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B Abstract

Type 2 diabetes and coronary artery disease (CAD) are con-
ditions that cause a substantial public health burden. Since
both conditions often coexist in the same individual, it has
been hypothesized that they have a common effector. Insu-
lin and hyperglycemia are assumed to play critical roles in
this scenario. In recent years, many genetic risk factors for
both diabetes and CAD have been discovered, mainly
through genome-wide association studies. Genetic aspects
of diabetes, diabetic macrovascular complications, and CAD
are assumed to have intersections leading to the common
effector hypothesis. However, only a few genetic risk factors
could be identified that modulate the risk for both condi-
tions. Polymorphisms in TCF7L2 and near the CDKN2A/B

genes seem to be of great importance in this regard since
they appear to modulate both conditions, and they are not
necessarily related to insulinism, or hyperglycemia, for CAD
development. Other issues related to this hypothesis, such
as the problems of phenotype heterogeneity, are also of in-
terest. Recent studies have contributed to a better under-
standing of the complex genetics of diabetic macrovascular
complications. Much effort is still needed to clarify the asso-
ciations in the genetics of diabetes, and cardiovascular dis-
ease. At present, there is little genetic evidence to support a
common effector hypothesis, other than insulin or hypergly-
cemia, for the association between these conditions.

Keywords: diabetes - coronary artery disease - HLA - poly-
morphism - genome-wide association study

Introduction

iabetes is a complex and heterogeneous con-
dition characterized by chronic hyperglyce-
mia. Basically, diabetes can be cla55|f|ed as
type 1 diabetes (T1D), type 2 diabetes (T2D), |

tent autoimmune diabetes in adults (LADA), ma-
ture onset diabetes of the young (MODY), gesta-
tional diabetes, and secondary diabetes. Of these,
MODY is the best example of a condition that has
a defined Mendelian genetic pattern (autosomal
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dominant inheritance). Other monogenic forms of
diabetes are also a consequence of rare mutations
in a single gene [1]. Although most diabetes cases
do not follow a Mendelian inheritance pattern,
there is evidence that genetic factors are impor-
tant in their pathogeneses. For T1D, the major
susceptibility locus is related to HLA class Il
genes at 6p21, which accounts for more than 30%-
50% of the genetic risk of T1D. Also, more than 40
non-HLA susceptibility gene markers have been
associated with the trait [2].
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Abbreviations:

ADAMTS9 - disintegrin and metalloproteinase with throm-
bospondin motifs 9

ADCYS5 - adenylate cyclase 5

ADIPOR1 - adiponectin receptor 1

ADRAZ2A - adrenergic, alpha-2A-, receptor

ANRIL - antisense non-coding RNA in the INK4 locus (also
called CDKN2B-AS)

ARIC - Atherosclerosis Risk in Communities study

BMI - body mass index

C120rf43 - chromosome 12 open reading frame 43
C2CD4B - C2 calcium-dependent domain containing 4B
CAD - coronary artery disease

CAMKU1D - calmodulin-dependent protein kinase 1D
CAPN10 - calpain 10

CDC123 - cell division cycle 123

CDKALL1 - CDKS5 regulatory subunit-associated protein 1-
like 1

CDKN2A - distal to the genes cyclin-dependent kinase in-
hibitors 2A

CELSR2 - cadherin EGF LAG seven-pass G-type receptor 2
CRY2 - cryptochrome 2

CVD - cardiovascular disease

CXCL12 - chemokine (C-X-C motif) ligand 12

DCCT - Diabetes Control and Complications Trial

DGKB - diacylglycerol kinase beta 90kDa

DNA - deoxyribonucleic acid

EDIC - Epidemiology of Diabetic Complications and Inter-
ventions trial

EGF - epidermal growth factor

ENPP1 - ectonucleotide pyrophosphatase/phosphordi-
sterase 1

FADSL1 - fatty acid desaturase 1

FOXOL1 - forkhead box protein O1

FTO - fat mass and obesity-associated

GCKR - glucokinase regulator

GLIS3 - GLIS family zinc finger 3

GLP-1 - glucagon-like peptide 1

GWAS - genome-wide association studies

HbA1c - glycated hemoglobin

HHEX-IDE - near hematopoietically expressed homeobox
and insulin degrading enzyme

HLA - human leukocyte antigen

HNF1A - hepatocyte nuclear factor 1 homeobox A

IGF1 - insulin-like growth factor 1

IGF2BP2 - IGF2 mRNA binding protein 2

JAZF1 - juxtaposed with another zinc finger protein 1
KCNJ11 - potassium inwardly-rectifying channel, subfam-
ily J, member 11

KCNQ1 - potassium voltage-gated channel, KQT-like sub-
family, member 1

LADA - latent autoimmune diabetes in adults

LAG - laminin A globular domain

LDL - low-density lipoprotein

LDLR - LDL-receptor

LGRS - leucine-rich repeat-containing G protein-coupled
receptor 5

MADD - MAP kinase-activating death domain

MASS-II - Medicine, Angioplasty, or Surgery Study |1
MIAS3 - melanoma inhibitory activity family, member 3
MODY - mature onset diabetes of the young

MRAS - Ras-related protein M

MRPS6 - mitochondrial ribosomal protein S6

MTNR1B - melatonin receptor 1B

NF-kappaB - nuclear factor-kappaB

NOTCH2 - notch homolog protein 2

PCSK®9 - proprotein convertase subtilisin/kexin type 9
PHACTR1 - phosphatase and actin regulator 1
PPARG - peroxisome proliferator-activated receptor-
gamma

PPARGCI1A - PPARG coactivator 1-alpha

PROX1 - prospero-homeobox 1

PSRCL1 - proline/serine-rich coiled-coil 1

RNA - ribonucleic acid

SGK1 - serum/glucocorticoid regulated kinase 1
SLC30AS8 - solute carrier family 30 (zinc transporter),
member A8

SNP - single-nucleotide polymorphism

SOD?2 - superoxide dismutase 2

SORT1 - sortilin 1

SREBF1 - sterol regulatory element-binding transcription
factor 1

T1D - type 1 diabetes

T2D - type 2 diabetes

TCF7L2 - transcription factor 7-like 2

THADA - thyroid adenoma associated

TMEM195 - transmembrane protein 195

TSPANS - tetraspanin 8

WDR12 - WD repeat domain 12

WFS1 - wolfram syndrome 1
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T2D involves complex genetics. There is an in-
tricate interaction between the environment and
genetic background, understood as the contribu-
tion of many different genes [1]. In T2D patho-
physiology, two conditions are essential: insulin
resistance and beta-cell dysfunction (Figure 1).
Hyperglycemia is the result of the inability of
beta-cells to cover the increased insulin demand
caused by reduced insulin sensitivity. Other
mechanisms responsible for the pathophysiology of
T2D include incretins, particularly glucagon-like
peptide (GLP-1), and the deregulation of hepatic
glucose disposure due to gluconeogenesis and gly-
cogenolysis, which leads to hyperglycemia. The
hepatic glucose production is controlled by hor-
mones, whereas insulin suppresses its production.
Glucagon (and catecholamines) stimulates glu-
coneogenesis and glycogenolysis. Therefore, it is
conceivable that increased secretion of glucagon
and/or increased hepatic sensitivity to glucagon
(i.e. pancreatic alpha-cell dysfunction) contributes
to the deregulation of hepatic glucose production,
in addition to impaired insulin secretion and re-
duced hepatic insulin sensitivity [3].

The increasing prevalence of diabetes and the
chronic complications related to this condition
makes it a major global health problem. Basically,
the complications are classified as microvascular
(diabetic retinopathy, neuropathy, and nephropa-
thy) and macrovascular (stroke, acute coronary

Rev Diabet Stud (2011) 8:230-244
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Figure 1. Possible mechanisms of confirmed and potential risk SNPs in type 2 diabetes. Many single-nucleotide polymor-
phisms (SNPs) affect pancreatic beta-cell function. Gene symbols represent SNPs in or near these gene loci. Likely, epigenetic
alterations, microRNAs, and/or rare genetic variants also have a critical role. The mechanisms by which some genes increase

the risk of diabetes are not yet known.

syndrome, and chronic peripheral arterial disease)
complications. Of these, cardiovascular disease
(CVD) causes the most deaths in these individuals
[4]. Both T2D and CVD are common, complex con-
ditions with a substantial public health burden
[5]. Also, both conditions have a quantifiable ge-
netic component in their pathophysiology. In most
affected individuals, CVD coexists with metabolic
risk factors, including diabetes. It has been well
known for decades that diabetes increases the risk
of cardiovascular disease. Indeed approximately
65% of deaths in T2D patients are related to coro-
nary artery disease (CAD) or stroke [6]. CAD is
clearly associated with hyperglycemia and with
non-glycemic factors related to the metabolic syn-
drome, including hypertension, dyslipidemia, hy-
percoagulability, and chronic inflammation.
Therefore it is conceivable that the same genetic
risk factors may play a role in diabetes and in dia-
betic macrovascular complications.

Despite proven association between diabetes
and atherosclerosis, the underlying mechanisms
linking these two conditions are not fully under-
stood [4]. Classically, it has been taught that this

Rev Diabet Stud (2011) 8:230-244

clear epidemiologic association is due to high insu-
lin levels and/or hyperglycemia. However, this
view was based on limited understanding of how
common genetic variants modulate T2D and CVD.
Candidate gene studies and linkage analyses
identified only a few susceptibility loci that could
be replicated consistently in large-scale studies.
Nonetheless, in the past decade, genome-wide as-
sociation studies (GWAS) have dramatically in-
creased the number of common single-nucleotide
polymorphisms (SNPs) with confirmed association
with T2D, or cardiovascular traits [5]. As GWAS
offer an image of the entire genome variation, the
approach could be used to empirically test the ex-
istence of specific and pleiotropic determinants of
both conditions, i.e., common effectors other than
hyperglycemia and/or hyperinsulinism.

In this review, we highlight the findings from
recent studies identifying risk loci in T2D, diabetic
macrovascular complications, and CAD. We pay
special attention to the intersections between the
genetics of these conditions, as a way to explore
the common effectors of both conditions. apart
from the usual insulin/hyperglycemia hypothesis.

Copyright © by Lab & Life Press/SBDR
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Genetics of type 2 diabetes

There is strong evidence for a genetic compo-
nent of T2D risk. First, the observation of a wide
range of diabetes prevalence in different ethnic
groups, from very low levels of around 1% in some
populations, such as tribes of Mapuche Indians or
Chinese that live in rural areas, to extremely high
levels, as found in Nauru and Pima Indians in
Arizona [7]. A part of this ethnic variability can be
attributed to non-genetic environmental and cul-
tural factors. However, the observation that the
disease prevalence varies substantially among
ethnic groups who share the same environment,
supports the hypothesis that genetic factors con-
tribute to disease predisposition [8]. Familial ag-
gregation studies that compared the disease
prevalence within family members of a proband
according to that expected in the general popula-
tion showed the importance of the genetic factors.
A greater prevalence in family members is
thought to be due to an increased number of genes
shared among them, including genes that play a
role in disease predisposition [8]. T2D occurs more
frequently among individuals who have first-
degree relatives with diabetes: data from the
Framingham Offspring Study reveal that children
of one parent with T2D have a 3.5 times greater
risk of developing the disease compared with an
individual from the general population, and 6.1
times, when both parents have T2D [9]. The Isfa-
han Diabetes Prevention Study found a 10.3%
higher diabetes prevalence among first-degree
relatives of T2D patients compared with 6.0% for a
control population of the same age [10]. Also, there
is significant concordance in twin studies [11].
Monozygotic twins are genetically identical, while
dizygotic twins share only half their genes on av-
erage. Considering that both kinds of twins tend
to share much of their environment (known as the
“equal environment assumption”), increased con-
cordance rates for disease in monozygotic twins
compared with dizygotic twins are indicative of
genetic factors contributing to disease predisposi-
tion [8].

However, the inheritance pattern in T2D is
complex. It is hypothesized that many genes affect
disease predisposition and both gene-gene and
gene-environment interactions impact disease
risk. This proposed scenario led to initial difficul-
ties in identifying genetic risk factors for T2D.
Only recently, with the advent of GWAS, it was
discovered that an avalanche of genes is associ-
ated with T2D, and other related complex pheno-
types.

www.The-RDS.org

Most association studies employ the traditional
case-control design in which the prevalence of a
putative disease marker is compared between per-
sons with a disorder (cases), and persons without
the disorder (controls). This design is also used in
GWAS, but it can simultaneously assess hundreds
of thousands of markers using arrays of high-
density SNPs. The SNPs are exchanges of single
base pairs and represent approximately 90% of the
sequence variation within the human genome. Ar-
rays commonly used in these studies are able to
assess 500,000 to 1,000,000 SNPs simultaneously
[12].

The first GWA studies for T2D susceptibility
loci were conducted in populations of European
ancestry [13-17]. These studies found replicated
evidence for association of the following genes:

1. transcription factor 7-like 2 (TCF7L2),

2. peroxisome proliferator-activated receptor-g
(PPARG), and

3. potassium inwardly-rectifying channel, sub-
family J, member 11 (KCNJ11).

Six additional loci have been identified:

1. solute carrier family 30 (zinc transporter),
member 8 (SLC30A8),

2. insulin-like growth factor 2 mRNA binding
protein 2 (IGF2BP2),

3. fat mass and obesity-associated (FTO),

4. near hematopoietically expressed homeobox
and insulin degrading enzyme (HHEX-
IDE),

5. CDKS5 regulatory subunit-associated pro-
tein 1-like 1 (CDKAL1), and

6. distal to the genes cyclin-dependent kinase
inhibitors 2A and 2B (CDKN2A-CDKN2B).

These genes have the highest strength of asso-
ciation between the risk genes for T2D. However,
with increasing sample size and wider coverage of
the genome, it has been possible to identify other
susceptibility loci for T2D, namely:

1. calpain 10 (CAPN10),

2. ectonucleotide pyrophosphatase/phosphor-
disterase 1 (ENPP1),

3. forkhead box protein O1 (FOXO1),

4. potassium voltage-gated channel, KQT-like
subfamily, member 1 (KCNQ1),

5. melatonin receptor 1B (MTNR1B),

6. peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PPARGC1A),

Rev Diabet Stud (2011) 8:230-244
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Table 1. Single-nucleotide polymorphisms associated with type 2 diabetes and/or diabetes-related phenotypes in GWAS
Disease/trait Mapped gene Stongest SNP risk allele OR or
beta-coefficient (95% CI)
Diabetes incident TMEFF2 rs10497721 NR
Diabetes-related insulin traits RPS27AP4-BNIP3P rs2877832 NR
CPVL rs10486607 NR
RPL12P34-KLHL1 rs2066219 NR
Fasting glucose-related traits MTNR1B rs10830963 NR
G6PC2 rs560887 NR
GCK-YKT6 rs4607517 NR
EEF1A1P26-TMEM195 rs2191349 NR
GCKR rs780094 NR
ADCY5 rs11708067 NR
MADD rs7944584 NR
ADRA2A-RPS6P15 rs10885122 NR
FADS1 rs174550 NR
CRY2 rs11605924 NR
GLIS3 rs7034200 NR
SLC2A2 rs11920090 NR
RPL31P13-PROX1 rs340874 NR
SLC30A8 rs11558471 NR
IGF1 rs35767 NR
TCF7L2 rs4506565 NR
C2CD4A-C2CD4B rs11071657 NR
Fasting plasma glucose RPS3AP42-MTNRLB rs2166706 0.07 (0.04-0.09) mmol/I increase
G6PC2-ABCB11 rs563694 NR
ZMAT4 rs2722425 NR
RPS12P5-TGFBR2 rs10510634 NR
PRDM5 rs180730 NR
RNU7-53P-RPL11P2 rs7731657 NR
HbAlc levels HK1 rs16926246 0.09 (0.08-0.10) % increase
FN3KRP rs1046896 0.04 (0.03-0.05) % increase
GCK rs1799884 0.04 (0.03-0.05) % increase
HFE rs1800562 0.06 (0.05-0.07) % increase
ABCB11 rs552976 0.05 (0.04-0.06) % increase
TMPRSS6 rs855791 0.03 (0.02-0.04) % increase
ANK1 rs4737009 0.03 (0.02-0.04) % increase
RPS3AP42-MTNR1B rs1387153 0.03 (0.02-0.04) % increase
SPTAL rs2779116 0.02 (0.01-0.03) % increase
C130rf35 rs7998202 0.03 (0.02-0.04) % increase
ANK1 rs6474359 0.06 (0.04-0.08) % increase
TCF7L2 rs7903146 0.05 (0.02-0.08) % decrease
HK1 rs7072268 0.05 (NR) % increase
GCK rs730497 0.03 (NR) % increase
G6PC2 rs1402837 0.02 (NR) % increase
2-h glucose challenge ADCY5 rs2877716 0.09 (0.07-0.11) mmol/I increase
GIPR rs10423928 0.09 (0.07-0.11) mmol/I increase
GCKR rs1260326 0.07 (0.05-0.09) mmol/I increase
TCF7L2 rs12243326 0.08 (0.06-0.10) mmol/I increase
VPS13C rs17271305 0.06 (0.04-0.08) mmol/I increase
Type 2 diabetes KCNQ1 rs163182 1.28 (NR)
C2CD4A- C2CD4B rs1436953 1.14 (NR)
PTPRD rs649891 NR
UBA52P6-DMRTAL rs1333051 1.22 (1.15-1.30)
RPL12P33-NCRNA00262 rs7305618 1.14 (1.09-1.20)
IGF2BP2 rs1374910 1.24 (1.15-1.34)
KCNQ1 rs2237892 1.20 (1.11-1.29)
C140rf70-DLK1 rs730570 1.14 (1.08-1.21)
Céorf57 rs1048886 1.54 (1.32-1.80)
PCNXL2 rs12027542 141 (1.23-1.61)
HMG20A rs7119 1.24 (1.14-1.34)

Rev Diabet Stud (2011) 8:230-244
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7. sterol regulatory element-binding tran- Also, loci have been found in or near:
scription factor 1 (SREBF1),

8. serum/glucocorticoid regulated kinase 1 1. adenylate cyclase 5 (ADCY5),
(SGK1), and 2. MAP Kinase-activating death domain
9. wolfram syndrome 1 (WFS1). (MADD),
3. adrenergic, alpha-2A-, receptor (ADRA2A),
Later meta-analysis comprising thousands of 4. cryptochrome 2 (CRY2),
individuals, and millions of SNPs, have detected 5. fatty acid desaturase 1 (FADS1),
previously unknown loci with robust evidence for 6. GLIS family zinc finger 3 (GLIS3),
association (p less than 5x10°), including: 7. solute carrier family 2 (SLC2A2),
8. prospero-homeobox 1 (PROX1),
1. juxtaposed with another zinc finger protein 9. C2 calcium-dependent domain containing
1 (JAZF1), 4B (C2CD4B) insulin-like growth factor 1
2. cell division cycle 123 [/ calcium / (IGF1),
calmodulin-dependent protein kinase 1D 10. glucokinase (GCK),
(CDC123-CAMK1D), 11. glucokinase regulator (GCKR), and
3. tetraspanin 8 / leucine-rich repeat- 12. diacylglycerol kinase, beta 90kDa / trans-
containing G protein-coupled receptor 5 membrane protein 195 (DGKB-TMEM195)
(TSPANB8-LGRS), (Table 1) [19].
4. thyroid adenoma associated (THADA),
5. disintegrin a_nd m_etalloproteinase with  Genetics of coronary artery disease
thrombospondin motifs 9 (ADAMTS9), and
6. neurogenic locus notch homolog protein 2 Several GWAS for CAD have been conducted in
(NOTCHZ2) genes [18]. the general population [20]. In GWAS analyzing
CAD and myocardial infarction (Ml), fewer genetic
variants meet the es-
tablished threshold of
p < 5.10° compared
ERE'I'AZA/B A with T2D [5]. The most
'F','g'gﬁg TCF7L2 CYBA studied and replicated
SLC22A3-LPAL2-LPA MQAXS locus associated with
l MI and CAD is located

on chromosome 9p21.3
[21]. This locus is near

Artherogenic the CDKN2A and
M CDKN2B genes, con-
\ tains no annotated
M m genes, and is not asso-
ciated with established

ATHEROSCLEROSIS CVD risk factors such

L'feSty'e as plasma lipoproteins,
/ or hypertension. Inter-

estingly, it has also

been associated with

diabetes [22]. A num-

[ Hyperglycemla [ Obesity [ Hypertensmn

Psychology CELSR2-PSRC1-SORT1 Sedentarlsm ber of subsequent
%%12 GWAS analyzing CAD
MRPSE-SLCSA3-KCNE2 have found additional

PHACTRI1 X . .
WDR12 loci associated with MI
or CAD risk in the
Figure 2. Classic risk factors in the formation and progression of atherosclerotic plaque, general population,
and possible pathogenic mechanisms of coronary artery disease risk genes. Blue: risk fac- with genome-wide sig-
tors associated with metabolic syndrome (MS) and type 2 diabetes (T2D). Green: risk fac- nificance [23-25]. Most
tor not directly associated with MS and/or T2D. With respect to diabetes, some mecha- of these variants are
nisms by which genes modulate the risk of atherosclerosis are not yet known. associated with a rela-
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tively small increase in cardiovascular risk. Allelic
odds ratios do not exceed 1.3 (Figure 2).

Similar to other complex disorders, most of the
CAD-associated variants are located in non-coding
regions, suggesting an effect on regulatory ele-
ments and gene expression, rather than on the
amino acid sequence [20]. Other than the SNPs
mentioned above, SNPs from the following genes
also reached the significance levels required in
GWAS:

1. proprotein convertase subtilisin/kexin type
9 (PCSKD9),

2. WD repeat domain 12 (WDR12),

3. phosphatase and actin regulator 1

(PHACTR1),

LDL-receptor (LDLR),

mitochondrial ribosomal protein S6 / solute

carrier family 5 / potassium voltage-gated

channel subfamily E member 2 (MRPS6-

SLC5A3-KCNEZ2) [24],

6. cadherin EGF LAG seven-pass G-type re-
ceptor 2 / praline / serine-rich coiled-coil 1 /
sortilin 1 (CELSR2-PSRC1-SORT1),

7. melanoma inhibitory activity family, mem-
ber 3 (MIA3),

8. chemokine (C-X-C motif)
(CXCL12) [13, 24, 25],

9. hepatocyte nuclear factor 1 homeobox A /
chromosome 12 open reading frame 43
(HNF1A-C120rf43),

10. Ras-related protein M (MRAS) (Table 2)
[23].

S

ligand 12

Also, two haplotypes from the SLC22A3-
LPAL2-LPA gene cluster are associated to CAD
[26]. Interestingly, most genes discovered in
GWAS, and that appear to be involved with CAD,
were not previously implicated in the etiology of
atherosclerosis (Figure 2). Notable exceptions are:

1. LDLR, which codes for the LDL receptor,

2. PCSK9, which codes for a serine protease
that is mutated in Mendelian forms of hy-
percholesterolemia [13], and

3. the SLC22A3-LPAL2-LPA cluster, which
includes the gene for the atherogenic lipo-
protein Lp(a).

Mutations in the gene HNF1A are involved in
the pathogenesis of MODY. Clearly, further func-
tional experiments are required to assess the mo-
lecular mechanisms underlying CAD/MI genetic
risk factors.

Rev Diabet Stud (2011) 8:230-244

Overlap between the genetics of T2D
and CAD, and the genetics of diabetic
macrovascular complications

Results from genome-wide association studies

As mentioned previously, T2D and CAD have
many intersections and coexist in many cases.
Therefore, genetic risk factors can exist and coin-
cide in these two conditions. Indeed, 40-50% of the
variance in two indices for assessing the extent of
atherosclerosis (i.e. coronary calcium and carotid
intima-media thickness) can be attributed to fa-
milial factors among individuals with T2D [27-29].
This effect persists after adjustment for known
cardiovascular risk factors, suggesting that there
are unidentified pathways related to both diabetes
development and atherogenesis [20].

Currently, results from GWAS for CAD specifi-
cally conducted in diabetic patients are not avail-
able. However, GWAS for CAD have been per-
formed in the general population. They have found
relevant results in diabetic subjects [20]. Inde-
pendent GWAS for CAD or MI have identified
strong evidence for the association in the locus on
chromosome 9p21, near the CDKN2A and
CDKN2B genes [13, 21, 30]. These studies re-
ported SNPs in strong linkage disequilibrium (LD)
with each other in populations of European ances-
try and secondary signals in the adjacent LD block
[5, 21]. This LD block is devoid of protein-coding
genes, but includes the most 3' exons of a non-
coding gene known as ANRIL (a.k.a. CDKN2B-
AS), which is expressed in tissues involved in
atherosclerosis [22]. Prime ANRIL target candi-
dates are the adjacent cell-cycle genes CDKN2A
and CDKN2B involved in the control of cell prolif-
eration, cell aging, and apoptosis. We recall that
polymorphisms located in the same region are also
associated with T2D (Figure 2, Table 3). In a repli-
cation study, the associations between these SNPs
with both CAD and T2D were independent of each
other. Also, these SNPs were not associated with
changes in cholesterol, fibrinogen, albumin, uric
acid, bilirubin, or homocysteine [22].

The contribution of glycemia and genotype to
CAD risk

Nevertheless, data from the Joslin Heart Study
suggest that this locus may have a larger effect on
CAD risk among T2D patients than in healthy
controls because of an interaction with the dia-
betic milieu. This study compared cases of T2D

Copyright © by Lab & Life Press/SBDR
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Table 2. Single-nucleotide polymorphisms associated with CAD and coronary atherosclerosis-related phenotypes in GWAS

Disease/trait Mapped gene

Stongest SNP risk allele

OR or beta-coefficient (95% CI)

Coronary artery calcification ZNF326-BARHL2 rs2390582 NR
NUMB rs1048353 NR
UTP20 rs10507130 NR

Coronary heart disease UBA52P6-DMRTAL rs1333049 1.27 (1.23-1.31)

CDKN2BAS rs7865618 1.18 (1.14-1.21)
LIPA rs1412444 1.10 (1.07-1.14)
FNDC1 rs365302 1.11 (1.06-1.15)
FAM46A-IBTK rs16893526 1.13 (1.07-1.21)
CDKN2BAS rs4977574 1.29 (1.23-1.36)
PPAP2B rs17114036 1.17 (1.13-1.22)
ZC3HC1 rs11556924 1.09 (1.07-1.12)
ZNF259 rs964184 1.13 (1.10-1.16)
ABO-LCN1L2 rs579459 1.10 (1.07-1.13)
ADAMTS7 rs3825807 1.08 (1.06-1.10)
TCF21 rs12190287 1.08 (1.06-1.10)
LPA rs3798220 1.51 (1.33-1.70)
HHIPL1 rs2895811 1.07 (1.05-1.10)
HNRNPA3P1-CXCL12 rs1746048 1.09 (1.07-1.13)
PSRC1 rs599839 1.11 (1.08-1.15)
PEMT-RAIL rs12936587 1.07 (1.05-1.09)
C210rf82-KCNE2 rs9982601 1.18 (1.12-1.24)
SMG6 rs1231206 1.07 (1.05-1.09)
CNNM2 rs12413409 1.12 (1.08-1.16)
SMG6 rs21572 1.07 (1.05-1.09)
SMARCA4 rs1122608 1.14 (1.09-1.18)
WDR12 rs6725887 1.14 (1.09-1.19)
PHACTR1 rs1252653 1.10 (1.06-1.13)
COL4A1L; COL4A2 rs4773144 1.07 (1.05-1.09)
MIA3 rs17465637 1.14 (1.09-1.20)
ANKS1A rs17609940 1.07 (1.05-1.10)
UBE2Z rs46522 1.06 (1.04-1.08)
MRAS rs2306374 1.12 (1.07-1.16)
BSND-PCSK9 rs11206510 1.08 (1.05-1.11)
ASZ1 rs7808424 1.10 (1.06-1.14)
BTD rs7651039 1.06 (1.04-1.09)
ST3GAL4 rs4937126 1.06 (1.04-1.09)
SH2B3 rs3184504 1.07 (1.04-1.10)
INPP5D-ATG16L1 rs10933436 1.06 (1.04-1.09)
PHACTR1 rs9349379 NR
CELSR2 rs646776 1.14 (1.09-1.19)
DYNC2H1-PDGFD rs974819 1.07 (1.04-1.09)
ADAMTS7-RPL21P116 rs4380028 1.07 (1.05-1.10)
BCAP29 rs10953541 1.08 (1.05-1.11)
KIAA1462 rs2505083 1.07 (1.04-1.09)
PHACTR1 rs1332844 1.11 (1.07-1.15)
PPAP2B rs17114046 NR
IMPDH1P7-CALCRL rs840616 NR
TTC29-RPL31P26 rs1395821 NR
CHRDL1 rs5943057 NR
PECAM1-C170rf60 rs6504218 NR
CYP1A1-CYP1A2 rs2472299 NR
HEMGN-ANP32B rs4743150 NR
ACCN1 rs11650066 NR
TFPI rs7586970 NR
CELSR2 rs12740374 0.18 (0.15-0.21) SD decrease
E2F4; EXOC3L rs3729639 0.09 (0.06-0.12) SD increase
SMARCA4 rs11669133 0.17 (0.11-0.23) SD decrease
PPP1R3B-TNKS rs6601299 0.14 (0.09-0.19) SD decrease
SLC12A9 rs7801190 1.31(1.19-1.44)
TET1P1-RPL29P29 rs732893 0.14 (0.09-0.19) SD decrease
KLHL29 rs4665630 1.21 (1.13-1.30)
C20rf43-APOB rs7569328 0.99 (0.06-0.14) SD decrease

www.The-RDS.org

Rev Diabet Stud (2011) 8:230-244



238

The Review of DIABETIC STUDIES

Sousa et al.

Vol. 8 [(No. 2 [2011

and angiographic evidence of CAD with type 2
diabetic controls having a negative cardiovascular
history of CAD and a normal exercise treadmill
test. Odds ratios were 1.45 for heterozygotes and
2.37 for homozygotes. These values were consis-
tent with an additive mode of inheritance, even
after adjustment for cardiovascular risk factors
[31]. The effects of the risk genotype were signifi-
cantly increased by poor glycemic control. There-
fore, it may be hypothesized that the association
between these risk alleles, T2D, and cardiovascu-
lar disease occurs because of elevations in glyce-
mia. However, the influence of other non-glycemic
factors must not be disregarded. In fact, the cur-
rent understanding of the effects of this locus on
T2D and CAD suggest that there are two risk al-
leles affecting CAD and T2D independently. But it
is important to develop new functional studies dis-
secting these extremely robust genotype-
phenotype associations.

Candidate genes for CAD risk in the adi-
ponectin pathway

Interesting results concerning candidate genes
for diabetic cardiovascular complications have
arisen from studies on the adiponectin pathway.
Adiponectin is a proteic hormone produced and se-
creted exclusively by adipocytes. It regulates the
metabolism of lipids and glucose by insulin-

sensitizing effects. Adiponectin also has anti-
inflammatory and direct anti-atherogenic effects
by inhibiting monocyte adhesion to the endothe-
lium, smooth muscle cell proliferation, and foam
cell formation in the arterial wall [32]. In a meta-
analysis of 827 CVD cases, and 1,887 CVD-free
control subjects, the polymorphism +276G->T in
the adiponectin gene was significantly associated
with approximately 45% decreased CVD risk un-
der a recessive inheritance model in diabetic pa-
tients [33].

Also, three SNPs located in the adiponectin re-
ceptor 1 (ADIPOR1) gene were all significantly as-
sociated with CAD among individuals with T2D.
In the derivation population, the allelic odds ratios
were in the range of 1.3-1.4. A similar, but not
significant, trend was found in the replication
sample [34]. This effect appears to be related to
lower ADIPOR1 mRNA levels in carriers of the
risk genotypes. In the same line of prior studies,
there is an association between the adiponectin
rs266729 promoter gene variant (-11377C > G)
and plasma markers of oxidative stress in diabetic
subjects, including molecules of oxidized-LDL [35].
Another study of interest in the association of oxi-
dative stress with macrovascular complications of
diabetes was performed by Jones et al. [36]. The
authors found an association between risk geno-
type TT of mitochondrial superoxide dismutase 2
(SOD2), which codes an endogenous antioxidant

Table 3. Genes with single-nucleotide polymorphisms associated with both type 2 diabetes and coronary artery disease in GWAS

Mapped gene Stongest SNP risk allele Disease/trait Associated search ORor
beta-coefficient (95% CI)
TCF7L2 rs4506565 Fasting glucose-related traits T2D NR
rs12243326 2-h glucose challange T2D 0.08 (0.06-0.10) mmol/I increase
rs7901695 T2D/CAD T2D/CAD 1.37 (1.31-1.43)
CDKN2BAS rs564398 T2D T2D 1.13 (1.08-1.19)
rs4977574 CHD CAD 1.29 (1.23-1.36)
rs7866518 CHD CAD 1.18 (1.14-1.21)
rs7020996 T2D T2D 1.26 (1.15-1.38)
rs10811661 T2D T2D 1.26 (1.15-1.38)
rs2383208 T2D T2D 1.34 (1.27-1.41)
rs10965250 T2D T2D 1.20 (1.13-1.27)
rs1333051 T2D T2D 1.22 (1.15-1.30)
rs1333049 CHD CAD 1.27 (1.23-1.31)
rs10757278 Myocardial infarction CAD 1.28 (1.22-1.35)
KIAA1486-1RS1 rs7578326 T2D T2D 1.11 (1.08-1.13)
rs2943634 CHD CAD 1.21 (1.13-1.30)

Legend: Data are OR or beta-coefficient and 95% CI. SNP: single-nucleotide polymorphism. OR: odds ratio. Cl: Confidence interval. NR: not
reported. T2D: type 2 diabetes. CAD: coronary artery disease. CHD: coronary heart disease.
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enzyme, and the prevalence of CAD (odds ratio =
2.2) in diabetic females.

Single nucleotide polymorphisms as risk fac-
tors for T2D and cardiac artery disease

Considering the close relationship between
T2D and cardiovascular disease, an intriguing
question is whether there is an association be-
tween CAD and SNPs that are known risk factors
for T2D. In this context, Pechlivanis et al. have
evaluated the association between coronary artery
calcification and 11 validated risk SNPs for diabe-
tes in the Heinz Nixdorf recall cohort. They have
shown that only the genetic variant near
CDKN2A/2B was associated with quantitative
coronary artery calcification. However, as previ-
ously discussed, one cannot exclude that the effect
of another 9p21 gene was captured in the study
[37].

There is also evidence for a strong interplay be-
tween TCF7L2 and CAD. TCF7L2 gene polymor-
phisms are the major known genetic risk factors
for T2D. Common variants of this gene were sig-
nificantly associated with diabetes, and they were
consistently replicated in different populations
worldwide. Different studies have found the high-
est odds ratios for diabetes in TCF7L2 variants,
among all known variants [38]. In this context,
Bielinski et al. have tested the TCF7L2 SNPs,
rs7903146, rs12255372, rs7901695, rs11196205,
and rs7895340, for associations with cardiovascu-
lar events in more than 13,000 individuals from
the ARIC population (Atherosclerosis Risk in
Communities). The authors did not find any sig-
nificant association between TCF7L2 SNPs and
the incidence of CAD, ischemic stroke, prevalence
of peripheral arterial disease, or mortality from
any of the causes in the full cohort. Stratifying the
population by race or diagnosis of diabetes did not
change this finding [39]. However, in a later study
of about nine hundred subjects referred for cardiac
catheterization for CAD diagnosis, our group has
found a significant association between the
TCF7L2 rs7903146 polymorphism and the preva-
lence and severity of CAD. Using an independent
sample from the MASS-II Trial, prospectively fol-
lowed-up for 5 years and assessed for major car-
diovascular events incidence, we found no associa-
tion between the TCF7L2 genotype and coronary
lesions in diabetic subjects, although the diabetic
patients did have a higher prevalence of coronary
lesions. However, non-diabetic individuals carry-
ing the risk allele were associated with a signifi-
cantly higher frequency of coronary lesions than
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non-diabetics without the risk allele (adjusted
odds ratio = 2.32 per T allele, 95%CI 1.27-4.24).

The presence of multi-vessel CAD was associ-
ated with the risk genotype in non-diabetics. Simi-
larly, based on the prospective sample analysis,
non-diabetics carrying the risk genotype had sig-
nificantly more cardiovascular end-point events
than non-risk carriers, mainly due to an increased
incidence of death [40]. The results of these two
studies are divergent, but there are major meth-
odological differences between them. In the ARIC
study, all patients with prevalent CAD were ex-
cluded so that all subjects were free of prior CVD
at baseline. Whereas, our study included patients
with CAD. These methodological differences, and
the a priori risk of cardiovascular events in these
populations, can explain the contradictory results.

Recently, a cross-sectional study assessed the
TCF7L2 variants, rs7903146, rs12255372, and
rs11196205, in 1,650 patients undergoing coronary
angiography for the evaluation of established or
suspected stable CAD. Interestingly, the variant
rs7903146 was significantly associated with CAD
in the total study cohort (adjusted additive odds
ratio = 1.29, 95%CI 1.09-1.53). However, this asso-
ciation was stronger in T2D patients than in non-
diabetic subjects even after adjustment by glyce-
mia and HbAlc levels [41]. The reasons for these
contradictory results in diabetic and non-diabetic
subjects are not known. However, there are differ-
ences between the two studies concerning subject
characteristics (e.g. mean age, prevalence of male
gender and hypertension, and plasma levels of
cholesterol). Also, there are differences in the
model of inheritance used in the analysis, and the
genetic background. Any, or all, of these differ-
ences could have contributed to the apparent di-
vergent findings.

Finally, another study to assess the combined
risk of several polymorphisms for T2D found simi-
lar results. It showed an association between car-
diovascular events and combined genotype risk in
non-diabetics, even after exclusion of TCF7L2
data [42]. The importance of TCF7L2 for CAD was
confirmed in a study that reviewed data from the
ARIC study. This study showed a significant in-
crease in the risk of CAD only among lean indi-
viduals homozygous for the risk allele of the
TCF7L2 rs7903146 gene risk variant (hazard ratio
=1.42, 95%Cl 1.03,1.97) [43].

The mechanisms by which the carriers of the
TCF7L2 risk allele have a higher risk of CAD are
still unknown. The simplest explanation is the as-
sociation of TCF7L2 with diabetes and hypergly-
cemia, at diabetic or non-diabetic levels. However,
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beyond hyperglycemia and diabetes, some studies
have observed that the activation of TCF-4 tran-
scription, encoded by TCF7L2, is related to the
signaling pathway of nuclear factor-«xB (NF-«xB),
which regulates inflammatory signaling pathways
[44]. Therefore, NF-xB might be involved in an
additional epistatic mechanism operating in the
vascular wall. Also, other effects beyond carbohy-
drate metabolism, such as plasma lipid concentra-
tions, blood pressure, markers of coagula-
tion/inflammation [45], and enhanced sympathetic
nervous system activity [46] may play a role for
explaining these data.

Understanding the molecular mecha-
nisms of risk association

There is increasing evidence to suggest that
genetic factors related to T2D have more implica-
tions for the dysfunction of pancreatic beta-cells
than for insulin resistance. Most of the genes as-
sociated with T2D risk are confirmedly, or poten-
tially, related to pancreatic beta-cell function (Fig-
ure 1). In T2D pathophysiology, insulin resistance
causes beta-cells to increase insulin secretion for
the maintenance of normoglycemia. Therefore, ge-
netically determined defects would only become
evident in the presence of insulin resistance. How-
ever, T2D has an important environmental com-
ponent. Each polymorphism associated with T2D
only makes a small contribution to the risk of de-
veloping the disease, as observed by the relatively
low OR values found in GWAS (unlike other clini-
cal risk factors). Therefore, it is assumed that en-
vironmental conditions increase T2D risk, espe-
cially (but not only) by impairing insulin sensitiv-
ity because of the relationship between visceral
obesity, sedentary lifestyle, and insulin resistance.
If insulin secretion capacity by beta-cells is suffi-
cient, then secretion can increase to compensate
impaired insulin action, and hyperglycemia would
not occur.

The underlying mechanisms that explain how
these common genetic variants affect the function
of pancreatic beta-cells have been proposed only
for a few genes, after in vitro and in vivo studies
[12]. Recently, efforts have been made to find
pathophysiological explanations [47]. In a meta-
analysis, Ingelsson et al. found statistical signifi-
cance (p = 2.1x10™) for the relationship between
glucose-raising allele carriers and abnormal insu-
lin processing and/or insulin secretion [48]. Never-
theless, progress towards understanding the dis-
ease mechanisms has been slowed by the modest
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effect sizes, and the fact that most GWAS signals
map away from coding sequences [47].

In fact, there is an apparent difficulty in estab-
lishing a causal link between an associated allele
and the molecular aspects of disease development.
This impairs the understanding of how T2D risk
alleles impact the prediction of cardiovascular
events in diabetic and non-diabetic individuals.

Difficulties in determining the phe-
notypes

The characterization of the type of diabetes, or
even the correct classification in T2D, for example,
is a major concern. Misclassification may have
significant consequences on the results of genetic
association studies. At the molecular level, diabe-
tes represents many diseases with a common phe-
notype, i.e. hyperglycemia, and the definition of
disease can vary between studies. In many cases,
these different molecular disorders are all grouped
together in the same study with consequent loss of
statistical power due to increased phenotypic het-
erogeneity [8]. Clinically, it has been difficult to
distinguish each of these different diabetes catego-
ries. It is hoped that genetic studies can help to
provide greater clarity in this regard.

The same applies to the determinination of
CAD phenotypes. In this case, the tools for evalua-
tion and confirmation are even more heterogene-
ous. Several studies were published with conflict-
ing findings, which were due to either false posi-
tives from marginal p-values, or from false nega-
tives because of the lack of statistical power. An-
other explanation may be that different pheno-
types were investigated in different studies e.g.,
clinically significant CAD vs. coronary artery cal-
cium [20]. At least in part, these problems explain
the difficulty in establishing an association be-
tween polymorphisms and CAD, and lead to the
following questions:

1. Is it possible to extrapolate the results of
GWAS performed in Caucasians to African
or South-American populations?

2. s the preponderance of genes related to in-
sulin secretion rather than insulin resis-
tance at the genetic risk of T2D due to a
weight limit in GWAS?

3. What is the best method for defining CAD?

The combination of studies using different phe-

notypic criteria should be avoided, or should only
be used with limitations. This concept is particu-
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larly important, since it limits the comparison of
GWAS results for both T2D and CAD as a test for
a common molecular defect hypothesis.

At the moment, it is likely that phenotype mis-
classification is distorting results of genetic asso-
ciation studies, and impacts on the ability of ge-
netic association studies to define a particular hy-
perglycemic or atherosclerotic phenotype. It is pos-
sible that the use of inclusion criteria such as age,
body mass index (BMI), or ethnicity is biasing the
observed results. Establishing the correct pheno-
type is very important for genetic association stud-
ies. This is evidenced in other polygenic diseases
where the phenotypic diagnosis is less variable.
For example, GWAS of rheumatoid arthritis have
more consistent results, despite similar degrees of
heritability [49].

Is the “lacking heritability” hiding
potential common effectors?

It is clear that there are problems with GWAS.
However, despite the limitations, GWAS offer an
image of the entire genome for genes affecting sus-
ceptibility to diabetic complications [20]. In the
last decade, this advantage has led to a boom in
the investigation of genetic risk factors for com-
plex diseases. Nevertheless, the discovery of risk
genes for complex diseases through GWAS cannot
explain all the heritability aspects of these dis-
eases. The heritability of many complex diseases,
such as T2D and CAD, have been estimated from
twin and family studies. There are estimates of
how much the identified genes explain the total
genetic variance of a given complex disease [50].
Most variants identified from GWAS confer rela-
tively small increments in risk, and explain only a
small proportion of familial clustering. This leads
to the question how the “lacking” heritability can
be explained [51].

According to the common variant disease hy-
pothesis, complex diseases such as T2D and CAD
are caused by the simultaneous occurrence of
common DNA sequence variations (minor allele
frequencies of more than 5%) in many genes [12].
Each of these DNA alterations is supposed to exert
only moderate effects on the affected genes’ func-
tion and/or expression; but in sum, these varia-
tions would confer an increased susceptibility to
disease. This idea initiated the search for a set of
SNPs associated with complex diseases. Then, the
combination of information from each polymor-
phism would sum up the total heritability.

However, the known genetic risk factors for
both T2D and CAD only explain one quarter of the
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predicted heritability, at best. A recent study as-
sessed 25 risk SNPs for T2D, with a heritability of
approximately 42%. These SNPs explained ap-
proximately 28% [50]. Similarly, the heritability of
CAD (including myocardial infarction) is about
49%, with 12 studied loci explaining about 25% of
heritability. This confirms that a considerable
proportion of heritability is still “lacking”.

With a larger sample size and increased ge-
nome coverage, more loci are implicated in patho-
physiological mechanisms of polygenic diseases.
However, it is expected that the strength of asso-
ciation between the recently discovered SNPs and
complex diseases is even lower than the associa-
tion found in the first SNPs. Therefore, according
to this hypothesis, many new SNPs associated
with T2D or CAD need to be discovered so that we
can learn about the heritability. However, it is dif-
ficult to conceive that unknown variants with
small effects can account for the unidentified
common effectors of both diseases.

Beside the purely genetic association, gene-
gene and gene-environment interactions, epigenet-
ics, and the role of microRNAs are also not fully
understood [52]. Some environmental distur-
bances, such as low birth weight, obesity, seden-
tary lifestyle, and aging may lead to T2D by affect-
ing the expression of genes through epigenetic
modifications. These epigenetic modifications of
the genome provide mechanisms for stable propa-
gation of the expression of some genes from one
cellular generation to another. This is achieved ei-
ther by modification in histones or DNA methyla-
tion [53]. Indeed, subsequent to a period of prior
hyperglycemic exposure, some individuals with
diabetes experience a continued progression of
vascular complications even after glycemic control.
This phenomenon is termed “metabolic memory”
[54]. Classically, it has been demonstrated in
clinical trials such as the Diabetes Control and
Complications Trial (DCCT), and the follow-up
Epidemiology of Diabetic Complications and In-
terventions Trial (EDIC) in type 1 diabetic sub-
jects [55], and later in other clinical trials with
T2D patients [54].

Although the role of DNA methylation in the
pathogenesis of cardiovascular diseases is not
completely understood, atherosclerosis was associ-
ated with global hypomethylation in smooth mus-
cle cells of atherosclerotic lesions from humans
and animals. Altered DNA methylation of several
candidate genes linked to atherosclerosis was
identified in both vascular smooth muscle cells
and endothelial cells in mouse models [54]. Also,
other CAD risk factors such as hyperhomocys-
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teinemia, hypercholesterolemia, and inflammation
have been associated with atherosclerosis, by al-
tering DNA methylation [56]. The role of epigenic
factors is particularly important in the current
discussion on the common effector hypothesis
since genetic risk factors for diabetes may be over-
represented in GWAS on CAD, even if the stan-
dard adjustments for BMI, diabetes status, and
glucose control have been made. However, as pre-
viously discussed, such overrepresentation has not
been observed.

Final considerations

Considering the epidemiological importance of
T2D and CAD, it is worth working towards a bet-
ter understanding of their genetic basis. There are
many challenges remaining in the identification of
genetic variants that influence the risk of T2D,
diabetic macrovascular complications, and CAD.
Large clinical studies are needed to discover addi-
tional genetic loci. However, if cohorts are com-
bined, heterogeneity across studies may become a
problem.

Most of the GWAS published are from samples
of European ancestry populations. It will be im-

portant to reassess the recognized variants in
other populations. A few GWAS have evaluated
structural variants or rare alleles, which are likely
to be responsible for a segment of the “lacking
heritability”, and are important targets of rese-
quencing. Additional biological mechanisms of
complex diseases may be discovered through stud-
ies of gene-gene and gene-environment interac-
tions, especially if there are interactions with die-
tary and physical activity factors. These studies
should aim to elucidate the mechanisms of inter-
individual variability. All this together could clar-
ify important aspects of the genetics of both T2D
and CAD. A better understanding of the complex
mechanisms will certainly contribute to finding
preventative therapies for these two conditions.

At present, there is little genetic evidence to
support a common effector hypothesis other than
insulin or hyperglycemia, for these conditions.
Most probably, genetic risk factors for diabetes do
indeed confer risk for CAD. This is not caused by
intrinsic and pleiotropic atherosclerosis-promoting
mechanisms, but more likely by the hyperglyce-
mic/insulinic diabetic environment.
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