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Abstract

The challenge in medical oncology has always been to identify
compounds that will kill, or at least tame, cancer cells while
leaving normal cells unscathed. Most chemotherapeutic agents
in use today were selected primarily for their ability to kill rapidly
dividing cancer cells grown in cell culture and in mice, with their
selectivity determined empirically during subsequent animal and
human testing. Unfortunately, most of the drugs developed in
this way have relatively low therapeutic indices (low toxic dose
relative to the therapeutic dose). Recent advances in genomics
are leading to a more complete picture of the range of muta-
tions, both driver and passenger, present in human cancers.
Synthetic lethality provides a conceptual framework for using
this information to arrive at drugs that will preferentially Kkill
cancer cells relative to normal cells. It also provides a possible
way to tackle ‘undruggable’ targets. Two genes are synthetically
lethal if mutation of either gene alone is compatible with viability
but simultaneous mutation of both genes leads to death. If one
is a cancer-relevant gene, the task is to discover its synthetic
lethal interactors, because targeting these would theoretically
kill cancer cells mutant in the cancer-relevant gene while
sparing cells with a normal copy of that gene. All cancer drugs in
use today, including conventional cytotoxic agents and newer
‘targeted’ agents, target molecules that are present in both
normal cells and cancer cells. Their therapeutic indices almost
certainly relate to synthetic lethal interactions, even if those
interactions are often poorly understood. Recent technical
advances enable unbiased screens for synthetic lethal
interactors to be undertaken in human cancer cells. These
approaches will hopefully facilitate the discovery of safer, more
efficacious anticancer drugs that exploit vulnerabilities that are
unique to cancer cells by virtue of the mutations they have
accrued during tumor progression.

Cancer drug discovery

It is not difficult to identify small organic molecules that
will kill cancer cells. In fact, 0.1 to 1% of the molecules in a
typical pharmaceutical compound library will kill cancer
cells when tested at the concentrations used in high-
throughput screens [1]. This leads to an embarrassment of
riches because many pharmaceutical compound libraries
contain millions of chemicals. The trick, however, is to find
small organic molecules that will kill cancer cells while
sparing normal cells. Unfortunately, the hits emerging

from high-throughput screens for cytotoxic agents were
historically prioritized using factors such as potency, ease
of synthesis, drug-like characteristics, structural and
mechanistic novelty, and intellectual property considera-
tions [1]. Although these factors are potentially important,
they do not necessarily address selectivity. Sadly, it is
possible that small molecules capable of selectively killing
cancer cells scored in the high-throughput cytotoxicity
screens performed over the past 50 years, only to be
discarded because they failed one or more of these other
metrics. This thought is especially sobering when one
considers the horrendous toxicity associated with most
chemotherapeutic agents and their limited efficacy for
most patients with advanced disease.

It is clear that cancer arises from the accumulation of
genetic alterations in a susceptible cell. Fortunately, the
mutations that are responsible for particular types of
cancer are coming into view. This knowledge provides a
foundation for discovering drugs that selectively kill cancer
cells. In particular, it is almost certainly the case that some
of the mutations within a given cancer cell will
quantitatively or qualitatively alter the requirement of that
cell for particular biochemical activities (or targets) [2].
This statement stems, in part, from studies of synthetic
lethal interactions in model organisms, such as yeast and
flies. Two genes are said to be ‘synthetic lethal’ if mutation
in either gene alone is compatible with viability but
simultaneous mutation of both genes leads to death [1,3-5]
(Figure 1). Genome-wide studies in these model organisms
suggest that synthetic lethal interactions are extremely
common in biology [6-8]. Although synthetic lethal inter-
actions are often thought of in terms of loss-of-function
mutations, they can also be observed when one or both
genes have sustained a gain-of-function mutation. This
paradigm can be extended to include any situation in
which the requirement for a particular gene in a cancer cell
has been quantitatively or qualitatively altered by n non-
allelic mutations, where n = 1 in the scenario outlined
above. For example, mutations of two genes (such as

CDK, cyclin-dependent kinase; DR5, trail death receptor; PARP1, poly(ADP-ribose) polymerase-1; PLK1, polo-like kinase; pRB, retinoblast-
oma protein; pVHL, von Hippel-Lindau tumor suppressor protein; shRNA, short-hairpin RNA; siRNA: short-interfering RNA.
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Figure 1

Synthetic lethality. (a) Table showing the effect of two mutants that
are synthetically lethal. Lower case, mutant; upper case, wild-type.
(b) The effect of mutations and inhibitors on a pair of synthetically
lethal genes, A and B.

simultaneous mutation of two tumor suppressor genes)
might change the requirement for a third gene, and so on.
Moreover, all the mutations in a cancer cell, whether
contributing to the cancer phenotype (driver mutations) or
not (passenger mutations), can potentially alter the cellular
requirement for a particular target and hence contribute to
selectivity [2,9].

Exploiting synthetic lethal interactions to treat cancer cells
is therefore very attractive insofar as it provides a concep-
tual framework for the development of drugs that will kill
cancer cells (bearing the sensitizing mutation) while
sparing normal cells (which do not; Figure 1). Moreover, it
provides a framework for pharmacologically tackling
targets that are not classically ‘druggable’. For example,
synthetic lethality theoretically provides an avenue for
targeting cancer-causing loss-of-function mutations, such
as mutations leading to the inactivation or loss of a
particular tumor suppressor protein. The problem, however,
is that synthetic lethal interactions, although common in
biology, are difficult to predict a priori, especially given our
current level of understanding of the molecular networks
governing metazoan cells. Even once discovered, many
synthetic lethal interactions are difficult to rationalize. For
these reasons the study of synthetic lethal interactions has,
until recently, been largely relegated to model organisms,
such as bacteria and yeast, amenable to unbiased, genome-
wide genetic screens. Unfortunately, many cancer-relevant
genes, including tumor suppressor genes and oncogenes,
are not conserved in these organisms.

Molecular pathway knowledge leads to
synthetic lethal candidates

Nonetheless, a few synthetic lethal or ‘synthetic sick’ inter-
actions (the latter refers to situations in which simul-
taneous mutation of two genes leads to a marked loss of
fitness relative to mutation of either gene alone) involving
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cancer-relevant genes have been discovered using
knowledge of particular molecular circuits. For example,
many cancers have mutations that directly or indirectly
inactivate the retinoblastoma tumor suppressor protein
PRB, leading to hyperactivity of the E2F transcription
factors. The E2F1 transcription factor can promote S-phase
entry but can also induce apoptosis by p53-dependent and
p53-independent pathways [10]. The timely neutralization
of E2F1 activity in S-phase requires that it docks, via a
peptidic sequence containing the core sequence Arg-x-Leu
(RXL), with the substrate recognition pocket of Cyclin A
[11-13]. Similar RXL motifs are present in additional
proteins that physically interact with Cyclin A or Cyclin E,
including other substrates and also p21-like cyclin-dependent
kinase (CDK) inhibitors [14,15]. Several groups have shown
that cancer cells, by virtue of high E2F1 activity, undergo
apoptosis when treated with cell membrane-permeable
versions of RXL-containing peptides whereas normal cells
do not [16,17]. Unfortunately, it has not yet been possible
to make non-peptidic, drug-like analogs of such RXL
peptides. Loss of retinoblastoma protein (pRB), and
consequent E2F1 deregulation, also seems to sensitize cells
to drugs such as etoposide that lead to DNA damage after
binding to topoisomerase II [18,19]. Loss of pRB increases
S-phase entry and increases topoisomerase II levels. In
addition, pRB may have a relatively direct role in the
processing and repair of trapped topoisomerase-II-DNA
complexes [20].

The c-Myc oncoprotein is a heterodimeric DNA-binding
transcription factor. Unfortunately, such proteins, with the
exception of the steroid hormone receptors, have not
proven very tractable as drug targets. Quon and coworkers
[21] showed, however, that overexpression of MYC sensitizes
fibroblasts to agonists of the Trail death receptor DR5.
They went on to show that c-Myc leads to increased DR5
expression and increased DR5-dependent signaling as a
result of enhanced procaspase 8 autocatalytic activity [21].
Bishop and coworkers [22] found that MYC, among a panel
of oncogenes tested, sensitized cells to undergo apoptosis
when CDK1 is inhibited genetically or pharmacologically.
Moreover, they showed that CDK1 inhibition leads to loss
of the prosurvival protein survivin and that depletion of
survivin selectively Kkills cells that overexpress MYC. Caron
and colleagues [23] noted that CDK2 is often overexpressed
in poor-risk neuroblastomas and that CDK2 is synthetic
lethal with N-Myc amplification, which is a frequent
genetic event in this disease. Genetic or pharmacological
disruption of CDK2 led to p53-dependent apoptosis in
N-Myc amplified neuroblastomas.

Many cancer cells show defects in the ability to sense and
respond to DNA damage. This property, which can lead to
a variety of genomic abnormalities, including point muta-
tions, copy number changes and structural abnormalities
such as translocations, seems to be a fertile area for
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synthetic lethal interactions. For example, many human
tumors harbor mutations of the p53 tumor suppressor
gene, which has an important role in the maintenance of
genomic stability. Loss of p53 renders tumor -cells
dependent on signaling molecules such as ATM, CHEK2
and MK2 for survival in the face of chemotherapy-induced
DNA damage [24,25]. This sensitivity seems to reflect loss
of a ps53-mediated checkpoint at the Gi/S boundary,
rendering cells more reliant on checkpoints operating later
in the cell cycle. These findings were presaged by studies
by Friend and coworkers [24], who noted that p537/- mouse
embryonic fibroblasts (MEFs) are more sensitive than
their wild-type counterparts to combined treatment with
ultraviolet radiation and pharmacological doses of caffeine,
which acts as a checkpoint inhibitor.

In the most striking example to emerge from studies of this
type, two groups [26,27] reasoned that cells defective for
homologous recombination should be hypersensitive to
loss of alternative, collateral DNA repair pathways, such as
the base-excision repair pathway. Proteins encoded by the
breast cancer genes BRCA1 and BRCA2 have important
roles in the repair of double-strand breaks by homologous
recombination, whereas poly(ADP-ribose) polymerase-1
(PARP1) is required for base-excision repair. Both groups
showed that tumor cells lacking BRCA1 or BRCA2 are
exquisitely sensitive to PARP1 inhibitors. Moreover,
preliminary clinical data following treatment of BRCA1-
defective and BRCA2-defective tumors with the PARP1
inhibitor olaparib are very encouraging [28]. A particularly
exciting possibility is that sensitivity to PARP1 inhibition
will extend beyond BRCA1/2 mutant tumors to other
tumors that show defects in homologous recombination. In
this regard, a recent study suggested that tumors lacking
the tumor suppressor PTEN show such a defect [29], as do
many basal-like breast cancers [30,31].

Screening for synthetic lethality - an unbiased
approach

Synthetic lethal interactions, at least in hindsight, must
explain the selectivity (however modest in most cases) of
currently available anticancer drugs because these agents,
including classical cytotoxic drugs and newer ‘targeted’
agents, invariably interact with targets that are shared
between normal cells and cancer cells. For example, the
ability to induce tumor regressions with tolerable doses of
DNA-damaging cytotoxic agents might reflect underlying
defects in DNA repair coupled with collateral pro-apoptotic
signals delivered by oncoproteins such as E2F1 and c-Myec.
A clearer understanding of these interactions might allow
one to improve outcomes by pre-selecting patients who are
most likely to benefit from existing agents.

To fully explore the number of synthetic lethal interactions

in cancer cells will, however, require unbiased screening
approaches for the reasons outlined above. One such
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approach has been to use chemical compound libraries,
looking for compounds that preferentially kill cells with a
particular cancer-causing mutation relative to isogenic
cells lacking the cancer-causing mutation. In a series of
studies, Stockwell and colleagues [32-34] used this
approach to show that cells expressing oncogenic versions
of Ras display enhanced sensitivity to compounds that
bind to particular mitochondrial voltage-dependent anion
channels and induce oxidative cell death. This sensitivity
seems to be due, at least partly, to Ras-mediated increases
in intracellular iron.

Inactivation of the von Hippel-Lindau tumor suppressor
protein (pVHL) is a signature lesion in clear cell renal
cancer, which is the most common form of kidney cancer,
and leads to profound reprogramming of cellular
metabolism. This reprogramming is partly due to
increased activity of the hypoxia inducible (HIF)
transcription factor [35]. Giaccia and colleagues [36]
showed that renal carcinoma cells lacking pVHL are
hypersensitive to a series of small molecules that promote
autophagy. Interestingly, an earlier study showed that
VHL /- cells display increased sensitivity to mTOR
(mammalian target of rapamycin) inhibition, which can
also promote autophagy [37].

Lander and coworkers [38] confirmed that downregulation
of E-cadherin in mammary epithelial cells induced an
epithelial to mesenchymal transition and showed that this
was associated with the acquisition of cancer stem-cell-like
properties. They identified chemicals, including the
potassium ionophore salinomycin, that were selectively
toxic to cells after E-cadherin loss [38].

Chemical biology approaches are powerful, but the
identification of protein targets for chemical ‘hits’ emerging
from high-throughput screens remains laborious. The
advent of short-interfering RNA (siRNA) and short-hairpin
RNA (shRNA) methodologies now enables unbiased
synthetic lethal screens to be conducted in mammalian
cells in which defined genes are inactivated in conjunction
with a cancer-relevant mutation of interest. Using this
approach, Bartz et al. [39] identified genes that, when
inhibited, selectively sensitized p53-defective cells to
specific forms of chemotherapy. For example, they found
that BRCA1 pathway components were synthetic lethal to
p53 in cells treated with cis-platinum, whereas ribonucleo-
tide reductase subunit M1 was synthetic lethal to p53 in
cells treated with gemcitabine.

D’Andrea and colleagues [40] systematically inactivated 230
DNA damage genes in isogenic cells that did or did not
harbor mutations in the Fanconi anemia pathway, which
responds to stalled replication forks during S phase. They
showed that tumor cells with defects in this pathway are
hypersensitive to loss of ATM activity, again in keeping with
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the idea that loss of a particular DNA repair pathway can
increase dependency on alternative repair mechanisms.

Our group, in collaboration with Dorre Grueneberg and Ed
Harlow [41], conducted a pilot synthetic lethal screen with
shRNAs targeting 88 different kinases and multiple
isogenic cell line pairs that differed only with respect to
VHL status. Loss of pVHL sensitized cells to loss of MET,
CDK6 and MEK1 in three independent, isogenic cell line
pairs. MET activation has also been described in some
kidney cancers and there is evidence for crosstalk between
HIF and MET [42-44].

In all of the above studies, cells were grown in multiwell
plates and different perturbants (chemicals, siRNAs or
ShRNA vectors) were added to the individual wells (an
approach known as arrayed screens). Some laboratories have
pioneered an alternative approach in which cells are infected
en masse with pools of shRNA vectors and the abundance of
individual shRNA is monitored over time as a reflection of
their effect on cellular fitness (pooled screens) [45-50].
Typically the abundance of each shRNA vector has been
determined by PCR amplification across a DNA sequence
unique to that vector (a so-called DNA barcode) followed by
hybridization of the PCR product to a custom microarray
containing oligonucleotides complementary to the various
barcodes present in the library. It is possible that quantitative
sequencing techniques will eventually replace the use of
microarrays to monitor changes in shRNA vector abundance.

KRAS is one of the most frequently mutated human
oncogenes. Cancer-relevant KRAS mutations lead to loss of
K-Ras GTPase activity, leading to constitutive signaling. So
far K-Ras has not proven tractable as a drug target. Elledge
and coworkers [51] infected isogenic colorectal cancer lines
that did or did not harbor an oncogenic KRAS mutation
with approximately 74,000 retroviral shRNA vectors
corresponding to about 32,000 unique human sequences.
These vectors were divided into six subpools and the
abundance of each hairpin was monitored using PCR and
custom microarrays. Importantly, the PCR products from
the two different cell lines were labeled with two different
fluorescent dyes (Cys and Cy3) before hybridization to
facilitate the identification of products that were selectively
depleted in the KRAS mutated cell line, indicating a
potential synthetic lethal interaction. Hits emerging from
the primary screen were validated in a second cell line pair
and in low-throughput cellular fitness assays. They found
that KRAS mutant cells are hypersensitive to loss of the
polo-like kinase PLK1, components of the anaphase-
promoting complex/cyclosome, and the proteasome. Note
that all of these proteins are required for normal cells as
well (PLK1 has been used as a control for shRNA-induced
killing in some studies [39,41]). Therefore, the difference
between KRAS wild-type and mutant cells with respect to
these targets is quantitative, not qualitative.
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Limitations and challenges for synthetic
lethal screens

The synthetic lethal screens described above used isogenic
cell line pairs. Exclusive reliance on this cell line model,
however, creates certain technical and theoretical limita-
tions. First, isogenic cell line pairs do not exist for every
gene of interest. When they do exist, they may be derived
from a different species or cell type than the tumor(s) of
interest (for example, mouse embryo fibroblasts compared
with human epithelial cells) or represent a genotype that is
unlikely to be encountered in human cancers (for example,
when p53 is inactivated in p53*/* tumor cells in which the
p53-regulatory protein ARF has already been deleted [52]).
It is also not uncommon that cells isogenic for a particular
oncogene or tumor suppressor gene differ with respect to
variables such as proliferation rate and cell-cycle distribu-
tion, which can potentially confound synthetic lethal
screens. Finally, it is important to interrogate multiple
isogenic cell line pairs for any given gene of interest to
ensure that the synthetic lethal interactions detected are
truly robust rather than peculiar to a particular line [41].

Hahn, Gilliland and coworkers [53,54] realized that if data
for shRNA-mediated changes in cellular fitness were
available for enough cancer cell lines representing two
different classes (for example, K-Ras wild-type and K-Ras
mutant) one could, in silico, look for shRNAs that
differentially affected the viability of the two classes. Using
this approach, they showed that inhibition of the protein
kinases STK33 and TBK1 preferentially kills K-Ras mutant
cells compared with K-Ras wild-type cells. In K-Ras
mutant cells these kinases deliver critical pro-survival
signals. STK33 indirectly targets the pro-apoptotic protein
BAD1 for destruction, whereas TBK1 activates a pro-
survival signal through the NFxB transcription factor. This
work should spur interest in these kinases as potential
therapeutic targets and also suggests a paradigm for
synthetic lethal screening of human cancer cells in the
future.

siRNA screens, in contrast to chemical biology screens,
are based on the downregulation of the abundance of a
particular protein. The biological consequences of down-
regulating a protein target need not phenocopy the effects
of a small organic molecule bound to that target. For
example, the phenotypes of downregulating an enzyme
might reflect the loss of its catalytic activity, loss of a
scaffolding function, or perhaps both. Moreover, the loss
of catalytic activity as a result of protein elimination
might allow forms of compensation that are prevented
when the loss of catalytic activity is achieved with a drug.
For example, the enzyme-drug complex might essentially
act as a dominant negative. For these reasons, secondary
screens that address these questions are required when
the goal of a synthetic lethal screen is to identify new drug
targets.
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Equally importantly, targets emerging from in vitro
synthetic lethal screens must eventually be validated in
vivo to address the following questions: firstly, whether the
synthetic lethal relationship within the tumor cell is
maintained under conditions that more closely resemble
those in patient tumors, and secondly, whether there are
normal cells, perhaps derived from other cell lineages,
that are also highly dependent on that target in vivo.
These two questions obviously affect the potential efficacy
and safety, respectively, of inhibiting that target, with the
caveat that all preclinical models are imperfect replicas of
human cancer.

Conclusions

In summary, synthetic lethality provides a conceptual
framework for discovering drugs that selectively kill cancer
cells while sparing normal tissues and for tackling
‘undruggable’ targets. Technological advances, coupled
with the availability of large siRNA and shRNA libraries,
now make unbiased synthetic lethal screens in mammalian
cells feasible. Mapping synthetic lethal relationships in
human cancer cells will hopefully enable us to use old
drugs more wisely and to discover new drugs that are safer,
and more efficacious, than existing agents.
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