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shRNA libraries and their use in cancer

genetics

René Bernards!, Thijn R Brummelkamp!? & Roderick L Beijersbergen!

RNA interference was originally described as a powerful tool to inhibit gene expression
in model organisms. Until recently, loss-of-function genetic screens in mammalian

cells were hampered by a lack of suitable tools that can be used in a high-throughput
format. Here we discuss the construction of short-hairpin RNA (shRNA) vector libraries,
in particular those generated at the Netherlands Cancer Institute (NKI), and their
application in mammalian cancer genetics. We describe their virtues and limitations, as
well as different options for screening such libraries.

The discovery five years ago that short interfering
RNAs (siRNAs) can also silence gene expression in
higher organisms has revolutionized loss-of-func-
tion genetic screens in mammalian cells'. The use
of such chemically synthesized duplex RNAs has
several advantages, including the constant quality of
reagents (important in high-throughput approaches),
the ability to chemically modify the RNA molecules
(improving stability and delivery) and the possibil-
ity of controlling the amount of silencing reagent
delivered to the cell. Disadvantages of using siRNA
silencing reagents include the fact that siRNAs are
short-lived, which results in the transient inhibition
of gene expression only, and the difficulty of effi-
ciently delivering siRNAs to (nondividing) primary
cells. Furthermore, the cost of siRNAs also becomes
an issue, especially in genome-wide high-throughput
approaches.

To deal with these limitations, we and others have
developed vectors that produce shRNAs, which are
processed intracellularly into short duplex RNAs
having siRNA-like properties>>. Such vectors pro-
vide a renewable source of a gene-silencing reagent
that can mediate persistent gene silencing after stable
integration of the vector into the host-cell genome.
Furthermore, the core silencing ‘hairpin’ cassette can
be readily inserted into retroviral, lentiviral or ade-
noviral vectors, facilitating delivery of shRNAs into a

broad range of cell types*-8. Additonally, regulatable
versions of ShRNA vectors have been generated and
used successfully in genetic screens®1°,

The NKI shRNA library collections

shRNA expression cassette. The NKI shRNA library
is based on the production of a shRNA expressed from
a vector harbouring the RNA polymerase I1I-driven
promoter for H1 RNA, the RNA component of human
RNase P. This shRNA consists of a target transcript—
specific 19-base double-stranded stem, connected by
a 9-base loop sequence? (Fig. 1). Upon expression
in cells, this hairpin RNA is processed into a func-
tional siRNA consisting of a 19-base-pair dsRNA
with 2-nucleotide single-stranded overhangs on
each end, which is virtually identical to the synthetic
siRNAs that initially had proven to be very efficient
in gene silencing in mammalian cells'. At present, the
NKI shRNA library targets ~8,000 human genes and
~15,000 mouse genes, with 3 or 2 different shRNA
constructs per gene, respectively. The features of the
libraries are summarized in Box 1.

Vector backbone. The retroviral vector used for the
library construction is based on a mouse stem cell virus
(MSCV) self-inactivating retroviral backbone. The
H1 promoter is cloned in the opposite orientation to
the PGK promoter, which directs the expression of a
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puromycin selectable marker?. The puro-
mycin marker can be used for rapid selec-
tion of infected cells. Owing to problems
of recombination observed with the origi-
nal pRETRO-SUPER vector under certain
(adverse) culture conditions, we included
the chloramphenicol bacterial selectable
marker in close proximity to the hairpin
cassette, yielding pRSC (Fig. 1). This mark-
er serves to prevent recombination of the
vector during low-volume bacterial cul-
turing used for high-throughput plasmid
DNA isolation and replication of glycerol
stocks. pRSC plasmids, which are subjected
to multiple rounds of replication in adverse
bacterial culture conditions indeed remain
stable and do not show any signs of recom-
bination when cultured in chlorampheni-
col-containing media (unpublished data).
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Figure 1 | Construction of the NKI shRNA Llibrary. The pRSC vector contains an H1 promoter in a self-
inactivating retroviral backbone including two bacterial resistance markers (chloramphenicol and
ampicillin) and a puromycin-selectable marker for mammalian cells. The shRNA inserts are cloned as

annealed 60-mer oligonucleotides with BglII- and HindIII-compatible ends. The shRNA expression

Selection of shRNA sequences. For the
human shRNA library, three target tran-

cassette (H1 promoter plus shRNA insert) can be removed by using the unique £coRI and Xhol sites for
shuttling into a different vector backbone (lentiviral or adenoviral). LTR indicates the retroviral long
terminal repeat; ALTR, this repeat with the self-inactivating deletion.

script—specific 19-mer sequences were
selected using selection criteria described
previously!'l. For the more recent mouse shRNA vector library, two
shRNA vectors were generated per transcript. In brief, the sequences
were selected so that they do not contain stretches of four or more
thymine or adenine residues, to have a 30-70% G+C content, to
target the coding sequence of an mRNA, to begin with a guanine or
cytosine residue, not to contain EcoRI or Xhol restriction sites, and
to share minimal sequence similarity to other genes (see ref. 11 for
more details on design rules). For the more recent mouse shRNA
library, we also followed the thermodynamic asymmetry rule in the
19-mer design to optimize recruitment of the correct RNA strand
into the RNA-induced silencing complex (RISC)®12,

e Library construction. Based on the 19-mer sequence, two comple-
= mentary 60-mer oligonucleotides were generated comprising the

stem region as defined by the 19-mer target sequence, separated by
a 9-base loop sequence. The 60-mers were designed such that they
have overhangs compatible with B¢/l and HindlII sites after anneal-
ing, allowing rapid cloning into pRSC (Fig. 1). The expression cas-
sette compromising the H1 promoter and the hairpin construct
can be shuttled into a different backbone by EcoRI-Xhol digestion
(the absence of these two restriction sites was an additional 19-mer
design rule). The application of the bar-code screening technology
(see below) is compatible with shuttling of the shRNA library to
different backbones such as lentiviral or adenoviral vectors in a
polyclonal fashion. Presently, we have recloned both the human and
mouse shRNA vector collections into a lentiviral backbone (using
the vector described in ref. 5; unpublished data). Additionally, the
shRNA cassette can be transferred to a retroviral backbone har-
boring a yellow fluorescent protein (YFP) expression cassette to
perform competitive analysis of selective growth advantage or dis-
advantage caused by specific-gene inactivation'®14,

Library introduction into target cells

The pRSC vector can be introduced into the target cells either
by transfection or retroviral infection. The introduction of
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shRNA vectors by transient transfection allows for analysis of
short-term phenotypes, whereas infection can be used both in
short- and long-term experiments. Virus can be produced using
standard procedures and packaging systems to generate retrovi-
ral supernatants, and depending on the need and safety issues,
these can be ecotropic (and introduced in rodent cells or human
cells modified to express the ecotropic receptor) or pantropic. If
high viral titers are necessary for transduction of the library, con-
centrated viral supernatants can be generated. The MSCV-based
vector allows expression in stem cells and embryonic stem cells
as it avoids silencing by methylation. We have yet to find a (divid-
ing) cell type in which the shRNA cassette cannot be efficiently
expressed using the MSCV vector backbone.

Barcoding technology

We have previously described a technology to expedite the screen-
ing of complex shRNA libraries, which we named shRNA bar-
code screening! 1316, Briefly, the technology takes advantage of
the fact that each knockdown vector that is stably integrated into
the host cell genome carries a unique 19-mer molecular ‘bar code’
that can serve to identify the gene that is knocked down in the
bar-coded cell (Fig. 2). In our system, the 19-mer of the shRNA
vector itself is used as a molecular bar code, as this sequence is
unique and has a G+C content of between 30 and 70%, mak-
ing the hybridization temperatures of the bar code—containing
oligonucleotides similar. Furthermore, the shRNA vector design
criteria did not allow a greater than a 15 out of 19 match with
another 19-mer in the library, which also assures specificity of
hybridization.

Others have used an ‘external’ bar code, in which a separate
random 60-mer oligonucleotide is linked in cis to the shRNA vec-
tor!7>18, Note that the oligonucleotides that we spot on the micro-
array for bar-code hybridizations are not the 19-mer sequences,
but the 60-mer oligonucleotides that were used to generate the
shRNA library (see Fig. 1). The use of the longer oligonucleotides
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represents a substantial cost savings in this approach, as only
small amounts of 60-mer oligonucleotide are required to clone
the shRNA library vectors. As a result, substantial amounts of oli-
gonucleotide are available for spotting of bar-code microarrays.
We have demonstrated that the use of shRNA vector oligonucle-
otides for microarray hybridization generates specific signals
with high intensity and can be used in a quantitative manner to
measure the relative abundance of each individual shRNA vec-
tor in a complex population of cells infected with the entire NKI
human shRNA library of some 24,000 vectors'®.

The bar-code sequences are recovered from cell populations
by PCR amplification, and therefore it is important that all the
different hairpins can be amplified efficiently. Optimization of
primer design and PCR conditions allows the efficient amplifica-
tion of all hairpin sequences from genomic DNA. Using our PCR
protocols we have not observed difficulties in PCR amplification
of specific hairpin sequences and were able to amplify the bar
codes in a complex mixture without losing complexity of the
bar-code mixture. Using this method, we can identify differences
in relative abundance of bar codes of fourfold up to more than
64-fold in a linear fashion'®.

The bar-code technology can be applied to a wide range of
biological questions, the only criterion being that the biologi-
cal effect either cause a selectable phenotype based on cell sur-
vival or proliferation, or cause cellular phenotypes that can be
identified based on selectable features
such as marker expression, adhesion or

PERSPECTIVE |

the specific sShRNA vector causes a phenotype, which is suffi-
ciently penetrant to score for the relative depletion of cells car-
rying the shRNA vector from the population. At present, there
is only a single example of a polyclonal shRNA screen in mam-
malian cells that identified shRNAs causing a dramatic reduction
in cell viability®. Presently single-well arrayed format screens are
favored for negative selection screens with shRNA libraries (see
below).

Screening strategies
The large collections of shRNA vectors can be used in many
different ways to identify genes associated with specific cellu-
lar phenotypes. A list of published screens performed with our
shRNA libraries is presented in Table 1. One approach is to select
a small set of ShRNA vectors that target a specific gene family
or a subset of vectors comprising components of a molecular
pathway of interest. The relatively small scale allows screening
for relatively labor-intensive phenotypes. For instance, we have
identified the deubiquitinating (DUB) enzyme responsible for
removing ubiquitin from the Fanconi Anemia D2 protein in a
shRNA screen using 55 DUB knockdown vector sets in a western
blot format?2,

Additionally, genome-wide collections of shRNA vectors allow
performance of large-scale screens, for which different screening for-
mats can be used. The major distinction between screening formats

migration (reviewed in refs. 15,20). The a Infection full ShRNA library b ALTR _PURO__PGK _ H1 CAM®_ ALTR

bar-code technology is in principle suited __-_

for both positive and negative selection. @
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screens show that this technique can be
applied to identify drug targets, to gain
insight into the mechanism of drug action
and to identify genes that cause resistance
to a specific drug'®?!. Although the cell
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shRNA cassettes of at least fourfold to be
identified as a potential hit, this can usu- )
ally be accomplished by simply increas-
ing the duration of of the cell-population
selection in the presence of the drug. As a
result, even vectors that give a relatively
weak phenotype (for instance because of
partial knockdown of the target) are often
enriched in a typical bar-code screen for
drug resistance. From various experi-
ments using the human shRNA library
that has three hairpin vectors per gene, we
estimate that for about one-third of the
hits, enrichment of two or more hairpin
vectors is observed in a bar-code screen.
The application of this technology for
negative selection (that is, identification
of shRNA vectors that cause either growth
arrest or cell death) is more challenging.
To identify loss of shRNA vectors from a
population, one needs a system in which
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Figure 2 | siRNA bar-code screens. (a) Schematic outline of the bar-code technology. A large
population of cells is infected with the NKI shRNA library and divided into two populations. One is
treated (or selected), whereas the other population serves as a reference for the hybridization. From
each population, genomic DNA is isolated and shRNA cassettes are recovered by PCR. The PCR products
are used as templates for an in vitro linear amplification reaction to generate RNA probes that are
subsequently labeled with fluorescent dyes. The probes from the selected cells and reference population
are hybridized to a DNA microarray containing the complementary sequences from the complete NKI
shRNA library. (b) An integrated shRNA vector also delivers a gene-specific identifier in the form of a
unique 19-mer ‘molecular bar code’ that can be used to identify which cell carries any given knockdown
allele in a large population of cells. (c) An example of the result of a bar-code hybridization. The graph
depicts the log, of the average intensity versus the log, of the fluorescence intensity ratio. shRNA
vectors that are enriched by the selection method are represented by spots with an increased ratio
(adapted from ref. 16).
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is single well-based arrayed format screens

Table 1 | Applications of the large-scale NKI shRNA library screens in oncology

versus ‘polyclonal’ screens, in which the

entire library of shRNA vectors is infected in

cells in a pooled format. Single well-based
screens make it possible to identify shRNA
vectors, which induce phenotypes that can
only be measured in well-based or even indi-
vidual cell-based readouts. The use of well-

based screens, however, is mostly limited to

short-term readouts because it is practically
impossible to passage cells in arrayed assays,
whereas polyclonal screens can be used to

select for long-term phenotypes.
The NKI shRNA library has been
developed with particular emphasis on

polyclonal screens. In this format, the
complete set of sShRNA vectors is pooled,

and this collection is introduced into a
large population of cells by viral infection.

Screen Gene set used Genes identified  Reference
NF-kB pathway DUB enzymes CYLD 26
Bypass of p53-dependent Full library TP53 11
growth arrest (23,742 vectors) HDAC4
RPS6KA6 (RSK4)
HTATIP (TIP60)
AHCYL1 (KIAA0828)
ccrz
Fanconi Anemia D2 protein ubiquitination DUB enzymes USP1 22
Transformation of human Full library PITX1 23
fibroblasts (23,742 vectors) KLF4
PDCD6
Bypass of RAS-induced growth Kinases MINK1 27
arrest in ovarian epithelial cells RPS6KB1 (P7056K1)
PIK3CA
Hypoxia response DUB enzymes USP33 (VDU1) 20
(HIF1-0)
Bar-code screen for resistance to Nutlin-3 Full library TP53BP1 16
(p53 activating compound) (23,742 vectors) TP53

This population of cells is then subjected

to a selective condition, such as induction

of a growth arrest, exposure to a cytostatic drug or induction of
apoptosis. After this selection, surviving and proliferating colo-
nies can be recovered and the shRNA inserts can be identified
by PCR amplification, cloning and sequence identification. This
method has been very successful in the isolation of several genes
that encode proteins in cancer-relevant pathways such as the p53
pathway and RAS-dependent transformation! 23,

One requirement for this type of screen is a low background of
spontaneously occuring resistant cells in the cell system used and
that a substantial growth advantage is gained by the cells harbor-
ing the shRNA vector. A screening system that is usable for such
approaches usually shows a background of spontaneously resis-
tant cells of less than 1 in 10,000 cells. If these requirements are
not met, the bar-code screening technology can often circumvent
such technical problems. Bar-code screening relies on the selec-
tive enrichment of certain shRNA vectors in a large population
of shRNA vector—infected cells. As a result, background colo-
nies will have a random distribution of all shRNA vectors in the
population. In contrast, active sShRNA vectors will be enriched to
a much higher degree because of their specific effect on cellular
phenotype under the conditions of the screen. As a consequence,
the relative increase in abundance of active shRNAs will be much
greater than those present in background colonies. Furthermore,
the measurement of the relative abundance of shRNA vectors by
microarray hybridization is very sensitive. A small increase in
relative abundance can be determined with high significance, and
its reproducibility can readily be tested in independent biological
samples of the same type of screen.

Finally, similar to single-well screens in which multiple inde-
pendent siRNA sequences targeting a single gene are used in sep-
arate wells, the bar-code system also facilitates the identification
of multiple independent shRNA vectors that target the same gene
and are enriched in the screening system, thereby reducing the
chance of an off-target effect of any particular shRNA.

Outlook

To facilitate genome-wide screens using RNAI, several groups
have developed libraries of shRNA-producing vectors. The major
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characteristics of the shRNA library that we have developed at
the NKI are summarized in Box 1.

An important new concept in cancer-drug discovery, first pre-
sented in 1997 (ref. 24), is that of genotype-specific drugs: drugs
that only act in a cancer-specific genetic context. Such cancer-
specific drug targets are much sought after, as their inhibition
should in theory be far more toxic to cancer cells than to normal
cells. In principle, large-scale loss-of-function genetic screens in
mammalian cells are very well suited for the identification of
genes, whose suppression is lethal only in the context of a cancer-
specific genetic alteration. A complicating factor in such screens
is that one has to select for vectors that are lost from a popula-
tion of cells rather than enriched, which is technically more chal-
lenging. But there are ways around this problem. For instance,
one could positively select for cells that enter into apoptosis by
selecting cells (using, for example, fluorescence-activated cell
sorting) that stain positively for apoptotic markers. By recover-
ing the shRNA vectors from apoptotic cells, one can recover the
(very small) bar-code cassette by PCR and quantify the relative
abundance of all shRNA vectors in the apoptotic population in
a bar-code experiment. We have recently shown that the length
of the DNA in apoptotic cells is sufficient to recover bar-code
sequences by PCR (data not shown).

A second appealing approach will be the implementation of so-
called ‘high-content’ screening technology into shRNA screens??.
High-content screening technology allows the identification of
complex cellular phenotypes through automated (confocal)
microscopic analysis of individual cells in high-throughput for-
mat. By combining this technology with single-well transfections
or infections with shRNA vector sets, one can score for a range of
phenotypes in a variety of cellular pathways.

For certain cancers, translation into drug development of our
molecular understanding of the genetic alterations underlying
the disease has already resulted in dramatically improved therapy.
For instance, Imatinib (Gleevec) in chronic myeloid leukemia and
gastrointestinal stromal tumors, and Trastuzumab (Herceptin)
in HER2-positive breast cancer are examples of ‘targeted’ thera-
peutics, which are effective and selective because they target
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BOX 1 NKI LIBRARY AT A GLANCE

Library vector

Vector description. Library vector: pRSC (see Fig. 1; ref. 4).
Viral vector backbone: self-inactivating retroviral vector MSCV-
SIN.

Plasmid derivative of pRETRO-SUPER.

Major modification: addition of chloramphenicol resistance
cassette for selection to improve vector stability in bacteria.
Additional features: shRNA expression cassette under the control
of H1 pol III promoter, a PGK-puromycin marker and ampicillin-
resistance marker for selection.

Library stability. Recombination may occur when the
bacteria are cultured under suboptimal growth conditions
or with repeated freeze-thaw cycles. This is suppressed by
chloramphenicol selection.

Infectivity. The libraries can be used to infect dividing cells.
Titers and infectivity are mostly dependent on the packaging
systems that are used. This vector is compatible with all
commonly used packaging systems for retroviruses.

The library has been successfully introduced into a large variety
of different cancer cell lines and primary cells. Expression of the
hairpin RNAs also works in undifferentiated (embryonic stem)
cells.

Silencing. Silencing may occur depending on the integration
site. The MSCV-based backbone is relatively resistant to
chromatin-mediated silencing.

Stability of knockdown phenotype has been observed for several
months in the cell systems used so far.

Library production

Vector DNA production yield. The yield strongly depends
on the method of DNA isolation. This is a high-copy-number
plasmid that can be isolated and purified from bacteria using
standard protocols.

Viral titer. Production conditions: virus-containing
supernatants are produced using packaging cells transiently
transfected with pRSC-shRNA vectors. Depending on the type
of packaging system different viral subtypes can be produced
(retroviral, lentiviral or adenoviral).

Titer depends on packaging system.

Virus titer estimated by selection for puromycin-resistant
cells or detection of the ShRNA expression cassettes in target
cells by PCR amplification and sequencing, or bar-code array
hybridization is typically >10° 1.U./ml.

cancer-specific genetic alterations. But the number of genes that
are consistently either mutated or over-expressed in cancer is
limited, hampering future development of novel targeted thera-
peutics. Through functional genetic approaches, such as those
described above, it will be possible to uncover a completely new
arsenal of powerful cancer-selective drug targets. In the longer
term this should lead to the identification of completely new

Library coverage

As of July 2006, the library contains shRNA directed against:
~8,000 human genes (~24,000 shRNAs)
~15,000 mouse genes (~30,000 shRNAs)

Gene coverage distribution. ~3 shRNAs per human target gene;
~2 shRNAs per mouse target gene.

Region of transcripts targeted: ~100% open reading frames
(ORFs).

List of target genes: see supplementary information in reference
11 and http://www.screeninc.nl/gene/index.php.

shRNA sequences. The design rules for the human shRNA
library have been published!?. For the mouse library, the
thermodynamic asymmetry rules®12 were also taken into
consideration in the target sequence design!?.

List of shRNA sequences: not available.

Functional tests
Sequence verification. The available collection of single vectors
is verified by sequencing of one strand.

Validation data. 288 vectors targeting 96 human genes were
tested for knockdown of ORF product-[3-galactosidase fusion
proteins.

Knockdown efficiency. Of the tested shRNAs, 30% give more
than 70% knockdown (as single vectors).

For 70% of tested target genes there is >70% knockdown when
tested with a pool of three shRNA vectors.

For 70% of tested target genes, the library contains at least 1
shRNA that provides >70% knockdown efficency.

For 10% of tested target genes, the library contains at least 2
shRNAs that provide >70% knockdown efficiency.

Nonspecific off-target effect. Off-target effects cannot be
excluded, and extensive follow up on hits from a screen is
needed. Multiple hairpin vectors that show the same phenotype
can decrease the risk of off-target effects certainly when the
phenotype is very specific.

Distribution

Sequence-verified versions of the libraries will be available from

Geneservice Ltd.

The libraries will be available as glycerol stocks of single vectors.
Sub-collections (targeting certain pathways or classes of genes)

will be available.

classes of drugs that exploit the vulnerabilities of the cancer cell
that result from their genetic deficiencies.
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