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Gene silencing by RNA interference (RNAi) in mammalian cells
using small interfering RNAs (siRNAs) and short hairpin RNAs
(shRNAs) has become a valuable genetic tool'~'°. Here, we report
the construction and application of a shRNA expression library
targeting 9,610 human and 5,563 mouse genes. This library is
presently composed of about 28,000 sequence-verified shRNA
expression cassettes contained within multi-functional vectors,
which permit shRNA cassettes to be packaged in retroviruses,
tracked in mixed cell populations by means of DNA ‘bar codes),
and shuttled to customized vectors by bacterial mating. In order
to validate the library, we used a genetic screen designed to report
defects in human proteasome function. Our results suggest that
our large-scale RNAi library can be used in specific, genetic
applications in mammals, and will become a valuable resource
for gene analysis and discovery.

In invertebrates, RNAi has been harnessed as a powerful genetic
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Figure 1 pSHAG-MAGIC shRNA cassette movement strategy. a, Map of the pSHAG-
MAGIC vector. CM', chloramphenicol-resistance gene; Kan', kanamycin-resistance gene;
LTR, long terminal repeat; OriT, origin of transfer. b, A diagrammatic representation of
DNA exchanges occurring once the pSHAG-MAGIC donor vector has been transferred to
cells containing a recipient vector by mating. In this case pLenti-LoxP (M.L. and S.J.E.,
unpublished data) is the recipient vector. WPRE, woodchuck hepatitis B post-
transcriptional responsive element. ¢, Plasmids from ten independent colonies (post-
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tool to reduce endogenous gene expression through programming
organisms or cells with homologous double-stranded (ds)RNA
(reviewed in ref. 1). In Caenorhabditis elegans, this approach has
been used in large-scale, genome-wide screens®. With the advent of
RNAI in mammals and the refinement of techniques to trigger gene
silencing, expression from any human or mouse transcript can, in
principle, be inhibited using siRNAs or shRNAs.

To facilitate the use of RNAI as a genetic tool in mammals, we
have constructed a large-scale library of RNAi-inducing shRNA
expression vectors targeting human and mouse genes. We began by
testing a number of variables that might affect shRNA performance.
We previously showed that shRNAs containing 29 nucleotides of
dsRNA and simple loop structures are effective silencing triggers
when expressed from U6 small nuclear RNA promoters®’. Other
published accounts of shRNA-mediated inhibition include differ-
ences in promoter choice (reviewed in ref. 8), orientation of sense
and antisense strands, length of RNA duplex (19-29 nucleotides),
loop structure, and the addition of a 27-nucleotide U6 leader
sequence’. After comparing each of these variables with a series of
eight shRNAs targeting firefly luciferase or green fluorescent protein
(GFP), we found that RNA polymerase III promoters were largely
interchangeable (Supplementary Fig. la, b), that 29-nucleotide
hairpins were more effective than shorter shRNAs (Supplementary
Fig. la and data not shown), that changes in loop structure had
minimal effects (data not shown), and that the addition of the U6
leader sequence had a positive effect (Supplementary Fig. 1c). The
finalized hairpin design for this library is presented in Supplemen-
tary Fig. 2a. It contains a 27-nucleotide U6 leader sequence,
followed by 29 base pairs (bp) of dsRNA and a 4-nucleotide loop.
Recent studies have suggested that each shRNA is processed from its
stem end by Dicer through a single cleavage event (D. Siolas and
G.J.H., unpublished data). Thus, the combination of Drosha and
Dicer processing is predicted to generate a precisely defined siRNA
from each 29-nucleotide shRNA expression vector.

shRNAs were designed covering approximately 10,000 human
and 5,000 mouse genes with between three and nine constructs each
(Supplementary Fig. 2b). Only coding sequences were targeted, and
each shRNA was chosen such that it contained >3 mismatches to
any other gene. Where possible, shRNAs had sequence identity to
the mouse orthologue of the targeted gene. In pilot experiments,
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mating) were digested with Ndel and the digestion products were separated on a 0.5%
agarose gel (lanes 1-10). The parental plasmids, pSHAG-MAGIC (lane 11) and
pLenti-LoxP (lane 12), each contain a single Ndél site, and on cleavage generate a 7.0- or
10.6-kilobase (kb) fragment, respectively. The pSHAG-MAGIC vector contains a unique
Ndel site in the U6 promoter, which is transferred into the recipient vector. The correct
mating product generates two fragments of 3.5kb and 7.4 kb. M, marker.
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between 25-75% of cloned shRNAs contained significant mutations,
which arose during chemical synthesis. As a result we sequence-
verified each shRNA in the library (see Supplementary Fig. 2b).

Our current sequence-verified library has a representation of
9,610 human and 5,563 mouse genes. This corresponds to 28,659
shRNAs targeting human genes and 9,119 shRNAs targeting mouse
genes. Examples of library coverage for selected functional cat-
egories of human genes are presented in Supplementary Table 1.
The most thoroughly represented functional groups in our current
library are kinases and phosphatases, in which approximately 85%
of all known kinases and phosphatases are targeted by three or more
hairpins. Most other functional classes contain between 30-60%
coverage with three or more hairpins, and >80% of genes in
functional categories listed in Supplementary Table 1 are targeted
by at least one sequence-verified hairpin.

The shRNA expression library has been constructed in a
vector that contains a number of convenient design features
(pPSHAG-MAGIC, Fig. 1la). The vector is capable of producing
self-inactivating murine-stem-cell-virus (MSCV) particles in
commonly available retroviral packaging lines. We have also incor-
porated a new in vivo subcloning technology. This method is called
‘Mating-Assisted Genetically Integrated Cloning’ (MAGIC) (M.L.
and S.J.E., manuscript in preparation). The MAGIC system consists
of a donor vector (the library vector), in which the fragment of
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Figure 2 Microarray analysis of pSHAG-MAGIC library bar codes. a, Self-self
hybridization of pSHAG-MAGIC library bar codes obtained from approximately 15,000
library plasmids prepared from E. coli. The DNA microarray (Agilent Technologies) is
composed of 20,241 complementary 60-nuclotide oligonucleotides out of a total of
22,575 elements on the array, including controls; the remaining represent various
positive and negative controls. Cy-labelled cRNA for library bar codes was generated and
competitively hybridized as described in the Supplementary Methods. b, An analysis of a
subset of 255 60-nucleotide bar codes from a versus 255 60-nucleotide shRNA probes.
Each 60-nucleotide shRNA probe contains a direct repeat of the 29-nucleotide gene-
targeting sequence with a 2-nucleotide spacer. ¢, Microarray analysis of pSHAG-MAGIC
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interest is flanked by two different 50-bp homology regions, H1 and
H2, which in turn are flanked with linked I-Scel sites. The donor
vector also includes an F’ origin and a conditional origin of
replication (RK6y; Fig. 1a, b). The recipient vector, which also
contains I-Scel-linked H1 and H2 sites surrounding a negative
selectable marker (pheS), resides in a bacterial strain that contains
an inducible I-Scel gene (Fig. 1b). After transfer of the donor vector
into the recipient host by bacterial mating, I-Scel cleaves both donor
and recipient vectors, and these breaks are healed by homologous
recombination via the H1 and H2 sequences. Selection against the
unrecombined recipient containing pheS and I-Scel sites and for the
capture of the appropriate insert (chloramphenicol resistance) gives
essentially 100% recovery of the desired plasmid. To test MAGIC
transfer of shRNA clones, we developed a lentivirus recipient vector
based on the FUW vector'®. Using a test sitRNA clone in the mating,
we observed a mating efficiency of >6 X 10° clones per ml of mixed
bacteria. Restriction analysis showed that 10 out of 10 recombinants
have the expected structure (Fig. 1c).

The shRNA library was designed to function for both genetic
selections and screens. For selections conferring a growth advan-
tage, the library can be used in a pooled fashion. Genetic screens (for
example, for lethal events) can be carried out in a 96-well format;
however, this method is labour intensive and time consuming. To
facilitate such screens, we have adopted a DNA bar-coding strategy
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bar codes from transduced NIH3 T3 cells. Two pools of 2 x 107 cells (A and B) were
infected separately and harvested 48 h after infection. Bar codes were processed and
competitively hybridized as described in the Methods. The x axis is an index of all the
elements (22,575), bar codes, hairpins and controls on the array. The y axis shows the
mean measured ratios from two experiments (forward and reverse colour orientation) of
3T3 pool A hybridized against 3T3 pool B, plotted on a log scale with the numbers
indicating fold change. Most probes, with the exception of a few, scatter around 1.0 (no
change) with a range between 0.5 (twofold decrease) and 2.0 (twofold increase).

d, Microarray analysis of pPSHAG-MAGIC bar codes in transduced normal human diploid
fibroblasts (IMR90) cells carried out as in ¢.
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that has been used previously in Saccharomyces cerevisiae deletion
collections, to follow individual mutants in complex populations
via microarray analysis''~">. We have linked a unique 60-nuclotide
DNA bar code to each shRNA vector to allow us to follow the fate of
shRNAs in populations of virally transduced cells. To monitor
relative frequencies of individual shRNA species, we designed
microarrays (Agilent Technologies) containing 20,241 60-nucleo-
tide DNAs complementary to each shRNA bar code.

Sequence analysis of library clones revealed that a fraction (about
4%) contained orphan shRNAs without bar codes. We therefore
sought to determine whether we could use the shRNA sequence as a
bar code. We chose 255 non-orphan shRNAs and deposited on
arrays both associated bar codes and oligonucleotides designed have
60 hybridize to the shRNA itself. Such oligonucleotides were
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designed nucleotides in order to contain direct repeats of the 29-
nucleotide antisense sequence. Cy-labelled antisense RNA was
generated from about 15,000 library constructs such that it con-
tained the reverse complement of the bar code and the entire
shRNA. A linear log-log plot of a self hybridization revealed
consistent cRNA production and hybridization from the plasmid
library (Fig. 2a). However, hairpins gave substantially lower hybrid-
ization signals, essentially at background levels, relative to the
corresponding bar codes (Fig. 2b), indicating that using hairpins
as probes is not an optimal bar-coding strategy under these
conditions.

We next asked whether bar codes could be used to report the
representation of individual shRNAs in transduced mammalian
cells. Normal human diploid fibroblasts (IMR90) or NIH3T3 cells
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Figure 3 A reverse genetic screen for defects in human proteasome function. a, A graph
of relative ZsGreen fluorescence for all pPSHAG-MAGIC clones transfected. Red vertical
bars indicate 22 positively scoring proteasome shRNAs corresponding to 15 known
proteasome subunits, whereas black bars indicate library shRNAs. The yellow horizontal
bar indicates a cut-off that was set based on control experiments. b, A replicate
transfection experiment as in a using a set of 22 positively scoring proteasome hairpins
and 33 that failed to score (blue bars), along with non-proteasome hairpin controls (green
bars). These experiments were carried out in triplicate. All 22 of the proteasome hairpins
with a positive score from the original screen were re-tested and also achieved a positive
score. None of the 33 non-scoring proteasome hairpins from the original screen managed
to match the score of the 22 positively scoring proteasome shRNAs from the first round
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(vellow line). However, in this experiment 36 of 55 scored well above (~2 s.d.) the mean
background (red line). €, Fluorescence microscopy images showing representative results
for individual proteasome hairpins as carried out in @ and b. A shRNA targeting firefly
luciferase (Ff-1) and small molecule proteasome inhibitor, MG-132 (Sigma), were used as
negative and positive controls, respectively. d, A diagrammatic representation of the 26S
proteasome colour-coded according to pSHAG-MAGIC library hits. Subunits coloured
green had strong positive shRNA hits from the library in the primary screen. Grey subunits
were not represented by any shRNAs in the approximately 7,000 tested. Subunits
coloured blue were represented by at least 1 sShRNA but did not score in the screen. For
nomenclature see Supplementary Table 2.
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were infected with retroviruses derived from the library population
that was used for control hybridizations. To test for experimental
variability, two populations of 2 X 107 cells (denoted A and B) were
infected independently at a multiplicity of infection of approxi-
mately 1. Examination of colour-reversal experiments and plots
comparing the relative intensity of the bar-code signals in these
populations (Figs 2¢, d) indicated that all steps of the procedure
were highly reproducible, with the ratio of intensities varying by less
than twofold in all but a few isolated cases for each cell line.

Finally, we sought to test the performance of the shRNA library in
a biological context. We focused on an assay for which we could
predict the recovery of a substantial number of shRNAs targeting
genes in a known biological pathway. The 26S proteasome is the
major non-lysosomal protease in eukaryotic cells. To search the
library for shRNAs that compromise proteasome function, we used
a reporter assay in which a fluorescent protein is coupled to a well-
characterized degradation signal. The mouse ornithine decarboxy-
lase (MODC) gene contains a PEST sequence that directs protea-
somal degradation without the need for ubiquitination'. Roughly
7,000 shRNA expression plasmids, corresponding to approximately
one-quarter of the complete library, were individually co-trans-
fected with two expression constructs. The first encoded a Zoanthus
green fluorescent (ZsGreen)-MODC degron fusion. In cases in
which shRNAs compromised proteasome function, ZsGreen—
MODC was expected to accumulate, giving a detectable signal.
The second plasmid encoded Discosorma red fluorescent protein
(DsRed). This permitted normalization of signals, which controlled
for transfection efficiency.

An analysis of 6,712 shRNAs targeting 4,873 genes revealed
approximately 100 RNAi constructs that increased the accumu-
lation of ZsGreen—-MODC (Fig. 3a). Twenty-two of these corre-
sponded to 15 known proteasome subunits. As a secondary test,
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Figure 4 Further validation of selected pSHAG-MAGIC proteasome hairpins. a, Western
blot showing specific suppression of the ATPase-1 and non-ATPase-1 of the 19S
regulatory subunit in transiently transfected HEK293 cells. Cells were transfected with
shRNAs as indicated. Knockdown of protein levels for shRNA-1 and -3 against ATPase-1
proteasome correlated with the severity of the relative scores in the pZsGreen—-MODC
accumulation assay. The lane labelled untransfected indicates the control lane where
cells were not transfected. b, A western blot showing increased steady-state levels of
endogenous c-Myc in HEK293 cells transiently transfected with library shRNAs as
indicated. c-Myc is normally degraded by ubiquitin-mediated proteolysis in these cells'.
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these 22 putative proteasome-positive shRNAs, and an additional
33 shRNAs that targeted proteasome subunits but which had not
scored in the original screen, were selected from the population.
These were assayed in replicate transfections for the ability to
increase the stability of the unstable fluorescent protein. Again,
the 22 shRNAs scored positively, whereas the 33 proteasome
shRNAs not detected in the initial screen scored less well. However,
an additional 14 shRNAs did score above background in the focused
assay (Fig. 3b, c).

Notably, many of the positive sShRNAs targeted 19S base subunits,
including five out of five ATPases and the two largest non-ATPases
(1 and 2) (Fig. 3¢, d; see also Supplementary Table 2). Compared
with the 19S base, targeting subunits of the 19S lid or the 20S core
produced a lower hit rate. However, two out of three of the most
important catalytic components, located in subunits 31 (peptidyl-
glutamyl hydrolysing or caspase-like) and $5 (chymotrypsin-
like)'>¢, achieved a positive score in our assay (Fig. 3). The other
two B-subunits that we identified are involved in important cis
contacts between neighbouring subunits (83) and in trans contacts
between the two 3-rings (37)"7'®. In all cases tested, activation of the
reporter was accompanied by a reduction in the expression of
targeted proteasomal components (Fig. 4a and data not shown).

The c-Myc oncoprotein is a target for ubiquitin-mediated degra-
dation by the proteasome'®. As was observed for ZsGreen-MODC
degron and bulk-ubiquitinated protein (not shown), c-Myc levels
specifically increased upon transfection of cells with shRNAs that
targeted proteasomal subunits (Fig. 4b).

Here, we report progress towards the construction of a genome-
wide library of RNAi-inducing constructs for use in mammalian
cells. At present the resource targets approximately 10,000 human
and 5,000 murine genes, and it continues to expand. To examine the
performance of the library, we have tested about one-quarter of its
constituent clones (roughly 7,000 shRNA expression vectors) indi-
vidually for the ability to inhibit the degradation of a direct
proteasome target. Nearly 50% of the shRNAs in this collection
that were expected to target proteosomal proteins were recovered as
positives. The availability of this resource to the research commu-
nity will open the door to the use of RNAi in mammalian systems as
a large-scale tool for biological discovery. O

Methods

A detailed protocol for the design and creation of shRNA polymerase chain reaction
(PCR) cassettes is available at http://www.cshl.edu/public/SCIENCE/hannon.html.
Oligonucleotides were purchased from Sigma-Genosys. The pSHAG-MAGIC shRNA
library was cloned in the MAGIC-competent Escherichia coli strain BW23474F' DOT
(M.L. and S.J.E., manuscript in preparation). The full sequence of the pPSHAG-MAGIC
vector and details of the mating protocol are available for download at the shRNA library
website (http://www.cshl.edu/public/SCIENCE/hannon.html). Bar-code microarrays
were synthesized by Agilent Technologies and were analysed as described in the
Supplementary Methods.

Plasmids were prepared as described in the Supplementary Methods. Transfections were
carried out in 96-well plates using plasmid mixtures described in Supplementary Methods.
Fluorescence signals were read on a Victor2 plate reader. Signals in the green channel were
normalized to transfection efficiency using customized scripts with fluorescence in the red
channel serving as a normalization criterion. Cut-offs were assigned by using 16
independent control shRNA transfections to determine the range for a negative outcome.
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RNA interference (RNAi) is a powerful new tool with which to
perform loss-of-function genetic screens in lower organisms and
can greatly facilitate the identification of components of cellular
signalling pathways'~. In mammalian cells, such screens have
been hampered by a lack of suitable tools that can be used on a
large scale. We and others have recently developed expression
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vectors to direct the synthesis of short hairpin RNAs (shRNAs)
that act as short interfering RNA (siRNA)-like molecules to stably
suppress gene expression®’. Here we report the construction of a
set of retroviral vectors encoding 23,742 distinct shRNAs, which
target 7,914 different human genes for suppression. We use this
RNAI library in human cells to identify one known and five new
modulators of p53-dependent proliferation arrest. Suppression
of these genes confers resistance to both p53-dependent and
p19*% _dependent proliferation arrest, and abolishes a DNA-
damage-induced G1 cell-cycle arrest. Furthermore, we describe
siRNA bar-code screens to rapidly identify individual siRNA
vectors associated with a specific phenotype. These new tools
will greatly facilitate large-scale loss-of-function genetic screens
in mammalian cells.

RNAI is a defence mechanism triggered by double-stranded
(ds)RNAs to protect cells from parasitic nucleic acids. The dsRNAs
are processed into siRNAs, which target homologous RNAs for
destruction®. In mammalian cells, an RNAI response can be trig-
gered by 21-base-pair siRNAs, which can cause strong, but transi-
ent, inhibition of gene expression’. By contrast, vector-expressed
shRNAs can suppress gene expression over prolonged periods*’. In
the current study, we create a large set of vectors and use them to
search for components of the p53 tumour-suppressor pathway. This
pathway is crucial for genome integrity as it transmits both anti-
proliferative and pro-apoptotic signals in response to a variety of
stress signals®.

To construct a human RNAi library (the ‘NKi library’), we
selected 7,914 human genes for shRNA-mediated reduction in
expression, known as knockdown. This collection of genes includes
components of major cellular pathways, including the cell cycle,
transcription regulation, stress signalling, signal transduction and
important biological processes such as biosynthesis, proteolysis and
metabolism. In addition, genes implicated in cancer and other
diseases are included in the library (see Supplementary Table 1).
To increase the likelihood of obtaining a significant inhibition of
gene expression, we constructed three different sShRNA vectors
against each gene (23,742 vectors in total; Fig. 1a and Supplemen-
tary Fig. 1). The oligonucleotides specifying the shRNAs were
annealed and cloned in a high-throughput fashion into pRetroSu-
per (pRS), a retroviral vector that contains the shRNA expression
cassette’. Using a pool of three knockdown vectors against a single
gene, we obtain on average 70% inhibition of expression for
approximately 70% of the genes in the library (see ref. 10; data
not shown). The vector-based shRNA library can be used for
functional genetic screens in both short-term and long-term assays
using DNA transfection or retroviral transduction.

To validate the RNAI library, we developed a cell system to screen
for bypass of p53-dependent proliferation arrest. We generated
primary human BJ fibroblasts, which ectopically express the murine
ecotropic receptor, the telomerase catalytic subunit (TERT) and a
temperature-sensitive allele of SV40 large T antigen (tsLT), yielding
BJ-TERT-tsLT cells. As can be seen in Fig. 1b, these cells proliferate
when grown at 32°C, the temperature at which tsLT binds and
inactivates both retinoblastoma protein (pRB) and p53, but enter
into a synchronous proliferation arrest after a shift to 39°C, at
which tsLT is inactive. To determine whether this proliferation
arrest is p53 dependent, we infected BJ-TERT-tsLT cells with
PRS-p53 (which targets p53 for suppression) at 32 °C, and shifted
them to 39 °C after two days. Figure 1b shows that knockdown of
p53 allowed temperature-shift-induced proliferation arrest to be
bypassed. Knockdown of the RB pathway component p16™V<#A
alone did not allow growth arrest to be bypassed, but simultaneous
suppression of both p16™*** and p53 yielded a further increase in
escape from growth arrest compared with knockdown of p53 alone
(Fig. 1b). Thus, the conditional proliferation arrest in BJ fibroblasts
depends primarily on p53.

We isolated polyclonal plasmid DNA from each of the 83 pools of
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