
Genotyping the GGGCGG Tandem Repeat Promoter
Polymorphism in the 5-Lipoxygenase Enzyme Gene (ALOX5)

by Pyrosequencing Assay

Anzeela M. Schentrup,1 Hooman Allayee,2 John J. Lima,3 Julie A. Johnson,1 and Taimour Y. Langaee1

Aims: Efficient genotyping methods for many biologically significant repeat genetic polymorphisms, particularly
in GC-rich regions of the genome, are limited. In particular, a short tandem repeat polymorphism [GGCGGG] in
the promoter region of ALOX5 has been implicated as an important marker for inflammatory diseases. We
developed a pyrosequencing assay to genotype the ALOX5 short tandem repeat polymorphism using pyr-
osequencing technology that will make assessing this important genetic marker in large, diverse populations
more accessible than using current methods. Materials and Methods: We used a nested polymerase chain reaction
approach to amplify DNA for pyrosequencing. Population allele frequencies were assessed in two cohorts of
previously collected human DNA samples with 188 and 1032 samples, respectively. Sixteen genetic samples with
known genotypes were used to confirm the accuracy of the method. Results and Discussion: Genotypes were
100% concordant with samples of known genotype. Genotype frequencies in European American, Hispanic, and
African American agreed with previously published results (wild-type homozygotes 66%, 64%, and 19%, re-
spectively). The method presented here will facilitate both genetic association and pharmacogenomic research on
this polymorphism in large samples that are ethnically and=or racially admixed.

Introduction

Among methods for genotyping polymorphisms in large
samples, pyrosequencing is one of the most versatile.

This technology is based on sequencing by synthesis that ef-
ficiently determines genotypes for different types of genetic
variations. This method can be used to determine unknown
DNA sequence and is amenable to genotyping multiple allele
systems or tandem repeat polymorphisms. The read length
(up to 250 base pairs depending on the application) makes it
particularly relevant in short tandem repeat polymorphism
(STRPs) genotyping. However, the pyrosequencing method is
not generally conducive to genotyping long stretches of
the same nucleotide (homopolymers), and users encounter
problems when genotyping GC-rich regions similar to tradi-
tional sequencing methods (Hube et al., 2005). Further, be-
yond traditional sequencing, there are few other genotyping
methods that can be used for polymorphisms with these
properties. This poses a considerable research obstacle be-
cause many important and interesting genetic polymor-
phisms in human disease and in pharmacogenomic studies
are located in GC-rich regions of the genome and=or are
composed of repeat elements.

One such important genetic polymorphism is located in the
promoter region of the ALOX5 gene. ALOX5 encodes the
enzyme arachidonic acid 5-lipoxygenase, which is the rate-
limiting enzyme in the arachidonate 5-lipoxygenase pathway.
Specifically, the repeat polymorphism is thought to modify
the number of binding sites for both Sp1 and Egr-1 zinc-finger
transcription factors in the promoter region of ALOX5 (Sil-
verman et al., 1998). Recent evidence indicates that this
pathway plays a role in the pathogenesis of inflammatory
conditions such as asthma and atherosclerotic heart disease
(Dwyer et al., 2004; Helgadottir et al., 2004, 2005, 2006; Ci-
pollone et al., 2005; Iovannisci et al., 2007). The polymorphism
in the promoter region has been studied in both in vitro and
clinical studies that implicate it as an important marker for
inflammatory diseases, including cardiovascular disease and
asthma (Drazen et al., 1999; Dwyer et al., 2004; Kim et al., 2005;
Kalayci et al., 2006). This association is thought to be impor-
tant across race populations, although limited numbers of
subjects from various race or ethnicity groups in previous
studies limit the power in these studies to draw conclusions
(Dwyer et al., 2004; Lima et al., 2006).

Genotyping this STRP in large clinical studies to further
assess its role in disease or in drug response poses particular
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challenges. The polymorphism is a series of tandem repeats of
the nucleotide sequence 50-GGGCGG-30. The variant alleles
are formed by varying numbers of these repeats that can
range from two to eight in humans. The most common allele
contains five repeats, and the three most common variants
have a 6-base-pair (one repeat) deletion, a 12-base-pair (two
repeats) deletion, or a 6-base-pair addition, respectively. Be-
cause of the GC-rich nature of this genetic region (about 78%),
there is presumably considerable secondary structure. As
such, this region is difficult to sequence using traditional
methods. Further, this region is not amenable to common
methods of medium to high-throughput genotyping such as
allelic discrimination because it is a series of repeat elements.
In previous studies, this polymorphism has only been geno-
typed by either direct sequencing technology or traditional
STRP size fractionation (In et al., 1997; Lima et al., 2006; Poole
et al., 2006). Pyrosequencing technology has known difficul-
ties with genotyping repeat sequences that include long ho-
mopolymers, particularly when this is compounded by a long
read-length polymorphism (Moore et al., 2006). There may
also be other factors that cause this particular polymorphism
to be so challenging that are not identified. The primary
problem is amplifying the region sufficiently with biotiny-
lated primers for pyrosequencing, Currently, published
procedures for amplification do not amplify the region suffi-
ciently for pyrosequencing based on our experience.

Recently, a single-nucleotide polymorphism in the ALOX5
promoter region has been identified that may be in sufficient
linkage disequilibrium to serve as a marker SNP for the wild-
type allele of the promoter polymorphism as compared to the
next most frequent allele. Although this result promises to im-
prove the ability to study the role of genetic polymorphism in
this gene, these researchers found that this SNP does not suffi-
ciently correlate with the STRP in African Americans. Further,
the correlation between this SNP and the STRP in the Hispanic
population in this study is based on a very small sample size
(Helgadottir et al., 2006). As such, it is not clear whether this SNP
is a suitable marker in highly admixed Hispanic (or other)
populations (Assimes et al., 2008). Therefore, an alternative
method to genotype this STRP directly is still needed.

Materials and Methods

Genotyping

We optimized the polymerase chain reaction (PCR) pro-
tocol for amplification of the genetic polymorphism using
DNA samples at a concentration of 10 ng=mL. A gene amplicon
surrounding the promoter repeats was prepared using nested
PCR. Our PCR reactions were conducted using approximately
5 ng of genomic DNA derived from buccal cells. PCR reagents
and PCR conditions for both T1c nested reactions are given in
Table 1. Primers were purchased from Operon� (Operon Bio-
technologies, Huntsville, AL), and MJ� Thermal cyclers (MJ
Research, Waltham, MA) were used. Primer sequences are
listed in Table 1. Both nested PCR reactions were conducted
using Platinum� Taq polymerase (Life Technologies, Foster
City, CA), GeneAmp� 10�Gold Buffer (Life Technologies),
and 7-deaza-deoxyguanine (Roche, Nutley, NJ).

7-deaza-deoxyguanine was added to deoxyguanosine
triphosphate in a ratio of 3:1, and this mixture was added
in a 1:1:1:1 ratio with 20-deoxyadenosine-50-triphosphate,
20-deoxycytidine-50-triphosphate, and 20-deoxythymidine-50-

triphosphate to form the mixture of nucleotides. The second
PCR was conducted using biotinylated primers appropriate
for pyrosequencing, as previously described (Langaee and
Ronaghi, 2005). Ten microliters of this reaction mix was used
for pyrosequencing.

Genotyping by pyrosequencing was conducted using the
standard manufacturer protocol (Biotage AB, Uppsala, Swe-
den). Briefly, 10 mL of biotinylated PCR product was im-
mobilized on streptavidin-coated Sepharose beads in binding
buffer (10 mM Trizma base, 2 M NaCl, 1 mM EDTA, and 0.1%
Tween-20, pH 7.6) to a volume of 82mL at room temperature
for 10 min. After incubation, beads with bound DNA were
isolated by hand-held vacuum probe, and then treated for 5 s
successively with 70% ethanol, 0.1 M NaOH, and washing
buffer (10 mM Tris-acetate). This is released into a solution of
annealing buffer (20 mM Tris acetate and 5 mM magnesium
acetate, pH 7.6) and 10 pmol of sequencing primer of the se-
quence 50-CAGGCTCCCGGCTGCCC-30. This was heated to
808C for 3 min and then cooled to room temperature.

Pyrosequencing was performed using a Biotage PSQ HS
96 System. The sequence to analyze is CCGCCCCCGCC

Table 1. Methods Used in PCR

and Pyrosequencing Assay

PCR reagents and concentrations for both nested reactions

Reagents Concentration

Platinum Taq polymerase 1.25 U
10�ABI Gold Buffer 1X
Dimethyl sulfoxide 2%
Nucleotide mixture 0.1 mM
MgCL 0.75 mM
Genomic DNA 5 ng

Primers (50 to 30)

PCR 1 Forward:
GGGTGGCAGCCGAGGT

10 pmol

PCR 1 Reverse:
TGTCCAGCAGGTGCTTCTCGC

10 pmol

PCR 2 Forward: Biotin-
AGGAACAGACACCTCGCT
GAGGAGAGAC

10 pmol

PCR 2 Reverse: GAGCAGCGA
GCGCCGGGAGCCTCGGC

10 pmol

Sequencing: CAGGCTCCCGGCTGCCC 10 pmol

Nested PCR Conditions

1st Reaction Number of cycles

Initiate 94=2 min 1
Denature 94=30 s
Annealing 60=30 s 40
Extension 72=30 s
Extension 72=5 min 1

2nd Reaction Number of cycles

Initiate 95=12 min 1
Annealing 94=1 min 10
Extension 68=2 min
Denature 94=30 s
Annealing 60=30 s 25
Extension 72=45 s
Extension 72=5 min 1
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C[CCGCCC][CCGCCC][CCGCCC][CCGCCC]CCGCA. The
pyrosequencing method was capable of detecting two to six
repeats on each allele. During the development of this meth-
od, it was observed that the pyrosequencing signal deterio-
rated some after sequencing six repeats (>40 base pairs). This
led to some ambiguity at this number of repeats once the
number was greater than six; therefore, it was decided to
design the assay to detect up to six repeats. Any allele with
more than six repeats appeared to the observer as the presence
of six repeats, and therefore particular genotypes with alleles
having greater than six repeats cannot be determined using
this method. Because the frequency of subjects with more than
seven repeats is expected to be very low in all populations
(<1%) (Lima et al., 2006), we found this caveat acceptable. The
resulting pyrograms were visually assessed and verified by a
second observer. We confirmed our pyrosequencing results
by comparing them with 16 DNA samples with known STRP
genotypes (In et al., 1997; Pemberton et al., 2008) determined
by previous methods as positive control samples.

Allele frequency determination

Genotype and allele frequencies were studied in two popu-
lations. The first was in 188 genetic samples from the St. James
Women Take Heart (WTH) study (Gulati et al., 2003). In WTH,
race was collected as a baseline characteristic by subject self-
report. Genomic DNA was isolated from blood samples using
commercially available kits. DNA was normalized to a con-
centration of 10 ng=mL. In addition, genotype frequencies were
studied in 834 samples from INVEST-GENES (International
VErapamil SR=Trandolapril STudy–GENEtic Substudy) for
which ancestry information was available (Pepine et al., 2003;
Langaee and Ronaghi, 2005). In INVEST-GENES, race was also
collected by self-report as part of the baseline information. Fur-
ther, an ancestral informative marker analysis using 87 markers
was conducted (Gerhard et al., 2008), and was used to assess the
degree of admixture in the INVEST-GENES population. In this
population, African Americans had 74� 18% African ancestry
(n¼ 106). The European Americans had 92� 9% European an-
cestry (n¼ 503). The Hispanic population was primarily re-
cruited from Puerto Rico and were of 65� 16% European
ancestry, 19� 15% African ancestry, and 16� 10% Native Amer-
ive American ancestry (n¼ 225). Genomic DNA was isolated
from buccal cells obtained from mouthwash samples using
commercially available kits (PureGene; Gentra Systems, Min-
neapolis, MN). DNA was normalized to a concentration of
20 ng=mL. The above protocol was followed for determining the
genotypes of these samples. Allele frequencies were collected
and reported as ‘‘#repeats in allele 1=# repeats in allele 2’’ in the
WTH study, and as five repeat-carriers, homozygous for five
repeats, and carriers of two variant alleles in the INVEST-
GENES study.

Results and Discussion

The predicted histograms and resulting pyrograms from
pyrosequencing are shown in Figure 1. Comparison of our
analysis with known genotypes resulted in 100% concor-
dance. ALOX5 STRP genotype frequencies for European
Americans, Hispanics, and African Americans from the 834
INVEST-GENES samples and in the 188 WTH samples (Eu-
ropean Americans and African Americans) are given in Figure

FIG. 1. For each genotype listed (notation is # ALOX5 STRP
repeats in allele1=# ALOX5 STRP repeats in allele 2), example
pyrograms (top half for each genotype) are given from actual
pyrosequencing assays for each ALOX5 genotype observed
and confirmed by direct sequencing. Predicted histograms
(bottom half for each genotype) are given for each genotype
generated by Pyrosequencing software for ALOX5 STRP
genotypes observed in the analysis.
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2A and B. In addition, genotype frequencies for each common
genotype in Hispanics from INVEST-GENES are given in
Figure 2C.

In this study we describe a method for analyzing this STRP
in the promoter region of the ALOX5 gene that will facilitate
further analysis of this genetic polymorphism in large, racially
and ethnically diverse populations. We have successfully im-
plemented an alternative method for genotyping the ALOX5
promoter tandem repeat polymorphism using a nested PCR
method and pyrosequencing technology. The relative differ-
ences between the genotype frequencies between European
American and African American subjects that have been
previously identified remained true in our sample, which
supports the accuracy of this method for genotyping the
ALOX5 promoter polymorphism. Although the frequency of
homozygote variants in African American subjects was sig-
nificantly higher in our samples as compared to previous
studies, we are confident that our genotyping is correct based
on both the comparison to samples of known genotypes and
also because the DNA of subjects from all race groups were
positioned randomly on the 96-well plates. Of note, because
the DNA samples used in this study come from patients with
CAD or those with risk factor for CAD, and the ALOX5 gene
purportedly confers risk for CAD, we would expect that the
frequency of variant carrier alleles in our population may
differ from previous reports in healthy individuals or those
without CAD or significant risk factors for CAD.

Several studies have reported that the ALOX5 STRP plays a
role in coronary artery disease (Dwyer et al., 2004) and asthma
(Kim et al., 2005; Kalayci et al., 2006), and influences response to
leukotriene modifiers used in the treatment of asthma (Lima
et al., 2006). Further, ALOX5 promoter variants appear to have
functional consequences in terms of gene expression (In et al.,
1997; Kalayci et al., 2006), although these differences are not
consistent across cell-types (Silverman and Drazen, 2000). Im-
portantly, because the allele frequencies of ALOX5 promoter
variants vary considerably between race groups and heretofore
identified marker SNPs are not in sufficient linkage disequi-
librium with the repeat polymorphism alleles to appropriately
serve as surrogate markers, the ability to characterize the
promoter repeat polymorphism directly will be required to
validate its importance across diverse populations.

In conclusion, pyrosequencing is a time-efficient, cost-
effective, and accurate method for many types of genotyping
assays (Aquilante et al., 2004), and, in particular, the ALOX5
promoter tandem repeat polymorphism up to six repeats per
allele. Therefore, the method presented here will facilitate
both genetic association and pharmacogenomic research on
this polymorphism in large samples that are ethnically and=or
racially diverse.
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FIG. 2. (A) Genotype frequencies of the ALOX5 STRP
in European Americans, Hispanics, and African Americans
in INVEST-GENES and (B) in European Americans and Af-
rican Americans from WTH (Hispanic ethnicity is not largely
represented in WTH). Genotypes are given as wild-type
(5=5), one wild-type allele and one variant allele (5=X), and
two variant alleles (X=X) in both figures. (C) Genotype fre-
quencies for each common genotype in Hispanics INVEST-
GENES. Genotypes are given as # ALOX5 STRP repeats in
allele1=# ALOX5 STRP repeats in allele 2.
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