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Introduction

Approximately 10,000 trillion cell divisions happen in 
the typical human lifetime. During each cell division 
cycle, nearly 6.8 billion base pairs of DNA must be 
replicated and then segregated to each daughter cell. 
Furthermore, the cell division cycle happens in the 
context of thousands of DNA lesions that occur in each 
cell each day. In all but a few specialized cases, the goal 
is to create and maintain an identical genome for each 
cell in the body.

Maintaining the genome requires the concerted 
actions of cellular metabolism, cell cycle, and DNA 
repair activities that together constitute genome main-
tenance pathways (Figure 1). Enzymes like superoxide 
dismutase protect cellular molecules from the action 
of reactive oxygen species generated as a byproduct of 
cellular metabolism, thereby reducing the DNA dam-
age burden in the cell (Ikner & Shiozaki, 2005). DNA 
lesions that do occur are identified and repaired by 
multiple DNA repair systems that scan the genome 
looking for imperfections (Friedberg, 2003). Many pro-
teins work to ensure that a single round of DNA replica-
tion is completed with minimal errors in each cell cycle 
(Bell & Dutta, 2002). Proper chromosome segregation 

during mitosis requires spindle assembly, kinetochore 
attachment, and physical separation (Nasmyth, 2001). 
All of these genome maintenance activities happen in 
the context of chromatin necessitating a large cohort 
of enzymes that control chromatin dynamics (Campos 
& Reinberg, 2009). Finally, many of these activities are 
coordinated through signaling pathways that constitute 
the DNA damage response (DDR). This response regu-
lates transcriptional programs, DNA replication, mito-
sis, and repair (Harper & Elledge, 2007). Furthermore, 
it can promote the elimination of damaged cells from 
the cycling population through either apoptosis or 
senescence.

Our knowledge of the genome maintenance activities 
that happen in human cells comes from the study of all 
kingdoms of life since most of these activities are highly 
evolutionarily conserved. Genetic and biochemical stud-
ies of bacteria provide insights into replication and DNA 
repair proteins that also operate in eukaryotic systems. 
Archaebacteria provide a rich resource for structural 
biologists since it is often easier to purify and crystallize 
proteins from the thermophilic species. The genetics of 
simple eukaryotes like Schizosaccharomyces pombe and 
Saccharomyces cerevisiae that can divide as either haploid 
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or diploid cells provided some of our first mechanistic 
understanding of the cell division cycle (Hartwell et al., 
1970; Nurse, 1975). Higher eukaryotes including the 
invertebrates Caenorhabditis elegans and Drosophila, 
as well as the vertebrates Xenopus and zebrafish have 
unique strengths as research models. For example, 
Xenopus eggs contain high concentrations of genome 
maintenance proteins and have been used to understand 
the mechanisms of DNA damage checkpoints using com-
plex biochemical strategies. Finally, mammalian systems 
have been historically important and are increasingly 
providing resources for new discovery.

Some genome maintenance discoveries came 
directly from human systems through bedside to bench 
research. This is especially true in the DNA damage 
response field since many human diseases are caused 
by mutations in DDR genes. For example, clinicians 
studying patients with the cancer predisposition dis-
ease ataxia telangiectasia described how at the cel-
lular level this disease is characterized by an inability 
to properly arrest the cell cycle in response to ion-
izing radiation (Painter & Young, 1980; Houldsworth 
& Lavin, 1980). These were some of the first descrip-
tions of cell cycle checkpoints. Positional cloning of 
the gene responsible for ataxia telangiectasia (ATM), 
identified one of the most important kinases that sig-
nals in response to DNA double-strand breaks (DSB) 
(Savitsky et al., 1995). Other notable examples include 
the identification of DSB repair and signaling proteins 

like breast and ovarian cancer susceptibility protein 
1 (BRCA1) and Nijmegen breakage syndrome protein 
(NBS1) (Futreal et  al., 1994; Miki et  al., 1994; Carney 
et al., 1998; Matsuura et al., 1998); the identification of 
the DNA crosslink repair proteins defective in patients 
with Fanconi anemia (FANC proteins) (D’Andrea, 
2010); and the description of proteins involved in 
the repair of ultraviolet (UV)-radiation damage via 
nucleotide excision repair pathways from people with 
xeroderma pigmentosum (XP proteins) (Cleaver et al., 
2009). The primary limitations of this approach for 
understanding genome maintenance are that it is time 
and resource-intensive and restricted by the size of the 
human population.

Yeast systems historically provided the simplest 
methods to identify genes involved in genome main-
tenance pathways. Classic mutagenesis screens includ-
ing the Hartwell and Nurse cell division cycle screens 
(Hartwell et al., 1970; Nurse, 1975; Nurse et al., 1976), 
DNA damaging agent sensitivity screens (Birrell et al., 
2001; Bennett et  al., 2001; Cejka & Jiricny, 2008), and 
mitotic arrest deficient screens (Li & Murray, 1991; 
Hoyt et  al., 1991) generated lists of yeast strains that 
were converted to lists of genes as the mutant alleles 
were identified. As DNA sequencing provided a com-
plete sequence of the yeast genome, these mutagen-
esis screens gave way to more systematic functional 
genomic approaches based on libraries of yeast strains 
with targeted knockouts in every open reading frame 
(ORF) or tags integrated at every ORF to allow high-
throughput protein–protein interaction and localiza-
tion studies (Giaever et al., 2002; Winzeler et al., 1999; 
Gelperin et al., 2005).

Recent technological advances including high-
density microarrays, mass spectrometry, and especially 
RNA interference (RNAi) have made functional genomic 
approaches feasible in diploid organisms including 
human cells. In many cases, these approaches have 
been copied from the work done in yeast. For example, 
cell division cycle (Björklund et al., 2006; Kittler et al., 
2007; Kittler et al., 2004; Mukherji et al., 2006), mitotic 
arrest (Draviam et  al., 2007), and DNA damage sensi-
tivity screens (Wang et  al., 2009; Smogorzewska et  al., 
2010; O’Connell et  al., 2010; Hurov et  al., 2010) have 
all been completed with RNAi approaches in cell cul-
ture (see Table 1 for a list of screens discussed in this  
review). Some of the experimental advantages of human 
cell culture such as the ease of imaging are now being 
exploited to complete novel high content microscopy 
screens (O’Donnell et al., 2010; Kolas et al., 2007; Doil 
et  al., 2009; Stewart et  al., 2009; Lovejoy et  al., 2009; 
Paulsen et  al., 2009). Furthermore, other screens like 
the proteomic identification of hundreds of ATM sub-
strates have been pioneered in human cell culture and 
only later translated into yeast (Matsuoka et  al., 2007; 
Mu et al., 2007; Stokes et al., 2007; Smolka et al., 2007). 
Overall, these high-throughput approaches have identi-
fied hundreds of new proteins in genome maintenance 

Figure 1.  Genome maintenance requires the coordination of 
multiple cellular activities. (A) Multiple DNA repair pathways 
operate to remove DNA lesions caused by endogenous and 
exogenous genotoxic agents. (B) DNA repair and metabolism 
occurs in the context of chromatin. Chromatin modifications 
regulate protein access to the DNA as well as signaling responses 
to DNA damage. (C) DNA replication must faithfully duplicate 
the DNA and chromatin structure once and only once per cell 
division cycle. (D) Proper spindle assembly and chromosome 
segregation during mitosis ensures each daughter cell receives a 
complete copy of the genome. (E) Cell cycle checkpoints monitor 
DNA damage, replication, and mitosis.
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pathways and rapidly accelerated genome maintenance 
research.

In this review, we will describe functional genomic 
approaches to identify and characterize genome mainte-
nance pathways. A brief introduction of each approach 
will be followed by specific examples of their successful 
use in discovery. We will focus primarily on approaches 
in diploid, multi-cellular eukaryotic systems, and we 
point readers interested in functional genomics using 
yeast systems to other excellent reviews (Cagney et  al., 
2006; Davidson & Brown, 2009).

Gene expression profiling
One of the first functional genomic approaches used in 
higher eukaryotic organisms was gene expression pro-
filing (Schena et  al., 1995). The general idea is to track 
transcriptional changes in response to a genome main-
tenance challenge. This is most commonly done using 
microarrays to measure mRNA abundance. Many inves-
tigators analyzed relative mRNA expression levels as a 
function of cell cycle position, time after exposure to a 
DNA- or spindle-damaging agent, or genetic background 
(i.e., p53 overexpression or ATM-deficiency) (Chaudhry 
et  al., 2002; Amundson et  al., 2003; Rashi-Elkeles et  al., 
2006).

There are two rationales for gene expression profiling 
in the interrogation of genome maintenance pathways. 
First, genes with activities in a specific cell cycle phase 
or in response to DNA damage may be more highly 

expressed in cells under these conditions. Second, the 
outcome of many genome maintenance pathways such 
as the DDR depends on a change in transcription, so 
tracking transcriptional changes can be used as an assay 
to monitor signaling through these pathways.

A well-studied example is the G1 arrest or apoptosis 
induced by p53 in response to DNA damage, which is 
mediated by p53-dependent transcriptional changes in 
multiple genes (Levine & Oren, 2009; Menendez et al., 
2009). DNA damage leads to activation of p53 through 
post-translational modifications that promote its stabi-
lization. By identifying p53-target genes, investigators 
have learned how cells regulate the G1-S transition and 
apoptosis. These studies have been complemented by 
the identification of p53 response elements throughout 
the genome using chromatin immunoprecipitation 
experiments. The reader is directed to several recent 
reviews to learn more about these methods to study 
p53 function (Beckerman & Prives, 2010; Menendez 
et al., 2009).

The limitations of this type of approach are that regu-
lation of genome maintenance pathways often proceeds 
through transcriptional-independent mechanisms and 
that many transcriptional changes may be only indi-
rectly related to the process being studied. Proteins like 
ATM that initiate signaling in response to DNA dam-
age are largely unregulated at the transcriptional level. 
In addition, many transcriptional changes occur as a 
general reaction to any type of environmental stress, so 

Table 1.  Examples of RNAi screens for genome maintenance discussed in text.

Format
Genotoxic 
challenge Cell type RNAi type

Library size (RNAi; 
genes targeted) Hits

Genome maintenance 
activity Reference

Pooled-
hypersensitivity

IR U20S barcoded shRNA 74,905; 32,293 813 DNA damage response 
to DSB

Hurov et al., 
2010

Arrayed-
hypersensitivity

paclitaxel NCI-H1155 siRNAs 84,508; 21,127 87 mitosis; spindle 
assembly checkpoint

Whitehurst 
et al., 2007

Arrayed-synthetic 
lethal

PARP CAL51 siRNAs 3,116; 779 6 homologous 
recombination; DSB 

repair

Turner et al., 
2008

Arrayed-synthetic 
lethal

PARP CAL51 siRNAs 460;230 5 homologous 
recombination; DSB 

repair

Lord et al., 
2008

Arrayed-synthetic 
lethal

PARP U20S siRNAs ~250;73 29 homologous 
recombination; DSB 

repair

Wiltshire 
et al., 2008

Cell cycle image 
screen

None HeLa esiRNAs 5,305 genes 37 cell cycle; cytokinesis; 
spindle assembly

Kttler et al., 
2004

H2AX image screen None HeLa siRNAs ~84,000;~21,000 581 spontaneous DSB 
prevention

Paulsen et al., 
2009

H2AX image screen None HeLa, U20S shRNAs, siRNAs 6386;2287 93 spontaneous DSB 
prevention

Lovejoy et al., 
2009

53BP1 image screen IR U20S siRNAs genome-wide 500 DSB-induced chromatin 
microenvironment

Kolas et al., 
2007

53BP1 image screen None U20S siRNA microarrays ~50000; 21,541 42 DSB-induced chromatin 
microenvironment

Doil et al., 
2009

Organism IR C. eleqans RNAi food 19,000 genes 45 IR-induced cell cycle 
arrest; apoptosis

van Haaften 
et al., 2006

Organism None C. elegans RNAi food 16,757; 16,606 61 spontaneous mutation 
prevention

Pothof et al., 
2003
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they may not be particularly useful in dissecting a spe-
cific pathway (Birrell et  al., 2002). Finally, expression 
profiling provides little information on the function of 
the identified genes.

High-throughput proteomics
Proteomic approaches to studying genome maintenance 
pathways include techniques that measure protein abun-
dance, protein–protein interactions, post-translational 
modifications, and/or subcellular localization (Figure 2). 
Assays include protein microarrays, yeast two-hybrid, 
mass spectrometry, and fluorescent imaging. These are 
inherently more technically difficult, expensive, and 
lower throughput than expression profiling. However, 
they offer the significant advantage of easier functional 
interpretation.

Protein microarrays
Protein microarrays or protein chips are arrays of pro-
teins or peptides deposited on a glass or silicon surface 
(MacBeath & Schreiber, 2000). They are useful to mea-
sure protein abundance, protein–protein interactions, 
and post-translational modifications (Figure 2A). This 
technology has seen only limited use largely due to issues 
of cost and robustness of the assays. However, a recent 
publication on the use of protein microarrays to identify 
ubiquitination substrates of the anaphase promoting 
complex (APC) highlights the potential of this emerging 
technology (Merbl & Kirschner, 2009).

The APC is an E3 ubiquitin ligase that polyubiquit-
inates proteins to regulate the cell cycle (Peters, 2006). 
For example, APC-dependent ubiquitination of cyclin 
B is responsible for the cycling of its abundance and 
required for exit from mitosis (King et  al., 1996; King 
et  al., 1995; Sudakin et  al., 1995). The Kirschner group 
used what they termed as extract-based functional 
assays combined with protein microarrays to define 
APC substrates (Merbl & Kirschner, 2009). They isolated 
extracts from HeLa cells that were arrested at the mitotic 
checkpoint. These extracts catalyzed the ubiquitination 
of proteins spotted on a solid surface that was detectable 
using an anti-polyubiquitin antibody. They defined APC 
substrates by comparing the activities of these extracts 
on the protein microarray to extracts in which the APC 
was inactivated. Of the 8000 proteins arrayed on the 
chips, they found that 132 were differentially modified.

To validate the methodology for the identification of 
APC substrates, they selected six mitotic proteins from 
their list that were previously unknown targets of the 
APC complex (Nek9, Calm2, p27, RPS6KA4, cyclin G2, 
and DDA3) and demonstrated through more standard 
assays that they were indeed APC substrates. In addition, 
four proteins not previously linked to mitosis (Zap-70, 
MAP3K11, RPL30, and Dyrk3) were chosen for valida-
tion. Strikingly, two of four (RPL30 and Dyrk3) were also 
shown to be APC substrates. RPL30 is a component of the 
60S ribosome. Dyrk3 is a dual specificity protein kinase 
that has functions in regulating cell survival in response 

to energy stresses and in modulating erythropoiesis (Guo 
et al., 2010; Li et al., 2002). It is unclear why these proteins 
would be regulated by the APC, but their identification 
in this screening effort points to either an unappreciated 
function for them in the cell cycle or a broader function 
for the APC.

This example provides several lessons about the 
use of protein microarrays. First, the power of working 
directly with proteins is that results immediately lead to 
some mechanistic understanding of the pathway. The 
example also demonstrates that complex cell extracts 
can be used to recapitulate a genome maintenance 
activity. This provides several advantages especially 
when a genome maintenance activity has yet to be fully 
reconstituted with purified proteins. However, it also 
illustrates the current limitations of this technology. 
The most obvious limitation is the current protein chips, 
which contain only a small fraction of the proteome. It 
is also difficult to know the percentage of active, folded, 
and sterically unhindered proteins retained on the 
microarray.

Yeast two-hybrid and affinity purification combined 
with mass spectrometry methods for identifying 
protein–protein interactions
Many genome maintenance pathways depend on 
assemblies of multi-subunit protein machines. Thus, the 
identification of protein–protein interactions is a pri-
mary method for discovering new genome maintenance 
proteins and understanding their regulation. While 
there are many methodologies to accomplish this goal, 
the standard methods rely on interrogating proteins or 
complexes individually in a one protein per project fash-
ion. More recently, investigators have worked to convert 
these approaches into higher throughput formats and to 
create a full “interactome” description of protein–protein 
interactions that occur within a cell (Cusick et al., 2005).

The two most common interactome methodologies 
are yeast two-hybrid (Y2H) and affinity purification com-
bined with mass spectrometry (Figure 2B and 2C). Efforts 
began in yeast systems (Fromont-Racine et al., 1997) and 
expanded to other organisms. One impediment to using 
these methods in higher eukaryotes is the need for full-
length ORFs cloned into appropriate vectors. Fortunately, 
orfeome cloning projects using recombination-based 
vectors are rapidly removing this obstacle. Y2H is a sen-
sitive method to detect binary interactions, while affin-
ity purification followed by mass spectrometry is better 
suited to identify stable protein complexes that occur in 
the native context.

Vidal and colleagues used interactome mapping to 
generate a protein–protein interaction map for proteins 
involved in the DDR in C. elegans (Boulton, 2002). They 
focused on 75 worm orthologs of known DDR proteins, 
and initially used Y2H to generate pair-wise protein 
interaction maps among these proteins. From these 
data, they concluded that they had approximately a 50% 
success rate in identifying predicted interactions. More 
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importantly, they used 67 of the genes to perform unbi-
ased proteome-wide Y2H screens. A total of 165 interact-
ing sequences were recovered, many encoding novel 
proteins not previously linked to the DDR.

This example illustrates both the power of interactome 
mapping and the current deficiencies in the technolo-
gies. The major limitation of the technology is that it is 
not easily scaled to a high-throughput approach. Thus, 

we only see a very limited portion of the interactome 
landscape in any single study. A second problem is the 
issue of false-positives. Each of the “hits” from a Y2H or 
mass spectrometry experiment can only be considered a 
potential protein–protein interaction. Performing these 
experiments with large numbers of baits helps eliminate 
the false-positives through the identification of common 
contaminants. However, validation using an independent 

Figure 2.  Proteomic approaches are useful to identify genome maintenance proteins. (A) Protein microarrays can be used to identify 
post-translational modifications (A1) and protein–protein interactions (A2). For example, Merbl et al., identified substrates of the APC 
ubiquitin conjugating enzyme using protein microarrays (Merbl & Kirschner, 2009). (A2) Protein interactions can be visualized on 
protein microarrays using fluorescently tagged proteins as the probe. (B) Yeast 2 hybrid screens detect interactions between bait proteins 
and prey proteins. Although useful to interrogate pairs of proteins (B1), these screens are easily expanded to screen cDNA libraries to 
generate interactome maps (B2). (C) Affinity purification coupled to mass spectrometry is useful to interrogate protein complexes purified 
from their native cellular context or as depicted, to identify differential post-translational modifications following genotoxic stress. (D) 
Analysis of protein localization is a good indicator of function within genome maintenance pathways. (D1) Fluorescence microscopy to 
examine subcellular localization can identify proteins that change localization in response to genotoxic drugs like hydroxyurea (HU). (D2) 
Biochemical purification of cellular components coupled to mass spectrometry provides an alternative method of defining proteins that 
reside in cellular structures relevant to genome maintenance activities.
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method is essential. Finally, false-negatives will be dif-
ficult to avoid using any single method, so combining 
results from multiple methods will be important.

Mass spectrometry methods for identifying post-
translational modifications
In addition to identifying protein complexes, mass 
spectrometry can be used to detect post-translational 
modifications such as phosphorylation sites. Unbiased 
phosphoproteomic screens have yielded large databases 
of thousands of phosphorylation sites (see Yates et  al., 
2009 and references therein). Typically, these studies 
employ a phospho-protein enrichment strategy using 
technologies such as metal affinity chromatography. 
More recently, they have been combined with quantita-
tive mass spectrometry methodologies to compare cells 
or tissues from two or more conditions.

This methodology was applied to identify cell cycle-
related phosphorylation (Daub et  al., 2008). In this 
study, the authors combined stable isotope labeling in 
cell culture (SILAC) with affinity purification of kinases 
using resins attached to five kinase inhibitors. They dif-
ferentially labeled cells synchronized in S or M phase 
with isotopes, performed the kinase enrichment strat-
egy, and after trypsinization, enriched phosphopeptides 
prior to identification by mass spectrometry. This tech-
nique yielded 1182 phosphopeptides about 50% of which 
are upregulated in mitotic cells and 10% upregulated in 
replicating cells. Many new sites on known mitotic regu-
latory proteins were described including sites on CDC2, 
PLK1, and AurB. Further experiments will be needed to 
understand their functional significance. The large num-
ber of changes in phosphopeptides identified indicates 
that progression through mitosis involves large changes 
in the phospho-proteome.

A second example comes from the study of the kinases 
that operate in the DNA damage response. The DDR 
kinases ATM and ATR have a strong preference for phos-
phorylating serines or threonines that are followed by 
glutamines (Kim et al., 1999). This bias can be used to pin-
point putative phosphorylation sites within known sub-
strates. More importantly, it can be exploited to identify 
novel ATM and ATR substrates. The first example where 
this strategy used successfully was our identification of 
MCM2 and MCM3 as substrates of ATM and ATR (Cortez 
et al., 2004). In that proof-of-concept study, we raised a 
phosphopeptide-specific antibody to random phospho-
peptides that contained a phosphorylated SQ motif. This 
antibody was then used to immunopurify proteins from 
damaged cells followed by mass spectrometry to identify 
the phosphorylated proteins. Another group followed a 
similar approach to identify MCM3 phosphorylation sites 
(Shi et  al., 2007). Importantly, these proof-of-concept 
studies have now been extended to identify hundreds of 
potential ATM- or ATR-catalyzed phosphorylation sites.

Elledge and colleagues performed the largest study 
of this kind (Matsuoka et  al., 2007). They assembled a 
large panel of phosphopeptide-specific antibodies that 

recognized phospho-SQ or -TQ epitopes. Reasoning 
that these antibodies likely cross-react with other phos-
pho-SQ/TQ epitopes, they used them to immunopurify 
tryptic peptides derived from undamaged and ioniz-
ing radiation treated cells. By performing quantitative 
mass spectrometry, they defined over 900 regulated 
phosphorylation sites in a little over 700 proteins. This 
study greatly expanded the number of phosphorylated 
residues identified on known components of the DDR. 
For example, they identified 27 new sites on the BRCA1, 
53BP1, and TOPBP1 proteins. The sites identified on 
MDC1 have since been defined as ATM-dependent 
phosphorylation sites and shown to be required for 
MDC1 to promote 53BP1 foci formation at DNA DSBs 
(Kolas et al., 2007).

In addition to identifying new sites on known DDR 
proteins, the method also identified damage-dependent 
phosphorylation events on proteins not previously 
implicated in the cellular response to DNA damage. 
These include proteins linked to RNA processing, gene 
expression, chromatin remodeling, and developmental 
processes. Additional studies by other laboratories using 
similar approaches have further increased the total of 
number of potential ATM and ATR substrates (Mu et al., 
2007; Stokes et al., 2007).

Although further experimentation is necessary to 
validate that any one of these phosphorylation sites is 
really catalyzed by ATM/ATR and determine whether 
these phosphorylations are functionally important, these 
lists provide a rich resource for investigators using other 
genomic or reductionist approaches to understand-
ing DDR mechanisms. Finally, this general strategy can 
be used for other post-translational modifications like 
methylation, ubiquitylation, sumoylation, or acetyla-
tion provided that efficient affinity purifications can be 
achieved. See Boisvert et  al. for an example in which 
several arginine methylated DNA repair proteins were 
identified (Boisvert et al., 2003).

The primary drawback of the mass spectrometry 
approach is that it is biased to identify the most abundant 
post-translationally modified peptides. Low abundant 
proteins that are only modified transiently and sub-sto-
ichiometrically are likely to be poorly represented. The 
second issue is that there may be significant amounts of 
post-translational modifications that have no or redun-
dant functional consequences. Thus, the catalogue of 
modifications is only a starting point for reductionist 
methods of studying function.

Screens examining protein subcellular localization
The subcellular localization of a protein provides a 
powerful indicator of whether it functions in a genome 
maintenance pathway. For example, proteins localized to 
the kinetochore likely regulate chromosome segregation 
during mitosis. Proteins localized to telomeres may be 
important in chromosome end replication or protection. 
Proteins localized to replisomes likely function in DNA 
replication.
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There are two general strategies for using subcellular 
localization to identify genome maintenance proteins 
(Figure 2D). The first is to make a library of tagged cDNAs 
and examine localization by fluorescence microscopy. 
The second is to purify cellular structures like telomeres 
and identify the associated proteins. The first approach 
has seen only limited application primarily as a sec-
ondary screening strategy for other functional genomic 
approaches. The second approach, however, has seen 
widespread application with great success.

Dejardin and Kingston developed a technique they 
called proteomics of isolated chromatin segments (PICh) 
to selectively purify proteins associated with specific 
DNA loci (Dejardin & Kingston, 2009). The steps of PICh 
include formaldehyde-cross-linking cells to crosslink 
DNA-protein and protein–protein complexes, solubiliz-
ing chromatin, denaturing the DNA to allow for DNA 
probe hybridization, purification of hybrids, elution, and 
finally analysis of eluted proteins by mass spectrometry. 
Since DNA hybridization for capture is not sensitive to 
high concentrations of ionic detergent, PICh allows for 
stringent capture and purification conditions that reduce 
non-specific binding of proteins. They applied this tech-
nique to identify proteins associated with mammalian 
telomeres. Their experiments successfully identified 85% 
of known telomere binding proteins and over 100 new 
proteins. Several of these are orphan nuclear receptors 
including COUP-TF2 and TR4. These proteins actually 
ranked higher on their abundance list than two known 
sheltering components. Interestingly, these proteins 
were found in telomere preparations from cells using the 
ALT method of telomere elongation specifically suggest-
ing they have some function at ALT telomeres.

A few technical challenges must be overcome to use 
PICh for the classification of chromatin composition 
relevant to other genome maintenance activities. One 
of the primary concerns with this methodology is DNA-
probe design. In many cases such as damage caused by 
a genotoxic agent, site-specificity is not available. The 
other major hurdle is that it may not be easily adapted to 
identifying proteins at DNA sequences that are found at 
one or few copies in the genome.

A second localization-based screen identified proteins 
whose localization to chromatin increased after cells 
were exposed to ionizing radiation (Larsen et al., 2010). 
Both DSB repair and DDR signaling proteins accumulate 
at the site of the DSB. This accumulation is often suffi-
cient to observe a significant redistribution of the protein 
to the chromatin. Biochemical cell fractionation into 
soluble and chromatin compartments can be used to 
measure this change in localization. In this example, the 
authors determined that several subunits of the NuRD 
(nucleosome remodeling and histone deacetylation) 
chromatin-remodeling complex (CHD4, CHD3, MTA1 
and MTA2) were recruited to chromatin after IR. These 
proteins have been best studied in the context of tran-
scription, where they work to remodel nucleosomes and 
thereby change gene expression (Knoepfler & Eisenman, 

1999). DSB repair, especially homology-directed repair, 
requires access of the DSB repair proteins to the DNA 
surrounding the break (Xu & Price, 2011). Chromatin 
remodeling proteins likely work to regulate this access. 
Chromatin remodeling proteins are frequently identified 
in other functional genomic screens for genome main-
tenance proteins (see below) emphasizing that genome 
maintenance also requires chromatin maintenance.

RNAi screening
Genetics are difficult in diploid organisms because two 
copies of a gene must be manipulated to study loss of 
function phenotypes. Since RNAi-mediated silencing of 
genes occurs independently of gene copy number, it pro-
vides an opportunity to perform loss of function genetic 
screens in diploid cells. Thus, the genetic screens that 
were previously limited to organisms like S. cerevisiae and 
S. pombe can now be done in human, mouse, and insect 
cell culture or even whole organisms like C. elegans.

There are currently three primary genome-wide RNAi 
platforms. Small interfering RNAs (siRNAs) are chemi-
cally synthesized silencing reagents that can be arrayed 
in multi-well plates. Formats include individual siRNAs 
per well or pools of multiple siRNAs targeting a gene in 
each well. Enzymatically prepared siRNAs (esiRNAs) are 
produced through enzymatic methodologies instead of 
chemical synthesis and create arrayed pools of siRNAs 
targeting each gene. Finally, short-hairpin RNA (shRNA) 
vectors are DNA vectors encoding RNAs that are pro-
cessed to yield the silencing RNA. These are often pro-
duced in viral vector systems allowing stable integration 
into the genome of infected cells. Both arrayed and large 
pool formats of shRNA libraries are available (Figure 3).

Drug hypersensitivity screens
Designing an RNAi screen begins with an assay suit-
able for high-throughput screening. The simplest screen 
designs relevant to genome maintenance pathways are 
drug hypersensitivity screens. The rationale is that by 
treating cells with a drug that places a high burden on a 
specific genome maintenance pathway, researchers can 
identify genes whose loss of function causes hypersensi-
tivity to the drug. These types of screens have been used 
in many genetically tractable organisms like yeast for 
decades, are simple to execute, and are compatible with 
all RNAi formats.

Since drug hypersensitivity screens rely on growth 
inhibition or cell death as the primary assay, they are 
compatible with pooled libraries of shRNAs. In this for-
mat, a population of cells is infected at a low multiplic-
ity of infection such that each cell harbors only a single 
shRNA. Since the shRNA should produce a stable knock-
down, the cell population can be split in half, treated with 
a drug, and then examined for the relative abundance of 
each shRNA in the two populations. If a shRNA silences 
a gene required for cells to survive or proliferate in the 
presence of the drug, then that shRNA will be lost from 
the treated cell population but retained in the control 
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population. The abundance of each shRNA can be deter-
mined by sequencing the shRNAs recovered from the 
two populations. Alternatively, microarrays can be used 
to detect barcodes incorporated into the shRNA library.

Using a pooled hypersensitivity screen, Elledge and 
colleagues sought to identify novel components of the 
DDR using cellular sensitivity to ionizing radiation as the 
assay (Wang et al., 2009; Hurov et al., 2010). The screen 
conducted in the human U2OS osteosarcoma cell line 
used a library of approximately 75,000 shRNA vectors 
pooled into six sub-libraries. A total of 850 shRNAs tar-
geting 813 genes were identified that caused significant 
hypersensitivity to ionizing radiation. These genes were 
grouped into functional categories using the PANTHER 
(Thomas et  al., 2003). Unclassified genes accounted for 
30% of the gene set. Multiple genes known to function in 
DDR networks were identified, and two new components 
of the DSB repair and DNA damage checkpoint signal-
ing pathways were examined at the mechanistic level, 
NBA1 and the Triple T complex. NBA1 localizes to sites of 
DNA damage, associates with BRCA1 and is required for 
the recruitment of BRCA1 to damage sites (Wang et al., 
2009). The Triple T complex consists of three proteins 
TTI1, TTI2, and TEL2 that regulates the stability of the 
phosphoinositide-3-kinase-related protein kinases ATM 
and ATR (Hurov et al., 2010).

Drug hypersensitivity screens can also be performed 
using libraries of arrayed shRNA, siRNAs or esiRNAs. 
Arrayed hypersensitivity screens measure the effects 
of single gene knockdown on cells in each well of a 

multi-well plate. Individual or pools of siRNAs targeting 
a single gene are typically introduced into cells by reverse 
transfection using lipid-based methods. Reagents that 
change color or fluorescence relative to the number of 
proliferating cells in a well can be used as a measure of 
cell viability. Microplate spectrophotometers enable 
multi-well processing of this assay endpoint.

Whitehurst and colleagues used an arrayed RNAi 
hypersensitivity screen to identify gene functions that 
drive the cellular response to paclitaxel in lung cancer 
cells (Whitehurst et al., 2007). Paclitaxel is a chemothera-
peutic drug that targets microtubules to inhibit mitosis 
and is commonly used to treat patients with non-small 
lung cancers. Four unique siRNAs targeting each of 
21,127 genes were transfected into a non-small lung can-
cer cell line in a one gene per well format with each well 
containing a pool of four siRNAs. A concentration below 
the half maximal inhibitory concentration for paclitaxel 
was selected to enrich for genes that when silenced 
rendered cells hypersensitive to low doses of drug. The 
screen was completed in triplicate and normalizations to 
internal plate controls were made to eliminate plate-to-
plate technical variations.

To identify significant hits, a statistical algorithm was 
applied to calculated viability ratios yielding an estimated 
false discovery rate below 5%. As validation for their 
analysis, siRNAs targeting core proteasome components 
were identified as hits and proteasome inhibitors have 
already been demonstrated to enhance the sensitivity 
of paclitaxel in cancer cells (Lynch & Kim, 2005). They 

Figure 3.  RNAi screens provide a genetic approach to identifying genome maintenance activities. (A) Pooled format screens facilitate 
drug hypersensitivity screening. (A1) Barcoded shRNA vector libraries are introduced into a population of cells, (A2) split into treated and 
untreated groups, (A3) grown for several generations to allow selection against a subset of the shRNA expressing cells; and (A4) analyzed 
by sequencing or microarray technology to identify differences in shRNA abundance. (B) Arrayed format RNAi libraries can be used both 
for (B1) hypersensitivity or (B2) high content screens.
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identified 87 genes that fit their criteria and reconfirmed 
that silencing caused sensitivity to paclitaxel with four 
additional siRNAs in pools and individually. Importantly, 
they confirmed these affects across multiple cell lines and 
defined genes that when silenced specifically sensitized 
cancer cells to low doses of paclitaxel compared to nor-
mal cell lines. Thus, the hits from this screen are potential 
drug targets for lung cancer since they selectively sensi-
tize cancer cells and not normal cells (Nezi & Musacchio, 
2009; Jordan & Wilson, 2004).

These screens offer several lessons about RNAi-based 
functional genomics approaches. It is striking that in the 
shRNA pooled screen for IR sensitivity the vast majority 
of genes found in the primary screen were only identi-
fied by a single shRNA despite multiple shRNAs per gene 
being present in the library (Wang et  al., 2009; Hurov 
et al., 2010). This suggests that the shRNA targeting was 
inefficient, or a large number of the hits were due to off-
target effects. The pooled screens require that a single 
shRNA vector inserted into the cellular genome produces 
sufficient shRNA to silence the gene effectively. Even with 
optimal vector designs, this requirement may not often 
be fulfilled. This issue will increase the false-negatives 
in the screen. Off-target effects leading to false-positives 
are also a concern necessitating that further follow-up 
experimentation be performed to rule them out. Finally, 
the large pooled format cannot ensure that every shRNA 
vector is equally represented or expressed in the library.

The arrayed screens likely suffer less from the issue of 
insufficient targeting. Algorithms for designing siRNAs 
are sufficiently robust to yield high percentages of highly 
effective siRNAs. Furthermore, they are transfected into 
the cells at very high copy number. However, off-target 
effects are also a concern in this format. In the pacli-
taxel arrayed screen on-target effects were confirmed 
by validating hits from the pooled siRNA primary screen 
with four individual siRNAs (Whitehurst et  al., 2007). 
Alternatively, if the library is arrayed such that several 
individual siRNAs are used independently, then the 
results can be quickly scanned for genes that have at least 
two siRNAs yielding the same hypersensitive phenotype. 
This raises the largest obstacle to the arrayed screens—
cost. Typically, whole genome screens are done in for-
mats where small pools of siRNAs targeting a single gene 
are combined into a single well. This saves money in 
performing the screen but necessitates de-convolution 
of the pools to eliminate off-target effects. The arrayed 
screens also require specialized liquid handling systems 
that may not be available to a typical laboratory.

Synthetic genetic interaction screens
Synthetic genetic interactions arise when the phenotype 
from the loss of function of two genes are compared to the 
phenotypes of the individual gene effects. Often, these 
interactions take the form of synthetic lethality. Synthetic 
genetic interaction screens in yeast are currently being 
done using synthetic genetic array (SGA) technologies 
and are very useful for dissecting complex biological 

pathways (Pan et  al., 2006; Baryshnikova et  al., 2010). 
SGA provides a format for the high-throughput construc-
tion of double mutants at the genome-wide level. Similar 
methodologies are not available in higher eukaryotes. 
Instead, investigators are turning to three approaches 
to perform synthetic genetic interaction screens: drug 
sensitivity screens, screens combining RNAi molecules 
targeting two different genes, and screens using matched 
pairs of cell lines in which a specific gene is mutated or 
wild-type.

The first involves using selective drugs in combination 
with RNAi to target proteins in the cell and is particularly 
useful in identifying drug targets or genetic backgrounds 
where a drug might be useful in treating cancer. For 
example, several synthetic lethal screens have been per-
formed with recently developed inhibitors of the poly-
ADP ribose polymerase (PARP) enzymes (Lord et  al., 
2008; Wiltshire et  al., 2010; Turner et  al., 2008). These 
inhibitors selectively kill cells deficient in homologous 
recombination (HR) based repair mechanisms. Thus, 
they are being developed for treating BRCA-deficient 
tumors since BRCA1 and BRCA2 are required for HR 
repair. Investigators reasoned that loss of function muta-
tions in other genes are likely to yield defects in HR and 
performed synthetic lethal screens with PARP inhibitors 
to identify these genes. These screens not only define 
novel HR genes but also may point to additional clinical 
settings where PARP inhibitors can be useful.

The alternative two approaches to perform synthetic 
genetic interaction screens do not use selective drugs. 
The first is to combine two RNAi molecules targeting dif-
ferent genes. The second is to use matched pairs of cell 
lines, in which a specific gene is mutated or wild-type. 
The first approach may be more quickly applied to any 
gene but suffers from issues of whether the simultane-
ous knockdown of two genes is as efficient as the single 
knockdown. It also suffers from the potential for synthetic 
off-target effects, which may be very difficult to control. 
Thus, the superior results that can be obtained from the 
second approach using matched pairs of cell lines with a 
defined loss of function mutation at the gene level may 
be worth the added time and cost of generating the cell 
lines.

High content RNAi screens
Hypersensitivity and synthetic lethal screens have rela-
tively low information content because cell proliferation 
or viability is not a phenotype specific to genome main-
tenance pathways. Thus, large numbers of genes are 
identified in these types of screens. Even in yeast, these 
screens often identify large percentages of the genome as 
being required to survive or proliferate in response to a 
drug. Thus, higher-content assays are increasingly being 
employed. Essentially, anything that can be imaged can 
be tested using high content microscopy (HCM). High-
resolution images can be generated rapidly in microtiter 
plates containing up to 1536 wells. Image processing soft-
ware can yield information as varied as DNA content, cell 
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size, and protein localization. Thus high content screen-
ing can be used to interrogate specific genome main-
tenance pathways at high resolution, and the screens 
typically yield smaller numbers of “hits”. These types of 
screens are best suited to arrayed RNAi library formats.

One example of a high content screen relevant to 
genome maintenance is a screen to define cell division 
cycle genes in human cells (Kittler et  al., 2004). In this 
study, video microscopy was used to measure changes 
in the timing of cell division in HeLa cells in real time. 
In addition, fixed cells were stained for tubulin and DNA 
to visualize physical aberrations in mitotic structures. 
Screening a set of esiRNAs representing 5305 genes led to 
the classification of genes with functional roles in spindle 
formation, mitotic arrest, and cytokinesis, including 7 
genes with no previous assigned function and 23 with 
annotated functions other than cell division. The func-
tional readouts for this study were specific and facilitated 
direct classification of gene groups.

Additional examples of high content screens include 
several recent screens that studied the DNA damage 
response by microscopy. Two screens were reported 
that used the detection of phosphorylated ATM/ATR 
substrates as the primary assay (Lovejoy et  al., 2009; 
Paulsen et al., 2009). The largest of these screens used an 
siRNA library targeting the entire genome and visualized 
phosphorylation of the histone variant H2AX. H2AX is 
dispersed throughout the genome in approximately 10% 
of nucleosomes (Bonner et al., 2008). Phosphorylation of 
H2AX at serine 139 (γH2AX) by ATM and ATR is a well-
defined early event at or near the site of DDR activation 
(Rogakou et al., 1998; Burma et al., 2001; Ward & Chen, 
2001). γH2AX spreads kilobases of DNA beyond the 
break site, which allows visualization of bright γH2AX 
nuclear foci by microscopy (Rogakou et al., 1999). γH2AX 
has classically been used as a marker for DNA DSBs but 
is also phosphorylated at stalled replication forks and 
perhaps at other lesions where ATR is active.

The Cimprich group monitored γH2AX phosphory-
lation following gene silencing in the absence of any 
added genotoxic agent with the rationale that genes 
involved in genome maintenance pathways like DNA 
repair or replication prevent DNA damage from accu-
mulating in cells (Paulsen et al., 2009). Silencing these 
genes would increase the DNA damage burden, thereby 
increasing the activation of ATM or ATR and phospho-
rylation of H2AX. The authors grouped their results 
into confidence levels defined by the strength of the 
phenotype, reproducibility, and numbers of individual 
siRNAs that yielded the same results. They defined 581 
genes as high confidence hits. In addition to genes that 
function in the known genome maintenance pathways, 
they identified genes predicted to function in many 
other cellular metabolism activities including a large 
group of RNA processing proteins. After further inves-
tigation, they determined that at least a subset of these 
genes are needed to prevent RNA-DNA hybrids from 
forming during transcription, which presumably lead 

to RNA polymerase stalling followed by collisions with 
the replication machinery in S-phase. Importantly, 
RNA processing proteins were also enriched in ATM/
ATR substrate identification screens (Matsuoka et  al., 
2007) suggesting that RNA processing is a critical com-
ponent of genome maintenance.

DNA damage also causes the recruitment of many 
DDR proteins to intranuclear foci that are easily visual-
ized by immunofluorescence, including p53 binding 
protein (53BP1) (Schultz et  al., 2000; Rappold et  al., 
2001). 53BP1 localizes to sites of DNA DSBs and func-
tions in DSB repair via end joining (Iwabuchi et al., 2003: 
Ward et  al., 2004: Nakamura et  al., 2006: Manis et  al., 
2004: Difilippantonio et  al., 2008: Xie et  al., 2007). The 
recruitment of 53BP1 to DNA damage foci depends on 
γH2AX and MDC1 (FitzGerald et al., 2009). The under-
lying mechanisms of focal recruitment and retention 
of these DNA repair factors at DNA breaks has been a 
major question in the field. RNAi screens based on imag-
ing 53BP1 localization were designed to address this 
question and led to the discovery of RNF8 and RNF168, 
which are ubiquitn conjugating enzymes that regulate 
the chromatin microenvironment important for DNA 
DSB repair (Kolas et al., 2007: Doil et al., 2009: Stewart 
et al., 2009).

Durocher and colleagues identified RNF8 in a genome-
wide siRNA screen for the abundance of 53BP1 foci in 
U2OS cells 24 h after IR (Kolas et al., 2007). They reasoned 
that gene functions required upstream of 53BP1 foci for-
mation at DSBs would result in significant changes in 
abundance of 53BP1 foci when silenced. Pools of four 
siRNAs per gene were arrayed in 384 well formats and 
transfected into cells in quadruplicate. Using the high-
throughput acquisition and analysis capabilities of the 
Opera imaging system, they identified 500 siRNAs result-
ing in significant reduction in 53BP1 foci compared to 
controls. RNF8 was the top scoring hit following known 
upstream regulators of 53BP1 like γH2AX and MDC1. In 
a follow-up study, 59 candidate genes from the original 
screen were targeted with additional esiRNAs to further 
validate 53BP1 loss. RNF168 was the top hit in this sec-
ondary validation and was subsequently defined to act 
downstream of RNF8, to assemble K63-linked ubiquitin 
chains at sites of DNA damage (Stewart et al., 2009).

Lukas and colleagues also identified RNF168 in a 
screen based on similar rationale and functional readout 
but using distinct screening methodologies (Doil et  al., 
2009). They applied a protocol that was developed for 
screening siRNAs spotted on chambered slides (Erfle 
et al., 2007). This technique represents another method 
for siRNA arrayed screens, siRNA microarrays. In this 
particular screen, U2OS were seeded in chambers con-
taining 384 individual siRNA spots that were embedded 
in optimized transfection mixtures. After three days, the 
central area of each spot, containing approximately 150 
cells, was analyzed for number of 53BP1 foci. A total of 
21541 human genes were targeted with multiple siRNAs. 
When the screen was published, 15,000 genes had been 
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analyzed and 42 had at least one siRNA that resulted in 
reduced 53BP1 foci. Only three of 42 hits had two siRNAs 
score positive, MDC1, RNF8, and the previously unchar-
acterized RING finger protein, RNF168. These results 
may reflect a current disadvantage of this methodology, a 
high false negative rate. This problem may be due to inef-
ficient siRNA knockdown or the small numbers of cells 
that were analyzed per data point. Increasing replicates or 
cells analyzed may suffice for reducing false-negatives.

RNAi screens in multi-cellular organisms
The benefits of RNAi genetic screens are not limited to 
cell culture. RNAi screens in the C. elegans worm provide 
a method for analyzing loss of function phenotypes in an 
intact animal. Delivery of RNAi into worms is performed 
either by injection of dsRNA directly into head or tail, 
soaking the worms in a solution of RNAi molecules, or 
by feeding animals bacteria that express dsRNA target-
ing a specific gene (Kamath & Ahringer, 2003). The effects 
of RNAi in C. elegans can be analyzed by whole mount 
staining or other phenotypic assays.

A genome-wide RNAi screen in C. elegans identified 
genes that protect animal cells against IR (van Haaften 
et  al., 2006). The screen was completed with worm lar-
vae cultured in the presence of bacteria expressing RNAi 
molecules. 19000 C. elegans genes were screened in an 
arrayed, multi-well format. Worm cultures were exposed 
to IR and subsequently imaged to measure for IR-induced 
cell cycle arrest and apoptosis in germ cells. After under-
going stringent filtering using dose response analyses, 45 
genes emerged as IR protective genes. Of the 45, 43 have 
clear human homologs emphasizing the extent to which 
the DDR pathway is conserved across evolution. Genes 
were cataloged based on their previously known func-
tions, requirement for resistance to other DNA damaging 
agents, and homology across human, fly, and yeast.

Importantly, the human homologs of seven genes 
(ATM, ITGA6, NIPBL, CAND1/TIP120, NOB1, WWP2, 
and TOPBP1) were targeted by siRNA and measured 
for IR sensitivity, and all seven were confirmed as genes 
required for IR resistance in human cells. Several of these 
genes like ATM and TOPBP1 are not surprising since 
they were already known to function in DNA damage 
response pathways. However, less clear was why NOB1 
(a protein implicated in ribosome assembly) or WWP2 
(a ubiquitin ligase) were identified. Interestingly, WWP2 
has since been shown to function as an E3 ligase for PTEN 
(Maddika et al., 2011). This may provide a link to the DNA 
damage response since PTEN function may modulate 
DNA repair activities (Chalmers et al., 2010).

Another C. elegans screen used a gfp-LacZ reporter 
of frameshifts and small insertions/deletions to screen 
for DNA instability in somatic cells (Pothof et al., 2003). 
This method enabled visual screening of cells harboring 
mutations that reverted the out of frame LacZ gene to the 
correct reading frame. The authors found 61 out of 16,606 
genes screened resulted in a mutator phenotype. The 
orthologs of the DNA mismatch repair genes were among 

this list as would be expected. In addition to DNA repair 
genes, they found genes such as the histone deacetylases 
HDAC1 and HDAC2 which regulate chromatin organi-
zation and genes like cdc5 and cdc14 that regulate cell 
cycle checkpoints. Twenty-nine of the genes were not 
described previously, but several have interesting protein 
domains such as exonuclease, histone acetyltransferase, 
and SET domains suggesting they could be involved in 
DNA metabolism.

General considerations about RNAi screens
RNAi screens provide an increasingly important source 
of discovery for genome maintenance researchers. A 
question like how do cells repair a double-strand break 
can be approached at multiple levels with RNAi screens. 
The simplest, but least specific, may be the ionizing 
radiation sensitivity screens. The most specific, but also 
most technologically difficult, will be screens based on 
direct measurements of repair. In between are the high 
content imaging screens scoring for markers like γH2AX 
or 53BP1 foci. The choice of screen assay in part deter-
mines the optimal screening platform. In practice, the 
most useful information may come from combining the 
results of multiple screens. Certainly, the confidence that 
any previously unstudied gene functions in a DSB repair 
pathway is significantly increased by the independent 
identification of that gene in more than one screen.

Eliminating false-positives is critical for the results 
of the screen to be useful. The most common source of 
false-positives is off-target effects of the RNAi. Since 
silencing does not require perfect base pair comple-
mentarity between the siRNA and the mRNA, each RNAi 
molecule has the potential to silence multiple genes. The 
most common method to eliminate off-target effects is 
to require that more than one RNAi molecule targeting 
the same gene yield the same phenotypic consequence. 
If antibodies to the targeted protein are available, then 
correlating protein knockdown efficiency with strength 
of phenotype adds further confidence. Finally, comple-
mentation of the knockdown phenotype with a resistant 
cDNA is the best method of demonstrating an on-target 
effect. However, this approach is not feasible in a high-
throughput format.

RNAi screens likely suffer from high rates of false-
negatives. Even when two investigators use similar 
methodologies, the overlap in gene hits is often low. 
False-negatives come from inefficient knockdown, cell 
type specific effects, and deficiencies in the genome-
wide libraries. The cell-type specific effects are likely to 
be large since most screens use tumor-derived cells that 
have large numbers of genetic abnormalities already. 
These differences can be exploited especially in synthetic 
lethal type screens where the important question is what 
makes two or more cell types behave differently.

All of these RNAi screens depend on a statistical deter-
mination of what is a “hit”. Defining the hits requires a 
measurement of difference from the control, variabil-
ity, and elimination of off-target effects. Many different 
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statistical methods have been developed but determining 
biological significance requires more in-depth analyses. 
Functional annotation programs such as PANTHER can 
help but these issues point out the need for secondary 
screens to validate hits and provide further guidance on 
future directions. Ideally, these secondary screens should 
also be amenable to high-throughput assays. Ultimately, 
more traditional reductionist approaches are needed 
to fully validate and understand the results of any RNAi 
screen.

Conclusions

Expression profiling, proteomics, and RNAi screening 
methodologies have proven successful in the investiga-
tion of genome maintenance activities. When consider-
ing the power of these methodologies for discovery, it is 
important to realize that in many cases they were made 
with first generation technologies. In the next 10 years, 
we can expect the development of arrayed full-genome 
epitope-tagged cDNA libraries for faster genome-wide 
proteomics; protein microarray chips will expand to 
include a much higher percentage of the proteome; and 
RNAi libraries will continue to improve.

The amount of data being generated is quickly outpac-
ing the ability of a single investigator to assimilate. Thus, 
bioinformatic analyses must be developed alongside 
of improving high-throughput screening technologies. 
Better databases to store, report, search, and integrate 
data sets from RNAi screens are also needed.

The rapidly expanding data sets from expression 
profiling, proteomics, and RNAi screening methods are 
generating lists of new genome maintenance proteins. 
These lists contain genes that function in pathways like 
chromatin regulation that have obvious links to the DNA 
metabolic processes that maintain the genome. However, 
they also contain evidence that many other intracellular 
pathways impact genome integrity. Our challenge is to 
complete the catalogue and explain at a mechanistic 
level how these activities are integrated within the cell to 
protect genome stability and prevent disease.
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