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Abstract

The COST Action Gene Regulation Ensemble Effort for the Knowledge Commons
(GREEKC, CA15205, www.greekc.org) organised nine workshops in a four-year period,
starting September 2016. The workshops brought together a wide range of experts from all
over the world working on various parts of the knowledge cycle that is central to
understanding gene regulatory mechanisms. The discussions between ontologists, curators,
text miners, biologists, bioinformaticians, philosophers and computational scientists spawned
a host of activities aimed to update and standardise existing knowledge management
workflows, encourage new experimental approaches and thoroughly involve end-users in the
process to design the Gene Regulation Knowledge Commons (GRKC). The GREEKC
consortium describes its main achievements, contextualised in a state-of-the-art of current
tools and resources that today represent the GRKC.

Introduction

Understanding how complex biological systems operate i« not possible without
computational modeling of data and knowledge. In fact, .ne biological knowledge discovery
process itself is becoming increasingly dependent or cu.mputational modeling and
simulation, in systems biology approaches. The cons.."'.ion of computer models requires
comprehensive knowledge of biological entities ancd cheir :nteractions, and abundant efforts
are dedicated to providing such information in c at“.c ases (Cook et al., 2020; Durinx et al.,
2016; Sayers et al., 2021). Despite all this, joiit u..Lertakings that involve stakeholders
across the different expert areas necessr.y "0 s,~ecify and design the necessary knowledge
domains, formats, content, access and v "~e the knowledge life cycle) have been scant,
explaining why many of the valuable knowle 'ge domains have remained only modestly
interconnected.

The analysis of gene regulation mect arisms is of high importance to systems approaches
because it is key to understandir 3 ho*v genomic information governs cellular differentiation
and function. The complex ma« nincry that determines which genes are active requires an
intricate and dynamic interplc:’ botween different types of transcription factors, the DNA
regions where they engage in g .ne-specific transcription regulation, and the specific
epigenetic context that d~...."es the accessibility and proximity to their target genes. Real
progress to compreh ~ns 7elv improve the construction and governance of knowledge
repositories that provide -Jetailed information about each of these types of gene regulatory
actors and their causal i~ .eractions, needs multidisciplinary efforts engaging many different
expert groups that should be open to collaborate and agree on common goals.

The COST Action Gene Regulation Ensemble Effort for the Knowledge Commons
(GREEKC) was designed to improve the development of the Gene Regulation Knowledge
Commons (GRKC). This GRKC is defined by the GREEKC consortium as: “The collection of
freely accessible information resources, with data well annotated with unambiguous
descriptors according to quality criteria and standards that allow seamless integration and
interoperability as well as automated computational access with third-party software”. From
September 2016 to March 2021, GREEKC worked toward improving the resources
contributing to this GRKC by coordinating many of the efforts around production and
consumption of ‘knowledge’ pertinent to this domain, following a responsible research and
innovation (RRI) approach (Schomberg, 2013), i.e. engaging all stakeholders to optimise the
deliverables of a scientific process, and to align scientific processes and outcomes to
societal needs. We took this strategy as an iterative process of identifying and including
stakeholders, starting with key players in the knowledge life cycle, and it needed constant



work of mutual adjustment of stakeholder concerns to ensure scientific and public trust. The
strategy is to instill partakers to overcome competing interest and become mutually
responsive and adaptive to each other concerns in light of the common goals that are being
articulated in the process (Nydal et al., 2020).This RRI approach proved to be an extremely
good fit with the main merit of COST Actions: bringing people together in one room who
would not normally discuss or consult with each other.

GREEKC was the result of an initiative which started in 2013 and brought together a wide
range of experts from the domain of gene regulatory mechanisms: The Gene Regulation
Consortium (GRECO, www.theGRECO.org). Through a GRECO-inspired proposal we
received funding from COST in 2016, allowing us to commence on a four-year journey using
the different COST mechanisms (Workshops and Working Group meetings, Training
Schools, Short Term Scientific Missions) to advance the coordinated building of the GRKC.

GREEKC's field of operation and A«zign

Scientific results cannot be effectively shared for computati~n.' .se through publications or
data repositories alone. The information content of public: tion ; needs to be carefully
checked, or curated, and archived in standardised form- ts u. publicly available resources, if
it is to become broadly available for computational int_g-a.on and analysis (Holinski et al.,
2020; International Society for Biocuration, 2018). S.. vila' .y, large-scale data must be
curated and archived with proper metadata to provic 2 w. 'l annotated resources for obtaining
knowledge through computational processing a'.a .rtegration with other information
sources.

Central to this value creation is the bioc: rat.r, who is typically an expert in a biology or
bioinformatics domain and able to identify «.~d characterize specific biological entities and
interactions described in papers or lai_2-scale data repositories and to investigate their
contents for experimental or other ev..'an. 2 that facilitates their use or supports particular
claims about their biological functiol.. ('t ese claims are described, or annotated, with the
help of controlled vocabularies th a ~rovide standardised terms, descriptions and definitions
for concepts that are relevant for ¢ (sub)domain of biology. Domain Ontologies contain, in
addition, machine-processable . ~rmal axioms and definitions of types of domain entities,
hierarchically organized so tha. *hey can facilitate analysis at different levels (Guarino et al.,
2009; Hastings, 2017; Je~~a1,, 2009) thus constituting the building blocks for representing
human knowledge (S~ht'z a'id Jansen, 2013). Describing biological entities and their
relationships in specific ~antexts such as scientific experiments with the help of
unambiguously defined o itology terms is performed in an annotation process that follows
well-defined curation guidelines, so that different biocurators are able to interpret and
annotate knowledge from a paper in identical ways. This is often supported by curation tools,
which provide additional guidance as to the annotation details that need to be provided.
There are many subdomains of biology that require such annotation efforts. GREEKC
elected to focus on the area of gene regulatory mechanisms (Figure 1) whilst developing
knowledge gathering and sharing principles that will have value across all biological
domains.

The curation of information from scientific literature starts with the identification of content
conveying curatable information. The identification of such content can be facilitated by text
mining algorithms that flag papers, or segments thereof, for the presence of information that
can be pre-marked for content appropriate for subsequent manual curation into a database.
Alternatively, with appropriate post-processing, this information can be extracted directly for
computational use. However, whereas the potential of text mining for assisting manual
curation is well-established, its direct integration into curation workflows has not found wide



use yet. For those curation workflows that produce information for the GRKC, the breadth of
annotations impacts their representation, storage in a database schema and subsequent
sharing mechanisms. For instance, complex annotations need to meet well-defined curation
guidelines and storage formats, and stored data require specific ‘exchange languages’ (e.g.
XML-based or JSON-based) for downloads or web services that enable data transfer to the
user.

The different elements of the gene regulation knowledge management life cycle as
described above were converted into four challenges that were taken as a basis to assemble
the four working groups of the GREEKC COST Action. These Working Groups (WGs)
focused on:

WG1: The development and maintenance of ontologies and controlled vocabularies;
WG2: The development of curation guidelines and workflows for the annotation of gene
regulators at different levels, addressed in five sub-working grc’os:
1. protein level
2. non-coding RNA level
3. nucleotide sequence recognition level (e.g. transcriptir.. *ac.or binding sites)
4. genome level (DNA methylation status, histone modii ~ati ns)
5. level of interactions, regulatory complexes and netv. “rk information flow

WGS3: The exploration of text mining to identify or extio~* information useful for annotation of
gene regulators and to facilitate the identification of itera.ure evidence that can be used to
annotate the various regulatory molecular entiti :s ai'd their regulatory interactions;

WG4: The storing and sharing of annotations f y<.ie regulatory interactions.
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Figure 1: Schematic overview of gene regulation processes (courtesy of C. Logie). The regulation of
gene expression involves the three genetically encoded polymer classes; DNA (green), RNA (red)
and Protein (blue). Complexes involving different polymers, are described with mixed letter colors
(RNA-PROTEIN COMPLEXES, DNA-PROTEIN COMPLEXES, DNA-RNA COMPLEXES); Underlined
biological processes denote DNA-centric transcription control; Francis Crick’s central dogma (Crick,
1958) is shown in italics. These various entities, complexes and processes represent the area of
interest for the Gene Regulation Knowledge Commons.

Ways of working and accomplishments

As a typical COST Action, the main mechanism to organize the scientific domain, stimulate
discussions, strive for consensus and achieve progress (Kostelidou and Babiloni, 2010) was
through the organization of Workshops, Training Schools and Short Term Scientific Missions
(STSMs). Here we elaborate on the results of the workshops a: 1 some of the STSMs, as
they have been most instrumental in generating new ideas arz ~oi.3ensus about
approaches to develop the structure and add content to the C'RK' .

While biocuration and annotation efforts relevant for the G:4n"> nave been the main topics in
GREEKC workshops since 2016, they were mostly inter*w ner. with topics on ontologies and
controlled vocabularies as well as text mining for gene re ulation knowledge management
and available annotation tools and their output forma s. his means that much of what we
achieved in GREEKC cannot be uniquely assigned tn >~.e particular Working Group but
rather to the continuous joint efforts involving memt.ers from all groups.

WG1: Ontologies

Ontologies form the semantic framework .or *he annotation of what we know and understand
about the function of biological entities ai.™ (heir interrelationships. Both the Gene Ontology
(GO, (Ashburner et al., 2000; Gene (Mntology Consortium, 2021) and the Sequence
Ontology (SO) (Eilbeck et al., 2005) are ~entral to the description of chromatin, gene, protein
and RNA components involved in g/:n'; ~egulatory events.

The development and maintenanr= ¢ atologies is intrinsically linked to established
annotation processes and refine* 1en. thereof to keep up with the continued evolution of the
knowledge life cycle and evolviag L:ological insights. Significant efforts have been made by
GREEKC members to improw ~ 11,3 annotation quality of the class of mammalian DNA
binding transcription factor. ‘se : Lovering et al., 2021, this issue), and, as a consequence,
the GO molecular functir i < ibtree describing the regulation of gene expression by RNA
polymerase Il annota.ar harc also undergone major restructuring (see Gaudet et al., 2021,
this issue). In addition, t1.~» SO has been critically reviewed. In several workshops, GREEKC
members talked with th. external experts responsible for constructing and using the SO, and
arrived at a consensus on restructuring the part of SO that specifies the description of Gene
Regulatory Elements within the genome. Since the original conception of the SO, the
knowledge about the nature of gene regulation and the importance of the binding of proteins
to regulatory control elements in the genome (most importantly the DNA binding
Transcription Factors) has advanced considerably and has revealed an abundance of
transcription factor binding sites at multiple gene regulatory locations in the genome. In
addition, the new notion of Topologically Associating Domains (TADs) was not yet supported
by SO. A restructuring of the SO has now been proposed (see Sant et al., 2021, this issue)
to align the definition and hierarchy of the SO regulatory element subtree with our current
understanding of the full breath of protein-DNA interaction events and chromatin
conformation states that have an impact on gene expression. Finally, efforts have been
launched to follow up on the Gene Regulation Ontology (Beisswanger et al., 2008),
proposed as an application ontology for capturing broadly the entities and relationships that
are essential for describing gene regulation at multiple levels (protein, RNA, small molecule,
genome, DNA level and epigenetic level). The concept of the Gene Regulation Application



Ontology (GRAO) would pave the way for new knowledge bases able to semantically
integrate all knowledge about gene regulatory events. The integration of gene regulatory
mechanism data in the GRAO backbone would allow for complex queries addressing many
aspects about regulatory context simultaneously, going well beyond the examples published
for the Gene Expression Knowledge Base (Venkatesan et al., 2014).

WG2: Curation guidelines

Biocuration involves a manual or computational assessment of the validity of a particular
claim that may characterize a biological entity or relation, upon which this claim can be
specified with the help of proper entity identifiers (IDs), ontology terms, evidence
descriptions and provenance, e.g. the identifier of the publication based on which the
biocurator made the assertion. It is the central process that generates knowledge base
content that provides users with high quality, reliable information. GREEKC has addressed
five different subdomains of biocuration in its workshops and in several areas notable
progress was made (see below). Here we describe the main rc <ults to advance biocuration
for the GRKC per WG2 subdomain.

The protein level:

GREEKC members have collaborated on the task of bring'ng ' ogether the knowledge that
currently supports the classification of proteins as DNA | inaing Transcription Factors
(dbTFs) (see Lovering et al., 2021, this issue). The c..nu 1 role of these proteins in linking
the cellular signaling machinery to the decoding of the re julatory genome has made them a
prime focus of dedicated characterization and curat’un ei/orts over the years and the
GREEKC review drove the development of re-c 2s g1 of the GO transcription regulation
molecular functions branch and an updated sc¢t ¢. ~dration guidelines (see Gaudet et al.,
2021, this issue). The updated GO transc «."i01. "egulation branch also encompasses
improvements in the GO structure and t. *m . for co-transcription factors (coTFs) and general
transcription factors (GTFs) and thus provius fertile ground for improved GO annotation of
these protein entities with important ru.~s in gene regulation.

The RNA level:

The gene regulatory network a’so :ncludes RNA molecules that interact with proteins, with
other RNAs or directly with g~ne ~ to mediate their actions. In the last decade, strong efforts
have been made to annota*e bc th functional and physical RNA interactions in public
repositories. While there =..~ yuidelines to use the Gene Ontology to capture the role of
microRNAs in gene r=gL'atio 1 (Huntley et al., 2016), no specific guidelines had been
developed for the majoi.* of other RNA roles, with the result that the knowledge extracted
from one source is somra*. mes difficult to integrate or compare with other sources. During the
COST meetings, valuable discussions among GREEKC members about entity identifiers,
quality criteria for the reliability of the data, and necessary metadata, led to the definition of
common standards for the annotation of microRNA-mRNA and microRNA-IncRNA
interactions (Panni et al., 2020). MicroRNAs are the best-characterized regulatory RNAs,
and their binding partners can be predicted using bioinformatic approaches that allow the
interaction site to be mapped to the target gene. However, as each prediction tool provides
different numbers of targets for each specific microRNA, the value of experimental
confirmation of a microRNA-mRNA interaction should not be underestimated (Huntley et al.,
2018). Meetings and round table discussions between members of the Working Groups 1
and 2 have led to recommendations for the annotation of interactions and ontologies
focusing on microRNA regulatory mechanisms and improved cooperation (Panni et al.,
2020). In addition, a short term scientific mission has been supported by the COST
programme that allowed one week of testing of the annotation guidelines. However, we have
yet to do the same for functional interactions of the LncRNAs with genes and their role in
transcriptional regulation.




The DNA level:

Whilst the dbTFs represent the protein side of the decoding of genome information, their
specific binding sites in the genome uniquely interlink dbTF regulatory activity to specific
genes. Because of their importance, these transcription factor binding sites have been
extensively studied to characterize their nucleotide patterns (sequence motifs) and
determine features that define binding specificity (Zambelli et al., 2013). A sequence motif
recognized by a dbTF reflects the binding energy of a dbTF to a particular DNA segment
(Rastogi et al., 2018), and there are many approaches to represent this relation in a
computational model, from a basic consensus string to a 'black box' of advanced machine
learning (Alipanahi et al., 2015; Zhou and Troyanskaya, 2015). However, the gold standard
is still defined by position weight matrices (PWMs) which were suggested as early as 1982
(Stormo et al., 1982) and remain the most widespread and accepted way of describing dbTF
binding specificity as a quantitative rather than a qualitative phenomenon (Berg and von
Hippel, 1987). As a tool, PWMs are massively used to predict ‘ranscription Factor Binding
Sites (TFBS) in the genome and annotate regulatory sequence ve-iants (Kulakovskiy and
Makeev, 2013; Stormo and Zhao, 2010). Many TFBS motif d sco ‘ery algorithms have been
proposed over the years, and many experimental data setc “*‘«. . generated and analyzed,
resulting in a multitude of motif collections, such as TRAI''SF:.C (Wingender, 2008),
HOCOMOCO (Kulakovskiy et al., 2018), CIS-BP (Weirc. ch et al., 2014), and JASPAR
(Fornes et al., 2020). Creating some common unders .a. 1n.g for how these PWMs may be
used, represented, shared and interpreted was discu.ser. in several workshops. As a result,
a large-scale benchmarking was designed and carri .d o.* (aided by an STSM), resulting in a
large set of publicly available performance mea ,ur2s that may improve the use of these
PWM in practical analyses of new datasets (A n.-~.ini et al., 2020).

The Genome level:

The sequence ontology (SO) is an essentia. <ource of terms that describe among others
sequence concepts necessary to annc *ate regulatory sequences and transcription factor
binding sites for a range of resource. ‘.. Ensembl (Howe et al., 2021). SO was improved
by the restructuring of terms relatea t ¢ s-regulatory modules (CRMs), which are regulatory
regions where transcription facto bi. 1ing sites are clustered to regulate various aspects of
transcription. CRMs contain en’ia. .~ers, silencers, locus control regions, and insulators. A
special type of CRM that was aced to SO is the DNA_loop_anchor, which represents the
ends of a DNA looping region. .NA looping is necessary to allow for areas of DNA that are
separated by many kilob~z~s (s remain in close proximity within the cell, allowing CRMs to
interact with distant cenc s (M anni et al., 2020). Another set of updates to SO is the addition
of terms related to topo.>qically defined regions, which are areas where self-interaction of
DNA occurs more freqiter.tly than expected by chance. An instance of self-interaction is a
topologically associated domain, bordered by topologically associated domain boundaries.
During interphase, DNA loop anchors are CCCTC-binding factor (CTCF) binding sites.
Several studies have investigated CTCF binding to determine topologically defined regions
(Nanni et al., 2020).

Level of interactions, regulatory complexes and network information flow:

The annotation of proteins in the GO database is based on well-established guidelines
(Balakrishnan et al., 2013), but the underlying data model and output, the Gene Product
Association Data (GPAD) file, does not fully take into account inter-relationships that more
completely describe functional aspects relevant for a systems understanding of biological
processes. One of the most significant shortcomings is caused by the limitation of the
‘annotation extension’ field in the tabular GPAD file, Target genes (TGs), and other protein
interacting partners, bound by the transcription factor (dbTF) of interest, are captured in the
annotation extension column but the result of transcription factor binding to a gene can only
be summarised by the limited vocabulary of the annotation extension (Huntley et al., 2014).




The GO-CAM data model (Thomas et al., 2019) aims to remedy this, by allowing a
biocurator to define linked annotations that use multiple ontologies to represent all aspects
involved in biological functions involving multiple biological entities, essentially from a
molecular function activity flow perspective. The GO-CAM approach has been discussed in
several GREEKC workshops and its members have engaged in defining a set of templates
in the Noctua curation tool that will guide a biocurator in the definition of new dbTF-TG
interactions (see Juanes Cortés et al., 2021, this issue).

Transcription factors rarely bind as monomeric proteins but initially as homo-/heterodimers
which then bind to co-factors to assemble the protein machinery required for transcription.
GREEKC members (see Velthuijs et al., 2021, this issue) used data from the IMEx
Consortium databases (Porras et al., 2020) and BioGRID (Oughtred et al., 2021) to develop
a pipeline to predict transcription factor coregulator complexes, which were subsequently
validated using the CORUM (http://mips.helmholtz-muenchen.de/corum/) and hu.MAP
(http://proteincomplexes.org) protein complex databases. A cc *~omitant effort to manually
curate transcription factor and coregulator complexes in the Com,.'ax Portal database
(Meldal et al., 2015) has also been initiated as a result of the wor.- of the GREEKC Action.

The PSI-MI standards that have been developed under th » un brella of the Human Proteome
Organisation's Proteomics Standards Initiative (HUPO 1" SI) were the starting point
(Hermjakob et al., 2004; Kerrien et al., 2007; Sivade _u."ousseau et al., 2018) for
discussions about future needs of the network moden.no community. Although the existing
data formats developed by this group were capable Jf describing TF-TG binding, the format
was not designed to describe either the upstrez n sotaflow from a cellular signalling pathway
to an up- or down-regulation of a set of genes G.>—cKC was able to organise several
events together with the Proteomics Star ... ‘ds 'nitiative and ELIXIR to define an extension
of HUPO-PSI MITAB2.7 that would covc - th 2 causality associated with (gene) regulatory
interactions. The general importance of this “vpe of interaction for the use in building
conceptual and mathematical models . f regulation networks called for a multidisciplinary
agreement involving all relevant stat c."nluars (WG2 and WG4 members, many also active in
the PSI-MI and ELIXIR community). Tni'; resulted in the definition of CausalTAB ((Perfetto et
al., 2019), which is also known a; ! MITAB2.8. The work on causal molecular interactions
also exposed the need for a se. 0, auidelines that describe the necessary and desirable
contextual details that a user we 'ld need to find in order to be able to select and incorporate
such causal statements in ~ mc ‘el. These guidelines were created and are now published
as the MI2CAST checklis* T _/é et al., 2020), which has been endorsed globally by a broad
group of biocurators, aninloo y developers, curation tool developers and users of molecular
causal interaction state:.~ants. To the biocurator, the MI2CAST standard provides guidance
in identifying contextua! c :tails that have to be minimally supplied in new annotations; to the
curation tool developer it specifies the semantic resources and identifiers that should be
chosen; to the user, the MI2CAST standard provides a summary of the contextual handles
that are available for selecting proper data; and to the biological experimentalist, it defines
the domain of study and reporting that will yield information most valuable for future
computational integration and analysis. The MI2CAST standard has been implemented in
the prototype curation tool causalBuilder (Touré et al., 2021), to illustrate how a Visual
Syntax Markup (VSM-box) data entry template engine (Vercruysse et al., 2020) can be used
to support the presentation of an annotation standard in an organic way to a biocurator.

WG3: Text mining for knowledge curation

The GREEKC consortium considered the value of text mining for aiding the curation
workflow. These discussions have shown that the worlds of manual biocurators and text
miners have many possible connections, but an active engagement where both sides benefit
equally remains to be pursued. Text mining is an accepted method for triage, meaning the
identification of e.g. a scientific paper that is likely to contain information that would satisfy a



curation effort, implying it may contain the necessary information to warrant an annotation for
a database. Conversely, curation is an accepted practice used to support text mining, both to
assemble and prepare a text corpus that can be used for training of a text mining classifier,
and for assessment of the quality of text mining results. But the results of manual curation
(high-quality annotations of a limited subset of the available texts) and text mining (lower
quality annotations of the widest possible range of texts) are unsatisfactory to the other
expert group, which stands in the way of mutual efforts to marry the two without
reservations. And to some extent the outcomes of both types of efforts may also serve
different user communities: the high-quality curation resources serve the careful, cautious
user, whereas the text mining result may serve the computational network analyst in settings
where she is willing to accept that some of the information she is using may be of lower
confidence than manually curated knowledge.

Several events have been organised by the text mining working group, but most notably the
results from the collaboration between GREEKC members NTNU and BSC are worth
mentioning. They have performed a text mining effort to specif ~ally identify and retrieve
gene regulatory interactions between a DNA binding transcriptior. factor and a target gene
(TF-TG relationships). The results (www.extri.org) were intec ‘ate 1 and compared with
several established curated resources with TF-TG relations*iv> und indicate the sizable
corpus of MedLine literature with information currently not repi 2sented in curated data
resources (see Vazquez et al, 2021 this issue). Moreov - r, uey also indicate the potential
gap of information pertaining to proteins currently not .. /€. ad by functional studies reported
in the literature, as about half of the putative dbTFs v~ nc { return any MedLine record of
involvement in the regulation of a target gene. The F xT+.' resource is available to the
computational biologist through the BioGateway a-.iabase and a Cytoscape app, and the
potential problem of false positive records is n it,_ 2t :d by providing full provenance to the
TRI sentence detected by text mining, in i*. ®u>Med abstract, so that a user may check the
validity and if wrong, may omit it from ar alys s.

WG4: Databasing and sharing

The storing and sharing of curated ir:crmdtion in databases provides the basis for
dissemination of GRKC and thus has /e seived particular attention in the GREEKC
workshops. Among other issues, we were interested in the user perspective for GRKC and
the standardisation of informati»n ~xchange. Regarding the former, we found that many
commonly asked questions in yone regulation can be covered by a set of use cases (i.e.
what are the known or predicte.' regulators of a gene?). For this reason, we have started to
provide protocols for suck *'s. _ases on the GREEKC website (https://www.greekc.org/use-
cases). Regarding stanc ardi: ation and exchange of GRKC, the ELIXIR initiative has
adopted criteria to asse.s uie governance of knowledge bases and data repositories with the
aim to identify Core Reso urces that comply with high governance and thus reliability
standards. The identified Core Resources include several resources that contain information
relevant for the GRKC, for instance GO, IntAct, UniProtKB and Ensembl. However, many
additional valuable resources exist, making it imperative that careful consideration should be
given to open the possibility that their content is compliant with formats endorsed by ELIXIR
Core resources and the FAIR principles. To assess the FAIRness of GRKC tools and
datasets, a semi-automated tool was developed to score resources in terms of their
compliance with the FAIR principles. Each principle is individually scored and a breakdown
of the criteria is provided in a report generated by the scoring tool (see Bonello et al, 2021,
this issue). The SIGNOR database, for instance, abides by the FAIR principles and was an
early adopter of the PSI-MI standards endorsed by IMEx. The SIGNOR curators led the
activities supported by GREEKC to develop the HUPO-PSI MITAB2.8 (causalTAB) format
that supports regulatory, causal relationships. However, this PSI-MI extension poses new
demands for data exchange mechanisms, most notably the webservice PSICQUIC (Protein
Standard Initiative Common Query Interface (del-Toro et al., 2013)), which, at the time of
writing, is only able to serve queries for the PSI-MI 2.7 format. The GREEKC discussions




led to a Short Term Scientific Mission that resulted in a prototype PSICQUIC 1.0 webservice
that has been implemented for communication with the SIGNOR database. Future work is
needed to upgrade PSICQUIC web service functionality with common tools like Cytoscape
(Cline et al., 2007), which supports the import of data through the Network from Public
Databases / Universal Interaction Database Client. The MedLine extracted information on
TF-TG interactions from the ExTRI text mining effort described above are available now
through standard PSICQUIC web service. Other web services that provide access to TF-TG
interactions can be launched through Cytoscape Apps. The BioGateway App uses SPARQL
queries (SPARQL Protocol and RDF Query Language (Prud’hommeaux E., Seaborne A.,
2008)) to fetch regulatory information from the semantic web database BioGateway
(Antezana et al., 2009), in the form of documented interactions between transcription factors
and their target genes (see www.extri.org). Likewise, the OmniPath App (Ceccarelli et al.,
2020) uses a REST type service to fetch TF-TG relationships from the dedicated
transcription factor activity knowledge base DoRothEA (Garcia-Alonso et al., 2019).

Discussion and future challenges

We hope that the Gene Regulation Knowledge Commons (Gt KC) may serve as an example
of what can be achieved through a concerted effort to ¢* 2aw. an effective data infrastructure.
The GRKC should fulfil the needs of two groups: on t~Z 2.2 hand bench biologists to access
detailed information on their genes and proteins of ii. ere: t and how they interact, and on the
other hand computational biologists who need an at inu~nce of computationally accessible
and well-structured information resources. This ‘< vires that the content of the GRKC is both
‘human readable’ and browsable through a web ‘ ite . face, and available through an API or
web service, for computational processinc Su. hoth uses, the annotation needs to be
enhanced by including information with ‘ ich .r’ expressions of the functions of molecular
entities, the relations between entities, the ~mergent’ effect of their interactions, as well as
experimental evidence and biologica: ~ontext so as to underpin and enhance the use of this
information in regulatory network bui'“ing and computational analysis. The achievement of
such enhancements of the GRKC w Il re 4uire further innovations of curation approaches and
tools, while making sure that thes s “ici.er annotations remain fully interoperable. It should
also involve all resources coverii. protein, RNA, chromatin, small molecule and DNA
sequence information, as well < = the molecular activities and biological processes in which
these entities are involved. The «uration tool Noctua (Thomas et al., 2019) and new
experimental technologies i~ *’SM (Vercruysse and Kuiper, 2020) provide a significant step
in the direction of annot: ting biological systems rather than biological entities. These tools
accommodate multiple ~r..%,, activation state and relation types, and provide for annotations
based on multiple ontolo¢ ‘es and supported by an elaborate set of evidence and biological
context metadata. Although at the semantic level sufficient resources may be available to
cover these domains individually, integrated resources are needed that interlink and support
complex queries for obtaining regulatory information that spans the different levels. The work
on the design of the Gene Regulation Application Ontology warrants follow-up efforts to
produce for instance a prototype semantic knowledge base where GRKC information is
integrated together with SO regulatory sequence concepts, the Complex portal and GO
molecular function and biological process concepts to allow users to query for regulatory
mechanism information that meets both location/sequence constraints, macromolecular
assemblies and gene regulatory action constraints. This promises to supply users with
information supported by a richer set of annotation details, and in formats that facilitates their
integration and querying.

Users of the Knowledge Commons with information about gene regulatory mechanisms
need rich and exhaustive information sources for the computational analysis of biological
processes, for instance by way of the construction of comprehensive models of such
processes. Current literature curation efforts are too limited to cope with the increasing



amount of information published on a daily basis. Therefore, the access of information
generated by text mining (Krallinger et al., 2010) as well as by automated and manual
curation, needs to gain more attention (Wei et al., 2019). Furthermore, improvements are
needed in the associated metadata so that it is clear to the user what the quality and
inclusion criteria are for a particular piece of information (Skunca et al., 2017). Demanding
computational users will then be able to implement their own selection criteria for
incorporating data into their analysis. In practice this can help ameliorate a well-known
challenge in digital knowledge management, which is that while biocurators creating manual
annotations often focus on including only true positives in their database content, this may
come at the expense of discarding false negatives. Hence, information that is not included in
a resource but upon closer inspection of additional or new data may in fact provide sufficient
evidence to meet the database’s inclusion criteria. Such information might be flagged by
appropriate evidence codes, so that computational users may explore it either in a ‘cautious’
or ‘greedy’ mode (see Chatterjee et al., 2021, this issue). A typical example for this is
information gathered from text mining, which has the potential © exhaustively explore all
available text for valuable information, but which generates too n.ony false positives to be
acceptable for most curated databases.

Another case concerns the numerous ongoing efforts to ¢ ymp itationally predict ‘active’
binding sites of transcription factors (including those of . " mo- and heterodimers) combining
evidence from multiple experimental, often large-sca' - U7t sources to infer transcription
factor-target gene interactions. More than 30 year loi. e'./orts of decoding a “regulatory code
of transcription factors” have been undermined by tF 2 nciorious ability of transcription factors
to recognize quite dissimilar DNA sequences d¢ pf 21ing on the availability of different
protein partners for complex formation and loc a1 .~~~ overall chromatin accessibility profile.
Yet, massive efforts in comparative studie, ~t CTF binding in vitro and in vivo in a variety of
cell types gradually resulted in condens. tior. of understanding of rules controlling recognition
of particular DNA loci by protein factors in « narticular cell type or biological condition. The
main effort has been oriented to accou.nt for contributions of chromatin accessibility and
dbTF affinity when predicting locus-<. ~ci.2 DNA recognition, which would help to combine
dbTF specificity assayed in vitro anu ‘@ a from chromatin accessibility profiling of the
particular cell type. In the case of su-cess, such bioinformatics strategies would save the
researchers from exhaustive ar se ~sment of the active regulome of DNA binding
transcription factors substituting it with reliable prediction of dbTF binding profiles at single
base resolution and further oiny. ~int dbTF target genes. This is especially important for hard-
to-get or transient cell typ~~. ..d thus vital in the context of developmental biology or in
studying the transcriptio.' res 2onse of different cells to particular physiological,
environmental or stress ~ouditions. Fortunately, future prospects to tackle such challenges
are brightened by emerai g opportunities to obtain single cell data relevant for gene
regulation, such as transcriptomics, transcription factor binding and chromatin states and
topologies. With support from comprehensive and well documented prior knowledge
resources, such data might allow the researcher to unveil cell state-specific gene regulatory
(sub)networks, which control behaviour and transformation of cells existing in small
quantities and/or short time frames, but having crucial impact on critical biological
processes.

The development of advanced text mining and bioinformatics approaches to discover new
knowledge in the literature or large-scale data, should not be taken as competing interests
between manual, human-based curation and automated, computer-based curation: rather
there seems to be plenty of potential synergy between the two approaches: with manual
curation developing training sets and validating algorithm progress, and automated
annotation step-wise improving itself with the help of manual annotators. Further dialogue
between biocurators, text miners, bioinformaticians, computational biologists and



policymakers / granting agencies is needed to define productive working modes, information
quality criteria and metadata that would satisfy all stakeholders.

Precision medicine is an emerging approach that aims to develop personalised therapies for
individual patients, by taking into account patient-specific disease factors to increase the
efficacy of drug treatment (Comte et al., 2020; Eduati et al., 2020). Precision medicine may
be based on large scale omics data collections to obtain high-resolution molecular insight
into health (Price et al., 2017), or on patient-specific mathematical models that serve as in
silico patients, or ‘digital twins’ (Pappalardo et al., 2019). Obviously, this requires deep
computational integration of a multitude of data types and prior knowledge. Important players
in the domain of computational analysis are the builders and users of conceptual or
mathematical models of biological processes. These computational and biomedical
scientists are often involved in curation themselves, to make models complete and to audit
literature in order to verify database information against contextual details of the processes
that they model. For instance, the Consortium for Logical Mod. "\ng Standards and Tools
(CoLoMoTo (Naldi et al., 2015)) represents scientists engaged in constructing logical models
and the Disease Maps consortium generates biological proce ss 1 formation (Ostaszewski et
al., 2019) to support the analysis of many diseases. It is nri>w.. iy that despite the large
efforts in building resources that describe regulatory infori vatic n that involves molecular
components, be it genes or proteins, additional efforts «. @ suil needed to obtain the
information to construct process diagrams or mathen au ~a: models that capture what we
know about gene regulatory mechanisms adequately ~hr cked to have validity in a specific
biological setting or context. Having an integration ¢’ the suration world with the modelling
world through these types of collaborations, pos sit.* with the help of a future COST action,
has the potential to further optimise curation a 1. ~r.10tation processes for the Knowledge
Commons.
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Highlights

e The COST Action GREEKC produced the results of a BBA-GRM-21 special issue.
e GREEKC worked to enhance knowledge management in the gene regulation domain.
e Improvements of the Gene Regulation Knowledge Commons are presented.



