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GABA transporter-1 (GAT-1; genetic locus SLC6A 1) is emerging as a novel target for treatment of 

neuropsychiatric disorders. To understand how population differences might influence strategies for 

pharmacogenetic studies, we identified patterns of genetic variation and linkage disequilibrium (LD) in SLC6A 1 in 

five populations representing three continental groups. We resequenced 12.4 kb of SLC6A1 , including the 

promoters, exons and flanking intronic regions in African-American, Thai, Hmong, Finnish, and European-American 

subjects (total n=40). LD in SLC6A1 was examined by genotyping 16 SNPs in larger samples. Sixty-three variants 

were identified through resequencing . Common population-specific variants were found in African-Americans, 

including a novel 21-bp promoter region variable number tandem repeat (VNTR), but no such variants were found in 

any of the other populations studied. Low levels of LD and the absence of major LD blocks were characteristic of all 

five populations. African-Americans had the highest genetic diversity. European-Americans and Finns did not differ 

in genetic diversity or LD patterns. Although the Hmong had the highest level of LD, our results suggest that a 

strategy based on the use of tag SNPs would not translate to a major improvement in genotyping efficiency. In 

addition , we performed reporter assays using SLC6A 1 promoter constructs containing the insertion or non-insertion 

variants or using a promoterless construct. The insertion variant showed significantly more activity than the non­

insertion promoter variant in multiple cell lines. Gel shift assays determined that nuclear proteins interact with the 
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problematic gene for association and haplotype tagging-based genetic studies. However, the 21-bp insertion 
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polymorphism may prove useful in predicting clinical response to pharmacological modulators of SLC6A 1 as well as 

GABAergic function in individuals of African descent. 
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CHAPTER I 

INTRODUCTION 

Background and rationale 
Gamma-aminobutyric acid (GABA) is the most ubiquitous inhibitory 

neurotransmitter in the brain. Abnormal function of the GABA system has been 

implicated in almost every common neurological and psychiatric disorder. Augmentation 

of brain GABA function is the presumed therapeutic mechanism of several classes of 

medications, including the benzodiazepines, gabapentin, and pregabalin, which are 

used in treatment of many psychiatric and neurological disorders, addictions, and pain 

(1, 2). Identifying genetic factors responsible for variation in clinical response holds 

promise as a way to improve the clinical application of these medications; it may be 

possible to identify those who are most likely to respond to treatment and those who are 

at risk to develop adverse effects. For these kinds of studies, it will be important to 

identify polymorphisms in genes encoding the components of the brain GABA system. 

Although the HapMap project (3) will identify the major basic blocks of linkage 

disequilibrium in these genes, detailed patterns of genetic variation, including the 

discovery of novel functional variants, can only be accomplished through resequencing. 

A novel class of medications was recently developed that act by blockade of 

GABA transporters (GAT), thereby inhibiting GABA uptake. Four main subtypes of GABA 

transporters, the GAT-1, GAT-2, GAT-3 and Betaine/GABA transporter-1 (BGT-1), have 

been identified through molecular cloning. The first medication in the GABA reuptake 

inhibitor class to become available for clinical use was tiagabine [(-)-(R)-1-(4,4-Bis(3-

methyl-2-thienyl)3-butenyl) nipecotic acid hydrochloride], which selectively blocks GAT-

1 sites (4). Tiagabine was developed for treatment of seizure disorders but is being 

used by many psychiatrists to treat a variety of conditions in which augmentation of 

brain GABA function is thought to be desirable to alleviate clinical symptoms. 

Preliminary studies suggest that tiagabine is effective in treatment of anxiety (5), sleep 

disorders (6), depression (7) and addictions (2, 8, 9). Animal studies suggest that most 

of the tiagabine’s common adverse effects, such as muscle twitching and sedation, 



 

arise from specific inhibition of GAT-1 (10). Tiagabine has a rare, but serious adverse 

effect - non-convulsive status epilepticus - which has raised concerns about its off-label 

use in treatment of psychiatric disorders (11). Pharmacogenetic study could plausibly 

help to identify those subjects who are at greatest risk for developing side-effects to 

tiagabine and other medications that inhibit GAT-1.  

 The SLC6A1 gene, which encodes the GAT-1 protein, is an obvious candidate 

for pharmacogenetic studies of tiagabine and other GAT-1 inhibitors (12). In anticipation 

of larger pharmacogenetic studies, we aimed to identify novel genetic variation and 

examine linkage disequilibrium in the SLC6A1 gene in five populations representing 

three major continental groups [European (EA and Finnish), African (AA) and Asian (Thai 

and Hmong)]. Populations considered isolated, Finnish and Hmong, and two mixed 

populations, EA and AA, were examined, to understand how population differences 

should influence planning for pharmacogenetic studies. By comparing isolated and 

mixed populations, we hoped to shed further light on the purported benefits of isolated 

populations in mapping complex genetic traits (13, 14). Furthermore, our goal was to 

identify a set of haplotype tagging markers for studies focusing on response to GAT-1 

inhibition.  
 
Research questions 

- From the sequencing result of promoters, all coding regions and flanking 

intronic regions of SLC6A1 gene, which polymorphism that we found? Is 

there any population specific variant? 

- How about the pattern of LD and tagging SNP of SLC6A1 in all 5 

populations? 

- Can we find the population specific SNP or haplotype that possible response 

to GAT-1 inhibitors? 
 
Objectives 
 To identify population specific polymorphism of SLC6A1 gene and investigate 

potential candidate polymorphism to respond to GAT-1 inhibitors.  
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Hypothesis 
If we find population specific SNP or haplotype consequence to SLC6A1 gene 

expression, these polymorphisms are possible to present difference response to GAT-1 

inhibitors in all 5 populations.  

Key words 
 GABA transporter 1 (GAT-1), SLC6A1, linkage disequilibrium, pharmacogenetics 
 
Expected benefit and application 

We expect to see functional and population specific polymorphism of SLC6A1 

gene and we can apply this variant in clinical treatment of GAT-1 inhibitor in these 5 

populations. 

Methodology framework 

 

 

 

 

 

 

 

 

 

 

 

 

 

DNA from 7-9 healthy subjects in each population were used for 
resequencing of the upper and lower promoter regions, all 16 exons

(total of 4.4 kb) and 7.3 kb of flanking intronic regions of the SLC6A1 gene. 

Common 16 SNPs (freq>10%) 
across SLC6A1 gene were 
chosen from resequencing result 
and NCBI SNP database to 
genotype in 46-60 individuals 
per population. 

LD study, recombination 
hotspot, haplotype
diversity were defined and 
compared in all 5 
populations.

Defined genetic diversity 
in 5 populations

Descriptive study of novel 21 bp insertion
Use some bioinformatics softwares to analyze the region 
around 21 bp insertion; -promoter prediction

-comparative genomic
-transcription factor prediction

To characterize transcriptional activity of 21 bp insertion, 
luciferase activity between promoter construct with and 
without 21 bp insertion were compared. EMSA technique 
was used to prove that 21 bp insertion may code for a 
protein binding motif that interacts with a nuclear protein.

Family-based study of 21 bp insertion in African-
American cocaine and alcohol dependence patients.

TFSEARCH, DNA pull down assay, and CsA treatment 
were used to characterized transcription factor binding at 
21 bp insertion region.
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CHAPTER II 

REVIEWS AND RELATED LITERATURES 

Pharmacogenetics 
 Among various types of human DNA variation including repeat sequence, 

ins/del polymorphism and copy number variation (CNV), also reveal in human 

genome.  Single nucleotide polymorphisms (SNPs) were applied to variety of studies 

including pharmacogenetics. Regarding the Human Genome Project (HGP) (15), 2.1 

million SNPs were found in every 1250 bp on average through the genome (0.1% of 

genome) and presented individually difference. It is very useful for human genome 

scanning for gene mapping and also benefit to the studies of evolution and inter-

individual difference in drug response (16). 

Different effects of drugs or agents on the treatment of different individuals 

are of interested for individualized medicine. The main goal of the pharmacogenetics 

or pharmacogenomics (screening whole genome) studies that try to define how a 

gene affects drug sensitivity/resistant (17). Several documents reported that genetic 

factors influence heterogeneity of individually response to treatments and could be 

inherited (18, 19).  Drug-susceptible phenotype can be assumed as a kind of 

disease phenotype. Several approaches for disease mapping gene were capable to 

apply to pharmacogenetics study of drug-susceptible phenotype. More than one 

gene is contributed to complex phenotype. Polymorphism of drug metabolizing 

enzymes, CYP450, and targeted receptor proteins are crucial factors for drug 

physiological pathway (20). It is very interesting that some of these polymorphisms 

are specific in some geographic population but not found in others. Thus these 

specific polymorphisms contributable to drug-susceptibility phenotype are possibly 

useful only in a specific population. Although the international HapMap project (3) 

have already identified a major blocks of linkage disequilibrium in these genes, more 

detailed patterns of global genetic variation, including discovery of novel functional 

variation, can only be accomplished through resequencing. Expressed phenotype 

(level of protein and pharmacokinetic of protein) from candidate genotype 



 

(haplotype) must be determined to further benefit to predict human responsiveness 

to some agents.  

Screening polymorphisms of gene of interest is not difficult in post-genomic 

era because several tools are available. One kind of polymorphism, non-

synonymous SNPs, was indicated to be functional SNPs because of changing amino 

acid. This variation is a priority to determine disease susceptibility and 

pharmacogenetics. Numerous recently studies revealed synonymous SNPs (silence 

mutations) can affect protein expression by involving in RNA stability (21, 22).  There 

is requiring more data to support this hypothesis. However, in this study we focus on 

population specific polymorphisms (SNP and haplotype) and find out the specific LD 

pattern in each population for further high-density genetic maps to drug-

susceptibility phenotype.  Moreover, diversity of SNP frequency in different 

populations is further possible point to predict drug dose requirement in individual 

ethnicity.  
 
Human genetic diversity 
 Genetic diversity can be devided into 2 levels; individual and population 

levels. The variation can present in nucleotide, gene and chromosome of individuals 

in population (23). This study tries to characterize diversity of SLC6A1 gene in intra- 

and inter- populations; African-American, European-American, Finnish, Thai and 

Hmong. The genetics diversity found in this study can possibly be applied to the 

treatment of GAT-1 inhibitor in these 5 populations. We hope to see correlation 

between some genetic variations and different responses to agents in different 

ethnic groups. However, functional genetic variation in terms of SNPs or haplotype 

that affect protein level should be first priority to be classified.  

In addition, genetic diversity in our populations may reflect human evolution 

since our sample populations were recruited from 3 major continents. The 

differences between these populations are not only influenced by genetic factors but 

also environmental factors. For example, the people in the area of high intensity of 

UV radiation will have dark skin color (high level of melanin) to protect their skins. 

This may be the effect of natural selection or adaptive advantage on genetic 
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variations specific in different geographic area. Recently data presented African 

population the world oldest population which passed several times of genetic 

recombination event. Africa has more diversity than non-African populations. In 

another way, new populations were migrated out of Africa and bring only few alleles 

of gene to settle the new population. That make non-African populations has less 

diversity than Africa (24).  

From our result we found 21-bp insertion that present in only African-

American and other populations in Africa (Tanzania and Zambia). It’s possible that 

this variation happen long time ago in African population before migrated out of 

Africa. We screen in other European populations; Russia and Finnish. No this 

variation was presented.  We don’t know yet what is a main factor to eliminate this 

variation from non-African populations. 

 Nucleotide diversity (π) is a statistic for single population sample and 

represents average of pairwise nucleotide difference in the sample of (25). 

N = number of sequences in 

sample 

π = (N/N-1) Σij pi pj πij  pi and pj are frequency of 

alleles in sample 

 πij = the proportion of different 

site in sequence i and j 

 Sample calculation for nucleotide diversity (π) 

        Frequency  

A AATCGATCGCCCATTCTGTG        0.3 

B AATCTATCGACCATTCTATG        0.5 

C AATCGATCGACCAGTCTATG        0.2 
  

  A and B  A and C  B and C 

 π = (3/2) {[0.3*0.5*(3/20)] + [0.3*0.2*(3/20)]+[0.5*0.2*(2/20)]} 

     = (3/2){0.0225+0.009+0.01} 

     = 0.06225 
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 Ardlie KG, Kruglyak L and Seielstad M (26) reported correlation between LD 

(D’ or r2) with nucleotide diversity with a bottleneck effect via simulations based on 

starting at 1,000 generations ago (coalescent theory), effective population size equal 

10,000 (Ne) and exponentially expansion until 5 billion currently. They conclude that 

LD increases but nucleotide decreases with the severity of the bottleneck. Our 

sequencing result presented nucleotide diversity in exon (πEX = 5.5-7.0 x 10-5) lower 

than in intron (πINT = 1.1-2.3 x 10-4). However, these values are lower than normal 

diversity in previous screening in 49 human genes (πEX = 1.1 x 10-3 and πINT = 3-4 x 

10-4) (25). In this study we used another parameter, Watterson’s estimator of theta 

(θ), to report diversity of SLC6A1 sequence. This number is the observed number of 

SNPs adjusted for sample size and new mutation rate expected to occur in each 

generation following coalescent theory (27). 
 
Linkage disequilibrium (LD) and recombination process 
 Alleles at two loci (or more) in same LD are found in the same haplotype 

because two (or more) link loci coexist in the recombination process. This always 

use in genetic in population and talk about less or more allele (haplotype) frequency 

in population. Alleles that coexist together when recombination happen that called 

all these alleles staying in same haplotype and in the same LD block. The length of 

LD block around genetic markers need to be defined because we try to narrow 

down the position of causative mutation. For example, a SNP showed association 

with a disease. We need to define LD block around this SNP to find out where is the 

real causative mutation. This SNP may be the real one or another polymorphism 

locating in this LD block. We can use this approach for mapping disease causing 

gene linked to some genetic markers. In addition, the pattern of LD block can be 

different in varied population. Knowing about basic phenomenon (LD block and 

recombination hotspot) around interested region in specific population is the priority 

knowledge for association mapping (28). The recombination hotspot region is an 

opposed event with LD. Thus, low LD region (high rate of recombination) is more 

difficult to mapping gene by using close-linked genetic markers.  
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Linkage disequilibrium between 2 SNPs (pairwise) can be measured by D’ 
parameter which is a population-based parameter reflecting recombination in all of 

generations since the rise of the individual polymorphic alleles is under study (26, 

29, 30). A simple measure of pairwise LD is presented below. 

 

LD is Dij = xij-piqj (31)  

xij is the observed of frequency of haplotype AiBBj,  

pi and qj are the frequencies of allele Ai and Bj at loci A and B 

If the expected frequency of gamete AiBj is piqj, it can be implied that no 

statistic association between alleles adjacent. The normalized measure of D’(32) is 

widely preferred due to it is statistically corrected, as its range is the same for allele 

frequencies  

D’ is defined as D’ij; D’ij = Dij/ Dmax,  

Dmax = min [piqj, (1- pi)(1- qj)] when Dij <0, or  

Dmax = min [pi (1- qj), (1- pj) qj] when Dij >0 

Another parameter that can use to define pairwise LD is r2 (33). 

r2 = D/(pAipAjpBipBj)  

 
GABA transporter 1  

Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in 

the mammalian brain. GABA released from the presynaptic neurons binds with the 

GABAA, GABAB and GABAB C receptors on postsynaptic and presynaptic terminals. 

GABA is removed from the synaptic cleft by GABA transporters (GAT), which 

terminates GABA action. Four main subtypes of GABA transporters have been 

identified through molecular cloning and which can also be distinguished by their 

pharmacological properties. These isoforms are GAT-1, GAT-2, GAT-3 and BGT-1. 

From in situ hybridization in rat, GABA transporter 1 (GAT-1) mRNA is the most 

ubiquitously expressed subtype in many areas of the brain; telencephalon in the 

olfactory bulb, diencephalons in the retina, midbrain, pons, medulla and cerebellum 

(34). The GAT-1 function is believed to be a key event in terminating synaptic GABA 

currents. For studies focusing on genetically influenced aberrant function of the 
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brain gamma-aminobutyric acid (GABA) system and variation in response to its 

pharmacological modulation, it will be important to identify polymorphisms in the 

genes that encode the components of the brain GABA system. GABA is by far the 

most ubiquitous inhibitory neurotransmitter in brain and aberrant function of the 

GABA system has been implicated in almost every common neurological and 

psychiatric disorder which further supports the need for detailed cataloging of 

genetic variation in the GABA system genes. 

The GAT-1 (SLC6A1) gene resides on chromosome 3p25-p24 and spans 

46.5 kb with 16 exons. This gene encodes a protein of 599 amino acids with a 

molecular weight of 67 kDa.  GAT-1 is a Na+ dependent transporter and has 12 

transmembrane spanning regions with intracellular N- and C- termini (35). The 

current genome build (36) shows 2 transcripts for GAT-1 (SLC6A1), the first 

transcript contains all 16 exons and the other is coded by exons 2 to 16. The 

SLC6A1 protein was found in several specie and the nucleotide and amino acid 

homology between human and other specie (chimp, rat, mouse and dog) are 

presented in table below (37, 38). 

 

Table 1 The table shows percent of nucleotide and amino acid homology with  

 human SLC6A1. 

 

Human similarity Organism  

Nucleotide similarity (%) Amino acid similarity (%) 

chimpanzee 
(Pan troglodytes) 

98.89 

 

99.16 

rat 
(Rattus norvegicus) 

89.98 

 

97.83 

mouse 
(Mus musculus) 

90.09 

 

97.83 

dog 
(Canis familiaris) 

93.32 

 

98.83 
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CHAPTER III 

METERIALS AND METHODS 

DNA samples 
 For re-sequencing of the SLC6A1 gene, 40 genomic DNA samples were 

collected from unrelated individuals representing 5 different populations: EA (n=7), AA 

(n=9), Finnish (n=8), Thai (n=8), and Hmong (n=8). The Finnish subjects were unrelated 

parents of adolescent subjects who were participating in an epidemiological study 

focusing on the identification of risk factors for early-onset mental illness and substance 

dependence in Finland (39). The Thai and Hmong populations were collected in 

Thailand as part of an ongoing genetic association and population genetic study.  The 

Thais selected for resequencing had grandparents and parents of Thai ancestry (Thai-

Thai) or had mixed Thai and Chinese ancestry (Thai-Chinese), by subject report. These 

samples were obtained from a blood drive in Bangkok, Thailand. The Hmong subjects 

were recruited in a Hmong village in the northern part of Thailand. The AA and EA 

samples have been described earlier elsewhere (40). Both EA and AA samples were 

self-identified and confirmed as such by Bayesian marker clustering (40).  All subjects 

provided informed consent as approved by the appropriate institutional review boards. 

In addition, 46 EA, 60 AA, 59 Thai, 47 Finnish and 48 Hmong individuals were 

genotyped for 16 SLC6A1 SNPs to examine linkage disequilibrium (LD) in this gene. The 

Thai subjects selected for examination of linkage disequilibrium were Thai-Thai. 

Recruitment and population characteristics of subjects selected for SLC6A1 genotyping 

were identical of subjects selected for resequencing (39, 40). The participants were 

recruited from non-clinical populations. All studies described in this article were 

conducted according to the Declaration of Helsinki. The studies were approved by the 

institutional review boards of Yale University School of Medicine, West Haven VA 

Hospital, Northern- Ostrobothnia Hospital District (University of Oulu, Finland) and 

Chulalongkorn University (Bangkok, Thailand).  All subjects signed a written informed 

consent for participation in this study.  

For family-based study of novel 21 bp insertion, 319 pedigrees (249 nuclear 

families, 848 persons) of African-American were recruited from 4 sites; Yale University 



 

School of Medicine (APT Foundation; New Haven, CT), University of Connecticut Health 

Center (UConn; Farmington, CT), McLean Hospital (Harvard Medical School; Belmont, 

MA), and Medical University of South Carolina (MUSC; Charleston, SC). These families 

were recruited on the basis of containing at least one affected sibling pair for cocaine or 

opioid dependence; additional relatives were recruited where possible (41, 42). 

Probands with major psychotic illness (schizophrenia or schizoaffective) subjects were 

excluded. All subjects of self-identified AA were interviewed using the Semi-Structured 

Assessment for Drug Dependence and Alcoholism (SSADDA) (41, 43). Cocaine 

dependence diagnosis was based on DSM-IV criteria. 
 
Promoter prediction  
 The ElDorado program of the Genomatix software package was used to predict 

the location of the SLC6A1 promoter region (44). TFSERCH was used to find 

transcription proteins that bind with the specific region of DNA. The sequence of the 

SLC6A1 gene submitted to the promoter region analysis was obtained from the National 

Center for Biotechnology Information (NCBI) (45). 

  
Amplification and sequencing 
 For sequencing of SLC6A1, the upper and lower promoter regions, all 16 

SLC6A1 exons (total of 4.4 kb) and 7.3 kb of flanking intronic regions were amplified. 

About 70 bp of the predicted 601 bp of the lower promoter region were not included in 

the sequence analysis. Approximately 12.4 kb of the SLC6A1 gene was amplified, 

corresponding to about 25% of the total length of the gene. All primers were designed 

with the PRIMER3 software (46). Primers were obtained from Invitrogen (Carlsbad, CA). 

PCR amplification was optimized before sequencing by testing different cycling 

conditions. Betaine (Sigma Aldrich, St. Louis, MO) at 0.5-1 M final concentrations was 

added to the reactions, as needed, to enhance specificity and yield of PCR 

amplification. PCR reactions were carried out in 15 μl volumes containing 20 ng 

genomic DNA, 200 μM of dNTPs mix (Stratagene, La Jolla, CA), 1 μM of mixed primers 

forward and reverse, 1X PC2 buffer, 0.75 U of KlenTaq1TM (Ab Peptides, St Louis, MO) 

and 0.5-1 M betaine when needed. Thermocycling conditions consisted of an initial 
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denaturation step at 95oC for 5 min, 30 cycles of denaturation step at 95oC for 30 sec, an 

annealing step at 60-65oC 30 sec, and an extension step at 72oC. The duration of the 

extension step varied from 30 sec to 2 min depending on the length of the amplicon. 

After optimization, genomic DNA samples from each population were PCR amplified 

followed by purification with MinElute PCR purification columns (Qiagen, Valencia, CA) 

or the reaction mixtures were treated with ExoSAP-IT (USB, Cleveland, OH) to remove 

excess nucleotides and primers. Purified PCR samples were sequenced in the forward 

and reverse directions at Yale University W.M Keck Foundation Biotechnology Resource 

Laboratory. Sequencing reactions were conducted using the BigDye Terminator v3.1 

cycle sequencing kit and an ABI 9800 Thermocycler (Applied Biosystem, Foster city, 

CA). Sequencing reactions were analyzed on an ABI 3730 xl DNA Analyzer (Applied 

Biosystems, Foster city, CA). Owing to technical problems, approximately 300 bp in 

exon 7 and intron 8 (2.4% from total 12.4 kb sequenced region) is missing in the 

sequencing data in Thai and Hmong populations (see additional data file). 

 Owing to the repeat elements contained in the identified upper promoter 

sequence and homologous sequences within the SLC6A1, the upper promoter region 

and parts of exon 1 were amplified using nested PCR. In addition, for amplification of a 

180 bp fragment located in the junction of the 5’ upstream region and exon 1, a region 

which is very high in CG content, 7-deaza-dGTP (New England BioLabs, Beverly, MA) 

was added to the reactions. 
 
Genotyping and linkage disequilibrium study 
 A total of 16 SNPs were chosen for genotyping in population samples to examine 

haplotype structure of the SLC6A1 gene. Nine SNPs chosen for genotyping were 

identified through resequencing: -24321A/C, -1529A/G, 949A/G, 3164C/T, 14351A/G, 

16009A/G, 16116C/T, 20172C/T and 20622A/G. The remaining seven SNPs, -29477C/T, 

-17590C/T, -13071A/G, -9765C/T, 7772A/G, 13269C/T, and 16605C/T, were chosen from 

the NCBI dbSNP (47) collection. Of the 16 SNPs studied, 14 were available through 

Applied-Biosystem’s Assay-On-Demand service (Applied Biosystems, Foster city, CA). 

One assay was custom designed and obtained through the ABI’s Assay-by-Design 

service (Applied Biosystems, Foster city, CA). PCR amplification of the 5’ nuclease 
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assays were conducted using 1 ng of DNA, 1X TaqMan universal PCR master mix 

(Applied Biosystems, Foster city, CA), 0.5X SNP genotyping assay mix (Applied 

Biosystems, Foster city, CA). PCR conditions were as follows: denaturation step of 95 oC 

for 10 min, followed by 50 cycles of 95 oC for 15 sec and 60 oC for 1 min. Amplification 

was performed on PTC-200 cyclers (MJ Research, Hercules, CA) and data were 

analyzed using the ABI Prism 7900HT Sequence Detector System and software version 

2.1 (Applied Biosystem, Foster city, CA). All samples were run in duplicate for quality 

control purposes. Based on comparison of the duplicate runs, we estimated the 

genotyping error rate to be less than 0.05%. The -24321A/C SNP was genotyped using 

7-deaza-dGTP sequencing because its location inside a GC-rich region made it very 

difficult to design a 5’ nuclease assay for this SNP.  
 
Genotyping of the length polymorphisms  

Amplification of the region containing the 21 bp short/long VNTR and 2 bp GG/-

GG insertion/deletion polymorphisms was accomplished using primers 5’ 

AAGGAGAGAGATTGGAGCG 3’ and 5’ CTTCTTTCCTCTCGCATTC 3’ (Invitrogen, 

Carlsbad, CA). PCR reactions were conducted in 15 μl volumes containing 20 ng 

genomic DNA, 200 μM of dNTPs mix (Stratagene, La Jolla, CA), 1 μM of mixed reverse 

and forward primers, 1X PC2 buffer, 0.75 U of KlenTaq1TM (Ab Peptides, St Louis, MO) 

and 1 M Betaine. The thermocycling conditions consisted of an initial step at 95oC for 5 

min, 30 cycles of denaturation at 95oC for 30 sec, annealing 60oC 30 sec, and extension 

72oC 30 sec. The lengths of the PCR products corresponding to the long and short 

alleles are 166 bp and 145 bp. The long and short alleles were separated using 3% 

metaphore agarose and gel electrophoresis (ISC BioExpress, Kaysville, UT). The GG/-

GG insertion/deletion polymorphism was genotyped using direct sequencing of the PCR 

product as described in above.  
 
Cell culture 

All cell lines were obtained from ATCC. Mouse embryonic carcinoma cells (P19) 

and human embryonic kidney 293 cells (HEK-293) were cultured in Dulbecco's Modified 

Eagle Medium (GIBCO invitrogen cell culture, Carlsbad, CA). Media were supplemented 
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with 10% fetal bovine serum, 2 U/ml penicillin, 2 μg/ml of streptomycin, and 2 mM L-

Glutamine (GIBCO invitrogen cell culture, Carlsbad, CA). Human neuroblastoma cells 

[SK-N-BE(2)] were cultured in a 1:1 mixture of  Eagle’s Minimum Essential Medium 

(EMEM) and F-12K media (ATCC, Manassas VA) supplemented with 10% non-heat-

inactivated fetal bovine serum, 2U/ml penicillin, and 2 μg/ml streptomycin. All cells were 

grown in a humidified incubator at 37oC and 5% CO2. 
 
Electromobility Shift Assay (EMSA)  

Nuclear protein extracts from P19, SK-N-BE(2), and HEK-293 were prepared 

using the NE-PER Nuclear and Cytoplasmic Extraction kit (Pierce) and quantified by 

BCA protein assay kit (Pierce). Two sets of double stranded DNA probes were 

constructed coding for one copy of the VNTR (5’-AGGAGGGGGTGGGGAGAGGGA-3’). 

One set of probes was labeled with LI-COR IRDye 700-red, the other with LI-COR IRDye 

800-green phosphoramidite (LI-COR bioscience, Lincoln, Nebraska). The IRDye 800 

competitor probe was used in a manner analogous to a non-radioactive competitor 

probe in radioisotope-based EMSA assays. For the EMSA binding reactions, a simple 

competition of the two probes was performed where the ratio of probe to competitor was 

varied from 1:1, 1:2, 1:5 and 1:10. Probes were mixed with 1x binding buffer (2.5 mM 

DTT/0.25% Tween-20, 1 μg of Poly (dI-dC; LI-COR bioscience, Lincoln, Nebraska) and 

mixed with nuclear lysates. Binding reactions were carried out for 30 minutes at room 

temperature with end-over-end mixing and loaded on 4% native acrylamide gel 

containing 0.38 M glycine. Gel imaging was carried out using an Odyssey Imaging 

System (LI-COR bioscience, Lincoln, Nebraska) at 700 nm and 800 nm wavelengths. 

For supershift experiments, 1 μl of human SP1 antibody (Upstate, Charlottesville VA) 

was added in a binding reaction and incubated for 30 minutes at room temperature 

before running on a 4% polyacrylamide gel. 
 
Construction of reporter plasmids 

Genomic DNA from samples that were determined to be homozygous for the 

SLC6A1 insertion or non-insertion alleles with otherwise identical sequences were 

identified by DNA sequencing. Genomic DNA was amplified by nested PCR. The first 
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PCR utilized the primers 5’-CTGGGCTGGAGAGAAGGAATCTTTT-3’ and 5’-

ATGCAACTCTCGCCTCTGTTCCAG-3’ to yield a DNA fragment of 1.52 kb containing 

the 5’UTR and exon 1 (-25543 to -24023) of the SLC6A1 gene. PCR reactions were 

carried out in 50 μl volumes containing 50 ng genomic DNA, 10 mM of each dNTP (New 

England BioLabs, Beverly, MA), 2 uM of primer, 1x reaction buffer, 1 μl of PfuUltra II 

Fusion HS DNA Polymerase (Stratagene, La Jolla, CA) and 10% sulfolane. 

Thermocycling conditions consisted of an initial denaturation step at 98oC for 2 min, 

touch down PCR from 70-50oC and 25 cycles of denaturation at 95oC for 20 sec, 

annealing step at 58oC 20 sec, and extension at 72oC 90 sec. PCR products were gel 

purified and amplified in a second PCR reaction using primers 5’-

CTGAGTTCCTGGGGACCCCAGAGGGAAGG-3’ and 5’-CGAGCGGCGCCTTGCTCC 

TTCATGTGG-3’ that amplified positions -25516 to -24103 of the SLC6A1 gene. Each 50 

μl reaction contained 1 μl of purified PCR product, 10 mM of each dNTP (New England 

BioLabs, Beverly, MA), 2 μM of each primer, 1x reaction buffer, 1 μl of PfuUltraTM II 

Fusion HS DNA Polymerase (Stratagene, La Jolla, CA), and 10% DMSO. Thermocycling 

was conducted as follows: denaturation at 98oC for 2 min, 30 cycles of 95oC for 20 sec, 

65oC 20 sec, and 72oC for 90 sec. PCR products were gel purified and subcloned into 

the pSTBlue-1 vector (EMD Biosciences, Darmstadt, Germany). Recombinant plasmid 

clones were sequenced in both directions for verification. Desired clones with and 

without the 21 bp insertion were selected, digested with NheI and MluI (New England 

BioLabs, Beverly, MA), and subcloned into the pGL3-basic reporter vector (Promega, 

Madison WI) to create pGL3-SLC6A1-Ins (21 bp SLC6A1 insertion) and pGL3-SLC6A1-

Del (non-insertion). 
 
Transient transfection and dual-luciferase assay  

P19 and HEK-293 cells were transiently transfected with pGL3-SLC6A1-Ins, 

pGL3- SLC6A1-Del, or the promoterless pGL3-basic using Fugene 6 transfection 

reagent (Roche, Basel, Switzerland). SK-N-BE(2) cells were transfected by calcium 

phosphate. Cells were treated with 125 mM CaCl2 in 2x HEPES-buffered saline (HBS) 

buffer (500 mM Hepes, 100 mM Na2HPO4, 1M NaCl pH=7.10) for 6 hours followed by 

15% glycerol shock for 40 minutes (48, 49). Transfections were optimized to yield >60% 
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efficiency as determined by lacZ plasmid transfection and x-gal histochemistry. pRL-

SV40 plasmid (Promega, Madison WI) coding for Ranilla luciferase was included in all 

transfection reactions to allow normalization of luciferase activity for differences in 

transfection efficiencies. Forty eight hours after transfection cells were harvested and 

luciferase activity was measured by the Dual-Luciferase Reporter Assay System 

(Promega, Madison WI) on a DTX 880 Series Multimode Detector (Beckman Coulter, 

Fullerton CA).     
 
DNA affinity pull down assay 

DNA templates that contained 0, 1 or 2 copies of the VNTR were designed for 

pull down assays. The one and two copy templates were generated by PCR from pGL3-

SLC6A1-Del and pGL3-SLC6A1-Ins, respectively. The zero copy template was 

generated by deletion mutagenesis using overlap extension PCR (Figure 1) (50) using 4 

primers, 5’-TGTAAAACGACGGCCAGTGGCAGACAGGCTGGTGACCCAGG 

ATGA-3’, 5’-TCTCTTCCTCCCTCCCTCGCCTGCCCCGCCGT-3’, 5’-GCAGGCGAGG 

GAGGGAGGAAGAGA-3’ and 5’-CTTCTTTCCTCTCGCATTC-3’. PCR products were 

labeled at the 5’ ends by amplification with a dual biotin containing M13 oligonucleotide 

sequence (51).  Biotinylated DNA was incubated with 1x binding buffer (10 mM Tris, 50 

mM KCl, 1 mM DTT pH=7.5) and nuclear protein lysates at room temperature for 30 

minutes with end-over-end mixing. DNA-protein complexes were mixed with Dynabeads 

MyOneTM Streptavidin beads (Dynal Biotech ASA, Smestad Oslo, Norway) and 

incubated for 30 minutes with continuous mixing. Complexes were purified using a 

micocentrifuge tube magnet (Dynal). Supernatants containing unbound material were 

removed using aspiration and beads were washed 3 times with buffer containing 20 mM 

Tris, 100 mM KCl, 2 mM DTT, pH=7.5. Complexes were eluted by adding 6x SDS 

sample buffer and heating at 95oC for 5 minutes. One-dimensional electrophoresis was 

carried out using 10% SDS-PAGE gels run at 10 mA/gel at room temperature. Gels were 

stained by coomassie blue (GelCode Blue Stain reagent, PIERCE, Rockford IL) and 

destained overnight with ultra pure water, or were stained using silver staining 

(SilverSNAP Stain kit II, PIERCE, Rockford IL). Bands were cut and were subjected to 

liquid chromatography followed by mass spectroscopy (Yale/NIDA Proteomic Center, 
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Yale University). Gels fragments were trypsinization and proteins were analyzed on a 

Waters Q-Tof ABI mass spectrometer.  All MS/MS spectra were searched using the 

automated Mascot algorithm against the NCBI nr database. Criteria for positive protein 

identification were: 2 or more MS/MS spectra matched the same protein entry in the 

database and the matched peptides were derived from the type of enzymatic digestion 

performed on the protein. We report only proteins that fulfilled these criteria and where 

at least 10 peptides matched the protein. Proteins were annotated using STRING 

(Search Tool for the Retrieval of Interacting Proteins) and Bioinformatics Harvester (52). 

 
Figure 1 The illustration of overlap extension PCR technique (50). 

NFAT signaling assays 
P19 and HEK-293 cells were transiently transfected with the luciferase 

constructs. After 48 hours, cells were pretreated with vehicle or 500 nM of cyclosporin A 

(CsA; Sigma-Aldrich, St Louis MO) for 30 minutes before stimulation with 25 ng/ml of 

phorbol-12-myristate-13-acetate (PMA; Sigma-Aldrich, St Louis MO) for 3 hours. 

Luciferase activity was subsequently measured. 
 
Statistical analysis and software 
 Indices of sequence variation in SLC6A1 were calculated using a web 

application SLIDER (53). These indices included the number of polymorphic sites, 

nucleotide diversity per base pair (π) and the Watterson’s estimator of theta (θ). 
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Nucleotide diversity per base pair (π) describes the mean number of differences per 

site between two sequences chosen at random from a sample of sequences. The 

Watterson’s estimator of theta (θ) is the observed number of SNPs adjusted for the 

sample size and new mutation rate expected to occur in each generation (27). In 

addition, for each subject we calculated the number of heterozygous SNPs observed in 

the sequence data. The number of heterozygous SNPs was compared between 

populations using ANOVA followed by post hoc Fisher’s Least Significant Difference-

test.  

 PHASE software, which implements a Bayesian algorithm for haplotype 

reconstruction, was used to estimate haplotype frequencies (54, 55). PHASE’s options –

X10 and –MR were used to estimate recombination rates across SLC6A1 (56, 57). The 

value on the Y-axis of Figure 3 shows changes in recombination parameter (ρ) per base 

pair of SLC6A1 exceeding the background recombination rate (56, 57). The average 

recombination rate was estimated based on 1,000 burn-ins and 1,000 iterations.  

Recombination frequencies at SLC6A1 were compared visually between our and 

HapMap data.  No statistical analyses were performed. To evaluate haplotype diversity 

among populations, we studied how often the most common haplotypes were shared or 

disjoint. The haplotypes were identified using a sliding window analysis across every 

three consecutive SLC6A1 SNPs. The four most common three-SNP haplotypes in each 

window and in each population were identified. The rationale for choosing the four most 

common haplotypes for this analysis was that visual inspection of the haplotype 

frequencies told us that in each window and in each population virtually all variation in 

haplotype diversity was captured by the four most common haplotypes. The average 

percent of all haplotypes captured by the top four haplotypes was 96%. We then 

calculated how many times each of the common three-SNP haplotype was disjoint 

between the populations. A summary pairwise score derived for the populations is 

presented in Table 4.  

 LD patterns in SLC6A1 were visualized using HAPLOVIEW version 3.2.(58) We 

used the Tagger algorithm, implemented in HAPLOVIEW, to search for haplotype 

tagging SNPs in SLC6A1 (59). We used the default Tagger thresholds r2>0.8 and LOD 

score > 3. POWERMARKER (60) was used to calculate allele frequencies and 
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examination of Hardy-Weinberg equilibrium (HWE). To illustrate differences in the span 

of LD in the five populations, r2 was plotted against physical distance. To do this, r2 was 

calculated for all SNP pairs. Because these values were not normally distributed, 

median values are presented. Physical distance (bp) was divided into distance bins to 

illustrate population differences in LD span across a range of physical distances. 

Median r2 in distance bins (0.1-10kb, 10.01-20kb etc) in different populations is 

presented in Figure 4. No statistical analyses were performed on these data.  

Tests of association for 21 bp insertion with cocaine and alcohol dependence in 

African-American families were performed by means of FBAT (Family-Based Association 

Tests) (61) analysis.  
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CHAPTER IV 

RESULTS 

Algorithmic promoter prediction  

 The sequence for SLC6A1, located in contig NT_022517, which contains the 

sequence for human chromosome 3, was used as a reference. ElDorado software (44) 

located two putative SLC6A1 promoter regions in the contig at positions 10973950-

10974553 and 10998399-10998999 (+ strand). The first region is located in an area 

surrounding the boundary between the 5’ region and exon 1 of SLC6A1 and is estimated to 

be 604 bp long. Hereafter, we refer to this region as the upper promoter region. The second 

putative promoter region of 601 bp was located in the area flanking the boundary between 

intron 2 and exon 3. This region extends 70 bp across the SLC6A1 start codon in the 3’ 

direction in exon 3. We refer to this region as the lower promoter region. 
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Figure 2 SLC6A1 gene map, location of SNP markers in LD study, locations of variation from 

resequencing result, promoter regions and position of 21 bp insertion were presented in A. The 

homology between upper and lower promoter regions were shown in B. 

 

Nucleotide diversity in SLC6A1 in five populations 

 The SLC6A1 promoter regions, 16 exons, and the flanking intronic regions were 

amplified and resequenced in 7-9 samples from each of the five populations. A total of 61 

SNPs were found in the sequencing screening sample, including 5 SNPs in the promoter 

regions, 3 synonymous coding sequence SNPs, and 53 non-coding region SNPs. No non-

synonymous SNPs were found. The identified SLC6A1 variants, including frequency in the 

screening sample, location, and flanking sequence are provided in the table 2. 

In the screening sample, 33 of the 61 SNPs discovered (54%) were present in more 

than one population. More SNPs unique to a single population or continental group were 

found in the AAs than in all of the other populations combined (counting Finns and EAs, and 

Thai and Hmong, together). Sixteen population-specific SNPs were observed in the AAs, 

one in the EAs, 6 in the Finnish, 4 in the Thai, and 2 in the Hmong (see table 2); i.e., a total 

of 13 in the populations other than AAs. Three common population-specific SNPs were 

found in AA population (-24794A/G, -24126G/T and 17885 A/C, minor allele frequencies = 

0.39, 0.33 and 0.22) (These estimates of population allele frequencies have to be 

interpreted with caution since the data were derived from sequencing only 14-18 

chromosomes per population). Analysis of nucleotide diversity based on the sequencing 

data indicated that AAs had the greatest number of polymorphic sites (n=41), highest 

nucleotide diversity per bp (2.77 x 10-4) and highest Watterson’s estimator of theta (�) (2.55 

x 10-4). Inspection of nucleotide diversity in the Hmong, Finnish, EA, and Thai populations 

revealed no marked differences among these four populations (Table 3). As expected, 

nucleotide diversity was lower in exons as compared to intronic regions (�EX = 5.5-7.0 x 10-

5, �INT = 1.1-2.3 x 10-4). Interestingly, nucleotide diversity was not higher in the AAs when 

exonic sequence only was considered (�AA = 5.9 x 10-5, ����= 6.4 x 10-5, �Finn = 7.1 x 10-5, 

�Thai = 5.6 x 10-5, �Hmong = 5.6 x 10-5). The average number of heterozygous SNPs per 
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Table 2 List of SNPs discovered in SLC6A1 by resequencing 40 individuals from Thai (n=8), Hmong (n=8), European-American (n=7), 

African-American (n=9) and Finnish (n=8) populations. 

 
Name rs position location alleles flanking sequences EA AA Finn Thai Hmong 
-29477 T/C 
 

rs1710879    11004420 5’upstream 
 

TCATAT/CGTAGTT 0.71/0.29 
(0.197-0.383) 

0.99/0.01 
(-0.008-0.028) 

0.75/0.25 
(0.162-0.338) 

0.76/0.24 
(0.163-0.317) 

0.78/0.22 
(0.137-0.303) 

-25070 A/C 
 

rs2675156 11008827 5’upstream 
 

ACCCCA/CACCCA 0.64/0.36 
(0.109-0.611) 

0.28/0.72 
(0.073-0.487) 

0.63/0.37 
(0.133-0.607) 

0.63/0.37 
(0.133-0.607) 

0.75/0.25 
(0.038-0.462) 

-24993 A/G 0/1 
 

rs2697151 11008904 5’upstream 
 

GCAGTA/GCTGCA 0.36/0.64 
(0.109-0.611) 

0/1 
 

0.19/0.81  
(-0.002-0.382) 

0.13/0.87 
(-0.035-0.295)  

-24924 A/G 
 

rs2675157 11008973 5’upstream 
 

GACCAA/GGACGG 0.64/0.36 
(0.109-0.611) 

0.61/0.39 
(0.165-0.615) 

0.63/0.37  
(0.133-0.607) 

0.94/0.06  
(-0.056-0.176) 

0.81/0.19  
(-0.002-0.382) 

-24794 A/G 0/1  0/1  0/1  0/1  
 

rs41469948 11009103 5’upstream 
 

AGGGAG/AGGAGG 
 

0.39/0.61 
(0.165-0.615)    

-24788 [GGGTGGGGGAGAG  0/1  0/1  0/1  
 

rs41342644 11009109 5’upstream ins21
bp GGAGGGAGG] 

0/1  
 

0.39/0.61 
(0.165-0.615)    

-24780 
 

rs41539860 11009117 5’upstream GG/-
GG 

AGAGG[GG]AGAAA 0.70/0.30  
(0.06-0.54) 

0.77/0.23    b  
(0.036-0.424)

0.67/0.33 
(0.100-0.560) 

0.78/0.22 
(0.017-0.423) 

0.84/0.16  
(-0.02-0.34) 

-24534 C/T 1/0  1/0  1/0  1/0  
 

rs41338544 11009363 5’upstream 
 

GCGGGC/TCCTGC 
  

0.94/0.06  
(-0.056-0.176)   

-24343 C/T 0/1  0/1  0/1  0/1 
 

rs41429044 11009554 Exon1 
(5’UTR)  

GCGCAT/CCGGAG 
  

0.06/0.94  
(-0.056-0.176)   

-24321 A/C 
 

rs34189945 11009576 Exon1 
(5’UTR)  

CCCGGA/CGCAGC 0.64/0.36 
(0.109-0.611) 

0.33/0.67 
(0.113-0.547) 

0.75/0.25 
(0.038-0.462) 

0.69/0.31 
(0.083-0.537) 

0.75/0.25 
(0.038-0.462) 

-24321 A/C 
 

rs34189945  11009576 Exon1 
(5’UTR)  

CCCGGA/CGCAGC 0.66/0.34 
(0.243-0.437) 

0.59/0.41 
(0.322-0.498) 

0.68/0.32 
(0.226-0.414) 

0.64/0.36 
(0.273-0.447) 

0.66/0.34 
(0.245-0.435) 

-24271 A/G 0/1 0/1 0/1  0/1  
 

rs41486951 11009627 Intron1 
 

AGGGCG/AGCCGG 
   

0.06/0.94  
(-0.056-0.176)  

-24126 G/T 0/1 0/1 0/1  0/1 
 

rs41506145 11009771 Intron1 
 

CCACAT/GGAAGG 
 

0.33/0.67 
(0.113-0.547)    

-17590 rs1568074        11016307 Intron1 T/C GAGGCT/CTGGGC 0.51/0.49 0.22/0.78 0.59/0.41 0.5/0.5  0.51/0.49 
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      (0.388-0.592) (0.146-0.294) (0.311-0.509) (0.410-0.590) (0.390-0.590) 
-13071 G/A 
 

rs1710892     11020826 Intron1 
 

TCTGCG/AGTTTT 0.53/0.47 
(0.368-0.572) 

0.31/0.69 
(0.227-0.393) 

0.63/0.37  
(0.272-0.468) 

0.5/0.5  
(0.410-0.590) 

0.5/0.5  
(0.400-0.600) 

-9765 
 

rs1710891     11024132 Intron1 
C/T 

CAGGAC/TTGGAT 0.55/0.45 
(0.348-0.552) 

0.5/0.5  
(0.411-0.589) 

0.6/0.4  
(0.301-0.499) 

0.53/0.47 
(0.380-0.560) 

0.63/0.37 
(0.237-0.467) 

-1569 C/T 1/0  1/0  1/0  1/0  
 

rs41422847 11032328 Intron1 
 

CATCCC/TTCCTC 
    

0.94/0.06  
(-0.056-0.176) 

-1529 A/G 
 

rs6342         11032368 Exon2 
(5’UTR)  

ACCCAG/AGGTGG 0.43/0.57 
(0.171-0.689) 

0.11/0.89  
(-0.035-0.255) 

0.44/0.56 
(0.197-0.683) 

0.44/0.56 
(0.197-0.683) 

0.06/0.94  
(-0.056-0.176) 

-1529 A/G 
 

rs6342          11032368 Exon2 
(5’UTR)  

ACCCAG/AGGTGG 0.48/0.52 
(0.378-0.582) 

0.22/0.78 
(0.146-0.294) 

0.67/0.33 
(0.235-0.425) 

0.34/0.66 
(0.255-0.425) 

0.14/0.86  
(0.071-0.209) 

-1213 A/G 1/0  1/0 1/0 1/0 
 

rs41386254 11032684 Intron2 
 

GCCCAA/GTTTCC 
 

0.94/0.06  
(-0.05-0.17)    

-396 T/C 1/0  1/0  1/0  
 

rs11923810 11033501 Intron2 
 

TTAAGT/CACTTA 
 

0.78/0.22 
(0.029-0.411)  

0.87/0.13  
(-0.035-0.295)  

-234 T/C 0/1  0/1  0/1  
 

rs41388950 11033663 Intron2 
 

AAGGGC/TGGGTG 
 

0.22/0.78 
(0.029-0.411)   

0.44/0.56 
(0.197-0.683) 

-218 G/C 1/0  1/0  
 

rs11919775 11033679 Intron2 
 

AAGAGG/CGCTTA 
 

0.78/0.22 
(0.029-0.411) 

0.94/0.06  
(-0.056-0.176) 

0.94/0.06  
(-0.056-0.176)  

-17 C/T 1/0  1/0  1/0  1/0  
 

rs41362845 11033880 Exon3 
(5’UTR)  

CCCTGC/TGTCCA 
  

0.94/0.06  
(-0.056-0.176)   

949 G/A 
 

rs2928078    11034846 Intron4 
 

CAGAAG/ACTAGG 0.43/0.57 
(0.171-0.689) 

0.33/0.67 
(0.113-0.547) 

0.5/0.5  
(0.255-0.745) 

0.56/0.44 
(0.197-0.683) 

0.06/0.94  
(-0.056-0.176) 

949 G/A 
 

rs2928078    11034846 Intron4 
 

CAGAAG/ACTAGG 0.47/0.53 
(0.368-0.572) 

0.25/0.75 
(0.173-0.327) 

0.31/0.69 
(0.217-0.403) 

0.62/0.38 
(0.292-0.468) 

0.76/0.24 
(0.155-0.325) 

1063 C/T 1/0  1/0  1/0  
 

rs7643585 11034960 Intron4 
 

TGCCTC/TGTGCT 
 

0.83/0.17  
(-0.004-0.344)   

0.56/0.44 
(0.197-0.683) 

1064 G/C 1/0  1/0  0.94/0.06  1/0  1/0  
 

rs41391147 11034961 Intron4 
 

GCCTCG/CTGCTC 
  (-0.056-0.176)   

1076 C/T 0/1  0/1  0/1  0/1  
 

rs41444444 11034973 Intron4 
 

GTGCCT/CGACAG 
   

0.06/0.94  
(-0.056-0.176)  

1098 A/G 
 

rs1728803 11034995 Intron4 
 

GATACA/GTGGTG 0.5/0.5  
(0.238-0.762) 

0.83/0.17  
(-0.004-0.344) 

0.44/0.56 
(0.197-0.683) 

0.5/0.5  
(0.255-0.745) 

0.81/0.19  
(-0.002-0.382) 
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1114 A/C 1/0  1/0  1/0  1/0  
 

rs41381549 11035011 Intron4 
 

TGCTCA/CCTGAC 
   

0.94/0.06  
(-0.056-0.176)  

1532 
 

rs3817585 11035429 Intron5 
G/C 

ACCCAG/CAGCCC 
1/0  1/0  1/0  

0.87/0.13  
(-0.035-0.295) 

0.94/0.06  
(-0.056-0.176) 

1606 G/A 1/0  1/0  1/0  1/0  
 

rs41524646 11035503 Intron5 
 

GGTTTG/ATCTTT 
 

0.89/0.11  
(-0.035-0.255)    

1724 G/C 
 

rs2933307 11035621 Intron5 
 

AAGTGC/GGTATT 0.43/0.57 
(0.171-0.689) 

0.67/0.33 
(0.113-0.547) 

0.50/0.50  
(0.255-0.745) 

0.62/0.38 
(0.142-0.618) 

0.06/0.94  
(-0.056-0.176) 

1773 C/T 1/0  1/0  1/0  
 

rs9827626 11035670 Intron5 
 

AAATCC/TTGACT 
 

0.78/0.22 
(0.029-0.411)  

0.87/0.13  
(-0.035-0.295)  

1775 G/C 
 

rs2928077 11035672 Intron5 
 

ATCCTG/CACTCT 0.57/0.43 
(0.171-0.689) 

0.61/0.39 
(0.165-0.615) 

0.5/0.5  
(0.255-0.745) 

0.56/0.44 
(0.197-0.683) 

0.94/0.06  
(-0.056-0.176) 

1897 C/T 1/0  1/0  1/0  1/0  
 

rs41370144 11035794 Intron5 
 

TTAAAC/TATAGA 
    

0.87/0.13  
(-0.035-0.295) 

2008 C/T 1/0  1/0  1/0  1/0  
 

rs1710888 11035905 Intron5 
 

ATTCAC/TAGTAG 
   

0.87/0.13  
(-0.035-0.295)  

2884 C/T 1/0  1/0  1/0  1/0  
 

rs41497953 11036781 Intron5 
 

TGCTGC/TGAAGG 
 

0.89/0.11  
(-0.035-0.255)    

2916 C/T 0/1  0/1  0/1  0/1  
 

rs41478447 11036813 Intron5 
 

GACCAT/CGAGGG 
 

0.06/0.94  
(-0.05-0.17)    

3164 C/T 1/0  
 

rs3774070    11037061 Intron6 
 

GAGCCC/TGGCAG 
 

0.61/0.39 
(0.165-0.615) 

0.87/0.13  
(-0.035-0.295) 

0.87/0.13  
(-0.035-0.295) 

0.94/0.06  
(-0.056-0.176) 

3164 C/T 
 

rs3774070    11037061 Intron6 
 

GAGCCC/TGGCAG 0.94/0.06  
(0.011-0.109) 

0.5/0.5  
(0.411-0.589) 

0.93/0.07 
(0.018-0.122) 

0.89/0.11  
(0.054-0.166) 

0.92/0.08 
 (0.026-0.134) 

4647 A/G 0/1  0/1  
 

rs11712912 11038544 Intron6 
 

GCACCG/AGCAAA 
 

0.06/0.94  
(-0.05-0.17)  

0.13/0.87  
(-0.035-0.295) 

0.06/0.94  
(-0.056-0.176) 

4766 G/A 1/0  1/0  1/0  
 

rs3856786 11038663 Intron6 
 

GCAGAG/AGAGTG 
 

0.94/0.06  
(-0.05-0.17)  

0.87/0.13  
(-0.035-0.295)  

4965 G/A 1/0  1/0  1/0  1/0  
 

rs3856787 11038862 Intron6 
 

AATGGG/ACCTCA 
 

0.94/0.06  
(-0.05-0.17)    

5193 G/T 1/0  1/0  a a 

 
rs6344 11039090 Exon7 

 
ATCACG/TCTGGC 

  
0.94/0.06  

(-0.056-0.176)   
7772 rs10510403  11041669 Intron7 A/G GCATTA/GAAGTA 0.82/0.18  0.89/0.11  0.86/0.14 0.74/0.26 0.81/0.19  
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      (0.101-0.259) (0.054-0.166) (0.070-0.210) (0.181-0.339) (0.112-0.268) 
7942 
 

rs41323844 11041840 Intron7 
A/C 

TGTGCA/CTATGT 
1/0  

0.89/0.11  
(-0.035-0.255) 1/0  

0.87/0.13  
(-0.035-0.295) 1/0  

7944 A/C 1/0  1/0  1/0  1/0  
 

rs41480248 11041842 Intron7 
 

TGCATA/CTGTAA 
 

0.89/0.11  
(-0.035-0.255)    

7978 A/T 1/0  1/0  1/0  
 

rs9822125 11041875 Intron7 
 

ATGCAA/TTACTT 
 

0.50/0.50 
(0.269-0.731)  

0.94/0.06  
(-0.056-0.176)  

8159 C/T 1/0  1/0  1/0  1/0  
 

rs41335049 11042056 Intron7 
 

AGATAC/TGGATG 
 

0.83/0.17  
(-0.004-0.344)    

8229 C/T 1/0  1/0  1/0  1/0  
 

rs41537851 11042126 Intron7 
 

ACTTTC/TCTCCC 
 

0.94/0.06  
(-0.05-0.17)    

8302 G/A 1/0  1/0  1/0  1/0  
 

rs33948309 11042199 Exon8 
 

GTGACG/ACTGCC 
 

0.89/0.11  
(-0.035-0.255)    

8443 G/A 1/0  1/0  1/0  1/0  
 

rs17532365 11042340 Intron8 
 

TTTCTG/AACCCTC 
  

0.87/0.13  
(-0.035-0.295)   

8830 G/C 1/0  1/0  1/0  1/0  
 

rs41426745 11042727 Intron9 
 

TTCCTG/CTTGTC 
 

0.83/0.17  
(-0.004-0.344)    

9029 C/T 1/0  1/0  1/0  1/0  
 

rs35972647 11042926 Exon10 
 

GACTCC/TATCAT 
 

0.83/0.17  
(-0.004-0.344)    

11967 G/T 1/0  1/0  1/0  1/0  
 

rs6770472 11045863 Intron11 
 

TTGGGG/TCTGGG 
 

0.94/0.06  
(-0.05-0.17)    

11973 G/A 1/0  1/0  1/0  1/0  
 

rs36034065 11045869 Intron11 
 

CTGGGG/ACTGCT 
 

0.89/0.11  
(-0.035-0.255)    

13269 C/T 
 

rs11925331  11047166 Intron12 
 

CAGCAC/TAGAGA 0.96/0.04  
(0-0.080) 

0.66/0.34 
(0.255-0.425) 

0.99/0.01  
(-0.010-0.030) 

0.68/0.32 
(0.236-0.404) 

0.65/0.35 
(0.255-0.445) 

14351 G/A 
 

rs2272403    11048248 Intron13 
 

ACACAG/ATCTAG 0.93/0.07  
(-0.064-0.204) 

0.44/0.56 
(0.211-0.669) 

0.81/0.19  
(-0.002-0.382) 

0.5/0.5  
(0.255-0.745) 

0.69/0.31 
(0.083-0.537) 

14351 G/A 
 

rs2272403    11048248 Intron13 
 

ACACAG/ATCTAG 0.88/0.12  
(0.054-0.186) 

0.38/0.62 
(0.293-0.467) 

0.89/0.11  
(0.047-0.173) 

0.62/0.38 
(0.292-0.468) 

0.64/0.36 
(0.264-0.456) 

16009 A/G 1/0  1/0  
 

rs41436650 11049906 Intron13 
 

CAGGCA/GTGGGC 
 

0.89/0.11  
(-0.035-0.255) 

0.94/0.06  
(-0.056-0.176)  

0.87/0.13  
(-0.035-0.295) 

16009 A/G 
 

rs41436650        11049906 Intron13 
 

CAGGCA/GTGGGC 0.97/0.03  
(-0.005-0.065) 

0.89/0.11  
(0.054-0.166) 

0.98/0.02  
(-0.008-0.048) 

0.94/0.06  
(0.017-0.103) 

0.80/0.20 
(0.120-0.280) 
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16116 
 

rs2675163 11050013 Intron13 
C/T 

GATGTC/TGAGTG 0.29/0.71 
(0.052-0.528) 

0.11/0.89  
(-0.035-0.255) 

0.19/0.81  
(-0.002-0.382) 

0.19/0.81  
(-0.002-0.382) 

0.69/0.31 
(0.083-0.537) 

16116 C/T 
 

rs2675163    11050013 Intron13 
 

GATGTC/TGAGTG 0.25/0.75 
(0.162-0.338) 

0.14/0.86  
(0.078-0.202) 

0.20/0.80 
(0.119-0.281) 

0.27/0.73 
(0.190-0.350) 

0.51/0.49 
(0.390-0.590) 

16605 T/C 0/1  
 

rs2246543 11050502 Intron14 
 

GAAACT/CTCTAG 0.64/0.36 
(0.109-0.611) 

0.94/0.06  
(-0.05-0.17) 

0.81/0.19  
(-0.002-0.382) 

0.25/0.75 
(0.038-0.462)  

16605 T/C 
 

rs2246543    11050502 Intron14 
 

GAAACT/CTCTAG 0.53/0.47 
(0.368-0.572) 

0.86/0.14  
(0.078-0.202) 

0.43/0.57 
(0.330-0.530) 

0.25/0.75 
(0.172-0.328) 

0.17/0.83  
(0.095-0.245) 

17502 C/G 1/0  1/0  1/0  
 

rs35957531 11051399 Intron15 
 

CCCCAC/GCCTTC 0.93/0.07  
(-0.064-0.204)  

0.75/0.25 
(0.038-0.462)   

17885 A/C 1/0  1/0  1/0  1/0  
 

rs41517144 11051810 Intron15 
 

ATGACA/CAGAGA 
 

0.78/0.22 
(0.029-0.411)    

17913 G/T 1/0  
 

rs2697138 11051906 Intron15 
 

ATGGGG/TTGTCA 0.93/0.07 
(-0.064-0.204)  

0.75/0.25 
(0.038-0.462) 

0.81/0.19  
(-0.002-0.382) 

0.62/0.38 
(0.142-0.618) 

19475 G/A 1/0  
 

rs2697134 11053372 Intron15 
 

GTGGGG/ACAGTG 0.93/0.07  
(-0.064-0.204)  

0.75/0.25 
(0.038-0.462) 

0.69/0.31 
(0.083-0.537) 

0.06/0.94  
(-0.056-0.176) 

20172 C/T 1/0  0.56/0.44  
 

rs2675165 11054069 Exon16 
(3’UTR)  

CCCTCC/TGAACG 0.93/0.07  
(-0.064-0.204)  

0.75/0.25 
(0.038-0.462) 

0.81/0.19  
(-0.002-0.382) (0.197-0.683) 

20172 C/T 
 

rs2675165     11054069 Exon16 
(3’UTR)  

CCCTCC/TGAACG 0.83/0.17  
(0.093-0.247) 

0.97/0.03  
(-0.001-0.061) 

0.84/0.16 
(0.086-0.234) 

0.81/0.19  
(0.119-0.261) 

0.80/0.20 
(0.120-0.280) 

20177 A/G 0/1  0/1  
 

rs41510044 11054074 Exon16 
(3’UTR)  

CGAACG/ACTGCT 0.5/0.5  
(0.238-0.762) 

0.39/0.61 
(0.165-0.615) 

0.13/0.87  
(-0.035-0.295)   

20358 C/T 1/0  
 

rs2675166 11054255 Exon16 
(3’UTR)  

TATTCC/TCAGGG 0.93/0.07  
(-0.064-0.204)  

0.75/0.25 
(0.038-0.462) 

0.81/0.19  
(-0.002-0.382) 

0.56/0.44 
(0.197-0.683) 

20622 A/G 
 

rs2944367 11054519 Exon16 
(3’UTR)  

GCCCAA/GTTTCA 0.71/0.29 
(0.052-0.528) 

0.61/0.39 
(0.165-0.615) 

0.75/0.25 
(0.038-0.462) 

0.75/0.25 
(0.038-0.462) 

0.62/0.38 
(0.142-0.618) 

20622 A/G 
 

rs2944367    11054519 Exon16 
(3’UTR)  

GCCCAA/GTTTCA 0.74/0.26  
(0.170-0.350) 

0.84/0.16  
(0.094-0.226) 

0.79/0.21 
(0.128-0.292) 

0.84/0.16  
(0.094-0.226) 

0.81/0.19  
(0.112-0.268) 

21271 G/A 
 

rs1062246 11055168 Exon16 
(3’UTR)  

CTCACA/GTGTGG 0.36/0.64 
(0.109-0.611) 

0.56/0.44 
(0.211-0.669) 

0.5/0.5  
(0.255-0.745) 

0.44/0.56 
(0.197-0.683) 

0.62/0.38 
(0.142-0.618) 

21726 C/T 1/0  1/0  1/0  1/0  
 

rs41276505 11055624 Exon16 
(3’UTR)  

TTGCCC/TGGGGG 0.93/0.07  
(-0.064-0.204)     
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SNPs genotyped in the population samples are also provided. A total of 61 SNPs and two length polymorphisms were discovered. Name 

refers to the position of the polymorphism in relation to the ATG of the SLC6A1 gene. Column “rs” gives reference SNP number is it was 

available. Location refers to the location of the polymorphism in the gene. In columns “EA,” “AA,” “Finn,” “Thai,” “Hmong,” allele 

frequencies of the SNP, estimated based on sequencing of 14-18 chromosomes in each population, is given. “a” no sequence data 

available for this segment. “b” = frequency was calculated based on the frequency of –GG homozygote and assuming Hardy-Weinberg 

Equilibrium.  “( )”= 95% Confidence Interval for of the minor allele frequency. Highlighted rows = Frequency data obtained by genotyping 

the SNP in larger samples of Thai (n=59), Hmong (n=48), European-American (n=46), African-American (n=60) and Finnish subjects 

(n=47). For example, SNP rs34189945 was detected both by sequencing and genotyping and thus listed twice in this table.  
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person in the approximately 12.4 kb of the SLC6A1 sequence was the highest in 

AAs (12.22) and was lowest in the Hmong population (3.75). In Finns, the mean 

number of heterozygous SNPs was 8.63, in EAs it was 6.57, and in Thai it was 8.38 

(Table 3). The number of heterozygous SNPs differed significantly by population 

(ANOVA p < 0.0001). Post hoc comparisons showed that the Hmong had fewer 

heterozygous SNPs than the other populations (each comparison p<0.009), with the 

exception of EAs (p=0.11). AAs had more heterozygous SNPs than each of the other 

populations (each comparison p<0.032) 

 

Table 3 Indices of SLC6A1 nucleotide diversity in five populations.  

Population 

Number of 
polymorphic 

site 

Nucleotide 
diversity per 
bp (π) (10-4) 

Watterson’s 
estimator of 

theta (θ) (10-4)

Mean number of 
heterozygous 

SNPs per person 
European-American 21 1.72 1.41 6.57 

African-American 41 2.77 2.55 12.22 

Finnish 29 2.11 1.87 8.63 

Thai 31 2.14 2.00 8.38 

Hmong 24 1.62 1.55 3.75 

 
Linkage disequilibrium in the SLC6A1 gene 

For analysis of linkage disequilibrium in SLC6A1, a total of 16 SNPs were 

genotyped in the AA, Thai, Hmong, EA, and Finnish samples. The SNPs were 

selected with the goal of encompassing the SLC6A1 gene with SNPs with allele 

frequencies >10% in most populations studied in order to allow comparison of LD 

patterns between populations. Twelve of the 16 SNPs studied met this criterion. SNP 

rs1710879 was virtually monomorphic in AA population. .The allele frequencies of all 

16 SNPs were in Hardy-Weinberg equilibrium (HWE). The LD structure of the 

SLC6A1 gene, as detected by this set of SNPs, was evaluated by calculating D’ and 

r2 using the HAPLOVIEW program (58). The LD structure of the SLC6A1 gene is 

presented in Figure 2. Fragmentation of LD into several poorly-defined blocks was 

noted in all 5 populations studied (Figure 3). There were two short blocks of LD (D’ = 

0.8-1) observed in all five populations. The first block is located between the markers 

-29477 (Marker 1, Figure 3) and -24321 (Marker 2, Figure 3). The second LD block, 
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which is located between markers -17590 (Marker 3, Figure 3) and -9765 (Marker 5, 

Figure 3), was also found in all populations studied, although the level of LD was 

lower in AAs. The third LD block was observed in the EA and Finnish populations 

between markers -1529 (Marker 6, Figure 3) and 3164 (Marker 8, Figure 3).   

In accordance with low levels of LD, Tagger identified few haplotype tagging 

SNPs (59). A SNP tagging approach would have allowed omission of three SNPs 

each in the EA, Finnish, and Thai populations and omission of two SNPs in the 

Hmong population. None of the 16 SNPs examined in the AA population was 

identified as a haplotype tagging SNP. We estimated the span of LD in different 

populations using r2/distance as an index. The index of LD span was about twofold 

higher in the Hmong population than in any of the other populations. The differences 

were greatest in the distance bins <10 kb and 30-40 kb, where the median 

r2/distance value was two-to-three fold higher in the Hmong than in the other 

populations (Figure 4).  
 
Haplotype diversity in SLC6A1 
 To further elucidate the SLC6A1 haplotype structure, we used PHASE (54, 

55)  to estimate haplotype frequencies in the five populations. Consistent with the 

observation of low levels of LD, no common SLC6A1 haplotypes spanning the entire 

gene were identified in any of the populations. Haplotype dispersion varied 

depending on the number of SNPs included in the haplotype. When all 16 SNPs 

were included in the analysis, no common haplotypes were observed. The most 

common haplotype had a frequency of 0.048 in the EA, 0.039 in the AA, 0.076 in the 

Finnish, 0.049 in the Thai and 0.097 in the Hmong populations. Common haplotypes 

were observed when the analysis was restricted to narrower segments of the gene, 

i.e., when there were computationally fewer possibilities. We noted that there were 

differences between populations in the composition and number of common 

SLC6A1 haplotypes. To examine this further, we reconstructed each consecutive 

three-SNP haplotype in each population using a sliding window analysis across  
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Figure 3 Illustration of the SLC6A1 LD structure and recombination hotspots in the 5 

populations. Upper graphs illustrate elevations from the background recombination 

rates across the SLC6A1 gene. Y axis represent recombination rate and X axis 

represents physical distance between the markers. In Figure A, recombination 

rates for HapMap CEPH Western Europeans (CEU) and European-Americans of 

the present study are presented. In Figure B, recombination rates for HapMap 

Yoruban (YRI) and African-Americans of the present study are presented. In Figure 

C, recombination rates for HapMap combined Han Chinese and Japanese 

populations (HCB+JPT) and the Thais of the present study are presented. In 

Figures D and E, recombination rates for the Finns and Hmongs of the present 

study are presented. In the middle, the exon-intron structure of SLC6A1 and 
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location of the markers is presented. LD (D’) between the SNPs in SLC6A1 is 

illustrated in the lower triangular graphs.  
 

the panel of 16 SNPs. The four most common three-SNP haplotypes in each window 

and in each population were identified. We then calculated how many times each of 

the common three-SNP haplotypes in each window was disjoint (i.e., not shared) 

between the populations. A summary pairwise score was calculated for each of the 

populations, which is presented in Table 4. For example, of all “top-four” three-SNP 

SLC6A1 haplotypes, 26.8% were disjoint between AAs and EAs. 
 
Table 4. A summary pairwise percentage score representing the degree to which 

the four most common haplotypes were disjoint between the five populations. 

 
E 100     
A 26.8 100    
F 16.1 26.8 100   
T 12.7 23.6 16.3 100  
H 26.8 23.2 30.3 17.9 100 

 E A F T H 
E = European-American, A = African-American, F = Finnish, T = Thai, H = Hmong. 

For example, of all consecutive “top-four” 3-SNP SLC6A1 haplotypes, 26.8 % were 

disjoint between African-Americans and European-Americans.  
 

Recombination hotspots in SLC6A1 
 We considered recombination hotspots as an explanation for low level LD in 

SLC6A1. Recombination rates were calculated for the genotype data using the –MR 

and –X10 options of the PHASE program (56, 57) and genotype data for all 16 

SLC6A1 SNPs. Average recombination rates in the five populations are shown in 

Figure 3. These data show two areas in SLC6A1 with elevated recombination rates. 

The first area is demarcated by markers -29477 (Marker 1) and -13071 (Marker 4) 

and the second one by markers 7772 (Marker 9) and 20172 (Marker 15), hereafter 

referred to as the upper and lower hotspots, respectively. There were population 

differences in the amplitude of the hotspots (Figure 3). In the upper hotspot, which is 
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located in the areas of intron 1 and exon 1, an increase in the recombination rate 

was observed in all five populations. The Hmong and AA populations showed lower 

rate and width of the lower hotspot, located in the area between exon 8 and 16, than 

did the EAs, Finns or Thai (Figure 3). To further elucidate these findings, we 

analyzed SLC6A1 genotypes available through HapMap using PHASE, as described 

above. Genotyping data for the combined group of Japanese and Han Chinese, 

Yoruba, and Western Europeans were analyzed and compared to our results. We 

compared genotype data from our 16 SNPs and genotype data from 27-31 SNPs in 

HapMap. Two sets of SNPs, our and the HapMap SNPs, are not exactly the same 

but they are all located within the SLC6A1 gene (one dot on X-axis in Figure 3 

represents one SNP). It appears that genotype data from the two samples (the 

present study and HapMap) are consistent, both showing evidence for two areas of 

increase in recombination rate within SLC6A1. These results support our findings 

(Figure 3) regarding two recombination hotspots in SLC6A1.  

 

 

Figure 4 This graph 

illustrates LD span 

(expressed as median 

r2) in different 

populations. Median r2 

calculated for SNP 

pairs in different 

distance bins (0.1-

10kb, 10.01-20kb etc) 

is presented. 

 

Novel length polymorphisms in the promoter region 
 Two novel length polymorphisms were identified in the upper promoter of 

SLC6A1. The largest, and perhaps the more interesting polymorphism, is a 21-bp 

VNTR polymorphism, which is present either as a single element or as two tandem 
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repeats, hereafter referred to as the SLC6A1 short and SLC6A1 long allele, 

respectively. 

 A novel two-base-pair deletion (GG/-GG) at positions (-24780 to -24781) was 

present in all 5 populations studied. This polymorphism is located only 8 bp 3’ to the 

last base pair of the short/long polymorphism. The -GG allele occurs only in the 

context of the short allele. 

 The SLC6A1 short/long and GG/-GG polymorphisms were genotyped in 46 

EA, 60 AA, 59 Thai, 47 Finnish and 48 Hmong individuals. The allele frequency of 

the long allele was 0.39 in the AA sample but it was not found in other populations. 

The GG/-GG polymorphism occurred in all 5 populations. The -GG allele frequency 

was 0.30 in EA, 0.23 in AA, 0.33 in Finnish, 0.22 in Thai and 0.16 in Hmong. 

  
 

AGGAGGGGGTGGGGAGAGGGAAGGAGGGGGTGGGGAGAGGGA
 

 

 
 
 
 
 

 

GGGAGGGGAGG--------

AGGAGGGGGTGGGGAGAGGGAAGGAGGGGGTGGGGAGAGGGA

AGGAGGGGGTGGGGAGAGGGAAGGAGGGGGTGGGGAGAGGGA GGGAGGGGAGG--------

AGGAGGGGGTGGGGAGAGGGAAGGAGGGGGTGGGGAGAGGGA

EMSA probe

No insertion

21 bp insertion

--------

--------

D

AGGAGGGGGTGGGGAGAGGGAAGGAGGGGGTGGGGAGAGGGA GGGAGGGGAGG--------

AGGAGGGGGTGGGGAGAGGGAAGGAGGGGGTGGGGAGAGGGA

AGGAGGGGGTGGGGAGAGGGAAGGAGGGGGTGGGGAGAGGGA GGGAGGGGAGG--------

AGGAGGGGGTGGGGAGAGGGAAGGAGGGGGTGGGGAGAGGGA

EMSA probe

No insertion

21 bp insertion

--------

--------

D
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Figure 5 Illustration of the 21 bp insertion/deletion polymorphism (SLC6A1 long and 

short alleles) and the insertion/deletion GG allele in the SLC6A1 gene. Picture (A) 

shows position of 21 bp insertion and GG deletion. Picture (B and D) shows the 

sequence for the SLC6A1 short and long alleles including probe sequence for 

EMSA study. Sequence for the GG insertion/deletion polymorphism is presented in 

picture (C) and homology of 21bp insertion with other specie is presented in (E). 
 

Population differences 
We previously genotyped the SLC6A1 VNTR polymorphism (Figure 5) in 46 

European-American, 60 African-American, 59 Thai, 47 Finnish and 46 Hmong 

Chinese individuals (62) and found this polymorphism only in the African-American 

population with an allele frequency of 39%. These data suggest but do not establish 

that the insertion allele has its origins in Africa. To verify this hypothesis we 

genotyped this polymorphism in Tanzanian individuals. In the Tanzanian cohort, we 

obtained genotype frequencies of 2.9, 30.4, and 66.7% for the Insertion/Insertion, 

Insertion/Non-insertion, and Non-insertion/Non-insertion genotypes, implying an 

allele frequency of 18.1% (N=69 individuals genotyped). These genotype 

frequencies do not deviate significantly from Hardy-Weinberg equilibrium (Chi-

square=1.44, Df=2, p>.05). We have not observed the insertion allele in hundreds of 

additional genotypes conducted with individuals without African ancestry. The 

presence of the insertion allele in individuals of African descent but not other 

populations is consistent with this allele having arisen in Africa but not having been 

carried with the major migrations from Africa that founded the rest of the world’s 

populations. We hypothesized that the insertion allele may affect promoter function 
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and may be an important genetic determinant of SLC6A1 promoter function in 

individuals with African ancestry.  

 

 

 

 

M     1     2      3      4      5      6     7      8      9   10

insertion allele (long allele)
deletion allele (short allele)

M     1     2      3      4      5      6     7      8      9   10M     1     2      3      4      5      6     7      8      9   10

insertion allele (long allele)
deletion allele (short allele)

 
Figure 6 PCR and gel electrophoresis of 21 bp insertion/deletion SLC6A1 promoter region. 

(lane M = 100 bp ladder, lane 1,3-5, 7, 9 = homozygous deletion, lane 2 and 8 = 

heterozygous, lane 10 = homozygous insertion, and lane 6 = negative control.) 

 
EMSA study 

Because the 21-bp insertion polymorphism increased the activity of the 

SLC6A1 promoter, we hypothesized that the VNTR may code for a protein binding 

motif that interacts with a nuclear protein, such as a transcription factor, to enhance 

transcription, and that the insertion variant may bind such a protein more effectively 

than the non-insertion variant. We generated a double stranded DNA probe coding 

for the insertion sequence labeled with one infrared fluorophore (IRDye 700) and 

interacted this probe with nuclear proteins from HEK-293 and SK-N-BE(2) cells in gel 

shift assays. To establish specificity we utilized a competitor probe with the same 

sequence labeled with an infrared dye with distinct spectral properties (IRDye 800) 

and we used the IRDye 800 labeled probe in a manner analogous to a “cold” 

competitor in a radioactive EMSA assay. As shown in figure 7A, nuclear proteins 

from both cell lines tested led to retardation of the migration of the probe, and this 

interaction could be reduced by competition with a competitor double stranded 

oligonucleotide. These results suggest the presence of nuclear proteins that 

specifically bind to the insertion sequence.  

We used a bioinformatics approach to predict transcription factors that can 

bind within the vicinity of the VNTR using the TFSEARCH program (63). This analysis 

suggested the presence of overlapping Myeloid Zinc Finger 1 (MZF1) and SP1 

binding sites in this region (Figure 7C). MZF1 is a transcription factor involved in  
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Figure 7 EMSA was used to determine whether nuclear proteins specifically 

interact with the VNTR. Experiments were carried out in human neuroblastoma cells 

(SK-N-BE(2)) as well as human embryonic kidney cells (HEK-293). A single copy of 

the VNTR labeled with IRdye-700 was used as a probe and a single copy of the 

VNTR labeled with IRdye-800 was used as a competitor. In the absence of nuclear 

lysate the probe showed no retardation (lane 1). In the absence of competitor 

probe migration through the gel was retarded (lanes 2 and 7) for both cell lines. As 

the concentration of competitor probe was increased from a 1:1 to a 1:10 molar 

ratio (lanes 3 through 6 and lanes 8 through 11) increasing amounts of probe was 

displaced from nuclear proteins. The experiment was repeated a total of three 

times with identical results.  

 

hemopoietic development and is also expressed in parathyroid tissue, making this a 

poor candidate for neuronal regulation. In contrast, SP1 is ubiquitously expressed 

and is involved in transcriptional regulation in the brain (64-68).  We therefore 

attempted to supershift the VNTR-protein bands with anti-human SP1 but were 

unable to do so (Figure 7B) suggesting that SP1 is not involved in binding the VNTR. 
 
SLC6A1 Promoter Activity 

To determine the functional significance of the insertion polymorphism on 

SLC6A1 promoter activity, promoter variants were used to drive luciferase 

expression in reporter assays in three cells lines (figure 8). As seen in Figure 2, the 

insertion and deletion variants showed significantly more activity than the 

promoterless control (pGL3-basic) construct. The pGL3-GAT1-Ins (insertion) 

construct showed significantly higher activity than the pGL3-GAT1-Del (noninsertion) 

variant in all 3 cell lines tested. (Figure 2)  More than 30-fold more luciferase activity 

was noted in HEK-293 and SK-N-BE(2) cells from the insertion variant relative to the 

pGL3 control vector, and 13-fold more activity than control was noted in P19 cells. 

When the activity of pGL3-GAT1-Ins was compared to pGL3-GAT1-Del 

(noninsertion), P19 and HEK-293 cells (p=0.001) as well as SK-N-BE(2) cells 

(p=0.029) showed significantly more activity for the insertion than the deletion 
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variant.  These data suggest the 1.4 kb region upstream from exon 1 has promoter 

activity and that the 21-bp insertion polymorphism significantly increases the activity 

of this SLC6A1 promoter element. 

 

 

 

 

 

 

 

 

 

 

 
Figure 8 Luciferase reporter constructs were co-transfected with a Ranilla 

luciferase control vector and luciferase activity was expressed as a fraction of 

Ranilla luciferase activity. Three replicates were performed. Data were then 

expressed as activity relative to the control reporter vector. 
 

Figure 8 Luciferase activity in HEK-293, SK-N-BE(2) and P19 cells. The x axis 

represented type of DNA construct and Y represented activity in fold of control 

(pGL3-basic) scale.  
 
Pull-down and transactivation studies 

We used two approaches to identify proteins that interact with the VNTR 

region that may regulate promoter activity. First, we attempted to identify proteins 

that directly interact with the promoter using pull-down assays. Biotinylated double 
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stranded DNA probes coding for the SLC6A1 promoter with 0, 1, or 2 copies of the 

VNTR were interacted with nuclear lysates from human neuroblastoma cells (SK-N-

BE(2)), captured with streptavidin magnetic beads, separated by SDS-PAGE, and 

Coomassie Blue or silver stained. As a control, a streptavidin only condition was 

included. Protein bands that were specific to the presence of DNA probe were 

identified, excised, and proteins identified by liquid chromatography/tandem mass 

spectrometry (LC-MS/MS). Unfortunately no protein bands were identified that were 

specifically associated with the insertion variant. The proteins that did bind to the 

promoter probes were therefore analyzed together. Pathway analysis and annotation 

using STRING (69) revealed that many of the proteins identified undergo known 

protein-protein interactions (Figure 9B, Table 5). These data define a protein 

complex that interacts with the SLC6A1 promoter that may shed light on the 

transcriptional efficacy of the promoter. However, these DNA-protein interactions 

cannot account for the differences in promoter activity between the insertion and 

non-insertion variants. 

 

A) 
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B) 

 

Figure 9 All pulled down proteins were subjected to SDS-PAGE and silver stained 

(A). “beads” represented no DNA probe in binding reaction, only beads mix with 

nuclear lysate from SK-N-BE(2) cells. “insertion and noninsertion” represented 

binding reaction that using biotinylated DNA probe containing 21-bp insertion and 

noninsertion, respectively. “0 copy” represented no VNTR copy in sequence of 

biotinylated DNA probe. Interaction of pulled down proteins based on STRING and 

Harvester seach tool was shown in (B). From MS/MS protein identification, all 

proteins in (B) reported at least 10 peptides matched the protein. 
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Table 5.  Non-interacted proteins from pull down experiment and peptides matched 

score. 

 

Name Peptides 

matched score 

  

Heterogeneous nuclear ribonucleoprotein R (HNRPR) 0.027 

Antigen identified by monoclonal antibody Ki-67 (MKI67) 0.017 

Myosin, heavy polypeptide 10, non-muscle (MYH10) 0.015 

Heterochromatin protein 1, binding protein 3 (HP1BP3) 0.015 

KIAA0179 0.015 

DEAD (Asp-Glu-Ala-Asp) box polypeptide 18 (DDX18) 0.014 

Synaptotagmin binding, cytoplasmic RNA interacting protein 

(SYNCRIP) 

0.013 

N-acetyltransferase 10 (NAT10) 0.012 

Myosin, heavy polypeptide 9, non-muscle (MYH9) 0.009 

Programmed cell death 11 (PDCD11) 0.009 

DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 (DDX5) 0.009 

Heterogeneous nuclear ribonucleoprotein A/B (HNRPAB) 0.007 

  

 
NFAT signaling inhibition 

Based on the proteomics results, NF90 (also known as ILF3) was pulled 

down by all 3 DNA probes. NF90 is one subunit of the Nuclear Factor of Activated T 

Cells (NFAT) DNA protein dimer, suggesting that NFAT may regulate expression of 

SLC6A1 gene. We studied SLC6A1 promoter activity under conditions of variable 

NFAT activity. NFAT is strongly regulated by calcineurin, and Cyclosporine A (CsA) 

(70) (Figure 10), a potent inhibitor of calcineurin, would be expected to modulate 

SLC6A1 activity if the SLC6A1 promoter is regulated by NFAT. HEK-293 cells were 

treated with CsA for 30 minutes before stimulation with the phorbol-12-myristalate-

13-acetate (PMA) for 3 hours. Luciferase activity in the insertion variant expressing 
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cells was unchanged by PMA or CsA treatment (Figure 11). These data suggest that 

although NFAT may interact with the SLC6A1 promoter, it does not appear to 

modulate its activity. 

 

                                                                                                 

 

 

 

 
 
 

 

Figure 10 The illustration 

of the gene regulation by 

NFAT protein and its 

inhibitor, Cyclosporin A 

(CsA). 

 

Figure 11 GAT-1 activity under conditions of variation of NFAT activity. Different  

    conditions represented by different colors of bar. 
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Family-based study of novel 21 bp insertion 
We analyzed this polymorphism in 848 persons in 249 African-American 

families by FBAT program (61). Two genetic models were tested (additive, and the 

computationally identical dominant and recessive). The frequency of this 

polymorphism in this studied population was 16%. No significant association result 

between this novel length polymorphism with cocaine dependence (also alcohol 

dependence). The p-value was 0.352 (Z=0.931) and 0.270 (Z=1.104) in cocaine 

dependence and alcohol dependence, respectively. Thus, this 21 bp insertion is not 

associated with cocaine and alcohol dependence in African-American families. 
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CHAPTER V 
CONCLUSION AND DISCUSSION 

 
Conclusion  

1. We totally found 63 polymorphisms on SLC6A1 gene by resequencing. 

2. The SLC6A1 sequence diversity was found highest in African-American  

population.  

3. SLC6A1 is complicated target for pharmacogenetic studies because its  

low levels of LD and presence of recombination hotspots would make it difficult to 

establish an association between genetic markers and response to GAT-1 

modulation.  

4. Our study suggests that focusing on isolated populations, such as Finns  

or Hmong, would not provide major benefits to genotyping efficacy of SLC6A1.  

5.  An interesting 21-bp VNTR polymorphisms (SLC6A1 short and SLC6A1 

long) was discovered in the promoter sequence of the SLC6A1 gene, especially 

common in African Americans. This new polymorphism is suggestively a novel 

candidate for future studies focusing on genetic differences in GAT-1 expression, 

and hence, response to medications that inhibit GAT-1 function.  

6.  Some proteins interact with 21-bp insertion polymorphism and lead to a 

dramatic increase in SLC6A1 promoter activity.  

7.  We fail to find the protein (transcription factor) that controls and enhance 

SLC6A1 promoter activity. 

8.  There was no association between 21-bp insertion with cocaine and 

alcohol dependence. 

9.  The 21-bp insertion in the promoter region may prove to be useful in 

predicting clinical response to pharmacological modulators of SLC6A1 as well as 

GABAergic function especially in individuals of African descent.  
 
Discussion 
  The goal of the present study was to comprehensively analyze sequence 

variation and linkage disequilibrium in the SLC6A1 gene in anticipation of larger 



 

pharmacogenetic studies of tiagabine and other GAT-1 inhibitors. Resequencing 

12.4 kb of the SLC6A1 gene, including all 16 exons and the two putative promoter 

regions, revealed numerous novel genetic variants. Perhaps the most interesting 

polymorphism identified was a 21 bp VNTR polymorphism located in the upper 

promoter sequence of the SLC6A1 gene (Figure 5). We have termed the alleles as 

the “SLC6A1 short,” which has one copy of the allele and “SLC6A1 long,” in which 

the allele is duplicated (Figure 5). Interestingly, the long allele was common in AAs 

(39%), while in the other populations, it was absent. A likely explanation for the lack 

of this allele in non-African populations is genetic drift. However, other explanations, 

such as natural selections, are also possible. Functional studies focusing on 

understanding whether the short and long allele lead to differential expression of the 

GAT-1 protein are clearly warranted; these studies may also help in elucidating 

whether the allele frequency discrepancy between African-Americans and other 

populations is due to genetic drift or selection. Previously, a comparable promoter 

region VNTR polymorphism was described in the serotonin transporter gene, which 

is known to influence the expression of the gene (71). Several studies have shown 

that this polymorphism partially accounts for differences in the therapeutic response 

to serotonin selective reuptake inhibitors (SSRIs) (72-75), susceptibility to depression 

(76, 77) and alcohol dependence (78). The SLC6A1 short/long is a candidate 

polymorphism for moderating the response to tiagabine and susceptibility to 

neuropsychiatric disorders in which GABA dysfunction may play a role, albeit only in 

AA populations (and any other populations where this variant is present).     

 Genetic diversity in SLC6A1 revealed through SLC6A1 resequencing 

showed interesting results. Although a limited number of chromosomes were 

examined, certain trends were found. First, no non-synonymous SNPs were 

discovered in the 80 chromosomes sequenced, suggesting that the coding 

sequence of SLC6A1 has been conserved against common amino-acid altering 

substitutions through active background selection. Consistent with these results, the 

nucleotide diversity was much lower in the SLC6A1 exons compared to the intronic 

regions examined (79-81). Comparison of the sequence data between populations 

revealed higher nucleotide diversity in AAs than in other populations (Table 3). In 

45



 

accordance with these data, the only population in which we found common 

population specific SNPs, were AAs. In exons, however, nucleotide diversity was no 

higher in the AA population than in the other populations. In other populations, the 

SNPs observed in only one population were rarer. Although Finns and Hmong are 

considered to be isolated populations, nucleotide diversity in these two populations 

was not different from that observed in EAs or Thais. Overall, no major differences in 

nucleotide diversity were observed among the Hmong, Thai, EA, and Finnish 

populations. Together, these findings most likely reflect the older age of the African 

population relative to the other populations, which had allowed more intronic 

variation to accumulate in this population, founder effects in non-African populations, 

and selection pressure conserving the SLC6A1 exonic sequence. The extent of 

conservation of GAT-1 amino acid sequence suggests an important role of this 

protein in normal brain function. The Hmong had a significantly lower number of 

heterozygous SNPs in comparison to the other populations. One explanation for this 

finding is that the Hmong subjects may have been distantly related. We postulate 

that differences in the degree and age of population bottlenecks between the 

Hmong and the other populations are less likely explanations for the lower 

heterozygosity observed in the Hmong; we feel that this explanation is less likely 

because all non-African populations had a low observed frequency of population-

specific SNPs and because Hmong nucleotide diversity was not significantly lower 

than that of the other non-African populations (82). A caveat of this study is that the 

sample size per ethnicity was small. Consequently, rare non-synonymous SNPs, 

specific to a population, would have not been identified. It may be useful to 

resequence larger samples to identify these kinds of variations, at least in the 

primary target populations of clinical trials. Laboratory methods established for the 

present study should facilitate such analyses. Another limitation of the study is that 

the resequencing effort focused on exons. If deep intronic variation in SLC6A1 

contributes to functional variation at the protein level, those variants would have 

been missed in the present study.  A low level of LD in SLC6A1 was observed in 

all five populations (Figure 3). Consistent with these results, in the EA, Thai, Hmong, 

and Finnish populations, only two or three haplotype tagging SNPs in the areas of 
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preserved LD were identified. In the AAs, no haplotype tagging SNPs were found in 

the 16 SNPs genotyped. These results suggest that very dense SNP panels would 

be required to capture common variation in this gene. Using r2/distance as the 

index, a longer LD span was observed in the Hmong population than in the other 

populations (Figure 4). However, higher LD probably would not translate to 

significant practical improvement in genotyping efficiency overall, because there 

were no major differences in the number of haplotype blocks in Hmong than in the 

Finnish, Thai and EA populations. Considering the low level of LD, SLC6A1 may 

pose special challenges for association studies both in isolated and mixed 

populations. The common SLC6A1 3-SNP haplotypes were largely the same in the 

five populations (Table 4), but were not completely overlapping. These results 

suggest a certain degree of, but not absolute, portability of SNP genotyping sets 

between the populations. It would interesting to study larger EA, AA, Hmong, Thai 

and Finnish population samples to further refine the structure and frequencies of the 

common overlapping and population-specific haplotypes (83). In addition, it will be 

interesting to study whether haplotype and SNP profile characteristics, such as 

absence of common non-synonymous substitutions extends to patient populations 

suffering from various neuropsychiatric disorders, which were not studied here. The 

present study primarily focused on non-clinical samples and therefore no data were 

available to assesses whether disease associated variants are present in human 

populations.  

Intrigued by these findings, we examined whether recombination hotspots 

could explain low levels of LD in SLC6A1. Two hotspots were identified using 

PHASE; the first is located in the areas of exon 1 and intron 1. The second hotspot is 

located in the area demarcated by exons 8 and 16. As expected, within the 

hotspots, D’ fell off rapidly. For example, in the Finns, in the area of the distal 

hotspot,  D’ was only 0.184 between markers 12 and 13, which are spaced 107 bp 

apart and D’ was 0.044 between 13 and 14, which are spaced 489 bp apart. Areas 

of high recombination, such as seen in SLC6A1, potentially limit large-scale 

association studies, as it would be exceptionally difficult to find risk alleles relying on 

linkage disequilibrium if the alleles were located inside a recombination hotspot. 
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We try to pull our data together and try to explain descriptive characteristic 

of SLC6A1 gene. Some part of data conflict with others. For example, this gene 

presented high recombination and low level of LD. But showed lower nucleotide 

diversity than previous data in human genome (25). In addition, the simulation in 

coalescent model from Ardlie KG et al study (26) reported that nucleotide diversity 

will be increase when D’ and r2 decrease. One possibility is that SLC6A1 gene 

needs to be conserved in nucleotide and amino acid levels conducting to several 

processes of repair via recombination mechanism (84). Then, it can possible make 

this gene has high recombination rate, low LD and low diversity as presenting in our 

result.   

The Recent African Origin (RAO) or Out of Africa model holds that all non-

African populations descended from an anatomically modern Homo sapiens 

ancestor that evolved in Africa and then left Africa to inhabit the rest of the world. 

Because only a small proportion of the genetic variation present in Africa left with 

these migrations, it is not uncommon to find genetic variations that are unique to 

individuals of African descent (85). Recent data from mitochondrial genome 

sequencing suggests that Tanzanians have very high genetic diversity, greater than 

other African populations, suggesting the possibility that Tanzanians represent the 

modern descents of this original source population (86). Our data are consistent with 

a model where the 21-bp insertion variant arose prior to the beginning of the 

migrations from Africa. The most likely explanation for the lack of this allele in non-

African populations is that the allele never left Africa during migrations from that 

continent. However, other models are also possible including genetic drift and 

natural selection.  

In experiments involving mouse embryonic carcinoma cells (P19), human 

neuroblastoma cells (SK-N-BE(2)), and human embryonic kidney (HEK-293) cells, 

luciferase reporter assays showed that the 1.4 kb fragment upstream from exon 1 is 

in fact a functional promoter for SLC6A1. EMSA studies showed that nuclear proteins 

from mouse as well as human cell lines interact with the 21-bp insertion 

polymorphism. It is interesting to note that SLC6A1 has two promoter elements, one 

upstream of exon 1 and the other upstream of exon 2. An increase in the efficacy of 
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the most 5’ promoter element that we studied here due to the insertion variant may 

serve to bias the ratio of upstream to downstream promoter transcripts generated. 

Whether such a shift occurs and the functional implications of such a shift will 

require further research. 

The insertion polymorphism consists of duplication of a VNTR (5’-

AGGAGGGGGTGGGGAGAGGGA-3’). This sequence contains an (A/U)GGG repeat 

motif. These motifs have been associated with enhancement of splicing (87). It is 

possible that the insertion may increase the efficacy of intron removal and increase 

the availability of the mature RNA. However, this mechanism cannot account for the 

increased activity of the promoter region in isolation in our assays. The insertion 

region is particularly rich in guanosine nucleotides. Guanosine rich regions of gene 

promoters are associated with particularly high affinity for transcription factors (88). 

Consecutive guanosine nucleotides are also known to affect secondary structure. 

These findings have important implications for future phamacogenetic studies, as 

this genetic variation is likely to affect clinical response in the African population and 

may be a useful predictor of dosage requirements. Tiagabine is an effective 

treatment in many psychiatric disorders. Tiagabine has a rare but potentially serious 

adverse side effect -non-convulsive status epilepticus - which has raised concerns 

about its off-label use in the treatment of psychiatric disorders (11). Our results 

suggest that patients with the 21-bp insertion may require a higher dose of tiagabine 

than patients without the insertion variant to achieve the same level of clinical 

response. Knowledge of a patient’s SLC6A1 genotype may prove clinically useful in 

predicting an appropriate dosing regimen for patients with African ancestry and may 

predict GABAergic function in this population. This may have important implications 

for risk for conditions such as seizure disorders, drug and alcohol addiction, as well 

as mood disorders. Additional research will be required to fully appreciate the 

clinical significance of the SLC6A1 VNTR polymorphism. 
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Appendix 
 

1. CaPi transfection protocol use for SK-N-BE(2) cells. 

This method applied from Nature methods April 2005. 

Materials 

2.5 M CaCl2
Combine : 18.375 g CaCl2 (MW 147 g/mol) 

       Water to 50 ml and sterile filter 

 

1M NaCl (MW 58.4) 

2.92 g in 50 ml water 

 

100 mM Na2HPO4 (MW 141.96) 

0.71 g in 50 ml water 

 

500 mM HEPES (MW 238.3) 

5.96 g in 50 ml water 

 

2x HBS     vol (ml)  final conc. 

1M NaCl     14  280 mM 

100 mM Na2HPO4   0.75  1.5 mM 

500 mM HEPES   5  50 mM 

Water     30.25 

pH to 7.10 with NaOH 

Sterile filter and store at 4 0C 

 

0.1 xTE and sterile filter 

15% glycerol in 1x HBS 

7.5 ml glycerol in 42.5 ml 1x HBS Sterile filter 
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This scale is enough for 5 wells of 12-well plate. 

1. Plate cells at 1-4 x 105 cells/well (12-well plate) overnight. 

2. Change media 1 hour before transfection. 

3. Combine 6.25 ug DNA with 25 ul of 2.5 M CaCl2 and adjust final volume to 250 ul by 0.1 x TE. 

4. Mix 1 vol of CaPi-DNA (3) with 1 vol of 2x HBS and stand at RT 1 minute (total volume 500 ul). 

5. Drop (4) 100 ul to each well and put cell back in incubator for 6 hours. 

6. Remove media and wash with PBS 1 time. 

7. Add 1.5 ml of 15% glycerol in each well and incubate for 40 minutes in incubator. 

8. Wash with PBS and change new media. 

  

2. Reagents for NFAT inhibition 

Cyclosporin A (sigma C3662-5mg) 

MW = 1202.61 

Stock 500 uM or 0.5 mM (1000x) 

 CsA 1.2 mg (0.0012 g) add ethanol to 2 ml 

 Filter and keep in 4oC 

Working 500 nM 

 Mix 1 ul of 500 uM (stock) in 1 ml of media (for 1 well of 12-well plate) 

 

PMA (Phorbol 12-myristate 13-acetate) sigma P8139-5 mg 

MW = 616.83 

Stock 25 ug/ml (1000x) 

PMA 0.25 mg (0.00025 g) add ethanol 10 ml 

Filter and keep in -20oC 

Working 25 ng/ml 

 Mix 1 ul of 25 ug/ml (stock) in 1 ml of media (for 1 well of 12-well plate) 

 

Vehicle 

 Mix 1 ul of ethanol in 1 ml of media (for 1 well of 12-well plate) 
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3. pGL3 Basic Vector Maps and Sequence Reference Points  

(copy from technical manual No.033, Promega) 

pGL3-Basic Vector circle map. Additional description: luc+, cDNA encoding the modified firefly 

luciferase; Ampr, gene conferring ampicillin resistance in E. coli; f1 ori, origin of replication 

derived from filamentous phage; ori, origin of replication in E. coli. Arrows within luc+ and the 

Ampr gene indicate the direction of transcription; the arrow in the f1 ori indicates the direction of 

ssDNA strand synthesis. 

 

pGL3-Basic Vector Sequence Reference Points: 

SV40 Promoter     (none) 

SV40 Enhancer     (none) 

Multiple cloning region    1–58 

Luciferase gene ( luc+)    88–1740 

GLprimer2 binding site    89–111 
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SV40 late poly(A) signal    1772–1993 

RVprimer4 binding site    2080–2061 

ColE1-derived plasmid replication origin  2318 

Beta-lactamase gene (Ampr)    3080–3940 

f1 origin      4072–4527 

Synthetic poly(A) signal    4658–4811 

RVprimer3 binding site    4760–4779 
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