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Abstract
Asian nonsmoking populations have a higher incidence of lung cancer compared with their European

counterparts. There is a long-standing hypothesis that the increase of lung cancer in Asian never-smokers is
due to environmental factors such as second-hand smoke. We analyzed whole-genome sequencing of 30 Asian
lung cancers. Unsupervised clustering of mutational signatures separated the patients into two categories of
either all the never-smokers or all the smokers or ex-smokers. In addition, nearly one third of the ex-smokers and
smokers classified with the never-smoker–like cluster. The somatic variant profiles of Asian lung cancers were
similar to that of European origin with G.C>T.A being predominant in smokers. We found EGFR and TP53 to be
the most frequently mutated genes with mutations in 50% and 27% of individuals, respectively. Among the 16
never-smokers, 69% had an EGFRmutation compared with 29% of 14 smokers/ex-smokers. Asian never-smokers
had lung cancer signatures distinct from the smoker signature and their mutation profiles were similar to
European never-smokers. The profiles of Asian and European smokers are also similar. Taken together, these
results suggested that the same mutational mechanisms underlie the etiology for both ethnic groups. Thus, the
high incidence of lung cancer in Asian never-smokers seems unlikely to be due to second-hand smoke or other
carcinogens that cause oxidative DNA damage, implying that routine EGFR testing is warranted in the Asian
population regardless of smoking status. Cancer Res; 74(21); 6071–81. �2014 AACR.

Introduction
Lung cancer is one of the leading causes of cancer-associ-

ated deaths worldwide and non–small-cell lung carcinoma
(NSCLC) accounts for nearly 85% of lung cancers (1). NSCLC

accumulates somatically acquired variants (single base
changes, insertions, deletions, substitutions, structural varia-
tions, and copy number variations). A subset of these somatic
variants are called "drivers," which are causally implicated in
tumorigenesis (2). In the past, several studies on cancer
genomics have revealed the relationship between mutational
signatures, carcinogenic exposures, and DNA repair processes.
For example, G.C>T.A transversions are predominant in lung
cancers with tobacco exposure due to adduct formation by
carcinogens in tobacco (3–6).

Recent applications of exome and whole-genome analysis of
tumors (5–12) revealed multiple mutational patterns in lung
cancer, melanoma, and others. To date, most of the next-
generation sequencing reports on NSCLC mainly focused on
tumors of European origin (7, 13–16), and there are little data
on genomes from Asian patients with NSCLC (1, 17). The
frequency of mutations in driver genes, such as EGFR, is
different among ethnic groups, demonstrating that population
differences exist (18). Therefore, it is important to studyNSCLC
in various human populations, including Asians.

The rate of never-smoker NSCLC in Asia is substantially
higher than never-smoker NSCLC in theWest. It is posited that
the higher incidence of lung cancer in Asian never-smokers
may be due to second-hand smoke, cooking fumes, or other
Asia-specific environmental factors (11, 12, 19). If the higher
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incidence of lung cancer in Asian never-smokers is due to
second-hand smoke, then it is expected that the molecular
signature of never-smokers would resemble that of smokers
because many mainstream smoking carcinogens have been
shown to also be present in second-hand smoke (20–24). If
Asian never-smokers have increased lung cancer due to Asia-
specific environmental factors, then their molecular signature
may differ from that of European never-smokers. Therefore, we
performed a comprehensive analysis of somatic variants in 30
Asian lung cancer tumors and explored how Asian lung cancer
differs between smokers and never-smokers.

Patients and Methods
Patient samples and clinical information

PatientswithNSCLCwere staged according to the American
Joint Committee on Cancer version 6 and selected on the basis
of consecutive recruitment and known smoking status. Age,
gender, ethnicity, histology, and tumor stage were collected for
these 30 patients (Supplementary Table S1). Majority of the
selected population had stage I and II NSCLC.

Tumors were collected at two centers (National University
Hospital and Tan Tock Seng Hospital, Singapore, Singapore)
between 2002 and 2006. All samples were surgical specimens
and underwent pathologic review. Tissue samples were snap-
frozen and stored at �80�C or stored in RNAlater (Ambion;
Supplementary Table S1). Only samples with tumor cells more
than 50%were selected for DNA extraction. DNAwas extracted
by the Blood and Cell Culture Kit (Qiagen) and by the Reco-
verEase DNA Isolation Kit (Stratagene) as indicated in Sup-
plementary Table S1.

For each patient, two samples were taken: a tumor sample
and a normal sample. The normal sample was taken either
from tumor-free lung tissue from the same lobe (n ¼ 26) or
from blood (n ¼ 4) as provided in Supplementary Table S1.

Informed consent was obtained from all individuals and the
study was approved by the Institutional Review Board.

Patients were interviewed about their smoking history 1 day
before surgery. We asked patients how many cigarettes they
smoked, and for how long. On the basis of this information, we
calculated pack-years for each patient. In addition, we asked if
the patient had stopped smoking, and if yes, how long had they
stopped smoking. We defined never smokers as subjects who
never smoked or smoked less than 100 cigarettes in their life
time. Current smokers were defined as smokers. Ex-smokers
were those who had smoked previously, but stopped smoking
at least 2 months before the interview. Smoking history is
included in Supplementary Table S1 to enable re-analysis using
alternative smoking pattern definitions. Summary of clinical
characteristics is provided in Table 1 and detailed clinical and
smoking information, such as pack-years, is provided in Sup-
plementary Table S1. Two patients (CTS21 and CT219) have
incomplete smoking information that highlights the impor-
tance of collecting all clinical characteristics of patients.

Library construction, whole-genome sequencing, and
variant calling

Complete Genomics, Inc. performed whole-genome
sequencing (WGS) of DNA samples of 30 tumor/normal pairs
using DNA nanoball and combinatorial probe anchor ligation
technology (25). All samples were sequenced to 50� average
coverage. Please see SupplementaryMaterials andMethods for
more details on sequencing statistics, variant calls, and their
annotation.

Validation of somatic single-nucleotide variants and indels
We tested a total of 331 "SQHIGH-filtered" somatic variants

forwhichwe could design primers and obtain PCRproducts. Of
these, we were able to validate 279 (84%). Validation was

Table 1. Clinical characteristics of 30 Asian lung cancer patients used for the analysis

All patients (n ¼ 30) Smokers (n ¼ 14) Never-smokers (n ¼ 16)

Gender
Female 10 0 10
Male 20 14 6

Age at diagnosis
Median (range) 65 (41–81) 67 (41–81) 62 (47–73)
Tumor stage
I 22 8 14
II 6 6 0
III 1 1 0
IV 1 1 0

Histology
Adenocarcinoma 23 10 13
Squamous cell carcinoma 5 5 0
Adeno squamous 2 1 1

Ethnicity
Chinese 27 14 13
Vietnamese 1 1 0
Malay 2 1 1
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performed in two tiers on two different platforms. For tier 1, we
selected four individuals, two with a high number of somatic
single-nucleotide variants (SNV) and twowith a low number of
somatic SNVs. Of note, 194 somatic SNVs/indels were ran-
domly selected across four individuals and sequenced by Ion
Torrent technology (Life Technologies). PCR amplicons up to
250 bp in length were generated around the somatic variants
and were sequenced by two Ion Torrent 316 chips (tumor- and
normal-derived amplicons on separate chips) by 200-bp read
length according to the manufacturer's recommendations.
Sequence was analyzed by the Torrent Suite software (Life
Technologies). Somatic variants were considered "tested" if
they had >100 reads in the tumor and normal sample and were
considered "validated" if the nonreference allele had a frequen-
cy of >1% in the tumor but not in the normal sample of the
same patient. One hundred and fifty-eight somatic variants
have been validated by this procedure (81%; Supplementary
Table S6). In a second tier, a total of 137 somatic variants were
tested by Sanger sequencing based on three categories: (i)
recurrent mutations, (ii) mutations inWNT-related genes, and
(iii) mutations in never-smokers (because this category was
underrepresented in the first tier). PCR products were
sequenced in both directions (forward and reverse) and
sequence chromatograms were independently analyzed by
two individuals. Somatic variants (121 of 137) have been
validated in the second tier as somatic variants, resulting in
a validation rate of 88% (Supplementary Table S6). When
stratifying the validation rates based on smoking status, we
had a validation rate of 93% for smokers (n¼ 200) and 78% for
never-smokers (n ¼ 131).
As EGFR is known to be highly mutated at a few key residues

in Asian NSCLC, we used for EGFR less stringent somatic
variant calling criteria from the WGS data and included
low-quality somatic variants. These were either (i) non-
SQHIGH or (ii) did not pass the Fisher exact test for allele-
ratio differences or were within 5 bp of indels, or both. For
EGFR, these were 18 coding mutations in 15 individuals. We
attempted to validate all EGFR mutations by Sanger sequenc-
ing in all samples except for one individual where no DNA for
validation work was available. We were able to validate all 17
tested EGFRmutations with one mutation (p.L858R in subject
CTS177), which we also detected in the normal tissue (Sup-
plementary Table S7). Because p.L858R is a frequently observed
somatic mutation in EGFR, it is likely this is also a somatic
mutation in this patient and that the presence of p.L858R in the
normal tissue is due to a contamination by malignant cells.

Gene analysis
From the "Final functional variant list," we identified var-

iants thatwere previously observed inCOSMIC (release 60).We
also identified "recurrent" variants (two or more mutations at
same chromosome and position in different samples). Recur-
rent mutations were further restricted by (i) eliminating var-
iants that were likely germline based on searching master
variant files from all normal samples (using five or more reads
in any normal sample as a cutoff); (ii) eliminating variants that
had equal to or less than twice the number of reads, supporting
the variant in the tumor than in the normal (i.e., four reads in

tumor/two reads in normal would be excluded). The list of
variants previously observed in COSMIC was pooled with the
"recurrent" variant list (as we felt these two classifiers were
likely of the most importance) to form the "recurrent and
COSMIC" variant list. In addition, we identified genes that
contained at least three high-quality somatic variants in three
separate samples, with no requirement for recurrence at the
nucleotide level. These variants were subjected to the same
criteria as above: (i) eliminating variants that were likely
germline based on searching master variant files from all
normal samples (usingfive ormore reads in any normal sample
as a cutoff); (ii) eliminating variants that had equal to or less
than twice the number of reads, supporting the variant in the
tumor than in the normal. These variants formed the "multi-
hit" variant list. These groupings (COSMIC, recurrent, and
multi-hit) were not mutually exclusive (e.g., EGFR populated
both groups).

Details on structural variant analysis and strand bias of
somatic variations can be found in Supplementary Materials
and Methods.

Results
All the analyses presented here are based on defining never-

smokers as subjects who never smoked or smoked less than
100 cigarettes in their lifetime. Ex-smokers were thosewho had
smoked previously, but stopped smoking at least two months
before the interview. Current smokers were defined as smo-
kers. The average number of pack-years for the current and ex-
smoker groups is 49 and 41 pack-years, respectively. Smoking
details such as number of pack-years, cigarettes smoked per
day, and duration can be found in Supplementary Table S1.

We analyzed the genomes of 30 tumor-normal pairs from
patients with lung cancer sequenced by Complete Genomics,
Inc. Of the 30 patients with lung cancer in our cohort, 7 (23%), 7
(23%), and 16 (53%) were former, current, and never-smokers,
respectively. Sixty-six percent of the patients were men. All the
never-smoker patients were stage I and the majority (88%) of
the patients with smoking history were either stage I or II.
Clinical characteristics of patients with lung cancer in our
study are detailed in Table 1 and Supplementary Table S1.

Mutational signatures of Asian never-smokers suggest
no evidence of second-hand smoke

It has been hypothesized that second-hand smoke, cooking
fumes, or Asia-specific environmental factors are responsible
for the higher incidence of lung cancer in Asian population (11,
12). If second-hand smoking causes mutational processes
similar to mainstream smoking, the molecular signature of
never-smokerswouldbe predicted to resemble that of smokers.
We therefore characterized the somatic SNVs in patients with
lung cancer (Fig. 1). After unsupervised clustering on muta-
tional signatures, our patients were categorized into twomajor
groups basedon smoking status (Fig. 1A). One cluster consisted
of only smokers and ex-smokers while the other cluster con-
sisted of all never-smokers and several ex-smokers and smo-
kers.We defined the first group the smoker-only group because
it consisted of six smokers, four ex-smokers, and zero never-
smokers and the second group the never-smoker–like group.

Whole-Genome Sequencing of Asian Lung Cancers

www.aacrjournals.org Cancer Res; 74(21) November 1, 2014 6073

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/21/6071/2710961/6071.pdf by guest on 19 M

ay 2023



The never-smoker–like group contained all of the never-smo-
kers, as well as one smoker and three ex-smokers. Interestingly,
the smoking dosage of smoker/ex-smokers in the never-smok-
er–like group (median, 36 pack-years or 262,800 cigarettes/
lifetime; n¼ 4) was similar to that of smoker/ex-smokers in the
smoker-only group (median, 32.5 pack-years or 228,125 cigar-
ettes/lifetime; n ¼ 10; P ¼ 0.5 for pack-years and 0.7 for
cigarettes/lifetime). This suggests the importance of consid-

ering the molecular signature irrespective of heavy smokers or
light smokers or ex-smokers.

G.C>T.A transversions are known to be predominant in
smokers, and result from the formation of polycyclic aromatic
hydrocarbon adducts with deoxyguanosine (3–7, 13, 15). This
substitution type dominated our smoker-only group (smoker-
only group, 40%; never-smoker–like group, 16%; P ¼ 3.1 �
10�8, t test). We found the mutation signature pattern to be
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Figure 1. A, unsupervised
hierarchical clustering of Asian
lung cancer genomes based on
somatic substitutions. Patient ID
along with clinical phenotype is
shown on the right side of the
heatmap. S25, CTS107, and
CTS25 are patients with more than
one EGFRmutation. B, percentage
of somatic variants in Asian lung
cancer genomes.
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similar between coding and noncoding regions (Supplemen-
tary Fig. S2). In contrast, G.C>A.T transition dominated the
never-smoker–like group. The proportion of G.C>A.Ts among
the never-smoker–like group was higher relative to G.C>A.
Ts in smokers (smoker-only group, 19%; never-smoker–like
group, 34%; P ¼ 1.2 � 10�9, t test; Fig. 1B). Thus the never-
smoker–like group's mutation signature differed from the
smoker-only group's mutation signature. The one smoker and
three ex-smokers who clustered with the never-smokers had
the same molecular signature as a never-smoker, despite self-
reporting exposure to tobacco (Fig. 1A).
The higher frequency of G.C>A.T transition in never-smo-

kers versus smokers and the higher frequency of G.C>T.A
transversions in smokers versus never-smokers was observed
in another study based on RNA sequencing of Korean patients
with lung adenocarcinoma (Supplementary Fig. S1; ref. 26).
Thus, the mutation signatures were confirmed in another
study. The range for Koreans is much larger than that seen
in this study. One possible explanation is the number of
somatic mutations detected by RNA sequencing in the Korean
study is small (�25 per sample). Because of the small values,
the percentages for the Korean population are more suscep-
tible to noise, and hence a large range is observed. The compact
range detected by WGS in this study is probably due to more
accurate numbers as we observed >1,000 somatic mutations
per sample. This could be an advantage of sequencing the
whole genome when mutation numbers are low.
The two major clusters of smoker-only and never-smok-

er–like groups hold even after taking into account the bases

surrounding the mutation (Fig. 2). The most frequent
mutation type for the never-smoker–like group is a C>T
transition where the C is flanked 30 by a G, that is, XpCpG
(Fig. 2). This sequence context has been reported in other
cancers, such as melanoma, breast cancer, and is thought
to be due to deamination of methylated cytosines (5, 6).
Mutation at CpG sites was not as frequent in the smoker-
only group.

We observed a significantly higher mutation load (somatic
point mutations) in the smoker-only group (median, 18,794;
range, 2,452–79,859) compared with the never-smoker–like
group (median, 4,139; range, 764–27,037; P ¼ 0.001, Wilcoxon
rank-sum test; Fig. 3A). The higher mutational load in smokers
is expected because of the mutagenic properties of tobacco
smoke (7, 13). Interestingly, the ex-smokers/smoker with a
never-smoker–like molecular signature had a mutational load
not significantly different from the never-smokers (P ¼ 0.3,
Wilcoxon rank-sum test).

We validated the smoking-related differences for mutation
load in an independent cohort using the Imielinski and col-
leagues data (14). We found that smokers in their never-
smoker–like group had a lower mutation load compared with
smokers in the smoker-only group (average mutation load:
smokers with smoker-only signature, 3,305; smokers with
never-smoker–like signature, 1,248; never-smokers, 465). This
is similar to what we observe in this study. Also, the number of
somatic SNVs observed in our population is corroborated by a
published report using Complete Genomics, Inc. sequencing of
two never-smoker genomes with 1,802 and 1,169 mutations
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each and one smoker genome with approximately 23,000
mutations (15). A second study reported roughly similar counts
for never-smokers (median, 888; range, 842–1,268; ref. 13).
However, we cannot directly compare with this study due to
difference in sequencing technologies and bioinformatics
filters.

Our study is consistent with previous studies but there are a
few individuals in our study that appear to be outliers. An ex-
smoker with a never-smoker–like signature had an abnormally
high number of somatic SNVs, compared with the other three
in his group (CTS153 with 27,037 SNVs). This patient's age,
tumor stage, and smoking dosage were similar to that of other

Mutation load of Asian non–small cell lung cancer patients based on molecular signature
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patients in the group (Supplementary Table S1). This patient
had a missense and nonsense mutation in the DNA repair
genes RAD51 and RIF1, respectively, which might have
contributed to the high mutation rate. Conversely, while
the majority of the individuals in the smoker-only group had
higher number of mutations (>10,000 somatic SNVs),
CTS181 and S27 had low mutation loads with 2,452 and
3,903 mutations, respectively. Age and smoking dosage for
these patients were similar to that of other patients in the
group (Supplementary Table S1). Such outliers might be
explained by different mechanistic mutation subcategories
that are active to variable degrees in the different patients,
the sampling of atypical tumor sections for genome analysis
or patient-specific predispositions for better or worse DNA
repair.
Because increasing age and tumor stage could correlatewith

larger numbers of mutations, we tested for such relationships
in our data. We could not find a correlation between age and
number of mutations (r ¼ �0.1) and a moderately negative
correlation between tumor stage and number of mutations (r
¼ �0.4; Fig. 3B). Tumors in stage IIB showed a wide range of
somatic point mutations. Tumors classified as stage II are
known to be heterogeneous (27). The clinical heterogeneity
might underlie the wide range of mutations in stage IIB.
Carcinogens in tobacco smoke induce oxidative DNA

damage that gives rise to G.C>T.A transversions. This DNA
damage can be removed by the transcription-coupled repair
process (28, 29). There are two lines of evidence supporting
the hypothesis that transcription-coupled repair occurs, to
a greater extent, in the smoker-only group than in the never-
smoker–like group. First, smokers in the smoker-only group
have fewer somatic SNVs on the transcribed strand com-
pared with the nontranscribed strand (Fig. 4). The median

number of somatic SNVs on the transcribed strand was
2,432, compared with 3,394 on the nontranscribed strand,
which represents an average 39% reduction (P < 0.01, paired
t test). This is consistent with transcription-coupled repair
actively occurring in the smoker-only group and reducing
the number of somatic substitutions in the genic regions.
In contrast, for never-smokers, the difference between the
transcribed and nontranscribed strand was much smaller.
For never-smokers, the median number of somatic SNVs
on the transcribed strand was 640, compared with 686 on
the nontranscribed strand (7% reduction, P < 0.01, paired
t test; Fig. 4). In this case, the ex-smokers/smokers in the
never-smoker–like group were similar to the never-smo-
kers. The second piece of evidence is that smokers in the
smoker-only group had a lower proportion of somatic
substitutions in genic regions compared with never-smo-
kers (smokers, 34%; never-smokers, 40%; P ¼ 3.7 � 10�8,
t test; Fig. 5). Thus, transcription-coupled repair occurred
to a much larger extent in smokers in the smoker-only
group that have a smoking molecular signature, than it did
in never-smokers and ex-smokers/smokers that classify
with never-smokers.

In conclusion, Asian never-smokers have a distinctmutation
signature from smokers. However, a subgroup of patients
exposed to smoke had a mutation signature that appeared
similar to never-smokers.

Candidate driver genes in Asian lung cancers
We compared the frequencies of mutations in the known

NSCLC driver genes EGFR, KRAS, and TP53 with previous
reports. Fifty percent (n ¼ 15) of our patients harbored
EGFR mutations (including variants of low initial quality,
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see below) of which 73% (n ¼ 11) were never-smokers, 63% of
which (n¼ 7) were women (Fig. 3). This is in agreement with a
previous study (30). Mutations in EGFR primarily occurred in
two locations, encoding the L858R variant (11 samples) and
AA746-750 deletion (four samples), which are common acti-
vating mutations (Table 2). Seventy-three percent of these
activating mutations occurred in never-smokers, which is
consistent with previously published reports of enrichment
of EGFR mutations in never-smokers in Asian NSCLC (31).
Apart from these previously observed mutations, we also
noticed a novel mutation, R889G, in EGFR. TP53 mutations
in lung cancer have been reported to be more prevalent in
squamous cell carcinoma relative to adenocarcinoma (Cosmic
v62; refs. 7, 32). However, while the TP53mutation frequency in
patients in the adenocarcinoma cohort of our dataset is largely
in agreement with these data (30%; 7 of 23), the mutation
frequency in TP53 in our squamous cell carcinoma cohort
is significantly less (20%; 1 of 5), albeit with a limited repre-
sentation of this tumor type (two samples with mixed ade-
nosquamous histology were excluded in the comparison of
adenocarcinoma vs. squamous, neither of which have TP53

mutations). We observed a KRAS mutation in one Asian
smoker lung cancer patient (1 of 30; 3%, G12D). This KRAS
mutation rate is lower than what has been described for
European populations (>20%; ref. 33) but comparable with
what has been reported for Asian populations (3.8%; refs. 34,
35), underscoring the importance of investigating population-
specific molecular features in lung cancer.

To identify genes with potential driver mutations, we
classified 2,246 somatic variants ("Final functional variant
list"; Materials and Methods) which alter coding sequence
using three metrics: (i) presence of the same variant in the
COSMIC database (COSMIC); (ii) recurrence of the same
variant within the dataset (two or more separate tumors but
not in any normal sample; "recurrent"); or (iii) multiple
different variants (three or more) within a gene ("multi-hit").
For the first category, we identified 41 variants in 16 genes
that exist in the COSMIC database (Table 2 and Supple-
mentary Table S2). For the second category, we observed 22
recurrent variants across six genes (Table 2 and Supplemen-
tary Table S2). (Note that the Cosmic and recurrent cate-
gories are not mutually exclusive.) For the third multiple-hit

Table 2. Genes with recurrent variants or variants previously observed in COSMIC

Gene symbol Gene name
Mutation
count Mutation (COSMIC in bold)

EGFR Epidermal growth factor receptor 18 (5/13) E709A,L833V,(11)L858R,(4)E746_A750(del),
R889G

TP53 Tumor protein p53 9 (5/4) P152S,V157F,R158C,R175H,C176F,H179R,
S241F,R267P,R342�

SATB2 SATB homeobox 2 4 (1/3) (2)E714D,R374K,D477Y
RYR2 Ryanodine receptor 2 3 (2/1) E3422�,T4061M,D4374Y
C1orf88 Chromosome 1 open reading frame 88 2 (0/2) (2)F3L
CDKN2A Cyclin-dependent kinase inhibitor 2A 2 (2/0) E69fs�77,D84N
CTNNB1 Catenin b1, 88 kDa 2 (1/1) D32N,S37F
FERMT1 Fermitin family member 1 2 (1/1) (2)E330V
HOXB1 Homeobox B1 2 (2/0) P77L,G281V
KLC3 Kinesin light chain 3 2 (1/1) (2)R170G
PLOD1 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1 2 (0/2) (2)K68(del)
SCN5A Sodium channel, voltage-gated, type V, a subunit 2 (1/1) R1195C,R523H
SEMA3D Semaphorin 3D 2 (2/0) H532L,R180K
ASB15 Ankyrin repeat and SOCS box containing 15 1 (1/0) E9K
DSCR6 Down syndrome critical region gene 6 1 (1/0) E50�

ERBB3 v-erb-b2 erythroblastic leukemia viral oncogene homolog 3 1 (1/0) V104L
KRAS v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 1 (1/0) G12D
MAPRE3 Microtubule-associated protein, RP/EB family, member 3 1 (1/0) C182fs�16
PLXNA4 Plexin A4 1 (1/0) W1652�

TIGD2 Tigger transposable element derived 2 1 (1/0) L186V

NOTE: Genes with a nucleotide-level recurrent SQHIGH variant (two or more) or that had an SQHIGH variant in the same
chromosome and position as a variant observed in COSMIC were rescanned for additional variants. Mutation count includes all
nonsynonymous variants observed, segregated by smokers and ex-smokers/never-smokers; some patients have more than one
mutation per gene for EGFR (3) and TP53 (1). Mutation lists the amino acid changes observed in the gene, with those in bold previously
observed inCOSMICand recurrent variantsprecededby the variant count in parenthesis. Also, "ins" represents an aminoacid insertion
with the corresponding residues, whereas "del" represents a deletion with the corresponding residues. Additional supporting data can
be found in Supplementary Table S2.
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list category, we find 179 variants in 47 genes (Supplemen-
tary Table S3).
We searched the "Final functional variant list" for additional

variants in genes included in the combined recurrent/COSMIC
list. This approach identified an additional seven variants in six
existing genes in the recurrent/COSMIC list. As EGFR plays a
prominent role in Asian NSCLC, we further examined all
predicted EGFR variants regardless of variant quality status.
This approach identified three additional EGFR mutations
(two L858R; one AA746-750 deletion), which were experimen-
tally validated. One of the additional activating EGFR muta-
tions was found in an ex-smoker with the never-smoker–like
phenotype. The other two EGFR mutations were observed in
never smokers. Thus all three of the additionalEGFRmutations
were found in the never-smoker–like group.
Themajority of our gene list (recurrent, COSMIC, andmulti-

hit variant lists) overlapped with existing NSCLC publications
(7, 14, 15, 26, 35). Fifty-three genes are seen in at least one other
study, and 33 genes are seen in two or more studies. TP53,
KRAS, EGFR, CTNNB1, and RYR1 had identical amino acid
changes with the other studies. However, we found DSCR6,
HOXB1, KLC3,MAPRE3, TIGD2, and C1ORF88 (in our COSMIC/
recurrent list) and DLGAP2, DUSP27, PLEC1, and SLC27A3 (in
our multi-hit variants list) to be unique to our cohort. These
genes are possibly specific to Asian NSCLC. It is unlikely that
these genes explain the phenotype of smokers with never-
smoker–like signature because none of the mutations in the
genes noted above was found in the smokers classified in the
never-smoker-like group.
The axonal pathfinding/WNT signaling pathway is impli-

cated in various cancers (36, 37). The multi-hit variant list
revealedmutations inNTRK3 and SLITRK1 as well as a putative
translocation involving NTRK2 (observed in structural variant
analysis; Supplementary Table S4). Also,mutations inCTNNB1,
PLXNA4, and SEMA3Dwere observed in the recurrent/COSMIC
list (see Table 2 and Supplementary Table S2). As the products
of these genes are implicated in axonal pathfinding/WNT
signaling pathways and some have previously been implicated
in cancer, we further analyzed the "Final functional variant list"
for genes whose products have a similar function. We found
somatic mutations in CCND1, CTNND2, DVL3, EFNA4, EPHA1/
A6, EPHB1, HGF, NTRK1, PLXNA1, RELN, ROBO2/4, SEMA3D/
3G/5A/6C, SLITRK3, SLIT2/3, UNC5C, and WNT8A, many of
which have been linked to WNT signaling. Analysis of the
mutations at the pathway level, however, did not confirm
significant enrichment of the WNT pathway mutations in our
dataset (P > 0.05).
Analysis of structural variants predicted numerous events

per tumor, including interchromosomal translocations, dele-
tions, insertions, and duplications. Among the 30 subjects, we
predict 99 events that involve a gene at both the 50 and 30 side of
the junction (Supplementary Table S4). This includes genes
previously observed in translocation events in cancer (ETV5,
ETV6,MLLT11,CAMTA1, LIFR, and TCF12) as well as structural
variants in genes of interest: (i) the p38/MAPK pathway
member RIT1, (ii) the netrin receptor UNC5D (related to
oncogene DCC), (iii) receptor tyrosine kinaseMSR1, (iv) GDNF
(a ligand of the oncogene RET), and (v) NRG3 (a ligand of the

oncogene ERBB4). PCR-based analysis of a subset of the
structural variants confirmed six of nine events surveyed
(Supplementary Table S4). The vast majority of these translo-
cation events occurred in intronic regions andwould thus have
been missed by an exome-only approach, highlighting the
added value of the whole-genome approach relative to exome
sequencing. Further analysis of noncoding regions was beyond
the scope of this study. We have made the genomic data
available to the community so researchers have the opportu-
nity to explore noncoding regions further.

Discussion
Asian never-smokers are currently underrepresented among

WGS studies of lung cancer. Therefore, a major component of
our study was to compare mutation profiles between Asian
smokers and never-smokers. We analyzed 30 Asian NSCLC
lung tumors with both smoking and never-smoking history.

Asians have higher lung cancer–related death rates and
Asian never-smoking women have a higher incidence of lung
cancer compared with European counterparts (19). It has been
speculated that the high rate of lung cancer in Asian never-
smokers is due to environmental factors such as second-hand
smoke or cooking style (28, 29, 38). Exposure to these carcino-
genswould lead to increased oxidative damage and an increase
in the G>T transversion mutation rate (28). We did not survey
the degree of second-hand smoke exposure in our never-
smoking patients. This raises the possibility secondary tobacco
smoke could be a confounding factor in these patients. How-
ever, we did not observe a smoker-like mutation signature in
any of our never-smoker patients, suggesting that this con-
founder might not be significant for our conclusions.

Our study demonstrates that the mutation signature of
Asian never-smokers is distinct from that seen in smokers
and therefore, it is unlikely that tobacco-related environmental
signals are responsible for the increased incidence rate in
NSCLC in Asian never-smokers compared with European
populations. First, the molecular signature of Asian never-
smokers resembles that of the never-smoking signature
observed in the West, and the signature of Asian smokers
resembles that of European smokers. Second, the mutational
load in Asian never-smokers is lower than in Asian smokers,
which is what has been observed in Europeans. Third, a
stronger signature of transcription-coupled repair, which is
initiated in response to oxidative damage, such as tobacco or
cooking (28, 29, 38), is observed in Asian smokers compared
with Asian never-smokers. Specifically, somatic variations in
Asian smokers are considerably lower in genic regions and on
transcribed strand compared with intergenic regions and
nontranscribed strand, respectively, and this phenomenon is
not true for Asian never-smokers. Because carcinogens for
mainstream tobacco smoking have also been detected under
second-hand smoking conditions (20–24), the elevated rate of
NSCLC in Asian never-smokers might not be due to second-
hand smoke. Instead, intrinsic factors, gene–environment
interactions, or epigenetic aspects might be responsible for
the epidemiologic differences in NSCLC frequencies across
populations.
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The G.C>A.T. transition that is most frequent among never-
smokers (13) is also observed in other cancers such as mela-
noma, lung, and breast cancers (5, 6, 9), suggesting that the
mutational mechanism is not cancer type specific and/or that
different mechanisms can result in the same transition. The
mutation signature of smokers is expected to be diluted when
smokers are not stratified into those with or without the
smoker signature and the analysis of only expressed coding
regions provides less statistical power to define mutational
signatures for each sample. Despite these limitations for a
direct comparison, the RNA-sequencing data of Soe and col-
leagues are in agreement with our study. Hence, the described
signaturemight be considered a general smoker/never-smoker
phenomenon.

Although patients self-reported as smokers or ex-smokers,
the molecular signature of a subgroup of patients with
smoking history resembles that of never-smokers, despite
having cigarette consumption similar to the smokers with
the smoker-only signature. What could be responsible for
these patients being classified with never-smokers? Driver
mutations in the EGFR oncogene have been reported in
never-smokers and are more frequent in the Asian popula-
tion (18, 30). The majority of EGFR mutations (n ¼ 15) was
found among the tumors with the never-smoker–like signa-
ture (n ¼ 11). However, 50% (2 of 4) of ex-smokers/smokers
with never-smoker–like signature had EGFR mutations and,
in contrast, only 20% (2 of 10) of the smokers in the smoker-
only group had EGFR mutations. Thus, a higher fraction of
the ex-smokers/smokers in the never-smoker–like group
carry a driver mutation in EGFR. This raises the possibility
that people who smoke or have a smoking history may have
a driver mutation, and regardless of smoking status, have the
never-smoker–like signature. It is possible that the never-
smoker–like signature reflects an oncogene-driven mutation
mechanism in which mutated EGFR or other oncogenes
drive the cancer. In contrast, the smoker signature is due
to mutations caused by tobacco exposure. On the basis of
this model, the presence of oncogenic drivers such as EGFR
mutations in smokers could result in a dominant never-
smoker–like mutation profile, which can be stronger than
the smoking signature.

One would expect long-term quitters to have a mutational
pattern similar to that of never-smokers, and short-term
quitters to resemble that of current smokers. It is known that
5 to 9 years of smoking cessation can lower the risk for lung
cancer (39). Interestingly, the one smoker and three ex-smo-
kerswith the never-smoker–like signature had similar smoking
dosage as that of the smoker-only group, and two of the ex-
smokers quitted smoking only 3 years ago (Supplementary
Table S1). Therefore, the never-smoker–like signature in these
patients cannot be accounted for by quitting smoking a long
time ago. This highlights the importance of checking the
molecular signature of patients with lung cancer irrespective
of smoking status.

Physicians in both Western and Asian hospitals tend to
order EGFR first-line testing for never-smoking patients with
NSCLC (40, 41). In Singapore, all patients are tested for EGFR
mutations regardless of smoking status. Our results suggest

EGFR testing could be useful in the case of patients with lung
cancer regardless of smoking status, especially in Asian popu-
lations, as 50% of smokers in our cohort whose mutation
signature resembled that of never smokers had EGFR muta-
tions. This is supported by the observation that patients
harboring EGFR mutations have similar clinical outcomes to
EGFR tyrosine kinase inhibitors, regardless of smoking status
(42).

Limitations of this study are small sample size and the lack
of an independent validation cohort. As discussed earlier, our
findings are supported by other recent sequencing studies
(14, 26), but additional sequencing will be needed before our
findings can be generalized. In conclusion, we show that
NSCLC in Asian never-smokers is unlikely due to tobacco
exposure and other oxidative damaging agents, and molecular
signature may provide additional information beyond clinical
phenotype for a better understanding of the underlying etiol-
ogy. Future research may show that the genomic signature
could be a better classifier for lung cancer than actual smoking
status.

Disclosure of Potential Conflicts of Interest
Y.G. Yue is a Principal Research Scientist at Eli Lilly and Company. B.A. Peters

has ownership interest (including patents) in Complete Genomics, Inc. S.E.
Lincoln is a current employee of Invitae, however, at the time of the study he was
an employee of Complete Genomics, Inc. and has ownership interest (including
patents) in Invitae. G.B. Nilsen has ownership interest (including patents) in
Complete Genomics, Inc. P. Tan received a commercial research grant from Eli
Lilly and Company. P.C. Ng has ownership interest (including patents) in
Illumina. No potential conflicts of interest were disclosed by the other authors.

Authors' Contributions
Conception and design: V.G. Krishnan, C. Reinhard, T.D. Barber, P. Tan,
A.M. Hillmer
Development of methodology: V.G. Krishnan, J.C. Ting, Y.G. Yue, T.D. Barber
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): E. Lim, A.S.M. Teo, Y. Lin, S. Zhang, D.S.W. Tan,
B.A. Peters, S.E. Lincoln, P. Tan
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): V.G. Krishnan, P.J. Ebert, J.C. Ting, S.-S. Wong,
A.S.M. Teo, Y.G. Yue, X. Ma, J.H.J. Tan, K. Yu, S. Zhang, S.E. Lincoln, D.G. Ballinger,
J.M. Laramie, G.B. Nilsen, T.D. Barber, P. Tan, A.M. Hillmer, P.C. Ng
Writing, review, and/or revision of the manuscript: V.G. Krishnan,
P.J. Ebert, J.C. Ting, E. Lim, S.-S. Wong, C. Reinhard, D.S.W. Tan, D.G. Ballinger,
J.M. Laramie, T.D. Barber, P. Tan, A.M. Hillmer, P.C. Ng
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): P.J. Ebert, A.S.M. Teo, H.-H. Chua,
G.S.L. Loh, Y. Lin, J.M. Laramie, T.D. Barber
Study supervision: D.G. Ballinger, T.D. Barber, A.M. Hillmer, P.C. Ng

Acknowledgments
The authors thank Dawn Choi Poh Sum and Leong See Ting for performing

Ion Torrent sequencing and Yao Fei for help on structural variation validation
work, and John Calley, Marcio Chedid, and AdamWest for helpful conversations.
The authors also thank Sebastian Ribi for his help with image formatting.

Grant Support
This work was supported by Agency for Science Technology and Research

(A�STAR) and the National Medical Research Council [Translational & Clinical
Research Flagship Program "Non-Small Cell Lung Cancer: Targeting Cancer
Stem Cell and Drug Resistance" (TCR11dec016)], Singapore.

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received November 11, 2013; revised July 30, 2014; accepted August 6, 2014;
published OnlineFirst September 4, 2014.

Krishnan et al.

Cancer Res; 74(21) November 1, 2014 Cancer Research6080

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/21/6071/2710961/6071.pdf by guest on 19 M

ay 2023



References
1. Xiong D, Li G, Li K, Xu Q, Pan Z, Ding F, et al. Exome sequencing

identifies MXRA5 as a novel cancer gene frequently mutated in non–
small cell lung carcinoma from Chinese patients. Carcinogenesis
2012;33:1797–805.

2. Stratton MR. Exploring the genomes of cancer cells: progress and
promise. Science 2011;331:1553–8.

3. Hainaut P, Pfeifer GP. Patterns of p53 G–>T transversions in lung
cancers reflect the primary mutagenic signature of DNA-damage by
tobacco smoke. Carcinogenesis 2001;22:367–74.

4. Lee W, Jiang Z, Liu J, Haverty PM, Guan Y, Stinson J, et al. The
mutation spectrum revealed by paired genome sequences from a lung
cancer patient. Nature 2010;465:473–7.

5. Pleasance ED, Cheetham RK, Stephens PJ, McBride DJ, Humphray
SJ, Greenman CD, et al. A comprehensive catalogue of somatic
mutations from a human cancer genome. Nature 2010;463:191–6.

6. Pleasance ED, Stephens PJ, O'Meara S, McBride DJ, Meynert A,
Jones D, et al. A small-cell lung cancer genome with complex signa-
tures of tobacco exposure. Nature 2010;463:184–90.

7. Ding L, Getz G, Wheeler DA, Mardis ER, McLellan MD, Cibulskis K,
et al. Somatic mutations affect key pathways in lung adenocarcinoma.
Nature 2008;455:1069–75.

8. Mardis ER, Ding L, Dooling DJ, Larson DE,McLellanMD, Chen K, et al.
Recurring mutations found by sequencing an acute myeloid leukemia
genome. N Engl J Med 2009;361:1058–66.

9. Nik-Zainal S, Alexandrov LB, Wedge DC, Van Loo P, Greenman CD,
Raine K, et al. Mutational processesmolding the genomes of 21 breast
cancers. Cell 2012;149:979–93.

10. Nik-Zainal S, Van Loo P, Wedge DC, Alexandrov LB, Greenman CD,
Lau KW, et al. The life history of 21 breast cancers. Cell 2012;149:994–
1007.

11. Zhao Y, Wang S, Aunan K, Seip HM, Hao J. Air pollution and lung
cancer risks in China—a meta-analysis. Sci Total Environ 2006;366:
500–13.

12. Zhong L, Goldberg MS, Gao YT, Jin F. Lung cancer and indoor air
pollution arising from Chinese-style cooking among nonsmoking
women living in Shanghai, China. Epidemiology 1999;10:488–94.

13. Govindan R, Ding L, Griffith M, Subramanian J, Dees ND, Kanchi KL,
et al. Genomic landscape of non–small cell lung cancer in smokers and
never-smokers. Cell 2012;150:1121–34.

14. Imielinski M, Berger AH, Hammerman PS, Hernandez B, Pugh TJ,
Hodis E, et al. Mapping the hallmarks of lung adenocarcinoma with
massively parallel sequencing. Cell 2012;150:1107–20.

15. Liu J, Lee W, Jiang Z, Chen Z, Jhunjhunwala S, Haverty PM, et al.
Genome and transcriptome sequencing of lung cancers reveal
diverse mutational and splicing events. Genome Res 2012;22:
2315–27.

16. Liu P, Morrison C,Wang L, Xiong D, Vedell P, Cui P, et al. Identification
of somatic mutations in non–small cell lung carcinomas using whole-
exome sequencing. Carcinogenesis 2012;33:1270–6.

17. Liu ZM, Liu LN, LiM, ZhangQP, ChengSH, LuS.Mutation detection of
KRAS by high-resolution melting analysis in Chinese with gastric
cancer. Oncol Rep 2009;22:515–20.

18. Shigematsu H, Gazdar AF. Somatic mutations of epidermal growth
factor receptor signaling pathway in lung cancers. Int J Cancer
2006;118:257–62.

19. Thun MJ, Hannan LM, Adams-Campbell LL, Boffetta P, Buring JE,
Feskanich D, et al. Lung cancer occurrence in never-smokers: an
analysis of 13 cohorts and 22 cancer registry studies. PLoS Med
2008;5:e185.

20. Grimmer G, Naujack KW, Dettbarn G. Gaschromatographic determi-
nation of polycyclic aromatic hydrocarbons, aza-arenes, aromatic
amines in the particle and vapor phase of mainstream and sidestream
smoke of cigarettes. Toxicol Lett 1987;35:117–24.

21. Chuang JC, Mack GA, Kuhlman MR, Wilson NK. Polycyclic aromatic
hydrocarbons and their derivatives in indoor and outdoor air in an
eight-home study. Atmospheric Environ 1991;25B:369–80.

22. Vu-Duc T, Huynh C-K. Sidestream tobacco smoke constituents in
indoor air modelled in an experimental chamber—polycyclic aromatic
hydrocarbons. Environ Int 1989;15:57–64.

23. Brunnemann KD, Yu L, Hoffmann D. Assessment of carcinogenic
volatile N-nitrosamines in tobacco and in mainstream and sidestream
smoke from cigarettes. Cancer Res 1977;37:3218–22.

24. Martin P,HeavnerDL,Nelson PR,MaioloKC,RisnerCH, SimmonsPS,
et al. Environmental tobacco smoke (ETS): a market cigarette study.
Environ Int 1997;23:75–90.

25. Drmanac R, Sparks AB, Callow MJ, Halpern AL, Burns NL, Ker-
mani BG, et al. Human genome sequencing using unchained base
reads on self-assembling DNA nanoarrays. Science 2010;327:
78–81.

26. Seo JS, Ju YS, Lee WC, Shin JY, Lee JK, Bleazard T, et al. The
transcriptional landscape and mutational profile of lung adenocarci-
noma. Genome Res 2012;22:2109–19.

27. Haney JC, Hanna JM, Berry MF, Harpole DH, D'Amico TA, Tong
BC, et al. Differential prognostic significance of extralobar and
intralobar nodal metastases in patients with surgically resected
stage II non–small cell lung cancer. J Thorac Cardiovasc Surg
2014;147:1164–8.

28. Kawanishi S, Hiraku Y,OikawaS.Mechanism of guanine-specificDNA
damage by oxidative stress and its role in carcinogenesis and aging.
Mutat Res 2001;488:65–76.

29. Pastoriza Gallego M, Sarasin A. Transcription-coupled repair of 8-
oxoguanine in human cells and its deficiency in some DNA repair
diseases. Biochimie 2003;85:1073–82.

30. Broet P, DalmassoC, TanEH, AlifanoM, ZhangS,Wu J, et al. Genomic
profiles specific to patient ethnicity in lung adenocarcinoma. Clin
Cancer Res 2011;17:3542–50.

31. Shigematsu H, Lin L, Takahashi T, Nomura M, Suzuki M, Wistuba II,
et al. Clinical and biological features associatedwith epidermal growth
factor receptor gene mutations in lung cancers. J Natl Cancer Inst
2005;97:339–46.

32. Cancer GenomeAtlas Network. Comprehensive molecular portraits of
human breast tumours. Nature 2012;490:61–70.

33. Riely GJ, Kris MG, Rosenbaum D, Marks J, Li A, Chitale DA, et al.
Frequency and distinctive spectrum of KRAS mutations in never
smokers with lung adenocarcinoma. Clin Cancer Res 2008;14:
5731–4.

34. Li M, Liu L, Liu Z, Yue S, Zhou L, Zhang Q, et al. The status of KRAS
mutations in patients with non–small cell lung cancers from mainland
China. Oncol Rep 2009;22:1013–20.

35. Wu CC, Hsu HY, Liu HP, Chang JW, Chen YT, Hsieh WY, et al.
Reversedmutation ratesofKRASandEGFRgenes in adenocarcinoma
of the lung in Taiwan and their implications. Cancer 2008;113:3199–
208.

36. Anastas JN,MoonRT.WNTsignalling pathways as therapeutic targets
in cancer. Nat Rev Cancer 2013;13:11–26.

37. Whang YM, Jo U, Sung JS, Ju HJ, Kim HK, Park KH, et al. Wnt5a is
associated with cigarette smoke-related lung carcinogenesis via pro-
tein kinase C. PLoS ONE 2013;8:e53012.

38. Lai CH, Jaakkola JJ, Chuang CY, Liou SH, Lung SC, Loh CH, et al.
Exposure to cooking oil fumes and oxidative damages: a longitudinal
study in Chinese military cooks. J Expo Sci Environ Epidemiol
2013;23:94–100.

39. Fry JS, Lee PN, Forey BA, Coombs KJ. How rapidly does the excess
risk of lung cancer decline following quitting smoking? A quantitative
reviewusing thenegative exponentialmodel. Regul Toxicol Pharmacol
2013;67:13–26.

40. Choi YL, Sun JM, Cho J, Rampal S, Han J, Parasuraman B, et al. EGFR
mutation testing in patients with advanced non–small cell lung cancer:
a comprehensive evaluation of real-world practice in an East Asian
tertiary hospital. PLoS ONE 2013;8:e56011.

41. Lynch JA, Khoury MJ, Borzecki A, Cromwell J, Hayman LL, Ponte PR,
et al. Utilization of epidermal growth factor receptor (EGFR) testing in
theUnitedStates: a case studyof T3 translational research.GenetMed
2013;15:630–8.

42. Jain A, Koo SL, Chan KS, NgQS, Chau NM, AngMK, et al. Influence of
smoking status on response to EGFR TKI—a retrospective analysis of
reflex EGFR mutation testing in Asian patients with advanced lung
adenocarcinomas. Ann Oncol 2012;23: Supplement 9, 1257P.

www.aacrjournals.org Cancer Res; 74(21) November 1, 2014 6081

Whole-Genome Sequencing of Asian Lung Cancers

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/21/6071/2710961/6071.pdf by guest on 19 M

ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


