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Figure 8. A hypothetical regulation model of metabolic and signaling control in highly malignant STS. (A) Signaling pathways,
excluding cell cycle and DNA repair. (B) Cell cycle and DNA repair pathways. The pink oval indicates the genes selected in the present study. MUFA,
monounsaturated fatty acid; SFA, saturated fatty acid; SCD1, stearoyl-CoA desaturase 1; MIF, macrophage migration inhibitory factor; CXCR, CXC
chemokine receptor; PI3K, phosphoinositide 3-kinase; MAPK, extracellular signal-regulated kinase; ERK, mitogen-activated protein kinase; PTTG1,
pituitary tumor-transforming 1; ASPM, abnormal spindle-like microcephaly-associated protein; CDC20, cell division cycle protein 20; KIF20A, kinesin
family member 20A; ENO1, enolase 1; P4HA, prolyl 4-hydroxylase subunit o; PRDX1, peroxiredoxin 1; FAM162A, family with sequence similarity 162,
member A; STAT1, signal transducer and activator of transcription 1; CDK1, cyclin-dependent kinase 1; TACC3, transforming, acidic coiled-coil
containing protein 3; PRKDC, protein kinase, DNA-activated, catalytic polypeptide; H2AFY, H2A histone family, member Y; SLC16A1, solute carrier
family 16, member 1; VEGF, vascular endothelial growth factor; HIF, hypoxia inducible factor; PLOD2, procollagen-lysine,2-oxoglutarate 5-dioxygenase

2; NF-«B, nuclear factor-kappa B.
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the basis of pairwise comparisons of histological subtypes, as
shown in Fig. 4.-

Survival analysis in UPS patients

We used the logrank test to analyze the survival of UPS patients.
We selected the best p value for various thresholds (30th, 40th,
50th, 60th, 70th, and 80th percentiles) of gene expression signals in
UPS patients for each probe set when the gene expression signals
were binarized. Adjusted p values were obtained by adjusting the
data for the multiple testing problem (6 thresholds x29 probe sets)
based on the permutation test, as shown in Table S6. Only STATI
showed a statistically significant association with survival in UPS
(logrank p value 1.84x107° and adjusted p value 2.99x107° after
the permutation test). Fig. 7 shows that STATI-positive and
STATI-negative groups had clearly different survival curves based
on the Kaplan-Meier method.

Discussion

In the present study, we conducted a simulation based on a
permutation test to extract genes that are both diagnostic markers
(for discrimination of histological subtypes) and prognostic markers
(for overall survival in STS). As shown in Table 2, 25 genes were
extracted, and their adjusted p values were statistically significant
(adjusted p<<0.05). We analyzed studies related to these 25 genes
and found many reports suggesting that these 25 genes are
effective prognostic/predictive factors or therapeutic targets, as
shown in Table 87, according to the literature (See Supplementary
Discussion).

Although we did not try to identify the molecular mechanisms
behind the 25 selected genes, several published studies have
examined pathways related to these 25 genes, as shown in Table
S7 and Fig. 8. These 25 genes are roughly classified into 4 types,
namely, hypoxia-related genes (MIF, SCDI1, P4HAI, ENO1/
MBPI1, FAMI62A/HGTD-P, SLCI16A1/MCTI, FNI, and
STATI), cell cycle- and DNA repair-related genes (ASPM,
CDK1/CDC2, CDC20, KIF204/MKIp2, PTTGI, TACC3,
PRDXI, PRKDC/DNA-PKcs, and HZ2AFY/H2AX), growth
factor signal transduction-related genes, and other genes. Cell
cycle- and DNA repair-related genes, hypoxia-induced genes, and
growth factor signal transduction-related genes are key players in
tumor growth, angiogenesis, metabolism, invasion, and metastasis
in various types of cancer. In fact, these processes are attenuated
by the inhibition or silencing of many of these 25 genes, as shown
in Table S7. These genes are therefore possible prognostic/
predictive markers and/or therapeutic targets.

STATI expression was found to be strongly associated with
survival in UPS patients. STATI interacts directly with p53 and
induces cell growth arrest and apoptosis, as shown in Fig. 8.
Although STATI is repressed by HIF-1, the STATI-positive
group among the UPS patients had a better prognosis, even when
hypoxia-related genes were upregulated. Therefore, STATI is a
possible novel, independent prognostic/predictive factor of STS,
particularly UPS.

In the diagnosis of STS, classification of UPS is the most
controversial topic. Among the 25 selected genes, hypoxia-related
genes (MIF, SCD1, P4HAI, ENOI/MBPI, FAMI1624/HGTD-
P, SLC1641/MCT1I, FN1, and STATI) are present in this study.
In particular, the genes MIF, SCD1, P4HA1, ENO1/MBPI, and
FAMI62A/HGTD-P are differentially expressed between UPS
and MFS, as shown in Fig. 6 and Table 4. Furthermore, STATY is
a prognostic marker in UPS patients, as shown in Fig. 7.
Therefore, these hypoxia-related genes are promising prognostic
and therapeutic targets and, if validated, may improve the
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treatment/diagnosis of this type of cancer. Further research is
needed regarding the hypoxia-related pathways in highly malig-
nant STS.

We manually constructed a hypothetical regulation model
(Figure 8) of metabolic and signaling control in highly malignant
STS. Nevertheless, according to the literature, a part of these
networks could be automatically predicted by pathway and
interaction analyses. For example, pathways of the cell cycle and
the DNA damage response were identified by IntPath [33,60,61]
with statistical significance (g value <0.05), as shown in Table S8.
Interaction networks of the cell cycle (ASPM, CDKI, CDC20,
KIF204, PTTGI, PRKEDC, and TACC3) and HIF-1 (MIF,
ENOI, and PRDX1I) were identified by means of STRING [62],
as shown in Fig. S1. Nonetheless, these tools should be used with
appropriate parameters [34,60,61]. Such tools are more effective
methods when large numbers of candidate genes are extracted.

In summary, we analyzed microarray gene expression data from
88 STS patients using a combination method involving knowl-
edge-based filtering and a simulation based on the integration of
multiple statistics to reduce multiple testing problems. Our
combination method automatically identified 25 genes in the gene
expression data from STS. These genes showed significant
differential expression between different histological subtypes,
mcluding UPS, and showed associations with survival in STS.
Furthermore, we conducted a bibliographic survey in terms of
cancer progression for the 25 identified genes, and substantial
evidence was uncovered in the literature. These genes were
roughly classified into 4 types, namely, hypoxia-related genes, cell
cycle- and DINA repair-related genes, growth factor signal
transduction-related genes, and other genes. STATI showed a
statistically significant associaion with the survival of UPS patients
(logrank adjusted p = 0.00299). Although only a few studies have
investigated the association of these genes with survival in STS,
many recent studies have reported that these genes are prognostic
factors and/or therapeutic targets in other types of cancers.
Therefore, these results suggest that our combination method is
capable of identifying genes that are potential prognostic/
predictive factors and/or therapeutic targets in STS and possibly
in other cancers. These disease-associated genes deserve further
preclinical and clinical validation.

Supporting Information

Figure S1 The pathways predicted by STRING from the
25 selected genes.

(PDF)

Table 81 Clinical data of the 88 patients with soft tissue
sarcoma. UPS: undifferentiated pleomorphic sarcoma, MLS:
myxoid liposarcoma, SS: synovial sarcoma, MFS: myxofibrosar-
coma, LMS: leiomyosarcoma, FS: fibrosarcoma, MPNST: malig-
nant peripheral nerve sheath tumor, Tumor metastasis indicates
the incidence of tumor metastasis in STS patients.

XLS)

Table $2 The MIM number List.

XLS)

Table $3 Selected Affymetrix probe IDs.

XLS)

Table S4 Information on PCA, including the eigenvec-
tor, standard deviation, proportion of variance, and

cumulative proportion for 29 probe sets. PCA: principal
component analysis, PC: principal components.

XLS)
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Table 85 Information on PCA, including the eigenvec-
tor, standard deviation, proportion of variance, and
cumulative proportion for 9 probe sets. PCA: principal
component analysis, PC: principal coraponents.

(XL5)

Table 86 Survival analysis in UPS using the logrank
test. Adjusted P values were calenlated using the permutation test
(100,000 repeats) from logrank p values.

(XLS)

Table S7 Gene or pathway annotations and likelibood
as prognostic/predictive factors and/or therapeutic
targets. Adjusted p values were calculated using the permutation
test (100,000 repeats) from logrank p values.

(XLS)

Table S8 Pathway analysis in IntPath. k: genes from the
overlap between genes in the list and genes in the pathway, n: the
number of genes in the input gene list, m: the number of genes in
the identified pathways, N: the total number of genes. The p
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Abstract

Interindividual variation in a drug response among patients is known to cause serious problems in medicine. Genomic
information has been proposed as the basis for “personalized” health care. The genome-wide association study (GWAS) is a
powerful technique for examining single nucleotide polymorphisms (SNPs) and their relationship with drug response
variation; however, when using only GWAS, it often happens that no useful SNPs are identified due to multiple testing
problems. Therefore, in a previous study, we proposed a combined method consisting of a knowledge-based algorithm, 2
stages of screening, and a permutation test for identifying SNPs. In the present study, we applied this method to a
pharmacogenomics study where 109,365 SNPs were genotyped using lllumina Human-1 BeadChip in 168 cancer patients
treated with irinotecan chemotherapy. We identified the SNP rs9351963 in potassium voltage-gated channel subfamily KQT
member 5 (KCNQ5) as a candidate factor related to incidence of irinotecan-induced diarrhea. The p value for rs9351963 was
331x107° in Fisher’s exact test and 0.0289 in the permutation test (when multiple testing problems were corrected).
Additionally, rs9351963 was clearly superior to the dlinical parameters and the model involving rs9351963 showed
sensitivity of 77.8% and specificity of 57.6% in the evaluation by means of logistic regression. Recent studies showed that
KCNQ4 and KCNQ5 genes encode members of the M channel expressed in gastrointestinal smooth muscle and suggested
that these genes are assodiated with irritable bowel syndrome and similar peristalsis diseases. These results suggest that
rs9351963 in KCNQ5 is a possible predictive factor of incidence of diarrhea in cancer patients treated with irinotecan
chemotherapy and for selecting chemotherapy regimens, such as irinotecan alone or a combination of irinotecan with a
KCNQ5 opener. Nonetheless, clinical importance of rs9351963 should be further elucidated.
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Introduction

Genomic information has been proposed to be utilized as the
basis for “personalized” health care. Interindividual variation in a
drug response among patients has been well documented to cause
serious problems in pharmacotherapy. This variation may be due
to multiple factors such as disease phenotypes, genetic and clinical
parameters (or environmental factors), and variability in the drog
target or allergic response; all of these factors may affect both main
and side effects [1,2]. Although some biomarkers [3-9] have been
proposed, it is still difficult to determine which group of patients
will respond positively, which patients are nonresponders, and
which may experience adverse reactions in cases where patients
are administered the same medication dose. For effectiveness of
personalized medicine in cancer chemotherapy, it is critically
important to observe interindividual differences in a drug response
and the role of genetic polymorphisms relevant to the drug
metabolic pathways and drug response biology in pharmacoge-
nomics [10].

Irinotecan (CPT-11), an anticancer prodrug, is widely used for
the treatment of a broad range of carcinomas, such as colorectal,
lung, ovarian, and cervical cancers. Unexpected severe diarrhea
and neutropenia are prominent adverse effects of irimotecan
treatment. The active metabolite SN-38 (7-ethyl-10-hydroxycamp-

tothecin), a topoisomerase I inhibitor, is generated via hydrolysis of

the parent compound by carboxylesterases [11], and is subse-
quently glucuronidated by uridine diphosphate glucuronosyltrans-
ferases (UGTS), such as UGTI1AL, UGTIA7, or UGTI1AS, to
form an inactive metabolite, SN-38 glicuronide (SN-38G) [12-
14]. Irinotecan is also nactivated by CYP3A4 to produce 7-ethyl-
10- [4-N-(5-aminopentanoic acid)-1-piperidino] carbonyloxy-
camptothecin (APC; a major CYP3A4 product) and 7-ethyl-10-
(4-amino-1-piperidino) carbonyloxycamptothecin (NPC; a minor
product) [15,16]. Irinotecan and its metabolites are excreted into
the bile and urine via the action of ATP-binding cassette. (ABC)
transporters, such as P-glycoprotein (P-gp/ABCBI), multiple
resistance-associated protein 2 (MRP2/ABCC2), and breast
cancer resistance protein (BCRP/ABCG2) [17]. Transport of
SN-38 from the plasma into the liver is mediated by the organic
anion transporting polypeptide G (OATP-C/SLCO1BI) [18].
Most of the previous pharmacogenetic studies of irinotecan have
been focused on UGTIAI polymorphisms and have shown
clinical relevance of UGT1AI*28, a repeat polymorphism in the
TATA box [-54 -39A(TA)sTAA>A(TA);TAA or -40_-39ins
TA], to severe adverse effects [3,19,20]. Based on these findings,
in 2005, the Food and Drug Administration (FDA) of the United
States approved an amendment for the formulation called
Camptosar (irinotecan-HCI) (NDA 20-571/5-024/5-027/5-028)
and for clinical use of a genetic diagnostic kit for the %28 allele. In
parallel with this advance in the USA, clinical relevance to severe
neutropenia of UGTIAI*6 [211G>A(G71R)], another low-
activity allele detected specifically in East Asians, as well as *28,
was demonstrated in several studies on Asian patients [5,21-23].
Accordingly, in June 2008, the Ministry of Health, Labor, and
Welfare of Japan approved changes to irinotecan formulations
(Campto and Topotecin) by adding a warning about the risk of
severe adverse effects in patients either homozygous or compound-
heterozygous for UGTIAI*28 and *6 (*28/%28, *6/%6, *28/%6)
and also approved clinical use of a diagnostic kit for UGTIAI*28
and *6. Severe adverse effects, however, are reported in patients
without the genetic variations *6/%6, *28/*28, and *28/%6;
therefore, several clinical studies have suggested that polymor-
phisms of the drug transporter genes, such as ABCBI, ABCC2,
ABCG2, and SLCO1B1, might affect irinotecan pharmacokinetics

PLOS ONE | www.plosone.org

GWAS of Irinotecan-Treated Cancer Patients

(PEK)/pharmacodynamics (PD) in Caucasian and Asian patients
[22,24-35], as shown in TFig. 1. Nonetheless, the almost all
reported results deal with PK in patients and neutropenia induced
by irinotecan as an adverse reaction not but with diarrhea.
Therefore, other factors responsible for other irinotecan adverse
effects, such as diarrhea should be identified.

Diarrhea induced by irinotecan is classified into early- and
delayed-onset diarrhea, occurring within 24 hr or =24 hr after
irinotecan administration, respectively [36]. Irinotecan induces
carly-onset diarrhea as one of adverse cholinergic effects
(acetylcholinelike effects) by inhibiting acetylcholinesterase (AChE)
and binding to muscarinic acetylcholine receptors (mAChR)
[87,38]. Thesc inhibitory actions are induced by irinotecan, which
has an amino group at the C-10 position [37]. Other than that,
irinotecan induces delayed-onset diarrhea via rapid deconjugation
of SN38G and adsorption of released free SN-38 by f-
glucuronidase of intestinal flora [39-41], as shown in Fig. 1. In
the present study, we focused on polymorphisms of genes with
transporter activity to identify predictive factors of diarrhea
induced by irinotecan because there are many genes related to
transporter activity in both pathways.

A genome-wide association study (GWAS), also known as a
whole-genome association study (WGA study, or WGAS), is an
examination of many common genetic variants in different
individuals to determine whether a particular variant is associated
with a trait. GWAS using hypothesis-free genomic data is a
powerful technique for identifying interindividual variation among
patients. On the other hand, multiple testing problems are a
limitation of this approach. To address this issue, ‘we recently
proposed a combined method consisting of a knowledge-based
algorithm, 2 stages of screening, and a permutation test for
identifying single nucleotide polymorphisms (SNPs) [7]. In general,
the objective of a statistical or bioinformatic analysis is the
enrichment of important information in a large dataset [42—47].
The use of a knowledge-based algorithm is not a novel concept,
but is both practical and useful [48-66]. In the previous study, we
found that 152293347 in the gene of human epidermal growth
factor receptor (BEGFR) is a candidate SNP related to the
chemotherapeutic response; we achieved this result by applying
our combined method to gastric cancer patients who were treated
with fluoropyrimidine [7]. However, our combined method was
applied to only | dataset. Therefore, the usability of our combined
method as a novel approach was still unclear.

We used the combined method in an actual genome-wide
pharmacogenomics study of antitumor drugs, particularly irinote-
can. We found that 159351963 in the gene of potassium voltage-
gated channel subfamily KQT member 5 (KCNQ)J) is a candidate
SNP related to the adverse response. Rs9351963 may be a
potential predictive factor of incidence of diarrhea in cancer
patients treated with the cancer prodrug irinotecan.

Materials and Methods

Ethics statement

The study was conducted according to the principles expressed
in the Declaration of Helsinki, and the ethics committees of the
National Cancer Center and National Instituté of Health Sciences,
Japan, approved the study protocol. All patients provided written
informed consent to participate.

Preparation of hypothesis-free genomic data for cancer
patients treated with irinotecan

This study was performed within the framework of the
Millennium Genome Project in Japan, and 4 anttumor drugs
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Figure 1. Drug metabolic pathways and the drug response of irinotecan.

doi:10.1371/journal.pone.0105160.g001

were chosen as project targets: gemcitabine, paclitaxel, fluoropyr-
imidine, and irinotecan. These drugs (alone or in some combina-
tion) were administered to approximately 1,000 cancer patients at
the National Cancer Center, Japan. Additionally, approximately
1,000 DNA samples were extracted from peripheral blood
mononuclear cells and 109,365 SNPs were genotyped using the
Tlumina Human-1 BeadChip. In this study, we focused on
pharmacogenomic properties of irinotecan. Participants included
177 Japanese irinotecan-naive cancer patients (56 cancer patients
treated with irinotecan monotherapy and 121 cancer patients
treated with irinotecan combination therapy) at the National
Cancer Center Hospital and National Cancer Center Hospital
East. A summary of the characteristics of the 176 patients is listed
in Table S1. We excluded 1 patient who refused grading of
adverse reactions. Furthermore, we excluded 8 patients who did
not have genotyping data. Therefore, we analyzed the remaining
168 patients (53 cancer patients treated with irinotecan mono-
therapy and 115 cancer patients treated with irinotecan combi-
nation therapy) in the present study. We defined the 53 patients
treated with irinotecan monotherapy as the first dataset and the
168 patients treated with irinotecan chemotherapy (consisting of
irinotecan monotherapy and combination therapy) as the second
dataset for 2 stages of screening.

Monitoring and adverse effects

A complete medical history and data on physical examination
were recorded before the irinotecan therapy. Complete blood cell
counts with differentials and platelet counts, as well as blood
biochemical variables, were measured once a week during the first
2 months of irinotecan treatment. Adverse events were graded
according to the National Cancer Institute - Common Toxicity
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Criteria (NCI—CTCv Version 2.0). Only the highest grade of
adverse events was recorded during the first 2 months of irinotecan
treatment for each patient and adverse event.

Patient characteristics and clinical parameters

A summary of the patients’ characteristics in the two datasets for
diarrhea is shown in Table 1. The association of genetic or clinical
parameters with incidence of grade =2 diarrhea was examined on
the basis of Spearman’s rank correlation coefficient. “UGTI141%*6
or ¥28” is an effective genetic predictive factor of irinotecan-
induced neutropenia and pharmacokinetics in cancer patients [5].
This factor was constructed from 2 polymorphisms: UGTI41%*6
and *28.

Fisher's exact test

This statistical test is usually used to determine nonrandom
associations between 2 categorical variables [67]. Fisher’s exact
test is similar to the chi-squared test. If a sample size is large, then
the chi-squared test is suitable. Nevertheless, significance values
from the chi-squared test are only approximated. Fisher’s exact
test is used in to analyze contingency tables when the sample sizes
are small [67]. We used Fisher’s exact test in the present study.
The odds ratio (OR) is defined as axd/(bxc), where a is the
number of patients that had adverse events with a minor allele, b is
the number of patients that did not have adverse events with a
minor allele, ¢ is the number of patients that had adverse events
with a major allele, and d is the number of patients that did not
have adverse events with a major allele. The null hypothesis for
Fisher’s exact test is OR = 1.
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Table 1. Irinotecan-treated cancer patients with SNP information, genetic factor, and clinical parameters for incidence of diarrhea.

Parameters Diarrhea

Irinotecan monotherapy Irinotecan chemotherapy (including monotherapy)

Number of patients Spearman’s rank correlation Number of patients Spearman’s rank correlation

Biosuosojd'mmm | INO SOTd

0915018 | g @nss| | 6 swnjop | ¥L0z 3snbny

Grade <2 Grade =2 Vi p value Grade <2 Grade =2 2 p value
UGTTAT*6 or *28 0 15 5 0.056 6.89E-01 64 17 0.009 9.06E-01
1 21 7 57 16
2 3 2 n 3
Gender Male 26 11 —=0.114 4.15E-01 101 28 —=0.012 8.75E-01
Female 13 3 31 8
Age 39 14 0.013 9.29E-01 132 36 0.080 3.02E-01
Area 39 14 0.010 9.45E-01 132 36 —0.054 4.88E-01
PS <2 38 13 0.106 4.50E-01 130 35 0.039 6.15E-01
=2 1 1 2 1
Smoking (0] 37 14 —0.119 3.97E-01 m 30 0.008 9.13E-01
1 2 0 21 6
Alcohol 0 33 10 0.149 2.8BE-01 S0 26 —0.036 6.44E-01
1 6 4 42 10
Alb 0 18 10 —0.223 1.08E-01 71 24 —=0.108 1.62E-01
1 21 4 60 12
2 0 0 1 0
Hg 0 14 4 0.061 6.65E-01 58 14 0.040 6.05E-01
1 22 9 67 20
2 3 0 6 1
3 0 1 0 1
4 0 0 1 0
GOT 0 33 12 —0.014 9.23E-01 108 g —0.080 3.05E-01
d 6 v 22
2 0 0 2 0
ALP 0 28 8 0.117 4.05E-01 89 23 0.026 7.38E-01
1 9 6 38 12
2 0 0 2 1
3 2 0 3 0
Cr 0 3 13 —0.157 2.62E-01 124 35 —0.060 441E-01
1 8 1 8 1
Crnax/dose 39 14 0.049 7.31E-01 132 36 0.019 8.10E-01
AUC ratio 39 14 -0.078 5.81E-01 132 36 —0.109 1.60E-01
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Table 1. Cont.

Parameters Diarrhea
Irinotecan monotherapy frinotecan chemotherapy (including monotherapy)
Number of patients Spearman’s rank correlation Number of patients Spearman’s rank correlation
Grade <2 Grade =2 7 p value Grade <2 Grade =2 Y p value
Concomitant drug - 5-FU 0 39 14 NA NA 106 28 0.026 7.40E-01
1 0 0 : 26 8
Concomitant drug - CDDP o] 39 14 NA NA 76 24 —0.076 3.28E-01
1 0 0 56 12
Concomitant drug - MMC 0 39 14 NA NA 121 36 —0.138 1 7.40E-02
1 0 0 11 0
Concomitant drug - VP16 0 39 14 NA NA 129 35 0.014 8.61E-01
1 0 0 3 1
Concomitant drug - Amrubicin 0 39 14 NA NA 132 34 0.210 * 6.25E-03
1 0 0 0 2

“UGT1AT#6 or 28" is a genetic factor constructed from 2 polymorphisms (UGT1AT*6 and *28); "2 indicates *6/*6, ¥28/*28 or *6/*28, 1" indicates *6 or *28, and "0” indicates “other than 2 and 1.” Area: body surface area (m?), PS:
performance status, Cr: grade of creatinine, Hg: grade of hemoglobin, Alb: grade of albumin, ALP: grade of alkaline phosphatase, and GOT: grade of glutamic oxaloacetic transaminase. Each laboratory test value (Alb, Hg, GOT, ALP,
and Cr) was recorded before the irinotecan therapy. For each type of clinical tests the grade and aberrant values were defined according to the National Cancer Institute - Common Toxicity Criteria (NCI-CTC, Version 2,0). Crax/dose:
SN38 Crax/dose [1072 xm?%L]. AUC: area under the concentration-time curve. AUC ratio: Ratio of AUCsn3s/AUCcpy.13. 5-FU: 5-fluorouracil, CDDP: cisplatin, MMC: mitomycin C, VP16: etoposide. * and t indicate p<0.05 and 0.05=p<
0.10, respectively. For each concomitant drug, 0 means “not administered,” 1 indicates administered.

doi:10.1371/journal.pone.0105160.t001
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The permutation test

The permutation test theory evolved from the works of Fisher
and Pitman in the 1930s [68]. In this study, p values of multiple-
comparison analyses were adjusted by applying the permutation
test to 2 stages of screening. The case-control (or phenotype) labels
were randomly shufiled for the 2 screening stages, and $ values
were calculated using Fisher’s exact test. The lowest p value was
selected for the randomized data. This procedure was repeated
100,000 times. Exact p values for the permutation test were
calculated based on the distribution of the lowest # values.

Multiple testing correction

The Bonferroni correction is a method used to address the
problem of multiple comparisons (also known as the multiple
testing problem). It is considered the simplest and most
conservative method for control of the family-wise error rate
(FWER). In addition, false discovery rate (FDR) controlling
procedures, such as the Benjamini-Hochberg (BH) method [69],
are more powerful (e, less conservative) than the FWER
procedures, such as the Bonferroni correction, at the cost of
increasing the likelihood of false positives within the rejected
hypothesis. In the present study, the BH method was used to
calculate the g value. The ¢ value is defined as an FDR analog of
the p value.

The Akaike information criterion (AIC)

The AIC is a measure of the relative goodness of fit of a
statistical model [70]. A smaller AIC indicates a better fit when
comparing fitted objects. The AIC is defined according to the
formula -2 (log likelihood) + (2 X7,,), Where 7y, represents the
number of parameters in the fitted model, and the log-likelihood
value [71] is obtained from the logistic regression model.

The receiver operating characteristic (ROC)

ROC analysis is a graphical plot that illustrates the performance
of a binary classifier system as its discrimination threshold is
varied. It is built by plotting sensitivity (the number of true positive
results divided by the number of true positive samples) against (1
minus specificity) at various threshold settings. (Specificity is the
number of true negative results divided by the number of true
negative samples.) The area under the curve (AUC) of a ROG
curve is an indicator of expected performance of the test. A higher
AUGC is more desirable, with a value of 1.00 denoting perfect
performance (sensitivity and specificity are both 100%), while a
value of 0.50 indicates random performance.

. Gene set based on gene ontology GO terms

GO has been developed to provide scientists with a controlled
terminology system for labeling gene functions in a precise,
reliable, computer-readable manner. Data for annotated genes
and associated GO terms were obtained from the GO website
(http:/ /www.geneontology.org). We compiled 2 GO term list to
select polymorphisms in genes with transporter activity
(G0O:0005215) and related activities, as shown in Table 82. The
numbers of GO terms obtained was 943. GO data were obtained
on July 1, 2010. '

Results

Association analysis of adverse affects and clinical

parameters (or a genetic factor)
The association between clinical parameters {or a genetic factor)
and incidence of grade =2 diarrhea was examined on the basis of
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Spearman’s rank correlation coefficient, as shown in Table 1. This
table shows that no parameter was associated with the adverse
response to chemotherapy (incidence of grade =2 diarrhea) in the
first dataset (patients treated with irinotecan monotherapy).
Nonetheless, Amrubicin (p = 0.00625) was significantly associated
with the response in the second dataset (patients treated with any
irinotecan chemotherapy: a combination or monotherapy).
Mitomycin G (MMC; $=0.0740) was weakly associated with the
response. These clinical factors should he evaluated when
constructing diagnostic models involving multiple factors.

Extraction of candidate SNPs using the combined
method consisting of the knowledge-based algorithm, 2

stages of screening, and the permutation test

In this study, we applied the combined method to hypothesis-
free genomic data on cancer patients treated with irinotecan
chemotherapy as shown in Fig. 2. Figure 2A shows an outline of
the knowledge-based algorithm for identifying SNPs (KB-SNP). In
the previous study, we extracted rs numbers (SNP IDs) related to
cancer using a combination of National Center for Biotechnology
Information (NCBI) dbSNP and NCBI PubMed [7]. In the
present study, we extracted rs numbers from genes linked to
specific GO terms instead of the combination of NCBI dbSNP and
PubMed. In this analysis, we defined specific GO terms as the
terms related to transporter activity. ,

A total of 6,506 SNPs related to transporter activity were
extracted from 109,365 SNPs using KB-SNP (Fig. 2B). Further-
more, we excluded SNPs with a p value <0.2 in the Hardy-
Weinberg equilibrium (HWE) or the minor allele frequency (MAF)
<0.05. Then the extracted 5,242 SNPs were used m the
association study.

We analyzed 53 patients treated with irinotecan monotherapy
as the first dataset for first-stage screening in the association study
(Fig. 2C). Each p value was calculated using Fisher’s exact test for
the allele model. A total of 24 SNPs with $<<0.005 were extracted.
In the second stage of screening, 168 patients treated with
irinotecan chemotherapy (including 53 patients treated with
irinotecan monotherapy) were analyzed to validate these 24 SNPs.
Adjustment of a calculated p value for the second stage of
screening was conducted using the permutation test for these 2
stages of screening (Fig. 2D). Only rs9351963 in KCNQ5 showed
a statistically significant p value (0.0289), which was determined
using the permutation test. The 39351963 is a common variant
(MAF = 0.328). Furthermore, we conducted Fisher’s exact test and
used the Benjamini-Hochberg method [69] to calculate $ and ¢
values for the second dataset only. Seven SNPs had a g value <1,
as shown in Table 2. Six SNPs (rs11022922, rs3918305,
1s3813627, rs768172, rs3813628, and rs10815019) had ¢=0.802
as shown in Table 2. This result indicates that 5 out of 6 SNPs
were false positive; however, we assessed performance of only
rs9351963 in the process of model construction.

Comparison of models based on rs9351963 in KCNQ5S
We analyzed not only an allele model but also dominant and
recessive models of 159351963 in KCNQ5 in relation to the first
dataset (irinotecan monotherapy), the second dataset (any
irinotecan chemotherapy), and the dataset of irinotecan combina-
tion chemotherapy (excluding irinotecan monotherapy), as shown
in Figure 3. Figure 3A shows that the p value of the allele model
was the lowest (p=8.86x107°, OR=6.3), and the p value
(h=1.29x10"% OR = 24) of the dominant model was lower than
the p value (p=0.0358, OR=7.0) of the recessive model in the
first dataset. In addition, Figure 3B shows that the p value of the
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Figure 2. An outline of chemotherapeutic response analysis in irinotecan-treated cancer patients using a combined method
consisting of a knowledge-based algorithm for identifying SNPs (KB-SNP), 2 stages of screening, and the permutation test. (A) The
KB-SNP algorithm. (B) Extraction of SNPs using KB-SNP for statistical analysis. (C) Two-stage screening of irinotecan-treated cancer patients. (D)
Calculation of the p value in the permutation test based on the 2 stages of screening. The second dataset (includes first dataset) was permutated. The
permutated first dataset was extracted from the permutated second dataset. By using Fisher's exact test, SNPs with p<<0.005 for the first dataset were
selected from among 5,242 SNPs. Among the selected SNPs, those with the lowest p value in Fisher's exact test for the second dataset were selected.
This procedure was repeated 100,000 times and empirical null distribution was constructed. Using the distribution, the actual p value obtained from
the second stage of screening was converted to the adjusted p value (based on correction of multiple testing problems). At these screening steps,

allele models were used for each SNP.
doi:10.1371/journal.pone.0105160.g002

allele model was the lowest (p=3.31x107°, OR=3.1), and the p
value (p=1.28 x107*%, OR =6.7) of the recessive model was lower
than the p value (p=4.44x107°, OR=3.3) of the dominant
model in the second dataset. Therefore, we evaluated the 3 models
using the dataset of irinotecan combination chemotherapy
(excluding irinotecan monotherapy; Fig. 3C). Figure 3C shows
that the p value (p = 1.44x107%, OR =6.9) of the recessive model
meant strong statistical significance and the OR was almost equal
to OR (=7.0) in the first dataset, as shown in Figure 3A. Although
ORs of the recessive models seemed to have high homogeneity
among all 3 datasets, there was no statistical evidence. Therefore,
the proportional odds model was used to construct multiple logistic
regression models.

Selection of the model of rs9351963 in KCNQ5 and
construction of multiple regression models

We compared the AICs and AUCs using the second dataset in
the 8 models: NULL (without parameter), “UGTIAI*6 or *28”
(an integrated predictive factor based on polymorphisms related to
neutropenia), and 139351963 (genotype of 159351963 in KCNQ)),
Amrubicin, MMC, 1s9351963+Amrubicin, rs9351963+MMC,
and 159351963+Amrubicin+MMC (Fig. 4A). Figure 4A shows
that performance of all models except UGTIAI *6 or *28 is
better than the performance of the NULL model. Although the
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Amrubicint+tMMC (combination of Amrubicin and MMGC) model
was better than Amrubicin-alone or MMGC, the rs9351963 models
were clearly better than the Amrubicin+MMGC model, as shown in
Figures 4A and 4B. Performance of rs9351963+Amrubicin and
rs9351963+MMGC models was better than performance of the
139351963 model. Furthermore, performance of the 19351963+
Amrubicin+MMC model was better than that of rs9351963+
Amrubicin and rs9351963+MMGC models. Therefore, we selected
the rs9351963+Amrubicin+MMOC model as the best one on the
basis of AIC. AUG, sensitivity, and specificity of this model were
0.744, 77.8%, and 57.6% in in the ROG curve, respectively, as
shown in Figures 4A and 4B.

Discussion

In the present study, we used 2 stages of screening: the method
that is based on the concept of joint analysis. Joint analysis is more
efficient than replication-based analysis [72]. The first dataset is a
part of the second dataset in joint analysis (the latter includes the
former). In contrast, the 2 datasets must be independent in a
replication-based analysis (which we did not use here). Our 2
stages of screening derived from the joint analysis were used to
increase statistical detection power. KB-SINP was performed prior
to 2 stages of screening. KB-SNP reduced the number of
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73749861
63472498
109331162
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6
1
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intron
intron
intron
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Type
cSNP
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0.402
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0.376
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Table 2. Extracted 7 SNPs with g<1 for the second dataset.

RS number
159351963
511022922
rs3918305
153813627
15768172

0.802
0.802
0.802
0.802

TOMM40L
SLC25A13

161195148
95805703

1
7

1

NearGene-5

cSNP
cSNP
cSNP
cSNP

0435,

G/T

intron
5'UTR

0.441

TOMM40L
SLC1A1

161196166
4547288

0.436

A/C

153813628
rs10815019

]

intron

0222

A/G

RS number: reference SNP identification number in dbSNP, MAF: minor allele frequency, Chr: chromosome number, i.e,, a position in human genome GRCh37.p10 build 104, pg indicates a p value calculated using Fisher's exact test,

qen indicates adjusted pr value by the Benjamini-Hochberg method, pp.; indicates p values adjusted using a permutation test for multiple testing problems, * indicates p.<0.05. NearGene-5 indicates that the SNP is within 2 kb

upstream of a gene.

dol:10.1371/journal.pone.0105160.t002
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candidate SNPs to 6,506 from 109,365. Approximately 80,000
SNPs can be extracted without knowledge-based reduction of the
SNP number. Thus, statistically significant SNPs cannot be
extracted from the present data. We could find the statistically
significant 159351963 in KCNQ5 by applying the combined
method to hypothesis-free genomic data.

The KCNQ/K(v)7 potassium channel family consists of 5
members of neural muscarine channel (M channel; from KCNQ1
to KCNQ5) which have a distinct expression pattern and a
functional role. Although KCNQ1 is prevalently expressed in the
cardiac muscle, KCNQ2, KCNQ3, KCNQ4, and KCNQ) are
expressed in neural tissue [73-75]. On the other hand, a recent
study revealed that KCNQ4 and KCNQ5 are the most
abundantly expressed KCNQ channels in smooth muscle
throughout the gastrointestinal tract [76]. Furthermore, Jepps et
al. opined that drugs that selectively block KCNQ4/KCNQ5
might be promising as therapeutics for the treatment of motility
disorders such as constipation associated with irritable bowel
syndrome [76]. In other words, drugs that selectively open
KCNQ4/KCNQ5 might be effective against diarrhea. The
KCNQ family gene products assemble as homomeric or
heteromeric tetramers to form functional channels that mediate
the M-current [77], a current that is suppressed by mAChR
activation [78,79]. Irinotecan induces adverse cholinergic effects
(acetylcholinelike actions) by inhibiting AChE and binding to
mAChR [37,38,80]. Therefore, polymorphisms of KCNQ5 genes
possibly effect incidence of diarrhea as interindividual variation in
the drug response among cancer patients treated with irinotecan
chemotherapy.

In the present study, only the highest grade of adverse events is
recorded during the first 2 months of irinotecan treatment for each
patient and each adverse effect. Therefore, incidence of grade =2
diarrhea possibly includes cases caused partially by enterohepatic
circulation of APC and NPC, but genotype of rs9351963 in
KCNQ5 correlates with the start date of treatment with
antidiarrheal agents (Spearman’s rank correlation coefficient
p=—0.198, $=0.00995). In other words, genotype of
rs9351963 may correlates with the diagnosis (or presentiment) of
irinotecan induced early-onset diarrhea (diagnosis is made by
trained chemotherapists).

The rs9351963 A>C polymorphism is located in an intron,
which does not change the amino acid sequence of the protein and
may not influence the biological function of the protein itself.
Nonetheless, some intronic polymorphisms are effective markers:
For example, rs2237892 in intron 15 of KCNQ] is associated with
susceptibility to type 2 diabetes mellitus in Japanese individuals
[81], and the CA simple sequence repeat in intron 1 (CA-SSR1) of
the gene of epidermal growth factor receptor (EGFR) is associated
with the clinical outcome in gefitinib-treated Japanese patients
with non-small cell lung cancer [82]. Furthermore, variations
related to intronic or synonymous SNPs possibly affect mRINA
stability, translational kinetics, and splicing, resulting in alterations
at the protein level, e.g., changes of structure or function [83-89].
Although 159351963 does not have a known function, this SNP is a
possible predictive factor of adverse effects of irinotecan-based
chemotherapy and is possibly linked to some functional polymor-
phisms in KCNQ5. Their clinical importance needs to be further
elucidated.

In the present study, we extracted rs9351963, which showed a p
value (0.0289) obtained using a combination of 2 stages of
screening and a permutation test from SNPs selected by KB-SNP.
In the second dataset, the p value of Fisher's exact test was
3.31x107°, and the g value was 0.173 calculated by correction of
Benjamini-Hochberg method, as shown in Table 2. This value is
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Allele model Dominant model Recessive model
Diarrhea Diarrhea Diarrhea
rs9351963 Grade < 2| Grade 2 2 9351963 Grade < 2| Grade 22 rs9351963 Grade < 2| Grade 22
A 63 11 AA 26 1 AA+AC 37 10
C 15 17 AC+CC~ 13 13 CC 2 4
OR (95%Cl): 6.3 (2.3-19) R (95%Cl): 24 (3.1-1139) OR (95%Cl): 7.0 (0_87—89)'
p =8.86 % 105 p=1.29 % 104 p=0.0358

B Any irinotecan chemotherapy (including irinotecan monotherapy)

Allele model Dominant model Recessive model
Diarrhea . Diarrhea Diarrhea
rS9351983 | e e < 2[ Grade 5.2 re9381983 | e < 2] Grade 5.2 re9351963 e e < 2] Grade 5 2
A 192 33 AA 9 AATAC 123 24
c 72 39 AC+CC 27 CC 9 12
OR (95%Cl): 3.1 (1.8-5.6) OR (95%Cl): 3.3 (1.4-8.5) OR (95%Cl): 6.7 (2.3-20)
p=3.31x10° p=4.44 %103 p=1.28x10"*

C Irinotecan combination chemotherapy (excluding irinotecan monotherapy)

Allele model Dominant model Recessive model
Diarrhea Diarrhea Diarrhea
rs9351963 Grade < 2| Grade > 2 rs9351963 Grade < 2| Grade 22 rs9351963 Grade <2| Grade > 2
A 129 22 AA 43 8 AA+AC 86 14
C 57 22 AC+CC 50 14 CC 7 -8
OR (95%Cl): 2.3 (1.1-4.7) OR (95%CI): 1.5 (0.53-4.5) OR (95%CI): 6.9 (1.9-26)
p =0.0211 p=0.478 p=1.44x% 103

Figure 3. Contingency tables for rs2351963 in KCNQ5 for each model using each dataset. (A) irinotecan monotherapy (first dataset), (B)
any irinotecan chemotherapy (including irinotecan monotherapy; second dataset), and (C) irinotecan combination chemotherapy (excluding
irinotecan monotherapy). OR: odds ratio. The p values were calculated using Fisher's exact test. Cl: confidence interval.

doi:10.1371/journal.pone.0105160.g003

statistically insignificant. Therefore, during the 2 stages of
screening, it is statistically sufficient to extract rs9351963.

The calculation of probability of occurrence in Bernoulli trials is
suitable to for estimation of validity of the repetition number in the
permutation process. In this trial, occurrence probability is defined
as oCa X (Ba) X(1 - p5)*™, where k is the occurrence number, 7 is
the repetiion number, and pp represents probability. If the
repetition number is 100,000 for rs9351963 (p=0.02891 [2891/
100000]) and the significance level of the test (o) is 0.05,
the occurrence probability is  1ppoaoCasgr X (0.05)2891 X
(1-0.05)(100000289D) "= 4 895 107!, In statistics, the 99% (or
95%) confidence interval should be considered. The significance
level of =0.05 does not exist in the 99% confidence interval of
the p value for rs9351963, because the occurrence probability
4.89x107** is clearly lower than 0.01. Similarly, if the repetition
number is 10,000, the occurrence probability is 3.41x10725, This
way, the occurrence probability is sufficienfly low for 10,000
permutations. Nevertheless, we conducted 100,000 permutations
to estimate p values more accurately for the permutation test.

Using our combined method involving KB-SNP, we identified
159351963 as a potential predictive factor of diarrhea in cancer
patients treated with irinotecan chemotherapy; however, the
comprehensiveness of KB-SNP was limited. Therefore, statistical
information regarding the adverse effects of cancer patients treated
with irinotecan chemotherapy is shown in Table S3 for incidence
of diarrhea (p<<0.05) and in Table S4 for incidence of neutropenia
(p<<0.05). The relevant data are also provided on the website
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Genome Medicine Database of Japan (GeMDB]) [90] (https://
gemdbj.nibio.gojp/). These data will be useful for replication
studies or meta-analyses in the future.

In conclusion, in the present study, we applied the combined
method to hypothesis-free genomic data on cancer patients treated
with irinotecan chemotherapy. By means of this method,
rs9351963 n KCNQ) was extracted as a candidate SNP related
to the incidence of diarrhea. For example, the association of
rs9351963 with irinotecan-related diarrhea (OR of 3.14) showed a
$ value of 3.31x107° in Fisher’s exact test (allele model). Even if
this p value were adjusted by means of the permutation test for the
effects of multiple testing problems, the adjusted p value would still
indicate statistical significance (adjusted $ value of 0.0289<0.05).
Additionally, we evaluated the performance of rs9351963 using
multiple regression models. rs9351963 was clearly superior to
clinical parameters (or environmental factors) and showed a
sensitivity of 77.8% and specificity of 57.6% in the multiple
regression model, including rs9351963. Recent studies showed
that the KCNQ4 and KCNQ5 genes encode components of the M
channel expressed in gastrointestinal smooth muscles and suggest-
ed that these genes are associated with irritable bowel syndrome
and similar peristalsis diseases. These results suggest that
rs9351963 may be a predictive factor of diarrhea in cancer
patients treated with irinotecan chemotherapy. This SNP may also
be useful for selecton of chemotherapy regimens, such as
irinotecan monotherapy or a combination of irinotecan chemo-
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Figure 4. Comparison of AIC, AUC, and ROC curves for logistic
regression models. (A) Parameters of each model. (B) The ROC curve
of a model consisting of rs9351963+MMC+ Amrubicin. ROC: receiver
operating characteristic, AUC: area under the ROC curve, NULL indicates
the model without parameters. Each genetic factor conforms to the
proportional odds model, AIC: Akaike’s information criterion, AUC: area
under the ROC curve, Sens.: Sensitivity (%), Spec.: Specificity (%).
doi:10.1371/journal.pone.0105160.g004

therapy with KCNQJ5 opener. Furthermore, the result of the
present analysis supports usability of our combined method.

Supporting Information

Table S1 Irinotecan-treated cancer patients, genetic
factor, and clinical parameters for incidence of diarrhea
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Abstract

The positive correlation between smoking and cancer risk is well estimated in sporadic colorectal can-
cer, whereas little is known with regard to Lynch syndrome-associated colorectal cancer. A total of 118
familial colorectal cancer patients from the Hereditary Nonpolyposis Colorectal Cancer Registry and
Genetic Testing Project of the Japanese Society for Cancer of the Colon and Rectum, were assessed
to determine whether smoking alters the incidence of multiple colorectal cancers. In male patients with
Lynch syndrome (n=29), the incidence of multiple colorectal cancers in patients who had ever smoked
(smoking duration: median of 19 years) was higher than that in those who never smoked {58.8% vs.
10.0%, P=0.02). The cumulative risk for metachronous colorectal cancer was significantly higher in

male Lynch syndrome patients who had previously smoked than in those who had never smoked -

{P=0.03). Our data suggest that long-term cigarette smoking might be a strong risk factor for the de-
velopment of multiple colorectal cancers in male Lynch syndrome patients.

Key words: Lynch syndrome, smoking, colorectal cancer, multiple cancer, male

© The Author 2015. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

307



308 Influenece of smoking on Lynch syndrome

Introduction

Lynch syndrome is among the most common hereditary cancer syn-
drowmes, and is caused by the germline mutation of one of the mis-
match repair genes, including MLH1, MSH2, MSH6 or PMS2 (1,2).
This syndrome accounts for ~1-4% of all colorectal cancer (CRC) pa-
tients, and increases the risk of developing CRC, as well as of extra-
colonic cancers, including endometrial, ovarian and stomach cancers
(1,2). The tumor spectrum of Lynch syndrome has changed over time.
The spectrum observed in the first Lynch syndrome family reported by
Warthin (3) included mainly gastric cancers and endometrial cancer.
However, follow-up reports of this family showed that in current gen-
erations, CRC is now the most common tumor, This change suggests
that the cancer spectrum of Lynch syndrore is influenced by environ-
mental factors (2). In sporadic CRC, environmental factors such as
dietary and lifestyle habits, smoking, alcohol consumption and obes-
ity interact with a host’s genetic factors, and may modulate the risk of
CRC (4,5). However, there have been only limited reports on the as-
sociation between smoking and CRC development in patients with
Lynch syndrome (6--8). Our objective was to evaluate whether cigar-
ette smoking would alter the age of first CRC onset, incidence of mul-
tiple CRCs or occurrence of extra-colonic cancers in individuals with
Lynch syndrome.

Patients and methods

This nationwide Japanese study was conducted by the Hereditary
Nonpolyposis Colorectal Cancer Registry and Genetic Testing Project
of the Japanese Society for Cancer of the Colon and Rectum (9) be-
tween September 2002 and July 2010. To determine the patient eligi-
bility, a modified version of the Amsterdam II criteria was used, in
which gastric cancer was included as an extra-colonic cancer. All par-
ticipants provided written informed consent. Clinical information,
such as the personal and family cancer history, smoking habits, alco-
hol use, body height and body weight, were collected either from med-
ical records or directly from patients who were provided genetic
counseling. The Brinkman index was calculated as the product of
the number of cigarettes smoked per day times the number of years
of smoking (9). The body mass index [BMI, (weight, kg)/(height,
m?)] was calculated from the height and weight. Participants with a
BMI > 25.0 kg/m® were classified as overweight.

Mutation analyses were performed by direct sequencing of the
entire coding region in the MLHI, MSH2 and MSH6 genes. Large
deletions/duplications in the MLH1 and MSH2 genes were also inves-
tigated by multiplex ligation-dependent probe amplification. Partici-
pants were stratified into four groups based on gender and the
genetic testing results. For each group, we assessed whether smoking

altered the age of first CRC onset, incidence of multiple CRCs or the
occurrence of extra-colonic cancers. Metachronous CRC was defined
as primary CRC diagnosed >12 months after the first diagnosis of pri-
mary colon cancer.

The data were caleulated as totals, medians (range) or percentages.
Fisher’s exact test, Mann-Whitney U-test and the log-rank test were
used for the statistical analyses, as appropriate. The statistical analyses
were carried out using JMP 10.0.2 (SAS Institute, Cary, NC); a value
of P <0.05 was considered to be statistically significant.

- Results

A total of 125 CRC patients were eligible to enter the study, and clin-
ical information was available for review in 118 of these cases. Of the
118 CRC patients, 29 (24.6%) were male Lynch syndrome patients,
34 (28.8%) were female Lynch syndrome patients, 27 (22.9 %) were
male familial CRC cases [negative for mismatch repair (MMR) genetic
testing] and 28 (23.7%) were female familial CRC cases. The male to
female ratio of these 118 patients was about three times higher in those
who had ever smoked than in those who had never smoked. When the
male and female LS patients were analyzed together, there was no sig-
nificant difference in the'incidence of multiple CRCs between patients
who had a history of smoking (#=25) and those who had never
smoked (44% vs. 29%, P =0.22). When the male and female LS
were analyzed separately, the incidence of multiple CRCs in patients
who had a history of smoking tended to be lower (17% vs. 57%, P =
0.15), and the rate of smoking was significantly lower (18% vs. 66 %,
P <0.01) in fernale LS patients than in male LS patients. In addition,
the median Brinkman Index of female LS patients who had ever
smoked was approximately one-third of that seen in the male LS pa-
tients who had ever smoked (170 vs. 550, P < 0.01). Thus, we pro-
ceeded with a further analysis, focusing on the relationship between
multiple CRCs and smoking in the male LS patients.

In the male Lynch syndrome patients, no significant differences
were observed in the mismatch repair mutation (MLH in 11 patients
and MSH2 in 18 patients) (P = 0.33), age at last follow-up (P > 0.99),
follow-up period from the first CRC (P > 0.99), alcohol consumption
(P=0.47) and BMI (P> 0.99) between those who had ever smoked
(n=18) and those who had never smoked (n=9). The age at which
smokers started smoking was 20.0 year (18-30), the years of smoking
was 19 (1-44) and the Brinkman index was 550 (75-2300). Among
the 19 who had smoked, 57.9% were current smokers and 42.1%
were former smokers. The incidence of multiple CRCs in male
Lynch syndrome patients who had smoked was 58.8%, compared
with 10% in those who had never smoked. Smoking significantly in-
creased the risk (P =0.02) of male Lynch syndrome patients develop-
ing multiple CRCs (Table 1). The Brinkman index was applied with a

Table 1. The background characteristics and the cancer risk of the male patients with Lynch syndrome according to the smoking status

Ever smoked (z=19) Never smoked (7 = 10) P value
Mismatch repair gene mutation (MLH1/MSH2/MSH6) 6/13/0 51510 0.43
Age at the last follow-up (years) 56 (27-78) 47 (28-74) >0.99
. Follow-up period from first CRC (years) 13.3 (0.2-28) 6.5 (0.3-22.4) >0.99
Consumption of alcohol 23 days/week 10/18 (55.6%) 4/10 (40.0%) 047
BMI (kg/m?) 2 25.0 517 (29.4%) 2/9 (22.2%) >0.99
Age at first CRC (years) 42 (24-70) 34.5 (25-66) 0.69
Multiple CRC 10/17 (58.8%) 1/10 (10.0%) 0.02
Metac/Sync/Metac + Sync 8/1/1 0/1/0
Extra-colonic cancer 5118 (27.7%) 4/10 (40.0%) >0.99

CRGC, colorectal cancer; BMI, body mass index; Sync, synchronous; Metac, metachronous.
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cut-off of >400, which resulted in an area under the receiver operating
characteristic curve of 0.84, and identified multiple CRCs with 81.8%
sensitivity and 76.5% specificity. A Kaplan—Meier plot of the meta-
chronous CRC-free rates showed that the cumulative risk for meta-
chronous CRC was significantly higher in male Lynch syndrome
patients who had previously smoked than in those who had never
smoked (P =0.03, log rank) (Fig. 1).

We observed no significant positive trend in multiple CRC risk withan
increasing duration of smoking or an increasing amount smoked. Smok-
ing was not associated with either the age at first CRC onset (P =0.69) or
the occurrence of extra-colonic cancers (P > 0.99) in male Lynch syn-
drome patients. The observed extra-colonic cancers in male Lynch
syndrome patients included three gastric cancers, one renal pelvis can-
cer, one urinary bladder cancer and one prostate cancer in five patients
with a history of smoking, whereas two gastric cancers, one duodenal
cancer, one urinary bladder cancer and one thigh liposarcoma were
observed in four patients who had no history of smoking. In the
other groups, smoking was not associated with the age at the first
CRC onset, the incidence of multiple CRCs, or the occurrence of
extra-colonic cancers.

Discussion

Colorectal cancer is one of the most common cancers in Western coun-
tries, and its incidence has increased recently in Eastern Asia, especial-
ly in Japan, as it has become westernized over the past few decades
(10). In fact, the high incidence in Japanese immigrants to Hawaii sug-
gests that the changes in environmental factors, including the western-
ization of dietary habits and lifestyle, may contribute to this increase
(4). Moreover, according to the Asia Pacific Cohort Studies Collabor-
ation, changes in lifestyle, such as smoking, the BMI and a lack of
physical activity, increase the risk of CRC (5). Many studies have re-
ported a 20-60% increase in the risk of CRC associated with smoking
(11). Cigarette smoke contains numerous carcinogens and toxicants.
A strong relationship between tobacco smoking, carcinogen—DNA ad-
duct formation, smoke exposure and cancer risk has been demon-
strated.

Individuals with Lynch syndrome have a very high risk of develop-
ing CRC (25-70%) and endometrial cancer (30~70%), and an in-
creased risk of developing other tumors (12). The main clinical
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Figure 1. The Kaplan-Meier plots of the metachronous colorectal cancer-free
rates by smoking status in male patients with Lynch syndrome. CRC,
colarectal cancer.

features are an early age of onset and the occurrence of multiple tu-
mors. For Lynch syndrome patients who undergo segmental resection
of their initial cancer, the cumulative risk of metachronous CRC is
16% at 10 years, 41% at 20 years and up to 62% after 30 years
(13). Thus, in patients with Lynch syndrome, managing the risk of de-
veloping CRC is very important.

There have been many studies performed to determine which en-
vironmental and lifestyle factors influence the development of CRC
in patients with Lynch syndrome. Two studies demonstrated that a
higher BMI was associated with an increased risk of colorectal neopla-
sia (12). Alcohol was not found to be associated with the risk, while
fruit and fiber intake were found to be possibly related to decreased
risk (12). Concerning smoking, two studies (one retrospective cohort
(6) and another case—control (8) study) showed a significant associ-
ation between smoking and an increased risk of developing CRC in
patients with Lynch syndrome. The retrospective study (6) showed
that, for former smokers, the CRC risk decreased as the number of
years since quitting increased (P < 0.01).

Our data suggest that long-term smoking (median of 19 years) sig-
nificantly increased the risk of developing multiple CRCs in male pa-
tients with Lynch syndrome. We believe that intensive colorectal
surveillance and smoking cessation are very important in patients
with Lynch syndrome, especially in males. One limitation is the
small sample size and lack of standardization for the surveillance pro-
gram. Besides smoking, we tried to identify any other risk factors for
developing CRC. However, we could not identify any significant asso-
ciation between alcohol consumption, BMI, MMR gene mutation and
multiple CRC risk. The other limitation was a lack of sufficient data
regarding the effect of smoking on the development of multiple CRCs
in female LS syndrome patients, because the smoking habits of females
are generally different from those of males in Japan, which also seems
to be applicable to female LS patients. The relationship between smok-
ing and multiple CRCs in female LS patients is considered to be im-
portant, but further investigations with larger series are needed.

The present results obtained from male LS syndrome patients also
need further confirmation, preferably in prospective studies. However,
smoking is also a major cause of many other deadly health problems,
such as heart disease, aneurysms, bronchitis, emphysema and stroke.
Although inconclusive data are available about reducing the risk of de-
veloping multiple CRCs at this time, the recommendation of smoking
cessation is a reasonable option for all patients, including males with
Lynch syndrome, as it can help prevent the development of various
conditions.

Conclusions

Our data suggest that cigarette smoking might be a strong risk factor
for the development of multiple CRCs after long-term exposure in
male patients with Lynch syndrome.
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