PERSPECTIVES
I N N O V AT I O N

New tools for functional mammalian
cancer genetics
Thijn R. Brummelkamp and René Bernards
Knowledge of the function of individual
genes that encode components of cellsignalling pathways is crucial to our
understanding of normal growth control and
its deregulation in cancer, but we have
functional information for only ~15% of
human genes at present. Several new
technologies have recently become
available to identify gene function in
mammalian cells using high-throughput
genetic screens. These new tools will make
it possible to identify new and innovative
classes of anticancer drugs, including those
that show synthetic lethal interactions with
cancer-specific mutations.

Cells derived from cancerous lesions often
resemble their normal counterparts, but differ through the presence of a series of genetic
alterations. These alterations are combinations of activating mutations in oncogenes
and loss-of-function mutations in tumoursuppressor genes (for a review, see REF. 1).
Other than these well-studied genetic alterations, cancer cells possess a number of phenotypic alterations that do not have a known
genetic basis. Tumour-cell immortality, for
instance, is often induced by activation of
the telomerase catalytic subunit, which disables a counting mechanism that limits the
number of replications that a normal cell
can undergo2. However, the genetic alterations that lead to the activation of the
telomerase gene are largely unknown and it
is a complex task to identify the genes that
are responsible for this activation. Insight
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into the genetic alterations that cause phenotypes such as telomerase activation will
allow for the development of new therapeutic intervention strategies. One of the ways
in which these insights can be obtained is
through functional genetic approaches.
Functional genetic screens in model organisms, such as Drosophila and Caenorhabditis
elegans, have provided valuable information
on components of mammalian signal-transduction pathways; however, such model
organisms also have limitations for cancer
research. First, not all human tumour-suppressor genes are conserved in lower eukaryotes.
This is perhaps not surprising, as the increased
complexity of mammals — both in number of
cells and in number of cell types — might
require a far more sophisticated machinery to
control faithful DNA replication and cell differentiation than low-complexity and shortlived model organisms. Because sequence
analysis of the C. elegans genome has not
revealed the MYC oncogene, and not all of the
components of the ARF–MDM2–p53 pathway are present in worms or flies, processes
that are regulated by such genes cannot be
studied in these organisms. Furthermore,
control over the number of divisions a cell
can undergo by regulated expression of the
telomerase catalytic subunit is not seen in
mice, indicating that even mouse cells are an
inappropriate model to study cellular ageing
by telomere shortening. Indeed, first insights
into the regulation of telomerase expression
were recently obtained in a genetic screen in
human cells3. An even more complicated task

would be the development of genetic screens
to study processes that are important for
tumour angiogenesis or metastasis (such as
cell adhesion, cell migration or oxygen sensing) in the genetic model systems that are
available at present.
The use of mammalian cells to study the
genetics of cancer development has been
hampered by the lack of effective genetic tools
that can be applied in these cells. In the past
few years, our arsenal of genetic tools for
functional mammalian cancer genetics has
expanded markedly. So, what are these
genetic tools and what successes have been
achieved with their use in cancer research?
Gain-of-function genetic screens

An alteration in cellular phenotype can be
accomplished through the introduction of
exogenous genetic material into cells. Such
an altered phenotype can often be readily
selected for in a population of cells. It is
most straightforward to select for a phenotype that confers a new trait to cells, such as
the ability to form tumours in experimental
animals, growth in semi-solid media or
acquisition of a transformed morphology. In
each case, it is important that the frequency
with which the recipient cells spontaneously
acquire the selected phenotype is very low.
In fact, engineering the proper cell system to
carry out a genetic screen is often far more
time-consuming and demanding than the
performance of the genetic screen itself. As
the novel phenotype is introduced in a dominant fashion by the foreign DNA, such
genetic screens are referred to as ‘gain-offunction’ screens. There are various technologies available to introduce foreign
genetic material into cells.
DNA transfection. The discovery of methods
to introduce foreign DNA into mammalian
cells, now some 30 years ago, provided the
first powerful tools to study gene function on
a large scale4. By introducing exogenous
DNA into mammalian cells — resulting in
integration of the exogenous DNA into the
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Figure 1 | Retroviral cDNA library screen. High-complexity retroviral complementary DNA (cDNA)
libraries can be obtained through a single cloning step of cDNAs into a retroviral plasmid vector. High-titre
viral supernatants are produced through transfection of the cDNA library vectors into retroviral packaging
cells13. These viral supernatants are subsequently used to infect the target cells so that all the cDNAs that
are present in the library are expressed in the target-cell population. The infected cells can be used for one
round of phenotypic selection. After one or more cycles of infection/selection, the cells can be used for
virus recovery of the cDNAs that are responsible for the phenotype.

genome of the recipient cell — it became
possible to select for cells that had a stable
alteration in phenotype. Probably the first
gain-of-function genetic screen in mammalian cells that assigned a function to a
specific gene was the identification of the fragments of adenovirus type 5 DNA that harbour
transforming activity5. About 10 years later,
the introduction of sheared human tumour
DNA into non-transformed NIH-3T3 cells led
to the identification of the RAS oncogene6,7.
Complex complementary DNA (cDNA)
expression libraries (that is, libraries in which
both abundant and rare messenger RNAs
(mRNAs) are represented) can be efficiently
introduced into mammalian cells using plasmids that replicate episomally (that is, without integrating into the host genome, as they
have their own origin of replication). These
plasmids have two marked advantages: there
is no integration into the host genome —
often a rather inefficient process — so there is
a higher efficiency of cells that stably express a
cDNA; and the vectors can easily be shuttled
back into Escherichia coli to identify the
cDNA that encodes the selected biological
activity. For cDNA-library expression in
human cells, Epstein–Barr virus (EBV)-based
cDNA expression shuttle vectors are used
most often8. These cDNA libraries have
proved to be very useful for cloning genes,
especially through complementation of
genetic defects in cell function. For example,
this cloning strategy has allowed the identification of several Fanconi anaemia genes
through functional complementation of the
intrinsic sensitivity of Fanconi anaemia cells
to mitomycin-C-mediated cell killing9–12.
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Viral vectors. DNA transfection into cells also
has its limitations. First, uptake of foreign
DNA varies between cell types and is often
particularly inefficient in primary (untransformed) cells. The use of such primary cells
for genetic screens can be useful — for
instance, to identify genes with immortalizing
or transforming activity. Second, recovery of
the DNA fragment that has the selected biological activity from the transfected cell is
both time-consuming and labour-intensive.
Both types of problems are bypassed when
retroviral vectors are used as a vehicle to
introduce foreign DNA into cells.
The first retroviral vectors consisted of
simple replication-defective Moloney murine
leukaemia virus derivatives, which can be stably maintained after infection, as they integrate into the host genome. High-complexity
cDNA expression libraries can be cloned into
such retroviral vectors and transfected into
‘packaging cell lines’13 — which produce the
viral gag, pol and env genes that are lacking
from the replication-defective retroviral vectors — to obtain high-titre retroviral supernatants14–16 (FIG. 1). These are then used to
infect target cells, which leads to stable integration of the provirus into the host genome
and expression of the cDNA that is contained
by the provirus. These libraries have been
used successfully for the identification of
cDNAs that induce a selectable phenotypic
alteration in the target cells14–19. An outline of
such a genetic screen is presented in FIG. 1.
When a complex mixture of retrovirusencoded cDNAs is introduced into a population of cells and a rare variant with an altered
phenotype is identified, it is important to verify

that the phenotype is caused by the cDNA carried by the retroviral vector in a second round
of selection. Because the background of falsepositive cells in a genetic screen is often caused
by genetic or epigenetic alterations of the target
cells, it is mandatory to recover the integrated
proviruses from the selected target cells and to
perform a second round of selection in a fresh
population of target cells (the same applies to
genetic screens that use other methods to
introduce exogenous DNA into cell populations). When the frequency of cells with the
selected phenotype is significantly higher in
second-round selection in the infected cell
population compared with a control population, this indicates that the selected phenotype
is virus-transduced and the selected cells can be
used to recover and identify the cDNAs that are
responsible for the acquired phenotype. To
perform such second-round screens, efficient
tools are needed to recover the integrated
provirus from the selected cells. Several methods are now routinely used to accomplish this,
which greatly facilitate functional cloning
strategies that involve retroviral vectors (BOX 1).
High-complexity retroviral cDNA expression libraries have been used to clone transforming oncogenes in NIH-3T3 cells; in one
of the first of these screens, a large number
of genes with transforming activity was
cloned, for example, RAF1 and β-catenin16
(for additional examples, see TABLE 1).
Recently, other viruses have been adapted
to harbour exogenous DNA for gene-delivery
strategies. For instance, lentiviral vectors have
an advantage over Moloney-virus-based vectors as they also infect resting cells, whereas
Moloney-virus-based vectors only stably
integrate into replicating cells20.
Replication-defective adenoviral vectors
have also been used to generate cDNA expression libraries21. Advantages of this vector system are the very broad range of cell types that
can be infected by adenoviral vectors (both
dividing and non-dividing cells) and the high
stability in solution (resistant to several
rounds of freeze-thawing) of the adenoviral
vectors compared with retroviral vectors.
Arrayed-format libraries. Arrayed-format
libraries are collections of individually-cloned
cDNAs deposited in a grid-like fashion in
multi-well plates. A key advantage of the use of
arrayed libraries is that when a desired phenotype is detected in a screen it is directly known
which gene caused the phenotype. Whereas
genetic screens performed with large polyclonal pools of cDNAs often require repeated
rounds of selection to identify the cDNA that
confers the selected phenotype, the use of
arrayed-format libraries allows the direct

www.nature.com/reviews/cancer

PERSPECTIVES

Box 1 | Recovery of integrated retroviral vectors
Several techniques exist for the efficient recovery of the complementary DNAs (cDNAs) that are
harboured by integrated proviruses from the genome of a selected cell population (see figure).
First, cDNAs can be recovered from genomic DNA isolated from selected cells by polymerase
chain reaction (PCR), using primers located in the retroviral-expression cassette that flanks the
cDNA insert. These PCR-amplified cDNAs can then be sequence analysed and re-cloned into a
retroviral vector14,16. When the isolated cDNAs are cloned into viral vectors, new viral
supernatants can be obtained by transfection of packaging cells followed by infection of target
cells for second-round selection. PCR isolation, however, is more suitable for the isolation of one
or a few genes from target cells, rather than for the isolation of more complex mixtures of cDNAs
from the target-cell population (because of selective amplification of certain cDNAs). To
overcome this limitation, shuttle vectors have been developed, which allow simultaneous recovery
of a high number of integrated proviruses from a polyclonal population of target cells. These
vectors contain sequences — which are located between the viral long terminal repeats (LTRs) —
for maintenance as plasmids in Escherichia coli (replicon), so that they are present in the
integrated provirus in the infected cell. Sequences that are recognized by site-specific
recombinases (such as CRE, which recognizes specific sites (LOXP) in DNA) or restriction
enzymes are located in the viral LTRs, so that the proviruses can be excised from the cellular
genome by the recombinase or restriction enzyme, circularized and transformed into bacteria68,69.
Plasmid DNA of a mixture of these proviruses can then be isolated and transfected into packaging
cells. Finally, integrated proviruses can be mobilized in a natural way by superinfection of the
target cells with wild-type Moloney virus, which complements the provirus by expressing gag, pol
and env in the cells70. Replication-defective retroviruses that harbour cDNAs will then be
packaged into retroviral particles, and viral supernatants that contain both replication-deficient
cDNA-encoding viruses and wild-type Moloney viruses can be harvested. This mixture of viruses
can than be used to infect a fresh batch of target cells for a second round of selection.
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linkage of genotype to phenotype in a single
round of screening. This can save an
enormous amount of time and effort, and,
importantly, also allows selection of phenotypes — such as the induction of apoptosis —
that are counter-selected when genetic screens
are carried out in a polyclonal format. The stability in solution of the adenoviral vectors
greatly facilitates the generation and handling
of such arrayed-format cDNA libraries21 (see
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BOX 2a). An inherent problem that is associ-

ated with the generation and use of cDNA
libraries is that some mRNAs are far more
abundant than others, leading to unequal
representation of cDNAs in a library. Unless
measures are taken to prevent this (for example, through ‘normalization’; a tedious
process that is often carried out at the
expense of the average length of cDNAs in
the library), large numbers of cDNAs need to

be screened to cover the entire complexity of a
cDNA library. This is particularly problematic
in arrayed-format libraries, as the cDNAs are
screened one-by-one for biological activity,
which is a very expensive process.
Another ingenious way to perform
genetic screens in an arrayed format is to use
‘reverse transfection’. In this approach, the
transfection is ‘reversed’; that is, DNA is not
put on top of cells — as is done, for instance,
in calcium phosphate transfection — but,
rather, the cells are placed on top of spottedDNA expression vectors. For example, the
expression-vector DNA can be spotted onto
glass slides, akin to the spotting of DNA
microarrays22. Cells that are grown on these
DNA arrays take up the spotted DNA and
can subsequently be used for phenotypic
selection (see BOX 2b).
Loss-of-function genetic screens

Genetic screens that aim to identify gene
function through inactivation of a gene (or its
corresponding mRNA) are referred to as lossof-function screens. Various technologies
have been developed to study the effects of
gene suppression in mammalian cells, including genetic suppressor elements (GSEs), antisense vectors, ribozymes, aptamer libraries
and, more recently, RNA interference (RNAi).
Below, we discuss these methodologies with
emphasis on the recent developments in the
field of RNAi.
Genetic suppressor elements. GSEs are short
and biologically active cDNA fragments that
interfere with the function of their cognate
gene. GSEs can either encode peptide fragments of proteins that act as dominantnegative inhibitors of the full-length protein
or antisense RNA molecules that interfere
with the function of the complementary
mRNA. When expressed in retroviral vectors, high-complexity GSE libraries can be
powerful tools to identify cancer-relevant
genes, including determinants of cellular
sensitivity to anticancer drugs23,24 and regulators of transcription25. A limitation of this
approach is that only a few fragments of any
given cDNA act as GSEs, which limits the
use of this technology in genome-wide
screens. A selection for GSEs with transforming activities resulted in the isolation of
ING1 as a regulator of cell proliferation26.
Antisense vectors. Expression of antisense
cDNA molecules can be an effective way to
inhibit expression of a certain gene.
Libraries that express antisense RNA molecules can be especially useful for studying
tumour-suppressor genes (for a review, see
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Table 1 | Genes relevant to cancer identified in functional genetic screens
Gene

Type of screen

Phenotypic selection

HRAS

DNA transfection

Transformation

Reference
6

β-catenin

Retroviral cDNA expression library

Transformation

16

MIF

Retroviral cDNA expression library

Inhibits p53-induced
cell-cycle arrest

71

Twist/Dermo

Retroviral cDNA expression library

Inhibits c-MYC-induced
apoptosis

72

BCL6

Retroviral cDNA expression library

Inhibits p53-dependent
senescence

17

FACC

EBNA cDNA expression library

Complementation of genetic
defect

9

NEMO

Retroviral cDNA expression library

Complementation of genetic
defect

73

DAPK

EBNA antisense library

Resistance against
γ-interferon-induced apoptosis

30

CYLD

High-throughput RNAi

NF-κB-regulated reporter

64

TOSO

Retroviral cDNA expression library

Inhibits FAS-induced
apoptosis in T cells

19

ING1

GSE screen

Selection for GSEs that
promote neoplastic
transformation

26

TFE3

Retroviral cDNA expression library

Co-operation with SMAD
proteins to stimulate TGF-βinduced transcription

70

BCL6; B-cell non-Hodgkin’s lymphoma 6; CYLD, cylindromatosis gene; DAPK, death-associatedprotein kinase; EBNA, Epstein–Barr-virus nuclear antigen; FACC, Fanconi’s anaemia group C; GSE,
genetic suppressor element; ING1, inhibitor of growth family, member 1; MIF, migration inhibitory factor;
NEMO, NF-κB essential modifier; NF-κB, nuclear factor κB; RNAi, RNA interference; TFE3, transcription
factor µE3; TGF-β, transforming growth factor-β.

Box 2 | Arrayed-format libraries
Arrayed-format libraries contain expression vectors that are deposited in an arrayed manner in
defined locations. Using this approach, an adenoviral expression library has been generated that
contains separated viral stocks that are able to induce expression of individual complementary
DNAs (cDNAs; see a)21. These viral stocks can be used to infect target cells and these cells can be
used for phenotypic analysis in a high-throughput manner. Another way to screen arrayedformat libraries is the use of reverse transfection combined with microarrays of spotted-cDNA
expression vectors22 (see b). Cells can be transfected (by reverse transfection) on microarrays
with individually spotted cDNAs, resulting in spots of locally transfected cells with a certain
cDNA. These cells can then be used for phenotypic screens.
b Reverse transfection of

a Adenoviral arrayed-format libraries
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Cells

Infect target cells

Array containing spotted-cDNA
expression vectors

Virus production
Functional assay

Reverse transfection and
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REF. 27),

and EBNA (Epstein–Barr-virus
nuclear antigen) vectors that express an
inducible antisense cDNA library have been
used successfully to clone several antisense
cDNA fragments that protect HeLa cells
against γ-interferon-induced apoptosis. The
genes that were affected by these antisense
cDNAs were named DAP (for death-associated
proteins) genes28–30. As expected, overexpression of DAP genes is often incompatible with
cell survival29.
Ribozymes. Another way to inhibit gene
expression is by using catalytic RNA molecules — known as ribozymes — that bind
to and cleave certain RNA targets. RNA target molecules are recognized through
sequence complementarity between the
ribozyme and the target RNA molecule.
Ribozymes can be effectively expressed in
cells using viral vectors, and libraries can be
created through the insertion of randomized sequences in the ribozyme RNA
sequence. These libraries can be used in
genetic screens to identify ribozymes that
inhibit certain mRNA molecules. In this
way, ID4 has been identified as a regulator
of BRCA1 expression31 and PPAN as a gene
that inhibits anchorage-independent proliferation32. Also, functional differences
between the closely related histone acetyl
transferases p300 and CBP were identified33.
Aptamer libraries. One method that does
not depend on cDNA libraries or information on genome sequence is the use of random short-peptide (aptamer) expression
libraries. Aptamer expression libraries can
be used to find peptides with a desired biological activity34. This can be caused by the
expressed peptide activating or inhibiting a
cellular factor. For stable expression of
peptides in mammalian cells, libraries are
constructed that express aptamers in the
context of protease-resistant scaffold structures. These libraries allow the isolation of
peptides that confer cellular resistance to the
anticancer drug taxol, presumably through
upregulation of multidrug transporters35. A
limitation of this approach is that highly
complex mixtures of aptamers are required
to identify active aptamers in any pathway
(far more complex than, for example, cDNA
libraries). In addition, it can be cumbersome to identify the cellular factor that is
affected by the biologically active peptide. In
most cases, quite a bit of additional work
(for example, a yeast two-hybrid screen) is
required to identify the cellular protein that
is affected by the interaction with the
selected short peptide.
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Figure 2 | RNA interference. Short double-stranded RNA molecules — short interfering RNAs
(siRNAs) — that are introduced into a cell will be incorporated into the RNA-induced silencing complex
(RISC). The antisense strand of the siRNA molecule is then used for the identification of cellular
messenger RNA (mRNA) molecules that contain a perfect complementary sequence. These mRNA
molecules are subsequently cleaved by RISC and become unstable. As a result of this, the protein
encoded by the mRNA will not be produced. The siRNAs can be synthetically synthesized and
transfected into the cells (this will only allow transient inhibition of gene expression) or they can be
produced in the cells by DNA-based vector systems that direct expression of siRNA-like molecules
(this can also be used for long-term silencing).

RNA interference. The ability to manipulate
gene expression in the multicellular worm
C. elegans — by techniques such as mutagenesis by transposon tagging, introduction of
DNA deletions by chemical mutagenesis and
by antisense RNA — made this organism
popular among geneticists36. The availability
of these methods, combined with the short
reproductive cycle of C. elegans, has made it
possible to dissect complex genetic pathways
that regulate diverse biological processes.
The discovery of a cellular response against
double-stranded RNA37, however, has provided one of the most powerful tools to turn
off gene expression, and this has revolutionized loss-of-function genetics, initially in
C. elegans and Drosophila and also more
recently in mammalian cells.
This cellular response, known as RNAi, is
an ancient defence mechanism to protect cells
from foreign invasion by agents such as transposons and viruses (for reviews, see REFS
38,39). The double-stranded RNAs that are
produced by integrated transposons or by
replicating viruses are processed into short
double-stranded RNAs, named short interfering RNAs (siRNAs), that serve as a signal to
activate the RNA-induced silencing complex
(RISC), which degrades homologous mRNA
molecules. The introduction into a worm of
double-stranded RNAs that are identical to
cellular transcripts will cause degradation of
the corresponding mRNA molecules, leading
to post-transcriptional gene silencing (FIG. 2).
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Genome-wide high-throughput RNAi
screens have been performed with success
by feeding worms collections of bacteriacontaining plasmids that express long
double-stranded RNAs that are homologous to a large number of worm genes.
Such large-scale genetic loss-of-function
screens have allowed the identification of
genes that affect worm development 40,41,
regulate fat storage42 or serve to protect the
genome against mutations 43. A similar
approach was used in a Drosophila cell line
to isolate Hedgehog pathway components44.
An advantage of these screens is that it is
immediately known which gene is inhibited. By contrast, mutagenesis screens
require laborious mapping of the mutation
before the loss-of-function phenotype can
be linked to a specific gene.
The completion of the sequence of the
human genome and the identification of the
encoded genes opens the possibility to use
RNAi for the systematic inactivation of large
numbers of human genes. However, the use
of RNAi in mammalian cells is hampered by
the fact that the introduction of long
double-stranded RNA molecules (which are
effective in worms and flies to silence gene
expression) leads to nonspecific toxicity in
most somatic cells because the γ-interferon
pathway is activated. This problem can be
solved by the use of chemically synthesized
21–23 base-pair double-stranded siRNAs
that are introduced by transfection. These

short RNAs can recruit mammalian RISC to
target mRNAs and induce their specific degradation, but do not activate the γ-interferon
pathway 45. Sequence-assisted annotation of all
human open reading frames (ORFs), also
known as the ORFeome, can function as
a guide to construct a collection of siRNAs
that are designed to inhibit the expression of
individual genes.
Although transfection of human cells with
siRNAs that are produced in vitro is a quick
way to silence a gene of interest, there are several problems associated with the use of this
method. The first obstacle is the transient
nature of the inhibition of gene expression, as
the siRNA molecules are unstable inside the
cell. Second, several cell types (for example,
primary cells) are difficult to transfect with
high efficiency. Third, chemically synthesized
siRNAs are expensive, which becomes an
obstacle when genome-wide RNAi screens are
contemplated in mammalian cells.
Several groups have effectively resolved
these issues through the development of vector systems that mediate stable production of
siRNA-like molecules in mammalian cells46–50
(FIG. 3). These vectors use RNA-polymerase III
promoters to direct the synthesis of short
hairpin RNA (shRNA) molecules, which are
processed intracellularly into siRNA-like
molecules. The shRNAs contain a perfectly
double-stranded stem of 19–29 base pairs,
which is identical in sequence to the mRNA
that is targeted for suppression, connected by
a loop of 6–9 bases, which is efficiently
removed in vivo. Vector-produced shRNA
molecules are as effective as siRNAs that are
generated in vitro in inhibiting gene expression, and, in addition, can be used to study
loss-of-function phenotypes that develop
over longer periods of time. Furthermore,
stable integration of these expression cassettes can be efficiently achieved through
retroviral or lentiviral delivery 51–57.
Several observations indicate that vectormediated RNAi can also be used to study
loss-of-function phenotypes in vivo. Human
cancer cells that stably express siRNAs
directed against the KRAS oncogene lose their
transformed phenotype not only in vitro, but
also in vivo after injection into nude mice52.
This indicates that gene inhibition by RNAi is
maintained in a living animal. Consistent
with this, in vivo transfection of siRNAs into
the livers of mice can inhibit expression of cotransfected reporter plasmids58. Transgenic
embryos have also been generated that
express an shRNA directed against a specific
mouse gene, and these mice show the same
phenotype as mice carrying a null mutation
in the same gene59. Together, these studies
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Novel applications of RNAi vectors

One of the more attractive applications of
RNAi vector libraries is the identification of
‘synthetic lethal’ interactions in mammalian
cells — a combination of two non-lethal
mutations that, together, result in cell death.
Such a genetic association indicates that a
functional interaction between the corresponding gene products exists. In simple
organisms, such as yeast and C. elegans, many
synthetic lethal interactions have been identified; by contrast, there are few examples of
synthetic lethality in mammalian systems.
This is probably because the tools to efficiently
identify such interactions in mammalian cells
have, so far, been lacking. Identification of synthetic lethal interactions might be of key
importance for the identification of novel and
more powerful classes of cancer drug targets.
For instance, inhibition of a gene that shows
a synthetic lethal interaction with loss of TP53
will only be toxic in cells that contain a
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To facilitate the identification of synthetic
lethal interactions in mammalian cells with
vector-based siRNA libraries, we propose here
a technology that we have dubbed ‘siRNA barcode screens’, which is explained in more detail
in BOX 3. Molecular barcodes were first used in
yeast genetic screens, in which large numbers
of yeast genes were inactivated by insertion
of a DNA segment that contained a unique
20-nucleotide sequence (the ‘molecular
barcode’) to mark the individual knockout

mutation in TP53, making it a tumourcell-specific drug target. Inhibition of such
genes in normal cells (that contain wild-type
TP53) will be much less toxic, providing a
therapeutic window for cancer treatment. The
problem in identifying siRNA vectors that
show a synthetic lethal interaction with cancer-specific mutations is that these vectors are
specifically lost from cells, making it hard to
identify interactions when such screens are
performed in a polyclonal format.
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indicate that it might be possible to perform
large-scale RNAi screens in mice to identify
loss-of-function phenotypes that cannot be
readily selected in vitro.
One potential complication in using
siRNAs in genetic screens is that siRNAs are
not always completely target-specific. Some
‘off-target’ side effects have been reported60–62,
which in most cases can be attributed to partial homology of the un-intended target to
the siRNA. Even though these off-target
effects of RNAi are modest, compared with
antisense RNA approaches, for example, it
highlights the need to validate an identified
phenotype caused by an siRNA with a second, independent siRNA directed against the
same transcript. In rare cases, shRNA vectors
have been reported to induce an interferon
response, the molecular mechanism of which
remains unclear63.
The reduced cost of vector-based RNAi also
makes it possible to carry out genome-wide
genetic screens for loss-of-function phenotypes in mammalian cells. High-throughput
cloning of short-hairpin-encoding DNA
oligonucleotides into retroviral vectors containing RNA-polymerase III promoters is now
in progress in several places, including our own
laboratory. As a proof of concept for the
genome-wide RNAi vector library approach,
we have recently constructed a ‘gene family’
knockdown library, which targets most of
the members of the family of de-ubiquitylating enzymes. Using this library, we identified
the cylindromatosis tumour-suppressor
gene (CYLD) as a key regulator of NF-κB
activity in a high-throughput reporter-based
genetic screen64.
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Figure 3 | Loss-of-function screens using RNAi. a | To construct a short interfering RNA (siRNA) library,
several siRNA sequences (because not every siRNA sequence is active, most groups, including our own,
use three or more sequences51) are selected to target and inhibit particular genes.
b | These sequences can be used to generate siRNA molecules that can be chemically synthesized and
directly transfected into target cells in a high-throughput manner, and these cells can then be used for
phenotypic selection. c | Alternatively, DNA oligonucleotides can be designed to mediate expression of
short hairpin RNAs (shRNAs) that mimic siRNAs46–50. These oligonucleotides are then cloned into modified
(retroviral, lentiviral or adenoviral) vectors that contain RNA-polymerase-III (P-III) promoter cassettes.
d | Retroviral expression of the designed shRNAs results in a population of infected cells in which each
infected cell expresses one or more different shRNAs designed against one or more mRNA sequences.
e | Alternatively, the plasmid vectors can be transfected directly into target cells to drive expression of
shRNA molecules in these cells.
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yeast strains65–67. The molecular barcode serves
as a ‘strain identifier’, which makes it possible to
follow the relative abundance of each mutant
yeast strain by measuring the abundance of the
barcodes in the population. Quantification of
the relative abundance of mutant strains under
various experimental stress conditions was
achieved through polymerase chain reaction
(PCR) amplification of the barcodes, followed
by hybridization to microarrays containing the
barcode sequences.
By analogy to the yeast barcode approach,
we noted that the DNA fragment of each
siRNA expression vector that encodes the
RNA-hairpin transcript has a unique 19-basepair target-specific sequence. Therefore,
introduction of such a vector into mammalian cells results in the creation of a tagged
knockdown cell that carries a permanent
gene-specific identifier (known as a knockdown identifier; see BOX 3a). This molecular
barcode can be recovered by PCR amplification using vector-derived PCR primers that
flank the hairpin-encoding DNA sequence.
Fluorescent labelling of the PCR product
allows it to be identified by hybridization to
microarrays that contain the gene-specific
knockdown barcode oligonucleotides (see
BOX 3a). The relative abundance of each barcoded DNA fragment in the cell population is
influenced by the effect that each knockdown
vector has on cellular fitness under the experimental conditions and can be quantified
using a DNA microarray that contains the
barcode DNA fragments. Comparing the
effects of knockdown vectors on cellular fitness in pairs of cells that have defined genetic
lesions will make it possible to identify synthetic lethal phenotypes in human cells, as
siRNA vectors that are specifically lost from
one population can be identified in this way.
Future perspectives/conclusions

Many of the cytostatic drugs that are used at
present were developed before the molecular
basis of cancer was understood in any detail.
As a result, most of these drugs are rather nonspecific, acting indiscriminately on all rapidly
dividing cells. Therefore, the ‘therapeutic window’ of such drugs (that is, the differential
sensitivity of cancer cells versus normal cells)
is limited, which causes many of the undesired
side effects of anticancer therapy. Over the past
decades, we have gained a detailed knowledge
of the pathways that are deregulated in cancer
and many of the components of these cancerrelevant pathways have been identified. The
benefit to the cancer patient of this quantum
leap in knowledge has, with some notable
exceptions (such as imatinib (Glivec)), been
limited. One reason for this is that not all
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Box 3 | SiRNA barcode screens
19nt 19nt
a
Expression of short hairpin RNA (shRNA)
P-III
TTTTT
molecules in mammalian cells by stably
integrated vectors not only creates a genespecific knockdown phenotype, but also
Gene-specific sequence
introduces a gene-specific fingerprint
Molecular barcode
(molecular barcode) in cells that express
these siRNAs (see a). The 19-base-pair targetb
gene-specific insert of the siRNA vector is
siRNA
Infect with RNAi
virus
unique in sequence and, therefore,
vector library
introduction of such a vector into
mammalian cells results in the creation of a
tagged knockdown cell carrying a permanent
gene-specific identifier. This molecular
barcode can be recovered by polymerase
chain reaction (PCR) amplification using
Signal of
+
–
vector-derived PCR primers that flank the
interest
hairpin-encoding DNA sequence. When a
large collection of siRNA expression vectors
Culture to allow
is expressed in a population of cells, PCR
selection
amplification of the hairpin inserts will
result in a mixture of barcode sequences that
correspond to the mixture of knockdown
P-III
P-III
TTTTT
TTTTT
vectors that is present in the cell population.
PCR amplify barcodes
The relative abundance of each barcoded
siRNA vector in the cell population is
Cy3
Cy5
Label PCR product
influenced by the effect that each knockdown
vector has on cellular fitness under the
experimental conditions. The abundance of
Hybridize to microarray
each barcode can be quantified by labelling
the PCR product with a fluorescent dye,
Array contains
followed by hybridization to a DNA
barcode oligos
microarray consisting of barcodecomplementary DNA fragments (see b) —
these oligonucleotides must at least contain
DNA
microarray
the 19 gene-specific nucleotides.
In principle, siRNA barcode screens allow
the detection of genetic interactions between
large sets of genes and almost any biological
signal of interest. A particularly useful application of the siRNA barcode screen is to compare
two cell populations, both of which harbour a collection of siRNA vectors, but only one of which
is exposed to a biological signal of interest (see b) — for example, DNA damage, apoptosisinducing agents, cytotoxic drugs or inactivation of a tumour-suppressor gene. After PCR
amplification, barcoded fragments are labelled with a fluorescent dye (for example, Cy5) and
hybridized against barcoded DNA fragments that have been PCR amplified from a control
population of cells that contain the same collection of knockdown vectors but that were not
exposed to the biological signal of interest. This control population of barcoded DNA sequences
is then labelled with a different fluorescent dye (for example, Cy3). Simultaneous hybridization
of the Cy5- and Cy3-labelled barcoded DNA fragments allows for the identification of changes in
the relative abundance of knockdown vectors in response to the stimulus applied. When a vector
is lost specifically in the treated cells, but not in the untreated cells, this indicates that the
knockdown vector is synthetically lethal with the stimulus used in the assay. The quantitative
nature of DNA-array hybridization makes it possible to analyse large numbers of knockdown
vectors in parallel assays, which should greatly facilitate the identification of synthetic lethal
interactions in mammalian cell systems.

components of cancer-relevant pathways are
suitable targets for drug development.
Pharmaceutical companies have long known
that certain classes of enzymes are more
‘druggable’ than others. For instance,

G-protein-coupled receptors (GPCRs),
hydrolases and ion channels are, in general,
far more likely to be inhibited by smallmolecule compounds than, for instance,
transcription factors. So, even though we
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have detailed knowledge of a large number of
components of cancer-relevant pathways
such as the RB, p53 and NF-κB pathways,
only a few of the components of these pathways fall into the category of ‘druggable’ targets. As a result, pharmaceutical companies
are still faced with a lack of high-quality drug
targets to specifically inhibit those pathways
that are deregulated in cancer.
Functional genetic screens are eminently
suitable tools to identify novel components of
pathways of interest. Indeed, it is probable that
many new components of important cancerrelevant pathways can still be identified
through functional genetic approaches.A powerful approach in drug-target discovery that is
now within reach is to first select a family of
‘druggable’ genes, generate shRNA vectors
against all members of the gene family, and
then use such a ‘gene family knockdown
library’ to investigate whether any members of
this gene family act in a pathway that is known
to be deregulated in cancer. The feasibility of
this approach was recently confirmed by showing that one of 50 de-ubiquitylating enzymes
acted specifically in the NF-κB pathway 64.
In addition, technologies such as the
siRNA barcode screens described here will
allow the identification of synthetic lethal
interactions, giving rise to unprecedented
new classes of potent anticancer drug targets.
For example, genetic screens could be used in
which the ability of shRNA vectors to modulate cellular fitness in the presence or absence
of a second, cancer-specific mutation (for
example, mutant RAS, overexpressed MYC,
loss of TP53, PTEN or RB) is compared,
allowing the detection of synthetic lethal phenotypes. A similar approach could also be
used to identify siRNA vectors that show a
genetic interaction with established pharmacological agents, such as anticancer drugs.
ShRNA vectors that render cells more sensitive to a pharmacological agent can be readily
identified in this way and inhibition of such
targets should, in theory, act in synergy with
the anticancer drug used in the screen.
We foresee that, together, the advances in
functional genetic screening technology in
mammalian cells that are described here will
have a positive impact on the development
of innovative and new classes of anticancer
drugs that have more tumour-specific effects
and fewer undesired side effects.
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Proteomic analysis of cancer-cell
mitochondria
Mukesh Verma, Jacob Kagan, David Sidransky and Sudhir Srivastava
Mitochondrial dysfunction and mutations in
mitochondrial DNA have been frequently
reported in cancer cells. Mitochondrial geneexpression signatures of transformed cells
have been identified; however, the
phenotypic effects of these genetic
alterations remain to be established.
Identification of mitochondrial proteins that
are aberrantly expressed in cancer cells has
been made possible by the recent
development of mitochondrial functional
proteomics and could identify new markers
for early detection and risk assessment, as
well as targets for therapeutic intervention.

Each human cell contains several hundred
copies of mitochondrial DNA (mtDNA),
which encodes 13 Kreb’s cycle and respiratory-chain subunits, 22 transfer RNAs and 2
ribosomal RNAs (rRNAs) — 12S and 16S1.
The main function of mitochondria is to
produce cellular energy and, during this
process, acetyl-coenyme A — the breakdown
product of fats and sugars — is passed
through the Kreb’s cycle to generate electrons. These, in turn, are transferred to the
proteins of the respiratory chain in the inner
mitochondrial membrane. This generates a
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cancer progression could lead to new markers
for early cancer detection and prevention.
Recent advances in mitochondrial genomic
and proteomic techniques have greatly
improved our ability to identify these types of
markers. Here, we discuss the current status of
mitochondrial proteomics and associated
challenges in cancer detection.

proton gradient between the mitochondrial
matrix and the intermembrane space, which
is used to generate ATP. In addition to serving
as the main intracellular source of energy of
the cell, mitochondria regulate several cellular processes that are linked to apoptosis,
which include electron transport and energy
metabolism. They are also the storage site for
a number of soluble proteins that mediate
apoptosis, including cytochrome c, certain
procaspases and apoptosis-inducing factor.
Mitochondria can activate apoptosis by
releasing these factors from their intermembrane space into the cytoplasm, and also by
altering the cellular redox potential2–4. During
this process, reactive oxygen species (ROS)
are generated that can serve as crucial proapoptotic factors. In fact, recent studies have
indicated that mitochondria can undergo
self-apoptosis — termed ‘mitoptosis’5.
Therefore, mitochondria not only serve as a
powerhouse of energy, but also as a supplier
of apoptosis-inducing signals (FIG. 1).
We have recently gained much insight into
the connection between mitochondrial dysfunction, deregulation of apoptosis and
tumorigenesis. Further information about
mitochondrial proteins that are involved in

MtDNA mutations and cancer

Some commonly used DNA-based markers
of cancer include loss of heterozygosity
(LOH), microsatellite instability (MSI), DNA
hypermethylation, nuclear and mtDNA
mutations, and detection of cancer-associated
viral DNA. Mitochondria contain their own
DNA, which is replicated and transcribed
semi-autonomously. MtDNA is particularly
susceptible to damage by environmental
carcinogens because it contains no introns,
has no protective histones or non-histone
proteins, and is exposed continuously to
endogenous ROS. In fact, the frequency of
mtDNA mutations in cancer cells has been
reported to be tenfold higher than that of
nuclear DNA mutations6,7.
The mitochondrial D loop is a section of
the mitochondrial genome that is thought to
be involved in replication and that contains
short poly-pyrimidine tracts. The D loop
seems to be a hot spot for mutations, although
mutations have been identified throughout
the mitochondrial genome1. Many of these
mutations seem to be shared by most or all of
the mitochondria that are contained in a
cancer cell — that is, the mutations are at
homoplasmic levels — providing a potential
advantage for molecular detection. Many
cancer-associated mutations have also been
identified in the 12S and 16S rRNA genes8,9,10.
A number of mutations, deletions and
insertions in the mitochondrial genome have
been associated with specific cancers.
Microsatellite DNA alterations in the noncoding D loop and insertions and deletions
have been observed in the mtDNA genome,
particularly in colorectal and gastric cancer.
In addition, frameshift mutations have been
identified in the D loop of pre-neoplastic
head and neck cancer cells11. The D310
D-loop variants harbour large C-tract
deletions that are likely to interfere with the
initiation of mtDNA replication12 and mitochondria that undergo rapid replication in
chronic hepatitis can acquire and accumulate
DNA damage and mutation more readily
than those maintained under resting conditions. Base substitutions in the MTND1,
MTND4, MTND5 and cytochrome b genes, or
their noncoding region, can lead to breast
cancer13. MtDNA mutations in genes that
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