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DNA

Base pairs [ <

Adenine Thymine

e Deoxyribonucleic acid — double
stranded helix molecule

— )

Guanine Cytosine

* Organized into long structures —
chromosomes

Sugar phosphate
backbone

* Every chromosome carries 2
copies of information

* Length of unwrapped human
DNA ~ 6ft (1.8 m) per cell
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Central dogma of molecular biology

Central Dogma of Molecular Biology : Eukaryotic Model
* DNA->RNA->Aminoacid->Protein

* Coding exons ~ 1 % of human
Transcription and mRNA processw Stop Codons :d%\  Un Transtated Rogion g e n O m e
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* 99.9% of human genomes —

Translation
Protein oni
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Same

e ~ 12M mutations (SNPs) with a
frequency > 1% in population




Genetic data representation
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Some definitions

* A locus L is a well-defined position along a chromosome.
* single nucleotide variant (SNV) — variation in a single nucleotide

* In the population, different variants can exist at a locus. These
variants are called alleles. A locus L is described by the set of alleles

{A,G}, or {A,G,T}, {G,ACTAA}, {AGTA}. One allele is fixed as the
“reference allele”.

* A genotype at a locus consists of a pair of alleles, one inherited from
the father and one from the mother. A person is said to be
homozygous at locus L if both alleles are the same (i.e., A/A or G/G)
and is said to be heterozygous if the alleles are different (i.e., A/G).



Genetic data representation
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What is linkage?



Gregor Mendel

* Moravian Augustinian monk who founded the
modern science of genetics

* Derived the principles of Mendelian inheritance
(Mendel’s laws)

* Used only dichotomous traits and assumed full
penetrance, one disease —one locus



Mendel’s first law

 Mendel's First Law (Segregation): One allele of each parent is
randomly and independently selected, with probability 1/2 , for
transmission to the offspring; the alleles unite randomly to form the
offspring's genotype.



Mendel first law

(A/B) (A/A) (A/B) (A/B)

(?/?)




Mendel’s first law

Offspring’s
Father’s  Mother’s Genotype
Genotype Genotype | dd dD DD

dd dd 1 0 0
dd dD % % 0
dd DD 0 1 0
dD dd 1 1 0
dD dD I

- B

dD DD 0 3 3
DD dd 0 1 0
DD dD 0 % %
DD DD 0 0 1

Table 2.1: Distribution of offspring’s genotype conditional upon parental
genotypes



Mendel’s second law

* Question: are the genes underlying two traits transmitted
independently?

 Mendel’s Second Law (Independent Assortment): The alleles
underlying two or more different traits are transmitted to offspring
independently of each other; the transmission of each trait separately
follows the first law of segregation.

* Linkage — lack of independent transmission, when the second law
does not hold.



Mendelian diseases versus complex diseases

* Monogenic aka Mendelian diseases
e Caused by one or few genes (highly penetrant)
* Rare disease
* Example: sickle-cell anemia, cystic fibrosis

* Complex disorder
* Caused by several factors, including multiple genes and environment

 Variants can increase/decrease risk to a particular disease (variable
penetrance)

* Example: COPD, Alzheimer’s disease, Schizophrenia



Penetrance functions

* P(Y=1|G) — penetrance function
* fyp :=P(1|DD); fy4 :=P(1]|Dd); f 4 :=P(1|dd)

* Mendel’s penetrance functions (complete penetrance):
* Dominant mode of inheritance: fy,=f,,=1; f,4=0
* Recessive mode of inheritance: f,=1; f,,=f,4,=0



Realistic penetrance for complex diseases

* P(Y|G)<1
* For dominant model: fy,= fy4<1; f,,>0

e Other models

* Recessive
e Additive



Recombination Sl o e ST

Sister Chromatids
Same DNA sequence
Genetic recombination happens as a result |

of the separation of genes that occurs Chr 1
during gamete formation in meiosis

\

* 0 -recombination fraction between two loci ‘/\/\ ' |
0 =% under independent assortment '

Each gamete gets one copy of the chromosome,
each with a unique combination of alleles.

Recombination rearranges chromosomes, generating new allele combinations. While just
one homologous chromosome pair is shown above, the same process happens for all of
Courtesy of
https://learn.genetics.utah.edu/content/pigeons/geneticlinkage/ them.



What is Linkage

* Genetic linkage is a physical concept.

* Two loci are linked, if they are physically near to each other on the
chromosome and hence unlikely to be separated during
recombination. © #1/2.

 Which markers are perfectly unlinked?



Linkage example

Courtesy of
https://learn.genetics.utah.edu/content/pigeons/geneticlinkage/

Not Linked
Gene 1 and Gene 2 are far apart on the same chromosome.

1-A
1-A| 1-3' * l * ' . ' " 1-Bl l

1-A 2-B
2-A 2-B 2.A 2:A

New allele
combinations

Linked
Gene 3 and Gene 4 are close together on the same chromosome.

e s B 3:3' 4
3-A 3-B 3-Bl A
4-AS 4B +8

No new allele combinations



Linkage analysis (mapping)

Observed
marker

DSL

Observed
marker

* Approaches that use joint transmission of affection status and alleles at the observed marker
locus to localize the DSL (disease sucseptability locus)



Linkage of early onset AD to APP gene
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Advantages and disadvantages

* Few genome-wide markers required

* Requires being able to infer relationship between variant at DSL and
disease trait. Easy with Mendelian diseases and known mode of
inheritance

* - may implicate large regions with many genes
* - Requires family data, which might be difficult to collect



Linkage methods

e Parametric linkage analysis
* HO: 8 =7, i.e. marker and DSL are unlinked

* H1:8<1/2 TT L:(60 | ) n »

* LOD score: Z(0) = logig———1 = > 10910 L;(6 f 1 ?/29 )
IT1Li6=1/2]y) =1 i(0=1/2]y
=1

* Requires specification
* Disease model
* Marker parameters (allele frequencies)

* Nonparametric linkage analysis
e Based on IBS and IBD (allele sharing)



What is association



What is association

e Allelic association (linkage disequilibrium)
 Allelic values at DSL and marker are associated in the population
* Population-based concept

e Association (broad term)
» Testing statistical independence between a variant and a trait of interest.
e Can use population-based (unrelated) or family-based designs
* GWAS — genome-wide association study
* WGAS — whole genome association study



LD

Set of ancestral
chromosome

* Non-random sharing of combinations
of genetic variants within a
population due to the history of
recombination, mutation, and W
selection in a genomic region Chiomosome

Mutation occurs
* Linkage disequilibrium — population
concept, exists when two loci are Facombialion oai
close (up to 500kb)

* There are regions of long range LD —
conserved genetic regions

20 generations

50 generations

3 measures of LD



LD

e Consider 2 diallelic loci {A,a} and {B,b}. If the occurrence of alleles A
and B are independent events, then pAB = pA - pB. And the alleles
are said to be in linkage equilibrium.

Population Allele Frequencies at Two Loci
under Linkage Equilibrium

B Locus

A Locus B b Total

A PAB = PAPB | PAb = PaPb | Pa

a PaB = PaPB Pab = PaPb Pa

Column Total PB Ph




Coefficient D

* Measures the departure from independence

* D =pap-PaPs

* D=0 - linkage equilibrium

* Highly sensitive to marginal values (allele frequencies)



Coefficient D’

* “Normalized” D

®_ifD<0

. D, — max

~—,if D >0

min

* Dmax=min(ppp, PaPs)

* Dmin=—max(p4Pg, PaPp)
* Ranges from 0 to 1




R or R?

e Correlation coefficient between 2 markers
* T = Ppg—PAPB/+/PAPsPaPp= D/ \/PAPsPPy,

B Locus Row
A Locus B b Total
A 43 27 70
a 2 28 30
Column Total 45 55 100

D = (43 — 70 % 45/100) /100 = 0.115

Dmax = min(70 = 55, 30 = 45)/10, 000 = 0.135
D’ = 0.115/0.135 = 0.8581

r = 0.115/1/0.7 « 0.3 + 0.55  0.45 = .5044




—logig(p—value)
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Allele frequencies

* Allele frequency — proportion of chromosomes in population/dataset
having the allele of interest.

. {A,a}’ Nan,Naqr Ny, Example:

* D = (Naq+ 2ny4)/n

° é[\ =1- ﬁ AA Aa aa p q
Dataset 1 90 420 490 0.3 0.7
(n=1000)




Strength of genetic effect versus allele
frequency
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TA Manolio et al. Nature 461 (2009)



HWE (Hardy-Weinberg equilibrium)

* A population is said to be in HWE if the genotypes satisfy:

* P(AA) = p*%;
* P(Aa) = 2pq;
* P(aa) = q%;

* Implication: Allele frequencies does not change in a population from
generation to generation.

* Useful to identify genotyping errors, population structure
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Using LD in association studies

LD
correlation
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Moore's Law
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Advantages and disadvantages of association
studies

e Uses LD to localize DSL
e Better coverage through large number of markers
* Appropriate for complex traits

* A large number of individuals required -> different sources of bias
* Large number of markers -> multiple testing problem



Association methods (population-based)

* Linear and logistic regression models

Y~BG +YZ + €

e Covariates include principal components to account for population
stratification

* Mixed models (LMM and GLMM)

* Allows to increase the sample size by including related individuals
* Also efficiently accounts for population structure



Association methods (family-based)

 Test for both linkage and association

* Robust to population substructure: admixture, stratification, failure of
HWE

* Requires genotyped families (parent-child, or siblings)
* TDT test for trio design (affected offspring)

* FBAT - generalization to general phenotypes, general pedigrees,
missing parental genotypes, and multiple variants (Lake and Laird
2001, Laird and Lange 2006,...)



Linkage versus association

e Linkage is a physical concept: The two loci are “close’ together on the
same chromosome. There is hardly any recombination between
disease locus and marker locus

e Association is a statistical / population-based concept: A particular
marker allele tends to be present with disease allele in a population
and is associated with the phenotype.



Next lecture

* Genome-wide association studies
* Population-based association studies

Family-based association studies

Common genetic variant methods

Rare genetic variant methods
Problems (QC, POPSTRAT)



