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• The availability of DNA markers spanning 
the genome

• Computerized linkage analysis
• Generation of animal models of the disease 

through expression of the human mutant 
gene as a transgene in their offspring

The Golden Age of Single Gene 
Disorders (1990-present)
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Pedigree 23003 with WPW



IDENTIFICATION OF A GENE 
RESPONSIBLE FOR FAMILIAL 
WOLFF-PARKINSON-WHITE 

SYNDROME

Michael H. Gollob, M.D., Martin S. Green, M.D.,
Anthony S-L Tang, M.D., Tanya Gollob, R.N., 

Akihiko Karibe, M.D., Ali Hassan Al Sayegh, M.D.,
Ferhaan Ahmad, M.D., Ryan Lozado, B.S., 

Gopi Shah, M.D., Lameh Fananapazir, M.D., 
Linda L. Bachinski, Ph.D., Robert Roberts, M.D.

New Engl J Med 2001;344:1823-31
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TRANSGENIC MOUSE MODEL OF WOLFF-
PARKINSON-WHITE SYNDROME WITH 

INDUCIBLE SUPRAVENTRICULAR 
TACHYCARDIA GENERATED BY 
EXPRESSING THE HUMAN AMPK 

MUTATION Arg302Glu

Sidhu J, Gollob MJ, Yuan R, Wang Z, Appleton GO, 
DeMayo FJ, Carling D, Khoury DS, Roberts R

Circulation 2003;109(17):iv119
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PAS STAINING OF WILD TYPE 
AND MUTANT MYOCARDIUM

Glycogen

Wild Type (control) Mutant



A TRANSGENETIC RABBIT MODEL 
FOR HUMAN HYPERTROPHIC 

CARDIOMYOPATHY

Marian AJ, Wu Y, Lim D-S, McCluggage M, 
Youker K, Yu Q-T, Brugada R, DeMayo F,

Quiñones M, Roberts R

J Clin Invest 1999;104:1683-1692





CANADA – US CLINICAL TRIAL 
FOR FAMILIAL HCM

HCM 
Trial

Placebo Statin + 
ARB ARBStatin



CANADA – US CLINICAL TRIAL 
FOR FAMILIAL HCM
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Many Genes for Rare Single Gene 
Disorders have been identified

• Cardiomyopathies
• Atrial Fibrillation
• Wolfe Parkinson White Syndrome
• Long QT Syndrome
• Brugada Syndrome
• Heart Block



It is estimated there are 6,000 
single gene disorders of which 

2,000 genes have been 
identified

Genetic Success to Date

Nucleic Acids Res. 2002;30;52
Am. J. Med. Gent. 2004;125C;50
Am. J. Hum. Gent. 2006;79:421-426



Single gene disorders are 
rare occurring in 1/10 th of 

1% of the population

Single Gene Disorders



GENETICS AND CHRONIC 
DESEASES

• 20 diseases account for over 80% of 
all deaths in the world

• It is estimated that about 1,000 – 2,000  
genes predispose to these diseases



The cause of Death Worldwide

World Health Organization 2007, “Facing the Facts: The Impact 
of Chronic Disease in Canada” http://www.who . 
Into/chp/chronic_disease_report/en/



14% of the Utah population
has a family history of CAD

•This cohort accounts for 72% of 
early CAD cases (< 50 yrs)

•48% of all CAD events at any age 

GENETICS: PREDOMINANT RISK FACTOR 
FOR CORONARY ARTERY DISEASE

Hunt et al, Am. J. Prev. Med. 2003;24:136



Why don’t we have the 
Genes for 

Coronary Artery Disease?

IDENTIFYING THE GENES RESPONSIBLE 
FOR CAD HAS BEEN PROHIBITIVE UNTIL 

RECENTLY WHY?



• CAD is due to several genes each 
conferring only minimal risk

• Genetic linkage analysis lacks the  
sensitivity for polygenic disorders 

IDENTIFYING THE GENES RESPONSIBLE 
FOR CAD HAS BEEN PROHIBITIVE UNTIL 

RECENTLY WHY?



MAPPING AND IDENTIFICATION OF 
GENES FOR COMMON MULTIGENE 

DISORDERS

Case Control Association 
Studies

•Genome-wide Association



Case Control Association Studies

Affected 
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Unaffected 
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Genome-wide Scanning

GWA requires a marker 
every 6,000 bases of DNA

This demands analyzing  
at least 500,000 DNA 
markers per blood 

sample



Polygenic Disorders
Coronary Artery Disease and MI

• Requires hundreds of 
thousands of DNA
markers

• Requires thousands of 
unrelated cases and 
controls



THE HUMAN GENOME

The DNA sequence of the Human 
Genome is more than 99.5% 

identical among 
all Humans



Individual genetic variation and 
susceptibility to Polygenic Diseases 

3,000,000 SNPs are 
responsible for individual 

variations and susceptibility to 
polygenic diseases



Case Control Association Studies

The first technological 
breakthrough came in 2005 with  
the development of thousands of 
DNA markers in the form of SNPs

on a microarray



AFFYMETRIX 500K ON TWO CHIPS 
2005

250,000 SNPs 250,000 SNPs



RUDDY CANADIAN CARDIOVASCULAR 
GENETICS CENTRE

Affymetrix 450 Station 
1,000,000 Chip Analyzer



Ottawa Heart 
Genomics 

Study



Criteria for CAD CASES

• European Caucasian ancestry 

• Men < 55 years

• Female < 65 years

• No history of diabetes  

• No monogenic lipid disorders 

• No severe dyslipidemia (cholesterol <7.0 mmol/L)

Diagnosis of CAD
• coronary angiogram by Cardiac 
Catheterization or Fast CTA showing �
50% obstruction in one or more vessels



Criteria for Controls

• Males > 65 years

• Females > 70 years

• European Caucasian ancestry 
from local population

• Asymptomatic and non-diabetic 



Fast CT Scanner (64 Slice)
Non-invasive Coronary Angiograms



AFFYMETRIX 500,000 DNA MARKERS
ON TWO CHIPS

250,000 SNPs 250,000 SNPs

2005 - $1,640.00



Affymetrix 500,000 Chip
2005

2005 - $1,640.00



AFFYMETRIX 1 MILLION CHIP
2006

2006 - $250.00



1998 - $1.00 per genotype

2007 - $0.001 per genotype

$1,000.00 per sample for 
Genome Wide Association Study
Genotyping with 1 million SNPs

Genome Wide Association Studies 
2008

Altshuler D. et al. Science 2008;322: 881-888



RUDDY CANADIAN CARDIOVASCULAR GENETICS CENTRE
OTTAWA HEART GENOMICS STUDY

Copenhagen Study

ARIC Study (11,478)

Ottawa Heart Population 1 (322 vs 312)

Ottawa Heart Population 3

Ottawa Heart Population 2 (311 vs 326)

72,864 SNPs Genome wide scan

(2,586 SNPs, p .02)

(2 SNPs, p .02)

(50 SNPs, p .02)

Dallas Study
(527 vs 153) (10,578)

(647 vs 847)



A COMMON ALLELE ON CHROMOSOME 9
ASSOCIATED WITH CORONARY 

HEART DISEASE

Chromosome 9

rs2383206rs10757274

9p21

Science, 2007: 316(5825):1488-1491



A Common Allele on Chromosome 9 Associated 
with Coronary Heart Disease

Ruth McPherson,1*  Alexander Pertsemlidis,2* Nihan K avaslar,1 Alexandre
Stewart,1 Robert Roberts,1 David R. Cox,3 David A. Hinds,3 Len A. 
Pennacchio,4,5 Anne Tybjaerg-Hansen,6 Aaron R. Fols om,7 Eric Boerwinkle,8 
Helen H. Hobbs,2,9 Jonathan C. Cohen2,10  

Coronary heart disease (CHD) is a major cause of death in Western countries. We 
used genome-wide association scanning to identify a 58-kilobase interval on 
chromosome 9p21 that was consistently associated with CHD in six independent 
samples (more than 23,000 participants) from four Caucasian populations. This 
interval, which is located near the CDKN2A and CDKN2B genes, contains no 
annotated genes and is not associated with established CHD risk factors such as 
plasma lipoproteins, hypertension, or diabetes. Homozygotes for the risk allele 
make up 20 to 25% of Caucasians and have a  30 to 40% increased risk of CHD.

Science 2007:316(5830);1488 - 1491



9p21 IS A COMMON RISK FACTOR FOR  
CORONARY HEART DISEASE

9p21 genetic variant is extremely 
common with one or more copies 
occurring in 75% of the population



THE 9p21 LOCUS IS ASSOCIATED WITH 
SIGNIFICANT INCREASED RISK OF 

CORONARY ARTERY DISEASE IN THE 
CAUCASIAN POPULATION

• Homozygotes carries an increased risk of    

30-40% for CHD

• Heterozygotes carry increased risk of 15-

20%  for CHD 



9p21 AN  INDEPENTANT RISK FACTOR FOR 
CORONARY HEART DISEASE

9p21 locus risk is independent

of known risk factors,

namely, cholesterol, 

hypertension or diabetes



9p21 Locus confirmed in Seven Independent Studies 
involving over 60,000 Caucasians

Assimes Tl, et al. Hum Mol Genet. 2008;17(15):2320-82,362

Samani NJ, et al. N Engl J Med 2007:357;1-114,864

Broadbent HM, et al. Hum Mol Genet 2007:Nov 
29;ddmm352

8,694

Talmud PJ, et al. Clin Chem 2008:54(3);467-4742,742

ReferenceSample Size

McPherson R, et al. Science 2007:316;1488-149123,000

Helgadottir A, et al. Science 2007:316(5846);1491-317,356

Wellcome Trust Case Control Consortium, Nat Genet 
2007:39(11);1329-37

5,000

Total 64,018



9p21 Confirmed as a common risk 
factor in multiple ethnic groups

• Korean

• Japanese 

• Chinese 

• East Asian 

Assimes TL, et al.  Hum Mol Genet, 2008;17(15):2320- 2328 

Chen Z, et al.  Mol Biol Rep 2008

Hinohara K, et al.  J Hum Genet 2008;53(4):357- 9



The same sequence variant on 9p21 associates with 
myocardial infarction, abdominal aortic aneurysm an d 

intracranial aneurysm

10-6

10-11

P-valve Frequency

Odds 
RatioDisease

40 – 50%1.29Intracranial 
Aneurysms

40 – 50%1.31

Aortic 
Aneurysms

Nature Genetics 2008;40(2):217-224

9p21 Variant (rs10757278-G)



Whole genome analyses suggest 
ischemic stroke and heart disease 

share an association with 
polymorphisms on chromosome 9p21 

Materin M, et al. 

Stroke 2008:39(5);15868-9



Chromosome 9p21 Risk Region for CAD

DNA2345678 1910111213141516171819

ANRIL P15/CDKN2B p16/CDKN2Ap14/ARF

9p21 Region



The 9p21 – the first new risk factor
for heart disease in four decades

1961 – Framingham Heart Study formulated     

that cholesterol, hypertension & left

ventricular hypertrophy was associated

with the prevalence of Coronary Artery

Disease

1964 – The Surgeon General of the United States

announced increased prevalence of CAD

with smoking
Health Consequences of Smoking: Report of Surgeon G eneral, 2004, pg. 363



9p21 is the first new risk
factor for CAD in 
over 4 decades

A New Risk Factor for CAD



Frequency of Genetic Mutations

Each gene mutates on an 
average about one base

every 250 years



Advantage of Genetic variants 
over Biomarkers

• It does not vary over time

• It does not vary with meals

• It does not vary with drugs

• It does not vary with gender

• Can be determined by a single blood test

• Exert the same effect over a lifetime

• A single variant may exert multiple influences



RUDDY CANADIAN CARDIOVASCULAR 
GENETICS CENTRE

We currently perform 40 to 
60 million genotypes

per day and have 
genotyped  10,000 

samples involving over 8 
billion genotypes



Ruddy Canadian Cardiovascular 
Genetics Centre

Genome Wide Association Study for CAD

Genotyping by Ottawa Heart:

Cleveland Clinic

Duke University 

Emery University

NIH Collaborative Study

Mercy Gilbert Medical Centre

Interheart Study - McMaster University

International  Consortium



Ruddy Canadian Cardiovascular Genetic Centre

Genome Wide Association Study for CAD

Sharing of Data  

Stanford University 

Washington DC Heart Centre

University of Pennsylvania

Montreal Heart Institute

Wellcome Trust Sanger Institute

Strangeways Research Laboratory, Cambridge, UK

University of Texas

International Consortium



CARDIoGRAM
University of Ottawa Heart Institute

Stanford University 

University of Pennsylvania

University of Schleswig-Holstein

Cambridge University

University of Utah

Harvard University 

University of Leicester

Boston University

University of Massachusetts

University of Texas 

Iceland (deCODE Genetics)



CARDIoGRAM
Coronary ARtery DIsease

Genome wide Replication And 
Meta Analysis

International Consortium for Genome Wide 
Association Studies seeking to identify 

genes associated with CAD



•22,000 cases with CAD
•60,000 controls
•All European ancestry

CARDIoGRAM



RUDDY CANADIAN CARDIOVASCULAR 
GENETICS CENTRE

In collaboration with our 
partners, we have mapped and 
replicated 5 novel loci for CAD 

which are currently under 
revision for publication



Twelve Loci replicated for predisposition to CAD an d Myocardial Infarction

6,046 - 25,5381.9 x 10-91.1575%19p13

6,046 - 25,5387.4 x 10-91.1780%10q11

6,046 - 25,538  7.9 x 10-121.1780%1p13

6,046 - 25,5381.0 x 10-81.1714%2q33

6,046 - 25,5381.0 x 10-91.136%6p24

6,046 - 25,5389.6 x 10-91.1580%1p32

6,046 – 25,5381.4 x 10-91.1370%1q41

9,392 – 47,2718.6 x 10-81.1540%12q24

4,864 – 19,2624.2 x 10-151.201 – 40%6q26-q27

2,520 – 25,0007.4 x 10-131.1540%3q22.3

600 – 23,0002.7 x 10-441.3075%9p21

6,046 - 25,5386.0 x 10-111.1913%21q22

Sample SizeP-ValueOdd Ratio
MAF Frequency

(Minor Allele)
Chromosomal 

Locus



Progress of Genome wide Association 
Studies in identifying Disease loci

Over 200 Disease Related loci 
have  been identified by 

Genome wide Association 
Studies and replicated in 
independent populations

Donnelly P.  Nature 2008;458:728-731



Progress of Genome-wide
Association Studies (2009)

16Obesity

040Height

320Type 2 Diabetes

230Crohn’s Disease

2 years agoLociDisease



Predictions of Genetic Risk 
for common diseases

• Everyone will be in the top 5% of risk for
at least one disease, which means a 5 to
8 fold greater risk  for the  disease

• 50% of population will be in the top 1%
of risk for at least one disease, which
means a 9 to 15 fold greater risk for the
disease

Donnelly P.  Nature 2008;458:728-731



3rd Generation Sequencer at
20 million bps/day



A whole genome sequence

Science 2006; p. 1544

A project has been launched to 
sequence 1,000 genomes at < 

$1,000/ genome



RUDDY CANADIAN CARDIOVASCULAR
GENETICS CENTRE

Genetics Group Dr. Alex Stewart’s 
Laboratory

Dr. Ruth McPherson’s
Laboratory

Dr. George Wells’ Statistical 
Methods Centre


