
post-transfection gefitinib or erlotinib at a final concentration
ranging from 10 nM to 10 pM and afatinib at a final concen-
tration ranging from 10 to 500 nM were added to the culture
medium. As reported previously, the YFP-tagged EGFR frag-
ments used in this study lacked the extracellular and juxta-
membrane domains of the receptor.(w’”) Thus, we could
reduce interference from the experimental context and intro-
duce mutagenesis more efficiently to shorter EGFR fragments.
When treated with EGFR-TKI, these YFP-EGFR-ICD fusion
proteins relocate to fibril-like formation. Although the mecha-
nism of this relocation is unclear, it parallels the sensitivity to
EGFR-TKI, and correlates with decreasing downstream phos-
phor-PKB signal.'*'" In this study, when 70% of cells chan-
ged the fusion protein location, we determined there was
sensitivity to the EGFR-TKI. Gefitinib had no effect on WT
YFP-EGFR-ICD and del746-750/T790M YFP-EGFR-ICD
double mutant-transfected cells (Fig. 1a). However, low con-
centrations of gefitinib (20-100 nM) induced relocation of
exon 19 deletion mutant YFP-EGFR-ICD and L858R YFP-
EGFR-ICD (Figs la, 2). Among various mutations in exon 19,
there was a small difference in sensitivity ranging from 20- to
50-nM gefitinib. All exon 19 deletion mutants and/or insertion
mutants were more sensitive to EGFR-TKI than to L858R
(Table 1). However, an exon 19 insertion variant (745-746 ins
VPVAIK [insertion mutation valine-proline-valine-alanine-
isoleucine-lysine]) was less sensitive to gefitinib (500 nM) than
other exon 19 deletion mutants (Table 1, Fig. 2).

Serum obtained from patients who underwent treatment with
gefitinib or erlotinib for at least 1 month were diluted and
added to del746-750 YFP-EGFR-ICD-transfected cells. The
serum from patient 1, who had received gefitinib treatment,
induced YFP signal relocation at a dilution ratio below 1:100.
The serum from patient 2, who had received erlotinib treat-
ment, induced relocation at a 1:1000 dilution (Fig. 1b). Erloti-
nib has a higher potency than gefitinib and is commonly
administered at the maximum tolerated dose of 150 mg/day.
In contrast, gefitinib is commonly used at a dose (250 mg
/day) that is less than half of the maximum tolerated dose. The
trough serum concentrations of 250-mg/day gefitinib and 150-
mg/day erlotinib are reported to be approximately 400 nM
and 1.5-3.0 uM, respectively.(13"4) We examined the serum of
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Fig. 1. Evaluation of the sensitivity of EGFR mutations to gefitinib.
YFP-EGFR-ICD-transfected cells were treated with gefitinib at the indi-
cated concentrations for 12 h, and cells were then subjected to image
analysis by fluorescence microscopy. (a) The WT and del746-750
/T790M YFP-EGFR-ICD-transfected cells showed only partial relocation
of the YFP signal at 10-uM gefitinib. (b) Serum from lung cancer
patients treated with gefitinib or erlotinib was diluted at the indicated
ratios and then added to del746-750 YFP-EGFR-ICD-transfected cells.
Del, deletion mutation; E19, exon 19; EGFR, epidermal growth factor
receptor; YFP, yellow fluorescent protein; YFP-EGFR-ICD, YFP-tagged
fragments of the EGFR intracellular domain.

34 additional patients; all except one sample was of suffi-
ciently high concentration to induce relocation at 1:10—1:1000
dilution (Table S1).

L861Q and G719X mutations are known to be moderately
sensitive to EGFR-TKL">'® Gefitinib at 200 nM induced
relocation in L861Q YFP-EGFR-ICD-transfected cells (Fig. 2).
A relatively high gefitinib concentration (500 nM) was needed
to induce relocation of G719X (Fig. 2). We also evaluated the
effect of erlotinib or afatinib (BIBW 2992) treatment
(Table 1). Erlotinib treatment showed similar results to gefiti-
nib. Afatinib is an irreversible EGFR and human epidermal
growth factor receptor type 2 (HER2) inhibitor, predicted to
overcome the acquired resistance caused by T790M that cova-
lently binds in the catalytic pocket of EGFR."” In a phase I
clinical trial, the trough serum concentration of afatinib at a
dose of 40-50 mg/day was under 100 nM."'® The del746—
750/T790M YFP-EGFR-ICD-transfected cells showed fibril-
like formation of YFP signals at an afatinib concentration of
100 nM or more. Cells transfected with intermediately-sensi-
tive mutants (L861Q, G719X) all presented a similar response
to afatinib at 50 nM.

Relative kinase activity of various EGFR mutations. We trans-
fected WT YFP-EGFR-ICD and a different YFP-EGFR-ICD
mutation into MCF-7 cells. Twenty four hours post-transfec-
tion, immunofluorescence staining was performed using a spe-
cific primary antibody to detect phosphorylation of EGFR at
Y1092. Secondary antibody conjugated to AF-594 was used,
and cells were examined with fluorescence microscopy. A
YFP signal is a marker of transfection, and non-transfected
cells did not contain a detectable AF-594 signal. We used
computer-assisted analysis to compare the AF-594 and YFP
signal intensity of individual cells. We then evaluated the rela-
tive kinase activities (i.e. the levels of autophosphorylated
Y1092 at the same YFP level) (Fig. 3a). The phosphorylation
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Fig. 2. Sensitivity of various mutations in exon 19 and common EGFR
mutations to gefitinib. The various YFP-EGFR-ICD exon 19 mutant-trans-
fected cells showed YFP signal relocation at lower concentrations of
gefitinib than WT YFP-EGFR-ICD. Sensitivity to gefitinib was different
among these mutations. The L861Q and G719X YFP-EGFR-ICD-transfect-
ed cells showed YFP signal relocation at 200-500-nM gefitinib. A, ala-
nine; Del, deletion mutation; EGFR, epidermal growth factor receptor;
ins, insertion mutation; P, proline; S, serine; V, valine; VPVAIK, valine-
proline-valine-alanine-isoleucine-lysine; YFP, yellow fluorescent pro-
tein; YFP-EGFR-ICD, YFP-tagged fragments of the EGFR intracellular
domain.
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status of WT EGFR was very low. Among the exon 19
mutations, all had similar or significantly higher levels of auto-
phosphorylation than WT EGFR, with the exception of del747
—752, which had a much lower autophosphorylation level than
the other mutations (Fig. 3b).

With regard to other common EGFR mutations, G719X
showed weaker phosphorylation levels than the exon 19 dele-
tion mutants (Fig. 3c). Among G719X mutations, G719C and
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Table 1. Sensitivity of EGFR mutations to EGFR-TKI

Gefitinib Erlotinib Afatinib
Del746-750 20 nM 20 nM NP
Del747-751 50 nM 20 nM NP
Del747-752 50 nM 50 nM NP
Del746-751>A 20 nM 20 nM NP
Del747-750>P 50 nM 50 nM NP
Del747-753>S 50 nM 50 nM NP
Del746-752>V 20 nM 20 nM NP
E19 ins VPVAIK 500 nM 500 nM 20 nM
L858R 100 nM 50 nM NP
L861Q 200 nM 200 nM 50 nM
G719C 500 nM 500 nM 50 nM
G719S 500 nM 500 nM 50 nM
G719A 500 nM 500 nM 50 nM
Del746-750/T790M >10 uM >10 uM 200 nM
wWT >10 uM >10 uM 200 nM

EGFR-TKI were added to transfected cells at the iNPicated concentra-
tions. Sensitivities to EGFR-TKI were determined by observation of YFP
signal relocation. A, alanine; Del, deletion mutation; E19, exon 19;
EGFR, epidermal growth factor receptor; ins, insertion mutation; NP,
not performed; P, proline; S, serine; TKI, tyrosine kinase inhibitor; V,
valine; VPVAIK, valine-proline-valine-alanine-isoleucine-lysine; YFP,
yellow fluorescent protein.

G719S mutations showed lower levels of autophosphorylation
than G719A (P <0.01). The other common mutations
(L861Q, L858R and exon 19 del/T790M) showed similarly
enhanced phosphorylation to the exon 19 deletion mutations.
The results of fluorescent microscopy-based EGFR phosphory-
lation analysis were confirmed by Western blot analysis
(Fig. 3d).

Discussion

Analysis of the COSMIC database revealed that inframe dele-
tion mutations and deletion/insertion mutations comprise 76%
and 21% of EGFR mutations in exon 19, respectively. The most
frequent mutation is del746—750, which comprises 64% of exon
19 mutations, followed by del747-753>S (6%), del747-751
(4.2%), del747-750>P (4%), del746-752>V (2.4%), del747—
752 (2.1%) and del746-751>A (1%), respectively. The fre-
quency is similar to that reported in the Somatic Mutations in
EGFR Database. As for insertion mutations in exon 19, this type
of mutation is described as less sensitive to EGFR-TKI than
other exon 19 deletion mutations." ~’ These insertion mutations
comprise approximately 1% of all EGFR mutations identified
by DNA sequencing of lung tumor specimens in the USA.
Although many types of EGFR exon 19 mutations have been
reported, little is known about their characteristics. Therefore,
we studied several EGFR exon 19 variants using the YFP-
EGFR-ICD assay. Previous reports demonstrated that the assay
is useful for evaluating the sensitivity of EGFR mutations to
EGFR-TKI. We also used HEK/293 and BEAS-2B cell lines in
addition to MCF-7 cells, and the results were almost identical
(data not shown). We used mainly MCF-7 cells because an irrel-
evant cell line seemed to be a better method to examine the
effect of exogenous EGFR without unknown factors influencing
EGFR signaling. Sensitivity to EGFR-TKI was determined by
YFP-EGFR fusion protein relocation, not by cell proliferation
or apoptosis. The relocation and signaling of YFP-EGFR may
be independent of cell addiction to endogenous EGFR signaling.
In addition, in our study the assay was used to evaluate the con-
centration of EGFR-TKI in serum from non-small-cell lung can-
cer patients undergoing EGFR-TKI treatment. As del746-750
YFP-EGFR-ICD-transfected cells showed YFP relocation at
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Relative kinase activity of EGFR exon 19 mutations. (a) Semi-quantitative comparison of YFP-EGFR-ICD autophosphorylation levels based

on computer-assisted image analyses. The intensity of YFP and AF-594 for each cell line was plotted on a scatter plot and an approximation

straight lines as obtained. The angles of inclination were compared on

a bar graph for each mutation. (b) Comparison of phosphorylation levels

of WT EGFR and EGFR exon 19 mutants. (c) Comparison of phosphorylation levels of WT and common EGFR mutations. The y-axis indicates the
relative phosphorylation levels of EGFR. The phosphorylation of WT EGFR is shown as 1. Statistical analysis was performed as described in the
Materials and Methods. (d) EGFR and pEGFR levels of several EGFR mutations were quantified by Western blotting. *P < 0.01. **P < 0.05. A, ala-
nine; AF-594, Alexa Fluor 594; Del, deletion mutation; E19, exon 19; EGFR, epidermal growth factor receptor; P, proline; pEGFR, phosphorylated
epidermal growth factor receptor; S, serine; V, valine; YFP, yellow fluorescent protein; YFP-EGFR-ICD, YFP-tagged fragments of the EGFR intracel-

lular domain.

20-nM gefitinib, we could estimate the approximate serum con-
centration of gefitinib by the addition of diluted serum. The con-
centration in serum from patients administered gefitinib
treatment was approximately 5-10 times lower than that of
patients who received erlotinib treatment (Table S1). The results
seemed to confirm the previously reported pharmacokinetics of
EGFR-TKI. Therefore, this assay might be useful as an alterna-
tive method for monitoring serum concentrations.

Several reports described the sensitivity of exon 19 mutation
variants.">??" According to the previous data, del746-750 and
del747-753>S were a little more sensitive (ICsy < 10 nM)
than other variants. In one report, del746-752>V-transfected
cells were less sensitive (ICsy = 306 nM) to gefitinib than
other variants (ICsy < 100 nM). In our study, del746-750,
del746-751>A and del746-752>V were more sensitive
(<20 nM) than other variants (<50 nM). Although there is a
little discrepancy in results between our data and previous
studies, in part because of different methods of detection, the
most common mutation, del746-750, generally seems to be
the most sensitive. As the amino acid residues at position 747—
750 in human EGFR protein (leucine, arginine, glutamic acid
and alanine) are highly conserved, it is presumed that single
amino acid changes in exon 19 variants may influence
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sensitivity to EGFR-TKI and then partly contribute to the
individual differences in clinical benefit from EGFR-TKI treat-
ment. As variants of exon 19 deletions have not been distin-
guished in clinical trials, the clinical relevance of these
variants remains unclear.

A small difference in sensitivity to EGFR-TKI was also
found between del746-750 and L858R. In several clinical tri-
als of gefitinib or erlotinib treatment, lung cancer patients with
exon 19 deletion mutations had superior response rates, pro-
gression free survival and overall survival rates than patients
with L858R.©2!? The differences in clinical outcome might
partially reflect the differences in sensitivity.

YFP-tagged fragments of the EGFR intracellular domain
L861Q-or G719X-transfected cells showed intermediate sensi-
tivity to gefitinib and erlotinib, and L861Q was more sensitive
than G719X. No difference in sensitivity between these muta-
tions was found for afatinib. Kancha er al.*® noted that
because L861Q retained high binding affinity for ATP, irre-
versible inhibitors of EGFR might be more beneficial than
reversible inhibitors to patients with L861Q EGFR mutation.
In our study, the L861Q mutation was relatively sensitive to
reversible and irreversible tyrosine kinase inhibitors. Erlotinib
may be more effective than gefitinib in patients with G719X
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that need 500 nM of either drug, because trough levels of gefi-
tinib are lower than effective concentrations when the drug is
given at standard dose.

In approximately half of patients with acquired resistance
after treatment with first generation EGFR-TKI, T790M
secondary mutation will occur.**?” In the present study,
afatinib needed to be administered at a concentration of at least
100 nM to alter the location of YFP-EGFR-ICD fusion protein
with the del746-750/T790M mutation, whereas afatinib had a
median trough concentration of 30-60 nM in a clinical
study."® In addition, a recent in vitro study showed that
T790M secondary mutation was also involved in acquired resis-
tance after treatment with afatinib.*® Clinical studies targeting
T790M mutations are necessary. Higher intermittent doses of
afatinib may be more effective than standard continuous dosing
in this patient population.

Several lines of evidence indicated that EGFR mutants exhi-
bit differentially enhanced kinase activities. In our study, exon
19 mutants, with the exception of del747-752, presented with
almost similar autophosphorylation status. Reflecting previous
data,(zg) del747-752, which accounts for <2% of mutations in
exon 19, presented a low autophosphorylation status compara-
ble to WT EGFR.*” Pao et al. evaluated the phosphorylation
of this mutation variant using a phospho-Y1092-specific anti-
body and an anti-phosphotyrosine antibody; phosphorylation
was at a low level compared to WT EGFR or L858R.
Although it is unclear why only del747-752 is not as highly
phosphorylated at Y1092, patients with del747-752 mutation
benefit from EGFR-TKI treatment.“**? A possible hypothesis
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