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For most traits studies so far, GWAS is 
accounting for very little variance

Nat Genet. 2008 May;40(5):575-83

Genome-wide association analysis identifies 20 loci that influence adult height

Weedon MN, Lango H, Lindgren CM, Wallace C, Evans DM……..

Adult height is a model polygenic trait, but there has been limited success in identifying the 
genes underlying its normal variation. To identify genetic variants influencing adult human 
height, we used genome-wide association data from 13,665 individuals and genotyped 39 
variants in an additional 16,482 samples. We identified 20 variants associated with adult 
height (P < 5 x 10(-7), with 10 reaching P < 1 x 10(-10)). Combined, the 20 SNPs 
explain approximately 3% of height variation, with a approximately 5 cm 
difference between the 6.2% of people with 17 or fewer 'tall' alleles compared to the 5.5% 
with 27 or more 'tall' alleles. The loci we identified implicate genes in Hedgehog signaling 
(IHH, HHIP, PTCH1), extracellular matrix (EFEMP1, ADAMTSL3, ACAN) and cancer 
(CDK6, HMGA2, DLEU7) pathways, and provide new insights into human growth and 
developmental processes. Finally, our results provide insights into the genetic architecture of 
a classic quantitative trait.
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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 
Top 20k SNPs in a GWAS !





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



Why do we care ?
• #1 biological question of the moment !

– The death of genetic triumphalism?
– But environmentalists should not crow – we are 

all ignorant
• Defines research agenda – what to do next ?
• Disease prediction – current best predictors 

are much worse than family history
• Intellectual curiosity

– Fisher was right, but why ?
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Eaves LJ, Heath AC, Martin NG, Neale MC, Meyer JM, Silberg JL, Corey LA, 
Truett K, Walters E: Biological and cultural inheritance of stature and attitudes. 
In CR Cloninger Ed. Personality and Psychopathology, pp.269-308. American 
Psychiatric Press Inc., Washington, 1999

Heritability for height ~0.8

Little evidence for departure 
from additive model

http://genepi.qimr.edu.au/staff/?staffusername=nickM�
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h2 egg production and growth ~ 0.3
Common ancestor ~100 generations ago



1957 Genetic control

2001 Commercial line
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(Outbred) dairy cattle

h2 ~ 0.6

h2 ~ 0.3



Observations on selection 
programmes in agriculture

• Additive genetic variation for most traits of 
interest, including diseases

• Continuing response in all species = 
exploitation of additive genetic variation

• No hard evidence of limits being reached
• Heritabilities falling little or not at all
• Selection response agrees with estimates 

of heritability
• Similar conclusion for long-term selection 

experiments in model organisms



Estimating additive genetic 
variance within families:

Are fullsibs that share >50% of their 
genome IBD phenotypically more 
similar than those that share <50%?

[Visscher et al. 2006, PLoS Genetics; 2008 AJHG]

Human populations



Realised relationships
Mean 0.499
Range 0.31 – 0.64
SD 0.036

Height (N = 11,214 pairs)
h2 = 0.86 (0.49-0.95)



Conclusions

• Estimates of additive genetic variation and 
narrow sense heritability unlikely to be out 
by order(s) of magnitude

• GWAS data present new opportunities to 
estimate additive and non-additive genetic 
variance
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Non-additive variance?
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No epistasis?
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Chromatin modifications are complex

Ac - acetylated

Me- methylated

Greatly simplified schematic



When are the marks laid down?
concept of totipotency

Reik et al., Science 293,1089



Intangible variation
Genetically identical mice (same environment) can display 

different phenotypes

Different phenotypes correlate with differences in epigenetic state -
detectable, laid down in early development

Agouti viable 
yellow



Epigenetic factors

• ‘Stable heritable epimutations’
– If inherited then like any DNA sequence 

change
• ‘Unstable heritable epimutations’

– Decay in family resemblance larger than 
predicted by additive genetic model

• Non-heritable epigenetic factors
– Individual environmental effects
– May increase MZ twin similarity (but why?)
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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



• Under a neutral model we expect a U-
shaped distribution of allele frequencies 
(i.e. most SNPs will have very small MAF 
and will therefore be poorly tagged by 
current chips

• Under a stabilising selection & mutation 
balance large effects will have lower MAF 
(Zhang & Hill 2005)

• Shaun to expand on this !
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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
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Even for “simple” diseases
the number of alleles  is large

• Ischaemic heart disease (LDR)   >190
• Breast cancer (BRAC1)  >300
• Colorectal cancer (MLN1) >140



[Science 2004]

Complex disease: common or rare alleles?

Increasing evidence for 
Common Disease – Rare 

Variant hypothesis (CDRV)



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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50% of 
human 
genome is 
repetitive 
DNA.
Only 1.2% 
is coding



Types of repetitive elements and their 
chromosomal locations



Triplet repeat diseases



Simple repeat 
polymorphism has 
major effect on 
gene expression 
and breast cancer 
risk. Poorly 
tagged by SNPs ?



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 ??????



Example – 5HTLPR

• Serotonin transporter length polymorphism 
(5HTLPR – one (short) or two (long) 44bp 
repeat units

• Has been widely associated with 
psychiatric outcomes +/- interaction with 
environment (Caspi)

• How well is it tagged by available SNPs?



Attempting to SNP tag 5HTLPR



a) Marker # b)

Marker # Marker

MAF

1 2 3 4 5 6 7 8 9 10 11 13 14 15

Haplotype frequencies

1 rs28914832 0.002 \ 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.06 1.00 0.07 C-A-S   0.381
C-G-S   0.045
C-A-L   0.024
C-G-L   0.459
T-A-L   0.081

2 rs140700 0.100 0.00 \ 1.00 0.95 0.90 0.95 1.00 1.00 0.30 0.81 0.54 0.53 0.64 0.61

3 rs6355 0.021 0.00 0.00 \ 1.00 1.00 1.00 1.00 1.00 1.00 0.86 0.77 1.00 0.82 0.83

4 rs6354 0.198 0.01 0.41 0.01 \ 1.00 0.99 0.98 1.00 0.81 0.31 0.20 0.72 0.36 0.17

5 rs2020939 0.412 0.00 0.06 0.02 0.17 \ 1.00 1.00 1.00 0.84 0.67 0.42 0.88 0.85 0.85

6 rs2020936 0.196 0.01 0.41 0.01 0.98 0.17 \ 1.00 1.00 0.80 0.31 0.20 0.71 0.36 0.17

7 rs2066713 0.388 0.00 0.07 0.03 0.15 0.44 0.16 \ 1.00 0.74 0.59 0.50 0.55 0.38 0.46

8 rs4251417 0.091 0.00 0.01 0.00 0.03 0.14 0.03 0.06 \ 1.00 0.87 0.91 0.95 0.95 0.95

9 rs2020935 0.064 0.03 0.05 0.00 0.18 0.03 0.18 0.02 0.01 \ 1.00 0.94 0.96 0.92 0.08

10 rs2020934 0.489 0.00 0.07 0.02 0.02 0.33 0.02 0.21 0.08 0.07 \ 0.79 1.00 0.92 0.91

11 5HTTLPR 0.429 0.00 0.03 0.01 0.01 0.16 0.01 0.12 0.06 0.05 0.49 \ 0.97 0.91 0.90

13 rs2020930 0.036 0.00 0.00 0.00 0.08 0.02 0.08 0.01 0.00 0.50 0.04 0.03 \ 1.00 0.95

14 rs7214991 0.374 0.00 0.08 0.02 0.05 0.30 0.05 0.14 0.05 0.10 0.48 0.38 0.06 \ 1.00

15 rs1050565 0.325 0.00 0.09 0.03 0.02 0.25 0.01 0.16 0.04 0.00 0.39 0.30 0.02 0.81 \

5HTLPR is badly tagged by adjacent SNPs 



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)
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