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Abstract

The BioGRID (Biological General Repository for Interaction Datasets,
thebiogrid.org) is an open-access database resource that houses manually
curated protein and genetic interactions from multiple species including yeast,
worm, fly, mouse, and human. The ~1.93 million curated interactions in Bio-
GRID can be used to build complex networks to facilitate biomedical discover-
ies, particularly as related to human health and disease. All BioGRID content
is curated from primary experimental evidence in the biomedical literature,
and includes both focused low-throughput studies and large high-throughput
datasets. BioGRID also captures protein post-translational modifications and
protein or gene interactions with bioactive small molecules including many
known drugs. A built-in network visualization tool combines all annotations
and allows users to generate network graphs of protein, genetic and chemical
interactions. In addition to general curation across species, BioGRID under-
takes themed curation projects in specific aspects of cellular regulation, for
example the ubiquitin-proteasome system, as well as specific disease areas,
such as for the SARS-CoV-2 virus that causes COVID-19 severe acute respira-
tory syndrome. A recent extension of BioGRID, named the Open Repository of
CRISPR Screens (ORCS, orcs.thebiogrid.org), captures single mutant
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1 | INTRODUCTION

The biomedical literature contains a vast amount of
information that captures a great deal of knowledge
about biology and biomedicine. However, identifying rel-
evant information about gene or protein function with
respect to any given process or disease can be a monu-
mental task because of the sheer volume of data con-
tained in the scientific literature and the fact that much
of the literature is not open access. Automated extraction
of key data elements from publications cannot be easily
achieved due to the unstructured free-form text that com-
prises most of the biomedical literature. Moreover, rele-
vant data are often only present in nontext elements such
as figures, tables, and supplementary information. A fun-
damental goal of biomedical data curation is to convert
text-, table-, and figure-based experimental information
from the literature into consistent structured records that
can be easily accessed in standardized formats for compu-
tational analyses.

To address these issues, the BioGRID resource was
started in 2006 with the focused goal of comprehensively
curating all available biological interaction data gener-
ated in the budding yeast Saccharomyces cerevisiae."
Discrete interactions between macromolecules and/or
functional genetic elements form the basis for all biologi-
cal systems and collectively form highly interconnected
auto-regulated networks that imbue system-level proper-
ties on cells, tissues, and organisms. These discrete types
are readily exploited in computational approaches to
model network behavior.> Budding yeast represented an
ideal test case for curation of interaction data because of
the implementation of high-throughput genetic and pro-
teomic techniques that enabled the first genome-wide
analyses of genetic and protein interactions in any spe-
cies.? Since then, the BioGRID has expanded coverage to
include interaction data for all major model organisms
and humans, as well as many other less well-studied spe-
cies, more than 70 species in all. As of October 2020,

phenotypes and genetic interactions from published high throughput genome-
wide CRISPR/Cas9-based genetic screens. BloGRID-ORCS contains datasets
for over 1,042 CRISPR screens carried out to date in human, mouse and fly cell
lines. The biomedical research community can freely access all BioGRID data
through the web interface, standardized file downloads, or via model organism
databases and partner meta-databases.

biological network, chemical interaction, COVID-19, CRISPR screen, drug target, genetic
interaction, phenotype, post-translational modification, protein interaction, ubiquitin-proteasome

BioGRID contains over 1.93 million protein and genetic
interactions curated from more than 63,000 publications
(Figure 1a, Table 1). With respect to specific species, the
BioGRID currently contains over 755,000 interactions for
budding yeast, 79,000 interactions for fission yeast,
670,000 interactions for human, 29,000 interactions for
worm, 78,000 interactions for fly, and 300,000 interac-
tions for all other organisms (Figure 1b). BioGRID has
also expanded its curation strategy to include other types
of data that are relevant to biological interactions. For
example, BioGRID records more than 515,000 unique
protein post-translational modifications (PTMs) and over
28,000 interactions between drugs or other chemicals and
their protein targets. BioGRID also now curates gene-
phenotype relationships from genome-wide CRISPR
screens. The BioGRID record structure, database archi-
tecture, and curation pipeline have been described in
detail elsewhere.’

Due to the vast extent of the human biomedical litera-
ture, BioGRID has in part taken a biological process-
and/or disease-focused approach in order to build
curation depth in critical areas of human biology. These
themed curation projects include the ubiquitin
proteasome system (UPS), chromatin modification,
autophagy, glioblastoma, Fanconi anemia and, most
recently the SARS-CoV-2 coronavirus that is the causa-
tive agent of the COVID-19 pandemic.® A curated gene/
protein list is developed by domain experts for each pro-
ject to guide the literature curation strategy. These
focused projects have driven much of the extensive
growth of the human interaction curation in BioGRID
over the past 10 years and are discussed in detail below.
The themed curation efforts are complemented by a dedi-
cated on-going effort to curate all large-scale human
interaction datasets.

In this review, we describe the content and function-
ality of BioGRID, with an emphasis on the newest devel-
opments. We highlight recent interaction curation for the
UPS and for the emergent coronaviruses that cause



OUGHTRED ET AL.

THE

FIGURE 1 Summaryof

~
&
N

S R 1.2
biological interactions in BioGRID.
(a) Annual increase of protein and 10
genetic interaction records in
0.8

BioGRID. (b) Percentage of
interactions from human, yeast,

o
o

mouse/rat, worm, fly, and other
species in BioGRID release 4.1.190.
(c) Protein interactions as a function

o
>

o
)

Number of interactions (in millions)

of experimental evidence codes.

Main evidence codes are indicated,

o

minor evidence codes are grouped as

© A Q> &)
\) Q \) \)
S & &

o

“other.” Detailed description of
evidence codes can be found at
https://wiki.thebiogrid.org/doku.
php/experimental systems

(b)

S.cerevisiae 38.0%

(0

Affinity Capture-Western
10.7%

Two-hybrid
19.1%

severe acute respiratory syndromes, including SARS-
CoV-2. We also describe a new extension of BioGRID,
named the Open Repository of CRISPR Screens (ORCS),
which currently contains over 1,042 annotated CRISPR
phenotype screens. The large collection of curated inter-
action data in BioGRID represents a unified resource for
integrative network analyses by computational biologists
and enables efficient mining of the biomedical literature
by researchers interested in specific genes or proteins.

2 | PROTEIN AND GENETIC
INTERACTIONS

All protein and genetic interactions annotated in Bio-
GRID are exclusively derived from expert manual
curation of experimental data reported in peer-reviewed
publications. Each experimental result that supports an
interaction is assigned by curators to a structured
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M.musculus, R.norvegicus 4.5%
A.thaliana 3.0%
D.melanogaster 4.0%

/ C.elegans 1.5%

Other 1.8%

H.sapiens 33.8%

Co-fractionation 8.9%
Other (in vivo) 12.2%

Reconstitued Complex 5.2%
Biochemical Activity 2.2%
Co-crystal Structure 0.3%
Other (in vitro) 1.2%

-

Affinity Capture-MS 40.1%

experimental evidence code with an accompanying
PubMed identifier. BioGRID uses custom structured
vocabularies to describe interaction data, which includes
17 different protein interaction evidence codes
(e.g., affinity capture-mass spectrometry, co-crystal struc-
ture, Forster resonance energy transfer [FRET], and two-
hybrid) and 11 genetic interaction evidence codes
(e.g., synthetic lethality, synthetic rescue, and dosage
growth defect). Detailed curation guidelines for each evi-
dence code method are explained in the BioGRID help
wiki (wiki.thebiogrid.org). High throughput interaction
datasets are typically extracted from online supplemen-
tary files and converted by curators into a consistent for-
mat for upload into BioGRID. The breakdown of protein
interactions in BioGRID by the most commonly used
experimental methods is shown in Figure 1c, 90% of
which derive from in vivo experimental methods. Experi-
mentally unsupported statements in the literature and
predicted interactions based on computational methods
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TABLE 1 Interaction datasets for main species in BioGRID

Gene or
Species Type protein nodes
S. cerevisiae P 7,077
5,962
P+G 7,332
S. pombe P 3,571
3,627
P+G 4,651
A. thaliana P 10,737
306
P+G 10,787
C. elegans P 6,804
1,136
P+G 7,164
D. melanogaster P 9,226
3,147
P+G 9,546
M. musculus P 15,990
355
P+G 16,039
H. sapiens P 25,722
G 3,767
P+G 26,126
Other P 22,634
G 4,536
P+G 25,045
All P 76,711
G 22,191
P+G 81,183

Note: Data are compiled from BioGRID release 4.1.190 of October 1, 2020.
Abbreviations: G, genetic interaction; P, physical interaction.

are not included in order to maintain BioGRID as a high-
confidence interaction database of primary experimental
results. For this reason, BioGRID interaction data have
frequently been used as a gold standard in computational
studies, either as training sets for machine learning or for
verification of predicted results.>”®

BioGRID houses interactions from all major model
organisms (Figure 1b, Table 1). We maintain complete
coverage of both low- and high-throughput protein and
genetic interaction data from S.cerevisiae and S.pombe,
which makes BioGRID the most comprehensive database
available for yeast researchers to explore and analyze pro-
tein and gene interaction networks. While it is not feasi-
ble to curate the many millions of low throughput studies
reported in PubMed for more complex model organisms

Interactions Interactions

(redundant) (nonredundant) Publications
175,968 117,040 9,699
579,323 443,268 9,392
755,291 546,582 16,037
17,529 13,109 1,624
62,313 52,449 2,003
79,842 64,418 2,874
58,424 50,756 2,307
351 283 155
58,775 50,952 2,387
27,225 26,119 207
2,344 2,277 36
29,569 28,353 226
64,404 54,507 3,697
14,476 10,141 4,395
78,880 63,290 7,166
80,510 72,965 4,213
394 349 198
80,904 73,236 4,351
663,179 506,159 32,168
9,181 9,055 351
672,360 514,501 32,310
57,877 49,945 3,279
171,910 170,197 118
229,787 219,323 3,359
1,088,662 841,748 51,784
839,711 687,467 16,448
1,928,373 1,511,287 63,083

and humans, BioGRID nevertheless aims to capture all
large-scale studies for widely-used model systems. Bio-
GRID partners with model organism databases (MODs)
including SGD,’ PomBase,'® FlyBase,'* Wormbase,'* and
the Bio-Analytic Resource for Plant Biology (BAR)."?
These important partnerships allow sharing of the exten-
sive curation load and wide dissemination of interaction
data to specific research communities. BioGRID interac-
tions are integrated within MODs, and users are able to
navigate between these sites and BioGRID via reciprocal
links.

Several parallel routes enable full access to BioGRID
content. For computational biologists interested in a large
number of curated interactions, the downloadable file
repository holds formatted data files of the most current
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release as well as archived monthly releases, which are
important for future validation or refinement of analyti-
cal methods. Downloads can be customized as needed to
create complex interaction datasets that may be visual-
ized using tools such as Cytoscape (cytoscape.org),'*
NDEx (www.ndexbio.org)"®> or EsyN (www.esyn.org),'®
and also used for various analytical methods. Impor-
tantly, the BioGRID REST (webservice.thebiogrid.org)
and BioGRID ORCS REST (orcsws.thebiogrid.org) ser-
vices provide an open, standardized application program-
ming interface (API) for retrieval of all curated data.
These REST services currently allow more than 1,000 dif-
ferent software applications and pipelines to automati-
cally import BioGRID data records. Automated retrieval
of BioGRID data is also available through the widely-
used PSICQUIC interface.'” Individual users interested in
interactions for specific genes or proteins can use the sea-
rch interface at the top of the BioGRID main page. The
BioGRID search interface allows users to rapidly query a
gene, protein, or chemical of interest for reported interac-
tions, and displays all experimental methods used to
detect the interaction as well as the specific publications
that report the data. Searchable identifiers include gene/
protein names, known aliases, systematic open reading
frame (ORF) names, chemical names or formulas, and
other resource identifiers. For example, a search on the
term BRD2 returns a list of all genes/proteins that con-
tain BRD2 as an identifier, as ranked by number of asso-
ciated BioGRID interactions. Selecting the human entry
for BRD2 brings the user to the Result Summary page,
which lists all reported interactors for human BRD2.
Multiple viewing options are available from the Switch
View toolbar, which allows users to generate a graphical
network representation of the data that includes curated
chemical, protein, and genetic interactions (Figure 2a).
When available, PTM sites are displayed in a separate
protein sequence viewer. Another available search option
is to search by publication using either PubMed ID or
keywords, which will return either a list of papers or a
unique Publication Summary page. Each paper annotated
by curators has a Publication Summary page that outlines
all the interactions from that publication.

3 | PROTEIN PTMs

Regulated protein interactions governed by PTMs under-
pin virtually all cellular responses to developmental cues,
environmental signals, and stress."® BioGRID actively
curates a number of predominant PTMs including pro-
tein phosphorylation, the conjugation of ubiquitin and its
related small protein modifiers such as NEDD8 and
SUMO, and other small chemical modifications. The

BioGRID currently contains more than 458,000 site-
specific nonredundant protein PTMs curated from over
4,600 publications for yeast, mouse, human, and other
species. While a fraction of these PTM data are curated
from low throughput studies, most are derived from
high-throughput mass spectrometry studies that are able
to identify thousands of modification sites for any given
PTM type in a single experiment.'’® An additional 57,000
documented PTMs that have not been assigned specific
sites have also been curated. BioGRID users can access
protein modification sites in the PTM view on protein
summary pages, which display all available PTM infor-
mation and the corresponding amino acid modification
site within the protein sequence. All PTM data are made
available in a standardized format as bulk download files.

Protein kinases and phosphatases have evolved to
control cellular responses to myriad different signals,
such that protein phosphorylation is the predominant
reversible protein modification.*® Curated phosphoryla-
tion sites for budding yeast total nearly 20,000 pho-
sphosites for over 3,100 proteins in BioGRID. As for
other PTMs, these protein phosphosites are also indicated
as a function of residue position in the PTM view on pro-
tein summary pages. Enzyme-substrate interactions are
also displayed on the Yeast Kinome Project page
(thebiogrid.org/project/2), which classifies interaction
partners as kinases, phosphatases or accessory sub-
units.”** Often these site assignments are condition-
specific and/or supported by site-specific mutagenesis data.

In another example of particular interest, BioGRID
has annotated approximately 383,700 nonredundant
ubiquitin modification sites mapped on more than 54,900
human proteins, as well as 40,000 unique sites mapped to
more than 3,900 budding yeast proteins. E3-substrate
relationships that have been demonstrated with in vitro
enzymology evidence are also captured as protein inter-
actions in BioGRID using the evidence code biochemical
activity with ubiquitination noted as the modification.
Within the UPS themed project, sites of ubiquitin modifi-
cation identify ubiquitinated substrates in particular con-
texts and can help to establish substrate-E3 relationships.

4 | THEMED CURATION

As currently more than 19 million publications are
retrieved from PubMed with the search term “human,”
curation of the entire corpus of literature that contains
potential human gene/protein interactions is a wholly
impractical task even when narrowed by additional sea-
rch terms. To partly circumvent this issue, BioGRID has
taken a focused project-based approach to curation of
human protein interactions, allowing for curation of
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projects tools contribute stats downloads partners aboutus Y

Envelope small membrane protein

PRO_0000449651
Systematic Name: GU280_gp04
Interactors: 855 | Interactions: 1113

Aliases: env, envelope, SARS-CoV2 E, E protein, emp, SARS-CoV-2 E, VEMP_SARS2

Interactor “ | Role Organism

BAIT  SARS-CoV-2

BAIT SARS-CoV-2

Experimental Evidence Code

Affinity Capture-MS

Proximity Label-M$

Dataset

Gordon DE (2020)

Laurent E (2020)

Bivalent ligand 14

2| Aliases: Bivalent_ligand_14, ARV-771
Type: small molecule

Bivalent ligand 14

Interactors: 4 | Chemical Interactions: 6

Bivalent ligands are compounds that bridge two protein partners to form a ternary
complex, resulting in ubiquitin-proteasome mediated degradation, lysosomal

Method: PROTAC (Proteolysis Targeting Chimera; structured as E3 binding moiety—-
linker—target binding moiety; target degraded via UPS)

Chemical

Chemical Type Action

Bivalent ligand 14 small molecule Degradation

Bivalent ligand 44 small molecule Degradation

Dataset

Raina K (2016)

Zengerle M (2015)

Related Proteins

target VHL (recruited E3 ligase)

target  VHL (recruited E3 ligase)

Bivalent ligand 44

“‘, Bivalent ligand,124
Bivalent ligand 67, @

FIGURE 2 BioGRID result summary page (a) Network viewer provides a graphical representation of the protein, genetic and chemical
interactions for any protein/gene of interest. Results can be filtered for interaction type and evidence threshold. Heterologous interactions
between two different species are indicated in yellow, as shown here for the interaction between human BRD2 and SARS-CoV-2 proteins
(purple circles). (b) Chemical interaction nodes are shown in green and can also be viewed as a list by selecting the Chemical Interaction
view in the Switch View bar, as shown here for Bivalent ligand 14 and Bivalent ligand 44 (red circles)

manageable collections of high impact data. BioGRID
themed projects represent central biological processes
with disease relevance such as chromatin modification,
autophagy and the UPS, or diseases of interest including
glioblastoma, Fanconi Anemia and COVID-19. These
projects begin with the generation of a core gene/pro-
tein list by curators, which entails literature review for
evidence of protein function, consultation with domain
experts, and inspection of relevant annotated functional
domains and GO pathways. These gene lists are then
used to identify papers containing relevant biological

interactions, which are captured in BioGRID using the
appropriate interaction evidence codes (Table 2). As
simple keyword searches recover a preponderance of
publications that do not contain interaction data,*
themed searches often generate queues of candidate
papers that still present a formidable challenge for both
initial and maintenance curation. To narrow curation
queues to the most salient publications, text-mining
tools such as PieTheSearch®* are used to prioritize
papers for curation in larger projects. To date, BloGRID
curators have read more than 197,000 publications
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TABLE 2 BioGRID themed curation projects

Project Genes Papers Interactions
Autophagy 142 2,099 16,848
Coronavirus 110 204 20,352
Chromatin Remodeling 470 11,609 101,800
Fanconi Anemia 20 1,072 6,013
Glioblastoma 35 3,545 13,464
UPS-Human 1,285 15,401 165,883
UPS-Yeast 299 3,630 100,271

Note: Data are compiled from BioGRID release 4.1.190 of October 1, 2020.

selected by either keyword searches or text-mining
approaches and of these more than 73,000 contain
direct experimental evidence for biological interactions
and/or PTM data. Importantly, themed curation pro-
jects are kept current through regular updates. BioGRID
continues to add themed projects in response to the
needs of the research community, as illustrated by the
recent addition of a COVID-19 Coronavirus Project, dis-
cussed in more detail below.

A significant sustained curation effort underpins the
current largest themed project at BioGRID, namely
curation of the protein, genetic, and chemical interac-
tions of the UPS. The conjugation of ubiquitin to sub-
strate proteins controls the stability, localization, and/or
function of much if not most of the proteome.?” The UPS
project is based on an exhaustive and continuously
updated list of 1,285 human genes and 299 budding yeast
genes that encode the E1, E2, and E3 enzymes that cata-
lyze ubiquitin conjugation to substrates, the
deubiquitinating enzymes that remove ubiquitin, the
ubiquitin binding domain proteins that read the
ubiquitin code, and subunits of the 26S proteasome that
mediate the proteolytic destruction of many
ubiquitinated proteins. To date, BioGRID has curated
over 266,100 UPS protein interactions from more than
19,000 publications. In addition, BioGRID curators have
captured sites of ubiquitin modification, largely from
high-throughput mass spectrometry-based studies, and
chemical modulators of UPS function, including a novel
and promising class of prospective therapeutic drugs
designed to re-wire the UPS, which are described as an
example of chemical interaction curation below.

5 | SARS-COV-2 AND OTHER
CORONAVIRUS PATHOGENS

The emergence of the Coronavirus Disease 2019
(COVID-19) pandemic in early 2020 led to a critical need
to identify new therapeutic treatment options. To assist

in this urgent drug discovery effort, BioGRID pivoted
curation toward the capture of coronavirus-related inter-
action data to help identify potential drug targets and
lead compounds for drug repurposing. In March 2020,
BioGRID began curation of interactions related to Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV2), the causal agent of COVID-19.>° SARS-CoV-2 is a
betacoronavirus related to SARS-CoV and MERS-CoV,
two other zoonotic viruses that caused Severe Acute
Respiratory Syndrome (SARS) in 2002 and the Middle
East Respiratory Syndrome (MERS) in 2012, respec-
tively.?” To allow curation, coronavirus protein identifiers
for SARS-CoV-2, SARS-CoV and MERS-CoV were added
to BioGRID. The genomes of these three coronavirus are
similar,”®%° and the encoded protein differences are
accounted for in BioGRID annotation. The SARS-CoV-2
genome has two large ORFS, Orfla and Orflab, at the 5’
end that encode polyproteins that are proteolytically
cleaved into 16 nonstructural proteins (nspl-nspl6) by
two virus-encoded proteases, the main protease Mpro
(3CLpro) and the papain-like protease PLpro.’* The 3’
end of the viral genome encodes the remaining 13 ORFs
including 9 accessory factors and four structural proteins:
Spike (S), Membrane (M), Envelope (E), and Nucleocap-
sid (N). The genome of SARS-CoV is similar except for
the 3’ open reading frame: SARS-CoV encodes Orf8a and
Orf8b whereas Orf8 of SARS-CoV-2 is intact. MERS-CoV,
on the other hand, has a slightly different genomic
arrangement of the E, M, and N genes and unlike the
other two SARS-related viruses, encodes only 5 accessory
factors.?® Viral-human protein interactions for these cor-
onaviruses were extracted from primary publications as
well as associated supplementary data files and made
available through the BioGRID web interface and in cus-
tomized download files. As many relevant studies on
SARS-Cov-2 have been released as preliminary prereports
in bioRxiv (www.biorxiv.org) and medRxiv (www.
medrxiv.org) prior to peer-reviewed publication, Bio-
GRID has altered its curation protocols to allow data
from preliminary reports. Once preprint data is published
in a reviewed journal, the data is re-curated and replaces
the preprint data in BioGRID. To expedite curation of
newly identified SARS-CoV-2 host protein interactions,
an in-house text analyzer developed by BioGRID has
enabled rapid triaging of preprints from nonpeer
reviewed sources. Expansion of this project to other
related coronaviruses of global health interest, SARS-CoV
and MERS, also allowed for the curation of relevant
interactions with viral protein orthologs. As of October
2020, BioGRID has reviewed over 1,300 published papers
and preliminary reports resulting in the capture of over
20,000 coronavirus interactions. These interactions are
displayed on the relevant BioGRID protein summary
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pages and through a new COVID-19 Coronavirus Project
page (thebiogrid.org/project/3/covid-19-coronavirus-
project.html). For example, interactions of the BRD2
chromatin reader with the SARS-CoV-2 Envelope
(E) protein and ORF14 protein®*>" are shown in the net-
work view for BRD2 (Figure 2a). This interaction,
coupled with the fact that BRD2 is known to regulate the
transcription of over 1,400 genes,*” suggests that it may
be worth exploring BRD2 as a potential host cell target to
mitigate COVID-19 symptoms.>® Known inhibitors of
many other host cell factors that interact with viral pro-
teins**>>** or host cell signaling networks altered by viral
infection®* represent candidates for repurposed therapeu-
tics against SARS-CoV-2.

6 | CHEMICAL-PROTEIN
INTERACTIONS

BioGRID is one of the few resources that combines man-
ually curated chemical-protein interaction data with rele-
vant protein and genetic interactions. Database
integration of chemical-target and biomolecular interac-
tion networks can help guide drug repurposing, which is
faster and more cost-effective compared to de novo drug
development.®> For most drugs that have been rep-
urposed, new indications have been discovered through
serendipity. A more rational approach to repurposing
may instead begin at the drug, target, or local network
level.*® Protein interaction networks generated from Bio-
GRID data can facilitate each of these approaches.

To facilitate network-based approaches to drug dis-
covery, BioGRID has integrated manually curated
chemical-protein interactions to allow for the display of
small molecule-target data in relation to protein and
genetic interactions. BioGRID chemical interaction
records use a minimal unified set of fields that allow
interoperability between multiple resources, as well as a
standard downloadable format for computational ana-
lyses. The minimal records for each small molecule inter-
action are displayed in a chemical view available on the
Result Summary page for each protein or gene. The mini-
mal record structure has been designed to allow for effi-
cient import of data into BioGRID from various other
drug interaction resources, including DrugBank (www.
drugbank.ca),®® ChemSpider (www.chemspider.com),
BindingDB (www.bindingdb.org),”” and the PDB (www.
wwPDB.org).>® The original sources for each chemical
record are cited with links to each database, allowing
users to directly access the original data source for addi-
tional details. The BioGRID network viewer overlays
these  chemical-target interactions onto their
corresponding protein and genetic interaction networks,

enabling researchers to visually connect a bioactive com-
pound of interest to a relevant drug target along with its
local interaction network.

In a themed chemical curation project that comple-
ments the comprehensive curation of human UPS inter-
actions, BioGRID curators have systematically annotated
bioactive compounds that inhibit or activate human UPS
enzymes. These bioactive compounds target each class of
UPS enzyme including the E1, E2, and E3 enzymes that
mediate substrate ubiquitination, deubiquitinating
enzymes, and the 26S proteasome. In addition to conven-
tional small molecule modulators of UPS enzymes, Bio-
GRID has curated a novel class of compounds referred to
as bivalent ligands (BVLs) that have been engineered to
bridge substrates and E3 ubiquitin ligases and thereby
induce the targeted degradation of specific proteins of
therapeutic interest. These bifunctional small molecules
include PROTACs (protein-targeting chimeric mole-
cules), HaloPROTACs, and SNIPERs (specific and non-
genetic IAP-dependent protein erasers), as well as
molecular glue compounds such as the IMiDs (immuno-
modulatory imide drugs).’**** The BVL concept has
recently been expanded to exploit additional degradation
mechanisms including for lysosome-targeting chimeras
(LYTACs)*'  and  autophagy-targeting  chimeras
(AUTACS, also termed ATTECSs).**** To accommodate
developments in this rapidly advancing technology area,
a dedicated new record structure has been implemented
to capture the attributes of each bivalent molecule and
assign a unique BVL designation (i.e., BVL #) in order to
unify complex names that are reported in the literature.
This BVL designation allows for a simple display when
visualized in a network graph, while the original publi-
shed names for BVLs are provided in associated notes for
ease of disambiguation. The BVL record structure also
includes a method field that indicates the type of BVL
and a brief description of how the BVL achieves target
protein degradation, inhibition or other functional alter-
ation. Results for BVLs are displayed in the chemical
view for the recruited E3 ligase and target protein. As an
example, BVL 14 uses linked chemical moieties to
recruit the E3 ligase VHL to initiate degradation of the
target protein BRD2 (Figure 2b). To date, chemical-
protein interaction data has been compiled for
168 unique BVLs as well as 149 UPS inhibitors. To
our knowledge, BioGRID is the only unified resource
containing UPS protein-chemical interactions for con-
ventional small molecule inhibitors along with novel
bifunctional compounds that mediate targeted protein
degradation.

As of October 2020, the entire chemical-protein inter-
action dataset in BioGRID, including the unique collec-
tion of UPS inhibitors and BVLs, comprises over 28,000
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chemical-protein interactions involving approximately
5,300 bioactive compounds curated from more than 9,300
publications (Table 3). The vast majority of these records
document small molecule-target interactions but a subset
represent approximately 165 biologics that include
protein-based therapeutics such as insulin** and
antibody-based therapeutics such as the immune check-
point inhibitor nivolumab.*> BioGRID will focus future
chemical interaction curation on small molecules and
biologics that target SARS-CoV-2 and related coronavirus
proteins in order to facilitate network-based drug
repurposing and de novo drug discovery against COVID-
19.3%3%%6 All chemical-protein interactions can be found
on the relevant protein search result pages and rendered
in the on-line network viewer, and can be downloaded in
standardized formats for further analysis.

7 | CURATION OF GENOME-WIDE
CRISPR SCREENS FOR GENE-
PHENOTYPE RELATIONSHIPS

Protein function can be assigned by biochemical, cell bio-
logical, bioinformatics and genetic methods, each of
which affords a complementary perspective. In particu-
lar, cellular or organismal phenotypes caused by loss or
gain of function alleles represent one of the primary
means of understanding protein function. Moreover,
genetic interactions between two or more alleles that fur-
ther alter phenotypes can be used to infer protein interac-
tions.*” A substantial fraction of known human proteins
remain poorly characterized, due in large part to a dearth
of definitive genetic methods to assign function. Indeed,
the function of most human proteins was first inferred
from studies of orthologs in genetically tractable model
organisms. Although RNAi-based screening technologies
have to some extent helped with human protein annota-
tion, these methods have been fraught with nonspecific
off-target effects. This situation has changed dramatically
with the discovery of the clustered regularly interspaced

TABLE 3 BioGRID chemical interaction datasets

Interactions Interactions
Organism (redundant) (nonredundant)
H. sapiens 26,127 11,040
E. coli 1,590 834
C. albicans 108 25
HIV1? 105 53
Other” 449 249
Total 28,379 12,201

Note: Data are compiled from BioGRID release 4.1.190 of October 1, 2020.
*Human Immunodeficiency Virus 1.
®Other mammalian, yeast, bacteria, or viral species.
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short palindromic repeats (CRISPR) genome editing sys-
tem in bacteria and the subsequent development of
CRISPR-based screening technologies.*®

Programmable CRISPR-based endonucleases in con-
junction with genome-wide pools of single guide RNAs
(sgRNAs) that direct the nuclease to specific sites in
the genome have revolutionized genetic screens in
human cell lines and other animal model systems.*®
These RNA-guided CRISPR nucleases, such as the orig-
inal and widely-used Cas9 enzyme, generate a precise
cut at each targeted site, which results in high fre-
quency indel formation and frequent loss-of function
for each protein-coding sequence. Cas9 has also been
fused to various regulatory domains to allow transcrip-
tional activation and repression screens.* Other
CRISPR nucleases with advantageous properties, such
as Casl2a, Cas9-Casl2a hybrids, the Cas13 RNA nucle-
ase, and a recently described compact enzyme called
Casd have been developed for similar applications.’® >
CRISPR-based genetic screens have now been reported
in numerous publications that link gene function to
cell viability, chemical and stress resistance, and other
phenotypes.

To increase the accessibility of CRISPR screen data
and facilitate assignment of protein function, BioGRID
has recently developed an embedded resource called the
Open Repository of CRISPR Screens (ORCS, orcs.
thebiogrid.org) to house and distribute comprehensive
collections of CRISPR screen datasets curated from the
literature. Given that CRISPR nuclease formats, sgRNA
libraries, experimental methods and scoring algorithms
vary substantially from one publication to another, Bio-
GRID curators use a custom record structure called
MIACS (minimal information about CRISPR screens) to
capture salient screen parameters and metadata.>
BioGRID-ORCS curation is updated on a regular basis
and currently includes 1,042 CRISPR screens from
114 distinct publications representing more than 60,000
unique genes across three species (human, mouse and
fly) in over 670 cell lines (Table 4). ORCS also curates

Unique Unique Unique
genes publications chemicals
2,206 9,084 4,759

287 137 583

7 50 24

2 48 53

93 100 187

2,595 9,359 5,339
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TABLE 4 Summary of BioGRID-

Organism Screens Genes Publications Cell lines Cell types
ORCS datasets
D. melanogaster 3 13,615 1 1 1
H. sapiens 1,008 22,823 100 656 105
M. musculus 31 23,871 15 14 10
All 1,042 60,309 114 671 112

Note: Data are compiled from BioGRID ORCS release 1.1.6 of October 1, 2020.

datasets in preliminary preprint reports and/or provided
directly by authors in advance of publication in the pri-
mary literature.

As for other large-scale datasets, CRISPR screen results
can be difficult for researchers to access and interrogate.
Complete screen datasets are usually contained in supple-
mental files and/or stand-alone resources with inconsistent
formats, or presented as raw sgRNA scores that require
knowledge of statistical analysis methods to extract mean-
ingful information at the gene or protein level. Rather than
re-analyzing data from the raw sgRNA sequence data, Bio-
GRID curators re-format and collate each individual screen
to improve accessibility in a manner consistent with the
published data. ORCS thus captures original screen results
exactly as scored with the analytical method used by the
authors, including quantitative score values, confidence
values, and significance thresholds used to identify hits,
when available. In most instances, full genome-wide
datasets are captured in ORCS but in cases where authors
report only screen hit lists, these are recorded as published.
To allow comparison between disparate screens, ORCS also
generates a ranked hit list for each screen based on quanti-
tative scores. This approach of providing original screen
scores allows flexibility in the types of screens that can be
curated and ensures ORCS is fully compatible with the
published literature.

All CRISPR screens are based on phenotypic selec-
tion, and hence the scored phenotype is a critical parame-
ter in describing any CRISPR screen. Typically, cell
proliferation is the selected phenotype, which can reflect
either decreased or increased fitness of the sgRNAs that
correspond to any given gene (Figure 3). Screens may be
designed to either select specifically for decreased fitness
(i.e., negative selection) or increased fitness (i.e., positive
selection) or both. Selection of a library pool by out-
growth of a cell line will usually yield only clones that
cause cells to grow more poorly and are sometime
referred to as essentiality, viability, fitness, or dropout
screens. sgRNAs that are depleted in such screens corre-
spond to genes required for optimal cell proliferation.
Conversely, screens that enrich for sgRNA-generated
indels that cause resistance to a particular drug,*>°
toxin,”” pathogen,”®>® or adverse environmental condi-
tion® are termed positive selection screens (Figure 3).

Such screens identify genes that mediate the adverse
effects of the particular condition, and can provide valu-
able insight into mechanism of drug action®*>° or patho-
genesis.”’° Selection at an intermediate drug
concentration or level of stress can yield indels that either
sensitize or confer resistance to the selection in the same
screen.”>®! Hit thresholds at one or both sides of the fre-
quency distribution are reported in ORCS whenever
defined by the authors. The same principles can be
applied to more complex phenotypic readouts, for exam-
ple, uptake of magnetic particles to evaluate the genetic
requirements for phagocytosis.®” More sophisticated phe-
notypic screens represent a growing proportion of the
CRISPR screen data in the literature, and will undoubt-
edly be extended to many different phenotypes, including
whole organism contexts.”> Arrayed CRISPR libraries
coupled with high content image analysis will allow even
more complex phenotypes to be interrogated.®* To help
users interpret complex screens, a screen rationale that
succinctly describes the purpose and design of the screen
is included in the screen summary (Figure 4).

Users can access the information in ORCS in a variety
of formats. Under the browse tab, users can view all
screens performed in a particular cell line or by exposure
to a drug of interest, or by using the search bar, users can
retrieve all screen results for a particular gene/protein, as
illustrated for BRD2 (Figure 4). By selecting an organism-
specific ortholog, the user is directed to a CRISPR screen
summary page that displays a list of all relevant screens.
At the top of this page is general information including
links to Uniprot, Entrez Gene and BioGRID and below
these links, the number of screens in which the gene is a
hit is indicated. In the example shown for BRD2, almost
all hits correspond to negative selection screens performed
in cancer cell lines, indicating that knock-out of BRD2 is
detrimental in many cancer cell lines and supporting the
case for BRD2 as a candidate drug target.®>®” Users can
interrogate each screen for experimental metadata and
ranked hits lists with associated numeric scores. These fea-
tures allow users to deduce gene/protein function within
the context of multiple CRISPR screens.

The flexible nature of the ORCS curation strategy
enables curators to quickly incorporate new screen
formats. In the context of the COVID-19 pandemic,
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FIGURE 3 Phenotypes

represented in BioGRID-ORCS

dataset. Distribution of screen Tumorigenicity

phenotypes annotated in BioGRID- Regulation of Signal
Transduction Phenotype

ORCS release 1.1.6

Phagocytosis

Response to Toxin

Response to Virus
Protein/Peptide Accumulation
Response to Chemicals
Other

Cell Proliferation

BioGRID ORCS

CRISPR Screen Summary

Homo sapiens

BRD2

BRD2-IT1, D6S113E, FSH, FSRG1, NAT, 027.1.1, RING3, RNY

SEARCH «

¥ bromodomain containing 2

Entrez Gene (7' | BioGRID (Z' | MIM (Z' | HGNC (' | VEGA (£ | Ensembl (Z' | RefSeq (Z' | GenBank (Z' | Uniprot (Z' 4—

-ilter these Results.. Filter v

BRD2 participant CRISPR scre

Showing 1 to 1 of 1 entries (filtered from

s (244 hits / 897 screens)

Download Results & Advanced Filters ¥
Screen Name Cell Type Cell Line Phenotype Library m Order = More
1€ e P Pre-B Acute Lymphoblastic Leukemia Cell cell o
e 1-PMID29038160 . NALM-6 . . CRISFRn Yes #1164 /18906
(2017) Hiperies Line proliferation : d : R *a ’
Bertomeu T (2017) - 1-PMID29038160 H.sapiens  Score Distribution Score1- RANKS score. |v
Title: A high resolution genome-wide CRISPR/Cas9 viability screen reveals structural features and contextual 5000
diversity of the human cell-essential proteome. 4500
- 4000
Screen Details: » 2500
* Screen Rationale : Cell-essential genes 3000

o Cell Type : Pre-B Acute Lymphoblastic Leukemia Cell Line [BTO:0000603]

¢ Cell Line : NALM-6 [BTO:0003288]

® Phenotype : Cell Proliferation

e Library : Extended Knockout Library (EKO) | Type: CRISPRn | Format: Pool | Enzyme: Cas9 | Methodology: Knockout

2500
2000
1500

* Analysis Method : RANKS | Number of Hits: 2,236 | Full Dataset Size: 18,907 1000
* Experimental Setup : Timecourse | Duration: 15 Days | MOLI: = 0.5 500
* Significance : Authors have indicated that results with Score.2 (FDR) < 0.05 are to be considered significant. These 0o Ma

results are indicated by 'Yes' in the HIT column of the table below.

FIGURE 4 BioGRID-ORCS screen summary page. Datasets can be browsed by screens or by searching for a gene of interest, as shown
here for BRD2. Selecting the species of interest takes the user to a screen results page that lists all screens in which the gene has been tested
(large green arrow). Screens in which the gene is designated a hit are listed first and hit rank order in each screen is indicated (orange
circle). Overall statistics for the gene are also indicated (green circle). The screen metadata and screen score distribution are displayed by
clicking the author link (pink arrow). The full screen dataset can be retrieved by clicking the download button (orange arrow). Linkouts to
other resources are also provided (red arrow)

BioGRID has prioritized CRISPR screens against SARS- BioGRID curation for whole virus screens has covered
CoV-2 and other viruses, which have been carried out in Ebola, Dengue, HIV, West Nile, Hepatitis C,
infected primate and human cell line models. To date, Influenza A, and SARS-CoV-2, among others. Notably,
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recent preprint reports have described genome-wide
CRISPR screens in the Vero-E6 African green monkey
cell line®® and the human HuH-7.5 liver cancer cell
line® subjected to SARS-CoV-2 virus infection. As one
of these screens was undertaken in the Vero-E6 cell
line, new African green monkey gene annotation was
loaded into BioGRID to allow screen -curation.
CRISPR screens have identified known host cell genes
required for viral entry such as ACE2 and heparan sul-
fate biosynthetic pathway genes, as well as novel host
cell dependencies for viral replication including the
SWI/SNF chromatin remodeling complex, the TGF-f
signaling pathway, phosphatidylinositol metabolism
and endosome maturation, among other processes.®®’.
These host cell genetic requirements reveal candidate
new drug targets for interdiction of the SARS-CoV-2
infection cycle.

8 | SUMMARY AND OUTLOOK
BioGRID will continue to maintain existing data collec-
tions and to improve curation throughput by text-
mining approaches. New themed curation projects
underway include Alzheimer's disease,”® as well as new
viral, bacterial and protozoan pathogens, all of which
will be supported by dedicated themed project pages.
Chemical-protein interaction datasets will be expanded
by de novo curation and key partnerships with chemical
and drug databases. BioGRID-ORCS will capture new
CRISPR screen data based on both conventional and
more elaborate phenotypic readouts, as well as new
CRISPR gene editing systems and libraries. To accom-
modate new projects and features, the BioGRID is cur-
rently being completely rebuilt based on a microservices
architecture, which will allow more efficient updates
and API interfaces. BioGRID interaction data and
CRISPR screen data will continue to be openly dissemi-
nated through NCBI, UniProt and other meta-databases,
and we will continue to collaborate on interaction
curation and dissemination with the major MODs and
their unified resource, the Genome Alliance (Www.
alliancegenome.org).”" All data in BioGRID and ORCS
will be maintained with regular updates and made freely
available without restriction. BioGRID curation projects
will thus continue to serve both the academic biomedical
research community and the commercial drug discovery
sector.
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