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R.A. Fisher, 1918

The explanation of quantitative 
inheritance in Mendelian terms



Finding QTLs


 

Linkage


 

Association



Using genetics to 
dissect metabolic 
pathways: 
Drosophila eye color

Beadle & Ephrussi, 1936



First (unequivocal) 
positional cloning of a 
complex disease QTL !



Linkage analysis



Thomas Hunt Morgan – discoverer of linkage



Linkage = Co-segregation

A2 A4

A3 A4

A1 A3

A1 A2

A2 A3

A1 A2 A1 A4 A3 A4 A3 A2

Marker allele A1
cosegregates with
dominant disease 



Linkage Markers…



Linkage for MaxCigs24 in Australia and Finland

AJHG, in press



Linkage



 

Doesn’t depend on “guessing gene”


 

Works over broad regions


 

Only detects large effects (>10%) 


 

Requires large samples (10,000’s?)


 

Can’t guarantee close to gene


 

For complex traits results have been 
disappointing…………



Association


 

Looks for correlation between specific 
alleles and phenotype (trait value, 
disease risk)



Association


 

More sensitive to small effects


 

Need to “guess”
 

gene/alleles 
(“candidate gene”) or be close enough 
for linkage disequilibrium with nearby 
loci



 

May get spurious association 
(“stratification”) –

 
need to have genetic 

controls to be convinced



Watson & Crick (1953)



Variation: Single Nucleotide Polymorphisms





Differences 
(between subjects) 
in DNA sequence 
are responsible for 
(structural) 
differences in 
proteins.



High density SNP arrays – up to 1 million SNPs



500 000 - 1. 000 000 SNPs 
Human Genome  - 3,1x109 Base 
Pairs 

Genome-Wide Association Studies



5 x 10-8

CACNA1CAnkryin-G (ANK3)

Bipolar GWAS of 10,648 samplesBipolar GWAS of 10,648 samples

Sample Cases Controls P-value
STEP

 

7.4%

 

5.8%

 

0.0013
WTCCC

 

7.6%

 

5.9%

 

0.0008
EXT

 

7.3%

 

4.7%

 

0.0002
Total 7.5% 5.6% 9.1×10-9

Sample Case Controls P-value
STEP

 

35.7%

 

32.4%

 

0.0015
WTCCC

 

35.7%

 

31.5%

 

0.0003
EXT

 

35.3%

 

33.7%

 

0.0108
Total 35.6% 32.4% 7×10-8

X

>1.7 million genotyped and (high confidence) imputed SNPs

Ferreira et al (Nature Genetics, 2008)



GWAS for Melanoma

 

Association analysis of SNPs across a region of chromosome 

 20q11.22 for the combined sample. The x‐axis is chromosomal position, the left y‐axis 

 –log10

 

(p) for genotyped SNPs.                           Nature Genetics

 

2008 Jul;40(7):838‐40.





λ
 

= 1.00008



λ
 

= 1.00008



GWAS for 
curliness in 
three 
independent 
cohorts

P = 10-31

Other peaks



GWAS for hair curliness



200520062007 first quarter2007 second quarter2007 third quarter2007 fourth quarterFirst quarter 2008 

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



Published Genome-Wide Associations through 12/2009, 
658 published GWA at p<5x10-8

NHGRI GWA Catalog
www.genome.gov/GWAStudies



Functional Classification of 284 SNPs 
Associated with Complex Traits

0 10 20 30 40 50 60

Other

Intronic

Missense

Synonymous

3' UTR

5' UTR

Percent of Associated SNPs

http://www.genome.gov/gwastudies/

n = 1

n = 2

n = 3

n = 13

n = 119

n = 146

Stephen Channock



Proc Natl Acad Sci U S A. 2009 Jun 9;106(23):9362-7. 



CARD15

IBD5

ATG16L1

IL23R

conf

conf

How GWAS can change the research paradigm
example: Crohn’s Disease (inflammatory bowel)



2000      2001     2002      2003      2004     2005     2006 2007        2008

NOD2

5q31

5p13
10q21
3p21
PTPN2
IRGM
IL12B
NKX2‐3TNFSF15

IL23R
ATG16L1

Unexpected pathway for Crohn’s: 
 Autophagy: digests and recycles proteins 
 and organelles; involved in fighting infection
PTPN22
ITLN1
1q24
1q32
CDKAL1
MHC
6q21
CCR6
7p12
8q24

JAK2
10p11
11q13
12q12
13q14
ORMDL3
STAT3
19p13
21q21
ICOSLG

Now ~65 genes contributing 12.5% variance in liability



Medland, Martin, Evans (in press) AJHG

Ratio of 2nd

 

to 4th

 

finger length

Associated with:
‐testosterone exposure
‐aggression
‐ADHD
‐homosexuality
‐fertility
‐others

LIN28B

 

variant associated with:
‐2D:4D ratio
‐Age of menarche
‐Menopause
‐Height



GWAS for esophageal ca

ADH1B

ALDH2



•

 

Nature. 2009 Dec 17;462(7275):868‐74.

•

 

Parental origin of sequence variants associated with complex diseases.

•

 

Kong A, …………., Stefansson K, Altshuler D, Boehnke M, McCarthy MI.

•

 

deCODE genetics, Sturlugata 8, 101 Reykjavík, Iceland. kong@decode.is

•

 

Effects of susceptibility variants may depend on from which parent they are 

 inherited. Although many associations between sequence variants and human 

 traits have been discovered through genome‐wide associations, the impact of 

 parental origin has largely been ignored. Here we show that for 38,167 

 Icelanders genotyped using single nucleotide polymorphism (SNP) chips, the 

 parental origin of most alleles can be determined. We focused on

 

SNPs that 

 associate with diseases and are within 500 kilobases of known imprinted 

 genes. Five SNPs ‐

 

one with breast cancer, one with basal‐cell carcinoma and 

 three with type 2 diabetes‐have parental‐origin‐specific associations. These 

 variants are located in two genomic regions, 11p15 and 7q32, each harbouring 

 a cluster of imprinted genes. Furthermore, we observed a novel association 

 between the SNP rs2334499 at 11p15 and type 2 diabetes. Here the

 

allele that 

 confers risk when paternally inherited is protective when maternally 

 transmitted. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kong%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20Duijn%20CM%22
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stefansson%20K%22
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Altshuler%20D%22
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boehnke%20M%22
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McCarthy%20MI%22
mailto:kong@decode.is


GWAS of Height

Weedon et al. (in press) Nat Genet

Large numbers are needed to detect QTLs !!!

Collaboration is the name of the game !!!

A-

 

1914 Cases (WTCCC T2D)
B-

 

4892 Cases (DGI)
C-

 

6788 Cases (WTCCC HT)
D-

 

8668 Cases (WTCCC CAD)
E-

 

12228 Cases (EPIC)
F-

 

13665 Cases (WTCCC UKBS)

Significant results

Other loci?

Nat Genet. 2008 May;40(5):575-83.
Genome-wide association analysis identifies 20 
loci that influence adult height.
Weedon MN, ….Evans DM,, , Frayling TM.

http://www.ncbi.nlm.nih.gov/pubmed?term="Weedon MN"[Author]&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term="Waterworth DM"[Author]&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term="Frayling TM"[Author]&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract


Hedgehog signaling, cell cycle, and extra-cellular 
matrix genes over-represented

Candidate gene Monogenic Knockout mouse Details*
ZBTB38 - - Transcription factor.

CDK6 - Yes Involved in the control of the cell cycle.

HMGA2 Yes Yes Chromatin architectural factors

GDF5 Yes Yes Involved in bone formation

LCORL - - May act as transcription activator

LOC387103 - - Not known

EFEMP1 Yes - Extra-cellular matrix

C6orf106 - - Not known

PTCH1 Yes Yes Hedgehog signalling

SPAG17 - - Not known

SOCS2 - Yes Regulates cytokine signal transduction

HHIP - - Hedgehog signaling

ZNF678 - - Transcription factor

DLEU7 - - Not known

SCMH1 - Yes Polycomb protein

ADAMTSL3 - - Extra-cellular matrix

IHH Yes Yes Hedgehog signaling

ANAPC13 - - Cell cycle

ACAN Yes Yes Extra-cellular matrix

DYM Yes - Not known

Weedon et al. (i2008) Nat Genet



The combined impact of the 20 SNPS 
with a P < 5 x 10-7

• The 20 SNPs explain only ~3% of the variation of height

• Lots more genes to find – but extremely large numbers needed

Weedon et al. (i2008) Nat Genet



Schizophrenia (ISC) Q-Q plotSchizophrenia (ISC) Q-Q plot

Consistent with:

Stratification?

Genotyping bias?

Distribution of true 
polygenic effects?
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Expected -log10(p) 

λ
 

= 1.092



Indexing polygenic variance with large 
sets of weakly associated alleles

 

Indexing polygenic variance with large 
sets of weakly associated alleles

Individuals’
“polygenic scores”

Top 20% 
independent 

SNPs

Discovery 
set

Target 
set

Score # of 
“nominal risk 

alleles”

Do target cases 
have a higher

allele load?

→
 

Independent SCZ studies (MGS, 
→

 
Bipolar disorder (STEP-BD, 

→
 

Non-psychiatric disease 

→IS

Douglas Levinson, Pablo Gejman,
Jianxin Shi and colleagues
Douglas Levinson, Pablo Gejman,
Jianxin Shi and colleagues



0

0.01

0.02

0.03

P < 0.1

P < 0.2

P < 0.3

P < 0.4

P < 0.5

R2 P=210-28

0.008

510-11

710-9

110-12

0.71 0.05
0.30 0.65 0.23 0.06

Schizophrenia Bipolar disorder Non-psychiatric (WTCCC)

CAD CD HT RA T1D T2DMGS
Euro.

MGS
Af-Am O’Donovan STEP-BD WTCCC

A greater load of “nominal”
schizophrenia alleles (from ISC)?

ISC X Test

Can predict bipolar from Sz
SNPs, but not other diseases

Predictive information on 
Risk from up to 50% of 
SNPs in a GWAS !



GWAS’
 

greatest success:  T1D





Possible explanations for missing heritability 
(not mutually exclusive, but in order of increasing plausibility

 
?)

•
 

Heritability estimates are wrong 
•

 
Nonadditivity of gene effects –

 
epistasis, GxE 

•
 

Epigenetics –
 

including parent-of-origin effects

•
 

Low power for common small effects
•

 
Disease heterogeneity –

 
lots of different diseases 

with the same phenotype

•
 

Poor tagging (1)
–

 
rare mutations of large effect (including CNVs)

•
 

Poor tagging (2)
–

 
common variants in problematic genomic regions



Possible explanations for missing heritability 
(in order of increasing plausibility ?)

•
 

Heritability estimates are wrong 
•

 
Nonadditivity of gene effects –

 
epistasis, GxE 

•
 

Epigenetics –
 

including parent-of-origin effects

•
 

Low power for common small effects
•

 
Disease heterogeneity –

 
lots of different diseases 

with the same phenotype

•
 

Poor tagging (1)
–

 
rare mutations of large effect (including CNVs)

•
 

Poor tagging (2)
–

 
common variants in problematic genomic regions



Most effect 
sizes are 
very small 
<1.1

Effects sizes of validated variants from 1st 16 GWAS studies



Allele Frequency

Effect 
size

Very 
very 
Rare

Common

Very
very
Small

Large Not possibleMendelian
Disorders

Not detectable/
Not useful

Linkage studies

Candidate association studies: Effect size RR ~2
sample size-

 

hundreds
Genome-wide association studies Effect size RR ~1.2

Sample size -

 

thousands

Next Generation GWAS Effect size RR ~1.05
Sample size –tens of thousands

…and will need huge sample sizes to detect



For those interested in numbers, there 
are currently 418 authors, from 86 
cohorts, affiliated to 240 institutions 
contributing to three papers combined, 
with the largest number contributing to 
the BMI paper. Total N ~100,000 cases 
!

GIANT consortium



Possible explanations for missing heritability 
(in order of increasing plausibility ?)

•
 

Heritability estimates are wrong 
•

 
Nonadditivity of gene effects –

 
epistasis, GxE 

•
 

Epigenetics –
 

including parent-of-origin effects

•
 

Low power for common small effects
•

 
Disease heterogeneity –

 
lots of different diseases 

with the same phenotype

•
 

Poor tagging (1)
–

 
rare mutations of large effect (including CNVs)

•
 

Poor tagging (2)
–

 
common variants in problematic genomic regions



What if our “disease”
 

is actually 
dozens (hundreds, thousands) 

of different diseases that all look 
the same?



Loci for Inherited Peripheral Neuropathies
Multiple causal loci for Charcot Marie Tooth disease (CMT)

GARS

DMN2

MFN2

HSPB1

SH3TC2

CTDP



Possible explanations for missing heritability 
(in order of increasing plausibility ?)

•
 

Heritability estimates are wrong 
•

 
Nonadditivity of gene effects –

 
epistasis, GxE 

•
 

Epigenetics –
 

including parent-of-origin effects

•
 

Low power for common small effects
•

 
Disease heterogeneity –

 
lots of different diseases 

with the same phenotype

•
 

Poor tagging (1)
–

 
rare mutations of large effect (including CNVs)

•
 

Poor tagging (2)
–

 
common variants in problematic genomic regions



Genetic diversity is larger than 
differences in DNA sequence

When we take into account: 
•

 
Structural variation [e.g. copy number 
variants (CNV)]

•
 

Epigenetic differences (DNA methylation 
status)



...CG ATG...

ATG......CG

ATG......CG GAA......TT

ATG......CG GAA......TT

ATG......CG

...CG ATG... GAA......TTGGG......GTG

...GTG GGG...

ATG......CG

GAA......TTGGG......GTG

Deletion

Duplication

Translocation

Insertion

Inversion

...CG ATG... GAA......TT...GTG GGG...
Segmental 

 Duplication
...CG ATG... GAA......TT...GTG GGG...

...CG ATG... GAA......TT...GTG GGG...With no CNV

1bp -

 

Mb



For example: Bipolar disorder

… we present a genome-wide copy number variant (CNV) survey of 1001 
cases and 1034 controls ... Singleton deletions (deletions that appear only 
once in the dataset) more than 100 kb in length are present in 16.2% of BD 
cases and in 12.3% of controls (permutation P = 0.007).
Our results strongly suggest that BD can result from the effects

 

of multiple 
rare structural variants.



50% of 
human 
genome is 
repetitive 
DNA.

 Only 1.2% 
is coding



Types of repetitive elements and their 
chromosomal locations



Triplet repeat diseases



Alu elements
 

The structure of each Alu 
element is bi-partite, with the 3' 
half containing an additional 31-

 
bp insertion (not shown) relative 
to the 5' half. The total length of 
each Alu sequence is 300 bp, 
depending on the length of the 3' 
oligo(dA)-rich tail. The elements 
also contain a central A-rich 
region and are flanked by short 
intact direct repeats that are 
derived from the site of insertion 
(black arrows). The 5' half of 
each sequence contains an 
RNA-polymerase-III promoter (A 
and B boxes). The 3' terminus of 
the Alu element almost always 
consists of a run of As that is 
only occasionally interspersed 
with other bases (a).



The abundant Alu transposable element, a member of the middle 
repetitive DNA sequences, is present in all human chromosomes (the 
Alu

 

element is stained green, while the remainder of the DNA in the 
chromosomes is stained red).

• > 1 million in genome –
 

unique to humans
• Involved in RNA editing –

 
functional ?

• How well are they tagged ??????



Summary
•

 
Huge amount of repetitive sequence

•
 

Highly polymorphic
•

 
Some evidence that it has functional significance

•
 

Earlier studies too small (100s) to detect effect 
sizes now known to be realistic

•
 

Much (most?) such variation poorly tagged with 
current chips

•
 

Current CNV arrays only detect large variants; 
no systematic coverage of the vast number of 
small CNVs (including microsatellites)



Possible explanations for missing heritability 
(in order of increasing plausibility ?)

•
 

Heritability estimates are wrong 
•

 
Nonadditivity of gene effects –

 
epistasis, GxE 

•
 

Epigenetics –
 

including parent-of-origin effects

•
 

Low power for common small effects
•

 
Disease heterogeneity –

 
lots of different diseases 

with the same phenotype

•
 

Poor tagging (1)
–

 
rare mutations of large effect (including CNVs)

•
 

Poor tagging (2)
–

 
common variants in problematic genomic regions



Even for “simple”
 

diseases
 the number of alleles  is large

•
 

Ischaemic heart disease (LDR)   >190
•

 
Breast cancer (BRCA1)  >1000

•
 

Colorectal cancer (MLN1) >140



[Science 2004]

Complex disease: common or rare alleles?
Increasing evidence for 

Common Disease –
 

Rare 
Variant hypothesis (CDRV)

A paradigm for future 
sequencing studies ?



Human 1M HapMap Coverage by Population

Human 1M CEU 
(mean 0.96 median 1.0)

Human 1M CHB+JPT 
(mean 0.95 median 1.0)

Human 1M YRI 
(mean 0.85 median 1.0)

GENOME COVERAGE ESTIMATED FROM 990,000 HAPMAP SNPs IN HUMAN 1M
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The White House - June 26, 2000

Venter
Clinton
Collins



It took 4 months, a handful of scientists and ~ US$1.5 mil to 
sequence the genome of DNA pioneer James Watson









The genomes of Archbishop Tutu and one bushman were fully 
sequenced, and the other three partially (exones).

The bushmen were found to lack genes for digesting milk and malaria 
resistance, but most had genes linked to enhanced physical prowess. 
One had a gene linked to increased retention of salt and water, an 
advantage for a desert dweller.

On average there are more genetic differences between any two 
bushmen in the study than between a European and an Asian
.





What next?

Initial
Genome

Wide Scans

Functional Studies

Other ethnic
groups

Fine 
mapping

More genes

CNVs

Transcriptomics

Animal models

Mendelian Randomisation

Genomic Profiling
Epigenetics

Genome-wide Sequencing

David Evans



Evaluating combined effects of genes

•
 

Select genes that are biologically ‘related’. i.e. they 
 share a pathway or common function

•
 

Networks of genes underlying biological pathways 
 are more likely to be the crucial unit of functioning in 

 the biological system than single SNPs or genes  



Vink et al 2009 AJHG in pres

Pathway (Ingenuity) analysis of GWAS for smoking



Am J Hum Genet. 2010 Feb 12;86(2):113‐25



Vertical vs. Horizontal Grouping

Ruano et al., 2010 AJHG

Biological pathways versus functional gene networksBiological pathways versus functional gene networks



Functional gene networks for intelligence

Ruano et al,AJHG 2010.



‘QQ‐plot’
 

of p‐values of genetic variants in 
 heterotrimeric G proteins

Accounts for ±3.3% of the variation in 

 
intelligence

 

Accounts for ±3.3% of the variation in 

 
intelligence

Replicated in larger, independent 

 
ALSPAC sample

 

Replicated in larger, independent 

 
ALSPAC sample





Once we have all the rare sequence 
variants, how do we decide if they 

are causal / harmful ?

•
 

Too rare to use standard Ca-Co statistical 
tests

•
 

Can group variants (but heterogeneous?)
•

 
Use DNA/protein functional analysis

•
 

Use evolutionary criteria (sequence 
conservation across species)



Domain organization of ATM and case-control 
distribution of rare missense substitutions

Am J Hum Genet. 2009 Oct;85(4):427-46. 
Rare, evolutionarily unlikely missense substitutions in 
ATM confer increased risk of breast cancer.
Tavtigian SV, ………Chenevix-Trench G.

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tavtigian%20SV%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chenevix-Trench%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract


V2424G
GV = 0.0
GD = 109.6
Grade: C65
Highest probability 
to be pathogenic

R45W
GV = 56.6
GD = 95.8
Grade: C25
Intermediate probability
to be pathogenic

D126E
GV = 176.5
GD = 102.9
Grade: C15
Least probability 
to be pathogenic

V2424G

R45W

D126E

Big Hydrophobic AA                                     
Small Hydrophilic AA                    
Basic AA              
Aromatic AA        

Acidic and Amid AA                               
Prolin                                
Cystein

Using species comparisons to decide if a mutation is harmful



Parting thought….
“One of the relevant, and scary things, 
about the Tavtigian paper (and its 
follow on, not yet written) is that when 
we tested the 1/1000 ‘pathogenic 
mutations’ in 5000 more cases, we 
never saw them again so I suspect 
there are heaps of them that are super 
rare, and if we sequenced another 
1000 cases, we’d find a different lot”

Georgia Chenevix Trench, March 3 2010





According to my twin model 
everything can be figured out 

except how to live
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