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Abstract

Pancreatic cancer shows very poor prognosis and is the fifth leading cause of cancer death in Japan. Previous studies
indicated some genetic factors contributing to the development and progression of pancreatic cancer; however, there are
limited reports for common genetic variants to be associated with this disease, especially in the Asian population. We have
conducted a genome-wide association study (GWAS) using 991 invasive pancreatic ductal adenocarcinoma cases and 5,209
controls, and identified three loci showing significant association (P-value<5x1077) with susceptibility to pancreatic cancer.
The SNPs that showed significant association carried estimated odds ratios of 1.29, 1.32, and 3.73 with 95% confidence
intervals of 1.17-1.43, 119147, and 2.24-6.21; P-value of 3.30x1077,330x 107, and 441 10~ ; located on chromosomes
6p253, 12p11.21 and 7q36.2, respectively. These associated SNPs are located within linkage disequilibrium blocks
containing genes that have been implicated some roles in the oncogenesis of pancreatic cancer.
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diabetes [4], chronic pancreatitis [5], which are likely to predispose
individual to the disease. In addition, familial aggregation of the
disease has implied the possible involvement of genetic factors in

Introduction

Pancreatic cancer is the fifth leading cause of cancer death with

an estimated death of 24,634 patients in Japan in year 2007. Its 3-
year swvival rate is as low as 6.7% (htp:/ /www.fper.or.jp/
publication/pdf/statistics2009/fig01.pdf and hup:// www.fpcr.or.jp/
publication/pdf/statistics2009/fig20.pdl). Since no specific symptom
is observed in the patients with pancreatic cancer at an early stage,
most of the patients were diagnosed at their advanced stage with a
very low possibility of cure for the discase [1,2].

Previous reports indicated the involvement of both environmen-
tal and genetics factors in the etiology of this deleterious disease.
Several casc-control and cohort cpidemiological studies have
identified a number of possible risk factors such as smoking [3],
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pancreatic cancer [6]; approximately 10% of the patients were
reported to have family history and individuals having first-degree
relatives with pancreatic cancer revealed 2- to 4- fold higher risk of
the disease [7-9]. These data indicated that genetic factors are likely
to play some roles in the development of pancreatic cancer. In the
last decade, the advancement of molecular biology improved the
understanding of the pathogenesis of pancreatic cancer and
characterized a number of genes that mutated in pancreatic
cancers, such as somatic mutations in genes INK44(CDKN24),
TP53, DPC4, BRCAI/2, STK11, APC, KRAS and ATM and PALB2
are found in pancreatic cancers [10-18].
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Two recent GWAS studies for pancreatic cancer using
Caucasian populations have identified associations with genome-
wide significance on chromosomes 9p34.2 (4BO), 13q22.1, 132
(VR542) and 5pl15.33 (CLPTMIL-TERT), and highlighted that
accumulation of these common genetic risk variants with modest
effects are likely to play an important role on this complex disease,
either individually or in interaction with environmental factors
[19-22]. As the ethnicity is one of the critical factors in the
pathogenesis of the genetic diseases with complex gene-gene and
gene-environmental interactions, we (Biobank Japan (BBJ) in The
University of Tokyo and National Cancer Center (NCC) Japan)
combined samples of 991 cases with pancreatic cancer and 5209
controls (Table Sl), attempted to identify common genetic
variations associated with susceptibility to pancreatic cancer in
the Japanese population.

Results

After the standard quality control of the genotype results (Table
$2), association analysis was performed for 420,236 SNPs using
logistic regression analysis on the basis of allelic, dominant and
recessive models after adjustment of age, sex and smoking status
for each individual. The Q-Q plot for this GWAS based on allelic
P-values by logistic regression revealed no significant population
stratification with genomic inflation factor A of 1.026 (Figure 1).

We successfully identified three genomic regions, 6p25.3,
12p11.21 and 7q36.2, shown to be significanty associated (P-
value<<5.0x1077) with increased risk of pancreatic cancer in
Japanese population as indicated in the Manhattan plot in Figure 2
(referred to ref. 23).
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The most significandy-associated SNP, 1s9502893 (P-value of
3.30x1077, per-allele odds ratio (OR) of 1.29 with 95% confidence
interval (CI) of 1.17-1.43), is located within a 75-kb linkage
disequilibrium (LD) block on chromosome 6p25.3 (Table 1). This
LD block includes FOXQI (forkhead box (Fox) Q1) gene, which is
located 25 kb upstream to this marker SNP (Figure 3a). Imputation
analysis also revealed modest association at SNPs located near to or
on the FOXQ/ gene suggesting it to be one of the causative genes for
pancreatic cancer (Figure 3a and Table S3).

The second significantly-associated SNP, rs708224, located in
the second intron of the gene BICD! (Bicaudal-D homolog 1) on
chromosome 12p11 (P-value of 3.30x1077, per-allele OR of 1.32
with 95% CI of 1.19-1.47) (Table 1). The 80-kb LD block showing
the association corresponds to the second intron of BICDI as
revealed by the imputation analysis shown in Figure 3b (Table S3).

The third locus is marked by rs6464375, rs7779540, rs6973850
and rs1048768 in the first intron of DPP6 gene. These SNPs
indicated suggestive associations only under recessive model with
minimum P-value of 4.41x1077 (OR of 3.73 with 95%CI of 2.24—
6.21) as shown in Table 1 and Figure 3c.

Discussion

Here we present results of GWAS analysis on 991 cases with
pancreatic cancer and 5209 controls. Our study represents the first
GWAS attempt to identify common variants associated with pancreatic
cancer in Japanese population and successfully identified SNPs located
on chromosomal loci of 6p25.3, 12p11.21 and 7q36.2 are significanty
associated with increased risk of pancreatic cancer in Japanese
population.

A value=1.026
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Figure 1. Q-Q plot for GWAS of pancreatic cancer in Japanese population. This Q-Q plot is based on logistic regression allelic P-values after

standard quality control. (genomic inflation factor A= 1.026).
doir10.1371/journal.pone.0011824.g001
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Figure 2. Manhattan plot for GWAS of p

The plot is based on logistic regression model after

correction of age, sex and smoking status. The P, indicates the minimum P-value from logistic regression analysis for three models: allelic, dominant
and recessive. Red line indicates genome-wide significant level (P-value =5x10"7).

doi:10.1371/journal.pone.0011824.9002

It is known that the development of the common disease is
caused by the accumulation of common genetic variants, and each
of this variant has a very modest effect on the risk (for example OR
of <1.2). In order to detect such small fraction, GWAS involving
much larger populations (5000-10000) should be required. Our
study was expected to identify SNPs with moderate effects (i.c
OR>1.4). Hence SNPs that show very modest effect might have
failed to be identified through this study.

The most significantly associated SNP in this GWAS, rs9502893
(Pvalue=3.30x1077, OR=1.29) is located within a 75 kb LD
block which encompasses gene FOXQ/ on chromosome loci 6p25.3.
FOXQJ encodes for protein forkhead box (Fox) Q1. The Fox family
of transcription factors consists of at least 43 members and mutations
in Fox genes can cause significant cffects on human common discase
and cancers [24,25]. A Fox member, FoxMI, is well-known to be
associated with oncogenesis of pancreatic cancer. Down-regulation
of this protein results in the inhibition of migration, invasion and
angiogenesis in pancreatic cancer cells [26]. Furthermore, a recent
study showed that FoxQ] is overexpressed in pancreatic cancer,
suggesting its role in pancreatic cancer tumorigenesis [27]. Although
the SNP that we identified is approximately 25 kb downstream to
this gene, the associated SNP may ‘tag’ the causative variant located
on the expression regulatory region of the gene and subsequently
alter expression of the gene. However, further study is needed to
clucidate a precise biological role and mechanism of the gene
function with regard to pancreatic carcinogenesis.

The second most significantly associated SNP, rs708224 (P-
value=3.30x10"7, OR = 1.32) is located within the BICDI gene.
This gene encodes a protein Bicaudal-D homolog 1, which plays a
role in vacuolar wrafficking. Previous studies reported substantial
evidences indicating a link between vacuolar gene and shorter
telomeres in yeast model [28-30]. In addition, Mangino et al.
suggested that genetic variations within the BICD! gene could alter
its transcriptional levels and in turn influence telomere length in
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humans [31]. Several recent studies have documented reduced
telomere length in pancreatic ductal adenocarnoma specimens,
suggesting telomeric dysfunction in pancreatic cancer cells
[32-34]. Thus, it is of importance to determine the functional
consequences of rs708224 and/or variations linked to this SNP in
the pathogenesis of pancreatic cancer.

Several SNPs located in the first inron of DPP6 indicated
suggestive associations with an increased risk of pancreatic cancer in
this study. DPP6 encodes protein dipeptidyl-peptidase 6, which
binds to specific voltage-gated potassium channels and alters their
expression and biophysical properties. A recent study on core
signaling pathways in human pancreatic cancers found three
somatic mutations in DPP6 among 24 pancreatic cancer samples
cxamined by detailed sequence analyses. This report also suggested
that DPP6 might play a crucial role in regulation of invasion of
pancreatic cancer cells [35]. Hence, our study strengthens the risk of
DPP6 in pancreatic cancer and warrants further screening on this
gene to confirm its association with pancreatic cancer.

Recent GWAS reports have indicated several loci on chromo-
somes 9p34.2, 13q22.1, 1q32.1 and 5p15.33 to be associated with
an increased risk of pancreatic cancer in Caucasian population
[21,22]. Among the significantly associated SNPs, 159543325 on
chromosome 13g22.1 showed moderate association in our study
populations (P-value (allelic model) of 1.69x10™*; OR of 1.21 with
95%CI of 1.10~1.34) (Table S4). On the other hand, SNPs on
chromosomes 9p34.2 (rs505922) and 1q32.1 (rs3790844) showed a
weak association in our study populations (P-values of 3.69x1072
and 1.24x107% ORs of 1.11 and 1.14 with 95% CI of 1.01-1.22
and 1.03-1.27, respectively) (Table S4). We were unable to replicate
the remaining loci (SHH and two loci on chromosomes 5p135.33 and
15q14) in these reports, probably because most of these associated
SNPs are either non-polymorphic or possess very low allelic
frequencies (MAF=0.01) in Japanese population. The power of
our study was not sufficient enough to detect positive associations for
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of gene DPP6 transcript variant 3. Each of the marker SNPs is marked by a blue diamond. SNPs that are genotyped in the lllumina platform are plotted
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yellow (0.2=r’<0.5) and white (<0.2). Light blue line indicated
doi:10.1371/journal.pone.0011824.9003

these variants with the low allelic frequency. Such ethnic difference
in genetic architecture of disease susceptibility is not rare. For
example, two recent GWAS reported common variants on KCNQI
gene associated with type 2 diabetes mellitus in Japanese population,
but European GWAS were unable to identify the associations due to
the low allelic frequency of these variants in the population [36,37].
In addition, identification of susceptibility loci may be also
influenced by the differences in the LD structure across different
populations and by potential interaction with other genetic variants
and environmental factors (38].

In summary, this study represents the first GWAS to identify
common variants possibly associated with pancreatic cancer in
Japanese population. Our study confirmed the association from the
Caucasian GWAS studies and revealed several novel possible
candidate associated loci that were not detected in the previous
Caucasian GWAS studies. Nevertheless, further additional replica-
tions are required to confirm or exclude the current findings.

Materials and Methods

Case and control subjects
A total of 331 and 675 cases that were clinically and/or
histologically diagnosed to have an invasive pancreatic ductal

@ PLoS ONE | www.plosone.org

local recombination rate.

adenocarcinoma were obtained from Biobank Japan (htp://
biobankjp.org) at the Institute of Medical Science, The University
of Tokyo as well as National Cancer Center Hospital, respectively.
The control samples consisted of Japanese volunteers that were
obtained from Osaka-Midosuji Rotary Club, Osaka, Japan (n= 906)
as well as from stalf members in Keio University, Japan, who
participated in its health-check program (n=677). In addition,
individuals who were registered in Biobank Japan as subjects with
various diseases except cancer (o= 3,728) (those having pulmonary
tuberculosis, chronic hepatitis-B, keroid, drug-induced skin rash,
peripheral artery disease, arrthythmia, stroke and myocardial
infarction) were used as controls. All samples were obtained after
obtaining the written informed consent. This project was approved
by the ethics committee at The Institute of Medical Sciences, The
University of Tokyo, National Cancer Center and Keio University.
Individuals who had clinical history of diabetes mellitus (a possible
confounding factor for pancreatic cancer) were excluded from these
control sets. For sample quality control, we excluded five cases with
call rate<<0.98. After performing principal component analysis, we
excluded outliers of 10 cases and 102 controls, who did not belong
to the major Japanese cluster (Hondo cluster) (Figure S1) [39]. We
eventually performed the association study based on 991 cases and
5209 controls (Table S1). Power calculation showed that our study

July 2010 | Volume S | Issue 7 | e11824



would have over 90% power to detect a per-allele OR of 1.4 or
greater for an allele with 30% frequency at the genome-wide
significance level (2= 35%1077).

SNP genotyping and quality control

All the individuals were genotyped using either lllumina Infinium
HumanHap350v3 or Illumina Infinium Human610-Quad DNA
Analysis Genotyping BeadChip. SNPs commeon in the two
platforms were used for further analysis. We applied SNP quality
control for all sets of samples as follows; SNP call rate should be
>0.99 in both cases and controls, and P-value of Hardy-Weinberg
equilibrium test should be >1.0x1 075 in controls. SNPs with minor
allele frequency (MAF) of <0.01 in both case and control samples
were excluded from the further analysis (Table S2).

Statistical analysis

We analyzed each SNP using logistic regression adjusted for age
(continuous), sex and smoking status (current/former, never). P-
values and OR with 95%CI were calculated for allelic, dominant
and recessive models. We used the minimum P-values obtained
from three models to evaluate the statistical significance of the
association. All OR were reported with respect to the risk allele.
All the statistical analyses were performed using R statistical
environment version 2.9.0 (http://www.r-project.org/) or PLINK
1.06 (hnp://pngu‘mgh.haward.cdu7purccll/p1ink/). R statistical
environment version 2.9.0 was employed to draw Q-Q) plot and
regional association plot.

Genotype Imputation
We performed genotype imputation analysis for each set of

GWAS Pancreatic Cancer Japan

Supporting Information

Table S1 Sample characteristic of this study.
Found at: doi:10.1371/journal.pone.0011824.5001 (0.02 MB
XLS)

Table $2 Total number of SNPs excluded according to each
quality control criteria.

Found at: doi:10.1371/journal.pone.0011824.5002 (0.02 MB
XLS)

Table $3 Imputation analysis around significantly associated
SNPs.
Found ar: doi:10.1371/journal.pone.0011824.5003 (0.04 MB
XLS)

Table $4 Association study of SNPs which shown to be
significantly associated with increased risk of pancreatic cancer
in Caucasian population in Japanesc.

Found at: doi:10.1371/journal.pone.0011824.5004 (0.02 MB
XLS)

Figure S1 Principal component analysis for GWAS of pancre-
atic cancer in Japanese population. a) Principal component
analysis for GWAS of pancreatic cancer in Japanese population
refer to four HapMap population control subjects including CEU
indicates Caucasians from Utah; YRI, Nigerians from Yoruba;
CHB, Han Chinese from Beijing and JPT, Japanese from Tokyo.
b) Principal component analysis of study subjects referred only to
Asian populations. We utilized samples from the homogenous
case-control (Hondo) cluster.

Found at: doi:10.1371/journal.pone.0011824.5005 (9.43 MB TIF)

samples by utilizing a Hidden Markov model as prog din
MACH version 1.0 (http://www.sph.umich.edu/csg/abecasis/
mach/index.html). To infer untyped and missing genotypes
around the candidate chromosomal loci, we provided genotypes
from our own samples together with haplotypes for reference
samples (Japanese from Tokyo, JPT) from HapMap database
(http:/ /hapmap.ncbinlm nih.gov/). SNPs with low genotyping
rate (<99%), showing deviations from Hardy-Weinberg cquilib-
rium (<1.0x107%, or MAF (<0.01) were cxcluded from the
analysis. MACH version 1.0 was used to estimate haplotypes, map
crossover and error rates using 50 iterations of the Markov chain
Monte Carlo algorithm. By utilizing the genotype information
from the HapMap database, maximum likelihood genotypes were
generated. For quality control, we retained imputed SNPs with the
estimated 12 of >0.3. We also picked up a total of 17 SNPs (P-
value<<0.001) to verify the association using Invader and TagMan
genotyping methods (data not shown).
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High-resolution characterization of a hepatocellular
carcinoma genome
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Hepatocellular carcinoma, one of the most common virus-
associated cancers, is the third most frequent cause of cancer-
related death worldwide!. By ly 1l
of a pnmary hepatitis C virus—positive lmpalocellular
carcinoma (36x coverage) and matched lymphocytes (>28x
coverage) from (he same individual, we identified more
than 11,000 somatic substitutions of the fumor genome
that showed predominance of T>C/A>G transition and a
decrease of the T>C substitution on the transcribed strand,
suggeslmg preferentml DNA repair. (mnc annotation
entri 3 of 63 valid. I non-synonymous
substitutions revealed enrichment of phosphoproteins. We
further validated 22 chr | rearrang generaling
four fusion transcripts that had altered transcriptional
regulation (BCORLT-ELF4) or promoter activity. Whole-exome
sequencing®® at a higher sequence deplh (>76x coverage)

led a TSC in a subpop
of the tumor cells. This first hu;,h-resnlutmn characterization
of a virus-associated cancer genome identified previously
uncharacterized mulation patterns, intra-chromosomal
rearrangements and fusion genes, as well as genetic
heterogeneity within the tumor.

ulﬂz

We sequenced short-insert (250 bp, on average) genomic libraries of

aprimary hepatitis C virus (HCV)-positive hepatocellular carcinoma
(HCC) and lymphocytes from a Japanese male (Suppl ementary Fig. 1)
using the Humina GAIIx sequencer with 50-bp paired-end reads.
After alignment to the human reference genome and removal of PCR
duplications, we obtained high-quality nucleotide sequences covering
102.5 Gb of the tumor genome (35.9x coverage) and 80.2 Gb (28.1x
coverage) of the lymphocyte genome (Supplementary Table 1). The
sequenced reads covered 99.69% (tumor) and 99.79% (lymphocyte)
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of the human reference genome. We identified 3,023,587 germline
variations in the lymphocyte genome, approximately 90% of which
were found in the dbSNP database, and 2,939,032 nucleotide varia-
tions in the tumor genome (a proportion of the variation was lost as a
result of chromosomal alterations in the tumor genome). Comparison
of the tumor and lymphocyte genomes revealed 11,731 somatically
acquired nucleotide changes in the tumor genome (Table 1).

The prevalence of somatic substitutions was significantly less in
the genic (intronic, non-coding exon and coding exon) regions rela-
tive to the intergenic regions (Fig. 1a, left), which could be partially
explained by negative selection of lethal mutations in the gene regions
or by the existence of specific molecules responsible for the repair
of transcribed regions®. There was no significant difference in the
prevalence of somatic substitutions between those of non-coding
and coding exons (Fig. Ia, left), whercas the prevalence of germline
variation was significantly decreased in the coding exons (Fig. 1a,
right). Additionally, the ratio of non-synonymous to synonymous
somatic substitutions (63/18 = 3.5) in the tumor genome was signi-
ficantly higher than that of germline variations (9,573/10,552 = 0.91;
P < 0.0001) but was not significantly different from that expected by
chance (3.36; P = 0.91). This result suggests that an increase in nega-
tive selection of somatic substitution on the coding exons is weaker
than that of germline variation. An alternative, but not mutually
exclusive, explanation is that positive selection, which benefits the
survival of tumor cells, partially occurs on the coding exons. The
distribution of somatic substitutions revealed the dominance of T>C/
A>G and C>T/G>A transitions (Fig. 1b). Sequence context prefer-
ence was evident in some nucleotide substitutions. The C>T transition
occurred significantly at CpG sites (15%; P < 0.0001), whereas the
T>C transition occurred frequently at ApT sites (40%; P < 0.0001)
(Supplementary Fig. 2). Only the T>C/A>G transition was signi-
ficantly (P = 0.01) lower in the coding exons relative to the intergenic

. 2Genome Science Division, Research Center for Advan
f Medicine, University of Tokyo, Bunkyo-ku,

“Division of Molecular National Cancer Center Researc

of Biostudies, Institute for

Integrated Cell-| Male ial Sciences, Kyoto University, Kyoto, Japan. 2National Inslitute of Riomedical Innovation, Ibaraki, Osaka, Japan. Correspondence should be

ddressed to T. Shibatz (tashibat@nce.go.iph.

Received 21 July 2010C; accepted 14 March 2011; publ

164

ished online 17 April 2011; doi:10.1

028/ng.804

VOLUME 43 | NUMBE MAY 3317 NATURE GENETICS




il :y © 2011 Nature America, Inc. All rights reserved.

Table 1 ically acquired al in a liver cancer genome
Type of change Number Percentage
Substitutions ' 11,731 T oo
Cading 81
Nonsense |
62
18
20
a3
23

19

Splice site
Other
Intergenic

Small insertions and deletions

I
®o~3

Pseucogene
ncRNA

Intronic
Splice site
Other

Intergenic

v
Foobmno

N
3%

Rearrangements

Intrachrsmasomal
Deletions
Inversions,

=nB

Tandem duplications
Interch:

i

I “nos-ce
classified
won-coding RA

coding RNA.

2 Dseadogene 2
ing RNA. UTR, untranslated region; ncRNA,

was classified

regions (Fig. 1c), and the C>T/G>A transition was more frequent in
the coding exons relative to the intronic and non-coding exon regions,
partly due to the higher GC content of coding exons and the higher
frequency of CpG methylation. There were fewer T>C transitions on
the transcribed strands than on the untranscribed strands (P < 0.0001)
(Fig. 1d), and we observed no statistically significant differences for
other substitutions.

We detected 90 somatic substitutions in protein-coding regions, 81
(including 63 non-synonymous substitutions) of which were validated
as somatic alterations by Sanger sequencing of both the tumor and
lymphocyte genomes (Tables 1,2 and Supplementary Fig. 3). Of the
remaining nine substitutions, three could not be amplified by PCR, four
could not be sequenced due to the surrounding repetitive sequences and
two could not be validated, likely because they were located within highly
homologous segmental duplications or processed pseudogene regions.
We also found evidence for 670 small somatic insertions and deletions,
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and all seven that are located in protein-coding regions were validated
(Tables 1 and 2, Supplementary Fig. 13). These somatic alterations
included mutations of two well-known tumor suppressor genes for HCC
(TP53 and AXINI) and five genes (ADAM22, JAK2, KHDRBS2, NEK8
and TRRAP) that have been found to be mutated in other cancers’. Gene
annotation enrichment analysis® of the non-synonymous somatic muta-
tions revealed significant overrepresentation of genes encoding phos-
phorproteins (P = 0.0017) and those with bipartite nuclear localization
signals (P = 0.029) (Supplementary Table 2). Further re-sequencing of the
exons containing potentially deleterious mutations in 96 additional pairs
of primary HCC and non-cancerous liver and 21 HCC cell lines revealed
two mutations (resulting in p.Phe190Leu and p.GIn212X, of which only
the latter was proven to be somatic) in LRRC30 (Supplementary Fig. 4).
LRRC30 contains nine repeats of a leucine-rich domain of unknown func-
tion, and all validated mutations changed the well-conserved amino acid
in these repeats or produced a truncated protein.

We predicted 33 somatic rearrangements, 22 of which were vali-
dated by Sanger sequencing of the breakpoints in both the tumor and
lymphocyte genomes (Table 3). Most of the rearrangements were intra-
chromosomal and occurred at the boundaries of copy number change
(Supplementary Fig. 5). In particular, nine structural aberrations
were clustered in the region of 11q12.2-11q13.4, generating a com-
plex pattern of chromosomal amplification and loss (Supplementary
Fig. 6). RT-PCR and sequencing analysis of the tumor and matched
non-cancerous liver tissue validated four somatic fusion transcripts
generated by rearrangements: the BCORLI-ELF4 and CTNNDI-STX5
fusion genes by intra-chromosomal inversions (Xq25 and 11q12,
respectively), the VCL-ADK fusion genc by an interstitial deletion in
10q22 (Supplementary Fig. 7) and the CABP2-LOC645332 fusion
gene by a tandem duplication in 1113 (Supplementary Fig. 8). The
BCORLI-ELF4 chimeric transcript combining exons 1-11 of BCORL1
and exon 8 of ELF4 encodes an in-frame fusion protein (Fig. 2a,b).
Quantitative RT-PCR revealed increased (>sixfold) expression of
fusion transcripts in the tumor relative to wild-type BCORLI and
ELF4 gene expression in the non-cancerous liver (data not shown).
BCORLI associates with CtBP and class IT histone deacetylases and
functions as a transcriptional repressor®, and ELF4 encodes a tran-
scriptional activator®!® (Fig. 2b). We expressed BCORLI, ELF4 and
the chimera BCORL1-ELF1 as Gal4-DBD fusion proteins and evalu-
ated their transcriptional activities using a luciferase reporter assay.
The chimeric protein had reduced repression activity compared to
wild-type BCORLI (Fig. 2¢). For the CTNNDI-STX5 fusion gene,
the combination of non-coding exon 1 of CTNNDI and exons 3-11
of STX5 resulted in the deletion of 96 amino acids at the terminal end
of $TX5 and increased (>twofold) STX5 gene expression in the tumor,

 Intergenic
 Intronic

@ Non-coding exon
W Coding exon

o Transcribed

® Untranscriced
600 I rand
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Figure 1 Somatic substitution pattern of the liver cancer genome. (a) Prevalence of somatic and germline substitutions in different genome regions.
(b) Number of each type of somatic substitution in the liver cancer genome. (c) Prevaience of each type of somatic substitution in different genome
regions. (d) Number of each type of scmatic substitution on the transcribed and untranscribed strands. * P < 0.05, **P < 0.01, ***F < 0.0001.
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Table 2 Validated somatic y substitutions and small indels in coding regions of a liver cancer genome
Aliele Amino acid Copy Mutant allele (%) m Mutant all }in Expression
Gene Chr. Strand  Position change change number whole-genome hole ratio (T/N)  Functional
PLEKHGS 1 G>T Asp>Tyr N 27.7 .36 Deleterious
KIAALOZE & Coh N 0.i6 Tolerated
MycLl 1 T>6 N 1.93 Tolerated
PDE4B 1 A N 0.83 Toleratec
1 ASG N 161 Deleterious
2 c>T N 139 Deleterious
2+ A>G N 2.49 Tolerated
2 AsC N 18.10 Tolerated
2 GoA N 12.80 Tolerated
z . G N Tolerated
3 A>G N Tolerated
3 ASC 1 N Deleterious
3 G>C Glu>Gln N Tolerated
TBC1023 3 101,496 858 del AAG Deletion (E) N na
ATR 3 143,671,657 del AT Deletion (frame shif; N na
SLC7AI4 3 171,701,666 GoA Sarshsn N Delsterious
PCDH7 4+ 30333134 GoA N Tolerated
FAMI3A 4 AT N Tolerated
WFSDS 4 AT Loss 1 Toleraled
DMEDH 5 ToA N 5 Toleratea
PCDHAL3 5+ 140244063 T N 45.1 Deleterious
cenes9 5 168,960,950 G N 37.1 Deleterious
GABBRI 6 T N 42.0 Tolerates
CSNKZB 6 AT cer,»(:ys N 37.3 Deleterious
#OCS1 6 n 003,210 GT senile N 344 Tolerateg
GTPEPZ 5 AT Glu>Val N 58.0 Tolerated
KHDRBSZ G GT Argoleu N 34.1 Deleterious
SLczoad 7 AT His>Leu N 13.8 Deleterious
TMEN195 7 16,567,887 G Prosla N 41.2 Deleterious
RFCZ 7 73,302,032 GlusAsp N .0 Tolerated
ADAMZ2 7 5 Arg>Trp N Deleterious
TRRAP 7 T leu N Deleterious
XRCC2 7 Arg>Gln N Deleterious
MTOH 8 Val>Phe N Tolerated
SLA 8 134,141,539 Pro>Thr N Deleterious
JAK2 9 5,045,703 lie>Ser Tolerated
NTRKZ2 S+ 86,532,391 Ala>Thr Tolerated
sCc1 g 134,767,848 Argostop Deleterious
CREM 0+ QlusCly Tolerated
C10or95 10 T>C Cysohng Tolerated
PSTK 0 s (231 LeusPhie Deleterious
ATHLL 1 [ Alesval Tolerated
MUC58 FR Val>Leu Tolerata
DENNDSA | ProsSer 29.9 Deleterious
GiF 11 ad Tolerat
STIP1 11 nd Tolerated
FATZ 1 + 81,727,808 nd Tolera.
=7Ms 6,743,421 nd Tolerats
RIDZ + 44,530,716 s insartion (frame shift) nd na
c:zorrfu 111,134,825 del CCTGCCACGTCA  Deletion (GDVA) nd Torelates
RBW 19 112,868,641 T rosLey 422 Deleterious
AACS 142,015 6T Sly>Val Deleterious
KHNYN . del CCT Deletion (L) nd
NOVAL AT LeusPhe 38.1
178P2 G>A nd Deleterious
CYFIP 414 Deleterious
GABRE3 43.4 Tolerated
EID} ne B Deleterious
HCN4 N ] X Tolerateo
AKAPI3 N nd 0 na
AXiNT Loss X Deleterious
LITAF 554,943 Loss X na
P53 518, Loss 6,06 Deleterious
NEKS 21082.271 N 44 Deleterious
cPp v 25,773,820 N 2.28 Deleterious
LRRC30 534 N a Deleterious
ZNF560 3,439,794 N Tolerated
SCRT2 2 93,073 N .51 Deleterious
UsP25 21 B 227 N 13.00 Deleterious
usPzs 21 16,125,626 N ra Tolerated
ARVCE 2 - 18,341,717 N 1.30 Deleterious
usPze X 131,988,824 LeusPro AMP (4) 94.4 0.85 Toleratea

L ept for ANKROIS and 7SC1. ai
in ANKRD3S wes predict
. not spplicatle.

ere predicted by viole-genome sequencing and ir-house informalics melf
under fess stringenl criterz. Cne somalic nonsense substitution in TSCT was predicted orly by whole-exome seq
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Table 3 Validated somatic structural alterations in a liver cancer genome

Intervening

Type Chr. A Break point A CNV (Chr. A) Chr. B Break point B CNV (Chr. B) seqLence Associated genes Fusion genes
3 111,866,468 3 &
4 4 Cdort14 {exon 4 s defeted)
4 4
5 5
B 5 90,819 mn LYRIZ, ANKRDS, BACH2, MDN1,
CASPSAPZ, RRAGD, GJAI0
7 N 7 60,404,639 N 0 Aursz
k] 3CNC 3 132,764,920 2CNC 0
10 8ONC 1C 8CNC (+)7bp AP3MI, VCL, ADK VL, ADK
11 BCNC 11 BCNC 0 SUV4Z0H1, SAFiz ACY3, ALDH3B2, CHKA, TOIRG1,
LRP5, GAL, ALDH3B1, TBX10, NDUFVI,
UNCO3ET, NUDTS, C11ort24
15 b 0 GALKZ, C150r133
Deletion 17 7 o NCORT (homozygous deletion)
Inve 4 a 0
Irve 4 1 Loss (+) 4bp
Inversion 1 1 8CNC 0 CTNNDI (UTR), STX5 CINNDI, STXS
Inversion 1 1 BCNC 0 NDUFVI
Inversior 1 1 8CNC 0 TAF6L
Inversion 11 1 317426 AMP 0
Inversior 1 i1 AMP
1 1 AMP PPFIAL
X X 8CNC BCORLI, ELFA BCORLI, ELF4
arsic X N X 129,031,425 BCNC 8/‘(’/61 1. ELF4 BCORLI, ELF4
Tander 11 8CNC i3 67,318,685 8CNC LOHZEZ, GSTPI. TEX10, NDUFVI, NUDT8, CABFZ,
duplication CABFZ, tr‘ca 2 L0C645332
Translocation 11 69,316,960 AMP X 129,030,346 3CNC 0 £LF4

The inversions at Xq25 ocoured from one rearrangement event

which harbors only the rearranged allele (Fig. 2d and Supplementary
Fig. 9). We screened for the presence of these four chimera transcripts
by RT-PCR, but we detected no recurrent fusion event in 47 cases of
primary HCC, possibly due to the low frequency of these rearrange-
ments in HCC or because of the technical difficulty in detecting all
variant fusion transcripts.

We also sequenced the whole exomes of the same samples using
an in-solution gene enrichment system® (Fig. 3a). Capture probes
for whole-exome sequencing were designed to cover the protein
coding exons using the consensus coding sequences, excluding highly

Figure 2 Characterization of rearrangements in a

liver cancer. (a) Top, schematic representation

of the intra-chromosomal inversion at Xa25.

Bottom left, RT-PCR analysis of the fused 5 h2ss
BCORLI-ELF4 transcript in tumor (T) and non- Mw TN
cancerous fiver (N) tissues. We detected no ELF4-
BCORLI transcript (data not shown). Bottom
right, sequence chromatography of the fusion
transcript revealed an in-frame protein. Mw,
molecular marker, (b) Schematic representation
of the BCORL1-ELF4 fusion protein. BCORL1 {top)
contains a CtBP1 binding domain (PXDLS
sequence), a binuclear localization signal (NLS),
two LXXLL nuclear receptor recruitment motifs
(NR box) and tandem ankyrin repeats (ANK).

ELF4 (bottom) contains an ETS (€ Twenty Six)
DNA binding domain and a proline-rich domain.
Transactivating domains are indicated by the

red bars!®. The BCORL1-ELF4 chimeric protein
inciudes most of BCORLL (1-1,618 amino

acids) lacking the NR box2 and the carboxyl-
terminal portion of ELF4 containing the proline-
rich domain. The number of amino acids is
indicated on the right. (c) Wild-type B

BUUHLY

(3]
IS

/@ repression

Relat

NATURE GENETICS VOLUME 43 | NUMBER'5 | MAY 2011

i the total rumber of inversion is counted as g

Intra-chromosomal inversion
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homologous regions. The average coverage of the whole exome
sequences (41.3 Mb in total) was about twice (76.8x for HCC and
74.3x for lymphocytes) that of the whole genome sequences and had
one twelfth of the total sequence amount (8.9 Gb for HCC and 8.6 Gb
for lymphocyte) (Supp y Table 3). Whol sequencing
detected 47 non-synonymous somatic substitutions, 40 of which were
validated by Sanger sequencing. Among the validated substitutions, a
nonsense substitution (p.Arg785X) in TSCI, located in the hemizygous
region (9934), was not detected by whole-genome sequencing (Fig. 3b).
Capillary sequencing validated the same substitution with a very low

b 1,618
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CtBP binging  NLS NF box1{NR box2
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7654921 g

EiLF4
 Pro-nich domain
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Transacivating domain =

d intra-chromosomal inversion

chimera were expressed as Gal4-DBD fusion
proteins, and their relative transcriptional activities were compared to the Gal4-DBD protein (C) as shown. (d) Characterization of the CTNND1-STX5
fusion gene. Bottom left, RTPCR analysis of the fused CTNNDI- STX5 transcript in tumor (T) and non-cancerous liver tissue (N). Bottom right, sequence
chromatography of the fusion transcript. Data is the mean £ s.d. (n= 3). *P< 0.001.
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Figure 3 Intra-tumoral genetic heterogeneity a
detected by exon-capture sequencing.
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signal peak (Fig. 3c), and digital genotyping showed that 13.2% of the
tumor alleles harbored this substitution (Fig. 3d), suggesting that this
substitution occurred in a minor population of cancer cells. Whole-
exome sequencing missed 25 non-synonymous somatic substitutions
that were detected by whole-genome sequencing. These missed sub-
stitutions were located in regions where sequence coverage was low or
where further optimization of the probe design was required.

The number of non-synonymous somatic substitutions validated in
this HCC (63) was greater than those for acute myeloid leukemia®' (10),
basal-like breast cancer'? (22), lobular carcinoma'?® (32), glioblas-
toma multiforme!* (32) and pancreatic cancer' (43) but is in the
range of those previously reported for colorectal’® (70) and breast!®
(88) cancer. We have shown that the pattern of somatic substitu-
tions in a HCV-associated HCC genome is different (predominance
of T>C, especially at ApT sites, and C>T, especially at CpG sites)
compared to smoking-related'7!# and ultraviolet light-related®
cancers. Preferential C>T/G>A transition may partly be due to the
higher frequency of CpG methylation in the genome sequence and
is a common form of mutation in cancers'®. Therefore, the T>C/
A>G transition could be a characteristic mutational signature of
HCV-associated cancer, which would be consistent with a previous
observation that HCV induces error-prone DNA polymerases that
preferentially cause the T>C/A>G mutation??, It is also possible that
this mutation pattern is independent of viral infection and is organ
specific, as a comparable substitution spectrum has been reported
in renal cancer'®. Additionally, only T>C changes, but not C>T
changes, were effectively repaired on the transcribed strand. Similar
enhanced transcription-coupled repair on preferentially acquired
substitutions has been reported in other cancers®'”!8 and could be
a common phenomenon in cancer mutation.

Because single-molecule sequencing has the capability to detect
every individual somatic event in parallel, higher sequence cover-
age will enable us to clarify the intra-tumoral heterogeneity that is
associated with diverse aspects of clinical behavior such as metas-
tasis?!. The TSCI complex, which is inactivated in a subpopulation
of tumors, negatively regulates the mammalian target of rapamycin
signaling, which is an important oncogenic pathway related to the
growth, metabolism and stemness of cancer cells??, and could be a
promising molecular therapeutic target in HCC progression®.

URLs. International Cancer Genome Consortium, http://www.icgc.
org/; Catalogue of Somatic Mutations in Cancer, http://www.sanger.
ac.uk/genetics/CGP/cosmic/; BLASTN, ftp://ftp.ncbinlm.nih.gov/
blast/executables/release/LATEST.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Whole-genome sequencing. High molecular weight DNA was extracted from
freshly frozen tumor tissue and lymphocytes. DNA was fragmented using an
ultrasonic solubilizer (Covaris) using a combination of quick bursts (20%
duty, 5 intensity with 200 cycles per burst for 5 s) and sonication (10% duty,
5 intensity with 200 cycles per burst for 120 s) for the short fragment DNA
library. DNA of the appropriate size was gel purified to exclude any inappro-
priate DNA fusions during library construction. The short fragment DNA
libraries were generated using a paired-end DNA sample prep kit (Tllumina)
following the manufacturer’s protocols. The concentration of the libraries was
quantified using a Bioanalyzer (Agilent Technol ); 4~8 pM/lane of DNA
was applied to the flow cell, and paired-end sequencing was performed using
the GAIIx sequencer (Illumina).

Whole-exome capture sequencing. Whole-exome capture sequencing
was performed using the SureSelect Target Enrichment System (Agilent
Technologies) in accordance with the manufacturer’s protocol with stight
modifications. Briefly, the same lllumina sequence libraries as those prepared
for the whole-genome sequence were amplified with six cycles of PCR, and
then 500 ng of the amplified libraries was hybridized with the capture probes
for 24 h. The hybridized sequence libraries were collected and further ampli-
fied with 14 cycles of PCR. We generated 51-nucleotide-long paired-end reads
using the GAIIx sequencer (Tllumina). We used five lanes of a paired-end flow
cell for each sample.

Bioinformatics (Supplementary Fig. 11). Sequence alignment to the human
genome and remaval of PCR duplications. Paired-end reads were aligned to the
human reference genome (hgl8, NCBI Build 36.1) using Burrows-Wheeler
Aligner (BWA) (version 0.4.9)?%. Because there were duplicated reads which were
generated during the PCR amplification process, paired-end reads that aligned
to the same genomic positions were removed using SAMtools (version 0.1.5¢)%
and a program developed in house. We removed 12.5% {14.6/117.1 Gbp) of the
aligned reads for tumor and 7.1% (6.1/86.3 Gbp) for lymphocytes.

Detection of somatic single nucleotide variations (SNVs) (Supplementary
Fig. 12). Based on the genotyping data from two SNP arrays, appropriate
thresholds for base quality, mapping quality and frequency of non-reference
alleles were determined to obtain the highest confidence calls for SNV
detection (Supplementary Table 4). To predict somatic SNVs, the align-
ment results were classified, and three datasets were constructed. Dataset I
included paired-end reads with both ends aligned uniquely and with proper
spacing and orientation. Dataset 2 included paired-end reads that aligned
uniquely for at least one read and with proper spacing and orientation of the
reads. Dataset 3 included dataset 2 and paired-end reads for which both ends
aligned uniquely but with improper spacing or orientation or both. Dataset 1
likely contains false positive somatic SNVs because of the low sequence depth
of the lymphocyte genome, and dataset 3 likely contains false positives due
to misalignments of the sequence reads. To reduce the number of false posi-
tives, the following filters were applied to these three datasets, and concord-
ant somatic SNVs among the three datasets were selected: (i) a mapping
quality score of 20 was used as a cutoff value for read selection; (ii) base
quality scores of 10 and 15 were used as cutoff values for base selection for
the tumor and lymphocyte genomes, respectively; (iii) SNVs were selected
when the frequency of the non-reference allele was at least 15% in the tumor
genome and 5% in the lymphocyte genome; (iv) SNVs located within 5 bp
from a potential insertion or deletion were discarded; (v) SNVs with a root
mean square mapping quality score of the reads covering the SNV less than
40 were discarded; (vi) when there were three or more SNVs within any
10-bp window, all of them were discarded; (vii) SNVs with a consensus
quality score less than 20 as calculated by SAMtools (version 0.1.5¢) were
discarded; (viii) when a base with a consensus quality score less than 20 was
located within 3-bp on either side of a SNV, the SNV was discarded; (ix) for
the tumor genome, SNVs found in at least two sequence reads with the same
SNV were selected; (x) for the lymphocyte genome, SNVs covered by at least
six sequence reads were selecled; and (xi) the repetitive regions within 1 Mb

of a centromeric or telomeric sequence gap were excluded. By comparing
the predicted nucleotide variations in the tumor and lymphocyte genomes,
somatic SNVs which occurred only in the tumor genome were identified.
If somatic SNVs were not covered in the lymphocyte genome by at least six
sequence reads, they were discarded.

Using this approach, 66 ¥ and 24 somatic
SNV in protein-coding regions were predicted. These 90 substitutions
were examined by Sanger sequencing of both the tumor and lymphocyte
genomes, and 81 of them were validated as somatic mutations. Of the
remaining nine substitutions, three could not be amplified by PCR, four
could not be sequenced because of the surrounding repetitive sequences,
and two could not be validated likely because they were located in highly
homologous segmentally duplicated or processed pseudogene regions,
suggesting a high prediction accuracy (specificity, 81/83 = 97.6%) for
our approach for detecting somatic SNVs in protein-coding regions. An
additional 36 non-synonymous somatic SNVs were also predicted using
only dataset 3 and filtering methods (i~iv) (less stringent filtering condi-
tion). Five of these SNVs were not validated and 30 of them were found
to be germline variations by Sanger sequencing, and only the one remain-
ing was validated a5 a somatic mutation. These [indings suggest that our
filtering method (stringent condition) effectively removed false-positive
somatic SNVs.

Detection of somatic structural alterations. To detect structural alterations,
paired-end reads for which both ends aligned uniquely to the human reference
genome, but with improper spacing or orientation or both, were used. First,
paired-end reads were selected based on the following filtering conditions:
(i) sequence reads with mapping quality scores greater than 37; and
(ii) sequence reads aligned with two mismatches or less

Rearrangements were then identified using the following analytical condi-
tions: (i) ‘clusters’ which included reads aligned within the maximum insert
distance were constructed from the forward and reverse alignments, respec-
tively (two reads were allocated 1o the same cluster if their end positions
were not further apart than the maximum insert distance); (ii) clusters whose
distance between the leftmost and rightmost reads were greater than the maxi-
mum insert distance were discarded; (iii) paired-end reads were selected if
one end sequence was allocated in the forward cluster’ and the other end
was allocated in the ‘reverse cluster’ (we called these forward cluster and
reverse cluster’ paired clusters); (iv) if a cluster overlapped another cluster, all
of the overlapping paired-clusters were discarded; (v) for the tumor genome,
rearrangements (paired-clusters) predicted by at least four paired-end reads
which included at least one paired-end read perfectly matched to the human
reference genome were selected; and (vi) for the lymphocyte genome, rear-
rangements (paired clusters) predicted by at least one paired-end read were
selected. By comparing the predicted rearrangements in the tumor and lym-
phocyte s that were only detected in the
tumor genome were identified

Lastly, rearrangements predicted due to variations in the analyzed genomes
were removed. For this analysis, paired-end reads contained in paired clusters
were aligned to the human reference genome using the BLASTN program
(see URLs). If one end sequence was aligned to the region of paired clusters
(the flanking region of the rearrangement breakpoint) and the other end was
aligned with proper spacing and orientation, the rearrangement was removed.
An expectation value of 1,000 was used as a cutoff value for BLASTN so that
paired-end reads with low similarity to the human reference genome could
also be aligned.

Using this method, 33 somatic rearrangements were predicted and 22 of
these were validated by Sanger seq of the rearrang breakpoi
in both the tumor and lymphocyte genomes.

, somatic rear

Exome capture sequence analysis. To analyze the capture sequencing data, the
Ilumina sequencing pipeline version 1.4 and in-house programs were used
The sequence reads were mapped Lo the human reference sequence (NCBI
Build 36.3) using GERALD (Illumina), and only high-quality (‘pass filter’)
reads with base-call quality scores more than ten were used for SNV detection.

1038/ng 804
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SNVs were determined using the frequency (>20%) of the highest non-refer-
ence base call with a read depth greater than 20x.

Other molecular analyses. SNP genotyping and copy number detection were
determined using the Affymetrix Mapping 500K Array, the Agilent Human
Genome CGH microarray and the Illumina Human 610-Quad BeadChip sys-
tem. Gene expression levels of the tumor were measured using the Agilent
Whole Human Genome Oligo Microarray. Wild-type and mutant allele fre-
quencies were determined using the Digital PCR system.

doi 15103

Detailed experimental methods and additional bioinformatics procedures
are described in Supplementary Note. The somatic substitutions and inser-
tions/deletions found are listed in Supplementary Tables 5-9.

25. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler
Transform. Bioinformatics 25, 1754-1760 {2009).

26, Li, H. el al. The Sequence alignment/map (SAM) format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).
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Genome-Wide Association Study on Overall Survival of
Advanced Non-small Cell Lung Cancer Patients Treated
with Carboplatin and Paclitaxel

Yasunori Sato, PhD,*{ Noboru Yamamoto, MD,} Hideo Kunitoh, MD,}'§ Yuichiro Ohe, MD,}

Hironobu Minami, MD,|§ Nan M. Laird, PhD.+ Noriko Katori, PhD,# Yoshiro Saito, PhD,**

Sumiko Ohnami, BS,* Hiromi Sakamoto, PhD,* Jun-ichi Sawada, PhD. 7t Nagahiro Saijo, MD, PhD,};
Teruhiko Yoshida, MD, PhD,* and Tomohide Tamura, MD, PhD}

Purpose: Our goal was to identify candidate polymorphisms that
could influence overall survival (O8) in advanced non-small cell
lung cancer (NSCLC) patients treated with carboplatin (CBDCA)
and paclitaxel (PTX).

Methods: Chemotherapy-naive stage II[B or IV NSCLC patients
treated with CBDCA (area under the curve = 6 mg/mL/min) and
PTX (200 mg/mr®, 3-hour period) were eligible for this study. The
DNA samples were extracted from peripheral blood mononuclear
cells before treatment. and genotypes at approximately 110,000
gene-centric single-nucleotide polymorphisms (SNPs) were ob-
tained by llumina’s Sentrix Human-1 Genotyping BeadChip. Sta-
tistical analyses were performed by the log-rank test and Cox
proportional hazards model.

Results: From July 2002 o May 2004, 105 patients received a total
of 308 cycles of treatment. The median survival time (MST) of 105
patients was 17.1 months. In the genome-wide association study,
three SNPs were associated significantly with shortened OS after
multiple comparison adjustment: 151656402 in the EIF4E2 gene
(MST was 18.0 and 7.7 months for AG [ = 50] + AA [n = 40] and
GG [n = 15], respectively; p = 8.4 X 10"°%), 151209950 in the £752
gene (MST 17.7 and 7.4 months for CC [n ~ 94] and CT [n
]+ TT {n = 0]; p = 2.8 ¥ 1077), and rs9981861 in the DSCAM
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gene (MST = 17.1 and 3.8 months for AA [n = 75] + AG [n = 26]
and GG [n = 4]; p = 3.5 X 107°).

Conclusion: Three SNPs were identified as new prognostic biomar-
ker candidates for advanced NSCLC treated with CBDCA and PTX.
The agnostic genome-wide association study may unveil unexplored
molecular pathways associated with the drug response, but our
findings should be replicated by other investigators.

Key Words: Advanced non-small lung cancer, Carboplatin,

Paclitaxel, Genome-wide association study, Single-nucleotide
polymorphisms.

J Thorac Oncol. 2011;6: 132-138)

Lung cancer is the leading cause of cancer death in Japan
and worldwide for both men and women.! Non-small cell
lung cancer (NSCLC) accounts for approximately 85% of
lung cancer cascs. Scveral third-generation agents arc avail-
able for the treatment of NSCLC, including docetaxel, pac-
litaxel (PTX), gemcitabine, and vinorelbine, and the combi-
nation of one of these agents with a platinum compound has
been considered the standard treatment option for advanced
NSCLC.>?

Despite these advances, survival prospects still remain
disappointingly low for most patients. To seek further improve-
ments in response ratc and survival time, the conventional
treatment approach to NSCLC is beginning to shift toward the
application of specific strategies and techniques, such as phar-
macogenomics to tailor treatment to individual patients.!0-!!

To identify the clinical predictors of outcome, it is
critically important to observe individual differences in drug
response and the role of genetic polymorphisms that are
relevant to the pathways of drug metabolism and/or the
biology of drug responses. However, genetic polymorphisms
that are associated with overall survival (OS) or antitumor
cffect have not yet been fully elucidated.

With this as background, this prospective study em-
ployed a genome-wide association study (GWAS) to identify
candidate polymorphisms that could influence OS in ad-
vanced NSCLC patients treated with carboplatin (CBDCA)
and PTX. Possible associations with toxicities and pharma-
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cokinetic (PK) parameters were also tested to complement
our previous candidate gene approach focusing on CYP3A412
and CYP2C8.12

PATIENTS AND METHODS

Patient Recruitment and Treatment Schedule

Patients with histologically and/or cytologically docu-
mented NSCLC were cligible for participation in the study
and treated with CBDCA and PTX at the National Cancer
Center Hospital and National Cancer Center Hospital East.
Each patient had to meet the following criteria: clinical stage
B or IV, no prior chemotherapy, no prior surgery and/or
radiotherapy for the primary site, age older than 20 years, and
Eastern Cooperative Oncology Group performance status'?
between 0 and 2. This study was approved by the Ethics
Review Committees of the National Cancer Center and Na-
tional Institutes of Health Sciences, and written informed
consent was obtained from all patients before study entry.

One hundred five patients received 200 mg/m* of PTX
(Bristol-Myers K.K., Tokyo, Japan) over a 3-hour period
followed by carboplatin at a dose calculated to produce an
area under the concentration time curve of 6.0 mg/mL/min on
day 1, with the cycle being repeated every 3 weeks. In
addition, to prevent hypersensitivity reactions, all patients
received short-term premedication including dexamcthasone,
ranitidine, and an antiallergic agent (diphenhydramine or
chlorpheniramine maleate).

Monitoring, Response and Toxicity Evaluation,
and Follow-Up

A complete medical history and data on physical ex-
aminations were recorded before the CBDCA and PTX com-
bination therapy. Complete blood cell and platelet counts as
well as blood chemistry were measured once a week during
the first 2 months of the treatment. Response was evaluated
according to the Response Evaluation Criteria in Solid Tu-
mors (RECIST), except that tumor markers were excluded
from the criteria. Toxicity grading criteria in National Cancer
Institute Common Toxicity Criteria Version 2.0 were used to
evaluate toxicity. Patients were followed by direct evaluation
or resident registration until death or up to 5 ycars after
treatment. OS was calculated from the date of patient enroll-
ment in this study to the date of death or the last follow-up.

Pharmacokinetic Sampling and Analysis
For PTX PK analysis, 5 ml of heparinized blood was
sampled before the first PTX administration and at 0, 1, 3,

Qiagen FlexiGene DNA isolation kit (QITAGEN Inc., Valen-
cia, CA). All samples were assayed with the Tllumina In-
finium Human-1 BeadChip (Illumina Inc., San Dicgo, CA),
which assays 109,365 gene-centric single-nucleotide poly-
morphisms (SNPs). If a genotyping call rate on all SNPs was
found to be less than 95%, the sample was excluded from the
analysis.

Statistical Analysis

As a quality control for genotyping. Hardy-Weinberg
equilibrium testing was applied. To estimate the association
between OS and genotypes, hazard ratios (HRs) and 95%
confidence intervals were calculated using univariate or mul-
tivariate Cox proportional hazards models'>'6 and assessed
using the log-rank test. Survival curves were drawn using the
Kaplan-Meier method.'* Statistical significance level was set
to 0.05, two sided, after Holm’s adjustment for a multiple
testing.!”7 All statistical analyses were performed with the use
of SAS software, version 9.1.3 (SAS Institute Inc., Cary,
NC). All statistical analyses were planned before the study.

RESULTS

Patient Characteristics, Survival, Response, and
Toxicity

From July 2002 to May 2004, 239 patients treated with
PTX were enrolled. Among them, 110 chemotherapy-naive
advanced NSCLC patients treated with CBDCA (AUC = 6
mg/mL/min) and PTX (200 mg/m®, 3-hour period) were
eligible in this study, but five patients were excluded from the
analysis because genotyping data were not available. Their
characteristics are shown in Table 1. All patients were fol-
lowed up for more than 2.5 years, and the median follow-up
time among censored observations was 38 months (range,
27-46 months), with 89 patients deceased (85%) as of
November 2006. The median survival time (MST) of the 105
patients was 17.1 months (95% confidence interval: 15.0—
18.7) (Figure 1). The 1- and 3-year survival probabilities
were 68% and 16%, respectively.

Of the 105 patients, changes in tumor measurements
were partial response in 43 (41%) patients, stable disease in
47 (45%), progressive disease in 11 (10%). and not evaluated
in 4 (4%). There were no cases with a complete response.

All patients were evaluated for toxicity. Hematologic
toxicity and nonhematologic toxicity are summarized in Ta-
ble 2. Grade 3 or 4 nonhematologic toxicity occurred in 13

and 9 hours after the termination of the infusion. The area ~ TABLE 1. Patient Characteristics
il R
under the curve (AUC) and clearance (CL m™~) were calcu- Assessable patients 105
lated by a curve fitting method using the model of two Gender (male/female) 76129
compartments with constant infusion using WinNonlin ver. Age. median (range) 61 (29-80)
3.3 (Pharsight Corporation, Mountain View, CA). The PK PS (011/2) 20/82/3
data were used in our previous pharmacogenetic analyses.'%'3 Stage (ITB/IV) 46/59
. 5 No. of treaument cycles
DNA Extraction and Genotyplng , ‘ . 203
Whole blood was collected from patients at the time of Ran 1.0-6.0
N ge 0-6.
enrollment, and DNA was extracted from peripheral lympho-
. . i 03, performance sta
cytes using a proteinase-K phenol chloroform method or PS, performance st
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TABLE 2. Incidence of Hematologic and Nonhematologic TABLE 3. Univariate Analysis of Patients’ Characteristics
Toxicities After the First Cycle Overall Survival

Toxicity Grade 1 Grade 2 Grade3 Graded Total Crude 95% C1

Leukopenia 40 34 9 0 101 Variable HR for HR P
Neutropenia 8 22 39 18 105 Age

Anemia 73 16 2 { 265 vs. <65 1.12 0.72-1.71 0.61
Thrombocytopenia 16 3 0 4 Gender

Febrile neutropenia 0 0 N 0 Male vs. female 2.06 126-3.39 0.0039
Nausea 7 3 0 0 PS

Vomiting 8 N 3 0 2 vs. 01 7.6% 228258 0.0010
Diarrhea 5 6 0 1 Stage

Arthralgia 38 N 2 o IV vs. 1B 1o 0.78-1.83 0.40
Myalgia 47 10 ! 0 No. of cycles 092 074113 042
Hyperbilirubinemia 33 10 0 0 Tumor response

AST (GOT) imcrease: 38 ! 0 0 PR vs. PD 0199 0.098-0.403 <.0001
ALT (GPT) increase 38 3 1 n NC vs. PD 0216 0.108-0.434 <.0001
ALY increase 2 3 0 0 i

Neuropathy, sensory 65 6 . o 105 « L\ogn?‘;n:; a;::::n‘al: HR. hazard ratio; PR, partial response; PD, progross
Neuropathy, motor 1 0 0 i 105 — -

AST, aspartate wransaminase; GOT, glutamic oxaloacetic transaminase; ALT,
alanine aminotransferase: GPT, glutamate pyruvate transaminase: ALP, alkaline phos-
phatase.

(14%) patients, suggesting that nonhematologic toxicity was
generally mild; but grade 4 motor neuropathy occurred in one
patient and grade 4 diarrhea occurred in another. On the other
hand, grade 3 or 4 hematologic toxicity occurred in 57 (53%)
patients. Grade 4 neutropenia occurred in 18 (17%) patients.
Febrile neutropenia (grade 3) occurred in five patients.

Effects of Patients’ Background on Overall
Survival

The effects of patients’ background on OS were ana-
lyzed as summarized in Table 3. The effects of gender,
Eastern Cooperative Oncology Group performance status,
and tumor response showed significant associations with OS,
but age, stage, and number of cycles did not show a signifi-
cant association.
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Pharmacogenomic Analyses

Table 4 lists 10 SNPs, showing the least p values for
log-rank test. The following three SNPs were associated
significantly with shortened OS after multiple comparison
adjustment: 1$1656402 in the EIF4E2 gene (MST for AG
[n = 50] + AA [n = 40] and GG [n = 15] were 18.0 and 7.7
months, respectively: p = 8.4 X 1075, HR = 4.22 [2.32—
7.66]), rs1209950 in the FTS2 gene (MST for CC [n = 94|
and CT [n = 11] + TT [n = 0] were 17.7 and 7.4 months,
respectively; p = 2.8 X 1077, HR = 4.96 [2.52-9.76]). and
rs9981861 in the DSCAM gene (MST for GG [n = 75] + AG
[n = 26] and AA [n = 4] were 17.1 and 3.8 months,
respectively; p = 3.5 x 107° HR = 16.1 [5.38-51.2]). In
Figure 2, the Kaplan-Meier plots were drawn with subjects
stratified into subgroups according to each significant polymor-
phism in either dominant or recessive model. Two (151656402
and rs9981861) of these significant SNPs were associated with
tumor response and AUC 6a-,C3"-p-dihydroxy-PTX as shown

Copyright € 2010 by the International Association for the Study of Lung Cancer
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OS of Advanced NSCLC Patients

TABLE 4. Ten SNPs Associated with OS in GWAS

SNP Information Patients

Chr # Rs # Gene Symbol  Genotype Frequency Total Events MST (95% CI)  HR (95% CD) P »” P

2 rs1656402 EIF4E2 AA 0.145 40 37 15.6 (13.5-17.0) Ref 84X 107% 45x 1077 0.0046
AG 0.461 50 37 24.4 (18.6-30.3 0.42 (0.26-0.67)
GG 0.393 15 15 7.69 (5 2.73 (1.46-5.10)

21 151209950 ETS2 e 0.938 94 78 17.6 (16.2-21.4) Ref 28 %1077 65X 107% 0015
CT 0.059 1t 11 7.39 (4.86-10.2)  4.96 (2.52-9.76)
N 0.002 — -—_ — NA

21 rs9981861 DSCAM AA 0.652 75 6l 178 (15.3-21.4) Ret 35X 107° 92 %1077 0.050
AG 0314 26 24 16.5 (2.14-18.1)  1.33 (0.82-2.15)
GG 0.034 4 4 3.78 (2.14-7.69)

2 510496036 RTN4 GG 0.701 84 70 17.6 (15.9-21.4) 24 21077 0.00063 1.00
AG 0.270 18 2 14.1 (9.63-19.6)  1.52(0.87-2.62)
AA 0.030 3 0 430 (2.43-595) 222 (5.72-86.2)

6 rs1547633 GG 0.678 69 60 16.9 (13.6-18.3) Ref 23X 1075 77X 107% 1.00
GT 0.283 33 26 21.4(16.2-27.0) 0.76 (0.48-1.21)
TT 0.039 3 3 358 (3.02-4.30) 29.7 (6.47-136)

6 151570070 JGF2R GG 0.553 66 57 18.2 (15.8-21.4) Ref 22%16°%  0.00010 1.00
GA 0.388 33 27 164 (11.4-177)  1.01 (0.63-1.62)
AA 0.059 4 4 467(2.17-739) 105 (3.85-28.9)

7 rs2711093 GG 0.655 70 59 17.3 (15.9-19.6) Ref 23X 107° 50%10°° 1.00
AG 0.303 30 25 1.33 (0.88--2.00)
AA 0.042 5 5 102 (3.8-27.1)

16 154313828 CNTNAP4 AA 0.947 99 83 174 (15.8-204) Ref 22%10°° 82X 107° 1.00
AG 0.050 6 o 7.51(3.22-9.92) 7.12(287-17.6)
GG 0.003 — — NA

6 15894817 IGF2R AA 0.560 65 56 18.3(15.8-22.3) Ref 28X 107°  0.00012 1.00
AG 0.379 36 29 16.2(10.2-17.7)  1.09 (0.69-1.71)
GG 0.061 4 4 4.67 (2.17-7.39)  14.3 (4.57-44.9)

7 r$959494 SCIN AA 0.659 i 56 17.5 (15.9-21.4) Rel 3121077 0.00043 1.00
AG 0.299 30 28 16.0 (8.44-20.3)  1.53 (0.97-2.42)
GG 0.042 4 4 508 (2.43-9.07) 12.0(3.97-36.7)

# p values were calculated by univariate Cox proportional hazards model.

“ p vatues were calculared by multivariate Cox proportional hazards model including gender and PS as covariates.

© p values were adjusted for multiple testing by using the Helm’s method.
MST, median survival time: CI. confidence interval; HR, hazard ratio.

in Supplementary Tables | (http:/links lww.com/JTO/A43) and
2 (http://links.lww.com/IGC/A24), respectively.

The following PK parameters were measured in this
study: AUC PTX (h*/pg/mL), AUC 6-a-hydroxy-PTX (6-a-
OH-PTX) (Wpg/ml), AUC C3'-p-hydroxy-PTX (3'-p-OH-PTX)
(h*/ng/mL), AUC 6-,C3'-p-dihydroxy-PTX (diOH-PTX) (h*/
pg/ml), AUC Cremophor EL (u*/h/mL). CL. PTX (L/h/m?).
However, no significant association was detected between the
PK parameters and the SNPs by a multiple testing correction
(data not shown). For reference, we showed the results of
association between top 10 SNPs and PK parameters in Supple-
mentary Table 2. This GWAS neither detected a statistically
significant association with any of the grade 3/4 adverse reac-
tions (data not shown), probably due to their low incidence,
except for neutropenia (Table 2).

DISCUSSION
Cytotoxic chemotherapy continues to be the mainstay
for initial treatment of patients with advanced NSCLC. Indi-

Copvright © 2010 by the International Association for the Study of Lung Cancer

vidualizing chemotherapy to deliver the most active and least
toxic agent to each patient could provide an important im-
provement in patient care.'’ Previous pharmacogenetic
studies have identified biomarkers for survival of patients
with advanced NSCLC treated with platinum-based che-
motherapy.!#-22 Among these are the XRCC/, XRCC3, and
XPD genes, which play an important role in DNA re-
pair.232% Similar to previous studies of platinum-based
chemotherapy, Gurubhagavatula et al.'s observed a trend
toward decreased survival for patients with variant XPD or
XRCCI genotype and improved survival for patients with
variant XRCC3 genotype.

These genetic polymorphisms were identified by can-
didate gene approach, which relies on an a priori selection of
small numbers of candidate genes based on the existing
information or hypothesis. Although successful in several
examples, this candidate gene approach may not be able to
capture all the genetic factors, which influence a drug re-
sponse in a complex interplay with multiple unknown as well
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FIGURE 2. Overall survival stratified for the 0 & : I 4 w e 4
single-nucleotide polymorphism genotype. Time Moy

as known factors such as disease phenotypes, genetic factors, causal variants but surveys the whole genome,?93¢ is ex-
and the variability in drug target response. GWAS, which pected to complement the candidate gene approach. Accord-
makes no assumptions about the genomic location of the ing to our findings from a gene-centric GWAS, three poly-
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