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Abstract
Introduction—The human multi-drug resistance gene (MDR1, ABCB1) codes for P-glycoprotein
(P-gp), an important membrane-bound efflux transporter known to confer anti-cancer drug resistance
as well as affect the pharmacokinetics of many drugs and xenobiotics. A number of single nucleotide
polymorphisms (SNPs) have been identified throughout the ABCB1 gene which may have an effect
on P-gp expression levels and function. Haplotype as well as genotype analysis of SNPs is becoming
increasingly important in identifying genetic variants underlying susceptibility to human disease.
Three SNPs, 1236C>T, 2677G>T, and 3435C>T have been repeatedly shown to predict changes in
the function of P-gp. The frequencies with which these polymorphisms exist in a population have
also been shown to be ethnically related.

Methods—In this study, 95 individuals representative of the entire ethnic make-up of the United
States were compared to 101 individuals from an Ashkenazi Jewish population. These individuals
were analyzed by genomic sequencing and PCR-RFLP to calculate their genotype frequencies.

Results—Twenty-five SNPs were located in the exons of the ABCB1 gene. All of the
polymorphisms identified were in parts of the ABCB1 gene product predicted to be intracellular, and
16 appear to be novel as compared to those listed by NCBI. Frequencies of the 1236C>T and
2677G>T/A/C SNPs were similar for the American and Ashkenazi populations (64.2% and 60.4%
respectively for 1236C>T – χ2 is 0.30 p≤1; 55.8% and 64.4% for 2677G>T/A/C χ2 is 1.49 p≤1), but
were different for 3435C>T (24.2% for the American population and 69.3% for the Ashkenazi
population χ2 is 39.927 p<0.001). The 1236T/2677T/3435T haplotype occurred in 23.6% (SE 0.013)
of the Ashkenazi population.

Conclusion—The SNP at location 3435C>T plays a significant role in the ABCB1 gene. The
haplotype and genotype analysis from these data may be used as a basis for studies on the relationship
between ABCB1 genotypes and drug efficacy, drug toxicity, disease susceptibility or other
phenotypes.
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Introduction
The efficiency of chemotherapy in the treatment of cancer is limited by the development of
resistant cell variants. A common mechanism of multidrug resistance (MDR) in cancer cells
is the expression of higher than normal levels of a transmembrane protein which serves as an
energy dependent efflux pump, thus causing a reduction in the amount of drug that accumulates
within the cancer cell [1,2]. This appears to be a primary reason for failure of chemotherapeutic
treatment despite the application of a combination of pharmacological agents.

The human MDR1 gene (ABCB1) encodes a 170-kDa plasma membrane glycoprotein [P-
glycoprotein (P-gp)], which is a member of the ATP-dependent ABC transporters superfamily.
P-gp has an effect on the pharmacokinetics of a variety of anticancer drugs and other drugs
including digoxin [3], HIV protease inhibitors [4], statins [5], antihistamines [6] and numerous
other drugs and xenobiotics.

ABCB1 is composed of 28 exons ranging in size from 49 to 209 base pairs (bps) encoding an
mRNA of 4.5 kb. When the human genome was first sequenced, researchers estimated that on
average, one single nucleotide polymorphism (SNP) occurs per 1,250 bps in the human genome
[7]. Since then however, this estimate has been revised to about one in 300 nucleotides,
resulting in approximately 11 million SNPs [8]. Notably, this latter estimate depends in turn
on the definition of an SNP: a polymorphism present in at least 1% of the human population.
Lowering this 1% threshold would result in a further increase in the total number of SNPs in
the human genome. This number of SNPs along the ABCB1 cDNA (4.5 kb) is consistent with
the average in the genome. Initially, only 15 different SNPs were found in the exons of
ABCB1 in a Caucasian population [9]. Other researchers detected a total of 50 SNPs and
insertion/deletion polymorphisms in the cDNA [10–13]. Many of these SNPs are silent
(synonymous), and do not produce a change in amino acid sequence.

Among various population groups, the most common polymorphisms found in ABCB1 are
1236C>T, 2677G>T/A/C, and 3435C>T. Studies of polymorphisms occurring in two ethnic
groups of the U.S. (European Americans and African Americans), polymorphic analysis and
direct sequencing of exonic ABCB1 in these groups, identified 10 SNPs, of which 6 were non-
synonymous variants. Of the synonymous SNPs, two (1236C>T and 3435C>T) were linked
to a non-synonymous SNP (2677G>T, Ala893Ser) and occurred in 62% of the European
Americans tested, but appeared in only 13% of the African Americans [14] (NCBI SNP
website). Researchers searching for a correlation between the silent polymorphism 3435C>T,
the non-synonymous polymorphism 2677G>A, and the expression of P-gp in human liver cells,
reported a great variation in P-gp expression, but concluded it was not due to polymorphic
alleles [15].

The Ashkenazi Jewish population, the largest Jewish ethnic group globally, representing the
majority of North-American Jewry, consists of the descendants of central and eastern European
Jews. It is considered relatively homogenous, due to a bottleneck which occurred fewer than
100 generations ago that was followed by very rapid expansion during the 17th to 19th centuries
and is therefore a suitable ethnic group for certain types of genetic research [16,17]. Various
studies on this population have been performed, and a predisposition to different diseases has
been demonstrated, including Tay-Sachs [18], familial Mediterranean fever [19], hereditary
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breast and ovarian cancers [20], Gaucher’s and Parkinson’s diseases [21], and Crohn’s disease
[22]. However, only a single study has been conducted regarding ABCB1 in the Ashkenazi
Jewish population and it only addressed the SNP 3435C>T variant [23].

Haplotype analysis, in addition to the customary analysis of SNPs, may play an important role
in the identification of genetic variations between ethnic groups. In addition, the functional
effects of P-gp activity may also be related to haplotypes in the ABCB1 gene. Kroetz and
colleagues performed an in-depth haplotype analysis of several ethnic groups [24] and analyzed
some of these haplotypes in vitro for P-gp activity. It has been shown that several haplotypes
in the ABCB1 gene have clinical relevance. For example, the 2677G/3435T haplotype is
associated with significantly higher bioavailability after oral digoxin administration, while
2677G/3435C was correlated with lower digoxin bioavailability [25]. In another study,
haplotype 1236T/2677G/3435T carriers demonstrated higher P-gp activity when compared to
non-carriers [14]. The 1236T/2677T/3435T haplotype was also shown to be associated with a
slightly greater risk of developing refractory Crohn’s disease (P=0.044) [26]. The same study
showed that when each SNP occurred separately, there was no significant correlation with the
development of the disease. Therefore, haplotype analysis may provide an advantage in the
diagnosis of these complex diseases. Researchers also believe that better understanding of
haplotypes, rather than single SNP analysis, will lead to better identification of genetic variants
underlying complex traits [27].

Our current study analyzes existing ABCB1 polymorphisms in two populations, the ethnically
homogenous Ashkenazi Jews and the ethnically diverse US population. Within the American
population (with a full representation of different ethnicities in the United States) we performed
an in depth analysis of exonic polymorphic changes and their locations along the gene. Within
the population of Ashkenazi Jews, we examined the three most frequently occurring SNPs and
their haplotypes (1236C>T, 2677G>T/A/C and 3435C>T). We report here our findings and
discuss their plausible significance for pharmacogenomic applications.

Materials and Methods
Study groups

Ninety individual DNA samples were purchased from the Coriell Repository, with 5 additional
samples kindly provided by Tito Fojo (NCI, NIH) after obtaining written informed consent for
genetic analysis from all individuals. The Coriell sample is a proportional sample of all major
ethnic groups within the entire U.S. population; however, the ethnicity of each individual
sample was not identified to the researchers. One hundred and one DNA samples from
unrelated adult individuals representing the Ashkenazi Jewish population in Israel were
obtained from the National Laboratory for the Genetics of Israeli Populations at Tel-Aviv
University, Israel (http://nlgip.tau.ac.il) after receiving informed consent for genetic analysis
from those individuals.

Genotype and haplotype analysis
For the samples supplied by the Coriell Repository and those given by Dr. Fojo, primer design,
PCR and sequencing were performed on each sample by the NCI Sequencing Facility. Initially,
sequencing was performed from 5′ to 3′ with fragments of 600 base pairs and a 50 to 100 base
pair overlap between each of the fragments. The sequencing took place over the entire exonic
region of the gene, excluding the 5′ and 3′ untranslated regions. Numerous samples were also
sequenced from 3′ to 5′. Additional sequence tests were deemed necessary for a number of the
samples and the sequencing was repeated several times (up to six repetitions). The sequences
obtained were compared with the wild-type sequence of the ABCB1 gene (NM_000927.3) to

Kimchi-Sarfaty et al. Page 3

Pharmacogenomics. Author manuscript; available in PMC 2008 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



search for possible polymorphisms throughout the population studied. The inclusion criterion
for the sequencing results was a base quality greater than 10, based on the NCI sequencing
facility criteria. Sequencing results that were below this criterion were excluded. Polymorphic
sequences were grouped according to the reproducibility of the sequencing results.
Polymorphisms appearing with reproducibility lower than 50% were excluded from the study.
By this method, individuals were not identified as heterozygous or homozygous for the
polymorphic allele, but rather as polymorphic or wild-type. Final analysis was performed on
the data obtained from the remaining samples.

The three regions of the ABCB1 gene including SNPs 1236C>T, 2677G>T/A/C, and 3435C>T
in the Ashkenazi Jewish Population were amplified using the High Fidelity 2 PCR kit
(Clontech, Mountain View CA). We found that the Hot Start procedure was the optimal
procedure for the PCR products. The primers, PCR annealing conditions and restriction
enzymes are summarized in Table 1.

The amplified DNA resulting from the PCR was then verified by gel electrophoresis analysis.
Once the product size was confirmed, the remaining product was purified using the QIAquick®
PCR Purification Kit (Qiagen Inc., Chatsworth, CA). Following purification, the purified PCR
product was digested with a restriction enzyme that could distinguish between genotypes and
was chosen using the website http://tools.neb.com/NEBcutter2/index.php (PCR-restriction
fragment length polymorphism – PCR-RFLP).

To verify results obtained from gel electrophoresis analysis of restriction enzymes, samples of
each genotype (homozygous wild-type, heterozygous, and homozygous polymorphism; total
of 15 samples) were sequenced to confirm their genotypes, which permit us to use the common
nomenclature 1236C>T, 2677G>T/A/C, and 3435C>T for these sites.

The haplotypes of the Ashkenazi population in this study were statistically inferred by the use
of PHASE software (version 2.1), which utilizes an algorithm based on Bayeian interference
[28,29]. Haplotypes were deduced after running PHASE a total of 10 times, in which each time
the program returned the same combinations of the most likely haplotypes. The standard error
in calculation of haplotypes was consistently less than 1.5%.

Statistical analysis in this study was performed with the Chi-square test for comparison of
genotype frequencies between populations. Statistical significance between the observed and
expected Hardy-Weinberg genotype frequencies was determined. A P value of less than 0.05
was considered to be statistically significant.

Results
Common characteristics of exonic polymorphisms along the ABCB1 gene

Sequencing results revealed a total of 25 SNPs in the exonic regions of the ABCB1 gene, but
these SNPs are not evenly distributed along the gene. Most of them are located in the region
between bp 150,000 and 200,000 (Figure 1). Ten of the 25 exonic polymorphisms detected are
synonymous polymorphisms and 15 are non-synonymous. Of these 25 polymorphisms, 16 are
newly identified SNPs as compared to those listed by NCBI (Table 2), however some appear
only in one individual. Fifty-six of the ninety-five American samples had the non-synonymous
2677G>T/A/C polymorphism, resulting in amino acids Serine, Threonine and Proline,
respectively. Five individuals had a non-synonymous SNP at site 2959, resulting in an Alanine
to Proline alteration (the latter usually encodes a helix termination) (Table 2). Structure analysis
reveals that this change appears adjacent to the ATP binding site of the P-gp protein (Figure
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1). Analysis of the locations of the SNPs demonstrates that all non-synonymous SNPs are
intracellular, none of which appear at ATP binding sites.

Combination of SNPs in the American population
The most common combination of SNPs, appearing in 47.4% (n=45) of the individuals in the
American population, was 1236C>T, 2677G>T/A/C. Furthermore, in 14.7% (n=14) of the
population the SNPs 1236C>T, 2677G>T/A/C, and 3435C>T were found together. The SNP
1236C>T, appearing is a sole SNP or accompanied by other SNPs, appeared in nearly two
thirds of all individuals (Table 3).

Frequency of the common genotypes and haplotypes in the Ashkenazi Jewish population
PCR-RFLP results were confirmed by sequencing analysis (Figure 2). All of the 101
individuals in the Ashkenazi population were analyzed for the three common exonic SNP
locations (1236C>T, 2677G>T/A/C, and 3435C>T). Sequencing was used to confirm the
restriction enzyme method to determine individual genotypes. Of the samples studied, 39.6%
(n=40) were homozygous for the 1236C allele, 23.8% (n=24) for the 1236T allele, and 36.6%
(n=37) carried the 1236CT heterozygote. For the ABCB1 2677 genotype, 35.6% (n=36) were
homozygous for the 2677G allele, 16.8% (n=17) for the 2677T polymorphic allele, and 47.5%
(n=48) contained 2677GT heterozygotes. For location 3435, 30.7% (n=31) were homozygous
for the 3435C allele, 30.7% (n=31) for the 3435T allele, and 38.6% (n=39) were 3435CT
heterozygotes.

The most common haplotypes of the three polymorphisms, calculated by PHASE software,
are summarized in Table 5. The occurrence of haplotype 1236T/2677T/3435T was 23.6% (SE
0.013). A comparison of the SNP frequencies in the American Population and the Ashkenazi
population revealed that the Ashkenazi population had a significantly higher percentage of the
3435C>T polymorphism (69.3%, n=70); only 24.2% (n=23) of the American population
carried this SNP (χ2 =39.927 p<0.001). However, similar frequencies were found for 1236C>T
(64.2% in the American and 60.4% in the Ashkenazi group) and for 2677G>T (55.8% in the
American and 64.4% in the Ashkenazi group). A detailed comparison of allele and genotype
frequencies among Ashkenazi Jews (this study) and other groups such as African Americans
and Chinese is provided in Table 4. For the 1236C>T SNP, two sets of data are listed for
Caucasians, as there were considerable differences.

Discussion
Twenty-five exonic SNPs were revealed in the American population, 16 of which are newly-
identified as compared to the NCBI database. In the Ashkenazi Jewish population, the SNP in
position 3435T was significantly more common than in the American population (χ2 is 39.927
p<0.001). The estimated frequency of the most common haplotype, 1236T/2677T/3435T, is
23.6%.

Analysis of the locations of the SNPs demonstrates that all non-synonymous SNPs occur in
coding regions predicted to be intracellular, and moreover, none of them appear at the ATP
binding sites. Nonetheless, several non-synonymous SNP sites could potentially affect either
the nearby ATP sites, or the function of the ABCB1 protein as a whole. The intracellular loops
of the ABCB1 sequence are less conserved (20%) than the extracellular loops (40%) among
various species, which is consistent with the higher probability of SNPs in the intracellular
loops (http://genome.ucsc.edu for ABCB1).
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To date, the most commonly reported polymorphism linked to different responses of patients
to various ABCB1 substrates is located at exon 26, 3435C>T, and does not result in an amino
acid change [30]. The 1236C>T and 2677G>T/A/C polymorphisms have also been linked to
several diseases such as pharmacoresistant epilepsy and Parkinsons disease [31–45]. Studies
on these polymorphisms have yielded contradictory results, possibly due to small sample sizes
and the isolated nature of the study populations. Also, some studies did not include a control
group for comparison with cancer patients. Several researchers performed an in-depth analysis
of the polymorphisms along the ABCB1 gene, while others researched specific SNPs without
investigating the existence of other polymorphic locations. The contradictory results may
indicate that SNPs of the ABCB1 gene should be analyzed according to complete haplotypes
instead of individually. Several different studies have found the 3435C>T polymorphism to
be associated with a change in the expression of P-gp [30,46], although in transfection studies
of cells, no differences in either mRNA or protein levels are observed [47].

Ostrovsky and colleagues found a significantly different frequency of the T allele at site 3435
of the ABCB1 gene among Near Eastern Jews (from Iraq, Iran, and Buchara) when compared
with other Jewish populations (Ashkenazi, Yemenite and North-African) [23]. Our results for
the homozygous polymorphism at this site (38.6%) are more comparable to those found in
Near Eastern Jews (31%) than the Ashkenazi Jews (12%) in that study. A comparison between
the allele and genotype frequencies of the Ashkenazi population and other ethnic groups from
previous studies is summarized in Table 4. In each of the three SNP locations, the Ashkenazi
population is comparable in its allele and genotype frequencies to that of Caucasian
populations. According to studies submitted to the National Center of Bioinformatics, the
incidence of the 3435T allele in the studied American population is similar to African American
populations (24.2% and 16% respectively). Studies on the 3435C>T SNP show a correlation
between allele frequency and risk of cancer development, as well as various responses to drug
treatments. While no association has been observed between the TT genotype and the lung
cancer phenotype [9,48], homozygous and heterozygous carriers of the T allele have been
linked to a greater risk of developing nonclear cell renal cell carcinoma than individuals
carrying the C allele [49]. Carriers of the TT genotype are more at risk of developing Acute
Lymphoblastic Leukemia (ALL) than other individuals, whereas the CC genotype carriers
exhibit a different prognosis [50].

The American and Ashkenazi populations both expressed similar percentages of the 1236C>T
and 2677G>T/A/C SNPs in the ABCB1 gene. However, the percentage of individuals
expressing the 3435C>T polymorphism in the Ashkenazi population was significantly higher
when compared to the American population (χ2 is 39.927 p<0.001). The high prevalence of
this SNP in the Ashkenazi population may reflect a founder effect that preceded the large
expansion of the Ashkenazi Jews between the 16th to the 19th centuries. Later on, the
polymorphism was fixed in this population due to its rapid expansion and not necessarily
because of a selective advantage of carrying this SNP. Of note, the high prevalence of
BRCA1 185delAG and APC 11307K in Ashkenazi Jews was similarly explained by a founder
effect occurring between 947 and 195 BC rather than by selective advantage [51].

An increased risk for the development of colorectal cancer has also been found in carriers of
the 3435T allele under the age of fifty. Carriers of the ABCB1 3435TT genotype had a 2.7-fold
greater risk of the development of colorectal cancer [32]. This SNP may therefore be linked to
a high prevalence of colon cancer in the Ashkenazi population. Similarly, refractory Crohn’s
disease has also been found to be associated with the 2677G>T/A/C, 3435C>T, and 1236C>T
SNPs [31]. This could also be linked to a high prevalence of the disease in the Ashkenazi Jewish
population, as noted by the high prevalence of the 3435T allele discovered in our Ashkenazi
population. The mutation ΔF508 in Cystic fibrosis also has a high incidence in the Ashkenazi
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population [52]. This mutation in another ATP transporter was associated with protection
against cholera and typhoid fever [53,54]. However, it has yet to be determined if the high
prevalence of the 3435C>T SNP has a heterozygote advantage in these diseases.

In summary, this study has investigated differences in the number and location of single
nucleotide polymorphisms along the ABCB1 gene between an ethnically diverse American
population and an ethnically homogeneous Ashkenazi Jewish population. Using sequencing
methods as well as PCR-RFLP, polymorphisms were located at three primary locations along
the ABCB1 gene (1236C>T, 2677G>T/A/C, and 3435C>T). The PCR-RFLP method proved
to be a very accurate and reliable method for identifying specific SNPs at a lower cost then
genomic sequencing. Results of this analysis showed that the 3435C>T polymorphism plays
a significant role in the determination of haplotypes of the ABCB1 gene. However, due to the
prevalence of the 1236T/2677T/3435T haplotype in the Ashkenazi population in individuals
that possess the 3435C>T SNP, it may be beneficial to also search for this particular haplotype.

The overall frequency of SNPs is consistent with current understanding of the prevalence of
SNPs in the genome. Notably, a comparative analysis of DNA sequences of 132 introns and
140 exons from 42 pairs of orthologous mouse and rat genes has shown that on average, non-
synonymous exonic changes between these two species were 3-fold less common compared
with intronic inter-species changes [28]. Thus, we can conclude that the higher degree of
conservation of the ABCB1 gene may indeed reflect the function of the ABCB1 protein as a
poly-specific detoxifying transporter of foreign compounds and its need to adapt to new
challenges.

Outlook
Detecting the exact haplotype of an individual can be used as a basis for further studies of the
effect of pharmacogenomic analysis of this haplotype on drug safety and efficacy, as well as
disease susceptibility. The results reported here may be used to compare the effects of
individual drug response in ethnic groups as well as for the Ashkenazi Jewish population. The
higher incidence of the 1236T/2677T/3435T haplotype in the Ashkenazi Jewish population
may predict altered sensitivity, or possibly higher toxicity from many drugs that are primarily
P-gp substrates such as digoxin and fexofenidine. Furthermore, the relative similarity between
allele and genotype frequencies of the Ashkenazi population, as compared to Caucasian
populations, may help to predict drug dose requirements in Ashkenazi Jews, which would be
very similar to Caucasians. Further studies are needed to determine the effects of these
ABCB1 gene haplotypes on drug pharmacokinetics.

Highlights
• Twenty-five SNPs, 16 of which have not previously been reported, were located in

exons of the ABCB1 gene, all of which were in parts of the ABCB1 gene product
predicted to be intracellular.

• A total of 101 individuals from an Ashkenazi-Jewish population were tested for the
3 most common SNPs and the estimated frequency of the 1236T/2677T/3435T
haplotype is 23.6%.

• The SNP at location 3435C>T plays a significant role in prediction of haplotypes in
the ABCB1 gene.

• Allele and genotype frequencies of the Ashkenazi population are very similar to those
of Caucasian populations.
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Figure 1. Hypothetical structure of P-gp and corresponding SNP locations within the ABCB1 exonic
region of the American population
This figure illustrates the approximate locations of amino acid changes along the P-gp protein
resulting from non-synonymous polymorphisms. A red “X” marks the approximate location
of each polymorphism identified in this study. Black dots represent the approximate locations
of common amino acid changes previously reported in the P-gp protein. Exons 1–28 are labeled
by color and nucleotide length.
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Figure 2. Sequencing and electrophoresis results confirm individual genotype status
DNA sequencing was used to ensure that results obtained by PCR-RFLP were accurate. A.
SNP 1236C>T occurs in the third base-pair of the codon B. SNP 2677G>T occurs in the first
base-pair of the codon, C. SNP 3435C>T occurs in the first base-pair of the codon.
Electrophoresis was performed on 4% TBE agarose gels with a 50 bp Low Range Ladder.
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Table 2
ABCB1 polymorphisms in the American population (n=95)

Exon Polymorphism Nucleotide change Amino acid change Amino acid position Frequency (%)
2 60* T to C Synonymous 20 2.1
2 61 A to G Asn to Asp 21 4.2
6 502* G to A Val to Ile 168 1.1
6 508* G to A Glu to Lys 170 1.1
8 729 A to G Synonymous 243 1.1
8 781 A to G Ile to Val 261 1.1
8 785* G to A Arg to Lys 262 1.1
11 1131* C to G Ser to Arg 377 1.1
11 1170* A to G Synonymous 390 1.1
11 1189* G to T Val to Phe 397 1.1
11 1199 G to A Ser to Asn 400 1.1
11 1201* T to A Tyr to Asn 401 1.1
12 1236 C to T Synonymous 412 64.2
14 1659 G to C Synonymous 553 2.1
16 1991* G to T Arg to Ile 664 1.1
18 2315* T to C Leu to Pro 772 1.1
21 2650 C to T Synonymous 884 1.1
21 2676* T to G Synonymous 892 2.1
21 2677 G to T/A/C Ala to Ser/Thr/Pro 893 55.8
22 2712* C to T Synonymous 904 1.1
24 2959* G to C Ala to Pro 987 5.3
24 3048* T to C Synonymous 1016 3.2
25 3262* G to T Asp to Tyr 1088 1.1
26 3346* G to A Val to Met 1116 1.1
26 3435 C to T Synonymous 1145 24.2

*
Newly-identified polymorphism, as compared to the NCBI database.
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Table 3
Combination of SNPs in the American population

SNPs Number of individuals out of 95 Percent of total

1236C>T, 3048T>C 2 2.1
1236C>T, 60T>C 2 2.1
2677G>T/A/C, 60T>C 2 2.1
1236C>T, 61A>G 3 3.2
2677G>T/A/C, 2959G>C 3 3.2
1236C>T, 2959G>C 3 3.2
2677G>T/A/C, 61A>G 4 4.2
2677G>T/A/C, 3435C>T 16 16.8
1236C>T, 3435C>T 17 17.9
1236C>T, 2677G>T/A/C 45 47.4
1236C>T, 2677G>T/A/C, 2959G>C 2 2.1
1236C>T, 2677G>T/A/C, 60T>C 2 2.1
1236C>T, 2677G>T/A/C, 61A>G 3 3.2
1236C>T, 2677G>T/A/C, 3435C>T 14 14.7

Bold numbers indicate high relative percentage
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Table 4
Allele and genotype frequency comparisons between ethnicities

SNP Population N Allele frequency Genotype frequency Reference

C T CC CT TT

1236C>T Ashkenazi 101 0.58 0.42 0.40 0.37 0.24 This study
Caucasian 188 0.62 0.38 0.38 0.49 0.13 [9]
Caucasian 31 0.53 0.47 0.32 0.42 0.26 NCBI
Chinese 45 0.31 0.69 0.11 0.40 0.49 NCBI
African American 24 0.81 0.19 0.63 0.37 0.00 NCBI

G T GG GT TT

2677G>T Ashkenazi 101 0.59 0.41 0.36 0.48 0.17 This study
Caucasian 31 0.57 0.43 0.32 0.48 0.19 NCBI
African American 24 0.85 0.11 0.75 0.21 0.00 NCBI
Asian 44 0.50 0.50 0.32 0.36 0.32 NCBI

C T CC CT TT

3435C>T Ashkenazi 101 0.50 0.50 0.31 0.39 0.31 This study
Caucasian 188 0.52 0.48 0.28 0.48 0.24 [9]
African American 88 0.84 0.16 0.68 0.31 0.01 [55]
Chinese 265 0.56 0.44 0.32 0.48 0.20 [56]
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Table 5
Haplotypes in the Ashkenazi population

Position Estimated frequency (%) S.E.

1236 2677 3435

C G C 31.7 0.014
T T T 23.6 0.013
C G T 14.4 0.013
T G C 6.9 0.009
T G T 6.4 0.009
C T C 6.2 0.011
C T T 5.6 0.012
T T C 5.2 0.01
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