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Abstract Previous studies have implicated genes encod-
ing the 5-HT3, receptors (HTR3A and HTR3B) and the
serotonin transporter (SLC6A4), both independently and
interactively, in alcohol (AD), cocaine (CD), and nicotine
dependence (ND). However, whether these genetic effects
also exist in subjects with comorbidities remains largely
unknown. We used 1,136 African-American (AA) and
2,428 European-American (EA) subjects from the Study
of Addiction: Genetics and Environment (SAGE) to deter-
mine associations between 88 genotyped or imputed vari-
ants within HTR3A, HTR3B, and SLC6A4 and three types
of addictions, which were measured by DSM-IV diagno-
ses of AD, CD, and ND and the Fagerstrom Test for Nico-
tine Dependence (FTND), an independent measure of ND
commonly used in tobacco research. Individual SNP-based
association analysis revealed a significant association of
152066713 in SLC6A4 with FTND in AA (B = —1.39;
P = 1.6E — 04). Haplotype-based association analysis
found one major haplotype formed by SNPs rs3891484 and
rs3758987 in HTR3B that was significantly associated with
AD in the AA sample, and another major haplotype T-T-G,
formed by SNPs rs7118530, rs12221649, and rs2085421
in HTR3A, which showed significant association with
FTND in the EA sample. Considering the biologic roles
of the three genes and their functional relations, we used
the GPU-based Generalized Multifactor Dimensionality
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Reduction (GMDR-GPU) program to test SNP-by-SNP
interactions within the three genes and discovered two-
to five-variant models that have significant impacts on
AD, CD, ND, or FTND. Interestingly, most of the SNPs
included in the genetic interaction model(s) for each addic-
tive phenotype are either overlapped or in high linkage
disequilibrium for both AA and EA samples, suggesting
these detected variants in HTR3A, HTR3B, and SLC6A4 are
interactively contributing to etiology of the three addictive
phenotypes examined in this study.

Introduction

Serotonin (5-hydroxytryptamine; 5-HT) is a neurotransmit-
ter that mediates rapid excitatory responses through ligand-
gated channels (5-HT3 receptors). The 5-HT3 receptors,
unlike other serotonergic receptor classes, which are G
protein coupled (Barnes et al. 2009; Boess and Martin
1994; Cravchik and Goldman 2000), belong to the super-
family of nicotinic acetylcholine (nACh), subtype A of
the y-aminobutyric acid (GABA,) and glycine receptors
(Maricq et al. 1991). The serotonin-gated ion channel con-
ducts primarily Na®™ and K™, resulting in rapid neuronal
depolarization followed by a rapid desensitization and the
release of stored neurotransmitter, which suggests a poten-
tially important role for this receptor system in neuronal
circuitry involved in drug abuse (Grant 1995). Further,
5-HT3 receptors are co-localized with nACh receptors on
nerve terminals in several brain pathways of reward pro-
cessing, including dopaminergic terminals in the striatum
(Nayak et al. 2000). Although there is no evidence that
they interact physically, cross-regulation may take place
at a downstream molecular level (Dougherty and Nichols
2009; Nayak et al. 2000; Yamauchi et al. 2011). Besides the
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potentially important role of 5-HT3 receptors in the devel-
opment of nicotine dependence (ND), they can be poten-
tiated through acute exposure to alcohol at concentrations
that produce intoxication (Narahashi et al. 2001; Sung et al.
2000).

Whereas 5-HT3 receptors assembled by 5-HT3, subu-
nits are uniformly located in various parts of the central and
peripheral nervous systems, transcripts of the 5-HT3, and
5-HT3j subunits are coexpressed in the amygdala, caudate,
and hippocampus, areas implicated in alcohol, nicotine,
and other drug addictions, and form pharmacologically
more potent heteropentameric receptors compared with the
5-HT3, homomeric structures (Davies et al. 1999; Dubin
et al. 1999; Enoch et al. 2011). The genes encoding the
5-HT3, and 5-HT3y receptor subunits (namely, HTR3A
and HTR3B) lie in a 90-kb region on chromosome 11q23.1
(Miyake et al. 1995).

Serotonin transporters (SERTS), one major class of
monoamine transporters, which regulate the availability of
5-HT in the synaptic cleft through re-uptake, is encoded by
the SLC6A4 gene on chromosome 17q11.2 (Ramamoor-
thy et al. 1993). SLC6A4 spans 37.8 kb and is composed
of fourteen exons encoding a protein of 630 amino acids
(Lesch et al. 1994). Alternate promoters in combination
with differential splicing involving exon 1A, B, and C in
specific tissues, and alternate polyadenylation site usage
resulting in multiple mRNA species are likely participants
in the regulation of SERT expression in humans (Brad-
ley and Blakely 1997; Ozsarac et al. 2002). SERTs medi-
ate antidepressant action and behavioral effects of cocaine
and amphetamines (Ramamoorthy et al. 1993). Sequence
variations in SLC6A4 have been associated with several
neuropsychiatric conditions, including major depressive
disorders, anxiety-related personality traits, and antidepres-
sant response (Dong et al. 2009; Lopez-Leon et al. 2008;
McCauley et al. 2004).

In addition, previous association studies have posited
a significant role for HTR3A, HTR3B, and SLC6A4 in
AD (Enoch et al. 2011; Seneviratne et al. 2013), cocaine
dependence (CD) (Enoch et al. 2011), and ND (Yang et al.
2013), both independently and through gene-by-gene inter-
actions. Importantly, both studies reported by Seneviratne
et al. (2013) and Yang et al. (2013) indicated significant
interactive effects of genetic variations in HTR3A, HTR3B,
and SLC6A4 by influencing the etiology of AD and ND,
even though both individual SNP- and haplotype-based
association analyses revealed only weak association of var-
iants in the three genes with AD and ND. Our group has
also reported that a combined five-marker genotype panel
in HTR3A, HTR3B and SLC6A4 can be used to predict
the outcome of treatment of alcohol dependence with the
5-HT3 antagonist ondansetron (Johnson et al. 2011, 2013).
Thus, the objective of this study was to determine whether
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there exist significant independent and interactive effects of
the three genes associated with different addictive pheno-
types in the samples of both African- and European-Amer-
ican origin.

Subjects and methods
Subjects

SAGE is a population-based study with 4,032 subjects of
either European- (EA) or African-American (AA) descent.
Participants were selected from three large complementary
datasets: the Collaborative Study on the Genetics of Alco-
holism (COGA) (Edenberg et al. 2005), the Collaborative
Genetic Study of Nicotine Dependence (COGEND) (Bierut
et al. 2007), and the Family Study of Cocaine Dependence
(FSCD) (Grucza et al. 2008). All subjects included in these
studies include comprehensive demographic information
such as age, sex, and ethnicity. Genotyping was performed
on the [llumina Human 1 M platform with 1,040,107 SNPs
available for each DNA sample. For a detailed description
of this GWAS dataset, please see the paper by Bierut et al.
(2010).

According to the quality control (QC) report of the
GENEVA alcohol-dependence project accompanying the
dataset, stringent QC criteria were applied to all the sam-
ples. After removal of subjects with abnormal chromo-
somes 11 or 17 (such as aneuploidy and mosaic cell pop-
ulations), related individuals, Hispanics, 3,564 (54.8 %
females) samples were retained for all analyses in this
study. Among these samples, 2,428 (56.1 % females) were
EA and 1,136 (52.1 % females) were AA. According to the
principal component (PC) analysis results from the origi-
nal study, PC1 separates the self-identified black and white
subjects very well, while PC2 separates the Asian HapMap
samples and the self-identified Hispanic subjects from the
others; meanwhile, similar results were seen with analyses
using two principal components indexing continuous varia-
tion and self-reported race as categorical variables (Bierut
et al. 2010). Since Hispanic subjects were removed, self-
identified racial groups were used to distinguish AA from
EA in all analyses.

The dependence status of each subject for nicotine,
alcohol, and cocaine was assessed by the DSM-IV crite-
ria, which were obtained from the original dataset. In addi-
tion, the Fagerstrom Test for Nicotine Dependence (FTND)
score of each subject was chosen as an independent meas-
ure of ND, because it is one of the commonly used meas-
ures in ND research, thus providing a means of compar-
ing results from different studies (Yang et al. 2013). The
detailed characteristics of the AA and EA samples are sum-
marized in Table 1 and Fig. 1.
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Imputation and SNP selection

In the SAGE data, there were 27 genotyped SNPs across
the HTR3B gene region, which included the functional
SNP rs1176744 (Tyr129Ser) and the missense vari-
ant rs17116138 (Vall83Ile). Of the 37 SNPs within the
HTR3A gene region, there was a coding synonymous vari-
ant, rs1176713 (Leud465Leu). For the SLC6A4 gene, 17
SNPs were genotyped, including rs6352 (Lys605Asn),
which changes an amino acid. All these SNPs follow the
Hardy—Weinberg Equilibrium.

Although the 81 genotyped SNPs in SAGE well cov-
ered the three genes, in order to include more important
SNPs reported by others (Enoch et al. 2011; Seneviratne
et al. 2013; Yang et al. 2013), we performed imputation
for four SNPs in HTR3B and three SNPs in HTR3A using
the 1,000 Genomes AFR and EUR data as references for

Table 1 Characteristics of the SAGE AA and EA samples used in
the study

Characteristic African- European-
American American
Sample size 1,136 2,428
Age, years (SD) 40.2 (7.4) 38.4(9.7)
Female (%) 592 (52.1) 1,362 (56.1)
DSM-1V alcohol dependence (%) 567 (49.9) 1,084 (44.6)
DSM-IV cocaine dependence (%) 458 (40.3) 454 (18.7)
DSM-IV nicotine dependence (%) 535 (47.1) 1,066 (43.9)
FTND score (SD) 4.93 (2.32) 5.06 (2.76)
No addiction (%) 397 (34.9) 1,018 (41.9)
One type of addiction (%) 198 (17.4) 540 (22.2)
Two types of addiction (%) 260 (22.9) 539 (22.2)
Three types of addiction (%) 280 (24.6) 327 (13.5)

SD standard deviation

Fig. 1 Venn diagrams showing
numbers of subjects with either
sole or multiple addictions in
the SAGE AA and EA samples.
Numbers in parentheses stand
for sample sizes of either sole or
multiple addictions. Numbers at
the bottom of the figure are the
total sample size for AAs and
EAs, respectively. AD alcohol
dependence; CD cocaine
dependence; ND nicotine
dependence. There are one AA
and four EAs with CD missing

AD only
(80)
AD total
(567)

AD&CD&ND
(280)

(32) CD & ND
CD total (54)

(458)

AA (N=738)

the AA and EA samples, respectively, with the MaCH pro-
gram (Li et al. 2009b, 2010). Both reference panels were
accessed through the 1,000 Genomes Browser (http://
browser.1000genomes.org/index.html). The 7* values,
which measure the imputation quality, for six out of the
seven imputed SNPs (rs33940208 was excluded from fur-
ther analysis because of low imputation quality) are >0.8
for the EA sample. There are two SNPs (rs3758987 and
1s4938056) with 7> values between 0.7 and 0.8 for the AA
sample; however, their minor allele frequencies are more
than 35 %, which guarantees their imputation qualities with
comparatively low 7> values (Li et al. 2009b). A detailed
list of genotyped and imputed SNPs is provided in Supple-
mentary Table.

Statistical analysis
Individual SNP- and haplotype-based association analyses

Individual SNP-based association analyses with AD, CD,
and ND were performed using logistic regression models,
while FTND was analyzed using linear regression mod-
els implemented in PLINK (Purcell et al. 2007). Additive,
dominant, and recessive models were all tested for each
SNP, adjusted for sex, age, study (whether the subjects
were from COGEND, COGA, or FSCD), and two other
dependence statuses that are not used as the response vari-
able in the AA and EA samples. For example, if ND/FTND
was used as the dependent variable, sex, age, study, AD,
and CD were included as covariates in the logistic/linear
regression model. Pair-wise linkage disequilibrium (LD)
and haplotype blocks were assessed by Haploview (v. 4.2)
(Barrett et al. 2005; Gabriel et al. 2002), and their asso-
ciations with the four phenotypic measures were analyzed
using Haplo Stats (v.1.6.3) through computing score statis-
tics with the same covariates and genetic models used as

AD&CD&ND
(327)

ND only
(299)
ND total

21 (1066)

CD only \

(6)
D D
CD total CD&N

(454)

EA (N=1406)
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the individual SNP-based association analysis (Schaid et al.
2002).

Statistically significant results for individual SNPs and
major haplotypes (frequency >5 %) were selected after
controlling for family wise error rate (FWER) using Bon-
ferroni correction. The three genetic models and the four
phenotypic measures are highly related, with the correla-
tion coefficient between AD and CD being 0.487, AD and
ND 0.453, and CD and ND 0.352. To reduce the prob-
ability of producing false-negative results and at the same
time to increase statistical power, less stringent Bonferroni-
corrected P values were used to select significant associa-
tions, which were corrected for the number of SNPs or hap-
lotypes, but not phenotypes or genetic models (as they are
highly correlated to each other). Uncorrected P values are
presented throughout the manuscript.

SNP-by-SNP interaction analysis of HTR3A, HTR3B,
and SLC6A4 variants

For the SNP-by-SNP interaction analysis of HTR3A,
HTR3B, and SLC6A4, we performed exhaustive searches
for two- to five-way interactions using the GMDR-GPU
program (Zhu et al. 2013), which not only scales genetic
and/or environmental factor numbers up to the GWAS
level but also runs much faster than the earlier version of
the GMDR program (Lou et al. 2007) by employing more
efficient computational implementation (Zhu et al. 2013).
Similar to the association analysis described above, by
taking sex, age, and two-dependence status as covariates,
and one other dependence status as phenotype for the AA
and EA samples, GMDR-GPU calculates a “score” statis-
tic for each subject based on a generalized linear model

under different distributions (Lou et al. 2007). Specifically,
we assumed that binary traits (AD, CD, and ND) follow a
Bernoulli distribution and FTND follows a normal distribu-
tion in our gene-by-gene interaction analysis using GMDR-
GPU (Zhu et al. 2013).

The best statistical SNP-by-SNP interaction model for a
given order of interaction was determined by three factors:
(1) the cross-validation consistency (CVC) statistics for the
selected SNP combinations; (2) the prediction accuracies
and the significance level or P value, which is determined
by 107 permutation tests based on the observed testing
accuracies; and (3) interaction analysis results of the SNP
combination with all four phenotypes examined (Zhu et al.
2013). Please see the supplementary note for a detailed
description of the GMDR-GPU program.

Results
Individual SNP-based association analysis

One SNP among the 88 variants tested for the three
genes remained significant after Bonferroni correction
(P < 5.68E — 04), which is rs2066713 in SLC6A4 with
a P value of 1.6E — 04 and B value of —1.39 for FTND
under the recessive model in the AA sample. The other
seven SNPs presented in Table 2 showed marginal associa-
tions (P < 0.01) with AD, CD, ND, or FTND in either the
AA or the EA sample. Within HTR3B, three SNPs were
marginally associated with AD or FTND under the reces-
sive model: rs12276717 showed marginal association
(OR = 0.2; P = 0.005) with AD in the AA sample; and
both rs1672717 and rs720396 were associated (8 = —0.58;

Table 2 SNPs with P values <0.01 in individual SNP association analyses with AD, CD, ND and FTND in AA and EA samples

Sample  Gene dbSNP ID Minor Allele (MAF)  DSM-IV FTND
AD CD ND
OR P OR P OR P BETA P
AA HTR3B 1512276717  C (0.148) 02 0005 08 0273 08  0.195¢ 0.49 0.419"
HTR3A 1511214796 T (0.403) 0.8 0.132¢ 0.8 0304° 09  0.648" 0.34 0.010°
rs1563533 A (0.157) 17 0004 08 0274° 07  0.065 1.13 0.0417
SLC6A4 152066713 T (0.262) 12 0128 1.3 048" 08 0353 —1.39 1.6E—04"
EA HTR3B 151672717 C (0.389) 09 0447¢ 09 0455 1.0 0.659° —0.58 0.004"
1s720396 C (0.431) 12 0261 07 0.109° 1.0 0906 —0.53 0.005"
HTR3A 151020715 T (0.002) 05 0490 16 0.004* 06 0583  —040 0.768?
152364857 C(0.112) 12 0184 08 0144 07  0.005 —021 0.181%

MAF minor allele frequency; AD DSM-IV alcohol dependence; CD DSM-IV cocaine dependence; ND DSM-1V nicotine dependence; OR odds
ratio; BETA beta coefficient. Significant associations are given in bold. Superscripts following P values indicate genetic models used for analy-
sis: a additive; d dominant; and r recessive. For AD, CD and ND, logistic regression models were implemented; for FTND, linear regression
models were used. Sex, age, study and two out of three addiction status were used as covariates while the other one was used as dependent vari-

able in all statistical models. See “Subjects and methods” for details
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Fig. 2 LD structures for HTR3B and HTR3A SNPs in the SAGE AA
sample. Haploview (v. 4.2) (Barrett et al. 2005) was used to calcu-
late all D’ values, and haplotype blocks were defined according to
Gabriel et al. (2002). The number in each box represents the D’ value
for each SNP pair surrounding that box. The arrow on top of the

P =0.004 and g = —0.53; P = 0.005, respectively) with
FTND in the EA sample. Of the HTR3A SNPs, 1511214796
was marginally associated (8 = 0.34; P = 0.01) with FTND
in the AA sample under the additive model; rs1563533
showed marginal association (OR = 1.7; P = 0.004) with
AD in AAs under the dominant model. For EAs, rs1020715
and rs2364857 were associated with CD and ND, respec-
tively, with P values of 0.004 (OR = 16) under the additive
model and 0.005 (OR = 0.7) under the dominant model.
Among these seven marginal associations, rs1020715 is
questionable given its low minor allele frequency (0.002).

Haplotype-based association analysis

According to the haplotype block definition of Gabriel
et al. (2002), there are 15 and 13 LD blocks in the AA
and EA samples, respectively, within HTR3A and HTR3B,
whereas 2 blocks were found in the SLC6A4 region for both
AA and EA samples. We used Haplo Stats to perform hap-
lotype-based association analyses for all major haplotypes

figure represents the gene transcription direction from 5’- to 3’-end.
SNPs involved in later interactive models are underlined and grouped
according to D’ values >0.7. Please refer to Fig. 6 for more informa-
tion about SNP groups

(frequency >5 %) in each above-mentioned LD block with
the four phenotypic measures in AA and EA samples.

In AAs, there was one major haplotype C—C, formed by
SNPs rs3891484 and rs3758987, located in the 5’ region of
HTR3B (LD block 2 in Fig. 2) that was significantly asso-
ciated with AD (frequency = 11.9 %; P = 0.002) under
the dominant model. This association remained significant
after Bonferroni correction among the 17 major haplotypes
in AAs (P < 0.003). Besides this haplotype, there were two
haplotypes with P values <0.01: (1) G-G-G-T-G-T-C-G-
C, formed by SNPs rs17116138, rs2276307, rs11214775,
rs3782025, rs1176735, rs1672717, rs17614942, rs7943062,
and rs7945926 (LD block 5 within HTR3B in Fig. 2), with
a frequency of 12.6 %, that was marginally associated
with AD under the dominant model (P = 0.004) and ND
under the additive model (P = 0.009); and (2) C-C-C-T-A,
formed by SNPs rs6354, rs25528, rs2066713, rs8071667,
and rs16965623 (LD block 2 of SLC6A4 in Fig. 3), with
a frequency of 23.7 %, that showed a marginal association
with AD under the additive model (P = 0.005).
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Fig.3 LD structure for SLC6A4 SNPs in the SAGE AA sample.
Haploview (v. 4.2) (Barrett et al. 2005) was used to calculate all D’
values, and haplotype blocks were defined according to Gabriel et al.
(2002). The number in each box represents the D’ value for each SNP
pair surrounding that box. The arrow on top of the figure represents
the gene transcription direction from 5’- to 3’-end. SNPs involved in
later interactive models are underlined

For the EA sample, we found one haplotype, T-T-G,
formed by SNPs rs7118530, rs12221649, and rs2085421 (LD
block 13 within HTR3A in Fig. 4) significantly associated
with FTND under the additive model (frequency = 60.5 %;
P = 0.002), which remained significant after Bonferroni cor-
rection for 15 major haplotypes (P < 0.003). The global P
value of this haplotype was 0.008 under the recessive model,
suggesting marginal association with FTND. There are three
other haplotypes showing marginal significance in EAs:
(1) rs11214769 and rs1176744 (LD block 2 within HTR3B
in Fig. 4) with ND (P global = 0.007) under the additive
model; (2) A-G, formed by SNPs rs7942029 and rs17116178
(LD block 6 within HTR3B in Fig. 4), with CD under the
dominant model (frequency = 73 %; P = 0.007); and (3)
A-A-T-G-C, formed by SNPs rs6354, rs25528, rs2066713,
rs425147, and rs8071667 (LD block 2 of SLC6A4 in Fig. 5),
with FTND under the recessive model (frequency = 39.5 %;
P =0.007). The detailed results of the haplotype-based asso-
ciation analyses in AAs and EAs are presented in Tables 3
and 4, respectively.

SNP-by-SNP interaction analysis of HTR3A, HTR3B,
and SLC6A4

Two previous studies reported by our group indicated that
there exist significant epistatic effects among HTR3A,
HTR3B, and SLC6A4 in both AAs and EAs in either AD or
ND (Seneviratne et al. 2013; Yang et al. 2013). As shown in
Table 5, we determined the best interaction models for AD,
CD, ND, and FTND based on CVC >7 of 10, prediction
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accuracy >55 % and empirical P value <0.005 for each
model based on 107 permutation tests. Although the SNPs
involved in different interaction models were not exactly
the same, Figs. 6 and 7 show great overlaps and correla-
tions among SNPs based on the LD structure of those SNPs
included in each model.

Discussion

Through individual SNP- and haplotype-based association
analyses and SNP-by-SNP interaction analysis on AD, CD,
ND, and FTND, we identified significant independent and
interactive effects among 88 genotyped and imputed vari-
ants within HTR3A, HTR3B, and SLC6A4 in the AA and
EA samples. These findings confirm our hypothesis that
interactive effects exist between 5-HT3 receptors and trans-
porters in governing trans-synaptic serotonergic signaling
underlying the pathophysiology of multiple addictions in
two ethnic groups.

On the individual polymorphic level, rs2066713 was
significantly associated with FTND in the AA sample.
As a tag SNP located in the alternative splicing region of
SLC6A4 involving noncoding exons 1A and 1B, it is likely
to regulate expression of the gene in humans, because exon
1B is surrounded by several consensus sites for transcrip-
tion factors AP-1, AP-2, CREB/ATF, and NF-kB (Bradley
and Blakely 1997). Rs2066713 was reported to be asso-
ciated with schizophrenia in a South Indian population
(Vijayan et al. 2009) and with autism in Caucasian samples
(Ma et al. 2010). On the haplotypic level, two SNPs located
in the 5’-region of HTR3B (i.e., rs3891484 and rs3758987)
and three SNPs located in the 3’-region of HTR3A (i.e.,
rs7118530, rs12221649, and rs2085421) are associated
with AD in the AA sample and FTND in the EA sample,
respectively. However, these association signals are not as
strong as the SNP-by-SNP interaction results we obtained.

In the AA sample, there are 12 SNPs included in the
four interaction models of AD, CD, ND, and FTND,
which can be treated as seven groups based on D’ val-
ues. Rs25528 is the only SNP located in the 5’-region of
SLC6A4 in the AD, CD, and ND interaction models, which
is in strong LD with rs2066713 and also locates in the
alternative splicing region of SLC6A4. It has been reported
to be significantly associated with the Beck Depression
Inventory (Su et al. 2009). The two distinct SNPs within
HTR3B are rs3758987 and rs1176744. Rs3758987 locates
in the 5-UTR region of HTR3B, whereas the non-syn-
onymous SNP rs1176744 results in a tyrosine-to-serine
change at the 129th amino acid residue of 5-HT3g. This
amino acid substitution significantly increases the maxi-
mum response of 5-HT3,5 to serotonin, slows its deacti-
vation and desensitization kinetics twentyfold and tenfold,
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Fig. 4 LD structure for HTR3B and HTR3A SNPs in the SAGE EA
sample. Haploview (v. 4.2) (Barrett et al. 2005) was used to calcu-
late all D’ values, and haplotype blocks were defined according to
Gabriel et al. (2002). The number in each box represents the D’ value
for each SNP pair surrounding that box. The arrow on top of the

respectively, and confers a sevenfold increase in the recep-
tors’ mean open time (Krzywkowski et al. 2008). There
are two SNP groups and two individual SNPs in HTR3A
involved in the AA interaction models, as shown in Fig. 6.
Group 1 spans from the 5’-UTR to the intron region of
HTR3A, which covers five SNPs (rs1020715, rs1062613,
rs1985242, rs2276302, and rs3737457). Rs1020715 and
rs1062613 are translation regulatory variants located in an
open reading frame upstream of the translation initiation
site of HTR3A mRNA (Niesler et al. 2001). Rs2276302,
together with rs3737457, is part of a haplotype reported to
be associated with heroin addiction in AAs (Levran et al.
2009). Rs897685, 1s4938066, and Group 2 are all located
in the 3/-UTR region of HTR3A.

In the EA sample, as shown in Fig. 7, three SNP groups
and one individual SNP are included in the four interac-
tion models for AD, CD, ND, and FTND. Of the three
SNPs included in Group 3, rs1176758 is located in the 5'-
UTR region of HTR3B; Ducci et al. (2009) reported that
the intronic SNP rs3782025 was associated with alcohol

figure represents the gene transcription direction from 5'- to 3’-end.
SNPs involved in later interactive models are underlined and grouped
according to D’ values >0.7. Please refer to Fig. 7 for more informa-
tion about SNP groups

use disorders + co-morbid antisocial personality disorder
in Finns; rs1672717 was significantly associated with the
intensity of nausea and vomiting among cancer patients
treated with opioids (Laugsand et al. 2011). Although
the functionality of the intronic SNPs rs3782025 and
rs1672717 is not clear, the strength of interactive effects
between SNPs within the gene and addictions is likely to
be similar, as HTR3B is covered by only one LD block
in Caucasians according to the HapMap data. Group 4
includes three correlated SNPs: rs9303628, rs140701, and
rs2066713. The first two SNPs are located in the intron
regions of SLC6A4, which may represent new regula-
tory variants or indicate that they reside in LD with such
a variant. Rs2066713 has shown an independent effect on
FTND, and rs25528, a SNP in strong LD with rs2066713,
is the major interactive signal of SLC6A4 in the AA sample.
The variants of HTR3A involved in the interaction mod-
els are Group 5 (rs10789980, rs2276302, and rs3737457)
and rs4938066. Three of the four SNPs are overlapped in
the AA sample, whereas rs10789980 locates within the
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SLC6A4

H
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L
Group 4

8081028
7224199
rs3813034
1042173
9303628

1511657536
140701
140700

rs6354
54251417
1516965623
58073965
1528437451

Block 1 (19 kb)

3
3

Fig. 5 LD structures for SLC6A4 SNPs in the EA sample. Haplov-
iew (v. 4.2) (Barrett et al. 2005) was used to calculate all D’ values,
and haplotype blocks were defined according to Gabriel et al. (2002).
The number in each box represents the D’ value for each SNP pair
surrounding that box. The arrow on top of the figure represents the
gene transcription direction from 5’- to 3’-end. SNPs involved in later
interactive models are underlined and grouped according to D’ values
<0.7. Please refer to Fig. 7 for more information about SNP groups

same open reading frame of HTR3A as rs1020715 and
rs1062613.

By further examination of SNPs detected in these inter-
active models for the AA and EA samples, we found that
there is one locus in HTR3B, one locus in SLC6A4 and
two separate loci in HTR3A that collaboratively contribute
to AD, CD, ND and FTND in the EA sample. One locus
(rs4938066 in Fig. 7) in HTR3A specifically influences AD,
while the other locus (Group 5 in Fig. 7) affects CD, ND
and FTND, which may suggest different receptor variations
in AD subjects compared with CD and ND participants
that couple with transporter changes in order to take effect.
However, relationship among the four interactive models in
the AA sample is not as obvious as it is in the EA sample.
Also, Fig. 6 shows the trend that more loci in HTR3A are
involved in the interactive models of the four phenotypes.

Previous studies by our group have shown interac-
tion effects among HTR3A, HTR3B, and SLC6A4 in AD
and ND samples (Seneviratne et al. 2013; Yang et al.
2013). However, most case subjects included in the stud-
ies reported by Yang et al. (2013) and Seneviratne et al.
(2013) have primarily only one type of addiction. Thus,
this study has extended such an interaction effect among
the three genes to subjects with multiple addictive pheno-
types (AD, CD, and ND). This strongly implies that vari-
ants in the three genes have significant epistatic effects
influencing, not only in one type of addiction but also in
multiple addictions, although limited SNPs with major
effects on the three genes were revealed by our previous

@ Springer

studies (Seneviratne et al. 2013; Yang et al. 2013) and
this one. Result consistency among the three studies were
even revealed at the SNP level. Seneviratne et al. (2013)
showed two four-variant models carried a risk for AD,
which include rs10160548 in HTR3A, rs1176744 and
rs3782025 in HTR3B, and 5-HTTLPR and rs1042173 in
SLC6A4. Yang et al. (2013) found significant interactions
among rs1062613 and rs10160548 in HTR3A, rs1176744
in HTR3B, and 5’-HTTLPR and rs1042173 in SLC6A4 in
affecting ND.Rs1176744 in HTR3B overlaps among the
three studies, which makes a residue change from Tyros-
ine to Serine. Besides rs1176744, this study has rs3782025
of HTR3B in common with Seneviratne et al. (2013) and
rs1062613 of HTR3A with Yang et al. (2013). These three
SNPs may be important serotonin-receptor- and trans-
porter-function-modifying gene variants or in strong link-
age with such variants.

One possible explanation for all these findings is that
increased synaptic 5-HT, caused by limited SERT re-
uptake abilities, coupled with increased 5-HT3,y recep-
tor responsiveness to 5-HT results in enhanced dopamine
transmission in the reward pathway that is associated with
a greater risk of multiple addictions. To take it further,
cocaine inhibits SERT re-uptake (Torres et al. 2003); alco-
hols increase the maximal efficacy of dopamine activation
of 5-HT3 receptors (Lovinger et al. 2000); both nicotine
and cocaine compete with serotonin for the 5-HT3 recep-
tor site that controls channel opening (Breitinger et al.
2001).

This hypothesis is supported by the study results of
SERT-deficient mice. Researchers found that 5-HT3 recep-
tors are upregulated in frontal cortex (446 %), parietal cor-
tex (442 %), and in stratum oriens of the CA3 region of
the hippocampus (+18 %) of SERT knockout mice (Moss-
ner et al. 2004). Mutations that result in reduced or absent
SERT function in mice have led to increased anxiety and
stress-related behaviors. Although the effects are not as
robust as those in the experimental mice, SERT-function-
modifying gene variants in humans influence many of the
same phenotypes (Murphy and Lesch 2008).

Considering other studies using the SAGE dataset,
Bierut et al. (2010) published the first and major genome-
wide association study of alcohol dependence, within
which they found fifteen SNPs yielded P < 10~ among
948,658 SNPs analyzed. Although the best P value of our
single SNP- and haplotype-based association analyses is
at 107* level, on the one hand, we only analyzed 88 SNPs
applying candidate gene approach; on the other hand, the
significant interactive effect among HTR3A, HTR3B and
SLC6A4 may represent a way to disentangle the influence
of co-morbid substance-use disorders.

In a study in AA males, Enoch et al. (2011) showed
that rs1176744 in HTR3B influenced alcohol dependence.
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Table 5 Detected best SNP combinations in HTR3A, HTR3B and SLC6A4 associated with AD, CD, ND or FTND based on cross-validation
consistency (CVC), prediction accuracy and empirical P value from 107 permutations in AA and EA samples

Sample SNP combination Phenotype CcvC Prediction P value based on
accuracy 107 permutations
AA HTR3A: 1s1020715, rs2276302, rs2085421 DSM-IV AD 8/10 57.63 % 0.00014
HTR3B: 1s3758987
SLC6A4: 1525528
HTR3A: 1s1985242, rs4938066 DSM-IV CD 7/10 58.74 % 0.0017
SLC6A4: 1s25528
HTR3A: 1rs897685, 1s7118530 DSM-IV ND 7/10 59.66 % 0.000057
HTR3B: 11176744
SLC6A4: 1525528
HTR3A: 1s1062613, rs3737457 FTND 10/10 60.34 % 0.000017
EA HTR3A: rs4938066 DSM-IV AD 9/10 56.05 % 0.00074
HTR3B: 13782025
SLC6A4: rs2066713
HTR3A: 152276302 DSM-IV CD 710 58.27 % 0.00029
HTR3B: 1s1672717
SLC6A4: rs140701
HTR3A: rs897685 DSM-IV ND 8/10 55.18 % 0.00075
HTR3B: 151176758
SLC6A4: rs9303628
HTR3A: rs10789980 FTND 7710 55.25 % 0.0039
SLC6A4: rs9303628
HTR3B rs1176758, rs3782025
AD ——> & rs1672717 (Group 3) AD  —
HTR3B rs3758987 151176744 D e . o
[ >
\ L - ND ... > ‘i’ 9 ND  ceve- >
[ rs25528 FIND == > SLC6A4 159303628, rs140701 FTIND —. >
& rs2066713 (Group 4)
/ Tea
HTR3A  rs1020715, rs1062613, rs7118530 & 154938066 rs.8.9)7685 \‘.5;\'.-3' 3
151985242, rs2276302 & rs2085421 L . HTR3A rs4938066 rs10789980, rs2276302
153737457 (Group 1) (Group2) .~ & rs897685 (Group 5)
et "/:’.;:';. ST "-\\
- *~::L~...~‘._'__ P v ‘~a
AD D ND T D AD cD ND FTND

Fig. 6 Summary of detected interaction models in the SAGE AA
sample. GMDR-GPU (Zhu et al. 2013) was used to perform exhaus-
tive searches for two- to five-way interaction models. The best inter-
action models for AD, CD, ND, and FTND shown in the figure were
determined based on CVC >7 of 10 and prediction accuracy >55 %.
The P value associated for each model shown here was <0.005
based on 107 permutation tests. Interaction models with different
phenotypes involved overlapped and highly correlated SNPs, which
were grouped together. Group 1 includes rs1020715, rs1062613,
rs1985242, rs2276302 and rs3737457; Group 2 includes rs7118530
and rs2085421. Pair-wise D’ values of adjacent SNPs within each
group are >0.7. SNP combinations for different phenotypes are repre-
sented by different types of arrows

In our analyses, however, we did not detect an independ-
ent effect of rs1176744; instead, we found that rs1176744
together with rs11214769 formed a major haplotype, which
was significantly associated with ND in the EA sample,

Fig.7 Summary of detected interaction models in the EA sam-
ple. GMDR-GPU (Zhu et al. 2013) was used to perform exhaustive
searches for two- to five-way interaction models. The best interaction
models for AD, CD, ND, and FTND shown in the figure were deter-
mined based on CVC >7 of 10 and prediction accuracy >55 %. The
P value associated for each model shown here was <0.005 based on
107 permutation tests. Interaction models with different phenotypes
involved overlapped and highly correlated SNPs, which were grouped
together. Group 3 includes rs1176758, rs3782025 and rs1672717;
Group 4 includes rs9303628, rs140701 and rs2066713; Group 5
includes rs10789980, rs2276302 and rs897685. Pair-wise D’ values
of adjacent SNPs within each group are >0.7. SNP combinations for
different phenotypes are represented by different types of arrows

and together with rs897685 and rs7118530 in HTR3A and
rs25528 in SLC6A4 showed a significant interactive effect
on ND in the AA sample. The explanation may lie in sex
differences and multiple addictions.
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The primary reason for us not pooling the AA and EA
samples is that minor allele frequencies of most SNPs are
very different for the two ethnic groups, and we wondered
such pooling might yield false-positive results (Cardon and
Palmer 2003). Considering the genetic heterogeneity of AA
and EA populations, analyzing them separately may also
reduce uncertainty and confidence interval width. Another
reason is that genetic association findings in two diverse
samples are providing independent replication.

This study should be considered in the context of
its limitations. A functional promoter polymorphism,
5-HTTLPR, in SLC6A4 has been reported to have mixed
associations with alcohol, cocaine, heroin, or nicotine
dependence (Feinn et al. 2005; Gerra et al. 2004; Mannelli
et al. 2005; Patkar et al. 2001; Saiz et al. 2009; Seneviratne
et al. 2013; Yang et al. 2013). However, limited by the orig-
inal GWAS data of SAGE, we do not have this polymor-
phism available and are not able to test its associations with
the four phenotypes and interactions with other variants.
This was also one of the reasons that we chose to replicate
our previous findings in alcohol and nicotine dependence at
gene level instead of single SNP level, since the previous
interactive signals were mainly driven by 5’-HTTLPR from
analyzing fewer variants compared with this study (Senevi-
ratne et al. 2013; Yang et al. 2013). At the same time, by
following this approach, we detected a new variant group
(rs2066713 and rs25528) in SLC6A4 that contributes both
independently and interactively with variants in HTR3A
and HTR3B to the four addictive phenotypes. These two
variants are in strong LD with each other and reside in the
alternative splicing region involving noncoding exons 1A,
1B and 1C, which may account for another major interac-
tive signal in SLC6A4.

We also acknowledge that gene-by-gene interaction
detected by this study through genetic epidemiological
approach remains to be further tested experimentally in
future (Cordell 2009). Even though further improvement of
the GMDR-GPU is still needed, the GMDR has been suc-
cessful in identifying the significant interaction of CHRNA4
with CHRNB2 (Li et al. 2008), NTRK2 with BDNF (Li
et al. 2008), and GABBRI with GABBR2 (Li et al. 2009a)
in ND, of LEPR and ADRB? in obesity (Angeli et al. 2011),
and of HNF4A and KCNJ11 in type 2 diabetes (T2D) (Neu-
man et al. 2010), to name a few. Although this program can
theoretically handle unlimited number of SNP combina-
tions from any GWAS data by assuming sufficient com-
puter memory and infinite computing time, this is not the
case in practice, where we are always limited by availabil-
ity of hardware and computing time allowed for data analy-
sis. Thus, one needs to keep such limitation in mind when
applying this program to the dataset of their interest. Please
refer to Zhu et al. (2013) for detailed descriptions of these
limitations.

@ Springer

In summary, we showed significant interactive effects
among HTR3A, HTR3B, and SLC6A4 in AA and EA sub-
jects with multiple addictions. Such findings not only cor-
roborate the findings from our previous studies on single-
agent addictions but also conform with the increasingly
appreciated epistatic effects of variants in complex trait
studies, which may account for the mysterious missing her-
itability (Li et al. 2008; Zuk et al. 2012).

Acknowledgments This study was funded by a grant from the
National Institute on Drug Abuse to MDL (Grants RO1 DA012844
and 5 RO1DAO13783). Additionally, we are thankful to the NIH
GWAS data repository for providing us access to their dataset, through
project 771 to MDL, under the title of “Genome-wide association
analysis for addiction and type 2 diabetes.” Funding support for the
Study of Addiction: Genetics and Environment (SAGE) was provided
through the NIH Genes, Environment and Health Initiative [GEI]
(UO01 HGO004422). SAGE is one of the genome-wide association
studies funded as part of the Gene Environment Association Studies
(GENEVA) under GEI. Assistance with phenotype harmonization and
genotype cleaning, as well as with general study coordination, was
provided by the GENEVA Coordinating Center (U01 HG004446).
Assistance with data cleaning was provided by the National Center
for Biotechnology Information. Support for collection of datasets and
samples was provided by the Collaborative Study on the Genetics
of Alcoholism (COGA; U10 AA008401), the Collaborative Genetic
Study of Nicotine Dependence (COGEND; POl CA089392), and
the Family Study of Cocaine Dependence (FSCD; RO1 DA013423).
Funding support for genotyping, which was performed at the Johns
Hopkins University Center for Inherited Disease Research, was pro-
vided by the NIH GEI (U01HG004438), the National Institute on
Alcohol Abuse and Alcoholism, the National Institute on Drug Abuse,
and the NIH contract “High throughput genotyping for studying the
genetic contributions to human disease” (HHSN268200782096C).
The datasets used for the analyses described in this manuscript
were obtained from dbGaP at http://www.ncbi.nlm.nih.gov/projects/
gap/cgi-bin/study.cgi?study_id=phs000092.vl.pl  through dbGaP
accession number phs000092.v1.p.

Conlflict of interest Although not directly relevant to the work pre-
sented here, MDL has served as a consultant and board member of
ADial Pharmaceuticals, LLC. JY reports no competing interests.

References

Angeli CB, Kimura L, Auricchio MT, Vicente JP, Mattevi VS, Zem-
brzuski VM, Hutz MH, Pereira AC, Pereira TV, Mingroni-Netto
RC (2011) Multilocus analyses of seven candidate genes sug-
gest interacting pathways for obesity-related traits in Brazilian
populations. Obesity (Silver Spring) 19:1244-1251. doi:10.1038
/oby.2010.325

Barnes NM, Hales TG, Lummis SC, Peters JA (2009) The 5-HT3
receptor the relationship between structure and function.
Neuropharmacology 56:273-284. doi:10.1016/j.neuroph
arm.2008.08.003

Barrett JC, Fry B, Maller J, Daly MJ (2005) Haploview: analysis and
visualization of LD and haplotype maps. Bioinformatics 21:263—
265. doi:10.1093/bioinformatics/bth457

Bierut LJ, Madden PA, Breslau N, Johnson EO, Hatsukami D, Pomer-
leau OF, Swan GE, Rutter J, Bertelsen S, Fox L, Fugman D,
Goate AM, Hinrichs AL, Konvicka K, Martin NG, Montgomery
GW, Saccone NL, Saccone SF, Wang JC, Chase GA, Rice JP,


http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000092.v1.p1
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000092.v1.p1
http://dx.doi.org/10.1038/oby.2010.325
http://dx.doi.org/10.1038/oby.2010.325
http://dx.doi.org/10.1016/j.neuropharm.2008.08.003
http://dx.doi.org/10.1016/j.neuropharm.2008.08.003
http://dx.doi.org/10.1093/bioinformatics/bth457

Hum Genet (2014) 133:905-918

917

Ballinger DG (2007) Novel genes identified in a high-density
genome wide association study for nicotine dependence. Hum
Mol Genet 16:24-35. doi:10.1093/hmg/dd1441

Bierut LJ, Agrawal A, Bucholz KK, Doheny KF, Laurie C, Pugh E,
Fisher S, Fox L, Howells W, Bertelsen S, Hinrichs AL, Almasy L,
Breslau N, Culverhouse RC, Dick DM, Edenberg HJ, Foroud T,
Grucza RA, Hatsukami D, Hesselbrock V, Johnson EO, Kramer
J, Krueger RF, Kuperman S, Lynskey M, Mann K, Neuman RJ,
Nothen MM, Nurnberger JI Jr, Porjesz B, Ridinger M, Saccone
NL, Saccone SF, Schuckit MA, Tischfield JA, Wang JC, Rietschel
M, Goate AM, Rice JP, Gene EASC (2010) A genome-wide asso-
ciation study of alcohol dependence. Proc Natl Acad Sci U S A
107:5082-5087. doi:10.1073/pnas.0911109107

Boess FG, Martin IL (1994) Molecular biology of 5-HT receptors.
Neuropharmacology 33:275-317

Bradley CC, Blakely RD (1997) Alternative splicing of the human
serotonin transporter gene. J Neurochem 69:1356-1367

Breitinger HG, Geetha N, Hess GP (2001) Inhibition of the seroto-
nin 5-HT3 receptor by nicotine, cocaine, and fluoxetine inves-
tigated by rapid chemical kinetic techniques. Biochemistry
40:8419-8429

Cardon LR, Palmer LJ (2003) Population stratification and spu-
rious allelic association. Lancet 361:598-604. doi:10.1016/
S0140-6736(03)12520-2

Cordell HJ (2009) Detecting gene—gene interactions that underlie
human diseases. Nat Rev Genet 10:392-404. doi:10.1038/nrg2579

Cravchik A, Goldman D (2000) Neurochemical individuality: genetic
diversity among human dopamine and serotonin receptors and
transporters. Arch Gen Psychiatry 57:1105-1114

Davies PA, Pistis M, Hanna MC, Peters JA, Lambert JJ, Hales TG,
Kirkness EF (1999) The 5-HT3B subunit is a major deter-
minant of serotonin-receptor function. Nature 397:359-363.
doi:10.1038/16941

Dong C, Wong ML, Licinio J (2009) Sequence variations of ABCBI,
SLC6A2, SLC6A3, SLC6A4, CREB1, CRHRI and NTRK2:
association with major depression and antidepressant response in
Mexican-Americans. Mol Psychiatry 14:1105-1118. doi:10.1038
/mp.2009.92

Dougherty JJ, Nichols RA (2009) Cross-regulation between colocal-
ized nicotinic acetylcholine and 5-HT3 serotonin receptors on
presynaptic nerve terminals. Acta Pharmacol Sin 30:788-794. doi
:10.1038/aps.2009.62

Dubin AE, Huvar R, D’Andrea MR, Pyati J, Zhu JY, Joy KC, Wil-
son SJ, Galindo JE, Glass CA, Luo L, Jackson MR, Lovenberg
TW, Erlander MG (1999) The pharmacological and functional
characteristics of the serotonin 5-HT(3A) receptor are spe-
cifically modified by a 5-HT(3B) receptor subunit. J Biol Chem
274:30799-30810

Ducci F, Enoch MA, Yuan Q, Shen PH, White KV, Hodgkinson C,
Albaugh B, Virkkunen M, Goldman D (2009) HTR3B is asso-
ciated with alcoholism with antisocial behavior and alpha EEG
power: an intermediate phenotype for alcoholism and co-morbid
behaviors. Alcohol 43:73-84. doi:10.1016/j.alcohol.2008.09.005

Edenberg HJ, Bierut LJ, Boyce P, Cao M, Cawley S, Chiles R,
Doheny KF, Hansen M, Hinrichs T, Jones K, Kelleher M, Ken-
nedy GC, Liu G, Marcus G, McBride C, Murray SS, Oliphant
A, Pettengill J, Porjesz B, Pugh EW, Rice JP, Rubano T, Shan-
non S, Steeke R, Tischfield JA, Tsai YY, Zhang C, Begleiter H
(2005) Description of the data from the collaborative study on the
genetics of alcoholism (COGA) and single-nucleotide polymor-
phism genotyping for genetic analysis workshop 14. BMC Genet
6(Suppl 1):S2. doi:10.1186/1471-2156-6-S1-S2

Enoch MA, Gorodetsky E, Hodgkinson C, Roy A, Goldman D (2011)
Functional genetic variants that increase synaptic serotonin and
5-HT?3 receptor sensitivity predict alcohol and drug dependence.
Mol Psychiatry 16:1139-1146. doi:10.1038/mp.2010.94

Feinn R, Nellissery M, Kranzler HR (2005) Meta-analysis of the
association of a functional serotonin transporter promoter poly-
morphism with alcohol dependence. Am J Med Genet B Neu-
ropsychiatr Genet 133B:79-84. doi:10.1002/ajmg.b.30132

Gabriel SB, Schaffner SF, Nguyen H, Moore JM, Roy J, Blumenstiel
B, Higgins J, DeFelice M, Lochner A, Faggart M, Liu-Cordero SN,
Rotimi C, Adeyemo A, Cooper R, Ward R, Lander ES, Daly MJ,
Altshuler D (2002) The structure of haplotype blocks in the human
genome. Science 296:2225-2229. doi: 10.1126/science.1069424

Gerra G, Garofano L, Santoro G, Bosari S, Pellegrini C, Zaimovic
A, Moi G, Bussandri M, Moi A, Brambilla F, Donnini C (2004)
Association between low-activity serotonin transporter genotype
and heroin dependence: behavioral and personality correlates.
Am J Med Genet B Neuropsychiatr Genet 126B:37—42. doi:10.
1002/ajmg.b.20111

Grant KA (1995) The role of 5-HT3 receptors in drug dependence.
Drug Alcohol Depend 38:155-171

Grucza RA, Wang JC, Stitzel JA, Hinrichs AL, Saccone SF, Sac-
cone NL, Bucholz KK, Cloninger CR, Neuman RJ, Budde
JP, Fox L, Bertelsen S, Kramer J, Hesselbrock V, Tischfield J,
Nurnberger JI Jr, Almasy L, Porjesz B, Kuperman S, Schuckit
MA, Edenberg HJ, Rice JP, Goate AM, Bierut L] (2008) A
risk allele for nicotine dependence in CHRNAS is a protec-
tive allele for cocaine dependence. Biol Psychiatry 64:922-929.
doi:10.1016/j.biopsych.2008.04.018

Hahn LW, Ritchie MD, Moore JH (2003) Multifactor dimensionality
reduction software for detecting gene—gene and gene-environ-
ment interactions. Bioinformatics 19:376-382

Johnson BA, Ait-Daoud N, Seneviratne C, Roache JD, Javors MA,
Wang XQ, Liu L, Penberthy JK, DiClemente CC, Li MD (2011)
Pharmacogenetic approach at the serotonin transporter gene as a
method of reducing the severity of alcohol drinking. Am J Psy-
chiatry 168:265-275. doi:10.1176/appi.ajp.2010.10050755

Johnson BA, Seneviratne C, Wang XQ, Ait-Daoud N, Li MD (2013)
Determination of genotype combinations that can predict the out-
come of the treatment of alcohol dependence using the 5-HT(3)
antagonist ondansetron. Am J Psychiatry 170:1020-1031. doi:10.
1176/appi.ajp.2013.12091163

Krzywkowski K, Davies PA, Feinberg-Zadek PL, Brauner-Osborne
H, Jensen AA (2008) High-frequency HTR3B variant associated
with major depression dramatically augments the signaling of the
human 5-HT3AB receptor. Proc Natl Acad Sci USA 105:722—
727. doi:10.1073/pnas.0708454105

Laugsand EA, Fladvad T, Skorpen F, Maltoni M, Kaasa S, Fayers P,
Klepstad P (2011) Clinical and genetic factors associated with
nausea and vomiting in cancer patients receiving opioids. Eur J
Cancer 47:1682-1691. doi:10.1016/j.ejca.2011.04.014

Lesch KP, Balling U, Gross J, Strauss K, Wolozin BL, Murphy DL,
Riederer P (1994) Organization of the human serotonin trans-
porter gene. J Neural Transm Gen Sect 95:157-162

Levran O, Londono D, O’Hara K, Randesi M, Rotrosen J, Casadonte P,
Linzy S, Ott J, Adelson M, Kreek MJ (2009) Heroin addiction in
African Americans: a hypothesis-driven association study. Genes
Brain Behav 8:531-540. doi:10.1111/j.1601-183X.2009.00501.x

Li MD, Lou XY, Chen G, Ma JZ, Elston RC (2008) Gene-
gene interactions among CHRNA4, CHRNB2, BDNF, and
NTRK2 in nicotine dependence. Biol Psychiatry 64:951-957.
doi:10.1016/j.biopsych.2008.04.026

Li MD, Mangold JE, Seneviratne C, Chen GB, Ma JZ, Lou XY, Payne
TJ (2009a) Association and interaction analyses of GABBRI
and GABBR2 with nicotine dependence in European- and Afri-
can-American populations. PLoS ONE 4:€7055. doi:10.1371/
journal.pone.0007055

Li Y, Willer C, Sanna S, Abecasis G (2009b) Genotype imputation.
Annu Rev Genomics Hum Genet 10:387-406. doi:10.1146/annur
ev.genom.9.081307.164242

@ Springer


http://dx.doi.org/10.1093/hmg/ddl441
http://dx.doi.org/10.1073/pnas.0911109107
http://dx.doi.org/10.1016/S0140-6736(03)12520-2
http://dx.doi.org/10.1016/S0140-6736(03)12520-2
http://dx.doi.org/10.1038/nrg2579
http://dx.doi.org/10.1038/16941
http://dx.doi.org/10.1038/mp.2009.92
http://dx.doi.org/10.1038/mp.2009.92
http://dx.doi.org/10.1038/aps.2009.62
http://dx.doi.org/10.1016/j.alcohol.2008.09.005
http://dx.doi.org/10.1186/1471-2156-6-S1-S2
http://dx.doi.org/10.1038/mp.2010.94
http://dx.doi.org/10.1002/ajmg.b.30132
http://dx.doi.org/10.1126/science.1069424
http://dx.doi.org/10.1002/ajmg.b.20111
http://dx.doi.org/10.1002/ajmg.b.20111
http://dx.doi.org/10.1016/j.biopsych.2008.04.018
http://dx.doi.org/10.1176/appi.ajp.2010.10050755
http://dx.doi.org/10.1176/appi.ajp.2013.12091163
http://dx.doi.org/10.1176/appi.ajp.2013.12091163
http://dx.doi.org/10.1073/pnas.0708454105
http://dx.doi.org/10.1016/j.ejca.2011.04.014
http://dx.doi.org/10.1111/j.1601-183X.2009.00501.x
http://dx.doi.org/10.1016/j.biopsych.2008.04.026
http://dx.doi.org/10.1371/journal.pone.0007055
http://dx.doi.org/10.1371/journal.pone.0007055
http://dx.doi.org/10.1146/annurev.genom.9.081307.164242
http://dx.doi.org/10.1146/annurev.genom.9.081307.164242

918

Hum Genet (2014) 133:905-918

Li Y, Willer CJ, Ding J, Scheet P, Abecasis GR (2010) MaCH: using
sequence and genotype data to estimate haplotypes and unob-
served genotypes. Genet Epidemiol 34:816-834. doi:10.1002/g
epi.20533

Lopez-Leon S, Janssens AC, Gonzalez-Zuloeta Ladd AM, Del-Favero
J, Claes SJ, Oostra BA, van Duijn CM (2008) Meta-analyses of
genetic studies on major depressive disorder. Mol Psychiatry
13:772-785. doi:10.1038/sj.mp.4002088

Lou XY, Chen GB, Yan L, Ma JZ, Zhu J, Elston RC, Li MD (2007)
A generalized combinatorial approach for detecting gene-
by-gene and gene-by-environment interactions with applica-
tion to nicotine dependence. Am J Hum Genet 80:1125-1137.
doi:10.1086/518312

Lovinger DM, Sung KW, Zhou Q (2000) Ethanol and trichloroethanol
alter gating of 5-HT3 receptor-channels in NCB-20 neuroblas-
toma cells. Neuropharmacology 39:561-570

Ma DQ, Rabionet R, Konidari I, Jaworski J, Cukier HN, Wright HH,
Abramson RK, Gilbert JR, Cuccaro ML, Pericak-Vance MA,
Martin ER (2010) Association and gene-gene interaction of
SLC6A4 and ITGB3 in autism. Am J Med Genet B Neuropsychi-
atr Genet 153B:477—483. doi:10.1002/ajmg.b.31003

Mannelli P, Patkar AA, Murray HW, Certa K, Peindl K, Mattila-
Evenden M, Berrettini WH (2005) Polymorphism in the sero-
tonin transporter gene and response to treatment in African
American cocaine and alcohol-abusing individuals. Addict Biol
10:261-268. doi:10.1080/13556210500235540

Maricq AV, Peterson AS, Brake AJ, Myers RM, Julius D (1991) Pri-
mary structure and functional expression of the SHT3 receptor, a
serotonin-gated ion channel. Science 254:432-437

McCauley JL, Olson LM, Dowd M, Amin T, Steele A, Blakely RD,
Folstein SE, Haines JL, Sutcliffe JS (2004) Linkage and associa-
tion analysis at the serotonin transporter (SLC6A4) locus in a
rigid-compulsive subset of autism. Am J Med Genet B Neuropsy-
chiatr Genet 127B:104-112. doi:10.1002/ajmg.b.20151

Miyake A, Mochizuki S, Takemoto Y, Akuzawa S (1995) Molecular
cloning of human 5-hydroxytryptamine3 receptor: heterogene-
ity in distribution and function among species. Mol Pharmacol
48:407-416

Mossner R, Schmitt A, Hennig T, Benninghoff J, Gerlach M, Riederer
P, Deckert J, Lesch KP (2004) Quantitation of SHT3 receptors in
forebrain of serotonin transporter deficient mice. J Neural Transm
111:27-35. doi:10.1007/s00702-003-0074-y

Murphy DL, Lesch KP (2008) Targeting the murine serotonin trans-
porter: insights into human neurobiology. Nat Rev Neurosci
9:85-96. doi:10.1038/nrn2284

Narahashi T, Kuriyama K, Illes P, Wirkner K, Fischer W, Muhlberg
K, Scheibler P, Allgaier C, Minami K, Lovinger D, Lallemand F,
Ward RJ, DeWitte P, Itatsu T, Takei Y, Oide H, Hirose M, Wang
XE, Watanabe S, Tateyama M, Ochi R, Sato N (2001) Neurore-
ceptors and ion channels as targets of alcohol. Alcohol Clin Exp
Res 25:182S-188S

Nayak SV, Ronde P, Spier AD, Lummis SC, Nichols RA (2000) Nico-
tinic receptors co-localize with 5-HT(3) serotonin receptors on
striatal nerve terminals. Neuropharmacology 39:2681-2690

Neuman RJ, Wasson J, Atzmon G, Wainstein J, Yerushalmi Y, Cohen
J, Barzilai N, Blech I, Glaser B, Permutt MA (2010) Gene-gene
interactions lead to higher risk for development of type 2 dia-
betes in an Ashkenazi Jewish population. PLoS ONE 5:¢9903.
doi:10.1371/journal.pone.0009903

Niesler B, Flohr T, Nothen MM, Fischer C, Rietschel M, Franzek E,
Albus M, Propping P, Rappold GA (2001) Association between
the 5 UTR variant C178T of the serotonin receptor gene HTR3A
and bipolar affective disorder. Pharmacogenetics 11:471-475

Ozsarac N, Santha E, Hoffman BJ (2002) Alternative non-coding
exons support serotonin transporter mRNA expression in the
brain and gut. J Neurochem 82:336-344

@ Springer

Patkar AA, Berrettini WH, Hoehe M, Hill KP, Sterling RC, Got-
theil E, Weinstein SP (2001) Serotonin transporter (5-HTT)
gene polymorphisms and susceptibility to cocaine dependence
among African-American individuals. Addict Biol 6:337-345.
doi:10.1080/13556210020077064

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender
D, Maller J, Sklar P, de Bakker PI, Daly MJ, Sham PC (2007)
PLINK: a tool set for whole-genome association and popula-
tion-based linkage analyses. Am J Hum Genet 81:559-575.
doi:10.1086/519795

Ramamoorthy S, Bauman AL, Moore KR, Han H, Yang-Feng T,
Chang AS, Ganapathy V, Blakely RD (1993) Antidepressant- and
cocaine-sensitive human serotonin transporter: molecular clon-
ing, expression, and chromosomal localization. Proc Natl Acad
Sci U S A 90:2542-2546

Saiz PA, Garcia-Portilla MP, Florez G, Arango C, Corcoran P,
Morales B, Bascaran MT, Alvarez C, San Narciso G, Carreno
E, Alvarez V, Coto E, Bobes J (2009) Differential role of sero-
tonergic polymorphisms in alcohol and heroin dependence.
Prog Neuropsychopharmacol Biol Psychiatry 33:695-700.
doi:10.1016/j.pnpbp.2009.03.016

Schaid DJ, Rowland CM, Tines DE, Jacobson RM, Poland GA (2002)
Score tests for association between traits and haplotypes when
linkage phase is ambiguous. Am J Hum Genet 70:425-434.
doi:10.1086/338688

Seneviratne C, Franklin J, Beckett K, Ma JZ, Ait-Daoud N, Payne TJ,
Johnson BA, Li MD (2013) Association, interaction, and replica-
tion analysis of genes encoding serotonin transporter and 5-HT3
receptor subunits A and B in alcohol dependence. Hum Genet
132:1165-1176. doi:10.1007/s00439-013-1319-y

Su S, Zhao J, Bremner JD, Miller AH, Tang W, Bouzyk M, Snieder
H, Novik O, Afzal N, Goldberg J, Vaccarino V (2009) Seroto-
nin transporter gene, depressive symptoms, and interleukin-6.
Circ Cardiovasc Genet 2:614-620. doi:10.1161/CIRCGENET
1CS.109.870386

Sung KW, Engel SR, Allan AM, Lovinger DM (2000) 5-HT(3) recep-
tor function and potentiation by alcohols in frontal cortex neurons
from transgenic mice overexpressing the receptor. Neuropharma-
cology 39:2346-2351

Torres GE, Gainetdinov RR, Caron MG (2003) Plasma membrane
monoamine transporters: structure, regulation and function. Nat
Rev Neurosci 4:13-25. doi:10.1038/nrn1008

Vijayan NN, Iwayama Y, Koshy LV, Natarajan C, Nair C, Allencherry
PM, Yoshikawa T, Banerjee M (2009) Evidence of association of
serotonin transporter gene polymorphisms with schizophrenia in
a South Indian population. ] Hum Genet 54:538-542. doi:10.103
8/jhg.2009.76

Yamauchi JG, Nemecz A, Nguyen QT, Muller A, Schroeder LF,
Talley TT, Lindstrom J, Kleinfeld D, Taylor P (2011) Charac-
terizing ligand-gated ion channel receptors with genetically
encoded Ca*** sensors. PLoS ONE 6:¢16519. doi:10.1371/
journal.pone.0016519

Yang Z, Seneviratne C, Wang S, Ma JZ, Payne TJ, Wang J, Li MD
(2013) Serotonin transporter and receptor genes significantly
impact nicotine dependence through genetic interactions in both
European American and African American smokers. Drug Alco-
hol Depend 129:217-225. doi:10.1016/j.drugalcdep.2012.12.007

Zhu Z, Tong X, Zhu Z, Liang M, Cui W, Su K, Li MD, Zhu J (2013)
Development of GMDR-GPU for gene—gene interaction analysis
and its application to WTCCC GWAS data for type 2 diabetes.
PLoS ONE 8:e61943. doi:10.1371/journal.pone.0061943

Zuk O, Hechter E, Sunyaev SR, Lander ES (2012) The mystery of
missing heritability: genetic interactions create phantom herit-
ability. Proc Natl Acad Sci USA 109:1193-1198. doi:10.1073/p
nas.1119675109


http://dx.doi.org/10.1002/gepi.20533
http://dx.doi.org/10.1002/gepi.20533
http://dx.doi.org/10.1038/sj.mp.4002088
http://dx.doi.org/10.1086/518312
http://dx.doi.org/10.1002/ajmg.b.31003
http://dx.doi.org/10.1080/13556210500235540
http://dx.doi.org/10.1002/ajmg.b.20151
http://dx.doi.org/10.1007/s00702-003-0074-y
http://dx.doi.org/10.1038/nrn2284
http://dx.doi.org/10.1371/journal.pone.0009903
http://dx.doi.org/10.1080/13556210020077064
http://dx.doi.org/10.1086/519795
http://dx.doi.org/10.1016/j.pnpbp.2009.03.016
http://dx.doi.org/10.1086/338688
http://dx.doi.org/10.1007/s00439-013-1319-y
http://dx.doi.org/10.1161/CIRCGENETICS.109.870386
http://dx.doi.org/10.1161/CIRCGENETICS.109.870386
http://dx.doi.org/10.1038/nrn1008
http://dx.doi.org/10.1038/jhg.2009.76
http://dx.doi.org/10.1038/jhg.2009.76
http://dx.doi.org/10.1371/journal.pone.0016519
http://dx.doi.org/10.1371/journal.pone.0016519
http://dx.doi.org/10.1016/j.drugalcdep.2012.12.007
http://dx.doi.org/10.1371/journal.pone.0061943
http://dx.doi.org/10.1073/pnas.1119675109
http://dx.doi.org/10.1073/pnas.1119675109

	Association and interaction analyses of 5-HT3 receptor and serotonin transporter genes with alcohol, cocaine, and nicotine dependence using the SAGE data
	Abstract 
	Introduction
	Subjects and methods
	Subjects
	Imputation and SNP selection
	Statistical analysis
	Individual SNP- and haplotype-based association analyses
	SNP-by-SNP interaction analysis of HTR3A, HTR3B, and SLC6A4 variants


	Results
	Individual SNP-based association analysis
	Haplotype-based association analysis
	SNP-by-SNP interaction analysis of HTR3A, HTR3B, and SLC6A4

	Discussion
	Acknowledgments 
	References


