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Overview

• Forward versus reverse genetics
= association versus linkage

• Linkage
• Association
• Mutation detection      dbSNP

• Disequilibrium             www.hapmap.org

• Genotyping studies
• Genotyping methods
• Analysis and designing studies



Summary
• DMMC Course: TECHNIQUES & STRATEGIES IN MOLECULAR MEDICINE
• 1130-1215 Monday 10 December 2007, Panoz institute, LTEE2, TCD
• Detecting common and rare genetic variants associated with disease. 

Prof Denis Shields (UCD Conway Institute of Biomolecular & Biomedical 
Research)

• Different strategies are required to identify rare and common genetic variants 
underlying both rare and common diseases. For common genetic variants, there 
is now a very rich dataset of identified common single nucleotide polymorphisms 
(SNPs). These can be investigated in disease groups (compared to controls) in 
candidate genes, or by whole genome association analysis. Analysis of these 
genes requires careful attention to the patterns of association of SNPs that are 
chromosomally adjacent (in linkage disequilibrium). Linkage analysis (tracking in 
families the disease co-inheritance with widely spaced gene markers) is the 
traditional approach of choice for rare mutations that have strong phenotypic 
effects. High throughput sequencing of candidate regions (and in future whole 
genomes) are accelerating the rate of data accumulation. 

• References: Nature 429:446 



Forward or reverse genetics?
• FORWARD

– Candidate genes
– Look to see what effect 

variants in the gene have
– “Association study”

• REVERSE
– Start with a phenotype 

that looks genetic
– Look to see what regions 

of the human genome 
travel in families with the 
phenotype

– “Linkage study”

• WHOLE GENOME ASSOCIATION
• Every region is a candidate region
– Look to see what effect variants in the gene have
– “Whole genome association study”



Linkage
• The probability of recombination in families 

always increases between markers as move 
further along the chromosome.

• Need a good number of markers spread 
across the genome (a few hundred) to have a 
chance of finding a marker-disease 
association.

• Need a good number of affected in families in 
order to map the gene to a narrow section of 
chromosome

• Can use RFLPs (dinucleotide/trinucleotide
microsatellites) or recently SNPs (less error in 
calling genotype).

– RFLP=Restriction Fragment Length Polymorphism
– SNP = Single nucleotide polymorphism



Linkage and disease genes
• Recombination fraction (theta) between M & D

– probability of being passed down together in meiosis
– Minimum 0,  maximum 0.5.
– Morgan = probability of a recombination happening

• Allows for chance of > 1 recombination
– Genetic maps are measured in centimorgans (cM)
– Each chromosome has between 1 and a few cross-overs per 

generation (large chromosomes, more cross-overs)

– Basis of linkage studies:
• D: unknown disease gene,
• M: is a marker gene, 

– Then marker gene travels in families
with the disease phenotype.



Linkage versus association
• Linkage

– Family studies trace 
linkage of widely spaced 
markers to disease 
genes

– works well for rarer traits 
running in families

• familial lipidemias
• diabetes

– Not good for common 
traits with no single 
genetic cause

• hypertension

• Association
– Compares gene 

frequencies between 
groups of people

– Assessing the role of a 
polymorphism

• or a chromosomally 
adjacent variant which 
is in “disequilibrium” at 
population level

– Better when underlying 
factors confer a weak 
risk.

– Samples from other non-
genetic studies often 
useful



Linkage versus association
• Linkage: 

increasingly being 
applied to more 
detailed 
intermediate 
phenotypes in 
complex disease, 
rather than just to 
the ultimate complex 
outcome

• Risch and 
Merikangas (1996): 
power calculations 
indicate that large 
association studies 
may be better than 
linkage for complex 
disease outcomes.



Linkage: tools
• Simulation programs to decide study power

– How many families of what type needed
• Likelihood analysis

• (programs: Genehunter, Linkage)
– To correct for multiple regions of human genome linkage 

scanned, to have the equivalent of a 0.05 chance of inferring 
linkage when there is none, use a cut off of 1000:1 odds for any
single region (LOD=3).



Mutation detection
• Finding new variants: technology

• Very old days: from studies of protein function
• Old days: sizing DNA found length variants

– RFLPs
• 2 years ago days: 

– Sequencing
» Cloning and sequencing
» Sequencing human DNA, detecting heterozygote peaks

– Denaturing HPLC to distinguish heteroduplexes in heterozygote 
samples.

– Other methods: Denaturing Gel Electrophoresis
• Now: massively cheap large scale sequencers

– Solexa
– 454
– ABI solid



Mutations/variants: where to look?
• Finding new variants: strategies

– First database to inspect: www.hapmap.org
• millions of SNPs typed
• Clean database, most SNPs are real
• Allele frequencies in Caucasian, African, Asian
• Pattern of relationship among SNPs is clear

– Which tend to be associated with other SNPs
– dbSNP and similar databases

– Are riddled with error but have loads of real data too.
– Literature: including:

– Mutation studies detect common SNPs when looking for severe variants.

– Coding (mRNA)
• EST databases

– Upstream
• Decide strategy on the basis of any experimental data about promoters, 

conservation between species of DNA regions. 
– Intron:

• Intron-exon boundaries
• Regions conserved between species.



Mutation detection
• Should you look for:

– common variants (just study a small number of people)
– Rare variants (study a large number, perhaps use pooling).

• This depends on what effects you are looking for
• Are rare alleles or common alleles of more interest in your 

study?
– Rare disorder, probably Mendelian

• Look for variants in the people with the rare characteristic
– Often in candidate genes from regions of the genome

» identified by linkage analysis of the family from which the sample 
came

– Common disease
• Look for variants in some of your own patients
• Rely on existing databases/literature to get a good coverage
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Disequilibrium

• Because genes are linked along 
chromosomes:
– Very close genetic variants often travel 

together at a population level. 
– There have not been enough 

recombination events since birth of 
variants

– Close: e.g. within 100 kb.
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Disequilibrium

• Disequilibrium
– Is not constant along the chromosome

• Recombinational hotspots.
• Potential selective sweeps. 
• Is not always greatest for variants nearest to each-other

– Since the pattern of disequilibrium is very old
» Mutations influence what happens.
» A recent mutation followed by drift can bring two 

distant variants into tight disequilibrium
» Gene conversion mutations can swap bits among 

haplotypes in an irregular way. 
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www.hapmap.org

• R-squared: a measure of how much two 
SNPs travel together
– Value of 1 completely associated
– Value of 0, completely unassociated
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• dbSNP keeps changing access front end
• Try this:
• www.ncbi.nlm.nih.gov/entrez

– Select “Gene” as category to search on
– Enter name of gene you already know

• (try HUGO gene nomenclature website to get gene names)
– Click on the human gene that you want 
– From the right panel click “SNP gene view”
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Cutting down the number of 
SNPs to analyse:

• Choose a set of SNPs that:
– maximally represents variation, for 

minimum cost
– There are a number of pre-computed sets 

of SNPs for all genes that will work fine in 
Caucasian populations
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• Science 314:1461 (2006)
• >500 cases, ileal Crohn’s disease >500 controls 
• 300,000 SNPs (Illumina technology)

• 2 markers with high p-values
– rs2066843 (P = 3 × 10−9, corrected P=9×10−4) 
– rs2076756 (P=5 ×10−10,corrected P= 1 × 10−4)
– are in the known CD gene, CARD15 

• Novel association in Interleukin 23
– rs11209026 (P = 5 × 10−9, corrected P = 1 × 10−3), 

nonsynonymous SNP (1142G>A, Arg381Gln)
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391,000 SNPs minor allele frequency > 1% and
passing quality control, Affymetrix 500K SNP Chip
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• 14,000 cases, 3,000 controls
• 809 excluded based on non Caucasian 

ancestry, contamination, false identity, 
relatedness
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Their results
• 11 of 12 known disease SNPs showed effects
• At p < 5 x 10-7 cut-off, results for all SNPs analysed:

disease sibling risk significant SNPs

Crohns
disease > 17 9

T1 Diabetes 15 7

T2 Diabetes 3 3

Rheumatoid 
arthritis > 5 3

bipolar 
disorder > 7 1

coronary 
artery disease > 2.5 1

hypertension > 2.5 0

Sample size:
3,000 controls

2,000 of each disease
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12 of the SNPs that showed 
strong geographic variation

Ciara Dolan et al 
Eur J Hum Genet 

2005

Nature 2007 447:661 Wellcome Trust Case Control Consortium



Genotyping polymorphisms
• There are many methods
• You can outsource this or do it in-house
• For a typical single nucleotide polymorphism there 

are two variants, and three genotypes
– E.g. at position 1 of codon 1205 of COL3A1 gene

• more common allele G encoding Valine
• rarer allele A which results in change to Isoleucine

– Three potential genotypes
» GG
» GA
» AA  



So I know which SNPs I want to type, how do I 
genotype them?

• We used to use K-Biosciences
– Post DNA
– E-mail dbSNP rs number and sequence
– Results returned by e-mail

• If it works, cheaper than doing it yourself.
• Very low consumption of DNA (4 ng per assay)

– Miniaturisation (reagent costs go down too)

• Illumina SNP genotyping platform
– Local or outsource to the company

• Many other methods:
• e.g restriction enzymes and gel sizing

• Direct Sequencing now cost effective for 
certain study designs



Association Analysis of 
genotypes

• Compare frequency of A allele in case and controls
• Compare three genotype frequencies in cases and 

controls
• e.g. chi-square with 2 degrees of freedom

• Investigate frequency of one genotype (e.g. AA 
versus AG+GG)
– If allele A is dominant

• Trend test: assumes an allele dosage effect 
– one degree of freedom.

• Usual statistical measures: Odds Ratio or Relative Risk, with 
95% confidence intervals.



SNP association studies
• Very frequently it is not the variant that you 

type that causes the difference
• Instead, a variant in association with the 

typed variant may cause the effect

Sometimes, want to analyse whether a 
particular combination typed of variants at a 
locus has an effect (typically the 
COMBINATION is associated strongly with a 
rarer variant that is not typed). 



Association Studies analysing more 
than one genotype

• Haplotype analysis
• Genotypes of variants which are chromosomally very 

close (e.g. within 100 kilobases)
– Close variants in “linkage disequilibrium”, co-occur within 

individuals in population more than expected
» reflects accidents of mutation, recombination, selection & 

genetic drift during history of the human population

• Specialised analytical methods
– e.g. analyse the most frequent haplotypes
– Get a statistical programme to both:

» estimate what are the most common haplotypes
» judge if these are associated with disease



Power
• The bigger the better

– E.g. 2,000 patients, 2,000 controls for common
diseases

• Large-throughput screens of many variants
– findings will require replication/meta-analysis

– Meta analysis: putting together the association results of 
many studies, and testing significance



Study design

Are assumptions correct? 
– Will common haplotypes defined by hapmap project 

capture the variation you need to study?
– Is this candidate gene really that interesting?
– Are effects of common SNPs in this disease

» Too small to ever say anything worth studying?
– Can you a priori identify the subset of SNPs with bigger 

biological effects?
» Polyphen database: provides a guess of whether 

amino-acid altering SNPs are benign or damaging

» www.bork.embl-heidelberg.de/PolyPhen/ 



Study analysis

• Need to think carefully about analysis
– What programmes do is essentially not too 

complex
– However, it is very easy to cheat to get a 

significant p-value that is meaningless.
– Need to define analysis plan in advance, 

rather than find the analysis that gives you 
the result you want.



Association Studies: 
interactions

• Gene-gene interaction
• Typically, genes whose interaction we are 

interested in are not close enough to be in 
disequilibrium

• Very large samples needed to detect 
significant interactions

• Gene environment interaction
– Still need bigger samples
– E.g. clinical trial power is chosen

• to be enough for main effect of drug on 
outcome

– not for testing interaction with genes etc



Using genetics to tease apart 
Intermediate phenotypes

• POSSIBLE SCENARIO:
• (1) You have a risk factor associated with disease

– E.g. fibrinogen and heart disease
• (2) A genetic variant is associated with risk factor

– E.g. fibrinogen promoter variant
• (3) The genetic variant is not associated with disease

– E.g. fibrinogen promoter variant and heart disease
• 1+2+3 = CONCLUDE: 

– fibrinogen is caused by, and does not cause disease
• Under a simple model, this is true
• This implies that negative genetic associations with common disease can tell you 

something.

• For discussion of this “Mendelian randomisation”, see: Lancet 2003;9388:930-931 



Resources to think about
• Affymetrix 10k SNP chip

– Amino acid altering
• Affymetrix 1M 500K SNP chip
• Illumina 1M SNP chip
• Gene copy number variation assays

– SNP chip or specialised
• Other platforms also: prices going down all the time
• Is your study for

– Primary discovery
– Replication of findings from largescale studies
– Replication of finding from smallscale studies
– Phenotype well studied elsewhere
– Unusual, hard to replicate phenotype



Sample of Dublin people working in 
this area

• Genetic epidemiology (statistical analysis & study design)
– Gianpiero Cavalleri (RCSI)
– Me

• Lab aspects
– Derek Morris (TCD, Michael Gill’s group)
– Ross McManus (TCD)
– Sean Ennis (UCD) Illumuna platform

• Clinical experience, association studies
– Michael Gill, TCD: schizophrenia/bipolar etc
– Norman Delanty/Colin Doherty RCSI/TCD epilepsy
– Alice Stanton RCSI, Helen Colhoun UCD (clinical trial association)

• Linkage analysis
– David Barton, Crumlin UCD 
– Pete Humphries group TCD

Microarray refinement of genes within linkage regions


