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Abstract
Background—Extensive epidemiological data indicate that vulnerabilities to nicotine dependence
(ND) are influenced by genes, environmental factors, and their interactions. Although it has been
documented from molecular experiments using in vitro and animal models that brain-derived
neurotrophic factor (BDNF) exerts its functions via neurotrophic tyrosine kinase receptor 2
(NTRK2) and both alpha 4 (CHRNA4) and beta 2 (CHRNB2) subunits are required to form functional
α4β2-containing nicotinic receptors (nAChRs), no study is reported demonstrating that there exist
gene-gene interactions among the four genes in affecting ND.

Methods—To determine if gene-gene interactions exist among the four genes, we genotyped 6
SNPs for CHRNA4 and BDNF, 9 SNPs for NTRK2, and 4 SNPs for CHRNB2 in a case-control sample
containing 275 unrelated smokers with a FTND score of 4.0 or more and 348 unrelated nonsmokers.

Results—By using a generalized multifactor dimensionality reduction (GMDR) algorithm recently
developed by us, we found highly significant gene-gene interactions for the gene pairs of
CHRNA4 and CHRNB2, CHRNA4 and NTRK2, CHRNB2 and NTRK2, and BDNF and NTRK2
(P<0.01 for all four gene pairs), and significant gene-gene interaction between CHRNA4 and
BDNF (P=0.031) on ND. No significant interaction was detected for the gene pair CHRNB2 and
BDNF (P=0.068).

Conclusion—Our study provides first evidence on the presence of gene-gene interaction among
the four genes in affecting ND. Although CHRNB2 alone was not significantly associated with ND
in several previously reported association studies on ND, we found it affects ND through interactions
with CHRNA4 and NTRK2.
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Introduction
Despite increasing public awareness of the health risks of using tobacco products and
legislation that reduces the availability of cigarettes and prohibits smoking in many public
facilities, little reduction in smoking prevalence has occurred in this country since 1990. In
2006, an estimated 45.3 million adults in the United States were current smokers; of them, an
estimated 36.3 million smoked every day, and 9.0 million smoked some days (1).
Economically, smoking is responsible for about 7% of the total US health care costs, or an
estimated $167 billion each year (1). It is estimated that smoking causes approximately 438,000
deaths annually in the United States or 18.1% of all deaths nationwide (2).

Smoking is a complex behavior influenced by both genetic and environmental factors.
Environmental influences on the development of nicotine dependence (ND) are well
documented and include peer and familial influences as the strongest contributors to how and
when cigarette experimentation occurs among young people. Moreover, multiple lines of
evidence indicate that genetics plays a large part in determining smoking behavior. Over the
last decade, many large-sample twin studies in the United States and other countries have
yielded results supporting the conclusion that genetics contribute to the risk of becoming a
regular smoker (3–7). A meta-analysis of the genetic parameter estimates for ND based on 17
twin studies determined that the weighted mean polygenic heritability for ND is 0.59 in male
and 0.46 in female smokers, with an average of 0.56 for all smokers (7). Thus, identifying the
genes predisposing to ND and understanding their molecular mechanisms are vital to
prevention and treatment.

Recent evidence supports genetic associations with ND of the nicotinic acetylcholine receptor
(nAChR) α4 subunit (CHRNA4) (8–10), of the brain-derived neurotrophic factor (BDNF)
(11,12), and of the neurotrophic tyrosine kinase receptor 2 (NTRK2, also known as the tyrosine
kinase receptor gene, TrkB) (13). Biochemical studies have revealed that the α4β2-containing
nAChR subtype makes up the majority of the high-affinity nicotine-binding sites in the brain
(14) and that the genes for both subunits are upregulated under chronic nicotine exposure
(15,16). Furthermore, it was reported that activation of CHRNA4 is sufficient for nicotine-
induced reward, tolerance, and sensitization (17). Moreover, knock-out mice for the α4 or β2
(CHRNB2) subunit show no high-affinity binding sites in their brains and fail to self-administer
nicotine, indicating that the α4β2 subtype plays a primary role in the reinforcing effects of
nicotine (17,18). However, except for CHRNA4 that has been found to be associated with
smoking in three independent samples (8–10), almost all reported studies found no association
of CHRNB2 with ND in humans (8,9,19,20).

On the other hand, BDNF must act through its high-affinity receptor NTRK2 in order to support
the survival and growth of diverse neuronal populations and influences the form and function
of chemical synapse (21). Furthermore, it was reported that nicotine modulates expression of
BDNF and NTRK2 at both RNA and protein levels, indicating that nicotine regulates the BDNF/
TrkB signaling pathway (22–24). Although the biological interactions of BDNF with
NTRK2 and CHRNA4 with CHRNB2 have been established experimentally using in vitro and
animal models, no study is reported to demonstrate the presence of gene-gene interactions
among the four genes. Thus, the primary objective of this study was to determine whether
significant gene-gene interactions exist among the four genes in affecting ND, using a novel
algorithm, called generalized multifactor dimensionality method (GMDR), reported recently
by this group (25).
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MATERIALS AND METHODS
Human study population

The subjects used in this study are of either African-American (AA) or European-American
(EA) origin and were selected from a family study on ND, recruited primarily from the Mid-
South states including Tennessee, Mississippi, and Arkansas, in the U. S. during 1999–2004
(8,26,27). Smokers were required to be at least 21 years of age, have smoked for at least the
last five years, and have consumed an average of 20 cigarettes per day for the last 12 months.
Extensive data were collected on each participant, including demographics (e.g., sex, age, race,
biological relationships, weight, height, years of education, and marital status), medical history,
smoking history and current smoking behavior, ND, and personality traits assessed by various
questionnaires, available at NIDA Genetics Consortium Website (http://zork.wustl.edu/nida).
All participants provided informed consent. The study protocol and forms/procedures were
approved by all participating Institutional Review Boards.

In the present study, ND for smokers was ascertained by the Fagerström Test for ND (FTND:
0–10 scale) (28). All smokers selected for inclusion into the study had a FTND score of 4 or
above and controls are defined as those who had exposed to cigarette smoking but smoked less
than 100 cigarettes in their lifetime. Given the requirement of the GMDR method for the case-
control design, we selected parent(s) or only one child (either smoker or control) from each
family.

DNA extraction, SNP selection, and genotyping
The DNA was extracted from peripheral blood samples of each participant using a kit from
Qiagen Inc (Valencia, CA). On the basis of the high heterozygosity (minor allele frequency ≥
0.05) and coverage of the gene of interest that was as uniform as possible, we selected 6 SNPs
for CHRNA4 and BDNF, 4 SNPs for CHRNB2, and 9 SNPs for NTRK2 from the National
Center for Biotechnology Information (NCBI) database. Table 1 provides detailed information
on these SNPs, which include their location within the gene, chromosomal position, allelic
variants, the minor allele frequency, and the primer and probe sequences.

All SNPs were genotyped using the TaqMan SNP Genotyping Assay in a 384-well microplate
format (Applied Biosystems, Foster, CA). Briefly, 15 ng of DNA was amplified in a total
volume of 7 µl containing an MGB probe and 2.5 µl of TaqMan universal PCR master mix.
Allelic discrimination analysis was performed on the ABI Prism 7900HT Sequence Detection
System (Applied Biosystems, Foster CA). To ensure the quality of the genotyping, SNP-
specific control samples were added to each 384-well plate.

Statistical analysis for gene-gene interaction
Prior to performing the statistical analysis for detecting gene-gene interaction reported here,
we used the PedCheck program (29) to determine genotyping consistency for Mendelian
inheritance on the basis of the genotype data from other family members. Also, we checked
the SNP data for any significant departure from Hardy-Weinberg equilibrium (HWE). The
HWE at each locus was assessed by the χ2 test. The allele frequencies for each genetic marker
were calculated using the FREQ program of S.A.G.E. (v. 5.0).

Statistical analyses of all SNPs between all possible pairs of the four genes were performed
using a newly developed GMDR (25), as an extension of the MDR methods developed
previously by other research groups (30–32) for allowing covariate adjustment. Given that both
human and animal studies of nicotine administration or smoking behavior have documented
that age, gender and ethnicity play significant roles in ND (7,33,34), we included age, gender
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and ethnicity as covariates in all our gene-gene interaction analyses. Residual scores of all
individuals were computed under a null logistic model for smoking status.

Ten-fold cross-validation was used in our GMDR analysis. That is, data were randomly split
into 10 approximately equal parts; one subdivision was used as the testing set and the rest as
the training set. The genotypes formed by a subset of n SNPs (called n-locus model) were
classified into high-risk, low-risk, or empty cells according to whether the average score in the
training set was ≥ 0, < 0, or, empty (no data). Two contrasting (i.e, high-risk and low-risk)
groups were formed by pooling all high-risk and low-risk cells, respectively, and the difference
between two group scores was used to measure the classification accuracy. All potential n-
locus models were evaluated sequentially and the model with the maximum classification
accuracy was selected as the best model from those with the same dimensionality. We then
used the independent testing set to estimate the prediction accuracy, i.e., to calculate the score
difference in the testing set between two groups formed by the same pooling pattern as the
training set. Finally, the model with the maximum prediction accuracy was chose as the best
model among this set of best models from different locus numbers. To reduce the fluctuations
due to chance divisions of the data, each possible training set and its corresponding testing set
were successively used and the results were averaged. The consistency of the model across
cross-validation training sets, i.e., how many times the same MDR model is identified in all
the possible training sets, is also evaluated.

To identify the best interaction model, we did an exhaustive search for all possible two- to
seven-SNP models for the SNPs between all six gene pairs. We also performed 10,000
permutations to generate the null distribution of maximum prediction accuracy for each
dimensionality of the multilocus models evaluated so that the obtained empirical P values can
be used as a yardstick to rank the models. Specifically, we randomly permuted the affection
status for all participants to generate a set of pseudo-samples in which any potential relationship
between the SNPs and the phenotype was disrupted. And then, as conducted in the above
GMDR analysis for the real dataset, we used cross-validation to identify and evaluate the best
interaction model. That is, we divided the pseudo-sample into two subsets of either training or
testing, and then used training data to determine the best model based on the classification
accuracy of the model under investigation, and testing data to evaluate the prediction accuracy
for the identified model. Because of the independence of two subsets and no genetic association
between the SNPs and the phenotype, the prediction accuracy from each permutation
represented a sample drawn from the null distribution. The P-value was estimated by the
proportion of the pseudo-samples resulting in larger prediction accuracy than the observed one
in the real dataset. Based on these P values, along with the corresponding prediction accuracy
and cross-validation consistency, we identified the best statistical gene-gene interaction model
for all possible pairs among the four genes.

Results
To determine whether gene-gene interaction exist among the four genes in affecting ND, we
studied 275 unrelated smokers with a FTND score ≥ 4.0 and 348 unrelated nonsmokers selected
from the U. S. Mid-South Tobacco Family cohort (26). Of the subjects included, the average
age was 46.6 ± 13.0 for smokers and 41.6 ± 17.8 for controls; 70% and 78% were females for
smokers and controls; and 65% and 66% were African Americans for smokers and controls,
respectively. For the smoker group, the average FTND score was 8.4 ± 1.6. Table 2 provides
a summary of clinical characteristics for the cases and controls used in the current study.

As shown in Table 3, we detected highly significant interactive genetic effects on ND for the
gene pairs CHRNA4 and CHRNB2, CHRNA4 and NTRK2, CHRNB2 and NTRK2, and BDNF
and NTRK2 (with prediction accuracy ranging from 0.565 to 0.593; empirical P values < 0.01
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for all these pairs). In addition, we found significant statistical interaction on ND between the
genes CHRNA4 and BDNF, with prediction accuracy 0.552 (empirical P = 0.031). For the case
of BDNF and CHRNB2, we did not find any interaction model better than we show in Table 3
(empirical P = 0.068) even when we tested more than seven SNPs for the gene pair. We also
examined these interactions for each ethnic sample separately. Although the detected
interactions in each ethnic sample appeared to be less significant (data not shown), we did
obtain similar results as reported here for the combined sample.

To determine whether interaction analysis between each gene pair yield a better model than a
single gene approach, we also performed interaction analysis on the SNP(s) included in the
best interaction model for each gene pair (see Table 3). A comparison of the prediction accuracy
and empirical P value of each gene pair and the corresponding individual gene (with prediction
accuracy from 0.494 to 0.564; empirical P value from 0.020 to 0.454; Table 3) further
confirmed our finding that significant gene-gene interaction exists among these gene pairs in
affecting ND.

By examining the SNPs included in the best prediction model for each gene pair, we found
that SNP rs2072661 was included in all the CHRNB2-related gene pairs, as were SNPs
rs2030324 for BDNF and rs4075274 for NTRK2. This suggests that the gene region where each
SNP is located more likely harbors causative SNP(s) involved in the etiology of ND. As for
CHRNA4, SNPs included in the three gene pairs with significant interaction are almost evenly
distributed across the whole gene, with no single SNP detected in all the gene pairs, suggesting
multiple causative or functional SNPs exist within the gene. We also analyzed ND as a
quantitative trait and obtained almost identical results as when it was treated as a binary trait
(data not shown).

Discussion
Mounting studies have pointed to the view that genes act in concert, rather than isolatedly, to
affect ND. Statistical gene-gene interactions have been reported for smoking-related
phenotypes for DRD2 with SLC6A3, DBH, and CYP2B6 (35–37). It has been long known that
subunits α4 and β2 must assemble together in order to form a functional α4β2-containing
heteromeric nAChR, a major highly expressed receptor type in the central nervous system.
Similarly, in order for BDNF to exert its biological functions in the regulation of dopamine
and serotonin neurotransmission in the brain, BDNF has to bind to its receptor, NTRK2, leading
to activation of BDNF/NTRK2 signaling pathway. However, to date, there is no human genetic
epidemiological study showing evidence that CHRNA4 indeed interacts with CHRNB2 and so
does for BDNF and NTRK2 in affecting ND. Thus, this study provides first evidence that gene-
gene interactions exist among the two gene pairs in influencing ND.

To gain further insight into the contributions of the four genes to ND, we propose a genetic
model to explain our findings (Figure 1). Because it has been demonstrated experimentally
that CHRNA4 interacts with CHRNB2 and BDNF with NTRK2, we conclude that these two
gene pairs contribute to ND by a known biological interactive mechanism. On the other hand,
since α4β2-containing nAChR and BDNF/NTRK2 represent two independent signaling
systems, we conclude that CHRNA4 and BDNF or NTRK jointly contribute to ND in an as yet
unknown indirect manner, as is also the case for CHRNB2 and NTRK2.

Compared with our earlier family-based individual SNP and haplotype analyses for each
individual gene, we found most of the reported significant SNPs in the earlier studies yielded
a stronger signal (significance) in the present study. For example, SNP rs2030324 in BDNF
that was significant in the EA and the pooled samples (11) was identified to interact with
NTRK2 (P = 0.002) and CHRNA4 (P = 0.031). Significant SNPs in NTRK2, rs1187272 and
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rs1122530 in EAs, and rs993315, rs4075274, rs729560 in AAs (13), were included in the lists
of the best interaction models of the current report. Significant SNPs in CHRNA4, rs2273504
and rs1044396 in EAs, and rs2273504, rs2273505, and rs2236196 in AAs (8) also interacted
with at least one SNP of CHRNB2, BDNF, and NTRK2. On the other hand, we also noticed
that few significant SNPs, e.g., rs1659400 of NTRK2 significant in EAs (13) and rs3787137
of CHRNA4 significant in AAs (8) were not included in our detected interaction models. This
is more likely due to that those SNPs were in very strong LD with some SNPs included in the
identified interaction models, e.g., rs1659400 with rs1187272 and rs3787137 with rs2236196,
and inclusion of them in the final interaction model would be redundant and contribute no or
less extra information to account for ND variation in our samples.

Also, it is worthy of mention that, although CHRNB2 alone was not found to be associated
with ND in several reported studies (8,9,19,20), it does appear to play a role in ND when
analyzed jointly with CHRNA4 or NTRK2. In other words, although no significant contribution
of CHRNB2 to ND could be detected in the four independent human genetics studies (8,9,19,
20), it does not exclude the possibility of involvement of the gene to ND. The reason of failing
to detect significant association of CHRNB2 with ND might be due to the strong dependency
of CHRNB2 effects on specific CHRNA4 variants and/or small sample size for relatively small
marginal effects of CHRNB2 used in those studies. With the GMDR approach that can detect
genetic contribution of multiple genes on ND, we detected significant gene-gene interaction
between CHRNB2 and CHRNA4 in influencing ND. This indicates that it is critical to develop
more powerful and sensitive methodology of detecting gene-gene and gene-environment
interactions and apply them to our genetics research, which will help us to identify more genetic
contributors to ND that cannot be detected at single gene level based on conventional
association analysis. More importantly, detection of significant joint contribution of
CHRNB2 with CHRNA4 in human provide a plausible explanation to well-documented
experimental evidence observed in animals where knockout mice for the α4- or β2-subunit of
nAChRs show no high-affinity binding site in their brains and fail to self-administer nicotine
(18,38,39).

It is also interesting to notice that we detected significant interaction between CHRNA4/
CHRNB2 and BDNF/NTRK2. From our current knowledge on the biological function and
signaling pathways involved by the four genes, it seems that these four genes function
independently as two separate functional groups. The first group consists of CHRNA4 and
CHRNB2 whose gene products must assemble together to form functional α4β2-containing
nAChRs involved in modulation the release of dopamine and gamma-aminobutyric acid (40).
Another group contains BDNF and NTRK2 genes that make up BDNF/NTRK2 signaling
pathway with a critical role in regulating the survival and differentiation of neuronal
populations during development and synaptic transmission and plasticity at adult synapses in
many brain regions (21). Thus, to some extent, our detected interactions of CHRNA4 and
CHRNB2 with BDNF and NTRK2 is considered to be novel and intriguing from biological
point of view, and such predictions deserve to be tested experimentally using in vitro and animal
models.

It is agreed that ND, like any other complex trait, is controlled by multiple genetic factors, with
each having a relatively small effect, as well as by environmental factors and interactions
between genes or between genes and the environment. During the past decade, significant
progress has been made in searching for susceptibility genes for ND through linkage and
association analyses (41–44). However, these approaches are effective only for genes with
moderate to major effects. The ability to identify susceptibility genes for ND and other complex
traits has been improving but is still limited because of various factors such as gene interaction,
modest marginal contribution, variable expressivity, small sample size, and heterogeneities
(41,45,46). Of these factors, gene-gene and gene-environment interactions are of the greatest

Li et al. Page 6

Biol Psychiatry. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



importance. To search for determinants of gene-gene and gene-environment interactions,
considerable effort has been made in the past. Several combinatorial approaches, such as the
multifactor dimensionality reduction (MDR) method (30–32,47), the combinatorial
partitioning method (CPM) (48), and the restricted partition method (RPM) (49), have been
developed as promising tools for detecting gene-gene and gene-environment interactions
(50–52). Since the original report, MDR has been applied by many research groups to detect
interactions for a number of complex disorders, and the list of publications is expanding rapidly
(for details, please see the Epistasis Blog Website:
http://compgen.blogspot.com/2006/05/mdr-applications.html). However, these established
methods have limitations that restrict their practical use. For example, MDR, CPM, and RPM
do not allow adjustment for covariates; MDR is applicable only to dichotomous phenotypes,
and CPM and RPM cannot handle categorical phenotypes. To overcome the limitations of these
existing combinatorial approaches and meet our research needs in determining gene-gene and
gene-environment interactions for ND, we recently developed a generalized approach, called
generalized MDR (25) and applied this new methodology to our genetic analysis of SNP data
on ND. The results reported in this communication represent a new research dimension for our
ongoing efforts in searching for susceptibility genes for ND.

In summary, we have determined not only that CHRNA4 interacts with CHRNB2 and BDNF
with NTRK2 to contribute to ND by known biological interactive mechanisms that have been
demonstrated experimentally, but also that CHRNA4 interacts with BDNF or NTRK, and
CHRNB2 with NTRK2, contributing to ND in an as yet unknown manner, as the gene pairs
represent two independent signaling systems. Further replication of these findings in
independent samples is thus needed in future study. Moreover, our interaction investigation
suggests that CHRNB2 is involved in the etiology of ND when analyzed jointly with
CHRNA4 or NTRK2. This provides an example of how traditional analysis may fail to identify
important risk genes and thus that the use of a validated detection strategy for interactions is
warranted.
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Figure 1.
Illustration of detected genetic effects of CHRNA4, CHRNB2, BDNF, and NTRK2 on ND. Two
types of genetics effects are shown in the figure: known biological interaction (shown in
horizontal line) and joint action (shown in vertical line). Value shown on the top of each line
represents the empirical p-value from 10,000 replicates.
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Table 2
Clinical characteristics for the cases and controls used in the study

Characteristics Cases Controls
Sample size 275 348
Age (± SD; years) 46.6 ± 13.0 41.6 ± 17.8
Females (%) 70% 78%
African Americans (%) 65% 66%
FTND (± SD) 8.4 ± 1.6 NA
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