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Abstract
Dopamine transporter (DAT) or solute carrier family 6 member 3 (SLC6A3) is a transmembrane protein regulating dopaminergic
neurotransmission. It has been implicated in playing important roles in the dopaminergic reward pathways, and thus, DAT1 is a
strong candidate gene for association studies with heroin dependence. A case-control study involving 279 individuals (147
controls and 132 heroin-dependent cases) was conducted. Ten polymorphisms of the DAT1 (SLC6A3) gene were analysed for
its association with heroin dependence. Following the Hardy-Weinberg equilibrium (HWE) test, genetic association analyses
were performed for the study groups. The post hoc statistical power of the study was 0.655 (65.5%). Single-nucleotide poly-
morphism (SNP) rs246997 was found to be significantly associated with heroin dependence at allelic, genotypic, and haplotypic
levels. A significant difference in the distribution of 11R allele and 10R/11R genotype of rs28363170 between heroin-dependent
cases and controls was also observed. Nominal significance at degrees of freedom (df) = 5 was also observed for rs28363170.
Five bimarker-based haplotype combinations were also found to be associated with heroin dependence. For the first time, 13R
allele (7R/13R genotype) and 14R allele (7R/14R genotype) were identified for rs3836790 in the population. The study also
reports that the 11R allele and 10R/11R genotype of rs28363170 is associated with protection against heroin dependence. 7R and
6R alleles were also found to be the common alleles of rs3836790 in the study population. The study provides evidence for the
association of polymorphisms of DAT1 (SLC6A3) with heroin dependence.
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Introduction

Heroin dependence is a disease characterized by recurring
impairment of physiological and psychological conditions,
resulting from persistent maladaptive use of the psychoactive
substance heroin. It is a complex disease where initiation is

primarily environment-dependent, but the progression is de-
pendent upon environmental (Rhee et al. 2003; Robinson and
Berridge 2008) and genetic factors (Kobayashi and Schultz
2008). The role of the environmental factors may range wide-
ly from the availability of psychoactive substances, prevailing
laws in a region, social interaction pattern to the developmen-
tal conditions of an individual at home or surrounding.
Genetic factors to addiction account for 40–60% of an indi-
vidual’s vulnerability to addiction and can also be influenced
by gender, ethnicity, and the developmental stages (National
Institute on Drug Abuse 2010).

Dopamine transporter (DAT) is a transmembrane protein
responsible for the transportation of dopamine from the syn-
apse into the cytosol. It is a major regulator of dopaminergic
neurotransmission (Giros et al. 1996) and thus has been sug-
gested to play an essential role in the dopaminergic reward
pathways of the mesocorticolimbic region in substance depen-
dence (Koob and Nestler 1997). Heroin use increases phasic
dopamine neurotransmission relative to baseline by increasing
dopamine release. The increase in dopamine enhances
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salience and learning associated with reward and addiction
(Sulzer 2011). Impairments in the dopaminergic pathways
that regulate the neuronal systems that are associated with
self-control, conditioning, stress reactivity, reward sensitivity,
and incentive motivation are the major causes of addiction
(Volkow et al. 2013). The basolateral amygdala or the nucleus
accumbens and the orbital prefrontal cortex (PFC) are richly
interconnected, and this neuronal network has been indicated
in addiction and conditioned reinforcement. Lesions in this
neuronal network have been implicated in impairing the ac-
quisition of cocaine or heroin seeking (Everitt and Robbins
2005). Interactions of the amygdala, hippocampal, and PFC
projections in the nucleus accumbens are modulated by
mesolimbic dopamine, which in turn can modulate the release
of dopamine (Everitt and Robbins 2005). Low dopamine
function has been linked to abnormal cravings (Blum et al.
2008).

The human DAT1 gene (SLC6A3) with cytogenetic loca-
tion 5p15.33 consists of 15 exons and spans approximately
60 kb (Giros et al. 1992; Vandenbergh et al. 1992). The gene
exhibits consensus sequences for RNA splicing at each intron-
exon junction. Its protein-coding region starts within the exon
2 and ends at the beginning of exon 15 (Bannon et al. 2001).
DAT1 and its variants have been reported to be associatedwith
a responsivity of the reward-related network (Dreher et al.
2009), cocaine-induced paranoia (Gelernter et al. 1994), co-
caine addiction (Brewer et al. 2015; Guindalini et al. 2006),
alcoholism (Vasconcelos et al. 2015), the severity of alcohol
withdrawal (Sander et al. 1997), alcohol withdrawal seizures
(Le Strat et al. 2008), smoking (Wetherill et al. 2014), and
smoking cessation (Ma et al. 2016) in various populations.
This series of evidence suggest that DAT1 is a strong candi-
date gene for heroin addiction. Therefore, the present study
aims to investigate the association ofDAT1 with heroin abuse
in a small homogeneous Indian subpopulation from Manipur,
a state in India with a high prevalence of drug dependency. In
this study, we have selected eight single-nucleotide polymor-
phisms (SNPs) and two variable number tandem repeats
(VNTRs) of DAT1 to investigate the association of DAT1
variants with heroin addiction.

Materials and Methods

Subject Selection

A total of 279 (147 controls and 132 cases) individuals were
involved in this study. Participants were recruited with their
informed written consent, following the DSM-IV criteria
(American Psychiatric Association: Diagnostic and Statiscal
Manual of Mental Disorders 1994). The age of heroin-
dependent cases ranged from 22 to 57 years. Among the 132
cases, 110 were males, and 22 were females. Out of the total

147 control subjects, aged between 18 and 58 years, 98 were
males, and 49 were females. Heroin-dependent subjects were
examined and assessed by an expert psychiatrist specialized in
substance abuse. All the cases were undergoing oral substitu-
tion therapy (OST) with buprenorphine at the time of blood
collection. Control participants were selected based on non-
substance user criteria provided in DSM-IV. Individuals with
other psychiatric diagnoses, such as psychosis, or chronic
physical illness such as diabetes or other metabolic disorders
were excluded from the study. The study conformed to the
Declaration of Helsinki and was approved by the Institutional
Human Ethics Committee of Manipur University.

DNA Isolation

Genomic DNA was prepared from WBCs isolated from the
peripheral blood of the participants following the salting out
procedure (Miller et al. 1988). DNAs were dissolved in TE
(Tris EDTA) buffer pH − 8.0 and stored at − 80 °C to be used
for downstream genotyping analysis.

Genotyping Analysis

Eight SNPs (rs40184, rs27048, rs37021, rs250683, rs250682,
rs427284, rs458609, rs246997) and two VNTR polymor-
phisms (rs28363170 and rs3836790) located within the 3′ un-
translated region (UTR) and intron 8 of theDAT1were select-
ed for testing their association with heroin dependence. A
diagrammatic representation of DAT1 is provided in Fig. 1a
(NCBI Database n.d.) and the marker details in Table 1. The
genomic regions encompassing the selected SNPs and
VNTRs for the DNA samples were amplified by PCR
(T100™ Thermal Cycler, BIORAD) in a 25 μl reaction mix-
ture containing OneTaq®Quick-Load® 2X Master Mix with
standard buffer (New England Biolabs®) and specific oligo-
nucleotide primers (Table 1) purchased from Sigma-Aldrich,
India. The specific primers were designed using Primer3 soft-
ware (Koressaar and Remm 2007). PCR cycling conditions
for all the SNPs included initial denaturation at 94 °C for
3 min; 35 cycles of denaturation at 94 °C for 30 s, annealing
at X °C (X, 55.2 °C to 60.1 °C depending on the primer) for
30 s; extension at 68 °C for 45 s; and a final extension at 68 °C
for 5 min. Cycle conditions for VNTR rs28363170 included
initial denaturation at 94 °C for 5 min followed by 35 cycles of
denaturation at 94 °C for 20 s, annealing at 73 °C for 30 s;
extension at 68 °C for 20 s; and a final extension at 68 °C for
5 min. For VNTR rs3836790, initial denaturation was at 94 °C
for 40 s followed by 35 cycles of denaturation at 94 °C for
30 s, annealing at 63 °C for 30 s; extension at 68 °C for 40 s;
and a final extension at 68 °C for 5 min.

After PCR, the eight SNPs were genotyped by using re-
striction fragment length polymorphism (RFLP) method,
while only PCR was used for genotyping the two VNTRs.
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Both PCR and RFLP products were analysed by gel electro-
phoresis. For RFLP, the restriction digestions were performed
by the restriction enzymes listed in Table 1, following the
manufacturer’s protocols (New England Biolabs®).

Statistical Analysis

The statistical power of the present analysis was calculated
as post hoc using GAS Power Calculator, assuming that a
multiplicative disease model with a disease prevalence of
0.007 (0.7%), the disease allele frequency of 0.35, a signif-
icance level of 0.05, and genotype relative risk of 1.5 was
0.655 (65.5%) which is moderate. The Hardy-Weinberg
equilibrium (HWE) analysis of cases and controls for each
marker was performed using POPGENE version 1.32 (Yeh
et al. 1997). Genotypic/allelic frequency calculation and
population-based case-control association analyses based
on allelic, genotypic, and haplotypic frequencies were per-
formed by using UNPHASED program version 3.1.5
(Dudbridge 2008), and the multiple testing was corrected
by 1000 permutations using the same program. The two
VNTRs were also analysed based on genotypic and allelic
frequencies using SPSS (version 16.0). Odds ratio (OR) and

confidence interval (CI) were calculated using OR calculator
(http://www.hutchon.net/confidornulhypo.htm). Linkage
disequilibrium (LD) between the paired markers of DAT1
was calculated using HaploView program version 4.2
(Barret et al. 2005). Bimarker-based haplotype association
analysis was carried out to identify the unique chromosomal
segments that likely harbour disease-specific susceptible
haplotypes. For the two VNTRs, the alleles were grouped
into two, viz. L (10R and 10+R for rs28363170 and 7R and
7+R for rs3836790) and S (9R and 9-R for rs28363170, and
6R and 6-R for rs3836790), for biallelic representation be-
fore the analysis. Bivariate correlation analysis and binary
logistic regression analysis were performed using SPSS (ver-
sion 16.0). Bivariate correlation analysis was performed for
different variables, viz. ‘years of drug use’, ‘number of times
drug abstained’, ‘onset’, rs28363170 genotypes, and
rs246997 genotypes with disease status. Binary logistic re-
gression analysis was performed with heroin use disorder
status as a dependent variable and rs28363170-10R/10R,
rs28363170-10R/9R, rs28363170-10R/11R, rs246997-TT,
rs246997-GT, and rs246997-GG as covariates.

Marker-marker interaction of the DAT1 gene was carried
out using multifactor dimensionality reduction (MDR) 2.0

Fig. 1 a Diagrammatic representation of the DAT1 (SLC6A3) gene
structure. Gene structure was constructed using information gathered
from the NCBI gene database. The horizontal black line with vertical
bars illustrates the complete gene structure, and the comparative scale in
the chromosome is indicated. Dark vertical bars depict exons, and exon
numbers are shown above the bar. Locations of the various studied
markers are depicted in the gene structure using their respective IDs.
Spaces between the exons represent introns. b Graphical representation

of pairwise linkage disequilibrium (LD) of DAT1 markers in heroin-
dependent cases and controls. Pairwise measures of LD, such as normal-
ized linkage disequilibrium coefficient (D′) and correlation coefficient
(r2), are estimated using Haploview program v4.2. The values in the
box represent D′. The intensity of the colour is dependent on the D
′/LOD value, and greater intensity of the red colour indicates higher D′
value
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beta 8.4 (Hahn et al. 2003). MDR is a genetic model-free,
non parametric method for detecting, characterizing, and
interpreting nonlinear interactions among discrete genetic
and environmental attributes.

Bioinformatics Analysis

The functional protein interaction network of DAT1 protein
was retrieved from STRING version 10.5, an online compu-
tational prediction tool available at http://string-db.org
(Szklarczyk et al. 2017). The confidence score was set at 0.7
and 0.9 to obtain the interaction results. Variant Effect
Predictor (VEP) (McLaren et al. 2016) and Gene-Aware
Variant INterpretation (GAVIN) (van der Velde et al. 2017)

online tools were used to analyse the functional effect of the
markers.

Results

Genotypic Distribution of DAT1 Markers in the
Studied Population

The homogeneous distribution of the genotypes in the studied
population was evaluated for each DAT1 marker by HWE
analysis. The results showed that the genotypic distributions
of all the markers except rs37021 (controls) conformed to
HWE equilibrium (Table 2). All the ten markers were subject-
ed to further analysis.

Table 2 Case-control association analysis using genotypic distribution and HWE analysis of DAT1 markers

Marker Genotypes Genotype frequency HWE chi-square (p value) ORa (95% CIb) LRSc (dfd = 2) p value

Cases (n = 132) Controls (n = 147) Cases (n = 132) Controls (n = 147)

rs28363170 LL 105 (0.796) 118 (0.803) 0.169 (0.681) 0.195 (0.659) 0.96 (0.53–1.72) 0.461 0.794
LS 25 (0.189) 28 (0.190) 0.99 (0.55–1.81)

SS 2 (0.015) 1 (0.007) 2.19 (0.22–21.26)

rs40184 CC 80 (0.606) 83 (0.565) 0.399 (0.528) 3.557 (0.059) 1.19 (0.74–1.91) 1.682 0.431
CT 44 (0.333) 49 (0.333) 1.00 (0.61–1.64)

TT 8 (0.061) 15 (0.102) 0.58 (0.25–1.36)

rs3836790 LL 79 (0.598) 82 (0.558) 0.429 (0.513) 0.053 (0.818) 1.18 (0.73–1.90) 0.770 0.680
LS 48 (0.364) 55 (0.374) 0.96 (0.59–1.55)

SS 5 (0.038) 10 (0.068) 0.55 (0.20–1.57)

rs27048 CC 87 (0.659) 91 (0.619) 0.038 (0.845) 0.027 (0.869) 1.19 (0.73–1.94) 0.530 0.767
CT 40 (0.303) 49 (0.333) 0.87 (0.53–1.44)

TT 5 (0.038) 7(0.048) 0.79 (0.25–2.51)

rs37021 GG 56 (0.424) 55 (0.374) 0.001 (0.974) 4.103 (0.043) 1.23 (0.76–1.99) 2.118 0.347
GA 60 (0.454) 79 (0.537) 0.72 (0.45–1.15)

AA 16 (0.121) 13 (0.088) 1.42 (0.66–3.06)

rs250683 TT 27 (0.205) 36 (0.245) 2.340 (0.126) 1.936 (0.164) 0.79 (0.45–1.39) 0.812 0.666
TC 75 (0.568) 82 (0.558) 1.04 (0.65–1.67)

CC 30 (0.227) 29 (0.197) 1.20 (0.67–2.12)

rs250682 GG 39 (0.296) 36 (0.245) 0.019 (0.890) 0.042 (0.837) 1.29(0.76–2.19) 1.031 0.597
GC 65 (0.492) 75 (0.510) 0.93 (0.58–1.49)

CC 28 (0.212) 36 (0.245) 0.83 (0.48–1.45)

rs427284 CC 29 (0.220) 36 (0.245) 0.108 (0.742) 0.290 (0.590) 0.87 (0.50–1.51) 0.522 0.770
CG 68 (0.515) 77 (0.524) 0.97 (0.60–1.55)

GG 35 (0.265) 34 (0.231) 1.20 (0.70–2.06)

rs458609 CC 35(0.265) 39 (0.265) 0.263 (0.608) 0.003 (0.956) 1.00 (0.59–1.7) 0.166 0.920
CT 69 (0.523) 74 (0.503) 1.08 (0.68–1.73)

TT 28 (0.212) 34 (0.265) 0.90 (0.51–1.57)

rs246997 TT 14 (0.106) 37 (0.252) 1.267 (0.260) 0.015 (0.901) 0.37 (0.21–0.69) 12.443 0.002
TG 67 (0.508) 73 (0.497) 1.02 (0.64–1.63)

GG 51 (0.386) 37 (0.252) 1.86 (1.12–3.08)

Best p value from 30 tests, 0.001675; adjusted p value from 1000 permutation test, 0.04695; standard error, 0.01557; empirical 5% quantile of the best p
value, 0.002161; a Odds ratio; b Confidence interval; c Likelihood ratio; d Degrees of freedom; numbers in bold indicate significant findings
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A Biased Genotypic Distribution Between Heroin-
Dependent Cases and Controls

Case-control association analysis using the genotypic frequen-
cies demonstrated significant differences between the cases
and controls for the marker rs246997. The GG genotype was
over-represented in heroin-dependent cases compared with
controls (p = 0.002; LRS = 12.443), and significance retained
after multiple corrections by 1000 permutations (adjusted p =
0.047) as shown in Table 2. It may be noted that alleles for 3′
UTR VNTR (rs28363170) and intron 8 VNTR (rs3836790)
were grouped into two, for biallelic representation. ‘L’ allele
represents 10R and above for rs28363170, and 7R and above
for rs3836790. ‘S’ allele represents 9R and below for
rs28363170, and 6R and below for rs3836790. Therefore, to
analyse the individual genotypic frequencies, SPSS was used

based on their presence or absence, and a significant differ-
ence was observed between heroin-dependent cases and con-
trols for the 10R/11R genotype of rs28363170. The 10R/11R
genotype was over-distributed among controls as compared
with heroin-dependent cases (p = 0.007, chi-square = 7.342,
OR = 0.24, df = 1), and further details are provided in
Table 3. Overall genotypic analysis by SPSS with df = 5 re-
vealed nominally significant differences between heroin-
dependent cases and controls (p = 0.053, chi-square = 10.91)
(Table 3).

Allelic Distribution of DAT1 Markers in Heroin-
Dependent Cases and Controls

Allelic frequencies of each marker were calculated separately
for the cases and controls (Table 4). Allelic frequency-based

Table 3 Population-based analysis of the individual alleles and genotypes of the two VNTR sites using SPSS

Markers Alleless/
genotypes

Allelic frequencys/genotypic frequency ORa (95% CIb) Chi-sq. (p value)
{dfd = 1}

Chi-sq.
(dfd)

p
value

Cases (n = 264)s

(n = 132)
Controls (n = 294)s

(n = 147)

rs28363170 6s 8 (0.03)s 9 (0.03)s 0.99 (0.37–2.60)s 0.001 (0.983)s 4.70s (3) 0.195s

9 s 21 (0.08)s 21 (0.07)s 1.12 (0.60–2.11)s 0.132 (0.717)s

10s 233 (0.88)s 251 (0.85)s 1.28 (0.79–2.10)s 1.005 (0.316)s

11s 2 (0.01)s 13 (0.05)s 0.25 (0.09–0.69)s 7.139 (0.008)s

10/10 103 (0.780) 105 (0.714) 1.41 (0.83–2.42) 1.598 (0.206) 10.911 (5) 0.053
10/11 2 (0.015) 13 (0.089) 0.24 (0.08–0.67) 7.342 (0.007)

10/6 6 (0.046) 9 (0.061) 0.73 (0.26–2.08) 0.340 (0.560)

10/9 19 (0.144) 19 (0.129) 1.13 (0.57–2.24) 0.128 (0.721)

9/6 2 (0.015) 0 (0) 8.34 (0.52–134.58) 2.243 (0.134)

9/9 0 (0) 1(0.007) 0.15 (0.003–7.60) 0.901 (0.342)

rs3836790 6s 58 (0.220)s 75 (0.255)s 0.79 (0.54–1.17)s 0.960 (0.327)s 8.269s (7) 0.310s

7s 198 (0.75)s 215 (0.732)s 0.70 (0.47–1.03)s 0.253 (0.615)s

8s 3 (0.010)s 1 (0.003)s 3.05 (0.43–21.86)s 1.239 (0.266)s

9s 1 (0.004)s 0 (0)s 8.28 (0.16–419.60)s 1.116 (0.291)s

11s 1 (0.004)s 0 (0)s 8.28 (0.16–419.60)s 1.116 (0.291)s

12s 1 (0.004)s 3 (0.010)s 0.41 (0.06–2.91)s 0.805 (0.370)s

13s 1 (0.004)s 0 (0)s 8.28 (0.16–419.60)s 1.116 (0.291)s

14s 1 (0.004)s 0 (0)s 8.28 (0.16–419.60)s 1.116 (0.291)s

6/6 5 (0.041) 10 (0.064) 0.55 (0.20–1.57) 1.243 (0.265) 8.094 (9) 0.525
6/7 46 (0.351) 54 (0.357) 0.92 (0.56–1.50) 0.108 (0.743)

6/8 2 (0.014) 1 (0.006) 2.19 (0.22–21.26) 0.456 (0.500)

7/7 73 (0.552) 79 (0.554) 1.06 (0.66–1.71) 0.068 (0.794)

7/8 1 (0.007) 0 (0) 8.28 (0.16–419.61) 1.118 (0.290)

7/9 1 (0.007) 0 (0) 8.28 (0.16–419.61) 1.118 (0.290)

7/11 1 (0.007) 0 (0) 8.28 (0.16–419.61) 1.118 (0.290)

7/12 1 (0.007) 3 (0.019) 0.40 (0.06–2.91) 0.810 (0.368)

7/13 1 (0.007) 0 (0) 8.28 (0.16–419.61) 1.118 (0.290)

7/14 1 (0.007) 0 (0) 8.28 (0.16–419.61) 1.118 (0.290)

s Allelic data; a Odds ratio; b Confidence interval; d Degrees of freedom. Numbers in bold indicate significant findings
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case-control association analysis showed a significant associ-
ation of DAT1 with heroin dependence. The G allele of
rs246997 had significantly higher distribution in heroin-
dependent cases as compared with controls (p = 0.0008;
OR = 1.77, LRS = 11.18), and the association remained sig-
nificant after multiple corrections testing with 1000 permuta-
tions (adjusted p = 0.008). SPSS analysis with df = 1 depicted
a significant difference between heroin-dependent cases and
controls for the 11R allele of 3′UTR VNTR (rs28363170).
The 11R allele was over-distributed among controls as com-
pared with heroin-dependent cases (p = 0.008; chi-square =
7.13; OR = 0.25; 95%CI = 0.09–0.69), but at df = 3, no signif-
icant difference was observed as shown in Table 3.

Biased Linkage Disequilibrium of Paired Markers
Between Case and Control

Linkage disequilibrium (LD) analysis showed contrasting LD
pattern between controls and cases for some marker pairs, and
the details of the results are summarized in Table 5 and Fig.
1b. Comparatively, wider LD block starting from rs37021 to
rs458609 was observed in controls, whereas it is disrupted in
cases by a low LD region between pair of markers involving
rs250683 [rs250683-rs250682 (D′ = 0.232, r2 = 0.048),
rs250683-rs427284 (D′ = 0.303, r2 = 0.087), rs250683-
rs458609 (D′ = 0.441, r2 = 0.167), rs250683-rs246997 (D′ =

0.299, r2 = 0.048)]. Higher LD profile for the same marker
pairs involving rs250683 was observed in controls
[rs250683-rs250682 (D′ = 0.711, r2 = 0.460), rs250683-
rs427284 (D′ = 0.850, r2 = 0.675), rs250683-rs458609 (D′ =
0.840, r2 = 0.687), rs250683-rs246997 (D′ = 0.428, r2 =
0.167)]. A high LD forming a haplotype block with D′ =
0.946 and r2 = 0.735 was observed for the marker pair
rs427284-rs458609 in heroin-dependent cases compared with
controls (D′ = 0.792, r2 = 0.602). Comparatively, lower LD
was observed in heroin-dependent cases than controls for the
marker pairs rs28363170-rs40184 (cases, D′ = 0.746, r2 =
0.234; controls, D′ = 0.947, r2 = 0.277) and rs28363170-
rs250683 (cases, D′ = 0.311, r2 = 0.012; controls, D′ = 0.764,
r2 = 0.060). It may be noted again that alleles for rs28363170
and rs3836790 were grouped into two for a biallelic represen-
tation as mentioned above.

Case-Control Association Analysis Using Haplotypes

Bimarker-based haplotype analysis demonstrated that out of
forty-five bimarker combinations analysed, fourteen bimarker
combinations were found to be significant in the bimarker-
based haplotypic association analysis (Table 6). Of these, only
five bimarker combinations retained their significance after
the corrections for multiple testing, viz. rs37021-rs250683,
rs250683-rs250682, rs250683-rs427284, rs250683-

Table 4 Population-based case-
control analysis of DAT1gene
using allelic distribution of the
various markers

Markers Allele Allelic counts in total subjects (frequency) ORa (95% CIb) LRSc p value
(dfd = 1)

Cases (n = 264) Controls (n = 304)

rs28363170 L 235 (0.890) 264 (0.898) 0.92 (0.54–1.58) 0.090 0.765
S 29 (0.110) 30 (0.102) 1.08 (0.63–1.86)

rs40184 C 204 (0.773) 215 (0.731) 1.25 (0.85–1.83) 1.280 0.258
T 60 (0.227) 79 (0.269) 0.80 (0.55–1.18)

rs3836790 L 206 (0.780) 219 (0.745) 1.21 (0.82–1.79) 0.963 0.326
S 58(0.220) 75 (0.255) 0.82 (0.56–1.22)

rs27048 C 214 (0.811) 231 (0.786) 1.17 (0.77–1.76) 0.535 0.465
T 50 (0.189) 63 (0.214) 0.86 (0.57–1.30)

rs37021 C 172 (0.651) 189 (0.643) 1.04 (0.73–1.47) 0.046 0.831
T 92 (0.349) 105(0.357) 0.96 (0.68–1.36)

rs250683 T 129 (0.489) 154 (0.524) 0.87 (0.62–1.21) 0.689 0.407
C 135 (0.511) 140 (0.476) 1.15 (0.83–1.60)

rs250682 G 143 (0.542) 147 (0.50) 1.18 (0.85–1.65) 0.968 0.325
C 121 (0.458) 147(0.50) 0.85 (0.61–1.18)

rs427284 C 126 (0.477) 149 (0.507) 0.89 (0.64–1.24) 0.485 0.486
G 138 (0.523) 145 (0.493) 1.13 (0.81–1.57)

rs458609 C 139(0.526) 152 (0.517) 1.04 (0.75–1.45) 0.050 0.822
T 125 (0.474) 142 (0.483) 0.96 (0.69–1.34)

rs246997 T 95 (0.360) 147 (0.50) 0.57 (0.40–0.79) 11.18 0.0008
G 169 (0.640) 147 (0.50) 1.77 (1.26–2.47)

Best p value from 20 tests, 0.000852; adjusted p value from 1000 permutation test, 0.00799; standard error,
0.0028; empirical 5% quantile of the best p value, 0.005959; aOdds ratio; b Confidence interval; c Likelihood
ratio; dDegrees of freedom; numbers in bold indicate significant findings
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rs458609, and rs250683-rs246997. Out of the fourteen signif-
icant combinations, all marker combinations involving the
marker rs246997 showed significance as also demonstrated
in allelic and genotypic analyses. It may be noted that
rs250683 showed significant association at the haplotypic lev-
el and this finding points towards the existence of a combina-
torial effect in heroin dependence.

Bimarker-based haplotype analysis demonstrated that hap-
lotype of marker combinations such as L-G rs28363170-
rs246997 (p = 0.008, OR = 1.72), T-G rs40184-rs246997
(p = 0.004, OR = 1.30), L-G rs38336790-rs246997 (p =
0.004, OR = 1.72), T-G rs27048-rs246997 (p = 0.006, OR =
1.80), G-T and A-C rs37021-rs250683 (p = 0.0001, OR =
1.58 and 4.49), G-G rs37021-rs250682 (p = 0.006, OR =
1.43), G-G rs37021-rs246997 (p = 0.007, OR = 1.64), T-G
and C-C rs250683-rs250682 (p < 0.0001, OR = 2.54 and
2.83), T-G and C-C rs250683-rs427284 (p < 0.0001, OR =
3.56 and 4.45), T-T and C-C rs250683-rs458609 (p < 0.0001,
OR = 2.89 and 4.14), C-G rs250683-rs246997 (p = 0.0005,
OR = 2.36), G-G rs250682-rs246997 (p = 0.002, OR = 1.82),
G-G rs427284-rs246997 (p = 0.001, OR = 2.03), and T-G
rs458609-rs246997 (p = 0.004, OR = 1.81) was significantly
over-distributed in heroin-dependent cases compared with
controls. On the other hand, haplotype of marker combina-
tions such as L-T rs28363170-rs246997 (p = 0.008, OR =
0.55), C-T and T-T rs40184-rs246997 (p = 0.004, OR = 0.67
and 0.62), S-T and L-T rs38336790-rs246997 (p = 0.004,

OR = 0.50 and 0.66), C-T rs27048-rs246997 (p = 0.006,
OR = 0.60), G-C and A-T rs37021-rs250683 (p = 0.0001,
OR = 0.74 and 0.56), G-C and A-G rs37021-rs250682 (p =
0.006, OR = 0.57 and 0.31), G-T and A-T rs37021-rs246997
(p = 0.007, OR = 0.64 and 0.64), T-C rs250683-rs250682
(p < 0.0001, OR = 0.52), T-C and C-G rs250683-rs427284
(p < 0.0001, OR = 0.50 and 0.66), T-C and C-T rs250683-
rs458609 (p < 0.0001, OR = 0.62 and 0.68), C-T rs250683-
rs246997 (p = 0.0005, OR = 0.61), C-T rs250682-rs246997
(p = 0.002, OR = 0.53), C-T rs427284-rs246997 (p = 0.001,
OR = 0.58), and T-T and C-T rs458609-rs246997 (p = 0.004,
OR = 0.65 and 0.65) was over-represented in controls
(Table 6).

Correlation Analysis

Bivariate correlation analysis among different variables dem-
onstrated significant positive correlation between rs246997-
GG (p = < 0.001, Pearson correlation = 0.217) with heroin de-
pendence. Significant negative correlations were observed for
heroin dependencewith rs246997-TT (p = 0.001, Pearson cor-
relation = − 0.203) and disease status with rs28363170-10R/
11R (p = 0.007, Pearson correlation = −0.162). No significant
correlations were observed for the variables ‘years of drug
use’, ‘number of times drug abstained’, and ‘onset’ with
rs28363170 genotypes or rs246997 genotypes.

Table 5 Linkage disequilibrium analysis between marker pairs in heroin-dependent cases and controls

Markers rs28363170 rs40184 rs3836790 rs27048 rs37021 rs250683 rs250682 rs427284 rs458609

Total controls (D′/r2)

rs40184 0.947/0.277

rs3836790 0.26/0.022 0.056/ 0.003

rs27048 0.151/0.009 0.506/0.190 0.398/0.015

rs37021 0.203/0.003 0.089/0.005 0.013/0.000 0.345/0.018

rs250683 0.764/0.060 0.481/0.077 0.201/0.013 0.509/0.064 0.841/0.357

rs250682 0.390/0.017 0.249/0.023 0.027/0.000 0.190/0.010 0.637/0.225 0.711/0.460

rs427284 0.548/0.033 0.348/0.043 0.116/0.004 0.328/0.029 0.772/0.322 0.850/0.675 0.677/0.446

rs458609 0.575/0.035 0.388/0.052 0.216/0.015 0.322/0.026 0.823/0.352 0.840/0.687 0.687/0.441 0.792/0.602

rs246997 0.498/0.028 0.167/0.01 0.281/0.027 0.207/0.012 0.303/0.051 0.428/0.167 0.295/0.087 0.424/0.175 0.464/0.201

Total cases (D′/r2)

rs40184 0.746/0.234

rs3836790 0.377/0.062 0.067/0.004

rs27048 0.238/0.030 0.288/0.066 0.231/0.004

rs37021 0.169/0.002 0.027/0.000 0.167/0.015 0.272/0.032

rs250683 0.311/0.012 0.046/0.001 0.032/0.000 0.393/0.038 0.238/0.032

rs250682 0.277/0.011 0.187/0.012 0.186/0.011 0.266/0.020 0.908/0.521 0.232/0.048

rs427284 0.303/0.012 0.201/0.013 0.249/0.019 0.386/0.038 0.902/0.476 0.303/0.087 0.849/0.668

rs458609 0.373/0.015 0.228/0.014 0.318/0.026 0.423/0.038 0.913/0.401 0.441/0.167 0.884/0.594 0.946/0.735

rs246997 0.264/0.005 0.057/0.001 0.411/0.027 0.056/0.000 0.338/0.034 0.299/0.048 0.399/0.076 0.471/0.114 0.477/0.142
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Table 6 Case-control association analysis using haplotypic distribution of bimarker combinations of DAT1 for heroin dependence

Marker pairs Haplotypes Cases (freq) Controls (freq) OR (95% CI) LRS (p value)

rs28363170-rs246997 S-T 7.68 (0.03) 7.53 (0.03) 1.14 (0.41–3.16) 11.70 (0.008)
S-G 21.32 (0.08) 22.46 (0.08) 1.06 (0.57–1.97)

L-T 87.32 (0.33) 139.5 (0.47) 0.55 (0.39–0.77)

L-G 147.7(0.56) 124.5 (0.42) 1.72 (1.23–2.40)

rs40184-rs246997 C-T 20.36 (0.08) 32.9 (0.11) 0.67 (0.38–1.18) 13.36 (0.004)
C-G 39.64(0.15) 46.1 (0.16) 0.95 (0.60–1.51)

T-T 74.64 (0.28) 114.1 (0.39) 0.62 (0.44–0.89)

T-G 129.4 (0.49) 100.9 (0.34) 1.30 (1.31–2.57)

rs3836790-rs246997 S-T 12.3 (0.05) 26.96 (0.09) 0.50 (0.26–0.96) 13.53 (0.004)
S-G 45.7 (0.17) 48.04 (0.16) 1.07 (0.69–1.67)

L-T 82.7 (0.31) 120 (0.41) 0.66 (0.47–0.94)

L-G 123.3 (0.47) 98.96 (0.34) 1.72 (1.23–2.42)

rs27048-rs246997 C-T 78.02 (0.30) 122 (0.42) 0.60 (0.42–0.84) 12.50 (0.006)
C-G 136 (0.52) 109 (0.37) 1.80 (1.28–2.51)

T-T 16.98 (0.06) 24.99 (0.08) 0.74 (0.40–1.39)

T-G 33.02 (0.13) 38.01 (0.13) 0.96 (0.59–1.58)

rs37021-rs250683 G-T 72.86 (0.28) 56.94 (0.19) 1.58 (1.07–2.35) 20.96 (0.0001)*
G-C 99.14 (0.38) 132.1 (0.45) 0.74 (0.53–1.03)

A-T 56.14 (0.21) 97.06 (0.33) 0.56 (0.38–0.81)

A-C 35.86 (0.14) 7.94 (0.03) 4.49 (2.42–8.33)

rs37021-rs250682 G-C 33.59 (0.13) 61.08 (0.21) 0.57 (0.36–0.88) 12.38 (0.006)
G-G 138.4 (0.52) 127.9 (0.44) 1.43 (1.02–1.99)

A-C 87.41 (0.33) 85.92 (0.29) 1.20 (0.84–1.72)

A-G 4.59 (0.02) 19.08 (0.06) 0.31 (0.14–0.71)

rs37021-rs246997 G-T 73.07 (0.28) 110.4 (0.38) 0.64 (0.45–0.91) 12.05 (0.007)
G-G 98.93 (0.37) 78.57 (0.27) 1.64 (1.15–2.34)

A-T 21.93 (0.08) 36.57 (0.12) 0.64 (0.37–1.11)

A-G 70.07 (0.27) 68.43 (0.23) 1.19 (0.81–1.75)

rs250683-rs250682 T-C 73.5 (0.28) 126.8 (0.43) 0.52 (0.36–0.73) 23.93 (2.582e-005)*
T-G 55.5 (0.21) 27.2 (0.09) 2.54 (1.59–4.05)

C-C 47.5 (0.18) 20.2 (0.07) 2.83 (1.70–4.71)

C-G 87.5 (0.33) 119.8 (0.41) 0.72 (0.51–1.02)

rs250683-rs427284 T-C 81.07 (0.31) 138.4 (0.47) 0.50 (0.36–0.71) 41.49 (5.141e-005)*
T-G 47.93 (0.18) 15.64 (0.05) 3.56 (2.11–6.00)

C-C 44.93 (0.17) 10.64 (0.04) 4.45 (2.55–7.74)

C-G 90.07 (0.34) 129.4 (0.44) 0.66 (0.47–0.93)

rs250683-rs458609 T-T 34.15 (0.13) 13.57 (0.04) 2.89 (1.60–5.24) 32.66 (3.80e-007)*
T-C 94.85 (0.36) 140.4 (0.48) 0.62 (0.44–0.86)

C-T 90.85 (0.34) 128.4 (0.44) 0.68 (0.48–0.95)

C-C 44.15 (0.17) 11.57 (0.04) 4.14 (2.38–7.20)

rs250683-rs246997 T-T 32.54 (0.12) 47.04 (0.16) 0.74 (0.46–1.19) 17.55 (0.0005)*
T-G 96.46 (0.37) 107 (0.36) 1.01 (0.71–1.42)

C-T 62.46 (0.24) 99.96 (0.34) 0.61 (0.42–0.87)

C-G 72.54 (0.27) 40.04 (0.14) 2.36 (1.56–3.57)

rs250682-rs246997 C-T 26.17 (0.10) 51.84 (0.18) 0.53 (0.33–0.85) 15.11 (0.002)
C-G 94.83 (0.36) 95.16 (0.32) 1.17 (0.83–1.66)

G-T 68.83 (0.26) 95.16 (0.32) 0.74 (0.51–1.06)

G-G 74.14 (0.28) 51.84 (0.18) 1.82 (1.22–2.70)

rs427284-rs246997 C-T 23.99 (0.09) 43.77 (0.15) 0.58 (0.35–0.97) 15.89 (0.001)
C-G 102 (0.39) 105.2 (0.36) 1.13 (0.80–1.59)

G-T 71.01(0.27) 103.2 (0.35) 0.68 (0.48–0.98)
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Regression Analysis

Binary logistic regression analysis with heroin use disorder
status as dependent variable and rs28363170-10R/10R,
rs28363170-10R/9R, rs28363170-10R/11R, rs246997-TT,
rs246997-GT, and rs246997-GG as covariates revealed sig-
nificant odds ratio for rs246997-GG (OR = 2.576, 95% CI =
1.49–4.45, p = 0.001), rs28363170-10R/11R (OR = 0.176,
95% CI = 0.04–0.81, p = 0.025), and rs246997-TT (OR =
0.392, 95% CI = 0.19–0.80, p = 0.010). The Hosmer-
Lemeshow test of goodness of fit at df = 1 was not significant
(p = 0.887) depicting the fitness of proposed model. ln(odds)
of the derived logistic regression equation was − 0.302 with
p = 0.041 and odds ratio of 0.74.

Marker-Marker Interaction Analysis

To investigate the interaction between markers of the DAT1
gene, an MDR test was performed. The interaction of all the
markers in the study is presented in the dendrogram generated
through MDR (Fig. 2a). The strength of the synergistic inter-
actions between the studied markers along with their values is
demonstrated by the entropy-based interaction graph
(Fig. 2b).Marker rs250683 has shown amaximum synergistic
effect with most of the studied markers. The estimated infor-
mation gain (IG) for some pairwise combination (interaction
effect) was found to be higher than that of individual markers,
as seen in the case of rs250683 (individual entropy value =
0.21) with rs427284 (individual entropy value = 0.13,

Fig. 2 MDR generated individual
and interactive data.
a Dendrogram showing
interactions of all the studied
markers of the DAT1 gene.
Colour variation indicates the
strength of interaction, and the
increase in interaction is
presented from blue (redundant)
towards red (synergy). b Circle
graph showing different entropy
levels of individual and
interacting markers for heroin
dependence. The strong
interaction is indicated when the
entropy value is higher in the
combined set than the individual
markers. c Graphical view
showing high-risk and low-risk
genotype for heroin dependence
in single-marker model. d
Graphical view showing high-risk
and low-risk genotype for heroin
dependence in two marker inter-
action model

Table 6 (continued)

Marker pairs Haplotypes Cases (freq) Controls (freq) OR (95% CI) LRS (p value)

G-G 66.99 (0.25) 41.77 (0.14) 2.03 (1.34–3.09)

rs458609-rs246997 T-T 68.85(0.26) 103.9 (0.35) 0.65 (0.45–0.93) 13.08 (0.004)
T-G 56.15 (0.21) 38.07 (0.13) 1.81 (1.16–2.82)

C-T 26.15 (0.10) 43.07 (0.15) 0.65 (0.39–1.07)

C-G 112.8 (0.43) 108.9 (0.37) 1.27 (0.90–1.78)

Best p value from 180 tests: 2.169e-005

Adjusted p value from permutation test, 0.000999; standard error, 0.000999

Empirical 5% quantile of the best p value, 0.0005534

*Denotes significance after multiple testing correction with1000 permutations
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synergistic entropy value = 7.13), rs250682 (individual entro-
py value = 0.27, synergistic entropy value = 4.33), and
rs37021 (individual entropy value = 0.55, synergistic entropy
value = 3.80) (Fig. 2b). Marker rs246997 has shown a high
individual entropy value of 3.22 but no effective synergism
with any of the studied markers. Further, the best interaction
models were generated based on maximum cross-validation
consistency (CVC) and the lowest prediction error (PE). The
result provided four best models which include a highest
single-marker effect of rs246997 (p = 0.0017, OR = 2.84,
CVC = 10/10, PE = 0.427), highest interactive effects of two
marker combination, viz. rs250683-rs427284 (p = < 0.0001,
OR = 4.36, CVC = 10/10, PE = 0.355), three marker combina-
tion, viz. rs37021-rs250683-rs427284 (p = < 0.0001, OR =
4.97, CVC = 5/10, PE = 0.322), and four marker combination,
viz. rs27048-rs37021-rs250683-rs250682 (p = < 0.0001,
OR = 8.94, CVC = 4/10, PE = 0.272), for heroin dependence.
Genotype GG of rs246997 was more prevalent among cases
than the controls (Fig. 2c). The most effective marker interac-
tion was found to be rs250683-rs427284, where TT-GG, TT-
GC, TC-GG, TC-CC, CC-GC, and CC-CC genotypes interact
more among cases compared with controls (Fig. 2d).

Bioinformatics Analysis

Variant Effect Predictor (VEP) and Gene-Aware Variant
INterpretation (GAVIN) online tools were used to check the
predicted effects of the markers. Both VEP and GAVIN have
scored the impact of all the studied ten markers as modifier
(usually non-coding variants or variants affecting non-coding
genes, where predictions are difficult, or there is no evidence
of impact). DAT protein interaction network depicting all
known, predicted, and other interactions generated through
the online search tool ‘STRING’ is provided in Fig. 3. The
maximum DAT interaction score was observed with DRD2

(0.971). The remaining nine highest scoring DAT-interacting
proteins were SNCA (0.968), CDH1 (0.908), FLOT2 (0.900),
CAMK2A (0.870), SLC618A2 (0.860), TH (0.840),
CAMK2G (0.837), CAMK2B (0.804), and PRKCA (0.804).

Discussion

The major results of the present study are as follows: (i) this is
the first study to report the association of marker rs246997 of
DAT1 gene with heroin dependence at allelic, genotypic, and
haplotypic levels; (ii) association of five bimarker-based hap-
lotype combination of DAT1 gene, viz. rs37021-rs250683,
rs250683-rs250682, rs250683-rs427284, rs250683-
rs458609, and rs250683-rs246997, with heroin dependence
even after multiple testing correction; (iii) association of 11R
allele and 10R/11R genotype of 3′UTR VNTR (rs28363170)
of DAT1 gene with protection against heroin dependence,
which is being reported for the first time; (iv) the finding of
7R and 6R alleles as the common alleles of intron 8 VNTR
(rs3836790) of DAT1 gene in this study population indicates
ethnicity-linked variation in allele frequency of this marker;
and (v) this is for the first time that 13R allele (7R/13R geno-
type) and 14R allele (7R/14R genotype) are identified for
intron 8 VNTR (rs3836790).

In the present study, the marker rs246997 of DAT1 was
found to be significantly associated with heroin dependence
even after correction for multiple testing with 1000 permuta-
tion, and it has not been cited or reported earlier for its asso-
ciation with heroin dependence in other similar studies. MDR
also demonstrated the highest single-marker effect of
rs246997 with a cross-validation consistency of 10/10 and a
p value of 0.027. Correlation analysis and regression analysis
have also demonstrated the association of this marker with
heroin dependence. However, no correlation of rs246997

Fig. 3 DAT1/SLC6A3 protein
interaction model generated
through the online search tool
‘STRING’. a DAT1/SLC6A3
and other protein interactions,
showing evidence from various
sources at a set confidence score
of 0.7. b DAT1/SLC6A3 and
other protein interactions,
depicting molecular action at a set
confidence score of 0.9
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genotypes with possible determinants of heroin dependence,
such as years of drug use, age at onset, and the number of
times drug abstained, was observed. This could be because of
the small sample size of the study. Moreover, the assessment
and analysis of these possible determinants of heroin depen-
dence were based on individual responses to a questionnaire.
A previous study (Koijam et al. 2020) with the same popula-
tion had demonstrated a significant association of an opioid
receptor mu 1 (OPRM1) variant with the number of times drug
abstained.

Since the VNTRs have more than two alleles and three
genotypes, possible differential role of alleles and genotypes
as a group and as an individual entity was checked using
UNPHASED and SPSS. Analysis using UNPHASED by the
grouping of all repeats into higher repeat alleles and lower
repeat alleles failed to reveal any possible effect on phenotype.
However, when analysed individually with df = 1 by SPSS, a
significant difference between heroin-dependent cases and
controls for 11R allele and 10R/11R genotype of 3′UTR
VNTR (rs28363170) was demonstrated. When overall indi-
vidual alleles and genotypes of 3′UTR VNTR (rs28363170)
were analysed with df > 1, nominal significance was observed
at the genotypic level (p = 0.053, df = 5) but not at allelic level.

A study by Hou and Li (2009) on 3′UTR VNTR
(rs28363170) of the DAT1 gene in Han Chinese population
found no association of the DAT1 gene with heroin depen-
dence. Vereczkei et al. (2013) reported a lack of association
of DAT1 gene variants 3′UTR VNTR (rs28363170) and intron
8 VNTR (rs3836790) with heroin dependence in the Hungarian
population. Another study by Yeh et al. (2010) on Han Chinese
involving 15 variants of the DAT1 gene, including rs27048, 3′
UTR VNTR (rs28363170), and intron 8 VNTR (rs3836790),
reported absence of association with heroin dependence. The
non-association of rs27048 and intron 8 VNTR (rs3836790)
with heroin dependence was replicated in the present study.
The non-association results involving 3′UTR VNTR
(rs28363170) from these studies were based on analysis after
the dualization or grouping method of VNTR, which is similar
to our result under similar analysis method. However, the pres-
ent study analysed 3′UTR VNTR (rs28363170) further at indi-
vidual allele and individual genotype level with df = 1 and df >
1 rather than a limited binary or grouping approach, based on
which association of 3′UTR VNTR (rs28363170) was ob-
served as described above. The contradicting results generated
from different studies in different populations may be because
of differences in the study design, variants studied, analysis
methods, sample size, differential allele frequencies, ethnic dif-
ferences, and population-specific epigenetic interactions with
other genes. Further, gene polymorphisms involved in the vul-
nerability or association with heroin dependence may be popu-
lation-specific, as demonstrated by Bhaskar et al. (2012).

The participants in the present study are from Manipur of
North East India only and are traced to East Asian origin

(Saraswathy et al. 2009). In this study, utmost care has been
taken in the selection of the subjects. They belonged to an
ethnically homogeneous and small population, which is also
different from the rest of the Indian population. Controls with
appropriate size from a similar background were included for
proper representation. Analysis based on population stratifica-
tion was not performed due to the very low frequency of
ethnically different groups and overall small sample size.
Population admixtures and gene flow in many generations
may play a role in the actual inference of the study as well.

The present study reports for the first time the association
of 11R allele and 10R/11R genotype of 3′UTR VNTR
(rs28363170) with protection against heroin dependence.
Future studies are suggested to look into 11R allele and
10R/11R genotype of 3′UTR VNTR towards association with
heroin dependence. The study has also highlighted a differen-
tial distribution of the alleles of intron 8 VNTR (rs3836790) in
the population, indicating ethnicity-oriented changes in allele
frequency. The 7R and 6R alleles of this marker were found to
be more common in the population, and lower repeat alleles
were undetectable. The commonly reported alleles of the
marker are 5R and 6R alleles. Similar allelic prevalence was
reported by Kim et al. (2017) in the Korean population and by
Zhou et al. (2014) in the African American population, where
6R of intron 8 VNTRwas the minor allele as against 5R allele
(Guindalini et al. 2006). In the case of intron 8 VNTR
(rs3836790), alleles such as 6R, 7R, 8R, 9R, 11R, 12R,
13R, and 14R were detected in the study in heroin-
dependent cases; though, most of the alleles showed very
low frequencies. However, 11R, 13R, and 14R alleles were
absent in the controls in the same study group. 13R (7R/13R
genotype) and 14R (7R/14R genotype) alleles of intron 8
VNTR (rs3836790) were also detected in two heroin-
dependent cases for the first time. To date, studies have re-
ported the occurrence of only up to 12R alleles for intron 8
VNTR (Gadow et al. 2014).

VEP and GAVIN online prediction tools scored the impact
of all the ten markers as modifiers. It may be noted that the
mere absence of evidence of impact or difficulty in predictions
for a variant cannot rule its involvement in a particular phe-
notype or regulation out. The 3′UTR VNTR and intron 8
VNTR have also been scored as modifiers, whereas they have
been suggested to regulate or modulate DAT expression
(Pinsonneault et al. 2011). DAT-interacting proteins provided
by STRING like DRD2, SNCA, CAMK2A, and CAMK2B
have reports of association with substance dependence
(Easton et al. 2014; Janeczek et al. 2014; Lehrmann et al.
2006; Spronk et al. 2016). DAT may also act in combination
with these proteins to provide an overall effect on the pheno-
type of heroin dependence.

Some of the limitations of the present study include rela-
tively smaller sample size and less number of variants
screened, which could be extended with higher sample size
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and more variants. Further, DAT expression levels in brain
were not included, and some of the possible determinants of
heroin dependence such as years of drug use, age at onset,
number of times drug abstained, etc. used in the study were
solely based on individual responses to questionnaire.

Such association studies help in the identification of genet-
ic risk factors to a particular disease. The identified genetic
risk factors may not necessarily affect expression of the genes.
However, the risk factors may vary from population to popu-
lation due to population-specific variations. Studies of such
gene polymorphisms give better understanding of the pheno-
typic effects that they may induce. One of the extensively
studied polymorphisms is the SNP (118A>G) in the OPRM1
(mu opioid receptor) gene whose product is involved in re-
ward, addictive behaviour, and pain regulation. The SNP
(118A>G) changes a single amino acid, Asn 40 to Asp in
the receptor protein (Beyer et al. 2004), leading to reduced
protein translation and availability of the receptor likely stim-
ulating opioid addiction (Ahmed et al. 2018). Therefore, gene
polymorphisms may also affect the functions of genes, which
in turn may affect the pathophysiology of drug dependence.
Further, the extension of such heroin dependence studies to-
wards a metabonomic and clinical perspective (Xie et al.
2015) is highly encouraging. In the present study, individuals
carrying the G allele, GG genotype at rs246997, have been
identified as having a higher risk for susceptibility to drug
dependence. Therefore, the study suggests prioritizing indi-
viduals with G allele, GG genotype at rs246997, during pre-
vention, intervention, and clinical treatment of heroin depen-
dence. Further, the 11R allele at 3′UTR VNTR (rs28363170)
has been identified as a protective allele for heroin dependen-
cy. This result suggests that this marker could be used for
stratification of patients with lower risk. The findings of the
present study, in concurrence with other similar studies (Dang
et al. 2014; Levran et al. 2015), provide strategies for the
development of novel prevention, patient stratification,
targeted intervention, and personalized treatment for heroin
dependence. However, the strategies stemming from such as-
sociation studies have an inherent problem of the inability for
generalized usage across all human populations, owing to the
complex nature of the disease such as ethnic susceptibility
differences, individual differences, epistatic interactions, and
involvement of multiple genes and other environmental con-
ditions. Thus, as with any other complex disease, there is a
constant need for understanding all the possible factors and
mechanisms underlying heroin dependency.

Conclusion

The present study provides evidence that the DAT1 gene is a
susceptibility gene for heroin dependence in a subpopulation
from India, where such phenotype is highly prevalent. The

presence of ‘G’ allele at rs246997 in an individual is a risk
factor that increases the probability of getting heroin-depen-
dent. Furthermore, the presence of 11R at 3′UTR VNTR
(rs28363170) confers protection from heroin dependency.
Identification of a novel marker and low-frequency allele of
a commonly studied polymorphism as effectors for heroin
dependence opens up further avenues for research to under-
stand the possible mechanisms through which it modifies the
phenotype to reinforce its association with heroin dependence.
Although the variants identified in this study are suggested to
produce low relative risk towards vulnerability to heroin de-
pendency, it may uncover novel mechanisms of addictive
behaviour.
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