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Abstract

Epistasis or modifier genes, that is, gene-gene interactions of non-allelic partners, play a major role in suscep
common human diseases. This old genetic concept has experienced a major renaissance recently. Interestingly, epis
can make the disease less severe, or make it more severe. Hence, most diseases are of different intensities in different
and in different ethnicities. This phenomenon affects sickle-cell anemia carriers and other hemoglobinopathies, syste
erythematosus, cystic fibrosis, complex autoimmune diseases, venous thromboembolism, and many others. It is l
fortunate, than 20 years form now, patients entering a medical facility will be subjected to a genomic scanning, in
pathogenic genes as well as epistatic genes.To cite this article: R.L. Nagel, C. R. Biologies 328 (2005).
 2005 Published by Elsevier SAS on behalf of Académie des sciences.
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1. Introduction

All human diseases, including breaking a leg, ha
a genetic component of large or small import[1]. In
addition, the degree and variability of the effect
modulated by gender and ethnic background is resp
sible for the wide diversity in type and severity of acu
and chronic diseases in different ethnicities.

Epistasis or gene-gene interaction plays a ma
role in susceptibility to common human diseases. T
concept has been hijacked by the more recent clin
literature under the banner ofmodifier genes. In ef-

E-mail address: nagel@aecom.yu.edu(R.L. Nagel).
1631-0691/$ – see front matter 2005 Published by Elsevier SAS on
doi:10.1016/j.crvi.2005.05.003
fect, this is a genetic concept that has been around
awhile but, fortunately, it has recently experience
major renaissance.

Epistasis, the interaction between two or mo
genes, is a hot topic of current interest in molecu
and quantitative genetics. Epistasis describes the
teraction between genes that are NOT part of the s
locus, and indeed can be very distant of each o
in the genome. In other words, it refers to intera
tion between genes occupying different loci, and
interaction must have a phenotypic consequence:
epistatic gene canameliorate the expression of anothe
gene (antagonistic epistasis) orsynergystic epistasis
thatreinforces the expression of another gene. Nev
theless, this nomenclature does not define if the p
behalf of Académie des sciences.
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notypic effect is beneficial or deleterious. In benefic
mutations, synergistic epistasis improves the ben
and if antagonistic, it has a negative effect. In turn
deleterious mutations, an antagonist epistasis will
minish the deleterious effect, hence having a posi
outcome, while a synergistic mutation, clearly ha
negative effect[2].

Complex traits, i.e. those with multiple gene
and environmental determinants, represent the gre
challenge for genetic analysis largely due to the d
culty of isolating the epistasis from other genetic a
environmental influences. Mapping the Quantitat
Trait Loci (QTLs) that influence complex traits is no
possible[3]. However, gene identification common
involves focusing on single candidate genes or isola
chromosomal regions. To reach the next level,
ploration of pleiotropism, epistasis and environme
dependency of genetic effects is required. Gen
interactions and unique environmental features m
be as carefully scrutinized as are the single gene
fects. According to Philips et al.[3], no one genetic
approach is likely to possess all the necessary
tures for comprehensive analysis of a complex d
ease. Rather, the entire arsenal of behavioral geno
and other approaches are needed, such as ran
mutagenesis, QTL analyses, transgenic and knoc
models, viral mediated gene transfer, pharmaco
ical analyses, gene expression assays, antisens
proaches and importantly, revitalization of classi
genetic methods. In our view, classical breeding
signs are currently underutilized, and will shorten
distance to the target of understanding the complex
netic and environmental interactions associated w
disease. Unique combinations of classical approac
with current molecular genomic approaches offer
best strategy.

Moore’s[4] recent working hypothesis is that ep
tasis is a ubiquitous component of the genetic ar
tecture of common human diseases and thatcomplex
interactions are more important than the independ
main effects of any one susceptibility gene. This h
pothesis is based on the following: First, the idea t
epistasis is important is not new. In fact, the rec
nition that deviations from Mendelian ratios are d
to interactions between genes has been around
nearly 100 years. Second, the ubiquity of biomo
cular interactions in gene regulation and bioche
cal and metabolic systems suggest that the relat
t

-

ship between DNA sequence variations and clin
endpoints is likely to involve epistasis. Third, sing
polymorphisms many times do not replicate indep
dent samples, in both linkage and association stud
Fourth, gene-gene interactions are commonly fo
when properly investigated.

2. Epistatic component of diseases

2.1. Sickle-cell anemia, the first molecular disease

Sickle-cell anemia (SCA) is the first ‘monogeni
disease ever described, and constitutes the para
for a disease traceable to a single mutation in a sin
gene. Based on this discovery, Pauling’s[5] concept of
‘molecular disease’, opened a new chapter in the
tory of medicine. Nevertheless,at the phenotypic level,
SCA is not a monogenic disease; it is a multigenic dis-
ease (a challenging concept at first). Clinically this
evident, because each patient exhibits 3–5 of the a
15 potential complications, and in addition, with s
nificant inter-individual variations in intensity. The la
ter is the consequence of three types of genes: (a
gene housing the primary mutation,β globin exhibit-
ing a mutation in position [6Val•Glu]; (b) pleiotropic
genes (genes involved in secondary pathophysiol
events beyond the primary mutation, each with the
tential of modifying the extent and features of hemo
sis, marrow replacement, osteonecrosis, etc.) (Fig. 1);
and (c) epistatic genes (polymorphism in pleiotro
genes) that significantly modulates the pathophys
ogy of the disease in a particular patient). These
ondary events are an important part of the phenot
and explain the intense inter-individual differences
the severity of the disease, in spite of all the patie
having the same sickle globin gene in the homozyg
form.

In the last decade, a number of epistatic genes
pleiotropic genes have been defined, and many ot
are now in the category of potential candidates.
croarray expression technology and high-through
sequencing promise to accelerate our full multige
understanding of this disease, not as a Linneus
category, but as genomically individualized conce
as we navigate the new millennium[6].

A complication in which epistatic effects hav
been studied is cerebrovascular obstruction, a c



608 R.L. Nagel / C. R. Biologies 328 (2005) 606–615

kle
tic
ropic
in

ells
s in
they
e of
in-

row
nom-
ns-
tion
ces
s to

ses,
ses
age
d all
nes.

).
ore
arc-
ied

role
es.
f
of
ib-
ed
in-
a-

for

d

an
ad
ke.
i-

the
ted

an

mal
is-
ll
ical

ome
tle,
is-
od
no-
the
m-
of
ent

of

ene
for
an
pa-
nd

ro-

ks
Ps
d
bF.
be-

6q.
nce
es.
7
bF.
ay

ase-

ck
Fig. 1. Some pleiotropic effects in sickle-cell anemia: The sic
mutationβ6 Glu•Val is an indispensable as the primary gene
event. Nevertheless, this mutation produced a cascade of pleiot
effects. The first is the induction of sickle polymer formation with
the red cells which leads to the formation of irreversibly sickled c
(ISC) among the sickle red cells. The ISCs live only about 3 day
circulation and are big contributors to hemolysis and anemia;
vary in their proportion among patients suggesting the presenc
epistasis influence in their generation. We also know that they
crease destruction of sickle cells (hemolysis) promoting a mar
response with increased circulating stress reticulocytes, a phe
ena, that in turn, increases the activity of the red cell K:Cl cotra
port and the Gardos’ Channel. This dehydration leads to forma
of ISCs. An increase in reticulocytes, sticky red cells, enhan
the adhesion of red cells to the vascular endothelium that lead
microvascular vasoocclusion that, in turn, promotes painful cri
silent gray matter infarcts, etc. Also sickling of red cells increa
oxidative stress that, in turn, leads to red cell membrane dam
and propensity to vascular adhesion and vasoocclusion. Behin
of these pleiotropic events are the potential effects of epistatic ge

mon cause of morbidity and mortality in SCA (HbSS
About 10% of the patients have a clinical stroke bef
20 years of age, and another 22% have silent inf
tion detected by MRI, that many times is accompan
by motor-cognitive deficiencies[7]. The phenotypic
variation among patients with HbSS suggests a
for modifier genes and/or environmental influenc
Driscoll et al. [7] studied the familial component o
clinical stroke in HbSS, estimating the prevalence
clinical stroke among all patients and among SCA s
ling pairs at 9 pediatric centers. The sample includ
3425 patients with SCD (younger than 21 years),
cluding 2353 patients with SCA. The stroke prev
lence was 4.9% for all sickle genotypes: 7.1%
patients with SCA; 1.1% for patients with HbS-β◦ tha-
lassemia; 0.6% for patients with Sβ+ thalassemia; an
0% for patients with HbSC. In 207 sibships, more th
1 child had SCA. Of 42 sibships at least 1 sibling h
a stroke, and in 10 of the 42, 2 siblings had a stro
A permutation test indicated that the number of fam
lies in which 2 children had strokes was larger than
number expected if strokes were randomly distribu
among children in sibships (p = 0.0012).

The modulation in hemoglobin F (HbF) levels (
anti-sickling globin) is linked withβ-globin gene clus-
ter haplotypes and to gender and other chromoso
sites, significantly influencing the severity of the d
ease[8]. Coexistence ofα-thalassemia with sickle ce
disease (SCD, all genotypes) produces hematolog
and clinical consequences that are beneficial in s
complications but deleterious in others. There is lit
if any, modulation of the phenotype of SCA by coex
tence of G6PD deficiency. Mutations that favor blo
coagulation or thrombosis may influence the phe
type of the disease. Improved understanding of
influence of genes involved in modulating the co
plex pathophysiology of SCD may allow prediction
the phenotype of SCD patients and aid in managem
decisions[8].

In SCA, HbF concentrations vary by two orders
magnitude. Wyszynski et al.[9] postulated that this
variance may be a result of heterogeneity in g
regulatory elements. Accordingly, they searched
single nucleotide polymorphisms (SNPs). More th
180 SNPs were studied in 38 genes of 280 SCA
tients. The strongest association with HbF was fou
with SNPs near a QTL previously localized on ch
mosome Genetic factors affecting postnatalγ-globin
expression are difficult to study in mice, that lac
a gene equivalent t 6q22.3-q23.2. Initially, two SN
were identified in intergenic portions of this QTL an
were associated with about a 20% difference in %H
Subsequently, they genotyped 44 additional SNPs
tween 136.1 Mb and 137.5 Mb on chromosome
Twelve SNPs, associated with a 20%–30% differe
in %HbF, were located in the introns of four gen
Haplotypes C–T–T–T in MAP7 and T–C–C in PEX
were significantly associated with increases in %H
Genetic elements abutting the 6q22.3-q23.2 QTL m
harbor trans-acting elements that help modulate b
line HbF levels in SCA.

Genetic factors affecting postnatalγ-globin expres-
sion are difficult to study in mice due to the la
of an equivalent gene to the humanγ-globin. Lin
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et al. [10] introduced a humanβ-globin cluster YAC
transgene into the genome of FVB/N mice. Theβ-
cluster contained the Greek hereditary persistenc
HbF (HPFH)γ allele, resulting in significant postna
tal expression of humanγ-globin in transgenic mice
To map genes affecting postnatalγ-globin expres-
sion, a 20-centiMorgan (cM) genome scan was p
formed, followed by high-resolution marker analys
of promising loci. From this analysis, Lin et al.[10]
mapped a locus within an 18-cM interval of mou
Chromosome (Chr) 1 (LOD= 4.3) that contributes
10.9% of variation inγ-globin level.

The S+S-Antilles transgenic mouse has renal d
fects similar to those seen in SCA patients: conge
glomeruli, medullary fibrosis, renal enlargement,
soocclusion, and a urine concentrating defect. Ryb
et al. [11] have used gene expression microarrays
identify genes highly up-regulated in the kidneys
these mice and validated their expression by real-t
PCR. Kidney hypoxia, as demonstrated by the p
ence of deoxyHb, was detected by blood oxygen
pendent magnetic resonance imaging (BOLD-MR
Some of the up-regulated genes included cytochro
P450 4a14, glutathione-S-transferaseα-1, mitochon-
drial hydroxymethylglutaryl CoA synthase, cytokin
inducible SH-2 containing protein, retinol dehydrog
nase type III, arginase II, glycolate oxidase, Na/K A
Pase, renin-1, and alkaline phosphatase 2. An incr
in enzyme activity was also demonstrated for one
the up-regulated genes (arginase II). These pleiotr
genes can be integrated into several different pa
physiological processes: a hypoxia cascade, a rep
ment cascade, or an ameliorating cascade, one or
which may explain the phenotype of this disease. T
authors conclude that microarray technology is a p
erful tool to identify genes involved in renal disease
SCA and that the identification of various metabo
pathways may open new avenues for therapeutic
tervention. The next stage is to search for SNPs
humans with SCA that present with diverse forms
renal damage.

Hydroxyurea (HU) is the only FDA approved dru
for the treatment of SCA, and recently it has be
proven that it reduces mortality[12]. Nevertheless
many patients die of sickle complication, while taki
HU. Bakanay et al.[13] reported that of the 226 pa
tients treated with HU, 38 died (34 of sickle-relat
causes). Acute chest syndrome was the most c
-

mon cause of death (35%). The patients involved
this group were significantly older when the HU c
hort was instituted; they had significantly higher ser
BUN and creatinine. Also, they were more anemic a
the sickle gene was more likely linked to the Ban
and Cameroon hyplotypes, which appeared to be
ing as carriers of synergistic epistatic interactions w
the sickle gene. The Bantu haplotypes are known t
associated with lower HbF expression[14].

Table 1 is a summary of the epistatic effects
sickle-cell anemia.

2.2. Epistasis in other diseases

The genetics of humansystemic lupus erythemato-
sus (SLE) has been under intense studies during
past decade. Although the complexity inherent
polygenic, multifactorial diseases is challenging, s
eral new insights have been obtained in the past sev
years using linkage and association studies of fam
containing SLE patients as well as case-control s
ies of populations[15]. In addition, recent advances
our understanding of the human genome and em
ing technology have provided new tools in analyse
complex traits, such as SLE.

Immunoglobulin GM and KM genes have been
sociated with antibody responses to a variety of a
gens. A promoter-region polymorphism of IL-6 ge
(−174 G/C) has been shown to be associated with
tibody responses to heat-shock proteinsHSP60 and
HSP65. To detect possible epistatic effects on t
autoimmune responses to HSP60 and HSP65,
healthy Caucasian subjects from Finland were ge
typed for several allelic determinants of GM, KM
and IL-6 genes by PCR-RFLP and IgG antibodies
HSP60 and HSP65 measured by ELISA[16]. Signifi-
cant interactive effects of GM f,z and IL-6–174 gen
types were noted for both anti-HSP60 (p = 0.002) and
anti-HSP65 (p = 0.038) antibody levels. Since thes
autoantibodies have been implicated in susceptib
to coronary heart disease and carotid atheroscler
the associations might be relevant to the etiology
these diseases.

The biological activity antigens of theABH and
Lewis blood group family are still unresolved. Gene
involved in their biosynthesis and their tissue dis
bution in humans and other mammals, has allow
Marionneau et al.[17] to propose that selective force
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Table 1
Summary of the epistatic effects on sickle-cell anemia

Genotype Epistatic effect Epistasis

SS (SCA) Modulation in the Hb F levels Gender: females have higher HbS than males with SCA

SS (SCA) Modulation in the Hb F levels β-gene cluster haplotypes (HP): Senegal and Arab India, HP have
lower HbF than Benin, Bantu and Cameroon HP.A locus within an
18-cM interval of mouse Chromosome 1 contributes10.9% of
variation in -globin level

SS, SC, SE Reduction of hemolysis Reduction of MCHC and hence, reduction of delay time of
polymerization of HbSReduction in incidence of most

complications

SS and SCD Incidence of cerebral stroke Families in which 2 children had strokes had ahigher number than
expected if they were randomly distributed among children in sibsh
(p = 0.0012)

SS and Thalassemia Reduction of HbS in sickle cells and
potentially lowering the extent of
polymerization

(AT)x(T)y, 500 bp 5′ to the human-globin gene is a silencer for this
gene. BP1 binds most tightly to DNA of the Indian HP, and the Beni
HP, that exhibits weaker affinity for BP1, and the weakest to DNA o
the Bantu HP, associated with clinically more severe sickle cell
symptoms

SS, SCD An increased frequency of the variant alleles
in the HSMBP1B genotype patients who
had not suffered severe infections

Mannose-binding protein (MBP) is a serum lectin involved in the
innate immune response to infections. Children with SCD have an
increased susceptibility to meningitis, septicaemia, and osteomyel
Apart from known variant alleles, three novel ones have been foun
that reduces incidence of severe infections[40]
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may maintain or propagate these oligosaccharide a
gens. The ABO,α-1,2 fucosyl-transferase andα-1,3
fucosyl-transferase enzyme families have been g
erated by gene duplications. Members of these fa
lies contribute to biosynthesis of the antigensthrough
epistatic interactions. The authors suggest that the
highly polymorphic genes provide intraspecies div
sity that allows coping with diverse and rapidly evo
ing pathogens. In contrast, the genes of low freque
polymorphism are expected to play roles at the ce
lar level, although they may also be dispensable at
individual level. In addition, some members of the
three gene families are expected to be function
redundant and may either provide a reservoir for
ditional diversity in the future or become inactivate
The role of the ABH and Lewis histo-blood group an
gens in pathologies such as cancer and cardiovas
diseases is merely incidental and devoid of evoluti
ary impact.

The variable clinical manifestations ofcystic fibro-
sis (CF) suggest the influence of epistatic (modifi
genes. For example, meconium ileus is present in
proximately 10–15% of neonates with cystic fibros
however, the genetic and/or environmental factors
r

volved have not been determined. Rholfs et al.[18]
propose the HFE gene as a candidate modifier lo
for CF based on the following: (1) the suggestion
an association between the HLA loci and CF phe
types; (2) the location of the HFE gene near the H
loci, and (3) the similarity between the gastrointesti
manifestations of hereditary hemochromatosis (H
and CF. The frequency of the C282Y and H63D m
tations in a group of 89 CF patients homozygous
δ F508 and with meconium ileus status known, w
determined. The carrier frequency of C282Y in CF
tients with meconium ileus was significantly differe
from that of our unaffected control group (19.4% v
sus 7.7%). However, the difference between the me
nium ileus and the nonmeconium ileus groups was
significant (19.4% versus 10.3%). There was no
ference in the frequency of the H63D among the th
groups that were studied. These data are sugges
but not definitive, of a relationship between the d
velopment of meconium ileus or other gastrointesti
diseases in CF and the HFE gene.

Susceptibility to complex autoimmune diseases
(AIDs) (not to be confused with AIDS) is a multigen
phenotype affected by a variety of genetic and en
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ronmental or stochastic factors[19]. Linkage analyses
in the identification of non-major histocompatib
ity complex (non-MHC) susceptibility alleles hav
proved difficult, predominantly because of extens
genetic heterogeneity and possible epistatic inte
tions among the multiple genes required for dise
development. Despite these difficulties, progress
been made in elucidating the genetic mechanisms
influence the inheritance of susceptibility, and the p
of gene discovery is accelerating. An intriguing n
finding has been the colocalization of several A
susceptibility genes in both rodent models and hum
linkage studies. This may indicate that several susc
tibility alleles affect multiple AIDs or alternatively
that genomic organization has resulted in the clus
ing of many immune system genes.

Vestibular dysfunction leads to dizziness and im
balance. Genes play an important role in its et
ogy, but the genetics are complex and poorly und
stood. Cryns et al.[20] have analyzed the comple
inheritance pattern in the Epistatic Circler mouse t
shows circling behavior indicative of vestibular dy
function. This phenotype exists in a fraction of t
F2-generation from a crossing between C57L/J
SWR/J mouse strains. Genetic investigation indica
that the circling behavior is caused by a major rec
sively inherited gene derived from the SWR/J str
(the Ecs-gene) in combination with at least three
ferent epistatic genes derived from C57L/J (the E
genes). Genetic mapping made it possible to loca
the Ecs-gene to chromosome 14 and the Ecl-gene
chromosome 3, 4, and 13.

Interactions between glucocorticoid recep
(GRL), lipoprotein lipase (LPL), and adrenergic r
ceptor (ADR) genes onplasma insulin and lipid levels
are poorly understood. Ukkola et al.[21] undertook a
cross-sectional study based on 742 individuals fr
phase 2 of the Quebec Family Study (QFS) coh
Gene markers were identified by Southern blot
PCR. Plasma glucose and insulin in the fasted s
and during an oral glucose tolerance test were de
mined, and insulin and glucose areas were compu
Triglyceride and cholesterol in plasma and lipoprot
fractions were determined enzymatically. The res
showed that GRL and LPL variants had independ
effects on plasma high-density lipoprotein choleste
(HDL-C), and twoβ2-ADR variants were related t
total cholesterol concentrations. Theα2-ADR gene
Dral polymorphism was the only variant that had
independent effect on the plasma insulin area.Gene-
gene interaction (epistatic)effects were found between
GRL andα2-ADR genes for low-density lipoprotei
cholesterol ([LDL-C]p = 0.013) and between GR
and LPL genes for HDL-C, although thep value was
weak (p = 0.045). Stronger interaction effects invol
ing GRL, LPL, and ADR markers were observed
the plasma insulin area (p = 0.001 to 0.025) but no
the glucose area. After correction for multiple tes
the findings remained essentially unchanged for the
sulin area but became non-significant for the lipid p
notypes. In conclusion, multiple interactions amo
GRL, LPL, and ADR gene markers contributed to
sulin metabolism and perhaps to lipid levels, but
significant effect was found for each gene separa
The LPL locus appeared to determine the pattern
interactions with ADR and GRL loci. These resu
suggest that multiple epistasis effects could play a
in the etiology of risk factors for common chronic di
eases.

3. Ethnicity and founders’ effect: impact on
epistasis

In the search for epistasis, we need to be caut
about another complicating factor that represents
added potential pitfall: epistatic genes tend to be
verse in different ethnic groups, and therefore admi
populations tend to be more complex.

As previously discussed, the diverse interaction
tween epistatic genes discussed above in different
nic groups and in admixed populations will add a
other hurdle in the generation of useful sets of d
in genetic diseases found around the world. A c
in point is sickle-cell anemia: the gene seems to h
originated independently in at least five times a
sites: Atlantic West Africa (linked to the Senegal ha
lotype), Central West Africa (Benin haplotype), t
sickle gene that arose exclusively among the Eton p
ple in Cameroon (Cameroon haplotype), and fina
the Arab-India haplotype linked to the sickle mutatio
found among the Adavasi of India and among Arab
the eastern oasis of Saudi Arabia[22–24].

The Atlantic slave trade and the Arab slave tra
dispersed these genes to the Americas and the Mi
East. While the Benin haplotype linked to the sick
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gene migrated to Sicily, Portugal, Greece and Tur
several hundreds of years ago, more recently, a m
genetically diverse sickle gene has migrated (with
immigrant flow of ‘guest workers’) to several cou
tries of Europe, including France, Germany, Sp
and Italy. The occurrence of this gene flow and
forthcoming admixture with the host populations h
resulted in important genetic consequences. For
ample, African-Americans, are now, in average ab
25% Caucasians[25]. Hence, epistatic genes will var
in patients with SCA, in each of these admixed popu
tions, according the extent and origin of the admix
genetic influx.

Finally, founder’s effect has to be considered. Th
term refers to the potential distorting effect on ge
frequency due to by the migration and resettling o
relatively small group of people from a particular eth
nicity into a larger community. The migrants mig
carry only a subset of the epistatic genes found
the population from which they came. This partic
lar phenomenon might be operative in the enclave
sickle cell carriers, for example, found on the islan
of Greece, Turkey and southern Chile[26–28].

Initial efforts have been made recently to und
stand and measure the ethnic admixture/hemoglob
pathy relationship. A range of estimates for sickle c
and β-thalassemia have been derived for the diff
ent ethnic groups living in the UK[29]. In England
approximately 3000 affected babies (0.47%) carry
sickle cell trait and 2800 (0.44%) carry theβ-thalas-
semia trait annually: with approximately 178 (0.28�
conceptions) affected by sickle cell disease (SCD)
43 (0.07�) by β-thalassemia. About 140–175 (0.2
0.28�) affected infants are born annually, with SC
and from 10 to 25 (0.02–0.04�) with β-thalassemia.

The Department of Health in Britain has unde
taken a linked antenatal and neonatal screening
gram for hemoglobinopathies by 2004 in a comp
hensive national plan for the National Health Serv
in Britain; includes the investigation of the effectiv
ness of ethnic origin as a basis for selection[30]. Two
previous reports in Britain emphasized the importa
of generating a standardized instrument for collect
ethnicity data and recommended early developm
of such work. Nevertheless, substantial variability
practice and the quality of data resulted in the occ
rence of mis-classification as high as 20% again
recommended target of fewer than 5.5%. Hence,
ther work to produce the proper instruments is nec
sary.

In the US, four interesting efforts are worth me
tioning. Gregg et al.[30] studied the resistance
activated protein C (APC) as the most common r
factor for venous thromboembolism, a major cause
morbidity and mortality with an incidence of abo
1/1000 per year. The Arg 506 to Gln mutation in ex
10 of the coagulation factor V gene (factor V-Le
den), an autosomal dominant trait, is responsible
> 90% of the APC resistance cases. Initial stud
suggested that this mutation is restricted to Europ
Caucasians with an allele frequency in European
American Caucasians of 4.4%, making it one of
most common monogenic disorders in this popu
tion. A limited number of other ethnic population
have been tested, and the mutation has been fo
only rarely. Gregg et al.[30] in a multiethnic survey
of 602 Hispanic–Americans found them to have
highest frequency of the factor V-Leiden mutant
lele, 1.65%, while African–Americans had lowest fr
quency (0.87%). No factor V-Leiden mutations we
found in 191 Asian–Americans or in the 54 Nati
Americans tested. Hence, the factor V-Leiden mu
tion segregates in populations with significant C
casian admixture and is rare in non-European gro
This ethnic stratification may be useful in developi
cost effective, selective screening programs to id
tify those at risk for thromboembolism who can bene
from prophylactic therapy.

William et al. [31] traced European–American a
mixture in the Gila River Indian Community an
its mode of entry. Among the 9616 residents, 20
claim only partial Native American heritage. A pr
cedure employing 23 alleles or haplotypes at ei
loci was used to estimate the proportion of Europe
American admixture,m(a), for the entire sample an
within six categories of Caucasian admixture cal
lated from demographic data,md. The genetic analy
sis estimated a total European–American admixtur
0.054 (95% confidence interval: 0.044–0.063).

An estimate from demographic records was si
lar (0.059). Regression ofm(a) on md yielded a fitted
line m(a) = 0.922 md,r = 0.959 (p = 0.0001). When
total European–American admixture is partitioned
tween the contributing populations, Mexican-Ame
cans provided 0.671, European-Americans 0.305,
African-Americans 0.023. They concluded that ac
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ded
rate, reliable estimates of genetic admixture are po
ble from allele and haplotype frequencies, even w
there is little demographic information for the popu
tion.

Of particular interest is the effort of Smith et a
[32] that embarked on admixture mapping (mapp
by admixture linkage disequilibrium or MALD) to lo
calize the genes that cause disease in admixed
nic groups such as African Americans, with appro
imately 100 times fewer markers than are requi
for whole-genome haplotype scans. However, it
not been possible up to now to perform power
scans with admixture mapping because the met
requires the availability of a dense map of valida
markers known to have large frequency differen
between Europeans and Africans. To create suc
map, the authors screened through databases con
ing approximately 450 000 single-nucleotide polym
phisms (SNPs) for which frequencies had been e
mated in African and European population samp
They confirmed the frequencies of the most promis
SNPs in a multiethnic panel of unrelated samples
identified 3011 as a MALD map (1.2 cM average sp
ing). They estimated that this map is approximat
70% informative in differentiating African versus E
ropean origins of chromosomal segments. This m
provides a practical and powerful tool, which is free
available, without restriction, for screening of disea
genes in African American patient cohorts. The ma
especially appropriate for those diseases that diffe
incidence between the parental African and Europ
populations.

4. Environmental/genetic interactions

There is little doubt, around the world, that pove
reduces the chance of proper medical care and red
the lifespan of patients suffering from many diseas
including the hemoglobinopathies. Poverty also le
to malnutrition that is clearly detrimental. In the ca
of SCA, exposure to cold weather, high altitude a
un-pressurized aircrafts are associated with precip
tion of painful crises and in the cases of S/β-thalas-
semia and sickle trait, of spleen infarcts. Sickle tr
individuals are susceptible to death in hard training
ercise as are common in military training[33].

Concurrent diseases, such as respiratory infect
were common causes of death in infants, as subs
-

-

s

tiated by the considerable increase in survival rate
the first decade of life when pneumococcal vacci
and penicillin prophylaxis were introduced in the U
for patients with sickle syndromes[34,35]. Concur-
rent sleep apnea, promotes painful crises and pos
acute chest syndrome in these patients. Iron deficie
is considered a problem, but excess iron administra
is contra-productive. Iron supplement in moderation
not a problem and might even decrease malaria in
tion [36].

An interesting question is the effect of mala
around the world on the survival of hemoglobinop
thies. The prevalence of malaria parasitemia seem
be normal or possibly lower in asymptomatic SC
subjects than in AA controls[37]. These observation
could be explained by HbS-containing red cell fe
tures that protect the carriers, not from getting mala
but from dying of it and from severe manifestation
Mechanisms involved have been reviewed by Na
et al.[38] and extended recently by Hebbel[39].

5. Conclusions

Epistasis is, most probably, the principal mec
anism that explains the inter-individual phenotyp
variability of genetic diseases. For example, the c
in point is sickle-cell anemia. We observed that amo
the main 15 complications for which these patients
at risk, only about five or fewer complications are a
parent in each patient. This phenotypic diversity n
atively impacts on quality of life and survival. Finall
small enclaves of patients with sickle-cell anemia c
have a significant founder’s effect (see above).

The increasing capability of defining epista
genes in this disease, as a consequence of the te
cal advances generated by the genomic era, unfold
exciting potential of being able to define the pletho
of epistasis in individual patients and, hence, be
able to advance the therapeutic strategies that a
concert with the risks involved. Fortunately, it is b
coming apparent that the same is true for most gen
diseases.

The admixture of ethnic groups is a major issue
defining epistatic effects. Although ethnic admixtu
existed since the earliest times, it was strongly p
moted by the Age of Discovery, with its transatlan
voyages, and the active Atlantic and Arab slave trad
In the last century, this phenomenon has explo
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with increases in travel facilities, increased comm
nications, and the drastic consequences of the last
World Wars that devastated Europe. Fortunately, id
as how to develop methodologies to quantitate
identify the effect of epistatic genes, characteristics
each of the ethnic groups participating in the adm
ture, are emerging.

Nevertheless, we need to be cautious about ano
complication that represents a potential pitfall: epis
tic genes tend to be diverse in different ethnic gro
and their complexity increases in ethnically admix
populations. As the diverse interaction between epi
tic genes, discussed above, in different ethnic gro
and admixed populations add another hurdle to
generation of useful sets of data in genetic disea
present around the world. A case in point is sickle-c
anemia: the gene seems to have originated inde
dently at least four times (Atlantic West Africa (linke
to the Senegal haplotype), Central West Africa (Be
haplotype), and the sickle gene that arose exclusi
among the Eton people in Cameroon (Cameroon h
lotype), and finally, the Arab-India haplotype linked
the sickle mutation, found among the Adavasi of
dia and among the Arabs in the eastern oasis of S
Arabia[39,40].

The Atlantic and the Arab slave trades (propel
different needs and with different consequences)
persed these genes to the American and to the M
dle East. While the Benin haplotype linked to sick
gene migrated to Sicily, Portugal, Greece and Tur
several hundreds of years ago, more recently, a m
genetically diverse sickle gene has migrated (with
flow of ‘guest workers’) to several countries of E
rope, including France, Germany, Spain and Italy. T
occurrence of this gene flow and the forthcoming
mixture with the host populations has resulted in i
portant genetic consequences. African-Americans
example, are now, on average about 25% Caucasia
mention before[25]. It is necessary to conclude th
epistatic genes will vary in patients with sickle-c
anemia in each of these admixed populations acc
ing to the extent of the gene influx to their origin
genetic make-up.
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