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• Testing single nucleotide
variants/polymorphisms (SNVs/SNPs) for
association with complex trait/disease
▪ >=1 million SNPs tested (whole-genome sequencing, 

imputed chip data)
▪ significance level at 5 ∗ 10−8 (multiple testing)

• First GWAS in 2005 (age-related macular 
degeneration)

• Polygenic architecture, small effect sizes, large 
sample sizes required (meta-analyses)

• Observed ‚gap‘ between amount of GWAS 
findings and heritability

• Goal: identify disease mechansims, drug
targets, personalized medicine

Genome-wide association studies (GWAS)

Yengo et al., Nature 2022
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Manhattan plot: GWAS of amyotrophic lateral sclerosis

van Rheenen et al., Nature Genetics 2021



Regional association plot: GWAS of idiopathic scoliosis in females

Sharma et al., Nature Communications 2015



GWAS sample sizes vs. loci

Tam et al., Nature Review Genetics 2019



Confounding (correlation is not causation)

Population stratification can introduce false positives

 causal variants in linkage disequilibrium (LD)

Technical:

 Sample sizes growing, software solutions imperfect and bugs occur

From GWAS to biology:

 Identifying causal variants challenging

 Identifying corresponding genes/mechanisms even harder

Challenges and limitations

Nature Review Genetics 2019



• Allele frequency differences between
populations due to genetic drift and 
gene flow

• Sampling from different populations
can lead to false-positive association
findings

vs.

cases controls

Population 1 Population 2

Confounding: population stratification



Confounding: population stratification

Common approach: principal component analysis (PCA)-based covariate adjustment

Lu and Xu, Frontiers in Genetics 2013



Confounding: population stratification

• Other approach: family-based
association studies

• Classical transmission disequilibrium
test (TDT) in 1993

• TDT tests for both linkage and 
association

• Robust against
• population stratification
• misspecified phenotype distributions
• ascertainment based on phenotypes

• Extended to Family-Based Association
Test (FBAT) framework by Nan Laird et 
al. Rabinowitz and Laird, Human Heredity 2000



Confounding due to LD

Pistis et al., PLOS One 2013

• Signal cluster of associations due to LD

• Causal variant cannot be identified directly

LD: non-random association between alleles 
of genetic loci in proximity due to linkage.



Confounding due to LD

 Finemapping approaches: identifying 
most likely causal variant (statistically)

 Resolution level lower bounded by LD 
structure

Nature Review Genetics 2018



• Versatile gene-based association 
study VEGAS/VEGAS2: Gene-based
association test using summary
statistics and LD information from
reference panel (Liu et al. 2010, Mishra 

and MacGregor 2015)

• Finding: top-x% implementation
incorrect, can be fixed by minor 
modification (single bracket 
misplaced)

• can introduce false positives

𝑛 SNPs mapped to gene

z-scores 𝑧1, … , 𝑧𝑛 from single variant analysis

Two options: top-SNP or top-x%
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Technical errors: software implementations



• the majority of GWAS associations 
remain mechanistically uncharacterized

• Most GWAS hits in noncoding regions of 
the genome, uncertainty about which 
gene is responsible for their biological 
effects

From GWAS to biology

Science 2021



 Projects such as ENCODE (Nature 2020), 
Gencode (Nucleic Acids Res 2021), and 
Roadmap Epigenomics enabled 
predictions of most severe class gene-
disrupting variants

• For most variant classes, accurate 
predictions difficult

From GWAS to biology: functional annotations

Bernstein et al., Nature Biotechnology 2013

Roadmap Epigenomics 



• Another approach to reveal unknown 
putative gene regulatory effects: 
molecular quantitative trait locus 
(molQTL) mapping

• molQTL: genetic variation associated 
with molecular traits (gene expression, 
splicing and chromatin accessibility). 

From GWAS to biology: QTL

 most common: cis-eQTLs (cis-
associated QTLs associated to gene 
expression levels)

• Limited by available tissues and cell
types

• New directions through single cell
sequencing and spatial transcriptomics



From GWAS to biology: general SNP to gene strategies

Gazal et al., Nature Genetics 2022

Weeks et al., Nature Genetics 2023

Computational gene prioritization tools

Closest gene not necessarily causally involved



Next steps and outlook

• Biobanks (large sample sizes)

• Incorporation of non-European genetic 
ancestries (diversity)

• Integrative multi-omics analyses
example: NHLBI Trans-Omics for Precision Medicine 
(TOPMed) initiative

• Single cell, spatial transcriptomics

• Cell models, animal models, gene 
perturbation approaches (difficult for 
complex genetics)

Nature 2018

“Drug targets with human genetic evidence of disease association are twice as likely to lead to approved drugs 
and are even more likely to be approved when the exact casual gene(s) is known.”
Gerks, Thorp, Gerring, Nature Genetics 2022
citing Nelson et al., Nature Genetics 2015
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