
Evolutionary Landscapes of Human cis-regulatory Elements and 
Transcription Factor Binding Sites in the Mammalian Lineage

Zhiping Weng
Professor and Director

Program in Bioinformatics and Integrative 
University of Massachusetts Chan Medical School

Disclosure: Rgenta Inc., Co-founder, Board, SAB



98.5% of the genome contains:

• Introns

• Noncoding RNA genes

• Pseudogenes

• Repeats

• Regulatory Elements

1.5% of the human genome encode proteins

> 90% of disease-causing genetic variants lie in 
noncoding regions of the human genome—
these variants are highly enriched in regulatory 
elements.

NHGRI-EBI
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machinery and activators dock
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• Active promoters
• Repressed promoters
• Bivalent promoters
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Goals:
• Cataloging all functional elements 

in the genome
• Developing freely available 

resource for research community
• Studying human as well as other 

species

Project components: data 
generation, analysis, and repository

The Encyclopedia of DNA Elements (ENCODE) Project
(2003-2022)



The Encyclopedia of DNA Elements (ENCODE) Project
(2003-2022)
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ENCODE experiments
- Transcription factor (TF) ChIP-seq

> 5000 ENCODE experiments
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- Transcription factor (TF) ChIP-seq
> 5000 ENCODE experiments

- Histone modification ChIP-seq
> 5000 ENCODE experimentsY Y

cCRE

TF TF TF

Antibodies target 
modifications 
on histone tails

Signal track after sequencing and genome alignment

ENCODE experiments



- Transcription factor (TF) ChIP-seq
> 5000 ENCODE experiments

- Histone modification ChIP-seq
> 5000 ENCODE experiments

- DNase-seq
> 2000 ENCODE experiments

cCRE

TF TF

DNase I cleaves 
open chromatin

TF

Signal track after sequencing and genome alignment

ENCODE experiments



cCREs at the SP1 locus
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ENCODE3 publications in 2020 

Jill Moore

Henry Pratt

Michael Purcaro



Only a subset of cCREs is conserved
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Are low-phyloP cCREs truly unconserved? 

or 

Would they show conservation in recent 
evolutionary time?



Stronger conservation is detected using 240 
placental mammals than 100 vertebrates
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Roughly half of cCREs are highly conserved 
across mammals

Random genomic regions

G1: 23.6%
G2: 12.5%
G3: 33.6%
other: 30.3%



<5% cCREs are conserved beyond mammals



Landscape of cCREs across placental mammals



cCRE landscape reflects genome function



Factorbook integrates 2,409 TF ChIP-seq experiments 
with regulatory elements

We identify peaks and high-confidence candidate regulatory motif sites for 
682 human TFs and 51 mouse TFs in 142 and 30 cell types, respectively.

Pratt, Andrews, …, Weng, NAR, 2022
Wang, …, Weng, Genome Research, 2012

Wang, … Weng, NAR, 2012
https://factorbook.org



Landscape of HNF4A-bound sites across placental mammals



Landscape of HNF4A-bound sites across placental mammals



Group 3 sites are derived from transposable elements



86.1% G3 sites are derived from transposable elements

Data across 367 transcription factors (TFs), 15.6 M TF binding sites (TFBSs) in total 



Landscape of FOXA1-bound sites across placental mammals



Large clusters of FOXA1-bound sites reflect gains and losses



Detect constrained TF-bound sites with Gaussian mixture model 



Constrained sites are the most conserved subset of sites



Constrained sites drive diverse human traits



GWAS variants are especially enriched in conserved 
cCREs and transcription factor binding sites



Conclusions

More than one-fifth of all human regulatory elements are 
transposon innovations in the primate lineage, 

while the most deeply conserved elements across mammals, 

which constitute one-eighth of all elements, 

regulate diverse human traits.
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