
     

Subscribe to PCMR and stay up-to-date with the only journal committed to publishing  
basic research in melanoma and pigment cell biology

As a member of the IFPCS or the SMR you automatically get online access to PCMR. Sign up as  
a member today at www.ifpcs.org or at www.societymelanomaresarch.org

If you wish to order reprints of this article,  
please see the guidelines here

EMAIL ALERTS
Receive free email alerts and stay up-to-date on what is published  
in Pigment Cell & Melanoma Research – click here

The official journal of

INTERNATIONAL FEDERATION OF PIGMENT CELL SOCIETIES · SOCIETY FOR MELANOMA RESEARCH

PIGMENT CELL & MELANOMA
Research

To take out a personal subscription, please click here
More information about Pigment Cell & Melanoma Research at www.pigment.org

Synthetic lethality: emerging targets and 
opportunities in melanoma
Nicola Thompson, David J. Adams and Marco Ranzani

Submit your next paper to PCMR online at http://mc.manuscriptcentral.com/pcmr

DOI: 10.1111/pcmr.12573
Volume 30, Issue 2, Pages 183–193 

http://offprint.cosprinters.com/
http://www.pigment.org/ealerts.asp
http://ordering.onlinelibrary.wiley.com/subs.asp?ref=1755-148X


Synthetic lethality: emerging targets and opportunities
in melanoma
Nicola Thompson, David J. Adams and Marco Ranzani

Experimental Cancer Genetics, The Wellcome Trust Sanger Institute, Hinxton, Cambridgeshire, UK

CORRESPONDENCE David J. Adams, e-mail: da1@sanger.ac.uk

KEYWORDS synthetic lethality/CRISPR/melanoma
genomics/preclinical models/therapeutic target

PUBLICATION DATA Received 19 October 2016,
revised and accepted for publication 11 January
2017, published online 17 January 2017

doi: 10.1111/pcmr.12573

Summary

Great progress has been made in the treatment of melanoma through use of targeted therapies and

immunotherapy. One approach that has not been fully explored is synthetic lethality, which exploits somatically

acquired changes, usually driver mutations, to specifically kill tumour cells. We outline the various approaches

that may be applied to identify synthetic lethal interactions and define how these interactions may drive drug

discovery efforts.

Introduction

Malignant melanoma is the 5th most common cancer in

the UK, with an incidence that has more than quadrupled

in the last 40 years (Cancer Research UK, 2016).

Melanoma originates from melanocytes, and its aetiology

involves both environmental and genetic factors. Expo-

sure to sunlight is the major environmental risk factor

(Gandini et al., 2005), whilst rare germline mutations in

genes such as CDKN2A, POT1 and BAP1 (Betti et al.,

2016; Hussussian et al., 1994; McDonnell et al., 2016;

Robles-Espinoza et al., 2014), or common alleles such as

those of the MC1R locus which control red hair, freckling

and sun sensitivity, can also increase risk (Law et al.,

2015; Robles-Espinoza et al., 2016).

Recent advances in next-generation sequencing have

shown that cutaneous melanomas carry an extremely

high mutational burden relative to other cancer types,

especially in tumours arising on sun-exposed sites

(Akbani, 2015; Hodis et al., 2012). Genetic damage

caused by ultraviolet radiation (UV) is associated with a

distinct mutational signature, characterized by a promi-

nence of cytidine to thymidine (C>T) substitutions as a

result of erroneous nucleotide excision repair of UV-

induced pyrimidine dimers (Brash and Haseltine, 1982;

Pfeifer et al., 2005). This high mutational burden makes

identification of driver mutations, the lesions that have a

functional role in disease initiation or progression, partic-

ularly challenging. Despite this, several important mela-

noma drivers have been identified including BRAF, NRAS,

NF1, CDKN2A and TP53 (Akbani, 2015; Hodis et al.,

2012). Collectively mutations causing activation of the

MAPK pathway are found in a large proportion of

melanomas (Halaban and Krauthammer, 2016; Krautham-

mer et al., 2015); indeed, around 84% of cutaneous

melanomas have mutations in one of the three major

drivers BRAF, NRAS and NF1 with the most frequent

melanoma driver mutation being BRAFV600E occurring in

around 40–50% of melanomas (Davies et al., 2002;

Dhomen et al., 2009).

The last decade has witnessed a revolution in systemic

therapy for advanced melanoma. Targeted therapies have

principally been directed at the MAPK pathway as its

mutation-driven hyperactivation results in enhanced cell

proliferation and consequent dependence on the path-

way. The development of BRAF inhibitors targeting the

BRAFV600 oncoprotein has significantly improved clinical

outcomes, with response rates above 50% (Sosman

et al., 2012). A second generation of targeted strategies

has also been developed and involves combining BRAF

and MEK inhibitors, thus further inhibiting MAPK sig-

nalling. This approach has further improved patient

response rates to 70% and doubled the progression free

survival from 6 to 12 months (Larkin et al., 2014; Robert

et al., 2015a). Despite remarkable initial response rates,

acquired resistance is unfortunately almost inevitable

through a range of mechanisms including mutation/

upregulation of the drug target, reactivation of the

MAPK–ERK pathway, or hyperactivation of alternative

pathways, meaning that targeting the MAPK pathway
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alone is rarely curative (Moriceau et al., 2015; Welsh

et al., 2016).

The advent of immunotherapy has further revolution-

ized the treatment of advanced melanoma and has

become the new standard of care. The most commonly

used immunotherapies are the immune checkpoint

inhibitors which block CTLA4 or PD-1/PD-L1, inducing

the reactivation of host T cells against tumour antigens

(Redman et al., 2016). The response rate of patients

treated with single agent immune checkpoint inhibitors

lies between 25–50%, and use of these agents has seen

unprecedented long-term disease control (Hodi et al.,

2016; Robert et al., 2015b,c; Schadendorf et al., 2015).

Combining CTLA4 and PD-1/PD-L1 inhibitors has been

shown to further increase both the response rate to 61%

and the overall survival to 64% at 2 years; however,

these clinical benefits are associated with grade 3–4
toxicity in 36–55% of the patients (Hodi et al., 2016;

Larkin et al., 2015; Postow et al., 2015). Despite repre-

senting a substantial improvement in the management of

advanced melanoma, immunotherapy is currently limited

by the lack of reliable biomarkers to predict which

patients will respond to treatment, and a thorough

understanding of the molecular mechanisms of resis-

tance (Loo and Daud, 2016). The combination of

immunotherapy and targeted therapies promises to

increase the proportion of durable responders, but chal-

lenges will include the management of toxicities and

adverse drug interactions (Hu-Lieskovan et al., 2014,

2015).

Overall, although there have been substantial recent

advances in the treatment of melanoma, a significant

number of patients either do not respond to treatment, or

respond transiently. Therefore, there is still a need to

develop new therapeutic strategies.

Although the accrued knowledge on melanoma driver

mutations has allowed their exploitation as targets for

therapeutic intervention, the way these mutations inter-

act and their role in tumour phenotype and treatment

response is still not fully understood. This review will

focus on synthetic lethality in melanoma, a specific

genetic interaction that combines knowledge of a

patient’s tumour genome with defined therapeutic regi-

mens to evoke tumour cell killing. Conceptually, synthetic

lethality can be described as the scenario where loss of

gene A or loss of gene B is compatible with cellular

viability, whilst concurrent loss of both gene A and gene B

is lethal to the cell, provoking cell death (Figure 1, top

panels; Kaelin, 2005). Conversely, the term ‘synthetic

dose lethality’ is used when over-activation (rather than

loss) of one gene renders another gene essential

(Figure 1, bottom panels; Measday and Hieter, 2002;

Megchelenbrink et al., 2015).

During malignant progression, cancers acquire multiple

mutations within the genome. These mutations can have

a range of effects, such as contributing towards trans-

formation and the dysregulation of cellular pathways.

Given the complexity of the genome and its functional

networks, many molecular pathways/processes are char-

acterized by redundancy: a cell can tolerate the loss of a
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Figure 1. The concept of using synthetic lethality as a therapeutic strategy in cancer. (A) Synthetic lethality: The loss of gene A or gene B in

isolation is compatible with cellular viability, whereas loss of both genes together leads to cellular lethality. A normal cell therefore would be able to

tolerate inhibition of gene A, whilst for a tumour cell that has already lost the function of gene B, inhibition of gene A is lethal. (B) Synthetic dose

lethality: Overexpression or overactivation of gene B leads to cellular dependence on gene A. Whilst normal cells are able to tolerate inhibition of

gene A, in tumour cells that overexpress gene B, inhibition of gene A is lethal. Key: regular circle – non-malignant cell; irregular circle – tumour cell;

red cells are those with a complement of mutations incompatible with viability; tablet – drug inhibition; cross – loss of gene function; thickened

arrow – gene over-expression; lightning bolt – gene mutation.
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branch of a pathway as parallel alternative pathways can

exert the same function (Figure 1, left panels; Wolf et al.,

2007). This redundancy, however, may expose a cancer

cell carrying certain mutations to synthetic vulnerability.

For example, if one pathway is no longer functional, the

loss or inhibition of a second functionally parallel pathway

may elicit cell death (Figure 1, right panels). In contrast,

non-transformed (normal) cells should be spared. The

archetypal example of synthetic lethality is PARP inhibi-

tion in BRCA1/2-deficient ovarian/breast cancer cells. In

BRCA1/2-deficient tumours, cells are unable to repair

DNA damage through homologous repair, and subse-

quent inhibition of PARP, a regulator of base excision

repair, leads to replication fork collapse and cell death

(Farmer et al., 2005). In addition to being approved for

treatment of ovarian cancer, PARP inhibitors are currently

in clinical trials in a range of other tumour types with

promising results (Kaufman et al., 2015; Liu et al., 2014;

Mateo et al., 2015; Oza et al., 2015). In view of this, there

have been ongoing efforts to find other potential syn-

thetic lethal interactions, employing a variety of tech-

niques to screen for further candidates. As melanomas

have a high mutational burden, they may have a partic-

ularly rich landscape of synthetic vulnerabilities.

In this review, we will discuss some of the methods in

use to screen for synthetic lethality, and discuss known

and putative synthetic lethal targets in melanoma that

may result in the development of new therapeutic

approaches.

Synthetic lethality screens

Identifying synthetically lethal gene pairs is challenging in

melanoma due to the high number of mutated genes and

the consequent plethora of potential gene–gene

combinations. Conversely, the high mutational burden

of melanoma increases the chance that a tumour may

carry a mutation in a gene that is a member of a synthetic

lethal (SL) pair. The identification of synthetic lethal

partners in melanoma can therefore provide clinically

actionable targets, which may be identified through the

high-throughput forward genetic screening approaches

described in this Review. Approaches to SL screening

include computational methods, drug screening, genetic

manipulation with shRNA/siRNA or CRISPR, or a combi-

nation of these methods (Table 1). These techniques

enable the generation and interrogation of huge amounts

of data resulting in the prioritization of candidate synthetic

lethal gene pairs, which subsequently require further

validation, both in vitro and in vivo.

Screening in yeast

The initial screens for synthetic lethality were performed

in yeast, due to its small genome size and ease of genetic

manipulation (Bender and Pringle, 1991; Tong et al.,

2001). Some of the earliest SL screening was carried

out through the mating of haploid yeast with an array of

viable single mutations; the growth and fitness of the

diploid double-mutant progeny versus the non-viable

mutant combination was then assessed, to identify gene

pairs that influence cellular fitness and viability (Tong and

Boone, 2006; Tong et al., 2001). A high-throughput

refinement of this technique involves creation of a yeast

knockout pool, with each knockout barcoded by flanking

DNA sequences. A second defined mutation can then be

introduced, and the relative abundance of each barcode

can be read by PCR and microarray to quantify the growth

of each double-mutant strain and identify gene pairs

impacting on cellular fitness and growth (Ooi et al., 2003).

Several attempts have been made to map synthetic lethal

Table 1. Summary of common synthetic lethal screening approaches and their advantages and limitations

Synthetic lethal

screening method Advantage Disadvantage

Yeast screens • Simple genome and easy genetic manipulation • Inability to reflect the complexity of the

mammalian/cancer genome

Drug screens • Easily translated to clinical practice • Variable drug specificity

• Drug target sometimes unknown

• Limited to ‘druggable’ genes

RNAi screens • May be transcript specific

• Ability to target any gene within the genome

• Possibility of being performed in vivo

• Difficult to achieve complete gene knockdown

• Potential toxicity of siRNA knockdown

• Less specific than CRISPR (off-targets)

CRISPR screens • Possibility of achieving complete genetic knockout

• Ability to target both transcribed and untranscribed regions

• Possibility of being performed in vivo

• Off-target effects

• Possibility of poor guide efficiency at inducing

knockout

• Failure of gene knockout to recapitulate drug

inhibition of the target

Bioinformatic

approaches
• Able to utilize data from a wide range of sources,

both from experiments and sequencing data

• Generates long lists of potential SL pairs requiring

extensive experimental validation
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gene pairs identified in yeast onto human orthologues to

define candidate synthetic lethal gene partners (Chipman

and Singh, 2009; Conde-Pueyo et al., 2009; Kelley and

Ideker, 2005; Li et al., 2014). This approach, however, has

been challenging due to the complexity of the human

versus yeast genome, and the high degree of redundancy

not found in simple yeast genomes. Further, there are

distinct differences in the function of gene orthologues in

yeast and high-order organisms that complicate such

studies (Matuo et al., 2012; Srivas et al., 2016).

Chemical screening to identify gene–drug synthetic

lethal interactions

In human cells, a variety of screening methods can be

used, including chemical screens, RNA interference and,

more recently, genetic screening via clustered regularly

interspaced short palindromic repeats (CRISPR) technol-

ogy. Of these, chemical screens were the first to be

used. These screens use a library of drugs on an array of

cell lines with a specific mutational status. The effect of

these drugs on cellular growth and viability is then

measured. This can be performed as a high-throughput

drug screen and has been used with some success in a

variety of cancer cell types (Chan et al., 2011; Iorio et al.,

2016; Ji et al., 2009; Roller et al., 2012; Scortegagna

et al., 2015). Iorio et al., for instance, screened across an

array of cancer types, using mutation data from an

extensive cell line collection combined with high-through-

put drug screening data on these lines to identify

sensitizing mutations, some of which may represent SL

interactions (Iorio et al., 2016).

The advantage of this approach is that drug–gene
interactions can be easily identified and prioritized for

preclinical and clinical validation. On the other hand, some

of the compounds within the drug libraries do not have an

annotated target. Additionally, drug inhibition of a target is

generally less specific and effective than a genetic

knockdown/knockout, due to the potential off-target

effects, and the incomplete target inhibition associated

with compounds. Equally drug dose optimization to

achieve the highest dose without losing specificity is

not always straightforward. These complications can

make downstream mechanistic studies more complex.

In melanoma, high-throughput drug screens have been

performed on panels of genetically characterized cell

lines; however, the high mutational burden of melanomas

results in huge genetic diversity among cell lines, a factor

that confounds such studies (Held et al., 2013). Drug

screening has, however, identified a possible SL interac-

tion between PI3K/PDK1 which could be exploited to

induce cell death in PTEN wild-type melanoma (Scorte-

gagna et al., 2015).

shRNA screens for defining gene–gene synthetic

lethal interactions

In contrast to chemical library screens, short-interfering

(si) and short-hairpin (sh) RNA screens target genes at the

post-transcriptional level, through targeting and inducing

degradation of specific mRNAs (Pratt and Macrae, 2009).

Conceptually, this method is similar to chemical screen-

ing; however, instead of using drug compounds, RNA

interference is used to screen for synthetic lethal pairs,

allowing interrogation of genes and proteins which, at

present, are without a specific inhibitor. A limitation of si/

shRNAs (collectively known as RNAi) is the poor target

specificity, with the potential for hundreds of off-target

effects (Jackson et al., 2003; Weiss et al., 2007). To

mitigate this, it is common to design multiples si/shRNAs

targeting the same gene to confirm phenotypes associ-

ated with a specific target (Kittler et al., 2007). It is,

however, difficult to achieve complete knockdown, and in

most cases, only a partial reduction in expression is

observed (Boutros and Ahringer, 2008). Interpretation

may be further complicated by slow protein turnover

delaying the phenotypic effects of knockdown being

realized, and the cellular toxicity associated with the

transfection of some siRNAs may confound downstream

analyses. Further, it is at present impractical to screen for

the concomitant knockdown of two or more genes using

si/shRNAs precluding the analysis of gene families or

paralogues.

There are a variety of ways of performing si/shRNA

screens, both in vitro and in vivo. Each si/shRNA can

either be used in a single assay, arrayed for high-

throughput screening, or in small pools of 3-6 si/shRNAs

targeting the same transcript so-as-to increase knock-

down efficiency. Moreover, barcoded genomewide pools

of shRNAs can be delivered by lentiviral transduction into

cells of interest (Berns et al., 2004; Workenhe et al.,

2016). The abundance of each barcode in a pool of

transduced cells can then be measured, with the relative

readout (usually by DNA sequencing) representing a

measure of the impact of the shRNA-mediated gene

knockdown on cell growth and survival. shRNA screens

can also be performed in vivo, although it is less feasible

to perform genomewide screens unless shRNAs are

used in multiple pools (Possik et al., 2014). Generally,

in vivo RNAi screening is performed by transducing a

cellular population with an shRNA pool and then implant-

ing this population into immunodeficient mice. At the final

time point when the tumour is harvested, sequencing is

performed to measure the relative representation of each

shRNA compared to the original cell population, assess-

ing the effect of gene knockdown on cellular fitness and

growth (Gargiulo et al., 2014). These powerful

approaches can be combined with drug treatment, and

consequently, the effect of gene knockdown can be

evaluated in the context of paradigms such as drug

sensitivity and resistance (Yamaguchi et al., 2016). In this

way, it is possible to identify synthetic lethal genes with

the target of the tested compound.

A number of shRNA screens have been performed in

the context of melanoma defining new synthetic lethal

interactions, and mechanisms of drug resistance (Guan
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et al., 2015; Qin et al., 2013; Sharma et al., 2013; Smit

et al., 2014). One RNAi study identified five possible SL

partners with the NFjB inhibitor, CDDO-Me; although in

melanoma, these SL partners are commonly overex-

pressed instead of being lost, thus limiting the clinical

relevance of these findings (Qin et al., 2013). Another

study performed a SL RNAi screen in BRAFV600E-mutant

melanoma found that BRAF inhibition combined with

ROCK1 silencing leads to cell death (Smit et al., 2014).

In addition to melanoma-specific shRNA screens, large

panels of cell lines from a diverse range of cancer types

have been used to identify therapeutic vulnerabilities

(Kryukov et al., 2016; Mavrakis et al., 2016). Importantly,

using this approach, shRNA screens have shown that

loss of expression of methylthioadenosine phosphorylase

(MTAP), an enzyme involved in the methionine salvage

pathway, leads to sensitization to the knockdown of

PRMT5, an enzyme involved in the methylosome, in a

range of malignancies including melanoma, breast and

lung cancer (Kryukov et al., 2016). This phenotype has

been linked to MTAP deficiency inducing the accumula-

tion of its substrate methylthioadenosine, which inhibits

PRMT5, sensitizing the cells to further PRMT5 inhibition

(Kryukov et al., 2016; Mavrakis et al., 2016). Notably

MTAP is lost in ~25% of melanomas due to its proximity

to CDKN2A, a commonly deleted tumour suppressor

gene, exposing this as a potentially therapeutically rele-

vant vulnerability in melanoma.

CRISPR screens to identify gene–gene synthetic

lethal interactions

More recently, CRISPR technology, which enables pre-

cise and effective genomic editing, has transformed the

landscape of genetic screening. This approach allows the

introduction of mutations at the genetic level in a targeted

manner, whereby an RNA-guided endonuclease intro-

duces DNA cuts. These DNA breaks are then repaired by

processes such as non-homologous end joining, intro-

ducing mutations that can result in the disruption of gene

function (Shalem et al., 2014). CRISPR has the advantage

that it can cause the complete knockout of a gene (or

genes) of interest and has the ability to target regulatory

regions such as enhancers and promoters (Xue et al.,

2015). A pool of guides can be transduced into cells, and

at a given time point, their relative abundance can be

measured (by sequencing as described above), with

depletion of a guide indicating the essentiality of a gene;

in the context of a specific genetic mutation/change, a

synthetic lethal interaction can be defined (Hart and

Moffat, 2016; Kiessling et al., 2016). Limitations of

CRISPR screens include the potential for off-target

effects, and false positives from targeting genes in highly

amplified regions of the genome which may cause cell

lethality independent from the effect on the target gene

(Munoz et al., 2016).

At present, CRISPR screens are generally only being

performed with one guide per vector, so to assess

synthetic lethality, screens must be performed in a

specific genetic background or in the presence of a

drug/compound. Most CRISPR drug screens have been

enrichment screens, looking for genes conferring drug

resistance, although identification of resistance mecha-

nisms may point to cellular dependencies and thus SL

vulnerabilities (Meitinger et al., 2016; Ruiz et al., 2016;

Wang et al., 2014).

In melanoma, CRISPR screens have looked for genes

whose loss confers resistance to the BRAF inhibitor

vemurafenib, identifying targets such as NF1, whose

loss results in activation of NRAS, a recognized vemu-

rafenib resistance mechanism (Nazarian et al., 2010;

Nissan et al., 2014; Shalem et al., 2014). Screening in

this manner to identify resistance mechanisms therefore

has the potential to highlight signalling pathways that

could be targeted via a SL approach. In addition to

examining mechanisms of drug resistance, CRISPR

screens may also help narrow down mechanisms of

drug sensitivity at a genetic level, pointing to potential

SL partners. For example, through CRISPR screening,

Saha et al. showed mutation of CDC25A confers resis-

tance to ATR inhibitors in embryonic stem cells. Through

interrogation of biological pathways associated with this

mutation, they showed that inhibition of WEE1 sensi-

tizes cells to ATR inhibitors and induces cell death (Saha

et al., 2016). Additionally, when used across a panel of

cells lines with defined genetic backgrounds, CRISPR

screens may point to genes essential in specific genetic

contexts and possible SL partners (Hart et al., 2015;

Tzelepis et al., 2016). At present, CRISPR screening is

still in its infancy and emerging approaches include

paired gRNAs and screens with Cas9 systems that

result in gene activation instead of knockout; overall,

these strategies promise to provide a great deal more

information about genetic interactions and SL pairs

(Konermann et al., 2015; Vidigal and Ventura, 2015;

Wong et al., 2016).

Computational approaches for identifying candidate

synthetic lethal genes and pathways

In addition to in vitro techniques, computational

approaches to identify synthetic lethality are able to

leverage the vast amounts of genomic data available via

efforts such as The Cancer Genome Atlas (TCGA) to

identify putative SL gene pairs. These algorithms gener-

ally use catalogues of somatic mutations found in cancer

genomes together with expression data as input and aim

to identify mutual exclusivity as a marker of potential

synthetic lethality. The underlying principle of such

analyses is that the co-occurrence of mutations or loss

of expression of synthetic lethal gene pairs is cell lethal,

and thus, they will rarely be concurrently co-mutated or

silenced. Such approaches identify large numbers of

potential candidate interactions and extensive experimen-

tal validation is required (Lu et al., 2015; Srihari et al.,

2015; Wappett et al., 2016).
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In addition to sequencing and expression data, compu-

tational analyses can also utilize data derived from shRNA

and CRISPR/Cas9 screens, particularly by amalgamating

data from across multiple screens, followed by the

ranking of interactions which are then validated by further

experimentation (Ryan et al., 2014). A recent example of

this is the Daisy approach, which utilizes data from copy

number profiling, gene expression profiling and shRNA

knockdown screens to identify SL pairs. This approach

has been shown to identify both known and new putative

SL partners, including PARP1/BRCA1 and MSH2/DHFR

(Jerby-Arnon et al., 2014; Ryan et al., 2014). Of interest in

melanoma, SL partners of BRAFV600E have also been

identified by the combined use of mutation and RNAi data

resulting in candidate SL interactions between BRAFV600E

and CXCR2, CDH2 and DGKA (Wang et al., 2016), with

these interactions requiring further functional validation

and mechanistic elucidation.

Putative synthetic gene pairs in melanoma

Here, we will briefly review further knowledge of the

synthetic lethal interactions that have been identified in

melanoma thus far.

DNA damage response pathways in melanoma

Cancers are inherently genomically unstable, either

through the mutation of caretaker genes, responsible

for DNA repair or the control of cell cycle arrest, or

through oncogene induced replicative stress (Hanahan

and Weinberg, 2011; Negrini et al., 2010). In the light of

the clinical success of targeting the BRCA/PARP axis, the

cellular response to DNA damage (DNA damage

response; DDR) has received a great deal of interest as

a potential SL target.

In sun-induced melanoma, there is a high mutational

burden due to the mutagenic effects of UV radiation

(Hodis et al., 2012). This UV-induced DNA damage is

normally repaired by the cellular DNA repair machinery. In

melanoma, however, the accumulation of C>T somatic

mutations implies that these mutations have evaded

repair. Although the reasons for this are currently unclear,

one possible explanation is that defective cell cycle

checkpoint control results in a failure of cell cycle arrest

in the presence of DNA damage (Carson et al., 2012;

Kaufmann et al., 2008; Pavey et al., 2013). Although

TP53 is mutated in 15% of sporadic melanoma and is a

major effector of the DDR, at present there are no other

known recurrent somatic mutations in genes involved in

DNA repair. The importance of DNA repair in melanoma

pathogenesis is, however, underscored by the 1000-fold

increase in melanoma incidence observed in patients with

xeroderma pigmentosum, an inherited disorder associ-

ated with a defect in nucleotide excision DNA repair

(Kraemer et al., 1994). Additionally, the importance of UV

mutagenesis in the aetiology of melanoma is highlighted

by the increase in melanoma mutation burden seen in

individuals carrying the R allele of MC1R, resulting from a

diminished ability of carriers to protect themselves from

the mutagenic effects of UV damage (Robles-Espinoza

et al., 2016).

Whilst mutations in the DDR machinery are uncommon

in melanoma, there are a number of putative synthetic

lethal interactions that may be exploited therapeutically

by specific modulation of the DNA repair machinery. One

such strategy is the use of apurinic/apyrimidinic endonu-

clease1 (APE1) inhibitors in PTEN-deficient melanomas.

The PTEN gene codes for phosphatidylinositol-3,4,

5-triphosphate 3-phosphatase (PTEN), an enzyme that

regulates the PI3K/AKT signalling pathway, a central

pathway controlling cellular proliferation, metabolism

and apoptosis, and PTEN has long been recognized as a

tumour suppressor gene (Guldberg et al., 1997). PTEN

activity is decreased in up to 65% of melanomas, both

through mutation and epigenetic silencing (Aguissa-Tour�e

and Li, 2012; Zhou et al., 2000). Although PTEN is

generally recognized for its role in the regulation of the

AKT pathway, more recently PTEN has also been shown

to have a role in maintaining chromosome integrity and

regulating the expression of DNA repair proteins (Abbotts

et al., 2014; Shen et al., 2007). PTEN-deficient melano-

mas have decreased expression of a number of DNA

repair proteins, such as RAD51 and XRCC2. Notably,

further inhibition of the DDR through inhibition of APE1, a

protein involved in base excision repair, causes synthetic

lethality in PTEN-deficient melanoma through increased

accumulation of DNA double- and single-strand breaks,

which leads to apoptosis (Abbotts et al., 2014).

Additional information has been gained from in vivo SL

screens, which are able to recreate some of the environ-

mental stresses not seen in vitro. In vivo, insufficient

tissue oxygenation due to the high metabolic demand and

the failure of angiogenesis to keep pace with tumour

growth leads to a hypoxic environment, resulting in

transcriptional alterations, chromosomal instability and

metabolic stress (Bedogni and Powell, 2009; Scanlon and

Glazer, 2015; Vaupel and Mayer, 2007). To compare the

effect of in vivo stressors on melanoma gene essentiality,

a parallel RNAi screen was performed in vivo and in vitro,

and genes that were uniquely selected against in the

in vivo screen were further characterized (Possik et al.,

2014). Of these, the DNA repair proteins ATM, CHK1 and

CHK2 were selected against solely in the in vivo model,

which is of interest given the impairment of the DNA

damage response under hypoxic conditions (Scanlon and

Glazer, 2015). Silencing of these genes was subsequently

shown to significantly impair in vivo growth, and both

Chk1 and Chk2 inhibitors caused significant apoptosis

in vivo, with minimal effects in vitro. This effect was

shown to be dependent on the hypoxic induction of

HIF1a, as depletion of HIF1a in vivo protected cells

against the toxicity of Chk inhibition. This is an example of

a synthetic dose lethal interaction (Figure 1), with Chk1/2

inhibition being lethal in cells overexpressing HIF1a. This
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also raises the concept of synthetic lethality not only

being genotype specific, but also environment specific,

and that some of the unique stressors that tumours

experience may lead to a genetic dependency not

observed in normal tissues (Possik et al., 2014).

BRAF mutation and synthetic lethality

As detailed above, the BRAFV600E mutation occurs in

around 40–50% of melanoma, with the mutant protein

having 500-fold greater kinase activity compared to wild

type (Garnett et al., 2005). The frequency of BRAF

mutations makes it an attractive synthetic dose lethal

target, due to the possible genetic dependencies conse-

quent to hyperactivation of the MAPK pathway. To date,

high-throughput screens looking for synthetic dose lethal

partners with mutant BRAF have identified limited

synthetic lethal pairs (Wang et al., 2016). A study looking

into metabolic changes in BRAF-induced senescent cells

did however find that depletion of pyruvate dehydroge-

nase kinase 1 (PDK1), a gatekeeper gene linking glycol-

ysis to oxidative phosphorylation, selectively killed

BRAFV600E-mutant melanoma cells both in vivo and

in vitro. PDK1 was also shown to have role in mediating

oncogene-induced senescence in untransformed cells,

causing cell cycle arrest upon the induction of BRAFV600E

expression (Kaplon et al., 2013; Scortegagna et al.,

2014). PDK1 inhibition has also received attention in SL

melanoma drug screens, demonstrating synergy with

PI3K pathway inhibition in PTEN wild-type melanoma

(Scortegagna et al., 2015), and may provide a viable

treatment option.

The metabolic changes induced by BRAFV600E expres-

sion can also be exploited as a synthetic lethal vulnera-

bility. Using an shRNA screen selectively targeting genes

involved in metabolism in BRAFV600E and BRAF wild-type

melanoma cell lines, HMG-CoA lyase (HMGCL) was

identified as a possible SL partner to BRAFV600E (Kang

et al., 2015). Increased levels of HMGCL, an enzyme

involved in ketogenesis, were observed in BRAFV600E

melanomas with HMGCL knockdown resulting in

decreased growth solely in BRAFV600E mutant lines.

Mechanistically, it was demonstrated that the metabolite

created by HMGCL, acetoacetate, enhances BRAFV600E

binding to MEK, and subsequent phosphorylation and

activation of the MAPK pathway (Kang et al., 2015).

HMGCL knockdown subsequently resulted in decreased

activity of the MAPK pathway, reducing cellular prolifer-

ation and colony-forming potential, thus pointing to a

synthetic vulnerability.

NRAS and KRAS mutations and synthetic lethality

Mutation of NRAS (particularly in codon Q61) occurs in

around 15–20% of melanomas, with NRAS being consid-

ered an ‘undruggable target’, and thus an attractive

candidate for synthetic lethal screening (Hodis et al.,

2012). Although there have been no studies assessing

NRAS as a synthetic dose lethal target in melanoma, in

acute myeloid leukaemia (AML) the multitarget kinase

inhibitor GNF-7 has been reported to induce apoptosis in

NRAS-mutant but not wild-type AML. Further mechanis-

tic investigation using shRNA knockdown and a panel of

kinase inhibitors suggest a possible synthetic dose lethal

interaction between NRAS mutation and GCK, a serine/

threonine kinase involved in the activation of JNK and

MEKK1 (Nonami et al., 2015).

Although only a small subset of melanomas carry KRAS

mutations, these mutation have received sizeable atten-

tion due their prevalence in other tumour types (Platz

et al., 2008). Large-scale screens performed in KRAS-

mutant lung and colorectal cancer have shown cyclin

dependent kinase 1 (CDK1), TBK1 and GATA2 to be

possible synthetic dose lethal partners (Barbie et al.,

2009; Costa-Cabral et al., 2016; Kumar et al., 2012), and

this may be therapeutically exploitable in the small

fraction of melanoma harbouring an activating KRAS

mutation. Similarly, it was recently shown that in lung

cancer KRAS mutations are synthetic lethal with the

inhibition of the nuclear export receptor XPOI. XPOI

inhibition induces nuclear accumulation of NFjB inhibitors

and the consequent pathway inhibition is lethal in KRAS-

mutant cells (Kim et al., 2016). These findings might be

relevant for KRAS-mutant melanoma too.

Targeting gene paralogues to identify synthetic lethal

pairs/combinations

There are a number of other approaches that may be

fruitful when looking for SL pairs in melanoma. One such

approach is using paralogy as a SL strategy. Paralogues

are genes that have been duplicated within the genome

and often have redundant roles in key physiological

processes. Some of these genes may be lost as a result

of passenger mutations/alternations in the cancer gen-

ome, but this is of no consequence to the cancer cells as

their role is taken over by their paralogue. Targeting the

paralogue of a mutated gene may therefore result in

synthetic lethality if both genes are involved in an

essential cellular process (Muller et al., 2015). Proof of

principle has been demonstrated in glioblastoma where

ENO1, a passenger gene frequently homozygously

deleted at 1p36, leads to a synthetic vulnerability,

whereby inhibition its paralogue, ENO2, in ENO1-defi-

cient cells is cell lethal (Muller et al., 2012).

In melanoma, the importance of targeting paralogues

has been exemplified by the inhibition of the MAPK

kinase pathway through the use of MEK inhibitors. MEK

has two functionally redundant paralogues: MEK1 and

MEK2 (Aoidi et al., 2016). In an in vivo model of

BRAFV600E-mutant melanoma, the combination of BRAF

inhibition with either MEK1 or MEK2 knockdown resulted

in a modest reduction in metastasis. In contrast, com-

bined BRAF inhibition and knockout of both MEK1 and

MEK2 resulted in a dramatic reduction in metastasis,

demonstrating the importance of targeting functional

redundancy within signalling pathways (Sharma et al.,
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2006). The MEK inhibitors currently in use clinically target

both MEK1 and MEK2 and when combined with BRAF

inhibitors in patients with BRAFV600E-mutant melanoma

prolong progression free survival by an average of

4 months in metastatic disease (Robert et al., 2015a).

Other therapeutic strategies involving targeting of kinase

pathways are likely to require inhibition of multiple

isoforms, with key kinases such as ERK and AKT existing

as multiple paralogues (Cohen, 2013; Roskoski, 2012).

MYC and synthetic lethality

Another putative therapeutic strategy is targeting MYC

overexpression, as a synthetic dose lethal strategy.

MYC is a proto-oncogene and transcription factor that is

amplified or overexpressed in around 6% of melanomas

(Akbani, 2015). A pooled genomewide shRNA screen in

mammary cancer cell lines identified BUD31, a gene

involved in spliceosome catalytic activity, as a synthetic

dose lethal partner of MYC amplification (Hsu et al.,

2015). This may be due to the increased amount of

total cellular mRNA generated through MYC over-

expression exerting pressure on the splicing machinery

leading to the induction of cell death in the absence of

BUD31. Of note, MYC upregulation has different

effects on the spliceosome in different tumour types

and it remains to be seen if this effect carries over into

melanoma (Koh et al., 2015). Another synthetic dose

lethal partner of MYC, identified through shRNA

screening, is MAP3K13 which is a kinase involved in

MYC phosphorylation, a process that maintains MYC

stability and transcriptional activity (Han et al., 2016). In

MYC overexpressing breast cancer cell lines, inhibition

of MAP3K13 leads to impaired colony formation in vitro

and tumour regression in vivo, warranting further

investigation of this synthetic dose lethal pair in

melanoma.

Conclusions and perspective

Given its high mutational burden, melanoma is likely to

carry genetic lesions that confer molecular vulnerabilities.

The study of synthetic lethality may identify new thera-

peutic targets, enabling the development of new and

effective treatment regimens. Moreover, identification of

new SL pairs has the potential to drive drug discovery and

enable rational testing of drug combinations with huge

clinical translational potential. Clinical translation is likely

to require collaboration with drug discovery units in order

to identify novel specific inhibitors.

Current areas of interest include exploiting the DNA

damage response, metabolic reprogramming and aber-

rant receptor tyrosine kinase signalling pathways. At

present, relatively few SL pairs have been identified and

conclusively validated in melanoma; however there are

ongoing efforts to redress this issue. Further, advances in

genome engineering through CRISPR/Cas9 technology

will provide an effective platform on which to perform

large-scale screens to identify new synthetic lethal

partners, and build upon existing knowledge about gene

pair interactions. Future discoveries in synthetic lethality

promise to unveil new therapeutic avenues for effective

and personalized treatment of melanoma.

Acknowledgements

We thank Roy Rabbie and Gemma Turner for critically reading the

manuscript.

Funding

NT is supported by a Wellcome Trust Sanger Institute

Clinical PhD studentship. DJA and MR are supported by

Cancer Research UK, The Wellcome Trust (WT098051)

and the ERC Synergy Programme (Combat Cancer).

Conflict of interests

The authors declare no conflict of interests.

References

Abbotts, R., Jewell, R., Nsengimana, J. et al. (2014). Targeting

human apurinic/apyrimidinic endonuclease 1 (APE1) in phos-

phatase and tensin homolog (PTEN) deficient melanoma cells for

personalized therapy. Oncotarget 5, 3273–3286.
Aguissa-Tour�e, A.-H., and Li, G. (2012). Genetic alterations of PTEN in

human melanoma. Cell. Mol. Life Sci. 69, 1475–1491.
Akbani, R. (2015). Genomic classification of cutaneous melanoma.

Cell 161, 1681–1696.
Aoidi, R., Maltais, A., and Charron, J. (2016). Functional redundancy of

the kinasesMEK1andMEK2: rescueof theMek1mutant phenotype

byMek2knock-in revealsaprotein thresholdeffect.Sci.Signal.9, ra9.

Barbie, D.A., Tamayo, P., Boehm, J.S. et al. (2009). Systematic RNA

interference reveals that oncogenic KRAS-driven cancers require

TBK1. Nature 462, 108–112.
Bedogni, B., and Powell, M.B. (2009). Hypoxia, melanocytes and

melanoma – survival and tumor development in the permissive

microenvironment of the skin. Pigment Cell Melanoma Res. 22,

166–174.
Bender, A., and Pringle, J.R. (1991). Use of a screen for synthetic

lethal and multicopy suppressee mutants to identify two new

genes involved in morphogenesis in Saccharomyces cerevisiae.

Mol. Cell. Biol. 11, 1295–1305.
Berns, K., Hijmans, E.M., Mullenders, J. et al. (2004). A large-scale

RNAi screen in human cells identifies new components of the p53

pathway. Nature 428, 431–437.
Betti, M., Aspesi, A., Biasi, A. et al. (2016). CDKN2A and BAP1

germline mutations predispose to melanoma and mesothelioma.

Cancer Lett. 378, 120–130.
Boutros, M., and Ahringer, J. (2008). The art and design of genetic

screens: RNA interference. Nat. Rev. Genet. 9, 554–566.
Brash, D.E., and Haseltine, W.A. (1982). UV-induced mutation

hotspots occur at DNA damage hotspots. Nature 298, 189–192.
Cancer Research UK (2016). Skin Cancer Incidence Statistics.

Available http://www.cancerresearchuk.org/health-professional/

cancer-statistics/statistics-by-cancer-type/skin-cancer/incidence#ref-2.

Carson, C., Omolo, B., Chu, H. et al. (2012). A prognostic signature of

defective p53-dependent G1 checkpoint function in melanoma cell

lines. Pigment Cell Melanoma Res. 25, 514–526.

190 ª 2017 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd.

Thompson et al.

http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/skin-cancer/incidence#ref-2
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/skin-cancer/incidence#ref-2


Chan, D.A., Sutphin, P.D., Nguyen, P. et al. (2011). Targeting GLUT1

and the Warburg effect in renal cell carcinoma by chemical

synthetic lethality. Sci. Transl. Med. 3, 94ra70.

Chipman, K.C., and Singh, A.K. (2009). Predicting genetic interactions

with randomwalks onbiological networks. BMCBioinformatics 10, 17.

Cohen, M.M. Jr (2013). The AKT genes and their roles in various

disorders. Am. J. Med. Genet. A 161a, 2931–2937.
Conde-Pueyo, N., Munteanu, A., Sole, R.V., and Rodriguez-Caso, C.

(2009). Human synthetic lethal inference as potential anti-cancer

target gene detection. BMC Syst. Biol. 3, 116.

Costa-Cabral, S., Brough, R., Konde, A. et al. (2016). CDK1 is a

synthetic lethal target for KRAS mutant tumours. PLoS ONE 11,

e0149099.

Davies, H., Bignell, G.R., Cox, C. et al. (2002). Mutations of the BRAF

gene in human cancer. Nature 417, 949–954.
Dhomen, N., Reis-Filho, J.S., Da Rocha Dias, S., Hayward, R.,

Savage, K., Delmas, V., Larue, L., Pritchard, C., and Marais, R.

(2009). Oncogenic Braf induces melanocyte senescence and

melanoma in mice. Cancer Cell 15, 294–303.
Farmer, H., Mccabe, N., Lord, C.J. et al. (2005). Targeting the DNA

repair defect in BRCA mutant cells as a therapeutic strategy.

Nature 434, 917–921.
Gandini, S., Sera, F., Cattaruzza, M.S., Pasquini, P., Picconi, O.,

Boyle, P., and Melchi, C.F. (2005). Meta-analysis of risk factors for

cutaneous melanoma: II. Sun exposure. Eur. J. Cancer (Oxford,

England: 1990) 41, 45–60.
Gargiulo, G., Serresi, M., Cesaroni, M., Hulsman, D., and Van

Lohuizen, M. (2014). In vivo shRNA screens in solid tumors. Nat.

Protoc. 9, 2880–2902.
Garnett, M.J., Rana, S., Paterson, H., Barford, D., and Marais, R.

(2005). Wild-type and mutant B-RAF activate C-RAF through

distinct mechanisms involving heterodimerization. Mol. Cell 20,

963–969.
Guan, M., Chen, X., Ma, Y., Tang, L., Guan, L., Ren, X., Yu, B., Zhang,

W., and Su, B. (2015). MDA-9 and GRP78 as potential diagnostic

biomarkers for early detection of melanoma metastasis. Tum. Biol.

36, 2973–2982.
Guldberg, P., Thor Straten, P., Birck, A., Ahrenkiel, V., Kirkin, A.F.,

and Zeuthen, J. (1997). Disruption of the MMAC1/PTEN gene by

deletion or mutation is a frequent event in malignant melanoma.

Cancer Res. 57, 3660–3663.
Halaban, R., and Krauthammer, M. (2016). RASopathy gene muta-

tions in melanoma. J. Invest. Dermatol. 136, 1755–1759.
Han, H., Chen, Y., Cheng, L., Prochownik, E.V., and Li, Y. (2016).

microRNA-206 impairs c-Myc-driven cancer in a synthetic lethal

manner by directly inhibiting MAP3K13. Oncotarget 7, 16409–
16419.

Hanahan, D., and Weinberg, R.A. (2011). Hallmarks of cancer: the

next generation. Cell 144, 646–674.
Hart, T., and Moffat, J. (2016). BAGEL: a computational framework

for identifying essential genes from pooled library screens. BMC

bioinformatics 17, 164.

Hart, T., Chandrashekhar, M., Aregger, M. et al. (2015). High-

resolution CRISPR screens reveal fitness genes and genotype-

specific cancer liabilities. Cell 163, 1515–1526.
Held, M.A., Langdon, C.G., Platt, J.T. et al. (2013). Genotype-

selective combination therapies for melanoma identified by high-

throughput drug screening. Cancer Discov. 3, 52–67.
Hodi, F.S., Chesney, J., Pavlick, A.C. et al. (2016). Combined

nivolumab and ipilimumab versus ipilimumab alone in patients

with advanced melanoma: 2-year overall survival outcomes in a

multicentre, randomised, controlled, phase 2 trial. Lancet Oncol.

17, 1558–1568.
Hodis, E., Watson, I.R., Kryukov, G.V. et al. (2012). A landscape of

driver mutations in melanoma. Cell 150, 251–263.

Hsu, T.Y.T., Simon, L.M., Neill, N.J. et al. (2015). The spliceosome is

a therapeutic vulnerability in MYC-driven cancer. Nature 525, 384–
388.

Hu-Lieskovan, S., Robert, L., Homet Moreno, B., and Ribas, A.

(2014). Combining targeted therapy with immunotherapy in BRAF-

mutant melanoma: promise and challenges. J. Clin. Oncol. 32,

2248–2254.
Hu-Lieskovan, S., Mok, S., Homet Moreno, B. et al. (2015). Improved

antitumor activity of immunotherapy with BRAF and MEK inhibitors

in BRAF(V600E) melanoma. Sci. Transl. Med. 7, 279ra41.

Hussussian, C.J., Struewing, J.P., Goldstein, A.M., Higgins, P.A.,

Ally, D.S., Sheahan, M.D., Clark, W.H. Jr, Tucker, M.A., and

Dracopoli, N.C. (1994). Germline p16 mutations in familial

melanoma. Nat. Genet. 8, 15–21.
Iorio, F., Knijnenburg, T.A., Vis, D.J. et al. (2016). A landscape of

pharmacogenomic interactions in cancer. Cell 166, 740–754.
Jackson, A.L., Bartz, S.R., Schelter, J., Kobayashi, S.V., Burchard, J.,

Mao, M., Li, B., Cavet, G., and Linsley, P.S. (2003). Expression

profiling reveals off-target gene regulation by RNAi. Nat. Biotech-

nol. 21, 635–637.
Jerby-Arnon, L., Pfetzer, N., Waldman, Y.Y. et al. (2014). Predicting

cancer-specific vulnerability via data-driven detection of synthetic

lethality. Cell 158, 1199–1209.
Ji, Z., Mei, F.C., Lory, P.L., Gilbertson, S.R., Chen, Y., and Cheng, X.

(2009). Chemical genetic screening of KRAS-based synthetic lethal

inhibitors for pancreatic cancer. Front. Biosci. 14, 2904–2910.
Kaelin, W.G. (2005). The concept of synthetic lethality in the context

of anticancer therapy. Nat. Rev. Cancer 5, 689–698.
Kang, H.-B., Fan, J., Lin, R. et al. (2015). Metabolic rewiring by

oncogenic BRAF V600E links ketogenesis pathway to BRAF-MEK1

signaling. Mol. Cell 59, 345–358.
Kaplon, J., Zheng, L., Meissl, K. et al. (2013). A key role for

mitochondrial gatekeeper pyruvate dehydrogenase in oncogene-

induced senescence. Nature 498, 109–112.
Kaufman, B., Shapira-Frommer, R., Schmutzler, R.K. et al. (2015).

Olaparib monotherapy in patients with advanced cancer and a

germline BRCA1/2 mutation. J. Clin. Oncol. 33, 244–250.
Kaufmann, W.K., Nevis, K.R., Qu, P. et al. (2008). Defective cell cycle

checkpoint functions in melanoma are associated with altered

patterns of gene expression. J. Invest. Dermatol. 128, 175–187.
Kelley, R., and Ideker, T. (2005). Systematic interpretation of genetic

interactions using protein networks. Nat. Biotechnol. 23, 561–566.
Kiessling, M.K., Schuierer, S., Stertz, S. et al. (2016). Identification of

oncogenic driver mutations by genome-wide CRISPR-Cas9 drop-

out screening. BMC Genom. 17, 1–16.
Kim, J., Mcmillan, E., Kim, H.S. et al. (2016). XPO1-dependent

nuclear export is a druggable vulnerability in KRAS-mutant lung

cancer. Nature 538, 114–117.
Kittler, R., Surendranath, V., Heninger, A.K. et al. (2007). Genome-

wide resources of endoribonuclease-prepared short interfering

RNAs for specific loss-of-function studies. Nat. Methods 4, 337–
344.

Koh, C.M., Bezzi, M., Low, D.H.P. et al. (2015). MYC regulates the

core pre-mRNA splicing machinery as an essential step in

lymphomagenesis. Nature 523, 96–100.
Konermann, S., Brigham, M.D., Trevino, A.E. et al. (2015). Genome-

scale transcriptional activation by an engineered CRISPR-Cas9

complex. Nature 517, 583–588.
Kraemer, K.H., Lee, M.M., Andrews, A.D., and Lambert, W.C.

(1994). The role of sunlight and DNA repair in melanoma and

nonmelanoma skin cancer. The xeroderma pigmentosum para-

digm. Arch. Dermatol. 130, 1018–1021.
Krauthammer, M., Kong, Y., Bacchiocchi, A. et al. (2015). Exome

sequencing identifies recurrent mutations in NF1 and RASopathy

genes in sun-exposed melanomas. Nat. Genet. 47, 996–1002.

ª 2017 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd. 191

Synthetic lethality in melanoma



Kryukov, G.V., Wilson, F.H., Ruth, J.R. et al. (2016). MTAP deletion

confers enhanced dependency on the PRMT5 arginine methyl-

transferase in cancer cells. Science 351, 1214–1218.
Kumar, M.S., Hancock, D.C., Molina-Arcas, M. et al. (2012). The

GATA2 transcriptional network is requisite for RAS oncogene-

driven non-small cell lung cancer. Cell 149, 642–655.
Larkin, J., Ascierto, P.A., Dreno, B. et al. (2014). Combined vemu-

rafenib and cobimetinib in BRAF-mutated melanoma. N. Engl. J.

Med. 371, 1867–1876.
Larkin, J., Chiarion-Sileni, V., Gonzalez, R. et al. (2015). Combined

nivolumab and ipilimumab or monotherapy in untreated melanoma.

N. Engl. J. Med. 373, 23–34.
Law, M.H., Bishop, D.T., Lee, J.E. et al. (2015). Genome-wide meta-

analysis identifies five new susceptibility loci for cutaneous

malignant melanoma. Nat. Genet. 47, 987–995.
Li, X.J., Mishra, S.K., Wu, M., Zhang, F., and Zheng, J. (2014). Syn-

lethality: an integrative knowledge base of synthetic lethality

towards discovery of selective anticancer therapies. Biomed.

Res. Int. 2014, 196034.

Liu, J.F., Barry, W.T., Birrer, M. et al. (2014). Combination cediranib

and olaparib versus olaparib alone for women with recurrent

platinum-sensitive ovarian cancer: a randomised phase 2 study.

Lancet Oncol. 15, 1207–1214.
Loo, K., and Daud, A. (2016). Emerging biomarkers as predictors to

anti-PD1/PD-L1 therapies in advanced melanoma. Immunotherapy

8, 775–784.
Lu, X., Megchelenbrink, W., Notebaart, R.A., and Huynen, M.A.

(2015). Predicting human genetic interactions from cancer genome

evolution. PLoS ONE 10, e0125795.

Mateo, J., Carreira, S., Sandhu, S. et al. (2015). DNA-repair defects

and olaparib in metastatic prostate cancer. New Engl. J. Med. 373,

1697–1708.
Matuo, R., Sousa, F.G., Soares, D.G., Bonatto, D., Saffi, J.,

Escargueil, A.E., Larsen, A.K., and Henriques, J.A. (2012).

Saccharomyces cerevisiae as a model system to study the

response to anticancer agents. Cancer Chemother. Pharmacol.

70, 491–502.
Mavrakis, K.J., Mcdonald, E.R., Schlabach, M.R. et al. (2016).

Disordered methionine metabolism in MTAP/CDKN2A-deleted

cancers leads to dependence on PRMT5. Science 351, 1208–1213.
McDonnell, K.J., Gallanis, G.T., Heller, K.A., Melas, M., Idos, G.E.,

Culver, J.O., Martin, S.E., Peng, D.H., and Gruber, S.B. (2016). A

novel BAP1 mutation is associated with melanocytic neoplasms

and thyroid cancer. Cancer Genet. 209, 75–81.
Measday, V., and Hieter, P. (2002). Synthetic dosage lethality.

Methods in Enzymology, 350, 316–326.
Megchelenbrink, W., Katzir, R., Lu, X., Ruppin, E., and Notebaart,

R.A. (2015). Synthetic dosage lethality in the human metabolic

network is highly predictive of tumor growth and cancer patient

survival. Proc. Natl Acad. Sci. USA 112, 12217–12222.
Meitinger, F., Anzola, J.V., Kaulich, M. et al. (2016). 53BP1 and

USP28 mediate p53 activation and G1 arrest after centrosome loss

or extended mitotic duration. J. Cell. Biol. 214, 155–166.
Moriceau, G., Hugo, W., Hong, A. et al. (2015). Tunable-combinator-

ial mechanisms of acquired resistance limit the efficacy of BRAF/

MEK cotargeting but result in melanoma drug addiction. Cancer

Cell 27, 240–256.
Muller, F.L., Colla, S., Aquilanti, E. et al. (2012). Passenger deletions

generate therapeutic vulnerabilities in cancer. Nature 488, 337–
342.

Muller, F.L., Aquilanti, E.A., and Depinho, R.A. (2015). Collateral

lethality: a new therapeutic strategy in oncology. Trends Cancer 1,

161–173.
Munoz, D.M., Cassiani, P.J., Li, L. et al. (2016). CRISPR screens

provide a comprehensive assessment of cancer vulnerabilities but

generate false-positive hits for highly amplified genomic regions.

Cancer Discov. 6, 900–913.
Nazarian, R., Shi, H., Wang, Q. et al. (2010). Melanomas acquire

resistance to B-RAF(V600E) inhibition by RTK or N-RAS upregula-

tion. Nature 468, 973–977.
Negrini, S., Gorgoulis, V.G., and Halazonetis, T.D. (2010). Genomic

instability [mdash] an evolving hallmark of cancer. Nat. Rev. Mol.

Cell Biol. 11, 220–228.
Nissan, M.H., Pratilas, C.A., Jones, A.M. et al. (2014). Loss of NF1 in

cutaneous melanoma is associated with RAS activation and MEK

dependence. Cancer Res. 74, 2340–2350.
Nonami, A., Sattler, M., Weisberg, E. et al. (2015). Identification of

novel therapeutic targets in acute leukemias with NRAS mutations

using a pharmacologic approach. Blood 125, 3133–3143.
Ooi, S.L., Shoemaker, D.D., and Boeke, J.D. (2003). DNA helicase

gene interaction network defined using synthetic lethality analyzed

by microarray. Nat. Genet. 35, 277–286.
Oza, A.M., Cibula, D., Benzaquen, A.O. et al. (2015). Olaparib

combined with chemotherapy for recurrent platinum-sensitive

ovarian cancer: a randomised phase 2 trial. Lancet Oncol. 16, 87–
97.

Pavey, S., Spoerri, L., Haass, N.K., and Gabrielli, B. (2013). DNA

repair and cell cycle checkpoint defects as drivers and therapeutic

targets in melanoma. Pigment Cell Melanoma Res. 26, 805–816.
Pfeifer, G.P., You, Y.H., and Besaratinia, A. (2005). Mutations

induced by ultraviolet light. Mutat. Res. 571, 19–31.
Platz, A., Egyhazi, S., Ringborg, U., and Hansson, J. (2008). Human

cutaneous melanoma; a review of NRAS and BRAF mutation

frequencies in relation to histogenetic subclass and body site. Mol.

Oncol. 1, 395–405.
Possik, P.A., M€uller, J., Gerlach, C. et al. (2014). Parallel in vivo and

in vitro melanoma RNAi dropout screens reveal synthetic lethality

between hypoxia and DNA damage response inhibition. Cell Rep.

9, 1375–1386.
Postow, M.A., Chesney, J., Pavlick, A.C. et al. (2015). Nivolumab and

ipilimumab versus ipilimumab in untreated melanoma. N. Engl. J.

Med. 372, 2006–2017.
Pratt, A.J., and Macrae, I.J. (2009). The RNA-induced silencing

complex: a versatile gene-silencing machine. J. Biol. Chem. 284,

17897–17901.
Qin, Y., Deng, W., Ekmekcioglu, S., and Grimm, E.A. (2013).

Identification of unique sensitizing targets for anti-inflammatory

CDDO-Me in metastatic melanoma by a large-scale synthetic lethal

RNAi screening. Pigment Cell Melanoma Res. 26, 97–112.
Redman, J.M., Gibney, G.T., and Atkins, M.B. (2016). Advances in

immunotherapy for melanoma. BMC Med. 14, 20.

Robert, C., Karaszewska, B., Schachter, J. et al. (2015a). Improved

overall survival in melanoma with combined dabrafenib and

trametinib. N. Engl. J. Med. 372, 30–39.
Robert, C., Long, G.V., Brady, B. et al. (2015b). Nivolumab in

previously untreated melanoma without BRAF mutation. N. Engl.

J. Med. 372, 320–330.
Robert, C., Schachter, J., Long, G.V. et al. (2015c). Pembrolizumab

versus ipilimumab in advanced melanoma. N. Engl. J. Med. 372,

2521–2532.
Robles-Espinoza, C.D., Harland, M., Ramsay, A.J. et al. (2014). POT1

loss-of-function variants predispose to familial melanoma. Nat.

Genet. 46, 478–481.
Robles-Espinoza, C.D., Roberts, N.D., Chen, S. et al. (2016). Germ-

line MC1R status influences somatic mutation burden in mela-

noma. Nat. Commun. 7, 12064.

Roller, D.G., Axelrod, M., Capaldo, B.J., Jensen, K., Mackey, A.,

Weber, M.J., and Gioeli, D. (2012). Synthetic lethal screening with

small-molecule inhibitors provides a pathway to rational combina-

tion therapies for melanoma. Mol. Cancer Ther. 11, 2505–2515.

192 ª 2017 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd.

Thompson et al.



Roskoski, R. Jr (2012). ERK1/2 MAP kinases: structure, function, and

regulation. Pharmacol. Res. 66, 105–143.
Ruiz, S., Mayor-Ruiz, C., Lafarga, V., Murga, M., Vega-Sendino, M.,

Ortega, S., and Fernandez-Capetillo, O. (2016). A genome-wide

CRISPR screen identifies CDC25A as a determinant of sensitivity

to ATR inhibitors. Mol. Cell 62, 307–313.
Ryan, C.J., Lord, C.J., and Ashworth, A. (2014). DAISY: picking

synthetic lethals from cancer genomes. Cancer Cell 26, 306–308.
Saha, S.K., Gordan, J.D., Kleinstiver, B.P. et al. (2016). Isocitrate

dehydrogenase mutations confer dasatinib hypersensitivity and

SRC dependence in intrahepatic cholangiocarcinoma. Cancer

Discov. 6, 727–739.
Scanlon, S.E., and Glazer, P.M. (2015). Multifaceted control of DNA

repair pathways by the hypoxic tumor microenvironment. DNA

Repair 32, 180–189.
Schadendorf, D., Hodi, F.S., Robert, C., Weber, J.S., Margolin, K.,

Hamid, O., Patt, D., Chen, T.T., Berman, D.M., and Wolchok, J.D.

(2015). Pooled analysis of long-term survival data from phase II and

phase III trials of ipilimumab in unresectable or metastatic

melanoma. J. Clin. Oncol. 33, 1889–1894.
Scortegagna, M., Ruller, C., Feng, Y. et al. (2014). Genetic inactiva-

tion or pharmacological inhibition of Pdk1 delays development and

inhibits metastasis of Braf(V600E):Pten(�/�) melanoma. Onco-

gene 33, 4330–4339.
Scortegagna, M., Lau, E., Zhang, T. et al. (2015). PDK1 and SGK3

contribute to the growth of BRAF-mutant melanomas and are

potential therapeutic targets. Cancer Res. 75, 1399–1412.
Shalem, O., Sanjana, N.E., Hartenian, E. et al. (2014). Genome-scale

CRISPR-Cas9 knockout screening in human cells. Science 343, 84–
87.

Sharma, A., Tran, M.A., Liang, S., Sharma, A.K., Amin, S., Smith,

C.D., Dong, C., and Robertson, G.P. (2006). Targeting mitogen-

activated protein kinase/extracellular signal-regulated kinase kinase

in the mutant (V600E) B-Raf signaling cascade effectively inhibits

melanoma lung metastases. Cancer Res. 66, 8200–8209.
Sharma, A., Madhunapantula, S.V., Gowda, R., Berg, A., Neves, R.I.,

and Robertson, G.P. (2013). Identification of aurora kinase B and

wee1-like protein kinase as downstream targets of (V600E)B-RAF

in melanoma. Am. J. Pathol. 182, 1151–1162.
Shen, W.H., Balajee, A.S., Wang, J., Wu, H., Eng, C., Pandolfi, P.P.,

and Yin, Y. (2007). Essential role for nuclear PTEN in maintaining

chromosomal integrity. Cell 128, 157–170.
Smit, M.A., Maddalo, G., Greig, K., Raaijmakers, L.M., Possik, P.A.,

Van Breukelen, B., Cappadona, S., Heck, A.J., Altelaar, A.F., and

Peeper, D.S. (2014). ROCK1 is a potential combinatorial drug target

for BRAF mutant melanoma. Mol. Syst. Biol. 10, 772.

Sosman, J.A., Kim, K.B., Schuchter, L. et al. (2012). Survival in BRAF

V600-mutant advanced melanoma treated with vemurafenib. N.

Engl. J. Med. 366, 707–714.
Srihari, S., Singla, J., Wong, L., and Ragan, M.A. (2015). Inferring

synthetic lethal interactions from mutual exclusivity of genetic

events in cancer. Biol. Direct 10, 57.

Srivas, R., Shen, J.P., Yang, C.C. et al. (2016). A network of

conserved synthetic lethal interactions for exploration of precision

cancer therapy. Mol. Cell 63, 514–525.

Tong, A.H., and Boone, C. (2006). Synthetic genetic array analysis in

Saccharomyces cerevisiae. Methods Mol. Biol. 313, 171–192.
Tong, A.H., Evangelista, M., Parsons, A.B. et al. (2001). Systematic

genetic analysis with ordered arrays of yeast deletion mutants.

Science 294, 2364–2368.
Tzelepis, K., Koike-Yusa, H., De Braekeleer, E. et al. (2016). A

CRISPR dropout screen identifies genetic vulnerabilities and

therapeutic targets in acute myeloid leukemia. Cell Rep. 17,

1193–1205.
Vaupel, P., and Mayer, A. (2007). Hypoxia in cancer: significance and

impact on clinical outcome. Cancer Metastasis Rev. 26, 225–239.
Vidigal, J.A., and Ventura, A. (2015). Rapid and efficient one-step

generation of paired gRNA CRISPR-Cas9 libraries. Nat. Commun.

6, 8083.

Wang, T., Wei, J.J., Sabatini, D.M., and Lander, E.S. (2014). Genetic

screens in human cells using the CRISPR-Cas9 system. Science

343, 80–84.
Wang, X., Zhang, Y., Han, Z.G., and He, K.Y. (2016). Malignancy of

cancers and synthetic lethal interactions associated with mutations

of cancer driver genes. Medicine 95, e2697.

Wappett, M., Dulak, A., Yang, Z.R., Al-Watban, A., Bradford, J.R., and

Dry, J.R. (2016). Multi-omic measurement of mutually exclusive

loss-of-function enriches for candidate synthetic lethal gene pairs.

BMC Genom. 17, 65.

Weiss, W.A., Taylor, S.S., and Shokat, K.M. (2007). Recognizing and

exploiting differences between RNAi and small-molecule inhibitors.

Nat. Chem. Biol. 3, 739–744.
Welsh, S.J., Rizos, H., Scolyer, R.A., and Long, G.V. (2016).

Resistance to combination BRAF and MEK inhibition in metastatic

melanoma: where to next? Eur. J. Cancer 62, 76–85.
Wolf, B., Brischwein, M., Lob, V., Ressler, J., and Wiest, J. (2007).

Cellular signaling: aspects for tumor diagnosis and therapy.

Biomed. Technik. Biomed. Eng. 52, 164–168.
Wong, A.S.L., Choi, G.C.G., Cui, C.H. et al. (2016). Multiplexed

barcoded CRISPR-Cas9 screening enabled by CombiGEM. Proc.

Natl Acad. Sci. USA 113, 2544–2549.
Workenhe, S.T., Ketela, T., Moffat, J., Cuddington, B.P., and

Mossman, K.L. (2016). Genome-wide lentiviral shRNA screen

identifies serine/arginine-rich splicing factor 2 as a determinant of

oncolytic virus activity in breast cancer cells. Oncogene 35, 2465–
2474.

Xue, H.Y., Ji, L.J., Gao, A.M., Liu, P., He, J.D., and Lu, X.J. (2016).

CRISPR-Cas9 for medical genetic screens: applications and future

perspectives. J. Med. Genet. 53, 91–97.
Yamaguchi, K., Iglesias-Bartolome, R., Wang, Z. et al. (2016). A

synthetic-lethality RNAi screen reveals an ERK-mTOR co-targeting

pro-apoptotic switch in PIK3CA+ oral cancers. Oncotarget 7,

10696–10709.
Zhou, X.P., Gimm, O., Hampel, H., Niemann, T., Walker, M.J., and

Eng, C. (2000). Epigenetic PTEN silencing in malignant melanomas

without PTEN mutation. Am. J. Pathol. 157, 1123–1128.

ª 2017 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd. 193

Synthetic lethality in melanoma


