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Abstract

Motivation: The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-asso-
ciated (Cas) nuclease system has allowed for high-throughput, large scale pooled screens for
functional genomic studies. To aid in the translation of functional genomics to therapeutics, we
developed DrugThatGene (DTG) as a web-based application that streamlines analysis of potential
therapeutic targets identified from functional genetic screens.

Results: Starting from a gene list as input, DTG offers automated identification of small molecules
along with supporting information from human genetic and other relevant databases. Furthermore,
DTG aids in the identification of common biological pathways and protein complexes in conjunction
with associated small molecule inhibitors. Taken together, DTG aims to expedite the identification of
small molecules from the abundance of functional genetic data generated from CRISPR screens.
Availability and implementation: DTG is an open-source and free software available as a website
at http://drugthatgene.pinellolab.org. Source code is available at: https://github.com/pinellolab/
DrugThatGene, which can be downloaded in order to run DTG locally.

Contact: Ipinello@mgh.harvard.edu

1Introduction disease/phenotypes, which may potentially lead to the identification of

Recent advances in the clustered regularly interspaced short palindromic therapeutic targets. While computational methods have been developed
repeats (CRISPR)/CRISPR-associated (Cas) nuclease system have to automate the analysis of CRISPR-based screens (Li et al., 2014, 2015;
allowed for high-throughput pooled screens for functional genomic stud- List et al., 2016; Miles et al., 2016; Winter et al., 2016; Yu et al., 2015),
ies. These large-scale screens are often conducted in models of human methods to streamline the identification of small molecules for identified
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Table 1. List of databases utilized by DTG

Database Data Contents

Website Reference

Cancer Target Discovery and

Development (CTD?) focus on cancer targets

ClinVar Database of relationships between human
variation and phenotypes
CORUM Database of mammalian protein complexes

Drug Gene Interaction Database
(DGIdb)

Exome Aggregation Consortium

Database of drugs with known targets with a

Database of drugs with known targets

Database aggregating exome sequencing data.

https://ocg.cancer.gov/programs/ctd2 —

https://www.ncbi.nlm.nih.gov/ Landrum et al. (2014)
clinvar

http://mips.helmholtz-muenchen.de/  Ruepp et al. (2008)
corum/#

http://www.dgidb.org/ Griffith et al., (2013)
and Wagner et al.
(2016)

http://exac.broadinstitute.org Lek et al. (2016)

(ExAC) The database consists of >60 000 whole
exome sequences from unrelated individuals
gnomAD Database aggregating exome and genome

http://gnomad.broadinstitute.org Lek et al. (2016)

sequencing data. The database consists of
>120 000 exomes and >15 000 whole

genome sequences.
Kyoto Encyclopedia of Genes and
Genomes
(KEGG) Pathways
Online Mendelian Inheritance in

relation networks

Man (OMIM) genetic phenotypes
Pharos Integrated database of targets within the
druggable genome
STRING Database of protein—protein interaction

networks

Pathways derived from the KEGG database
based on molecular interaction, reaction and

Comprehensive catalog of human genes and

https://www.genome.jp/kegg/ Ogata et al. (2000)

https://www.omim.org Hamosh et al. (2002)

https://pharos.nih.gov/idg/index Nguyen et al. (2017)

https://string-db.org/ von Mering et al.

(2005)

therapeutic targets remain elusive. A variety of studies have sought to ad-
dress this question by designing screens focused on classically druggable
targets, such as kinases or phosphatases (Housden e al., 2015; Shi ez al.,
2015; Wong et al., 2016). Others have sought to reverse this pipeline
and use CRISPR/Cas9 to identify the target(s) for a given small molecule
(Deans et al., 2016). However, no analytical methods exist at present to
help bridge the gap between large-scale functional genetic screens and
small molecule inhibitors available against putative therapeutic targets.

2 DrugThatGene (DTG)

We developed DrugThatGene (DTG) as a freely-available, web-
based application to automate analysis of potential therapeutic tar-
gets identified from functional genetic screens. Starting from a gene
list obtained through a screening strategy, DTG’s analysis identifies
druggable genes, pathways and protein complexes through compre-
hensive integration of several databases of human genetic variation,
small molecules, biological pathways and protein—protein interac-
tions (Table 1). Specifically, DTG streamlines analysis for users by
automatically querying, collecting and aggregating data for each pu-
tative therapeutic target from relevant databases (Table 1). Further,
DTG performs pathway and protein complex composition analysis,
which allows for the identification of pathways and protein com-
plexes enriched in the input gene list along with associated small
molecule inhibitors. The synthesized data from DTG is displayed in
easy to interpret tables, which dramatically reduces the time for
users as compared to retrieving and manually combining data from
other websites/databases and performing pathway/protein complex
analysis on a one-by-one basis (from hours to a few seconds).

3 DTG implementation

DTG requires a list of HUGO Gene Nomenclature Committee
(HGNC) genes symbols as input data (Yates et al., 2017). While

intended to receive the top genes identified from a pooled CRISPR
screen, DTG will analyze any given gene list regardless of its origin.
In addition to a gene list, users must specify the number of genes
required to identify a common pathway and a common protein com-
plex (the default value is two for both common pathways and com-
mon protein complexes). For example, a value of two in the
common pathways field specifies that at least two genes from the in-
put gene list must be in the same pathway to be identified by DTG
as a common pathway. Users can perform more conservative ana-
lysis by requiring a larger number of input genes to be contained
within a common pathway or common protein complex. A conser-
vative threshold may be helpful for large input gene lists in an effort
to identify the most highly enriched pathways and/or protein com-
plexes. Alternatively, a more relaxed threshold can be used to en-
courage identification of a greater number of common pathways or
common protein complexes. A relaxed threshold may be helpful for
small input gene lists in order to offer an increased number of poten-
tial pathways and/or protein complexes for future investigation.
Notably, the thresholds for common pathways and common protein
complexes can be modulated independently. The webtool allows for
up to 200 input gene symbols. The limit of 200 input gene symbols
is imposed to avoid web server overburdening. If users want to per-
form DTG analysis on input gene lists of >200 genes, the source
code can be downloaded from Github to run DTG locally with an
increased input limit.

The output of DTG analysis consists of four tables: (i) A table of
genes with small molecules available to target them from the DGIdb
and CTD? databases as well as further druggability information
available within the Pharos database (Table 1). In addition, KEGG
pathways, protein complex involvement based on the CORUM
database, and a protein—protein interaction plot from the STRING
database are provided for each gene. Of note, this table does not
offer common pathways or common protein complexes; every
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relevant KEGG pathway and protein complex is provided for each
gene. Finally, human genetic variation databases (OMIM, ClinVar,
gnomAD and ExAC) are displayed to assist in the identification of
druggable targets by providing loss of function phenotypes and
implications on human disease/phenotypes (Table 1). The number
of loss of function variants found in the ExAC database is displayed
alongside the ExAC Missense Z/pLlI scores, which offer quantitative
assessments of a given gene’s tolerance for mutation. The druggable
genes table is displayed in the same order as the input gene list. The
relevant links to the original entries of the queried databases are pro-
vided (if available). (ii) A table of common KEGG pathways con-
taining the user-specified number of genes from the input list is
displayed. This table offers a list of common biological pathways
including small molecules available to target members of each re-
spective pathway. The pathways are sorted by the fraction of input
genes in each pathway (number of input genes in pathway/total
number of genes in pathway) as these may offer more probable tar-
gets for validation. (iii) A table of common protein complexes based
on the CORUM database containing the user-specified number of
genes from the input list is displayed. This table offers a list of com-
mon protein complexes including small molecules available to target
members of each respective protein complex. The protein complexes
are sorted by the fraction of input genes in each complex (number of
input genes in complex/total number of genes in complex) as these
may offer more probable targets for validation. (iv) A fourth table
lists all input genes not included in DTG’s analysis because they
were not found in any of the utilized databases, which typically
results due to deviation from the HGNC gene symbol nomenclature.
All four output tables can be downloaded as text files.

The ‘Help’ section included on the DTG website offers step-by-
step instruction for using DTG along with sample input gene lists
based on previously published CRISPR screens (Shalem et al., 2014;
Yamauchi et al., 2018).

4 Example implementation

A recent report from Yamauchi et al. highlights the utility of DTG.
In this study, a genome-wide CRISPR screen was performed to iden-
tify genes required for acute myeloid leukemia (AML) cell survival
in vitro and in vivo. This work led to the identification of 130 genes,
which included the mRNA decapping enzyme scavenger (DCPS)
gene. The authors subsequently validated DCPS as a therapeutic tar-
get for AML and demonstrated that a DCPS inhibitor (RG3039) led
to slowed AML cell proliferation and induced AML cell differenti-
ation (Yamauchi et al., 2018). This list of 130 essential genes for
AML cell survival was input into DTG with the requirement of two
genes for identification of common pathways and common protein
complexes. DTG identified 15/130 (11.5%) druggable genes based
on the databases used at the time of the writing of this manuscript.
Of note, DTG identified two inhibitors for DCPS, which included
the validated RG3039 inhibitor: (1) 5-{[1-(2-fluorobenzyl)piperidin-
4-yllmethoxy}quinazoline-2,4-diamine (RG3909; CHEMBL251429)
and (2) 5-[(1S)-1-(3-chlorophenyl)ethoxy]quinazoline-2,4-diamine
(D156844; CHEMBL253976).

Yamauchi et al. demonstrated the role of DCPS in pre-mRNA
metabolic pathways. In addition, the authors identified DCPS inter-
actors such as spliceosomes, transcription-export complex (TREX),
nuclear pore complex (NUP), the nucleosome remodeling and deace-
tylase (NuRD) complex and pre-rRNA processing complexes
(Yamauchi et al., 2018). DTG analysis of the essential gene list iden-
tified 164 common pathways with 66/164 (40.2%) pathways target-
able by available drugs (when requiring two genes to identify a

common pathway). Notably, 13 of the top 20 (13/20, 65%) path-
ways with the highest fraction of input genes in each pathway
involved mRNA processing, which included 3/13 (23.1%) mRNA
processing-related pathways targetable drugs.
Interestingly, DTG identified 61 common protein complexes with 4/

by available

61 (6.6%) protein complexes targetable by available drugs (when
requiring two genes to identify a common protein complex). The
protein complexes identified by DTG included the TREX, NuRD,
spliccosome and pre-rRNA processing complexes identified by
Yamauchi ez al.

Taken together, DTG analysis identified numerous druggable
genes, pathways and protein complexes for validation as potential
therapeutics for AML. Moreover, the druggable pathways and pro-
tein complexes with the highest fraction of input genes implicate
high confidence therapeutic targets for investigators to study and
offer insight into the biology related to AML pathogenesis. Of note,
DTG analysis of the input gene list identified known genes/path-
ways/protein complexes for drug targeting as well as novel targets
for future validation. The list of 130 essential genes for AML cell
survival is available in the ‘Help’ section of the DTG website.

5 Conclusions

High-throughput, large scale functional genetic screening enabled
by CRISPR/Cas systems has accelerated the ability to interrogate
human diseases and phenotypes. DTG offers an integrative web-
based application to exploit the knowledge from functional genetic
screens to aid in the translation of functional genomics to
therapeutics.
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