GWAS across Time and Space

What have we learned?
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The Navarro lab, 2013
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What?

Longish Introduction. Why Genomics? Association studies?
Genome Wide Association Studies (GWAS)

Candidate-Gene studies and their problems
Genome-Wide association studies

Whatever happened to personalized medicine




The Human Genome and Disease

The promise in the 90s: “In 10 years we will unravel the genetic bases of
complex diseases!!” ... It was the reason under the Human Genome Project
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Table I: Genomics Funding by Organization and Year, in US$ (millions) Table |: Genomics Funding by Organization and Year, in US$ (millions) (Continued)
Rank Organization 2003 2004 2005 1008 Source
20 Japan Ministry of Agriculture, Forestry and Fisheries 79 819 $L7 $21.7 Personzl Communication, Kazuko
na  Department of Health and Human Services (DHHS) $4236 §4335 $4840 478 [29] (MAFFR Shinchara, january 2007
Mational Institutes of Health (MIH) - GENETICS2
21 Canadian Biotechnology Strategy (CBSp $l601  $I15%  §I159 $1631 [55]
1 MIH: Mational Cancer Institute (MCI) + Mational Human $562  §593  §5°3 $571  See Tables 2, 3 and text
Genome Research Institute (MHGRI)
12 Howard Hughes Medical Instioute (HHMI) $I152  $138  §i43 $15.6 Parsonzl Communication, Sherry
2 European Commissian! $459  $461  S466 $468  Personzl Communication, Indridi White. August 2006
Benadiktsson, September 2006
23 Canada Mational Research Council (NRC) Genomicsand ~ $182  $158  §13.4 $153  Personal Communication, Gary Fudge,
3 European Commission Matching Funds! $459  $462  §466 $468  Personzl Communication, Indridi Health Initiative™ August 2007
Benadiktsson, September 2006
24 apan Ministry of Health, Labour and Yyelfare (MHLWY 128 138 16.6 149 Personzl Communication, Kazuko
4 United Kingdom Wellcome Trust® $154  §I94 SME  §I% [5253] Japan Fliniswy L ros $ $ $ Shinahar, january 2007
5 Department of Energy (DOE) Office of Biological and $129  $I52 134 §I58 [33-34]
Environmentz| Resesrcho 15 American Cancer Sociey! 3595 $690 §561 $11.9 Personal Communication, Donalla
‘Wilson, July 2006
& Mationzl Science Foundation (NSF) Biological Sciences $124  $129  §134 $141  Personzl Communication, Vernon
Directorate® Ross, April 2007 26  Spain Genoma Espanal 3358 $I121 $I135 $11.7  Personal Communications, Javier
Montero Plam, June and September
7 Japan Ministry of Education, Culture, Sports, Scienceand ~ $845  $992  $119 $125  Personal Communication, Kzuka 2006
Technology (MEX Shinohara, January 2007
17 Australia Mational Health and Medical Research Council  $7.54  $634  $6.24 $7.65 Personzl Communication, Marian
8  United Kingdom Biotechnology and Biological Sciences $121 s127 5B $117  Personal Communication, Clare Mixon, (NHMRC)* Blake, July 2006
Research Council {BBSRCY: January 2007 o
9 Cenome Canadat $73  $657  §718 $106 Parsonal Communication, Genmy 28 Department of Heslth and Human Services (DHHS) $385  $451  se99 $6.95 [37.38]
Cardin, July 2006 Centers for Disease Control and Pravantion (CDC)0
10 China (Ministry of Science and Technology, Mational 80 $80 $80 noreport Personal Communication, Anonymous, 29  Deparmment of Defensa (DOD) Defense A dvancad $340 %134  §132 $6.5 [41-a4]
Matural Science Foundstion of China, and Chinese October 2007 Rasearch Projects Agency (DARPA) Bio/Info/Micro B
Acadamy of Sciencas)! Programo
Il Germany Mationales Genomforschungsnetz (MGFM) §715 %614 $620 $648  Personal Communication, Uta Strasser,
Septamber 2006 30 South African Medical Research Councill 3173 §$184 $104 $1.24 Personal Communication, Clive Glass,
October 2007
12 Deparmment of Defense (DOD) Congressional Directed  $102  $868  §535 $545 [45]
Medical Research Programs (COMRP)2 3l reland Science Foundation! 3741 $7%& %138 $2.24 Personal Communication, Tracy
Moloney, September 2006
13 Cancer Research UK* $341  $452  $4B1 $51.0 Personal Communication, Lynne
Davies, January 2007 32 lIreland Health Research Board! 3129 $123 §$130 $1.61 Personal Communication, Gillian
i Hastings, January 2007
14  Metherlands Genomics Initiativel §488 $181 3517 $458 [31.47.88]
IS5 South Korea Ministry of Science and Technalogy §137  $150  $415 $443 Personal Communication, Jeongheui 33 South Africa Mational Research Foundation! $0.658 %0560 $0.999 noreport Personzl Communication, Marna van
(MOsTY Lim, January 2007 Roayen, Ccwber 2006
16  United States Dapartment of Agriculture (USDA) $325 33188 $419 $43.1 Personal Communication, Peggy 34 Japan Ministry of Economy, Trade and Industry (METI)A 30 §451 $0 30 Personzl Communication, Kazuko
Agricultural Research Service® DelCollc and Joe Garbarino, Shinohara, January 2007
November 2006 ———
17 Ireland Higher Education Authorityl $341 $347 §345  $345 Personal Communication, Sorcha QTAL $1834 $1478 52948 32881 )
Carthy, August 2006
Genomics research funded, by organization, is shown in millions of USS per year. The toml funding values each year were determined by summing
18  Canada Matural Sciences and Engineering Resaarch $281 504 $322 $34.1 Personal Communication, Barney the values from each organization, with the ecception of the first row (MIH — Genetics), which is described in the text. Rankings were determined
Council (NSERC)~ Lacizk, October 2007 by ordering the 2006 values, where the average of the three previous years was used as a substitute for 2006 values when the actual 2006 dam was
unavailable. The start of each fiscal year is indicated by the superscript character after each organization, where | = January |, A= April |,and O =
19 Department of Homeland Security (DHS)® §13.4  $255  §328 $27.2  Personal Communication, Elizabeth Oczober |,
George, November 2006 *Although the fiscal year for the Australian government beagins July |, the original data was reported by calendar year,




A deluge of developments since then

Mainly, we got 1000s of genomes...
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A deluge of developments since then

The promise in the 90s: “In 10 years we will unravel the genetic bases of
complex diseases!!” ... has been the motivation under many advances.
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ED Green et al. Nature 470, 204-213 (2011) doi:10.1038/nature09764




And what about disease?

The promise in the 90s: “In 10 years we will unravel the genetic basis of

(1) HapMap & 1000 Genomes Project Patterns of LD / variation in many
human populations

(2) Genotyping arrays Dense coverage of human genome

(3) Large samples Case-Control or Family Linkage

“Superior Doctors Prevent the Disease.
Mediocre Doctors Treat the Disease Before Evident.
Inferior Doctors Treat the Full Blown Disease.”™
-Huane Dee: Nai - Chine (2600 B.C. 1st Chinese Medical Text




And what about disease?

The promise in the 90s: “In 10 years we will unravel the genetic basis of

(1) HapMap & 1000 Genomes Project Patterns of LD / variation in many
human populations

(2) Genotyping arrays Dense coverage of human genome

(3) Large samples Case-Control or Family Linkage

* Prevent disease from occurring
» Identify the cause of the disease
« Treat the cause of the disease rather than the symptoms

« Genomics may identify the cause of disease (“All medicine

may become pediatrics” Paul Wise, Professor of Pediatrics, Stanford
Medical School, 2008)

« Effects of environment, accidents, aging, penetrance ...
« Health care costs can be greatly reduced if

o Invests in preventive medicine
o one targets the cause of disease rather than symptoms




And what about disease?

The promise in the 90s: “In 10 years we will unravel the genetic basis of
complex diseases!!...”

f human genome

amily Linkage
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And what about disease?

The promise in the 90s: “In 10 years we will unravel the genetic basis of

(1) HapMap & 1000 Genomes Project Patterns of LD / variation in man
hum Tolgls

(2) Genotyping arrays
—(Sytargesamptes
Apr. 19, 1977

The remarkable advances in molecular biology during the past two
decades have given man an understanding of the basic processes that
shape his life and have placed within the realm of possibility medical
dchievements undreamed of a scant few years ago. - =
Superman ™"
The way 15 being opened not only for permanent cures of genetic |
disease but also for drastic changes in man's genetic makeup.

http://www.time.com/time/covers/0,16641,19710419,00.html
Buchanan AV et al, Int J Epidemiol, June 2006 (35: 593-596)




COMPLEX GENETIC ARCHITECTURE OF COMPLEX DISEASES

v' Polygenic + Environmental
v" High heritability (h? > 50%) and Familial aggregation (A, >> 1)

v' But lack of Mendelian inheritance (lots of sporadic cases)

Manolio et al. (2008) J Clin Invest. 118(5):1590




COMPLEX GENETIC ARCHITECTURE OF COMPLEX DISEASES

The promise in the 90s: “In 10 years we will unravel the genetic bases of
complex diseases!!”. Everything seemed to go well...

... and people were doing this using diverse approaches.

v' Linkage mapping:
Select an informative family.
More than 100,000 papers in 30 years (mostly in OMIM)
v’ Candidate genes:
Select a few variants in one or a few genes.
More than 84000 papers in 20 years (see the GAD database)
v' Genome-Wide Association Studies:
Hypothesis-free approach. One looks as as many variables as possible

More than 1200 papers (see www.genome.gov)




THE GENETIC ARCHITECTURE OF MENDELIAN DISEASES

The promise in the 90s: “In 10 years we will unravel the genetic bases of
complex diseases!!”. Everything seemed to go well...

OMIM Home Page

http:/ / www .ncbi.nlm.nih.gov/ omim/

OMIM
Hopkins
Online Mendelian Inheritance in Man S University

Nuciootidn Proten [ Structure PMC Twazmomy OMIM
e = Tl
Search omiv e for | (GoY (Clear)
Limits Presiew! | ndex History Clipboard Deizlls

Enfraz
;EL’;“ . e Enter one or more search terms,

Search Gene Map e Use Limits to restrict your search by search field, chromosome, and other criteria.
Search Morbid Map ® Use Index to browse terms found in OMIM records.

Haip * Use History to retrieve records from previous searches, or to combine searches.

OMIM Holp

ke | OMIM™ - Online Mendelian Inheritance in Man™

FAQ

sltmd:unng System

How 1o Print rew OMIM is now incorporated into NCBI's Entrez system and can be queried using the same

ot approach as the other Entrez databases such as PubMed and GenBank. The previous OMIM pages are

still available here.

OMIM Facts

m“m Welcome to OMIM, Online Mendelian Inheritance in Man. This database is a catalog of human genes and genetic
Restrictions on Lise disorders authored and edited by Dr. Victor A. McKusick and his colleagues at Johns Hopkins and elsewhere, and
developed for the World Wide Web by NCBI, the National Center for Biotechnology Information. The database
contains textual information and references. It also contains copious links to MEDLINE and sequence records in
the Entrez system, and links to additional related resources at NCBI and elsewhere.

Allisd Resources

You can do a search by entering one or more terms in the text box above. Advanced search options are
accessible via the Limits, Preview/Index, History, and Clipboard options in the grey bar beneath the text box. The
OMIM help document provides additional information and examples of basic and advanced searches.

The links to the left provide further technical information, searching options, frequently asked questions (FAQ),
and information on allied resources. To return to this page, click on the OMIM link in the black header bar or on
the graphic at the top of any OMIM page.

Human Ganoma

Resources NOTE: OMIM is intended for use primarily by physicians and other professionals concerned with genetic

disorders, by genetics researchers, and by advanced students in science and medicine. While the OMIM database
is open to the public, users seeking information about a personal medical or genetic condition are urged to
consult with a qualified physician for diagnosis and for answers to personal questions.



http://www.ncbi.nlm.nih.gov/omim/
http://www.ncbi.nlm.nih.gov/omim/

COMPLEX GENETIC ARCHITECTURE OF COMPLEX DISEASES

The promise in the 90s: “In 10 years we will unravel the genetic bases of
complex diseases!!” ... And it seemed easy to fulfil...
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Many Candidate Gene Studies

The promise in the 90s: “In 10 years we will unravel the genetic bases of
complex diseases!!” ... And it seemed easy to fulfil...

The Genetic Association Database (GAD)

The Genetic Association Database is an archive of human genetic association studies of complex
dizeazes and disorders. The goal of this database is to allow the user to rapidly identify medically
relevant polymorphism from the large volume of polymorphistm and mutational data, in the contesxt
of standardized nomenclature.

bt
g t.f'
o RS ¢ be
NIRRT

The data 15 from published scientific papers. Study data 12 recorded m the context of official
human gene nomenclature with additional molecular reference numbers and links. Tt iz gene
centered. That iz, each record is a record of a gene or marker. If a study investigated & genes for
a particular disorder, there will be & records.

y
el

All View  Searchfor DIABETES ~ Record found: 500

L

0 BImE hr
view) 13-APRO7 17626 2 2005 CTLAG 122800 . diabetes, type 1 IMMUNE 2 23
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Miew ] 13-APR-OT 11 2 2008 AFDAS  OOG3GE myocardial infaret; diabetes, CANCER 11 11q23
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Candidate Gene Association Studies

The promise in the 90s: “In 10 years we will unravel the genetic bases of
complex diseases!!”. Everything seemed to go well...

(1) HapMap & 1000 Genomes Project

(2) Genotyping arrays

(3) Large samples

...However...
Statistical Problems

Genetic problems

Patterns of LD / variation in many
human populations

Dense coverage of human genome

Case-Control or Family Linkage

Sample size = Power
Multiple testing

Ascertainment bias
Locus & Allelic heterogeneity
Population substructure

As a consequence, there were (are?) LACK OF REPLICATION problems!!




Candidate Gene Association Studies and Lack of Replication

Replication validity of genetic association studies

John P.A. Ioannidis!~?, Evangelia E. Ntzani!, Thomas A. Trikalinos! & Despina G. Contopoulos-loannidis!+

nature genetics * volume 29 » november 2001
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So the BULK of old candidate gene associations are not good

More than 100,000 papers registered in the GAD...but...
the field is dominated by false positives (getting better recently)

The precision of many old papers is similar to this:

"l have nothing to offer but
blood, toll, tears and sweat."”

Mahatma Gandhi




Candidate Gene Association Studies and Lack of Replication

What about focusing on patters of lack of replicability rather than on good replications?
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Candidate Gene Association Studies and Lack of Replication

Fst

But not everything was bad...

Increased inconsistency of replicability (¢) with increased Fq; (i.e. higher consistency
between Europe and Asia with lower genetic distance)

0.4

0.3

@ (discordance in replicabilities)

Correlation between discordance in replicability
and Fgfor the 37 associations from the
Continental Set.

Marigorta o al. BMC Genomies 2011, 12:58
httpz'fwww biomedcentralcom/1471- 216471 2/55 BMC

Genomics

RESEARCH ARTICLE Open Access

Recent human evolution has shaped
geographical differences in susceptibility to
disease

Urko M Marigorta', Oscar Lao®, Ferran Casals', Francesc Calafell'®, Carlos Mordillo-Sudrez', Rui Faria'®,
Flena Bosch', Frangais Serra”, Jaume Bentranpetit', Hernan Dopazo®, Arcadi Navarro' "

Abstract

Background: Searching for associations between genetic variants and complex diseases has been a very active
area of research for over two decades. More than 51,000 potential associations have been studied and published, a
figure that keeps increasing, especially with the recent explosion of array-based Genome-Wide Association Studies,
Even if the number of true associations described so far is high, many of the putative nsk vanants detected so far
have faled
wide patterns of replicability of published association studies,

consistently replicated and are widely considered false positives. Here, we focus on the warld

Results: We report three main findings. First, contrary 1o previous results, genes associated 1o complex diseases
present lower degrees of genetic differentiation among human populations than average genome-wide levels,
Second, also contrary to previous results, the differences in replicability of disease a ed4oci between
Eurcpeans and East Asians are highly correlated with genetic differentiation between these populations. Finally,
highly replicated genes present increased levels of high-frequency derived alleles in European and Asian
populations when compared to African populations.

Conclusions: Our findings highlight the heterogeneous nature of the genetic eticlogy of complex disease, confirm
the importance of the recent evolutionary history of our species In current patterns of disease susceptibility and
could cast doubts on the status as false positives of some associations that have failed o replicate across
populations,




WORLD COLONIZATION BY HUMANS (last ~100 kyears)

Human population differences in the genetics of disease

g Small, but still there!!!
2 W
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COMPLEX GENETIC ARCHITECTURE OF COMPLEX DISEASES

The promise in the 90s: “In 10 years we will unravel the genetic bases of
complex diseases!!” ... And it seemed easy to fulfil...
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Plus many GWAS

The promise in the 90s: “In 10 years we will unravel the genetic bases of
complex diseases!!” ... And it seemed easy to fulfil...
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Manolio, Brooks, Collins, J. Clin. Invest., May 2008



Published Genome-Wide Associations through 12/2012
Published GWA at p<5X10-8 for 17 trait categories
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. Digestive system disease

@ Cardiovascular disease

() Metabolic disease

() Immune system disease

O MNervous system disease

@ Liver enzyme measurement

O Lipid or lipoprotein measurement
() Inflammatory marker measurement
O Hematological measurement

() Body measurement

@ Cardiovascular measurement

@ Other measurement

(C) Response to drug

() Biological process

@ cancer

@ Other disease

@ Other trait



@ Abdominal aortic aneurysm
QO Acute lymphoblastic leukemia
@ Adhesion molecules

@ Adiponectin levels

© Age-related macular degeneration
(O AIDS progression

Q@ Alcohol dependence

@ Alopecia areata

QO Alzheimer disease

QO Amyloid A levels

O Amyotrophic lateral sclerosis
O Angiotensin-converting enzyme activity
Ankylosing spondylitis

@ Arterial stiffness

@ Asparagus anosmia

@ Asthma

@ Atherosclerosis in HIV

@ Atrial fibrillation

@  Atention defict hyperactiity disorder
QO Autism

@ Basal cell cancer

@ Behcet's disease

Q© Bipolar disorder

@ Biliary atresia

@ Bilirubin

@ Bitter taste response

QO Birth weight

@ Bladder cancer

@ Bleomycin sensitivity

@ Blond or brown hair

© Blood pressure

@ Blue or green eyes

@ BMI, waist circumference

QO Bone density

© Breast cancer

© Butyrylcholinesterase levels
@ C-reactive protein

@ Calcium levels

@ Cardiac structure/function

Q@ Cardiovascular risk factors
@© Canmitine levels

O Carotenoid/tocopherol levels
@ Carotid atherosclerosis

Q Celiac disease

Q@ Celiac disease and theumatoid arthritis
(O Cerebral atrophy measures
@ Chronic lymphocytic leukemia
@ Chronic myeloid leukemia

Q Cleft lip/palate

@ Coffee consumption

@ Cognitive function

O Conduct disorder

© Colorectal cancer

O Comeal thickness

QO Coronary disease

O Cortical thickness

@ Creutzfeldt-Jakob disease
@© Crohn’s disease

@ Crohn's disease and celiac disease
@ Cutaneous nevi

@ Cystic fibrosis severity
@ Dermatitis

@ DHEA-s levels

@ Diabetic retinopathy

@ Dilated cardiomyopathy
@ Drug-induced liver injury
Q© Drug-induced liver injury amodcitin cavuanat
O Endometrial cancer

@© Endometriosis

© Eosinophil count

@ Eosinophilic esophagitis
O Epirubicin-induced leukopenia
@ Erectle dysfunction and prostate cancer freaiment
@ Erythrocyte parameters
© Esophageal cancer

© Essential tremor

QO Exfoliation glaucoma

© Eye color traits

F cell distribution

QO Fibrinogen levels

@ Folate pathway vitamins
O Follicular lymphoma

© Fuch's comeal dystrophy
O Freckles and burning

O aalistones

QO Gastric cancer

@ Glioma

O Glycemic traits

@ Graves disease

O Hair color

© Hair morphology

@ Handedness in dyslexia
O HDL cholesterol

O Heart failure

O Heartrate

O Height

O Hemostasis parameters
@) Hepatic steatosis

O Hepatitis

(O Hepatitis B vaccine response
O Hepatocellular carcinoma
O Hirschsprung's disease
O HIV-1 control

O Hodgkin's lymphoma

O Homocysteine levels

© HPV seropositivity

O Hypospadias

@ |Idiopathic pulmonary fibrosis
@ IFN-related cytopeni

O IgAlevels

@ IgE levels

Q@ Inflammatory bowel disease
@ Insulin-like growth factors
@ |Intracranial aneurysm

@ Iris color

@ Iron status markers

@ Ischemic stroke

QO Juvenile idiopathic arthritis
@ Keloid

@ Kidney stones

@ LDL cholesterol

O Leprosy

O Leptin receptor levels

@ Liver enzymes

@ Longevity

@ LP (a) levels

QO LpPLA(2) activity and mass
@ Lung cancer

O Magnesium levels

@ Major mood disorders

@ Malaria

© Male pattem baldness

@ Mammographic density

@ Matrix metalloproteinase levels
O McP-1

© Melanoma

O Menarche & menopause
@ Meningioma

@® Meningococcal disease

QO Metabolic syndrome

O Migraine

@ Moyamoya disease

@© Multiple sclerosis

O Myeloproliferative neoplasms
QO Myopia (pathological)

@ N-glycan levels

O Narcolepsy

O Nasopharyngeal cancer
O Natriuretic peptide levels

(O Neuroblastoma

© Nicotine dependence

© Obesity

@ Open angle glaucoma

@ Open personality

O Optic disc parameters

@ Osteoarthritis

O Osteoporosis

@ oOtosclerosis

O other metabolic traits
Qvarian cancer

Pancreatic cancer

Pain

Paget's disease

Panic disorder

Parkinson's disease
Periodontitis

Peripheral arterial disease
Personality dimensions

O Phosphatidylcholine levels
O Phosphorus levels

O Photic sneeze

@ Phytosterol levels

O Platelet count

@ Polycystic ovary syndrome
(@) Primary biliary cirrhosis

@ Primary sclerosing cholangitis
© PRinterval

O Progranulin levels

® Progressive supranuclear palsy
© Prostate cancer

O Protein levels

© PsAlevels

O Psoriasis

O Psoriatic arthritis

@ Pulmonary funct. COPD

@ QRSinterval

© QTinterval

@ Quantitative traits

© Recombination rate

© Red vs.non-red hair

@ Refractive error

O Renal cell carcinoma

O Renal function

@ Response to antidepressants
@ Response to antipsychotic therapy
O Response to carbamazepine

© Response to clopidogrel therapy
@ Response to hepatitis C treat
@ Response to interferon beta therapy

o) Jel JoJol I Jo

Response to metaformin
Response to statin therapy
Restless legs syndrome
Retinal vascular caliber
Retinol levels
Rheumatoid arthritis
Ribavirin-induced anemia
Schizophrenia

O Serum metabolites

@ Skin pigmentation

@ Smoking behavior

@ Speech perception

O Sphingolipid levels

@ Statin-induced myopathy
© Stevens-Johnson syndrome
@ Stroke

© Sudden cardiac arrest
@ Suicide attempts

QO Systemic lupus erythematosus
QO systemic sclerosis

© T-aulevels

O Tau AB1-42 levels

QO Telomere length

QO Testicular germ cell tumor
@ Thyroid cancer

@ Thyroid volume

@ Tooth development

@ Total cholesterol

O Triglycerides
Tuberculosis

Type 1 diabetes

Type 2 diabetes
Ulcerative colitis

Urate

Urinary albumin excretion
Urinary metabolites
Uterine fibroids

Venous thromboembolism
@ Ventricular conduction
@ VEGF levels

O Vertical cup-disc ratio

@ Vitamin B12 levels

@ Vitamin D insuffiency

@ Vitamin E levels

@ Vitiligo

@ Warfarin dose

@ Weight

O White cell count

(O White matter hyperintensity
@ YKL-40 levels

0000000 e
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Problem. Where did the heritability go?

The missing heritability problem

Nature Feature Nov 2008

MEWS FEATURE PERSONAL GENOMES

The case of the missing heritability

When scientists opened up the human genome, they expected to find the genetic components of
common traits and diseases. But they were nowhere to be seen Brendan Maher shines alighton
six places where the missing loot could be stashed away

Manolio et al Nature October 2009

N

Vol 4618 October 2009|doi:10.1038/nature08494 nature

REVIEWS

Finding the missing heritability of complex
diseases

Teri A. Manolio', Francis S. Collins®, Nancy J. Cox’, David B. Goldstein®, Lucia A. Hindorff’, David J. Hunter®,
Mark I. McCarthy’, Erin M. Ramos®, Lon R. Cardon®, Aravinda Chakravarti’, Judy H. Cho'®, Alan E. Guttmacher',
Augustine Kong'!, Leonid Kruglyak'?, Elaine Mardis'®, Charles N. Rotimi'*, Montgomery Slatkin'®, David Valle®,
Alice S. Whittemore'®, Michael Boehnke'”, Andrew G. Clark'®, Evan E. Eichler'?, Greg Gibson®, Jonathan L. Haines?',

Trudy F. C. Mackay®*, Steven A. McCarroll** & Peter M. Visscher**

Genome-wide association studies have identified hundreds of genetic variants associated with complex human diseases and
traits, and have provided valuable insights into their genetic architecture. Most variants identified so far confer relatively
small increments in risk, and explain only a small proportion of familial clustering, leading many to question how the
remaining, ‘missing” heritability can be explained. Here we examine potential sources of missing heritability and propose
research strategies, including and extending beyond current genome-wide association approaches, toilluminate the genetics
of complex diseases and enhance its potential to enable effective disease prevention or treatment.

~
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Problem. Where did the heritability go?

The missing heritability problem

fable 1| Estimates of heritability and number of loci for several complex traits

Disease Number of lodi Proportion of heritability explained
Age-related macular degeneration”™ 5 50%
Crohn’s disease® 32 20%
Systemic lupus erythematosus™ 6 15%
Type 2 diabetes™ 18 6%
HDL cholesterol™ 7 5.2%
Height* 40 5%
Early onset myocardial infarction™ B 2.8%
Fasting glucose” 4 1.5%

I'\"Q%Resid.xal is after adjustment for age gender, diabetes.




Problem. Where did the heritability go?

Consequences of the “missing heritability” problem

Manolio Review
Oct 2009

Nature Review
Nov 2008——M__

P

+50%

100%

Aug 28

o I
0 lllumina Inc
T
50% ———
+3.83 +14.26% +32 66 +106.45% -13.57 -21.42%
2008 2009 2010 2011

-

Part of the heritability has been discovered...but most remains “missing”!

Does this challenge the CV/CD paradigm?
Are they rare variants? Are GWAS results artifacts?



How to explain all this?

Think Complex Diseases:

Effect size
50.0

3.0

.,
-

1.5

Rare variants of
Modest
:I small effect

very hard to identify -
1.1 by genetic means T

T e " [owmequeney) “** [Gammen]

Allele frequency

Low-frequency
variants with
intermediate effect

Figure 1| Feasibility of identifying genetic variants by risk allele frequency
and strength of genetic effect (odds ratio). Most emphasis and interest lies
in identifving associations with characteristics shown within diagonal dotted
lines. Adapted from ref. 42.
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How to explain all this?

Rare Variants, rare CNVs, epigenetics....?



... but the signal may be there!! Heritability may be Hidden, not Missing

a

Elmlctics

ANALYSIQ

for human height

Peter M Visscher!

SNPs discovered by genome-wide association studies (
account for only a small fraction of the genetic variati
complex traits in human populations. Where is the re
heritability? We estimated the proportion of variance
human height explained by 294,831 SNPs genotyped
P 3,025 unrelated individuals using a linear model anal
validated the estimation method with simulations base
the observed genotype data. We show that 45% of vari
can be explained by considering all SNPs simul taneousl
- most of the heritability is not missing but has not previ
been detected because the individual effects are too sm
to pass stringent significance tests. We provide evide
that the remaining heritability is due to incomplete li

disequilibrium between causal variants and genotyped
exacerbated by causal variants having lower minor allel
frequency than the SNPs explored to date.

Common SNPs explain a large proportion of the heritability

Jian Yang!, Beben Benyamin, Brian P McEvoy!, Scott Gordon', Anjali K Henders!, Dale R Nyholt!,
Pamela A Madden?, Andrew C Heath?, Nicholas G Martin', Grant W Montgomery!, Michael E Goddard® &

nature |
gCIlCthS

ANALYSIS

\

Genome partitioning of genetic variation for complex
traits using common SNPs

Jian Yangl*, Teri A Manolio?, Louis R Pasquale3, Eric Boerwinkle?, Neil CaporasoS, Julie M Cunningham‘;,
Mariza de Andrade’, Bjarke Feenstra®, Eleanor Feingold"’, M Geoffrey Hayeslo, William G Hill'},
Maria Teresa Landi'?, Alvaro Alonso!?, Guillaume Lettre!4, Peng Lin'5, Hua Lingls, William Lowe!7,

Michael E Goddard?"?2 & Peter M Visscher!

Casika A Mathias'8, Mads Melbye®, Elizabeth Pugh!®, Marilyn C Cornelis'®, Bruce § Weir2’,

/




From almost no heritability to alot in a 3 years!

From 2009 tO 2012 (Manolio et al to Visscher et al)

Table 1. Population Variation Explained by GWAS for a Selected
Number of Complex Traits

h? Pedigree h?GWAS h?All
Trait or Disease Studies Hits® GWAS SNPs”
Type 1 diabetes 0.9%8 0.6% < 0.3
Table 1| Estimates of heritability and number of loci for several complex traits Type 2 diabetes 0.3-0.6'" 0.05-0.10*
Di Mumber of lod Proportion of heritabilit lained .
o= e e el il Obesity (BMI) 0.4-0.6190102  01.002% 02'%
Age-related macular degeneration™ 5 50%
Crohn's disease™ 32 20% Crohn's disease 0.6-0.81% 0.11 0.4
Systemic lupus erythematosus™ 6 15%
Type 2 diabetes™ 18 6% Ulcerative colitis 05103 0.05'2
HDL cholesteral™ 7 5.2% -
Height * 40 5% Multiple sclerosis 0.3-0.81™ 0.1*
Early cnset myocardial infarction™ L] 2.8% o5 06
Fasting glucose™ 4 1.5% Ankylosing spondylitis  >0.90'" 0.2
* Residual is after adjustment for age gender, dizbetes. Rheumatoid arthritis 0.6197
Schizophrenia 0.7-0.81% 0.017° 0.31%7
Bipolar disorder 0.6-0.7'% 0.027 0.412
Breast cancer 0.3110 0.08!11
Von Willebrand factor ~ 0.66-0.75"'%113  0,13'1* 025"
Height 0.g'ee 0.1 0.51314
Bone mineral density  0.6-0.8'"7 0.05118
QT interval 0.37-0.60"1120 0,071 02"
HDL cholesterol 0.5'%2 0.1%7
Platelet count 0.8'% 0.05-0.1%%

? Proportion of phenotypic variance or variance in liability explained by
genome-wide-significant and validated SNPs. For a number of diseases, other
parameters were reported, and these were converted and approximated to the
scale of total variation explained. Blank cells indicate that these parameters
have not been reported in the literature.

b Proportion of phenotypic variance or variance in liability explained when all
GWAS SNPs are considered simultaneously. Blank cell indicate that these
parameters have not been reported in the literature.

“ Includes pre-GWAS loci with large effects.




WAS across Time: increasing replication

Number of hits

1000 5

750 -

500

B <oiica

[ B

Iscovery

June 2007, publication of the WTCCC

D [k few Hgory Ceolneis Ttk i)
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] beistranin | Gencls () Ecooowis | ) ERAceoin | Conpras_Wsgocis || Fewniins | Huanidsdes | Iinancs | ) Intemer | ] Meds | Macine | ) 00
R Wakorse (o PrudertDar con | [ e Wb Trust Case Comtrul sirunch, un. ider runchace formac... |

- The Wellcome Trust Case Control
Consortium

The Welcame Trust Case Contrid Cansartium CWTCOC i a colabaration of 24 kading humean geneticsts,
who wil snatyse thousands of DNG samples from patients sufferng with different disesses to identify
cammen genetic variations far each condition. 1 & heped that by identifying these genetic sianposts.
researchers wil be able to Lnderstand which people sre most at sk, and alzo prodoce more sffective
treatments

The WTCCC has now sesrched for the genetic signpasts for tobercUioss, cornery heart dsease, type 1
diab=tes, type 2 dishetes, rheumatold arthritis, Crohr's dsesse, bipalar dsorder and hypertenzion. The
research was conductsd st s number of nstiutes threughouk the U8, incudng the weloome Trust
Sanger Inetitute, Cambricge University and Cofard Univers ity

Rengarchers wil Nave anabesed aver 19.000 DRA Samples - two thoisand patients for sah dissass and
threse thousand control samples - searching for mportant genetic differences between people who do and
dar' t have sarh dissass

£5 @ second project the WTCCC has slsoo anabysed 15,000 pobmombic markers that ster proten
seouence 0o Ik for genstic variatians rlating 10 another four Jieasss - BResst Cander, SUmbmimLnG
thyrak disesse, multiple sdercsts and ankgiosing spondyiits.

| porm &
@b [ Thow wellerms_ o Ewdra [l | €9 Wbas-Thund,.. | 38 Expkorador ., | 5 Fare™- cata,. | [ ] Mborvsoft Eucel. | 2 Bocde roios -| [ [« 0P =




GWAS across Time: increasing replication
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GWAS across Time: increasing replication
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GWAS across Time: increasing replication

2009 2)CNS
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GWAS across Space: must be Shared Variants

We just proved high correlation between European / East Asian variants
Marigorta and Navarro, Plos Genetics 2013
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GWAS across Space: must be Shared Variants

And that effective replicability depends on statistical power
Marigorta and Navarro, Plos Genetics 2013

Constant Replicability independent of European Odd Ratio
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A raging debate!!

Which means that GWAS result so far must be due to high-frequency
disease variants that are shared by all humankind

Casals and Bertranpetit Science 6090 (2012) CD Bustamante et al. Nature 475 (2011)

- Europeans* - Europeans&Chinesle - European & Africant

between populations (%)
IS o ®
s} o &

n
o

o

Rare variants (1%) Common variants (15%)

|| Private European-Americans

- || shared

« Common variants are (usually) shared among continental populations (MAF > 0.1)

* Rare variants are mostly population-specific (MAF < 0.01)




But the raging debate is still open in many aspects!!

ONAS

The mystery of missing heritability: Genetic
interactions create phantom heritability

Or Zuk®, Eliana Hechter®, Shamil R. Sunyaev™®, and Eric S. Lander™’
Broad Institute of MIT and Harvard, Cambridge, Ma 02142; and "Genetics Division, Brigham and Women's Hospital, Harvard Medical $chool, Boston,

MA 02115

Contributed by Eric 5. Lander, December 5, 2011 {sent for review October 9, 2011)

Human genetics has been haunted by the mystery of “missing heri-
tability” of common traits. Although studies have discovered > 1,200
variants assodated with common diseases and traits, these variants
typically appear to explain only a minority of the heritability. The
proportion of heritability explained by a set of variants is the ratio
of (i) the heritability due to these variants (numerator), estimated
:inenly from their ohseﬂred effects, to (#) the total heritability {d&

(Trequency <19 ) with large effects (3-9). We will discuss the fre-

e-related vananis in our scoond paper in

ficant portion of the
missing hcnluhu!' -.mnm- at all. IhL
basic idea is ca
e not consistent (that is

i seriously overestimate

S As a result, even whe

) inferred i ly from data, The

wview has been that the for missing heri liesin the
that is, in as-yet undk | variants. Whil ¥ var fecting the trait are discow

iants surely remain to be found, we show here that a aulushm.al 1005, We refer 1o
portion of missing heritability could mw fmm of itati
the i ueetmg . ifi (1]

of total heri implicitly assume the trait involves no
genetic interactions (epistasis) among loci; (i) this ption is not

justified, because models with interactions are ako consistent with
observable data; and (iif) under such models, the total heritability
may be much smaller and thus the proportion of heritability ex-
plained much larger. For example, 80% of the currently missing her-
itability for Crohn’s disease could be due to genetic interactions, if
the disease involves interaction among three pathways. In short,
missing heritability need o missing variants,
becawse current estimates of total henuhulny may be significantly
inflated by genetic interactions. Finally, we describe a method for
estimating heritability from isolated populations that is not inflated
by genetic interactions.

genome-wide association studies | statitical genetics

ere we show that simple g
substantial phantom heritability, Biological processes often de-
rate-limiting value among multiple inputs. such as
of a molecular complex 1in
'-uliu.». reactants requir 2 brochemical path-

way, or proteins required for transcription of a gene. We thus

If real heritability = estimated heritability:
Explained by GWAS

If real heritability < estimated heritability:

Explained by GWAS

§

On top of that, the “Missing
heritability” may be just non-existent. It
may be “Phantom heritability” caused
by ignoring epistasis, which inflates
family based estimates of heritability

Estimated
heritability

Missing heritability

Real
heritability?

Missing heritability

Overestimation




A raging debate!!

IN SUMMARY:
As to risk prediction:
(1) Missing heritability
(2) Hidden heritability
(3) Phantom heritability
(4)...
As to the causal variants:
(1) Common variants
(2) Rare variants
(3) Epigenetics
4)...




So the information i1s there. What to do now?

(1) New information about variants

og;

ﬁG i
(1) Larger sample sizes and families. Increasing (_/ Wmes )

pressure for a

Global Alliance for Genomics and Health

(2) New arrays and/or NGS sequencing
(Human Omni5_Quad and/or Hiseq2500)




The current SOTA Is either large samples or exomics

£
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The current SOTA Is either large samples or exomics

.. All rights reserved.

ARTICLES

nature
genetlcs

Exome sequencing identifies the cause of a mendelian
disorder

Sarah B Ngh19, Kati ] Buckingham®!%, Choli Lee!, Abigail W Bigham?, Holly K Tabor®?, Karin M Dent?,
Chad D Huff®, Paul T Shannon®, Ethylin Wang Jabs”8, Deborah A Nickerson!, Jay Shendure! &
Michael ] Bamshad!*®

We demonstrate the first successiul application of exome sequencing to discover the gene for a rare mendelian disorder of
unknown cause, Miller syndrome (MIM %2637 50). For four affected individuals in three independent kindreds, we captured

and sequenced coding regions to a mean coverage of 40x and sufficient depth to call variants at ~97% of each targeted exome.
Filtering against public SNP databases and eight HapMap exomes for genes with two previously unknown variants in each of the
four individuals identified a single candidate gene, DHODH, which encodes a key enzyme in the pyrimidine de novo biosynthesis
pathway. Sanger sequencing confirmed the presence of DHODH mutations in three additional families with Miller syndrome.
Exome sequencing of a small number of unrelated affected individuals is a powerful, efficient strategy for identifying the genes
underlying rare mendelian disorders and will likely transform the genetic analysis of monogenic traits.

Receied 2 October; acceptad 2 Movember; published onling 13 November; carrected online 22 Movemiber 2072 (details online); doi:10.1038ng. 452

MATURE GEMETICS ADVAMCE OMLIME PUBLICATION




The current SOTA is either large samples or exomics... or other designs

@ 2011 Nature America, Ine. Al rights resened.

LETTERS

Exome sequencing in sporadic autism spectrum disorders
identifies severe de novo mutations

Brian | ('Roak’, Pelagia Deriziotis®, Choli Lee’, Lanra Vives', Jerrod | Schwartz’, Santhosh Girirajan',
Emre Karakoc', Alexandra P MacKenzie!, Sarah B Ng', Carl Baker', Mark | Rieder', Deborsh & Nickerson!,
Raphacl Bernier”, Simon E Fisher™, Jay Shendure! & Evan E Eichler'*

Evidence fur the eticlogy of sutism spectrum disorders (A5Ds)
has comsistently painted to 2 strang genetic camponent
complicated by substantial Tocus heterogeneity! =, We
sequenced the exomes of 20 individuals with sporadic ASD
fwases) and their parends, reasuning that these families

would be enriched for de rovo mutations of major efect.

We identified 21 de rmmmllLlhDM 11 of which were

protein altering. Protei jficantly  armay comparative genoens, acustemized
enriched for Llum,.:-; at m;m, comserved residues, We microarray, We identified . sigva U5V Bt did
identified potentially caustive de peve events ind cut af tdentify a maternally inherded d 50 k) at 15q 112 dn ars
20 probands, particularly ameng muone severely affocted Zamily (Supplemantary Fig. 11 This delation has been asseciated

individuals, in FOXPT, GRINIE, SCNTA and LAMCT, In the
FONP mutation carrier, we also abserved a rre inherited
CWTNAPZ missense variand, and we provide functional
support for a multihit model for disease risk®. Our results
sharw that trivobased exome sequencing is a powerful
appraach for identifying new candidate genes far ASTs and
suggest that de aove mulations may Iy tar
the genetic eliclogy of ASDs,

ircreasad risk for epilepey© and schizophrania’' -\ hut has nat
nsidesed causal for aatism.

o ers from & presiaus study',
ar. len parent child trins with speradic cases of mader

b d exame

v
st ONA, Lo . solutior: kyhrid capture and Tlumira
{Online Metheds). We |>':I.'n||=d sufficient coverage to
call waziants far ~$0% of the pr i
ASDs are characterized by pesvasive impairmerd in linguage, com. Genutype concordance
muricaton and soc dr:slricledi:\le:\:stsms e (Supplementary Table 21, and o average, 96% af pmh]'\d\m.:lrl
e were alse called ir. bath parents {Supplemenzary Table:t).
hxd = 'ndu dr Ttrue de inthetargeted I ps
retic syrdsomes (r.n] [Supplzmmnn Table 41", we '\e.lsom.dih:ﬂ most apparent
e nava varzankts would mesalt rem un
tematic false pasitive calls in the proband. We therefore ered vari
arts previously caserved in the daSNP database, 1000 Genomes Pilot
tdata'® and 1,490 othes exnmes vque-medn the Cr.w:vsi(_\'nf

dromic autism, kave als
the geretic basis far the vast majority

" In this  events withir. coding sequerce and three mddmnnnl.. £nts mapping
enome fthe 0 ¥ untranslated regions 1 of predicted variact sites

- events rather than icherited variants
§ regions af the

de nove mutati
stady, w sequenced the preotein codi

exome]™ to test the kypothesis thal de nove protein altering muta *is
tions contzibute substantially to the garetic basis of sporadic ASDs,
artment of Genz
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Whole-genome sequencing identifies recurrent
mutations in chrom'c lymphocytic leukaemia

Kimica Ha;
a1, Michael R. St

I 1. Orelifies”, Kews Vilkan
Do Bauanann®, Marel Juan

Tl Mentserrat, Caslos Lipes-Otin'® & Elias Carapo™®

Chronic lymphocytic leakasmia (CLL), the most Frequent leak-
aemia in adults in Western countries, is a he:nngmms disease
with variable dinical presentation and evolution’”. Two major
malecular subtyp i

by ahigh o low rumber of sormatic h}'p:nwukakmns in the vaciable

Wee abtzined more than $97% concuntance between whele geeme
sequencing calls ard geotrping data, indicaling Rt the coverage and
paramters used were sufficient to detect most af the secumce variants
in these samples (Sepplementary Information). We detected about
LO00 semabic mlabions pur fwmous oo orepetitive negions

region af i
1o the pathogenesis of the disease are ::ll puarly urlmtn-ud. nm
we perfurmed whole genome sequending of faur cases af CLL and.
identified 46 somatic mutations that patentially affect gene func-
tion, Further analysis of these mutations in 63 patients with CLL
itentified four genes that are recurrenily matated: notch 1
(NOTCIHI, expartin 1 (XPOL), myeloid differentiation primary
resporse gene 88 (MYDSS) and kelch-like & (KLHLE). Mutations
in MYDES and KLHES are predominant in cases of CLL with
mutated immuneglobulin genes, whereas NOTCHI and XPOY

(¥ la, Sep Tig 2 and Table 6. These
rumbers of somatic mutaticns wers lowss than the numbers in mela
roma and lung cxrcinoma®™, ent wilh previns estimzles
o less than one mitaton per megzizse b for leukaemias’. The mest
cammun substibation was the Imasition G AN ustlhy pecurring
in 2 Cpti conlext (Fig. ' and Supplementary Fg, 21, We also detected
marked cifferences in the mutation pattern between (L1 samples and
these diffemerscus were assucizted with bumear suatype (Tig. us,

rrutated cases shawed @ ipher propertion of A = (TG meta
turis than cases with unmutated FEHV (L6 = E\J‘\.\\er-usoz 0.1%).

mutations are mainky detected in patients with immu-
noglobalins. The patterns of somatic mutation, supparted by func-
tional ard clinical analyses, strongly indicate that the recorrent
NOTCHI, MYDAS and XPOI mutations are oncogenic changes

Thebasep ngth inein AtaClr dan pver
represslabinn of thymine, when campared la the prevalence e
fram its representaticn in non-repetibve sequences in the wild-type
prmene (8«2 0001, Fig, Lel, amd thene were fewer Ao O substitubions

be clinical evalation of the disease. To aurknow- ot GpA dnccleotdes than would he expected by chance
Tedge, this is the first comp dve analysis of CLL combining  The dif between (LI subtypes might reflect the melecular
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The current SOTA is either large samples or exomics...or other designs

Or S O m e | n g e n |0 u S Vol 46429 April 2010|d0i:10.1038/nature 08990 nature
comparisons

LETTERS

Genome, epigenome and RNA sequences of
monozygotic twins discordant for multiple sclerosis

Sergio E. Baranzini', Joann Mudge”, Jennifer C. van Velkinburgh?®, Pouya Khankhanian', Irina Khrebtukova®,

Neil A. Miller®, Lu Zha ng", Andrew D.Farmer’, Callum J. Bell’, Ryan'W. Kim?, Gregory D. May“,Jimmy E. Woodward®,
Stacy J. Caillier', JosephP. I\p"IcI:Iml),rlr Refujia Gomez', Marcelo J. Pando®, LeondaE. Clendenen’, Elena E. Ganusova®,
Faye D. Schilkey’, Thiruvarangan Ramaraj’, Omar A. Khan®, Jim J. Huntley’, Shujun Luo®, Pui-yan Kwok®”,
Thomas D. Wu®, Gary P. Schroth®, Jorge R. Oksenberg'’, Stephen L. Hauser'” & Stephen F. Kingsmore®

Table 1| SNP and indel genotypes and differences between siblings in three twin pairs

Twin pair 041896 Twin pair 230178 Twin pair 041907
Genotype Platform SNP Replicated SNP Indel Replicated indel - SNP Replicated SNP Indel SNP Replicated SNP  Indel
change genotypes  genotype genotypes  genotype genotypes  genotype genotypes  genotypes  genotype genotypes
and individual differencess difference difference difference
No change Genome-Seq* 1,086,309 79,209 26,908 91(91.9%) ND NA ND ND NA ND
SNP array (xX2) 736,782 1,638 (98.3%) NA NA 783,189 NA 796,870 NA
mMRNA-Seq 51201  8816(982%) 1314  O1(91.9%) 39816 088(953%) 1034 18173  385(98.0%) 3q7
Refin-001 —  Genome-Seq*{ 202 0 3 0 ND NA ND ND NA ND
het in -101 SNP array (x2) 32 0 NA NA 36 4] NA 32 0 NA
mRNA-Seq 't 12 0 0 0 6 0 0 2 0 0
Hetin -001 — Genome-Seq*{ 134 0 1 0 ND NA ND ND NA ND
refin -101 SNParray (X2) 49 0 NA NA 31 ] NA 11 0 NA
mRNA-Seq 't 5 0 0 0 9 0 0 16 0 0
Het in -001 — Genome-Seq*{ 1,513 0 128 0 ND NA ND ND NA ND
hom in -101 SNParray (X2) 29 0 NA NA 24 ] NA 17 0 NA
mRNA-Seq 't 203 0 7 0 573 4] 23 170 0 5
Hom in-001 — Genome-Seq*} 1,392 0 81 0 ND NA, ND ND NA ND
het in -101 SNParray (X2) 16 0 NA NA 62 o Table 2| CpG sites and clusters in monozygotic twins, normal and cancer samples
mRNA-Seq '} 102 0 1 0 429 0 Genomic DNA sample CpG CpG Ratio of CpGs CpG mCpG Between sample CpGs CpG mCpG
Genotype categories: homozygous reference (ref), heterozygous variant (het) and homozygous variant (hom). NA, not app sites™ clusters CpGsto shared clusters unique to comparison shared clusters  unique to
* Nucleotide genotyped if 11-44X coverage and Q = 20, clusters shared one samplef shared  one samplef
e r e ey oy | 01 & and diffrences called i frequercies ot (1896001 Tcell 2146620 1230241 174  98.1%  98.2% 23 041896- & 230178-001 T cell  97.4%  977% 522
§ Detected by platform on corresponding row, replicated by platform listed on row below. 041896-101 T cell 2,033,078 1,190,741 1.71 0 305
230178-001 T cell 1,636,285 1,038,787 158 97.8% §7.9% 3 041896-001 & 230178-101 T cell 96.5% 96.9% 445
230178-101 T cell 1,917,131 1,155,024 166 7 362
041907-001 T cell 1,779,140 1,094,361 163 90.6% G2.7% 174 041896~ & 041907-001 T cell 97.5% 98.1% 304
041907-101 T cell 1,642,200 1,038,090 1.58 2 282
Normal breast 1,829,855 1,086,405 1.68 96.7% 97.9% 696 041896-001 T cell & normal breast  97.3% 98.0% 5,620
Breast cancer 2,010,173 1,192,180 169 861 1,560
Normal lung 2,096,524 1,216,046 172 97.9% 98.8% 6,891 041896-001 T cell & normal lung ~ 96.1% 97.0% 3,329
Lung cancer 1,619,178 956,760 1.69 9,618 926

CpG sites and clusters were compared between CD4" lymphocytes from three pairs of monozygotic twins, breast and lung cancer and normal tissue samples.
* =10 RRBS reads aligned by ELAND-extended and Q > 20.

1CpG =80% methylated in one sample and <20% in other.

1§ Not replicated after RRBS read alignment with GSNAP.



And this is only the scientific part of the problem

Personalized Medicine:
VS. Reality

Disruptive developments in science and «  Healthcare delivery focused on “sick care”
technology —  Standardization for quality improvement
Convergence of molecular biology, genetics, «  Fragmented, lack of coordination
advanced technology, bioinformatics, «  Costs growing and unsustainable
broadband - Pressures of expensive new technologies
“Team science” —  Aging population in search of new services
Transformational changes in medicine - Millions of Americans under- or uninsured

—  Molecular-based products and services - Employer-based system tenuous

—  Shift towards prevention - No evidence of healthier Citizenry

—  Reclassification of disease « Inefficient use of information

- Integration and coordination - Lack of IT investment, connectivity

—  IT solutions; Interoperability «  Evidence base for medicine inadequate

- Consumer-centered —  Continuing debate about role of cost-effectiveness

- Premise that knowledge will change behavior
Huge public & private investments in R&D
Health as a national asset

Ethical, legal and policy issues addressed in
parallel with the science

*  Huge provider knowledge gaps re genomics
«  Complicated regulatory framework
«  Reimbursement hurdles and uncertainties

«  Powerful stakeholders in current system resist
change



Only starting

Promising
Application
(e.g. genetic test)

Discoveries
(e.g. genetic
risk factor)

Evidence based
Guideline or
Policy

Reducing the
Burden of
Disease

Practice &
Control
Programs




Only starting

Evidence based
Guideline or
Policy

~




Where do we stand?
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Where do we stand?
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Biomarker Application

Her-2/neu receptor Select Herceptin (trastuzumab) for breast cancer

BRCA1/2 Breast and ovarian cancer inherited risk, prophylactic tamoxifen
and surgery

Transcriptional profile — 21 genes Avoid use of chemotherapy in breast CA patients with low risk of
recurrence

CYP2D6/CYP2D19 Guide prescribing/ adjust dose of ~25% of commonly used drugs

VKOR/CYP2C9 Dosing of warfarin




Where do we stand?

Table 1 Examples of genetic and genomic testing in personalized medicine

Pre-sympromatric risk assessment
BRCAI/2 testing for breast cancer®
Lynch syndrome testing for hereditary colon cancer”
Long QT intervalF<
Spinal Muscular Atrophy®
Diagnosis
Beta thalassemia’
Fusion genes and rearrangements including BCR-ABL, E2A-PBX], TEL-AMLI, and MLL in pediatric leukemia®
Gene expression profiles define subtypes of breast cancer”
Human Papilloma Virus detection’
Hepatitis C detection’
PCR detection of micro-organisms (bacteria, fungi)*
FPrognosis
Fragile X syndrome (number of trinuclectide repeats predicts severity)'
Gene expression signatures and prognosis in breast cancer™
Gene expression analysis and lymphoma prognosis™
Trearment and pharmacogenomics
Therapies for targeted gene mutations in cancer”
EGFR point mutations in lung cancer and glioblastoma and cetuximab, gefitinib, erlotinib, panimmumab, lapatinib treatment
KIT, PDGFR mutations in sarcoma, glioma, liver and renal cancer, melanoma and imatinib, nilotinib, sunitinib, sorafenib treatment
BRAF mutations in melanoma treated by RAF inhibitors
BCR-ABL translocation in chronic myelogenous leukemia weated by imatinib
KRAS wild-type status correlated with resistance to EGFR inhibition
PARP inhibitors in BRCA mutant breast, ovarian, prostate and pancreatic cancer
Herceptin ({ Trastuzumab) in HER2 + breast cancer
Pharmacogenomic applications”
CYP 2C19%2 variant (rs4244285) associated with diminished clopidogrel response®
Rs2395029 testing for HLA-B*5701 allele, comelated with hypersensitivity to abacavir treatment for HIV+ patients’

? Robson and OFfit (2007), ® EGAPP (2009a), © Napolitano et al. (2005), 4 Lehnart et al. (2007, © Prior et al. (2008), " Galanello and Origa
(2010), & Carroll et al. (2003), " Sorlie et al. (2001), * Nicol et al. (2010),  Pham et al. (2010), * Tsalik et al. {2010), ! Sherman et al. (2005),
™ Kim and Paik (2010), " Rosenwald et al. (2002), * Macconaill and Garraway ( 20100, F U S, Food and Drug Administration (2011), * Shuldiner
et al. (2009), " Colombo et al. (2008)







Where do we stand?

Examples of going from
individual genome-wide
analyses to treatment are
accumulating (e.g., Nic
Volker, the Beery twins, Mike
Snyder, John Lauerman).

BRIEF REPORT

Making a definitive diagnosis: Successful clinical
application of whole exome sequencing in a child with

intractable inflammatory bowel disease

Elizabeth A.
Daniel He
Trivikram D

rthey, PhD", Alan N. Mayer, MD, PhD*?, Grant D. Syverson, MD’,

Wor
sc’,

. Da
bsky, MD |
and David P. Dimmock, MD"?

Editorial, Molecular Systems Biology 9. January 2013

equencing for Optimized Patient Management

cell-based
therapeutics

L

Science Transl Med 87 June 2011



Take home message:

Gene : Population
Discovery clesing e Cep Health

Lots to do that we MUST be doing!!!
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