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Abstract: Nitric oxide (NO) is highly reactive, produced in endothelial cells by endothelial NO synthase (eNOS) and has been impli-
cated in sickle cell pathophysiology. We evaluated the distribution of functionally significant eNOS variants (the T786C variant in the
promoter region, the Glu298 Asp variant in exon 7, and the variable number of tandem repeats (VNTR) in intron 4) in Africans, African
Americans and Caucasians. The C-786 variant was more common in Caucasians than in Africans and African Americans. Consistent
with other findings, the Asp-298 variant had the highest frequency in Caucasians followed by African Americans, but was completely
absent in Africans. The very rare intron 4 allele, eNOS 4c, was found in some Africans and African Americans, but not in Caucasians.
eNOS 4d allele was present in 2 Africans. These findings suggest a consistent and widespread genomic diversity in the distribution of
eNOS variants in Africans, comparative to African Americans and Caucasians.
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Introduction

Nitric oxide is a diffusible molecule synthesized by
three isoforms of the nitric oxide synthase (NOS)
eg, constitutive neuronal NOS, inducible NOS and
endothelial NOS. Endothelial (e¢) NOS, derived from
vascular endothelium, is the most dominant form
of these isoforms,! and other sources such as car-
diac myocytes, blood platelets and the brain®* which
are very crucial to maintaining nitric oxide produc-
tion.* NO plays a pivotal role in the regulation of
cardiovascular homeostasis. It is highly reactive, it
facilitates maintenance of basal vasodilator tone, it
inhibits platelet aggregation and it attenuates leu-
kocyte adhesion to the endothelium.* Deficiency in
NO production or activity directly affects cardiac
dysfunction and is related to the pathogenesis of cor-
onary spasms.>¢ In addition, several eNOS polymor-
phisms have been found. Three of these are shown
to be associated with disease pathophysiology. These
are located in the promoter region (T-786C), exon’
(Glu298Asp), and a variable number of tandem
repeats (VNTR) in intron 4. Published reports have
suggested the involvement of eNOS polymorphisms
in the pathogenesis of sickle cell complications such
as acute chest syndrome (ACS) and painful vaso-oc-
clusive crises.”'* eNOS VNTR has been associated
with mean plasma nitric oxide level, while the eNOS
C-786 mutant reduces eNOS gene promoter activity
and is a genetic risk factor for ACS in adult female
sickle cell anemia patients.!*!!

Considering the diversity of disease pathophysi-
ology in sickle cell disease and the wide swath of
differences in clinical presentation among African
and African American patients, it might be neces-
sary to determine whether interethnic diversity of
eNOS polymorphisms plays any role in this diversity.
Previous population studies have shown that there
is marked interethnic difference in the distribution
of eNOS polymorphisms between Caucasians and
African-Americans'? with a similar finding reported
between black and white Brazilians'® and white,
black and mixed populations from Colombia.'* Inter-
estingly, an Italian group'® reported a novel allele of
the eNOS gene in an Italian population that had not
been previously reported. These findings may explain
the ethnic differences in cardiovascular outcome,
response to and bioavailability of certain medications,

as well as nitric oxide bioavailability. Additionally,
polymorphisms that alter eNOS activity or its regula-
tion are important for understanding how perturba-
tions of red blood cell (RBC) membranes are likely
to affect blood flow in the microcirculation and NO
bioavailability, particularly in sickle cell disease,
for which patients might need multiple transfusions.
Investigating the role that interethnic variability of
eNOS polymorphisms plays within and between
groups is therefore highly imperative.

Since previous interethnic studies have been done
with mixed populations, or those for which genomic
purity is unknown, assaying a genetically pure and
homogeneous population alongside others before
reaching critical conclusions is imperative. In this
study, we examined the distribution, haplotype and
diplotype frequency of three endothelial nitric oxide
synthase polymorphic forms, shown to have clini-
cally relevant functions in well-defined population
groups-Caucasians and African Americans recruited
from the United States, and native Africans recruited
from Mali. This is the first report examining eNOS
polymorphic diversity in an African population and
should be seen as a critical first step for examination
of potential ethnic differences in clinical presentation.
This study is highly imperative because of its capac-
ity to decipher certain clinical differences observed
among African Americans as compared to native
Africans.

Methods

Subject characterization

Subjects recruited for this study gave informed con-
sent and approval before participating. A total of
189 individuals from the Centre National de Trans-
fusion Sanguine (CNTS) and Centre de Recherche
et de Lutte contre la Drepanocytose (CRLD), Mali
were recruited. Additionally, 499 de-identified and
unlinked African American DNA samples from
blood donors were obtained from LifeShare Blood
Centers, Shreveport LA. This donor population is
representative of the global blood donor population.
165 healthy Caucasians, recruited from the north-
eastern United States, were also included. This
project was reviewed and approved by the Institu-
tional Review Board of the Rochester Institute of
Technology.
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Genomic DNA samples

Following subject recruitment and informed con-
sent, 5 mL of blood was drawn into EDTA tubes.
Well-characterized genomic DNA samples were
extracted with the Qiagen DNA Blood Mini kit
(Qiagen, Carlsbad CA), according to manufacturer’s
instruction. DNA samples were stored at —20 °C until
they were analyzed. All polymerase chain reaction
(PCR) genotyping and restriction digestion were con-
ducted anonymously, with 50% of samples subjected
to repeat PCR and genotyping for quality control
purposes.

eNOS genotyping

The variable number of tandem repeats (VNTR)
polymorphism in intron 4

PCR amplifications of genomic DNA sam-
ples for polymorphic VNTR in intron 4 were
performed with standard protocols'* and pre-
viously  published primers.”” Primer sets:
5’-CTATGGTAGTGCCTTGGCTGGAGG-3" (for-
ward) and 5-ACCGCCCAGGGAACTCCGCT-3’
(reverse) were used for PCR amplification, with
conditions altered to 25 pL final volume and ampli-
fied using the Lucigen EconoTaq Plus Green 2X
Master Mix PCR system (Lucigen Corporation,
Middleton WI). Final reaction mixtures contained
0.1 units/uL of EconoTag DNA Polymerase, reac-
tion buffer (pH 9.0), 400 uM dATP, 400 uM dGTP,
400 uM dCTP, 400 uM dTTP, 3 mM MgClL,, 1 uM
forward and reverse primers and a proprietary mix of
PCR enhancer/stabilizer and blue and yellow track-
ing dyes (Lucigen Corporation, Middleton WI). We
used 1 puL of genomic DNA template for primary
PCR reactions. Post-amplification, 10 uL of the PCR
product was evaluated on 2% ethidium bromide
stained agarose gels, visualized and photographed.
Product size was estimated with 5 uL TriDye 100 bp
DNA ladder (New England Biolabs, Boston MA) and
product size analysis was carried out with the Doc-It
LS Image Analysis Software (UVP Life Sciences,
Upland CA). We included negative controls, with-
out DNA template, for confirmation purposes. The
number of fragments of appropriate size obtained
were compared for each sample, counted and com-
bined across samples. PCR cycling parameters fol-
lowed published protocol.'* Fragments of 169, 196,

223 and 142 bp corresponding to eNOS alleles 4a,
4b, 4c and 4d, defined the presence of 4, 5, 6 and 3
27 bp repeats respectively.

The Glu298Asp polymorphism in exon 7

This polymorphism was genotyped by polymerase
chain reaction-restriction fragment length polymor-
phism (PCR-RFLP), with the primer pairs: 5'-AAG
GCA GGA GAC AGT GGA TGG A-3" and 5’-CCC
AGT CAATCC CTT TGG TGC TCA-3"."* PCR was
performed for 35 cycles in a volume of 25 uL. The
PCR mixtures were heated to 94 °C for 4 min for
denaturation and underwent 35 cycles at 94 °C for
30 s for denaturation, 65 °C for 30 s for annealing,
and 72 °C for 1 min for extension. Finally, extension
was conducted at 72 °C for 5 min. Amplified PCR
samples of 258 bp band size were subjected to restric-
tion digestion with 2U Banll restriction enzyme for
6 hours at 37 °C. This enzyme cleaves the PCR prod-
uct into fragments of 163 and 85 bp fragments (wild
type) or no digestion (variant allele). Digested prod-
ucts were evaluated as described above, while size
analysis was carried out with the Doc-It LS Image
Analysis Software (UVP Life Sciences, Upland CA).
Negative control reactions, without DNA template,
were also included for confirmation.

The T786C polymorphism in the 5’-flanking
region

To genotype for the T786C (rs2070744) vari-
ant in the 5’-flanking region, we applied a simi-
lar PCR-RFLP procedure as described above,
except for different primer pairs and differ-
ent restriction enzymes. Primer pairs T786C-F
(5-TGGAGAGTGCTGGTGTACCCCA-3”)  and
T786C-R  (5’-GCCTCCACCCCCACCCTGTC-3")
served for DNA amplification.' Final reaction mix-
tures contained 0.1 units/uL of EconoTaq DNA Poly-
merase, as described for intron 4 reaction above. 1 UL
of genomic DNA template was used for amplification,
while 10 uL of the PCR product was evaluated post-
amplification. PCR products with the appropriate
band size were digested for 1 hour on an Eppendorf
gradient Mastercycler with 1 UL of Msp I restric-
tion enzyme at 37 °C, producing fragments of 140
and 40 base pairs for the wild-type (TT) allele, or 90,
50, and 40 base pairs for polymorphic variants (CC).
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Sizes of PCR products and restriction products were
estimated with a TriDye 100 bp DNA ladder (New
England Biolabs, Boston MA) and size analysis car-
ried out with the Doc-It LS Image Analysis Software
(UVP Life Sciences, Upland CA).

Statistical analysis

Of the four alleles in intron 4, the 4c¢ and 4d alleles
are rare; for analysis purposes, they were pooled with
the 4a variant as reported elsewhere."* Thus, each of
the three variants had two alleles. Genotype and allele
frequencies at each variant were determined with a
PERL script (http://www.perl.org). Differences in
genotype and allele frequencies between popula-
tions were assessed using chi-square tests. Haplotype
frequencies were estimated and tested for intereth-
nic differences with the EH program (http://linkage.
rockefeller.edu/ott/eh.htm).'®!” Individuals missing
one or more genotypes were disregarded for analy-
sis purposes (7 Africans, 2 African Americans, and
1 Caucasian). Linkage disequilibrium (LD) among
variants in a given population was assessed in the EH
program by likelihood ratio chi-square tests, and so
were differences in haplotype frequencies among the
three populations.

Diplotypes (genotype patterns) are analogous
to haplotypes, except that instead of one allele per
variant, they are sets of one genotype per variant.
Diplotypes'® have an advantage over haplotypes in
that they can unequivocally be identified in each
individual (barring missing genotypes). Also, no

Hardy Weinberg Equilibrium (HWE) is assumed
in the estimation of their frequencies, as is the case
for some aspects of haplotype frequency estimation.
Diplotype frequencies were estimated in a spread-
sheet and their between-population differences were
assessed using a chi-square test. For this test, rare
diplotypes (less than one expected diplotype in at
least one population) were combined with neighbor-
ing diplotypes.

Results

We have examined the ethnogenomic diversity of
three endothelial nitric oxide synthase (eNOS) poly-
morphisms that have been reported to have sig-
nificant clinical relevance in three well-defined and
clearly distinct population groups (165 Caucasians
from New Jersey, 499 African Americans from Loui-
siana and 189 Africans from Mali). For additional
emphasis, we deciphered the significance of genomic
homogeneity/heterogeneity on the interplay between
African Americans versus native Africans or African
Americans versus Caucasians. eNOS polymorphic
groups analyzed include a T/C substitution in the
5’-flanking region near promoter at —786, a G/T sub-
stitution at position 894 in exon 7, and a 27-base
pair variable number of tandem repeats (VNTR) in
intron 4. We found significant interethnic disparity in
the genomic distribution of these polymorphic types
between the various population groups. Table 1 shows
the genotypic frequency of these polymorphisms in the
study populations. On the other hand, Table 2 depicts

Table 1. Ethno-genotypic frequency of endothelial nitric oxide synthase (eNOS) polymorphisms in populations studied.

Polymorphism Genotype Ethnic groups X2 P
Africans African Americans Caucasians
n =189 (%) n =499 (%) n =165 (%)
T786C TT 77 (40.7) 330 (61.1) 64 (38.8) 61.64 1.31E-12
T,C 26 (13.8) 160 (32.1) 77 (46.7)
C,C 6 (3.2) 9 (1.8) 24 (14.5)
Glu298Asp Glu, Glu 0 (0.0) 165 (33.1) 16 (9.6) 58.98 4.74E-12
Glu, Asp 27 (14.3) 330 (66.1) 67 (40.4)
Asp, Asp 162 (85.7) 4 (0.8) 83 (50.0)
Intron 4 aa 22 (11.6) 55 (11.0) 3(1.8) 89.07 2.08E-18
ab 68 (36.0) 180 (36.1) 49 (29.7)
ac 7 (3.7) 18 (3.6) 0 (0.0
ad 2(1.1) 0 (0.0) 0(0.0)
bb 61 (32.3) 213 (42.7) 113 (68.5)
bc 5 (2.6) 34 (6.8) 0(0.0)
4 Gene Regulation and Systems Biology 2013:7
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Table 2. Allelic frequency of endothelial nitric oxide synthase polymorphic forms in populations studied.

Polymorphism Allele Ethnic groups X2 P
Africans African Americans Caucasians
n =378 (%) n =998 (%) n =330 (%)
T786C T 180 (47.6) 740 (74.1) 205 (62.1) 55.49 8.92E-13
C 38 (10.1) 98 (9.8) 125 (37.9)
Glu298Asp Glu 15 (3.9) 495 (49.6) 115 (34.9) 56.77 4.71E-13
Asp 333 (88.1) 173 (17.3) 50 (15.1)
Intron 4 b 195 (51.6) 640 (64.1) 279 (84.5) 63.99 1.27E-14
c 119 (31.5) 308 (30.9) 55 (16.7)
a 12 (3.2) 51 (5.1) 0 (0.0)

the allelic diversity of these polymorphic groups in
the same study population. Figures 1-3 shows the
percentile distribution of eNOS polymorphic forms,
Glu298Asp, intron 4 and T786C genotypes in Africans,
African Americans and Caucasians respectively
(black bars-Africans; blue bars-African Americans;
red bars-Caucasians).

Examining the genotypic diversity of T786C poly-
morphisms in the promoter region, the wild type
group T-786 had the highest frequency in all popula-
tions studied (40.7%, 61.1% and 38.8% in Africans,
African Americans and Caucasians respectively).
The C-786 mutant group, however, was more com-
mon in Caucasians (14.5%) compared to Africans
or African Americans (3.2% and 1.8% respectively)
and this difference was highly significant (> = 61.64;

100
{1 M Africans
African-Americans
| B Caucasians
80
o 60
..E 4
) i
o |
& 40
20
0

Wild type Mutant

Figure 1. Percentile distribution of endothelial nitric oxide synthase,
Glu298Asp, polymorphisms in Caucasian, African American and native
African populations.

Notes: Black bars-Africans; blue bars-African Americans; red bars-
Caucasians.

Heterozygote

P=1.312x107"). In addition, the Asp-298 variant in
exon 7 had the highest frequency in Caucasians (9.6%)
followed by African Americans (0.8%), whereas
it was surprisingly absent among Africans (0.0%).
This distribution also displayed a very high signifi-
cance between the population groups (y* = 58.98;
P =4.74 x 10'?). As for intron 4 polymorphism, we
analyzed the distribution of wild-type alleles 4b and
4a, corresponding to five and four 27-base pair repeats,
which are the most represented and well-detected, as
well as the very rare variants 4c and 4d correspond-
ing to six and three 27-base pair repeats respectively.
We found eNOS 4c alleles in 12 (6.3%) Africans, and
52 (10.4%) African Americans, but found none in
Caucasians. Additionally, we found eNOS 4d alleles
in 2 (1.1%) Africans. Genotypic frequencies at each
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Figure 2. Percentile distribution of intron 4 polymorphisms in Caucasian,
African American and native African populations.

Notes: Black bars-Africans; blue bars-African Americans; red bars-
Caucasians.
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Figure 3. Percentile distribution of endothelial nitric oxide synthase,
T786C polymorphisms in Caucasian, African American and native African
populations.
Notes: Black bars-Africans; blue bars-African Americans; red bars-
Caucasians.

variant and within each population seem compatible
with the Hardy-Weinberg equilibrium (HWE), except
when analyzed for ethnic comparisons among African
Americans (too many observed heterozygotes, too
few of either of the homozygotes). These deviations
from HWE presumably reflect effects of admixture.
Relative frequencies for the haplotypes between
groups is shown in Table 3. In addition to haplotype
frequency, diplotype frequencies were estimated
and their differences between populations were
assessed (Table 4). The most commonly-encountered
haplotype for all ethnicities combines the wild-type
homozygotes for all three polymorphisms (45%,
43% and 55% respectively for Africans, African
Americans and Caucasians). The second most com-
mon haplotype for Africans (30%) and African
Americans (26%) includes the variant 4a in intron 4

(0.8%). In Caucasians, we found one haplotype to be
significantly common-estimated haplotype frequency
of ~15%. This is C-786 in the promoter region, and
the wild-type homozygote forms for the other two
polymorphisms (Glu298 and intron 4a, and 4b). In
fact, analyzing the Caucasian group alone reveals that
the C-786 haplotype is the most common in this group
(estimated frequency of 27%) compared to ~10% for
other ethnic groups.

Genotype frequencies at each variant and in
each population were compatible with Hardy-
Weinberg equilibrium (HWE) except for the T786C
(P = 0.0456) and Glu298Asp polymorphisms
(P =2.13 x 107®) in African Americans (due to too
many observed heterozygotes, and too few of either
of the homozygotes). These deviations from HWE
presumably reflect effects of admixture.

Within each population, the three variants exhibited
significant linkage disequilibrium (LD): P = 0.0432
for Africans, P = 0.0003 for African Americans, and
P =1.74 x 107" for Caucasians. This cline of rela-
tively low LD in Africa and high LD in Westerners
nicely demonstrates the out-of-Africa hypothesis. Due
to these differences in LD and to differences in allele
frequencies among populations, haplotype frequen-
cies turned out to be significantly different in the three
populations (x> =221.08, 12 df, P = 1.42 x 107%).

Discussion

We present results from our study examining the
ethnogenomic diversity of endothelial nitric oxide
synthase (eNOS) polymorphic forms that have
been reported to have significant clinical relevance.

Table 3. Estimated haplotype frequencies between groups in study population (Caucasians, African Americans and

Africans).

Haplotypes Ethnic groups

Glu298Asp T786C Intron 4 Africans African Americans Caucasians
Glu T 4b 0.4527 0.4296 0.5522

Glu T 4a 0.3028 0.2662 0.0084

Glu C 4b 0.0995 0.1227 0.1516

Glu C 4a 0.0846 0.0470 0.1454

Asp T 4b 0.0303 0.1028 0.0554

Asp T 4a 0.0302 0.0227 0.0052

Asp C 4b 0 0.0065 0.0772

Asp C 4a 0 0.0025 0.0046
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Table 4. Estimated diplotype frequencies in the study populations (Caucasians, African Americans and Africans).

Diplotypes Relative frequencies Chi square

Intron 4 T786C Glu298 African Africans Caucasians African Africans Caucasians
Asp Americans Americans

4a CcC GG 0 2 2 0 0.0110 0.01212

4a CcC GT 1 0 1 0.0020 0 0.00606

4a TC GG 21 10 0 0.0422 0.0549 0

4a TT GG 26 12 0 0.0522 0.0659 0

4a TT GT 5 5 0 0.0100 0.0275 0

4a,b CcC GG 0 0 3 0 0 0.0182

4a,b CcC GT 3 0 9 0.0060 0 0.0545

4a,b TC GG 61 30 32 0.1225 0.1648 0.1939

4a,b TT GG 100 54 2 0.2008 0.2967 0.0121

4a,b TT GT 67 10 2 0.1345 0.0549 0.0121

4b CcC GG 1 2 0 0.0020 0.0110 0

4b CcC GT 3 0 1 0.0060 0 0.0061

4b CC TT 1 0 8 0.0020 0 0.0485

4b TC GG 78 19 45 0.1566 0.1044 0.2727

4b TT GG 79 31 42 0.1586 0.1703 0.2545

4b TT GT 51 7 18 0.1024 0.0385 0.1091

4b TT TT 1 0 0 0.0020 0 0

We analyzed DNA samples from three clearly distinct
and well-defined ethnic groups. These included
Africans from Mali, African Americans and Cauca-
sians from United States. To our understanding, this
is the first report ever to examine a purely homoge-
neous African population for comparative purposes.
Previous studies have examined Caucasians versus
African Americans in the United States,'? black and
white Brazilians'® and white, black and mixed popula-
tions from Colombia.'* This present report, however,
is a first step toward deciphering the role of a homo-
geneous African population sans admixture in data
analysis and eNOS polymorphism conclusions.
Ethnogenotypic diversity studies of endothe-
lial nitric oxide synthase (eNOS) polymorphisms
has become imperative because of the possible
clinical and pathophysiological implications of cer-
tain diseases, as well as potential deconvolution of
ethnic-based responses and/or observations to cer-
tain chemotherapeutic agents. Tanus-Santos et al'?
have reported on the potential possibility that these
polymorphisms may predispose African Americans
in the United States to coronary artery disease and
hypertension.'>!? In addition, the ethnic distribu-
tion of these polymorphisms and pathophysiologi-
cal implications might carry a geographical import,
considering results from a Japanese cohort.?! In our

report, we found very extensive and clearly marked
differences in the interethnic distribution and haplo-
type frequency of these eNOS variants, within and
between the populations analyzed. This information
adds to the growing consensus that eNOS variants
play more significant roles than previously thought in
disease pathophysiology.”*2*

A closer examination of the T786C polymor-
phism (located in the promoter region) revealed that
the homozygote CC variant was commonly encoun-
tered in the Caucasian population (14.5%), compared
to its frequency among “blacks” (3.2% and 1.8% in
Africans and African Americans respectively), and
further confirms observations made elsewhere.'*!*
However, this observation clearly contrasts the report
in a Brazilian “white” cohort."> We can thereby pos-
tulate that the differing frequency of this variant is,
either individually or in combination, population and
geography-dependent.'>'*% Particularly in Brazil,
individual contributions to biogeographical ancestry
varies widely. However, most individuals, irrespec-
tive of demographic classification, phenotypic col-
oration or generation, possess significant degrees of
genetic admixture of European and African ancestry.
A few others display Amerindian heritage, which
may explain the difference in genotypic frequency.
This variant is clearly represented in the Caucasian
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gene pool but not others, and deciphering its role in
disease predisposition or pharmacokinetic potential
require further studies.

The intron 4 results in our study are very signifi-
cant; this is the first report, to our knowledge, that
has examined intron 4 in an African population. This
polymorphism has been found to be positively asso-
ciated with varying nitrate levels in plasma, with
potential implications for various cardiovascular and
pharmacologic outcomes. Reports abound on the dis-
tribution of the common intron 4 alleles; eNOS4a and
eNOS4b, commonly encountered with diverse distri-
bution, while the rarer eNOS4c and eNOS4d has been
defined in very few instances. These alleles have been
studied in different populations and under different
conditions to ascertain their possible physiologic
or disease implication. Populations studied include
healthy controls, as well as patients with acute coro-
nary syndromes, venous thromboembolisms, myo-
cardial infarction, preeclampsia, and Alzheimer’s
disease.'**“2 Qur results for the eNOS4d allele in the
African population reveal the need for an extensive
genetic association study to ascertain a potential role
for this allele in that population. In a recent report, it
has been shown that red cell eNOS expression and
activity are both lower in patients with coronary artery
disease than age-matched healthy individuals, and
this activity is correlated with the degree of endothe-
lial dysfunction.”® The authors concluded that human
RBCs constitutively produce nitric oxide under nor-
moxic conditions via an active eNOS isoform, and
this activity is compromised in patients with coronary
artery disease. How this observation plays in ethnic-
based disease pathophysiology or sickle cell crisis
will be a necessary next step.

The Glu298Asp polymorphism was also ana-
lyzed in all population groups, with its distribution
following a Hardy Weinberg Equilibrium (HWE).
Consistent with other studies, we found the 298 Asp
variant to occur at ~1% in African Americans and to
be completely absent in Africans. We do not contend
that this would be the outcome had African Americans
from a different region or Africans from a different
part of the continent had been studied. This is due
to the admixture among African Americans®***
and geography*® in the African population. African
Americans in this study were recruited from the state
of Louisiana based on knowledge of an ancestry that

can be traced to the slave trade era,*° which might
potentially contribute to this observation. Published
reports®' have shown that African American ancestry
is closely traceable to the A froasiatic and Nilo-Saharan
speaking populations of coastal West Africa, but not
the Niger-Kordofanian (Dogon from Mali). Further
studies examining this polymorphism in representa-
tive population of African Americans (recruited from
the Northeast or Mid-Atlantic United States) and
Africans (recruited from coastal West Africa) vis-a-
vis region- or disease-specific selection pressures is
highly imperative and urgently advocated.

In conclusion, we found that the three variants
under study exhibited significant linkage disequilib-
rium (LD) in the various population groups, with the
highest values in Caucasians and the lowest values
among Africans. This cline of relatively low LD in
Africa and high LD in Westerners nicely demon-
strates the out-of-Africa hypothesis. As has been
reported previously,” increasing linkage disequilib-
rium is observed with increasing geographical dis-
tance from Africa.”® This hypothesis states that all
modern humans stem from a single group of Homo
sapiens who left Africa 2,000 generations ago, spread-
ing all over Eurasia, and that they replaced other early
humans rather than interbreeding with them. The
cline of relatively low LD in Africa and high LD in
Westerners observed in our data nicely demonstrates
this fact. In addition, compared to other reports, we
present an analysis of a much bigger sample size that
is statistically justifiable.** Due to these differences
in LD and to differences in allele frequencies among
populations, haplotype frequencies were significantly
different in the three populations, confirming our
hypothesis. Our report is a foundational study to elu-
cidate the role of these polymorphisms in sickle cell
disease, applicable to the study of diversity in clinical
presentation and disease outcome in Africans versus
African-Americans. This is particularly imperative
considering the significant admixture and richness
of the African American gene pool.>3* The next step
is to extrapolate how each of these polymorphisms
regulate clinical (patho)physiology in a strict African
and African American sickle cell population.
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