
The recent application of whole-genome tools to 
characterize normal and cancer genomes now provides 
the means to enumerate the multiple somatic genetic 
and epigenetic alterations that occur in cancer1. Indeed, 
it is likely that the interrogation of somatic alterations 
will eventually be deployed in the characterization of 
many, if not all, cancers and will increasingly influence 
diagnostic and therapeutic decisions. Such efforts have 
already facilitated the discovery of novel oncogenes and 
tumour suppressor genes and, in some cases, have led  
to the identification of cancer subtypes or prediction of 
the clinical response based on molecular, rather than 
anatomic, criteria2,3.

However, as most cancers exhibit evidence of genomic 
instability, only a subset of the large number of somatic 
alterations harboured by each tumour contributes to 
cancer phenotypes. Although recurrent mutations that 
occur in a statistically significant subset of cancers are 
likely to have a direct role in cancer development, even 
low-frequency mutations may be both biologically  
and clinically important. This is demonstrated by the 
finding that the small percentage of non-small-cell 
lung cancers that harbour translocations of anaplastic 
lymphoma receptor tyrosine kinase (ALK) respond 
dramatically to small-molecule inhibitors of ALK4,5. 
Therefore, identifying the subset of these mutant genes 
that are involved in cancer initiation and/or progression 
requires a complementary approach to define the genes 
that have key roles in cancers.

Functional studies can provide initial clues to the 
mechanistic role of mutations in cancer initiation 
and/or progression; this information will inform our 

understanding of the biological basis of cancer and 
direct our efforts to develop therapeutic strategies. 
Moreover, as oncogenes and tumour suppressor genes 
operate within pathways and networks, functional 
studies provide the means to decipher the signalling 
pathways affected by somatically altered genes, as well 
as the means to understand the differences between the 
normal and dysregulated function (or functions) of these 
networks in cancer. As such, functional studies in cancer 
have the potential to uncover other components of these 
pathways that have essential roles and that may serve 
as potential therapeutic targets but are not necessarily 
mutated in cancer genomes.

Studies of specific genes in particular cancer lineages, 
tumour contexts or cancer phenotypes have provided 
much of our current knowledge of cancer pathogenesis. 
Indeed, focused functional inquiries into experimental 
models that recapitulate tumour biology will continue 
to be an important strategy to study the molecular basis 
of cancer. However, the pace of discovery of somatically 
altered genes, pathways and networks in cancer requires 
the deployment of efficient, systematic methods  
to interrogate gene function. Systematic approaches to 
characterize the function of genes will catalogue candidate 
genes that are involved in producing cancer-related 
phenotypes (FIG. 1, left) and will define the relationship 
of specific genes with known cancer-related molecules or 
signalling pathways — for example, by creating signatures 
of their perturbation in model systems (FIG. 1, right).

The development of genome-scale molecular 
tools to perturb gene function in mammalian cells, as 
well as assays with appropriate sensitivity, specificity, 
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Oncogenes
Genes that are somatically 
mutated or amplified in 
tumours, are required for the 
survival of tumours that 
harbour the oncogene and 
cause transformation in  
a cell or animal model.

Tumour suppressor genes
Genes that show loss of 
heterozygosity in tumours and 
usually regulate cell survival.
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Abstract | Whole-genome approaches to identify genetic and epigenetic alterations in 
cancer genomes have begun to provide new insights into the range of molecular events 
that occurs in human tumours. Although in some cases this knowledge immediately 
illuminates a path towards diagnostic or therapeutic implementation, the bewildering 
lists of mutations in each tumour make it clear that systematic functional approaches are 
also necessary to obtain a comprehensive molecular understanding of cancer. Here we 
review the current range of methods, assays and approaches for genome-scale 
interrogation of gene function in cancer. We also discuss the integration of functional-
genomics approaches with the outputs from cancer genome sequencing efforts.
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Open reading frame
(ORF).The coding sequence  
of a transcript without  
5′ or 3′ sequences.

RNA interference
(RNAi). The process by which 
endogenous or exogenous 
dsRNA molecules lead to 
interference with gene 
expression.

Functional-genomics studies
The manipulation of gene 
expression or function at  
large scale, usually using 
high-throughput approaches.

Transposons
DNA elements that can move 
to new positions within the 
genome of a single cell.

throughput and cost, is necessary to enable large- 
scale systematic functional studies. Near-genome-scale  
functional interrogation in mammalian cells is now 
possible with technical advances in both areas, including 
improved open reading frame (ORF), RNA interference 
(RNAi) and chemical libraries, in addition to more 
sophisticated methods for identifying phenotypic 
changes. In this Review, we provide an overview of 
progress in developing and implementing methods to 
interrogate gene function at increased scale, demonstrate 
the synergy possible from combining structural and 
functional cancer genome efforts and discuss emerging 
areas of investigation.

Tools for systematic functional analyses
The basic tenet of functional-genomics studies is that, by 
perturbing the expression or inhibiting the function of 
a gene product in an assay, one can gain insight into 

its biological function (or functions). In this section, 
we introduce tools for altering expression or function 
at genome scale. An overview of these tools, and the 
experimental formats in which they may be deployed, 
is depicted in FIG. 2.

Systematic mutagenesis. Transposons and retroviruses 
can now be used to disrupt gene function at genome 
scale in mice. Although transposons are generally inac-
tive in mammalian cells, several groups have engineered 
activated, recombinant transposons that, when intro-
duced into the murine genome, permit the generation 
of mice in which genes are activated or inactivated owing 
to integration events in, or near, genes6. Using either the 
fish-derived TC1/mariner transposon (Sleeping Beauty)7 
or the cabbage-looper moth Trichoplusia ni transposon 
(piggyBac)8–10, these investigators have generated large 
cohorts of mice that develop cancers in many different 

Figure 1 | Overview of cancer functional genomics. A schematic representation of commonly used approaches to 
characterize the function of elements that are encoded in cancer and normal genomes. As efforts associated with 
systematically identifying such elements proceed, the identities and sequences of all protein-coding genes and their 
isoforms, microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), as well as other elements (not pictured), are 
rapidly being discovered. One method of functionally characterizing these elements is by producing molecular 
signatures of their perturbation and connecting these signatures to those of known cancer pathways, molecules or 
phenotypes. Some examples of categories of signature-based approaches to guide functional gene annotation in cancer 
are displayed on the right. Genes may also be functionally annotated by their contribution to cancer-associated 
phenotypes (examples are shown on the left). High-throughput phenotype- and signature-based approaches to functional 
cancer gene annotation are complemented by deeper investigation in certain tissue-specific contexts and in vivo models.
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Short interfering RNAs
(siRNAs). RNA molecules  
that are capable of inducing 
RNA interference.

MicroRNAs
(miRNAs). MicroRNAs are 
short RNA molecules that 
regulate gene expression 
through gene silencing and 
translational repression.

Short hairpin RNAs
(shRNAs). An RNA 
interference-inducing molecule 
that folds back onto itself to 
create a hairpin structure.

Arrayed screens
Functional-genomics screens  
in which perturbations are 
individually performed.

organs over time. For example, activation of the Sleeping 
Beauty transposon in the gastrointestinal tract led to the 
development of the full range of hyperplastic to malig-
nant lesions caused by the inactivation of known tumour 
suppressor genes, such as Apc, Pten and Smad4 (REF. 7). 
In addition, activation of the Sleeping Beauty transpo-
son identified new candidate genes in colon cancer 
pathogenesis, including Poli, Ptprk and Rspo2. Similarly, 
activation of the piggyBac transposon led to the identifi-
cation of Spic and histone deacetylase 7 (Hdac7) as genes 
involved in haematopoietic tumours9. The generation 
of mice in which these transposons are conditionally 
activated in different genetic contexts and tissues will 
provide the means to identify novel genes involved in 
tumour initiation and maintenance.

Retroviruses have also been used for large-scale 
insertional mutagenesis in mice11. For example, the 
introduction of retroviruses into mice lacking either 
of the tumour suppressors alternative reading frame 1  
(ARF1; encoded by Cdkn2a) or p53 has led to the 
identification of a number of candidate oncogenes 
and tumour suppressor genes12. Because retroviruses 

integrate at different sites from transposons, retrovirus- 
and transposon-based approaches are complementary. 
Retroviruses have also recently been used to perform a 
loss-of-function screen in a chronic myeloid leukaemia 
cell line that is haploid at all chromosomes except for 
chromosome 8 (REF. 13). This study focused on the 
identification of host factors that are necessary for 
viral infections, but it could be used to study many 
other phenotypes, including those relevant to cancer13. 
Although this approach is currently limited to cell lines 
that are haploid for specific chromosomes, this work 
provides a powerful experimental system in which to 
create null alleles in human cells.

RNA interference. In mammalian cells, small dsRNAs, 
such as short interfering RNAs (siRNAs) and microRNAs 
(miRNAs), regulate gene expression through specialized 
gene-silencing enzymatic complexes. This machinery 
can be harnessed to target individual genes or to tar-
get large numbers of genes in screens. The specificity 
of RNAi depends on sequence homology, which per-
mits the production of prospectively designed reagents. 
Indeed, academic and commercial groups have pro-
duced synthetic small dsRNA molecules and plasmid-
encoded short hairpin RNAs (shRNAs) that target most 
of the predicted human or murine genes. Compared to 
insertional mutagenesis, RNAi offers the advantage of 
speed, flexibility and convenience; however, RNAi gen-
erally induces gene suppression and thus experiments 
using RNAi are more similar to the use of hypomorphic 
alleles than null alleles.

Synthetic siRNAs targeting individual genes, gene sets 
or entire transcriptomes are available for purchase from 
multiple vendors and can be introduced into mammalian 
cells by several means of gene transfer, including 
lipid-based transfection reagents and electroporation. 
Typically, siRNAs induce substantial gene suppression 
for several days and are widely used to assess short-
term phenotypes in cells that can be readily transfected. 
Genome-scale collections of siRNAs have facilitated 
large arrayed screens (discussed below) to identify genes 
involved in phenotypes such as apoptosis14 and synergy 
with chemotherapy reagents15. The key considerations in 
these types of experiments are the robustness of the assay 
used to measure a specific phenotype or pathway activity 
and whether the RNAi reagents can be introduced 
efficiently into the target cells.

Vector-based methods to deliver shRNAs permit 
the stable expression of RNAs to enable longer term 
experiments. The use of different vectors, such as 
retroviruses, can expand the range of types of cells 
that can be studied, including primary cells, non-
dividing cells and cells within an organism. Near-
genome-scale collections are now available in several 
types of expression vectors. The most commonly used 
expression systems are: retrovirus-based systems in 
which the expression of shRNAs is driven by RNA 
polymerase (Pol) III promoters16,17; systems driven 
by Pol II promoters in which the shRNA is placed 
in the context of and is processed by the microRNA 
machinery18; or systems in which antiparallel RNAs are  

Figure 2 | Tools and formats of cancer functional-genomics experiments. 
High-throughput cancer functional-genomics experiments require the selection of 
genetic or chemical tools for perturbation (left) as well as an experimental format 
(centre) and assay type (right). Designing screens involves combining tools, formats 
and assay types, together with a suitable readout for the biological process of 
interest. ORF, open reading frame; RNAi, RNA interference.
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Off-target effects
A term that refers to a 
phenotype that is not related 
to perturbation of the intended 
target of a short interfering 
RNA (siRNA) or small molecule.

Transformation
The process by which a  
normal cell acquires cellular 
phenotypes of a cancer cell.

simultaneously expressed from Pol III promoters and 
hybridize to form dsRNAs19. In addition, the use of 
promoters that permit inducible regulation of shRNA 
expression allows the regulation of gene expression both 
in vitro and in vivo20.

Despite the capacity to prospectively design RNAi 
reagents, not all constructs in available libraries are 
equally effective at eliciting gene suppression, owing 
to an incomplete understanding of how small-RNA-
mediated silencing occurs in vivo. For this reason, 
most collections are composed of multiple independent 
shRNAs (or siRNAs) targeting each gene to maximize 
the likelihood that more than one effective shRNA is 
included. Although recent advances in reagent design are 
leading to improved RNAi tools21, it is not yet possible 
to carry out saturating genetic screens in mammalian 
models. In addition, off-target effects of RNAi — which 
are not fully understood22 — occur and make it essential 
to use multiple controls and methods to validate findings 
from primary screens.

cDNA, ORF and miRNA expression libraries. 
Overexpression systems have long been used to explore 
gene function. For example, fragmented genomes or 
cDNA-expression libraries produced from mRNA from 
specific cells or tissues have been used to identify many 
receptors and ligands23, oncogenes5,24 and growth fac-
tors25. Despite these successes, the use of libraries derived 
from the pooled reverse transcription of mRNA is 

limited by the unequal representation of genes as a result 
of differences in expression in the donor cell or tissue 
or representation after reverse transcription (BOX 1). The 
Mammalian Gene Collection (MGC) project has created 
a large collection of sequence-confirmed arrayed cDNAs 
that now serve as useful templates for downstream 
applications26.

Over the past decade, increasingly complete 
collections of ORFs of human genes have been created27–30, 
including a recent collection of over 16,000 fully  
sequenced human ORFs. This represents over 13,500 
human genes in a high-titre, lentiviral expression 
vector system enabling high-throughput ORF screens 
in mammalian cells31,32 (BOX 1). However, the largest 
currently available ORF libraries are not yet truly 
comprehensive, as a substantial fraction of genes and 
isoforms have not yet been isolated and a fraction of the 
clones harbour nucleotide alterations.

Gain-of-function approaches can also be used to 
study the roles of non-coding RNAs such as miRNAs in 
cancer. Approximately 500 human miRNAs have been 
described to date, although the targets of most of these 
miRNAs remain undefined33 and individual miRNAs 
can coordinately regulate the expression of many genes. 
MicroRNAs contribute to malignant transformation 
as both oncogenes and tumour suppressor genes34. 
Expression libraries that are composed of miRNAs have 
now been made and are used in phenotypic screens35. 
For example, a screen showed that miR‑372 and miR‑373 

Box 1 | cDNA and ORF libraries

Libraries of cDNA or purified open reading frames (ORFs) derived from such cDNAs and encoded in expression vectors are 
powerful tools for overexpression experiments. To make these resources, a population of mRNA molecules (see figure) is 
isolated from cells (primary or cancer) or from tissue and a reverse-transcription reaction produces cDNA molecules, 
including UTRs (grey sections of molecules). A cDNA library can rapidly be created from this material by shotgun or pooled 
cloning into expression vectors. Pooled cDNA libraries have a high complexity (typically a mixture of ~107 molecules) and, 
therefore, only cancer functional-genomics experiments with a sensitivity equal to or greater than the library complexity 
may be used. Clone representation is proportional to cellular expression and is dependent both on the size and GC content 
of the gene. Thus, gene representation in the pool is unequal. Lastly, UTRs flank clones in cDNA libraries, precluding some 
applications. By contrast, ORF libraries are typically produced by removing UTRs and cloning into a flexible clone-shuttling 
system, such as Gateway (Invitrogen), and they allow for greater experimental control of gene expression. Clones are 
typically produced in arrayed format and thus have equal representation and low complexity. Gateway Entry libraries can 
be used for flexible clone transfer into unlimited numbers of expression vectors. As clones lack UTRs, expression libraries 
can easily incorporate epitope or functional tags to enable downstream applications.
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permit cell proliferation in the setting of a strong inducer 
of proliferative arrest35. The relatively small number of 
miRNAs (compared to protein-coding genes) facilitates 
the use of these libraries in both in vitro and in vivo 
screens.

Chemistry-based approaches. Screens involving small 
molecules are another effective approach for identifying 
novel gene products and pathways involved in cancer. 
Screening small molecules in biochemical- or cell-based 
assays has long been used to identify potential chemo-
therapeutic agents; however, advances in biochemical 
methods for identifying binding partners, innovative 
new screening paradigms and novel libraries of chemi-
cals now permit the use of these approaches to study 
cancer phenotypes.

One option for using small molecules for cancer 
functional genomics involves screens with compounds 
that have known mechanisms of action and/or targets, 
so that experimental results can be directly traced to 
gene function. For example, screening a panel of kinase 
inhibitors across a panel of 500 cell lines led to the 
identification of kinases required for the proliferation of 
specific cell lines4,36,37. Deploying other such collections 
of small-molecule probes with a known function and 
a known target (or targets) in high-throughput screens 
across hundreds of cell lines is an emerging area of active 
investigation38.

A complementary approach involves the creation and 
deployment in assays of small-molecule collections that 
cover an increasingly comprehensive chemical space, 
followed by the identification of proteins mediating the 
function of top-scoring candidates. Several academic 
groups have created small-molecule collections that 
are composed of molecules with novel chemical 
properties, including increased chemical complexity, 
chirality and easily modified side chains. This not only 
expands the types of molecules that can be screened 
but also facilitates the identification of protein targets 
through the addition of capture tags39. By combining 
these reagents with well-characterized cell lines, several 
laboratories have identified novel mechanisms that 
regulate signalling. For example, using innovative 
chemical libraries and small-molecule microarrays, 
small molecules that inhibit Hedgehog and Notch 
signalling have been identified40,41, and these molecules 
have already proven useful in dissecting the function of 
these pathways in cancer.

In addition to facilitating the discovery of novel 
small molecules that influence specific pathways, several 
groups have devised innovative assays to identify small 
molecules that perturb complex biological phenotypes. 
For example, an image-based screen to identify 
regulators of stem cell function found the small molecule 
stauprimide, which interacts with and inhibits nuclear 
localization of the nucleoside diphosphate kinase B 
(NDKB), which, in turn, affects MYC expression42. 
The combination of innovative chemical libraries, 
together with increasingly informative biological assays, 
provides investigators with the means to not only gain 
insight into the mechanisms responsible for specific 

phenotypes but also to identify chemical tools that 
permit further investigation and that may be the basis 
for lead compounds.

Assay design and strategy
The tools described in the previous section can be 
used in a wide range of formats, assays and contexts. 
Ideally, assay selection is dictated by the biological 
phenotype under study; however, technical details and 
limitations also influence experimental design. The 
key considerations in designing screens are whether 
the assay truly recapitulates the phenotype of interest 
and whether the assay is sufficiently robust to detect 
differences under the experimental conditions.

Experimental format. Two general formats have been 
used for genetic screens in mammalian cells: arrayed 
and pooled formats (FIG. 2). Both can be used for high-
throughput screening and have distinct advantages and 
limitations.

Arrayed-format experiments involve screening an 
array of spatially segregated wells or spots that each 
contain a single reagent (such as an siRNA, ORF or 
chemical). These experiments use miniature phenotypic 
or pathway-specific readouts (FIG. 1). Arrayed screens 
provide the advantage of identifying subtle phenotypes 
because the effect of each reagent is interrogated 
separately and can be coupled with a large number of 
complex phenotypic assays17,43,44. Cell microarrays are 
specialized forms of arrayed-format screens in which 
viral reagents are attached to a solid surface and cells 
are plated over the entire surface45. These types of 
arrayed screens permit the screening of large numbers 
of reagents, as one is not limited by the number of wells 
in a plastic plate. However, owing to the small number 
of cells that contact each reagent, cell microarrays are 
most effective when coupled with a detector or image-
based assay45. A complementary approach involves 
spotting small molecules in an array format, incubating 
with the purified protein of interest and identifying 
binding compounds. These small-molecule microarrays 
constitute an efficient technique that holds considerable 
promise for the identification of modulators of many 
protein types, including transcription factors46.

Although arrayed-format screens are powerful, the 
cost and complexity of performing large screens limits 
their utility. However, vector-based shRNA and ORF 
libraries can also be used in pooled formats that permit 
the parallel interrogation of large numbers of genes 
in a single experiment. In these types of experiments, 
pools of retroviruses encoding shRNAs or ORFs are 
introduced into target cells. The infected cells are then 
subjected to a selective pressure, such as treatment with 
a drug or passage in culture, and the abundance of each 
shRNA is quantified before and after selection by using 
microarrays or deep sequencing.

Such screens can use positive selection or negative 
selection approaches. Positive selection screens examine 
enrichment of integrated shRNAs or ORFs in cells under 
selective pressure, such as drug treatment47. When 
performing such screens in small numbers of cancer 
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Pooled screen
A functional-genomics screen 
in which genetic tools are 
mixed and administered  
to a cellular population  
under a selective pressure.

Aniokis
A form of cell death that  
is associated with loss of  
cell–matrix interactions.

RAS
A family of small GTPases  
that are frequently mutated  
in cancer. Single-nucleotide 
substitutions lead to 
constitutive activation of  
RAS signalling.

cell lines, one must eliminate the possibility that genetic 
alterations that are harboured by the cell line cooperate 
with the introduced reagent to drive the observed 
phenotype.

Technical advances that allow the measurement of 
shRNAs that are depleted in pooled screens mean that 
negative selection screens can now be performed. For 
example, a pooled shRNA screen in U2OS cells (an 
osteosarcoma cell line) identified genes involved in 
the response to ionizing radiation48 and intrastrand 
crosslink repair49. Additionally, several groups have 
reported successes in using genome-scale pooled 
screens to identify essential and therefore negatively 
selected genes17,18,50–55. Although powerful, detecting 
the depletion of specific shRNAs in negative selection 
screens requires careful optimization with positive 
controls to verify that one has defined conditions that 
have appropriate signal-to-noise properties.

For non-mammalian model organisms, loss-of-
function screens are often performed by comparing 
the same cell under different experimental conditions 
or by comparing cells that differ by a single allele. 
However, the considerable heterogeneity that is inherent 
in mammalian systems limits the power of primary 
screens performed in paired cell lines to unequivocally 
identify genes whose function distinguishes the two 
classes (BOX 2). For example, cancer cell lines harbour 
many genetic alterations, even when they have been 
engineered to express a specific allele, and normal 
human cells — particularly epithelial cells — are 
difficult to propagate under the necessary conditions 
for performing large-scale screens. Moreover, the 
large number of simultaneous comparisons requires 
that one must account for multiple-hypothesis testing 
when interpreting the outcomes of such genome-scale 
experiments. One approach to address each of these 
issues is to perform secondary experiments to find 
candidates that give similar phenotypes in several 
cell lines or contexts. Alternatively, high-throughput, 
pooled-format screening experiments on large panels 
of well-characterized cell lines provide increased power 
to identify true positives (BOX 2).

In addition to providing the means to perform 
genome-scale screens, pooled formats can be used in vivo. 
Several investigators have developed targeted shRNA  
libraries that are composed of up to 1,000 shRNAs; the  
shRNAs are introduced into freshly isolated cells 
in vitro and then the cells are transplanted into recipient 
animals to identify genes that are involved in survival 
or tumorigenesis in vivo. For example, using pluripotent 
cells from the liver56 or haematopoetic system57,58, 
investigators have identified candidate tumour 
suppressor genes such as Sfrp1, Numb, Mek1 (also 
known as Map2k1) and angiopoietin 2 (Angpt2)57, as 
well as several genes that regulate actin expression and 
are required for lymphoma survival58. One technical 
limitation of these experiments is that the number of 
shRNAs that are assayed in vivo in any one animal is 
limited, owing in part to the lower sensitivity of many 
in vivo readouts. However, coupled with recent advances 
in making vectors that allow for inducible expression59, 

these approaches facilitate experiments to study the 
effects of gene suppression in tissue- and time-specific 
contexts.

Assays. The most commonly measured cancer pheno
types are proliferation and survival, and these  
phenotypes have been used during the development 
of methods and reagents for proof-of-principle experi-
ments. For example, shRNA libraries have been deployed 
in arrayed-format screens to investigate the genes 
involved in producing many cancer phenotypes, such 
as dysregulation of cell division60, abnormal proteo-
some function50 and aniokis61. The development of new 
imaging analysis tools62 will facilitate the development 
of assays that measure the activity of specific molecules 
as well as complex phenotypes (BOX 3).

Cell lines that depend on particular pathways for 
survival enable assays to identify genes involved in 
cancer. For example, arrayed-format screens have 
identified genes that regulate the p53 pathway63 or the 
phosphatidylinositol 3‑kinase (PI3K) pathway64, as 
well as regulators of RAS signalling65. An alternative 
approach is to use reporter constructs to measure the 
activity of a specific signalling pathway. For example, 
a reporter construct that measured the transcriptional 
activity of the β‑catenin–T cell factor 4 (TCF4) complex 
has been used to identify new regulators of the β‑catenin 
pathway66.

Robust assays are necessary in order to overcome 
the experimental variability that accompanies large-
scale screens. For this reason, many investigators have 
used positive selection screens, such as the induction 
of anchorage-independent growth, to identify genes 
involved in cell transformation. For example, using a 
retrovirally delivered cDNA library, DRIL1 (also known 
as ARID3A) was identified as a gene that rescued 
senescence induced by the expression of oncogenic 
RAS67. Using RNAi, PITX1 was found as a gene whose 
suppression induces RAS activation through the 
RASAL1 protein in colon cancer cell lines65; additionally, 
a network of epigenetically regulated genes was identified 
as necessary for RAS-mediated epigenetic silencing of 
the pro-apoptotic gene FAS68. Similarly, cell-separation 
assays coupled with RNAi screening have been used to 
identify genes whose suppression increases invasion69,70.

In each of the examples described above, genes 
were identified by their ability to confer a phenotype 
in which the surviving cells were easily scored. This 
experimental design is particularly well suited for the 
discovery of genes that mediate resistance to cytotoxic 
or targeted chemotherapy agents. Indeed, several 
investigators have used ORF and RNAi libraries  
to identify genes that are involved in the resistance to 
many agents. For example, using this approach, the 
PI3K pathway was identified as a resistance mechanism 
to a monoclonal antibody (trastuzumab) that targets 
the oncogene ERBB2 (REF. 47). Expression of RARA or 
PRAME has been shown to mediate resistance to histone 
deacetylase (HDAC) inhibitors71 and the kinases COT 
(also known as MAP3K8) and RAF1 have been shown 
to mediate resistance to BRAF inhibition31. Similarly, 
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Perturbagens
Small molecules, peptides, 
cDNAs or RNAi inducers that 
disrupt biological processes.

loss-of-function screens have been used to identify genes 
whose suppression mediates resistance to chemotherapy 
drugs such as campthothecan72, HDAC inhibitors73, 
bortezimib74 and lapatanib75 and have been used to 
identify biomarkers that may predict responsiveness  
to experimental therapeutics76.

In addition to these direct measurements, signatures 
that represent a particular cell state can be used to 
identify genes or small molecules that perturb gene 
function. For example, a limited number of genes 
represent a signature that distinguishes between 
leukaemic cells and differentiated mononuclear 

cells, and a bead-based system that can quantify the 
expression of these genes has been used to screen for 
small molecules that modulate this signature77,78. Also, an 
assay to measure the transcription of fetal haemoglobin 
identified HDAC1 and HDAC2 inhibitors as essential for 
the switch to adult haemoglobin79. As technologies that 
permit multiplexed monitoring of different types of cell 
signatures continue to mature, signature-based readouts, 
coupled to large databases of existing signatures and 
efficient pattern-matching algorithms80, will permit the 
identification of novel relationships between individual 
genes, between genes and pathways, and between 

Box 2 | Meta-analysis of functional screens
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In genetically defined model organisms, genetic or 
small-molecule screens are often performed by comparing a cell 
under two different conditions or by comparing cells or organisms 
that differ by a single allele. Cancer cell lines are useful model 
systems to identify genes that are essential for survival; however, like 
primary tumours, such cells harbour complex genotypes that pose a 
challenge to the interpretation of screens comparing pairs of cells.

The identification of genes or small molecules that are essential for cancer cells harbouring a specific genetic alteration 
(see the figure, part a, black arrow) could, theoretically, be accomplished by screening cancer or normal cells with and 
without the mutation. However, owing to the complexity of cancer genomes, mutations beyond the specific mutation 
investigated (white arrow) track with the observed phenotype. Thus, connecting genotypes to phenotypic observations 
that are derived from comparisons between small numbers of cancer cells is challenging.

Certain experimental designs will permit statistically powered meta-analyses of functional screens connecting 
genotypes with dependencies (see figure, part b). Because each screened cancer cell line harbours many alterations, a 
large panel of cell lines must be screened to identify dependencies that track with a genotype of interest. Furthermore, 
some cancer cells without a particular mutation may nonetheless have an activated protein product. Thus, performing 
such experiments in large panels of cancer cells provides sufficient power to overcome such misclassifications. This 
experimental design involves a larger investment to achieve the number of measurements necessary to make meaningful 
comparisons, and it requires the use of statistical methods to identify perturbagens that show selective lethality. Although 
analytical approaches that were developed for expression microarray analysis have been adapted to analyse these types of 
experiments93, it is clear that new approaches are needed. In model organisms, screens are usually performed until genetic 
saturation occurs, at which point additional screening only identifies previously discovered candidates. In mammalian 
cells, achieving the same degree of genetic saturation will require further technical advances. The use of meta-analyses, 
however, will facilitate the identification of true positives.
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Synthetic lethal
A relationship between two 
genes in which the combined 
inactivation of the genes 
results in lethality, whereas  
the inactivation of either gene 
alone has no effect. It can  
also refer to a gene whose 
perturbation only results in 
lethality in the presence of a 
particular cellular feature  
(for example, mutation).

genes and cancer-associated phenotypes. Signatures 
that represent particular cell states can include mRNA 
expression, protein interaction81 and/or activity82,83 and 
high-content imaging62 (FIG. 1).

Applying functional approaches to cancer
Beyond proof-of-principle experiments that 
demonstrate the feasibility and performance of specific 
libraries and reagents, several laboratories have begun 
to apply large-scale approaches to investigate the 
consequences of manipulating gene expression in a 
diverse array of experimental systems. In this section, 
we review some of the functional approaches that have 
been used to identify cancer genes and putative targets 
and we describe the integration of these approaches with 
outputs from cancer genome profiling efforts.

Targeted screens for specific gene families. One advan-
tage of targeting a limited group of genes is that doing 
so minimizes the size and complexity of screening 
experiments. For example, by targeting known and pre-
dicted kinases with RNAi, several groups have identified 
kinases that are involved in a diverse set of phenotypes, 
including mitosis17, apoptosis14, aniokis61, Hedgehog sig-
nalling84, nuclear factor-κB (NF‑κB) signalling85, ovar-
ian cancer86 and survival in the presence of the human 
papillomavirus protein E7 (REF. 87). Other groups have 
focused on other families of enzymes. By designing a 
library of shRNAs targeting de-ubiquitylating enzymes, 
cylindromatosis (CYLD) was shown to be a tumour sup-
pressor gene that regulates NF‑κB activity88 and USP1 
was discovered as a new component of the Fanconi anae-
mia pathway that regulates the monoubiquitylation of 
the Fanconi anaemia group D2 protein (FANCD2)89. As 
small-molecule inhibitors of some oncogenic kinases 
and other enzyme classes exhibit clinical efficacy in 
specific cancer types, these studies identify a number of 
potential therapeutic targets. However, further work will 
be necessary to assess whether pharmacologic inhibition 
of these targets will produce the same effects as genetic 
suppression, as well as to determine the context (or  
contexts) in which these enzymes act.

Similarly, several groups have created expression 
libraries of specific gene families for identifying genes 
that are involved in producing cancer phenotypes. For 
example, the non-canonical NF‑κB pathway regulator 
inhibitor of κB kinase-ε (IKBKE) was identified as an 

oncogene amplified in up to 30% of primary breast 
cancers by screening for kinases that could transform 
human cells90. Furthermore, a library composed of 
active and inactive versions of most human kinases was 
used to identify the kinases MAP3K10 and DYRK2 as 
novel regulators of the Hedgehog signalling pathway91. 
Kinase expression libraries have also informed studies 
of resistance. For example, recent work has identified 
HSPB8 as a kinase that mediates resistance to tamoxifen92 
and COT overexpression as one mechanism of resistance 
to a small-molecule inhibitor of mutant BRAF31. The 
availability of more complete collections of ORFs will 
facilitate focused and increasingly unbiased screens to 
identify genes involved in cancer.

Screens for essential genes in specific cellular contexts.  
Although loss-of-function screens provide the means 
to identify essential genes in almost any assay, one 
particularly attractive application of this approach is 
in identifying genes that exhibit differential essential-
ity in particular contexts (BOX 4). Similar to synthetic 
phenotype screens that are routinely performed in non-
mammalian model organisms, several investigators 
have used medium- and large-scale loss-of-function 
screens to identify genes whose expression is neces-
sary for survival in specific genetic contexts. For exam-
ple, several genes have been identified as essential in 
the context of cells dependent upon oncogenic KRAS, 
including the kinases TBK1, STK33, SNAI2 and PLK1, 
as well as Wilms tumour 1 (WT1)93–97. Similarly, two 
kinases, SGK2 and PAK3, were found to be essential 
in the setting of loss of p53 function98, and the proto-
oncogene MET, cyclin-dependent kinase 6 (CDK6) 
and MEK1 were found to be essential for the survival of 
cells lacking the functional von Hippel-Lindau tumour 
suppressor (VHL)99. Suppression of CDK5 was found 
to enhance poly(ADP-ribose) polymerase (PARP)-
inhibitor-induced cell death100, and interferon regula-
tory factor 4 (IRF4) was found to be essential in multiple 
myeloma101. These experiments support the notion that 
synthetic lethal partners of known oncogenes and tumour 
suppressors may be used to target tumours even when 
the partner oncogene or tumour suppressor gene is 
not amenable to pharmacological targeting. Indeed, by  
integrating results from systematic loss-of-function 
screens in various contexts with analyses of altered genes 
in cancer genomes, therapeutic targets can be identified 
and categorized by their potential contributions to cancer  
pathogenesis (FIG. 3).

Integrating multiple functional approaches. Although 
many laboratories have used gain- and loss-of-function 
approaches to identify genes involved in a wide array of 
cancer-associated phenotypes, the available tools that are 
used to manipulate gene function remain imperfect as 
both overexpression constructs and RNAi may induce 
off-target effects. Although the use of multiple cell lines 
and independent reagents can mitigate some of these 
false-positive results, another powerful approach to 
vet lists of genes that are derived from primary screens 
is by integrating several different data sets to identify 

Box 3 | Image-based readouts

Although most genetic screens performed to date involve the measurement  
of proliferation or cell survival, the recent development of high-quality or 
high-throughput imaging devices is likely to facilitate the investigation of a wide range 
of cell phenotypes. Specifically, screens involving the use of imaging enable researchers 
to use antibodies or intracellular probes to interrogate changes in cell shape, protein 
localization or differentiation state. Moreover, as the data from these screens can  
be archived, the same images can be re-analysed to study multiple phenotypes 
simultaneously. Similarly, fluorescence-activated cell sorting (FACS) can be used to 
separate cells by the expression of specific molecules. Tools to analyse these types of 
screens are now available62. The limitations of this approach include the availability and 
throughput of current microscopes, as well as the cost of the reagents required.
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genes involved in a specific phenotype. For example, 
we identified IKBKE as a breast cancer oncogene by 
using an overexpression screen to identify kinases that 
could replace AKT in the transformation of human cells 
and an RNAi screen to identify genes essential for the 
proliferation of breast cancer cells, in addition to using 
knowledge of genes located in regions of recurrent 
amplification in breast cancers90. Similarly, CDK8 was 
identified at the intersection of hits from shRNA screens 
for genes involved in the regulation of β‑catenin signal-
ling and cell proliferation in colon cancer cells that were 
also recurrently amplified in colon cancer genomes66.

Combining genetic and pharmacological approaches 
also provides a powerful approach for identifying 
pathways and genes involved in specific cancers. As 
described above, a gene-signature-based approach was 
used to identify small molecules that perturb specific 
gene signatures78. When used to identify genes that 

are involved in the differentiation of acute myeloid 
leukaemia (AML) cells, small-molecule epidermal 
growth-factor receptor (EGFR) inhibitors were found 
to modulate the signature. As EGFR was not expressed 
in the cell line used in this screen, an RNAi screen was 
used to search for kinases that also induced this gene 
expression change, leading to the identification of SYK77. 
A similar approach identified 3‑phosphoinositide-
dependent protein kinase 1 (PDK1) as a mediator 
of tamoxifen sensitivity102. Although these examples 
demonstrate the utility of integrating several approaches, 
it also clear that as such efforts expand to cover large 
numbers of cell lines and genes, new bioinformatic and  
statistical approaches will be needed to analyse  
and interpret these screens.

Integrating functional approaches with cancer genome 
characterization. Over the next several years, through 
the use of highly efficient, massively parallel sequencing 
technologies1, international efforts will allow charac-
terization the genomes and epigenomes of thousands of 
tumour samples and provide catalogues of genes that are 
mutated in specific cancers. One way to perform integra-
tive focused screens is to target genes within a genomic 
region that shows recurrent copy-number gain in a spe-
cific malignancy. Although some regions of recurrent 
copy-number alteration harbour a single gene, most of 
these regions include several genes; therefore, coupling  
of structural- and functional-genomics studies is 
required. Several studies have used loss-of-function 
genetic reagents to identify essential genes that lie in 
amplified regions in human tumours. A subset of these 
genes is likely to be oncogenes to which cancer cells 
are ‘addicted’ (that is, they are reliant on them for sur-
vival). For example, the identification of CDK8 as an 
essential gene in colon tumours harbouring amplifica-
tions in a region of chromosome 13 that contains 16 
genes led to a deeper investigation of the essentiality of 
all genes in this region66. Suppression of each gene in 
this region by RNAi showed that CDK8 was the only 
one required for the survival of colon cancer cells with 
chromosome 13 amplifications. Furthermore, loss-of-
function approaches, combined with the analysis of 
somatic alterations in soft-tissue sarcomas, identified 
specific amplified and essential genes in particular sub-
types of these tumours103. A complementary and more 
direct approach to identify oncogenes is to overexpress 
in model systems candidate genes that lie in amplified 
regions in human tumours. IKBKE was identified as a 
breast cancer oncogene by this approach90 and a recent 
oncogenomic screen in hepatocellular carcinoma more 
broadly demonstrated the use of this approach by testing 
over 100 candidates in vivo, confirming fibroblast growth 
factor 19 (FGF19) as a novel liver cancer oncogene  
that is co-amplified with cyclin D1 (CCND1)104.

Genes that lie in regions of hemizygous or homozygous 
deletion in human tumours can be rapidly interrogated 
by loss-of-function screens. In one example, shRNAs 
were used to target every gene in a region of chromosome 
5q, hemizygous loss of which occurs in a subtype of 
myelodysplastic syndrome that is characterized by a defect 

Box 4 | Context-dependent non-oncogene essentiality

Functional-genomics experiments have the capacity to identify genetic and 
pharmacologic perturbations that only suppress cellular viability in particular contexts. 
One such context that has been well-studied is oncogene addiction — the dependency 
of a tumour on a particular oncogene that is mutated in that tumour. However, other 
genotype or cell-state-dependency relationships are emerging. The identification of 
‘context-dependent’ genes and small molecules is highly desirable because these could 
provide paths towards the development of therapeutics that can be rationally deployed 
in groups of patients whose tumours have that specific context. Here we describe 
specific illustrative examples of contexts in which the function of non-oncogenes is 
selectively required, as measured by cell survival.

Tumour lineage/cell-of-origin
Dependencies specific to most cancers in a particular lineage may correspond to 
relationships with genetic or epigenetic activation events of particular genes that are 
enriched within a tumour type, genetic requirements for essentiality in tumours sharing 
particular cells of origin, or both. Examples include the requirement for interferon 
regulatory factor 4 (IRF4) in multiple myeloma cells101 and microphthalmia-associated 
transcription factor (MITF) in cutaneous melanoma55.

Oncogene dependency
Some oncogenes, such as KRAS, are activated in tumours not only by mutations in the 
oncogene itself, but also by upstream genetic mechanisms (for example, mutations in 
particular receptor tyrosine kinases, or loss of neurofibromin 1 (NF1)). Recently, a 
number of secondary dependencies have been proposed (described in the main text) 
that are only relevant in the context of cancers exhibiting KRAS dependency, rather 
than KRAS mutation per se.

Oncogene or tumour suppressor gene mutation
To sustain particular oncogenic mutations, tumours may crucially depend on continued 
signalling from a secondary gene product that is rendered essential only in the context 
of the oncogenic mutation. This concept, which is termed synthetic lethality, has been 
clinically validated: tumours harbouring BRCA1 or BRCA2 mutations are critically 
dependent on poly(ADP-ribose) polymerase 1 (PARP1) function for base-excision 
repair110,111 and are sensitive to the PARP inhibitor olaparib112.

Chemically sensitized
Sublethal doses of chemotherapeutics or targeted therapies render cancer cells 
unusually dependent on particular genes. Such genes might represent useful 
combinatiorial targets. Examples include ACRBP and TUBGCP2 dependency in 
paclitaxol-treated, non-small-cell lung cancer cells15.

Cell state
Recent work suggests that cancer stem cells may harbour particular dependencies; 
treatment of such cells with salinomycin specifically led to cell death in comparison 
with differentiated cells113. Other cell states, such as the altered metabolic state of most 
cancer cells, may also provide targets.
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Structural genomics
Genome-wide approaches for 
cataloguing structural changes 
(for example, mutations and 
copy-number changes) in  
the genome.

in erythroid differentiation105. In normal haematopoietic 
progenitor cells, partial suppression of the ribosomal 
subunit protein RPS14 led to phenotypes found in 
this myelodysplastic syndrome subtype. In another 
example, RNAi reagents targeting deleted regions in 
human cancers were used to identify putative metastasis 
suppressor genes106. Furthermore, screens performed 
in an ex vivo format with shRNA reagents targeting 
genes in deleted regions in liver cancer and lymphoma 
have been highly successful in identifying a number  
of tumour suppressor genes in these disease types56,57.

A complementary approach involves the analysis 
of syngenic regions of amplification or deletion 
in human cancer and tumours arising in murine 
experimental models. This integrated approach can 
help to assign priority to candidate genes for further 
functional investigation. For example, this strategy led 
to the identification of YAP1 and cIAP1 (also known  
as BIRC2) as hepatocellular oncogenes107 and NEDD9 as 
a gene involved in melanoma metastasis108. As genome 
characterization efforts of human and murine tumours 
proceed, similar approaches are likely to be useful in 
identifying the genes responsible for transformation 
and other cancer phenotypes in regions of recurrent 
copy-number change.

Although most integrated studies have, thus far, 
focused on regions of altered copy number in human 
tumours, the systematic functional characterization 
of mutated and translocated genes will require the 
generation and deployment of new ORF reagents to 
complement existing tools. Specifically, efforts to create 

mutant alleles will be required to test the function of 
such alleles in a battery of cancer phenotypes. Moreover, 
genes that are identified by unbiased functional screens 
are also candidates to interrogate for structural changes 
in tumours. For example, the finding that the myeloid 
primary response gene MYD88 was differentially 
essential in the ABC subtype of diffuse large B-cell 
lymphoma in a large-scale RNAi screen prompted 
sequencing of MYD88 in lymphoma samples and the 
identification of activating mutations in this gene109.

Conclusions and future directions
The current pace of genome characterization will almost 
certainly provide comprehensive views of the genetic and 
epigenetic alterations that occur in cancer genomes. If 
combined with the tools and approaches described here 
(FIGS 1,2), it is increasingly likely that the major pathways 
involved in cancer development will be uncovered. In 
particular, by combining structural characterizations 
of cancer genomes with functional investigations, one 
should be able to identify somatically altered genes that 
contribute directly to tumour initiation and maintenance 
(FIG. 3), as well as context-specific dependencies (BOX 4). 
Indeed, early work using integrative approaches has not 
only identified new oncogenes but has also provided 
ways towards exploiting this knowledge therapeutically.

However, several areas require further development 
before comprehensive functional views of the cancer 
genome will be possible. First, despite progress in 
tool building, all of the available collections remain 
incomplete. Specifically, complete ORF or cDNA 

Figure 3 | Integrating functional and structural cancer genomics. An overarching goal of cancer genomics is to 
characterize alterations in tumour genomes (structural genomics) and associated phenotypic dependencies (functional 
genomics). Structural-genomics approaches distinguish tumour alterations predicted to have roles in increasing 
cancer fitness from other alterations that are present in tumours based primarily on the frequency that the mutation 
occurs. Distinguishing which mutations continue to be required for tumour maintenance, rather than tumour initiation 
only, requires integration with functional observations. In addition, unaltered genes may represent attractive targets as 
they may also be required for tumour maintenance. Functional-genomics approaches, such as loss-of-function screens, 
identify targets that are essential for all cells (cancer and normal), those that are selectively required for cancer cells 
and those that are selectively required for cancer cells harbouring particular genotypes.
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collections do not yet exist for mammalian genomes 
and alternative splice forms for individual genes remain 
poorly characterized. Similarly, further technical 
development is needed to permit loss-of-function 
approaches to achieve genetic saturation, and off-
target effects of RNAi are not completely understood. 
In addition, because of the inherent heterogeneity in 
cancer and cancer models, these approaches will need 
to be applied at a much larger scale to obtain statistically 
meaningful conclusions.

Moreover, although proof-of-principle experiments 
have been reported using a diverse range of assays, most 
studies so far involve the investigation of cell survival 
as a primary readout. Further work is necessary to 
expand these studies to a much larger collection of cell 
lines and animal models and to perform similar studies 
in a much wider range of phenotypic assays, as well as 
using a diverse range of cellular signatures. In particular, 
assays that measure many aspects of cancer biology by 
using imaging or other readouts of cell signalling require 
further development. In parallel, assays that measure 
cell–cell interactions will be necessary to dissect such 
heterotypic interactions that are important for cancer 
development and to distinguish whether candidate genes 
function in a cell-autonomous or non-cell-autonomous 
manner. In addition, although the approaches used so 

far for functionally characterizing genes that are mutated 
in cancer genomes focus on tumour initiation, it is likely 
that other genes will have roles in tumour progression 
or metastasis. Other genes may drive or maintain 
tumorigenesis only in the context of particular cell types 
or together with specific cooperating sets of genetic 
alterations. Therefore, a major investment is warranted 
in the development and validation of progression and 
metastasis assays, as well as an expansion of the genetic 
backgrounds currently modelled by pre-malignant 
model systems.

The outputs of these types of experiments will provide 
the foundation for molecular, cellular and genetic 
approaches to investigate the role and function of specific 
genes and pathways in cancer biology. The information 
provided by systematic interrogation of cancer genomes 
will allow investigators to focus on deciphering the 
biology of crucial pathways, which is essential not 
only to understand the molecular basis of cancer but 
also to develop the means to target these pathways 
therapeutically. Although the approaches described 
in this article are focused on the application of these 
methods in studying cancer biology, they are not specific 
to this area and, as such, they provide proof-of-principle 
evidence supporting the feasibility of these approaches for  
the study of other biological phenomena and diseases.
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