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Abstract
GABRA2and GABRG1, which encode the α2 and γ1 subunits, respectively, of the GABA-A
receptor, are located in a cluster on chromosome 4p. The GABRA2 locus has been found to be
associated with alcohol dependence (AD) in several studies, but no functional variant that can
account for this association has been identified. In order to understand the reported associations,
we sought to understand LD patterns and haplotype structure of these genes. With close intergenic
distance, ~90 kb, it was anticipated some markers might show intergenic LD. Variation in 13-SNP
haplotype block structure was observed in 5 different populations: European American, African
American, Chinese [Han and Thai], Thai, and Hmong. In Hmong, a 280 kb region of considerably
higher LD spans the intergenic region, whereas in other populations, there were two or more LD
blocks cross this region. These findings may aid in understanding genetic association of this locus
with alcohol dependence in several populations.
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Introduction
γ-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the human brain. It
is widely involved in the modulation of neurotransmission, particularly via regulation of
neuronal excitability [1; 2]. GABA exerts its effects through interaction with GABA
receptors. Functionally, fast synaptic inhibition in the mammalian CNS is mediated largely
by activation of the γ-amino butyric acid type A (GABAA) receptors [3], a ligand-gated
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receptor that is expressed in many regions of mammalian brain. The working receptor is
composed of five protein subunits that form a chloride channel that remains closed until it
binds its ligand. Each subunit is a long chain polypeptide with four putative α-helical
cylinder domains embedded within the cell membrane, with the N-terminal end being
extracellular [4; 5]. The 19 distinct GABAA receptor subunits have been classified into α, β,
γ, δ, ε, π, and ρ types [6]. Two α and two β subunits are typically part of the pentameric
assemblies of GABAA receptors. The particular subunit composition varies widely among
brain regions and species. GABA binds specifically to the recognition site in the GABAA
receptor and forms a chloride ion-selective channel that mediates neuronal membrane
potential [7; 8; 9]. Other pharmacologically important molecules, for example, barbiturates,
benzodiazepines, ethanol, and the anesthetic steroids, also interact with these receptors,
either directly or indirectly.

Among the 19 distinct subunits of mammalian GABAA receptors identified to date [6], the
γ-aminobutyric acid α-2 receptor (encoded by GABRA2) [OMIM 137140] is the subtype
that has received the greatest attention in relation to alcohol dependence risk. Based on its
physiological role and its direct interactions with ethanol [10], as well as evidence from
genetic linkage studies, it was suggested that the gene encoding GABAA receptor α-2
subunit should be considered a candidate locus for influencing risk for alcohol dependence
[11; 12] [13]. Results from a genomewide linkage scan by the Collaborative Study on the
Genetics of Alcoholism (COGA) showed suggestive linkage to alcohol dependence in the
region of the GABA receptor gene cluster on chromosome 4p13-12. This region contains the
GABRG1, GABRA2, GABRA4, and GABRB1 genes, encoding γ-1, α-2, α-4, and β1
subunits of the GABAA receptor, respectively. Association studies considering some of
these loci indicated that a genetic predisposition to alcohol dependence is related to
polymorphic variation at or near GABRA2 [14; 15; 16; 17]. Edenberg et al. 2004 [14]
reported significant association between SNPs in the GABRA2 flanking genes and alcohol
dependence (AD). They found that the region of strongest association with AD extended
from intron 3 to 58 kb beyond the 3′ end of the gene, spanning 164 kb. This study included
31 SNPs within or closely flanking GABRA2 that were significantly associated with alcohol
dependence. They also found that all consecutive three-SNP haplotypes within GABRA2 --
1 of the 5 haplotypes at the 5′ end of the gene, and all 43 of the haplotypes starting within
exon 3 and extending to the 3′ end of the gene -- were significantly associated with AD. The
association was confirmed by Covault et al. [15], who compared allele frequencies of 10
GABRA2 SNPs spanning the coding region in European American (EA) controls and
subjects with AD. The strongest evidence of association was shown across a region
encompassed by seven of the 10 SNPs, from rs279837 in intron 3 through rs567926 in the
3′ downstream region. This location provided the best evidence for association in all studies
published to date. Subsequent studies have shown association of these GABRA2 SNPs and
alcohol dependence in populations of European and American ancestry; including Russians,
Germans, Finns, and American Indians [16; 17; 18; 19]. These replicated findings
established the importance of GABRA2 variation – or variation at loci mapping close
enough to GABRA2 to be in linkage disequilibrium (LD) with associated markers -- in
discovering genetic risks for AD.

GABRA2 spans approximately 140 kb. There are 10 transcribed exons present in human
GABRA2 mRNA (NM_000807), with four major isoforms, consisting of combinations of
two alternative 5′ and 3′ exons caused by alternative splicing and (potentially) alternative
promoter use [20]. LD data from previous studies have employed sets of markers that
extended only through the 3′ end of the GABRA2 gene; these data showed strong pairwise
LD between the last two markers at the 3′ end of the haplotype block of each study,
consistent with the possibility of an extended LD block in the 3′ direction [15; 16; 17; 18].
Across the intergenic region in the 3′ direction, the gene encoding the γ-1 subunit
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(GABRG1) of the GABAA receptor is located. This gene spans approximately 83kb and
consists of 9 exons [21]. A consistent pattern of LD was previously constructed in EAs; this
study [19] also showed an extended (193-kb) LD region, with D′ 0.6–1.0. This region of LD
spans from rs279867 in GABRA2 intron 6 across the intergenic region to rs1391168, which
located in intron 1 of GABRG1 [19].

We analyzed 13 SNPs, located either within these genes or in the intergenic region. We
aimed to provide sufficient SNP density such that our SNP set would be informative for
most other non-genotyped SNPs that map to the region (Figure 1). To evaluate whether the
effect of differing genetic background among populations with different ethnicities is
reflected in distinct patterns of LD blocks, six populations were included: European
American, African American, and Han Chinese American samples from the US, and
Hmong, Thai, and Chinese Thai from Thailand.

In this study, we consider the LD relationships within and between GABRA2 and GABRG1,
to improve our understanding of the previously reported associations between GABRA2 and
AD. The extent of LD in the populations of African, European, and Chinese descents,
represent by African American, European American, and Chinese American (USC)
presented in this study are comparable to those observed in the YRI, CEU, and CHB
populations in the International HapMap projects. These data are complementary; some of
our samples of unrelated subjects are larger than those included in HapMap and although the
samples are of comparable ethnicity they are not identical. Understanding LD patterns and
the GABRA2/GABRG1 haplotype structure by extending it to multiple populations also will
facilitate inferring the evolutionary history of any variant that increases AD risk.

RESULTS
Allele frequency differences between populations

Allele frequencies in each population are presented in Table 1. The genotype distributions of
all SNPs were consistent with Hardy-Weinberg equilibrium expectations, in all populations.

Analysis of LD and Tagging SNPs
LD and haplotype block structure results are summarized in Figure 2. Blocks were defined
by LD analysis function and the confidence-interval method [22; 23; 24] selected within the
parameter list. In the HM population, high LD (D′ > 0.85) extended from rs1497571 in
intron 7 of GABRG1 to rs279837 in intron 3 of GABRA2, a 280 kb segment, whereas in
other populations, there were two or more LD blocks across this region. The LD block
boundary observed in other populations corresponds to lower D′ between rs10033451 and
rs567926, which are located 89 kb apart in an intergenic region. Based on the SNP tagging
function in HAPLOVIEW, we determined that the largest number of htSNPs required was
seven, in the AA population, whereas the smallest number required was three, in the HM
population (Figure 2).

Haplotype frequencies
Haplotype frequencies (for those >0.05) are summarized in Table 2. The number of common
haplotypes in populations varied between 4 (HM) and 8 (AA). Haplotype diversity also
varied among populations. Four common haplotypes in the HM population accounted for
88% of the total information of all haplotypes. For the other populations, the set of
population-specific common haplotypes represented 62–77% of the total information.

In most of the populations studied, there are two major haplotype blocks. Block I includes
SNPs A-F, and spans a region of 93 kb, and block II includes SNPs G-L and extends 98 kb.
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The LD break (between these blocks) observed in most populations corresponds to lower D′
between SNP F and G, which are located 89 kb apart in an intergenic region. The
populations that showed different LD structure were the HM, where there was a single block
spanning both of these blocks (i.e., SNPs A through L); and the AA population, where we
observed four main blocks. In the AAs, block I was divided into Ia (comprised of SNPs A
and B) and Ib (SNPs D-F), and block II was divided into blocks IIa (SNPs H and J) and IIb
(SNPs K and L), as shown in Figure 2. The EAs and THT also showed a small difference in
block definition in which smaller blocks were defined rather than the two main haplotype
blocks. Three main haplotype blocks were observed in these populations. The definition of
blocks in EAs is as seen in AAs where LD breaks between SNP B and C and creates sub-
block Ia and Ib; whereas block I in THT were divided into block Ia and Ib by LD breaks
between SNP C and D (Figure 2a and 2e).

Since it was previously reported that in EAs the LD block spanning from SNPs G-L contains
haplotypes that are associated with alcohol dependence [15], the two major haplotype blocks
(Block Ib and Block II) examined in this population across GABRA2 and GABRG1 in this
study were used as a standard to compare haplotype frequencies among populations. Three
haplotype blocks were reconstructed in the EA population. We analyzed frequencies of the
4-SNP haplotypes (block Ib) and the 6-SNP haplotype (block II) compared to other
populations. Block I, with SNPs C-F, covers part of the 5′ region, a 46-kb segment of the
GABRG1 gene; and Block II, comprised of SNPs G-L, which spans the 5′ flanking region
through exon 3 of the GABRA2 gene. Block II corresponds to that identified in a previous
study [15] starting at rs567926 (SNP G) and extending to rs279837 (SNP L), covering a 97
kb region.

Two major block I haplotypes, T-A-C-T and A-G-T-C, were observed in all populations
except AA (Table 3). These two common haplotypes accounted for 78% (THC), 97% (HM),
79% (THT), 93% (USC) and 86% (EA) of those observed. In AA, however, the most
common haplotypes were T-A-C-T and A-G-T-T (Table 3). For block II (six-locus LD
analysis for SNPs G-L), haplotypes A-G-T-G-T-A and G-A-C-T-C-G represented the
common haplotype in other populations with 83–96% of chromosomes, there was only 45%
(26% and 19% for A-G-T-G-T-A and G-A-C-T-C-G respectively) in African Americans.
The haplotype A-A-C-T-T-A was uniquely found in African American with 48% of total
chromosomes.

Discussion
With methodological developments in high-throughput genotyping, and the development of
large-scale genotyping projects such as the international HapMap project, huge quantities of
data are being generated making it possible to measure correlations between SNP genotypes
and creating better marker maps for association studies. Improved understanding of
underlying LD-based mapping approaches has been helpful in elucidating the relationship
between common genetic variation and heritable risk for common diseases [25; 26; 27].
Polygenic and oligogenic effects are considered to play important roles in influencing
complex traits and behaviors. Further, it is likely that the genetic architecture of common,
complex traits will differ, at least to some extent, among major population groups. To
understand the genetic basis of these traits, we need to understand linkage disequilibrium
profiles and haplotype diversity in genomic regions of interest in multiple populations.

In the present study, we focused on two adjacent GABAA receptor subunit genes, one of
which has been associated to risk for alcohol dependence in several previous studies. To
define extensively linkage disequilibrium in the chromosomal region, more SNPs covering
the GABRG1 gene located telomeric to GABRA2 on chromosome 4p were studied. This
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made it possible to investigate whether these two genes are located within the same LD
block, and, more broadly, to ascertain the possibility that the effect observed at GABRA2
could actually be mediated through a variant mapped to GABRG1. We conclude that this is
in fact the case, and associations observed with GABRA2 might be attributable to functional
genetic variation at the GABRG1 locus, or that or there may be disease-related variants at
both loci; this may facilitate our understanding of reported associations between GABRA2
polymorphisms and AD, and permit a more informed search for the functional variant or
variants underlying this association –a search that must now extend into the intergenic
region and the GABRG1 locus. It is not known how well genetic information from the four
HapMap populations (CEU, YRI, JPN, and CHB) represents that of other populations
around the world; it is thus useful to answer this question directly, especially for loci of great
interest.

Allele frequencies for the 13 SNPs of GABRA2 and GABRG1 that were genotyped in this
study in six different populations from three continents provide a measure of allele
distribution and different LD patterns among populations. These results should allow
investigators studying populations similar to those characterized herein, or admixed
population derivatives, to explore association between these genes and substance
dependence and other phenotypes.

This present study provides the first comprehensive analysis of patterns of LD spanning
these two important genes. In general, LD block size might vary between different
populations in which the degree of admixture and differences in ancestries are found. Thus,
from generation to generation, differences in LD between markers from the initial
populations due to LD decay can be observed by changes in LD block and haplotype
structure and long stretches of LD that can reflect haplotype diversity [28; 29]. That is
clearly the case for these loci in the populations studied. We have systematically analyzed
SNPs covering the range of GABRA2 and GABRG1 in the GABA receptor cluster on
human chromosome 4p, estimating haplotypes in a total of 453 unrelated healthy
individuals. The more complex LD structure found in the African American population is
consistent with what is known about the population’s history, i.e., that it is older than Asian
or European populations, which show less complex LD patterns. This is consistent with the
observation of Gabriel et al [22] that haplotype blocks found in African populations showed
a set of shorter genomic LD blocks than samples from Europe and Asia. While haplotype
blocks defined in African Americans indicated the presence of 4 main LD regions spanning
all 13 of the SNPs examined, we found that Chinese populations both in Thailand and in the
US, and the Thai population were characterized by a two-block structure in this genomic
region. In contrast, the Hmong population, which is an isolated minority Hill Tribe dwelling
in the northern part of Thailand, was found to have a unique long-ranged haplotype block
structure with a single block encompassing the two blocks observed in the others. This
interesting finding in the Hmong population may be attributed to the occurrence of recent
selection that can be reflected in long-range haplotypes [30]. Alternatively, the Hmong
population may be relatively new or have undergone a recent bottleneck[31]. A small
number of htSNPs are generally sufficient to capture most of haplotype structure in high LD
regions [29; 32]; consistent with this expectation, only three htSNPs were required to
capture the haplotype block diversity in the Hmong population, whereas four htSNPs were
necessary for Chinese Thais (THC), five for European American and Chinese American
(USC), and six for Thais (THT). In the AA population, there were four haplotype blocks in
the same region; seven SNPs were sufficient to capture most of the genetic information of
the total 13 SNPs. As can be seen in Figure 2, rs9291283 (SNP M) showed very low LD
with the other SNPs examined, falling outside the limits of the haplotype block. Thus, it was
tagged as a htSNPs for all groups.
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LD analysis based on HapMap data with a denser SNP map (Figure 3) shows that LD
definitions in our sample are consistent with those based on well-characterized HapMap
populations. The LD regions observed in this study; European American, African American,
Chinese American (USC), are similar to those observed in CEU, YRI, and CHB from the
HapMap project, respectively (Figure 3); whereas the LD pattern in our Thai populations,
compared to HapMap CHB population, is slightly different in Thais (THT) and Chinese
Thais (THC) and very different in the Hmong population. This suggests a degree of genetic
differentiation among these populations. The Thai population may have unique genetic
characteristics, especially the minority Hmong population (recruited in Thailand but present
in other Asian countries, including China and Laos, as well).

Because each population has its own evolutionary history in which distinct allele
frequencies, LD patterns, and haplotype structures can develop, a number of studies show
that htSNPs must be defined within specific populations to identify optimal sets of marker
for association studies [33; 34; 35]. Previously, GABRA2 haplotype structure was reported
only in EA, AA, and Russian populations [15; 16; 19]; the present study documents LD
patterns and haplotypes in three different Asian populations. As shown in European
Americans by Covault et al.[15], seven markers spanning the GABRA2 gene defined an LD
block associated with AD. Our study, which used six of those seven markers (we omitted
rs279844), also shows a haplotype block defined by SNPs G (rs567926) to L (rs279837) that
confirms the same region of strong LD in European Americans.

Haplotype frequencies in both LD blocks found in African Americans were uniquely
different from those observed in other populations. In the Hmong population, we observed a
small number of 13-SNP haplotype patterns indicative of low diversity, commonly found in
an isolated population.

In the analysis of the 4-SNP (C-F) and 6-SNP (G-L) haplotypes, the two haplotype blocks
observed in EAs differed from those in AAs. Specifically, the 6-SNP haplotype defined by
SNPs G-L identified two complementary common haplotypes, A-G-T-G-T-A and G-A-C-T-
C-G, as reported by Covault et al. [15], which together accounted for 92.8% of
chromosomes (in the control sample), represented 96% of chromosomes in the European
American, 90% in the Hmong, 84% in the Thai (THT) and Chinese American (USC), 83%
in the Chinese Thai (THC), and interestingly, only 45% in the African American
populations. The African American population showed a specific haplotype, A-A-C-T-T-A,
which was not observed in the other populations. In the case of both the 4-SNP and 6-SNP
haplotypes, only one recombination event is required to explain the presence of the third
unique but common haplotype in the AA sample. The lack of these two common haplotypes
in non-African populations may be explained by one of two most likely scenarios: (1) The
recombination events took place in Africa after humans migrated out of Africa and
subsequently rose to high frequency either from genetic drift or positive selection. (2) The
recombination events predate migrations out of Africa, but due to a bottleneck effect, were
not represented in founding populations in either Europe or Asia, or were present at such
low frequencies that they were lost through genetic drift.

Only small differences were observed between haplotype frequencies in European American
and the Asian populations. Further, no significant differences were found in haplotype
frequencies between any two Asian groups except in comparisons involving the Hmong.

In conclusion, this study presents patterns of specific htSNPs and LD block structure in six
different populations: European American, African American, Chinese American and three
from Asia (i.e., Thai, Chinese Thai and Hmong). LD extended from most of the GABRA2
gene through the GABRG1 locus in the same GABAA cluster region on chromosome 4p,
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suggesting the possibility of association (and interaction) of both of these two genes with
alcohol dependence. Differences in genetic architecture observed in these populations may
help to define the physical and genetics regions of GABRG1 and GABRA2 that contains an
as yet unidentified alcohol dependence-related functional change.

Materials and methods
Populations

A total of 450 unrelated subjects were included in this study, from Thailand and The United
States. The study sample of Thai populations was recruited as adult blood donors aged 18
years and older from the Thai Red Cross. Only individuals who reported that all four
grandparents were of either Thai (THT) or Chinese Thai(THC) ethnicity were included,
resulting in panels of 56 THTs and 38 THCs. Forty-eight subjects of Hmong (HM) descent
were recruited from a hill tribe population near Chiang Mai, Thailand. Related subjects were
identified and excluded based on a ML-Relate analysis [36], as described elsewhere[31].
Samples from the US were from three different sources. Chinese (USC) DNA samples were
obtained from a Han Chinese sample panel (Catalog # HD100CHI) available from Coriell
Cell Repositories, Camden, NJ. This sample is comprised of 50 males and 50 females, all of
whom reported that all four of their grandparents were born in Taiwan, China or Hong
Kong. The 160 European American (EA) and 48 African American (AA) subjects were
recruited at the University of Connecticut Health Center or at the VA Connecticut
Healthcare System, West Haven Campus. All subjects enrolled in the study provided
informed consent as approved by the institutional review board at the appropriate institution.

Selection of SNP markers
We selected 13 SNPs with minor allele frequency > 0.15, based on their use in previous
studies, and/or map position. These SNPs span the 312.6 kb bp region including GABRA2
and GABRG1, and were genotyped in the six populations described above. Six SNPs that
map to GABRA2 (rs567926, rs534459, rs529826, rs279869, rs279858, and rs279837) are a
subset of the 10 SNPs reported previously by Covault et al.[15] and are designated here as
SNPs G to L, respectively. The other seven SNPs include three intergenic SNPs and four
that map to GABRG1, selected from the NCBI database based on LD and intermarker
distance. No SNPs resulting in amino acid change are known to map in this region; only one
known nonsynonymous SNP (rs279858) in the GABRA2 coding region was genotyped
(Table 1). All of these SNPs were polymorphic in all populations.

Genotyping
The TaqMan method, a fluorogenic assay based on 5′-nuclease activity [37], was employed
for genotyping. All 13 SNPs were identified in all subjects by using specific assays
synthesized and designed by Applied Biosystems (Foster City, CA). All of these TaqMan
probe primers are available as ABI “Assays-on-Demand.” Each PCR reaction was
performed with a reaction volume of 2μl including 1X concentration of Taqman 2X
Universal PCR Master Mix (Applied Biosystems), 1X concentration of 20X assay mix,
distilled water, 1X concentration of 100X BSA, and 2 ng DNA. PCR amplification was
accomplished using an ABI 9700 thermocycler at 95°C for 10 min, followed by 15 s at
92°C, then 60 s at 60°C for 40 cycles, before detection in the ABI PRISM 7900HT
Sequence Detection System (SDS) and analysis using software available from the Applied
Biosystems.
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Statistical analysis
Allele frequencies for each SNP marker were calculated by using POWERMARKER[38].
The Hardy-Weinberg equilibrium (HWE) exact test was applied. The extent of LD was
estimated using the confidence-interval method in HAPLOVIEW software version 3.32
(available at http://www.broad.mit.edu/mpg/haploview)[39], based upon pairwise |D′|
calculation between markers. LD measures and haplotype block structure were obtained
using the program Haploview. Minimum percentage of genotype was set to exclude markers
in which less than 75% of individuals were genotyped. Most markers exceeded this ratio,
except rs1391166, rs10938426 and rs 7654165 in the THC population, and markers
rs1391166 and rs529826 in the AA population. Genotype data for SNPs in the same region
ranging from chromosome 4 nucleotides 45,874,178 – 46,226,602, which span these two
genes and cover all of the 13 SNPs, was downloaded from the HapMap project website
(http://www.hapmap.org) and were analyzed by HAPLOVIEW to compare LD block
structures between our populations and the three HapMap populations of comparable
ethnicities (EA comparable to CEU; AA comparable to YRI; and Asian populations: USC,
Thais (THT, THC) and HM, comparable to CHB from HapMap). Comparisons were made
in two scales. The 11 SNPs presented in our study that were also genotyped in the HapMap
population were selected for HAPLOVIEW analysis, but there were no available genotypes
for SNPs B and I (rs2350438 and rs529826, respectively) in the HapMap dataset. LD
patterns, including all informative SNPs (with minor allele frequency >0.15), were selected
from HapMap for analysis. We also analyzed subsets of our dataset defined as haplotype
tagging SNPs (htSNPs) selected from LD blocks using the Tagger function within
Haploview. Analysis was performed using both “pairwise” and “aggressive tagger”
Haploview functions. This function is an extension algorithm developed by Carlson et al
[23] and based on de Bakker’s tagger [24]. To examine haplotype frequencies of the
htSNPs, PHASE 2.0.2 software [40], based on Bayesian statistical methods, was employed
to reconstruct and estimate haplotype frequencies.
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Figure 1.
location of SNP markers genotyped across GABRG1 and GABRA2 in GABA cluster on
chromosome 4p13-1. The order of the genes is shown from telomere to centromere
(distances not to scale)
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Figure 2.
Comparisons of LD structure and htSNPs over the GABRG1/GABRA2 region on
chromosome 4p13–12 across 5 different ancestral populations. Blue marks represent htSNPs
shown in each population. Some markers with>25% missing genotypes are excluded as they
are not informative for haplotype block definition
(a) EA = European American
(b) AA = African American
(c) USC = Chinese American
(d) THC = Chinese Thai
(e) THT = Thai
(f) HM = Hmong
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Figure 3.
LD patterns computed based on genotype data from the HapMap CEU, YRI, and CHB
populations, for 11 SNPs used in our study. Note that the two SNPs unavailable in HapMap,
rs2350438 and rs529826, are not included.
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