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Synthetic lethality as an engine
for cancer drug target discovery

Cancer is a disease of the genome, and almost all can-
cers have multiple genetic lesions that must be addressed
to develop curative combination therapies'. A reduc-
tionist view of the hallmarks of cancer suggests that tar-
geting oncogenic drivers, tumour suppressor gene loss
and the underlying mechanisms by which cancer cells
evade immune destruction are the minimum that will
be required for cures'.

Completion of the Human Genome Project in 2003
(REFS*?) followed by advances in sequencing technol-
ogy and the analysis of thousands of human tumours’”
enabled discovery of the first generation of genetically
targeted cancer therapies, which, even as single agents,
changed the lives of many people with cancer. Imatinib,
which targets the BCR-ABL fusion tyrosine kinase, has
extended the median survival of patients with chronic
myelogenous leukaemia to more than 10 years®''.
Imatinib also inhibits KIT and is effective in treating
KIT-mutant gastrointestinal stromal tumours, with
response rates of up to 50% and a median progression-
free survival of approximately 18 months'*"*. The
BRAF inhibitor vemurafenib'®, followed a few years
later by dabrafenib'” and encorafenib'®, transformed
BRAF-mutant melanoma from an untreatable, rapidly
progressive malignancy to a disease in which more than
50% of patients have meaningful clinical responses'**
and when combined with a MEK inhibitor, have a
median progression-free survival of approximately
12 months with limited toxicity’'~*. There are multiple
other examples of clinical successes, including drugs
that target amplified ERBB2 (encoding HER2) in breast
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Abstract | The first wave of genetically targeted therapies for cancer focused on drugging gene
products that are recurrently mutated in specific cancer types. However, mutational analysis
of tumours has largely been exhausted as a strategy for the identification of new cancer targets
that are druggable with conventional approaches. Furthermore, some known genetic drivers
of cancer have not been directly targeted yet owing to their molecular structure (undruggable
oncogenes) or because they result in functional loss (tumour suppressor genes). Functional
genomic screening based on the genetic concept of synthetic lethality provides an avenue to
discover drug targets in all these areas. Although synthetic lethality is not a new idea, recent
advances, including CRISPR-based gene editing, have made possible systematic screens for
synthetic lethal drug targets in human cancers. Such approaches have broad potential to drive
the discovery of the next wave of genetic cancer targets and ultimately the introduction of
effective medicines that are still needed for most cancers.

cancer’*”, EGFR mutations and ALK translocations in

non-small-cell lung cancer (NSCLC)**~** and numerous
others®. However, our ability to make further progress
with genetically targeted cancer therapy has been limited
by two main issues. First, although partial responses to
targeted therapies in selected patient populations are
common, converting those partial responses to dura-
ble complete responses, which is needed for cures, will
require combination regimens that have been challeng-
ing to define. Additionally, although DNA sequencing
technology has enabled the identification of most, if
not all, oncogenes that arise as a consequence of genetic
alterations”~*’, they represent a relatively small percent-
age of genes that are relevant in cancer, not all of which
are druggable with conventional approaches. Proteolysis-
targeting chimaeras (PROTACS) and other protein
degradation approaches are likely to change the definition
of ‘druggable’ in the coming years***', but independent of
advances that may redefine druggability, identification
of the next wave of cancer drug targets requires more than
deep sequencing of multiple tumours. CRISPR-enabled
functional genomic screening platforms are powerful tools
for this application.

As enthusiasm for targeted cancer therapy waned
somewhat in the face of its limitations, progress harness-
ing the immune system to treat cancer allowed another
wave of clinically meaningful responses, and, in some
cases, cures. Many patients with melanoma, regardless
of BRAF mutation status’>~"*, renal cell carcinoma®,
NSCLC** and a number of other cancers® have clin-
ically meaningful responses to checkpoint inhibitors
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Genetic context

Histology and genetic
architecture that define a
specific set of cancer patients
(for example, patients with
BRCA I-mutant ovarian cancer).

such as anti-programmed cell death 1 (PD1) or anti-
PD1 ligand 1 (PD-L1), as well as in some cases antibod-
ies against cytotoxic T lymphocyte antigen 4 (CTLA4),
alone or in combination with another checkpoint
inhibitor’*?. These important successes further damp-
ened enthusiasm for genetically targeted therapies and
spurred a wave of clinical investigation in a broad range
of tumour types with many putative immune cell tar-
gets. This next wave of immunotherapy agents has yet to
prove as effective as anti-PD1 and anti-PD-L1 agents™,
and it remains to be determined whether immunother-
apies will do what the initial targeted therapies failed to
do: to produce durable complete responses and cures in
large numbers of patients with cancer.

Therefore, although advances in both targeted therapy
and immunotherapy have improved cancer treatment
for many people in remarkable ways, barriers to target-
ing tumour suppressor gene loss, identifying context-
dependent driver genes that are not marked by genetic
alterations (which result in non-oncogene addiction®>,
called here ‘unmarked oncogenes’), designing the next
generation of novel combinations and exploring the
largely unknown genetics of tumour-intrinsic immune
evasion have stalled progress. However, the genetic prin-
ciple of synthetic lethality coupled with the power of
CRISPR-based functional genomic screening technology
offers a path forward.

Synthetic lethality, initially described in Drosophila
as recessive lethality™, is classically defined as the setting
in which inactivation of either of two genes individually
has little effect on cell viability but loss of function of
both genes simultaneously leads to cell death. In can-
cer, the concept of synthetic lethality has been extended
to pairs of genes, in which inactivation of one by dele-
tion or mutation and pharmacological inhibition of the
other leads to death of cancer cells whereas normal cells
(which lack the fixed genetic alteration) are spared the
effect of the drug. In the most straightforward applica-
tion, this means identifying targeted therapies that kill
cancer cells that lack a specific tumour suppressor gene
but spare normal cells. In addition to this (conceptu-
ally) simple application, the tools needed to discover
synthetic lethal interactions in human cancer cells can
be applied in multiple ways to identify a number of other
types of cancer drug targets.

In this Review, we discuss how the genetic con-
cept of synthetic lethality paired with CRISPR-based
functional genomic screening can be applied to iden-
tify the next generation of effective cancer drugs and
combinations. Although much has been written about
synthetic lethality in cancer since Hartwell, Friend and
colleagues raised the idea in 1997 (REFS”~?), application
of the concept to cancer drug discovery has been largely
aspirational. This is largely because of the limitations
of using yeast and Drosophila as model organisms for
human disease and the limitations of previous genera-
tions of genetic tools, such as RNA interference (RNAi),
for mammalian studies. The widespread availability of
CRISPR-based tools and the increasingly varied ways
they can be used has created an inflexion point that has
the potential to dramatically alter cancer target discov-
ery and create a wave of new therapeutics in the next

decade. Here we analyse the evidence that many cancer
targets remain to be discovered using a CRISPR-based
functional genomic screening and how this approach
can lead to the discovery of additional targets based on
loss of tumour suppressor genes. We also highlight the
importance of genetic context in designing target discov-
ery strategies, and analyse the technical considerations
for scalable synthetic lethal target discovery, including
the relative benefits of various CRISPR-based tools
and libraries, discussing inhibition of protein arginine
N-methyltransferase 5 (PRMT5) in cancers with dele-
tion of S-methyl-5'-thioadenosine phosphorylase
(MTAP) as an example of targeting synthetic lethality
beyond poly(ADP-ribose) polymerase (PARP) inhibitors
in BRCAI-mutant and BRCA2-mutant contexts. Finally,
we discuss the applications of CRISPR-based screening
with targeted drugs for novel combination discovery and
in vivo screening for non-cell-autonomous mechanisms.

Synthetic lethality

The genetic concept of synthetic lethality was first
described in Drosophila in 1922 (REFS****-%). Fruit flies
with individual abnormal eye phenotypes (phenotypes
that were attributed to either Bar or glass mutations)
could survive and reproduce but viable offspring with a
combination phenotype were never observed™. We now
know that Bar and glass encode transcription factors
expressed in the eye, an extension of the central nervous
system, and are involved in embryonal development. We
can therefore postulate that loss of both genes simultane-
ously results in neural development defects not compat-
ible with life, although the specific lethality mechanism
of this synthetic lethal pair has not been studied directly.
The concept was subsequently also shown to be relevant
in yeast®, and eventually was proposed as a basis for
drug discovery for human disease by Hartwell, Friend
and colleagues 20 years ago’’. Hartwell, and subsequently
Kaelin, proposed that novel targets for cancer therapeu-
tics could be discovered by exploiting the concept of syn-
thetic lethality, in which one member of a synthetic lethal
pair is a gene product with a cancer-specific mutation
and the second gene product is the drug target™ .

The systematic identification of synthetic lethal pairs
relevant to human disease was initially limited to loss-
of-function screens in model organisms. For example,
genetic interaction maps in yeast were readily gener-
ated by genetic screening and crossing of knockout
strains®”%-%, but the utility of these findings for cancer
drug discovery relies on the existence of relevant homo-
logues in human cells. The advent of RNAi technology
allowed the broader application of these concepts to
human cell line systems, and a number of subsequent
screening efforts in cancer cells were undertaken®.
Proof-of-concept classical synthetic lethal screening
using small interfering RNA (siRNA) to identify depen-
dencies conferred by loss of the tumour suppressor gene
VHL (encoding von Hippel-Lindau disease tumour
suppressor) in clear cell renal carcinoma was described
in 2008 (REF.”"). Further application of systematic RNAi
screening led to the discovery of additional synthetic
lethal pairs, including members of the SWI/SNF chro-
matin remodelling complexes such as SMARCA2 and
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Fig. 1| Synthetic lethality: a genetic concept reduced to clinical practice. Schematic
(part a) and phase lll clinical data'’ (part b) showing a clinical example of the utility of
synthetic lethality for drug development. Poly(ADP-ribose) polymerase inhibition (PARPi),
which has minimal effect in normal cells with wild-type BRCA gene function, causes
tumour cell-specific death in BRCA gene-mutated tumour cells, significantly extending
the progression-free survival of patients with germline mutations in BRCA genes.
BRCA-mut, BRCA gene mutant. Part b from REF.**’, N. Engl. J. Med., Mirza et al., Niraparib
maintenance therapy in platinum-sensitive, recurrent ovarian cancer, 375, 2154-2164.
Copyright © 2016, Massachusetts Medical Society. Reprinted with permission from
Massachusetts Medical Society.

SMARCA4 (ReFs**") and ARIDIA and ARID1B (REF”),
in addition to the PRMT5-MTAP interaction”"*
discussed in detail later in this Review.

The recent success of PARP inhibitors in BRCA-
mutant ovarian cancers is the first clinical example of
using synthetic lethality to target tumour suppressor
gene loss”” (FIG. 1). The basis for this finding is that both
PARP and BRCA1 and BRCA2 are components of effi-
cient DNA repair. This interaction makes tumour cells
with mutations in BRCAI or BRCA2 sensitive to PARP
inhibition, driving efficacy. Normal cells, which have at
least one copy of BRCA1 or BRCA2, are largely spared,
which limits toxicity. It now has been well described
that all PARP inhibitors that have reached clinical stages
have both catalytic inhibitory and DNA trapping activ-
ity®**!, which has led to some controversy regarding the
mechanism of lethality. Whereas the DNA trapping
activity of PARP inhibitors clearly enhances the effect of
genetic knockdown of PARP, the activity of PARP inhib-
itors in tumours with BRCA1 or BRCA2 mutations is
tightly linked to loss of function of the gene products.
Furthermore, it has been shown that PARP inhibitors
with markedly different DNA trapping potencies have
comparable activity as measured by growth inhibition at
maximum tolerated doses in xenograft models of BRCAI-
mutant triple-negative breast cancer®. As PARP inhib-
itors are used at doses that maximize both PARP cata-
Iytic inhibition and DNA trapping activity, the relative
importance of those functions in clinical response
remains unknown. Therefore, although the exact mecha-
nism underlying PARP-BRCA1 and PARP-BRCA2
synthetic lethality remains unclear, DNA damage
repair as the basis for the interaction remains undis-
puted. The FDA has approved four PARP inhibitors for
use in patients with BRCA-mutant cancers (olaparib,

rucaparib, niraparib and talazoparib)’®. Of note, PARP
inhibitors seem more effective in BRCA I-mutant and
BRCA2-mutant ovarian cancers than in breast cancers
with these mutations, which raises the consideration of
additional ‘genetic context’, a critical factor in design-
ing functional genomic target discovery screens, as
discussed later.

Many cancer targets to be discovered

Large-scale gene-knockout studies across many genetic
contexts are now being used to map synthetic lethal
interactions in human cancer cells — first using short
hairpin RNA (shRNA)-based approaches and more
recently using CRISPR technology, which has elim-
inated many of the technical hurdles of RNAi-based
functional genomic screens®=** (BOX 1). Project DRIVE
(conducted at Novartis) and Project Achilles (con-
ducted at the Broad Institute) use the Cancer Cell Line
Encyclopedia — alarge panel of human cancer cell lines
that represent multiple cancer types® — to create a
catalogue of essential genes and synthetic lethal inter-
actions®~'. The Sanger Institute has taken a similar
approach in 324 human cancer cell lines from 30 cancer
types (Project Score)”. The number of novel druggable
targets that have been nominated and fully validated by
Project Achilles and Project DRIVE has thus far been
limited, with PRMT5 (REFS”*7*) and Werner syndrome
ATP-dependent helicase (WRN)?=* being the best
examples. However, Project Score focused specifically
on identification of additional novel drug targets, and
has provided convincing evidence that many undiscov-
ered targets indeed exist, that most are context depen-
dent, and that they can be discovered with a functional
genomics approach”.

The Sanger Institute effort, recently described by
Garrett and colleagues, includes 941 CRISPR-Cas9
screens in 339 cell lines from the Cell Model Passport
collection using a genome-scale library targeting
~18,000 genes”. The final analysis included 324 of those
cell lines. Genes required for cell fitness (called ‘core fit-
ness genes’ or ‘essential genes’) across the majority of cell
lines were deemed unlikely to be good drug targets due
to a narrow therapeutic index. In total, 7,470 targeted
genes (41%) altered cell viability in at least one cell line
(BOX 2). Good drug targets, likely to be represented by
fitness genes restricted to specific molecular contexts
or histologies, were defined as a subset of those genes
with fitness effects in 12 or fewer of the 13 cancer types
included in the screen. With a defined median of 1,459
fitness genes per cell line, a median of 553 genes were
considered pan-cancer fitness genes and 866 were nom-
inated as cancer type-specific genes. To further refine
priority drug targets, genes were scored for various
measures of the effect of gene ablation, including extent
of the effect, levels of expression of the target gene and
mutational status (70% of the priority score), as well as
evidence of a genetic biomarker associated with the tar-
get dependency and the somatic alteration frequency of
the target gene in human cancers (the remaining 30%
of the priority score). With this paradigm, 617 priority
cancer type-specific targets and 92 priority pan-cancer
targets were defined. Most of the cancer type-specific
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priority targets were identified in two or fewer cancer
types (n=457; 74%), emphasizing the importance of
context. Finally, a tractability filter for the development
of small molecules and therapeutic antibodies was
applied. Tractability group 1, which included 40 genes
(6%), included all targets of drugs approved or already
in development. A large number of priority targets,
277 genes (44%), fell into tractability group 2, defined
as targets with no known development efforts but with
evidence supporting target tractability. Finally, the lar-
gest number of putative targets, 311 (48%), were deemed
untractable by conventional means. Although these
data do not suggest that all genes with a fitness effect are
good drug targets, or that all undiscovered targets
are represented in this analysis, they provide strong evi-
dence for the presence of a large target space remaining
to be explored and many paths to discover effective new
treatments for patients with cancer.

Given the evidence from the Sanger analysis that a
large number of druggable cancer targets remain to be
discovered, why have so few emerged from other large-
scale experiments thus far? The answer likely lies in
both the primary aim of Project Achilles and similar
projects®®* and their design. Although novel drug tar-
get discovery is a potential benefit of Project Achilles,
the overarching goal is to increase our understanding of
cancer biology. The data obtained are extremely valuable
for many applications, but efficient and comprehensive
drug target and combination discovery requires some
refinements tailored to specific applications.

First, although Project Achilles and Project DRIVE
have included more than 300 cancer cell lines so far,
there are many cancer subtypes insufficiently repre-
sented for context-specific analyses and some histologies
are not represented at all. For example, in the collection
there are no cell lines for human papillomavirus-positive
head and neck cancer, which represents more than half
of all newly diagnosed head and neck cancer cases in the

Box 1 | Big data approaches to synthetic lethal drug target discovery

Project Achilles is a functional genomic screening initiative from the Broad Institute with
the goal of creating a genome-wide catalogue of tumour vulnerabilities associated

with genetic and epigenetic alterations. Short hairpin RNA (shRNA) screening and now
CRISPR-based screening have been applied to cancer cell lines at the genome scale

to interrogate gene essentiality, providing the foundation for a cancer dependency
map®*. Project DRIVE (deep RNA interference (RNAI) interrogation of viability effects
in cancer) is a large-scale RNAi screen of almost 400 cancer cell lines led by Novartis to
define cancer dependency genes. Project DRIVE was designed to overcome the inability
of RNAi screens to distinguish between on-target and off-target effects when using low
numbers of shRNAs per gene and to increase the statistical power to describe molecular
correlates of knockdown effects. In a large-scale robotics approach, a lentiviral library
targeting 7,837 human genes was produced with a median of 20 shRNAs per gene
(compared with the standard use of three to five shRNAs per gene) and was used to
screen 398 cancer cell lines in a pooled format®.

Project Score is an initiative from the Sanger Institute to profile the genetic
dependencies of 324 cancer cell lines across 19 tissues and 30 cancer types using a
whole-genome CRISPR library targeting approximately 18,000 genes®. These data
were specifically analysed to determine the number of novel, tractable drug targets
that remain to be discovered, convincingly demonstrating that the number is likely in
the hundreds. This dataset can be used to identify potential drug targets that are
active in a predictable subset of cancer cell lines, as exemplified by discussion in the
publication of Werner syndrome ATP-dependent helicase (WRN) as a target in
microsatellite instable tumours.

United States” and, whereas there are more than 90
NSCLC cell lines, there is only one cell line each rep-
resenting ALK translocation or MET amplification,
and there are no cell lines with MET exon 14 skipping
mutations®’. ALK translocations are present in less
than 5% of lung cancers overall”, but they are dispro-
portionally represented (40%) in younger non-smokers
(<40 years) with lung adenocarcinoma®. As in the case of
ALK mutations, genetic alterations in MET are similarly
uncommon in lung cancer overall but represent a very
important therapeutic target in a similar proportion of
patients”. Second, the intentional heterogeneity of the
Cancer Cell Line Encyclopedia collection introduces a
mathematical challenge to identifying even strong signals
when they are present in a small subset of the collection.
This is the same problem encountered in clinical trials
of targeted agents conducted without patient selection: if
the number of patients in the trial with the genetic con-
text necessary for response is small, even a large signal
in individual patients will be diluted by non-responders,
and the trial will fail. An analogous problem occurs when
one is analysing large heterogeneous panels of cell lines:
a strong signal from a small number of cells will be lost.
This problem was addressed analytically in Project Score,
revealing the strength of the effect: of the 628 priority
targets identified in the analysis, 56% had a fitness effect
in only one cancer type and an additional 18% had a
fitness effect in only two cancer types. Third, the readout
for Project DRIVE and Project Achilles screens is guide
RNA (gRNA) ratios, which reflect growth rate changes
and/or cell death from in vitro monocultures, eliminat-
ing the ability to discover non-cell-autonomous mecha-
nisms such as immune evasion. Finally, the screens are
conducted in vitro with CRISPR or shRNA libraries as
the sole perturbation, and thus the data cannot be used
to identify novel combination therapies because only one
gene is perturbed in each cell and no drugs are used in
combination with the genetic perturbation. These last
two issues cannot be addressed analytically in any of the
large datasets now available and require experimental
designs specific to those types of targets.

Following the successful application of loss-of-
function screening across large cell line panels and the
discovery of CRISPR, a number of biotechnology com-
panies have been founded in recent years to identify and
prosecute novel synthetic lethal drug targets, and it is
likely that a number of pharmaceutical companies have
started to use this approach for target discovery when
relevant model systems are available. The first wave of
targeted therapies from these efforts is emerging, and it
seems likely that the initial clinical trials from these efforts
will start to enrol patients within the next few years.

The importance of genetic context

As noted already, considering genetic context is impor-
tant to avoid signal dilution due to heterogeneity in both
clinical trial design and experimental design. The two
are tightly linked: the genetic context selected for target
discovery should form the basis for a patient selection
strategy in clinical development. In addition, many syn-
thetic lethal pairs are likely to be context dependent, with
alterations in other genes in specific contexts altering
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Box 2 | CRISPR screen in a large cancer cell line panel suggests many more

drug targets to be discovered

A panel of 324 cell lines from
the Sanger Project Score was
screened using a genome-
scale CRISPR library and then
analysed to nominate those
genes important for cellular
fitness. Of the genes tested,
41% impacted growth of at
least one cell line (7,470 fitness
genes represented in the
figure), with most of these
genes impacting

aminority of the cell lines
(falling below the 50% of cell
lines mark), suggesting context
specificity of the
dependency®. Strong drug
targets would be those that
selectively kill a subset of cell
lines with a predictable
genetic feature

and harbour a conventionally
druggable protein domain.
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the functional interaction of the synthetic lethal pair. We
define ‘genetic context’ as the driver mutation, tissue of
origin (histology) and other functional genetic lesions
that make up subgroups of cancers. The importance of
genetic context is exemplified by the discovery of the
selective dependency of ovarian clear cell carcinoma
and melanoma cell lines on the oxygen sensor EGLN1
(REF”"). EGLN1 is a member of the EgIN family of prolyl
hydroxylases that regulates levels of hypoxia-inducible
factor 1a (HIF1a) via hydroxylation and subsequent
degradation by VHL'®. Hahn and colleagues linked a
cancer dependency to HIFla upregulation, consistent
with the role of EGLNI in regulating cellular HIF1a
levels. They postulated that pharmacologic inhibition
of EGLN1, which stabilizes HIF1a, reduces cellular fit-
ness, leading reduced proliferation and cell death”. In a
more focused analysis of just the ovarian carcinoma cell
lines that were included in Project Achilles, Briggs et al.
identified ARIDIA as an additional dependency''.
In this analysis, it is not possible to separate the effects
of HIFla upregulation and ARIDIA mutation as all
cell lines with ENGL1 dependency are characterized by
HIF1la upregulation, and most of those have ARIDIA
mutations. ARIDIA is mutationally inactivated in ~60%
of ovarian clear cell carcinomas'*>'* and is frequently
mutated in other histologies but, of note, analysis of the
Project Achilles dataset in its entirety does not identify
any druggable ARIDIA synthetic lethal interactions
(ARIDI1B, a paralogue of ARID1A, is a strong synthetic
lethal partner with ARID1A” but is not considered con-
ventionally druggable owing to lack of enzymatic activ-
ity or previously targeted domains). Briggs et al. showed
that pharmacologic inhibition of EGLN1 selectively kills
ARIDI1A-mutant ovarian cancer cells; thus, it is plausi-
ble that the combination of these two abnormalities is
responsible for the dependency'”’. The data from both

reports”'’" suggest that EGLN inhibitors — currently
used clinically to treat anaemia — may be effective in
treating women with ovarian clear cell carcinoma. The
therapeutic effect may be most effective in an ARIDIA-
mutant subset, but that hypothesis has not been tested
in clinical trials.

Another recent example of a synthetic lethal drug tar-
get discoverable only through analysis of cell lines with
a specific genetic context is DNA polymerase 6 (POLQ)
in BRCA1-mutant and BRCA2-mutant cancers. POLQ
is a low-fidelity DNA polymerase that participates in
alternative non-homologous end joining'*"'", a critical
pathway for the repair of DNA double-strand breaks in
tumours with defective homologous recombination'*'*.
POLQ knockdown reduces cellular survival both on
its own and in combination with PARP inhibitors in
a BRCAI-mutant and BRCA2-mutant context but not a
wild-type context'*®'””. This target was not identified by
the original Achilles and Project DRIVE analyses®”*, but
is mentioned in the Sanger analysis”. This is probably
due to the fact that there was an under-representation of
BRCAI-mutant and BRCA2-mutant cell lines, but then
this target became easily discoverable in a small panel
of curated BRCA I-mutant cancer cell lines paired with
wild-type BRCAI isogenic derivatives'"’.

KRAS mutations provide another example of the
complexity of context: cell lines and tumour models with
G12C or G12A mutations in KRAS are very sensitive
to tyrosine-protein phosphatase non-receptor type 11
(PTPN11) inhibitors, whereas those with mutations at
G13 and Q61 are not''"!''?, This occurs because onco-
genic G12 variants, but not G13 and Q61 variants, are
dependent on PTPN11-mediated GTP loading to pro-
mote downstream signalling'''. Given that G12C and
G12A mutations are enriched in NSCLC but are rare in
colorectal and pancreatic cancer, there may be differ-
ences in sensitivity to PTPN11 inhibition on the basis
of histology. Moreover, DRIVE data analysis suggests
that cells with KRAS mutations that co-occur with
SMARCA4 or KEAPI loss of function are less depen-
dent on KRAS than those with wild-type SMARCA4
or KEAPI1 function. These data again highlight the
importance of considering additional genetic context
in target discovery, and further suggest that in some
cases mutation subtyping may be needed for patient
selection.

Large-scale target discovery approaches

As noted already, functional genomic screens, specif-
ically high-throughput loss-of-function screens that
identify the pairwise effects of synthetic lethal gene
pairs, have been envisioned as a path to identifying novel
targets and combinations for many years*>*’; however,
pre-CRISPR technology was not sufficiently robust for
these applications. Before the discovery of CRISPR'"*'6,
RNAi was the standard tool for loss-of-function genetic
screens in mammalian cells''”'%. Although initially
very promising, it rapidly became clear that RNAi lacks
the specificity for high-throughput applications. This
problem is inherent to the technology, as stretches of
shRNA and siRNA sequences (called ‘seed sequences’)
can bind to and downregulate mRNAs unrelated to the
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Isogenic cell line pairs
Cultured cell lines genetically
engineered to have only a
single genetic difference
between them.

gene of interest, resulting in multiple, largely unavoid-
able, false positive hits in genetic screens'"”~'*'. These
off-target effects can now be predicted and computa-
tionally filtered to improve interpretation of existing
shRNA screening data®; however, unless 15-20 shRNAs
per gene are used for screening, identifying true hits
from shRNA screens remains challenging and largely
impractical without large-format robotics®. By con-
trast, CRISPR is a highly specific, efficient and scalable
genome-editing technology markedly outperforming
RNAi-based reagents®*>'*> and can be applied in high-
throughput screens to discover novel drug targets'”'*
using multiple related approaches.

The initial discovery of CRISPR in microorgan-
isms was based on the native bacterial enzyme Cas9
which excises segments of foreign DNA from the host
genome'*"'?. The utility of this powerful system in
human cells was quickly realized with the development
of gene-editing tools that pair stable expression of bac-
terial Cas9 with sequence-specific gRNAs that guide
the enzyme to excise precise DNA fragments from the
human genome and at genome scale if desired"* ',

now sometimes called ‘CRISPR cutting’ These remarkable
advances opened the door to a variety of modifications,
as well as the discovery of additional editing enzymes
such as the endonuclease Cpfl (REFS'?*'*). Many of these
emerging genomic engineering approaches have a role
in cancer target discovery, as described in more detail in
BOX 3. As additional genetic tools and modifications
emerge, target discovery approaches will continue to be
enhanced.

Strategies for CRISPR library selection. When one
is considering functional genomic target discovery
screens using CRISPR-based tools, the primary deter-
minants of size, cost and time are the number of cell
lines to be screened and the library size. The determi-
nation of the number of cell lines largely depends on
the purpose of the screen: useful information can be
obtained with just one cell line or one isogenic pair,
particularly when CRISPR screening is combined with
a pharmacologic inhibitor, or hundreds of cell lines,
as with Project DRIVE, Project Achilles and Project

Score®”?%>1% |sogenic cell line pairs have the advantage

Box 3 | CRISPR technologies that enable synthetic lethal drug target discovery

CRISPR

CRISPR technology uses a guide RNA with a target sequence of 20 base pairs in length to direct Cas9 to sequence-
specific regions of the genome, resulting in the DNA cuts that lead to gene product loss of function'**"'**. In human cells,
such an approach can be leveraged to systematically study the functional effect of loss of each gene in the genome'***.
In addition to Cas9, Cpfl is a class 2 CRISPR system that relies on a single RNA-guided nuclease effector'?*.

CRISPR interference

CRISPR interference (CRISPRi) uses catalytically inactive Cas9 (‘dead Cas9’, dCas9) fused to a Kriippel-associated box
(KRAB) protein domain that interferes with transcription, suppressing gene expression rather than inducing double-
strand DNA breaks'’**’*. CRISPRi has the advantage of more closely mimicking the effect of a pharmacologic inhibitor,
which incompletely suppresses activity. As a result, CRISPRi may allow differentiation between the enzymatic effect of a
gene product versus a potential scaffolding effect, the latter not being amenable to pharmacologic inhibition. However,
the number of poorly characterized transcription start sites in the genome limits this application and has the potential to

introduce false negative results in a large genomic screen.
Combinatorial CRISPR

CRISPR systems that allow interrogation of more than one gene per cell will be particularly valuable in defining novel
drug combination regimens. The Cas9 and Cpf1 systems may both be used to this end. The Cpf1 system allows one-step
direct cloning of concatenated gDNA and seems to have a substantially lower rate of recombination in excising the guide
RNASs than Cas9 owing to the vector design'’***°. Combinatorial CRISPR also can be applied for high-throughput isogenic
testing, with the first position of the vector targeting a tumour suppressor gene and the second position targeting the
druggable genome. This approach has the potential to dramatically scale the identification of synthetic lethal targets

using well-controlled isogenic systems.

Base editing

Base editing also uses dCas9; however, the transcriptional repressor is replaced by a DNA deaminase, which results in
base pair modifications that are precisely targeted'®'~'*. This technology is particularly useful for rapid generation of
isogenic pairs of cell lines, for example, changing the endogenous KRAS allele from mutant to wild type, or vice versa.
Such a system is well controlled in comparison with traditional methods of overexpressing an exogenous expression
construct and could therefore be very powerful for synthetic lethal-based target discovery.

RNA targeting

C2c2, Cas13b and Cas13d are the latest CRISPR systems reported'®~'"". These enzymes recognize and cut mRNA, making
possible both reversible and scalable target gene modulation. Such an approach mimics small-molecule or antibody
drug modes of action better than DNA editing, as pharmacologic inhibitors rarely fully inhibit the target gene product,
suggesting these will be powerful tools for drug target discovery.

Single-cell sequencing of pooled CRISPR screens

The complexity of the readout of pooled CRISPR-based screens can be greatly expanded by the application of single-cell
sequencing to determine transcriptional activity and genetic perturbation in each individual cell'®°. Such an approach
allows understanding of heterogeneity in a cell population as well as the elucidation of more complex mechanisms,
beyond the viability readout that has historically been applied. This additional information is likely to be very useful for

the prioritization of potential drug targets.

www.nature.com/nrd



of being well controlled as the only difference between
them is the removal of a single gene; however, this is a
highly engineered system that may not recapitulate gene
function observed in tumours from patients. With a cell
panel approach for novel target discovery in the context
of a tumour suppressor loss, five to ten well-matched
lines will often usually provide sufficient confidence to
support subsequent validation. Dependency surveys
across the genetic spectrum of human cancer, such as
Project Achilles, Project DRIVE and Project Score, will,
however, require very large numbers of cell lines and are
possible only with significant resources.

Once the number of cell lines to be screened has been
determined, gRNA library size is the primary determi-
nant of the resources required. The potential advantage
of reducing library size without limiting actionable find-
ings can be appreciated when one considers the method
used for most large-scale CRISPR-based screens. These
screens are usually conducted in a pooled format to
allow maximum throughput with multiple internal
controls. A library of gRNA constructs, usually pack-
aged in lentivirus, is used to infect target cell lines and
the effect of each gene knockout on cell growth can be
individually assessed using next-generation sequencing.
After an appropriate interval (usually 1-3 weeks) the
abundance of each gRNA is measured: guide sequences
associated with loss of cell viability will be depleted in
the postinfection pool compared with their abundance
in the preinfection pool. As library size is not a technical
limitation for pooled screening, exome-wide interro-
gation is feasible for a limited number of cell lines with-
out access to large-format robotics. By contrast, for
plate-based screens, a tenfold increase in gRNA library
size, such as that between a 500-gene kinome and a
5000-gene druggable genome, requires sophisticated
automation equipment for a robust scale-up. However,
even for pooled screening, library size does define the
total number of cells required for each screen and can
result in rate-limiting amounts of tissue culture when
multiple cell line panels are screened with a large library
for pooled screens. Larger cell line panels are important
to adequately power a comparison between wild-type
and mutant cell lines and account for secondary genetic
changes present in all cancer cells. Therefore, limiting
the size of the gRNA library size does not limit target
discovery if the number of genes interrogated in a single
screen is also limited at the same time. Moreover, in case
of fixed resourcing, limiting the size of the gRNA library
allows analysis of a larger number of cell lines with the
same amount of tissue culture resource, which in turn
adds statistical power to target discovery efforts.

When the experimental goal is drug target discov-
ery, efficiency and productivity are important consider-
ations, and several options may be considered. Kinome
and phosphatome libraries have been used effectively
for this purpose, but although they are manageable in
size (518 and 298 genes respectively) many novel targets
will fall outside these target classes. Project Score effec-
tively used a genome-scale library to identify almost 300
putative novel druggable targets, but used a postscreen
filter to eliminate genes that are considered undruggable
by conventional methods®. Although this approach is

analytically straightforward, a more efficient approach
could be to use a ‘druggable genome’ library, effectively
inserting that filter before the screen, and therefore
markedly reducing the resources and time needed to
generate and analyse the data. On the basis of the his-
torical success of target classes, sequence-based and
structure-based prediction, catalytic activity, and capac-
ity of binding of an endogenous ligand, some studies
have estimated that no more than a quarter of the human
genome is druggable by conventional means (~5,000
genes)"*'~'**, These analyses suggest that using a drug-
gable genome CRISPR library will eliminate more than
70% of screen hits that are not conventionally druggable
when a whole-genome library is used, allowing time and
resources to remain focused on other critical activities
relevant to target discovery, including screening in a
broader panel of context-specific cell lines and subse-
quent target validation strategies. Some studies have
successfully adopted such an approach by using a set of
druggable genes defined as desired by the user'#>'3*'%.
One important consideration when one is constructing
a druggable genome library is the value of adding a set
of additional, conventionally undruggable genes relevant
to cancer biology, such as the MAPK signalling path-
way and all known recurrently mutated genes in cancer.
The undruggable genes add great value by placing novel
targets identified by screening into known biological
pathways. They also provide both validation for hits
and biological rationale when one is selecting poten-
tial drug targets for validation. Regardless of the defi-
nition, druggability is in the eyes of the beholder, new
drug discovery paradigms such as induced proteolysis-
targeting chimaeras are emerging***' and the scope of
any druggable genome library will need to be revisited as
technology develops.

Targeting tumour suppressor gene loss

Tumour suppressor gene loss is a central mechanism by
which normal cells undergo malignant transformation,
often by causing or allowing genome instability. Many
tumour suppressor genes have been well characterized,
such as TP53, RBI and BRCA1I, but tumour suppressor
gene loss is by definition undruggable, as the function
and often the genes themselves are lost. Identification of
druggable synthetic lethal partners is currently the only
way of targeting the functional loss of tumour suppressor
genes in cancer.

As noted earlier, the discovery of PARP inhibition
and BRCA1I or BRCA2 mutation as a synthetic lethal
interaction by both Ashworth and colleagues and
Helleday and colleagues in 2005 (REFS”>") is the first to be
translated into clinical benefit for patients. However, this
discovery was not made by genomic screening, rather it
was hypothesis-driven’®”. It was also blessed by a bit of
good luck: a small-molecule PARP inhibitor had already
been developed with plans for use as a cytotoxic agent,
the role of BRCA1 and BRCA2 in DNA damage response
was known, and the synthetic lethal effect of PARP inhib-
ition with BRCA loss is very strong’’. However, the ini-
tial enthusiasm that additional hypothesis-driven efforts
would identify druggable synthetic lethal partners for
other DNA damage-related genes has not yet been
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Fig. 2| PRMTS5 and MTAP are a synthetic lethal pair. Methylthioadenosine phosphorylase (MTAP) is frequently deleted
in human tumours, causing its substrate methyl-5’-thioadenosine (MTA) to accumulate. MTA functions as a competitive
inhibitor for the S-methyl-5’-thioadenosine phosphorylase (PRMT5)-activating cofactor S-adenosylmethionine (SAM),
which provides a methyl donor group for client proteins. Therefore, MTA accumulation reduces, but does not eliminate,
PRMTS5 activity. PRMTS inhibitors that leverage the accumulation of MTA (MTA-cooperative inhibitors) should drive
selectivity for the MTAP-deleted tumours while sparing the wild-type normal cells. Existing PRMT5 inhibitors that are
SAM cooperative do not leverage MTA accumulation, inhibit PRMTS5 regardless of the genetic context and therefore

are not selective for MTAP-deleted tumours. SAH, S-adenosyl-L.-homocysteine.

fulfilled with the lack of success of these efforts. This
is at least partly due to the lack of selective and potent
pharmacologic reagents'*. Furthermore, hypothesis-
driven discovery of synthetic lethal DNA repair path-
ways is limited by the sheer volume of hypotheses to test
with seven well-described unique DNA repair pathways
and multiple genes within each.

Given the potentially large number of synthetic lethal
interactions in the human genome, it is clear that dis-
covery of additional synthetic lethal pairs amenable to
drug discovery requires a functional genomic approach.
To this end, a CRISPR library can be used to identify
synthetic lethal ‘hits’ in cell line panels that share loss of
a specific tumour suppressor gene matched as closely
as possibly to cell lines that retain wild-type function of
the gene of interest. Hits from these screens are poten-
tial drug targets, and the patient population expected to
benefit from inhibiting the novel targets is defined by the
genetic context being interrogated.

MTAP deletion and PRMTS5 inhibition: synthetic lethal-
ity beyond PARP inhibitors. One of the strongest and
most prevalent synthetic lethal interactions discov-
ered by Project Achilles and Project DRIVE is PRMT5
dependence in cells with MTAP deletions’"*. This
dependency represents a subset of synthetic lethal-
ity termed ‘collateral lethality’'*”. Collateral lethality

occurs when a ‘passenger’ gene adjacent to a tumour
suppressor gene is lost along with the ‘driver’ gene. In
this case, MTAP is the passenger gene and is frequently
co-deleted with the driver cyclin-dependent kinase
inhibitor (CDKN2A, encoding p16-INK4)"*", Several
groups discovered that MTAP-null cancer cells have a
marked dependency on PRMTS5, an essential methyl-
transferase, making these cells much more suscepti-
ble to PRMTS5 knockdown than those without MTAP
deletion’>"* (FIG. 2). This dependency occurs because
MTAP-null cells accumulate high levels of the PRMT5
inhibitory cofactor S-methyl-5’-thioadenosine (MTA).
As a result, PRMTS5 is partially inhibited at the baseline
in MTAP-null cells, and they are profoundly sensitive to
further reduction of PRMTS5 activity (for example, by
genetic knockdown). This dependency provides the
potential for a large therapeutic window for PRMT5
inhibitors in patients with MTAP-deleted tumours given
that normal cells (without MTAP deletion) would be
largely spared, limiting toxicity.

MTAP is deleted in approximately 15% of all human
cancers, including more than 50% of glioblastomas
and 25% of pancreatic cancers; thus, development of
an effective therapy for MTAP-deleted tumours could
have high patient impact. However, the effect of PRMT5
knockdown has not been recapitulated with existing
PRMTS5 inhibitors’". The lack of concordance between
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Competitive inhibitors
Small molecules that compete
with the substrates or cofactors
when binding to the target
enzyme, resulting in functional
inhibition. By contrast, an
uncompetitive inhibitor binds
to an enzyme-substrate
complex more tightly than to
the enzyme alone, also
resulting in functional
inhibition.

genetic knockdown and pharmacologic inhibition in
this setting could suggest that functional genomics
may not be a good drug target discovery tool, when it
is in fact due to the mechanism of action of existing
inhibitors. PRMT5 has two cofactors: the activating
cofactor S-adenosylmethionine (SAM) and the inhib-
itory cofactor MTA. All known PRMTS5 inhibitors are
either SAM-cooperative inhibitors (GlaxoSmithKline)
or MTA-competitive inhibitors (Eli Lilly and Company,
Johnson & Johnson). Because MTA accumulates
in MTAP-deleted cancers to much higher levels than in
normal cells, an MTA-cooperative and SAM-competitive
PRMTS5 inhibitor will be required to recapitulate the
effect of PRMT5 knockdown”. Such an inhibitor would
increase the amount of inactive PRMT5 (bound to
MTA) relative to active PRMTS5 (bound to SAM), which
would result in death of MTAP-deficient cells but not
wild-type cells. Existing PRMT5 inhibitors do not act by
this mechanism and therefore kill both MTAP-deleted
cells and wild-type cells at similar exposures, resulting in
toxicity with limited activity””. MTA-cooperative, SAM-
competitive PRMT5 inhibitors are likely in development
but not currently available. Instead, the first effort to
exploit this synthetic lethal pair has been with MAT2A
inhibitors, another component of the metabolic path-
way that acts by reducing SAM levels. The first MAT2A
inhibitor is now in clinical trials but limited efficacy data
have been released'**.

Beyond synthetic lethal targets
Combining CRISPR-based screening with known tar-
geted drugs. DNA sequencing provided the means to
identify the first wave of genetic drug targets for spe-
cific cancer subtypes because they are ‘marked’ with
fixed genetic alterations, and many of these genetically
altered oncogenes have now been successfully drugged.
As noted earlier, BRAF inhibitors and HER2 inhibitors
are very active drugs in BRAF-mutant melanoma and
ERBB2-amplified breast cancer, respectively. However,
these inhibitors have limited activity, despite the pres-
ence of the same genetic alterations, in colon and gastric
cancer. Thus, BRAF and ERBB2 are context-dependent
‘marked’ oncogenes. We define ‘unmarked oncogenes’
as genes that are not genetically activated through
mutation, amplification or translocation but are sim-
ilarly important oncogenic drivers in specific genetic
contexts. On the basis of the well-described concept of
non-oncogene addition, which is driven by ‘unmarked
oncogenes, we postulate that there are many such onco-
genes relevant to specific genetic contexts Many of
these genes will be good drug targets but will require a
functional genomic screening approach for discovery,
as hypothesis-driven approaches are hampered by our
limited understanding of the biology of complex systems
and the reality that empiric approaches are not scalable.
A modified synthetic lethal screening platform can be
used to identify novel context-dependent unmarked
oncogenes that may be good drug targets for single-agent
or combination therapy.

This concept is exemplified by the finding that breast
cancers that express oestrogen receptor (ER positive)
are sensitive to a combination of inhibition of ER and

inhibition of CDK4 and CDK6 (CDK4/6)'**-'*?, an active
combination because of the crosstalk between ER and
cell cycle signalling'*. The discovery of this interaction
came from profiling of a CDK4/6 inhibitor in a panel
of 47 breast cancer cell lines and finding of significant
growth inhibition clearly limited to the ER-positive cell
lines in the panel. CDK4/6 inhibition was therefore
tested in combination with several modulators of oes-
trogen blockade, including tamoxifen, and was found to
be synergistic both preclinically and in patients"*”'**. As
single agents, CDK4/6 inhibitors are not active in ER-
positive breast cancer, and the combination of CDK4/6
inhibition and oestrogen blockade is not active in ER-
negative breast cancer subtypes. Thus, CDK4/CDKE6 is
a context-dependent ‘unmarked’ oncogene in the ER-
positive breast cancer context. This hypothesis-driven
approach led to an important clinical advance, but it is
not scalable. Empiric approaches to combination discov-
ery have been largely unsuccessful, and are prohibitively
expensive if performed in clinical trials as is common-
place at present with immunologic agents, highlighting
the potential value of a functional genomics strategy.

Novel drug combination discovery. One approach to dis-
covering drug combinations is to uncover novel context-
dependent unmarked oncogenes using a CRISPR library
in combination with a targeted drug that is relevant to
a specific genetic context. We define this as an ‘anchor’
screen, in which a targeted drug is the ‘anchor’ (FIC. 3).
This approach was used by Bernards and colleagues in
2012 using shRNA-based screening (before CRISPR sys-
tems were widely available) to identify combination drug
targets that would enhance the efficacy of the BRAF
inhibitor vemurafenib in BRAF-mutant colon cancer'*.
Vemurafenib has a 50-60% overall response rate in mel-
anoma'*” but only a 5% overall response rate in colon
cancers'*>'** with activating BRAF mutations. With use
of a focused library of shRNAs representing 518 kinases
(the ‘kinome), a total of six colon cancer cell lines with
or without BRAFV*"® activating mutations were screened
for genetic dependencies in the presence of vemurafenib.
This drug anchor screen identified EGFR as a combi-
nation target with vemurafenib in this context'**. This
combination has since been shown to be clinically active,
with an EGFR inhibitor doubling the response rate of
BRAF inhibition alone in BRAF-mutant colon can-
cer, yet unfortunately remaining at a very modest 10%
overall response rate'””. The Bernards group also used a
298-gene ‘phosphatome’ shRNA library to identify
PTPNI11 inhibitors as another way to enhance the effect
of BRAF inhibitors in this setting'*, and clinical trials to
test this hypothesis are ongoing'**'**. Garraway and col-
leagues also conducted a BRAF inhibitor anchor screen
in a BRAF-mutant colon cancer cell line but instead used
a larger, genome-scale shRNA library and discovered
additional combination targets, although the conven-
tionally druggable targets identified by this much larger
screen were included in the smaller, more manageable
kinome and phosphatome libraries'****!*!. Finally, a
similar approach has been taken to identify combina-
tion partners for MEK inhibitors as several potent and
selective MEK inhibitors are in clinical use, but they
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Fig. 3 | Identifying novel combination targets using CRISPR screening. a | Relevant cancer cell lines with or without
amutation of interest are infected with a CRISPR library and then passaged in the presence or absence of selective
small-molecule inhibitors at their clinically relevant doses. At the end of the treatment period, cells are harvested, and
the abundance of each guide RNA (gRNA) is evaluated using next-generation sequencing (NGS). Levels of gRNA are
compared between drug treatment samples and control (no drug) samples to identify those gRNAs that are selectively
depleted in the presence of the drug (green gRNAs). b| gRNA counts from NGS are quantified, then normalized and
compared with the plasmid library. Genes that sensitize (which are potential drug targets in combination with the anchor
drug) or rescue (which are markers of resistance to the anchor drug) cell viability to the anchor drug would selectively

be depleted or enriched in the drug-treated group but not the control group (left panel). The results of this effect are
statistically quantified using MAGeCK'* to identify both potential drug targets (dropouts) and resistance marker (rescue)
genes (right panel). sgRNA, single-guide RNA.

are minimally active in KRAS-mutant NSCLC"*>'**. An  accumulation of genetic alterations in cancer cells cre-
shRNA-based kinome anchor screen identified ERBB3  ates neoantigens, which should be recognized by the
blockade as an approach for enhancing the effect of immune system as foreign’ and trigger immune destruc-
MEK inhibition in this setting, a hypothesis that remains  tion of nascent cancers'**'**. However, all cancers that
to be tested in clinical studies'”’. These anchor screens, become clinically relevant have, by definition, escaped
although informative, can now be enhanced by use of ~immune destruction. A wide variety of immune evasion
CRISPR technologies as the genetic screening tool. Asa  mechanisms have been postulated, including immune
result, anchor screens can be widely applied to identify  editing, T cell exhaustion and an inhibitory microenvi-
drug combinations with either known or novel targets ronment'*®, but important drivers of immune evasion
that will be required to start seeing sustained, complete  must emanate at least in part from the cancer cell itself.
responses in patients with metastatic solid tumours. However, the genetics of tumour-intrinsic immune eva-
sion have only recently begun to be described'>>">"!>
Screening for non-cell-autonomous targets: immune eva-  and no drug targets with the potential to reverse this
sion context. The classic definition of synthetic lethal-  hallmark of cancer have yet been discovered.
ity is cell autonomous, but a synthetic lethal approach In 2016, Ribas and colleagues reported that loss-
can be adapted to identify druggable targets that do  of-function mutations in JAKI enhance immune evasion
not kill cancer cells directly, but rather attract immune and conferred anti-PD1 resistance in a patient treated
cells to destroy them. As has been well described, the  with a checkpoint inhibitor'**. This study provided the
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first evidence that a tumour cell can evade immune pres-
sure by evolving intrinsic genetic changes. Additional
recurring loss-of-function mutations were subsequently
identified in genes encoding other components of the
antigen presentation machinery, such as components
of the class I major histocompatibility complex HLA
and B2M, further supporting this observation'-''.
Emerging data also indicate that many well-studied
oncogenic drivers and tumour suppressor genes may
play prominent parts in immune evasion. One exam-
ple of a putative tumour-intrinsic immune evasion
gene is the protein kinase gene LKBI (also known as
STK11), a tumour suppressor gene inactivated in ~20%
of NSCLC”". Loss of function of LKBI has been postu-
lated to drive tumorigenesis through activation of the
mechanistic target of rapamycin pathway in a cancer
cell-autonomous manner'*’. However, LKBI loss also
results in accumulation of neutrophils with T cell sup-
pressive effects and an increase in the levels of tumour-
promoting cytokines'®. A retrospective analysis of
tumours from patients who did not respond to treatment
with PD1 inhibitors correlated LKBI loss with reduced
PD-L1 expression'®, further suggesting that LKBI is a
bona fide suppressor of immune evasion, which may be
one of its primary functions. Other genetic alterations
linked to immune evasion include MYCN amplifica-
tion, which limits T cell infiltration in neuroblastoma
through downregulation of the interferon response’®,
CASPS8 loss of function, which rescues cancer cells
from T cell-mediated lethality by blocking the tumour
necrosis factor pathway'* and PTEN loss of function,
which promotes resistance to T cell killing by increasing
production of immunosuppressive cytokines'?’. Thus, a
systematic functional genomic evaluation of all known
cancer genes is warranted to then allow identification of
drug targets that reverse immune evasion signalling. In
this setting, the immune evasion gene (such as LKBI)
provides the context in which a novel drug target (to be
determined) functions as the patient selection biomarker
for clinical trial development.

Approved drugs that target the immune cell check-
points PD1, PD-L1 and CTLA4 are now widely used
as anticancer therapy, but these medicines are directed
towards and activate T cells as opposed to targeting
tumour-intrinsic immune evasion mechanisms. Building
on the success of the current treatment paradigm, the
discovery of novel immuno-oncology targets and devel-
opment efforts are almost exclusively focused on host
immunity, such as modulating T cells, natural killer
cells, macrophages and the tumour microenvironment.
Therefore, a novel approach that targets tumour-intrinsic
immune evasion mechanisms (likely in combination
with checkpoint inhibitors) will have several advan-
tages. First, it will open a largely unexplored target
space. Second, targeting tumour-intrinsic mechanisms
will direct immune cells to the tumour specifically and
may limit the systemic autoimmune toxicity that is the
primary toxic effect of checkpoint inhibitors'*. Finally,
the genetic context in which specific immune evasion
targets are active will define patient selection biomarkers
that have been elusive for checkpoint inhibitor therapy.
Such drugs could be used in combination with reagents

stimulating host immunity, such as checkpoint inhibi-
tors. In addition, single-agent activity may be possible
in cases in which active T cell infiltration has already
occurred in the tumour environment and in which the
tumour cell-driven immune evasion mechanism is
the key gatekeeping event for preventing immune
eradication. This approach has the potential to discover
novel medicines for cancers that are insensitive to
immune checkpoint inhibition and have the advantage
of defining a genetic patient selection strategy for clinical
development.

Discovering tumour-intrinsic immune evasion tar-
gets requires a two-step process: first, a genetic context
that confers immune evasion is identified and, second,
the drug targets that reverse such a phenotype are iden-
tified (FIC. 4). In the first step, a synthetic lethal-based
CRISPR screen can be applied by changing the readout
from growth rate alterations or cell death to immune
cell-mediated lethality and using in vivo screening
approaches. Providing a strong proof of principle, an
in vivo CRISPR screen that evaluated 2,700 candidate
genes was recently reported in B16 syngeneic mice
treated with PD1 checkpoint blockade'®. When the
tumours were collected and sequenced, genes driv-
ing immune evasion and immune sensitization were
identified by comparison of their relative abundance
in tumours grown under increasing immune pressure.
Known immune evasion genetic contexts, such as JAK]I
and B2M loss of function, scored highly in this study.
However, to expand these findings, studies that com-
prehensively identify the genetic contexts that drive
immune evasion are needed. These context discovery
screens will define the genetic contexts in which to
conduct target discovery screens, the second step in
tumour-intrinsic immune evasion target discovery.

Once an immune evasion genetic context has been
discovered, target discovery screens can be performed
either in vivo or in vitro. In vivo models are more reflec-
tive of the human immune system, whereas in vitro
screens are more reflective of histology-specific human
cancer genetics. In vivo screens have the advantage of an
intact immune system, but require special consideration.
There are limited numbers of syngeneic mouse models,
and those that exist typically have chemically induced
tumours and therefore a mutation spectrum that is not
reflective of corresponding human cancers. In addition,
the throughput of in vivo CRISPR screening is limited
by the library size (generally fewer than 4,000 sgRNAs)
and the number of cells that can be implanted in each
mouse. By contrast, there are many genetically engi-
neered murine models designed to study human cancer
genetics, but they are mostly non-immunogenic and
are therefore less useful for immune evasion context
and target discovery.

When the mechanism of gene-specific immune eva-
sion is known or postulated, in vitro screening with a
relevant immune readout such as PD-L1 expression
may be the most efficient approach for identifying drug
targets. For example, JAK]I loss of function mediates
immune evasion through suppression of interferon
signalling”*'"". Therefore, a target discovery screen in
human cancer cell lines that harbour a JAK1 inactivating
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Fig. 4| Identifying synthetic lethal drug targets that reverse tumour-intrinsic immune evasion. a | Syngeneic mouse
models with known responsiveness to immune therapies, such as MC38 and CT26, can be used to screen mice for

genes that drive immune evasion when inactivated (immune evasion genes). A ‘context discovery’ CRISPR library that
consists of candidate immune evasion genes can then be introduced into the tumour models as a pool using lentiviral
infection. Infected cells are subsequently implanted into different mouse strains that are either immunocompromised or
immunocompetent. Immune pressure in the immunocompetent mice can be further enhanced by activating T cells with an
anti-programmed cell death 1 (anti-PD1) antibody. Tumours are then allowed to grow, and at the time of tumour harvesting,
cells with immune evasion gene loss will survive best in models with the highest immune pressure. Those genes can be
identified using next-generation sequencing to measure the relative abundance of guide RNA. b | For the discovery of drug
targets that reverse immune evasion driven in a specific genetic context, genetically engineered cell lines expressing genes
that confer an immune evasion genetic context (mutant) and wild-type cells are infected with a druggable genome CRISPR
library using the schema described above to supply immune pressure. Novel drug targets can be identified by identifying
those guide RNAs depleted in the presence of immune pressure in mutant cells but not wild-type cells.

mutation could measure PD-L1 induction following
interferon stimulation. Additional in vitro screen-
ing approaches may include tumour cell and T cell
co-cultures, such as the ovalbumin mouse model, in
which T cells are engineered to express the relevant
T cell receptor for ovalbumin recognition, and the
tumour cells are modified to express chicken ovalbumin
antigen'®. Such systems can be used to interrogate the
phenotype of T cell-mediated killing directly and could
bridge in vivo and in vitro approaches.

As the underlying cancer genetics that drive immune
evasion become better understood, the tools of synthetic
lethal-based target discovery can be used to discover novel
tumour-intrinsic drug targets that reverse immune eva-
sion. Context-dependent, tumour-intrinsic, immune
evasion target discovery screens can be conducted using
paired isogenic models engineered with the immune eva-
sion gene loss (such as JAKI loss of function) and a wild-
type control. Potential drug targets are those genes that
reverse the immune evasion phenotype when knocked
out. These targets have the potential to overcome immune
checkpoint inhibitor resistance and thereby address a
significant unmet medical need.

Future directions

We are reaching the limits of sequence-based genetic
target discovery for cancer but there are compelling
reasons to believe that many cancer drug targets are
still to be identified. Recent analysis of a genome-scale

CRISPR-based screen in a large panel of cancer cell
lines provides direct evidence that this number is likely
in the hundreds, but the large majority will be context
specific”’. Applying the genetic concept of synthetic
lethality with both its classic definition and with some
conceptual modifications to identify these drug tar-
gets, and the genetic contexts (and therefore patients)
in which they will be effective therapies, represents a
transformative opportunity for patients, and the tools
with which to do this are becoming ever more powerful.
Continuously evolving CRISPR technology, including
single-cell techniques, holds the promise of addressing
the tumour heterogeneity involved in primary drug
resistance and the genetic evolution that drives sec-
ondary resistance. Combination CRISPR vectors will
simplify the search for effective, context-specific drug
combinations, and base-editing techniques are stream-
lining the construction of the tools needed for target
validation. Finally, the continued refinement of technol-
ogies that will make in vivo CRISPR screening as scal-
able as in vitro approaches is enabling the integration of
cancer genetics and immuno-oncology and driving our
understanding of the genetic basis of immune evasion.
Enhanced by these new tools, CRISPR-based functional
genomic screening can be applied in increasingly unique
ways to address the loss of tumour suppressor genes,
unmarked oncogenes and non-cell-autonomous path-
ways, and will yield the next wave of effective targeted
therapies.
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New technologies that expand the number of tar-
gets that are considered druggable have the potential to
have a great impact on drug discovery. Targeted protein
degradation is one such example that could markedly
expand the number of druggable targets. Despite the
great promise of these approaches, there remain many
challenges in moving from the novel target discovery
that is now within our grasp to medicines that are clin-
ically effective. The large majority of novel targets will
be intracellular proteins that require a small-molecule
inhibitor for clinical activity. Under the best of circum-
stances, 5 years from target discovery to a clinical proof
of concept is considered ‘fast, so time alone is a hurdle
that is difficult to avoid with current drug discovery
technology. In addition to the frustratingly long time-
lines for drug discovery, the impact of context depen-
dency means that focused functional genomic discovery
approaches need to be applied to many cancer subsets,

REVIEWS

further compounding the time needed to bring truly
transformative combinations to a wide spectrum of
patients. Finally, evolving drug resistance is inevitable
until complete tumour ablation is achieved, likely requir-
ing a combination of targeted therapy and immunother-
apy. Thus, understanding resistance mechanisms and the
application of this approach in those settings will also be
essential. Nonetheless, CRISPR, with all of its current
and future applications, is a tool that has opened the
door to an enormous range of possibilities. Many people
with cancer have been cured in our lifetimes, an achieve-
ment not thought possible when synthetic lethality was
first discovered in fruit flies, and many more people
will be cured as a result of the work now made possi-
ble by applying the concept of synthetic lethality with
the genome editing power of CRISPR technology.
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