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The completion of whole-genome sequencing of various
model organisms and the recent explosion of new
technologies in the field of Functional Genomics and
Proteomics is poised to revolutionize the way scientists
identify and characterize gene function. One of the most
significant advances in recent years has been the applica-
tion of RNA interference (RNAi) as a means of assaying
gene function. In the post-genomic era, advances in the
field of cancer biology will rely upon the rapid identifica-
tion and characterization of genes that regulate cell
growth, proliferation, and apoptosis. Significant efforts
are being directed towards cancer therapy and devising
efficient means of selectively delivering drugs to cancerous
cells. In this review, we discuss the promise of integrating
genome-wide RNAi screens with proteomic approaches
and small-molecule chemical genetic screens, towards
improving our ability to understand and treat cancer.
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Introduction

Genetic and biochemical analyses in model systems such
as the fruitfly Drosophila melanogaster and the nema-
tode Caenorhabditis elegans have successfully identified
genes that play key regulatory roles in fundamental
cellular and developmental processes. Understanding
the normal function of these genes has provided
significant insights into what goes awry in abnormal
situations, such as tumorigenesis. Recent analyses of the
complete genome sequences of model organisms such as
Drosophila and C. elegans, as well as of humans, reveal
that traditional genetic and biochemical approaches
have ascribed functions for only a fraction of the total
number of predicted genes (Venter et al., 1998; Adams
et al., 2000). Thus, the roles for many as yet
uncharacterized genes in normal development and
cancer remain to be discovered. The full potential of

the genome sequence can be realized by devising new
technologies that efficiently and systematically bridge
the gap between the genomic sequence of a predicted
gene and its function. It is also increasingly clear that
individual proteins are almost always found in a variety
of complexes with numerous other molecules within a
cell, such as other proteins, DNAs or RNAs. Thus, it is
the coordinate activity of these complex interactions
that eventually determine the biological characteristics
of a cell (Hartwell et al., 1999; Bray, 2003; Hucka et al.,
2003; Milo et al., 2004). The same is also true of
interaction/crosstalk between entire signaling pathways
that regulate cell growth, proliferation, and differentia-
tion, as common effectors and/or integrators of multiple
signaling pathways need to be coordinately regulated to
determine cell behavior (Spirin and Mirny, 2003;
Barabasi and Oltvai, 2004). A key challenge for the
present day biologist is to devise ways of integrating
information at the whole-genome scale in order to better
understand the regulation and dynamics of complex
molecular interactions and their function in determining
cell biological and developmental events.

Functional genomics: from gene sequence to gene function

The challenge presented by the various large-scale
genome projects is how to derive biologically relevant
information from the raw sequences. In the past few
years, a number of approaches to mine this information
have emerged, such as Expression Genomics, Proteo-
mics, Computational Genomics, and Functional Geno-
mics. Expression Genomics rely on approaches such as
microarray and SAGE technologies, which allow the
comparison of expression profiles of genes in various
samples at a given time, and correlate the expression of
groups of genes with a specific genotype. This can be
used to identify target genes of specific signaling
pathways in different cell types at different stages of
development, and to assign molecular signatures to
specific mutant or disease cell types (Sanchez-Carbayo
and Cordon-Cardo, 2003; van Duin et al., 2003).
Proteomic approaches, on the other hand, help to
determine when, where, and how proteins interact with
other molecules (protein, DNA, RNA) in the cell. This
has been made possible by the use of new techniques
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that allow semi-automated yeast two-hybrid screens,
chromatin immunoprecipitation (ChIP) chips, protein
chips (Buckholz et al., 1999; Auerbach et al., 2002;
Bader and Hogue, 2003; Diaz-Camino et al., 2003; Giot
et al., 2003) and high-throughput mass spectrometry
using the tandem affinity purification (TAP)-tag tech-
nology (Rigaut et al., 1999; Puig et al., 2001; Gavin et al.,
2002). Information generated from these approaches
gives rise to a web of larger network of interactions
including those of protein–protein interactions, signal
transduction cascades, and transcription-regulatory net-
works, and allow researchers to generate testable
hypotheses. Computational Genomics, which is a fast
expanding field, encompasses every approach based on
bioinformatics as the primary ‘data-mining’ vehicle
(Rosamond and Allsop, 2000; Li and Wang, 2003).
For example, bioinformatic analysis of the primary
sequence generated from the completion of large-scale
genome sequencing projects in multiple model organ-
isms has provided a powerful tool to assign putative
functions to open reading frames (ORFs). Such analyses
of course have to rely on and are limited by previously
determined primary experimental data on the function
of specific structural domains found in a variety of
proteins. As a result, such computational approaches
are highly dependent on the quality of the information
from primary experimental data.

Expression, Proteomic, and Bioinformatic ap-
proaches lead to various degrees of prediction of gene
function; however, these hypotheses remain to be tested
experimentally. By contrast, Functional Genomics
allows a direct test of the function, of genes predicted
from the primary sequence. One of the most promising
functional genomic approaches that have emerged in the
past few years is based on RNA interference (RNAi). In
several organisms including Drosophila, C. elegans,
Arabidopsis, mouse, and even human cells, introduction
of double-stranded RNAs (dsRNAs) has proven to be
an effective tool in suppressing gene expression (Sharp,
1999; Dykxhoorn et al., 2003). The phenomenon of gene
silencing by RNAi was first discovered in plants and in
the worm. In C. elegans, RNAi can be triggered by the
introduction of long B500 nucleotide dsRNAs, which
can be delivered by injection into the animals. Alter-
natively, the dsRNAs can be delivered by feeding worms
with bacteria expressing the desired dsRNAs or simply
by soaking the animals into a dsRNA solution
(Hannon, 2002; Paddison and Hannon, 2002; Denli
and Hannon, 2003). Similarly, in Drosophila, long
dsRNAs have been shown to be effective at gene-
specific silencing. In flies, these dsRNAs can be
introduced into the animal by injection into embryos,
or delivered following the production of transgenic
animals that express RNAi-hairpin constructs. Impor-
tantly, in Drosophila, the simple addition of dsRNAs to
Drosophila cells in culture (‘dsRNA bathing’) was found
to efficiently eliminate or reduce the expression of target
genes, thus phenocopying loss-of-function mutations
(Clemens et al., 2000). This methodology allows a
variety of cell-based RNAi screens to be conducted at a
genome-wide level.

Extensive research into the mechanism of RNAi has
revealed that the introduction of dsRNAs into cells or
animal models leads to its recognition and eventual
degradation by a nuclease (of the RNaseIII family), now
known as Dicer (Hammond et al., 2000; Bernstein et al.,
2001; Ketting et al., 2001; Hannon, 2002; Bernstein et al.,
2003; Carmell and Hannon, 2004). The Dicer enzymes
are conserved through evolution and have been isolated
in Arabidopsis, C. elegans, Drosophila, and mammals.
Upon the introduction of dsRNAs into cells, the Dicer
enzymes recognize and process the dsRNA into short-
interfering RNAs (siRNAs), which are 21–23 nucleo-
tides in length. These siRNAs then form a part of a
multicomponent nuclease complex called RISC (RNA-
induced silencing complex). It is thought that the
activation of RISC leads to the unwinding of siRNAs
(contained within the complex), which in turn serve as
guides to the corresponding target mRNA and lead to
the recognition and eventual degradation of the targeted
transcript. The study of the mechanism of RNAi has
now enabled the widespread use of this technology in
mammalian cells (mouse and human cells), where the
efficacy of RNAi was initially stymied since the
introduction of long dsRNAs led to activation of an
interferon response. This problem has been overcome by
making use of synthetic siRNAs – which can essentially
mimic Dicer-induced degradation products of dsRNAs
(Martinez et al., 2002; Xia et al., 2002; Scherr et al.,
2003). Since the effect of synthetic siRNAs is transient,
several plasmid-vector-based systems have been de-
signed to produce short-hairpin RNAs (shRNAs)
(Paddison et al., 2002). Typically expressed under the
control of RNA PolIII-dependent promoters such as U6
and H1, shRNAs subsequently undergo Dicer proces-
sing into siRNAs, which in turn efficiently silence the
target gene.

High-throughput screens (HTSs) in Drosophila cells

Drosophila has been a favored organism for genetic
studies for over several decades and has proven to be an
excellent model system to identify genes involved in
developmental and cellular processes (St Johnston,
2002). The contributions made by studies in Drosophila
are numerous, and many important genes including
proto-oncogenes, tumor suppressors, and other crucial
players involved in cell proliferation, differentiation,
and cell death were first identified in this organism. An
important benefit from the completion of the sequence
of the Drosophila genome is that it provides us with an
unprecedented resource, as we can now fully evaluate
the degree of conservation of this organism with others
(Adams et al., 2000). The relevance of Drosophila to
humans is best illustrated by the fact that more than
B60% of the genes identified in human diseases have
counterparts in Drosophila (Rubin, 2000; Rubin et al.,
2000).

Analysis of the Drosophila genome has led to the
annotation of B16 000 genes (Adams et al., 2000; Hild
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et al., 2003; Oliver and Leblanc, 2003), and it is clear
that a wealth of information remains to be mined from
this model organism as a good functional annotation is
only available for approximately 25% of the genes.
Although conventional genetic approaches will clearly
continue to provide valuable information, new powerful
methods are needed to systematically and rapidly
analyse the functions of all B16 000 predicted genes.
Recently, the development of RNAi-based HTS meth-
ods in tissue culture cells has provided such a
methodology. RNAi in Drosophila cells have now been
successfully used to perform genome-wide or large-scale
screens for genes involved in the regulation of cell
viability and cell morphology (Kiger et al., 2003;
Boutros et al., 2004), and the technology is currently
being applied to address many questions in signal
transduction and cell biology (see http//flyrnai.org)
(Lum et al., 2003; Michelson, 2003).

With regard to studies in signal transduction, the
integration of data obtained from multiple RNAi
screens for a variety of signaling pathways will enable
researchers to potentially identify specific versus com-
mon regulators of signal transduction cascades, as well
as how they might be involved in the maintenance of
general cellular characteristics of cell viability and
growth. In addition, it should now be possible to
perform synthetic RNAi screens in Drosophila cells
using multiple dsRNAs to uncover functions of genes
that do not display a phenotype when mutated
individually (see Kiger et al., 2003). Such screens would
enable researchers to identify genes that are functionally
redundant or act together in large protein complexes
in the regulation of cell proliferation, growth, and
apoptosis.

Although high-throughput RNAi screens in mamma-
lian cells are now starting to be conducted (Milhavet
et al., 2003; Berns et al., 2004; Grimm, 2004; Paddison
et al., 2004; Zheng et al., 2004), there are numerous
advantages of conducting genome-wide RNAi screens
in Drosophila. First, RNAi is extremely effective
(Kennerdell and Carthew, 1998; Clemens et al., 2000) and
the excellent annotation of the genome allows almost
full genome coverage (Adams et al., 2000; Oliver and
Leblanc, 2003). Second, the high conservation between
the Drosophila and vertebrate genomes, and organiza-
tion of important signaling pathways, makes the
translation of the findings from flies to vertebrates
obvious (Belvin and Anderson, 1996; Bale, 2002; Pandur
et al., 2002; Evans et al., 2003; Wajant and Scheurich,
2004). In fact, it is likely to be more effective to perform
such screens in Drosophila cells first and then look at the
functions of their orthologs in the mammalian system.
Such a strategy overcomes the problem associated with
the high degree of functional redundancy that exists in
higher vertebrates. Third, the powerful genetics and the
availability of large numbers of chemically and trans-
poson-induced mutants and deficiency lines in Droso-
phila offers a unique opportunity to quickly validate
in vivo the targets identified from the RNAi screens
(Adams and Sekelsky, 2002; St Johnston, 2002; Nagy
et al., 2003). Further, a number of methodologies, such

as targeted gene knockout and hairpin RNAi constructs,
can also be employed to engineer loss-of-function
mutations in specific genes and analyse their functions.

Cancer research and RNAi screens in Drosophila cells

Cancer usually results from misregulation of the cell-
division cycle, resulting in uncontrolled growth and/or
proliferation. Cancer cells are also often resistant to cell
death as a result of mutations in one or more
proapoptotic genes. Inappropriate activation of a
number of signaling pathways has been implicated in
the generation of tumorigenic state, such as the Wnt/
Wingless (Wg), Hedgehog (Hh), TGFb, and most
prominently the Ras gene family of small GTPases
(Bos, 1989; Matise and Joyner, 1999; Murone et al.,
1999; Oldak et al., 2001; Bak et al., 2003; van Es et al.,
2003). Research in the last 20 years has led to the
identification, cloning, and functional characterization
of several proto-oncogenes and tumor suppressors.
However, it is still a mystery as to how these proto-
oncogenes, which often belong to core signaling path-
ways that are required for normal animal development,
are misregulated and can co-operate to give rise to a
cancerous state.

Metastasis, on the other hand, refers to the spreading
and migration of cancerous cells from their point of
origin to other tissue types. It often involves dramatic
changes in cell polarity, cell shape, and cell fate, such as
epithelial–mesenchymal transitions (EMTs) in several
epithelial cancers (Takai et al., 1994; Montell, 1999;
Schmitz et al., 2000; Mercurio et al., 2001; Billadeau,
2002; Pagliarini and Xu, 2003). Recent work from Tian
Xu’s laboratory has very well shown the cooperation
between oncogenic RasV12 expression (which causes
noninvasive overgrowths on its own), and the inactiva-
tion of any one of a number of genes affecting cell
polarity can lead to a host of metastatic behaviors in
Drosophila (Pagliarini and Xu, 2003). Interestingly, the
inactivation of any of the individual cell polarity genes
did not cause metastatic behavior either. These studies
strongly suggested that early oncogenic events during
tumorigenesis could predispose cells with tumor-initiat-
ing mutations to display metastatic behavior.

Much more work needs to be carried out to better
understand the molecular mechanisms underlying the
dysregulation of these signaling pathways and tumor-
initiating oncogenes and how they may interact with the
environment (or the ‘cellular context’) to generate a
cancerous state and metastasis. In addition to the
identification and characterization of novel regulators
of oncogenesis and metastasis, significant effort needs to
be directed into the identification of targets whose
activity can be modulated through the use of new drugs.
The availability of whole-genome sequences from multi-
ple animal model systems and the surge of new
functional genomic/proteomic methodologies provide
us with a unique opportunity to pursue these goals. Not
only can we now begin to probe the function of each and
every gene in a variety of signaling pathways, but we can
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also devise ways of systematically identifying proteins
that could serve as efficient drug targets.

The RNAi technology could be used to rapidly and
systematically identify the function of every predicted
gene in the genome in the regulation of the delicate
balance between cell proliferation, growth, survival, as
well as cell morphology. Moreover, the synergy between
RNAi screens and small-molecule chemical genetic
screens of specific pathways could help identify im-
portant drug targets more efficiently. Through the use of
RNAi, one could envisage how the selective depletion of
one or more gene products could prevent or slow down
the progression to a disease state. In order to realize this
goal, several laboratories have already generated either
whole-genome or large sets of dsRNA libraries from
Drosophila, C. elegans, mouse, and human cells
(Kamath and Ahringer, 2003; Kiger et al., 2003;
Miyagishi and Taira, 2003; Boutros et al., 2004). Such
dsRNA libraries are now being widely used inDrosophila
cells for screening whole genomes to identify new regulators
of a variety of different signaling pathways and factors
that affect basic cell biological processes, such as cell
shape changes, cell division, growth, and apoptosis
(Kiger et al., 2003; Lum et al., 2003; Boutros et al.,
2004). The limiting step in performing such screens in
Drosophila cells is the design and optimization of specific
assays that can be implemented in a high-throughput
fashion. Although the nature of the screen designs is
such that it would lead to the identification of only cell-
type-specific factors, the primary screens are typically
followed by specific secondary screens in multiple cell
types. This enables researchers to identify both cell-type-
specific and core regulators. Additionally, the secondary
screens allow researchers to group subsets of regulators
in a particular pathway or cellular process into specific
functional categories. In the future, numerous such
screens will be performed. The comparison of the screen
data between the different assays will allow us to not
only identify pathway-specific or cell-type-specific reg-
ulators, but also genes that may play multiple roles in
many cell biological or signaling pathways, which could
be acting as important integrators of the multitude of
signals received by a cell. For example, recent work has
already identified both GSK3b as well as CK1a as
important regulators for both the Wg and Hh signaling
pathways in Drosophila (Lum et al., 2003) and it has
been speculated that the number of such common
regulators is likely to grow. Genes shared between
different pathways/processes may be important in
regulating how a cell reacts upon multiple signals.

Cross-referencing RNAi screens with protein–protein
interaction screens/databases and small-molecule
chemical genetic screens

Most signal transduction pathways are carried out by
multiprotein complexes. The identification and analysis
of their components provide important insights into
how the ensemble of expressed proteins (proteome) is
organized into functional units (Hartwell et al., 1999;

Bray, 2003; Spirin and Mirny, 2003; Barabasi and
Oltvai, 2004). How then do these functional units
coordinately regulate signaling pathways? This is where
a systematic comparison of candidate genes (in a specific
cell based assay) obtained from RNAi screens to that of
known protein interaction databases would be immen-
sely useful in understanding the ‘molecular context’ of
their activity. Moreover, mapping the RNAi functional
network to that of the protein interaction networks
could help identify important new regulators that were
missed in RNAi screens and therefore generate some
testable hypothesis regarding gene function. This
strategy has already been implemented in C. elegans
by Tewari et al. (2004), who used a systematic
interactome mapping of the TGFb signaling network
in conjunction with functional analysis of the proteins
found in the complex using RNAi.

One important goal of genome-wide RNAi screens
and the systematic documentation of protein–protein
interaction is to combine them with small-molecule
chemical genetic screens in order to identify chemical
inhibitors of different signaling pathways involved in
development and disease. Forward chemical genetics
involves identifying a phenotype in an organism or cell
caused by a small molecule and then identifying the
target affected. In principle, this is analogous to a
classical genetics screen, in which one screens for a
mutation that has a desired phenotype and then
identifies the mutant gene that is responsible. For
example, Mayer et al. (1999) identified a small molecule,
monastrol, that causes inhibition of mitosis by collap-
sing the mitotic spindle. The target of this small
molecule was shown to be Eg5, a kinesin involved in
maintaining the spindle structure (Mayer et al., 1999;
Kapoor et al., 2000). However, one of the major
limitations of chemical genetic screens is the efficient
identification of targets. In fact, in the case of Mayer
et al., the previous knowledge of the Eg5 mutant
phenotype was instrumental in its identification as a
target of monastrol. In other words, for small-molecule
screens to be useful, both economically and biologically,
the targets must be known. This is where RNAi screens
will be extremely useful. RNAi screens will allow
researchers to determine which proteins to target in
the cell using small molecules, in order to regulate cell
signaling or morphology. One important advantage of
cataloguing the RNAi phenotypes in various cell-based
assays is that they could be directly compared with those
of the phenotypes observed in cells treated with specific
small molecules. The comparison of chemical genetic
screens with whole-genome RNAi screens could lead to
rapid identification of specific drug targets for genes
involved in tumorigenesis. For example, the identifica-
tion of the targets of small molecules and their
comparison with the ones obtained from the RNAi
screens could be very powerful as a first step in
identifying potential drug targets for a variety of
oncogenes/tumor suppressors such as Wnts, TGFb,
Hedgehog, and the Ras proteins. One could also
envision applications whereby the RNAi and chemical
genetic screens could be used to identify small molecules
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that act as ‘cell killers’ in cells that have undergone
oncogenic transformation due to mutations in onco-
genes or tumor-suppressor genes. This would be
equivalent to a developing a ‘smart bomb’, which would
specifically target the cell carrying an oncogene but not
the normal wild-type cells. For instance, it should be
possible to screen for dsRNAs or molecules that kill
cells specifically expressing the RasV12 oncogene but
not wild-type cells. Moreover, similar screens could be
designed to identify genes or small molecules that would
target cells containing mutation in tumor suppressor
genes such as p53, APC or patched. Finally, chemical
genetic screens could also be employed to screen for
suppressors, and hence targets of specific RNAi mutant
phenotypes in cells. At present, most of the high-
throughput RNAi or chemical genetic screens are being
performed in a 384-well plate format. However, dsRNA
libraries are now be printed on glass slides using
microarrayers with each spot representing a different
dsRNA or small molecule (Stewart et al., 2003;
Carpenter and Sabatini, 2004). Cells are then plated
on the slides and assayed for different phenotypes. The
use of such array formats for cell-based assays would
greatly enhance the speed and efficacy of RNAi and
small molecule screens.

Conclusion

In the future, the breakthroughs in cancer biology will
rely on the efficient identification and functional
characterization of a multitude of as yet uncharacter-
ized, but important genes involved in oncogenesis. This
information is essential to the generation of new
therapeutic measures to prevent and/or treat cancer.
The RNAi technology has now been established in
several model organisms and research laboratories all
over the world. Together with the mushrooming protein
interaction databases and powerful forward chemical
genetic screens, RNAi screens have the potential to
revolutionize the field of signal transduction and cancer
biology, since it provides an efficient method to identify
and characterize all genes involved in specific pathways
that have been implicated in the generation of cancer.
Additionally, it also makes inroads into the field of drug
discovery through basic science.

Abbreviations

RNAi, RNA interference; dsRNA, double-stranded RNA;
siRNA, short-interfering RNA; shRNA, short-hairpin RNA;
HTS, high-throughput screen.
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