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Abstract

Malignant pleural mesothelioma (MPM) is a fatal thoracic
malignancy, the epigenetics of which are poorly defined. We
performed high-throughput methylation analysis covering
6,157 CpG islands in 20 MPMs and 20 lung adenocarcinomas.
Newly identified genes were further analyzed in 50 MPMs and
56 adenocarcinomas via quantitative methylation-specific
PCR. Targets of histone H3 lysine 27 trimethylation
(H3K27me3) and genetic alterations were also assessed in
MPM cells by chromatin immunoprecipitation arrays and
comparative genomic hybridization arrays. An average of
387 genes (6.3%) and 544 genes (8.8%) were hypermethylated
in MPM and adenocarcinoma, respectively. Hierarchical clus-
ter analysis showed that the two malignancies have character-
istic DNA methylation patterns, likely a result of different
pathologic processes. In MPM, a separate subset of genes
was silenced by H3K27me3 and could be reactivated by treat-
ment with a histone deacetylase inhibitor alone. Integrated
analysis of these epigenetic and genetic alterations revealed
that only 11% of heterozygously deleted genes were affected
by DNA methylation and/or H3K27me3 in MPMs. Among the
DNA hypermethylated genes, three (TMEM30B, KAZALDI, and
MAPK13) were specifically methylated only in MPM and could
serve as potential diagnostic markers. Interestingly, a subset
of MPM cases (4 cases, 20%) had very low levels of DNA meth-
ylation and substantially longer survival, suggesting that the
epigenetic alterations are one mechanism affecting progres-
sion of this disease. Our findings show a characteristic epige-
netic profile of MPM and uncover multiple distinct epigenetic
abnormalities that lead to the silencing of tumor suppressor
genes in MPM and could serve as diagnostic or prognostic
targets. [Cancer Res 2009;69(23):9073-82]

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).

Y. Goto and K. Shinjo contributed equally to this work.

Requests for reprints: Yutaka Kondo, Division of Molecular Oncology, Aichi
Cancer Center Research Institute, 1-1 Kanokoden, Chikusa-ku, Nagoya 464-8681,
Japan. Phone: 81-52-764-2993; Fax: 81-52-764-2993; E-mail: ykondo@aichi-cc.jp.

©2009 American Association for Cancer Research,

doi:10.1158/0008-5472.CAN-09-1595

Introduction

Malignant pleural mesothelioma (MPM) is an aggressive tumor
that has been associated with asbestos exposure (1). Approxi-
mately 10,000 to 15,000 patients worldwide are newly diagnosed
with MPM annually, and the number of patients is projected to
increase over the next two decades in Asia and the United States
(1, 2). Although the inhalation of asbestos is a well-known risk fac-
tor, the lack of clinical symptoms in the early stages of MPM as well
as of useful diagnostic markers makes early diagnosis virtually im-
possible. In addition to these difficulties, the relative ineffectiveness
of available therapies also contributes to the death of MPM patients
shortly after diagnosis (1, 3). Therefore, further molecular analysis of
MPM is urgently needed to identify effective markers that could be
applied to blood or pleural fluid for an early valid diagnosis.

The central mechanisms underlying MPM formation are still un-
clear. Several genetic abnormalities seem to be involved in MPM,
such as a loss of the p16 locus or mutations in the NF2 gene (4-6).
However, recent whole-transcriptome sequencing approaches as
well as comparative genomic hybridization analyses have revealed
relatively few genetic mutations in MPM, about six genes per in-
dividual MPM (7, 8). The low frequency of genetic abnormalities
raises the question of whether alternative mechanisms might also
be contributing to the inactivation of genes, leading to tumor
formation.

Dysregulation of epigenetic transcriptional control, particularly
aberrant promoter DNA methylation and histone modifications,
is a fundamental feature of human malignancies (9). The relation-
ship between promoter DNA hypermethylation and inflammation
has been documented in many types of cancers, including MPM
(10). It could be that asbestos exposure contributes to MPM for-
mation through this relationship (11-14), because it is known
that asbestos induces continuous inflammation instead of directly
transforming primary human mesothelial cells in tissue culture
(15-17). In addition, recent cumulative studies of aberrant DNA
methylation in human cancers showed high rates of aberrant pro-
moter methylation in a subset of cancers, termed the CpG island
methylator phenotype, which may also be contributing to MPM
formation (18). However, there is currently limited information
available regarding the DNA methylation status of MPM.

In addition to DNA methylation, a dysregulation of histone H3
lysine 27 trimethylation (H3K27me3) is known to be involved in
several human malignancies (19). Enhancer of zeste 2, a polycomb
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group protein part of polycomb repressor complex 2, has histone
methyltransferase activity with substrate specificity for H3K27.
Because polycomb group-mediated gene silencing is initiated by
the histone deacetylase (HDAC) activity of polycomb repressor
complex 2, inhibition of HDAC can efficiently reactivate the
H3K27me3 target genes (20, 21). However, this epigenetic event
has not been studied in MPM.

To investigate aberrant epigenetic events in MPM, we performed

global screening for genes with aberrant DNA hypermethylation-

using the methylated CpG island amplification microarray
(MCAM), which provides reproducible results with a high valida-
tion rate and successfully detects genes methylated in normal as
well as in cancerous tissues (22, 23). We also conducted combined
analysis of MCAM, chromatin immunoprecipitation-microarrays,
and array comparative genomic hybridization to show the relation-
ship between these epigenetic and genetic abnormalities in MPMs.
Our comprehensive analysis revealed that multiple epigenetic ab-
normalities play important roles in MPM carcinogenesis and may
be valid therapeutic targets.

Materials and Methods

Cell lines. Two MPM cell lines [ACC-MESO-1 (MESO1) and Y-MESO-8A
(MESO8)] previously established in our laboratory (24) and one nonmalig-
nant mesothelial cell line (MeT-5A) were used for the study. MeT-5A was
purchased from the American Type Culture Collection and cultured ac-
cording to the instructions (CRL-9444). MESO1 and MESO8 were main-
tained in RPMI 1640 (Sigma-Aldrich) supplemented with 10% fetal bovine
serum (Invitrogen) and antibiotic-antimycotic (Invitrogen) at 37°C in a hu-
midified incubator with 5% CO,.

Tissue samples. Fifty MPM samples, 56 adenocarcinoma samples, 4
normal mesothelial tissues, and 10 normal lung tissues were obtained from
Japanese patients at the Aichi Cancer Center Hospital, Nagoya University
Hospital, and the affiliated hospitals. Samples and clinical data were col-
lected after appropriate institutional review board approval was received
and written informed consent had been obtained from all patients. We
scraped the surface of the resected normal lung from lung cancer cases
and obtained normal pleural tissues. Normal lung tissues were obtained
from the normal lung of lung cancer cases. Histologic and cytologic exam-
ination of both normal mesothelial and lung tissues revealed no remarkable
findings as malignant tissues. In these normal tissues, no aberrant methyl-
ation was detected in five genes with pyrosequencing analysis (Supplemen-
tary Table S1).

DNA preparation. Genomic DNA was extracted using a standard
phenol-chloroform method. Fully methylated DNA was prepared by treat-
ing genomic DNA with Sss methylase (New England Biolabs; ref. 23).
Unmethylated DNA was prepared by treating genomic DNA with phi29
DNA polymerase (GenomiPhi DNA Amplification kit; Amersham Bio-
sciences) according to the manufacturer's protocol.

Methylated CpG island amplification-microarray. For MCAM analy-
sis, we analyzed 20 MPMs (average age, 59.1 years; range, 45-78 years) and
20 adenocarcinomas (average age, 62.8 years; range, 44-76 years). A detailed
protocol of MCAM has been described previously (22, 23). We used a hu-
man custom promoter array (G4497A; Agilent Technologies) containing
15,134 probes corresponding to 6,157 unique genes (23).

Hierarchical clustering analysis. Cluster analysis was done using an
agglomerative hierarchical clustering algorithm (23, 25). For specimen clus-
tering, pairwise similarity measures among specimens were calculated us-
ing Cluster 3.0 software'® or Minitab 15 statistical software! based on the
DNA methylation intensity measurements across all genes.

'3 http://ranalbl.gov/EisenSoftware.itm
" http://www.minitab.com

Methylation analysis. We performed bisulfite treatment as described
previously (26, 27). The DNA methylation levels were measured using
Pyrosequencing technology. For each assay, the setup included both pos-
itive controls (samples after Sssl treatment) and negative controls (sam-
ples after whole-genome amplification using GenomiPhi V2), with mixing
experiments to rule out bias, and repeat experiments to assess repro-
ducibility (28). Conventional methylation-specific PCR (MSP) was also
carried out for the transmembrane protein 30B (TMEM30B), Kazal-type
serine protease inhibitor domain 1 (KAZALD1), and mitogen-activated pro-
tein kinase 13 (MAPK13) genes. PCR products were visualized on 6% poly-
acrylamide or 3% agarose gels stained with ethidium bromide. MSP
products were subsequently confirmed by bisulfite sequencing analysis.
Quantitative MSP was also carried out using SYBR Green (Applied Biosys-
tems). In addition to primers designed specifically for the gene of interest,
an internal reference primer set designed for LINEI, which can amplify
LINEI loci irrespective of DNA methylation status, was included in the
analysis to normalize for input DNA. The percentage methylated refer-
ence is calculated by dividing the GENE:LINEI ratio of the sample by
the GENE:LINEI ratio of the SssI-treated methylated DNA and multiplying
by 100 (29). To determine the cutoff value for the classification of meth-
ylated and unmethylated loci, we compared the percentage methylated
reference and the methylation level from pyrosequencing analysis in each
gene. The best discrimination cutoff values were 7% for TMEM30B, 5% for
KAZALDI, and 5% for MAPK13. Primer sequences and PCR conditions are
shown in Supplementary Table S2. All of the primers were designed to
examine the methylation status of CpGs within 0.5 kb of the transcription
start site.

Trichostatin A and 5-aza-2’-deoxycytidine treatment of cells. Cells
were treated with 5-aza-2’-deoxycytidine (5Aza-dC; Sigma-Aldrich) or tri-
chostatin A (MP Biomedicals) as described previously (23).

Chromatin immunoprecipitation-micrearrays. Chromatin immuno-
precipitation was done based on the previously published methods (21,
30). Trimethylated H3K27-specific samples and the input samples were la-
beled with Cy5 and Cy3, respectively. Labeled chromatin immunoprecipi-
tation products were hybridized to CpG microarray using the same
protocol as MCAM. A Cy5/Cy3 signal in excess of 1.6 was considered as
an enrichment of H3K27me3 (Supplementary Table $3).

Quantitative reverse transcription-PCR analyses. Total RNA was iso-
lated using Trizol (Invitrogen). RNA (2 pg) was reverse transcribed with
MPMLYV (Promega). TagMan quantitative reverse transcription-PCRs and
SYBR Green quantitative reverse transcription-PCRs were carried out in
triplicate for the target genes (Applied Biosystems). Primer sequences are
shown in Supplementary Table S2.

Statistical analysis. Associations between methylation status and clin-
icopathologic variables were analyzed by the Mann-Whitney U test, Fisher's
exact test, Kruskal-Wallis test, or a linear regression model. The Kaplan-
Meier method was used to estimate overall survival. The Cox proportional
hazards models were used for estimation of hazard ratio. All reported
P values were two-sided, with P < 0.05 considered statistically significant.
Calculations were carried out with either StatView software version 5.0
(Abacus Concepts) or Stata version 8 (StataCorp).

Results

DNA methylation profiling by MCAM analysis in MPM and
adenocarcinoma. To compare the global DNA methylation pro-
files of MPM and adenocarcinoma, we analyzed 20 samples of each
using MCAM. Technical replications of MCAM were done for six
cases of MPM and highly reproducible methylation profiles were
obtained among the replicates (R? = 0.93; Supplementary Fig. S1).
A Cy5/Cy3 signal in excess of 2.0 in MCAM was considered
methylation-positive in a previous study (23). In the present study,
18 randomly selected genes were subsequently assessed by pyrose-
quencing analysis in MPM and adenocarcinoma samples. A meth-
ylation level >15% was considered methylation-positive (23). A high
concordance was observed between the methylation status by
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MCAM and pyrosequencing analyses (specificity, 90%; sensitivity, In the cohybridization of MCA products from normal mesothe-
82%; Supplementary Table $4) as was also shown in previous stud- lium DNA and normal lung tissue DNA, a high concordance in the
ies (22, 23). We will hereafter consider a signal ratio >2.0 in MCAM methylation status was observed (R* = 0.87; Fig. 14), suggesting
as methylation-positive. that tissue-specific methylation is rare in these two tissues.
A
8 e S
o e
= S 8s
I @ v o«
- O ®
© B o
£ < 3
o= = 29
ze = =2
R%=0.87 R2=0.77 R%=0.26
100 10,000 100 10,000 100 10,000
Mesothelium MPM MPM
B MPM ¢ MEM
0 Adca 0.07
& 3338
£
2
' £ 6669
11 LYY 3 @
100.00 1
D
0.27
£ 3351
2
2
E 66.76
»
100.00
Signal Ratio (R/G)
23

Figure 1. DNA methylation profiling by MCAM analysis. A, scatter plot analysis of signal intensity (log scale) between normal mesothelium (mixture of two cases) and
normal lung tissue (mixture of four cases; leff), MPM and adenocarcinoma (AdCa; both a mixture of four cases in both tumors; middle), and MPM and liver cancer
{both a mixture of four cases in both tumors, right). The coefficient of determination (A7) in the linear regression model is indicated in each analysis. B, dendrogram and
heat-map overview of hierarchical cluster analysis of DNA methylation data from 40 samples (blue boxes, MPM; white boxes, adenocarcinoma) using all 6,157 genes
(Y axis). Color corresponds to methylation level as indicated in the log,-transformed scale bar below the matrix. Red and blue, high and low levels, respectively,
black circle, <300 genes methylated in these MPMSs; open diamond, >950 genes methylated in these adenocarcinomas. C, defining subclasses in MPMs using
hierarchical clustering. All 6,157 genes were used for the analysis of 20 MPMs. Y axis, similarity. Color boxes indicate histologic subtype of MPM. Yellow, green, biue,
and white boxes, epithelial, biphasic, sarcomatoid, and variants, respectively; black circle, same MPMs as in B. D, subclasses in adenocarcinomas using hierarchical
clustering. Y axis, similarity, Gray and white boxes, smokers and nonsmokers, respectively; open diamond, same adenocarcinomas as in B.
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Although ~70% of hypermethylated genes in MPMs were also
found to be methylated in adenocarcinoma, a subset of loci were
differently methylated in each tumor (R* = 0.77; Fig. 14; Supple-
mentary Fig. $24). Interestingly, a larger number of loci were dif-
ferently methylated in MPM and liver cancer (ref. 23; R = 0.26),
suggesting that the methylation profiles of MPM and adenocarci-
noma have more in common (Fig. 14).

Unsupervised hierarchical clustering analysis using the methyl-
ation status of 6,157 genes showed that adenocarcinomas seemed
to be more frequently methylated than MPMs and that a subset of
adenocarcinomas was extensively methylated (Fig. 1B). The major-
ity of the MPM and adenocarcinoma samples could be classified
into distinct subgroups according to DNA methylation status.

DNA methylation status affects clinicopathologic features of
MPM and adenocarcinoma. Unsupervised hierarchical clustering
analysis of MPMs using the 6,157-gene methylation status indi-
cated two major subgroups, one of which had only the epithelial
type of MPMs with less methylation (<300 genes; 4 cases; Fig. 1C).
This subgroup tended to have longer survival rates than the other
(19.5 * 13.7 versus 14.5 + 3.3 months; hazard ratio, 0.48; 95%
confidence interval, 0.10-2.21; P = 0.3; Supplementary Fig. $34). In-
terestingly, when we selected 445 genes that are commonly meth-
ylated in more than one-third of MPM cases, MPMs could be
divided into two groups using this set of genes: high methylation
group (n = 8) and low methylation group (n = 10; Supplementary
Fig. $3B; Supplementary Table §5). Patients with low methylation
lived significantly longer (21.6 + 13.3 months) than those with high

methylation (6.8 + 4.1 months; hazard ratio, 0.16; 95% confidence
interval, 0.04-0.63; P < 0.01; Supplementary Fig. S3C).

Adenocarcinomas were divided into four subgroups (Fig. 1D).
One subgroup consisted of six adenocarcinoma samples that had
more methylated genes than the other samples (911 + 220 versus
387 + 231 genes; P < 0.01) and came mostly from smokers (5 of 6
cases; mean pack-years smoked, 68.6 + 22.9 years). Smokers had
significantly more methylated genes than nonsmokers in adeno-
carcinoma (728 + 338 versus 360 + 206 genes; P = 0.02; Table 1).
The majority of methylated genes (82%) in nonsmokers were also
methylated in smokers (Supplementary Fig. $2B). In contrast, there
were numbers of specifically methylated genes in smokers, sug-
gesting that smoking affects DNA methylation in a set of genes.

Asbestos exposure appeared to have little effect on methylation
status in MPM (exposure 386 + 203 genes versus nonexposure
320 + 118 genes; P = 0.4; Table 1). In addition, >60% of methylated
genes in asbestos exposure cases were also methylated in asbestos
nonexposure cases and vice versa (Supplementary Fig. S2C).

The numbers of methylated genes in stages I and II were signif-
icantly fewer than those in stages Il and IV in both MPM and ad-
enocarcinoma (P < 0.05), suggesting that DNA methylation
increases in frequency as the diseases progress.

Distinct DNA methylation patterns between MPM and ade-
nocarcinoma. Less than 700 genes were methylated in most of
the MPMs, with the average being 387 genes (range, 120-755
genes; Fig. 24) compared with 544 genes (range, 133-1,212 genes)
in adenocarcinomas. In addition, genes commonly hypermethylated

_ Table 1. Incidence of hypermethylated genes and clinicopathologic parameters
MPM Adenocarcinoma
n (%) No. methylated genes n (%) No. methylated genes
Age (y)°
<65 14 (75) 388 + 193 10 (50) 546 + 404
265 5 (25) 430 + 212 10 (50) 542 + 262
Gender
Fernale 2 (10) 261 + 46 8 (40) 395 + 218
Male 18 (90) 401 + 202 12 (60) 643 + 364
Asbestos exposure*
Exposed 14 (78) 386 + 203
Not exposed 4 (22) 320 + 118
Histology
Epithelial 11 (55) 356 + 208
Biphasic 7 (35) 403 + 172
Sarcomatoid 1(5) 700
Variants 1(5) 297
Stage*!
1 1(6) 211 12 (60) 427 + 269
i 4 (25) 174 £ 76 4 (20) 748 + 473
m 6 (38) 394 + 179 4 (20) 691 + 259
I\ 5 (31) 308 + 162 0 (0)
Smoking status®
Smoker 14 (88) 367 + 204 10 (50) 728 + 338*
Nonsmoker 2 (12) 261 10 (50) 360 + 206
*Clinical data of some patients were unavailable.
*Number of methylated genes in I and II is significantly smaller than in III and IV in MPMs and adenocarcinomas (P < 0.05).
*Number of methylated genes in this group is significantly higher (P < 0.05) than in the other group.
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Figure 2. Comparison of distinct DNA methylation patterns between MPM and adenocarcinoma. A, number of methyiated genes in each case. Line, average numbers
of methylated genes (387 and 544 genes in MPM and adenocarcinoma, respectively). B, number of genes (Y axis) that were commonly methylated in x number of
cases, where x is the axis in MPM (white) or adenocarcinoma (gray). C, bimodal distribution of methylated genes out of 1,457 loci in adenocarcinoma. The number of

methylated genes (X axis) is plotted against the number of cases (Y axis).

in >10 MPMs were quite rare (<40 genes), whereas >80 genes were
commonly hypermethylated in 10 adenocarcinomas, suggesting
that hypermethylated genes vary more in each MPM case (P <
0.01; Fig. 2B). Notably, analysis of 1,457 genes that were methylated
in >2 adenocarcinoma cases showed the bimodal distribution of
methylation pattern as shown previously in CpG island methylator
phenotype—positive tumor (ref. 31; Fig. 2C).

Two epigenetic mechanisms regulating gene expression in
MPM cell lines. We next examined the changes in expression
of genes identified by MCAM analysis before and after epige-
netic treatments (Fig. 34). These genes were methylated to some
extent and were silenced in both MPM cell lines, MESO1 and
MESOS, in contrast to their high expression levels in normal
mesothelial tissue. Each gene in the different cell lines re-
sponded differently to the epigenetic treatments. Ankyrin 1
{ANK1) was reactivated by the DNA methyltransferase inhibitor,
5Aza-dC, in a dose-dependent manner but was not reactivated
by a HDAC inhibitor trichostatin A alone, which is the typical
response to epigenetic treatment in DNA methylation target
genes (32). Progesterone receptor (PGR) was reactivated by both
5Aza-dC and trichostatin A alone regardless of its DNA methyl-
ation status. Unexpectedly, the response to trichostatin A treat-
ment in proenkephalin (PENK) differed between these two cell
lines, although the CpG island in both cell lines was densely
methylated. These findings, taken together, most likely indicate
that another epigenetic mechanism regulates gene expression in
MPM cells.

H3K27me3 mediated by polycomb group protein is an alterna-
tive silencing mechanism for tumor suppressor genes in human
malignancies (19). We examined the H3K27me3 status in the same
three genes (Fig. 3B). H3K27me3 was enriched in the PGR pro-
moter in both cell lines and in the PENK promoter in MESOS8.
No enrichment of H3K27me3 was observed in either the PENK pro-
moter in MESO1 or in the ANKI promoter in both cell lines that
are densely DNA methylated.

Integrated analysis of genetic and epigenetic alterations. To
examine H3K27me3 targets and the relation between DNA meth-
ylation and H3K27me3 on the CpG promoters in MPM cells, we
carried out a chromatin immunoprecipitation-microarray analysis
using the same promoter array (Fig. 44). First, we validated the
chromatin immunoprecipitation-microarray results by chromatin
immunoprecipitation-PCR with randomly selected genes and
found good concordance between the two analyses (specificity,
82%; sensitivity, 82%; Supplementary Table S3). We counted the
genes that were enriched with H3K27me3 in MESO1 or MESO8
but not enriched in MeT-5A (a nonmalignant mesothelial cell line)
and found 113 and 241 target genes in MESO1 and MESOS, respec-
tively (Fig. 44). DNA methylation was more frequently observed
than H3K27me3 in the CpG promoters in both cell lines. There
was some overlap between DNA-methylated and H3K27me3 target
genes; however, the majority of the genes enriched with H3K27me3
revealed no detectable DNA hypermethylation, whereas most
genes showing DNA hypermethylation showed no enrichment with
H3K27me3. These results suggest that DNA hypermethylation and
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H3K27me3 may contribute to cancer development through the
silencing of specific target genes in MPM cells (Fig. 44 and B).
We next carried out an integrated genetic and epigenetic analysis
using array comparative genomic hybridization data that we have
reported previously in the same cell lines (33). A total of 5,746 genes
covered by both MCAM and comparative genomic hybridization ar-
rays were analyzed. Genomic deletions were detected in 190 and
565 genes in MESO1 and MESOB, respectively. The majority of those
genes showed heterozygous deletions, whereas only 8 and 3 genes
showed homozygous deletions in MESO1 and MESOS, respectively
(Fig. 4B). Twenty-one of 190 (11%, MESO1) and 63 of 565 (11%,
MESOB8) deleted genes were also affected by DNA methylation or
H3K27me3, most of which were affected by heterozygous deletions
and DNA methylation. Interestingly, all these three events were ob-
served in one gene in MESOS, A-kinase anchor protein 12 (AKAPI12),
which has been reported as a tumor suppressor gene and a target of
DNA methylation in childhood myeloid malignancies (34). Repre-

sentative analyses of chromosomes 9 and 10 where two important
tumor suppressor genes, CDKN2A and PTEN, were homozygously
deleted, showed that genetic deletion is rare. It was also found
that genetic deletion, DNA methylation, and H3K27me3 do not fre-
quently overlap on the same loci in these chromosomes (Fig. 4C).

Identification of MPM-specific methylation markers. DNA
methylation has been proposed as a powerful potential marker
for cancer diagnosis (35). To identify specific methylation markers
for MPM, we first selected 8 genes from the MCAM analysis, which
were methylation-positive (Cy5/Cy3 > 2.0} in at least four MPMs
and methylation-negative in all of the adenocarcinomas (Fig. 54).
We validated the genes by MSP and found that three of them,
TMEM30B, KAZALDI, and MAPK13, were the best specific methyl-
ation markers for MPM (Fig. 5B and (). In the same set of MPMs
analyzed by MCAM, DNA methylation was detected by MSP anal-
ysis in 11 (58%), 8 (42%), and 2 (11%) cases of 19 in the TMEM30B,
KAZALDI, and MAPKI3 genes, respectively.
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To confirm whether these methylation markers might prove val-
id in another group of MPM patients, we obtained an additional 31
MPM samples from a different institution. Altogether, the methyl-
ation status of these three genes was analyzed in 50 MPMs by
quantitative MSP (Fig. 5D). DNA methylation occurred in 19 cases
(38%) in TMEMS30B, 24 (48%) in KAZALDI, and 19 (38%) in
MAPK13. In contrast, no substantial DNA methylation was de-
tected in those three genes in 56 adenocarcinomas (Fig. 5C and
D). The sensitivity and specificity of hypermethylation in at least
one of the above three genes for a differential diagnosis of MPM
from adenocarcinoma were found to be 72% and 100%, respectively.
Kaplan-Meier survival analysis on methylation status of these three
MPM-specific methylation genes revealed that MPM patients with
no methylation tended to have prolonged survival (n = 11; 17.0
13.9 months) compared with those with at least one gene methyl-
ated (n = 34; 12.1 + 7.8 months; hazard ratio, 0.58; 95% confidence
interval = 0.26-1.28; P = 0.17; Supplementary Fig. S3D).

Discussion

In this study, we analyzed and compared the DNA methylation
status of MPM and adenocarcinoma to highlight the methylation
profile of MPM. Although normal mesothelium and lung tissue de-

velop from different germ layers {(mesoderm and endoderm, re-
spectively), their hypermethylation profiles are very similar (R =
0.87), indicating that tissue-specific methylation differences in
these two normal tissues are infrequent. Previous genome-wide
methylation analyses of a variety of normal tissues have consis-
tently shown that tissue-specific methylation is quite rare, thus val-
idating our findings (22, 36, 37). By contrast, the differences in
hypermethylated genes between MPM and adenocarcinoma were
more numerous than in normal tissues, which might be a result of
different pathologic processes in the two malignancies.

A previous study of the methylation status of seven loci showed
that methylation is less prevalent in MPM than in adenocarcinoma
(11). Our own global DNA methylation analysis revealed that hy-
permethylated genes are less frequent and more varied overall in
MPM than in adenocarcinoma. Fewer than 700 genes were meth-
ylated in most of the MPMs (average hypermethylated genes, 387 +
196 genes). This contrasted with a subset of adenocarcinoma sam-
ples, all of them from smokers (mean pack-years smoked, 67.3 *
14.2 years) that were extensively methylated (>950 genes). In ade-
nocarcinoma, smoking seems to be a mechanism driving tumors
into distinct epigenetic subclasses. It has been suggested that cer-
tain adenocarcinomas can be predisposed to hypermethylation
and a phenotype known as CpG island methylator phenotype
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Figure 4. Epigenetic and genetic analysis of MESO1 and MESOS. A, unsupervised hierarchical cluster analysis of DNA methylation and H3K27me3 data in two
MPM cell lines, MESO1 and MESOS8, and a normal mesothelial cell line, MeT-5A, using microarray data of 6,157 genes (Y axis). Each cell in the matrix represents the
DNA methylation (red and blue, high and low levels) or H3K27me3 status (red and yeflow, enrichment or nonenrichment of H3K27me3) of each gene in an
individual sample. B, number of DNA methylation targets, H3K27me3 targets, and deleted genes in MESO1 and MESO8 are shown by Venn diagram. Numbers in
parentheses indicate number of homozygousiy deleted genes. C, chromosome view of epigenetic and genetic changes in chromosomes 9 and 10. De/, deletion; M, DNA
methylation; K27, H3K27me3. Number of genes involved in each event is shown in parentheses.
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frequency of hypermethylation in at least one of the three genes.

(18, 38). Our results revealed that simultaneous accumulation of
DNA methylation was found in adenocarcinoma, which revealed
that a subset of adenocarcinoma exhibited CpG island methylator
phenotype, whereas MPM rarely did so. Continuous inflammation
from asbestos seems to be a driving force in inducing hypermethy-
lation in MPM, and an association between asbestos burden and
the methylation profile has been indicated (13, 14). Smoking may
act as a stronger epimutagene (39) than asbestos as we have shown
here. Nevertheless, these observations might also indicate a dis-
tinct mechanism for the acquisition of aberrant DNA methylation
during the formation of MPM and adenocarcinoma.

DNA methylation of several genes seems to affect the clinico-
pathologic phenotype of MPM (40). In this study, we classified
MPMs into two groups by methylation profile of a certain gene

set; MPMs with low frequency of DNA methylation showed a sig-
nificantly longer survival rate. These data indicate that accumula-
tion of DNA methylation in multiple loci is one mechanism
affecting the progression of this disease.

In the MPM cell lines, we found different responses to epigenetic
treatment in silenced genes. A typical DNA methylation target
gene, ANKI, was reactivated by DNA methyltransferase inhibitor
5Aza-dC but not by HDAC inhibitor trichostatin A alone as re-
ported previously (32). However, two genes, PENK and PGR, were
reactivated by both 5Aza-dC and trichostatin A. Examination of
another epigenetic silencing mechanism, H3K27me3, might explain
the intricate situation of gene expression in MPMs. When genes
are silenced by DNA methylation alone, 5Aza-dC efficiently reacti-
vates the gene; however, trichostatin A is inert in this situation.
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When genes are silenced by H3K27me3, both trichostatin A and
5Aza-dC affect gene activity regardless of DNA methylation status.
This is consistent with the recent genome-wide analyses of poly-
comb group-mediated H3K27me3 silencing machinery in prostate
cancers showing that a particular set of genes is dominantly si-
lenced by H3K27me3 independent of DNA methylation and can
be reactivated by a HDAC inhibitor (21, 41). The reason why si-
lenced PGR without DNA methylation was reactivated by 5Aza-
dC is not clear (MESO1 in Fig. 3B). This might be explained by
the several studies suggesting that 5Aza-dC can act independently
of its ability to inhibit DNA methylation, inducing the activation of
unmethylated genes (42-44).

Integrated analysis of DNA methylation, H3K27me3, and array
comparative genomic hybridization data in 5,746 genes in MPM
cell lines has revealed that DNA methylation is a major silencing
mechanism in CpG promoters and that H3K27me3 regulates a sub-
set of genes, whereas deletions of loci are less frequent. By virtue of
this combined analysis, we discovered that, on CpG promoter re-
gions, ~11% of genes were affected by both genetic and epigenetic
alterations in MPM, which generally results in their being silenced.
These data indicate that multiple epigenetic abnormalities may
work in harmony with genetic defects to inactivate a tumor sup-
pressor gene through Knudson's two-hits model, in which a muta-
tion or heterozygous deletion combines with DNA methylation
and/or H3K27me3 to inactivate two alleles. Clinical trials using a
different HDAC inhibitor, suberoylanilide hydroxamic acid, have
been conducted in recurrent MPMs, but that drug is ineffective
for the treatment of this disease (45). This might be partially ex-
plained by evidence showing that the HDAC inhibitor could not
reactivate the genes silenced by DNA methylation. Taken together,
our data suggest that the targeting DNA methylation in addition to
H3K27me3 might be of great benefit and could improve the treat-
ment of MPM.

DNA methylation has been proposed as a powerful marker for
MPM diagnosis (11, 12). However, a previous examination of the
methylation status of both MPM and adenocarcinoma showed that
hypermethylation of the candidate markers was detected in both

MPMs and adenocarcinomas to some extent, although at different
frequencies. In addition, methylation markers specific for MPM
have not been reported previously. Our analysis showed that hy-
permethylation of certain loci was frequently detected in MPM
and that three genes in particular, TMEM30B (46), KAZALDI (47),
and MAPK13 (48), were specifically methylated in MPM. Their ab-
errant methylation could serve as informative markers to distin-
guish MPMs from adenocarcinomas and could be applicable for
the samples obtained from less invasive procedures, such as serum
and pleural effusion. A larger study is needed to validate these
three genes as useful diagnostic markers for MPM.

In summary, a global methylation analysis comparing MPM and
adenocarcinoma can decipher characteristic DNA methylation pat-
terns in MPM. Because multiple epigenetic abnormalities might
contribute to tumorigenesis through the silencing of particular
cancer-related genes, targeting these epigenetic mechanisms could
potentially be effective treatments for clinical use in MPM. Finally,
here we propose potential markers that could be of diagnostic val-
ue for use in MPMs.
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Gefitinib for the treatment of
non-small-cell lung cancer

Expert Rev. Anticancer Ther. 9(1), 17-35 (2009)

Gefitinib is an orally bicavailable, EGF receptor tyrosine kinase inhibitor and was the first targeted
drug to be approved for non-small-cell lung cancer (NSCLC). Identification of objective tumor
regressions with gefitinib in NSCLC patients has resulted in intense, worldwide dlinical and basic
research directed toward finding the optimal use of gefitinib in NSCLC. A recent large international
Phase Ill study (IRESSA NSCLC Trial Evaluating Response and Survival Against Taxotere [INTEREST])
comparing gefitinib and docetaxel in unselected pretreated patients showed equivalent survival
with better tolerability and quality of life. In addition, a Phase Iif study (WJTOG0203) evaluating
gefitinib as sequential therapy after platinum-doublet chemotherapy showed the improved
progression-free survival time. Furthermore, a large-scale randomized study (IRESSA Pan-Asia
study [IPASS]) comparing gefitinib monotherapy with carboplatin/paclitaxel for previously
untreated patients with adenocarcinoma who were never- or light-smokers showed an improved
progression-free survival time in the gefitinib arm. A smaller Phase Ill study of pretreated Japanese
patients (V-15-32) also demonstrated no difference in overall survival compared with docetaxel,
with a statistically greater overall response rate. Somatic mutations in the EGFR gene, the target
of gefitinib, were associated with dramatic and durable regressions in patients with NSCLC.
Currently, investigators are trying to determine the optimal approach to select patients for
treatment with gefitinib. This article aims to briefly summarize the profile of gefitinib, EGFR
mutations, landmark trials with gefitinib and, also, ongoing trials that may herald an era of
individualized therapy in at least some NSCLC patients.

KeywoRrps: EGF receptor » EGFR gene mutation  gefitinib * non-small-cell lung cancer e tyrosine kinase inhibitor

Lung cancer is the most common cause of can-
cer deaths worldwide. Lung cancer is divided
into two morphological types: small-cell lung
cancer (SCLC) and non-small-cell lung cancer
(NSCLC). SCLC isa distinct clinicopathologi-
cal entity with a highly aggressive clinical course
and neuroendocrine properties. Patients with
SCLC are generally more sensitive to a variety
of cytotoxic drugs and radiation therapy com-
pared with NSCLC patients. NSCLC, which
is less sensitive to chemotherapeutic agents,
accounts for over 80% of all lung cancers and
NSCLC can be further subdivided by histolog-
ical type into adenocarcinoma, squamous-cell
carcinoma, large-cell carcinoma and others.
Adenocarcinoma is the predominant histologi-
cal subtype and is increasing among patients
with lung cancer. Among adenocarcinoma
bronchioloalveolar carcinoma is a well-differ-
entiated subtype originating in the peripheral
lung that spreads through the airways.
Currently, platinum-based combination che-
motherapy regimens, including several active
new chemotherapeutic agents, comprise the

standard option for patients with advanced
NSCLC and good performance sratus.
However, various combinations of drugs have
similar efficacy, producing objective response
rates of 30—40%, a median survival time
of 8-10 months and 1-year survival rates of
30-40% [1-3). These results remain unsatis-
factory and new modalities of treatment are
urgently awaited. Recently, novel molecular-
targeted strategies that block cancer progression
pathways have been suggested as a more cancer
cell-specific treatment to control cancer and are
considered an exciring therapeutic approach for
creating NSCLC [41. The development of agents
that targer the EGF receptor (EGFR) signal
transduction pathways have provided a class of
novel rargeted therapeutic agents with improved
side-effect profiles compared with conventional
chemotherapeutic agents. EGFR is a promis-
ing target for anticancer therapy because it
is expressed in a variety of tumors, including
NSCLC [s). Furthermore, high levels of EGFR
expression have been associated with a poor prog-
nosis in lung cancer patients in several studies.
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EGFR-targeted cancer therapies are being developed currently,
and gefitinib (IRESSA®; AstraZeneca, Wilmington, DE, USA) is
an orally active, selective EGFR tyrosine kinase inhibitor (TKI) that
blocks signal transduction pathways implicated in the proliferation
and survival of cancer cells.

Overview of the market

Lung cancer frequently presents at an advanced and biologically
aggressive stage, resulting in poor prognosis. Surgery, chemo-
therapy and radiation have been generally unsatisfacrory, espe-
cially in the treatment of advanced disease, and new stracegies
based on better understanding of the biology are clearly needed
to improve the treatment efficacy of chis fatal disease. The
development of agents that target EGFR signal transduction
pathways have provided a class of novel targeted therapeutic
agents. Different approaches to inhibiting EGFR have resulted
in a number of EGFR-targeted agents in clinical development,
including small-molecule EGFR TKIs and monoclonal anti-
bodies. The role of cetuximab (Erbitux®), a monoclonal anti-
body directed at the extracellular domain of the EGFR, and of
gefitinib and erlotinib (Tarceva® OSI Pharmaceuticals, NY,
USA), oral, low-molecular-weight ATP-competitive inhibicors
of the EGFR’s tyrosine kinase domain is under investigation.
Anti-EGFR monoclonal antibodies have demonstrated activ-
ity in the therapy of advanced colorectal carcinoma (6] and in
a variety of epithelial tumor types, including head and neck
cancer and NSCLC. A large Phase 11l study has found that tar-
geted therapy with cetuximab, combined with platinum-based
chemotherapy, improves survival outcome as a first-line treat-
ment for patients with advanced NSCLC (overall survival [OS]:
11.3 months vs 10.1 months; p = 0.044) (7]. Erlotinib is another
TKI with slightly different pharmacologic characteristics from
gefitinib. Similar ro gefitinib, erlotinib is a potent inhibitor of
EGFR autophosphorylation, with a concentracion that inhib-
its 50% in the nanomolar range /7 vitro. Edorinib is the only
EGFR TK]1 approved based on demonstrating improved survival
versus placebo, which was observed in patients with advanced
NSCLC who had been treated previously with chemotherapy.
The randomized study (BR.21 study) brought erlotinib to reg-
istration by the US FDA on November 19, 2004, for the trear-
ment of second- and third-line advanced NSCLC [3]. Other
EGFR TKIs are currently under investigation in Phase 1/11
trials, many of which have differing selectivities for the vari-
ous members of the human EGFR family. In the near future,
gefitinib and erlotinib may face competition from EGFR-
specific TKIs, such as EKB-569 (Wyeth, Maidenhead, UK)
and CL-387785 (Calbiochem, CA, USA), and EGFR-family
TXKls, such as BIBW-2992 (Boehringer Ingelheim, Berkshire,
UK), HK1-272 (Wyeth), PKI-166 (Novartis), GW-572016
(GlaxoSmithKline, NC, USA), C1-1033 (Pfizer, M1, USA) and
PF-00299804 (Pfizer). The VEGF pathway forms another tar-
get for cancer treatment, because the growth of solid tumor is
angiogenesis dependent. VEGF and EGF exert their biclogical
effects directly or indirectly on tumor growth and metasta-
sis/invasion, as well as on tumor angiogenesis. The biological

effects by VEGF and EGF are mediated through activation of
their specific downstream signaling, but both factors also share
common downstream signaling pathways. There is, thus, the
potential for improved therapeutic efficacy by the combina-
tion of both EGF/EGFR-targeting and VEGF/VEGF recep-
tor-targeting drugs, although they have a different side-effect
profile. It may also face competition later on from multitargeted
TKIs, such as ZD6474 (AstraZeneca), AEE-788 (Novartis) and
XL647 (Exelixis Inc., San Francisco, CA, USA). Karaman et al.
have reported small-molecule kinase interaction maps, which
provide a useful graphic overview of how compounds interace
with the kinome [9].

Gefitinib: an EGFR TKI

Gefitinib is the first molecularly targeted agent to be registered
for advanced NSCLC, In Phase Il clinical trials, the selec-
tive and orally active EGFR TKI gefitinib produced objec-
tive tumor responses and symptom improvement in patients
with NSCLC who had previously received chemotherapy
(response rares of 12-18% and symptom improvement rates
of 40-44% in IRESSA Dose Evaluation in Advanced Lung
Cancer [IDEALJ-1 and -2) proan). Partial clinical responses to
gefitinib have been observed most frequently in women, never-
smokers and patients with adenocarcinomas. The IRESSA
Survival Evaluation in Lung Cancer (1SEL) study also showed
a survival benefit for gefitinib over placebo in Asian patients
and never-smokers [12]. Thus, gefitinib clinical trials have shown
that higher response rates and longer survival are associated
with specific patient characteristics. Using conventional dou-
blec chemotherapy simultaneously with gefitinib or erlotinib in
unselected first-line patients does not increase survival [13-16},
but the results of a recent Phase 111 study showed that gefitinib
improves progression-free survival (PFS) as sequential ther-
apy after platinum-doubler chemotherapy [17. The Phase 111
IRESSA NSCLC Trial Evaluating Response and Survival
Against Taxotere INTEREST) and V-15-32 studies comparing
gefitinib and docetaxel in unselected pretreated patients showed
no difference in OS, suggesting that gefitinib and docetaxel
were equally effective as the second-line therapy 18.19]. In addi-
tion, the Phase 111 IRESSA Pan-Asia study (IPASS) comparing
gefitinib monotherapy with carboplatin/paclitaxel showed an
improved PES time in the gefitinib arm [20]. On the other hand,
molecular studies have revealed that EGFR-activating mura-
tions and high EGFR gene copy number are frequently found
in patients who have the best outcomes with EGFR TKIs (21-27].
Currently, investigators are trying to determine the optimal
approach to selecting patients for treatment with EGFR TKls.
Gefitinib is the first class of oral targeted therapies to produce
such responses in advanced NSCLC and the most studied agent
in clinical trials.

Chemistry

Gefitinib, 4-(3-chloro-4-fluoroanilino)-7-methoxy- 6- (3-morpho-
linopropoxy) quinazoline (ZD1839, IRESSA; Ficure1), is an orally
active, low-molecular-weight (447 kDa) quinazolin derivative
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Figure 1. Gefitinib.

with a molecular formula C,,H, CIFN,O, that specifically inhib-
its the activation of EGFR tyrosine kinase through competitive
binding of the ATP-binding domain of the recepror.

It is readily soluble at pH1 and highly insoluble above pH7.
Gefirinib is very stable at room temperature with a proven shelflife
of 36 months (28].

Pharmacodynamics

Gefitinib selectively inhibits the activation of EGFR tyrosine
kinase through competitive binding of the ATP-binding domain
of the receptor. Selectivity was demonstrated versus HER2 and
the VEGF tyrosine kinases, kinase insert domain receptor and
Fle-1, wich art least a 100-fold difference in IC50 for EGFR com-
pared with other tyrosine kinases. Similarly, gefitinib did not
inhibit the acrivity of the serine threonine kinases raf, MEK-1 and
ERK-2 (MAPK) 1291. In the Phase I trials, the maximum tolerated
dosage was 700 mg/day, although dosages as low as 150 mg/day
provided plasma concentrations sufficient for pharmacological
activity, evidence of targeted biological effect and anti-tumor
activity (30-331. An analysis of pharmacodynamics marker levels
in the skin also provided evidence that sufficient geficinib was
reaching che skin and inhibiting EGFR signaling at 150 mg/
day (34]. Addicionally, objective tumor responses observed across
a dosage range of 150~1000 mg/day indicated that these dosages
resulted in target inhibition in tumors. Two large Phase I trials
(IDEAL-1 and -2) evaluated 250- and 500-mg/day dosages of
gefitinib in patients with advanced NSCLC. As predicted from
the Phase I trials, dosages of more than 250 mg/day provided no
additional efficacy benefit, whereas adverse effects increased in a
dose-dependent manner. Consequently, the recommended dose
of gefitinib in NSCLC is 250 mg/day (10.11). Pharmacodynamic
studies indicate that gefitinib blocks cell cycle progression in the
G, phase by upregulating p27%?, a cell cycle inhibiror, and down-
regulating c-fos, a transcriptional activator that is prominent in
EGFR-mediated signaling (35]. Elevated levels of p27%#! block
cell cycle progression in the G, phase of growth. This sustains
the hypophosphorylated state of the Rb gene product, which is
necessary to keep cells from progressing in the cell cycle [36]. The
inhibition of tumor growth seen with gefitinib is also accompa-
nied by decreases in VEGEF, basic FGF and TGF-q, all potent
inducers of tumor angiogenesis [37). Thus, gefitinib may also
inhibit tumor growth by interfering with angiogenesis. These

observations suggest that by inhibiting the EGFR tyrosine kinase,
gefitinib treatment alters expression levels of key molecules in
tumor cells that are important for stimulating proliferation, cell
cycle progression, tumor angiogenesis, mertastasis and inhibition
of apoprosis. Gefitinib treatment can also cause apoptosis to occur
in vitro, the frequency of which correlates with the cell line sen-
sitivity to the drug and provides a link with the tumor shrinkage
reported clinically (38).

Pharmacokinetics & metabolism

The pharmacokinetic profile revealed that gefitinib is orally bio-
available and suitable for once-daily dosing in cancer patients.
In healchy volunteer studies, gefitinib was absorbed moderately
slowly, reaching C_ _ 3~7 h after administration. The elimination
half-life of 28 h suggests that once-daily oral administration is
appropriate [34]. In the initial Phase I scudies of gefitinib, sequen-
tial skin biopsies were performed prior to and after 4 weeks of
therapy (34]. The skin was selected as the target tissue due to its easy
access and the established role of the EGFR in renewal of the der-
mis. Inhibition of EGFR phosphorylation and EGFR-dependent
downstream processes was detected at dosages of 150 mg/day, well
below the maximal tolerable dosage (MTD) of 700 mg/day. In a
clinical study (BCIRG 103), gefitinib (250 mg) was administered
orally to breast cancer patients for at least 14 days (39). Gehtinib
concentrations in each tumor sample (mean: 7.5 pg/g) were sub-
stantially higher (mean: 42-fold) than the corresponding plasma
sample (mean: 0.18 pg/ml). Haura er 4/, conducted a pilot Phase I1
study of a 28-day preoperative course of gefitinib 250 mg orally,
followed by surgical resection for patients with stage IA to selected
TTIA NSCLC 40}, Tumor penetration of gefitinib was assessed in
surgically resected tumor samples along with plasma assessment
on day 28. Day 28 plasma concentrations of gefitinib averaged 531
+ 344 nM (range: 65-1211 nM) while tumor concentrations of
gefitinib averaged 33,108 + 44,312 nM (range: 74-134,669 nM).
These results also demonstrate that NSCLC tumor penetration
of gefitinib is high, as its tumor concentrations were much higher
than concentrations found in plasma.

Gefitinib is metabolized extensively by expressed cytochrome
P450 (CYP)3A4, producing a similar range of metabolites to
liver microsomes, while CYP3A5 produced a range of metabo-
lites, similar to CYP3A4 but to a much lower degree [41.42]. By
contrast, CYP2D6 catalyzed rapid and extensive metabolism of
gefitinib to desmethyl-gefitinib (M523595). While formation
of M523595 was CYP2D6 mediated, the overall metabolism of
gefitinib was dependent primarily on CYP3A4. Quantitatively,
the most important routes of gefitinib metabolism were medi-
ated primarily by CYP3A4, while CYP3A5 and CYP2D6 were
minor contributors. The wide variability in CYP3A4 activity in
human liver is probably a significant factor in the interindividual
variability observed in gefitinib pharmacokinetics. Gefitinib has
interactions with CYP3A4 inducers, or CYP3A4 enzyme inhibi-
tors or substrate of CYP2D6 (gefitinib inhibits CYP2D6 activ-
ity) or H2 blockers. Pharmacokinetic studies have shown that
the bioavailability of gefitinib is unaffected by food intake to any
clinically significant extent [43].
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Clinical efficacy

Several challenges were encountered in designing the clini-
cal trials of gefitinib, because this agent was expected to be
cytostatic rather than cytotoxic. These challenges included a
scarcity of precedents, the way in which ‘biological activity’
was defined, the integration of outcomes across multiple tumor
types in Phase I trials, the relationship berween biological activ-
ity and clinical outcome, and unknown pharamakokinetic
and pharmacodynamic relationships. Initally, clinical trials
of gefitinib were performed principally in unselected patient
populations with NSCLC. However, recent results indicate
that different patients derive different degrees of clinical benefit
from treatment with gefitinib. The identification of the parients
who are most likely to derive clinical benefit from gefitinib is
of paramount importance.

Phasel

As biologically targeted agents are expected to provide clinical
benefits that are not predicted by surrogate end points of toxic-
ity to normal replicating tissue, new Phase 1 trials have been
designed to determine the optimum biological dose for use in
further studies. Inicial Phase | trials performed in healchy volun-
teers showed that oral administration of gefitinib given once on
day 1 (50, 100, 250 or 500 mng) or daily for 14 days (100 mg/day)
was feasible {44]. Four multicencer Phase I trials then evaluated
the safety profile of gefitinib (50-1000 mg/day) in more than
250 patients with a wide range of solid tumors that were known
to express EGFR, although baseline EGFR expression levels
were not determined {30-32,45]. Adverse events (AEs) occurred
at dosages of 50 mg/day, with the most commonly reported
AEs being mild-to-moderate acne-like rash, diarrhea, nausea,
anorexia, vomiting and asthenia. The frequency of AEs, such as
skin rash and diarrhea, increased with dose, and the MTD was
identified as 700 mg/day. Clinical benefit was not dose-related,
whereas the most common AEs (skin rash and acne) increased
with gefitinib dose. In addition, pharmacokinetic studies indi-
cated that plasma levels of gefitinib over this dose range were
sufficient for effective EGFR inhibition. Although the lowest
dose at which objective tumor responses were observed was
150 mg/day, there was potential for individuals receiving this
dose to have subtherapeutic exposure as a result of interpatient
variability in pharmacokinetics. Accordingly, the slightly higher
dosage of 250 mg/day was chosen. The second dosage chosen
was 500 mg/day, which was the highest dosage that was well
tolerated by most patients on a daily dosing schedule. Both dos-
ages were significantly lower than the MTD, unlike conven-
tional dosage selection for chemotherapy agents, which would

use the MTD.

Phase ll

Large-scale dose-evaluation study

Two large, dose-randomized, double-blind, parallel-group, mul-
ticenter Phase 11 trials IDEAL-1 and -2) independently evalu-
ated the activity of gefitinib 250 and 500 mg/day in 425 patients
with advanced NSCLC f10.11]. These trials allowed a more

detailed evaluation of the doses selected from the Phase [ trials
and included symptom improvement as an additional end point.
In IDEAL-1, conducted mainly in Europe and Japan, patients
with one or two prior chemotherapy regimens, including a placi-
num compound, were randomly assigned to receive gefitinib at
250 or 500 mg/day. Response rate approached 20% and was
similar in both arms, and symptom improvement was 40%,
which was higher in patients who had an objective response.
Adverse effects were, in general, well tolerated, but were more
severe with the 500-mg dose. In IDEAL-2, the study was per-
formed in 30 centers in the USA. In rotal, 221 patients were ran-
domly assigned to receive either gefitinib 250 or 500 mg daily.
A roral of 126 patients (58 %) had three or more regimens in the
past and 65% had histology of adenocarcinoma. Symptoms of
NSCLC improved in 439 of patients receiving gefitinib 250 mg
and in 35% of those receiving 500 mg. There was no significant
difference in response rate or survival between the two doses.
There was a good correlation between clinical response and
symptomatic improvement. However, the gefitinib 500-mg dose
was more toxic as it induced more acne-like rash and diarrhea.
In conclusion, gefitinib was well tolerared at 250 mg/day and it
induced anti-tumor activity in approximately 10% of patients.
These results are impressive compared with chemotherapy,
which induces far more adverse effects and, probably, even a
lower level of activity.

Gefitinib as first-line treatment

In East Asia, Phase Il trials of gefitinib as first-line cherapy have
demonstrated good response rates of 30% compared with those
in patients of non-East Asian origin (<10%) {46-51}. In a prospec-
tive Phase I1 trial of chemotherapy-naive patients with advanced
NSCLC conducted in Japan, 40 patients treated with first-line
geftinib were evaluarted for response. Partial response was seen
in 12 (30%) patients |47]. Response to gefitinib in studies of non-
Asian patients have been shown 16 be much lower than in studies
of Asian patients. In a study in the USA, response rate among
70 patients with advanced NSCLC and poor performance status
(2 or 3) was 4% [s0]. In Germany, response rate among 58 patients
with inoperable advanced NSCLC and good performance sta-
tus (0-2) was 5% 49]. Results from IRESSA in NSCLC versus
Vinorelbine Investigation in the Elderly (INVITE) reported no
statistical difference between gefitinib and chemotherapy first-
line for median PFS rates (2.7 vs 2.9 months, respectively) or
overall response rates (3.1 vs 5.1%, respectively) [52.53). Iressa
NSCLC Trial Evaluating Poor Performance Patients (INSTEP)
reported a response rate of 6% and a trend toward improved effi-
cacy end points with gefitinib first-line compared with placebo,
with similar improvements in quality of life and symptoms in
Western patients with poor performance status [s4]. See Tan 1
for a derailed list. :

Gefitinib therapy in selected patients

Tane 2 lists several reports on gefitinib sensitivity in selected
patients [55-66]. In 2004, several investigators reported that
somatic mutations in the gene for the EGFR [21-23}, the targets
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AV s LD = = 25
Fukuoka et al. Gefitinib 250 mg daily 103 18.4

27 7.6° Randomized Phase i trial conducted (10]

mainly in Europe and Japan

2.8 8.0

NA 7.0 Randomized Phase Il trial conducted in 111}
the USA

(IDEAL-1)

Gefitinib 500 mg daily 105 19.0
Kris et al. Gefitinib 250 mg daily 102 12.0
(IDEAL-2)

Gefmmb 500 mg dally 14 9.0
os et/ Gefmnlb 100 6.0
(INSTEP)

Placebo 101 1.0
Crino et al. Gefitinib 97 3.1
(INVITE) Vinorelbine 99 5.1
Niho et al, Gefitinib 250 mg 40 30.0
Linetal Gefitinib 250 mg 53 321
Suzuki et al. Gefitinib 250 mg 34 26.5
Reck et al. Gefitinib 250 mg 58 5.0
Spigel et al. Gefitinib 250 mg 70 4.0

Randomized Phase Il trial in patients [54]
with poor performance status; modest
benefit seen with gefitinib

2.7 Randomized Phase !l trial in elderly [52]
29 patients; similar efficacy observed
NA 13.9 1471
3.2 94 {461
14.1 {48]
1.6 6.7 [49)
3.7 6.3 Patients with poor performance status ~ [50]
1 27 Patuents unsuitable for chemotherapy [s1}

Swmson et al Gefmmb 250 mg 41 10.0
Cuferet a/ (SIGN) Gefmmb 250 mg 68 13.2
Docetaxel 75 mg/m? 73 137
p=Ns.
“p =040
‘p=0.88.

3.0 7.5 Open label,randomized Phase Il study;  [114]
34 71 fewer drug-related side effects
' - with gefitinib

HR: Hazard ratio; IDEAL: IRESSA Dose Evaluation in Advanced Lung Cancer; INVITE: Iressa in NSCLC versus Vinorelbine Investigation in the Elderly; MST: Median
survival time; NA: Not available; NS: Not significant; NSCLC: Non-small-cell lung cancer; ORR: Overall response rate; PES: Progression-free survival.

of gefitinib, were associated with dramartic and durable regres-
sions with gefitinib in patients with NSCLC. To confirm the
encouraging but retrospective results of early studies, mulriple
groups undertook prospective Phase I1 trials of gefitinib in
patients found to have an EGFR mutation on screening. To
dare, at least nine studies have been reported [55-63). Collectively,
these showed that nearly 80% of patients whose tumors had
either exon 19 deletions or L858R mutations had radiographic
responses to gefitinib, although responses varied between dif-
ferent trials. The combined analysis of seven prospective trials
conducted in Japan, which examined the efficacy and safety of
gefitinib monotherapy for NSCLC with EGFR mutations, has
been reported. In this study, Morira ez al. updated OS and PFS
data for the combined survival analysis and examined prognos-
tic factors for OS and PFS (I-CAMP study) [¢7]. A total of 148
patients were combined from the seven trials and median OS
and PFS of 24.3 months and 9.7 months weer reported, respec-
tively. The combined response rate was 76.4%, and only 6% of

the patients had progressive disease. They concluded that gefi-
tinib produces significant anti-tumor activity and prolonged sur-
vival in this selected NSCLC population. A prospective Phase 11
study has also demonstrated that gene copy number assessed by
fluorescent 7u sitw hybridization (FISH) (25] may predict clinical
outcome in TKI-treated NSCLC patients. In advanced bronchi-
oloalveolar carcinoma, a distinct subtype of adenocarcinoma,
gefitinib was clinically active in both chemotherapy-naive and
pretreated patients [65.66).

Phase Il

Gefitinib in combination with chemotherapy

The IRESSA NSCLC Trial Assessing Combination Treatment
(INTACT)-1 and -2 studies were large randomized studies of
two dosages of gefitinib (250 or 500 mg/day), or placebo, in
combination with two different chemotherapy regimens (13.14).
INTACT-1 used cisplatin and gemcitabine (cisplatin 80 mg/m?
on day 1 and gemcitabine 1250 mg/m? on days 1 and 8 every
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i
Inoue et al. Mutation 16 75
Sutani et al. Mutation 27 78
Asahina et al. Mutation 16 75
Sunaga et al. Mutation 19 . 84
Yoshida et al. Mutation 21 90
Tamura et al. Mutation 28 75
Sugio et al, Mutation 16 50
Sequist et al. Mutation® 31 55
(iTARGET)
Yang et al. Mutation* 43 84
Mutation$ 12 16
Cappuzzo et al. FISH 42 48

f24-1 4
SO TSR O

Lee et al. 72 55

Never smoker 42 48
H)

Cappuzzo et al.

Cadranel et al. 88 13

Table 2. Phase Il studies of gefitinib in selected patients.

9.7 NR NR (55]
9.4 15.4 NR t56]
8.9 NR 88 (57)
13 NR NR fs8)
77 NR NR (59)
15 NR 79 (60]
8.8 15.4 NR f61)
9.2 17.5 73 (62)
8.9 2 (63)
2.1 6.7

6.4 NR 64 (2s]

55 19.7 76 {64}
6.4 NR 64 [25]

AL UIER
ey
13

29 13.3 55 {66}

*EGFR mutations were primarily exon 19 deletions (53%) and L858R (26%), although 21% of mutation-positive cases had less-common subtypes, including exon 20

insertions, T790M/L858R, G719A and L861Q.
*Del 19 or L858R,
S0ther mutations.

EGFR: EGF receptor; MST: Median survival time; NR: Not reported; PFS: Progression-free survival time; TTP: Time to progression.

3 weeks), whereas INTACT-2 used carboplatin and pacliraxel
(carboplatin given at AUC of 6 and paclitaxel at 225 mg/m? in
3-h infusions every 3 weeks). Chemotherapy was ad ministered
for up to six cycles and gefitinib or placebo were continued in
nonprogressing patients until progression. A rotal of 1093 and
1037 patients were entered, respectively, in the two studies in
less than 1 year of accrual. These two large randomized stud-
ies failed to demonstrate a survival increase with the addition
of gefirinib to standard chemotherapy in first-line treatment of
advanced NSCLC. A subset analysis of patients with adeno-
carcinoma who received 90 days of chemotherapy or more in
the INTACT-2 study demonstrated staristically significant pro-
longed survival, suggesting a gefitinib maintenance effect. In
general, treatment was well tolerated and the toxicity of chemo-
therapy did not overlap with gefitinib treatment, which made
the studies feasible. However, as expected, gefitinib 500 mg
was associated with a higher degree of toxicity, as observed in
the IDEAL studies, which led to more dose reductions and
treatment interruptions. In none of these studies were patients

selected based on EGFR expression or any other marker of effi-
cacy, and this lack of patient selection may have caused the
lack of positive outcome. In addition, the antagonistic effect
of EGFR TKls may also halt cells in the G, phase of their
cycle and, therefore, render them insensitive to chemotherapy.
Interestingly, however, the time-to-progression curves and sur-
vival curves suggest that maintenance EGFR inhibition may be
helpful after termination of chemotherapy. These considerations
would suggest that sequential therapies are the best approach to
this disease for front-line therapy.

The Southwest Oncology Group trial, SWOG0023, was
designed to deliver gefitinib after completion of chemoradio-
therapy and consolidation chemotherapy, avoiding a potentially
negative interaction with chemotherapy. In this randomized,
placebo-controlled trial in unresectable stage 111 NSCLC, gefi-
tinib maintenance therapy failed to show a survival advantage
in an unplanned interim analysis; the inferior survival observed
in the gefitinib arm raises the possibility of a deleterious
effect [68). The reasons for this result remain unclear. Recently,
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Hida et al. reported the results of a randomized Phase 111 trial
(WJTOG0203), which evaluated whether gefitinib improves
survival as sequential therapy after platinum-doublet chemo-
therapy in advanced NSCLC (stage 1Ib/1V) p7). In this study,
sequential gefitinib following dual platinum-based induction
therapy improved PES (hazard ratio [HR]: 0.68; 95% confi-
dence interval [CI]: 0.57-0.80; p < 0.001), with a trend toward
improved overall survival (p = 0.10). Furthermore, a prespeci-
fied subser analysis showed that gefitinib significantly increased
overall survival for patients with adenocarcinoma (n = 467;
HR: 0.79; 95% CI: 0.65~0.98; p = 0.03) and for smokers
(n =410; HR: 0.79; 95% Cl: 0.64-0.98; p = 0.03). However,
gefitinib failed to show a significant survival advantage in
patients with nonadenocarcinoma. These results demonstrate
a possible clinical benefit for sequential therapy of gefitinib,
especially in adenocarcinoma histology. Regarding the main-
tenance effects, although no benefit with concurrent EGFR
TKI was seen in response rate, PES or OS in the INTACT 2
and Tarceva responses in conjunction with paclitaxel and car-
boplatin (TRIBUTE) trials, landmark analyses of them favored
patients receiving single-agent TKI maintenance cherapy after
completion of chemotherapy (Tanie 3) [14.15].

Gefitinib versus best supportive care

In che ISEL study, 1692 patients from 28 countries (not includ-
ing Japan) were randomized to receive gefitinib 250 mg/day ver
sus placebo (12]. Approximately 20% of the patients included in
the study were Asians. Among the subjects, 1129 were assigned
to the gefitinib group and 563 to the placebo group. Although
the response rate was similar to that observed with erlotinib in
BR.21 [g], in the ISEL study, gefitinib failed to prolong survival
in comparison with placebo in the overall population. As for the
differences in the ISEL and BR.21 patient populations, 90%
of the patients in ISEL were chemorefractory, while patients in
BR.21 were not required to be refractory to their previous treat-
ment {8.12]. Median survival was 5.6 months for gefitinib and
5.1 months for placebo (p = 0.08; HR: 0.89; 95% CI: 0.77-1.02).
Among the 812 patients with adenocarcinoma, median survival
times were 6.3 and 5.4 months, respectively (p= 0.09; HR: 0.84;
0.49-0.92). However, gefitinib prolonged survival in never-smok-
ers (median survival time [MST]: 8.9 vs 6.1 months; p = 0.012)
as well as in Asian patients (MST: 9.5 vs 5.5 months; p = 0.01) in
preplanned subset analyses. Based on these results, the FDA lim-
its the indication of gefitinib to cancer patients who are currently
benefiting or have previously benefited from gefitinib treatment
or are enrolled in clinical trials as of June 2005.

Gefitinib versus chemotherapy in pretreated

advanced NSCLC

Recently, the résults of two large Phase 111 studies were reported
(INTEREST and V-15-32). The INTEREST trial compared
gefitinib with docetaxel as. the second- or third-line therapy in
1466 advanced NSCLC patients with prior treatment of plari-
num-based chemotherapy [18.69]. Noninferiority of gefitinib in
OS was demonstrated (MST: 7.6 vs 8.0 months; HR: 1.020;

95% CI: 0.905~1.150). The one point that should be highlighted
in this study is that all of the predictors of efficacy identified in
the gefitinib versus placebo studies, including adenocarcinoma,
women, Asian and never-smoker, disappear in the comparison
with the docetaxel group. The results suggest that these clinical
characteristics may be efficacy predictors for docetaxel as well as
gefitinib. Gefitinib and docetaxel were equally effective as the
second-line therapy for advanced NSCLC patients but gefitinib
resulted in an improved quality of life and less toxicity compared
with docetaxel. Recently, Douillard ez al. reported that OS was
equally improved with both gefitinib or docetaxel treatments in
EGFR muration positive patients compared with EGFR muration-
negative patients {69]. On the other hand, PFS was longer with
gefitinib than docetaxel in mutation-positive patients {69]. In the
V-15-32 trial, however, noninferiority of gefitinib was not demon-
strated f19}. The V-15-32 trial, almost identical to the INTEREST
trial comparing gefitinib with docetaxel, was a comparative study
of 489 patients that was conducted in Japan. The response rate
in the gefitinib group was approximately twice as high as in the
docetaxel group, but it was impossible to demonstrate noninferior-
ity in OS of gefitinib compared with docetaxel. The survival rate
at an early stage, such as less than 1 year, and the CI for thera-
peutic effects indicated that docetaxel was better than gefitinib.
While noninferiority in OS between gefitinib and docetaxel was
not demonstrated according to predefined criteria, there was no
statistically significant difference in survival between the two
arms. This discrepancy in survival between the INTEREST and
V-15-32 could be attributable to the smaller patient numbers and
imbalances in poststudy treatments in the V-15-32 trial (36% in
the gefitinib vs 53% in the docetaxel arm had switched over to the
opposite treatment after discontinuation of the study treacment).
These two studies established the fact that gefitinib is better toler-
ated than docetaxel with less toxicities and better quality of life.
Recently, Lee ez al. reported the resules of randomized Phase 111
study (Iressa as Second line Therapy in Advanced NSCLC-Korea
[ISTANA}) conducted in Korea [70]. They concluded that PFS was
longer with gefitinib compared with docetaxel (p = 0.04).

Gefitinib versus chemotherapy as first-line therapy in NSCLC

The result of IPASS has been reported (20}. This large-scale ran-
domized study, which compared gefitinib monotherapy with car-
boplatin/paclitaxel for previously untreated patients with adeno-
carcinoma who were never- or lighesmokers, was started in April
2004. The results showed improved PFS time in the gefitinib arm;
however, the HR was constant over time, initially favoring the
carboplatin/paclitaxel arm and later favoring the gefitinib arm,
indicating the possibility of gefitinib as the first-line therapy in
selected patients. Results of this pivotal trial might establish the
role of gefitinib as the first-line therapy in selected patients with

advanced NSCLC (Tanie 3).

Randomized trials currently in progress

At present, the West Japan Oncology Group is conducting a
multicenter clinical trial (W]TOG3405) that targets progres-
sive/recurrent lung cancer patients with EGFR gene mutations
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line chemotherapy previously received

platinum-based chemotherapy; PFS was longer with
untreated patients with adenocarcinoma who are
never- or light-smokers; improved PFS in the gefitinib
arm; PFS favoured pac/carbo initially and then
gefitinib, potentially driven by different outcomes

Open-labeled, randomized, Phase Hll previously
according to EGFR mutation status

gefitinib arm (p

Second-

N/A
N/A
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17.3¢
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(p=
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(p < 0.0001)
5.8

0.0007)
0.0001)

28.1
(p
7.6
43.0
p
32.2

82
79
606
606

Gefitinib 250 mg
Docetaxel 75 mg/m?
Gefitinib 250 mg

Pac/carbo
BSC: Best supportive care; Carbo: Carboplatin; Cis: Cisplatin; EGFR: EGF receptor; Gem: Gemcitabine; HR: Hazard ratio; INTACT: IRESSA NSCLC Trial Assessing Combination Treatment; INTEREST: IRESSA Non-Smali-

Cell Lung Cancer Trial Evaluating Response and Survival Against Taxotere; IPASS: IRESSA Pan-Asia study; ISTANA: Iressa as Second line Therapy in Advanced Non-Small Cell Lung Cancer-Korea; ISEL: IRESSA® Survival

Evaluation in Lung Cancer; MST: Median survival time; NA: Not available; NS: Not significant; NSCLC: Non-small-celf lung cancer; ORR: Overall respone rate; Pac: Paclitaxel; PFS: Progression-free survival;

‘Time to treatment failure.
tPreliminary (37% maturity).
SWOG: Southwest Oncology Group.
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assigned randomly to a standard treatment (cisplatin plus doc-

etaxel) or a gefitinib-treatment group. It uses PES as a pri-
mary end point. In addition, the North-East Japan Geficinib
Study Group is carrying out a similar clinical trial that cargets
stage [TIB/1V lung cancer patients assigned randomly into a car-
boplatin plus pacliraxel treatment or a gefitinib-treatment group
and that also uses PFS as a primary end point. The European
Organization for Research and Treatment of Cancer are cur-
rently testing a Phase III trial of gefitinib or placebo following
first-line chemotherapy (EORTCO08021) (Taste 4).

EGFR in NSCLC

Clinical trial data suggested that gefitinib was more efficacious
in patients who were never smokers, female or had adenocarci-
noma histology. Since a different ‘targeted therapy’ (e.g., trastu-
zumab) was known to be most effective in patients whose tumors
had high levels of expression of that drug’s target (HER2), an
important question was whether responses to gefitinib corre-
lated with levels of EGFR expression (71). However, analyses of
specimens from gefitinib-sensitive and -refractory tumors using
immunohistochemistry (IHC) showed no relationship berween
rumor sensitivity and EGFR expression levels [72-74]. Negative
findings regarding the predictive value of EGFR protein expres-
sion using IHC in gefitinib-treated patients raised considerable
doubt about the role of THC techniques in patient selection.
Recently, Hirsch er al. have demonstrated that EGFR immunos-
raining with the Dako PharmDx kit according to the percent-
age of cells with positive staining appears to better predict for
survival outcome with gefitinib chan Zymed antibody according
to staining index (75). With the discovery of EGFR-activating
mutations in tumors from most patients who had EGFR TKI-
induced tumor responses, skepticism was soon replaced by
enthusiasm for molecular profile research in patients treated with
EGFR TKIs. There is increasing evidence that EGFR mutations
and high EGFR gene copy number are associated with higher
response rates and longer survival in patients receiving EGFR

TKI cherapy.

EGFR mutations

In previous studies that investigated the relationship between
EGFR gene mutations and sensitivity to EGFR TKlIs, objective
responses were seen in more than 60% of lung cancer patients,
with EGFR gene mutations receiving EGFR TKI treatment,
whereas objective response was seen in only 10% of patients
with no mutations (Tante 5) (24.76-80). The response rate of gefi-
tinib of Western NSCLC patients is approximately 10%, much
lower than the response rate 20-30% of East Asian patients.
This discrepancy may be due to the EGFR mutations [211. With
mutant EGFR, the gefitinib response rate of East Asian patients
is approximately 60-80%, but goes down to 0-30% in East
Asian partients without mutant EGFR [60.81]. EGFR mutations
are mainly present in the first four exons of the gene encoding
the tyrosine kinase domain. Approximately 90% of the EGFR
mutations are either small deletions encompassing five amino

acids from codons 746 through 750 (ELREA) or missense
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murations resulting in leucine to arginine
at codon 858 (L858R) {s2]. There are over
. . F%

20 variant types of deletion, for exam-
&

ple, larger deletion, deletion plus point  EitiiiE St S €
mutation and deletion plus insertion.  WITOG3405  First-line chemotherapy with Gefitinib vs PFS
Approximately 3% of the mutations occur EGFR gene mutation cisplatin + docetaxel

at codon 719, resulting in the substitution  NgjGsG First-ine chemotherapy with ~ Gefitinib vs PES
of glycine to cysteine, alanine or serine EGFR gene mutation carboplatin + paclitaxel
(G719X). Furthermore, approximately

3% are in-frame insertion mutations in  NCICBR.19  First-line maintenance after Gefitinib vs placebo 0s
exon 20. These four types of mutations complete resection of stage I-lllA

seldom occur simultaneously. There are NSCLC = adjuvant chemotherapy

many rare point mutations, some'of which  EORTC08021  First-line maintenance Gefitinib vs placebo 05

occur with L858R. Sensitivity of cancers
to EGFR TKI was found to be more than
70% in patients with exon 19 and exon 21
mutations. Variations in response rate may
arise from different classes of EGFR muta-
tions. Pacients with an exon 19 deletion
or L858R showed high response rates of 81 and 71%, respec-
tively. By contrast, only approximately 50% of the patients with
G719X responded to EGFR TKIs. There have been few reports
on insertion mutations associated with clinical effects of EGFR
TKIls (Ficure 2) [25,59,83-86]. Many investigators have reported
that patients with EGFR mutations have a significantly longer
survival than those with wild-type EGFR when treated with
EGER-TKIs. However, this point is still controversial because
some investigators indicated that patients with EGFR mutations
survived for a longer period than those without EGFR mutations
even when treated by chemotherapy [37.55].

EGFR secondary mutations & resistance against EGFR TKls

Another major issue is that nearly all patients who respond ini-
tially to EGFR TKIs later develop drug resistance (Ficore 3). The
effective period of EGFR TKI varies from 2—4 months to more
than 2 years. It has been reported that, in some patients with
such acquired resistance, in addition to the original deletion
and L858R mutations that elevate sensitivity to EGFR TKls,
an extra secondary mutation occurs with the threonine at codon
790 being changed to a methionine (T790M) [89). Tumors with

for advanced NSCLC in
patients without disease
progression after chemotherapy
EGFR: EGF receptor; NCIC: National Cancer Institute of Canada; NEJGSG: North-East Japan Gefitinib Study

Group; NSCLC: Non-small-cel! lung cancer; OS: Overall survival; PFS: Progression-free survival;
WITOG: West Japan Thoracic Oncology Group.

T790M are highly resistant to reversible TKls, such as geficinib
or erlotinib. However, the T790M mutant kinase remains sensi-
tive to irreversible inhibitors, including CL-387,785, EKB-569,
and HKI-272 {89-93). Although the substitution in EGFR with
a bulky methionine has been thought to cause resistance by
steric interference with binding of TKls, including gefitinib and
erlotinib, Yun ez al. have reported that the T790M mutation is a
‘generic’ resistance muration that will reduce the potency of any
ATP-competitive kinase inhibitor (T790M substitution confers
resistance by increasing the affinity for ATP) and that irrevers-
ible inhibitors overcome this resistance simply through cova-
lent binding, not as a result of an alternative binding mode {94}
Recently, Engelman er al. reported that amplification of the
MET gene is another mechanism of acquired resistance to EGFR
TKIs [95.96). With the use of a 1000-times resistant cell line,
HCCB827GR, established by exposing it to increasing concentra-
tions of gefitinib, the authors found that phosphorylated forms
of MET, ERBB3 and EGFR remain after gefitinib treatment
and that the MET gene is amplified. Inhibition of MET signal-
ing restored the cells sensitivity to gefitinib. MET amplifica-
tion was also detected in four of 18 (22%) clinical specimens

Tablé 5. EGFR mutations versus wild-type EGFR related to response rate, progression-free survival and
overall survival in patients tr

tinib.

ki

Cappuzzo et al. 89 19

54/5
Cortez-Funes et al. 83 12 60/9
Han et al. 90 19 65/14
Takano et al. 66 59 82/M
Mitsudomi et al. 59 56 83/10
Taron et al. 68 25 94/13

0S: Overall survival; PFS: Progression-free survival.
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