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Abstract

JASPAR (https://jaspar.elixir.no/) is a widely-used open-access database presenting manually curated high-quality and non-redundant DNA-binding
profiles for transcription factors (TFs) across taxa. In this 10th release and 20th-anniversary update, the CORE collection has expanded with 329
new profiles. We updated three existing profiles and provided orthogonal support for 72 profiles from the previous release’'s UNVALIDATED
collection. Altogether, the JASPAR 2024 update provides a 20% increase in CORE profiles from the previous release. A trimming algorithm
enhanced profiles by removing low information content flanking base pairs, which were likely uninformative (within the capacity of the PFM
models) for TFBS predictions and modelling TF-DNA interactions. This release includes enhanced metadata, featuring a refined classification for
plant TFs' structural DNA-binding domains. The new JASPAR collections prompt updates to the genomic tracks of predicted TF binding sites
(TFBSs) in 8 organisms, with human and mouse tracks available as native tracks in the UCSC Genome browser. All data are available through
the JASPAR web interface and programmatically through its APl and the updated Bioconductor and pyJASPAR packages. Finally, a new TFBS
extraction tool enables users to retrieve predicted JASPAR TFBSs intersecting their genomic regions of interest.
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Introduction

Transcriptional gene regulation is mediated through the in-
teractions of specific regulatory proteins, notably transcrip-
tion factors (TFs), with cis-regulatory genomic elements, in-
cluding promoters and enhancers (1). TFs are a broad class
of proteins that regulate and mediate transcription; they can
be classified as general TFs, sequence-specific DNA binding
TFs, or transcriptional co-regulators (we refer the readers to
(2) for more details). Within this report, we limit the applica-
tion of the TF term to the subset that engages with DNA in a
sequence-specific manner via DNA binding domains (DBDs)
(1,2). The sequence-specific binding of TFs at cis-regulatory
elements occurs at TF binding sites (TFBSs), delineated ge-
nomic regions that are typically 6-20 bp in length (3). TFs
can be classified into structurally related families based on
their DBDs. TFs with DBDs from the same structural fam-
ily tend to recognise similar DNA sequence motifs, except for
zinc finger proteins (4,5). Although several biochemical and
genome-wide assays exist to assess TF-DNA affinities and de-
tect TFBSs, these assays cannot be performed for all TFs in
all cell types and biological conditions. Thus, computational
approaches and models for TF binding remain critical. Aside
from prediction of TFBS, such models can also be used as part
of other analyses, such as enrichment of TFBSs in sets of pro-
moters or enhancers, prediction of impacts of mutations in
non-coding regions and guided iz vitro mutagenesis (6,7).

Position frequency matrices (PFMs) remain the most com-
mon computational representation of TF-DNA interactions.
PFMs are quantitative summaries of the DNA-binding prefer-
ences of a given TF, tallying the frequency of each nucleotide
at each position of an aligned set of TFBSs and storing this
information in a matrix form. These matrices can be con-
verted into probabilistic matrices termed position weight ma-
trices (PWMs) (8). The primary function of PWMs is to model
the binding affinity or probability of interaction between a TF
and a DNA sequence (8). As such, PWMs are used to predict
TFBSs within any DNA sequence. To systematically explore
the functional effects stemming from the binding process these
models describe, it is necessary to have an extensive compila-
tion that mirrors their diversity. To address this issue, multiple
database solutions have been developed to collect and store
PFMs, such as JASPAR (9), CIS-BP (10), and HOCOMOCO
(11).

JASPAR is a regularly maintained, open-access database
that stores manually curated high-quality DNA binding pro-
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files of TFs as PFMs. For the past two decades, JASPAR has
consistently upheld its core principles of (i) providing high-
quality TF binding profiles, (ii) fostering open access, and (iii)
ensuring ease of use. These core principles drove its evolu-
tion and growth and contributed to JASPAR’s usefulness in
the scientific community studying gene transcription regula-
tion. JASPAR is now a standard resource in computational
regulatory genomics (Supplementary Figure S1).

Central to JASPAR’s mission is to provide the community
with an extensively curated, non-redundant collection of pro-
files from published resources and literature. This effort pro-
duces a CORE collection of profiles where at least two orthog-
onal experimental supports validate each entry. The quality-
control process grew along with JASPAR’s expansion, intro-
ducing tools to aid curation. For example, we rely on the infer-
ence tool introduced in 2016 to support TF binding based on
the similarity of DBDs between TFs (12). In 2020, we com-
plemented the JASPAR CORE collection with the UNVAL-
IDATED collection to reflect the increase in profiles derived
from the broader use of high-throughput sequencing methods
for which independent validation is yet to be produced (13).
In order to have credible profiles within the UNVALIDATED
collection, we kept the notion of high quality by putting the
profiles under rigorous curation, where we look at the enrich-
ment for TFBSs close to ChIP-seq peak summits (14), among
other criteria. Although the profiles in the UNVALIDATED
collection are computationally sound, we explicitly inform the
users that these profiles should be used cautiously due to a lack
of orthogonal support.

JASPAR offered the first open-access TF-binding profiles
database with a web interface enabling direct download of
the PFMs collected. The ease of data access and download
manifests another core principle of JASPAR: the active effort
to promote open science. As open science initiatives emerged
in this field over the years, we witnessed a growing ten-
dency to integrate those various resources into an ecosystem
where tools and repositories build upon one another. These ef-
forts eventually produced a synergistic ecosystem aligned with
FAIR principles (15). The mutual integration of these vari-
ous resources benefited from their early interoperability with
an active effort to share standards for data formats and the
possibility to leverage their respective source data. This latter
point relies on the open accessibility of the data, which JAS-
PAR adopted as a design choice from its beginning, with all
profiles made available as simple flat text files. An additional
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dimension to this ecosystem is the engagement with our user
community in our effort to strengthen the growth and quality
of JASPAR’s content. For instance, we manifested our engage-
ment using Google Groups for Q& As and by introducing an
online form enabling users to notify the JASPAR team directly
about profiles to add, validate, or update (13).

From its inception, JASPAR provided a web interface cater-
ing to the needs of both wet and dry researchers, illustrat-
ing JASPAR’s emphasis on ‘ease of use.” This principle trans-
lates into design choices for the JASPAR database, starting
with the data organised in a simple schema trying to make
one profile correspond to one TF or one dimeric complex
(e.g. MYC::MAX) in one taxon, corresponding to the non-
redundant aspect of JASPAR. However, this condition was
later relaxed in 2020 to introduce binding variants (13), re-
flecting the possibility for some TFs to bind two or more
distinct DNA motifs. This simple architecture makes JAS-
PAR easy to engage for any user. We further provide differ-
ent interfaces ranging from straightforward web-interface to
programmatic access through various packages in Perl (16),
Python (17), R/Bioconductor (18), and Ruby (12). Further
catering to the community’s needs, access to JASPAR data
has been expanded to incorporate a platform- and language-
independent interface through the recent introduction of the
JASPAR RESTful API (19). JASPAR’s ease of use was further
facilitated by introducing the new web-interface and includ-
ing the ‘JASPAR dynamic tour’ in 2018, which guides users
through the typical tasks and novel features of the JASPAR
website (20).

The team behind JASPAR has continuously tried to en-
compass the current scope of the data produced in the field.
Of note in this effort is the rapid expansion witnessed fol-
lowing the introduction of high-throughput sequencing as-
says such as ChIP-seq (21), DAP-seq (22), PBM (23), SMILE-
seq (24), and HT-SELEX (25), which accelerated the genera-
tion of datasets suitable for modelling TF-DNA interactions
(26,27). This process, which started with vertebrates, even-
tually reached all taxa present in JASPAR. Faced with this
expansion, we adapted the procedures and pipelines at the
source of JASPAR, moving from the original manual survey
of journals and subsequent construction of profiles directly
from article tables or images to a systematic motif processing
pipeline from online resources. This process was also fueled
by the integration of data from ReMap (28), GTRD (29), and
CIS-BP (4) directly into our pipelines, illustrating the merit of
such open science efforts in consolidating the field as a whole
again. Furthermore, the increasing number of profiles inferred
across numerous taxa allowed new functionalities, such as in-
teractive profile clustering trees (20) or archetypes (9), to as-
sist users in interpreting individual profiles within a broader
context.

Here, we present the 10th release of the JASPAR database,
providing a substantial update and expansion of TF binding
profiles in seven taxonomic groups. This update includes the
addition of 329 profiles as PFMs, orthogonal support for 72
profiles stored in the previous release’s UNVALIDATED col-
lection (i.e. they are now part of the CORE collection), an
update of three profiles and an update of the metadata for
241 profiles. Moreover, 182 new PFMs were added to the
UNVALIDATED collection. This release further includes up-
dates to the word clouds displaying enriched terms associated
with TFs in the literature, further improvement of the struc-

tural classification of plant TF DBDs, updated native UCSC
human and mouse genome tracks with TFBSs predicted from
JASPAR TF binding profiles, and updates on the various JAS-
PAR tools such as the TFBS enrichment tool, pyJASPAR and
R/Bioconductor packages. We introduce a new motif trim-
ming algorithm to remove flanking positions from PFMs with
low information content. Finally, we provide a new TFBS ex-
traction tool to perform extraction of predicted JASPAR TF-
BSs intersecting with an input set of genomic regions provided
by users.

Results

Expansion and update of the TF binding profiles

We retrieved TF binding profiles as PFMs from Lai et al. (30)
for the PBM experiments, from CIS-BP (4) for TFs in insects,
nematodes, and plants, from Bass et al. for worms (31), and
from the UNVALIDATED collection of the JASPAR 2022 re-
lease (9) (Supplementary Table S1). We processed ChIP-seq,
ChIP-exo0, and DAP-seq datasets from GTRD (29) and ChIP-
exo data from Lai et al. (30) using the RSAT peak-motifs
tool (32) to identify enriched motifs (as PFMs) in the cor-
responding peak sets (Supplementary Table S1 and Supple-
mentary Text for dataset and method details). Our expert cu-
rators manually selected the PFMs supported by orthogonal
evidence from the literature to either add them to or update
former TF binding profiles in the JASPAR CORE collection.
The PFMs deemed high quality, but for which our curators did
not find any orthogonal support in the literature were added
to the JASPAR UNVALIDATED collection. We complemented
the JASPAR CORE collection with 329 TF binding profiles
and updated three existing profiles with new PFMs (Table 1
and Figure 1). We identified orthogonal support in the liter-
ature for 72 profiles previously stored in the JASPAR UN-
VALIDATED collection, promoting them to the CORE col-
lection. Overall, the new JASPAR 2024 CORE collection rep-
resents a 20% increase in the number of profiles compared
to the previous release (Supplementary Table S2). We aug-
mented the JASPAR UNVALIDATED collection with 182 pro-
files (Supplementary Table S3). Finally, we updated the meta-
data associated with the profiles wherever possible (for 241
and 55 CORE and UNVALIDATED profiles, respectively) and
removed 28 profiles (11 from the CORE collection and 17
from the UNVALIDATED collection) as these profiles were
either redundant with other profiles, incorrectly supported by
the literature, or associated with a protein not considered as
a DNA-binding specific TE

The JASPAR 2024 release culminates with 2346 TF bind-
ing profiles in the CORE collection and 643 in the UNVAL-
IDATED collection (Figure 1 and Supplementary Figure S2).
In addition, we generated transcription factor flexible mod-
els (TFFMs; hidden Markov-based models capturing dinu-
cleotide dependencies in TF-DNA interactions (33)) using all
new CORE PFMs for which ChIP-seq data was available, re-
sulting in 75 new TFFMs (45 for plants, 12 for vertebrates,
11 for insects, and 7 for nematodes). The JASPAR 2024 re-
lease compiles 1135 TFFMs (Supplementary Table S4). The
web interface to access and visualise all profiles and metadata
is accessible at https://jaspar.elixir.no, now hosted by ELIXIR
Norway and recognised as a Norwegian bioinformatics
service.
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Table 1. Summary of the JASPAR 2024 update compared to the previous release

Promoted PFMs Total
Taxonomic Non-redundant New (from non-redundant
group in CORE PFMs in JASPAR non-redundant UNVALIDATED PFMs in JASPAR
collection 2022 PFMs Removed PFMs to CORE) Updated PFMs 2024
Plants 656 114 7 42 2 805
Vertebrates 841 19 1 20 1 879
Urochordata 86 - - 8 - 94
Insects 150 135 1 2 - 286
Nematodes 43 61 1 - - 103
Fungi 179 - 1 - - 178
Diatoms 1 - - - - 1
CORE total 1956 329 11 72 3 2346
JASPAR CORE growth this classification was built for mammal TFs and lacks many
2500 DBD types in plant genomes. This new JASPAR release bene-
fited from the recent creation of a plant classification (Plant-
2000 TFClass) that includes 8 TF classes and 37 families absent
u T-ﬁxo\l:ertebrales from TFClass (36). We curated all entries in the JASPAR plant
5 1500 =i collection with this new classification.
& . Insects
g Fung TF binding profile clusters, familial binding profiles,
g 10001 I wescxes word clouds and genomic tracks
3 ::’“cmm Beyond TF binding profiles, JASPAR provides several com-
5001 Ho plementary features to the community to compare, anal-
yse, and interpret genomic data in the context of tran-
scriptional regulation of gene expression. Users can visu-

Figure 1. Overview of the growth of the number of profiles in JASPAR
CORE collection across releases and taxons.

Trimming of TF binding profiles

Most TF binding profiles stored in JASPAR derive from com-
putational de novo motif discovery tools applied to in vitro
and i vivo data. The underlying algorithms sometimes report
PFMs with low information content (IC) at the flanks (Figure
2A-B, top logos). The corresponding positions with low infor-
mation content are likely uninformative (within the capacity
of the PFM models) for predicting TFBSs and modelling TF-
DNA interactions. We designed an algorithm to remove these
uninformative flanking positions in the latest version of all the
TF binding profiles available in the JASPAR CORE and UN-
VALIDATED collections (Supplementary Text for the detailed
method). The bottom logos in Figures 2A-B illustrate case ex-
amples of the TF binding profile trimming algorithm results.
The algorithm trimmed up to 19 positions (Figure 2C) in 1869
(1457 from the JASPAR 2022 CORE collection and 412 from
the JASPAR 2022 UNVALIDATED collection) out of 2506
profiles. All newly curated profiles were trimmed by default.
After trimming, the PFMs stored in JASPAR 2024 are 4-33
bp long (Supplementary Figure S3). As expected, the trimmed
profiles concentrate on informative positions, as determined
by Gini coefficients, which measure the inequality of values in
a distribution (Figure 2D).

Improved structural classification of plant TFs

Previous JASPAR versions have used TFClass as the refer-
ence structural classification for TF DBDs (34,35). However,

alise the TF binding profiles’ similarity in the CORE and
UNVALIDATED collections through a radial tree. We up-
dated the RSAT matrix-clustering tool (37) into a faster and
expanded stand-alone version (https://github.com/jaimicore/
matrix-clustering_stand-alone). We applied the tool to the
PFMs stored in JASPAR to provide hierarchical clustering of
the profiles in every taxon. To remove redundancy due to simi-
lar profiles, we computed familial binding profiles, which sum-
marise similar profiles with a single PFM, by relying on hi-
erarchical clustering (38). We followed the same methodol-
ogy as introduced in the previous JASPAR release (9) to con-
struct 408 familial binding profiles (155 for vertebrates, 52
for plants, 62 for fungi, 44 for nematodes, 76 for insects and
19 for urochordates). We provide all hierarchical clusters and
familial binding profile summaries at https://jaspar.elixir.no/
matrix-clusters.

In the JASPAR 2022 release, we introduced word clouds
to summarise biological information associated with each TE.
Specifically, the word clouds illustrate the significance of each
word found in the abstracts associated with each TF by com-
paring their occurrences to those found in the abstracts of
other TFs within the same taxon. For JASPAR 2024, we have
created word clouds for newly added profiles and updated ex-
isting ones with up-to-date literature queries from PubMed.

We scanned the latest genome assemblies of eight species
(Arabidopsis thaliana, Caenorbabditis elegans, Ciona intesti-
nalis, Danio rerio, Drosophila melanogaster, Homo sapiens,
Mus musculus, and Saccharomyces cerevisiae) with the lat-
est version of all TF binding profiles from the correspond-
ing taxon in the JASPAR CORE collection. This release in-
cludes both TF binding profiles for new TFs and trimmed pro-
files from the previous release to focus on informative posi-
tions. Upon comparing genome-wide TFBS predictions using
JASPAR 2022 profiles with the corresponding trimmed pro-
files in JASPAR 2024, we found that most profiles yielded a
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Figure 2. TF binding profile trimming. (A, B) Examples of trimmed PFMs for FOXA1 (A) and Atoh7 (B) TFs with the logos of the original PFMs at the top
and the logos of the trimmed PFMs at the bottom. (C) The number of trimmed positions varied from 1 to 19 for PFMs originating from JASPAR 2022. (D)
The distribution of Gini coefficients computed on the IC of each position in the original (green) and trimmed (purple) PFMs from JASPAR 2022 exhibits a

concentration of informative positions in the updated PFMs.

comparable number of TFBS predictions. However, trimmed
profiles predicted more TFBSs overall, with a few exceptions
leading to a substantially increased number of predictions
(Supplementary Figure S4). Additionally, we relied on the fa-
milial binding profiles to merge overlapping TFBSs predicted
from similar PFMs. We provide users with the pre-computed
TEBS prediction tracks for all TF binding profiles and familial
binding profiles for genome visualisation and interpretation;
the human and mouse TFBS tracks derived from TF binding
profiles in the CORE collection are available as native tracks
in the UCSC Genome Browser with prediction scores, logos,
and TF names (39).

JASPAR-associated tools
pyJASPAR and R/Bioconductor data package

Beyond the web interface and RESTful API, we provide
programmatic access to the data stored in the JASPAR
database. Specifically, the users can utilise the pyJASPAR

Python package (https://github.com/asntech/pyjaspar) (40)
and the JASPAR2024 R/Bioconductor data package (https://
bioconductor.org/packages/JASPAR2024) to retrieve the data
serverless. These packages allow for seamless integration of
JASPAR data into Python and R workflows, providing the
community with flexible and efficient means of programmat-
ically retrieving and utilising JASPAR data for their research
needs.

JASPAR TFBS enrichment tool

We previously introduced a command-line interface to
perform TFBS enrichment analyses with JASPAR TFBS
predictions in user-provided genomic regions (9). An update
of the JASPAR TFBS predictions stored in the underlying
LOLA databases for the enrichment tool accompanies the
JASPAR 2024 release (41); users can find the LOLA databases
on Zenodo at https://doi.org/10.5281/zenodo.8341374.
Moreover, we now provide a Docker container for the
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JASPAR TFBS enrichment tool at https://hub.docker.com/r/
cbgr/jaspar_tfbs_enrichment.

JASPAR TEFBS extraction tool

This new JASPAR release comes with a new computational
tool to extract predicted JASPAR TFBSs intersecting with
a user-provided input set of genomic regions. TFBSs can
be further filtered by providing TF names, JASPAR ma-
trix IDs and TFBS score thresholds. The software is avail-
able as a command-line tool at https://bitbucket.org/CBGR/
jaspar_tfbs_extraction and in a Docker container at https:
//hub.docker.com/r/cbgr/jaspar_tfbs_extraction.

Conclusions and perspectives

For the 10th update of the JASPAR database, we expanded
the JASPAR CORE collection by 20% (329 added and 72 up-
graded profiles). The new profiles were introduced after man-
ual curation, during which we curated 26 629 TF binding
motifs obtained as PFMs or discovered from ChIP-seq/-exo
or DAP-seq data. We also revised 2500 profiles from JAS-
PAR 2022 to either promote them to the CORE collection,
update the associated metadata, or remove them because of
validation inconsistencies or poor quality. The insects and ne-
matodes taxonomic groups received significant additions in
the CORE collection (90% and 140% increase, respectively).
Preparing this anniversary update, we focussed not only on ex-
panding our profile collections but also on revisiting the qual-
ity of current motifs, especially renewing annotations for plant
TF families and classes according to the Plant-TFClass (36)
and searching for validation for profiles in UNVALIDATED
collection.

The continuous expansion of the JASPAR database pro-
vides TF binding profiles for an increasing number of TFs
from different organisms. With this release, the JASPAR
CORE vertebrates collection presents a motif for 53% of
the 1435 curated human TFs (58% of the 1118 orthologous
mouse TFs) (2), 67% (64 % of mouse orthologs) when adding
profiles from the UNVALIDATED collection. The JASPAR
CORE plants collection presents profiles for 32% of the 1717
reported A. thaliana TFs (42), 35% when including profiles
from the UNVALIDATED collection. Another example is the
JASPAR CORE insects collection, which provides a motif for
43% of the 628 TFs reported for D. melanogaster (43) and
50% when including UNVALIDATED profiles. A steady ef-
fort from the community to cover all TFs will be necessary to
fill the remaining gap.

So far, the JASPAR database has stored and focused mostly
on PFMs as the model of choice for TF-DNA interactions.
We recognise that the PFMs stored in JASPAR assume nu-
cleotide independence and do not consider the methylation
status of nucleotides, which would require DNA methyla-
tion data and an expanded alphabet or specific representation
(44-46). To account for successive nucleotide dependencies,
we introduced transcription factor flexible models (TFFMs)
into JASPAR for a set of profiles when data was available
to compute them (12,33). Mostly based on convolutional
neural networks, deep learning models are now considered
state-of-the-art to accurately model data generated from ge-
nomic assays such as ChIP-seq, ChIP-nexus, or ATAC-seq (47—
49). Some deep learning models have improved performance
when initialising their convolutional filters with PWMs de-
rived from JASPAR profiles (50,51), while many models as-
sess derived patterns by comparison with JASPAR profiles
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(47,48,52). The high quality of the modelling and improved
methods to interpret the deep learning models make them at-
tractive to decipher the cis-regulatory code (53). With deep
learning approaches becoming critical to studying TF-DNA
interactions and discovering the regulatory grammar control-
ling gene transcription, models based on neural networks will
potentially replace PFMs. Similarly to PFMs, deep learning
models could be curated and stored in JASPAR. Work re-
mains to incorporate such models in a manner that holds true
to the JASPAR ease-of-use principle, consistent with obser-
vations from other bioinformatics applications (54,55). Soft-
ware tools for scanning DNA sequences with diverse deep
learning-based motif models are maturing (56), as are meth-
ods for understanding motif enrichment and/or combina-
torics (51,57-60). In addition to refining efficient motif scan-
ning tools, one important remaining step is to determine how
to effectively handle context-specific models (e.g. specific cell
types or tissues), as such models can capture motifs for co-
operative TFs unavailable in other cell types (61). These next
steps demand continued innovation for JASPAR in the years
ahead.

While we are pleased with the first 20 years of impact by
JASPAR, we recognise that genomics and bioinformatics de-
mand constant observation of the road ahead. We expect that
the growing use of intelligent systems to derive inference from
large data will continue to accelerate in use. As represented by
large language models and deep learning-based image genera-
tion technologies, we can expect that bioinformatics methods
will increasingly seek to bridge molecular data with structured
knowledge. Including word clouds in JASPAR represents an
initial movement in this direction. However, ultimately we ex-
pect that the binding models will need to be complemented
with advanced knowledge representation about TFs, either in
the form of knowledge graphs (such as in (62,63)) and/or vec-
tors describing contextual embeddings.

Since the beginning, JASPAR has grown to provide the
community with a high-quality, easy-to-use resource that pro-
motes open science. Over the years, JASPAR’s scale and scope
faithfully accompanied the technological and scientific devel-
opments in the field. Striving to ensure the high quality of the
database content throughout its continuous expansion meant
regularly re-visiting the sourcing, processing, and presentation
of JASPAR. This effort was further oriented towards main-
taining JASPAR’s ease of use, incorporating functionalities
and content deliberately to address all user profiles’ needs. At
the age of 20, the JASPAR team looks ahead to strengthen
its contribution within the open science ecosystem to which it
contributed, consolidating and supporting the field in deep-
ening our understanding of the role of TF binding in gene
regulation.

Data availability
JASPAR is freely available at https://jaspar.elixir.no/.
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Supplementary Data are available at NAR Online.
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