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Association of the Expression of Mutant Epidermal
Growth Factor Receptor Protein as Determined with
Mutation-Specific Antibodies in Non-small Cell Lung

Cancer with Progression-Free Survival after
Gefitinib Treatment
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Introduction: Somatic mutations in the epidermal growth factor
receptor (EGFR) gene are associated with an increased response to
EGFR tyrosine kinase inhibitors (TKIs) such as gefitinib in patients
with non-small cell lung cancer (NSCLC). Although most NSCLC
patients with EGFR mutations benefit from EGFR-TKI treatment,
the efficacy of such treatment varies among individuals. Molecular
markers for prediction of EGFR-TKI treatment efficacy in EGFR
mutation-positive NSCLC have not been well defined.

Methods: The expression of mutant EGFR proteins was quantitated
by immunohistochemical analysis with mutation-specific antibodies
in tumor specimens from 47 NSCLC patients with postoperative
recurrent disease who harbored activating EGFR mutations. The
expression score was determined from both the staining intensity
and the proportion of tumor tissue expressing the mutant EGFR.
Results: The median progression-free survival after the start of
gefitinib treatment was significantly longer in patients with a high
score for mutant EGFR expression than in those with a low score
(12.2 versus 3.4 months, p < 0.001), whereas no significant differ-
ence in median overall survival was apparent between the two
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groups (24.9 versus 17.7 months, respectively, p = 0.144). This
association between the expression score for mutant EGFR and
progression-free survival was apparent both in patients with dele-
tions in exon 19 of EGFR and in those with the L858R mutation in
exon 21.

Conclusions: Quantitative analysis of mutant EGFR expression by
immunohistochemical analysis with mutation-specific antibodies
may predict the efficacy of gefitinib treatment for EGFR mutation-
positive NSCLC.

Key Words: Activating EGFR mutation, Mutation-specific anti-
body, Immunohistochemistry, Non-small cell lung cancer, Gefitinib.

(J Thorac Oncol. 2012;7: 122-127)

ung cancer is the leading cause of cancer death world-

wide.! Somatic mutations in the epidermal growth factor
receptor (EGFR) gene have been identified as a major deter-
minant of the clinical response to treatment with EGFR
tyrosine kinase inhibitors (TKIs) such as gefitinib and erlo-
tinib in individuals with non-small cell lung cancer (NSCLC).
Most of these mutations occur in exons 19 to 21, which
encode the tyrosine kinase domain of the receptor, with the
most common being deletions in exon 19 (such as delE746-
A750) and the L858R point mutation in exon 21. These
mutations are found more frequently in female patients, in
individuals who have never smoked, and in patients of East
Asian ethnicity.?=> Prospective clinical trials of EGFR-TKI
treatment in NSCLC patients with EGFR mutations have
revealed radiographic response rates of 55 to 91%.5-!7 Most
NSCLC patients with EGFR mutations thus benefit from
treatment with EGFR-TKIs. Nevertheless, the clinical effi-
cacy of EGFR-TKIs differs among such patients, and almost
all individuals eventually develop resistance to these drugs.
Recently, Yu et al'® prepared antibodies that specifically
recognize EGFRs that harbor the delE746-A750 or L858R
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mutations, allowing the development of a simple immuno-
histochemical method for identification of such mutations in
human tissue. We and others subsequently demonstrated the
potential value of these EGFR mutation-specific antibodies
for analysis of clinical tumor specimens.'?-2> We have now
investigated whether the expression score for EGFR mutant
proteins is related to the efficacy of gefitinib treatment in
EGFR mutation-positive NSCLC.

PATIENTS AND METHODS

Patients and EGFR Mutation Analysis

In this retrospective study, we screened 110 consecu-
tive NSCLC patients with postoperative recurrent disease
who underwent surgery between 1995 and 2009. All the
patients received gefitinib (250 mg) orally once a day for
recurrent disease. EGFR mutations were identified either by
the PCR-Invader method (BML, Tokyo, Japan)?4 in 40 pa-
tients or by the peptide nucleic acid-locked nucleic acid PCR
clamp method?® in 70 patients. Forty-seven patients were
found to harbor activating EGFR mutations (either exon 19
deletions or L858R in exon 21). Complete clinical informa-
tion and tissue blocks suitable for additional analysis were
available for all 47 individuals. A computed tomography scan
was performed for tumor assessment within 28 days of
initiation of treatment and was repeated after 2 to 3 months.
All responses were defined according to RECIST. Response
was confirmed at least 4 weeks (for a complete or partial
response) or 6 weeks (for stable disease) after it was first
documented. Progression-free survival (PFS) was calculated
from the date of initiation of gefitinib treatment either to the
date of disease progression or to the date of last contact. This
study conforms to the provisions of the Declaration of Hel-
sinki and was approved by the Institutional Review Board of
participating institutions.

Immunohistochemical Analysis of EGFR Mutant
Proteins in Clinical Samples from NSCLC
Patients

Paraffin-embedded tumor tissue was sectioned at a
thickness of 4 pum, and the sections were mounted on glass
slides and then incubated with mutation-specific antibodies to
EGFR that specifically recognize the delE746-A750 mutation
in exon 19 (clone 6B6; Cell Signaling Technology) or the
L858R mutation in exon 21 (clone 43B2; Cell Signaling
Technology) for immunohistochemical analysis with the use
of a Dako autostainer (Dako Cytomation).!® The proportion
of tumor cells found to express an EGFR mutant (proportion
score) was assessed according to the following scale: 0, none
(0%); 1, 1 to 10%; 2, 11 to 30%; 3, 31 to 50%; 4, 51 to 70%;
and 5, 71 to 100% of tumor cells. The intensity of staining
(intensity score) was evaluated according to the following
scale: 0, no staining; 1, weak staining; 2, moderate staining;
and 3, strong staining in >10% of cancer cells. As previously
described,26-27 the proportion score and intensity score were
added to yield a total expression score ranging from 0 to 8.
We classified expression scores of 0 to 3 as low expression
and those of 4 to 8 as high expression for exon 19 deletions
and expression scores of 0 to 6 as low expression and those

of 7 or 8 as high expression for the L858R mutation, given
that the corresponding median scores for the two types of
mutation were 4 and 7, respectively. All immunohistochem-
ical analysis was evaluated by two experienced observers
(A.K. and M.K.) who were unaware of the conditions of the
patients.

Statistical Analysis

We used Fisher’s exact test to evaluate the significance
of relations between the expression score for EGFR mutants
and other patient characteristics. Survival curves for both PFS
and OS were estimated by the Kaplan-Meier method, and the
difference between the curves for patients with a high or low
expression score for EGFR mutants was evaluated by the
log-rank test. The Cox proportional hazards model was ap-
plied to examine whether the expression score for mutant
EGFR proteins was associated with PFS or OS even after
adjustment for other prognostic factors. All tests were two
sided, and a p value of <0.05 was considered statistically
significant. Statistical analysis was performed with R version
2.90 and SAS version 9.2 software (SAS Institute, Cary, NC).

RESULTS

Patient Characteristics

The clinical characteristics of the 47 patients are shown
in Table 1 (also see Supplemental Table, Supplemental Dig-
ital Content 1, http://links.lww.com/JTO/A151). Thirty-five
(74%) patients were female and 36 (77%) were never-smok-
ers, with the median age of all patients being 65 years (range,
46-—82 years). Forty-five (96%) patients had adenocarci-
noma, 31 (66%) had a good performance status (Eastern
Cooperative Oncology Group 0), and 15 patients (32%)
received EGFR-TKI treatment as first-line chemotherapy.
With regard to the type of EGFR mutation, 27 patients had
deletions in exon 19, and 20 patients had the L.858R missense
mutation in exon 21.

Immunohistochemical Analysis of Activating
EGFR Mutations in NSCLC Patients

Representative images for immunohistochemical stain-
ing of tumor specimens with antibodies specific for the two
different types of EGFR mutation are shown in Figure 1.
According to the protocol definition, the expression of the
mutant EGFR proteins was evaluated on the basis of both the
proportion of stained cells and staining intensity. There was a
strong correlation between the proportion score and the in-
tensity score (Spearman p = 0.760). We determined the
expression score for the mutant proteins as the sum of
the proportion score and the intensity score and divided the
patients in the study into two groups according to the expres-
sion score. Twenty-eight and 19 patients were thus found to
have high and low expression scores, respectively. We ex-
amined the possible relation between the expression score of
the EGFR mutants and various clinical characteristics, but no
significant association was found with age, sex, tumor histol-
ogy, smoking status, or performance status (Table 2).
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TABLE 1. Patient Characteristics
Characteristic
Age (yr)
Median 65
Range 46-82
Sex
Male 12
Female 35
Histology
Adenocarcinoma 45
Squamous cell carcinoma 1
Adenosquamous cell carcinoma 1
Smoking status
Never-smoker 36
Smoker 11
Performance status
0 31
1 9
2 7
Gefitinib
First line 15
Second line 20
Third line 11
Fourth line 1
EGFR mutation status
L858R 20
Exonl9 deletions 27
Metastases
Lung 30
Brain 20
Bone 16
Liver 5
Lymph node 2
Adrenal 1
Skin i

Relation of Expression Score for EGFR Mutants
to Survival

At the time of analysis, the median follow-up time was
15.0 months (range, 1.5-57.9 months). The median PFS
was 6.7 months (range, 0.7-36.0 months), and the median OS
was 15.0 months (range, 1.5-57.9 months). At this time, three
patients were still receiving gefitinib treatment. The median
duration of gefitinib treatment in patients with a high or low
expression score was 12.2 (range, 0.3-36.0) and 3.4 (range,
0.7-17.2) months, respectively. Kaplan-Meier analysis of
PFS and OS after the start of gefitinib treatment is shown in
Figure 2. The log-rank test revealed that gefitinib treatment
resulted in a significantly longer PFS in patients with a high
expression score for EGFR mutants than in those with a low
expression score (median of 12.2 versus 3.4 months, p <
0.001; Figure 24), whereas there was no significant differ-
ence in OS between the two groups of patients (median, 24.9
versus 17.7 months, respectively, p = 0.144; Figure 2B8). This
difference in PFS between patients with high and low expres-
sion scores was apparent for both types of EGFR mutation

124

(Figure 2C, D). Univariate analysis revealed that a high
expression score for EGFR mutants (p << 0.001) was signif-
icantly associated with PFS and that performance status (p =
0.034) was significantly associated with OS (Table 3). None
of the other factors examined was significantly associated
with either PFS or OS. Finally, Cox regression analysis
revealed that expression score for the EGFR mutants was
significantly associated with PFS (hazard ratio, 0.265; 95%
confidence interval, 0.132-0.531; p < 0.001) independently
of performance status (Table 4). The relation between expres-
sion score for EGFR mutants and OS was close to achieving
statistical significance after adjustment for performance status
(hazard ratio, 0.503; 95% confidence interval, 0.231-1.093;
p = 0.083).

Poststudy Treatment

Nine (32%) of the 28 patients who had a high expres-
sion score for EGFR mutants received subsequent treatment,
whereas 8 (42%) of the 19 patients with a low expression
score received such treatment. There was thus no significant
difference in poststudy treatment between the two groups (X2,
p = 0.4860).

DISCUSSION

With the use of mutation-specific antibodies, we have
performed immunohistochemical analysis of the expression
of mutant EGFR proteins in tumor specimens obtained from
relapsed NSCLC patients with EGFR mutations. We found
that the expression score for mutant EGFR proteins, as
determined by quantitation of both staining intensity and the
proportion of tumor cells expressing the mutant proteins, was
significantly associated with PFS after the onset of gefitinib
treatment. We previously showed that £EGFR mutation was
significantly associated with EGFR amplification in NSCLC
cell lines and that the mutant EGFR proteins in such cells
with both of these types of EGFR alteration were activated
constitutively, resulting in an increased sensitivity to EGFR-
TKIs.2® These findings suggested that EGFR mutant alleles
are amplified selectively and that increased expression of the
mutant EGFR proteins confers susceptibility to EGFR-
TKIs.28:29 In this study, we found that a high staining intensity
for mutant EGFR proteins was associated with a longer PFS
in EGFR mutation-positive NSCLC patients treated with
gefitinib (see Supplemental Figure, Supplemental Digital
Content 2, http://links.lww.com/JTO/A151). In addition to
staining intensity, we measured the proportion of tumor tissue
in which the mutant EGFR protein was expressed. Many
types of cancer have been found to manifest tissue heteroge-
neity with regard to the detection of tumor suppressor genes
or oncogenes.’?*! Previous studies have also suggested that
such heterogeneity is also the case for EGFR mutations in
NSCLC cell lines and tumor tissue.2#32 Consistent with these
findings, we have now shown that mutant EGFR protein
detected with mutation-specific antibodies was expressed
heterogeneously in individual tumors. Although intratumoral
heterogeneity for EGFR mutations may explain the variable
clinical efficacy of EGFR-TKIs in EGFR mutation-positive
NSCLC patients, this issue has not previously been clinically
addressed. We have now found that a high proportion score
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Intensity score

EGFR
del E746-A750 mutant-specific

EGFR
L858R mutant-specific

FIGURE 1.

Immunohistochemical staining of NSCLC adenocarcinoma specimens with antibodies specific for delE746-A750

or L858R mutant forms of EGFR. Representative staining patterns for each of the four intensity levels are shown (original mag-

nification, X400).

TABLE 2. Relation Between Expression Score for EGFR
Mutants and Various Patient Characteristics

Expression
Score
Characteristic n Low High e
Age (yr)
High (=65) 26 12 14 0.550
Low (<65) 21 7 14
Sex
Male 12 6 6 0.505
Female 35 13 22
Histology
Adenocarcinoma 45 18 27 1.000
Squamous + adenosquamous 2 1 1
Smoking status
Never-smoker 36 14 22 0.736
Smoker 11 5 6
Performance status
0 31 14 17 0.531
Tor2 16 5 11
Response rate
PR or SD 38 12 26 0.021
PD 9 7 2

“ Determined by Fisher exact test.
PR, partial response; SD, stable disease; PD, progressive disease.

for mutant EGFR proteins was associated with a longer PFS
in EGFR mutation-positive NSCLC patients treated with
gefitinib (see Supplemental Figure, Supplemental Digital
Content 2, http://links.lww.com/JTO/A151). Together, these
findings suggest that the combination of the proportion score
and intensity score for EGFR mutants might prove useful for

predicting the efficacy of EGFR-TKIs in NSCLC patients
harboring EGFR mutations.

The efficacy of EGFR-TKIs varies among EGFR mu-
tation-positive NSCLC patients, but no clear candidate for a
molecular marker able to predict treatment response in such
patients has been identified. The T790M mutation of EGFR
has been associated with acquired resistance to EGFR-TKIs
in EGFR mutation-positive NSCLC patients, and this muta-
tion was recently shown to be present in 35% of such patients
before treatment with gefitinib and to be associated with de
novo resistance to this drug.33-3¢ A low expression level of the
endogenous NF-«B inhibitor IkB was recently shown to be
predictive of a poor clinical outcome in a cohort of erlotinib-
treated NSCLC patients harboring an activating FGFR mu-
tation but lacking evidence of the T790M mutation.35 In this
study, we have demonstrated that quantitative analysis of
EGFR mutant expression in tumor tissue predicts the efficacy
of EGFR-TKIs in NSCLC patients harboring £EGFR muta-
tions. Several highly sensitive methods for the detection of
EGFR mutations have been described which can detect such
mutations in specimens containing only a low percentage
of mutation-positive cancer cells. Although these methods
are useful for diagnosis of EGFR mutation-positive cancer,
they are qualitative rather than quantitative.2425> One ad-
vantage of immunohistochemical diagnosis is that it pro-
vides a quantitative measurement of the expression level of
the mutant protein in the cancer cells from individual
patients. A potential drawback of this technique is that the
sensitivity of the antibodies that detect exon 19 deletions is
slightly inferior to that of the antibodies specific for the
L858R mutant.!8-23 Consistent with this difference, we found
that the sensitivity for the immunohistochemical detection of
exon 19 deletions or the L858R mutation was 78 and 100%,
respectively. These results thus indicate that not all EGFR
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FIGURE 2. Kaplan-Meier survival .
curves according to expression -

score for EGFR mutants. PFS (A) and
OS (B) for patients with high or low
expression scores for either type of
EGFR mutant. PFS for patients with
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PFS

high or low expression scores for
exon 19 deletion (C) or L858R (D)
mutant forms of EGFR.
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TABLE 3. Factors Associated with PFS and OS TABLE 4. Multivariate Analysis of PFS and OS
Median Median Parameter HR (95% CI) P
Factor n_ PPSmo  » 0S(mo) »r PFS  EGFR-mutant expression  0.265 (0.132-0.531)  <0.001
Age (yr) score (high vs. low)
High (=65) 26 7.4 0.872 21.6 0.711 Performance status 1.720 (0.901-3.283) 0.100
Low (<65) 21 54 18.2 (Ovs. Lor2)
Sex 0s EGFR-mutant expression 0.503 (0.231-1.093) 0.083
Male 12 34 0857 103 0537 score (high vs. low)
Female 35 Q1 255 Performance status 2.546 (1.137-5.702) 0.028
. h ' : (0 vs. 1 or2)
Histology
Adenocarcinoma 45 6.5 0.170 237 0.941 “ Multivariate analysis by Cox proportional hazards model.
N PFS, progression-free survival; HR, hazard ratio; Cl, confidence interval.
Squamous + 2 4.2 13.5
adenosquamous
Smoking
Never-smoker 36 4 0640 253 0.339 benefit. One explanation for this finding is that the sample
Smoker 11 3.1 11.2 . L. . . .
Performance stabas size was too small to detect a clinically significant difference
mance status . " .
0 3 83 0.143 353 0,034 in OS. In addition, the data for OS were premature, with 40%
2 D . 2.2 N . . . .
of patients still being alive when censored. Although the
lor2 16 5.6 12.5 . . .
EGFR-mutant frequency of EGFR mutations is only ~20 to 30% in East
expression score Asians and ~IQ% i'n Caucasians, efforts are ongoing to
Low 19 3.4 <0.001 17.7 0.144 confirm our findings in larger cohorts.
High 28 12.2 24.9 In conclusion, we found that a high expression score for

¢ Univariate analysis by log-rank test.
PFS, progression-free survival.

mutant protein in cancer cells could be detected by immunohis-
tochemical analysis.

The PFS benefit of gefitinib treatment in patients with
a high expression score for mutant EGFR relative to those
with a low expression score did not translate into an OS

mutant EGFR protein is associated with a longer PFS in
EGFR mutation-positive NSCLC patients treated with ge-
fitinib. Our clinical findings demonstrate that quantitative
analysis of EGFR mutant expression may predict the efficacy
of EGFR-TKIs for treatment of EGFR mutation-positive
NSCLC. Further study is warranted to clarify the clinical
utility of immunohistochemical analysis for EGFR mutant
proteins in determination of the optimal treatment for EGFR
mutation-positive NSCLC.

126 Copyright © 2011 by the International Association for the Study of Lung Cancer

Copyright © 2011 by the International Association for the Study of Lung Cancer.
pyng { Yy g



Journal of Thoracic Oncology ® Volume 7, Number 1, January 2012

Expression of Mutant EGFR Protein in NSCLC

Copyright © 2011 by the International Association for the Study of Lung Cancer

REFERENCES

. Parkin DM, Bray FI, Devasa SS. Cancer burden in the year 2000: the

global picture. Eur J Cancer 2001;37:4—66.

. Lynch TJ, Bell DW, Sordella R, et al. Activating mutations in the

epidermal growth factor receptor underlying responsiveness of non-
small-cell lung cancer to gefitinib. N Engl J Med 2004;350:2129-2139.

. Paez JG, Janne PA, Lee JC, et al. EGFR mutations in lung cancer:

correlation with clinical response to gefitinib therapy. Science 2004;304:
1497-1500.

. Pao W, Miller V, Zakowski M, et al. EGF receptor gene mutations are

common in lung cancers from “neversmokers” and are associated with
sensitivity of tumors to gefitinib and erlotinib. Proc Natl Acad Sci U S
4 2004;101:13306—13311.

. Ono M, Kuwano M. Molecular mechanisms of epidermal growth factor

receptor activation and response to gefitinib and other EGFR-targeting
drugs. Clin Cancer Res 2006;12:7242-7251.

. Maemondo M, Inoue A, Kobayashi K, et al. Gefitinib or chemotherapy

for non-small-cell lung cancer with mutated EGFR. N Engl J Med
2010;362:2380-2388.

. Mitsudomi T, Morita S, Yatabe Y, et al. Gefitinib versus cisplatin plus

docetaxel in patients with non-small-cell lung cancer harbouring muta-
tions of the epidermal growth factor receptor (WJTOG3405): an open
label, randomized phase 3 trial. Lancet Oncol 2010;11:121-128.

. Mok TS, Wu YL, Thongprasert S, et al. Gefitinib or carboplatin-

paclitaxel in pulmonary adenocarcinoma. N Engl J Med 2009;361:947—
957.

. Inoue A, Suzuki T, Fukuhara T, et al. Prospective phase II study of

gefitinib for chemotherapy-naive patients with advanced non-smali-cell
lung cancer with epidermal growth factor receptor gene mutations.
J Clin Oncol 2006;24:3340-3346.

. Asahina H, Yamazaki K, Kinoshita I, et al. A phase II trial of gefitinib

as first-line therapy for advanced non-small cell lung cancer with
epidermal growth factor receptor mutations. BrJ Cancer 2006;95:998 -
1004.

. Sutani A, Nagai Y, Udagawa K, et al. Gefitinib for non-small-cell lung

cancer patients with epidermal growth factor receptor gene mutations
screened by peptide nucleic acid-locked nucleic acid PCR clamp. Br J
Cancer 2006;95:1483—-1489.

. Yoshida K, Yatabe Y, Park JY, et al. Prospective validation for predic-

tion of gefitinib sensitivity by epidermal growth factor receptor gene
mutation in patients with non-small cell lung cancer. J Thorac Oncol
2007;2:22-28.

. Sunaga N, Tomizawa Y, Yanagitani N, et al. Phase II prospective study

of the efficacy of gefitinib for the treatment of stage 111/1V non-small cell
lung cancer with EGFR mutations, irrespective of previous chemother-
apy. Lung Cancer 2007,56:383-389.

. Tamura K, Okamoto 1, Kashii T, et al. Multicentre prospective phase 11

trial of gefitinib for advanced non-small cell lung cancer with epidermal
growth factor receptor mutations: results of the West Japan Thoracic
Oncology Group trial (WJTOGO0403). Br J Cancer 2008;98:907-914.

. Sugio K, Uramoto H, Onitsuka T, et al. Prospective phase I study of

gefitinib in non-small cell lung cancer with epidermal growth factor
receptor gene mutations. Lung Cancer 2009;64:314-318.

. Sequist LV, Martins RG, Spigel D, et al. First-line gefitinib in patients

with advanced non-small-cell lung cancer harboring somatic EGFR
mutations. J Clin Oncol 2008;26:2442-2449.

. Okamoto 1, Mitsudomi T, Nakagawa K, et al. The emerging role of

epidermal growth factor receptor (EGFR) inhibitors in first-line treat-
ment for patients with advanced non-small cell lung cancer positive for
EGFR mutations. Ther Adv Med Oncol 2010;2:301-307.

18.

20.
21.

22.

23,

24.

25.

26.

27.

28.

29.
30.
31

32.

34.

35.

Yu J, Kane S, Wu J, et al. Mutation-specific antibodies for the detection
of EGFR mutations in non-small-cell lung cancer. Clin Cancer Res
2009;15:3023-3028.

. Kawahara A, Yamamoto C, Nakashima K, et al. Molecular diagnosis of

activating EGFR mutations in non-small-cell lung cancer using muta-
tion-specific antibodies for immunohistochemical analysis. Clin Cancer
Res 2010;15:3163-3170.

Kitamura A, Hosoda W, Sasaki E, et al. Immunohistochemical detection
of EGFR mutation using mutation-specific antibodies in lung cancer.
Clin Cancer Res 2010;16:3349-3355.

Kato Y, Peled N, Wynes MW, et al. Novel epidermal growth factor
receptor mutation-specific antibodies for non-small cell lung cancer.
J Thorac Oncol 2010;5:1551-1558.

Kozu Y, Tsuta K, Kohno T, et al. The usefulness of mutation-specific
antibodies in detecting epidermal growth factor receptor mutations and
in predicting response to tyrosine kinase inhibitor therapy in lung
adenocarcinoma. Lung Cancer 2011;73:45-50.

Brevet M, Arcila M, Ladanyi M. Assessment of EGFR mutation status
in lung adenocarcinoma by immunohistochemistry using antibodies
specific to the two major forms of mutant EGFR. J Mol Diagn 2010;
12:169-176.

Tadokoro K, Kobayashi M, Yamaguchi T, et al. Classification of
hepatitis B virus genotypes by the PCR-Invader method with genotype-
specific probes. J Virol Methods 2006;138:30~39.

Nagai Y, Miyazawa H, Huqun, et al. Genetic heterogeneity of the
epidermal growth factor receptor in non-small cell lung cancer cell lines
revealed by a rapid and sensitive detection system, the peptide nucleic
acid-locked nucleic acid PCR clamp. Cancer Res 2005;65:7276~7282.
Alired DC, Clark GM, Elledge R, et al. Association of p53 protein
expression with tumor cell proliferation rate and clinical outcome in
node-negative breast cancer. J Natl Cancer Inst 1993;85:200-206.
Hammond ME, Hayes DF, Dowsett M, et al. American Society of
Clinical Oncology/College of American Pathologists guideline recom-
mendations of immunohistochemical testing of estrogen and progester-
one receptors in breast cancer. J Clin Oncol 2010;28:2784-2795.
Okabe T, Okamoto 1, Tamura K, et al. Differential constitutive activa-
tion of the epidermal growth factor receptor in non-small cell lung
cancer cells bearing EGFR gene mutation and amplification. Cancer Res
2007;67:2046-2053.

Morinaga R, Okamoto I, Fujita Y, et al. Association of epidermal growth
factor receptor (EGFR) gene mutations with EGFR amplification in
advanced non-small cell lung cancer. Cancer Sci 2008;99:2455-2460.
Klein CA, Blankenstein TJ, Schmidt-Kittler O, et al. Genetic heteroge-
neity of single disseminated tumour cells in minimal residual cancer.
Lancet 2002;360:683—689.

Kitago M, Ueda M, Aiura K, et al. Comparison of K-ras point mutation
distributions in intraductal papillary-mucinous tumors and ductal ade-
nocarcinoma of the pancreas. /nt J Cancer 2004;110:177-182.
Sakurada A, Lara-Guerra H, Liu N, et al. Tissue heterogeneity of EGFR
mutation in lung adenocarcinoma. J Thorac Oncol 2008;3:527-529.

. Kobayashi S, Boqgon TJ, Dayaram T, et al. EGFR mutation and

resistance of non-small-cell lung cancer to gefitinib. N Engl J Med
2005;352:786-792.

Rosell R, Molina MA, Costa C, et al. Pretreatment EGFR T790M
mutation and BRCA] mRNA expression in erlotinib-treated advanced
non-small-cell lung cancer patients with EGFR mutations. Clin Cancer
Res 2011;17:1160-1168.

Bivona TG, Hieronymus H, Parker J, et al. FAS and NF-«B signaling
modulate dependence of lung cancers on mutant EGFR. Nature 2011;
471:523-526.

127

Copyright © 2011 by the international %ssceiaﬁom for the Study of Lung Cancer.



204

Published OnlineFirst November 10, 2011; DOI: 10.1158/1535-7163.MCT-11-0638

Preclinical Development

Overcoming Erlotinib Resistance in EGFR Mutation-Positive
Non-Small Cell Lung Cancer Cells by Targeting Survivin

Kunio Okamoto’, Isamu Okamoto®, Erina Hatashita®, Kiyoko Kuwata', Haruka Yamaguchi®,
Ava Kita®, Kentaro Yamanaka®, Mayumi Onc®, and Kazuhiko Nakagawa'

Absiract

Loss of PTEN was recently shown to contribute to resistance to epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitors (TKI) in EGFR mutation-positive non-small cell lung cancer (NSCLC) through
activation of the protein kinase AKT. We previously showed that downregulation of the expression of the
antiapoptotic protein survivin by EGFR-TKIs contributes to EGFR-TKI-induced apoptosis in EGFR mutation—
positive NSCLC cells. We have now investigated the role of survivin expression in EGFR-TKI resistance
induced by PTEN loss. The EGFR-TKI erlotinib did notaffect survivin expression or induce apoptosis in EGFR
mutation-positive NSCLC cells with PTEN loss. Downregulation of survivin either by transfection with a
specific short interfering RNA or by exposure to the small-molecule survivin suppressor YM155 reversed
erlotinib resistance in such cells in vitro. Furthermore, combination therapy with YM155 and erlotinib inhibited
the growth of tumors formed by EGFR mutation-positive, PTEN-deficient NSCLC cells in nude mice to a
greater extent than did treatment with either drug alone. These results thus indicate that persistent activation of
signaling by the AKT-survivin pathway induced by PTEN loss underlies a mechanism of resistance to
erlotinib-induced apoptosis in EGFR mutation-positive NSCLC. They further suggest that the targeting
of survivin has the potential to overcome EGFR-TKI resistance in EGFR mutation—positive NSCLC.

Mol Cancer Ther; 11(1); 204-13. ©2011 AACR.

Introduction

Approximately 70% of individuals with non-small cell
lung cancer (NSCLC) who harbor somatic mutations in
exons of the epidermal growth factor receptor (EGFR)
gene that encode the tyrosine kinase domain of the recep-
tor experience substantial tumor regression when treated
with the EGFR tyrosine kinase inhibitors (TKI) gefitinib or
erlotinib (1). However, most patients, even those who
show a marked response to initial treatment, develop
acquired resistance to EGFR-TKIs after varying periods
of time (2). To date, several major mechanisms of such
acquired resistance, including secondary mutation of
EGFR, amplification of MET, and overexpression of hepa-
tocyte growth factor, have been identified, and the devel-
opment of pharmaceutical agents that target these
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mechanisms is underway (3-7). In addition, some patients
are intrinsically resistant to EGFR-TKIs, even though their
tumors harbor activating mutations of EGFR (8). Further
characterization of the mechanisms of EGFR-TKI resis-
tance is thus important to provide a basis for the devel-
opment of effective therapies for patients who develop
such resistance.

The deletion or inactivation of the PTEN gene occurs in
a variety of tumor types, including melanoma as well as
lung, bladder, renal, breast, endometrial, and thyroid
cancer, and there are no related proteins that can com-
pensate for the loss of PTEN function (9). The loss of PTEN
results in misregulation of AKT-dependent signaling,
which plays a key role in the progression of malignant
cancer (10). Recent studies have shown that PTEN loss
contributes to EGFR-TKI resistance in EGFR mutation—
positive lung cancer through activation of the protein
kinase AKT (11, 12). We recently found that EGFR-TKIs
downregulate survivin expression through inhibition of
the phosphoinositide 3-kinase (PI3K)-AKT signaling
pathway and that such downregulation of survivin con-
tributed to EGFR-TKI-induced apoptosis in EGFR muta-
tion—positive NSCLC cells (13). Survivin is a member of
the inhibitor of apoptosis (IAP) family of proteins and has
been shown to inhibit caspases and to prevent caspase-
mediated cell death (14). Persistent survivin expression
might therefore be expected to result in resistance to
EGFR-TKIs in EGFR mutation—positive NSCLC cells with
PTEN loss.
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