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Experimental design and statistical

analysis of SNP data

A literature search for papers describing mean and large-scale SNP-experiments with
focus on biomedica research has been performed for finding the “ Sate-of-the at” within this
area. Papers were searched for mainly in Nature, Nature Review Genetics, Science,

Current Biology, the American Journd of Human Genetics and the reference ligts in the most
interesting papers. In addition severa papers were found from searches in MedLine and
other Internet resources. A reference ligt with rdevant literature is given in the PowerPoint
presentation "A survey of experimental designs and statistical andysis of SNIP data obtained
in genetic association studies’ presented at a meeting during the project. This PowerPoint
presentation isincluded in Appendix B.

Web pages with advices concerning experimenta design and Satigticd anaysis of SNP
data, including r efer ences to paper s and softwar e, have been made. A copy of the web
pages (http://www.nr.no/documents/sambalresearch_areas/SMBI/BioSNP))

isfound in Appendix A. The most concrete advices are given for hypothesis testing and
case-control studies (without DNA pooling). Short descriptions of other experimental
designs and gatisticd methods, are dso given.

There are two main groups of experimental designs for genetic associations studies.
These are case-control designs and family-based designs. Here we have concentrated on
case-control designs, where we have cases with disease and controls, which are unrelated
to the cases, without disease. There are three main issues concerning the experimental
design. These are how to sdlect the individuals for the study, which SNPs to genotype, and
whether to use DNA pooling or not. When it comes to which

SNPsto genotype and whether to use DNA pooling or not, this has not been focused in
this report. We have therefore assumed that the user already has defined a set of candidate
genes/SNPs to be examined. This might for instance be a set of SNPs salected within or
close to a candidate gene. We have dso assumed that a design with DNA pooling has not
been chosen. Use of DNA pooling reduces the cost of large association studies, but results
in loss of information and additiona experimenta errors.

One potentia, main problem with case-control designs is confounding due to stratification
(subpopulations), caused by for example ethnicity, age or sex. This means that the finding of
a positive association between a genetic variant and a complex disease phenotype, does not
necessarily establish causdity. A disease that is prevaent in one subpopulation will be
associated with any dldesthat are in high frequency in that subpopulation. Thisleadsto
fdse-pogitive results and loss of robustness, and thereby inconsstency and lack of
reproducibility among sudies. There are severa ways of reducing/avoiding Stratificetion like
use of family-based designs, where the controls are related to the cases, and use of random
or unlinked genetic markers. In this project we mainly consider matched case-control
designs and assume that the cases and controls are chosen such that dtratification is no
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problem. This might be done by the use of matched case-control designs, i.e. sudiesin
which theindividuals ar e chosen such that controls are matched to cases on potentia
confounding factors like ethnicity, age and sex.

After the SNPs are genotyped, they should be analysed using statistical analysis methods
to find which of the examined SNPs that are associated with disease. A SNP is associated
with disease if itisacausd SNP or if it isin linkage disequilibrium with acausd SNP. The
input to the statistical andysisis for each SNP whether there are 0, 1 or 2 occurrences of a
certain dlee (individuad genotyping) or alde frequencies (when DNA pooling has been
used). The gatigtica methods are often based on hypothesis testing where HO:” The SNPis
not associated with disease” istested against H1:“ The SNP is associated with disease”. A
few methods, which are not based on hypothesis testing are dso mentioned. The hypothesis
test described in detail on the web pages is the Pearson's chi-square test for case-control
designs (without DNA pooling). Software for doing this standard hypothesis test for SNPs
obtained from individua genotyping is available (see
http://www.genetics.med.ed.ac.uk/software/ ). Tools for andysing genotyping data obtained
from DNA pools are aso included in that software.

When designing SNIP experiments a decison has to be made about how many individuals
should be included in the study. A genetic power caculator is avallable on the Internet (see
http://statgen.iop.kcl.ac.uk/gpc/). The caculator might be used for estimating how many
individuas that are needed to obtain a certain power of the test, given asignificance leve
and alower bound for what should be detectable.

Multiple testing is an important issue because complex diseases ask for many SNPsto be
examined smultaneoudy, and therefore many hypotheses will be tested smultaneoudy. The
smplest and most consarvative gpproach for multiple-testing correction is the Bonferroni
cor rection, which has been described in detail on the web pages.

Norwegian Computing Center
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Appendix A

Web pages

Web pages with advices concerning experimenta design and satisticd andysis of SNP
data, including referencesto paper s and softwar e, have been made. This gppendix
contains a copy of those web pages (see

http://www.nr.no/documents/samba/research _areas/SMBI/BioSNP/). The most concrete
advices are given for hypothesis testing and case-control studies (without DNA pooling).
Short descriptions of other experimentd designs and satisticd methods, are dso given.

Norwegian Computing Center
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Experimental design and statistical

analysis of SNP data

Thisisadescription of how to design and analyse SNP experiments in genetic association
studies for complex diseases.

Experimental design

There are two main groups of designs for genetic associations sudies. These are case-
control designs and family-based designs. Here we will concentrate on case-control desgns,
where we have cases with disease and controls, which are unrelated to the cases, without
disease. There are three main issues concerning the experimenta design. These are

- How to sdect the individuds for the studly.

- Which SNPs to genotype.

- Weather to use DNA poaling or not.

Statistical analysis

After the SNPs are genotyped, they should be andlysed using datigtical andyss methods to
find which of the examined SNPs that are associated with disease. A SNP is associated
with diseeseif itisacausd SNP or if it isin linkage disequilibrium with a causal SNP.

PowerPoint presentation

The PowerPoint presentation "A survey of experimenta designs and satisticd andysis of
SNP data obtained in genetic association studies’ isfound here. A reference list with
relevant literature isincluded in this presentation.

Norwegian Computing Center
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Selection of individuals

The stratification problem

One potentid, main problem with case-control designs is confounding due to dratification
(subpopulations), caused by for example ethnicity, age or sex. This means that the finding of
a positive association between a genetic variant and a complex disease phenotype, does not
necessarily establish causdlity. A disease that is prevadent in one subpopulation will be
associated with any dldesthat are in high frequency in that subpopulation. Thisleadsto
fdse-pogitive results and loss of robustness, and thereby inconsstency and lack of
reproducibility among studies.

How to reduce/avoid the stratification problem

There are severd ways of reducing/avoiding stratification. These are:

- Use of family-based designs, where the controls are related to the cases. The most used
such controls are parents or unaffected siblings.

- Use of random or unlinked genetic markers. These might be used to determine the extent
of dratification by satistical anadysis and then to adjust for population stratification.

- Study multiple case-control populations (different ethnic groups). If associationisseenin
each population we might conclude thet there is causal association.

- Use matched case-control designs, i.e. choose the individuals such that controls are
matched to cases on potentid confounding factors like ethnicity, age and sex.

Here we only consider matched case-control designs and assume that the cases and
controls are chosen such that gratification is no problem. There exist Satistica methods to
check weether gratification is a problem or not for a certain data set, see for example
Pritchard & Rosenberg 1999 and Pritchard et al.2000. Software for the method described
in these papersisavailable.

How many individuals are needed in case-control studies?

Thiswill depend on the number of SNIPs examined and the satistical method / test Satistic
used. See the data andysis page for more about this.

Norwegian Computing Center
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Software

There exigt statistica methods to check whether dratification is a problem or not for a
certain data set, see for example Pritchard & Rosenberg 1999 and Pritchard et a.2000.
Software for the method described in these papersis available and is shortly described
below.

structure

"The program dructure is afree software package for using multi-locus genotype data to
investigate population structure. Its uses include inferring the presence of digtinct
populations, assgning individuals to populations, studying hybrid zones, identifying migrants
and admixed individuas, and estimating population dlee frequenciesin sStuations where
many individuas are migrants or admixed. It can be applied to most of the commonly-used
genetic markers, including microsatdlites, RFLPsand SNPs."

Software isfound here.

STRAT

"The program STRAT isacompanion program to structure. Thisis a structured association
method, for use in association mapping, enabling valid case-control sudies even in the
presence of population structure.”

Software isfound here.

Norwegian Computing Center
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Selection of target SNPs

For the time being we do not focus on this, and assume that the user has dready defined a
St of candidate genes/SNPs to be examined. This might for instance be SNPs selected
within or close to a candidate gene. Botstein & Risch 2003 argues for a sequence-based
gpproach where SNPs are chosen from coding regions, disrupt splice sites and from
promoter regions. These are the SNPs most likely to be of functiona significance and to
influence directly the traits under study. A recent gpproach is to use haplotype tags for
identification of SNPs (see Johnson et al. 2001 and Daly et d. 2001), and thereby reducing
the number of SNPs to be genotyped.

Norwegian Computing Center
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DNA pooling

For the time being we do not focus on this and assume that a design with DNA pooling has
not been chosen. Nevertheess, some comments concerning DNA pooling are given below.
- Inatwo pool desgn DNA materiad from al casesis put together into apoal, i.e. thereis
only one sample for the pooled cases. Smilarly, there is only one sample for the pooled
controls.

- Inatwo pool design we are genotyping two groups of individuals (affected and controls)
rather than each of the individuas themselves. This reduces the cost of large association
sudies, but results in loss of information and additiond experimentd errors.

- Poolsto be compared should be well-balanced, i.e. there should be equa representation
of sexes, age groups, ethnicities etc. in each of the two poals.

- Itisdso possble to use multiple-pool designs to obtain average dlde-frequency
estimates from severd pools and measurements. This will reduce uncertainties of obtained
dlde-frequency estimates.

- SeeRisch & Teng 1998 and Sham et al. 2002 for hypothesis tests to use for case-control
and family based designs when DNA pooling has been used.

- Software for doing the standard hypothesis test for SNIPs obtained from both individua
genotyping and genotyping of poolsis avallable. The additiona experimenta errors
introduced by the DNA pooling are taken into account in the modd used. A description of
the modd and software is given here.

Norwegian Computing Center
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Data analysis

Theinput to the Satigticd analyssisfor each SNP

- whether thereare 0, 1 or 2 occurrences of a certain dlele (individua genotyping) or

- dlelefrequencies (for a DNA poal)

Here we assume that the data sets are chosen such that gtratification is not a serious
problem. There exist datistical methods to check weether ratification is a problem or not
for a certain data set, see for example Pritchard & Rosenberg 1999.

The gstatistical methods are often based on hypothesis testing with dternatives

- HO: “the SNPis not associated with disease” and

- H1: “the SNPis associated with diseass’.

Tests for case-control designs

The TDT test for family-based designs and its variants are described for examplein
Spiedman et d. 1993, Risch 2000, Lazzeroni & Lange 1998, Spidman & Ewens 1998,
Schaid & Rowland 1998. Different tests for DNA pooling designs (both family based and
case-control designs) are found for examplein Risch & Teng 1998 and Sham et al. 2002.
Here we will describe the Pearson's chi-square test for case-control designs without DNA
pooling. From the 2x2 contingency table

Alldel Allde2 |Row totds

Cases Nu Nia Nie
Controls Nay Nag Na,
Columntotas | V1 Nia N
the Pearson Chi-sguare statistic is computed as follows
o (N — M) Nio
; ; M where M;; = N_.,‘.,

Here N11 (Na1) and Via (N22) are the total number of occurrences of dlde 1 and dlde

2, respectively for the cases (controls). Vis = Ni1 + Nia ( Nae = Nai + Nao ) isequa
to twice the number of cases (controls).

The ggnificance leve is normaly set to 5%. When testing only one hypothesis, the null
hypothesisisrgected if the satistic aboveislarger than 3.84, i.e. the 95% percentile of the
chi-square distribution with one degree of freedom. When severa SNPs are examined
amultaneoudy, severd hypothess are tested amultaneoudy and multiple testing isan
important issue (see below).

Norwegian Computing Center
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A genetic power cdculaor isfound here and is described in this paper. The caculator might
be used for estimating how many individuals that are needed to obtain a certain power of the
test (typicaly 80%), given asgnificance level and alower bound for what should be
detectable. For case-control designs choose the "' Case-control for discrete traits'-entry on
the before-mentioned web page.

Software for doing the standard hypothesis test described above for SNPs obtained from
individua genatyping is available here. Tools for andysing genotyping data obtained from
DNA pools are dso included in this software. A description of the model and software is
given here.

Above we have assumed that the genotype data are reported with no errors. How to dedl
with genotyping errors has been proposed in for example Gordon & Ott 2001, Gordon et
al. 2002, and aso in the paper mentioned in the paragraph above.

Multiple testing

Multiple teting is an important issue because complex diseases ask for many SNPsand
therefore many hypotheses to be tested smultaneoudy. The Smplest and most conservative
gpproach for multiple testing correction isthe Bonferroni correction. If the significance leve
for the entire set of n comparisonsis equd to dpha, the sgnificance level for each
comparison is set equal to dphaln. There exist severd dternative, less conservative methods
for correcting for multiple testing. When using such methods, less individuas are needed for
obtaining the same power and significance leve of the test. One such method is based on
controlling the false discovery rate and is described in Sabatti et a. 2003.

Other statistical methods

Statistical methods not based on hypothesis testing have aso been proposed. Some
examples of such methods are given below. Main advantages of these are thet there is no
need for correction for multiple testing and that the SNPs are andlysed jointly rather than
tested one by one.

- In Devlin & Roeder 1999 and Devlin et d. 2000 a Bayesian outlier method is described.
This method aso controls for population heterogeneity (dratification). Software is available
on request.

- A set association method is described in Hoh et al. 2001. Software is available here.

Norwegian Computing Center



Experimental design and statistical analysis of SNP data obtained in genetic association studies 11

Appendix B

PowerPoint presentation

A literature search for papers describing mean and large-scale SNP-experiments with
focus on biomedica research has been performed for finding the “ ate-of-the art” within this
area. Papers were searched for mainly in Nature, Nature Review Genetics, Science,

Current Biology, the American Journa of Human Genetics and the reference ligts in the most
interesting papers. In addition severad papers were found from searchesin MedLine and
other Internet resources. A reference list with relevant literature is given in the PowerPoint
presentation "A survey of experimental designs and statistica analysis of SNIP data obtained
in genetic associaion studies' presented at a meeting during the project. This appendix
contains a copy of that PowerPoint presentation.

Norwegian Computing Center
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A survey of experimental designs and statistical
analysis of SNP data obtained in genetic
association studies

State-of-the-art for medium and large scale SNP
experiments in biomedical research

Norsk Regnesentral
Norwegian Computing Center

Overview

¢ Association studies
« Experimental design
Statistical analysis
A review paper
Software

Literature

Norsk Regnesentral
Norwegian Computing Center
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Association studies

NR= . .
= Linkage studies
» Before: Mainly mendelian diseases
— One gene per disease (or trait)
— Often rare diseases
— Linkage analysis often used (not association studies)

* Low false-positive rate

— Most SNPs found to be associated with disease were true
associations.

— Need near one-to-one correspondence between phenotype and
genotype

— Review: 1200 genes found using positional cloning
» Naturally occurring mutations are identified on the basis of their
chromosomal location by
— Taking advantage of the meiotic process of recombination
as manifest in families segregating for the disease.

» Markers closest to the disease gene show the strongest
correlation with disease patterns in families.

Norsk Regnesentral
Norwegian Computing Center

]\Rj Association studies

* Now: Mainly complex diseases
— Multigenic - several genes involved

* Not one-to-one correspondence between phenotype and
genotype

— Environmental factors influence the risk of getting the disease

— Often common diseases
* Altmuller et al. 2001

— Review: 101 studies , 31 complex diseases

— Compared whole-genome scans using linkage analysis

* Success has been limited

— Association studies should be used for complex diseases
* Two main experimental design strategies for

association studies

— Case-control designs

— Family-based designs

Norsk Regnesentral
Norwegian Computing Center
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NR= Association studies cont.
» Statistical methods often based on hypothesis testing
— Hgy: SNP is not associated with disease
— H,: SNP is associated with disease
— Type 1 error
* Hyis rejected even if Hy is true

— Conclude that some SNPs are associated with disease even if
they are not

« Significance level of test - typically 5%
— Type 2 error
* Hyis not rejected even if H, is false
— Some SNPs which are associated with disease are not found
* Power of the test — typically 80%

- How many individuals do we need to genotype to obtain a certain
significance level and power?

« Dependent of experimental design and statistical model/method used
— Many SNPs ® many hypothesis tested simultaneously
« Multiple testing

Norsk Regnesentral
Norwegian Computing Center
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Experimental design

NR= Experimental design
e Aim: Minimise the costs compared to how much information we
are able to extract from the obtained data

— Minimise costs in the DNA-sample collection process

— Choose the set of SNPs such that it is probable that the disease
SNPs are included in the set

— Minimise the number of samples times the number of SNPs to be
genotyped
— Control typel and type 2 errors
» Case-control or family-based design?
e Which SNPs chosen for genotyping?
— Not possible to genotype all SNPs in the whole genome
— Reduce the number of SNPs studied
*  DNA-pooling used or not?
— Number of samples to be analysed
* = The number of individuals, if individual genotyping
* = TWwO (one for the cases, one for the controls) , if DNA-pooling

Norsk Regnesentral
Norwegian Computing Center

NR<= Case-control design
e Cases with disease, cONtrols (unrelated to cases) without disease
« Cheaper than family-based designs
» Possible to reuse controls in new studies (no new genotyping needed)
- Important that the sampling of controls is random, f. ex. sample randomly
the Norwegians
« Confounding due to stratification (subpopulations), f.ex. ethnicity

— A positive association between a genetic variant and a complex disease
phenotype does not establish causality.

« A disease that is prevalent in one subpopulation will be associated with
any alleles that are in high frequency in that subpopulation

» False-positive results, loss of robustness
« Inconsistency and lack of reproducibility among studies

— Correlated occurrence of a disease phenotype and a genetic polymorphism
observed because:

< An allele at the locus in question contributes to the disease

* An allele at the locus is in linkage disequilibrium with a true disease—
susceptibility allele at a neighboring locus

» Population admixture (mixing of individuals with different genetic
backgrounds) produces spurious association ? causal association

Norsk Regnesentral
Norwegian Computing Center
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NR= How to solve the stratification problem?
* Use family-based designs
— Controls related to cases
* Use of random or unlinked genetic markers
— Determine the extent of stratification by statistical analysis
— Adjust for population stratification
— Most efficient for large-scale genotyping
» Study multiple case-control populations (different
ethnic groups)
— Association seen in each population
» Data from nuclear families may be used to validate
results from population-based association studies
* Matched case-control designs

— Controls matched to cases on potential confounding factors
like age, sex, ethnicity etc.

Norsk Regnesentral
Norwegian Computing Center

NR= Family-based designs
« Parents as controls

— For each SNP

» Testif an allele is transmitted to an affected offspring more
or less often than expected by chance

— Problem
* Unavailability for late-onset disease
* Some loss of power
— Solution
 Use sibs instead with even more loss of power
* Unaffected sibs as controls
— Individuals in the same family are genetically related

— Loss of power compared with a well-designed study involving
unrelated controls

— Sampling multiplex families
» More than a single individual is affected
» More efficient than sampling singletons

Norsk Regnesentral
Norwegian Computing Center
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]E Which SNPs are chosen for genotyping?

» Using candidate genes or genome-wide scans

— “The majority of publications reporting genetic studies of complex diseases investigate candidate
genes and known metabolic pathways.” (Peltonen et al. 2001)

* Use genome-wide random SNP approach?
— No, many disease-causing genes would be missed
* Map-based or sequence-based approach? Yes, Botstein & Risch 2003
— Argues for a genomic-scale sequence-based approach
» Focus on SNPs in coding regions, disrupt splice sites and in promoter regions
— most likely to be of functional significance and to influence directly the traits
under study
— Argues against a map based gene approach
— Use haplotype information

Table 4 » Comparison of g id plotype map-based versus sequence-based strategies
Map-based Sequence-based

agnostic about gene involved agnostic about gene involved

agnostic about physical location of functional SNPs assumes functional SNPs in coding region, splice junctions
and promoter regions

agnostic about types of SNPs that are functional assumes nonconservative changes in conserved amino acids are more
likely to be functional

haplotype-based; individual genotyping is usually critical DNA pooling is possible

detects mostly higher frequency (P > 0.20) disease alleles potential to detect lower frequency disease alleles

detects higher frequency functional SNP soutside misses functional noncoding SNPs, except when evolutionarily conserved

coding regions

requires genotyping 500,000-1,000,000 SNPs or more requires genotyping 50,000-100,000 SNPs

Thetableis copied from the paper of D. Botstein and N. Risch, 2003 (see slides with literature overview) Nor sk Regnesemral

Norwegian Computing Center

NR= Choosing SNPs in different populations
* Possible strategy
— Under the assumption
« Common genetic reason for all populations

1. In populations with high linkage disequilibrium
— Initial detection of SNP associations
— Coarse mapping
— Ex.: Caucasian + Asian population
« Two alleles equally associated with disease (+ in complete
disequilibrium).
2. In populations with lower linkage disequilibrium
— Which SNP is primary?
— Fine mapping
— Ex.:African:
e The two alleles found above are not in complete
disequilibrium
* Find primary allele of these two

Norsk Regnesentral
Norwegian Computing Center
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NRs=
e Two pool designs
— One sample for cases, one for controls (disease trait)
— One pool for each of the two extremes (quantitative trait)
* Reduce the cost of large association studies, but
— Result in loss of information

— For quantitative traits

» Allows examination of between-pool differences, but not within-pool
differences

— Additional experimental errors
» Efficiency of a DNA-pooling study = N,/ Np
— Npis the number of individuals required to achieve same significance and

power as a in a study that is based on individual genotyping with N,
individuals

— Qualitative traits
- Efficiency =1 in the absence of experimental error.

» Four replicate measures are recommended for sufficient reduction in
this error

— Qualitative traits
- Efficiency << 1

DNA-pooling

Norsk Regnesentral
Norwegian Computing Center

NR

i

DNA-pooling cont.

e Pools to be compared should be well-balanced
— Equal representation of sexes, age groups, ethnicities etc.
— If risk factors for getting the disease, use four pools
* Two pools for cases
— One with high level exposure to risk factor, one with low
— Similarly for controls
* Also possible to use multiple-pool designs to obtain average
allele-frequency estimate from several pools and measurements
— Reduce uncertainty of obtained allele-frequency estimate
* Two stage design most effective?
— Find markers that show positive association in a pooling study
» Cost saving
* OK with some stratification and typel error here
— Follow up these markers by confirmatory individual genotyping
* Full information = best accuracy
» Avoid stratification and typel error here

Norsk Regnesentral
Norwegian Computing Center
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Statistical analysis

Statistical analysis

* The input to the statistical analysis is for each SNP
— Whether there are 0,1 or 2 occurrences of a certain allele
(individual genotyping) or
— Allele frequencies (for a DNA-pool)
* The aim of the statistical analysis is to find which of the
examined SNPs that are associated with disease
— Inlinkage disequilibrium or causal

How to analyse such data? Hypothesis testing often used
— The TDT test for family-based designs
Tests for case-control designs
Tests for DNA-pooling designs
— A Bayesian outlier method
A set association method
Haplotype pattern mining
* Toivonen et al. 2000

» Finding disease-associated haplotypes

Norsk Regnesentral
Norwegian Computing Center

The transmission disequilibrium test - TDT

Spielman et al. 1993
— Also described in
 Risch 2000
e Lazzeroni & Lange 1998
* Spielman & Ewens 1998
* Schaid & Rowland 1998
Family-based design
— Parents as controls
Avoid problem with stratification
Testing

— A SNP allele is transmitted to an affected offspring more or
less often than expected by chance

Norsk Regnesentral
Norwegian Computing Center
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NR=

TDT cont.

* Information used only from heterozygous parents

— An allele transmitted by a parent to an effected child is
matched to the other allele not transmitted from the same
parent.

» For a biallelic locus, count the number of times allele
1 and 2 are transmitted to affected child.
— Mijei : Number of times allele i is transmitted to affected child
from a parent with one i and one j allele
— Puiei: Probability that allele i is transmitted to affected child
from a parent with one i and one j allele
— H: Puzei™ Puoez  H.: Puzer® Pum:
0 tl = n]/2®1 ’t2 é n]/2®2
Let and

—  The test statistic  Tyemar = (4 - 1,)? /(t, +1,) follows an
approximate chi-square distribution with one degree of
freedom

Norsk Regnesentral

NR==

Norwegian Computing Center

Several variants/extensions of the TDT

Lazzeroni & Lange 1998
— Permutation extensions of the TDT to

< Multiple alleles, multiple loci, unaffected siblings, genotypic rather than
allelic associations

« Correction for multiple tests more powerful than the standard Bonferroni
correction

— Monte Carlo approximation of p-values
— Simultaneous TDT tests are conducted on haplotype data
Spielman & Ewens 1998
— Sib-TDT (S-TDT): statistic for unaffected sibs instead of parents
— Statistic for combining S-TDT and TDT

« Obtain “null” distribution by permuting the data (bootstrapping) for finding
whether allele frequencies differ significantly

« Software available
Schaid & Rowland 1998
— Parents, sibs, unrelated as controls
— Extension of Spielman & Ewens 1998
Teng and Risch 1999

— TDT for sibs
Norsk Regnesentral
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]\Rj A test for stratification in case-control designs

» Pritchard & Rosenberg 1999
Detect population stratification by use of unlinked marker loci
— In genome-wide scans:
« Use the genotyped markers themselves as the unlinked marker loci
« The power to detect stratification will become very high
* H, The allele frequencies at each of the marker loci are the same in
the case and control groups. m,m
- For one locus: Statistic to test for stratification, (ds - G,)8M ndn
square distributed AR
—m=m, *m, ,my andm, are the number of affected and healthy
—Gy and4, are the frequencies of the allele among affected and healthy
~ M and Ny are the number of A alleles and non-A alleles
» Test statistic for a set of unlinked marker loci

— Assume that the markers are chosen at random, so that it is improbable
that any are tightly linked to disease loci

— The sum of the statistics computed at each marker locus, is chi-square
distributed with degrees of freedom equal to the sum of the degrees of
freedom for the individual loci.

, is chi-

Norsk Regnesentral
Norwegian Computing Center

NR= A test for case-control designs pritchard et al.2000
1. Infer details of population structure and assign
individuals to subpopulations
— Pritchard, Stephens & Donnelly 2000
— Model-based clustering method (Bayesian approach)
— Parameters found by MCMC method
* The number of subpopulations, K
» Allele frequency for each subpopulation
« Each individuals proportions from each subpopulation
- (q]_!"'qu)
2. Use this information to test for associations within
subpopulations
— The test is comparable with TDT
— Hg no association between allele frequencies at the
candidate locus and phenotype within subpopulations

* Software is available

Norsk Regnesentral
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]\_" Tests for DNA-pooling sham et al 2002

- Test statistic for allelic association ( P1 = P2) /(Vy + V) where the ps
are estimated sample frequencies for affected and controls, and the Vs are the
corresponding vari‘lamcels.

o Vi+V, =p(- p)L+t 2)(Esz_nz)ue2

— t is the coefficient of variatiorsm( ) of the number of DNA molecules of locus A
that is contributed by each individual

— €2 is the variance of the pool measurement error

* Use of multiple pools

— Reduce uncertainty of obtained allele-frequency estimate

— Between individual genotyping and DNA-pooling
* k - Number of distinct pools
* n - Number of individuals in a pool
* r - Number of times a pool of the same individuals is independently constituted
* m - Number of independent allele-frequency measurements made for each pool
* n*k— Number of individuals
* k*r*m - Number of measurements

— Variance for average allele-frequency estimate

* V2 p(1-p)/2nk + p(1-p)t¥2nkr + €/2krm

Norsk Regnesentral
Norwegian Computing Center

]E Tests for DNA-pooling Risch & Teng 1998

* The relative power of family-based and case-control designs

« Power of different genetic models for different designs are
compared

— Calculated sample size needed to obtain a power of 80% and
significance level 5E-8

« A false positive rate of 5% after 106 independent tests (i.e.106
SNPs genotyped)
« Examples of results / conclusions
— Family based controls compared to unrelated

* A loss of efficiency of two- to sixfold using unaffected sibs or two-
to threefold using parents

— Sibships with multiple affected sibs: most powerful when disease
allele frequency low

— Also other conclusions / guidance concerning design

Norsk Regnesentral
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Tests for DNA-pooling Risch & Teng 1998 cONt.

Test statistics of the form (B.- P:)/s *where s %is an estimate of the
variance of B.- p,

— TDT: s 2= the proportion of heterozygous parents in the
sample/(8*number of families)

» Parents require individual genotyping to derive the TDT statistic,
i.e. can not use DNA)—Pfoling using this statistic.
n

— HHRR, THT:S %= P2(1- P, , Where n is the number of families.
* More powerful than TDT when random mating is assumed
 Less powerful when population stratification exist
» Substantially less powerful with very large stratification

g - the genotype risk ratio associated with heterozygosity or
homozygosity for a disease susceptibility allele.

— Linkage analysis: successful for g8 4 not for g£2.

— Linkage disequilibrium analysis: Also successful for g£2.

* Risch & Merikangas 1996: Test for 10¢ polymorphic alleles,
significance level 5E-8

— gEL.5 detected with realistically sized samples (<1000

families)
Norsk Regnesentral
Norwegian Computing Center
NRE . : |
A Bayesian outlier method Devilin et al.

Devlin & Roeder 1999 (Biometrics)
— Can be used with case-control data
< Controls for population heterogeneity (subpopulations)

*  “In awell designed case-control study, subjects are drawn from the
same ethnic group or additional heterogeneity is modeled explicitly.”

— Not important that cases are strictly independent
— A Bayesian outlier method / Bayesian probability model
1. Detecting population level association between a marker and disease
2. Find SNPs which are associated with disease
* No need for Bonferroni correction for multiple tests
— Software available from authors on request
Devlin et al. 2000 (Biostatistics)
- A more powerful approach that incorporates the spatial configuration by
using haplotypes
« "Detect excess-haplotype sharing” (Mixture models, score test)

*  “The dependence, measured as haplotype-sharing, will be greater in
the vicinity of disease genes than in other regions of the genome”
Norsk Regnesentral
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A set association method

* Hoh et al. 2001
— Software available (Sumstat)

* Analyze markers jointly rather than testing each marker in isolation
— Marker-by-marker approach completely ignores the multigenic nature of

complex traits and does not take into account possible interactions between
susceptibility genes.

— Jorde 2000

* “The incorporation of information from multiple loci can enhance the
power and accuracy of LD mapping”

» Several Multilocus disequilibrium methods described
— Schaid & Rowland 1998

» “Simulation result indicates that testing all alleles simultaneously is most
powerful’

— Risch 2000

» “Many different genes, each with allelic variations, contributed to the total
observed variability in a trait:

— Application of the central limit theorem from statistics implicates a
continuous normal distribution in the population for such a trait”

» Stratification not taken into account.
— Methods described by others could be incorporated into the set association

method Norsk Regnesentral
Norwegian Computing Center
NRE

A set association method cont.

« A statistic for each

marker is su Itably Trimming: Compute Allelic Assoc- HWD for assoc-

chosen 2 for HWD in controis | | iation: Compute | | iation: Compute
and determine number | | statistic ¢, for ith | | u(d) in affected
d of outlying x2 values. | | SNP. individuals.

+ Application \ b /

— 779 heart disease
patients (342
cases showed
restenosis, rest
controls)

— 89 SNPs in 62
candidate genes

Ott&Hoh 2003

— Apply the method
on microarray
data to find a set
of differentially
expressed genes

Compute s, = {, x u{d) for i-th SNP and order values
by decreasing size such that s, 25,2 ...

Calculate sums S,{d) = 5, + S + ... + 5, With
increasing numbers n of terms. Evaluate p-value,
p(n,d), of each sum via permutation tests.

v

Pick smallest of these p-values, minp(n .d), and eval-
uate its significance level, p,,,. via permutation tests;
P Fepresents the final significance of the procedure.

Figure 1 Flow diagram illustrating the algorithm implemented in
the set-association approach.

The figure is copied from the paper of J. Ott, A. Willeand J. Hoh, 2001
(see slides with literature overview)
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A review paper

NR<= Review by Hirschhorn et al 2002
* Review of genetic association studies and complex diseases (many
references to previous studies)
— Ignored reports on gene-gene and gene-environment interactions
— 600 positive associations between common gene variants and disease
— 268 genes, 133 common diseases or dichotomous traits.

» Discuss reasons for irreproducibility
— Typel error is an unlikely explanation
— Stratification
— Variable linkage disequilibrium between marker and disease allele in different
populations
— Population specific gene-gene or gene-environment interactions
— Different sample sizes
e Suggest guidelines for performing and interpreting genetic association
studies
— Large studies and /or meta-analyses of multiple studies
— Omission of small negative studies will bias the pooled data toward a positive
result
* Negative results also important

Norsk Regnesentral
Norwegian Computing Center

]E Review by Hirschhorn et al 2002 cont.

[able.
Disease/trait Gene (ref) Gene (ref) Gene (ref) Gene (ref)
Gz
e lekemia cvrin s CYPaDs 45,40 Gt ) Gt
MIHER (30 NAT2 (47
Badder ancr oSTI @9 G (4 a1 60
Bras e CouT Gy &y ) APia (53 a0
PRI (5, 56) ERGB2 (7) 1 () G G
S HSPAS 61 R ) NaT2 65
v SRG () 5002 60 5 ()
VoR ()
Cervical cancer GSTTI (69) MTHER (70) TP53(71)
ETS1 05y ™ ()
Colrecal cacer XDtz () Ky e o D )
GSTMI (78) GSTTI (79) LTA (80) MSHS3 (81)
NTHER (1) NATI 62) NAT @5) X0 ()
Endomeril cance CORNIA (59 CYPiAL 30 Mo (67) NTHER 50
55 )
Gastric cancer ALDH2 (74) ‘GSTM1 (89) GSTT1 (%0) ILIB (91)
e o
| Q- BPARG (33)
Hedinek cancer KDHIS (30) A2 00 oA crpinl 06)
‘CYP2D6 (97) CCYP2E (98) [FCGR3A (99) ‘GSTMI (100)
‘GSTMS3 (101) GSTP1 (102) GSTT1 (101) LTA (103)
MYCLI (104) NATI (48) NAT2 (102, 105) TP53 (106) i i
Hodg'symphoma HSpaa o E o Thetable 'Smp'e‘“mf; the F’a‘ﬁ of
Liver cancer CYP2D6 (107) CYP2E (108) EPHXI (109) i A see slides
Lung cncer Kot (o Coivia (o SPIAL (1) cvpin ss) Hirschhom et al., 2002 (
. CYP246 (112) CYP2E (113) DIA4 (114) DIA4 (115) with literature overview)
BP0 (116 G iy STl (1, 119) kA (130
LAz MGMT (1) Mro 139 NATS 136,125
NAT2 (126) TF(127) TPS3 (128)
Sekinoes s (129 MCIR (120 XRGca 1)
NonHodgkn's ymphoma Epix1 S PR
Oril ekopiks GSTM (19, 13) GTT 19, 130)
Oligoastrocytoma ERCCI (99)
- Ras 159 753030
Prodae cancr KR (157, 1) vt 18, 140 creas e gy
CYP3A4 (143) ELAC2 (144) GSTPI (49) SRDS5A2 (145)
VDR (146)
Rens ol cancer o G )
Tesioar ancr
A Ack 149) ADRE3 150 AGTR Gs1) ApoI 152)
Aron (139 PO (159 Jesthiee) Craa G
FI3A1 (157) F2(158) F5(159) F7(160)
[} FGB (161) GPIBA (162) GSTMI (163) HTR2A (164)
RSt ey o (166) GBS (167) ey
Mate3 1) MTHER (13, 16) Xo% (170,171) NrRA72)
PLAT (173) PONI (174) PON2 (175) PPARG (176)
SELE (177) SELP (178) SERPINAS (179, 180) SERPINEI (181)
TGk (1) THED (189 WR
ovr FUAL(185) £2(186) ) F0)
MIRER (19 PLAT (8) FONI(15)
Diud cadiomyopaihy ACE (150) EDNRA (191) PLAG? (170 sop2(152)
HIN ADDI (194) AGTR1 (195) CYP11B2 (196)
D1 (19),19) DRDI (159 Gox a0y st aon)
GYSI (203) HSDI11B2 (204) INSR (205)
'MTHEFR (206) NPPA (172) REN (207) SAH (208)
SCNID (209 SERNAS C10) TaRB1 (1) T
vl pos-CHE o2 12) MED1 013
yo e a1
Comct desmatis NATs (315)
Eczema. CMALI (216)
P Ginain wway 1mais) ot a20)
SERFNAB 219 TP (321) T i 223 VORG24
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]\Rj Review by Hirschhorn et al 2002 cont.

Table 1
(Continued)
Discaetst Gene e Gene Gene () Gene (ee)
Addison's disese CrLas 225)
Gestational DM INSR (226)
i CrLAs a27) 16 28) 14 @29) a1 (230)
R (231) TRHR (232) VDR 39
Hyperparathyroidisn VDR (238)
Mile infedlity AR(235) 148 236)
Obesity /ABCCS (237) ADRB? (238) ADRBS (239) APOB (240)
APOD 1) B3 () LDLR (243) LEP (244)
LIPE (245) NMB (246) 'NPYSR (247) PPARG (248)
'TNF (249)
Osteoporosis/fracture (COLIAI (250) 'TGFBI (251)
PaoS CYPLIA (53) Py ase) FSHB (259) BT 256)
NS (257) LB 58)
Shortsatre DRD2 (259) VDR (20, 261)
Type  diabets BCL2 (262) A 6) R a0 cosD (2s5)
D4 265) CTLAs 266) GCK @) ICAM1 (268, 265)
ING (270) 1GHV2S (27) 15 @72) NS (@73)
LTA (274) 'NEURODI (275) PSMBS (276) VDR (277)
WES) (278)
Type 2 disbets ABCCS (279) ACE a80) ADRE2 281, 262) CDa (283)
FRDA (284) GCGR (285,286) GCK (87,288) Grsi (289)
'HEFE (290) INS (291) INSR (292, 293) IPF1 (294)
1 095) KCNIII (256) PoSK2 (297) FPARG (37) N
PPPIR (258) RRAD (299) SLC2A1 (300) SLC2A2 (301) Thetable iscopied from the paper of
1602 uCP3 (303 ] N
Gastroenterology o Hirschhorn et al., 2002 (see slides
‘Celae discae CrLA oo T 205 P y
Cholelithisss o8 s0e) S on with literature overview)
D BDKRBI (308) F5(309) Lo G10) RN (61
ML (312) MTHER (313) MUCSA 1) TNF (315)
VDR (16)
LIRN (1)
CTLA G18) VDR (319)
o3 (20) 1AM 621y NOS2A (322) ™ (523)
CcR2 (20) GaRs (325,326) R (327) MBL2 (28)
SDFI (329) SLCIIAT (330)
31)
TNE (332) VDR
FCGR2A (334) SERPINE! (335) T™F (336)
ADRB2 (337) NOS2A (338
18 (339
ILIRN (340)
IL10 (341) 'TNF (342)
SLCIIA (343)
2. T™E (45)
ACE (346)
Iad (47
MCIR (348)
AGE (345)
'ALAD (350)
ACE (s51) APOAI (352) APOB (353) APOE (350)
SERPINEI (355)
Macula degenerston E EPHXI (357) sop2 (7
Tobaceo use DRD2 (58)
Trichloroethylene toxicity GSTMI (360) GSTTI (360)
Neonatal dscse
Citiplpane BeL3 ss1) MSXi (362) RARA (363) TGFA (364)
TGFB2 (365) TGRB) (362)
Neurlube defet MTHER (16,17) MTR G66) T8
Pyorc stenosis NOSI (368)
RDS SFTPAL (39, 70)
Contimed
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NR= Review by Hirschhorn et al 2002 cont.

Table 1
(Continued)
Disease/trait Gene (ref) Gene (ref) Gene (ref) Gene (ref)
Neurology
Absence seizures ‘GABRB3 (371) OPRMI1 (372)
Alzheimer's disease A2M (374, 375) ACE (376) APBBI (377) APOA4 (378)
APOCI (379) APOC2 (380) APOE (381) BCHE (382)
BLMH (383) 1LIA (386) CTSD (384) HTR6 (385)
LRPI (387) NOS3 (388) PSENI (389) SERPINAS3 (390)
SLC6A4 (391) TF (392) TFCP2 (393) TGFBI1 (394)
'TNFRFS6 (395) 'VLDLR (396)
Creutzfeldt-Jakob disease PRNP (397)
Epilepsy CHRNAM (398)
Guillian-barré syndrome “TNF (399)
Head injury outcome APOE (400)
Hydrocephalus APOE (401)
Intracranial aneurysms ACE (402) ENG (403) MMP9 (404)
Ischemic stroke ACE (405) APOE (406) CYBA (407) ENG (408)
FI3A1 (409) E2(410) FGB (411) GPIBA (162)
ITGA2 (412) MTHER (413, 414) NOS3 (415) NPPA (416)
PLA2G7 (417) PONI (418)
‘ Migraine headache DBH (419) MTHFR (420) SLC6A4 (421)
Multiple sclerosis CTLA4 (422) ILIRN (423) MBL2 (424) PTPRC (425) i i
Myasthenia gravis FCGR2A (426) ILIB (427) TNF (428) Thetable is copied from the paper of
Otosclerosis COLIAI (429) Hirschhorn et al., 2002 (see slides
Parkinson’s isease A2M (430) ADH4 (431) CCK (432) coMT@y) y
CYPIAL (434) CYP2D6 (435) DLST (436) prRo2(437y  With literature overview)
EPHXI (438) GSTPI (439) MAOA (440) MAOB (41)
MAPT (442) NAT2 (443) NOS3 (44) SERPINA3 (445)
. SERPINA3 (445) SLC6A3 (446) SLC6A4 (447) SNCA (448)
UCHLL (449)
Obstetric disease
Endometri ESRI (450)
Fetal loss. ACP1 (451) CTLAA4 (452) EPHXI1 (453) F2 (454)
MTHER (456)
Preeclampsia AGTRI (457) F2 (458) FS (459) LPL (460)
'MTHER (461) NOS3 (462) SERPINE! (463) 'TNF (464)
Pharmacogenetics
Albuterol response ADRB2 (465)
Antidepressant response GNB3 (46)
Aspirin response ITGBS (467)
Azathioprine toxicity TPMT (468)
Beta-blocker response ‘GNASI (201)
Clozapine response DRD3 (469) HSPAIA (470) HSPA2 (470) HTR2A (471)
HTR2C (472) HTR6 (473) (474)
Drugeinduced tardive dyskinesia CYP2D6 (475, 476) DRD2 (477) DRD3 (478) HTR2C (479)
SOD2 (480)
D Huvsuinreponse APOB (481)
Fluvoxamine response SLC6A4 (482)
Irinotecan toxicity UGTIAI (483)
Leukotriene Inhibitor response ALOXS (484)
Lithium response IMPAI (485)
Menadione-associated urolithiasis DIA4 (486)
Omeprazole response CYP2C19 (487, 488)
Pravastatin response CETP (489) MMP3 (490)
Tacrine response APOE (491)
Tricylic antidepressant response CYP2D6 (492)
Warfarin response CYP2C9 (493)
— Continued
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Review by Hirschhorn et al 2002 cont.

(Continued)
Disease/trait Gene (ref) Gene (ref) Gene (ref) Gene (ref)
‘Anorexia HTR2A (494)
ADHD COMT (495) DRD4 (496) DRDS (497) SLC6A3 (498)
HTR2A (499) SNAP25 (500)
Autism ADA (501) EN2 (502) FMRI (503)
Bipolar disorder APOE (504) ATPIA3 (505) COMT (506) DDC (507)
DRD3 (508) BRAS (509) HTRSA (510) HTRS (511)
MAOA (512) MAOB (513) PLA2GIB (514) PLCGI (515)
SERPINAS (516) SLC6A4 (517)
‘Compulsive gambling DRD2 (519) DRDA4 (520)
Depression ACE (521) COMT (522) DRD3 (523) DRD4 (524)
‘GNB3 (466) HTRSA (510) SLC6A4 (525) 'TPH (526)
ocn DRD4 (527) HTRIB (528) HTR2A (529) SLC6A4 (530)
Panic disorder ADORAZA (531) CCK (532)
Schizophrenia APOE (533) CCK (534) (CCKBR (535) COMT (536)
DRD2 (537) DRD3 (538) DRDA4 (539) DRDS (540)
GNAL (541) HMBS (542) 'HRH2 (543) HTR2A (544)
b HTRSA (510) HTRS (545) KCNN3 (546) NTF3 (547)
(OPRS| (548) PLA2GAA (549) PLA2G7 (550) 'YWHAH (551)
Pulmonary disease
Asthma/atopy ACE (552) ADRB2 (553) ‘CCRS (554) CFTR (555)
GSTPI (556) HNMT (557) 1L10 (558) 1L13 (559) . .
1L4 (560 ILAR (561) TL9R (562) LTA (563) Thetable is copied from the paper of
MS4AL (564) NOSI (565) NOS3 (566) PLA2G7 (567) i .
SCYAS (568) SERPINAB (569) TAP) (570) TAP2 (571) Hirschhorn et al., 2002 (see slides
'TBXA2R (572) 'TNF (563) UGB (573) i i i
COPD/emphysema . CFTR(74) EPHXI (575) GC (576) GSTPI(577) with literature overview)
SERPINALI (578) SERPINA3 (579) “TNF (580)
Pneumoconiosis (581)
Pulmonary fibrosis 'TGFBI (582)
Pulmonary embolism FGA (583)
Sarcoidosis ACE (584) CCR2 (585) CCRS5 (586) SLC11AI (587)
VDR (588)
Renal/urologic disease
IgA nephropathy TRA@ (589)
Nephrotic syndrome SERPINALI (590)
Renal failure BDKRBI (591) DCP1 (592) HSD11B2 (593) KLKBI (594)
NOS3 (595) SERPINASB (592)
Urolithiasis DIA4 (486)
Behcet's disease ICAMI (59)
Intervertebral disc disease (COL9A2 (597)
Juvenile chronic arthrits 5 TAP2(599)
RA SLC11Al (600)
D Osteounhrits COL2AI (601) VDR (602)
Rheumatoid arthritis CRH (603, 604) ESRI (605) HSPAIA (606) 1TFNG (607)
SLCI1A1 (608) TAP2 (609) TRD@ (610) XRCC3 (611, 612)
Sjogren’s syndrome GSTMI (613)
SLE ACE (614) ADPRT (615) BCL2 (262) CAA (427)
(C4B (616) CTLA4 (617) CYP2D6 (618) FCGR2A (619)
HSPA2 (620) IGHV3-30-5 (621) 1L10 (622) MBL2 (623)
TN (624)
Wegener's granulomatosis CTLA4 (626) PRTN3 (627)
reach dis i, the f s witha 8
ia; CAD/MI, coronary artery disease/myocardial infarction; HTN, hypertension; CHF, congestive ‘heart failure; DM, diabetes mellitus; PCOS, stic:
Jeukeni - 3 CHE, conges DM, 8 litus; PCOS, polycrst
" o ) - some; ADHD, stention & disorder; OCD, mpul
DVT, deep vein thrombosis; IgA, immunoglobulin A.
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Software

i

Available
software

mentioned in
Jorde 2000 ®

In addition:
Available
software

mentioned in
earlier slides

Software

Linkage Disequilibrium and Complex Disease Genes

Table 2. A Compilation of Some Readily Available Software for Linkage Disequillbrium Analysis

Program
name Description Web Address Reference
ALLASS Estimates composite finkage hitp://cedar. genetics.soton.ac.uk/ | (Collins and Morton 1998)
for multlocus 'Pub/PROGRAM/ALLASS
data using the Malécot :
by distance equation £
ARLEQUIN fation analysis hitp://antheo.unige.ch/ (Schneider et al. 2000; Slatkin
P eioe tha bk gy S ratecotten 1958
Toh S and 1B s
for locus pairs; significance
tested by
DistQ Multlocus erwillger 1995)
DMAP Tikelihood estimation http:/lib.stat.cmu. A B etal 1996) -
Corposts et st Hitp: sdu-bdedinil | Oevin 6)
T U c n approa /oo gene. el ac.uk/ | tsham and curts 199
T | Do ieecads
FINEMAP trees for e (Lam et al. 2000)
disease and normal cmustats/
GAssoc Performs various association http:/ /v mayo.edulstatger 4 1996)
tests, including TDT for Brites e e
GDA Population analysis Ifalleyn.eeb.sconn.edu/gdal. - | (Weir 1
mwmﬂ:mwd :
qrot Performs association tests and hitp://www.well.ox.ac.ukjasthma/ | (Abecasis et al. 2000)
TOT for quantitative traits QT
using a variance
TOT/STOT | Performs TOT and sib-TOT 1 7.med.upenn.edu/ ind Ewens 1996,
el B it Tl
TRIMHAP hapl alyss for tp: (MacLean et al. 2000)
estimation of disease gene i :
Tocation

Thetable iscopied from the paper of L. B.Jorde,
2000 (see slides with literature overview)
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