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 ■ Abstract 
Genetic studies in large outbred populations have docu-
mented a complex, highly polygenic basis for type 2 diabetes 
(T2D). Most of the variants currently known to be associ-
ated with T2D risk have been identified in large studies that 
included tens of thousands of individuals who are represen-
tative of a single major ethnic group such as European, 
Asian, or African. However, most of these variants have only 
modest effects on the risk for T2D; identification of definitive 
‘causal variant’ or ‘causative loci’ is typically lacking. Studies 
in isolated populations offer several advantages over outbred 
populations despite being, on average, much smaller in 
sample size. For example, reduced genetic variability, en-
richment of rare variants, and a more uniform environment 
and lifestyle, which are hallmarks of isolated populations, 
can reduce the complexity of identifying disease-associated 

genes. To date, studies in isolated populations have provided 
valuable insight into the genetic basis of T2D by providing 
both a deeper understanding of previously identified T2D-
associated variants (e.g. demonstrating that variants in 
KCNQ1 have a strong parent-of-origin effect) or providing 
novel variants (e.g. ABCC8 in Pima Indians, TBC1D4 in the 
Greenlandic population, HNF1A in Canadian Oji-Cree). This 
review summarizes advancements in genetic studies of T2D 
in outbred and isolated populations, and provides informa-
tion on whether the difference in the prevalence of T2D in 
different populations (Pima Indians vs. non-Hispanic Whites 
and non-Hispanic Whites vs. non-Hispanic Blacks) can be 
explained by the difference in risk allele frequencies of es-
tablished T2D variants. 
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1. Type 2 diabetes - an introduction 
 

 iabetes is a metabolic condition defined by 
 elevated serum glucose levels. Recent data 
 from the International Diabetes Federation 

show that 387 million people worldwide suffer 
from diabetes; among these individuals, 90% have 
T2D. The etiology of T2D is heterogeneous, where 
inefficient insulin use (insulin resistance) and/or 
reduced insulin availability are predictive of the 
disease [1]. The recent increase in incidence and 
prevalence of T2D in developed and developing 
countries worldwide coincides with changes in the 
inhabitants’ dietary habits and physical activity, 
suggesting that lifestyle/environment has a major 
impact on this disease. Indeed, T2D is frequently 

associated with obesity and sedentary life style, 
which can increase insulin resistance and further 
disease progression [2]. However, not all individu-
als with T2D are overweight or obese, and con-
versely, many obese people do not develop T2D. 
Therefore, an obesogenic environment cannot fully 
explain the risk of T2D. 

2. Type 2 diabetes is heritable 
Several lines of evidence, as detailed below, 

have documented a genetic basis for T2D. 

2.1 Familial aggregation 

Siblings of affected individuals are at increased 
risk of T2D. The diabetes risk odds ratio (OR) for  
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an individual with one affected parent is 3.4-3.5. 
The OR increases to 6.1 when both parents are af-
fected [3]. 

2.2 Twin studies 

Multiple twin concordance studies have been 
conducted in T2D. The concordance rate is higher 
in monozygotic twins (0.29-1.00) than in dizygotic 
twins (0.10-0.43), indicating a significant genetic 
component of the disease [4-6]. 

2.3 Heritability of related traits 

Usually, decreased insulin sensitivity and im-
paired insulin production precede the onset of T2D 
[1]. Data from multiple studies document that 
these prediabetic metabolic traits are also familial 
[7-8]. 

2.4 Different prevalence in different ethnic 
groups 

The large variance in the prevalence of T2D in 
different ethnic groups living in a similar envi-
ronment also indicates a genetic burden for T2D. 
According to the National Diabetes Statistics Re-
port (Center for Disease Control, 2014), the preva-
lence of T2D among individuals in the United 
States varies from 7.6%-15.9% depending on 
race/ethnic background. The lowest prevalence is 

Abbreviations: 
 

ABCC8 – ATP-binding cassette, sub-family C (CFTR/MRP), 
member 8 
ADAMTS9 – ADAM metallopeptidase with thrombospondin 
type 1 motif, 9 
ADCY5 – adenylate cyclase 5 
APOE – apolipoprotein E 
ARL15 – ADP-ribosylation factor-like 15 
BMI – body mass index 
C2CD4A – C2 calcium-dependent domain containing 4A 
CACNA1E – calcium channel, voltage-dependent, R type, 
alpha 1E subunit 
CAPN10 – calpain 10 
CCND2 – cyclin D2 
CDKAL1 – CDK5 regulatory subunit associated protein 1-
like 1 
CDKN2B – cyclin-dependent kinase inhibitor 2B (p15, in-
hibits CDK4) 
CGAS – candidate-gene association studies 
DGKB – diacylglycerol kinase, beta 90kDa 
DIAGRAM – Diabetes Genetics Replication and Meta-
analysis 
DNER – delta/notch-like EGF repeat containing 
DUSP9 – dual specificity phosphatase 9 
EXT2 – exostosin glycosyltransferase 2 
EXT2 – exostosin glycosyltransferase 2 
FTO – fat mass and obesity associated 
FUSION – Finland-United States Investigation Of NIDDM 
Genetics 
GAF – genetic attributable fraction 
GCK – glucokinase 
GCKR – glucokinase (hexokinase 4) regulator 
GLUT4 – glucose transporter 4 
GRB10 – growth factor receptor-bound protein 10 
GRS – genetic risk score 
GWAS – genome-wide association study 
HbA1c – glycated hemoglobin 
HHEX – hematopoietically expressed homeobox 
HNF1A – HNF1 homeobox A 
HNF1B – HNF1 homeobox B 
HNF4A – hepatocyte nuclear factor 4, alpha 
HSL – hormone-sensitive lipase 
IGF2BP2 – insulin-like growth factor 2 mRNA binding pro-
tein 2 
IRS1 – insulin receptor substrate 1 
IRX3 – iroquois homeobox 3 
KCNJ11 – potassium channel, inwardly rectifying subfam-
ily J, member 11 
KCNQ1 – potassium channel, voltage gated KQT-like sub-
family Q, member 1 
KLF14 – Kruppel-like factor 14 
LAMA1 – laminin alpha 1 
LD – linkage disequilibrium 
LIPE – hormone sensitive lipase 
LPP – LIM domain containing preferred translocation 
partner in lipoma 
MAGIC – Meta-Analyses of Glucose and Insulin-related 
traits Consortium 
MBL2 – mannose-binding lectin 
MOB2 – MOB kinase activator 2 
MODY – maturity onset diabetes of the young 
MPHOSPH9 – M-phase phosphoprotein 9 
MTNR1B – melatonin receptor 1B 

MYBPC3 – myosin binding protein C, cardiac 
NDSR – National diabetes statistics report 
OGTT – oral glucose tolerance test 
OR – ODDs ratio 
PAM – peptidylglycine alpha-amidating monooxygenase 
PDX1 – pancreatic and duodenal homeobox 1 
POU5F1 – POU class 5 homeobox 1 
PPARG – peroxisome proliferator-activated receptor 
gamma 
PROX1 – prospero homeobox 1 
PTP1B – protein tyrosine phosphatase, non-receptor type 1 
PTPRD – protein tyrosine phosphatase, receptor type, D 
SIGMA – Slim Initiative in Genomic Medicine for the 
Americas 
SLC16A11 – solute carrier family 16, member 11 
SLC30A8 – solute carrier family 30 (zinc transporter), 
member 8 
SNP – single nucleotide polymorphism 
T2D – type 2 diabetes 
TBC1D4 – TBC1 domain family, member 4 
TCF19 – transcription factor 19 
TCF7L2 – transcription factor 7 like 2 
TMEM154 – transmembrane protein 154 
TREH – trehalase (brush-border membrane glycoprotein) 
WFS1 – Wolfram syndrome 1 
ZFAND3 – zinc finger, AN1-type domain 3 



 

Genetics of T2D and Effect Size The Review of DIABETIC STUDIES  301 
  Vol. 12 ⋅ No. 3-4 ⋅ 2015/2016 
 

www.The-RDS.org  Rev Diabet Stud (2015) 12:299-319  

Genetics of Type 2 Diabetes 
                                                            Special Edition 

among non-Hispanic whites (7.6%) and highest 
prevalence is among American Indians/Alaskan 
Natives (15.9%). Among American Indians, the 
Pima Indians of Arizona have a very high preva-
lence of T2D; approximately 50% of adults above 
35 years of age have T2D [9]. 

3. Delineating the heritability of T2D 

Identifying genetic factors that influence the 
pathophysiology of T2D has proved to be challeng-
ing. Initially, success was primarily limited to the 
identification of variants explaining rare, mono-
genic forms of T2D. However, as knowledge of the 
human genome sequence became available, ge-
nomic technologies advanced, and the costs of new 
technologies declined. Powerful new methodologies 
have heralded unparalleled success in uncovering 
new disease genes. The plethora of studies to iden-
tify DNA variation that affects risk of T2D in di-
verse populations worldwide has led us to a better 
appreciation of the complexity of this disease. Both 
candidate-gene association studies (CGAS) and 
genome-wide association studies (GWAS) have 
highlighted the highly polygenic nature of T2D, 
and proven the early proposal of an oligogenic 
model as overly optimistic (reviewed in [10]). 

Prior to the “genomic era” it was often argued 
that the primary defect in T2D was in skeletal 
muscle glucose uptake. However, genome-wide 
studies and a multitude of physiological studies 
have documented the importance of pancreatic 
beta-cell insulin secretion, adipocytes as a secre-
tory organ, the central nervous system, and the 
liver in T2D (reviewed in [11]). Genetic studies 
have also shown that the genetic etiology of T2D 
can differ in diverse populations, highlighting the 
importance of identifying risk factors for the dis-
ease in different populations. In particular, studies 
in isolated populations with less variability among 
subjects can provide valuable information that 
could be missed in studies of heterogeneous popu-
lations. 

3.1 Physiologic candidate gene studies 

The earliest genetic studies focused on the 
analysis of coding regions of candidate genes se-
lected because of their known role in T2D physiol-
ogy. Most of the early candidate gene studies were 
underpowered, and independent replication was 
rare. Few of the early reported signals (KCNJ11, 
PPARG, HNF1B, WFS1, and IRS1) have been con-
firmed by subsequent GWASs [12-16]. Among 
those that were subsequently verified, the 

KCNJ11 (E23K) and PPARG (P12A) variants [12-
13] have yielded therapeutic targets. PPARG codes 
for a type II nuclear receptor, peroxisome prolif-
erator-activated receptor gamma, which regulates 
fatty acid storage and glucose metabolism [13]. 
KCNJ11 encodes one of the subunits (Kir6.2) of 
the ATP-sensitive potassium channel that regu-
lates glucose-stimulated insulin secretion from 
pancreatic beta-cells [12]. The proteins encoded by 
both these genes are targets for two classes of 
widely used diabetes drugs (thiazolidinediones and 
sulphonylureas). 

3.2 Family-based linkage studies 

The first genomic studies to identify variants 
that increase risk for T2D based on their chromo-
somal position were family-based linkage studies. 
Linkage analyses were extremely successful in 
identifying genes responsible for highly penetrant 
Mendelian forms of T2D such as maturity onset 
diabetes of the young (MODY). One of these 
MODY genes, HNF4A, has subsequently been 
shown to have a role in common polygenic T2D as 
well [17]. The first gene to be identified via linkage 
studies for a common form of T2D was CAPN10 
that encodes the cysteine protease calpain 10 [18]. 

Linkage was initially reported among families 
of Mexican American descent; however, replication 
in other ethnic groups has been inconsistent [19-
24]. The most widely replicated gene for T2D iden-
tified via linkage studies is TCF7L2, which began 
as a modest linkage signal on chromosome 10q in 
an Icelandic population [25-26]. Common variation 
in this gene has been shown to associate robustly 
with T2D in nearly all ethnic groups, with the ex-
ception of Pima Indians [27]. These variants have 
the largest effect on T2D among individuals of 
European descent. However, despite the progress 
mentioned above, linkage studies have overall 
been largely unsuccessful in identifying genes that 
contribute to T2D. 

3.3 Genome-wide association studies (GWASs) 

Completion of the Human Genome and the 
1000 Genomes sequencing projects, paired with 
knowledge that neighboring single nucleotide 
polymorphisms (SNPs) are often in high linkage 
disequilibrium, and humans inherit large 
stretches of the genome as haplotypes, has led to 
the use of tag SNPs to capture genotype informa-
tion across many other SNPs. Microarrays or 
“chips” were manufactured, containing a million 
such tag SNPs which, in theory, capture genotypic 
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information across the entire genome. This mi-
croarray technology enabled the advent of the 
GWAS era, and with it came the discovery of doz-
ens of tag SNPs that associate with T2D. The first 
GWAS for T2D reported the identification of vari-
ants in/near two new “loci” for T2D. The loci were 
defined by the closest gene/genes in the genomic 
region captured by an associated variant. These 
two established loci were HHEX and SLC30A8 (a 
third locus EXT2-ATX4 has not been confirmed in 
subsequent studies). This study was followed by 
several others which confirmed both previous as-
sociations and identified additional gene regions 
[28-31]. Perhaps the most important value of 
GWAS was the repeated identification of the same 
top signals in different studies, thus further in-
creasing its credibility. This success resulted in 
choosing GWAS as the “breakthrough of the year” 
by Science 2007 [29-31]. 

3.4 GWAS imputation and meta-analysis 

A major challenge of these GWAS analyses was 
the modest effect size of individual common sus-
ceptibility variants. To identify additional variants 
with similar or smaller effect sizes, larger samples 
were required. A cost- and time-effective way to 
increase sample size is to combine data from dif-
ferent GWASs. However, a uniform catalogue of 
genotyped SNPs across studies was limited, which 
was in part due to different arrays used for geno-
typing in different studies. Therefore, the SNP 
coverage in each study was extended by imputing 
genotypes for missing SNPs based on patterns of 
haplotype variation from HapMap [32]. 

Imputation provided a uniform catalog of SNP 
genotypes across studies, allowing for ease of data 
combination, and a novel application of the statis-
tical strategy called meta-analysis, which com-
bined data from different cohorts, at the same time 
controlling for confounding factors [32, 33]. The 
major goal of these meta-analyses was to increase 
the statistical power of the association studies, 
leading to the identification of robust signals. This 
required the formation of consortia where different 
research groups can work together and effectively 
increase the sample size to increase the statistical 
power of the study. 

Large consortia such as Diabetes Genetics Rep-
lication and Meta-Analysis (DIAGRAM) and Meta-
Analyses of Glucose and Insulin-related Traits 
Consortium (MAGIC) have identified numerous 
loci that associate with diabetes and diabetes-
related traits by performing a meta-analysis of 
data from different GWAS studies, largely in indi-

viduals of European descent. In addition to analyz-
ing data from microarrays designed to capture 
SNPs positioned across the genome, these consor-
tia used data from the custom-designed CardioMe-
tabo chip (Illumina) which contains ~200,000 
SNPs previously shown to associate with a meta-
bolic disorder (T2D, lipid disorder, obesity, or car-
diovascular disease). Data from the CardioMetabo 
chip led to the identification of ten new loci associ-
ated with T2D in European populations [34]. 

3.5 GWAS imputation and meta-analysis in 
diverse ethnic groups 

In parallel, a number of GWASs and GWAS 
meta-analyses of both genotyped and imputed 
SNPs were also performed in other ethnic groups 
(East-Asians, South-Asians, African-Americans, 
North-Indians, American Indians, Mexican Ameri-
cans, etc.) [35-47]. The majority of SNPs that asso-
ciated with T2D in one ethnic group showed some 
evidence of association in other ethnic groups as 
well. These trans-ethnic findings provided further 
evidence of the reliability and robustness of 
GWASs. Imputation was carried out using either 
HapMap dataset or the 1000 genome dataset and 
provided dense genotyping that led to the identifi-
cation of six new T2D loci in Japanese, African 
Americans, and Mexican and Latin Americans [48-
51]. The availability of imputed genetic data in dif-
ferent ancestry groups also enabled meta-analyses 
using multiple ancestry groups, including one 
trans-ethnic meta-analysis that analyzed data 
from European, East Asian, South Asian, Mexican, 
and Mexican American studies to identify seven 
new T2D loci [52]. Trans-ancestry meta-analyses 
also enabled fine-mapping of regions associated 
with T2D because of differences in linkage disequi-
librium across ethnically diverse groups. 

To date, more than 100 variants have been as-
sociated with T2D, mapping to 93 loci. These vari-
ants have been identified by single GWASs, meta-
analyses, and trans-ancestry meta-analyses, with 
many more likely to be discovered in the future as 
sample size and diversity increases. Genes re-
ported in these studies are represented in Figure 
1 (red circle). 

4. What have we learned about the 
heritability of T2D? 

GWASs and the various strategies to expand 
the use of GWAS data (meta-analyses, imputation, 
and trans-ancestry studies) have been enormously 
successful in identifying new loci for T2D. Only 4 
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loci identified prior to the “GWAS era” (around the 
year 2007) meet the current definition of “estab-
lished” T2D loci (i.e. required significance of p ≤ 5 
x 10-8). After the year 2007, more than 100 vari-
ants have been identified and “established” accord-
ing to this criterion, largely as a result of GWAS 
technology. 

4.1 Many variants with modest effects 

Historically, the field of complex disease genet-
ics was dominated by the “common disease-

common variant” hypothesis. However, based on 
GWAS data where common variants do not explain 
the high prevalence of the disease, other mecha-
nisms have been proposed that include: 

 

1. The infinitesimal model: a large number of 
small-effect common variants. 

2. The rare allele model: a large number of 
large-effect rare variants.  

3. The broad sense heritability model: some 
combination of genotypic, environmental, 
and epigenetic interaction. 
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Figure 1. Loci that harbor variants associated with type 2 diabetes [10, 47, 68, 87, 135, 138, 145, 147]. Red circle: Loci har-
boring common variants with small effect size (OR < 1.5) primarily identified by GWASs. Green circle: Loci harboring low 
frequency variants with large effect size (OR > 1.8). Blue circle: Loci harboring common variants with large effect size (OR > 
1.8). Also indicated are the populations in which the loci were initially detected: Caucasian European, East Asian, South 
Asian, African American, Pima Indians, Mexican, trans-ancestry meta-analysis (see color code). * Variants in KCNQ1 were 
first identified in Japanese; subsequently a strong parent-of-origin effect for KCNQ1 variants has been independently shown in 
family studies of Icelandic and Pima Indian populations. In Pima Indians, one of the KCNQ1 variants explained ~4% of the 
observed variance in T2D (OR > 1.9). ** A common variant (G319S) in HNF4A has been identified in the Oji-Cree population 
with an OR of 4.00 when comparing homozygous individuals for either allele. Rare variants in HNF4A have been identified in 
a Mexican population which increases T2D risk 5-fold. *** Variants in LPP were initially identified by a trans-ancestry meta-
analysis; however studies in Pima Indians identified an independent variant associated with T2D. **** A Greenlandic study 
identified a common nonsense variant in TBC1D4 which increases T2D risk by ~10 fold. ^ A rare nonsense variant in LIPE 
was identified in the Old Order Amish which substantially increases risk for T2D (OR = 1.8). ^^ A common (3% of the popu-
lation) missense variant was identified in ABCC8 in Pima Indians that associated with a 2-fold increased risk for T2D. 
 



 

304  The Review of DIABETIC STUDIES Nair and Baier 
   Vol. 12 ⋅ No. 3-4 ⋅ 2015/2016 

 

Rev Diabet Stud (2015) 12:299-319  Copyright © by Lab & Life Press/SBDR 

Special Edition 

The pros and cons of these models have been 
reviewed by Greg Gibson in reference [53]. As 
mentioned before, GWASs for T2D have uncovered 
multiple variants, but all have modest effect sizes 
(OR < 1.15) except the TCF7L2 variant which has 
an OR of roughly 1.50 in non-Hispanic Whites. 
However, all of these variants in combination ex-
plain less than 15% of the genetic component of 
the disease. Therefore, additional approaches to 
establish causality at GWAS loci have been cre-
ated. These approaches include direct sequencing 
of genes located near GWAS signals in a large 
number of individuals to identify potential rare 
coding variants. They led to the identification of 
very rare coding mutations (frequency <0.1%) in 
MTNR1B (a previously identified GWAS locus) 
strongly associated with T2D (OR of 3.31) [54]. 

Functional studies of these rare variants identi-
fied 14 variants that were deleterious. In aggre-
gate, these loss-of-function mutations yielded a 5.5 
fold risk for T2D. The neutral variants had no ef-
fect on T2D risk. Yet another study identified rare 
coding variants in PPARG by sequencing the cod-
ing exons in ~20,000 multiethnic T2D 
cases/controls [55]. The authors used an adipocyte 
differentiation assay to identify functional vari-
ants among the observed coding variants, and re-
ported a greater than 7 fold T2D risk in aggrega-
tion for the functional variants. As was observed in 
the study of MTNR1B, the neutral variants in 
PPARG had no effect on T2D risk in aggregation 
[55]. If indeed rare variants (near established 
GWAS loci or within unidentified loci) with large 
effect sizes contribute to the heritability of T2D, 
large sample sizes will be required to detect the 
individual effects of such variants at genome-wide 
or exome-wide significance. 

4.2 Association does not imply causality 

Despite the fact that GWASs have been highly 
successful in identifying new loci for T2D, the 
translatability of these disease loci for use in dis-
ease prediction has been disappointing since the 
ORs are typically too small to be clinically mean-
ingful (most T2D loci, with the exception of 
TCF7L2, have an OR < 1.15). A translation for 
therapeutic advances is also lacking since most of 
these loci are not known to function in diabetes-
related pathways [48]. The majority of SNPs iden-
tified by GWASs are intronic or intergenic, and 
most have been assigned to the nearest gene, even 
though there is no clear molecular mechanism 
linking the SNP to the gene or the gene to T2D 
pathophysiology [48]. For example, obesity-related 

variants within an intron of the FTO gene were 
assumed to affect obesity via an effect on the FTO. 
However, it has recently been shown that these 
variants affect expression of IRX3, a neighboring 
gene [56-57]. Conversely, the GWAS-implicated 
gene may actually be causal in nature, but its role 
in T2D pathophysiology has not yet been identified 
by molecular and functional studies. For example, 
TCF7L2 had no known role in T2D when intronic 
SNPs were first found to be associated with this 
disease. Subsequent expression and functional 
studies have now identified a key role for this gene 
in pancreatic beta-cell function [58-59]. 

Another key to the causal variants is to study 
diverse populations with different haplotype pat-
terns. The majority of GWASs for T2D have been 
done in European populations, yet a number of ob-
servations suggest that studying the genetics of 
complex diseases in diverse populations can ad-
vance our understanding (reviewed in reference 
[60]). The following aspects are to be considered 
with this procedure: 

 
1. Specific risk alleles might occur in specific 

populations only (e.g. MYBPC3 locus for 
cardiomyopathy [61]). 

2. If the same variant occurs in different popu-
lations, the allele frequency may differ, as 
has been documented for TCF7L2 and 
KCNQ1 [27, 62]. 

3. The differences in recombination, mutation, 
and divergence of genealogical lineages can 
influence how easily one variant can be de-
tectable in one population compared to 
other. 

4. Disease prevalence may vary among popula-
tions, which may affect power, making de-
tection in some populations more likely than 
in others.  

5. The risk variants can have different effect 
sizes in different populations (e.g. the APOE 
locus for Alzheimer’s disease [63]). 

4.3 Most of the heritability remains unex-
plained 

Although GWASs have identified many loci as-
sociated with T2D, the effect size of each variant is 
quite small, and in aggregate, these variants ex-
plain less than 15% of familial aggregation of T2D 
[34, 48]. To date, there is little explanation for this 
“unexplained heritability” of T2D. Some have pro-
posed that the unexplained heritability is attribut-
able to a large number of undiscovered common 
variants with low additive effects, and the disease 
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represents the extremes of the normal distribution 
[10, 64]. Others have suggested that the unex-
plained heritability may be clarified by the detec-
tion of rare variants with large effect size. It has 
also been questioned whether established common 
variants are simply capturing information on 
nearby rare variants which are the true causal 
variants [10, 65-66]. 

Recent advances in next-generation sequencing 
technology allow the rare variant hypotheses to be 
directly tested. For example, a recent study in 
~2000 Danes uncovered two coding variants in two 
novel genes associated with T2D [67]. The study 
was primarily characterized by low-coverage whole 
exome sequencing. With the rapid progress in 
next-generation sequencing, which has occurred 
since 2009, it is likely that additional rare variants 
with large effects on T2D will be identified, and 
may account for a larger proportion of the herita-
bility of this disease. 

Another source of the unexplained heritability 
could be structural variants (large insertions and 
deletions) and copy number variations which can 
affect numerous loci. GWASs typically capture 
simple variations such as SNPs, but no well-
powered studies have been conducted to analyze 
structural or copy number variation. Similarly, 
large-scale epigenetic studies for T2D are lacking. 
Epigenetic modifications can be stable and herita-
ble across generations and manifest as “parent-of-
origin” effect, as observed for variations in KCNQ1 
and KLF14, which will be discussed later [62, 68]. 

4.4 Limited overlap between variants influenc-
ing glucose- and insulin-related traits and 
T2D 

As mentioned above in section 4.2, the func-
tional significance of most of the T2D susceptibil-
ity variants identified by GWASs is not known. 
GWASs, such as those conducted in MAGIC, to 
identify variants influencing glucose- and insulin-
related traits can provide some guidance as to how 
T2D susceptibility genes may affect T2D patho-
genesis. Although some of the variants associated 
with glucose- and insulin-related traits were also 
found to be associated with T2D (e.g., variants 
in/near MTNR1B, DGKB, PROX1, ADCY5, GCKR 
etc.), there was a surprisingly limited overlap be-
tween those influencing glucose- or insulin-related 
traits and those influencing T2D [48]. For exam-
ple, a meta-analysis of 21 GWASs informative for 
glucose- and insulin-related traits identified 17 
variants associated with fasting glucose or HOMA-
B, and found genome-wide significant associations 

with T2D for only 8 of these variants [8]. Interest-
ingly, two of the variants, in/near ADCY5 and 
MADD, had similar allele frequency and effect size 
for association with fasting glucose, but only the 
variant in ADCY5 was robustly associated with 
T2D, whereas the one in MADD was not associated 
[8]. This led to the suggestion that genes regulat-
ing physiological levels of these glycemic traits are 
different from those that regulate the pathophysi-
ological levels that lead to T2D, generating the hy-
pothesis that the mechanism of elevation in fast-
ing glucose rather than elevation itself may be 
more detrimental for T2D pathogenesis [8]. In ac-
cordance with this conclusion, a recent study ob-
served that a combination of variants that increase 
fasting glucose levels was associated with im-
paired fasting glucose over a 9-year follow-up, but 
did not predict the incidence of overt T2D [69]. 
Conversely, as outlined in a recent review by Bon-
nefond et al., only ~50% of the known T2D suscep-
tibility genes have been related to either insulin 
resistance or insulin secretion; the molecular 
mechanism of the remaining T2D susceptibility 
genes is generally unknown [48]. 

5. Using isolated populations to study 
complex diseases 

Family-based association studies in population 
isolates have been successful in identifying loci as-
sociated with Mendelian traits [70]. However, in 
the study of polygenic complex diseases, where the 
disease does not necessarily segregate with a sin-
gle variant, achieving associations with genome-
wide significance helps to discern correct from in-
correct findings. Studies in population isolates of-
ten involve smaller sample sizes than studies in 
outbred populations, and many lack the power to 
identify variants with moderate effects. Also, vari-
ants identified to be causal may be private or lim-
ited to the studied population, and may not be pre-
sent in other populations, ruling out replication 
studies. However, now that large-scale outbred 
populations have failed in explaining the heritabil-
ity of most complex diseases, and studies are more 
focused on the role of rare variation which could 
have larger effect sizes, there is renewed interest 
in performing studies in genetic isolates [71]. Ge-
netically isolated populations are a powerful re-
source for the discovery of loci which may be com-
mon in the isolate, but rare and difficult to capture 
in outbred populations [71]. The unique genetic, 
social, and environmental characteristics of iso-
lated populations can be used to expedite the dis-
covery of disease-associated loci. 
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5.1 Population isolates 

Isolated populations are formed when a sub-
population is derived from a small number of 
founders as a result of events such as famine, war, 
infectious disease epidemics, settlement in a new 
territory, social and cultural barriers, environ-
mental disruption, etc., and when this subpopula-
tion remains secluded for many generations [72-
73]. The resulting geographical or cultural isola-
tion has important consequences. Decreased gene 
flow from neighboring populations and increased 
endogamy in population isolates often result in in-
creased genomic homogeneity. Population isolates 
also tend to have environmental and cultural ho-
mogeneity [72-73]. Thus, the individuals tend to 
share a common lifestyle, and have similar expo-
sure to environmental factors. Many isolates also 
experience multiple population bottlenecks (a 
marked reduction in sample size followed by sur-
vival and expansion of a small random sample of 
the original population) which alternates with pe-
riods of rapid growth, resulting in independent 
branching and formation of regional subisolates 
[72]. For instance, in Finland both younger and 
older population isolates have appeared within one 
geographical region [72]. As an isolate recovers 
from the bottleneck, mating occurs between indi-
viduals who share a common ancestor. This re-
duces genetic variability, and affects allele fre-
quencies in the isolated population. Another im-
portant aspect of population isolates is that they 
tend to have very different demographical histo-
ries which are influenced by a number of factors 
such as the total number of founders, number and 
intensity of bottlenecks, and age and duration of 
isolation [73]. Detailed genealogical records are 
frequently available for isolated populations. 

5.2 Genetic consequences of isolation 

Isolation and population bottlenecks result in 
genetic drift (random fluctuations in allele fre-
quencies as genes are transmitted from one gen-
eration to another) which influences the genetic 
make-up of a population isolate. Both disease-
associated alleles and neutral alleles are subjected 
to genetic drift in a population isolate [72]. As a 
result, some disease alleles are lost, whereas oth-
ers become enriched. Consequently, every popula-
tion isolate has specific recessive diseases, which 
are expressed at a higher prevalence in one isolate, 
but which may be near absent in others [74]. For 
example, the Pima Indians of Arizona have a very 
high prevalence of T2D (~50%), but a near absence 

of type 1 diabetes [9, 75-76]. Certain alleles reach 
fixation or extinction at a particular locus, which is 
due to genetic drift. Similarly, diseases causing 
variants which were rare in the founder popula-
tion can drift to a much higher frequency in the 
subsequent generation [72]. This reduced genetic 
variability and higher frequency of disease-
associated alleles can help in the identification of 
these variants with smaller sample sizes in iso-
lated populations. 

Isolation and subsequent genetic drift also af-
fect the haplotype complexity [73]. HapMap and 
1000 genome projects have significantly contrib-
uted to the understanding of linkage disequilib-
rium in outbred populations. In contrast to out-
bred populations, studies of isolated populations 
have identified extended genomic regions of link-
age disequilibrium [77-78]. As expected, older 
population isolates tend to have shorter regions of 
linkage disequilibrium than younger population 
isolates. However, relatively extended regions of 
linkage disequilibrium can be observed in popula-
tion isolates with a small number of founder indi-
viduals; this may result in a slower rate of growth 
following a bottleneck [79]. Genetic drift affects 
rare markers and rare haplotypes in the same way 
as it affects rare disease alleles. Some rare marker 
haplotypes can drift up in frequency while others 
are completely lost. Common marker haplotypes 
are rarely lost unless the number of founder indi-
viduals is very small [72]. 

6. Advantages of studying population 
isolates for complex diseases 

6.1 Less genetic variability 

Isolation, population bottlenecks, and consan-
guinity lead to a more uniform genetic back-
ground. Population isolates have extended regions 
of linkage disequilibrium and longer haplotypes, 
requiring fewer markers for GWASs and empower-
ing imputation approaches that depend on predict-
ing haplotype structure. 

6.2 Enrichment of rare variants 

As rare variants are more recent in origin, they 
are more likely to be geographically localized. It is 
also possible that these variants may drift up in 
frequency in geographically isolated, high-risk 
populations, which makes the detection of such 
variants easier. Alternatively, rare alleles could 
drift down and reach extinction, reducing the ex-
tent of genetic variability. 
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6.3 More uniform environment and lifestyle 

Variability within a sample of individuals can 
be a consequence of environmental and lifestyle 
influences, and can also lead to differences in the 
genetic predisposition to T2D. For example, it has 
been shown that the T2D-predisposing alleles have 
a higher genetic effect in lean cases than in obese 
cases [80]. Stratification of GWAS meta-analysis 
data in Europeans by BMI led to the identification 
of a new T2D association signal in LAMA1, where 
a SNP within this gene was associated with T2D 
only in lean cases, with p = 8.4 × 10-9 and OR = 
1.13 in lean cases compared to p = 0.04 and OR = 
1.03 in obese cases [80]. Also, for 36 known T2D-
associated variants analyzed in this study, 29 had 
a higher OR for T2D in lean cases, and the overall 
weighted per-risk allele OR was higher in lean 
cases than in obese cases [80]. Similarly, the Slim 
Initiative in Genomic Medicine for the Americas 
(SIGMA) consortium identified an association be-
tween a 5 SNP haplotype in SLC16A11 and T2D in 
Mexican and Latin Americans, in whom the asso-
ciation was stronger in younger and leaner indi-
viduals [50]. This finding was confirmed in a study 
of 13,267 American Indians who exhibited a sig-
nificant SNP genotype x BMI interaction, such 
that the effect of the T2D risk allele was stronger 
in leaner individuals [81]. 

6.4 Enrichment of disease prevalence 

Genetic drift following a population bottleneck 
results in the enrichment of certain diseases which 
may have been rare in the original population. As 
disease prevalence affects statistical power for ge-
netic association studies, it follows that fewer sub-
jects are required to study a disease with a high 
population-based frequency, as compared to a low-
frequency disease. 

6.5 More uniform clinical measures 

Variability in association studies may be due to 
differences in phenotype definition. Smaller popu-
lation size allows for standardized assessment and 
characterization of phenotypes, leading to limited 
variability. 

6.6 Better access to patients and their families 

Many isolates have good genealogical records 
due to less migration and more intact families. 
This provides opportunities for studying a cohort 
longitudinally, recalling subjects based on geno-

type, obtaining health records, and conducting 
family-based association studies. 

7. Population Isolates studied for T2D 

Research groups have studied the heritability of 
T2D in different isolated populations, and have 
provided valuable insights into the genetic patho-
physiology of T2D. Below are listed some of the 
isolated populations in whom genetic studies of 
T2D have resulted in increased understanding of 
the disease. 

7.1 The Pima Indians of Arizona 

The ancestors of American Indians who now 
live in the Gila River Indian Community in Ari-
zona were the first people to arrive in the Ameri-
cas 30,000 years ago. They have continued to live 
in the Sonoran desert near the Gila River in 
Southern Arizona for more than 2,000 years. 
These early Americans called themselves 
“O’Odham”, the river people, and those with whom 
they intermarried, “Tohono O’Odham”, the desert 
people. Exploring Spaniards called them Pima In-
dians. Archaeological finds suggest that the mod-
ern day Pima Indians descended from the Hoho-
kam, “those who have gone”, prehistoric people 
who originated in Mexico. Migrating from Mexico, 
they settled in the land up to where the Gila River 
and the Salt River meet, in what is now Arizona 
[82-83]. Modern day Pima Indians living in Ari-
zona have minimal European admixture [84]. 

The Pima Indians were master weavers and 
farmers, and established a sophisticated system of 
irrigation to help with the farming needs [85]. 
Subsequent settlement of the west by people of 
European ancestry led to the disruption of the irri-
gation system, effecting Pima agriculture. This re-
sulted in curtailment of subsistence farming, and 
led to fundamental changes in the lifestyle of Pima 
Indians from the Gila River. Most of the people 
from the tribe became dependent on government-
issued foods. Early description of Pima Indians 
from the 1900’s suggested that diabetes was either 
rare or not diagnosed at that time [86-87]. In late 
1930’s, Joslin identified 21 Pima Individuals with 
diabetes by reviewing medical records from hospi-
tals serving the Pima population [88]. A survey of 
rheumatoid arthritis among Pimas in 1963 con-
ducted by the National Institutes of Health led to 
the discovery of an extremely high rate of diabetes 
among Pima Indians. Two years later, the Na-
tional Institutes of Health, the Indian Health Ser-
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vice, and the Pima community started a coopera-
tive effort to understand the etiology of this dis-
ease. From 1965 to 2008, a systematic longitudinal 
study of Pima Indians from the Gila River Com-
munity was performed, focused on diabetes re-
search. Individuals, predominantly Pima or the 
closely related Tohono O’Odham, greater than 5 
years of age, were invited to participate in a bien-
nial health examination that included a 75 g oral 
glucose tolerance test (OGTT) for assessing diabe-
tes status, measurement of BMI, information on 
pregnancy and health of children, and assessment 
of diabetes-related complications [9]. Genealogical 
information was also documented. 

This longitudinal study identified an extremely 
high rate of T2D in Pima Indians. Although the 
precise reasons underlying the high prevalence 
and incidence of T2D is not known, genetic factors 
and higher rates of obesity due to life style 
changes are suspected as major culprits [9, 89]. 
Indeed, adult Pima Indians (age >20 years) are 
more obese than adult non-Hispanic whites, non-
Hispanic Blacks, or Mexican Americans living in 
the United States [9, 90]. This rapid rise in T2D 
prevalence in Pima Indians living in Arizona has 
been followed by a relatively stable incidence rate 
[91]. However, the onset of diabetes has shifted to 
a younger age. During the past years, the inci-
dence of diabetes among Pima Indians less than 15 
years of age has increased nearly six-fold. This 
shift to a younger age of onset may be a conse-
quence of increasing rates of obesity in children 
and young adults [92]. Despite diabetes being di-
agnosed in Pima children as young as 3 years of 
age, diabetes in this American Indian tribe is ex-
clusively T2D. Diabetes in Pima Indians lacks 
characteristics of type 1 diabetes such as insulin 
dependence, low levels of islet cells, and glutamic 
acid decarboxylase antibodies [93-94]. The absence 
of type 1 diabetes, a relatively younger onset of 
diabetes, and minimal admixture with European 
populations may indicate a more homogenous 
background for the disease. Additionally, the rela-
tively young age of onset of diabetes in Pima Indi-
ans allows for a better estimate of “affected” vs. 
“unaffected” status for a given individual. 

A subset of the Pima Indian population living 
in Arizona has also volunteered for patient meta-
bolic trait studies in the Clinical Research Center 
of the Phoenix Epidemiology and Clinical Research 
Branch of the National Institutes of Health [1]. 
These examinations included assessing the deter-
minants of T2D when the individual was non-
diabetic. Physiologic tests included a 75 g OGTT 

with measures of insulin at fasting, 30, 60, and 
120 minutes. Body composition was measured by 
underwater weighing and later by dual X-ray ab-
sorptiometry. Acute insulin release was measured 
in response to a 25 g intravenous bolus of glucose 
and insulin action determined by a euglycemic-
hyperinsulinemic clamp [1]. DNA for genetic 
analysis was obtained from participants of the lon-
gitudinal study and the inpatient study. 

7.2 The Amish of the Lancaster County 

The Amish, named after Jacob Ammann, immi-
grated to the United States from Western Europe 
(primarily Switzerland) to escape religious perse-
cution. Earliest immigrants settled in Pennsyl-
vania, whereas latter groups settled in other Mid-
western states. Approximately 200 families settled 
in Lancaster County and are considered founders 
of the current Lancaster Amish Community. As of 
the year 2000, the Amish population in and 
around Lancaster has exceeded 30,000. In 1995, 
the Amish Family Diabetes Study was initiated in 
Lancaster to identify genetic determinants of T2D 
and related traits [95-97]. 

The Amish represent a religious isolate. Mem-
bers of this faith are conservative Christians 
whose rural lives are guided by Ordnung, which 
promotes religious devotion and family and com-
munity cohesion. The primary livelihood is farm-
ing, although modern agricultural machinery is 
not allowed. Use of other technology such as auto-
mobiles is also not allowed. The influence of the 
surrounding culture is minimal. Marriages from 
outside the sect are not allowed and individuals 
rarely immigrate [98]. Marriages between first 
cousins are not allowed, but on average, married 
couples are more closely related than second cous-
ins once removed, but less related than second 
cousins [99]. Family genealogies are well docu-
mented, dating back to 1700s [95]. The Old Order 
Amish also have extensive genealogical records 
which is useful in genetic studies. 

Although the Amish are very physically active 
because of their abstinence from modern technolo-
gies, Snitker et al. found Amish adults had a simi-
lar mean BMI as the general US non-Hispanic 
population (BMI = 27.9 kg/m2 in Amish compared 
with 27.0 kg/m2 in non-Hispanic whites) [100]. 
They also observed that the Amish were as likely 
to have an abnormal OGTT compared to non-
Hispanic Whites, yet had half the rate of T2D. 
Higher BMI is a risk factor for the development of 
diabetes. However, a lower rate of conversion from 
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impaired glucose tolerance to overt T2D in Amish 
suggest that physical activity may protect against 
T2D independent of weight loss [100]. 

7.3 Isolated populations from Finland, Ice-
land, and Greenland 

The vast majority of Finns descended from two 
immigration waves occurring 4,000 and 2,000 
years ago [72]. The earlier were eastern Uralic 
speakers, and the later were Indo-European 
speakers from the south. Both Y chromosomal 
haplotype and mitochondrial sequencing confirm 
the low genetic diversity among Finns compared to 
other European populations. The size of the found-
ing population is not known, but as late as the 
twelfth century, the population was estimated to 
be only 50,000 [72]. The population size reached 
400,000 before the great famine of 1696-1698 
wiped out one third of the population. Since then, 
the Finnish population has expanded to more than 
5,000,000. In the sixteenth century, during the 
reign of Swedish king Gustavus of Vasa (1523-
1560), internal migrations created regional subiso-
lates. This time period also saw the establishment 
of a national system of population records which 
served as an important resource for later genetic 
studies. Approximately 30 recessive diseases are 
highly enriched in Finland, whereas diseases like 
phenylketonuria and cystic fibrosis are almost 
nonexistent [72]. According to the Finnish Diabe-
tes Association, at least one third of Finns have a 
genetic predisposition to develop T2D, and 10-20% 
have impaired glucose tolerance. In the year 2000, 
there were 200,000 people with diabetes in 
Finland. An estimated increase by 70% was pre-
dicted for the year 2010. This rapid increase in 
T2D was mostly due to unhealthy eating habits 
and reduced physical activity [101]. 

The population of Iceland was founded in the 
ninth and tenth century by a limited number of 
settlers from Norway, Ireland, and Scotland [72]. 
The country has experienced little immigration 
over the past centuries, and most of the current 
residents are descendants of the early settlers. Y-
chromosomal haplotypes suggest that 20-25% of 
Icelandic founding males were from Gaelic origin 
and 75-80% of Scandinavian origin. A tradition of 
keeping family trees provides a unique resource to 
track the heredity of many diseases over hundreds 
of years [72]. deCODE genetics, a subsidiary of 
Amgen, has merged DNA from the population of 
Iceland, their extensive genealogical database, and 
health records from Iceland’s national health-care 

system to study the genetic basis of a number of 
complex and rare Mendelian diseases [72]. 

Greenland was believed to be settled by de-
scendants of the present Inuit culture, who iden-
tify the island as Kalaalit Nunaat, “land of the 
people”. It is believed that Greenland’s first in-
habitants arrived on the island about 4,500-5,000 
years ago, most likely from the island of Elles-
mere. But these early Inuit people disappeared 
from the land about 3,000 years ago for unknown 
reasons. These were followed by the “Dorset” and 
the “Thule”. In 985 AD, the “Norse”, who arrived 
from Iceland, settled along the east coast of 
Greenland [102]. In the 18th century, Europeans 
returned to Greenland, predominantly from Nor-
way and Denmark, and in 1775 Denmark claimed 
the island as a colony. In 1979, a popular referen-
dum gave Greenland “home rule” status as a dis-
tinct nation within the kingdom of Denmark. A 
hard-to-access geography along with the harsh 
climate may have made the settlement of the is-
land difficult. The relative isolation from other re-
gions and successive waves of migration may have 
created conditions for strong bottleneck and other 
effects of genetic drift. Today, almost 90% of 
Greenland’s population is of Inuit or mixed 
Inuit/Danish heritage [103]. There is a certain 
amount of European influence in Greenland cul-
ture, but the island nonetheless features unique 
Inuit and European cultures that are distinct from 
one another. 

7.4 The Natives of Kosrae 

Kosrae is an island in the Federated States of 
Micronesia which was settled by a small number of 
Micronesian founders ~2,000 years ago. Previous 
studies using genotyping data from 30 Kosrean 
trios and ~110,000 genome-wide SNPs showed 
that Kosraens exhibit strikingly reduced haplotype 
diversity and extended LD, likely resulting from a 
strong founder effect and repeated population bot-
tlenecks [104-106]. Indeed, they found that these 
features were much more dramatic than the 
“founder” populations of Finland and Iceland. 
Studies have also reported an increased preva-
lence of obesity and T2D in natives from Kosrae, 
similar to that seen in other indigenous popula-
tions [107]. 

7.5 Population from the Adriatic coast of Croa-
tia 

This Croatian island population is primarily of 
Slavic descent, originating from people who emi-
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grated from the mainland at successive time peri-
ods [108-109]. This population has remained 
largely isolated mainly because of geographic 
separation with minimal immigration from the 
mainland. Although they share a common descent 
with Europeans, they are different culturally, 
practicing a traditional life style based on agricul-
tural subsistence in a rural setting and living on a 
typical “Mediterranean diet” [109]. However, stud-
ies have shown an increased prevalence of obesity 
and hypertension in this population, suggesting 
factors other than lifestyle contributing to these 
conditions [110]. 

7.6 Oji-Cree population from Canada 

The Oji-Cree is a native Canadian population 
residing in a narrow band extending from the 
Missinabi river region in Northeastern Ontario at 
the east and Lake Winnipeg at the west. The Oji-
Cree people are descended from historical inter-
marriage between the Ojibwa and Cree cultures, 
but are considered a distinct nation from either 
parent groups. The Oji-Cree population has a very 
high prevalence of T2D (~40%). Consequently, this 
population has been studied to understand the ge-
netic factors responsible for this disease [111]. 

8. Results of studies of T2D in iso-
lated populations 

Studies in isolated populations to delineate the 
heritability of T2D followed much the same pat-
tern as studies in outbred populations. Initial work 
focused on candidate gene association studies, 
family-based linkage studies, and GWASs. Recent 
studies have also utilized whole genome or whole 
exome sequence data to identify potentially func-
tional variants that were not captured in commer-
cially available genotyping arrays. Some studies in 
isolated populations have led to several important 
observations which are either highly significant for 
the studied population or have advanced our un-
derstanding of the pathophysiology of diabetes. 
Several examples are detailed below. 

8.1 HNF1A G319S is a major determinant of 
T2D in Canadian Oji-Cree population 

The Oji-Cree population of Canada has a very 
high prevalence of T2D (~40%) [111]. In 1999, He-
gele et al. reported a common (MAF > 0.05) Gly-
cine319Serine mutation in HNF1A (hepatocyte 
nuclear factor 1 alpha) that was strongly associ-
ated with T2D in Oji-Cree [112]. The Ser319Ser 

homozygotes and Gly319Ser heterozygotes had an 
OR of 4.00 and 1.97 respectively compared to 
Gly319Gly homozygotes [112]. The HNF1A G319S 
heterozygosity was associated with increased odds 
of T2D in various subgroups divided by age, gen-
der, and body mass. Among the subgroups exam-
ined, the association was strongest in adolescent 
individuals [112]. Furthermore, this mutation was 
reported to have specificity and predictive value of 
97% and 95% respectively for developing T2D by 
age 50 [113]. Even though Oji-Cree subjects with-
out this variant display characteristic features of 
T2D that include obesity, high plasma insulin lev-
els, and insulin resistance, the diabetic phenotype 
of G319S carriers is more consistent with a defect 
in insulin secretion, with an earlier onset of diabe-
tes, less obesity, and lower insulin levels, as com-
pared to non-carriers [111]. 

The mutation was identified using a focused 
candidate gene approach which analyzed genes 
that code for proteins known to play a role in dia-
betes pathophysiology and genes in which muta-
tions were reported to cause MODY (reviewed in 
[111]). Mutations in HNF1A are known to cause 
MODY3. Therefore, this gene was studied for se-
quence variation, leading to the discovery of the 
Gly319Ser mutation which associated with T2D. 
To date, the Gly319Ser mutation has not been de-
tected in other ethnic groups. HNF1A belongs to 
the homeobox gene family of transcription factors 
and is expressed in the pancreas. It acts as a tran-
scription activator for many genes including insu-
lin [111]. In-vitro functional studies have shown 
that the G319S mutation does not affect DNA 
binding or dimerization of HNF1A, but signifi-
cantly reduces its capacity to transactivate gene 
expression. This is in contrast to HNF1A muta-
tions in MODY3, which imparted total loss of 
HNF1A function. This difference in functional im-
pact may explain a reduced penetrance seen with 
the G319S mutation resulting in T2D [114]. Re-
cent functional studies have also shown that the 
G319S variant produces two abnormal transcripts 
that alter the relative ratio of normal splicing 
products. This combination of abnormal splicing 
and reduced activity of the G319S protein are the 
underlying cause of the increase in diabetes sus-
ceptibility associated with this mutation [115]. 
Variations associated with T2D in other genes 
have also been reported in Oji-Cree. Variants in 
genes including PTP1B and PPARG associate with 
T2D in the Oji-Cree; however, HNF1A remains the 
strongest determinant in this isolated population 
[116, 117]. 
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8.2 A null mutation in hormone-sensitive li-
pase (LIPE) increases risk for T2D in the Old 
Order Amish 

Lipolysis plays an important role in energy ho-
meostasis. A study in the Old Order Amish ana-
lyzed sequence data from 12 lipolytic-pathway 
genes in subjects whose fasting triglyceride levels 
were at the extremes of the distribution, and iden-
tified a 19-bp frameshift deletion in exon 9 of 
LIPE, a key enzyme for lipolysis [118]. LIPE en-
codes hormone-sensitive lipase (HSL), and primar-
ily hydrolyzes stored triglycerides to free fatty ac-
ids in adipose tissue and heart, whereas in steroi-
dogenic tissues, it converts cholesteryl esters to 
free cholesterol for steroid hormone production. 
Analysis of the 19-bp frameshift deletion in 2,738 
Amish subjects identified an effect on T2D (OR = 
1.80 for subjects heterozygous for the deletion 
compared to subjects without deletion despite 
similar BMI), dyslipidemia, hepatic steatosis, and 
systemic insulin resistance [118]. All four subjects 
who were homozygous for the deletion were diag-
nosed with T2D before the age of 50 years [118]. 
Analysis of adipose tissue from study participants 
who were homozygous for the deletion suggests 
that the mutation results in the complete absence 
of HSL protein and a downregulation of transcrip-
tion factors responsive to PPARG and downstream 
target genes. Small adipocytes, impaired lipolysis, 
insulin resistance, and inflammation were also 
noted [118]. It was recently shown that Pima Indi-
ans have different missense mutations in LIPE 
that also associated with T2D (unpublished data, 
[119]). These studies highlight the importance of 
lipolysis in systemic lipid and glucose homeostasis, 
and the important role of HSL in this process 
[118]. Apart from variation in LIPE, a GWAS for 
T2D in Old Order Amish using the Affymetrix 
100K SNP array identified significant associations 
for SNPs in GRB10 (growth factor receptor-bound 
protein 10) [120]. 

8.3 A loss-of-function mutation in ABCC8 in-
creases the risk for T2D in Pima Indians 

Whole genome sequencing in Pima Indians led 
to the identification of several novel variants in 
ABCC8 which encodes the SUR1 subunit of the 
KATP channel [121]. One novel R1420H variant was 
significantly associated with T2D in Pima Indians 
where heterozygous carriers had twice the risk for 
T2D as non-carriers (OR = 2.02, p = 3.6 × 10-5) 
[121]. In a community-based study of Pima Indi-
ans, 3.3% of the population carried this mutation, 

and the mean age of diabetes onset was, on aver-
age, 7 years earlier for carriers compared with 
non-carriers (HR = 2.05). Among the 7,528 indi-
viduals genotyped, only one individual was homo-
zygous for this mutation. The clinical course of this 
individual included hypoglycemia, with seizures at 
the age of 4 months due to hyperinsulinemia, and 
a diagnosis of diabetes at 3.5 years of age [121]. 
The R1420H also associated with birth weight 
where newborns who carried this mutation were 
approximately 170 grams heavier than non-
carriers [121]. This is consistent with the hypothe-
sis of fetal hyperinsulinemia, resulting in in-
creased birth weight. The mutation was function-
ally characterized, and in vitro studies showed 
that it reduced KATP channel activity [121]. 

Mutations in ABCC8 have been previously 
identified in individuals diagnosed with MODY 
[122, 123]. Other groups have reported that indi-
viduals with congenital hyperinsulinemia due to 
inactivating ABCC8 mutations eventually devel-
oped early- and adult-onset diabetes [124, 125]. 
Identification of a loss-of-function variant in 
ABCC8 with a carrier frequency of 3.3% suggested 
that homozygous carriers of this mutation are not 
uncommon in this American Indian population. 
This may have an impact on clinical practice since 
homozygous carriers may develop hyperinsu-
linemic hyperglycemia in infancy [121]. 

8.4 DNER, which functions in the NOTCH 
signaling pathway, is a T2D gene in Pima In-
dians 

A GWAS of T2D in the Pima Indian population 
identified DNER as a new gene for T2D [47]. The 
DNER SNP (rs1861612) was not significantly as-
sociated with T2D in Europeans, and there was 
significant heterogeneity in effect between Euro-
peans and American Indians (p = 1.6 × 10•6; I2 = 
95.6%) [47]. However, a recent report identified a 
directionally consistent, significant association of 
the DNER SNP (rs1861612) with T2D risk in Han 
Chinese [126]. Functional studies implicate that 
DNER regulates notch signaling pathway genes in 
pancreatic beta-cells [47]. 

8.5 Variation in GCK can contribute to type 2 
diabetes by affecting non-insulin secretory 
mechanisms in Pima Indians 

It has previously been shown that rare muta-
tions in GCK (encodes glucokinase) can cause 
MODY as a consequence of reduced glucose-
stimulated insulin secretion. Glucokinase is the 
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main glucose-phosphorylating enzyme in liver and 
pancreatic beta-cells, where it converts glucose to 
G6P as a first and rate-limiting step in glycolysis. 
In a study of Pima Indians, a novel variant in the 
3'UTR of GCK was associated with a lower rate of 
carbohydrate oxidation, lower 24-hr energy expen-
diture, and higher risk of T2D [127]. The finding of 
a lower rate of glucose oxidation, observed post-
absorptively, during insulin stimulation, and after 
a diet of mixed consumption, is consistent with a 
role of GCK in glycolysis. This variant was not as-
sociated with non-oxidative glucose disposal, sug-
gesting that glucose storage (glycogen synthesis) 
was not affected [127]. 

8.6 A null mutation in TBC1D4 increases the 
risk for T2D in the Greenlandic population 

Large-scale array-based genotyping and exome 
sequencing in individuals from Greenland led to 
the identification of a common nonsense mutation 
(p.Arg684Ter) in TBC1D4 (frequency = 17%) [128]. 
TBC1D4 codes for AS160 (AKT substrate of 160 
kDa). Homozygous carriers of the mutation have 
markedly higher concentrations of plasma glucose 
(beta = 3.8 mmol/l) and serum insulin (beta = 165 
pmol/l) two hours after an oral glucose load and a 
10-fold increased risk of T2D [128]. The effect size 
for TBC1D4 on the risk of T2D among individuals 
in Greenland is much larger than any other gene 
for T2D. This further highlights the importance of 
studying diverse populations. Additional details of 
this study are included in the next Chapter of this 
RDS Special Edition. 

9. Comparison of T2D loci in isolated 
vs. outbred populations 

As detailed above, identification of disease al-
leles for complex diseases may be simplified by 
studies in isolated populations because of in-
creased genomic, environmental, and cultural ho-
mogeneity [72, 73]. However, this advantage must 
be balanced with the fact that much of the cur-
rently available technology has been customized 
from outbred populations. For example, commer-
cially available SNP arrays were primarily de-
signed using haplotype and sequence information 
from outbred populations. Consequently, the SNPs 
included in these arrays may be less informative 
for isolated populations because of the difference 
in linkage disequilibrium and failure to capture 
variants that are either novel to a population or 
that occur at a much higher frequency than in out-

bred populations. Therefore, in addition to per-
forming GWASs, many studies in isolated popula-
tions have directly assessed risk alleles identified 
in outbred populations to determine their effect in 
isolated populations. 

9.1 Analysis of established T2D variants in 
isolated population 

In an early study of established T2D variants 
(those identified by GWAS prior to 2008), SNPs 
in/near CDKAL1, SLC30A8, HHEX, EXT2, 
IGF2BP2, LOC387761, CDKN2B, and TCF7L2 did 
not associate with T2D in Pima Indians; only the 
FTO locus provided evidence for replication [27, 
129]. More recently, assessment of seven SNPs 
identified by genome-wide trans-ancestry meta-
analysis for T2D (by the DIAGRAM consortium) in 
Pima Indians identified nominal associations with 
T2D for rs6813195 near TMEM154 and rs3130501 
near POU5F1-TCF19 [130]. These variants were 
further associated with diabetes-related traits, in-
cluding adiposity (rs6813195), 2-hr glucose, and 
insulin resistance (rs3130501) [130]. Importantly, 
this study identified an independent variant at the 
LPP locus which was not reported in the trans-
ancestry analysis, highlighting the importance of 
studying a diverse population for genetics of com-
plex traits [130]. 

Recently, Hanson et al. reported a comprehen-
sive study of 63 established T2D-associated SNPs 
in Pima Indians [131]. Eight of these variants 
were nearly monomorphic in Pima Indians, and 
nine SNPs showed significant heterogeneity in ef-
fect between Pima Indians and Europeans, which 
may be explained by different patterns of linkage 
disequilibrium [131]. Among the remaining SNPs, 
only 9 were nominally significant and directionally 
consistent between Pima Indians and non-
Hispanic Whites. A relatively smaller sample size 
available for the study of isolated populations may 
be one of the reasons that T2D-associated variants 
identified in outbred populations do not achieve 
statistical significance in isolated populations. 
However, a genetic risk score derived from all es-
tablished loci was strongly associated with T2D 
and with lower insulin secretion in Pima Indians 
[131]. In a similar study of the role of established 
T2D and BMI loci on metabolic traits measured in 
an island population from Croatia, a significant 
association of TCF7L2 variants with fasting 
plasma glucose and HbA1c levels was reported 
[132]. 
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9.2 Allele frequency differences at established 
T2D loci do not explain the higher diabetes 
prevalence in Pima Indians (Figures 2 and 3) 

Several studies have investigated whether the 
difference in the prevalence of T2D among differ-
ent populations is attributable to population dif-
ferences in the frequencies of T2D risk alleles [133, 
134]. Recent reports suggest that the difference in 
allele frequency at established T2D loci between 
major continental populations is greater than ex-
pected, given the genetic distance between the ma-
jor continental populations. A gradient in genetic 
risk for T2D has also been proposed, with risk al-
leles having highest frequencies in Africans and 
those of lowest frequencies in East Asians [131, 
133, 134]. Such divergence in allele frequency at 
disease-associated loci may represent an effect of 
natural selection along the course of the evolution-
ary history of these populations [131]. Given the 
very high prevalence of T2D in Pima Indians, one 
might expect higher frequencies of established 
T2D risk alleles in this isolated population. 

A recent study by Hanson et al. compared the 
allele frequencies at established T2D loci among 
Pima Indians, Europeans, Africans, and East 
Asians. The authors formally tested the signifi-
cance of the difference in risk allele frequency be-
tween Pimas and other major HapMap populations 
[131]. A mean genetic risk score was used to de-
termine whether T2D risk alleles were systemati-
cally higher in one population than another. The 
mean genetic risk score in Pimas was significantly 

lower than in Europeans and Africans, but higher 
than in East Asians (Figure 2). The genetic dis-
tances calculated as fixation index (FST) across the 
T2D loci between Pimas and other continental 
populations were not significantly different than 
distances derived using randomly selected mark-
ers. This observation suggests that the difference 
in allele frequency at T2D loci between Pima Indi-
ans and other populations is not as different as ex-
pected, despite the large genetic distance [131]. 
The genetic attributable fraction was also calcu-
lated; it is defined as the proportion of excess T2D 
prevalence in a “high-risk population” in relation 
to a “reference population” that is due to difference 
in risk allele frequency. The calculation suggested 
that the differences in allele frequency at estab-
lished T2D loci account for little of the increased 
diabetes prevalence in Pimas compared to Europe-
ans (Figure 3). However, a high proportion (66%) 
of the excess prevalence in non-Hispanic blacks 
compared to non-Hispanic whites was found to be 
attributable to differences in allele frequency at 
these loci [131]. 

10. Exploring an additional heritable 
mechanism: parent of origin 

Genomic imprinting is a mechanism by which 
certain genes are expressed in a parent-of-origin-
specific manner. If the paternally-derived allele is 
imprinted, then it is silenced, and the gene is ex-
pressed only from the maternally-derived allele 
and vice versa. Some of the genetic loci associated 
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Figure 2. Cumulative distribution of the genetic risk score (GRS) for type 2 diabetes in Pimas and in each of the HapMap 
populations (Han Chinese in Beijing (CHB), Utah residents with ancestry from northern and western Europe (CEU) and 
Yoruba in Ibadan (YRI)). In the left panel (A), the GRS was calculated as the sum of the number of risk alleles across 63 type 2 
diabetes loci, while in the right panel (B) it is the sum of the number of risk alleles multiplied by log (OR), as determined in 
Europeans. Differences in the mean GRS (µ) between populations were compared in a mixed model in which population was 
a fixed effect and sibship was a random effect. Modified from [131]. 
 



 

314  The Review of DIABETIC STUDIES Nair and Baier 
   Vol. 12 ⋅ No. 3-4 ⋅ 2015/2016 

 

Rev Diabet Stud (2015) 12:299-319  Copyright © by Lab & Life Press/SBDR 

Special Edition 

with T2D map to regions of the genome that are 
imprinted. However, knowledge of the parental 
genotypes is required to determine whether vari-
ants in imprinted regions have a parent-of-origin 
effect on disease risk. 

An Icelandic study was the first to report a par-
ent-of-origin effect for several loci using a combi-
nation of genealogy and long-range phasing to de-
termine the parental origin of alleles [62]. For ex-
ample, maternal transmission of the C allele of 
rs2237892 in the KCNQ1 gene was significantly 
associated with T2D (OR = 1.30, p = 0.008), but the 
paternal transmission showed no association with 
disease (p = 0.71) [61]. A second variant in 
KCNQ1, rs231362, which is not substantially cor-
related with rs2237892, also showed a maternal 
inheritance effect on T2D [62]. Similar results 
were seen for rs4731702 at the KLF14 locus where 
the effect was again restricted to maternally inher-
ited allele [62]. Parent-of-origin analysis also iden-
tified a new variant for T2D, rs2334499 in MOB2, 
where the T allele was strongly associated with an 
increased risk of T2D when inherited paternally 
(OR = 1.35), whereas it was protective when inher-
ited maternally (OR = 0.86). Strikingly, this SNP 
had a genome-wide significant effect on T2D when 
parent of origin was taken into account (OR = 1.35, 
p = 4.7 × 10-10 for the paternal inheritance), but 
only a nominal association was seen when using 

the standard case control analysis (OR = 1.08, p = 
0.03). 

Six SNPs were also analyzed for parent-of-
origin effects in relation to T2D and insulin secre-
tory function in Pima Indians [68]. The strongest 
effect was seen at the KCNQ1 locus. Three SNPs 
at the KCNQ1 locus (rs2237892, rs2273895, 
rs2299620) had risk allele frequencies of ~0.50, 
were in strong linkage disequilibrium, and pro-
vided the strongest evidence for association with 
T2D [68]. In Pimas, the C allele of rs2299620 in-
creased T2D risk when maternally inherited (OR = 
1.92), but not when paternally inherited. The ma-
ternally derived C allele also associated with a 
28% decrease in insulin secretion (p = 0.002), and 
was found to account for 4% of the risk for T2D in 
Pima Indians [68]. This represents one of the larg-
est single SNP contributions to T2D risk reported 
in any population, and demonstrates the impor-
tance of collecting family-based data and DNA, 
which is often facilitated by studying isolated 
populations where family members have not dis-
persed. 

11. Going forward 

Although efforts in the past decade have greatly 
advanced our understanding of DNA variation 
contributing to T2D, this knowledge currently has 
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Figure 3. Prevalence of T2D risk in Pima Indians compared with non-Hispanic whites from the United States National 
Health and Nutrition Examination Survey (NHANES, A), and NHANES non-Hispanic blacks compared with non-Hispanic 
whites before and after adjusting for risk allele frequency in non-Hispanic whites (B). A: The age-sex-adjusted prevalence of 
T2D was significantly higher in Pima Indians than in non-Hispanic whites (48.2% compared to 8.2%, OR = 10.5). When ad-
justed for the frequency of the risk allele in non-Hispanic whites (Pima adjusted), the prevalence in Pimas was slightly higher 
(55.9%), resulting in a genetic attributable fraction (GAF) of -0.19 (95% CI, -0.34, -0.03); the low value of GAF reflects the 
lower value of the genetic risk score in Pimas. B: The diagram shows the comparison between non-Hispanic whites and non-
Hispanic blacks in NHANES. The “adjusted” value represents the age-sex-adjusted prevalence for the target population ad-
justed to the frequency of the risk alleles in the reference population across all 63 loci. Modified from [131]. 
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very limited predictive and translational value. 
Most of the loci identified to date have no known 
established function in the pathophysiology of 
T2D; they have been designated as “T2D loci” 
solely based on their proximity to a GWAS signal. 
A clear demonstration of causality at the gene and 
variant level will be important to increase the use-
fulness of these results in both basic science and 
translational studies. Whole genome sequencing 
studies using next generation sequencing, which 
are currently being explored, may help to achieve 
these aims. 

As genomic studies move farther and farther 
away from hypothesis-based efforts, and instead 
aim to explore all genomic information, the com-
plexity of T2D can be daunting. As suggested in a 
recent review by Froguel et al., experimental bi-
ologists and geneticists should not be overwhelmed 
by the massive amounts of new data, but rather 
formulate strategies to validate and exploit the 
new information towards a better understanding 
of the exact biochemical and molecular pathways 
involved in T2D [48]. 
Disclosures: The authors report no conflict of interests. 
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