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Summary

Population origins and ancestry have previously been found to be important determinants of coronary artery disease
(CAD). This study investigates associations of Lebanese mitochondrial DNA lineages with CAD and studies their
correlation with other populations, exploring population structures that may infer mitochondria functional associations
and reveal population movements and origins. Sequencing the mitochondrial hypervariable sequence 1 (HVS-1) of 363
controls and 448 cases revealed that haplogroup W was more frequent (P = 0.013) in cases compared to controls, and
was associated with increased risk of CAD (OR = 5.50, 95% CI = 1.50-35.30, P = 0.026) among Lebanese samples.
Haplogroup A was only found in controls (P = 0.029). We have detected stronger geographic correlation between
haplogroup W and CAD (Pearson’s r = 0.316, P < 0.001) than between haplogroup A and CAD (r = 0.149, P < 0.001).
HVS-1 phylogenetic network of haplogroup W shows controls are restricted to European clusters while cases belong
mostly to Middle Eastern natives. The network of haplogroup A shows that the controls belong to a cluster dominated by
Central Asians. Our results show evidence of a gene flow into Lebanon, creating CAD-associated population structures
that are similar to those in the source populations, maintained by limited admixture, and probably encompassing variations
on the nuclear and/or the mitochondrial genome that are correlated with the disease.
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Introduction ribosomal RINA, tRNA, and 37 genes supporting metabolic
oxidative phosphorylation (Anderson et al., 1981). The very

The maternally inherited human mitochondrial DNA high mitochondrial evolutionary rate compared to the nu-

(mtDNA) - has around 16,500 base pairs. It contains  (Jeyy genome has provided for the accumulation of diverse

mtDNA variations, marking a number of haplotypes, thus
*Corresponding author: Pierre Zalloua, The Lebanese American
University, Chouran, Beirut 1102 2801, Lebanon. Tel: +961-1-
784408 Ext. 2855; Fax: +961-9-546090; E-mail: pierre.zalloua@

providing an excellent tool for studying human evolution,
migration, and population histories (Pakendorf & Stoneking,

lau.edu.lb 2005). Over the last two decades, analysis of modern human
fMarc Haber and Sonia C. Youhanna contributed equally to the mtDNA variations have revealed modern human origins in
paper.
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Africa and subsequent migrations to Asia and Europe (Cann
et al., 1987).

It has been found that some mtDNA haplotypes not only
elucidate population structures, but may also predispose to,
or protect against, certain diseases (Wallace, 2005). In fact,
mtDNA haplotype studies have reported associations with
several diseases such as Parkinson’s disease (Takasaki, 2009),
Alzheimer’s disease (Santoro et al., 2010), hepatocellular car-
cinoma (Zhang et al., 2010), breast cancer (Bai et al., 2007),
multiple sclerosis (Kalman et al., 1999), Leber’s hereditary op-
tic neuropathy (Koilkonda & Guy, 2011), and type 2 diabetes
(Feder et al., 2009). Mitochondrial functional differences are
thought to be among the most important risk factors of coro-
nary artery diseases (CAD), including myocardial infarction
(MI) (Nishigaki et al., 2007).

Mitochondria are the primary site of superoxide production
in vascular endothelial cells. Mitochondrion-derived reactive
oxygen species play an important role in the pathogenesis of
atherosclerosis and CAD (Guzik et al., 2006). Consequently,
polymorphisms in the mtDINA are expected to associate with
CAD.

It was previously reported that the mitochondrial hap-
logroup D, represented by an mtSNP 5178C>A (ND2:
Leu237Met), was associated with longevity and with resis-
tance against MI (Takagi et al.,, 2004). In another study,
mtDNA haplogroup T was found to be associated with
CAD and diabetic retinopathy in a Caucasian population from
Austria (Kofler et al., 2009). The mtDNA variant 16189T>C
increased risk of CAD and MI in Saudi Arabs (Abu-Amero
et al., 2010) and of CAD in Austrians (Mueller et al., 2011),
while the mitochondrial haplogroup N9b was reported to
be protective against MI in Japanese males (Nishigaki et al.,
2007). However, in a large study on the Danish population,
no association was found between mitochondrial haplogroups
and risk of ischemic cardiovascular disease (Benn et al., 2008).

Since CAD risk is both genetically and environmentally
determined, and family history (Youhanna et al., 2010) along
with ethnicity (Kain et al., 2003, De Lima Santos et al.,
2011, Fernandes et al., 2011) play a major role in disease
occurrence, the strong association of mtDNA with popu-
lation structure may explain the inconsistent implication of
CAD among mtDNA haplogroups, both in terms of corre-
lation with inherited autosomal mutations, as well as correla-
tion with cultural and environmental risks. Studies exploring
population structures associated with CAD and incorporated
into admixed populations at a resolution finer than ethnicity
are lacking. In this study, our aim is to investigate such fine
structures in a population of CAD cases and controls from
Lebanon using mtDNA lineages that may infer mitochondria
functional associations and/or reveal population structures,
resolving population movements and origins. Lebanon pos-
sesses a unique genetic diversity; population structures among
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Table 1 Summary statistic of study population.

CAD status
Variables Cases Controls Combined
n = 448 n =363 n =811
Age, in years 539+ 9.4 549+ 114 544+ 104
(mean £ SD?)
Sex (male%) 86.4 48.5 69.4
Hypertension (%) 48.9 59.8 53.8
Hyperlipidemia (%) 50.7 37.5 44.7
Diabetes(%) 29.0 24.0 26.8
Smoking (%) 78.3 55.4 68.1
Family history of 64.7 54.8 60.3
CAD® (%)

*Standard deviation.
PParents or siblings.

current Lebanese have been established since at least the
Bronze Age (Haber et al., 2011). Post-establishment expan-
sions to this region, such as the Islamic expansion in the
7th century and the Crusades in the 11th and 13th century,
were marked by gene flow still detectable today (Zalloua et al.,
2008). Lebanon therefore, provides an opportunity to observe
genetic signatures of recent migrations, potentially giving a
view on which lineages are disease correlated and how they
are related to other populations.

Materials and Methods

Study Subjects and Comparative Data

The study consists of 811 unrelated Lebanese subjects ran-
domly chosen from a previously established CAD cohort and
selected from subjects who were catheterised for MI, unsta-
ble angina, or for CAD workup (Youhanna et al., 2010). The
subjects were classified as 363 controls and 448 cases (Table 1).
Controls have a normal angiogram defined by the absence of
any atherosclerosis and/or any lesions in all coronary arter-
ies. Cases were diagnosed with >50% stenosis in any of the
coronary arteries. The study was approved by the IRB of the
Lebanese American University.

Comparative data were used from the MURKA database
and integrated software (Zaporozhchenko et al., 2010), which
contains hypervariable sequence 1 (HVS-1) records from pub-
lished sources.

Sequencing of Human Mitochondrial HVS-1

DNA was extracted from blood samples. Briefly, extraction
from blood was done by lysing erythrocytes at 37°C in
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0.144 M NH4Cl, 1 mM KHCOs;. Leukocytes were lysed
at 55°C in 10 mM Tris, 5 mM EDTA, 400 mM NaCl,
0.15% SDS and digested with 0.2 mg/ml Proteinase K.
DNA was isolated using phenol/chloroform/isoamyl al-
cohol and subsequently precipitated in ethanol. Samples
were sequenced from mtDNA positions 16024 to 16569
covering the HVS-1. Sequencing was performed on an
Applied Biosystems 3130xl Genetic Analyzer. The pri-
mary amplification was achieved by primers 15876F (5-
TCAAATGGGCCTGTCCTTGTAG-3") and 639R (5°-
GGGTGATGTGAGCCCGTCTA-3’) (Applied Biosystems,
Foster City, CA, USA). PCR products were cleaned using
Exonuclease I and Shrimp Alkaline Phosphatase (Bio Basic
Inc., Markham, ON, Canada). A sequencing amplification
was achieved using BigDye Terminator v3.1 with primers
15946F (5-CAAGGACAAATCAGAGAAAA-3’) and 132R
(5>-GACAGATACTGCGACATAGG-3’) and cleaned using
BigDye Xterminator, all supplied by Applied Biosystems.

Polymorphisms, Nomenclature,
and Haplogroup Assignment

The HVS-1 sequences were aligned against the revised
Cambridge Reference Sequence (Andrews et al., 1999) us-
ing SeqScape2.5 (Applied Biosystems) and the position of
the polymorphism (16024—-16569) was reported. Transitions
are reported by their position on the mtDNA genome and
transversions are indicated by capital letters (16147G). Dele-
tions are marked by the letter d (16262d), heteroplasmies by
the letter N (16260N), and insertions were reported as follows
(16120.1A).

mtDNA haplogroups were determined using a near-
est neighbour-based methodology developed for hap-
logroup assignment from HVS-1 sequence data (Behar
et al,, 2007). The analytical tool is available online at
http://nnhgtool.nationalgeographic.com/classify/.

Haplogroups that were significantly difterent between cases
and controls were genotyped using the Applied Biosystems’
7900HT Fast Real-Time PCR System with custom marker
assays (Applied Biosystems) from the mtDNA coding region,
confirming the haplogroup assignment. SNP at nucleotide
position 11947 defined haplogroup W; SNP at nucleotide
position 8794 defined haplogroup A.

Data Analysis

Haplogroup frequency analysis

mtDNA haplogroup frequencies in cases and controls were
compared using the R statistical package (R Development
Core Team, 2010). Pearson’s x> was used to test associa-
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tion of CAD cases or CAD controls to a certain mtDNA
haplogroup; a P-value of <0.05 was considered significant.
Disease risk was evaluated by calculating Odds ratios and the
corresponding 95% confidence intervals. Proportional odds
logistic regression (LR) analysis, from the MASS package of
R, was used to assess the association between CAD and the
mtDNA haplogroups, adjusting for smoking, family history of
CAD (CAD in siblings or parents), hypertension (blood pres-
sure >140/90 mmHg), hyperlipidemia (LDL >130 mg/dl
and HDL <40 mg/dl), diabetes (fasting plasma glucose
>126 mg/dl.), and age (overall mean age = 54 years).

CAD and Associated Haplogroup Mapping

In order to characterise correlations between CAD, ge-
ography, and specific populations, a frequency map of is-
chaemic heart disease burden was created using the WHO
global infobase (WHO, 2004). In addition, frequency
maps of mtDNA haplogroups associated with CAD were
also constructed using data from the MURKA database
(Zaporozhchenko et al., 2010). The frequency maps were
computed with the software GeneGeo using algorithms de-
scribed previously (Balanovsky et al., 2008). To assess the
correlation between the haplogroups’ maps and the CAD
map, Pearson product-moment correlation coefficient (r)
was calculated using the GeneGeo software implementing
r=3" (X — X)(Y; — Y)/[(n — 1)SxSy] where X and Y
are the frequency means of the mtDNA haplogroups and
CAD burden, Sx and Sy are their standard deviations, and
n = 39,258 is the total number of pairs scanned on the map.
Pearson’s r will measure the extent to which, as one hap-
logroup increases, the CAD burden tends to increase.

Reduced Median (RM) Networks

RM Networks (Bandelt et al., 1995) of the haplogroups that
were associated with a CAD phenotype were calculated us-
ing a reduction threshold of 1 and with equal weight on
all polymorphisms. The phylogenetic relationships between
haplotypes within a haplogroup can be estimated using the
RM networks, which can also ascertain haplotype character-
istics among the cases and controls when compared to the
literature.

Results

Sequencing the HVS-1 of 811 subjects from the CAD
database resulted in 428 haplotypes (Table S1) and 21 mtDNA
haplogroups (Table 2). A significant difference existed be-
tween CAD cases and CAD controls; haplogroup W was
found to be more frequent (P = 0.013) in cases (2.90%)
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Table 2 mtDNA haplogroup distribution in patients with CAD and controls.

Haplogroup ~ Case  Control ~ x?P-value OR  95% CI LR P-value  OR-Adjusted®  95% CI LR P-value*
A 0 4 0.029¢% - - - - - -

D 1 2 - - - - - - -

H 157 134 0.581 091  0.68-1.21 0.497 0.91 0.68-1.21 0.497
HV 20 19 0.610 0.86 0.44-1.64 0.634 1.03 0.51-2.07 0.934
I 6 7 0.506 0.69 0.22-2.12 0.519 0.70 0.21-2.26 0.551
J 36 28 0.866 1.06  0.83-1.78 0.829 1.01 0.59-1.76 0.962
K 38 30 0.911 1.04 0.63-1.72 0.873 1.03 0.60-1.76 0.923
LO 1 0 - - - - - - -

L2 2 0.387 2.07 0.44-1449  0.387 1.92 0.35-15.00  0.476
L3 6 2 0.259 2.49 0.49-12.21 0.266 3.19 0.64-23.83 0.187
M 9 5 0.492 1.49 0.51-4.88 0.480 1.18 0.39-3.98 0.777
N 0 1 - - - - - - -

N1 15 12 0.973 1.02 0.47-2.26 0.950 1.03 0.45-2.39 0.951
R 2 0 - - - - - - -

RO 11 14 0.251 0.59  0.26-1.29 0.190 0.59 0.25-1.35 0.215
R9 1 1 - - - - - -

T 49 39 0.930 1.03 0.66—1.62 0.886 1.17 0.73-1.89 0.518
U 58 48 0.908 0.99  0.65-1.49 0.955 0.96 0.62-1.48 0.837
\Y% 10 8 0.978 1.02 0.40-2.71 0.959 1.22 0.46-3.38 0.696
W 13 2 0.0137 5.50 1.50-35.37} 0.026 4.81 1.28-31.4¢% 0.043
X 10 5 0.369 1.66  0.58-5.36 0.361 1.74 0.57-5.94 0.344

*Proportional odds logistic regression adjusted for smoking, family history of CAD, hypertension, hyperlipidemia, diabetes, and age.

TSignificant.

compared with controls (0.55%) by x 2. Given 15 haplogroups,
the probability of observing at least one of those 15 at a
significance level of P = 0.013 is 0.178. Haplogroup W was
found to be associated with increased risk for CAD by pro-
portional odds LR (OR = 5.50, 95% CI = 1.50-35.30,
P = 0.026). The probability of observing one or more of the
15 haplogroups is 0.326. Haplogroup A was only found in
controls (1.1%) (P = 0.029) suggesting a significant decreased
risk for CAD.

We employed proportional odds LR to measure the impact
of smoking, family history of CAD, hypertension, hyperlipi-
demia, and diabetes on the association of the haplogroups
with CAD. Haplogroup W correlation with increased risk
of CAD persisted after adjustment (OR = 5.31, 95% CI =
1.41-34.7, P = 0.031) suggesting an association that is inde-
pendent from the traditional CAD risk factors. The chances
of seeing at least one of the 15 haplogroups at a significance
of P = 0.031 is 0.376. The impact of gender on LR ad-
justment yielded large error bars since only one female was
found within haplogroup W. An adjusted OR for haplogroup
A could not be computed due to the small number of indi-
viduals belonging to this group.

A frequency map of world CAD burden (Fig. 1A) shows
that populations at high risk are located in a region that ex-
tends from Central Asia to Eastern Europe passing through
Western Russia and the Caucasus. Lebanon appears to be in
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a relatively moderate risk region surrounded by higher risk
regions in Egypt and Iraq. Figure 1B shows that haplogroup
W is found at a very low frequency in Asia, the Middle East,
and Europe with sporadic high occurrences in Northern In-
dia, Kurdistan, European Russia, and Finland. Haplogroup
A, on the other hand, is almost exclusive to Central and East
Asia (Fig. 1C). Pearson’s r shows that geographic correlation
of haplogroup W with CAD by region (r = 0.316, P < 0.001)
was two times higher than correlation of haplogroup A with
CAD (r = 0.149, P < 0.001).

Specific regional affinity of haplogroups W and A was fur-
ther investigated with the RM networks. Haplotypes within
haplogroup W (Fig. 2A) show significant differentiation be-
tween cases and controls. Controls belong to a branch re-
stricted to Europeans, (Fig. 2A, cluster o) and specific to
Germans, English, and Greeks. Cases belong to branches that
are restricted to Middle Easterners (Emiraties, Turkish, Saudis)
(Fig. 2A, cluster B) or shared between Middle Easterners
Turkish, Saudis, Egyptians, Kurds) and
Europeans (French, Greeks, Germans, Italians) (Fig. 2A, clus-

(Armenians,

ter ¥). In addition, cases formed a separate branch of hap-
lotypes not found in European or Middle Eastern popula-
tions (Fig. 2A, cluster §). The probability that random re-
gion assignments have isolated CAD controls on a branch
formed only by West Europeans by chance has a Fisher P-
value of 0.002. Moreover, removing West Europeans from the
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Figure 1 Frequency map of CAD burden and mtDNA
haplogroups W and A.

Black dots refer to the location of the populations used in the
analysis. Lebanon is highlighted by a red disk. (A) Map shows
ischaemic heart disease burden using the WHO global infobase.
The scale indicates the mortality rate per 100,000. (B) and (C)
Distribution of haplogroup W and A, respectively. The scale
indicates the frequency in percentage.

correlation analysis increases Pearson’s (r) by 13% (r = 0.356,
P < 0.001). The RM network of haplogroup A shows that
the only four samples found in this study are CAD con-
trols, which belongs to a branch dominated by Central Asians
(Kazakhs, Nogays, Turkmens, Uzbecks, Kyrghyz) (Fig. 2B,
cluster ¢€).

© 2011 The Authors
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Discussion

‘We have shown that in the Lebanese population mtDNA hap-
logroups W and A appear to be respectively associated with
increased and decreased risk to CAD. While some previous
studies found different mtDNA haplogroups and haplotypes
associated with CAD in various populations (Nishigaki et al.,
2007, Kofler et al., 2009, Abu-Amero et al., 2010), other stud-
ies did not correlate mtDNA haplogroups to ischaemic heart
disease (Benn et al., 2008) or other clinical disorders (Herrn-
stadt & Howell, 2004, Saxena et al., 2006). This dissimilarity
in the results has been attributed to differences in study de-
sign, including the number and choice of cases and controls
along with the ability to adjust for confounders (Benn et al.,
2008). However, the wide confidence intervals observed in
our samples suggest relatively low frequencies, suggesting the
possibility of immigration. Furthermore, the P-values for as-
sociation of these haplogroups with region are stronger than
for disease, while CAD is also noted to be more common in
those regions than surrounding regions. This suggests that the
associations observed in our Lebanese samples reflect popula-
tion structure and stratification marked by Hardy—Weinberg
disequilibrium, reflected in correlations of somatic mutations
with mtDNA haplogroups.

Population structures that are formed by the mtDNA hap-
logroups were not explored in previous association studies,
although mtDNA is an excellent tool to study population
structure and origin (Underhill & Kivisild, 2007), which are
known to be independent predictors of many diseases includ-
ing CAD (Kain et al., 2003, De Lima Santos et al., 2011,
Fernandes et al., 2011). Interestingly, as noted in the previ-
ous paragraph, populations with the highest frequencies of
haplogroups W and A were historically associated, respec-
tively, with exceptionally high and low CAD rates, but recent
environmental changes have significantly affected the disease
outcome in those populations. Finland has the highest fre-
quency of haplogroup W (Zaporozhchenko et al., 2010), and
Finland had been previously reported to be the country with
the highest rate of coronary events (Tunstall-Pedoe et al.,
1999). However, improved treatments and control for risk
factors resulted in decline of CAD mortality by 63% in
15 years (Laatikainen et al., 2005). Conversely, American
Indians and Alaska Natives have the highest frequency of
haplogroup A (Zaporozhchenko et al., 2010), and their rate
of CAD has been historically extremely low. Nevertheless,
adoption of new diets and life styles have made CAD the
leading cause of death in those populations (Galloway, 2005).

mtDNA haplogroups designate lineages that were estab-
lished thousands of years ago (tya). Specifically, haplogroup
W is believed to have emerged 21 tya and haplogroup A ap-
peared 30 tya (Soares et al., 2009). European W lineages have
possibly originated in the Near East during the Late Upper
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Figure 2 RM network of mtDNA haplotypes belonging to
haplogroup W (A) and A (B).

Circles represent mtDNA haplotypes; area is proportional to
frequency, and colour indicates the region of origin. Lines
represent the mutational differences between haplotypes.

Paleolithic, establishing founder populations that may have
later expanded inside Europe (Richards et al., 2000). Hap-
logroup A is frequent in Asia and among American Indians
(Zaporozhchenko et al., 2010) but is found with very low
frequency and diversity in the Near East (Zaporozhchenko
et al., 2010), indicating a recent gene flow into the Levant
from Asia. Since today’s populations are formed by different
sublineages that were founded through diverse old migratory
patterns of the major haplogroups, it is plausible that the previ-
ously reported associations of haplogroups and diseases, con-
cern specific sublineages. The RM network of haplogroup
W shows that cases and controls are separated into distinct
lineages. The presence of two sublineages with contrasting
association to CAD could explain the high confidence inter-
val depicting an uncertainty of the risk correlation level in the
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presence of a minor W lineage protective against the disease.
This could also explain the non-consistency observed in the
various studies exploring associations between mtDNA hap-
logroups and CAD, where different sublineages of a certain
haplogroup are analyzed in different populations.

The haplotype diversity of the W cases appears to be
similar to the surrounding populations, however, the con-
trols’” haplotypes are exclusive to a branch restricted to West
Europeans. A previous study has detected West European
paternal lineages in the Lebanese population attributed to
Crusader activities in the 11th—13th centuries CE (Zalloua
et al., 2008). The crusades brought West European men and
women into established colonies in Lebanon (Hitti, 1957).
Modern West Europeans have a lower CAD burden than
Middle Easterners and East Europeans, among whom most
of the cases are clustered on the RM network. In fact, remov-
ing the West Europeans from the correlation analysis increased
association of haplogroup W and CAD, suggesting that some
W lineages are negatively correlated with CAD. The gene
flow from Western Europe was restricted to specific com-
munities (Zalloua et al., 2008), with limited admixture to
surrounding populations (Haber et al., 2011), enhancing the
continued existence of a CAD-associated structure in the
Lebanese population. It is unlikely that the presence of a
minority of mtDNA haplogroup W in a population would
account for enhanced CAD burden within the population,
but it may suggest correlation that persists in the stratified
population, as is observed within Lebanon. It appears that
environmental changes after migrations of these lineages had
a limited effect on CAD risk, suggesting a genetically deter-
mined protection sustained by an environmentally favourable
milieu. This also applies to haplogroup A lineages that are
uncommon in Lebanon but frequent in populations with a
low CAD burden. The RM network shows clustering with
Central Asian populations, one of which are the Nogays that
were displaced during the Ottoman era to the Levant region
(Hitti, 1957).

In conclusion, we have demonstrated using mtDNA data
that specific matrilineal lineages in our samples were associ-
ated with CAD phenotypes. It appears that structured gene
flow into Lebanon created CAD associations retained from
the source populations, subsequently maintained by limited
admixture, and probably encompassing variations on the nu-
clear and/or the mitochondrial genome that are correlated
with the disease.
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