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Gene set enrichment
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Enrichment for arbitrary genomic regions
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Enrichment in a non-gene context

McLean et al. 2010. Nat Biotechnol 28:495.

Genomic Regions Enrichment of 
Annotations Tool (GREAT)



Regulatory elements & adjacent genes

Smemo et al. 2014. Nature 507:371.





BEST

Biological Enrichment of Sequence Targets



BEHST

Biological Enrichment of Hidden Sequence Targets



BEHST

Biological Enrichment of Hidden Sequence Targets

Made in Canada! !



BEHST workflow
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Rao et al. 2014. Cell 159:1665

cell type description
# Hi-C  

interactions
mean interaction 

resolution (bp)
GM12878 B-lymphocyte lymphoblastoid 9 448 1 173 831

HeLa-S3 epithelioid cervical carcinoma 3 094 1 435 018

HMEC mammary epithelial cell 5 152 215 167

HUVEC umbilical vein endothelial cells 3 865 389 545

IMR90 fetal lung fibroblasts 8 040 416 673

K562 immortalized myelogenous leukemia 6 057 656 974

KBM7 chronic myelogenous leukemia 2 634 487 749

NHEK normal epidermal keratinocytes 4 929 434 663

Union union of 8 cell types, excluding duplicates 34 367 742 691

Hi-C datasets



Use case: E11.5 mouse enhancers

https://enhancer.lbl.gov/
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Grid search of extension parameters

target extension eT (bp)



Shuffled controls
- Expectation: BEHST outputs more significant enrichment from original data 

than random data
- Applied BEHST to 7 sets of VISTA enhancers 
- Compared with two shuffled negative controls:

1. Total shuffle: randomly shuffle the enhancers across the whole genome
2. TSS shuffle: shuffle in a way that preserved distance to the nearest 

transcription start site (TSS)



Comparing to shuffled controls



Comparing to shuffled controls



Comparing to shuffled controls



Comparison between 
BEHST and other tools

- Problem with old method: 
manually, biased, ad-hoc 
interpretation 



Comparison between BEHST and other tools
- New comparison

- Create a list of ground-truth GO terms
- Choose tissue-specific genes from RNA-seq data

- TPM > 1 and TPM > 5 ❬TPMother❭
- Run g:Profiler on these genes

- Intersect the ground-truth GO term list with the GO terms from
- BEHST
- GREAT, GREAT-g:Profiler hybrid
- ChIP-Enrich, ChIP-Enrich-g:Profiler hybrid

- GO terms in both lists are true positive terms
- GO terms only in output list but not ground-truth list are false positive terms





GO BP terms 
found by 
three 
methods



UK Biobank GWAS Data

- Get 17 anthropometric and blood-panel traits in the UK Biobank
- Select positions where p-value of beta-meta significance test < 10^-8
- Add eQ = 1000 bp to the single positions and run BEHST
- Find clusters of gene sets with Enrichment Map



Application to
UK Biobank GWAS
for Basophil number

Threshold for node and edge display: 
p-value < 0.001, edge threshold < 0.5











Concept and methodology in the preprint: 
https://doi.org/fm2z

New evaluation procedure, GWAS applications:
Revised preprint coming soon!

https://doi.org/fm2z
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Postdoctoral, MSc, PhD positions 
available in my research lab at the

Princess Margaret Cancer Centre

Dept of Medical Biophysics
Dept of Computer Science
University of Toronto

Please approach me for details.

Michael Hoffman
https://hoffmanlab.org/

michael.hoffman@utoronto.ca

@michaelhoffman

Princess Margaret Cancer 
Centre is also hiring principal 
investigators in 
computational cancer biology 
with a multi-omics focus!

http://hoffmanlab.org/

