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Figure 6. Epigenetic signal aggregation profiles on Factorbook. (A) Aggregated MNase-seq signal around CTCF motif sites, highlighting asymmetry
depending on motif orientation. (B) Aggregated H3K4me3 ChIP-seq signal around CTCF peak summits as displayed in Factorbook. (C) Aggregated
H3K4me1 ChIP-seq signal around CTCF peak summits as displayed in Factorbook.
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Figure 7. The Factorbook embedded genome browser view. (A) For a given experiment, ChIP-seq signal and IDR peaks from the ENCODE portal are
displayed alongside transcripts and evolutionary conservation. (B) When the view is zoomed in, motif sites from the Factorbook catalog are displayed
along with the underlying sequence scaled according to evolutionary conservation using a novel sequence importance track.

provide a Docker image and associated scripts for running
this analysis through GitHub.

High-resolution nucleosome and epigenetic profiles around
binding sites

In the previous iteration of Factorbook, we generated ag-
gregated epigenetic signal profiles, including histone modifi-
cations and nucleosome positions from MNase-seq, around
the summits of TSS-proximal and TSS-distal transcription
factor ChIP-seq peaks. We find that aggregating around
motif instances rather than peak summits improves the res-
olution and phasing of epigenetic signals; additionally, it of-
fers a natural orientation which reveals asymmetries in the
organization of features around regulatory sites which have
previously been suggested to be of biological relevance (26);
we highlight, for example, asymmetric positioning of nu-
cleosomes assayed by MNase-seq around oriented CTCF
motif sites (Figure 6A). Therefore, on each factor’s page,

Factorbook now displays aggregated signal profiles around
motif instances for all cataloged motifs in addition to pro-
files surrounding ChIP-seq peak summits (illustrated for hi-
stone marks H3K4me3 and H3K4me1 around CTCF motif
sites, Figure 6B); we separate motif sites according to TSS
proximity, which highlights differences in epigenetic profiles
around TSS-proximal and TSS-distal sites.

Tools for machine learning and integrative analysis

Building deep learning models which can predict regu-
latory readouts is a primary focus of ongoing computa-
tional efforts in regulatory genomics. Prediction targets in-
clude cross-cell type transcription factor binding (13,19)
as well as epigenetic sequence profiles in a given cell type
(12). Frequently, these models include one-dimensional
convolutional neural network layers which learn predic-
tive sequences including transcription factor motifs. Trans-
fer learning, or using existing models as starting points for
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new models applied to new tasks, has been proposed for
sequence-based problems in biology (27,28); seeding new
models with our motif features could reduce training time
while improving the predictive power and human inter-
pretability of learned models. To aid users in applying the
kernels learned by our neural networks from HT-SELEX
data, we provide the option to export all ZMotif-derived
motifs in Numpy format. These kernels may then be loaded
into Python and used to seed weights in convolutional layers
in a variety of commonly-used machine learning packages
including PyTorch and Tensorflow. For users interested in
more conventional downstream analysis, we also offer the
option to export all MEME- and ZMotif-derived motifs as
PWMs in MEME format, which may then be used by a vari-
ety of downstream tools including those in the MEME suite
(20).

Genomic visualization of motifs and TF binding sites

Human interaction remains essential in interpreting the
biological significance of transcription factor motifs and
regulatory elements. We implemented lightweight embed-
ded genome visualizations within Factorbook which dis-
play TF peaks from ENCODE datasets alongside human
and mouse motif instances from our resource. Evolutionary
conservation and relevant epigenetic signal profiles from the
given species are displayed alongside gene and transcript
tracks (Figure 7A). Additionally, we have designed a novel
sequence importance track which scales bases in the ref-
erence sequence according to a signal track of associated
scores; we demonstrate the use of this track to highlight evo-
lutionarily conserved motif instances using PhyloP as the
scaling score (Figure 7B). We have engineered this track to
extend easily to additional scores provided through BigWig
format signal tracks. In addition, we have designed a pub-
lic Factorbook trackhub for release on the UCSC Genome
Browser (29).

Planned future expansion

We will further expand Factorbook to include integrative
analysis of ENCODE Phase IV ChIP-seq, DNase-seq and
ATAC-seq data as they are released, and will update our
motif and rDHS catalog accordingly. Additionally, we will
update our motif instance catalog with the release of the fi-
nal version of the ENCODE Registry of cCREs at the con-
clusion of ENCODE Phase IV. We additionally plan to ex-
pand coverage to additional in vitro motifs derived from
other assays such as protein binding microarray (PBM);
for completeness, we will also offer in vitro motifs derived
from existing methods, including the SELEX R package
(30,31), for comparison with our neural network-derived
motifs. Additionally, we will expand comparison of our mo-
tif catalog to other existing databases, including CisBP, via
TOMTOM.

DATA AVAILABILITY

All data can be downloaded at https://factorbook.org/
downloads.
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Supplementary Data are available at NAR Online.
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12. Avsec,Ž., Weilert,M., Shrikumar,A., Krueger,S., Alexandari,A.,
Dalal,K., Fropf,R., McAnany,C., Gagneur,J., Kundaje,A. et al.
(2021) Base-resolution models of transcription-factor binding reveal
soft motif syntax. Nat. Genet., 53, 354–366.

13. Alipanahi,B., Delong,A., Weirauch,M.T. and Frey,B.J. (2015)
Predicting the sequence specificities of DNA- and RNA-binding
proteins by deep learning. Nat. Biotechnol., 33, 831–838.

14. ENCODE Project Consortium, Moore,J.E., Purcaro,M.J.,
Pratt,H.E., Epstein,C.B., Shoresh,N., Adrian,J., Kawli,T.,
Davis,C.A., Dobin,A. et al. (2020) Expanded encyclopaedias of DNA
elements in the human and mouse genomes. Nature, 583, 699–710.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/D

1/D
141/6424766 by U

niversity of M
assachusetts M

edical School user on 03 February 2022

https://factorbook.org/downloads
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab1039#supplementary-data


Nucleic Acids Research, 2022, Vol. 50, Database issue D149

15. Finucane,H.K., Bulik-Sullivan,B., Gusev,A., Trynka,G., Reshef,Y.,
Loh,P.-R., Anttila,V., Xu,H., Zang,C., Farh,K. et al. (2015)
Partitioning heritability by functional annotation using genome-wide
association summary statistics. Nat. Genet., 47, 1228–1235.

16. Khan,A., Fornes,O., Stigliani,A., Gheorghe,M.,
Castro-Mondragon,J.A., van der Lee,R., Bessy,A., Chèneby,J.,
Kulkarni,S.R., Tan,G. et al. (2018) JASPAR 2018: update of the
open-access database of transcription factor binding profiles and its
web framework. Nucleic Acids Res., 46, D260–D266.

17. Mathelier,A., Fornes,O., Arenillas,D.J., Chen,C.-Y., Denay,G., Lee,J.,
Shi,W., Shyr,C., Tan,G., Worsley-Hunt,R. et al. (2016) JASPAR 2016:
a major expansion and update of the open-access database of
transcription factor binding profiles. Nucleic Acids Res., 44,
D110–D115.

18. Hume,M.A., Barrera,L.A., Gisselbrecht,S.S. and Bulyk,M.L. (2015)
UniPROBE, update 2015: new tools and content for the online
database of protein-binding microarray data on protein-DNA
interactions. Nucleic Acids Res., 43, D117–D122.

19. Chen,C., Hou,J., Shi,X., Yang,H., Birchler,J.A. and Cheng,J. (2021)
DeepGRN: prediction of transcription factor binding site across
cell-types using attention-based deep neural networks. BMC
Bioinformatics, 22, 38.

20. Bailey,T.L., Johnson,J., Grant,C.E. and Noble,W.S. (2015) The
MEME suite. Nucleic Acids Res., 43, W39–W49.

21. Becht,E., McInnes,L., Healy,J., Dutertre,C.-A., Kwok,I.W.H.,
Ng,L.G., Ginhoux,F. and Newell,E.W. (2018) Dimensionality
reduction for visualizing single-cell data using UMAP. Nat.
Biotechnol., 37, 38–44.

22. McInnes,L., Healy,J. and Melville,J. (2018) UMAP: uniform
manifold approximation and projection for dimension reduction.
arXiv doi: https://arxiv.org/abs/1802.03426, 18 September 2020,
preprint: not peer reviewed.

23. Gupta,S., Stamatoyannopoulos,J.A., Bailey,T.L. and Noble,W.S.
(2007) Quantifying similarity between motifs. Genome Biol., 8, R24.

24. Yin,Y., Morgunova,E., Jolma,A., Kaasinen,E., Sahu,B.,
Khund-Sayeed,S., Das,P.K., Kivioja,T., Dave,K., Zhong,F. et al.
(2017) Impact of cytosine methylation on DNA binding specificities
of human transcription factors. Science, 356, eaaj2239.

25. Pollard,K.S., Hubisz,M.J., Rosenbloom,K.R. and Siepel,A. (2010)
Detection of nonneutral substitution rates on mammalian
phylogenies. Genome Res., 20, 110–121.

26. Kundaje,A., Kyriazopoulou-Panagiotopoulou,S., Libbrecht,M.,
Smith,C.L., Raha,D., Winters,E.E., Johnson,S.M., Snyder,M.,
Batzoglou,S. and Sidow,A. (2012) Ubiquitous heterogeneity and
asymmetry of the chromatin environment at regulatory elements.
Genome Res., 22, 1735–1747.

27. Mignone,P., Pio,G., D’Elia,D. and Ceci,M. (2020) Exploiting transfer
learning for the reconstruction of the human gene regulatory
network. Bioinformatics, 36, 1553–1561.

28. Heinzinger,M., Elnaggar,A., Wang,Y., Dallago,C., Nechaev,D.,
Matthes,F. and Rost,B. (2019) Modeling aspects of the language of
life through transfer-learning protein sequences. BMC
Bioinformatics, 20, 723.

29. Kent,W.J., Sugnet,C.W., Furey,T.S., Roskin,K.M., Pringle,T.H.,
Zahler,A.M. and Haussler,D. (2002) The human genome browser at
UCSC. Genome Res., 12, 996–1006.

30. Riley,T.R., Slattery,M., Abe,N., Rastogi,C., Liu,D., Mann,R.S. and
Bussemaker,H.J. (2014) SELEX-seq: a method for characterizing the
complete repertoire of binding site preferences for transcription
factor complexes. Methods Mol. Biol., 1196, 255–278.

31. Slattery,M., Riley,T., Liu,P., Abe,N., Gomez-Alcala,P., Dror,I.,
Zhou,T., Rohs,R., Honig,B., Bussemaker,H.J. et al. (2011) Cofactor
binding evokes latent differences in DNA binding specificity between
Hox proteins. Cell, 147, 1270–1282.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/D

1/D
141/6424766 by U

niversity of M
assachusetts M

edical School user on 03 February 2022

https://arxiv.org/abs/1802.03426

