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Outline: April 23

* Disease analysis in computational biology
* Genome-Wide Association Studies (GWAS)
* Impact of population structure

Notes:
* Project proposal due TONIGHT
e Office hours TODAY 3-5pm
 Midterm 2 in-lab on Thursday



Applications of genetic sequencing and method development
(in humans)

Population genetics

Human Evolution Disease Genetics

TODAY

Slide: modified from lain Mathieson



Human vs nonhuman genetics

Nonhuman Human

Can do experiments Have to use natural variation

“Effect” meaning effect on the

Small sample s phenotype (i.e. the physical mple sizes (n=1,000,000)
/ manifestation of a trait \

Large effects Large and small effects

Can easily chose phenotypes Medical phenotypes usually
involve complex biology
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What is the point?

Two big goals of human genetics:

GWAS

Goal 1: Identify genetic variants (mutations, alleles) that
are associated with phenotype, particularly disease

Goal 2: Understand the biological mechanisms through
which those variants act.

Hard!

Slide: modified from lain Mathieson



What are we looking for?

Mendelian traits
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Thalassemia
Fragile X
Tay-Sachs
Haemophilia
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Complex traits

Type Il Diabetes

Schizophrenia
Heart disease

Cancer susceptibility

Pigmentation
Anxiety
BMI

Cholesterol



What are we looking for?

Detect through

family sequencing
Effect size

50.0

3.0|
_ Low-frequency
variants with
intermediate effect
1.5 \
Modest are variants of
Ira{lp ect
ve en fy
1.1 by genetic
Low

> |

0.001

Allele frequency

Slide: modified from lain Mathieson McCa rthy et al. Nat Rev Genetics. 2008,9356'369



Genome-wide Association Studies

Does not carry

variant /

» Low risk of disease

Hypothesis

Carries variant .

i

» High risk of disease

Slide: modified from lain Mathieson



Test hypothesis: Case-control study
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P-value measures non-randomness

Cases ‘X:\ ’Controlsx» P=1

RE% :
\‘ XX* o \"7(*7({” *x
\\X.X**I\*XX*X

\

| . .

\| Variant is equally

) common in cases
and controls.

_________ \ P=0.05

more common in
s Y one group (here
e Seo et cases).

.X*XX-;.‘T( i'\‘. ’,' S ‘7(7(* $ \\\ Variant is much
t ':

P=0.05 means that there isa 1in 20 (5%) chance of seeing a more
extreme result, if the variant is not actually associated with the trait.
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P-values: is this result significant?

TOTAL 17 17 34

» Expected number of cases with variant = 17*12/34 =
* Expected number of controls with variant = 17*12/34 =
* Expected number of cases without variant = 17*22/34 =

* Expected number of controls without variant = 17*%22/34 =

(observed—expected)?

2 istic =
Compute a y? statistic = ), expected

_(9-6)2 | (3-6)% | (8-11)2  (14-11)?
T 6 t 6 t 11 T 11

=4.636

11
11

Yes, at a 0.05
significance level

Is this significant? | P=0.0313| [R code: T-pchisq(4.636, df=1)]




Continuous (“quantitative”) traits

B

Obtain P-value
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i/Has variant 0 1 2

Copies of variant
Doesn’t have variant
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Association Studies

Sometimes called “Candidate gene studies”
Two problemes:

1) Need to know which genes/variants to look at a priori

Solution: Test lots of variants in the whole genome (“genome-wide”)

2) Confounded by population structure

Solution: If you test the whole genome, most of the variants will not be
associated with the trait. So use those to measure and correct structure

Slide: modified from lain Mathieson



Genome-wide Association Studies

* Lots of people. Number of people depends on the
effect size. Most GWAS today have n=10,000-
1,000,000.

* Genome-wide data. Usually SNP-array data. Typically
100,000-1,000,000 SNPs across the genome

* A phenotype. Anything! GWAS have been carried out
for 3,357 traits.

GWAS catalog https://www.ebi.ac.uk/gwas/

Slide: modified from lain Mathieson



Genome-wide Association Studies
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Genome-wide Association Studies
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Manhattan plot
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Slide: modified from lain Mathieson “Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer's disease” (2013)



RISKY INHERITANCE

People who carry the gene variant APOE4 tend to develop Alzheimer’s at a
younger age than those with two copies of APOE3.

003 ...........................................................................................................................
wm APOE 4/4-female
wm APOE 4/4-male
wm APOE 3/4-f
w APOE 3/4-m
0-02 CER— APOE 3/3_f .................................................................

APOE 3/3-m

Risk x proportion of study
population still living

50 60 70 80 90 100

Nature 2014



Example of association tests in industry

OUR SERVICES v HOW IT WORKS v REPORTS STORIES SHOP

xz3andMe

®
PB EDITORS’
CHOICE
PCMAG.COM

Slide: modified from lain Mathieson

\““‘ﬁ’ SIGN IN REGISTER KIT

SWEET VS SALTY

What is your DNA story?  erereretice
75+ reports on health, traits and ancestry.
- ve 1w
A trademark of Ziff Davis, LLC Used under license.
Reprinted with permission. © 2018 Ziff Davis, LLC. All Rights Reserved. oot
INTOLERANCE
RECOMMENDED
Ancestry Service Health + Ancestry Service
23andme.com
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Impact of population structure
and “genome-wide” testing



Population structure
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SNP: rs17822931
Ancestral Allele: C

30°

Slide: modified from lain Mathieson




Population structure
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Multiple testing

P < 0.05 means that there is less than a 5% chance that the result happens by chance.

T 1 e | comos
e DI

P=0.03

But if you try lots of tests, then the chance that one of them is significant is high
So we need to only look at things that are extremely significant

) 4 °

-Log,(P

S

R NN W
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Multiple testing
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Linkage

SNPs that are close together tend to behave similarly, not broken up by recombination!
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Recombination hot spot
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Introduction to Genetic Analysis, Eleventh Edition
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Linkage blocks and tag SNPs

INTERESTING

BORING
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Fine-Mapping
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Function
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Fine-Mapping

Once we find an association in a linkage block, how do we identify
which specific variant is affecting the trait. “What is the causal
variant?”

- Sequence the whole region so that we can find all variants, not
just the tag SNPs

- Use functional information — e.g. information about which
variants affect gene expression or protein function

- Use prior information about what genes are likely to be
associated with a trait (but now we are back to step 1)

Slide: modified from lain Mathieson



What have we learned from GWAS?



What is the point?

Two big goals of human genetics:

GWAS

Goal 1: Identify genetic variants (mutations, alleles) that
are associated with phenotype, particularly disease

Goal 2: Understand the biological mechanisms through
which those variants act.

Hard!

Before we start: How do we know that any genetic
variants that are associated with phenotype?

Slide: modified from lain Mathieson
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Estimating narrow-sense
heritability (h?)

Broad-sense heritability: H? = Var(Genotype G)/Var(Phenotype P)
Where: P = Genotype (G) + Environment (E)

In other words, what fraction of variation can be explained by genetics?

—
1+
~—

(b) ) (c)

Mean offspring phenotype

Mean parental phenotype

Figure 24.17
Genetics: A Conceptual Approach, Fifth Edition
2014 W. H. Freeman and Company



[Narrow-sense] Heritability

What proportion of the variance in a trait is
explained by additive genetic effects?

V = ANREYAZ

Variance from Variance from

Trait variance , ,
environment  genetic effects

Does not include: Recessive/dominance effects (included in
“broad sense” heritability), gene-environment interactions

Slide: modified from lain Mathieson



Heritability (h9)

Mean shell breadth of offspring (mm)

15 20 25 30
Mean shell breadth of parents (mm)

Figure 24.18
Genetics: A Conceptual Approach, Fifth Edition
© 2014 W. H. Freeman and Company



DIAGRAM BASED ON TABLE |.

(all female heights are multiplied by I'08)

MID-PARENTS

ADULT CHILDREN
their Heights , and Deviations from

68% inches.

Heights|Deviates
in

64 qs 66 67 68 €9 70 71 72 73
1 ) 1 1

1 1

. in
inches | inches

72 —

+3 —
71

+2 —
70 —

+1 —
69 —

67 —

66 —

Galton 1886



High heritability does not mean low environmental effect

/ Net
. data from Hattor_l and Bray ,  Sweden
® A Long Run Trends in the Heights 7 )
of European Men, 18th-20th Centuries ~~
/ Halgttian
Greece
Gt. Britain
w Spain
-
- Italy
£
(&)
E Portuga
(]
T
o
R -
w
S

-1925 -

e S T~

T e e v e v v v e v e e W= e e e g g e e e e e e e

Height in European men over time (by Graham Coop)
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Heritability

Heritability typically estimated by Heritability estimates:
comparing relatives. Particularly twin Height :0.7-0.8
studies comparing monozygotic and BMI :0.4-0.8

IQ : 0.4-0.7

dizygotic twins.

Morphological traits

Drosophila — morphological traits (REF. 107) _
Daphnia — body size (REF. 108) _
Altantic salmon — marine-stage weight (REF. 109) _

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

Birds — tarsus length (REF. T10) —

Birds — tarsus length (REF. 110) |

Animal species in the wild — morphological (REF. 111)
Cattle — yearling weight (REF. 112) |
Human — height Finland born 1947-57 (REF. 13) |

Human — height Finland born <1929 (REF. 113) | 1

B Only one environment reported

B Better environment

| [ Pocrer environment

0 01 0.2 0.3 04 0.5 0.6 07 0.8 0.9
Heritability

Slide: modified from lain Mathieson Visscher et al 2008 “Heritability in the genomics era — concepts and misconceptions”



Heritability and response to selection

Selection for
high oil conten

Highly heritable traits can be
selected for.

19
18
17
16
15
14
13
12
11
10
9
8
7
6
5

Percentage of oil content

Selection for
low oil content

- N W

0 10 20 30 40 50 60 70 80
Generation

Figure 24.22
Genetics: A Conceptual Approach, Fifth Edition
© 2014 W. H. Freeman and Company
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How to reconcile with
Mendelian inheritance?

DIAGRAM BASED ON TABLE 1.
(al] female heights are multiplied by 1'08)

[MID-PARENTS} ADULT CHILDREN
T their Heights , and Deviations from 68}inches.

* ¢ ® § ® ® ®» 7 7 7

“Blending inheritance”

Slide: modified from lain Mathieson
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More than one locus?
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DIAGRAM BASED ON TABLE |I.
(all ferale heights are multiplied by 1'08)
MID-PARENTS ADULT CHILDREN
@6 e — their Heights , and Deviations from 68%inches.
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Many Mendelian factors affecting the trait?
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Fisher

e infinitesimal model 1918

XV.—The Correlation between Relatives on the Supposition of Mendelian Inherit-
ance.” By R. A. Fisher, BA. Communicated by Professor J. ARTHUR
Tromsox. (With Four Figures in Text.)

(MS, received June 15, 1918. Read July 8, 1918. Tssued separately October 1, 1918.)

CONTENTS.

DIAGRAM BASED ON TABLE |I.

(all female heights are multiplied by 1'08)

MID-PARENTS!

Heights| Deviates|

ADULT CHILDREN

their Heights , and Deviations from 68%inches.

um’has i

ﬁf) 66 6( GIB 69 70

72—
71—

70

67 —

66 —

¥
1. The superposition of factors distributed inde- el 15. Homogamy and multiple allelo.aorphism . P;lof'i
pendently . Lo L. 402 ; 16. Coupling. . . . . 418

2. Phase frequency in each array . . . 402 | 17. Theories of manml correlation ; ancestral

3. Parental regression . . . . . . 403 correlations . . . 419

4. Dominance deviations . . . 403 | 18. Ancestral correlations (second u.nd third

6. Correlation for parent ; genetic correlauons . 404 theories) . . . 421

6. Fraternal correlation . . . . 405 . 19. Numerical values nf nswcnmun . . . 421

7. Correlations for other relnuves . . . 406 | 20. Fraternal correlation . 422

8. Epistacy . . . - . . . 408 | 21. Numerical values for environment and doml-

9. Assortative mating . f . . . . 410 | nance ratios ; analysis of variance . . 423
10. Frequency of phases . . . . . 410 | 22, Other relatives . . . .44
11. A iation of factors . . . . . 411 ' 23. Numerical values (third theory) . . . 425
12. Conditions of equilibrium . . .. 412 24, Comparison of results . R 1
13. Nature of association . . . . . . 413 25 Interpretation of dominance ratio (dm[_rams) . 428
14. Multiple allelomorphism . 115 ' 26. Summary e e e L. 432

Several attempts have already been made to interpret the well-established
results of biometry in accordance with the Mendelian scheme of inheritance. It
is here attempted to ascertain the biometrical properties of a population of a more
general type than las hitherto been examined, inheritance in which follows this
scheme. It is hoped that in this way it will be possible to make a more exact
analysis of the causes of human variability. The great body of available statistics
show us that the deviations of a human measurement from its mean follow very
closely the Normal Law of Errors, and, therefore, that the variability may be
uniformly measured by the standard deviation corresponding to the square root
of the mean square error. When there are two independent causes of variability
capable of producing in an otherwise uniform population distributions with standard
deviations o and oy, it is found that the distribution, when both causes act together,

has a standard deviation /o> +0y%
causes of variability to deal with the square of the st
measure of variability. We shall term this quantity th
population to which it refers, and we may now aseribe to the Constituent causes
fractions or percentages of the total variance which they together produce. It

It is therefore desirable in analysing the
deviation as the

f the normal



Fast-forward 100 years: GWAS

Effect size
50.0

3.0
Intermediate |

1.5
Motear Rare variants of
] small effect
very hard to identify
by genetic means

Low-frequency
variants with
| intermediate effect

Low

\\‘\~
0.001 0.005 0.05

Allele frequency

Slide: modified from lain Mathieson McCa rthy et al. Nat Rev Genetics. 2008,9356'369



Fast-forward 100 years: GWAS in height

ZBTB38: Zinc Finger And BTB Domain Containing 38

GDF5: Growth differentiation factor 5

THSHCTING

697 independent SNPs significantly associated with height — Wood et al. 2014
Together explain about 15% of the phenotypic variance

Slide: modified from lain Mathieson



Height-associated variants enriched in
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BMI GWAS
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32 independent SNPs explain 1.45% of the variance in BMI — Speliotes et al. 2010
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The liability threshold model

Enough risk to
get the disease

/

< Type 2 Diabetes risk (continuous) >
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Type 2 Diabetes GWAS

islet-centric model
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63 independent loci explain 5.7% of the variance — Morris et al. 2012
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Schizophrenia GWAS

o \ Major Histocompatibility Complex - a
region with many genes that produce cell
surface proteins, important for immunity
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108 independent loci explain 3.4% of the variance — Ripke et al. 2014
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Missing Heritability?

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 lighton
six places where the missing loot could be stashed away.

Nature 2008



The bigger the sample size, the more variants you find
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Simons & Sella 2018
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Missing Heritability?

“Missing heritability” is not really missing

Mostly just hidden in very small effects
that GWAS are not big enough to detect

May be some hidden in epistatic effects or
gene-environment interactions

Heritability estimates might be a bit too high
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How successful have GWAS been?

Twelve years.

Thousands of studies

Tens of thousands of researchers

Tens of millions of patient-participants

Billions (?) of dollars
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How successful have GWAS been?

GWAS

New Opportunities
G——— Extremely successful!

. . X Find connections
Find associations with .
between traits

traits and diseases

— . . .
1 Not very successful at all Predict genetic risk

Understand function of those
associations i.e. “find genes” Understand complex

trait evolution

1 ¢ Hasn’t really happened
Develop drugs

Profit
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Almost all GWAS are carried out in
European-Ancestry populations

PERSISTENT BIAS

Over the past seven years, the proportion of participants in genome-wide

association studies (GWAS) that are of Asian ancestry has increased.
Groups of other ancestries continue to be very poorly represented.

2009

373 studies
1.7 million samples

96%

European
ancestry
Asian
Other non-
European

49, Non-
European
ancestry

Slide: modified from lain Mathieson

2016

2,511 studies
35 million samples

81%

European
ancestry

199%, Non-
European
ancestry

14

3% %
of all 2009 of all 2016
samples samples

BREAKDOWN

Proportion of non-European
ancestry samples

Asian
ancestry
| |
African
ancestry

Mixed
ancestry

Hispanic & Latin
American ancestry

Pacific
Islander

Arab & Middle
Eastern
| |
Native
Peoples

Terms for ethnicity are those used in the 37
GWAS Catalog. Some have changed 4
between 2009 and 2016 as sampling
057 has increased. Samples of European
% origin have the most specific
descriptions of population ancestry.

1%
0.159%
o0e%, [ 0545
0.06% 0.289%
0.08 0
enature & 0.05%

Popejoy & Fullerton 2016



European GWAS results do not translate
to non-European ancestry populations

African-Americans European-Americans
Sex
) Imputed - : | T
standardized P :
height  Cenowped - e —

Body mass =~ Imputed +——— ]

002 004 006 008 01: 0O 002 004 006 008 0.1
Semi-partial R Semi-partial R

Ware et al 2018
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summary

Genome-wide association studies:

Map common/low frequency variants
associated with traits/disease 7

30

®mmem weme ¢ 000 o0

The bigger the sample size (more people)
the smaller the effects you can detect
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