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Abstract

Gene–environment interactions impact the adverse health ef-
fects of environmental exposure to toxicants. Identification of
genetic factors modulating organismal and cellular response to
environmental toxicants can inform risk assessment. Genome-
wide clustered regularly interspaced short palindromic repeats
(CRISPR)–based genetic perturbation screening has recently
emerged as a powerful approach to illuminate complex cellular
processes including mechanisms modulating chemical toxicity.
Here, we review key studies that demonstrate the utility of
CRISPR screens in deciphering the molecular determinants of
sensitivity and tolerance to toxic substances. We reflect on key
considerations for implementing a CRISPR screen in toxi-
cology. We also discuss computational methods used for
analyzing CRISPR screens and strategies for validating
screening results. Finally, we highlight potential future di-
rections to address limitations in CRISPR screening ap-
proaches as applied to toxicology.
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Functional genomics to identify
gene–environment interactions in
toxicology
The effects of an environmental toxicant exposure
depend on a complex interplay between environmental

factors including chemical dose and potency, exposure
time and history, and individual genetic makeup. Iden-
tification of the molecular mechanisms underlying
geneetoxicant interactions is critical for risk assess-
ment, environmental stewardship, and understanding
the etiology of multiple diseases [1]. Functional
genomic tools allow the comprehensive investigation of
the cellular or organismal response to an environ-
mental toxicant exposure. Genome-wide functional
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perturbation approaches in multiple model organ-
isms including budding yeast (Saccharomyces cerevisiae)
and nematodes (Caenorhabditis elegans) (reviewed in
Refs. [2,3]) provided considerable insight into genee
environment interactions in toxicant response. In
mammalian cells, large-scale functional interrogations
were first enabled by RNA interference systems [4].
The emergence of the clustered regularly interspaced
short palindromic repeats (CRISPR)eCRISPR-associ-
ated protein 9 (Cas9) and related genetic editing sys-
tems provides a versatile tool for genetic perturbation

that permits genome-wide screening in mammalian cells
[5,6]. Owing to its simplicity, flexibility, high efficiency,
wide accessibility, relatively low cost, and rapidly
evolving capabilities, these genome editing tools are
rapidly becoming the standard for functional genomics
studies. Multiple recent reviews describe the funda-
mentals of CRISPReCas9 individual gene targeting and
pooled screening approaches in mammalian cells [7e
10]. Multiple variants of CRISPR-based approaches
are being developed that recruit effectors to specific
DNA sites to modulate transcription, epigenetic modi-

fication and other processes [8]. Loss-of-function
screens based on CRISPR-mediated gene disruption
or ‘knockout’ in mammalian cell culture systems have
emerged as a tool to understand geneeenvironment
interactions relevant to toxicology as highlighted in a
recent National Academies of Sciences workshop enti-
tled ‘The Promise of Genome Editing Tools to Advance
Environmental Health Research’ [11].

We posit that systematic functional disruption screens
in mammalian cell model systems can be utilized to
identify the key cellular components involved in the
cellular transport, metabolism, or response to a toxicant
(Figure 1). Similarly, the identification of the set of
genes, which when perturbed alters cellular sensitivity
to a toxicant, can provide insight into the key biological

processes impacted by and involved in cellular response
to each chemical. These key cellular components and
biological processes represent important candidates for
modulating organismal response to a toxicant. System-
atic functional approaches can thus provide insight into
complex geneeenvironment interactions and comple-
ment ongoing approaches including targeted mecha-
nistic studies, high-throughput cell-based phenotypic
assays such as ToxCast [12], genetic approaches in
mammalian model systems [13], and genome-wide as-
sociation studies in people [14,15].
www.sciencedirect.com
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Figure 1

Functional genomics to reveal cellular components and molecular pathways modulating cellular toxicity. Systematic and comprehensive func-
tional alterations of genes using CRISPR-based approaches in appropriate cellular models can help uncover the functional processes involved in toxicant
transport, metabolism, and cellular response to the adverse outcomes mediated by a toxicant. For example, disruption of a gene encoding a cellular
importer of the toxicant could confer decreased toxicity, whereas inactivation of an exporter of the toxicant or its active metabolite could result in increased
toxicity. Similarly, certain metabolic pathways can bioactivate a toxicant, and hence, their disruption could be protective. Alternatively, inactivation of
metabolic processes that lead to toxicant detoxification would be expected to enhance adverse outcomes. Disruption of a direct molecular target of a
toxicant or its active metabolite could be protective, while loss of a regulatory interactor of the target can alter sensitivity to the chemical depending on the
nature of the molecular interaction. Inactivation of genes encoding components of response to a cellular stress (e.g. unfolded protein response, auto-
phagy, and apoptosis) can also alter cellular sensitivity to a toxicant. Finally, disruption of damage repair components (e.g. DNA repair machineries) could
increase sensitivity to a toxic agent of a particular mechanism of action relevant to the corresponding damage.
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Use of CRISPR screens to uncover cellular
components of toxicant sensitivity/
resistance
The development of genome-wide CRISPR knockout
screening applications (outlined in Figure 2) has enabled
functional interrogation of each gene in the cellular
response to toxic exposures in different mammalian
cells. To date, the majority of CRISPR-based screens
studying toxic agents are focused on chemotherapeutics,
pharmaceuticals, or biological toxins. CRISPR-based
knockout screening has uncovered mechanisms
affecting sensitivity to various cytotoxic substances used
in cancer therapy including 6-thioguanine [16,17],

etoposide [17], vemurafenib [6], sorafenib [18], rigo-
sertib [19], and ATR inhibitors [20]. A detailed review of
CRISPR screening approaches applied to chemothera-
peutics was recently published [21]. Furthermore,
several CRISPR-based loss-of-function and gain-of-
function screens were performed to study biological
toxins. A genome-wide CRISPRi screen with a cholera-
diphtheria fusion toxin clearly demonstrated the capa-
bility of the CRISPR screens in revealing genes that
modulate both sensitivity and resistance to a stressor
[22]. The screen validated the well-known roles of
www.sciencedirect.com
diphthamide and ganglioside biosynthetic pathways in
the toxicities of diphtheria and cholera toxins, respec-
tively. Novel determinants of sensitivity and tolerance to
each of the two toxins were also identified and validated
by targeted gene disruption experiments. In addition,
genome-wide knockout screening in mouse embryonic
stem cells defined genes whose disruption confers
resistance to Clostridium septicum alpha toxin [16]. Alpha

toxin is known to bind to GPI-anchored protein re-
ceptors, and the screen revealed that disruption of any
component of the GPI-anchor biosynthesis pathway
leads to alpha toxin resistance. Indeed, this screen
further revealed genetic modulators of alpha toxin
sensitivity that have not been previously reported.
Moreover, multiple genes required for cellular intoxica-
tion by anthrax toxin, including the anthrax toxin re-
ceptor ANTXR1, were uncovered in another genome-
wide loss-of-function screen and confirmed by func-
tional validation [23]. Recently, CRISPR screens have

been utilized to study mechanisms influencing sensi-
tivity to Shiga toxins and ricin [24]. Because these toxins
use glycans as receptors, novel key players that are
functionally relevant to glycosylation processes were
identified from the performed screens.
Current Opinion in Toxicology 2019, 18:46–53
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Figure 2

Overview of CRISPR screening strategies (a) Generating a genetic perturbation cellular pool. The CRISPR library is delivered to cells via lentiviral
transduction at a low multiplicity of infection (MOI) to ensure that each cell receives only a single gene-specific sgRNA vector. Lentiviral sgRNA vectors
can be integrated into the host genome allowing each sgRNA sequence to be used as a "barcode" to identify and quantify each perturbation by deep
sequencing. (b) Positive and negative selection screening using differential proliferation/survival under a stressor. This screening strategy is useful for
identifying genetic perturbations that modulate sensitivity to a toxic chemical resulting in increased or decreased cell proliferation/survival in treated
conditions compared with controls. Differential mutant abundance at the end of a screen can be inferred by the relative enrichment or depletion of the
corresponding gene-specific sgRNAs. As indicated by the dotted arrows, comparisons in mutant abundance can be made between control and treatment
pools at the same time point or between the initial and final time point for each condition separately (c) FACS-based selection of genetic perturbations
modulating a fluorescent signal. Such approach requires either a toxicant-regulated cell surface marker that can be labeled with a fluorescent antibody or
an artificial cellular model where the expression of a toxicant-regulated gene is associated with an induction of a fluorescent reporter. In this example,
treatment 1 induces a fluorescent intracellular reporter, whereas treatment 2 represses a cell surface marker that can be detected by a fluorescent
antibody. Comparisons (indicated by dotted arrows) are usually made between the two sorted cell populations (low and high fluorescence). Proper gating
controls are required in such experiments (d) Negative selection screening to identify genes essential for cell growth without any external stress. This
approach is usually used to identify essential genes in a particular cell line (e) Positive selection screening to identify genetic perturbations conferring
resistance to a chemical exposure. A lethal dose of the toxicant is usually used in this approach to enrich for resistant mutants. In (d) and (e), comparisons
(indicated by dotted arrows) are made between an initial time point shortly after transduction and a final time point following a predetermined number of
cellular passages (f) Quantifying genetic perturbations through amplification of gene-specific sgRNA sequences and counting them by next-generation
sequencing (NGS). PCR, polymerase chain reaction.
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Table 1 Key considerations for studying chemical–gene in-
teractions using CRISPR-based genetic screening.

Factor/strategy Considerations

Cell line Tissue/cell type under study
Metabolism of the studied chemical
Proliferative capacity
Efficient lentiviral transduction

sgRNA library Genome wide (e.g. Brunello, GeCKO)
Targeted library (e.g Kinome,
epigenome, metabolic, toxicology
related)
Custom library (e.g Confirmatory/
validation library)

Chemical dose Low dose to identify sensitivity
High dose to identify resistance
Intermediate dose to identify both
sensitivity and resistance

Exposure strategy Continuous exposure
Pulse-recovery exposure

Representation At least 500-fold library size to
minimize effects of genetic drift

Screen duration Dependent on cell doublings
At least 7 cell doublings
Multiple time points

Computational approach Individual sgRNA-based methods
Integrative approaches

CRISPR, clustered regularly interspaced short palindromic repeats.
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The multiple studies on chemotherpeutics and biolog-
ical toxins demonstrated the effectiveness of CRISPR-
based genetic screening in identifying genes and path-
ways that modulate cellular susceptibility to toxic
agents. However, only a limited number of chemical
toxicants have been studied using CRISPR screening
approaches. A loss-of-function screen in a human liver
cell line identified genes whose disruption alter sensi-

tivity to triclosan (TCS), a ubiquitous antimicrobial
agent [25]. The screen revealed that loss of components
of the adherens junction, MAPK signaling and PPARg
signaling pathways confers resistance to TCS, whereas
disruption of genes involved in multiple immune
response pathways such as RIG-I-like receptor, B cell
receptor and chemokine signaling pathways increases
sensitivity to TCS. Two of the top resistant hits in the
study, FTO and MAP2K3, were validated by individual
gene knockout. However, none of the genes whose
disruption confers increased TCS sensitivity were

confirmed by a targeted approach. This study provided
the first demonstration of the potential utility of this
approach for understanding the mechanisms modulating
sensitivity to a toxic chemical.

CRISPR-based knockout screens in human T lympho-
cyte cells (Jurkat) using a metabolism-focused sgRNA
library provided insight into the toxicity of the herbicide
and potent oxidant, paraquat [26]. Inactivation of POR
(cytochrome P450 oxidoreductase), ATP7A (a cellular
copper exporter), and SLC45A4 (sucrose transporter)

reduced paraquat-induced oxidative stress, whereas
inactivation of the antioxidant copper-dependent
enzyme SOD1 and the copper importer protein CTR1
increased paraquat sensitivity. The screen revealed a
role for intracellular copper in mitigating paraquat
cytotoxicity which was attributed to its role as an
essential cofactor for SOD1. The protective role of
copper was further validated using a copper chelator
which remarkably synergized with paraquat to induce
cell death.

Recently, our group has implemented genome-wide

CRISPR knockout screens to study mechanisms influ-
encing susceptibility to a variety of toxicants. In one
study, we carried out a genome-wide screen to identify
the cellular determinants of susceptibility or tolerance to
inorganic trivalent arsenic (AsIII) in human leukemic
K562 cells [27]. Remarkably, disruption of selenocys-
teine biosynthesis or its utilization in selenoprotein
production mitigated AsIII toxicity. Furthermore, our
genome-wide CRISPR-based screen on mechanisms
modulating sensitivity to acetaldehyde revealed a role
for the uncharacterized tumor suppressor OVCA2 in

mitigating acetaldehyde toxicity [28]. Intriguingly, this
study is consistent with a role for OVCA2 inDNA adduct
repair as CRISPR-mediated inactivation of OVCA2
resulted in accumulation of the acetaldehyde-derived
DNA adduct N2-ethylidene-20-deoxyguanosine.
www.sciencedirect.com
Together, these studies demonstrate the potential of
CRISPR-based approaches to identify key cellular
components modulating chemical toxicity.
Key considerations in CRISPR-based
toxicogenomic screening
Multiple issues require consideration in the application
of CRISPR screening in toxicology (Table 1). These
include the cell type to be used in a screen, choice of the
sgRNA library, selective phenotype, toxicant dose/
exposure, and maintaining library representation over
the course of the study. Careful consideration of each of
these issues is important before undertaking any

CRISPR-based screen in toxicology.

Most CRISPR screens to date have utilized rapidly
proliferating cancer cell lines where altered cell prolif-
eration/survival in the presence of the toxicant is used to
differentiate between sensitive and resistant clones.
However, the use of cell lines has considerable inherent
limitations that could impact CRISPR screens. Each cell
line has extensive genetic alterations, which can alter
toxicant susceptibility and result in potential cell-spe-
cific synthetic interactions with the targeted genes. Of

particular importance for toxicology, most of these cell
lines have minimal endogenous or induced phase I and
II metabolism as compared with the corresponding cell
type in the normal biological context, which requires
Current Opinion in Toxicology 2019, 18:46–53
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careful consideration of the normal metabolism of the
toxicant and use of appropriate toxicant form. Alterna-
tive phenotypes, not reliant on cellular proliferation,
such as a reporter expression could be utilized where
clones can be physically separated based on the reporter
signal (e.g. cell sorting by fluorescence signal). Such an
approach could enable the utilization of alternative
cellular models including primary, iPSC, or differenti-

ated cells.

The dose and timing of toxicant exposure are key con-
siderations. In general, highly selective exposure regi-
mens (e.g. >IC50 over the selective time frame) over
longer periods of time will preferentially isolate resistant
clones, whereas less selective regimens (e.g. IC10) for
shorter periods of time will predominantly identify more
sensitive clones. Similarly, the exposure time relative to
the doubling time of the cell line can influence the
screen outcomes. In our experience and most published

studies, a duration corresponding to at least seven
cellular doublings is required to identify sensitive or
resistant clones, although the relationship has not been
systematically assessed. Accordingly, in studies where
the goal is to identify both sensitive and resistant clones
from the same screen, an intermediate dose (IC30) and
multiple time points corresponding to 7,14, and 21
doublings allow identification of a spectrum of sensi-
tivities. It is important to note that the short-term
toxicity (24e72 h IC values) rarely correspond to the
observed toxicity in the long-term exposure study and

empiric determination of cellular toxicity over the ex-
pected time course of the screen is essential (e.g. a
mock screen).

An additional consideration is maintaining adequate
representation of each sgRNA over the course of the
screen. Current recommendations are to maintain a cell
number that is at least 500-fold the sgRNA library size
throughout all the stages of a screen [29]. One concern
arising from insufficient representation is the inability to
distinguish between negative selection and genetic drift
over the course of the screen [30]. In our experience,

treatment even with a moderate selective dose can
result in inadequate representation over the course of
the study and a pulse treatmenterecovery strategy is an
alternative approach in these situations to maintain
sufficient library representation.
Computational analysis methods for pooled
CRISPR screens
The identification of genes, which when targeted
alter sensitivity to a toxicant, is a multistep process which
faces several computational and analysis challenges. The
abundanceof mutant cell clones corresponding to a spe-
cific targeted gene in a pooled population of cells can
be determined by quantitation of the corresponding
sgRNAs. The relative abundance of each sgRNA provides
Current Opinion in Toxicology 2019, 18:46–53
an assessment of the enrichment or depletion of the
corresponding mutant clone between samples (see
Figure 2). Multiple approaches and algorithms can be
utilized for analyzing CRISPR screening data (Table 2).
However, to our knowledge, neither a consensus about
the best approach has been developed nor a systematic
assessment of the relative merits of each method has
been carried out. Many of the initial data processing

steps are identical to RNA-seq or other next-generation
sequencing studies including sequence quality assess-
ment, read trimming, read alignment with the sgRNA
library, counting, normalization of reads, analysis of read
count distribution, and variance estimation. A key dif-
ference is that multiple sgRNAs are utilized for each
gene, and thus, approaches for integrating the effects of
different sgRNAs are needed. Some approaches, such as
edgeR, limma-voom, or DeSeq2 adapted from RNA-seq
analysis consider each sgRNA individually, whereas
other algorithms including RIGER [31], MAGeCK [32],

and STARS [33] take into consideration differential
abundance of multiple sgRNAs targeting each gene to
perform gene ranking. A potential limitation of these
integrative approaches is that the on-target activity of any
particular sgRNA computationally predicted to target a
particular gene has generally not been independently
validated. The relative merits of these individual sgRNA
and composite approaches remain uncertain. As with all
genomic studies, multiple levels of biological and tech-
nical replication enhance confidence in the results,
although the large number of cells used in a screen and

the cost considerations often preclude sufficiently
robust replication. As a result, any targeted genes iden-
tified, regardless of the computational approach, must be
considered candidates requiring further validation.
Validating hits from genome-wide CRISPR
screens
CRISPR screens can generate false positive and nega-
tive results, and therefore, validation of hits is necessary.
Individual validation of candidate genes through the use
of several independent sgRNAs for the same gene is
commonly utilized but can be unfeasible for validating
many candidate genes. One efficient strategy to simul-
taneously validate hits obtained from a primary genome-
wide screen is secondary screening using a custom li-
brary (validation library) [7] that is enriched for sgRNAs
targeting candidate genes identified in a primary screen.

Additionally such an approach enables the use of less
stringent candidate selection from the primary screen
due to feasibility of large-scale validation. Thus, sec-
ondary screening can limit both false positives and false
negatives. The relatively small number of genes in a
validation library compared to a genome-wide library
allows inclusion of more sgRNAs per gene while main-
taining a small library size [7]. Secondary screening
using a small library is more feasible and cost-effective
and can be utilized to validate hits in multiple cell lines
www.sciencedirect.com
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Table 2 Various analysis tools used to identify/rank hits in CRISPR-based genetic screens.

Analysis tool Description Reference

MAGeCK Model-based analysis of genome-wide crispr/cas9 knockout. Provides gene-level
analysis where multiple sgRNAs targeting the same gene are considered for
gene ranking. Command-line-based written in Python.

[32,34]

STARS Gene-ranking algorithm for genetic perturbation screens. Uses numerical scores
associated with a list of gene-specific sgRNAs as input, and computes a score
using the probability mass function of a binomial distribution. Command-line-
based written in Python.

[33]

RIGER RNAi gene enrichment ranking. Ranks shRNAs/sgRNAs as per their differential
effects between two classes of samples, then identifies the genes targeted at
the top of the list. Based on the GSEA methodology and uses similar
Kolmogorov–Smirnov (KS)–based statistics to calculate gene scores.

[31]

edgeR, DeSeq2, Limma-voom Packages originally used for differential gene expression analysis of RNA-seq
data. Provide sgRNA-level analysis of CRISPR screening data (used to
determine differential representation of each sgRNA sequence between 2
conditions). All these tools are command-line based.

[35–37]

CARpools R package for exploratory data analysis and documentation of pooled CRISPR/
Cas9 screens Offers multiple gene-level methods to rank candidates.

[38]

PinAPL-PY, CRISPRcloud, CRISPRAnalyzeR Web-based platforms for analyzing CRISPR screens. Provide user-friendly
pipelines with graphical interface.

[39–41]

CRISPR, clustered regularly interspaced short palindromic repeats.

CRISPR in toxicogenomics Sobh and Vulpe 51
using different end points. In addition to validating a
phenotype with multiple sgRNAs, further confidence in
screening ‘hits’ can be provided through functional
classification. Identifying multiple genes in a screen

whose products are involved in the same cellular
pathway/process or are subunits of a particular cellular
complex supports a functional role for these genes in the
phenotype of interest.
Future directions
Several strategies could increase the utility of CRISPR
screens in toxicology. One limitation as noted is the
computational prediction of the on-target activities of
sgRNAs used in CRISPR libraries. The development of
libraries of experimentally validated sgRNAs could in-
crease confidence in results and decrease library size
(e.g. one or two validated sgRNA vs 4e10 predicted
sgRNAs). Similarly, screens using smaller focused
sgRNA libraries (e.g. toxicology or metabolism focused
libraries) could enable cost-effective and experimentally
feasible consideration of multiple doses and time points

in a screen. In most CRISPR screening systems,
constitutive expression of Cas9 leads to immediate gene
disruption and, for essential genes, can rapidly deplete
the corresponding cells before toxicant exposure. The
use of inducible Cas9 expression systems could enable
functional interrogation of these essential genes in the
response to a stressor. In addition, the use of alternative
phenotypes for assessing toxicity that do not rely on
cellular proliferation could enable implementation of
these approaches in more biologically relevant model
systems such as primary cells, organoids, or in vivo
www.sciencedirect.com
models. Finally, a standard, validated, data analysis
workflow would enable effective cross-comparison of
results from different studies.
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