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Milestones In Human Genomics & Disease

Susceptibility

Achievements

Human Genome Project

International HapMap Project

Assemble Dense Markers
for Association/Linkage

Robust genomic analysis
technologies

Genome-wide Association
Studies with Replication

Overall Impact

> Human Reference

Annotation of Common
Genetic Variation

Conduct Association &
Linkage Studies

Assess: Copy number of

> changes, expression
profiling

Identify and Confirm Regions
for Further Studies



Basic Principle of Genetic Association Studies
In Unrelated Individuals
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Genetic Associlation Testing:
Finding Markers

Disease

Indirect test / Direct test

ST —

Marker SNP v Disease associated variant

Linkage Disequilibrium



10 million SNPs across the genome

Areas of linkage
disequilibrium across
the genome
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Promise of Genome-wide
Assoclation Studies

1. Discovery of New Regions in the Genome
Associlated with Diseases/Traits

« New “Candidate Genes”
2. Explore genes/pathways
 Etiology
« Gene-Environment/Lifestyle Interactions
« “Druggable” targets

3. Establish utility of genetic markers for risk
prediction

 For individual or public health decisions



First quarter 2008

near TNFAIP3
a

Manolio, Brooks, Collins, J. Clin. Invest., May 2008



ldentifying Genetic Markers

for Prostate & Breast Cancer =

Genome-Wide Analysis

Public Health Problem
Prostate (1 in 8 Men)
Breast (1in 9 Women)

Analyze Long-Term Studies
NCI PLCO Study
Nurses’ Health Study

j> Initial Study

Follow-up #1

Follow-up #2

Establish

Fine Mapping

Functional Studies
Validate Plausible Variants
Possible Clinical Testing

% Loci

http://cgems.cancer.gov




Prostate Cancer Risk
2006

e Age
e Ethnic Background
e Family History



General Strategy for CGEMS Prostate GWAS

Initial Study

circa 2006

Studies

1150 cases/1150 controls = 540,000 Tag SNPS p|cO

Follow-up Study #1
4000 cases/ 4000 controls

Follow-up Study #2
5500 cases/ 5500 controls

ACS/ATBC/
» >28,000 SNPs HPFS/FrCC/

PHS*

, at least 7,600 MEC/EPIC/
SNPs JHU/SwCaP/

CONOR

> ~20loci

Fine Mapping

Determine Causal Variant(s)




FEATURE

Replicating genotype-phenotype associations

What constitutes replication of a genotype-phenotype association, and how best canit be achieved?

NCI-NHGRI Working Group on Replication

in Association Studies
The study of human genetics has recently

undergone a dramatic transition with the com-
pletion of both the sequencing of the human
genome and the mapping of human haplo-
types of the most common form of genetic
variation, the single nucleotide polymorphism
(SNP)'. In concert with this rapid expansion
of detailed genomic information, cost-effective
genotyping technologies have been developed
that can assay hundreds of thousands of SNPs
simultaneously. Together, these advances have
allowed a systematic, even ‘agnostic’ approach
to genome-wide interrogation, thereby relaxing
the requirement for strong prior hypotheses.
So far, comprehensive reviews of the pub-
lished literature, most of which reports work
based on the candidate-gene approach, have
demonstrated a plethora of questionable geno-
type-phenotype associations, replication of
which has often failed in independent stud-
ies'”. As the transition to genome-wide asso-
ciation studies occurs, the challenge will be to
separate true associations from the blizzard of
false positives attained through attempts to rep-

studies because of issues in either the initial  conclusion from the literature because follow-
study or the attempted replication*®***. Small  up studies have not consistently analysed the
sample size isa frequent problem and canresult  same markers or those in perfect linkage dis-

Chanock S, Manolio T, et al, Nature 2007 447:655-660



CGEMS Prostate Cancer GWAS
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MSMB, b- mlcrosemlnoprote
Chromosome 10 = '\“CGEMS,,

Encodes MSP of the immunoglobulin binding factor
family
e 10.7 kDa non-glycosylated cysteine rich protein
e Synthesized by epidethilium of prostate
e Secreted into seminal plasma

MSP and binding protein, PSPBP -- potential serum
markers for early detection of high grade prostate

cancer (Bjartell et al Clin Can Res 2007, Reeves et al Clin Can Res 2006,
Nam et al J Urol 2006)

Silenced by EZH2 in advanced, androgen-insensitive
prostate cancer (Beke et al Oncogene 2007)

“Best hit” rs10993994 -- promoter SNP alters gene
expression /n VItro (Buckland et al Hum Mut 2005)




LD at MSMB — 15 SNPs tag this ~130kb region




Association results, 6479 prostate cancer cases,
~6105 controls

Locus Alleles | MAF | X2, 2df | p HetOR | 95% CI | HomOR | 95%0 CI

rs11004422 T,C 0.489 34.17 | 3.8E-08 | 1.08 |0.97-1.20|1.42 1.25-1.60
rs7071471 C,T 0.457 40.31 | 1.8E-09 1.11 1.00-1.23 | 1.49 1.31-1.69
rs11593319 G, T 0.071 9.36 0.009| 0.81 |0.71-0.93]0.90 0.52 — 1.53
rs10826075 C,G 0.248 9.28 0.010| 1.08 |0.98-1.19]|1.30 1.09 — 1.56
rs4630240 C,T 0.381 32.44 | 9.0E-08 | 0.79 |0.72-0.87|0.71 0.62 — 0.82
rs11006207 C,T 0.464 58.39 | 2.1E-13 1.14 1.05-1.24|1.49 1.34 — 1.65
rs10826223 G,A 0.096 6.64 0.036| 0.88 |0.80-0.97]0.92 0.67 - 1.25
rs10993994 C,T 0.407 82.95|9.7E-19| 120 |1.11-1.30|1.64 1.47 -1.82
rs7076948 T,C 0.376 8.09 0.012 1.03 [094-1.13|1.21 1.06 — 1.39
rs10994470 G,A 0.036 1.04 0596 | 092 |0.78-1.10|0.74 0.23 — 2.33
rs7904463 C,T 0.327 5.77 0.056| 1.06 |0.98-1.14]1.15 1.02 -1.30
rs17178655 G,A 0.211 1.42 0491 099 |0.90-1.09]|0.88 0.72 -1.08
rs10994675 G,A 0.416 9.12 0.011 1.07 0.99-1.16|1.17 1.06 —1.30

Yeager et al. in submission 2008



16" published loci involved in prostate cancer susceptibility

with significance p <5 x 10/
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Prostate Cancer Risk
2008

Age
Ethnic Background
Family History
Genetic markers
16 Regions of the Genomel!!



CGEMS — Cancer Genetic Markers of Susceptibility

General Strategy for Breast Cancer GWAS

Initial Study
1145 cases/1142 controls = 540,000 Tag SNPs ;s

Follow-up Study #1 WHI/ACS
4500 cases/ 4500 controls > | =50:000 SNBs PLCO/PBSC?2
Follow-up Study #2 (A=21 and B=171) 192
> NHS2/WHS/
4500 cases/ 4500 controls SNPs PBSC2/USRT/
CONOR

, >10

Fine Mapping .
OCli



FGFR2 Signals in GWAS: Intron 2
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Inherited Susceptibility to Breast Cancer

? Genes, environment

AT/PTEN p53 —BRCAZ




Population genotype relative risk

Genetic Predisposition to Breast Cancer
European population
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OR

Susceptibility Loci Modified by
Estrogen Receptor Status
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1.00 -

1.74

1.49
1.27 1.24 1.33 1.28
o bie . el L e
. 1.06
Ref. _ __Ref. | __Ref. [1]0.98

GG AG AA GG AG AA AA AG GG

1 38% 47% 14% 53% 39% 8% 52% 40% 8%

g g g
—~— —~— —~—

FGFR2 TNRC9 8q24

M ER+
N ER-

Genotypes

Frequency

Gene

Garcia-Closas et al. PLoS Genetics 2008



Cancer susceptibility loci in the 8g24 region

Colorectal Adenoma

Prostate region 2

p=1x1018
Haiman et al.
p=1x108

Gudmundsson et al.

Breast region
p =5 x1012

Easton et al.

Prostate region 3
p=7x1012

Thomas et al.

Prostate region 1
p=3x101°

Thomas et al.

Colon region
p=7x101

Tomlinson et al.

rs16901979

rs69832677

1
'
rs13281615 :
|
1
1

Bladder Cancer

p=9.34 x 1012

Kiemeney et al 2008

rs4242382

rs1447295




Replication and Mapping

Primary Study

Significance threshold

Test statistic

Pesition

SNPs tested

Chromosome —‘ ’ “?_
features X/

Low LD Marker gap Gene

Replication Study

*Exact”
replication

—

-

‘Saturation’
-

i g 0

Begin Functional Analyses

llealll
replication

L ]
k3
+

Clarke et al AJHG 2007
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Yeager et al Nat Genet 39:645-649, 2007
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454 Quality Control and genetic analyses

Concordance with GWAS data (for 79 PLCO samples), 39
SNPs, >99% per locus and per sample

Genotype calls for 791 SNPs

Non-dbSNP dbSNP
# monomorphic n/a 213
# polymorphic 442 349
Minimum MAF 0.006 0.000
Maximum MAF 0.464 0.500
Mean MAF 0.060 0.142
Median MAF 0.013 0.101
05 ] r—
o -

03
0.25
02
0.15
0.1 &
0.05
0

1 51 101 151 201 251 301 351 401 451 501 551 601 651 701 751

[ —e—unknown —s— dbSNP




Resequence analysis: Discovery of ALL Variants

Table 2. ComplCoveragefVariantsn8qg24Regions and3

# bins # SNPs # bins not| # SNPs o

monitored| monitored| monitored monitored
All $NPs 114 454 0 0
(n=454)
dbSNP 80 410 34 44
(n=299)
HapMap 53 353 62 101
(n=174)
Novel (n=15! 34 44 80 410

Further Genotyping to Nominate Best SNPs for Functional Analysis

Yeager et al 2008



Refining Linkage Disequilibrium across 2
Regions of 824

r‘4

il
(0 A OO

+43 SNPs & 2 indels
highly correlated
with rs4242382

+2 SNPs highly
correlated with
rs6983267



Initial observations on 8q24
Prostate Cancer Susceptibility

All common (> 1% MAF) variants identified within
136 kb region

Two SNPs highly correlated with rs6983267

Associated with prostate, colon, ovarian cancers

43 SNPs and 2 indels highly correlated with
rs4242382

Associated with prostate cancer in Caucasian men

Each of these variants is equally as likely to be

responsible for disease as the initially-reported
SNPs



rs6983267 — possible candidate for
causal/contributory variant

position/search chr8:128,481,736-128,483,238
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Nominating Variants for Functional Ana ysis
Refining the GWAS and Replication :

Stage 1 80 % of genome (2508 [pinpoint Best
Genome-Wide Scan >500,000 SNPs Variants

Stage 2 ~7000 regions

Follow-up 1 ) ~30,000 SNPs ~10 000 genotyped

case/control pairs
(20 000 DNAS)

ij\gip?’z :I\l/ ~150 regions
~7500 SNPs  saturation Genotyping
Based on
I ‘ Resequence Analysis
—

~15to 20
Established Loci




GWAS at NCI

DCEG
CGEMS

Breast cancer
Prostate cancer

PanScan | & Il
Lung cancer
Bladder cancer
Kidney cancer
NHL

Upper Gl

Gastric cancer
Esophageal cancer

Collaborative

BPC3

Aggressive prostate cancer
ER (-) breast cancer

Brain tumor

Testicular

African American
Prostate cancer
Breast cancer
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Meta-analysis of genome-wide association data identifies
four new susceptibility loci for colorectal cancer

COGENT Study’

Gemme-wide msociation (GWA) studies have identified multiple loci at which common variants modestly influence the risk

of develaping colorectal cancer (CRCL To enhance power to identify additional loci with similar effect sizes, we conducied a
meta-analysis of two GWA studies, comprising 13,315 individuak genotyped for 38,710 comman lagging SNPs. We undertook
replication testing in up 1o eight independent case-control series comprising 27,418 subjects. We identified four previously
unreported CRC risk lodi al 14g22.2 (54444235, BMPS; P = B.1 x 107'9), 16q221 (n9929218, COHE P = 1.2 x 10%), 19g13.1
(10411210, RHPNZ; P = 4.6 x 10-") and 20p123 (n961253; P= 2.0 x 1079, These findings urderscore the value of large
sample series for discovery and follow-up of genetic variants contributing to the elidogy of CRC.

Wherex ivherited susceptibility is respansible for ~35% of all CRCY,
high risk germline mutations in APC, the mismatch repuir (MMR) ge-
nes, MUTYH (MY H), SMAD 4, BMPRIA and STK1I/LKB ] account for
< 6% of all cases’. Rearnt GWA studies have validatal the hypothesic
that part of the heriable risk is caused by common, low-risk variarts,
idertifying CRC susceptibility loci mapping to 824 (rs6983267)%4,
8233 (16892766, EIF3H)®, 10pl4  (s10795668)°, 11923
(rs3802842)F, 1513 (1s4779584)" and 18921 (rs4939827, SMAD?)®S.
GWA studies are nat contingent on prior information conaming

hdate genes or pathways, and thereby have the ability © ddentify
imporaant variank in hithero unstudied genes. However, the eflect
sizes of individual vaniant, the need for stringent threshokds for
establiching statistical significance, and financial mnstraints on num-
bers of variants that can be fallowed up inevinbly mnstrain study
power. We rearntly published two separate GWA studies for CRC. To
augment the power to detect additional CRC rigk loci, we have
conducted 3 mea-analysc of data from thee studies and ollowed
up the best supportal associations in large sample sets. This analysis,
in confunction with 2 replicgion study using eight independent case-
cantrol series, has enabled us to identify four new loci predisposing to
CRC. This brings to #n the number of independent ki conchusiwly
associated with CRC risk, and provides additional insight ino the
genetic architecture of inherital susceptibility w CRC.

©

RESULTS

Meta-analysis of genome-wide msociation scans

The GWA studies were both conductal by certers in London and

Edinburgh, and were bath based on designs imvolving two-phae
gies md using wples from UK populations (Table 1 and

Supplementary Table | anline). The London phase 1 was based on

penctyping 940 casem with Bmilial lorectal neplca md 965

ntrok acertained through the Colorectal Tumour Gene Identifica-
tion (CoRGI) comsortivm for 555352 SNPs using the Wumina
HumanHap550 BeadChip Amay Phase 1 in the Edinburgh study
onsisted of genctyping 1,012 early-onset (aged <55 years) Sottich
(RC cases md 1012 wntraks for 555510 SNPs using the llumina
HumanHap300 md HumanHp240S arrays. Aker applying quaity
wntrol filters, the following data were avaibble: London phase 1,
547487 SNP genatypes from 922 familial neoplasia cases (614 with
(RC and 308 with high-rik caorectal adenomas) and 927 contras;
Flirburgh phase 1, 548,586 SNP genotypes from 980 CRC case and
1,002 contrals.

london phase 2 was based on genatyping 2,873 CRC cases and 2871
ortrok axcertained thirough the National Study of Colorectal Cancer
Genetics (NSCOG ), whereas Edinburgh phase 2 was basal on genctyp-
ing 2,057 casesand 2,111 wntrok. For phase 2, the london and Edin-
burgh sanple: were genatyped for 2 commen set of SNPs the 14982
SNPs most strangly aswociated with lorectal neoplasia from london
phase 1; the 14972 most strongly asocisted SNPs from Edinburgh
phase 1 (432 of these SNPs were common to bath the Landon and
FRlinburgh ligs of most strongly associgted SNPs); and 13,186 SNPs
showing the strongest association with CRC risk from a2 joint malysis of
all CRC cases and contrals from both phase | data sets (that were mot
dready inchuded in any of the precaling categories). Therefore, phase 2
wa hased on genotyping 42,708 SNPs in totsl Aker applying quality
wnrol flers the bllowing data were avaibble London phase 2,

715 palymarphic SNPs in 2854 cases and 2822 controls Fdinburgh
phase 2, 38710 polymorphic SNPs in 2,024 cases and 2092 contrals
Overall, there were 38,710 palymarphic SNPs common to all four data
scts (phases 1 and 2 in London and Edinburgh).

Prior to undertaking the meta-andysis of phases 1 and 2, we
searched for potertial errors and biases in the four casecorgrol seriex.

TA 468 b of 2umom anc AaTHATOm 5 FONCES 3% TRe and Of TG Pape.

Receved 6 Avgust: acomptod 17 Septamder: pudlishel orire 16 Novembar 2008 ¢0-10.1038wg 262

NATURE GENETICS ADVANCE ONUINE PUBLIC ATION

Established prior to Meta-
Analysis in Colorectal
Cancer
80924
Also Prostate Region 3
Colorectal Adenoma
8023.3 (EIF3H)
10p14
11923
15913
18921 (SMAD?7)

New Locl

1422 (BMP4)
16022.1 (CDH1)
19q13.1 (RHPN2)
20p12.3



Novel GWAS Findings in Cancer

Lung
15924/25.1 (smoking behavior)
5p15.33 (TERT or CLPTMLL)
6p21.33
Melanoma
20g11.22 (ASIP, also basal cell carcinoma)
11914-921 (TYR, also basal cell carcinoma)
Neuroblastoma
6022



GWAS Studies:
Just the Start......

“This 1s not the end. It is not even t
beginning of the end. But it Is,
perhaps, the end of the beginning.”

&
Sir Winston Churchill @ Lord Mayor's Luncheon, ’
Mansion House following the victory at El Alameinin North Africa ‘
London, 10 November 1942.



Next Steps?

Mapping Loci (>45 in cancer alone)
Identify “best variants” for biological investigation
Functional Analysis of VVariants
Provide plausibility
Explore pathways
New GWAS Needed for Outcomes
So far, etiology and outcome have very little overlap
Different regions drive cancer progression
GWAS for Etiology in Comparable Environmental
EXxposures
Role of gene-environment interaction(s)



Assessing GWAS Findings

Risk Assessment-
What Constitutes Suitable Reporting of Data
Absolute Risk vs. Relative Risk
Pharmacogenomics
New GWAS Studies
Value for Public Health and Personal Decisions
Consider New and Old Paradigms
Capitalize on Available Studies
Biospecimens on ALL current and new studies
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