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Objectives: This study examined the utility of a family-basedmodel for replicating the results of genome-wide as-
sociation studies (GWAS) of type 2 diabetes (T2D).
Methods and results: In a total of 232 members of a large consanguineous Omani Arab pedigree (age:
16–80 years), there were 27 diabetics and 50 prediabetics (17 with impaired fasting glucose and 33 with im-
paired glucose tolerance). All 232 individuals underwent anthropometric and biochemical investigations and ge-
notyped for 14 known common gene variants of modest effect on T2D risk. Power analysis at a LOD score of 3,
gave 80% power to locate a single specific locus that accounts for 52% of the total phenotypic variation.Measured
genotype analysis (MGA) was used to determine heritability of various quantitative traits (QTs) which ranged
25–56%. Using MGA, some common gene variants were found to have little (b5%) but significant impact on
the heritability of T2D related QTs [KCNJ11 (rs5219), p = 0.004]; [IGF2BP2 (rs4402960), p = 0.02]; [SLC30A8
(rs13266634), p = 0.05]; [CAPN10 (rs2975760), p = 0.031]; [FTO (rs8050136), p = 0.023]; [FTO (rs9939609),
p = 0.018] and [SLC30A8 (rs13266634), p = 0.05]. Sib-TDT analysis showed that some gene variants were sig-
nificantly associated with T2D risk but didn't reach the level of significance after Bonferroni correction [KCNJ11
(rs5219), p = 0.047] and [CAPN10 (rs41266971), p = 0.035].
Conclusion:Wehave demonstrated that, in principle, a family-basedmodel withminor limitations could be used
to replicate some of the results of large GWAS case–control studies. This model could successfully be applied for
the future discovery, by deep sequencing, of rare gene variants.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Most common diseases are complex or multifactorial with both en-
vironmental and genetic contributions along with their interaction ef-
fects. A “common disease/common variant” (CDCV) hypothesis, which
presupposes that different combinations of common allele aggregate
in specific individuals to increase disease risk, has been popularized
and was supported as an explanation for common disorders (Reich
and Lander, 2001; Risch and Merikangas, 1996). Common ancient

polymorphisms (frequency N 5%) are shared by all human populations
and account for approximately 90 to 95% of human variation (McClellan
and King, 2010). The CDCV hypothesis led to a generation of genome-
wide association studies (GWAS) identifying regions influencing disease
status or risk factor levels (Lupski et al., 2011). However, only b15% of
heritability could be accounted for by these variants, suggesting that
much remains to be discovered (Wheeler and Barroso, 2011).

Type 2 diabetes (T2D) is a complex common disease. Genetic, envi-
ronmental and demographic factors, and their interaction, determine an
individual's risk for T2D; its heritability has been estimated at approxi-
mately 25% (Poulsen et al., 1999). In 2006, common intronic variants
within TCF7L2 gene were found to hold a strong genetic risk for T2D,
whichwas subsequently confirmed in GWAS and replicated in different
ethnicities (Cauchi et al., 2007; Grant et al., 2006; Sladek et al., 2007).
Since 2007, further GWAS identified and confirmed the following as
T2D risk genes or loci: SLC30A8, HHEX, CDKAL1, IGF2BP2, CDKN2A/B
and FTO (Frayling et al., 2007; Saxena et al., 2007; Scott et al., 2007;
Zeggini et al., 2007). Most of the above identified and replicated gene
variants have odds ratios of 1.14 to 1.4 on T2D risk, which is considered
to be a fairly modest risk (Morris et al., 2012).
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These recent GWAS have thus demonstrated that the population
from which one comes and its collection of older common variants
may have less influence on an individual's disease susceptibility than
the collection of recently arisen rare variants (Lupski et al., 2011). Rare
large-effect mutations have been suggested as causes of many complex
diseases and is described under the alternative common disease/rare
variant (CDRV) hypothesis (Hall, 2010; Lyssenko and Groop, 2009;
McClellan and King, 2010). Therefore, study models that can be devel-
oped to investigate rare variants are needed.

The main difficulties associated with studies of complex traits are to
achieve the necessary statistical power and reproducibility. In heteroge-
neous populations, very large sample sizes are required for successful
detection of the effects of multiple genes, both for association and link-
age studies (Frayling, 2007; Groop and Lyssenko, 2008; Zeggini, 2007).
However, an ideal population to provide statistical power required to
study complex diseases with confidence preferably consists of multi-
generational pedigrees, descended from a small number of founders
just a few generations ago, and with environmental homogeneity, re-
stricted geographical distribution, detailed records, well-ascertained
and validated pedigrees, and inbreeding as a norm (Arcos-Burgos and
Muenke, 2002). These large pedigrees have a greater chance of observ-
ing multiple copies of disease associated gene variants among related
individuals.

Hassan et al. (2005) introduced a uniquemodel, Oman Family Study
(OFS), for examining the genetics of hypertension, the dyslipidemias,
obesity, diabetes and the metabolic syndrome. In this model they
chose a homogeneous, genetically and geographically, isolated Arab
population consisting of 5 pedigrees of very large size (160–325 individ-
uals each), with few recent founders (5th–10th generations), a very
high degree of inbreeding, polygamy and excellent genealogy records.
The statistical power of this model was evaluated and indicated that it
has an outstanding power to detect susceptibility loci for common
diseases.

This study is a continuation of OFS. It examined the utility of one
pedigree of 232 individuals in replicating the association of 14 known
common gene variants, of moderate effect sizes, with susceptibility to
T2D risk.We believe that thismodel is at the limit of the power required
to examine known common gene variants. But we anticipate that this
model could be successfully used to uncover rare gene variants of
large-effect with high mean effects on complex disease risk.

2. Subjects and methods

2.1. Study population (pedigree)

The OFS is a homogeneous Arab population made of five large, ex-
tended and highly consanguineous pedigrees (Bayoumi et al., 2007;
Hassan et al., 2005; Lopez-Alvarenga et al., 2008). The numbers of sub-
jects in these five pedigrees were 325, 160, 230, 281 and 279, totaling
1275 subjects (Hassan et al., 2005). Although the total number of foun-
ders ranged between 70 and 100 in each pedigree, most of these were
due to marriages outside the pedigrees. The 5th to 10th generation
founders were usually very few and ranged between 3 and 17 individ-
uals. The rapid population growth made these pedigrees fairly young
isolates of 7 to 12 generations each (Bayoumi et al., 2007).

Detailed inquiry revealed that all individuals in OFS seemed to be re-
lated to common ancestry, and intermarriage is common among them.
Cousin marriages represent N35% of all marriages and a further 20% be-
tween tribal groupings (Hassan et al., 2005). Polygamy is widely prac-
ticed, with some men marrying up to four wives. Family relationships
were ascertained initially by local staff, volunteers, and elders from
each village. A questionnaire was filled in for each subject, each of
whomwas given a unique identification number that was used for cre-
ating a master file for all tests and analyses (Bayoumi et al., 2007).

The present study was carried out on only one of the 5 pedigrees of
OFS (pedigree 3). It consisted of nine generations with a total of 511

closely related individuals. It was selected because of a high number of
individuals within the pedigree with T2D and prediabetes. Phenotypic
data were collected from 232 living subjects (above age of 16 years).
Pedigree data are summarized in Table 1.

Participants were informed about the project and written or thumb
stamped consents were obtained. The studywas approved by the Ethics
and Research Committee of the College of Medicine, Sultan Qaboos Uni-
versity, Muscat, Oman.

2.2. Demographic and biochemical data collection

A satellite Research Centre was established in Nizwa Polyclinic,
150 km from the capital Muscat. This center was used for anthropo-
metric measurements, data and sample collection (Bayoumi et al.,
2007). Height and weight were measured using standard methods.
Waist circumference was measured by a soft tape at the largest cir-
cumference between the lowest rib and iliac crest. Body fat percent-
age was assessed using electrical impedance (Tanita, Tokyo, Japan).

All participants went through a standard 75 g oral glucose toler-
ance test. Biochemical tests included fasting blood glucose and 2 h
post-glucose load, fasting and 2-hour serum insulin levels. All bio-
chemical tests were done the same day of sample collection or frozen
at −80 °C until done at Sultan Qaboos University Hospital laborato-
ries using automated equipment (Synchron 7, Access II and Image;
Beckman Coulter, Fullerton, CA). Quality is assured by participation
in international and local quality control programs.

Diabetes and prediabetes (IGT and IFG) were defined according
to 2006 World Health Organization (WHO) criteria (diabetes:
fasting plasma glucose ≥7.0 mmol/l or 2-h postprandial plasma
glucose ≥11.1 mmol/l; IGT: fasting plasma glucose b7.0 mmol/l
and 2-h postprandial plasma glucose ≥7.8 and b11.1 mmol/l;
IFG: fasting plasma glucose 6.1 to 6.9 mmol/l and 2-h postprandial plas-
ma glucose b7.8 mmol/l). Obesity status was defined among partici-
pants using the international classification of adult normal weight,
overweight and obesity according to BMI (global database on body
mass index), using criteria of the WHO-1995, WHO-2000 and
WHO-2004 [Normal range: 18.5–24.99, overweight: 25.00–29.99 and
obese ≥30.00 kg/m2] (WHO, 1996). Anthropometric and clinical char-
acteristics of all participants are summarized in Table 2.

2.3. Genotyping

Selection of T2D common gene variants was based on GWAS studies
that investigated T2D extensively (Altshuler et al., 2000; Cauchi et al.,
2007; Frayling et al., 2007; Gloyn et al., 2003; Grant et al., 2006; Hanis
et al., 1996; Horikawa et al., 2000; Nielsen et al., 2003; Saxena et al.,
2007; Scott et al., 2007; Sladek et al., 2007; Weedon et al., 2003;
Zeggini et al., 2007). The variants which were selected were those of
modest effect sizes on T2D risk; investigated repeatedly in different
populations and their association with susceptibility to T2D was signif-
icantly confirmed.

The 232 participants were genotyped for the following gene variants:
TCF7L2 (rs7903146 & rs7901695), CDKN2A/B (rs10811661), PPARG
(rs1801282), FTO (rs8050136 & rs9939609), IGF2BP2 (rs4402960),
KCNJ11 (rs5219), HHEX (rs1111875), SLC30A8 (rs13266634), CDKAL1
(rs10946398) and CAPN10 (rs41266971, rs2975760 and rs3792267).
DNA fragments containing polymorphic sites were amplified and

Table 1
Pedigree data.

Generations 9
Total closely related individuals 511
Individuals tested 230
Founders 3
Nuclear families 98
Mean inbreeding coefficient 0.0206
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