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NEWS FEATURE PERSONAL GENOMES

Heritability is

missing in GWAS!
(B. Maher, 2008. Nature,
456: 18-21)

“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.”

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 a light on
six places where the missing loot could be stashed away.

f you want to predict
how tall your children
might one day be, a
good bet would be to
look in the mirror, and at
your mate. Studies going
back almost a century have
estimated that height is 80-90% heritable. So
if 29 centimetres separate the tallest 3% ofa
population from the shortest, then genetics
would account for as many as 27 of them
This year, three groups of researchers
scoured the genomes of huge populations
{the largest study* lnoked at more than 30,000
people) for genetic variants associated with the
height differences. More than 40 turned up.
But there was a problem: the variants had
tiny effects. Altogether, they accounted for
little more than 5% of height's heritability —
just & centimetres by the calculations above.

18

Even though these genome-wide association
studies (GWAS) turned up dozens of variants,
they did "very little of the prediction that you
would do just by asking people how tall their
parents are’, says Joel Hirschhorn at the Broad
Institute in Cambridge, Massachusetts, who
led one of the studies™.

Height isn't the only trait in which genes
have gone missing, nor is it the most impor-

B
tant. Studies looking at s s hetween
estimate herit-

identical and fraternal twin.
ability at more than 0% for autism” and more
than 80% for schizophrenia®. And genetics
makes a major contribution to disorders such

one of the most celebrated technigues of the
past five years, promised to deliver many of
the genes involved (see "Where's the reward?,
page 20). And to some extent they have, iden-
tifying more than 400 genetic variants that

@ 2008 Macmillan Puslishers Limiled, A

contribute to a variety of traits and common
diseases. But even when dozens of genes have 3
been linked to a trait. both the individual o
and cumulative effects are disappointingly 3
small and nowhere near enough to explain 2
earlier estimates of heritability. "It is the big 2
topic in the genetics of commaon disease right 3
now,” says Francis Collins, former head of the N
MNational Human Genome Research Insti-
tute (NHGRI) in Bethesda, Maryland. The
unexpected results left researchers at a point
“where we all had to scratch our heads and
say, "Huh?"", he says.

Although flummoxed by this missing herit-
ability, geneticists remain optimistic that they
can find more of it. "These are very early days,
and there are things that are doable in the next
year or two that may well explain another sive-
able chunk of heritability, says Hirschhorn. So
where might it be hiding?




1. How was Heritability found,
defined and estimated 100 years ago?

Sir Francis Galton (1822-1911)




Hereditary Stature by F. Galton (1886)

HEREDITARY STATURE 1

IT will perhaps be recollected that, at the meeting last
autumn of the British Association in Aberdeen, I
chose for my Presidential Address to the Anthropological

* Extracts from Mr. F. Galton's Presidential Address to the Anthropological
Institute, January =26.
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plained most easily by a working model that altogether
supersedes the trouble of calculation. I exhibit one of
these : it is a large card ruled with horizontal lines 1 inch
apart, and numbered consecutively in feet and inches,
the value of 5 feet 8 inches lying about half way up. A
pin-hole is bored near the left-hand margin at a height

l corresponding to § feet 8% inches. A thread secured at
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|
the back of the card is passed through the hole; when it

b
already explained, we shall se¢ from the divisions on the

e 1078 pairs of son (y) and father (x)

* Average of sons: m(y) = 69 inches
e Average of fathers m(x) = 68 inches
 On average, taller father has taller son

Can we use y=x+1 to predict son’s stature?



Regression of son on father’s height

 When grouping on
fathers

— For fathers Xx=72 [4 in.

taller than m(x)], y=71
(2 in. shorter than x+1
and 1 in. shorter than x);

— For fathers Xx=64 [4 in.

shorter than m(x)], y=67
(2 in. taller than x+1 and
3 in. taller than x;

s height (inches)

Son

73
72
71
70
69
68
67
66

65 -

64

64 65 66 67 68 69 70 71 72
Father's height (inches)



Regression of offspring on mid-
parent height

e Slope from

offspring and 3
mid-parentis £
higher than 3
slope fromson £

5

and father!

Midparent height (inches)

Figure 1 Galton’s 1889 plot of average parental height versus average
height of offspring.



Components of genetic value and
components of genetic variance

Effect

Variance

Phenotype value (P)

Phenotype variance (V;)

Genotype value (G)

Genotype variance (V)

Breeding value (A)

Additive variance (V,)

Dominant deviation (D)

Dominant variance (Vp)

Epistatic deviation (l)

Epistatic variance (V)

Genotype by environment
interaction (GE)

Genotype by environment variance
(Vie)

Random error (g)

Random error variance (V)

V, =Vg +Vp +Ve +V,

Ve =V, +Vy +V, . +V,p +Va +Vp +---




Estimation of Heritability in animals

(Falconer and Mackay “Introduction to Quantitative Genetics”, p162)

Species | Trait ________|h?(%) Species __|Trait _______|h2(%)_

Man Stature 65 Poultry Body weight at 32 55
wks
Serum immuno- 45 Egg weight at 32 50
globulin (IgG) level wks
Cattle Body weight (adult) 65 Egg production to 10
72 wks
Butterfat (%) 40 Mice Tail length at 6 wks 40
Milk yield 35 Body weight at 6 wks 35
Pigs Back-fat thickness 70 Litter size (1%t litters) 20
Efficiency of food 50 Drosophila Abdominal bristle 50
conversion melanogaster number
Weight gain per day 40 Body weight 40
Litter size 5 Ovary size 30

Egg production 20
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(@ FUNDAMENTAL CONCEPTS IN GENETICS

fHeritabiIity In the genomics era —
concepts and misconceptions

Peter M. Visscher*, William G. Hill* and Naomi R. Wray*

Abstract | Heritability allows a comparison of the relative importance of genes and
environment to the variation of traits within and across populations. The concept of
heritability and its definition as an estimable, dimensionless population parameter was
introduced by Sewall Wright and Ronald Fisher nearly a century ago. Despite
continuous misunderstandings and controversies over its use and application,
heritability remains key to the response to selection in evolutionary biology and
agriculture, and to the prediction of disease risk in medicine. Recent reports of
substantial heritability for gene expression and new estimation methods using marker

data highlight the relevance of heritability in the genomics era.




Morphological traits

Drosophila — morphological traits (REF. 107) B Only one environment reported
Daphnia — body size (REF. 108)

Altantic salmon — marine-stage weight (REF. 109)

B Better environment

[[] Poorer environment

Atlantic salmon — freshwater-stage weight (REF. 109) |

Birds — tarsus length (REF. 110) |

Birds — tarsus length (REF. TI0) |
Animal species in the wild — morphological (REF. 111) |
Cattle — yearling weight (REF. 112)

Human — height Finland born 1947-57 (REF. T13)
Human — height Finland born <1929 (REF. 113) |

Fitness traits

Drosophila — life-history traits (REF. 107) |
Daphnia — clutch size (REF. 108)
Rainbow Trout — alevin survival (REF. 114)

Cattle — calving success (REF. 112)

Cattle — bull fertility (REF. 112)

Pigs — number of piglets born alive (REF. 15)

Animal species in the wild — life-history traits (REF. 1)

| | | | | | | | |
01 0.2 0.3 04 0.5 0.6 0.7 038 0.9

Heritability

D_

Figure 1 | Examples of estimates of heritabilities of morphological and fitness traits. Where possible, the
estimates of heritability were taken from Reviews, and are the mean across a number of studies. The examples show
that, on average, heritability estimates are larger for morphological traits than for fitness-related traits, and that
heritability tends to be larger in better environments when compared with poorer environments.



2. Heritability is missing in GWAS.
That’s too sad and too bad!



What is missing Heritability?

 Wikipedia: The "missing heritability" problem can be
defined as the fact that individual genes cannot account
for much of a disease's heritability.

e Turkheimer (2011): The missing heritability problem
refers to the gap between heritability estimates for
complex human traits based on quantitative genetics and
the small magnitude and unreliability of contemporary
molecular genetics, especially genome wide association
studies.

e E.Lander (2012, PNAS): Human genetics has been
haunted by the mystery of “missing heritability” of
common traits. Although studies have discovered >1,200
variants associated with common diseases and traits,
these variants typically appear to explain only a minority

of the heritability (20-30% in some well-studied cases
and >50% in a few).



Evidence of the missing Heritability in GWAS
(adapted from Table 1, Nature, 2009, 461: 747-753)

Estimates of heritability and number of loci for several complex traits

Disease No. of Heritability Heritability measure
loci explained

Age-related macular degeneration 5 50% Slbllng recurrence risk
Crohn’s disease 32 20% Genetic risk (liability)
Systemic lupus erythematosus 6 15% Sibling recurrence risk
Type 2 diabetes 18 6% Sibling recurrence risk
HDL cholesterol 7 5.2% Residual* phenotypic variance
Height 40 5% Phenotypic variance

Early onset myocardial infarction 9 Z 8% Phenotypic variance
Fasting glucose 4 1.5% Phenotypic variance

* Residual is after adjustment for age, gender, diabetes.



Evidence of the missing Heritability in GWAS
(Nature Genetics, 2010, 42: 570-576)

Table 1 Estimated numbers of common susceptibility SNPs, and
associated genetic variances explained, for three complex traits

Estimated number  Total GV explained Observed range
of total loci by estimated of effect sizes
(95% ClI) loci (95% CI) (% GV)
Height 201 (75, 494) 16.4 (10.6, 30.6) 0.04-1.13
Crohn's disease 142 (71, 244) 20.0 (15.7, 28.0) 0.07-1.96
BPCP cancers 67 (31, 173) 17.1(11.6, 35.8) 0.14-1.82

All the projections were performed using a nonparametric method and are restricted
to the range of observed effect sizes for known susceptibility SNPs (shown in the

last column).

2All genetic variances (GV) are shown as a percentage of the total variance of the trait
attributable to heritability. For Crohn’s disease and BPC cancers, the variance due to
heritability is computed from estimates of sibling relative risk using a log-normal model for
riskS. PAll estimates should be interpreted as averages over the three cancers.



Evidence of the missing Heritability in GWAS
(adapted from E. Lander’s lecture at NIH, 20 May 2011 )

Common variants: Heritability increasing

Disease No. of loci Heritability explained
Type | diabetes 41 60%

Fetal Hemoglobin levels 3 50%

Age-related macular degeneration 3 50%

Crohn’s disease 32 25%

Type 2 Diabetes 18 25%

HDL: LDL cholesterol 95 25%

Height 180 12%

Remainder:

e Common variants of smaller effects? Evidence for large contribution
e Rare variants? Some loci found so far, although contribution still small

e Something else?



Who cares the missing heritability?

 Nature vs. nurture (E[XE

REILFTIFEREIL) debate

— F. Galton: the evidence from twin studies favored
nature rather than nurture. “It would be quite
practicable to produce a highly-gifted of men by
judicious marriages during several consecutive

generations.”

* 1860: F. Galton develops ideas of promoting
“hereditary genius” through breeding

e 1883: F. Galton coins term ‘eugenics’ to describe

his movement

e 1912: UK Mental Deficiencies Bill withdrawn after
campaign by Josiah Wedgwood

e 1927: US Supreme Court upholds compulsory
sterilization laws in Buck v Bell case

e 1933: 400,000 forced sterilization in Nazi Germany



Who cares the missing heritability?

e Nature vs. nurture debate in human

— John B. Watson “Give me a dozen healthy infants, well-
formed, and my own specified world to bring them up in

and I'll guarantee to take any one at random and train

him to become any type of specialist | might select —
doctor, lawyer, artist, merchant-chief and, yes, even beggar-
man and thief, regardless of his talents, penchants,
tendencies, abilities, vocations, and race of his ancestors.”

— Behavioural genetics

 Late 19" century: F. Galton studies heritable basis of
behaviour

e 1970s: Sociobiology movement suggests evolutionary
influences on human behaviours

 Late 20 century: Twin studies demonstrate heritable
influence on multiple personality and behavioural traits



Who cares the missing heritability?

e Nature vs. nurture debate in human

— Intelligence
e Late 19t century: F. Galton studies heritable basis of intelligence

e 1980s: Twin studies demonstrate heritable influence on multiple
personality and behavioural traits

e 1988: Discovery of possible link between IQ and IGF2R gene

— Implications in law: In some cases, lawyers for violent
offenders have begun to argue that an individual’s genes,
rather than their rational decision-making processes, can
cause criminal activity.

e 1991: Stephen Mobley robbed a branch of Domino’s Pizza and shot
the manager dead.

e 1995: Stephen Mobley appeals murder conviction on grounds of his

genetic profile. His lawyers argued, “Mobley’s genes made him do it”.
e 2005: The appeal was thrown out, and Mobley was executed.
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