
Tissue culture cells have provided a powerful system 
for studying many fundamental problems in signal 
transduction, cell differentiation and physiology. 
However, functional studies in cultured cells were 
hampered in the past by the lack of a powerful method 
for perturbing gene activities. Several technologies 
designed to knock down gene function, such as those 
based on ribozymes and antisense approaches, showed 
initial promise but ultimately failed to deliver robust 
protocols.

A turning point came with the discovery of RNAi (REF. 1) 
and its rapid rise from small-scale experimentation to 
genome-scale screening in Caenorhabditis elegans using 
dsRNAs2,3. Hopes were raised that this method might 
also be applicable in mammalian cells, providing a 
direct causal link between gene sequence and func-
tional data in the form of targeted loss-of-function 
(LOF) phenotypes. The use of long dsRNAs to trigger 
RNAi was initially hindered in mammals by the fact that 
these molecules simultaneously activate the interferon 
response4; however, it quickly proved successful in 
cultured Drosophila melanogaster cells5. Subsequently, 
short dsRNAs designed to mimic small interfering RNAs 
(siRNAs), which were initially identified in plants6, were 
shown to elicit a potent and specific RNAi response in 
cultured human cells, without interferon activation7. 
Several strategies have now been devised to trig-
ger the RNAi pathway, each of which is adapted and 
optimized for different cell systems. Today, the most 
commonly used approaches are based on long dsRNA 
for D. melanogaster cells, and either synthetic siRNAs 
or vector-expressed short hairpin RNAs (shRNAs) for 

mammalian cells. The fast development of these RNAi 
tools has been driven by advances in the molecular 
understanding of the RNAi pathway (BOX 1).

RNAi has accelerated a wide range of small-scale 
gene characterization studies, but arguably the most 
important way in which it has transformed biological 
research is by enabling genome-scale screens in cell 
culture systems. Driven by genome sequence data, RNAi 
is now widely used in high-throughput (HT) screens in 
both basic and applied biology8. It is a powerful method 
for addressing many questions in cell biology, and its 
amenability for use in modifier screens in addition to 
direct LOF screening has made it particularly useful 
for the analysis of signal transduction pathways (BOX 2). 
RNAi has also become a method of choice for key steps 
in the development of therapeutic agents, from target 
discovery and validation to the analysis of the mecha-
nisms of action of small molecules9. Although several 
HT screens have already been carried out in both 
D. melanogaster and mammalian cells10–32 this is still an 
area of huge opportunity, especially as new technical 
advances arise.

Here we provide a guide to carrying out HT RNAi 
screens in cell systems, focusing on D. melanogaster 
and mammalian cells — the systems in which such HT 
screens are mainly carried out. Most HT RNAi screens 
are complex and expensive undertakings, requiring 
significant automation and computing infrastructures, 
and a combination of disparate skills, ranging from 
informatics to cell-culture expertise and HT assay 
development (BOX 3). In addition to these infrastructure 
requirements, designing a cell-based HT RNAi screen 
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Ribozyme
An RNA molecule with catalytic 
activity.

RNAi
RNA interference refers to the 
process by which dsRNA 
molecules silence a target gene 
through the specific 
destruction of its mRNA.

dsRNA
Long dsRNAs (usually referring, 
in this context, to those that 
are >200 bp in length) 
that are made from cDNA 
or genomic DNA templates.

High-throughput RNAi screening 
in cultured cells: a user’s guide
Christophe J. Echeverri* and Norbert Perrimon‡

Abstract | RNA interference has re-energized the field of functional genomics by enabling 
genome-scale loss-of-function screens in cultured cells. Looking back on the lessons that 
have been learned from the first wave of technology developments and applications in this 
exciting field, we provide both a user’s guide for newcomers to the field and a detailed 
examination of some more complex issues, particularly concerning optimization and quality 
control, for more advanced users. From a discussion of cell lines, screening paradigms, 
reagent types and read-out methodologies, we explore in particular the complexities of 
designing optimal controls and normalization strategies for these challenging but extremely 
powerful studies.
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Interferon response
A primitive antiviral mechanism 
that triggers sequence-
nonspecific degradation of 
mRNA and downregulation 
of cellular protein synthesis.

Small interfering RNA
Small RNAs of 21–23 
nucleotides in length that 
engage the complementary 
mRNA into the RISC complex 
for degradation.

Short hairpin RNA
Small dsRNA constructs that 
are usually 22–29 nucleotides 
long and form a hairpin-like 
secondary structure.

involves many levels of decision-making, including the 
choice of species and cell line, screening paradigm and 
format, reagent type and read-out methodology used 
in phenotypic assays. We discuss each of these con-
siderations, and provide an overview of the necessary 
controls and optimization procedures for the successful 
implementation of a cell-based HT RNAi screen.

Choice of cell type
Drosophila melanogaster cells. With a relatively 
modest but fast-growing list of available cell types, 
D. melanogaster cells are excellent for RNAi screens. 
They typically grow at or near room temperature 
under ambient CO2 levels33 and several D. melanogaster 
cell lines efficiently take up dsRNA from the medium 
without the need for transfection reagents5. In addition, 
D. melanogaster cells, like mammalian cells, allow high-
resolution spatio-temporal observations to be made 
by microscopy10.

S2 and Kc cells are the most commonly used lines for 
D. melanogaster RNAi screens (TABLE 1), and both take 
up dsRNA efficiently by bathing cells in a serum-free 
medium (for detailed protocols see REFS 5,34). Another 
popular cell line, clone 8, shows poor uptake with the 
bathing method, but has been successfully implemented 
in RNAi screens that use standard lipid-based dsRNA 
transfection methods14. Many other D. melanogaster cell 
lines of various origins35 can be used for RNAi applica-
tions, and are available from the Drosophila Genome 
Resource Center.

RNAi can also be carried out effectively in primary 
cells that are isolated from D. melanogaster embryos. 
This approach can provide advantages over cell lines, 
as the differentiation programmes of primary cells fol-
low in vivo differentiation patterns more closely. For 
example, screens for axonal outgrowth and muscle 
integrity have been completed by simply deriving cells 
from embryos that express a GFP marker in the cells of 
interest (K. Sepp, J. Bai and N.P., unpublished observa-
tions), and the primary cells tested so far elicit a robust 
RNAi response after bathing with dsRNAs.

Mammalian cells. The vast compendium of publicly 
available human and rodent cell lines offers a wide 
range of genotypes, cellular characteristics and tissue 
derivations, and therefore provides a broad potential 
for accurately modelling many biological processes. 
Although RNAi silencing reagents are available for 
targeting virtually any human, mouse or rat gene, most 
mammalian cell-based RNAi studies so far have used 
human cells of various origins. Adherent lines such 
as HeLa and U2OS offer easy, efficient delivery and 
fast, robust growth in the well-ordered monolayers 
that are most desirable for microscopy read-outs. For 
many of these, the transient transfection of synthetic 
RNAi-based silencing reagents (for example, siRNAs) 
has proved highly efficient (>95%) using standard lipid-
based transfection reagents, although often not without 
significant optimization (see the later section on this 
topic). In such experiments, the doubling time of the 
cell line directly affects the duration of silencing, which 
usually does not exceed 5–6 days for most lines36.

Importantly, using the transfection and culture 
conditions required for adequate silencing efficiency 
sometimes comes at the price of increased toxicity or 
other significant alterations to cell physiology, such that 
the processes under study might no longer be well repre-
sented. The robustness of cell lines varies widely in this 
respect: certain commonly used lines, such as HeLa, have 
higher tolerance to conditions that will prove markedly 
toxic to many others (such as the MCF-7 line) (REF. 37). 
This highlights the importance of careful optimization of 
RNAi conditions for each individual cell line, not just for 
maximal silencing but also to achieve optimal silencing 
in healthy cells. Beyond these toxicity issues, many cell 
lines also show genetic instability, which leads to loss of 
clonality and intra-line heterogeneities in karyotype and 
physiology. Although too often overlooked, these factors 
can underlie significant variability in HT RNAi screening 
results, and might warrant subcloning of the cell line.

Box 1 | RNAi biology

The experimental use of RNAi represents the harnessing of endogenous cellular 
pathways that are present in species ranging from plants to humans. These pathways 
use two types of small RNA — siRNAs and miRNAs — to direct the sequence-specific 
downregulation of endogenous or exogenous target genes. In Drosophila melanogaster 
and Caenorhabditis elegans, long dsRNAs of a few hundred base pairs are commonly used 
in RNAi experiments, and silencing is ultimately induced by siRNAs, the key pathway 
intermediate. In mammalian cells, shorter dsRNAs that closely mimic siRNAs are 
commonly used to elicit an RNAi response without triggering the interferon pathway, 
sometimes through a short hairpin (shRNA) construct. As understanding of the miRNA 
pathway deepens, some efforts have also sought to make further RNAi reagent design 
improvements, either by directly mimicking miRNA biogenesis, or by learning from their 
targeting principles.

The siRNA pathway
Long dsRNAs and shRNAs, either ectopically introduced into cells or endogenously 
generated, are processed by Dicer, a dsRNA-specific RNase III, to form siRNAs. These 
siRNAs, which are actively maintained in the cytosol by exportin60, are then loaded into 
argonaute 2-containing RNA-induced silencing complexes (RISCs). This process imposes 
a selection, which is based on the relative thermodynamic lability of the two ends of 
the siRNA, whereby one siRNA strand becomes the ‘guide’, or targeting co-factor, 
and the other becomes a temporary ‘passenger’, which is quickly degraded as a 
pseudotarget. The guide strand is then used by RISC to direct repeated rounds of target 
mRNA recognition, cleavage and release, in a powerful processive cycle. A search for 
clear ‘rules’ that define target mRNA recognition by the guide strand, which are 
important for optimizing the specificity of silencing reagents, has proved difficult. Most 
focus is on the so-called ‘seed region’ of bases 2–8, which is defined as the primary 
targeting region for miRNA action and is the region that is least tolerant of mismatches. 
Nonetheless, siRNA targeting specificity remains incompletely understood.

The miRNA pathway
miRNAs are initially produced as long transcripts (pri-miRNAs) that include hairpin 
structures and contain one or more miRNAs. Pri-miRNAs are processed in the nucleus 
by a microprocessor complex that contains the RNase III endonuclease Drosha and an 
RNA-binding protein Pasha or DGCR8 (DiGeorge syndrome critical region gene 8) 
(REFS 61–64), which produces 60–70 nt stem-loop intermediates (pre-miRNA). 
Pre-miRNAs are exported from the nucleus in a process that is dependent on 
exportin 5 and RAN65,66, and are processed in the cytoplasm by a complex that 
contains the enzyme Dicer and RNA-binding protein loquacious or TRBP (TAR RNA 
binding protein)67–69, producing an imperfect RNA duplex of the miRNA, the future 
‘guide strand’ and its complement, the so-called ‘miRNA*’ strand. The miRNA strand is 
preferentially loaded into the RISC complex, whereas the miRNA* strand is degraded. 
The miRNA containing RISC complex then associates with target mRNA, leading to 
cleavage or to translational repression70,71. 
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miRNA
Endogenously expressed small 
dsRNA (21–24 nucleotides), 
which can either interfere with 
translation of partially 
complementary mRNAs 
(usually through their 3′ end 
UTRs) or cause small interfering 
RNA-like degradation of 
perfectly complementary 
mRNAs.

Dicer
Refers to members of a highly 
conserved family of RNase III 
endonucleases that mediate 
dsRNA cleavage. This produces 
the small interfering RNAs or 
mature miRNAs that direct 
target silencing in RNAi and 
miRNA pathways, respectively.

The accurate modelling of certain biological proc-
esses, such as immunological and neurological pathways, 
remains contentious in transformed cell lines, leading 
many researchers to preferentially study these in pri-
mary cells. With few exceptions (for example, HUVEC 
cells), primary cells have presented serious obstacles to 
HT RNAi screening applications, primarily because most 
are refractory to standard lipid- or peptide-based transfec-
tion methods38. In some cases, such as B cells and CD34+ 
haematopoietic progenitors, advanced electroporation-
based methods have yielded effective protocols for 

small-scale work, but these are not yet fully optimized for 
HT RNAi screening. Most other primary cells have only 
been accessible to HT RNAi through the use of virally 
delivered shRNA vectors (see below). This approach has 
yielded significant successes24,25,27 despite the generally 
sub-optimal level of silencing that was observed with 
early shRNA libraries and the risk that certain viruses 
might alter key aspects of cellular physiology.

Another important factor to take into account for 
primary cell screens is the need for a constant supply of 
biologically homogeneous cells to support a large study 

Box 2 | Direct loss-of-function versus modifier screens

Loss-of-function screens
The most obvious application of RNAi screening, direct loss-of-function (LOF) screening, involves identifying and 
functionally characterizing genes of interest on the basis of their LOF phenotypes. Such studies offer the broadest 
discovery potential, as they simply analyse single-gene LOF phenotypes in otherwise untreated cells. This approach has 
proved effective for many types of gene, including those that encode structural components, cell-surface receptors, 
transcription factors and enzymes. It is nonetheless important to remember that RNAi is a method for gene knock down 
and not knock out. Therefore, the high activity and/or long protein half-life and/or high endogenous expression of some 
genes might make it difficult to generate detectable LOF phenotypes, especially in the case of certain enzymes, as residual 
activity might be sufficient to fulfil their cellular roles.

Modifier and synthetic lethal screens
RNAi screens can also be refined through many of the same screening strategies that have been developed and perfected 
for decades in classic genetic screens. Particularly powerful are modifier screens, whereby RNAi is used to identify genes 
and pathways that, when silenced, can either enhance or suppress a given phenotype of interest. The phenotype to be 
modified can be the result of an initial drug treatment (see figure; change in array colour indicates the phenotypic effect 
of the drug that is to be modified; wells of different colours indicate the effects of siRNAs alone (middle panel) or the 
combination of drug treatment plus siRNAs (right panel)), in which case the screen will potentially yield insights into both 
the mechanism of drug action and the drug-targeted molecular pathway(s). The initial phenotype can also be generated 
by an initial genetic modification, through gene overexpression or even RNAi-mediated pre-silencing. In this case, the 
screen can potentially shed light on cellular pathways that are relevant to the function of this gene. This principle was 
recently applied in the context of in vitro neoplastic transformation assays to identify novel tumour suppressors26,27.

In the broader context of developing novel therapeutic agents, these methods are of particular value not only for 
analysing a compound’s mechanism of action and understanding unwanted side-effects, but also for identifying 
potential gene targets for developing sensitizing agents for existing drugs72. By focusing on silencing events that 
suppress the drug’s action, the same approach can also identify and/or validate novel biomarkers to predict non-
responsiveness to the compound, an increasingly important tool for optimizing the design of clinical trials. Among the 
most compelling examples of this approach are synthetic lethal screens, whereby lethal combinations of multiple 
non-lethal modifications are sought. Here RNAi screening is conducted in cells that are pre-treated to duplicate or 
mimic naturally occurring genetic lesions that are known to underlie disease states such as cancers. In such studies, the 
desired RNAi-modified phenotype is cell death, thereby offering a way of specifically killing cancerous cells while 
preserving healthy ones.
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Off-target effect
Any detectible phenotypic 
change that is triggered by 
RNAi treatment, other than 
those that are derived directly 
or indirectly from silencing the 
targeted mRNA.

over many weeks. Typical precautions include maintain-
ing a reserve of primary cell lots from pooled donors, 
and their extensive pre-testing for lot-to-lot variability 
in both silencing and functional read-out assays before 
launching a screen.

Reagents for D. melanogaster HT RNAi screens
Various libraries, all based on long dsRNAs, are 
available for RNAi screens in D. melanogaster cells 
(TABLE 2). These have been used in several screens that 
utilize transcriptional reporter assays or microscopy-
based read-outs10–23. For D. melanogaster cells that 
do not respond well to the bathing method, standard 
transfection reagents need to be added14,34.

Reagents for mammalian HT RNAi screens
A range of small RNAs have been developed as silencing 
reagents for use in mammalian HT RNAi screens, each 
with their own advantages and disadvantages (FIG. 1).

Synthetic siRNA-like molecules. Most mammalian cell-
based RNAi studies have used siRNAs that are designed to 
closely mimic endogenous 21-nt siRNAs with 2-base over-
hangs at both 3′ ends7. Several genome-scale libraries have 
been built on this template (TABLE 3), incorporating a range 
of sequence-selection criteria to maximize the probability of 
potent target mRNA cleavage while minimizing the risk 
of generating off-target effects (OTEs; see later section)28,39. 
When it has been carried out, experimental validation of 
these libraries has typically shown approximately 80–90% 
probabilities of individual siRNAs yielding a >70% reduc-
tion in target mRNA levels after 48 hours under standard-
ized conditions in transformed human cells. As discussed 
earlier, it is important to bear in mind that the silencing 
threshold needed to generate a detectable LOF phenotype 
depends both on the gene40 and on the sensitivity of the 
phenotypic read-out being used.

Importantly, using multiple siRNAs that target each 
gene, the combined probabilities of achieving >70% silenc-
ing are theoretically increased to ~95% or more. Although 
the concept of using such a pool of siRNAs is attractive for 
achieving a higher probability of strong silencing in far 
fewer experimental samples, it assumes that the silencing 
performance of the pool is at least as good as the indi-
vidual siRNAs. In fact, when carefully optimized, such 
‘low-complexity siRNA pools’ (3–6 siRNAs per pool) 
generally perform better than the worst of their constitu-
ent siRNAs, but not quite as well as the best, as poorly 
performing siRNAs have been found to compete with bet-
ter ones41. Similarly, the specificity profiles of such pools 
seem to be ‘cleaner’ (fewer apparent OTEs, as measured 
by cDNA microarrays) than those of the ‘dirtier’ siRNAs 
in the pool, but not as clean as the best ones (A. Khvorova, 
personal communication). The increased throughput and 
reduced cost of using such pools (or polyclonal shRNA 
preparations, see the next section) are therefore likely to 
come at the cost of higher rates of false negatives compared 
with using each of the constituent siRNAs individually.

The recent development of endonuclease-prepared 
siRNAs (esiRNAs)31,42 takes the pooling concept to a 
higher level. esiRNAs are produced from 200–500 bp 
dsRNAs that are transcribed in vitro from DNA templates 
and then digested by either a recombinant Dicer enzyme 
or bacterial RNase III. The result is a high-complexity 
‘cocktail’ of siRNA-like molecules, all targeting a single 
gene. So far, just one screen has been carried out using 
esiRNAs31, but this suggests that these RNAs can offer 
silencing efficacies that are comparable to those of siRNAs, 
with the promise of significantly lower production costs, 
and perhaps even the hope of cleaner specificity pro-
files. If large-scale production can be developed to yield 
ready-to-use esiRNA libraries of reproducibly high qual-
ity, the more in-depth characterization of all aspects of 
their performance (including silencing, specificity, kinet-
ics and toxicity) in a wider range of cells will be crucial to 
their wider adoption in HT RNAi screening.

Box 3 | Basic infrastructure needed for high-throughput RNAi screens

Laboratory automation
Beyond the usual tissue culture facilities, a minimal infrastructure is required for semi-
automated cell-based RNAi screening. An arrayer robot (for example, TekBench from 
TekCel) is required to dispense the reagents to be screened into assay plates (96 or 384 
wells), after which a liquid dispenser is needed to add the cells, as well as other reagents 
such as the culture medium, to the plates (for example, WellMate from Matrix). A plate 
reader and an inverted fluorescent microscope with automated software are required for 
data acquisition. Many instruments are available to carry out this last task; in particular, 
several image-acquisition platforms are available for high-content screens8. Finally, a 
spotter (for example, Genetix) is required for researchers who want to make their own 
solid-phase optimized transfection RNAi (SPOT-RNAi) arrays.

Computing infrastructure
It is crucial to establish a solid computing backbone to support genome-scale high-
throughput RNAi (HT RNAi) screening as it is not only a matter of reducing repetitive 
tasks and increasing throughput, but makes the difference between a successful, 
insightful study and an expensive nightmare. The key elements to focus on are listed.

Relational database with large capacity storage and professional back-up system. 
These are needed to organize, store and readily retrieve all levels of information that 
go into and come out of an HT RNAi screen. This includes genome and reagent 
sequences, tube, plate or slide identification numbers, raw experimental data and 
processed data. The ‘Excel swamp’ can be avoided by using, as a bare minimum, a 
carefully built Filemaker Pro or Access database, both of which can be self-taught. 
MySQL and Postgres databases provide more solid alternatives, although these require 
professional programmers.

Laboratory information management system. The risk of data handling errors occurring 
in such complex studies is difficult to eliminate completely, and even a rare error — 
either human or robotic — can cause huge losses of data, time and money. A good 
laboratory information management system (LIMS) is crucial, combined with bar-coded 
sample labelling, not only to yield an efficient process with minimized error risks, but also 
to efficiently troubleshoot errors that do occur. As the cheapest solution, a paper-based 
LIMS, if designed carefully and implemented diligently, can be effective in tracking and 
managing data flow throughout the most complex screening processes. Off-the-shelf 
LIMS software solutions typically require significant customization to address HT RNAi 
workflows, involving nearly as much programmer time as developing solutions from 
scratch. The construction of a software LIMS is therefore an expensive and complex 
long-term project that is only justifiable if several HT RNAi screens will definitely be run 
(for example, in the case of screening facilities).

Data processing, graphing and statistical analyses. Processing, statistically analysing 
and graphically representing the large and often multi-parametric data sets that are 
produced from RNAi screens can largely be done within Excel, although larger data sets 
will stretch the limits of this software. More specialized packages such as Spotfire , offer 
a broader range of statistical tools, and more powerful, streamlined graphing options. 
Some image-analysis software for automated microscopy instruments already integrate 
some of this functionality.
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The use of all synthetic RNAi reagents depends on 
their efficient delivery into cells. The range of commer-
cially available lipid- and peptide-based transfection 
reagents offers ample potential for optimizing delivery 
conditions for most transformed cell lines. Importantly, 
for large-scale screening applications it is worthwhile not 
only to test for transfection efficiency and associated cel-
lular toxicity, but also to monitor batch-to-batch variabil-
ity in the efficiency of the transfection reagents. Beyond 
lipid- and peptide-based transfection, several devices 
are now commercially available for electroporation in 
microwell plate formats (for example, products from 
Ambion and Cytopulse). Although the overall observed 
performance has been promising using this technique, 
including the crucial issue of well-to-well reproducibil-
ity, the significantly higher amount of siRNA needed per 
well (up to tenfold higher) is costly.

When used to deliver siRNAs or esiRNAs, all of the 
methods described above yield only transient silencing, 
which typically ceases after 5–7 days in actively divid-
ing cell lines. So, when sustained silencing is desired for 
more than ~5 days, or where efficient delivery becomes 
limiting (as is the case with certain terminally differenti-
ated primary cells), the best choice is viral delivery of 
shRNA constructs.

Vector-based shRNA libraries. The advent of shRNA 
technology has allowed the development of cheaper, 
renewable RNAi libraries that can be delivered into almost 
any transformed or primary cell type, enabling sustained 
silencing over weeks if necessary. The shRNA approach 
is most powerful when combined with viral vector-based 
delivery, which can yield nearly 100% delivery in many 
cell types. So far, retroviral, adenoviral and lentiviral vec-
tors have been most widely used, with notable successes, 
and several libraries are now available (TABLE 3).

Several technical hurdles initially slowed down the 
development of first-generation shRNA technology24,25. 
Some libraries were plagued by the instability of 
shRNA constructs, which is now addressed by using 
recombination-deficient host strains, more stringent 
bacterial growth conditions and inclusion of selectable 
markers in close proximity to the hairpin construct. 
Another problem was insufficient expression levels; 
this contributed to the variable silencing performance 
that was commonly observed with first-generation 

constructs, which were designed as hairpin transcripts 
driven by RNA polymerase III promoters, entering the 
RNAi pathway as pre-miRNA-like molecules (BOX 1).

Second-generation shRNA libraries now offer 
significantly better silencing performance than their 
predecessors43, benefiting from a combination of 
multiple design improvements, including many of the 
same sequence features that are used to optimize siRNA 
silencing. One new library integrates the use of a ‘back-
bone’ sequence that is based on an endogenous miRNA 
(miR-30). This yields so-called ‘shRNAmiRs’ that enter 
the RNAi pathway as pri-miRNAs upstream from sim-
ple hairpins, and are thought to undergo more efficient 
processing by the RNAi machinery43. Although the 
relative contributions of the updated sequence designs 
and the miR backbone to the improved performance 
remain individually unclear, the compatibility of 
these constructs with either RNA polymerase II or 
III promoters also enables a wider range of choices for 
controlling expression, including tissue-specific pro-
moters. However, despite these advantages, the inherent 
cell-to-cell variability of expression that is observed with 
all shRNA vectors still requires the application of selec-
tion and reporter strategies to focus LOF analyses on 
those cells that express the highest levels of shRNAs.

Finally, it should be noted that the new generation of 
shRNAs has not yet been fully characterized with respect 
to specificity or toxicity. All current vector-driven shRNA 
approaches are inherently limited in the amount of regu-
lation of shRNA-expression levels, making it difficult to 
control the risk of triggering OTEs. The development of 
inducible shRNA vectors (for examples see REFS 44,45), 
promises further refinements in this area.

Screening paradigms and formats
In undertaking a large-scale cell-based RNAi screen, the 
next question is typically that of the screening paradigm 
to be applied. This can be a systematic screen, targeting 
each gene individually, or a selection-based screen, using 
pooled libraries of shRNAs to target many genes at once. 
The two approaches have different strengths and limita-
tions, which will determine which approach is used in 
conjunction with a particular cell type and LOF pheno-
type (summarized in FIG. 2). Both approaches rely on 
the exploitation of annotated genome sequences and the 
accuracy of current gene and transcript predictions.

Systematic screening. Systematic screening offers the pos-
sibility of working through any selection of genes, from a 
selected subset to the entire genome. Each gene is silenced 
individually and an appropriate read-out methodology is 
applied to characterize and measure the resulting LOF 
phenotype. This is the most direct approach to RNAi 
screening, and the most broadly applicable in terms of the 
range of phenotypes that can be assayed. However, 
the optimization that is required to make assays both 
sensitive and robust enough to yield reproducible results 
throughout the genome-scale screen represents a signifi-
cant challenge that is often underestimated. In addition, 
the cost associated with systematic genome-scale screens 
can be considerable, as large amounts of screening 

Table 1 | Available cell lines for RNAi in Drosophila melanogaster

Cell lines Description References

Schneider 
derivatives (S2, S2*, 
S2-R+ and DL2)

Embryonic, phagocytic, semi-
adherent, round or flat

74,75

Kc Embryonic, phagocytic, round 76

Clone 8‡ Imaginal discs, epithelial cells 77

Primary cells Embryonic muscle cells J. Bai and N.P., unpublished 
observations

Primary cells Embryonic neurons K. Sepp and N.P., unpublished 
observations

‡Clone 8 cells require transfection for efficient RNAi (REF. 14). For details on transfection 
reagents see REF. 34.

R E V I E W S

NATURE REVIEWS | GENETICS  VOLUME 7 | MAY 2006 | 377

© 2006 Nature Publishing Group 

 



reagents are required, as well as expensive instrumenta-
tion for automation, and extensive computing infrastruc-
ture, which is crucial for the management and analysis of 
the large and complex data sets.

Systematic screens can be carried out using either 
synthetic siRNA or dsRNA libraries, or vector-based 
shRNA libraries. These are typically carried out in 
arrayed formats using microwell plates with 96 or 384 
wells (which yield sufficient numbers of cells to achieve 
statistically relevant data sets), and use either microscopy 
or plate readers for read-out. Although some cells and 
assays are more difficult to adapt to the 384-well than 
to the 96-well format, the 384-well format offers faster 
throughputs, shorter timelines and lower costs.

Another emerging format used for systematic RNAi 
screening is based on the ‘reverse-transfection’ method, 
which can be applied to cell arrays46, and is also known as 
solid-phase optimized transfection RNAi (SPOT-RNAi). 
Cells are cultured on a glass slide that is printed in known 
locations with discrete spots of nanolitre volumes of 
dsRNAs or siRNAs47–50. Only those cells that land on the 
printed spots take up the RNA, forming clusters of 80–200 
cells that silence the targeted genes. At only 150–250 µm 
in diameter, 5,000–10,000 such spots can be printed on a 
standard microscope slide, significantly reducing the vol-
ume requirements for most screening reagents. Although 
restricted to the use of microscopy read-outs, this screen-
ing platform offers the potential of vastly increasing 
throughputs and significantly reducing costs, while still 
allowing a wide breadth of multiplexing experiments.

SPOT-RNAi is potentially ideal for modifier screens 
(BOX 2) to be carried out in cells that have been pre-
sensitized through the addition of a single dsRNA, siRNA or 
cDNA. This can be used to identify shared components 
or parallel pathway components, synthetic lethal effects 
and mechanisms of suppressing the over-activation 
of cellular pathways that results from gain-of-function 
(GOF) mutations. Microarrays printed with highly 
selected dsRNAs that target a process of interest could 
also be combined with small-molecule drug-discovery 
screens in an effort to speed up target identification.

There are however some important limitations to 
SPOT-RNAi. First, it works best with cell types that show 
little or no motility. Second, the spotted transfection 
mixture must be carefully optimized for each cell type, 
restricting the use of pre-spotted plates to compatible 
cell types, although some suppliers are getting around 
this by spotting only the nucleic acids and letting users 
add the transfection reagents. Third, spot sizes must also 
be optimized carefully to allow statistically sufficient 
numbers of cells to be counted on each spot. Finally, the 
technology will be difficult to adapt to screens in which 
the read-out involves secreted factors, or for cells that 
grow in suspension.

Selection-based screening. Selection-based screening 
allows an entire library of silencing molecules to be deliv-
ered as one pool to a single, large population of cells, with-
out the need for arrayed formats. This relies on the ability 
to sort cells on the basis of their LOF phenotypes, and then 
identify the responsible silencing molecules. Although 
this clearly offers the potential for faster, simpler and less 
expensive screening, these advantages come at the price 
of a narrower range of applicability, as the RNAi-induced 
phenotypes of interest must confer a selectable property to 
individual cells to allow their sorting. One way of achiev-
ing this is by basing the read-out assay on the expression 
of a fluorescent reporter gene. An even more directly 
selectable phenotype is cell growth modulation, preferably 
with RNAi causing a growth advantage24,27,43,49.

The identification of the responsible silencing 
molecules has been most elegantly achieved through 
the use of ‘bar-coded’ shRNA vector libraries. Here 
each construct, which expresses a single shRNA 
molecule, also contains a unique bar-code sequence, 
which is optimized for hybridization-based detec-
tion in a microarray format24,43,49. The application 
of molecular bar-code technology maximizes the 
sensitivity of these libraries by allowing the identifi-
cation and efficient ‘deconvolution’ of even extremely 
rare silencing events that generate the desired LOF 
phenotypes24,43,49.

Table 2 | Available Drosophila melanogaster dsRNA collections

Coverage Description of 
reagents

Availability Comments References

Entire D. melanogaster 
genome

21,396 dsRNAs, with 
an average length of 
400 bp 

PCR products for dsRNA 
synthesis are available 
from Eurogentec

Amplification was carried out using gene-specific 
primers designed to combine genome annotations 
that are available from the original BDGP/Celera 
data (13,672 genes) and the Sanger Center data 
(20,622 genes)

11

The best annotated 
D. melanogaster genes

13,071 dsRNAs of 
300–800 bp 

dsRNAs are available 
from Ambion

Design based on Flybase v3

Most D. melanogaster genes 
that are phylogenetically 
conserved with mammalian 
genes

7,216 dsRNAs of 
300–600 bp 

dsRNAs are available 
from Open Biosystems

For each gene, the exonic sequence was amplified 
using gene-specific primers

18 

Genes that are represented 
in the cDNA set 1 collection 
from the BDGP 

4,923 dsRNAs of 
variable size 

dsRNAs are available 
from the authors of 
REFS 14,73

14,73

BDGP, Berkeley Drosophila Genome Project.

R E V I E W S

378 | MAY 2006 | VOLUME 7  www.nature.com/reviews/genetics

© 2006 Nature Publishing Group 

 



Target CDS AAA

Target CDS AAA

Target CDS AAA

Target CDS AAA

Target CDS AAA

Target CDS AAA

d  esiRNAsc  Low-complexity siRNA pools

f  shRNAmiRse  First-generation shRNAs

b  Non-pooled ‘modified’ siRNAsa  Non-pooled ‘standard’ siRNAs

siRNA

shRNA

Vector
Pri-miRNA

High-content screens
Screens that apply multi-
parametric read-outs, that is, 
that measure multiple 
phenotypic features 
simultaneously, usually by 
microscopy.

In theory, the application of pooled shRNA libraries 
for selection-based screens is expected to be most power-
ful under conditions that favour the expression of a single 
construct per cell (that is, low multiplicity of infection), as 
the simultaneous targeting of multiple genes in the same 
cell significantly weakens the silencing of each gene3. 
Therefore, although multi-copy delivery conditions (that 
is, high multiplicity of infection) can be used to maxi-
mize the expression of a particular shRNA, their applica-
tion in the context of a pooled library inevitably favours 
the targeting of multiple genes per cell, which probably 
results in individual shRNAs being used significantly 
below their optimal silencing potential. The resulting 
dilemma as to which is the bigger risk to the screen’s 
overall sensitivity — inter-gene ‘competition’ from 
multi-copy delivery or insufficient shRNA expression 
from single-copy delivery — can only be resolved 

through experimental testing on a case-by-case basis. 
Although recent improvements in shRNA silencing 
efficacy are beginning to reduce the need for multi-copy 
conditions, these variables should be thoroughly investi-
gated when optimizing screening conditions, especially 
for those studies in which the expectations include a low 
rate of false negatives.

Read-out options
Until recently, assays that are based on the use of plate 
readers, such as those that use luminescent reporters, were 
the most favoured read-outs for HT cell-based screening 
owing to the simplicity of workflow, their strong robust-
ness and generally high reproducibility. In the case of 
selection-based RNAi screens using pooled libraries, 
fluorescent reporter-based assays can enable fluorescence-
activated cell sorting (FACS) of treated cells, offering pow-
erful read-outs. However, the inherently narrow insight 
that these methods offer into cellular physiology has 
driven the fast development in recent years of high-content 
screens that provide multi-parametric read-outs — that is, 
they measure multiple phenotypic features simultaneously, 
usually by microscopy. Several automated microscopy 
platforms are now available that offer the rapid, robotic 
acquisition of bright field and/or multi-channel fluores-
cence microscopy images from both standard slides and 
microwell plates. A detailed comparison of the many fea-
tures offered by these systems and some key suppliers of 
well-tested systems has been published recently8. Although 
auto-focusing and optical resolution are still undergoing 
important refinements, it is the automated processing and 
analysis of the enormous wealth of resulting image data 
that now present the greatest challenges.

Available image-analysis tools are now undergoing 
rapid and much-needed improvements to upgrade their 
applicability for cell-based high-content screens. Most 
image-processing packages currently perform best with 
intensity-based read-outs (for example, counting all 
cells above or below a certain intensity threshold) and 
simple morphometric read-outs from gross changes in 
sub-cellular localization patterns (for example, cytoplas-
mic to nuclear translocations, or nuclear morphology). 
However, more complex shape and structure-based 
read-outs remain problematic, including accurate seg-
mentation of cells that grow very densely or overlap one 
another. Therefore, the development of better algorithms 
that are compatible with high-content screens is eagerly 
awaited, and perhaps already heralded at least in part by 
a new wave of object-orientated image-analysis pack-
ages that are now emerging (for example, Cellenger and 
CellProfiler), which offer improved cell segmentation and 
a powerful set of measurement tools. However, these new 
tools often require significantly more computing power 
to achieve adequate processing throughputs, representing 
a notable entry barrier for ‘casual’ screeners.

Controls, optimization and quality control
Controlling RNAi specificity. siRNAs, dsRNAs, esiRNAs 
and shRNAs all achieve their effects through a com-
plex array of molecular interactions, including but 
not limited to those that confer the desired nucleotide 

Figure 1 | Silencing reagents for RNAi screens in mammalian cells. Publicly available 
libraries of silencing reagents enable genome-scale RNAi screens in mammalian cells 
using the following types of molecules. a | The most widely used small interfering RNAs 
(siRNAs) are synthetic molecules with a canonical structure that consists of a 19-bp 
duplex with 2-base overhangs at the 3′ ends and an unmodified RNA backbone (these are 
supplied by companies that include Ambion, Dharmacon and Qiagen). b | Alternatively, 
synthetic siRNAs with non-canonical siRNA structures (an siRNA with no overhangs is 
shown) and/or a modified RNA backbone are also available (for example, the Stealth 
siRNAs from Invitrogen). c | siRNAs can also be used as low-complexity pools of <10 
molecules that target the same transcript (for example, SmartPools from Dharmacon). 
d | High-complexity pools of siRNA-like molecules (esiRNAs) can be synthesized by 
in vitro digestion of long dsRNAs using bacterial RNase III or Dicer42. e | As an alternative 
to these synthetic molecules, vector-based library reagents are also available, all 
expressing short hairpin RNA (shRNA) constructs, which are usually delivered virally. 
Most vector-based shRNA libraries carry a single RNase III-driven shRNA insert24,25. 
f | A new vector design now offers an RNase II- or RNase III-driven shRNA insert 
within a backbone from a known miR (REF. 43), producing so-called ‘shRNAmiRs’ that 
enter the RNAi pathway as pri-miRNAs, upstream from conventional shRNAs. CDS, 
coding sequence.
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sequence-based specificity — that is, they cause OTEs. 
Although both types of OTE (sequence-dependent and 
independent) have been observed in many screens, 
they are manageable through the careful design and 
correct implementation of appropriate controls.

Sequence-dependent OTEs are those elicited by 
specific nucleotide sequences within the silencing rea-
gent. Partial homology to the  so-called ‘seed region’ of 
siRNAs (that is, positions 2–8 of the antisense strand) 
across sequences as short as 8 contiguous nucleotides can 
yield detectable cross-silencing through mRNA degra-
dation51,52. This might partly account for the surprising 
complexity of the siRNA reagent-specific signatures 
that have been reported in microarray experiments51,52. 
siRNAs also have the potential to function as miRNAs53,54, 
mediating translational inhibition of unintentionally 
targeted transcripts through short stretches of partial 
complementarity. This represents a particularly difficult 
source of OTEs to detect, as the sequence-matching 
requirements are degenerate and the effects might not 
always be measurable at the mRNA level (although see 
discussion in REF. 52). Finally, sequence-dependent OTEs 
also include the triggering of the interferon response55. 
The high rates of apparent false positives that are often 
picked up in the first stage of large-scale screens, and the 
failure of repeated efforts to confirm some single siRNA 
results with multiple other siRNAs, strongly supports the 
idea that such effects are real and relatively common.

Efforts to predict sequence-dependent OTEs using 
advanced sequence-homology analyses have consistently 
failed, although with some recent progress coming from an 
increased focus on the seed region52. Although improved 
design algorithms and modified backbone chemistries 
are now being explored to further minimize these risks, 
none of these precautions fully eliminates them. The most 
effective and straightforward way to address sequence-
dependent OTEs — ensuring that observed phenotypes 
are indeed target gene-specific, and not reagent-specific — 
is to demonstrate that these phenotypes can be generated 
by multiple siRNAs or shRNAs with completely different 
sequences, which all target the same gene. Alternatively, 
a phenotypic rescue experiment, whereby the LOF 
phenotype can be eliminated under silencing conditions 

through expression of a version of the target gene that can-
not be silenced, offers the ultimate proof of specificity. This 
can be achieved using an orthologue from a closely related 
species that has enough sequence degeneracy over the tar-
geted region. An alternative is to use siRNAs that target the
3′ UTR in combination with an expression construct that 
lacks that UTR region only. Although such experiments 
can be technically challenging, the tools to carry them out 
are improving, including methods for generating BAC-
based constructs, which yield expression levels at, or near, 
endogenous levels78.

Long dsRNAs are an interesting case, as little is 
known about their OTE risk profiles. Theoretically, 
if these molecules are thought of as being composed 
of several shorter siRNAs, their specificity might be 
higher when used at an equal total concentration to 
a single siRNA. This is by virtue of ‘diluting out’ the 
OTEs of each constituent siRNA, while maintaining 
the silencing effect on the common target of all of these. 
However, one must assume that the OTE risks remain 
significant and can only be ruled out by the same rea-
gent redundancy strategy described above — that is, 
obtaining the same phenotype from multiple dsRNAs 
with completely distinct sequences, or by phenotypic 
rescue experiments. These observations probably apply 
equally to dsRNAs that are used in D. melanogaster cells 
and high-complexity esiRNA cocktails. Experimental 
data to test these hypotheses are eagerly awaited.

Sequence-independent OTEs encompass various 
ill-defined, unspecific effects that are triggered irre-
spective of the reagent’s nucleotide composition. These 
include cellular events that are triggered by chemical 
or structural features  of the silencing and/or delivery 
reagents, few of which are well understood. Among 
these, the interferon-response pathway, which, as noted 
above, is triggered by certain sequence motifs, can also 
be activated in a sequence-independent manner55. Many 
delivery reagents cause significant cellular toxicity, which 
might differ markedly when they are used in combina-
tion with silencing reagents. Finally, there is the risk, 
especially when using high concentrations of silencing 
reagents, that these might compete with endogenous 
miRNAs for the RNAi machinery of the cell60. Certain 

Table 3 | siRNA libraries for use in mammalian cells

Company Species Coverage Reagent description

Synthetic siRNA libraries*

Ambion Human, mouse and rat Genome-wide 21 nt with 3′ overhangs; unmodified RNA

Dharmacon Human, mouse and rat Genome-wide 21 nt with 3′ overhangs; unmodified RNA

Qiagen Human Genome-wide 21 nt with 3′ overhangs; unmodified RNA

Invitrogen Human Kinase genes 25 nt with blunt ends; modified backbone

Vector-based shRNA libraries

Open Biosystems Human, mouse Genome-wide shRNAs with miR backbone in retroviral vectors, sold as bacterial stocks; 
second-generation design by the Hannon and Elledge laboratories 

Open Biosystems, Sigma-
Aldrich

Human, mouse Genome-wide shRNAs in lentiviral vectors; second-generation design by the RNAi 
Consortium 

*Note that these and various other suppliers offer pre-designed small interfering RNAs (siRNAs) that target individual genes or small collections. shRNAs, 
short hairpin RNAs.
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Does the LOF phenotype confer a selectable 
property (growth advantage or e!ect on a 
fluorescent reporter)?

Consider a systematic screen using siRNA libraries

Consider a pooled library approach using a bar-code-based 
read-out

Is the LOF phenotype detectable in 
readily transfectable cells? Consider viral delivery of shRNA vectors for poorly 

transfectable cells

Consider a systematic siRNA-based approach

Is the LOF phenotype detectable within the time 
frame of a transient transfection (up to ~5 days)? If more sustained silencing (more than 7 days) is required, consider 

shRNA vector-based approaches, especially using viral delivery

Consider a systematic siRNA-based approach

Are the chosen cells relatively non-motile, 
forming confluent monolayers? Try conventional 2-step, 1-step or reverse transfection in 

microwell plate formats (96- or 384-well plates) 

Consider reverse-transfection of siRNAs (SPOT-RNAi) on cell arrays

Yes

No

Yes

No

Yes

No

Yes

No

Quantitative reverse 
transcriptase PCR
This reaction is a sensitive 
method that is used to detect 
mRNAs.

Branched DNA assay
A signal-amplification 
technique that detects the 
presence of specific nucleic 
acids by measuring the signal 
that is generated by many 
branched, labelled DNA 
probes.

tissues and related cell lines might be more susceptible to 
this problem if they underexpress key rate-limiting com-
ponents of the RNAi pathway. Considering the growing 
evidence that implicates miRNA function in fundamen-
tal aspects of maintaining cellular differentiation states 
and overall physiology, this could account for many of 
the more complex, pleiotropic, sequence-independent 
OTEs that are observed in many RNAi experiments.

These concerns can be addressed by the inclusion 
of so-called negative ‘unspecific’ or ‘scrambled’ siRNA 
or shRNA controls. These are usually more useful than 
‘mock transfection’ negative controls in which the silenc-
ing reagent is excluded, as these might have effects that 
are completely unrelated and irrelevant to the experimen-
tal samples. However, identifying appropriate negative-
control siRNAs is not a trivial matter. Despite being 
designed to avoid targeting any known transcripts in the 
target genome, it cannot be ruled out that these might 
trigger their own sequence-dependent OTEs. It is there-
fore worthwhile to screen through multiple siRNA can-
didates before selecting one that accurately represents the 
baseline for each chosen cell line and assay. Alternatively, 
the mean read-out values from several unspecific siRNA 
controls can be used to yield a more reliable baseline. In 
screens using pooled siRNAs, it might be more appropri-
ate to also use pools of negative-control siRNAs; although 
in this case, as with individual ‘negative’ siRNAs, multiple 
candidate control pools should be first tested to ascertain 
how faithfully they represent each assay’s baseline.

Optimizing silencing and specificity using multi-pass 
screens. To achieve an optimal balance between compre-
hensive coverage, minimization of false negatives and elim-
ination of false positives, all at acceptable costs and within 
reasonable timelines, systematic RNAi screens typically 
comprise multiple rounds or passes. The first pass usually 

focuses on maximizing detection sensitivity. Conditions 
are chosen to favour maximal silencing, including the use 
of multiple siRNAs (or other silencing reagents), usually at 
high concentration, to target each gene. If affordable, each 
silencing reagent is also used individually. Depending on 
the type of assay and the threshold used for hit selection 
(usually 2–3 standard deviations from the baseline), up 
to 10% of genes will show at least one positive hit — that 
is, the RNAi treatment causes a detectable phenotype — 
thereby warranting follow-up.

The initial hits will probably include significant 
numbers of false positives, which are addressed during 
the second screening pass that establishes the gene spe-
cificity of the observed phenotypes. All the candidate 
genes that were hit during the first stage are re-tested to 
eliminate false positives that result from reagent-specific 
OTEs, that is, those genes for which a positive LOF 
phenotype cannot be confirmed with more than one 
distinct siRNA or shRNA in the second pass. Because 
fewer genes are analysed at this stage, secondary assays 
are often also carried out to further refine the relevance 
of selected hits with respect to the biological process of 
interest. Finally, those genes that are confirmed as ‘true 
positives’ in the second pass can be subjected to a final 
pass, wherein the functional phenotypic read-out is 
repeated in parallel with an assay to measure target gene 
silencing (usually a quantitative reverse transcriptase PCR 
(qRT-PCR) or branched DNA assay), therefore directly 
confirming the link between the two.

Sensitivity, robustness and quality control. During the 
optimization phase of any HT RNAi screen, experimen-
tal conditions are refined such that they offer the best 
possible screening window56, reflecting good sensitivity, 
strong signal-to-noise ratio and low variability (high 
robustness and reproducibility). The dynamic range of the 

Figure 2 | Choosing the screening paradigm, experimental format and reagents in RNAi screens. Technical 
feasibility is always the first consideration in making the choice of screening paradigm, experimental format and reagents. 
Some key questions to consider when making these choices are shown. LOF, loss of function; shRNA, short hairpin RNA; 
siRNA, small interfering RNA; SPOT-RNAi, solid-phase optimized transfection RNAi.
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chosen read-out assay therefore represents the difference 
between ‘baseline values’ that are obtained from negative-
control genes and representative ‘positive hit values’ that 
are obtained from positive-control genes. This is equally 
important in systematic and selection-based screens; in 
fact, positive controls have a central role in optimization 
of the latter, for determining whether sufficient, selecta-
ble numbers of ‘positive’ cells can be generated with the 
pooled format. These controls not only represent impor-
tant optimization tools, but also should be included in 
each screening plate, dish or slide to monitor data quality. 
Negative-control samples primarily allow the evaluation 
of sequence-independent OTEs and the normalization of 
all data subsets from different plates, dishes and slides into 
a single coherent data set (although in some cases positive 
controls can also help the latter role as well). Positive-con-
trol samples primarily offer a measure of quality control 
to ensure that all screened genes are subjected to the same 
or at least a similar stringency of testing conditions. It is 
therefore crucial to select these control genes carefully.

Any selection of siRNA or shRNA sequences to serve 
as ‘unspecific’ or ‘scrambled’ negative controls must be 
validated carefully during assay optimization. During the 
primary screen, if the assumption can be made that 
the hit rate will be similarly low for all plates, dishes 
or slides, the mean read-out values from the overall 
population of experimental samples can be used to set 
the baseline used for data normalization. Alternatively, the 
read-out values from negative-control-treated samples can 
be used. During secondary and tertiary screening passes, 
because the above ‘low hit rate’ assumption probably no 
longer holds true, the quality of negative-control samples 
becomes important, although at this point the results from 
the first pass should offer numerous candidates for use as 
negative-control genes for the chosen screen.

During assay optimization, positive-control genes 
are typically used for two primary purposes: optimizing 
target silencing and optimizing the signal-to-noise ratio 
of the functional read-out assay. First, to optimize silenc-
ing, many users focus on transfection efficiency, which, 
in the case of siRNA-based screening, can be misleading 
if it is only assessed with the use of fluorescently labelled 
siRNAs. The appearance of an intracellular signal does 
not guarantee that these siRNAs are actually functional 
within the cells, as in many cases significant amounts 
of lipid-transfected siRNAs can become ‘trapped’ in 
endocytic compartments without being available to 
the cytosolic RNAi machinery. The ultimate test is 
therefore to measure silencing itself in terms of target 
mRNA levels (using qRT-PCR or branched DNA). In 
some cases, the goal of optimizing both silencing and 
the performance of the functional assay is best met by 
using different positive-control genes. When the desired 
LOF phenotype includes cell death or a reduction in 
cell proliferation, silencing measurements often reflect 
misleadingly high target-mRNA levels from surviving 
cells that were probably not adequately transfected and 
outgrew the well-transfected ones. Therefore, the best 
choices of positive-control genes for optimizing silenc-
ing conditions are those for which losses of function are 
known not to affect cell proliferation or viability.

A further challenge in optimization is choosing posi-
tive controls that are most representative of the desired 
target gene population. As these will form the key quality-
control parameter to determine the level of silencing on 
each screening plate, dish or slide, a gene that is par-
ticularly easy to perturb (that is, one with a low LOF 
threshold) provides an inclusive criterion, whereas a 
gene with a high LOF threshold might be too restric-
tive, perhaps causing unacceptable expense owing to the 
higher numbers of rounds of screening that are required 
to satisfy this stringency.

The overall quality of the final data set will depend 
heavily on the screen’s robustness: the degree to which all 
sources of variability affect experimental reproducibility. 
These factors include experimental design, technical 
implementation, data processing and, perhaps most 
fundamentally, inherent biological variability. Beyond 
issues that are related to the heterogeneity of the cells, 
screening read-outs that monitor the end-result of long 
and complex pathways typically represent indirect meas-
ures of a silencing event, especially if that event targets 
the early steps of an enzymatic pathway. In these cases 
there is inherently more variability than when using 
read-outs that measure more direct consequences of the 
biochemical activity of a silenced target. Such variabil-
ity is often most apparent when read-outs are taken at a 
single time-point after silencing, as initial differences in 
the kinetics of target silencing can be greatly magnified 
through the ‘domino effect’ of the individual kinetics of 
downstream steps. This can be countered by either read-
ing the assay at multiple time-points, or, in some cases, 
using a single, late time-point. It is also worth noting 
that the uniqueness of the phenotype is an important 
factor in increasing confidence, as the likelihood that, by 
random chance, the off-target hits from two completely 
distinct siRNAs would both yield similar phenotypes is 
low. This of course depends on the complexity of the 
phenotypic features being scored.

Finally, it should be noted that the accurate assess-
ment of baseline levels and screening variability to 
allow an optimal, statistically correct definition of hit-
selection thresholds is a crucial but complex and often 
under-estimated challenge in HT RNAi screens. Data 
from control genes and ‘simple’ dogmatic practices such 
as the ‘three-standard-deviations-from-the-mean’ rule 
for hit selection should be viewed as guidelines, rather 
than strict rules, to help build a strategically optimal and 
scientifically sound study.

The future of cell-based RNAi screening
We are clearly only at the beginning of exploiting the 
fruits of HT RNAi screens, and in the next few years 
current technologies will be improved and new ones 
developed. Here we describe a few exciting advances 
that have already started to take place.

The dominant trend in the past few years has been 
to develop more specific and potent silencing reagents. 
Although the set of tools that are currently available 
is impressive, better and cheaper reagents are likely to 
be developed. To this end, new designs of siRNA-like 
molecules continue to emerge, exploring different lengths57, 
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structures and backbone modifications. As these undergo 
field-testing by users, their applicability for HT RNAi 
screening, rather than for small-scale uses, will be defined 
not only by their experimental performance but also by 
the quality and cost of large-scale library production.

A second important area of continuing development 
has been the search for novel delivery reagents, methods 
and instruments that will broaden the range of applica-
bility of HT RNAi to difficult or intractable cell types. 
Beyond the plethora of new lipofection or peptide-based 
reagents, most of which only offer incremental advances, 
one exciting development is the successful combination 
of cell arrays with second-generation lentiviral shRNA 
libraries58. Although still requiring relatively immotile, 
‘well-behaved’ monolayers of cells (as does its predeces-
sor, SPOT-RNAi), this new approach — which could be 
termed solid-phase infection RNAi (SPI-RNAi) — now 
promises broader applicability in primary cells and 
extremely high throughputs.

Also of interest, especially for researchers studying 
embryonic stem cell differentiation, are siRNAs that 
allow delayed, inducible silencing. As potent silencing 
in differentiated cell types that are poorly transfect-
able is currently difficult, an alternative approach is 
to use siRNAs that remain stable and inactive in their 
easily transfectable precursor cells. These can then be 
activated once the cells have reached the desired state. 
Such a reagent has already been developed in the form 
of light-activatable, caged siRNAs (by Panomics). 
However, building libraries from these reagents cur-
rently seems to be financially unfeasible, and might 
remain the domain of more focused or smaller-scale 
applications. An alternative, cheaper approach is emerg-
ing in the form of next-generation, inducible shRNA 
vectors (for example, pPRIME44).

The range of applications of HT RNAi screens also 
relies on the range and quality of the read-out assays. 
Although not specific to RNAi applications, improve-
ments in read-out methods to diversify the phenotypes 
that can be scored and allow more multi-parametric pheno-
typing will be important, allowing more information to 
be extracted from the same data sets while maintaining 
reasonable screening costs, throughputs and timelines. 
Cell-based high-content screens that rely on cellular 
phenotypes as the read-out are widely used because they 
produce data sets that are rich in information, particu-
larly when many cellular parameters are scored in a single 
assay. However, this approach is hampered by various 

technical issues, including image quality, processing time 
and reproducibility.

Automated microscopy systems and associated soft-
ware packages are evolving rapidly, driven by increased 
competition from the growing number of instruments 
that are now on the market. Priced for different entry 
levels, the systems are now offering faster and more 
reliable image acquisition, better optics (including the 
confocal imaging long-awaited by some users), and 
an ever-broadening range of image-analysis solutions. 
Further improvements in several areas will have par-
ticularly strong effects on HT RNAi screening, including 
more powerful image analysis to allow accurate scoring 
for a wider range of phenotypes, and better integration 
of system software with the third-party database, stor-
age and high-performance computing solutions that are, 
of necessity, widely used. In addition, future advances 
promise to allow temporal effects of silencing to be moni-
tored in the form of time-lapse read-outs. Initially shown 
to be feasible over the entire genome in C. elegans59, this 
approach, which is already being applied to cell division 
in cultured human cells (see the MitoCheck project 
homepage), can provide both temporal and spatial 
information. In this context, SPOT-RNAi and SPI-RNAi 
have advantages over the multi-well format for image 
acquisition and auto-analysis algorithms.

There is also interest in moving beyond the moni-
toring of RNAi-induced phenotypes at the levels of cell 
morphology and behaviour to examine effects using pro-
teomics approaches. This is currently limited by the avail-
ability of antibodies, so a quantitative protein-analysis 
platform that relies on mass spectrometry would be 
a major advance. Although such technologies, when 
applied at their broadest scale (proteome profiling), 
are far from being applicable to HT, they could be used 
productively in secondary analyses.

Finally, it will be crucial to carefully define data-
exchange standards to ensure that groups generating 
large-scale RNAi screening data sets use common 
annotation guidelines for disseminating these data sets 
online. This could follow the example of the minimum 
information about a microarray experiment (MIAME) 
standards that are already in place for microarray exper-
iments. The adoption in the future of a minimal annota-
tion for RNAi experiments (MARIE) would ensure that 
users fully understand RNAi data sets from disparate 
groups, biological sources and experimental paradigms, 
and are able to easily compare these data sets.
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