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• Complex traits/diseases are 
generally highly polygenic, with 
many risk variants each contributing 
a small incremental effect

• To gaining biological insight from 
GWASs follow-up is needed 

• Additional data integration… 

WHY?

Figure 2. ALS Genome wide association study

Each dot represents a SNP, the x-axis shows the chromosomes where each SNP is located, and 
the y-axis shows −log10 P-value of the association of each SNP with ALS

The horizontal dashed line reflects the genome-wide significant threshold (P= 5e-8)
Fifteen regions 

Each locus is classified into one of the four classes: coding variants, pathogenic repeat, coding + 
regulatory variants and regulatory variants

Ncases=29,612
Ncontrols=122,656 



• Hits are typically regions (‘loci’) 

– multiple correlated SNPs

– multiple closely-located genes

Pinpointing which and how genes are affected by SNPs associated 
with a trait /disease is necessary to increase insight into the 
biological mechanisms underlying that trait. 

EXAMPLE.. 
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To identify the most likely relevant, causal genes and 
variants required data integration from different 
repositories to interpret in broader context of genes 
and pathways

• Linkage disequilibrium (LD) patterns 

• Functional consequences of correlated SNPs 
(deleteriousness of variants, effects on gene 
expression, role in chromatin interaction sites)

• à can lead to new treatments/drug-repositioning

• rs11209026 missense - IL23 receptor Protective effect-
pharmacological inhibition of this gene of value 

• Two central monoclonal antibodies modulating IL-23 signalling 
- ustekinumab and Risankizumab (psoriasis) 

• Ustekinumab now approved in United States, Europe and 
Australia 

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

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


• Annotate

• Prioritize

• Visualize

• Interpret

SNP2GENE – input GWAS summary statistics for extensive functional annotation for all SNPs in genomic areas identified by lead SNPs

GENE2FUNC function takes a list of gene IDs (as identified by SNP2GENE or as provided manually) and annotates genes in biological 
context 

FUMA 
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PURPOSE: use functional, biological information to prioritize genes/mechanisms from GWAS

FUMA version: v1.3.8
Total users: 10859  / Total SNP2GENE jobs: 190923/ Total GENE2FUNC jobs: 84227

SNP2GENE is the core function 

https://fuma.ctglab.nl/snp2gene
https://fuma.ctglab.nl/gene2func
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Tools/datasets incorporated into FUMA
Data source/tool Used for
1000 Genome Project Phase 3 Reference panel used to compute r2 and MAF.
PLINK v1.9 Used to compute r2 and MAF.
MAGMA v1.08 Used for gene analysis and gene-set analysis.

ANNOVAR
A variant annotation tool used to obtain functional 
consequences of SNPs on gene functions.

CADD v1.4

A deleterious score of variants computed by integrating 
63 functional annotations. The higher the score, the 
more deleterious.

RegulomeDB v1.1
A categorical score to guide interpretation of regulatory 
variants.

15-core chromatin state

Chromatin state for 127 epigenomes was learned by 
ChromHMM derived from 5 chromatin markers 
(H3K4me3, H3K4me1, H3K36me3, H3K27me3, 
H3K9me3).

GTEx v6/v7/v8
eQTLs and gene expression used in the pipeline were 
obtained from GTEx.

Blood eQTL Browser
eQTLs of blood cells. Only cis-eQTLs with FDR ≤ 0.05 
are available in FUMA.

BIOS QTL browser

eQTLs of blood cells in Dutch population. Only cis-
eQTLs (gene-level) with FDR ≤ 0.05 are available in 
FUMA.

BRAINEAC
eQTLs of 10 brain regions. Cis-eQTLs with nominal P-
value < 0.05 are available in FUMA.

MuTHER
eQTLs in Adipose, LCL and Skin samples (only cis 
eQTLs).

xQTLServer eQTLs in dorsolateral prefrontal cortex samples.

CommonMind Consortium
eQTLs in brain samples. Both cis and trans eQTLs are 
available

eQTLGen
Meta-analysis of cis and trans eQTLs based on 37 data 
sets (in total of 31,684 individuals).

DICE eQTLs of 15 types of immune cells.
van der Wijst et al. scRNA eQTLs eQTLs based on scRNA-seq of 9 cell types.

PsychENCODE
SNP annotations (enhancer, H3K27ac markers), eQTLs
and HiC based enhancer-promoter interactions.

eQTL Catalogue

Gene level eQTL data generated from a variety of 
studies, where all of the eQTL datasets were 
produced in a uniform manner.

EyeGEx cis-eQTLs from retina.

FANTOM5
SNP annotations (enhancer and promoter) and 
enhancer-promoter correlations.

BrainSpan
Gene expression data of developmental brain 
samples.

GSE87112 (Hi-C)

Hi-C data (significant loops) of 21 tissue/cell types. 
Pre-processed data (output of Fit-Hi-C) is used in 
FUMA.

Giusti-Rodriguez et al. 2019 (Hi-C)

Hi-C data (significant loops) of adult and fetal cortex. 
Only significant loops after Bonferroni correction 
(Pbon < 0.001) are available.

Enhancer and promoter regions

Predicted enhancer and promoter regions (including 
dyadic) from Roadmap Epigenomics Projects. 111 
epigenomes are available.

MsigDB v7.0

Collection of publicly available gene sets. Data sets 
include e.g. KEGG, Reactome, BioCarta, GO terms 
and so on.

WikiPathways v20191010 The curated biological pathways.
GWAS-catalog e104_2021-09-15 A database of reported SNP-trait associations.

DrugBank v5.1.4
Targeted genes (protein) of drugs in DrugBank was 
obtained to assign drug ID for input genes.

pLI

A gene score annotated to prioritized genes. The 
score is the probability of being loss-of-function 
intolerance.

ncRVIS

A gene score annotated to prioritized genes. The 
score is the non-coding residual variation 
intolerance score.

Yellow = expression data
Purple = chromatin
Pink = annotation (SNPs, genes, other traits)
Grey = computation/reference panels
Green = pathways/drug targets



Overview
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GWAS - Significant SNPs – generally p< 5x10-8
FUMA –
• Using LD structure from 1000G of the relevant population – the independent (sig) SNPs are identified. 
• Then - all known (i.e., regardless of being available in the GWAS input) SNPs that have r2 ≥ 0.6 are annotated as candidates

Means that SNPs in LD with significant loci not available in the GWAS input, (but in 1000G reference panel) can be annotated

Default MAF >=0.01. 
User – can define loci/snps to be annotated



Overview
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CADD- combined annotation-
dependant depletion - scores the 
deleteriousness of single nucleotide 
variants as well as insertion/deletions 
variants in the human genome 
(high=bad, 12.37 is threshold)

Chromatin state- 127 tissue/cell types –
i.e. is the region typically 
‘open/transcribed’ 

RegulomeDB – whether likely to affect 
TF binding states 1-6 

eQTL – associated with expression of gene
(different datasets – blood/tissues/cells)

Chromatin-interactions (Hi-C on different cells)

GWAS catalogue- reported SNPS with trait/disease 



Overview
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Gene mapping
Category Mandatory/Optional Parameter Description Default

Gene 
mapping

Mandatory positional mapping Whether perform positional mapping TRUE
Optional distance based mapping To map SNPs to genes based on physical distance Yes
Mandatory if distance 
based mapping is 
active

window (<) The maximum distance to map SNPs to genes 10kb

Optional annotation SNPs positional annotation to map to genes all
Mandatory eQTL mapping Whether perform eQTL mapping FALSE
Mandatory if eQTL 
mapping is true tissue Tissue type to use for eQTL mapping all

Mandatory if eQTL 
mapping is true significant eQTL only Whether map only significant eQTL at FDR < 0.05 TRUE

Optional if significant 
eQTL only is FALSE eqtlP (<) The maximum (nominal) P-value of eQTL 1.00E-03

Mandatory chromatin interaction mapping Whether perform chromatin interaction mapping FALSE
Optional build in chromatin interaction data Build in Hi-C data for chromatin interaction mapping None
Mandatory if chromatin 
interaction mapping is 
true

FDR of interaction (<) The maximum FDR of significance of chromatin interactions 1.00E-06

Mandatory if chromatin 
interaction mapping is 
true

Promoter regions User defined promoter region around TSS of genes
250bp up- and 
500bp down-
stream of TSS

Optional Cell/tissue types of enhancer and 
promoter regions

Cell/tissue types of 111 epigenomes to annotate predicted 
enhancer and promoter regions to interacting regions None

Optional Use enhancers for filtering Whether filter SNPs in one end of a significant interaction on which 
are overlapped with enhancer regions of selected epigenomes FALSE

Optional Use promoters for filtering Whether filter genes whose promoter regions are overlapped with 
predicted promoter regions of selected epigenomes FALSE

Optional* CADD (>=) The minimum CADD score 0
Optional* RDB (<=) The minimum RegulomeDB score 7
Optional* Chromatin state filtering Whether filter SNPs based on chromatin 15 states FALSE
Optional* Cell/tissue types Cell/tissue type of chromatin state none
Optional* chromatin state (<=) The minimum chromatin state 7

Optional* Method for chromatin state filtering When multiple tissue/cell types are selected, this method will apply 
to filter SNPs none

3 ways:

Positional (10kb)

eQTL (FDR <0.05)

Chromatin 
(significantly interacting 
regions in user-selected 
tissue/cell types)

Mapped genes 
are annotated pLI
and ncRVIS



Overview
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• MAGMA (not the only gene-based test!)
• Default settings from MAGMA (SNP-wise model for gene analysis and competitive model for 

gene set analysis) and the Bonferroni correction (gene) or FDR (gene-set) was used to correct 
for multiple testing. 

• 1000G phase 3 is the reference panel for LD across SNPs and genes

• Gene-based P-value is computed for protein-coding genes by mapping SNPs to genes if 
SNPs are located within the genes

• For gene set analysis, MsigDB v5.2. 
• the gene set P-value is computed using the gene-based P-value for 4728 curated 

gene sets (including canonical pathways) and 6166 GO terms. 
• For both analyses, the.



Overview
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• Sanity check

• Pick up additional genes – that could be 
relevant

• Change parameters of original study

• Quick easy/minimal resources required

Rationale for use?
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Limitations
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• Time 

• Tools 



Tips
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• Changes from default you might want to make
• i.e. positional mapping - selecting exonic and splicing SNPs with CADD score ≥ 12.37
• i.e. eQTL mapping -using GTEx eQTLs with FDR<0.05
• i.e. Chromatin mapping Hi-C data from Schmitt et al. (14 for BMI, 5 for CD) & interactions filtered by 

FDR<1e-6
• Gene-mapping - protein-coding only, test enrichment of DEG in 53 tissue types, Canonical Pathways & 

GO terms

• Input – understand what each dataset is (highly recommend supplement of initial publication)
• & if you want to include your own input – the supplement explains the format
• Also recommend reading relevant linked publication

• Results download –
• Lots of txt files.. 
• each output i.e. “genes.txt” has headers described in the supplementary information file from the paper



1. Set-up and queue your own job

2. Explore results 

1. SNP2GENE

2. GENE2FUNC

3. At home - Alter parameters by re-running job, explore different datasets, functionalities

PRACTICAL 
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Lots of ‘user’ input opportunities 
Difficult to make decisions without knowing what the data is

Take the input selection process slowly 



.gz

Gunzip – to unzip and check file headers

Gzip – to compress

PRACTICAL 
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PRACTICAL 
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PRACTICAL 
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PRACTICAL
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PRACTICAL
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PRACTICAL
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PRACTICAL 



PRACTICAL
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PRACTICAL
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PRACTICAL 
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PRACTICAL 
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PRACTICAL

34

Detail of output options



PRACTICAL
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Regional plotting – locus specific 



PRACTICAL
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PRACTICAL
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•Manhattan plot: The most outer layer. Only SNPs with P < 0.05 are displayed. SNPs in 
genomic risk loci are color-coded as a function of their maximum r2 to the one of the 
independent significant SNPs in the locus, as follows: red (r2 > 0.8), orange (r2 > 0.6), 
green (r2 > 0.4) and blue (r2 > 0.2). SNPs that are not in LD with any of the independent 
significat SNPs (with r2 ≤ 0.2) are grey.The rsID of the top SNPs in each risk locus are 
displayed in the most outer layer. Y-axis are raned between 0 to the maximum -log10(P-
value) of the SNPs. 

•Chromosome ring: The second layer. Genomic risk loci are highlighted in blue.

•Mapped genes -
•If the gene is mapped only by chromatin interactions or only by eQTLs, it is colored
orange or green, respectively. 
•When the gene is mapped by both, it is colored red.

Since creating a circos plot might take long time with a large number of points and links, 
the maximum number of points and links are limited to 50,000 and 10,000 per plot 
(chromosome), respectively, in the default plot. 

Therefore, if there are more than 50,000 SNPs with P-value < 0.05 in a chromosome, top 
50,000 SNPs (sorted by P-value) are displayed in the plot. 

This is same for eQTLs and chromatin interactions, e.g. if there are more than 10,000 
eQTLs in a chromosome, top 10,000 eQTLs (sorted by P-value for eQTLs, FDR for 
chromatin interactions) are displayed in the plot. These can be optimized by downloading 
config file and re-creating input text files for SNPs and links. 

Please refer github repository FUMA circos plot for details. 

https://github.com/Kyoko-wtnb/FUAM-circos-plot


PRACTICAL
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PRACTICAL
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PRACTICAL
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Reading list/references: 

SOURCE DATA PUBLICATIONS 

Source code -
• https://github.com/Kyoko-wtnb/FUMA-webapp

https://github.com/Kyoko-wtnb/FUMA-webapp

