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Module 1- GWAS follow-up



• Complex traits/diseases are generally highly polygenic

• “Significant loci” are regions of the genome 

• To translate findings / biological insight a range of methods and complementary data 
can be used à covered in detail in Module 6 - Systems Genomics and Pharmacogenomics 

• Huge area of growth – having an identified genetic links with disease (risk or cause) – 
is a significant predictor to success in the drug approval process (Nelson et al. 2015, 
Minikel et al. 2024) 

Introduction- Why  
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• Interrogate a locus that has been translated

• Understand ‘best practice’ nomenclature when describing human variation 

• Be provided with tools and databases that support variant follow-up

• Carry out annotation in ANNOVAR for a list of variants

Aims



• Crohn’s disease GWAS 
• One locus, top SNP, rs11209026
• Variant was coding (missense) in the IL23 

receptor - protective effect in carriers 
• Pharmacological inhibition of this gene of 

value to treat disease
• Two central monoclonal antibodies modulating 

IL-23 signalling were trialled --  ustekinumab 
and Risankizumab (psoriasis) 

• Ustekinumab now approved in United States, 
Europe and Australia 

Raey et al. 2021 https://www.nature.com/articles/s41576-021-00387-z

An example
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https://www.nature.com/articles/s41576-021-00387-z


DNA 

RNA 

Protein
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What do we mean when we say coding change?
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What do we mean when we say coding change?
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Majority of bases are associated with at least one primary transcript
Chromatin accessibility and histone-modification patterns are highly 
predictive of both the presence and activity of transcription start sites.
DNA-replication timing is correlated with chromatin structure.

Transcription controls; 

• RNA polymerase cannot initiate transcription on their own; require regulatory factors, such as a promoter. 

• Promotors  are recognised and bound by transcription factors that guide and activate the RNA polymerase

• Transcription factors, act in trans, because they are produced by remote genes and then need to mitigate to sites 
of action

• Promoters are cis-acting because they located near the transcriptional start site

• Enhancer/silencer= a cluster of cis-acting short sequence elements that can alter the transcriptional activity of a 
gene 

Transcription

https://www.wehi.edu.au/wehi-tv/dna-central-
dogma-part-1-transcription

https://www.wehi.edu.au/wehi-tv/dna-central-dogma-part-1-transcription
https://www.wehi.edu.au/wehi-tv/dna-central-dogma-part-1-transcription
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The IL-23R locus in 
more detail…. 

ENCODE

Hi-C chromatin

GTEx

CADD



CADD - Combined Annotation Dependant Depletion (2014..updated)- based on diverse genomic features derived from surrounding 
sequence context, gene model annotations, evolutionary constraint, epigenetic measurements and functional predictions. Includes splice 
version and hg38 update.

VEP - Variant Effect Predictor (2016) - VEP determines the effect of your variants (SNPs, insertions, deletions, CNVs or structural 
variants) on genes, transcripts, and protein sequence, as well as regulatory regions. 

BayesDel (2017..updated)- is a deleteriousness meta-score. It works for coding and non-coding variants, single nucleotide variants and 
small insertion / deletions. With and without allele frequency. 

REVEL (2016) - (rare exome variant ensemble learner), an ensemble method for predicting the pathogenicity of missense variants on 
the basis of individual tools: MutPred, FATHMM, VEST, PolyPhen, SIFT, PROVEAN, MutationAssessor, MutationTaster, LRT, GERP, 
SiPhy, phyloP, and phastCons. 

Alphamissense (2023)- a deep learning model that builds on the protein structure prediction tool AlphaFold2. Model is trained on 
population frequency data and uses sequence and predicted structural context, all of which contribute to its performance. 

In-silico prediction - evolving field
Meta-tools perform better (i.e. more sensitive) than a single score i.e. conservation
Fewer tools that score non-coding variants – (rely instead on regulatory data)

Annotation support/scoring
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https://alphafold.ebi.ac.uk/

View the protein in 3D
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IL23R(NM_144701.3):c.1142G>A p.(Arg381Gln)

Perform lookup using dbSNP

dbSNP rs11209026

https://varsome.com/variant/hg38/IL23R(NM_144701.3):c.1142G%3eA?&annotation-mode=germline


14

Reading and writing 



Transcript IDs
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Multiple transcripts exist for a single gene / the longest transcript has traditionally been chosen as the 
reference, MANE Select transcripts and APPRIS principal transcripts are the best reference transcripts for 
clinical variation. 

MANE: Matched Annotation from the NCBI and EMBL-EBI (MANE) converge on human gene + transcript 
àdefine a GW set of representative transcripts and corresponding proteins for human protein-coding genes. 

Each MANE transcript represents an exact match in exonic regions between a Refseq transcript and its counterpart in the Ensembl/GENCODE annotation such that 
the two identifiers can be used synonymously. 

MANE Select: The MANE Select set consists of one transcript at each protein-coding locus across the genome that is representative of biology at that locus. 

MANE Plus Clinical: The MANE Plus Clinical set includes additional transcripts for genes where MANE Select alone is not sufficient to report all "Pathogenic (P)" or 
"Likely Pathogenic (LP)" clinical variants available in public resources.

RefSeq= A comprehensive, integrated, non-redundant, well-annotated set of reference sequences including genomic, transcript, and protein (eg. NG_029916.1) 
https://www.ncbi.nlm.nih.gov/refseq/rsg/ 

Other useful nomenclature - transcripts

https://www.ncbi.nlm.nih.gov/refseq/rsg/


Other useful nomenclature - Genes
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input identifiers (Entrez Gene ID, RefSeq, Ensembl ID, UnProt ID or Symbol)

Symbol: Letters generally HUGO gene nomenclature committee (IL23R) and a full name

Entrez = unique integer identifiers for genes and other loci (such as officially named mapped markers) for a 
subset of model organisms (149233)

Ensembl = An Ensembl stable ID consists of five parts: ENS(species)(object type)(identifier)(version). 
Humans don’t have a species code. (e.g. ENSG00000162594.17)

RefSeq= A comprehensive, integrated, non-redundant, well-annotated set of reference sequences including 
genomic, transcript, and protein (eg. NG_029916.1) https://www.ncbi.nlm.nih.gov/refseq/rsg/ 

https://www.ncbi.nlm.nih.gov/refseq/rsg/
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Other notation examples



Amino Acid Wheel
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Start from the centre
Follow the RNA codons - 3 bases. 
1 Amino acid from the mRNA codons. 
(RNA translation)

4 possible options (G, U, A, C)
43 codon multiples= 64.. 
Only 20 amino acids- (Arginine has 6 
combinations)

IL23R(NM_144701.3):c.1142G>A 
p.(Arg381Gln)

https://varsome.com/variant/hg38/IL23R(NM_144701.3):c.1142G%3eA?&annotation-mode=germline


AA properties- example
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*

*

The majority of Mendelian phenotypes 
are currently associated with protein 
coding changes

• Impact depends on context in the 
protein and its role in the protein's 
function. 

• It can lead to changes in charge 
interactions, hydrogen bonding, 
protein stability, and biological 
activity

• potentially resulting in significant 
functional consequences

• Some aa substitutions are much 
more significant than others 
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https://alphafold.ebi.ac.uk/

View the protein in 3D
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IL23R binds with IL12R1B1. 
Docking of IL23 mediates T-cells, NK cells and 
possibly certain macrophage/myeloid cells 
stimulation probably through activation of the 
Jak-Stat signaling cascade. 

IL23 functions in innate and adaptive immunity 
and may participate in acute response to 
infection in peripheral tissues. 

IL23R



• Need to consider GWAS contain 
multiple loci and hundreds of correlated 
SNPs

• Most will be in the non-coding regions

• Need an effective pipeline
• No gold standard
• Typically - bigger data is more powerful 
• 4 main challenges… 

Crohn’s Disease
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Challenge 1 = correlated SNPs (LD)
Significant association P-values are distributed over blocks of correlated genetic variants: actual causal 
variant is unclear

Solution à fine-mapping (correlation structure modelled with association values to pinpoint the most likely 
causal SNPs, this can be integrated with functional information (e.g. tools FINEMAP, PAINTOR))
Solution à Annotation - provides orthogonal information that may help to distinguish the causal variant 
from the SNP in perfect LD with it (e.g. some are platforms i.e. FUMA, ANNOVAR, SNPEff with integrated 
data, or standalone – e.g. CADD, VEP)

Challenge 2. Many GWAS hits are in non-coding regions
The majority of GWAS hits are in non-coding regions. Do not directly lead to a different protein structure 
and their impact on protein function may be less straightforward to assess

Solution: link GWAS variants to genes via regulatory information from external resources, such as 
ENCODE, GTEX, eQTLGen (e-QTL), chromatin interactions, i.e. add information on the association of a 
variant with DNA transcription and RNA or protein levels

GWAS follow-up

23



Challenge 3. Many traits are polygenic
Multiple genetic variants of small effect contribute. A single genetic variant, even if it is known to 
be causal, might not be informative for biology

Solution: map associated SNPs to genes and look for convergence in biological pathways, shared 
cellular or synaptic function, co-localization, co-expression in tissue or cell types (e.g. tools 
MAGMA, Ldscore regression)

Challenge 4. Unobserved variation 
If SNPs are not imputed or observed – they will not be considered-  its effect may be captured 
through LD by an SNP that has a different annotation from the causal variant

Solution: Better imputation and/or sequencing (whole genome) – esp. for CNV/SV calling or 
methylation data 

GWAS follow-up
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� multiple correlated SNPs
� multiple closely-located genes
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Typical locus  

MULTIPLE PAPERS TO 
INTERROGATE 

• Consider prioritising regulatory 
regions in cells relevant to disease 

• Models that can recapitulate the 
condition 

• rs4764133

https://arthritis-research.biomedcentral.com/articles/10.1186/s13075-019-1934-7



ENCODE
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ENCODE

Eg. Rs4764133
• Look at osteoclast



PRACTICAL
https://wannovar.wglab.org/
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TASK -- Use a resource of your choice to annotate 5 SNPs  

Use a consistent genome alignment – i.e. hg19 or hg38
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chr start stop ref alt rs na na
7 5397122 5397122C T rs748670681 . .

20 59032308 59032308C A rs45551238 . .
1 11011182 11011182G A rs377027713 . .

23 56173773 56173773A C . . .
19 50497261 50497261C T rs190065070 . .
20 59032308 59032308C T rs45551238 . .
1 11011182 11011182G C rs377027713 . .
8 19962208 19962209T TT rs886062790 . .

Annovar.txt

Input format
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Chr Start End Ref Alt Func.refGene Gene.refGene GeneDetail.refGene ExonicFunc.refGene AAChange.refGene 1000G_ALL
7 5397122 5397122 C T intronic TNRC18 .

20 59032308 59032308 C A ncRNA_intronic SLMO2-ATP5E

1 11011182 11011182 G A intergenic C1orf127;TARDBP dist=29145;dist=1440 0.0014

1 11011182 11011182 G C intergenic C1orf127;TARDBP dist=29145;dist=1440 0.0008

1 11193760 11193760 C T exonic ANGPTL7 nonsynonymous SNV
ANGPTL7:NM_021146:ex
on3:c.C658T:p.R220C 0.001

23 56173773 56173773 A C intergenic NONE;NONE dist=NONE;dist=NONE

19 50497261 50497261 C T intergenic EMC10;JOSD2 dist=13735;dist=8736 0.001

19 50301724 50301724 C T exonic MYH14 nonsynonymous SNV

MYH14:NM_024729:exo
n38:c.C5410T:p.R1804
W,MYH14:NM_0010771
86:exon39:c.C5434T:p.R
1812W,MYH14:NM_001
145809:exon40:c.C5533
T:p.R1845W 0.0008

20 59032308 59032308 C T ncRNA_intronic SLMO2-ATP5E 0.0038

8 19962208 19962208 - T exonic LPL stopgain
LPL:NM_000237:exon9:c
.1416_1417insT:p.K473* .

Output format



32

Database Explanation
refGene FASTA sequences for all annotated transcripts in RefSeq Gene

cytoBand Identify  Giemsa-stained chromosomes bands (cytogenetic band)

exac03
ExAC 65000 exome allele frequency data for ALL, AFR (African), AMR (Admixed American), EAS (East Asian), FIN (Finnish), 

NFE (Non-finnish European), OTH (other), SAS (South Asian)). version 0.3. Left normalization done.

avsnp150 dbSNP150 with allelic splitting and left-normalization

dbnsfp30a
whole-exome SIFT, PolyPhen2 HDIV, PolyPhen2 HVAR, LRT, MutationTaster, MutationAssessor, FATHMM, MetaSVM, MetaLR, 

VEST, CADD, GERP++, DANN, fitCons, PhyloP and SiPhy scores from dbNSFP version 3.0a

clinvar_20220320 Clinvar version 20220320 with separate columns (CLNALLELEID CLNDN CLNDISDB CLNREVSTAT CLNSIG)

dbnsfp42c
whole-exome SIFT, PolyPhen2 HDIV, PolyPhen2 HVAR, LRT, MutationTaster, MutationAssessor, FATHMM, PROVEAN, 

MetaSVM, MetaLR, VEST, M-CAP, CADD, GERP++, DANN, fathmm-MKL, Eigen, GenoCanyon, fitCons, PhyloP and SiPhy 

scores from dbNSFP version 3.3a

intervar_20180118 InterVar: clinical interpretation of missense variants (indels not supported)

gnomad211_genome
gnomAD genome collection with "AF AF_popmax AF_male AF_female AF_raw AF_afr AF_sas AF_amr AF_eas AF_nfe AF_fin 

AF_asj AF_oth non_topmed_AF_popmax non_neuro_AF_popmax non_cancer_AF_popmax controls_AF_popmax" header

1000g2015aug 

(ALL.sites.2015_08)

alternative allele frequency data in 1000 Genomes Project for autosomes (ALL, AFR (African), AMR (Admixed American), EAS 

(East Asian), EUR (European), SAS (South Asian)). Based on 201409 collection v5 (based on 201305 alignment) but including 

chrX and chrY data finally!

Example databases to load in Annovar



table_annovar.pl \

FL_denovo_anno/unzipped_vcf/${input}.vcf \

humandb/ \

-buildver hg19 \

-out FL_denovo_anno/${input}_anno \

-vcfinput -nastring .  -polish \

-xref humandb/hg19_refGene.txt  \

-protocol   refGene,cytoBand,exac03,avsnp150,dbnsfp30a,clinvar_20220320,dbnsfp42c,

intervar_20180118,gnomad211_genome,ALL.sites.2015_08  \

-operation gx,r,f,f,f,f,f,f,f,f

Cluster-based annotation
g -- Gene-based Annotation

r – Region-based Annotation

f -- Filter-based Annotation

gx -- Gene-based with cross-
reference annotation
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ACMG criteria
Richards et al. 2015

coding variants 

Clinvar = clinically relevant variants

Version 4 of the ACMG guidelines
To be released 2024…
Significant updates 



V4 is moving towards a quantitative approach
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ACMG – v4. DRAFT



ACMG – v4. updated criteria – DRAFT version
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Non-coding variants 

Clinvar - clinically relevant variants



Summary 
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• GWAS evidence is robust and is one of the most useful / relevant pieces of preclinical evidence for 
translation

• Most of the genome is made up of regulatory regions 
• >90% of GWAS loci are situated in these regions

• Coding variants = low-hanging fruit – more data, tools to assess their impact 
• Non-coding can still be interrogated, especially if the gene or genes being regulated is clear and 

direction is known..  

• To keep in mind… 
• Moving field - updates in data, rs numbers, genome builds, predictions
• Genetic information of an organism can be differentially expressed over time and in different tissues 
• This is influenced by DNA (G), the environment (E) and their interaction (GxG ,GxE)
• Story-telling is easier if there is existing literature /this can also bias a conclusion
• Much to discover


