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Abstract

The cystic fibrosis transmembrane conductance regulator (CFTR) holds an important role in retaining
lung function, but its association with lung cancer is unclear. A case-control study was conducted to
determine the possible associations of the genetic variants in the CFTR gene with lung cancer risk.
Genotypes of a most common deletion AF508, one functional SNP, and eight tag SNPs in the CFTR
gene were determined in 574 lung cancer patients and 679 controls. A logistic regression model,
adjusting for known risk factors, was used to evaluate the association of each variant with lung cancer
risk, as confirmation haplotype and sub-haplotype analyses were performed. AF508 deletion and
genotypes with minor alleles in one tag SNP, rs10487372, and one functional SNP, rs213950, were
inversely associated with lung cancer risk. The results of haplotype and sub-haplotype analyses were
consistent with single variant analysis, all pointing to deletion AF508 being the key variant for
significant haplotypes and sub-haplotypes. Individuals with ‘deletion-T’ (AF508/rs10487372)
haplotype had a 68% reduced risk for lung cancer compared to common haplotype ‘no-deletion-
C’ (OR=0.32; 95% CI=0.15-0.68; p=0.01). Genetic variations in the CFTR gene might modulate
the risk of lung cancer. This study, for the first time, provides evidence of a protective role of the
CFTR deletion carrier in the etiology of lung cancer.

Keywords
Cystic fibrosis transmembrane conductance regulator; lung cancer; genetic variation

© 2010 Elsevier Ireland Ltd. All rights reserved.

"Corresponding Author: Ping Yang, M.D., Ph.D., Mayo Clinic, Department of Health Sciences Research, 200 First Street SW, Rochester,
MN 55905. Phone: (507) 266-5369, Fax: (507) 266-2478, yang.ping@mayo.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

Conflicts of interest The authors indicated no potential conflicts of interest.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal. Page 2

Introduction

Despite increasing knowledge of individual susceptibility, the genetic etiology of lung cancer
remains ambiguous. Cystic fibrosis (CF) is a life-limiting autosomal recessive disorder in
which progressive lung disease is common and early in life. The cystic fibrosis transmembrane
conductance regulator (CFTR) functions as a chloride channel and controls the regulation of
other transport pathways. CFTR gene mutations, resulting in severe dysfunction of the CFTR,
are well-known to be responsible for CF [1,2]. Although CF is rare, about 5% of the Caucasian
populations are heterozygous mutation carriers of the CFTR gene. One theory for this high
incidence of CFTR mutation carriers in the population is that these carriers may have a certain
biological advantage [3].

The relationship between the CFTR gene and cancer risk has been investigated. A large cohort
study in North American and European patients with CF found that while the overall risk of
cancer was similar to that of the general population, there was an increased risk of digestive
tract cancers in CF patients [4]. Individuals who were CFTR mutation carriers were found to
be at an increased risk for young onset of pancreatic cancer [5]. An inverse association between
CF gene mutations and incidence of several cancers, such as melanoma[3,6], breast cancer
[6-8], colon cancer[6] and prostate cancer[9], was also reported. However, no studies have
been reported on the association between CFTR and lung cancer risk. Because of the important
role of the CFTR in maintaining lung function, we hypothesize that the CFTR gene mutation
may alter lung cancer susceptibility. In our case-control study, the genetic variations of the
CFTR gene were systematically investigated by analyzing the AF508 deletion, one functional
single nucleotide polymorphism (SNP), and eight tag SNPs. Our goal was to determine the
possible association of CFTR gene alterations and lung cancer risk.

Materials and Methods

Study Subjects

Lung cancer patients were identified and enrolled at Mayo Clinic between 1997 and 2007. The
detailed study design and the subject enrollment process were reported previously [10-12].
Briefly, new cases diagnosed with lung cancer are identified by a daily electronic pathology
reporting system. Once identified, study consent was obtained from the patients for enroliment,
their medical records abstracted, and interviews conducted. Controls were selected from
community residents who were identified by having had a general medical examination and a
leftover blood sample from routine clinical tests [10,13]. Excluded were individuals who had
been diagnosed with major organ failure (e.g., heart, brain, lung, kidney, or liver) on or prior
to this visit. The controls were frequency matched to patients on age, sex, and race/ethnicity.
A self-administered questionnaire with the same questions as obtained from patients with lung
cancer was completed by the controls. The research protocol and consent form were approved
by the Mayo Clinic Institutional Review Board.

Data Collection

Demographic and other risk information was obtained from all study subjects viaa combination
of a structured subject interview, self-administered questionnaire, and medical records [10—
13]. Never smokers were defined as having smoked fewer than 100 cigarettes during their
lifetimes. Detailed information on second hand smoking (SHS) history was collected on the
source, amount, and duration of exposure. SHS was modeled as a dichotomized covariate (yes
versus no). History of chronic obstructive pulmonary disease (COPD) was determined based
on explicit diagnosis recorded in the medical history. Family history of lung cancer in first-
degree relatives was also collected.
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SNP Selection and genotyping

The most common deletion, AF508 (rs332), was the primary target alteration under evaluation.
Tag SNPs for the CFTR were selected using Haploview software. Genotyping data of the CFTR
gene for Caucasian (CEU) Hapmap samples was downloaded from HapMap
(http://www.hapmap.org). Tag SNPs were identified using the following criteria: aggressive
tagging using 2 and 3 marker haplotypes; a minor allele frequency >0.1; r2>0.8; and LOD, 3.0.
Nine tag-SNPs were selected to capture 103 of 103 (100%) alleles. One of tag-SNP, rs1800089,
failed the test. Table 1 lists nine SNPs successfully genotyped and their genomic information;
one of the SNPs was functional SNP (rs213950, 470 Met>Val), and the other eight SNPs were
haplotype tag SNPs.

Each subject’s blood sample was assigned a blind identification number and tested at the Mayo
Clinic Genomics Shared Resource laboratory. AF508 three-nucleotide deletion was assayed
by fragment analysis using fluorescent primers tagged with 6-FAM and detected on the ABI
3730 Genetic Analyzer (Applied Biosystems, Foster City, CA). All SNP genotyping was
conducted using a SNPstream Genotyping System (Beckman, Fullerton, CA). The detailed
methods and quality control procedures are provided as an online supplement (Supplementary
Methods).

Statistical Analysis

Only one subject had AF508 homozygous deletion (control group), and this individual was
combined with the heterozygous deletion carriers. AF508 deletion was analyzed by comparing
deletion carriers with non-carriers. The SNP genotyping data were analyzed by comparing the
homozygotes and the heterozygotes of minor alleles with the homozygotes of common alleles.
Individual SNP data were examined using an unconditional logistic regression model to
estimate odds ratios (ORs) and corresponding 95% confidence intervals (CIs) with adjustment
for the effect of covariates, i.e., age, gender, smoking status, SHS, history of COPD, and family
history of lung cancer in first degree relatives. A logistic regression model was also applied to
test for a linear trend by treating the genotypes as values of 0, 1, and 2 copies of the minor
allele in one model. All above analyses were performed by SAS 8.0 (SAS Institute, Cary, NC,
USA). Significant variants were further examined for their association with lung cancer risk
stratified by gender, smoking status, and major histological subtypes of lung cancer. The
heterogeneity between the stratas was analyzed by using a Q test. All above analyses were
performed by SAS 8.0 (SAS Institute, Cary, NC, USA).

The linkage disequilibrium (LD) plot of the genotyped SNPs based on 679 Caucasian controls
was constructed by the Haploview program [14] using the method described by Gabriel et al
[15] with default settings. Haplotype analyses were performed by using the Haplo.stats package
for R [16]. First, the haplo.score [16] was used to compute score statistics to test associations
between haplotypes and lung cancer risk. Simulation p-values were computed with a minimum
of 1000-time stimulations. Second, the haplo.glm [17] was used to compute the regression of
aphenotype (lung cancer) on haplotypes adjusting for other potential risk factors. Third, a case-
control haplotype analysis was performed to calculate the frequency of haplotypes between
cases and controls and ORs by the haplo.cc [16]. Finally, to evaluate the association of sub-
haplotypes (subsets of alleles from the full haplotype) with lung cancer risk, a ‘sliding window’
of 2-loci and 3-loci alleles was evaluated across the entire haplotype by the haplo.score.slide
[16]. To confirm the result of sub-haplotype analysis, another approach, the sequential
haplotype scan, was used to choose loci for haplotype associations by seqhap [18,19]. This
sequential haplotype scan method can search for combinations of adjacent markers that are
jointly associated with disease status.
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Results

Population Characteristics

Demographic and clinic characteristics of the subjects are described in Table 2. The percentage
of ever smokers and second hand smokers was significantly higher in the cases than in the
controls (P<0.001). Significantly more subjects with a history of COPD were present among
the cases than among the controls (33.4% vs.2.9%; P<0.0001). The frequency of subjects with
a family history of lung cancer was significantly higher in the cases than in the controls (12.4%
vs. 3.4%; P < 0.0001). The lung cancer histological types for most of the patients (66.3%) were
adenocarcinoma (46.3%) and squamous cell carcinoma (20.0%). Forty-four percent of the
cases had stage | or Il lung cancer, and 56% had stage Il or IV.

Single variant associated analysis

The distributions of the CFTR genotypes among the cases and controls and the adjusted ORs
associated with lung cancer are summarized in Table 3. The AF508 deletion and genotypes of
rs213950 (GA and AA) and rs10487372 (TC) were found to be significantly associated with
lung cancer risk. AF508 carriers had a lower risk for lung cancer compared with non-carriers
(OR=0.37, P=0.01).

For the three significant variants, we further examined their association with lung cancer risk
stratified by gender, smoking status, and major histological subtypes of lung cancer. AF508
carriers had a decreased risk for lung cancer in females (OR=0.30, P=0.024) compared with
non-carriers, and again this risk reduction was only found in squamous cell carcinoma
(OR=0.34, P=0.037). For rs213950, lung cancer risk significantly decreased in females and
never smokers with the GA and AA genotype compared with the GG genotype; this reduced
risk was specific for squamous cell carcinoma. For rs10487372 genotype TC, the reduced risk
for lung cancer was also found in females, never smokers, and squamous cell carcinoma.
However, we tested the differences of ORs between the strata, and found no significant
heterogeneity between the strata of gender, smoking, and histological types. Therefore, the
subgroup analysis should be cautious to interpret.

Haplotype analysis

The LD structure of all variants was constructed. Two blocks were defined. AF508, rs213950,
and rs10487372 were located in the LD block-1 (Figure 1). Table 4 summarizes the frequency
of the haplotypes of each block and their association with lung cancer risk. The global score
test showed significant differences in the block-1 haplotype distribution between the cases and
controls (simulation P=0.008), but there was no significant difference in block-2 (simulation
P=0.14). In block-1, the risk of lung cancer was significantly decreased among individuals
carrying the haplotype ‘A-A-A-deletion-T’ (OR=0.33, 95% CI 0.16-0.69, adjust P=0.01)
compared with individuals carrying the most common haplotype ‘A-A-G-no-deletion-C’.

To evaluate the association of sub-haplotypes with lung cancer risk, we analyzed haplotypes
from two and three loci. All significant sub-haplotypes included AF508 (rs332) and rs10487372
(Figure 2A and B). The sequential haplotype scan analysis also confirmed the above result:
the haplotype with AF508 and rs10487372 showed the strongest statistical association
(permutation P=0.002, Figure 3). Sub-haplotype analysis of AF508 and rs10487372 showed
that individuals with the “deletion-T” haplotype had a significantly lower risk for lung cancer
compared with the common haplotype, ‘no-deletion-C’ (OR=0.32; 95% CI 0.15-0.68, adjust
P=0.01) (Table 4).
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Discussion

In this study, for the first time, the association between the CFTR gene variations and lung
cancer risk was investigated. AF508 deletion and genotypes with minor alleles in one tag SNP
(rs10487372) and one functional SNP (rs213950) showed significantly inverse association
with lung cancer risk. The results of the haplotype analysis were consistent with individual
variant analysis. In particular, the sub-haplotype analysis indicated that all significant sub-
haplotypes included AF508. Individuals with the ‘deletion-T’ haplotype (AF508/rs10487372)
had a markedly lower risk for lung cancer by 68% compared with the common haplotype, ‘no-
deletion-C’.

The CFTR functions in macromolecular complexes regulated by PKA and PKC
phosphorylation. The CFTR gene encodes a chloride channel that transports negatively charged
chloride ions into and out of cells. The transport of chloride ions helps control the movement
of water in tissues, which is necessary for the production of thin, freely flowing mucus. Mucus
is a slippery substance that lubricates and protects the lining of the airways and other organs
and tissues. The CFTR protein also regulates the function of other channels, such as those that
transport positively charged particles called sodium ions across cell membranes. These
channels are necessary for the normal function of the lung [20,21].

Over 1600 mutations in the CFTR have been reported. The most common mutation, AF508,
is a deletion of phenylalanine residue at position 508 in the CFTR protein [22]. A worldwide
mutation survey found that this mutation allele accounted for 66% of 43,849 tested CF
chromosomes [23]. Many CFTR gene variants fail to be properly processed to a mature
glycosylated form and transported to cell membranes. These CFTR variants are typically
associated with severe CF phenotypes [24]. The CFTR with AF508, if correctly processed,
possesses residual chloride ions channel activity, and may lead to a sustained normal or only
mildly affected phenotype [25]. The efficiency of processing and trafficking of the AF508
deleted CFTR protein may vary considerably between different epithelial cells [24]. Therefore,
the relative impact of the CFTR genotype on clinical phenotype is organ specific. In the current
study, only one control subject was found to have the AF508 homozygote deletion. The
heterozygote mutations may only result in subclinical (mildly affected) or normal phenotypes.

Previous studies have suggested that one of the most frequent functional polymorphisms in the
CFTR gene, rs213950 G>A (M470V) in exon 11, has a role in modulating the CFTR protein
at both the transcriptional and translational levels [26]. It was reported that M470 (G allele)
CFTR proteins have a 1.7-fold increased intrinsic chloride channel activity compared with
V470 (A allele) CFTR proteins [26]. In this study, the genotypes (GA and AA) corresponding
to the V variation of rs213950 were found to be significantly associated with reduced lung
cancer by single variation analysis. However, the sub-haplotype and sequential haplotype scan
analyses revealed that all significant sub-haplotypes included AF508. It is very likely that the
association of rs213905 with lung cancer is due to a strong linkage disequilibrium with AF508.

Interestingly, deletion AF508 and all significant SNPs were found to have a protective effect
on lung cancer risk. A protective effect of the heterozygous CTFR mutation against lung cancer
concurs with a similar effect as previously suggested in breast cancer and prostate cancer.
However, this is at variance with other data showing an increased risk of pancreatic and
colorectal adenocarcinoma in CF patients. Moreover, cancer-specific hypermethylation of
CFTR was recently found in hepatocellular carcinoma and in bladder cancer [27,28]. These
contradictory data indicated that the presumed differences in the biological effects inthe CTFR
mutations may depend on the tumor type.

The exact role of the CFTR in the airway and the mechanism for its direct participation in lung
cancer pathology remain unclear. The results from very limited literature on the possible
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mechanisms are contested. Cohen et al [29] demonstrated that lungs showed decreased
compliance and increased airway resistance in young CFTR—/— mice as compared to CFTR+/
+ littermates. Surprisingly, the CFTR+/— animals exhibited a lung phenotype distinct from
either the homozygous normal or knockout genotypes. The heterozygous mice showed
increased lung compliance and decreased airway resistance when compared to the homozygous
phenotype, suggesting a heterozygous advantage that might explain the high frequency of the
mutation in certain populations. Previous observations have suggested many types of CFTR
overlapping pathways, such as Na*, Ca2*, K*, and CI~ channels, contributed to the
development of prostate cancer cell lines. Blockage of these channels can suppress the growth
and proliferation of human prostate cancer cells [30,31]. A dysfunctional CFTR may weaken
the ability of cancer cells to survive by handling proliferative homeostasis and thereby
strengthening their pro-apoptotic potential [9,31]. On the other hand, it has been shown that a
dysfunctional CFTR was responsible for elevated blood ATP concentrations in mice and in
CF patients [8,32]. Elevated extracellular ATP was found to inhibit tumor growth [33].

Several limitations of this study need to be noted. First, the patients were selected from a tertiary
medical center; whereas, controls were selected from a community population. However,
potential confounding bias was minimized by frequency matching of the controls to the cases
by sex, age, and race/ethnicity. Second, for an assumed 0.1 frequency of a minor allele in the
control population and a significance level of 0.05 with a power of 0.8, the sample size of this
study was sufficient to detect a significant OR of 1.8, but the sample size was not sufficient
for the subgroup analysis. Therefore, additional studies with larger sample sizes will be
required to confirm our findings from the subgroup analysis. Third, because of a relatively low
tag SNP density, some functional haplotypes might be missed in this study; the reconstructed
LD blocks may not be very robust, and the blocks may continue to fall apart into sub-block if
the SNP density was increased.

In conclusion, genetic variations in the CFTR gene may modulate the risk of lung cancer.
AF508 deletion in the CFTR may be important protective variants for lung cancer risk. This
finding, for the first time, provides evidence of a protective role of CFTR variations in the
etiology of lung cancer. Further population-based and experimental studies are warranted to
elucidate the mechanism on how an altered CFTR gene protects against lung cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2 B.
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Figure 2.
Plot of global p values for sub-haplotypes. A, three loci haplotypes; B, two loci haplotyps;

Global p values were indicated.
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Table 2

General characteristics of cases and controls: A Mayo Clinic case-control study of lung cancer, 1998-2007

Cases Controls
Characteristics (574) (679) pa
N(%) N(%)
Race
Caucasian 574 (100) 679 (100)
Gender 0.327
Female 300(52.3)  336(49.5)
Male 274(47.7)  343(50.5)
Age(years) 0.771
<=50 143(24.9)  159(23.4)
50-79 360(62.7)  439(64.7)
>79 71(12.4)  81(11.9)
Cigarette smoking <0.001
Never 202(35.2)  304(44.8)
Ever 372(64.8)  375(55.2)
Second hand smoking <0.001
No 76(13.2)  134(19.7)
Yes 498(86.8)  545(80.3)
History of COPD <0.0001
No 382(66.6)  659(97.1)
Yes 192(33.4)  20(2.9)
Family history of lung cancer <0.0001
No 503(87.6)  656(96.6)
Yes 71(12.4) 23(3.4)
Histological types
Adenocarcinoma 266(46.3) -
Squamous cell carcinoma 115(20.0) -
Non-small cell carcinoma 45(7.8) -
Small-cell carcinoma 17(3.0) -
Large-cell carcinoma 11(1.9) -
Bronchoalveolar carcinoma 26(4.5) -
Carcinoid carcinoma 40(7.0) -
Mixed histology/other 54(9.5) -
Tumor stages
1+ 255(44.4%) -
1H+1Vv 319(55.6%) -

a .
Pearson’s chi-square test.
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