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Abstract Research into the genetic basis of cardiovascular-
related diseases is moving at an extremely fast pace. Develop-
ments in technology such as whole-genome sequencing and
massive resources of DNA collected from hundreds of thou-
sands of people mean scientists have an unprecedented ability
to discover the genetic variation that predisposes to disease.
Before 2007, very little was known about the variation in the
human DNA sequence and its influence on common diseases.
We now know of hundreds of common variants that influence
LDL cholesterol levels, type 2 diabetes, hypertension and
heart disease to name a few. Attention has now turned to the
discovery of the genetic variants that occur in between 1 in 20
and 1 in 1000 individuals. These variants are unlikely to cause
disease in the same way that mutations in some genes cause a
monogenic disorder with a particular pattern of inheritance.
But variants in this frequency range will shed light on biolog-
ical mechanisms of disease. In this review, we focus on these
variants and discuss how a range of study designs have iden-
tified low-frequency genetic variants with stronger predispos-
ing effects on type 2 diabetes and related traits than common
genetic variants.
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Introduction

Diabetes is one of the major risk factors for cardiovascular
disease. The obesogenic environment, resulting in a much
higher prevalence of obesity today than in previous genera-
tions, is the primary cause of the higher prevalence of type 2
diabetes today. However, two individuals with the same BMI
can have very different risks of type 2 diabetes [1], and genetic
factors affecting insulin secretion, insulin resistance and body
fat distribution play a role. Since 2007, genome-wide associ-
ation studies (GWAS) have identified more than 100 common
genetic variants associated with type 2 diabetes and related
glycaemic traits [2, 3]. Some of these common variant asso-
ciations have provided first steps towards an increased biolog-
ical understanding of diabetes and examples have been
discussed in several previous reviews [4–8]. These common
variants tend to have relatively small effect sizes on individual
risk and cumulatively only explain a small fraction of the
heritable component to type 2 diabetes. Here, we review the
most recent findings, where studies using whole-genome se-
quencing, whole exome sequencing, exome-based micro ar-
rays and other approaches have started to uncover variants
with lower frequencies but larger effects on diabetes and its
intermediate traits such as insulin resistance and insulin secre-
tion (Table 1).

Whole-Genome Sequencing Combined
with Imputation into Very Large Studies Identifies
New Loci Associated with Type 2 Diabetes

Whole-genome sequencing potentially allows geneticists to
identify and analyse the majority of human genetic variants,
not just those captured on microarrays. However, whilst the
cost of sequencing has fallen dramatically, it is still only
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financially feasible to sequence the whole human genome in
hundreds of individuals. To get round this problem, geneticists
have used the approach of imputation to capture more genetic
variation in sample sets too large for whole-genome sequenc-
ing. Imputation essentially uses the correlation between vari-
ants caused by linkage disequilibrium (the co inheritance of
closely linked genetic variants), as measured in a subset of
sequenced individuals, to infer the missing genotypes in indi-
viduals not sequenced. This approach was recently employed
by the Decode Icelandic study to identify a low-frequency
non-coding allele in the intron of CCND2 as associated with
type 2 diabetes [9]. The low-frequency allele (approximate
minor allele frequency [MAF] 2 %) has the strongest reported
effect of any genetic polymorphism on type 2 diabetes. Car-
riers of one copy of the variant have half the risk of type 2
diabetes compared to non-carriers, a risk confirmed in a rep-
lication study [10] and so not biased by the regression to the
mean problem often referred to as Bwinner’s curse^ in genetic
studies. This effect is more than double that of the TCF7L2
variant [11] that represents the strongest common genetic ef-
fect (where common is defined as alleles with a frequency
greater than 5 %). The allele protective of diabetes operates
through a favourable effect on insulin secretion—individuals
carrying the allele are better able to respond to a glucose chal-
lenge with increased insulin secretion compared to non-car-
riers. Intriguingly, the carriers of the protective allele are also
taller raising the possibility that the fundamental mechanism
of action is cell division and growth of more beta cells—an
hypothesis supported by the known role of the CCND2 pro-
tein product in beta cell replication [12] and observations that
the CCND2 knockout mouse has reduced islet size and glu-
cose intolerance [13]. The CCND2 story is even more inter-
esting because common variants in and near the gene are
association with type 2 diabetes, and these effects appear in-
dependent of the low-frequency allele [2].

Exon Resequencing of GWAS Signals Finds Rare
Coding Variants in Loci Previously Associated
with T2D and Glycaemic Traits

For the majority of GWAS signals, we do not know how the
variant affects type 2 diabetes risk or glycaemic traits, but they
do provide a short list of potential genes involved in those
traits and potential therapeutic targets. DNA variation in
genes, especially that which changes the amino acid sequence
of the encoded protein (non-synonymous) provides stronger
evidence for the role of a particular gene if those coding var-
iants are also associated with disease. However, non-
synonymous variants are rarer on average than non-coding
variants and are therefore less likely to be captured in GWASs.
Recent studies have performed extensive sequencing of strong
candidate genes within regions highlighted by GWAS. These

studies include those that have identified rare non-
synonymous variants in MTNR1B [14], SLC30A8 [15] and
PPARG [16]. Resequencing of MTNR1B found that rare
loss-of-function variants in this locus, encoding a melatonin
receptor, associate with increased T2D [14]. Melatonin is a
circulating hormone secreted mainly from the pineal gland,
and is best known for its role in regulating circadian rhythms.
Insulin secretion follows a circadian cycle, with secretion be-
ing higher during the day [17], and this cycle seems to be
regulated by melatonin through the receptor encoded by
MTNR1B, expressed in beta cells [18]. Rare protein-
truncating variants in SLC30A8 lower the risk of T2D and
associate with lower non-fasting glucose levels in heterozy-
gotes [15]. SLC30A8 encodes a transporter responsible for the
influx of zinc into insulin secretory granules [19] and is essen-
tial for insulin crystallization [20]. PPARG encodes a protein
involved in adipocyte differentiation, and nonsynonymous
variants in this gene which cause loss-of-function as evaluated
by an in vitro assay are associated with a sevenfold increase in
risk of T2D [16]. For PPARG, there are now variants across
the full frequency spectrum that influence diabetes and insulin
resistance, from very rare, protein-truncating mutations that
cause severe insulin resistance [21] to low frequency (MAF
<0.5 %) [16] to a common variant (Pro12Ala) [22].

Whole Exome Sequencing Finds Rare Variants
in Loci Not Previously Associated with T2D

Whilst exome resequencing focuses efforts in a genomic region
of interest, whole exome sequencing searches for coding vari-
ants associated with T2D in the majority of exons in the ge-
nome, with no previous assumptions about which genes might
be important. Whole exome sequencing targets the 1 % of the
coding genome and so is cheaper than the whole genome (al-
though for various technical reasons, including the need to cap-
ture the 1 % of DNAwith selective capture methods, the cost
differences are not 100-fold). A missense rare mutation in exon
8 of HNF1A, the gene responsible for a form of monogenic
diabetes, is associated with T2D in Latino populations [23].
This variant, E508K, is observed in approximately 1 in 50
individuals of Latino origin and increased the risk of diabetes
with an odds ratio of 4.2 (95 % CI 1.8–9.9) in studies indepen-
dent from the discovery study [23]. Further analysis showed
that this variant is extremely rare in non-Latino populations (it
was not found in approximately 10,000 whole exome se-
quenced non-Latinos). This variant illustrates another important
point about rare variants—those that occur at 1 to 2 %MAF in
one population may be much rarer or even non-existent in other
populations even from the same major racial group. These dif-
ferences between 2 and 0.1 % (for example) have dramatic
effects on statistical power to detect rarer variation associated
with diabetes and cardiovascular traits. An example was the
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reduced significance of the association between the CCND2
diabetes protective allele in Iran compared to Iceland, where
the MAF was only 0.39 % (1 in 130 individuals) compared to
1.48 % (1 in 35 individuals), suggesting a trend in reduced
frequency from north western Europe to the middle east [9].
These allele frequency differences between different popula-
tions of the same major racial groups highlight a second impor-
tant point about genetic study design of particular relevance to
type 2 diabetes and cardiovascular disease. Because the preva-
lence of type 2 diabetes and cardiovascular disease varies be-
tween populations, genetic studies can be confounded by pop-
ulation stratification unless properly corrected with genome-
wide information. Any allele that is more common in an ethnic
group than a second ethnic group will be associated with type 2
diabetes and obesity if the first ethnic group has a higher prev-
alence of obesity and diabetes. This phenomenon can result in
false positive results. Fortunately, genetic information from
across the genome can be used to correct for population strati-
fication, and the authors of the E508K HNF1A study were
careful to employ such techniques [23].

A recent study of myocardial infarction in a Norwegian
population based study provided evidence that there may be
few low-frequency or rare alleles that increase disease risk
with odds ratios of 2 or more. Using exome sequencing, the
study captured two-thirds of the coding variation in the pop-
ulation but after genotyping in 2906 individuals with myocar-
dial infarction and 6738 controls, no variants were associated
with the disease with sufficient statistical confidence, and the
authors estimated that they could exclude effects of OR 2.0
[24].

Exome Array Studies Detect Coding SNPs
Associated with T2D and Glycaemic Traits

Exome array approaches are similar to GWASs in their design,
as an array is used to genotype individuals for chosen poly-
morphic positions. These polymorphic positions are situated
in exons instead of being scattered around the genome, and
include all variants detected at least twice in exome sequenc-
ing data from 12,000 individuals. A number of exome chip
studies for T2D and glycaemic traits have been published
recently [25–27]. These studies, using tens of thousands of
individuals, have identified rare coding variants in loci known
to be associated with T2D and provided evidence of associa-
tion in previously unknown regions.

Coding variants in loci not previously highlighted by
GWAS include signals for insulin secretion (two variants oc-
curring in approximately one in ten individuals perfectly cor-
related due to linkage disequilibrium but in two genes: PAM
and PPIP5K2 [9, 26], and fasting glucose (GLP1R [25, 27])).
GLP1R encodes a glucagon-like peptide (GLP1) receptor.
This receptor binds the incretin hormone GLP1 and stimulates

insulin secretion in beta cells and decreases glucagon release
[28]. The association is another example of howDNAvariants
associated with diseases tend to locate genes encoding pro-
teins of relevance to therapy. Agonists of the GLP1 receptor
are used for the treatment of T2D. Other examples where
genetic associations locate therapeutic targets include variants
near the PPARG (thiazolidinediones) and KCNJ11/ABCC8
(sulphonylureas) genes.

Exome array approaches have also located rarer coding
variants in loci previously identified by common GWAS as-
sociations. These findings usually represent independent var-
iants, but there are examples where the coding variant is cor-
related with and clearly explains the more common associa-
tion signal. For example, a variant in the coding region of
TM6SF2 that occurs in one in six to seven people is associated
(and robustly replicated) with lower LDL cholesterol levels
but higher levels of markers of fatty liver disease and explains
an association between a nearby variant in the NCAN gene.
Subsequent functional studies of the coding variant in
TM6SF2 strongly implicate it as the causal gene [29, 30].

The discovery and replication of variants in coding regions
within known GWAS loci implicate causal genes and provide
a stronger case for studying a gene in follow-up experiments.
Examples include loci harbouring coding variants indepen-
dent from those GWAS signals (SGSM2, MADD; associated
with fasting proinsulin [26] and G6CP2; associated with
fasting glucose [25, 27]). G6PC2 codes for a glucose-6-
phosphatase catalytic subunit. Glucose-6-phosphatase is an
enzyme that produces glucose from glucose-6-phosphate, so
glucose can leave the cells in periods of starvation. Mahajan
et al. found three coding variants associated with fasting glu-
cose, with two of them also included in the four signals that
Wessel et al. identified in the same gene [25].

Studying Isolated Populations Uncovers New Loci
Associated with T2D

A final approach to the identification of genetic variants with
large effects is to study isolated populations. In isolated pop-
ulations, genetic drift may have resulted in alleles reaching
relatively high frequencies despite apparently deleterious ef-
fects. There are two intriguing examples in diabetes, and more
may emerge with sequencing efforts. First, a coding variant in
HNF1A, G319S, is relatively common in the native Canadian
population of the Oji Cree tribe [31]. HNF1A encodes HNF-1
α, a protein that among other functions regulates the expres-
sion of the main glucose transporter in β cells. The G319S
mutation affects the transactivation activity of HNF-1 α [32].
This variant may also alter splicing as well as the amino acid
sequence of HNF1A [33]. The 319S allele occurs in 33 and
63 % of the Oji Cree population in heterozygous (one copy)
and homozygous (two copies) form and increases the risk of
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non-insulin-dependent diabetes with odds ratios of 2 and 4,
respectively. The allele is virtually non-existent in other
populations.

A second more recent example is a coding variant in the
TBC1D4 gene that exists at 17 % frequency in the Greenland
population but is virtually absent from all other populations.
Homozygous carriers have an odds ratio for diabetes of ap-
proximately 10 [34]. TBC1D4 mediates glucose uptake in
response to insulin. The variant affects a transcript that is
expressed primarily in skeletal muscle, and decreases insulin
sensitivity in that tissue by lowering the presence of the glu-
cose transporter GLUT4 [34].

Conclusions

& Different strategies have been adopted to find rarer vari-
ants with stronger effects on type 2 diabetes risk and its
related traits.

& Rare variants have been found in loci not previously
highlighted by GWAS, but also in loci carrying GWAS
signals.
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