
AD

Award Number: DAMD17-02-1-0346

TITLE: Scanning the Human Genome for Novel Therapeutic Targets
for Breast Cancer

PRINCIPAL INVESTIGATOR: Gregory J. Hannon, Ph.D.

CONTRACTING ORGANIZATION: Cold Spring Harbor Laboratory
Cold Spring Harbor, NY 11724

REPORT DATE: April 2005

TYPE OF REPORT: Annual

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.



"I Form Approved
REPORT DOCUMENTATION PAGE OMB No. 074-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, induding suggestions for
reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of
Management and Budget, Paperwork Reduction Pro ect (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
(Leave blank) 7 April 2005 Annual (I Apr 2004 - 31 Mar 2005)

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Scanning the Human Genome for Novel Therapeutic Targets for DAMD17-02-1-0346
Breast Cancer

6. AUTHOR(S)

Gregory J. Hannon, Ph.D.

7. PERFORMING ORGANIZA TION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZA TION
Cold Spring Harbor Laboratory REPORTNUMBER
Cold Spring Harbor, NY 11724

E-Mail: hannon@cshl .edu

9. SPONSORING / MONITORING 10. SPONSORING / MONITORING
AGENCY NAME(S) AND ADDRESS(ES) AGENCY REPORT NUMBER

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES
Original contains color plates: All DTIC reproductions will be in black and white.

12a. DISTRIBUTION / A VAILABILITY STA TEMENT 12b. DISTRIBUTION CODE

Approved for Public Release; Distribution Unlimited

13. ABSTRACT (Maximum 200 Words)

No abstract provided.

14. SUBJECT TERMS 15. NUMBER OF PAGES

Cancer biology, genetics, synthetic lethality, apoptosis 97

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



Table of Contents

Cover ............................................................................................. 1

SF 298 ............................................................................................ 2

Table of Contents ................................................................... 3

Introduction .................................................................................. 4

Body ........................................................................................... 4-7

Key Research Accomplishments .......................................................... 7

Reportable Outcomes ....................................................................... 7-8

Conclusions .................................................................................. 8

References .................................................................................... n/a

Appendices .................................................................................... 8



INTRODUCTION

The broad goal of this project is to develop genome-wide RNAi
approaches in mammals and to apply these to the discovery of new therapeutic
targets for cancer. Specifically, we have generated and continue to build a
library of short hairpin RNA expression constructs (shRNA) that ultimately
correspond to every gene in the human and mouse genomes. These will be are
presently available as a public resource and used internally to screen for genes
that are essential to the survival of breast cancer cells but which are dispensable
for the survival of normal cells. A subset of these might prove suitable as
therapeutic targets for breast cancer therapy. During the course of funding, two
things have become clear. First, although they were not in place at the time of
submitting this application, we have largely developed the technologies
necessary to pursue the above goal. Second, funding in the Innovator award
falls far short of that necessary to achieve the goal. Relevant to the last point, we
have been able to leverage the Innovator award with several other funding
sources to create a program, which is capable of meeting the proposed goal.

BODY

Progress toward developing the technology necessary for genome-wide RNAi in
mammals (these were funded in part by the Innovator award and also by P0I
from the NCI)

Studies on the mechanism of RNAi

All of the technology described above was built upon studies of the RNAi
mechanism. While these studies are funded by an R01, they benefit from the
Innovator award, and it is acknowledged as general support for the P.I. We have
made progress relevant to this goal, understanding in more depth the
biochemistry of the RNAi pathway and working to apply this knowledge to the
improvement of RNAi as a tool. Progress over the last year relevant to this effort
can be seen in the attached manuscripts (Appendicies 1-10).

A genome-wide RNAi library

Over the last several years, there have emerged two major methods for
triggering RNAi in mammalian cells. These are transient silencing using siRNAs
or stable or transient silencing using shRNAs. Both of these approaches have
been validated in numerous publications. In considering how to construct a
genome-wide RNA library for human cells, we examined both options. Our
choice of the latter reflects several factors. First and foremost, shRNA
expression constructs can be propagated and thus provide a limitless supply of
material for public distribution. Second, many phenotypes, especially those
relevant to breast cancer, require examination of cells over a long time frame.
Third, shRNAs offer the flexibility to examine the consequences of silencing both
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in vitro and in vivo. Generation of the library is proceeding as a phased project
with funding coming in part from the Innovator award and in part from other
public and commercial sources (NCI, Merck, Oncogene Sciences, Genetech).
No funding mechanism has been permitted to place any restrictions on library
distribution.

shRNA optimization

Our original series of vectors used a 29 base shRNA with a simple 4 base
loop. Biochemical studies have revealed that natural miRNAs are processed into
mature miRNAs through a two-step pathway that involves two specialized
RNAseIII enzymes. We have found that by designing shRNAs as substrates for
both components of the pathway that we can increase the amount of shRNA
produced by our vectors in vivo by more than 10-fold. Additionally, detailed
biochemical analysis of Dicer cleavage (see Appendix 6) has allowed us to apply
informatic strategies for picking more efficient shRNA sequences. These
innovations have been incorporated into our second generation library (see
below). We have published a number of review articles as guides to the
construction and use of shRNA reagents. These are attached as appendicies
2,4,5,8,9. Finally, we have provided examples of the use of shRNAs in vivo to
study the role of the p53 tumor suppressor pathway (Appendix 3).

Vector construction and validation - vectors remain the same for both version 1
and version 2 libraries

In collaboration with Steve Elledge (Baylor), we constructed a flexible
vector system for harboring the shRNA library. We have demonstrated that this
vector can transfer shRNA inserts to a recipient plasmid by bacterial mating with
-100% efficiency. We have also validated transfers in multi-well formats suitable
for moving subsets of or even the entire library. The original vector design had to
be modified to remove loxP sites to avoid intellectual property restrictions placed
upon us by Dupont. Persistant, although solvable problems, include the use of
Zeocin and the inclusion of FRT sites. We did attempt negotiating with Salk and
Invitrogen to overcome these barriers to distribution. However, terms remained
unreasonable. However, this has been rendered moot by the speed with which
we constructed the second generation library, which has been made available to
the academic community prior to its publication. Nevertheless, we are now
preparing a manuscript describing this new resource, and more than 500,000 of
these plasmids have been distributed from Open Biosystems to academic
investigators worldwide.
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Figure 1. Vector system for libraly cowstrutction
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For construction of the second generation library, we modified pSM1
(Figurel) slightly to incoporate flanking sequences from a naturally occurring
human microRNA. We have also slightly rearranged the elements within the
vector to increase its stability. The second generation vector, pSM2, is pictured
below in Figure 2.
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Figure 2. pSM2

shRNA library construction
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Construction of the first generation library was completed and published
last year. In the end, 9,780 genes were covered with 28,000 different shRNAs.
Given our progress in understanding the RNAi pathway and our application of
this knowledge to the generation of better shRNA tools, we have undertaken the
construction of second-generation libraries that will cover all known and predicted
genes in human, mouse and rat. Thus far, we have sequence verified second
generation constructs that cover -28,000 human genes with -71,000 shRNAs.
The ability to carry out construction on such a large scale required the
development of novel oligonucleotide synthesis strategies, which take advantage
of highly parallel piezo-inket technology for oligo production. A paper describing
this process is attached as Appendix 7. We have also constructed and released
about 51,000 mouse clones, covering 25,000 genes. In collaboration with
Richard Gibbs and David Anderson, we have also initiated the production of a rat
library.

Library Distribution

Our first and second generation libraries and vectors are now available to
all academic investigators from Open Biosystems at reasonable cost.

Library Screening

We are currently carrying out library screens for activation of several
reporters. This aspect of the grant has been delayed somewhat by the
substantial effort required to construct and sequence verify the some 150,000
clones that now comprise our shRNA resource. However, we have completed
one screen for new breast tumor suppressors in collaboration with Steve
Elledge's lab. This identified a repressor protein involved in neuronal
development as a gene that can contribute to epithelial carcinogenesis. This
manuscript is attached as appendix 10. We have also developed methods for
screening shRNA libraries by in situ transfection as described in Appendix 1.

KEY RESEARCH ACCOMPLISHMENTS

"• Produced and publicly distributed a second-generation shRNA library
consisting of 71,000 shRNAs to 28,300 human genes

"* Produced and publicly distributed a second-generation shRNA library
consisting of 51,500 shRNAs to 25,000 mouse genes

"• validated new oligonucleotide synthesis methods for library construction

REPORTABLE OUTCOMES
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Manuscripts (8 attached)

Appendices:

1. Silva, J. M., Mizuno, H., Brady, A., Lucito, R. and Hannon, G. J. (2004) RNAi
microarrays : High-throughput loss-of-function genetics in mammalian cells.
Proc. Nati. Acad. Sci., 101:6548-6552.

2. Hemann, M. T., Zilfou, J. T., Zhao, Z., Burgess, D., Hannon, G. J. and Lowe,
S. W. (2004) Suppression of tumorigenesis by the p53 target PUMA. Proc.
Nati. Acad. Sci. 101:9333-9338.

3. Hannon, G. J. and Rossi, J. J. (2004) RNAi: unlocking the potential of the
human genome. Nature 431:371-378.

4. Siolas, D., Lerner, C., Burchard, J., Ge, W., Paddison, P. J., Linsley, P.,
Hannon, G. J. and Cleary, M. Synthetic shRNAs as highly potent RNAi
triggers. Nature Biotech. 23:227-231.

5. Cleary, M., Kilian, K., Wang, Y., Bradshaw, J., Ge, W., Cavet, G., Paddison,
P. J., Chang, K., Sheth, N., Leproust, E., Coffey, E. M., Burchard, J., Linsley, P.
and Hannon, G. J. (2004) Production of complex libraries of defined nucleic
acid sequences using highly parallel in situ oligonucleotide synthesis. Nature
Methods 1:241-248.

6. Paddison, P. J., Cleary, M., Silva, J. M., Chang, K., Sheth, N., Sachidanidan,
R. and Hannon, G. J. (2004) Cloning of short hairpin RNAs for gene
knockdown in mammalian cells. Nature Methods 1:163-167.

7. Silva, J., Chang, K., Hannon, G. J. and Rivas. F. V. (2004) RNA-interference-
based functional genomics in mammalian cells: reverse genetics comes of
age. Oncogene 23:8401-8409.

8. Westbrook, T. F., Martin, E. S., Schlabach, M. R., Leng, Y., Liang, A. C.,
Feng, B., Zhao, J. J., Roberts, T., Mandel, G., Hannon, G. J., DePinho, R.,
Chin, L. and Elledge, S. J. (2005) A genetic screen for candidate tumor
suppressors identifies TGF-PRII and REST. Cell, in press.

* Second-generation human library -2/3 complete
• Second-generation mouse library -1/2 complete
* Second-generation rat library, in progress
* Design and public release of informatic tools for accessing the collection

(codex.cshl.edu)

CONCLUSIONS

RNAi has emerged over the last two years as a powerful tool for experimental
manipulation of gene expression and as a potential therapeutic strategy. We
have made substantial progress toward validating the use of RNAi in mammals
and have contributed key reagents to the scientific community.
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RNA interference microarrays: High-throughput
loss-of-function genetics in mammalian cells
Jose M. Silva, Hana Mizuno, Amy Brady, Robert Lucito, and Gregory J. Hannon*

Watson School of Biological Sciences, Cold Spring Harbor Laboratory, 1 Bungtown Road, Cold Spring Harbor, NY 11724

Edited by Stanley Fields, University of Washington, Seattle, WA, and approved March 3, 2004 (received for review January 9, 2004)

RNA interference (RNAI) is a biological process In which a double- similarly using cell microarrays for loss-of-function genetics. This
stranded RNA directs the silencing of target genes in a sequence- is accomplished by creating a microarray of living cells that have
specific manner. Exogenously delivered or endogenously encoded been transfected in situ with either small interfering RNAs
double-stranded RNAs can enter the RNAi pathway and guide the (siRNAs) or with DNA constructs that direct the expression of
suppression of transgenes and cellular genes. This technique has short hairpin RNAs (shRNAs). These are effective at initiating
emerged as a powerful tool for reverse genetic studies aimed a silencing response and in creating defined areas (spots) of cells
toward the elucidation of gene function in numerous biological in which suppression of a targeted gene generates an expected
models. Two approaches, the use of small interfering RNAs and phenotype. Such arrays will find broad application to high-
short hairpin RNAs (shRNAs), have been developed to permit the throughput low-cost phenotype-based screens in mammalian
application of RNAi technology in mammalian cells. Here we cells.
describe the use of a shRNA-based live-cell microarray that allows
simple, low-cost, high-throughput screening of phenotypes caused Materials and Methods
by the silencing of specific endogenous genes. This approach is a Microarray Printing and Reverse Transfection. Transfection mixes
variation of "reverse transfection" in which mammalian cells are containing DNA reporter vectors (500 ng) plus shRNAs (1 jig)
cultured on a microarray slide spotted with different shRNAs in a or siRNAs (200 ng) were printed onto glass slides by using a
transfection carrier. Individual cell clusters become transfected previously described "lipid method" (11) with some modifica-
with a defined shRNA that directs the inhibition of a particular tions. Briefly, nucleic acids were resuspended in 15 /.1 of
gene of interest, potentially producing a specific phenotype. We DNA-condensation buffer (Buffer EC, Qiagen, Valencia, CA)
have validated this approach by targeting genes involved in with a final concentration of 0.4 M sucrose. After two incubation
cytokinesis and proteasome-mediated proteolysis. steps with the enhancer solution and the Effectene transfection

reagent (Qiagen), a I x volume of 0.2% gelatin was remixed with
R NA interference (RNAi) has emerged as one of the standard the solution to complete a transfection master mix of 45 pl. Ten

techniques to study gene function in diverse experimental microliters of this was aliquotted into a 384-well plate for
systems. Introduction of double-stranded RNA (dsRNA) into a printing, and the remaining 35 A±l was stored at 4°C for later
cell decreases the level of the complementary mRNAs producing assays. Samples were printed onto Corning GAPS II slides with
a knockdown of the corresponding protein. The current model a PixSys 5500 Robotic Arrayer (Genomic Solutions, Ann Arbor,
of the RNAi mechanism proposes that the silencing "trigger" is MI). Pins transferred the "lipid-DNA" solution to the slide while
processed by Dicer into small RNAs of 21-22 nucleotides in touching the surface of the slide for 500 ns. To ensure enough
length. These become incorporated into an RNA-induced si- printed area to contain several hundred cells, we printed in close
lencing complex with endonuclease activity (RISC), which, in proximity nine spots forming a 3 x 3 square. After printing, the
turn, identifies and cleaves homologous mRNAs (1, 2). nine spots fuse together forming a bigger single dot with a

Based on this approach, genomewide RNAi approaches have diameter of -"400-500 tim. To prevent contamination after
been used successfully for phenotype-based screens in Caeno- printing, the slides were dried overnight at room temperature in
rhabdits elegans (3-5) and Drosophila melanogaster (6, 7). In a tissue culture hood.
part, these successes derive from the availability of convenient To perform the reverse transfection, one spotted array was
and inexpensive methods for producing and introducing dsRNA. placed inside a 10-cm tissue culture dish and 15 ml of media
For example, it has previously been shown that RNAi can be containing cells at a concentration of 1 x 106 per milliliter was
triggered by soaking C. elegans in a solution of dsRNA (8), or by added into the dish taking care not to disturb the printed surface.
feeding worms with E. coli expressing gene-specific dsRNAs (9). Cells were incubated for 60 h without media change before
In Drosophila cells a soaking protocol is also available allowing analysis of the results (Fig. 1).
an easy method of introducing dsRNA (10).

Unfortunately, similarly straightforward approaches for trig- Reporter Assays. One hundred sixty dots containing a dual
Oprj gering silencing have not been described in mammals. Analysis reporter vector expressing GFP/dsRed fluorescent proteins (gift

of multiples genes requires a "gene by gene" method, in which of Alla Karpova, Cold Spring Harbor Laboratory) and individual
individual transfections must be performed, making these stud- shRNAs were printed. All shRNA were part of a library of U6
ies expensive, tedious, and dependent on high-throughput ro- polymerase III promoter-driven hairpins (28). Four groups of
botic systems. Cell microarrays represent a novel alternative to experiments with 40 dots (each) were printed: the first group
classical approaches to phenotype-based assays in mammalian contained only dual reporter vector, the second group contained
cells. the reporter vector plus an shRNA or siRNA against firefly

Cell microarrays were first described by Ziauddin and Sabatini luciferase (Ff shRNA and Ff siRNA), the third group contained
(11), who demonstrated that cells grown on a glass substrate
could take up DNA-lipid complexes that had been deposited on
the slide before cells were plated. Cells essentially became This paper was submitted directly (Track 11) to the PNAS office.
transfected in situ, with defined spots of transfected cells local- Abbreviations: Ff, firefly luciferase; RNAi, RNA interference; shRNA, short hairpin RNA;

ized over the printed DNAs. These studies demonstrated the use siRNA, small interfering RNA.
of conventional DNA constructs for creating phenotypes based -To whom correspondence should be addressed. E-mail hannonecshl edu.

on ectopic expression. Here we investigate the possibility of © 2004 by The National Academy of Sciences of the USA
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Ninety-Six-Well Plate Analyses. All RNAi microarray results were

validated by using cells transfected in 96-well tissue cultureJ plates. Cells were transfected with LT-1 (Mirus, Madison, WI)
according to the manufacturer's instructions at 50-70% conflu-

_ence. The plasmids containing appropriate constructs were
ng onPI cotransfected, keeping the same ratios used in the arrayed slides

PrGAPSII o but with a total mass of 100 ng of DNA for each transfected well.
Reverse Again, results were analyzed after 60 h of incubation.

384 well plate Transfection
-Results

Targeting Reporter Genes in Situ by Using siRNAs. Given previous
successes in ectopically expressing genes by reverse transfection

77>.. (11), we hoped that similar approaches could be coupled with the
use of RNAi to produce knockdown phenotypes. Therefore, we
began by testing the ability of siRNAs to be deposited on a

Fig. 1. Outline of the protocol used to perform reverse transfection on a microarray as lipid-RNA complexes and to cause sequence-
glassslide. Transfection mixescontaininggelatinwerespotted on GAPSl lglass specific silencing in cells grown on the arrays. We began by
slides with a PixSys 5500 Robotic Arrayer to form a 3 x 3 square. Dried slides testing the ability of siRNAs to silence a co-delivered, ectopic
were put inside a 10-cm tissue culture dish, and medium with cells was added marker. For convenience, we used GFP to enable both trans-
to the dish. After incubation, groups of transfected cells could be detected fection and silencing to be scored by visual inspection. Because
inside the spotted transfection mixes. GFP was the siRNA target, we also included a plasmid that

directs the expression of a second fluorescent protein (dsRed) to

the reporter vector plus a shRNA or a siRNA against GFP that allow us to verify that siRNAs specifically silenced GFP expres-

has no effect in the expression level of the protein (GFP sion rather than simply interfered with transfection.Several siRNAs homologous to the GFP coding sequence
shRNA-1 and GFP siRNA-1), and the last group contained the were mixed hoplasmi s e oding GFP a nd seNuce

repotervecor lusa sRNAtha reuce by90%theGFP were mixed with plasmids encoding GFP and dsRed. Nucleic
reporter vector plus a shRNA that reduces by 90% the GFP acids were combined with a variety of lipid reagents [LT-1 or
signal when tested in culture plates (GFP shRNA-2 and GFP TKO (Mirus) and Effectene (Qiagen)], and the lipid-nucleic

sevRNAl2, cacid complexes were spotted onto glass slides. We found that
Several cell lines were tested for transfection, NIH 3T3, Qiagen reagent performed best, giving optimal transfection of

IMR90/E1A, HeLa, and HEK 293T. To test the stability of the both DNA and RNA in this experiment. GFP siRNAs that had
printed array, we repeated the assay at different time points after been previously identified as an efficient suppressor of the
printing, day 0, 1 week, 2 weeks, 4 weeks, and 2 months. For expression of the fluorescent protein in standard transfections
testing the stability of the transfection master mix, we stored the (GFP siRNA-2) also showed potency on the spotted array.
solution at 4°C and then printed new slides and assayed them at Ineffective siRNAs (GFP siRNA-1) or unrelated siRNAs (Ff
the time points described above. siRNA) did not produce any effect on GFP expression levels

Proteasome-Mediated Proteolysis Assays. Thirty shRNAs targeting either in standard transfections or on microarray slides (Fig. 24).

different proteasome subunits were printed in triplicate. Every Targeting Reporter Genes in Situ by Using shRNAs. The aforemen-
dot harbored an shRNA-expression vector, a plasmid expressing tioned studies demonstrated that an RNAi response could be
dsRed (dsRed N-1, Clontech), and a vector encoding a protea- initiated by in situ transfection of siRNAs on glass-slide microar-
some fluorescent reporter (ZsProSensor, Clontech). This re- rays. As stated above, RNAi can also be initiated in mammalian
porter encodes a fusion protein that has been engineered to show cells by transfection of DNA expression constructs that direct the
varying levels of expression depending on the status of the synthesis of shRNA sequences. We therefore tested the possi-
proteasome pathway. Every transfection master mix contained bility that a slide printed with a transfection mix containing an
400 ng of dsRed vector, 100 ng of ZsProSensor, and 1 ttg of shRNA-expression construct that targets a specific mRNA could
shRNA plasmid. Twenty micrograms of total protein lysates was initiate a specific silencing response in in situ transfected cell
used for Western blot analysis. Rabbit anti-PSMC-6 subunit of clusters. As a first step, we again tested our ability to down-
the proteasome (Affinity, Biomol, Plymouth Meeting, PA), regulate the expression of GFP. Spots were printed as described
rabbit anti-ubiquitin (StressGen Biotechnologies, Victoria, Can- above. In every cell cluster, the GFP level reported specific
ada), and mouse anti-13-actin (United States Biological, Swamp- RNAi-mediated suppression and the dsRed level again acted as
scott, MA) antibodies were also used in these studies. a transfection control.

As expected, none of the spots containing the reporter vector
•4 Cytokinesis Defect Assays. Eight shRNAs targeting the motor alone, the reporter plus a control shRNA, targeting firefly

protein Eg5 were printed (10 replicas each) together with a luciferase, or the reporter plus GFP shRNA-1, an ineffective
vector encoding an az-tubulin-GFP fusion protein (GFP-tubulin, shRNA, showed any reduction in the expression of GFP. In
Clontech). Every transfection mix contained 1 ~g of Eg5 hairpin contrast, all spots harboring the GFP shRNA-2, an active
and 500 ng of the fluorescent fusion protein expression plasmids. shRNA, presented a strong attenuation of the GFP signal while

For immunofluorescence studies, we printed a replica slide maintaining unaltered levels of dsRed protein (Fig. 2B). It is
where the transfection mix contained 500 ng of the dsRed worth noting that all suppressed samples showed a similar degree
reporter instead of the GFP-tubulin. Cells were stained by using of attenuation of GFP and a very similar percentage of trans-
standard methods with small variations. After incubation of the fected cells, revealing a high degree of consistency from spot to
slides for 60 h the cells were fixed with paraformaldehyde for 10 spot.
min, washed very gently, and permeabilized with 1% Triton We next asked whether the in situ RNAi procedure could be
X-100 in PBS for 15 min on ice. Only one 15-min wash was applied broadly by examining the response of a number of
performed to avoid washing away the cells. Mouse anti-a-tubulin different cell lines in an arrayed format. These included trans-
(Sigma) was used in this study. Hoechst dye was included in the formed and nontransformed cells lines, fibroblasts and epithelial
last wash to visualize the chromosomes. cells, and lines from mouse and human. Of those tested, HEK

Silva et al. PNAS I April 27, 2004 I vol. 101 1 no. 17 I 6549
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Fig. 3. (A) Different levels of ZsGreen protein accumulation detected in the
Fig. 2. The GFP reporter is specifically suppressed by RNAi in 293T cells RNAi microarray. (8) HEK 293T were incubated with individual hairpins tar-
incubated for 48 hon a printed glass slide. (A) Printed spots contained a vector geting the expression of different proteasome subunits. AWestern blot shows
expressing GFP and dsRed reporters and individual siRNAs targeting different specific inhibition of ATPase-6 shRNA. Firefly shRNA was used as control. (C)
sequences (as indicated): no siRNA (-), Ff0 siRNA-1 (GFP-1), and siRNA-2 Anti-ubiquitin Western blot showing accumulation of polyubiquitinated pro-
(GFP-2). (8) Printed spotscontained a vector expressing GFP and dsRed report- teins in treated cells.
ers and individual shRNA expression plasmids targeting different sequences
(as indicated): no hairpin (-), Ff, hairpin 1 (GFP-1), and hairpin 2 (GFP-2).
Control spots harbored siRNAoran shRNA-expression vector against Ff. GFP-1, PEST motifs. This functional motif is transferable, decreasing
or no added RNAi inducer (mock). greatly the stability of proteins to which it is fused (14, 15). This

property has been exploited to create commercially available

293T cells showed the highest efficiency. IMR90/E1A, NIH 3T3, reporter systems in which MODC-d410, appended to a fluores-
and HeLa cells showed lower efficiency (20-50%) than 293T cent protein, creates a fusion that can indicate the integrity of the

(data not shown). Our results indicate that by varying the lipid proteosome in living cells.

and nucleic acid content of the spot, many different cell lines can We chose to analyze the expression level of a commercially

be used. However, for convenience, we performed the remain- available reporter consisting of a green fluorescent protein

der of our assays with HEK 293T. (ZsGreen) tagged on the carboxyl-terminus with the MODC-

We also examined the stability of slides spotted with lipid/ d410 domain (ZsProSensor, Clontech). We recently screened
shRNA mixtures and with lipid/siRNA mixtures. We printed a library of 7,000 individual shRNAs for the ability to antag-replica slides and compared both transfection efficiency and onize proteosome function in a 96-well plate format (28).sicaslidesandcompareningh efficiency atd varioustimepoints.WedRoughly one-quarter of primary positives targeted proteosome
silencing efficiency at various time points. We did not observe subunits. Putative positives from that screen were used onany reduction in the performance of the shRNA arrays after 1 microarrays to validate the in situ approach and to compare the
week, 1 month, or up to 2 months of storage at 4°C. In contrast, sensitivity of array-based assays to those carried out in 96-well
siRNA printed slides showed more variability, and unclear plates. Based on these previous studies, thirty different hair-
results were obtained after 2 weeks of storage. pins targeting proteasome subunits were deposited, each in

individual spots, together with the destabilized green reporter
An in Situ _Amy for Defects in Protesome Function. The need to and a dsRed vector. As in previously described experiments,
locate transfected cells to score phenotypes on the array led to the dsRed served as transfection control.
consideration of phenotypic assays that depended on the expression After 24 h of incubation we observed higher levels of ZsGreen

OF of a fluorescent, exogenous reporter gene. The basic idea, a protein in several dots containing proteasome shRNAs com-
variation of the validation experiments described above, was to pared to control shRNAs, whereas no changes were observed in
include in the transfection mix a plasmid harboring a fluorescent the intensity of the red fluorescent protein. During the following
reporter that is differentially expressed (at higher or lower level) in 48 h the green fluorescent signal gradually increased in these
cells in which RNAi has been used to alter the function of a specific positive spots, achieving maximum intensity after 60-72 h. We
pathway. To test this approach, we focused on protein half-life as a identified clear differences in the accumulation level of the
determinant of steady-state expression levels. A variety of motifs reporter in spots containing proteasome shRNAs compared with
have been found to confer a short lifetime on cellular proteins. nonproteasome hairpins. Interestingly, the most intense signals
So-called PEST sequences are rich in the amino acids Pro (P), Asp, were revealed from spots containing shRNAs that target sub-
Glu (E), Ser (S), and Thr (T), which occur in internal positions in units of the 19S base (Fig. 3A).
the sequence. Proteins containing PEST sequence elements are To confirm that the increased expression of the reporter was
rapidly targeted to the 26S proteasome for degradation (12). associated with alterations in proteasome function, we verified

The mouse ornithine decarboxylase (MODC) has an ex- that cells transfected with a hairpin against the ATPase subunit
tremely short half-life (13). MODC degradation is mediated by 6 indeed showed a specific reduction of the targeted protein. As
an internal domain, called MODC-d410, that contains several expected, Western blot analysis of transiently transfected 293T

6550 I www.pnas.org/cgi/doi/1O.1073ipnas.0400165101 Silva et al.



ct-tubulin- transfection. However, appropriate reagents will not be easily

shRNA Ff GFP DAPI MERGE available for all interesting phenotypes. For this reason, we asked
whether it was possible to identify Eg5 suppression phenotypes byE-the conventional technique of immunofluorescence (IF). A replica
of the Eg5 glass slide, in which the ,--tubulin fluorescence reporter
was replaced by dsRed, was stained with a standard IF protocol. We
find that we could easily identify cytokinesis defects produced by
the same shRNAs identified with the a-tubulin GFP protein by

ShRNA Eg5 using this methodology (data not shown).

M E DiscussionEuM- Genomewide analyses of loss-of-function phenotypes in mammals,
similar to classic genetic studies in yeast, were very difficult, if not

impossible, only a few years ago. However, over the last several
years RNAi has emerged as a powerful approach for manipulating

Flg.4. CytokinesisdefectsinducedbyEg5shRNAs, (Upper) Sample of normal gene expression in mammalian cells, opening the door to the
mitotic metaphase detected in a dot containing firefly (control) shRNA. execution of such screens. High-throughput RNAi analyses have
(Lower) Two typical "rosette" phenotype found in a printed spot containing previously been used to study gene function in D. melanogaster and
the shRNA-7 against the motor protein Eg5. C. elegans. For example, essential genes (22), G protein-coupled

receptors (GPCRs) (23), fat regulatory genes (24), and genes that
cells with the ATPase-6 shRNA-1 showed a specific reduction in regulate lifespan (25) have been functionally analyzed by this
the level of the targeted protein (Fig. 3B). approach. Unfortunately, similar studies in mammals still represent

It has been shown previously that in cells in which the normal a technological challenge. In part, limitations occur because of the
function of the proteasome is blocked, there is an accumulation cost of the RNA species themselves and the cost of introducing
of polyubiquitinated proteins (16, 17). To validate further the these species (siRNA and shRNA) into mammalian cells. Addi-
antagonism of proteosome function by RNAi, we examined the tionally, the use of a large-scale analysis in any system is limited by
level of polyubiquitinated proteins. Indeed, analysis of bulk the screening methodology.

ubiquitinated proteins by Western blotting with a ubiquitin Here we validate the use of a cost-effective high-throughput
antibody revealed an increase in these normally unstable species procedure for RNAi-based screens in mammalian cells. This

in cells treated with proteasome shRNAs compared with con- procedure is based on methodologies developed by Sabatini and

trols (Fig. 3C). colleagues (11) for creating high copy suppression phenotypes by
"reverse transfection." This allows for the cost-effective use of

A Screen for Alterations in Coll Cyce Contro: Cytokinesis Defects. The materials, both the nucleic acids themselves and tissue culture
aforementioned screen was amenable to the use of microarray reagents. We estimate that between 100 and 500 reverse trans-
saforementione screenosites a ab l their useio of mluor sicnary fections can be done with the materials required for a single
scanners to score positives by their ratio of fluorescent signals. transfection in a well of a 96-well plate. Additionally, thousands

To examine the suitability of this approach for other types of ofecan in parallela glassnslyd tcoardy
screens, we performed a live-cell microarray assay to identif of samples can be printed in parallel on a glass-slide microarray,

fy reducing the time and cost associated with maintaining cultures
cytokinesis defects induced by RNAi. As a reconstruction ex- and analyzing phenotypic outputs. Finally, as previously de-
periment, we knocked down the mitotic motor protein Eg5, scribed, printed slides can be stored for several months without
because cytokinesis defects in cells where Eg5 function is losing potency (11).
inhibited are well established (18, 19). By comparing results obtained by initiating RNAi in situ on

The mitotic spindle, which consists of a dynamic array of microarrays to screens conducted in 96-well plates, we find that the
microtubules and associated proteins, is responsible for segre- arrays compare favorably to standard methods for both sensitivity
gation of chromosomes during mitosis. Studies using immu- and specificity. In agreement with our data, two recent papers have
nodepletion (20,21) of the motor kinesin Eg5 or with the specific reported that RNAi could be initiated on printed slides to inhibit
inhibitor monastrol (18) have revealed that inhibition of the the expression of a co-delivered marker gene (26, 27). Our study
normal function of this protein causes a defect in spindle extends these results by showing that a similar procedure can be
formation. Initially, a defect in centrosome separation causes the used to silence endogenous genes to create RNAi-induced pheno-
assembly of monopolar spindles, and eventually, aberrant struc- types relevant to two independent biological pathways.
tures form that look like "rosettes" of microtubules with DNA Firstly, we designed an assay to study proteosome-mediated
at the periphery. degradation. As predicted, when subunits of the 26S proteasome

Based on the expectation of this typical morphology, we printed were targeted by shRNAs, we could clearly identify accumula-
. DNA-lipid complexes containing individual shRNAs targeting Eg5 tion of an engineered protein that is normally degraded by the

__ on microarray slides. Transfection mixes also contained a plasmid proteasome pathway. We showed that proteolytic defects were
encoding an a-tubulin GFP fusion protein. In this array, the GFP due to specific suppression of the targeted 26S subunits and
fusion protein identifies the cells that have been transfected and demonstrated that cellular levels of the natural proteasome
allows visualization of microtubules. Additionally, when the mi- substrates (ubiquitinated proteins) were affected in the same way
croarraywasscored, Hoechst 33342 was added to the media to allow as the fluorescent reporter. In a second study, we analyzed the
visualization of chromosomes. The analysis of the array revealed effect produced by loss of kinesin Eg5 as model for cytokinesis
two hairpins that produced cells displaying the characteristic "ro- defects. After targeting with EgS shRNAs, we could reproduce
sette" pattern (Fig. 4). We did not observe this phenotype in any of the expected aberrant spindle morphology in a printed slide
the spots containing control shRNAs. This phenotype was also format, while no changes were observed in control spots.
observed when shRNAs targeting Eg5 were tested in a 96-well plate Here, we demonstrate the feasibility of using printed arrays of
format and was similar to the phenotype obtained after Eg5 siRNAs and shRNAs for highly parallel phenotype analysis in
inhibition by monastrol (data not shown). living cells. This approach is flexible and provides low-cost

The use of vectors harboring reporters or fusion proteins is a very alternatives to similar screens carried out in multiwell plate
convenient approach to identify abnormal phenotypes by in situ formats. As large libraries of shRNAs become widely available
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The p53 tumor suppressor regulates diverse antiproliferative pro- differential gene expression studies as a p53 target gene and a
cesses such that cells acquiring p53 mutations have impaired potent inducer of apoptosis (11, 12). PUMA acts by modulating
cell-cycle checkpoints, senescence, apoptosis, and genomic stabil- Bax activity to facilitate cytochrome c release from the mito-
ity. Here, we use stable RNA interference to examine the role of chondria, thereby triggering the apoptotic cascade (11). PUMA-
PUMA, a p53 target gene and proapoptotic member of the Bcl2 deficient colon carcinoma cells and MEFs derived from PUMA -
family, in p53-mediated tumor suppression. PUMA short hairpin deficient mice are resistant to several apoptotic stimuli, including
RNAs (shRNAs) efficiently suppressed PUMA expression and p53- those acting through p53 (13, 14). In fact, the similar phenotypes
dependent apoptosis but did not impair nonapoptotic functions of of PUMA -I- and p53-1- cells suggest that PUMA is an essential
p53. Like p53 shRNAs, PUMA shRNAs promoted oncogenic trans- p53 effector during apoptosis under some conditions. However,
formation of primary murine fibroblasts by the ElA/ras oncogene PUMA -I- mice are not overtly tumor-prone, again suggesting
combination and dramatically accelerated myc-induced lym- that simultaneous inactivation of multiple p53 effector functions
phomagenesis without disrupting p53-dependent cell-cycle arrest. is critical for tumorigenesis (15).
However, the ability of PUMA to execute p53 tumor suppressor We have proposed that not all p53 effector functions contrib-
functions was variable because, in contrast to p53 shRNAs, PUMA ute to tumor suppression, and, instead, that loss of specific p53
shRNAs were unable to cooperate with oncogenic ras in transfor- activities can play crucial roles that are context-dependent (6,
mation. These results demonstrate that the p53 effector functions 16). For example, whereas apoptosis appears to be the primary
involved in tumor suppression are context dependent and, in some p53 activity limiting myc-induced lymphomagenesis, both apo-
settings, depend heavily on the expression of a single proapoptotic ptosis and cellular senescence contribute to chemotherapy re-
effector. Additionally, they demonstrate the utility of RNA inter- sponsiveness (6, 17). Because PUMA can be a specific and
ference for evaluating putative tumor suppressor genes in vivo. essential mediator of p53-dependent apoptosis, the impact of

PUMA loss on malignant phenotypes should reveal the relative

The p5 3 tumor suppressor is a transcription factor that con- contribution of apoptosis to p53-mediated tumor suppression in
trols diverse cellular processes such as DNA repair, cell-cycle different contexts. Therefore, we used stable RNA interference

checkpoints, senescence, apoptosis, and angiogenesis (1). In (RNAi) to acutely suppress PUMA expression in settings where

principle, disruption of each of these activities alone or in p53 has established tumor-suppressor activity. In contrast to

combination could explain the potent impact of p53 mutations studies with traditional knockout mice, studies with RNAi

on tumorigenesis. Attempts to identify relevant p53 activities exploit short hairpin RNAs (shRNAs) to acutely and stably
have used mouse models or cells derived from these animals to suppress gene expression, providing an extremely rapid ap-

determine whether disruption of individual p53 effectors can proach to study loss-of-function effects in vitro and in vivo (16,

mimic p53 loss during tumorigenesis. To date, the biological 18). Also, RNAi can produce hypomorphic expression states that

consequences of inactivating these effectors have not been as may more closely mimic basal expression states or the activity of
consequeneas thosefobtained inactivating thes ctorshael. For bexa mutated gene than a null allele. Here, we use this approach tosevere as those obtained by inactivating p53 itself. For example, identify PUMA as a potential tumor suppressor and highlight

disruption of either bax (an apoptotic regulator) or p21 (a

proliferation inhibitor) does not recapitulate p53 loss in promot- important features of the p53 tumor-suppressor network.

ing transformation or tumorigenesis (2-4). Although these Materials and Methods
observations suggest that disruption of multiple p53 functions Cells and Gene Transfer. Primary murine embryonic fibroblasts
is required to support tumorigenesis, it is also clear that we dere fr .WTiand murdne embryo s andp53cordiats echactviy trogh ulipl efecor whse were derived from WT and p 5 3 -/ day 13.5 embryos and
p53 coordinates each activity through multiple effectors whose maintained as described in refs. 19 and 20. Retroviruses encod-

I single inactivation is not sufficient to completely disable each ing shRNAs expressed from the U6 promoter were generated by
activity (5). PCR with a pGEM U6 promoter template (16). The shRNA

Other studies have taken a more global approach to specifi- sequences encoded inverted repeats of 29 nt separated by an 8-nt
cally target p53 activities, albeit with apparently contradictory spacer. The inverted repeats corresponded to nucleotides 772-
results. For example, during myc-induced B cell lymphomagen- 802 (shPU-2) or 500-528 (shPU-3) of the mouse PUMA cDNAS esis, coexpression of bcl2, which completely disables apoptosis (NM_133234) and had >3-nt differences compared with any
downstream of p53, mimics p53 mutations in producing aggres- other murine genes as determined by BLAST. The shp53 sequence
sive malignancies that retain p53-dependent cell-cycle check- used was the same as the "p53.2" published in ref. 16. The
points (6). Although these results suggest that apoptosis is the resulting PCR products were cloned directly into the HpaI site
primary p53 activity responsible for tumor suppression in this of the murine stem cell virus (MSCV) phosphoglycerate kinase
model, p53 deficiency, but not expression of bcl2, is efficient at (PGK)-Puro-internal ribosome entry site (IRES)-GFP vector
promoting T cell lymphomagenesis (7-9). Furthermore, mice
harboring p53 point mutants that are incapable of transactivating
p53 proapoptotic targets fail to develop the T cell lymphomas Abbreviations: HSC, hematopoietic stem cell; IRES, internal ribosome entry site; MEF,

characteristic of p53-null mice (7, 10). In the latter setting, mouse embryo fibroblast; MSCV, murine stem cell virus; PGK, phosphoglycerate kinase;
genomic instability, and not apoptosis, was proposed to explain RNAi, RNA interference; shRNA, short hairpin RNA.

the advantage of p53 mutations during tumorigenesis. 'M.T.H. and J.T.Z. contributed equally to this work.

PUMA (p53 up-regulated modulator of apoptosis) is a "BH3- §To whom correspondence should be addressed. E-mail: loweecshl.edu.
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(16) or, for the p53 shRNA vector used in vitro, pQCXIX A>
PGK-Puro-IRES-GFP (modified from Clontech's pQCXIX). . o 5
The exact primer sequences and cloning strategies are available IL COC
from the authors upon request. All animal protocols were 1 - C"

approved by Cold Spring Harbor Laboratory in accordance with ElA/Ras - + + + +
National Institutes of Health guidelines.

Retroviral-mediated gene transfer was performed by using Puma
Phoenix packaging cells (G. Nolan, Stanford University, Stan-
ford, CA) as described in ref. 20. Oncogenic ras (H-RasV/12) (20)

and EIA were expressed by using WZL-Hygro-based retroviral
vectors (Ariad Pharmaceuticals, Cambridge, MA). EIA/H- Tubulin
RasV12 was expressed by using a modified pBabe H-RasV12
retroviral vector (20). Infected cell populations were selected by
culture in puromycin (2 ttg/ml, 3 days) or hygromycin (100
gg/ml, 3 days) to eliminate uninfected cells.

PUMA Suppression and Functional Assays. Cells were extracted in
RIPA buffer (50 mM Tris, pH 7.4/150 mM NaCi/1% Triton B
X-100, 0.1% SDS/1% sodium deoxycholate) supplemented with
Complete Mini protease inhibitors (Roche Diagnostics). We 100
assessed protein expression by immunoblotting as described in
ref. 21, with primary antibodies directed against PUMA (1:300) 80
from ProSci (San Diego), p53 (1:500) from NovoCastra (New- -

castle, U.K.), or a-tubulin (1:4,000) from Sigma. Mouse embryo 60
fibroblasts (MEFs) used in ElA/ras death assays were plated
into 12-well plates (105 cells per well) in medium containing
either 10% or 0.1% FBS and incubated for -"36 h. Cell viability ) 40.
was analyzed by trypan blue exclusion, and at least 200 cells were o-
scored for each sample. 20-

For BrdUrd incorporation assays, 1 X I10 p53-/- MEFs or
WT MEFs infected with MSCV control, shPU-3, or shp53
viruses were plated in triplicate on sterile coverslips in six-well 0 +..
dishes. Twelve hours after plating, MEFs were exposed to 6-Gy 0.1% - + - + +
y,-radiation. Fourteen hours later, cells were pulsed with FBS: MSCV shPU-3 shp53 p534-
BrdUrd for 4 h. BrdUrd incorporation and colony formation
assays were performed as described in ref. 16. For lymphoma Fig. 1. Analysis of PUMA shRNA function in vitro. (A) Western blot analysis
DNA damage checkpoint analysis, tumor-bearing mice were showing p53 and PUMA levels in ElA/ras MEFs stably expressing an MSCV
either irradiated at 6 Gy or left untreated. Thirty-six hours controlvectororPUMAandp53shRNAs.Tubulin isshownasa loadingcontrol.

later, lymphoma cells were harvested from irradiated and (B) ElA/ras MEFs transduced with an MSCV control vector or p53 and PUMA
shRNAs were incubated in high/low serum for 36 h after which viability was

control mice, fixed in 70% ethanol, and stained with propidium assessed by trypan blue exclusion.
iodide for cell-cycle analysis (6).

Tumorigenicity Assays. For tumorigenicity assays, 1 x 106 cells per Results
0.25 ml of PBS were injected s.c. into NIH Swiss athymic nude PUMA shRNAs Can Suppress PUMA Levels and Activity. MEFs ex-
mice (Taconic Farms) and monitored as described in ref. 22. pressing EIA or myc become sensitized to apoptosis after DNA
MEFs from two different embryo preparations were infected pre or m becoeti zed to aoptosi, afteNAwit rerovruss cntinig sRN~ tageingPUM orp53in dam age or serum depletion (5). In contrast, oncogene-with retroviruses containing shRNAs targeting PUMA orp53 in expressing MEFs derived from bothp53-1- and PUMA-'- mice
the presence of MSCV vector, ras, or EIA/ras. Isolation, infec- exressing ME tsiv from bo than PUMA iction, and transplantation of hematopoietic stem cells derived are resistant to apoptosis (14-15, 23), suggesting that PUMA is
tfom, embtryonsplantationofiic day 15cWTeorw s p erf ed as essential for p53-mediated cell death in this context. To deter-from embryonic day 15 W T or El•-myc was performed as mi e w th rs p eson fPU A b ui g N c ld e
described in ref. 6. Reconstituted animals were monitored for mine whether suppression of PUMA by using RNAi could be
illness by lymph node palpation, by monitoring overall morbid- effective, we generated PUMA shRNAs against distinct se-
ity, and, in some cases, by whole-body fluorescence imaging (8). quences in the PUMA gene (designated shPU-2 and shPU-3),
Overall survival was defined as the time from stem cell recon- cloned them into a retroviral expression vector, and tested their

~ stitution until the animal reached a terminal stage and was killed. activity after introduction into MEFs. PUMA shRNAs were
In all cases, terminal animals harbored large tumor burdens. capable of efficiently suppressing PUMA expression, even in

Statistical analysis was performed with a one-way ANOVA test EIA/ras-expressing cells that harbor stabilized p53 (Fig. IA)
by using PRISM (Version 3.0, GraphPad, San Diego). (data not shown). Furthermore, like a p53 shRNA, PUMA

Immunophenotyping was performed on three shPUMA and shRNAs protected EIA/ras-expressing MEFs against apoptosis
three shp53-induced lymphomas. Briefly, I x 106 freshly har- after serum depletion (Fig. 1B). Therefore, PUMA shRNAs are
vested lymphoma cells were washed two times in PBS with 2% capable of modulating PUMA expression and activity.
FBS. Cells were then incubated for 1 h in 200 /±l of PBS with 10%
FBS containing 1:100 dilutions of phycoerythrin-conjugated PUMA Suppression Does Not Affect p53-Dependent Cell-Cyde Arrest.
B220, Thyl, and IgM (Pharmingen). After incubation with p53 is essential for cell-cycle arrest after DNA damage (24). To
surface antibodies, cells were washed two times in PBS with 2% rule out the possibility that PUMA affects p53 arrest functions,
FBS. Flow cytometry analysis was performed on a Becton we examined the ability of MEFs expressing PUMA or p53
Dickinson LSRII cell analyzer equipped with FACSVANTAGE shRNAs to undergo cell-cycle arrest after y-irradiation. Both
DIVA software. vector control and shPUMA-expressing MEFs retained an intact

9334 I www.pnas.org/cgi/doi/1O.1073/pnas.0403286101 Hemann et al.
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Fig. 2. PUMA suppression does not impair p53-mediated cell-cycle arrest. (A) Representative fields of a BrdUrd-incorporation assay showing the response of
p53 and PUMA shRNA-expressing MEFs to ionizing radiation. (8) Quantitation of the data in A, including MSCV control-infected and p53-1- MEFs. The relative
ratios of BrdUrd incorporation for irradiated vs. nonirradiated cells are shown. (C) A colony-formation assay performed on p53-1- MEFs and WT MEFs infected
with MSCV control (vector), shPU-3, and shp53. In each well, 2,500 cells were plated and cultured for 12 days before staining with crystal violet.

DNA damage checkpoint after irradiation, as indicated by an coexpressed a GFP reporter, tumor formation also could be
-=5-fold decrease in BrdUrd relative to unirradiated controls visualized by whole-body fluorescence imaging.
(Fig. 2 A and B). In contrast, shp53-expressing MEFs and PUMA shRNAs acted as potent inducers of transformation in
p53-null MEFs showed no significant reduction in BrdUrd cells coexpressing EJA/ras, because the transduced cell popu-
incorporation after -,-irradiation (Fig. 2 A and B). lations appeared morphologically transformed (data not shown)

WT MEFs undergo senescence when plated at clonogenic and formed rapidly progressing tumors at the majority of
density, whereas p53-deficient MEFs form colonies that are injected sites (Fig. 3). Indeed, the ability of PUMA shRNAs to
readily immortalized (19). To determine whether PUMA could enhance the tumorigenicity of EJA Iras MEFs was similar to that
influence the ability of p53 to promote senescence, MEFs produced by a p53 shRNA (Fig. 3A), although the tumors
expressing shRNAs targeting PUMA or p53 were plated at low progressed at a somewhat slower rate (Fig. 3B). Importantly, no
density and examined for colony formation after 2 weeks. In tumors occurred in ElA/ras MEFs infected with the control
agreement with the acute arrest assays, PUMA shRNAs had no vector. Furthermore, both PUMA shRNAs tested were effective
impact on colony formation, whereas p53 shRNAs were highly in this assay, indicating that their oncogenic effects were unlikely
effective (Fig. 2C). In this assay, p53-deficiency andp53 shRNAs to result from off-target oncogenic activities. Therefore, PUMA

resulted in the significant enhancement of the ability of untrans- can approximate p5 3 action in suppressing transformation by
formed cells to form colonies when plated at clonogenic density E1A and ras.e cThe same transforming effects of PUMA shRNAs were not
(Fig. 2C). Therefore, although suppression of PUMA can effec- observed in the presence of oncogenic ras alone. Hence, cell
tively disable p53 apoptotic functions, it has no impact on populations expressing PUMA shRNAs and ras appeared mor-__ p53-mediated cell-cycle arrest. phologically senescent (data not shown) and, like cells coex-

pressing ras and the control vector, did not form tumors at any
PUMA Can Be a Potent Suppressor of Transformtation. p53 tumor of the injected sites (Fig. 3 A and C). These observations are in
suppressor activity has been extensively studied in primary stark contrast to WT MEFs expressing a p53 shRNA or p53-
rodent cells, where p53 mutations can cooperate with the deficient MEFs, where oncogenic ras was highly tumorigenic.
combination of EJA and ras oncogenes, or oncogenic ras alone, Therefore, PUMA suppression can approximate p53 loss in
in promoting oncogenic transformation (19, 25, 26). To deter- promoting transformation by some oncogene combinations, but
mine the extent to which PUMA suppression could mimic p5 3  not others. Because both the E1A/ras and ras transformation
mutations in these assays, we introduced shRNAs targeting assays were performed in the same MEF populations, these
PUMA orp53 into WT orp53-1- MEFs, along with retroviruses differences must reflect a distinct requirement for p53 effectors
that coexpressed EIA/ras or ras alone. After transduction, the in different signaling environments.
infected cell populations were injected s.c. into immunocom-
promised mice, which were monitored for tumor formation at PUMA Loss Accelerates Ep-myc Lymphomagenesis. Ep.-myc trans-
the sites of injection. Because the PUMA and p53 shRNAs also genic mice express the c-myc oncogene from an Ig heavy chain
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'U Fig. 4. Acceleration of myc-induced lymphomagenesis by PUMA shRNAs. (A)WE Mice reconstituted with stem cells infected with the indicated PUMA shRNAs
V- were monitored for tumor onset and illness until they reached a terminal
LUJ stage and were killed. The data are presented in a Kaplan-Meier format

showing the percentage of mouse survival at varioustimes postreconstitution.
The shp53 survival data represents an updated cohort of mice, including

Fig. 3. PUMA loss transforms ElA/ras MEFs but not ras-transduced MEFs. (A) previously published shp53-recipient mice (16). (8) Western blot of shPUMA-
EIA/ras or ras MEFs coexpressing a control vector, PUMA shRNAs, or a p53 induced tumors showing decreased levels of PUMA relative to control Eji-myc
shRNA were injected s.c. into athymic nude mice and monitored for tumor bcI2 lymphomas and MEFs infected with E1A/ras. Tubulin is shown as a
formation. Shown is the number of tumors per injected site. The tumor loading control.
incidence from p53-1- MEFs expressing E1A/ras or ras is also displayed. (8)
Relative growth rate of s.c. tumors induced by MSCV-, shPU-3-, and shp53-
infected E1A/ras MEFs. (C) GFP imaging of tumors arising from rasand ElA/ras lymphomas were GFP-positive (compared to only 1 of 4 con-
MEFs transduced with PUMA and p53 shRNAs. trols) and showed substantially reduced PUMA expression

relative to ElA/ras MEFs and bcI2-expressing lymphomas (Figs.
4B and 5A). Importantly, PUMA shRNAs were as potent as ap53

enhancer and develop B cell lymphomas between 3 and 6 months shRNA in promoting lymphomagenesis (Fig. 4A) (16). More-
of age (27). However, Ep-myc lymphomas harboring p53 dele- over, myc was required for these effects because only one-sixth
tions arise much more rapidly and typically display a more of mice reconstituted with WT HSCs expressing PUMA shRNAs
aggressive and disseminated pathology (28). Hematopoietic formed a lymphoma of T cell origin. Therefore, like p53 loss,
stem cells (HSCs) from Ep.-myc transgenic mice also give rise to PUMA suppression can potently cooperate with myc during
lymphomas upon adoptive transfer into normal recipients, and PUM p pressi
these lymphomas can be greatly accelerated by p53 suppression lymphomagenesis.
by RNAi (16). Given the ability of PUMA to mediate p53- shPUMA Lymphomas Are Aggressive Pre- Cell Lymphomas That
dependent apoptotic activity in MEFs, we investigated whether Retain p53-Dependent Cell-Cycle Checkpoints. To further character-
stable suppression of PUMA in E jnyc hematopoietic stem cells ize tumorigenesis produced by PUMA suppression, we moni-

t by RNAi could recapitulate the effects of p53 deletions and tored lymphoma manifestation in recipient animals and con-
accelerate lymphomagenesis in recipient animals.

HSCs derived from EA-myc fetal livers were infected with ducted a variety of pathological analyses. In agreement with the

retroviruses encoding a control vector, shPU-2, shPU-3, or a p53 survival data, whole-body fluorescence imaging of GFP expres-

shRNA, and the resulting populations were used to reconstitute sion in developing lymphomas revealed that the onset and
the hematopoietic system of lethally irradiated mice. Whereas overall distribution of shPUMA lymphomas closely resembled
only 40% of mice reconstituted with control HSCs developed that occurring in shp53 lymphomas. Specifically, as was shown
lymphomas (four of 10, average survival of 120 ± 29 days), 100% for EpL-myc shp53 tumors in ref. 16, EA-myc shPUMA lympho-
of the mice receiving shPUMA-expressing HSCs developed mas typically involved many of the peripheral lymph nodes,
lymphomas with dramatically reduced latency (n = 12, average including cervical, inguinal, brachial, and mesenteric lymphomas
survival 49 ± 7 and 59 ± 4 for shPU-2 and shPU-3, respectively; (Fig. 5A) (data not shown), with significant dissemination into
P < 0.001 relative to controls). Importantly, lymphomas arising the liver and spleen (Fig. 5B) (data not shown). Consistent with
from shPUMA-transduced shRNAs contained the shPUMA previous studies on p53-null lymphomas, both shPUMA and
retrovirus and suppressed PUMA protein because all 12 of these shp53 lymphomas rarely displayed the "starry sky" histology
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A shPU-2 shp53 lymphomas have acquired defects in p53-dependent arrest func-
tions, we examined the integrity of the radiation-induced cell-

cycle checkpoint in shPUMA lymphomas. Tumor-bearing mice
were subjected to whole body -y-irradiation, and, 36 h later, the
lymphomas were harvested and subjected to DNA content
analysis by using flow cytometry. In contrast top53-1- lympho-
mas but comparable with control and Bc!2-expressing lympho-
mas with intact p53 (8), shPUMA lymphomas accumulated in G,
and showed a significant reduction in S phase after irradiation
(Fig. 5D) (data not shown), implying that the effects of PUMA
shRNAs on tumorigenesis do not require secondary mutations
that compromise p53-dependent cell-cycle checkpoints. Inter-

B Lymphoma Liver estingly, unirradiated p53-deficient lymphomas displayed a sub-
stantially increased S-phase population relative to shPUMA
lymphomas at the time of isolation (data not shown). Therefore,
although the increased proliferative rate associated with p53
mutations may confer advantages over PUMA suppression at
later stages of tumor evolution, our data indicate that loss of
apoptosis through PUMA disruption phenocopies p53 loss in
promoting Ep.-myc lymphomagenesis.

Discussion
Our studies indicate that suppression of PUMA can approximate
the effects of p53 loss during EIA/ras-mediated transformation

C Thyl B20 1M of primary MEFs and during Myc-induced lymphomagenesis. As
such, they demonstrate that PUMA is an important component
of the p53 tumor suppressor network and highlight the utility of
stable RNAi technology to evaluate the activity of candidate
tumor-suppressor genes.

These results demonstrate that PUMA can function as a bona
fide tumor suppressor in mice. The effects of PUMA suppression
were equivalent to p5 3 loss in promoting lymphoma onset and

Wwere nearly as effective as p53 loss during EIA/ras-induced
transformation. Although mutations in BH3-only proteins have
yet to be identified in human tumor specimens, our work predictsD-0 de~ that PUMA suppression, through loss of p53 transactivating

M 1.2 * pS--/- functions or direct mutations, may contribute to human cancer.
Interestingly, PUMA maps to chromosome 19q13.3, which is
altered in human gliomas, neuroblastomas, and B cell lympho-

_0.8 mas (29-31). Notably, complete inactivation of PUMA may not
Sbe necessary to promote tumor phenotypes because, although

a 0.4 PUMA expression was substantially reduced in shPUMA-

expressing lymphomas, it was still detectable (Fig. 4B).
0.0 01 S G2/M Interestingly, PUMA-null mice are not overtly tumor-prone

Cell e Sto 0(14, 15). Although, at first glance, these results are contradictory
Coll Cycle Stage to our findings, they suggest that the ability of PUMA to mediate

Fig. 5. shPUMA lymphomas phenocopy shp53 lymphomas. (A) In vivo GFP apoptosis and tumor suppression is context-dependent. In fact,
imaging showing cervical lymphomas in mice reconstituted with Ep.-mycHSCs our studies demonstrate that the ability of PUMA to act as a
transduced with PUMA and p53 shRNAs. (B) Hematoxylin/eosin staining of tumor suppressor can be dependent on other oncogenic events.
shPUMA lymphoma and liver sections, showing an absence of apoptotic cell Hence, although PUMA shRNAs cooperated effectively with
clusters and perivascular and perenchymal infiltration of tumor cells, respec- EJA/ras and myc to promote tumorigenesis in vivo, they did not
tively. (C) Immunophenotyping of shPUMA and shpS3 tumors by flow cytom- cooperate with ras alone. By analogy, bc&2, a PUMA antagonist,
etry reveals that both tumors are pre-B cell lymphomas. Unlike the shPUMA efficiently cooperates with myc during lymphomagenesis but is
vector, the shpS3 vector lacks GFP expression. Thus, the resulting tumors are not a potent oncogene on its own.
GFP-negative. (D) Mice harboring shPUMA and p53-'- lymphomas were left O
untreated or irradiated at 6 Gy, and DNA content analysis was performed on ur study has important implications for understanding p53
extracted lymphoma cells 36 h later. The relative ratios of the percent of action in tumor suppression. We previously showed that bcl2
irradiated vs. nonirradiated shPUMA and p53-1- lymphoma cells in each overexpression could mimic p53 loss during myc-induced lym-
cell-cycle stage are shown. phomagenesis and suggested that disruption of apoptosis was

sufficient to explain the tumorigenic advantage conferred by p53
mutations in this context. Here, we show that PUMA, a p53

indicative of the extensive apoptosis observed in EtL-myc lym- effector that promotes apoptosis but not cell-cycle arrest, can
phomas (Fig. 5B) (6), and both were classified as pre-B cell account for p5 3 action in at least some settings where p53 acts
lymphomas by immunophenotyping (Fig. 5C). Thus, the effects as a tumor suppressor. These data reinforce the notion that,
of p53 loss and PUMA suppression on myc-induced lym- despite the diversity of p53 activities, its action in tumor sup-
phomagenesis are strikingly similar. pression can be mediated by only one effector function. Conse-

The data described above suggest that disruption of apoptosis quently, although p53-null lymphomas may have many defects,
through PUMA suppression can mimic p5 3 loss during myc- our data imply that some are byproducts of tumorigenesis and do
induced lymphomagenesis. To determine whether shPUMA not provide any immediate advantage to the developing tumor.

Hemann et al. PNAS I June 22, 2004 I vol. 101 I no. 25 1 9337



Importantly, PUMA does not approximate p53 action in promote tumorigenesis, whereas defects in cell-cycle check-
modulating all tumor phenotypes. Whereas p53 loss is an effec- points and genomic instability are apparently byproducts of p53
tive initiator of T cell lymphomagenesis (7), PUMA suppression loss. However, these byproducts may provide new capabilities
is not, based on our results and the findings in refs. 14 and 15. that become relevant later during tumor progression or cancer
Additionally, although p53 and PUMA shRNAs transformed therapy, producing tumors that are more aggressive than those
primary MEFs with E1A/ras, only p53 shRNAs orp53 deletions acquiring strictly antiapoptotic lesions (17). It is noteworthy that
cooperated with ras-induced transformation. This context de- p53-deficient lymphomas, once established, progress to a lethal
pendence can be understood in light of the underlying p53 stage more rapidly than those expressing PUMA shRNAs,
biology. The EIA and myc oncogenes induce proliferation but perhaps because of their higher proliferative capacity or in-
also activate p53 to promote apoptosis (26, 32, 33). Hence, creased genomic instability (data not shown). Undoubtedly, in
disruption of the p53-dependent apoptotic activity provides an other settings, defects in cell-cycle checkpoints provide the
immediate and potent advantage to the oncogene-expressing driving force for p53 mutations, with apoptotic defects being
cells but provides little benefit to proliferation-restricted normal byproducts of p53 loss. Because essential p53 tumor-suppressor
cells not subject to an apoptotic stimulus. In contrast, oncogenic functions are context-dependent, effective strategies to treatp53
ras promotes proliferation but also activates p53 to promote mutant tumors also may depend on context. Understanding

cellular senescence (20). Here, p53's arrest functions may be which p53 function(s) are key to the evolution of different tumor

crucial for its tumor suppressor activity. Because PUMA does types may ultimately identify activities required for tumor main-
not mediate these functions, its inactivation does not mimic p53 tenance and suggest targets for therapeutic intervention.

loss in this setting. The differential relevance of apoptosis in We thank L. Bianco for histology; R. Sachidanandam for bioinformatics
p53-mediated tumor suppression also may explain why certain support; C. Rosenthal, M.-M. Yang, and S. Ray for technical assistance;
p53 mutants, defective in apoptosis but not cell-cycle arrest, are and R. Dickins and other members of the Lowe laboratory for advice and
impaired in their ability to initiate T cell lymphomagenesis (10). critical reading of the manuscript. This work was supported by a

In summary, our results imply that the p53 functions under- postdoctoral fellowship from the Helen Hay Whitney Foundation (to
lying its tumor-suppressor activity are context-dependent and M.T.H.), a postdoctoral training grant (to J.T.Z.), National Cancer
may be influenced by cell type, microenvironment, and onco- Institute Project Grants CA13106 (to G.J.H. and S.W.L) and CA87497
genic events acquired during the course of tumor evolution. In (to S.W.L.), and a generous gift from the Laurie Strauss Leukemia

Foundation. D.J.B. is the recipient of a Watson School of Biological
some settings, such as in EJA/ras transformation and myc- Sciences Engelhorn Fellowship, and S.W.L. is an American Association
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The discovery of RNA interference (RNAi) may well be one of the transforming events in biology in the past
decade. RNAi can result in gene silencing or even in the expulsion of sequences from the genome. Harnessed
as an experimental tool, RNAi has revolutionized approaches to decoding gene function. It also has the
potential to be exploited therapeutically, and clinical trials to test this possibility are already being planned.

response to double-stranded RNA (dsRNA) came sequence-specific RNAi pathway. Attempts to meet this
about following experiments with dsRNA in the challenge have resulted in RNAi being established as a genetic
nematode Caenorhabditis elegans"2. Injecting tool in mammalian cells and animals.
dsRNAs into the worm was found to silence

genes whose sequences were complementary to those of Using siRNAs for RNAi
the introduced dsRNAs'. It is now clear that an RNAi path- A biochemical understanding of the RNAi pathway (Fig. 1;
way is present in many, if not most, eukaryotes4 . dsRNAs see review in this issue by Meister and Tuschl, page 343) was
are processedinto short interfering RNAs (siRNAs), about22 crucialto realizingthat dsRNAs shorter than30 base pairs (bp)
nucleotides in length, by the RNase enzyme Dicer. These couldbeused totriggeran RNAi response in mammals. Tuschl
siRNAs are then incorporated into a silencing complex called and colleagues showed that transfection of mammalian cells
RISC (RNA-induced silencing complex), which identifies with short RNAs could induce the sequence-specific RNAi
and silences complementary messenger RNAs. pathway, and so overcame the barrier to the use of RNAi as a

Before RNAi could be harnessed as an experimental tool genetic tool in mammals'. The impetus to use siRNAs and
for silencing specific genes in mammalian systems, a other small RNAs in mammalian cells also came from the
considerable hurdle had to be overcome. The problem lay in long-standing view that PKR activation and similar responses
making exogenous dsRNA trigger silencing in a gene- were not effectively triggered by short dsRNAs. Following the
specific manner without invoking nonspecific responses to initial reports, it took a remarkably short period of time for
foreign dsRNAs that are part of the cell's antiviral mechanism5. siRNAs triggers to be adopted as a standard component of
Work over the past two years has allowed investigators to the molecular biology toolkit.
meet this challenge, and RNAi has now been adopted as a siRNAs can be introduced into mammalian cells using a
standard methodology for silencing the expression of specific variety of standard transfection methods. The strength and
genes in mammalian cells. Here, we chronicle the develop- duration of the silencing response is determined by several
ment of RNAi as a genetic tool in mammals, focusing on factors: on a population basis, the silencing response is
recentadvancesandprovidingpracticaladviceforitsexperim- affected mainly by the overall efficiency of transfection,
ental application. We also make predictions about the which can be addressed by optimizing conditions. In each
potential future of RNAi as a potent and specific therapeutic cell, silencing depends on the amount of siRNA that is
tool that may escape some of the limitations of conventional delivered and on the potential of each siRNA to suppress its
medicinal chemistry. target, or its potency. Even a relatively impotent siRNA can

silence its target provided that sufficient quantities of the
Breaking the barrier to RNAi in mammals siRNA aredelivered. However, essentially'forcing' the system
For more than 30 years, it has been known that exposure of by delivering large amounts of reagent is likely to lead to
mammalian cells to long dsRNAs induces innate immune numerous undesired effects (see section 'Intrinsic limits
pathways, including interferon-regulated responses that serve on the specificity of RNAi').
as antiviral mechanisms. The enzyme dsRNA-dependent
protein kinase (PKR) is activated on binding to dsRNA and Using shRNAs for RNAi
localized, but sequence-independent destruction of RNAs The discovery of the endogenous triggers of the RNAi
and a generalized repression of protein synthesis results5 . The pathway in the form of small temporal RNAs - now
existence of these innate immune pathways seemed incom- termed microRNAs (miRNAs)"- - suggested that RNAi
patible with the use ofdsRNA for silencing a particular target might be triggered in mammalian cells by synthetic genes
gene. However, evidence of an RNAi pathway in mammals that express mimics of endogenous triggers. Several lab-
came from the observation that key biochemical components oratories simultaneously used related approaches to test
of the RNAi pathway are conserved6'7. It was also shown that this idea. These involved expressing mimics of miRNAs in
long dsRNAs can trigger gene-specific responses when they the form of short hairpin RNAs (shRNAs) from RNA poly-
are introduced into mammalian embryos and embryonic cell merase II or III promoters 2 .The shRNAs themselves varied
lines in which nonspecific antiviral responses to dsRNAs are in size and design, with stems ranging from 19 to 29
not prevalent4 . This raised the problem of how to shift the nucleotides in length, andwith various degrees ofstructural
responseofa mammalian cell to foreign dsRNA fromthe non- similarity to natural miRNAs. All these approaches were
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5' end of the antisense strand has a lower stability than the 3' end of
the siRNA are generally more effective silencers than those with the

dsRNA shRNA or miRNA opposite arrangement. A biochemical basis for the thermodynamic
SIII[[II[II IIIIl !H1111"!11 O arrangement of effective siRNAs was provided by biochemical studies

ofthe mRNA-cleavage complex, RISC (Fig. 1), in Drosophila embryo
extracts. These studies showed unequal incorporation of the two
strands of the siRNA into RISC"4. Moreover, strand biases could be
manipulated by altering the thermodynamic stability of the terminal

Dnucleotides in a way that precisely matched the rules derived from
SDicing empirical studies. Finally, an examination ofmiRNAs, most of which

produce RISC-like complexes containing only one strand of the pre-
cursor (see review in this issue by Meister and Tuschl, page 343),
showed the same pattern of thermodynamic asymmetry as that
shown by effective siRNAs13'14,6'17. The rules for specifying effective
siRNAs uncovered by these studies imply that the effectiveness of an

- OH RNAi response triggered by an siRNA is strongly dependent on
0 1-1- 1 11 Smal RNA siRNA structure and determined at the step of RISC assembly, during

which the asymmetry in the dsRNA must be sensed and a single
Asymmetric strand chosen for productive incorporation into the enzyme. Onceassembly the active RISC is formed, it is relatively insensitive to the placement

or structure of the target site within the mRNA.

RISC 7mG Intrinsic limits on the specificity of RNAi
Slicing Target mRNA substrate Although RNAi silences gene expression in a sequence-specific

manner, several recent studies have suggested that the specificity of
silencing is not absolute. Off-target effects in mammals can come

S.... AAAX. •from several different sources. As discussed previously, transfection
of cells with dsRNAs can activate innate immune pathways. PKR
activation was thought to depend on the length of the dsRNA, with a

S1 WA minimal cut-off for PKR activation being roughly 30 bp of duplex.
prrcusor ae pocsse t si~mRNAdu es y he as-11-lke n~ne However, recent reports have suggested that both siRNAs and

m &shRNAs can - under some circumstances and in certain cell types
m w n l- activate a PKR response'". Furthermore, siRNAs transcribed in

r ivitro using bacteriophage polymerases can be potent activators ofan
e g interferon response if the initiating triphosphate is not completely

removed from the transcripts2". Further studies are required to
SWinvestigate the frequency with which RNAi triggers provoke these

antiviral response pathways, and the sequence or structural charac-
teristics that might lead an siRNA or an shRNA to trigger such a

effective to varying degrees, and at present, no real consensus has response.
developed on the most effective way to present synthetic miRNAs to miRNAs recognize and regulate their targets despite a lack of
the RNAi pathway. perfect complementarity. This raises the possibility that siRNAs

Because these triggers are encoded by DNA vectors, they can be might also not require contiguous base pairing to suppress their
delivered to cells in any of the innumerable ways that have been targets effectively; several microarray studies suggested that siRNAs
devised for delivery of DNA constructs that allow ectopic mRNA can provoke sequence-dependent, off-target effects and that these
expression. These include standard transient transfection, stable can be elicited by 14 base pairings, or possibly even fewer, between
transfection and delivery using viruses ranging from retroviruses to the siRNA and its target2". Notably, analysis of such interactions
adenoviruses. Expression can also be driven by either constitutive or suggested that base pairing at the 5' end of the siRNA contributed
inducible promoter systems12. disproportionately to targeting, a conclusion also reached by analysis

Recent studies strongly indicate that each shRNA expression of interactions between miRNAs and their validated targets'26.
construct gives rise to a single siRNA (D. Siolas, G.J.H. and M. Cleary, Although such information can aid the design ofmore specific siRNAs,
unpublished work). Knowing precisely how this processing occurs we do not have sufficient understanding of target recognition by
for each shRNA cassette design has permitted the application of RISC to say with certainty that we can eliminate off-target effects. In
siRNA design criteria (see 'Features of effective siRNAs and shRNAs' fact, the intrinsic specificity of the RNAi pathway may be sufficiently
below) to the design of effective shRNAs. The use of siRNAs and lowtopreventthedesignofacompletelyspecificsiRNAin mammals.
shRNAs are complementary approaches in the application of RNAi FewerstudieshavebeencarriedoutwithshRNAexpressioncassettes,
as a genetic tool in mammals, and the best approach depends on the but similar caveats undoubtedly apply.
type of study being performed. Off-target effects can also occur at the level of protein synthesis.

miRNAs in animals often regulate protein expression without having
Features of effective siRNAs and shRNAs correspondingeffectsonmRNAlevels. Several studies have indicated
Observations of widely varying efficacy of individual siRNAs motiv- that siRNAs also do this, provided that mRNA cleavage is blocked by
ated a search for rules that might specify more effective siRNAs. altering the geometry of the target-substrate interaction226.
Several groups took a 'black box' approach, which involved assaying However, suppression of a reporter gene in this manner was only
large numbers of siRNAs, sorting them into classes depending on effective when several siRNA binding sites were present. Although
their potency, and then looking for characteristics that distinguished these findings might provide some degree of comfort to those using
effective siRNAs from ineffective ones '". Some common rules have siRNAs experimentally, a recent study suggested that changes in the
begun to emerge from these studies. siRNAs in which the helix at the expression levels of a large number of proteins occurred in cells treated
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with siRNAs. However, it should be noted that the siRNAs in question fect, and the procedure oftransfection itself can alter the physiology of
were relatively impotent27 . Therefore, we must view unwanted the cell. However, despite these drawbacks, transfection of siRNAs is
changes in protein expression levels as the 'monster under the bed' probablythefastestandeasiestmethodcurrentlyavailableforproducing
for RNAi-based studies of gene function. Ultimately, caveats in the a knockdown ofgene expression in cell culture by means of RNAi
specificity of the RNAi response make it essential to follow relatively With shRNAs, the up-front investment is greater. First, DNA
simple guidelines for good experimental practice. These are outlined oligonucleotides must be cloned and sequenced so that a construct
in Box 1. can be produced. Second, the shRNA must be designed effectively,

and consensus on the most effective design, with respect to either
RNAi as a solution for mammalian genetics the structure of the shRNA itself or the structure of the expression
Oneofthe firstchoices to make in anyRNAi-based genetic experiment vector, is only just beginning to emerge. However, shRNAs are
iswhethertotriggersuppression through the useofsiRNAsorshRNAs. capable of producing sustained repression, and allow for delivery
The advantages ofusingsiRNAs are relative easeofavailabilityandhigh by conventional transfection or by several advanced viral vectors
efficiency of delivery. In addition, pre-validated siRNAs are becoming that also permit stable integration into the genome. In addition,
increasingly available as commercial suppliers and the scientific com- shRNA expression vectors can be propagated indefinitely. As with
munity acquire more experience. Overall, siRNA delivery is likely to siRNAs, design algorithms can be applied to shRNAs to maximize
resultinthehighestintracellularconcentrationofthegenesilencer. But the probability of success in a suppression experiment. However,
limitations to the use ofsiRNAs are that their effects are transient and the application of such algorithms requires a detailed understand-
restricted by the rate of cell division: mammalian cells do not have ing of the vector system being used.
mechanisms to amplify and propagate RNAi (unlike C. elegans and Both siRNAs and shRNAs have been used for studies of gene
plants). In addition, some cell types are notoriously difficult to trans- function in vivo, primarily in mice. Both types of trigger can be

Given the significant concerns about the specificity of RNAi-mediated expected to affect the expression of proteins in a mammalian cell.
repression, how can investigators maximize confidence in the results Other possible controls include an RNA with flipped asymmetry. This
of studies that use these tools? It is important to note that no could be achieved by creating an siRNA with a more stable helix at the
approach used to inactivate gene function is free from potential 5' end of the antisense strand.
probenis. Even conventional gene knockouts are known to be 3. Work at the lowest possible concentrations
subject to compensation during development. Thus, the enthusiasm RISC is a conventional enzyme, and working at high enzyme to
for the use of RNAi as a genetic tool should be tempered by a substrate ratios is likely to affect its specificity. Therefore, it is
recognition of the potential problems and good practices should be important to identify RNAi triggers that work at very low effective
applied to avoid misinterpreting results. Four guidelines for good concentrations. With siRNAs, this can be achieved by titrating SiRNA
practice in RNAi experiments in mammals are presented below, concentrations and by correlating their effects on phenotypic

outcome with both the concentration of the siRNA used and with the
1. Get the rght strand into RISC by using good design degree of suppression obtained. For example, if the siRNA shows
RNAi-based expenments will be more informative and go more maximal suppression at 5 nM but the phenotype is not observed until
smoothly if effective and highly specific RNA triggers are used. Many the concentration reaches 100 nM, off-target effects must be
algorithms now exist for choosing effective sequences. In addition, suspected. In fact, some siRNAs in HeLa cells have shown IC50 values
homology to other sequences in the genome should be minimized, (the amount of siRNA required to suppress the target to 50% of its
with particular attention to the 5' end of the antisense strand. Use of original level) of as little as 500 pM. Similarly, titration of shRNA-
design algorithms based on thermodynamic criteria can aid biased expression vectors should also be performed.
incorporation of the antisense strand of the siRNA into RISC. Several 4. Rescue to the rescue
public websites provide support for such designs (see for example Ultimately, the best experiments demonstrate that expression of a
http://web.mit.edu/mmcmanus/www/homel.2files/siRNAs.htm; version of the targeted gene that cannot be recognized by the siRNA
http://hydral .wistar.upenn.edu/Projects/siRNA/siRNAindex.htm; reverts the phenotype. This can be achieved in several ways. First,
http://www.cshl.edu/public/SCIENCE/hanrion.html). mutations can be introduced into a cDNA encoding the targeted gene
2. Several alleles are better than one that destroy complementarity with the siRNA or shRNA while
Several siRNAs or shRNAs should give the same phenotypic maintaining the wild-type protein sequence. Alternatively, the
outcome, as it is extremely unlikely that different triggers will have the phenotype can be validated by using siRNAs or shRNAs that target
same off-target effects=. It is critical to correlate this phenotypic untranslated regions, and then by rescuing the phenotype with an
outcome with the effectiveness of suppression. Only effective siRNAs expression construct containing only the coding sequence. Although
against a given target, but not inefffective siRNAs, should yield similar rescue experiments provide the ultimate test of the specificity of a
phenotypes. Importantly, discrimination between effective and given effect, these can be problematic. For example, it may be difficult
ineffective siRNAs can only be accomplished by examining target to achieve appropriate expression levels of a particular protein.
protein levels. There are numerous anecdotal reports of siRNAs Overexpression could cause artefactual effects (for example, a
effectively suppressing protein production without changing m RNA pathway could be rescued by bypassing its requirements, rather than
levels. In addition, siRNAs or shRNAs that do not affect the target truly reverting a specific effect).
protein should be used as negative controls. Arguably, one could use
a 'scrambled' siRNA or shRNA for this purpose. However, such Ultimately, as our understanding of the RNAj pathway deepens, we
scrambled siRNAs may not have any biological activity, and it is will be able to predict with good accuracy all the on- and off-target
undoubtedly better to use an RNA that is known to enter the RNAi effects of siRNAs. This will allow not only the generation of RNAi
pathway effectively. For example, an RNA targeting luciferase, green triggers with maximal specificity, but also the design of triggers that
fluorescent protein or another marker gene (that is validated against are directed against the most likely off-target genes for each siRNA or
its target) would be expected to enter RISC but would not be shRNA.
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delivered transiently. The first demonstration of RNAi-mediated shRNA design and allow flexibility in optimizing the structure of the
repression in an adult animal showed effective repression of a luciferase shRNA for entryinto the RNAi pathway. In addition, synthetic libraries
reporter gene following hydrodynamic transfection of siRNAs or can beusedeitheras mixtures orasindividual arrays, in asimilarwayto
shRNA expression plasmids into mouse liver98. Subsequent studies siRNAlibraries.
havedelivered siRNAs orshRNAs byvarious methods, indudinglipid- Large-scale screening using siRNA libraries must be carried out
based delivery and naked RNAor DNA injection2 "32. by individual transfection and phenotypic characterization of target

Long-term gene silencing has been demonstrated in vivo using cells (Fig. 2).As such, siRNAlibraries can be applied to thewide range
both genetic mosaics and germline modification. For example, the ofscreening methods that are being developed by the pharmaceutical
growth of a tumour cell line in a xenograft model can be attenuated industry in the form of cell-based assays for drug development. These
by engineering that cell line with an shRNA cassette that targets the include fluorescent reporter screens, assays for various activities in cell
activated ras oncogene before the tumour cells are subcutaneously lysates and screening by means ofautomated microscopy. Alternatively,
injected into the host animal". Genetically mosaic animals have RNAi triggers can be printed on microarrays and tested for their
been created by engineering stem cells with shRNA vectors and then effects following transfection in situ,"'. Arrayed libraries ofshRNAs
by using those stem cells to repopulate an organ system 34

,
35 . Strains can be used in a similar fashion: this was demonstrated by applying

of mice have been engineered to heritably suppress a targeted gene an arrayed library to a search for genes that affect proteasome
based on inheritance of a dominantly acting shRNA expression function43. shRNA libraries can also be assayed, following their
cassette' 39 . Several approaches have been used to create such integration into the genomes of target cells, in pools using protocols
strains, including standard nuclear injection, creation of chimaeras that filter populations based on phenotypic criteria, such as a growth
with engineered embryonic stem cells, and transgenesis mediated by selection (Fig. 2). Such a test of one shRNA library yielded new links
subzonal injection of fertilized eggs with recombinant lentiviruses. between several genes and the p53 tumour-suppressor pathway42 . A
Ultimately these developments will rapidly lead to the creation of conceptually more complicated application of pooled screens
animals with inducible, tissue-specific silencing of almost any gene. involves using molecular'barcodes' to track how individual shRNAs
RNAi is therefore likely to complement existing large-scale efforts to behave as members of complex populations (Fig. 2).
functionally map the mouse genome by chemical or insertional Clearly, large-scale library efforts will evolve with our advancing
mutagenesis. RNAi is certainly complementary to such approaches, understanding of the RNAi pathway. As the quality of resources
because each approach can generate different types of allele. However, improves, there will be opportunities to progress from relatively
unlike mutational approaches RNAi has the potential to be extended straightforward screening protocols in cultured cells to more
beyond mice into animals where recombinant organisms cannot be complex genetics in whole animals.
generated using embryonic stem cells.

RNAi in drug discovery and disease therapy
RNAi as a tool for genome-wide studies RNAi has begun to produce a paradigm shift in the process of drug
The success in using RNAi for analysing single genes has led discovery. With the large-scale screening approaches described
inevitably to efforts to apply this approach on a large scale for forward above, RNAi can winnow lists of potential drug targets so that efforts
genetics (whereby mutant genes are isolated from organisms showing can be focused on the most promising candidates. Moreover, since
abnormal physical and behavioural characteristics). Indeed, given the first description of RNAi in mammalian cells, there have been
the recent completion of the human, mouse and rat genomes, RNAi numerous studies aimed towards using RNAi to treat disease. The
provides a ready mechanism by which this enormous wealth of strong appeal of RNAi in therapeutics is the potency and specificity
sequence information can be translated into functional definitions with which gene expression can be inhibited. The possible targets for
for every gene. various diseases range from oncogenes to growth factors and single

Genome-wide libraries of siRNAs can be constructed in funda- nucleotide polymorphisms (SNP). There is also potential for using
mentally different ways, including chemical synthesis or enzymatic RNAi for the treatment of viral diseases such as those caused by the
digestion of long dsRNAs. An example of progress towards this goal hepatitis C virus (HCV) and the human immunodeficiency virus
can be found in a small-scale effort' to target genes in the phos- (HIV). Despite the excitement and some early proofs of principle in
phatidylinositol 3-OH kinase (PI(3)K) pathway in which a mini- the literature, there are important issues and concerns about the
library (148 siRNAs) was searched for genes that affected phosphory- therapeutic application of this technology, including difficulties with
lation ofAkt, a downstream substrate for PI(3)K. delivery and uncertainty about potential toxicity. However, proposals

Alternatively, libraries can be produced by constructing shRNA for clinical trials using either synthetic siRNAs or viral-vector-
expression vectors that target each gene. As with siRNAs, proof of delivered shRNAs have been put forward - although none has yet
principle came initially from small-scale efforts. Using a library directed been approved.
against the family ofde-ubiquinatingenzymes, the tumour suppressor
CYLD (encoded by the familial cylindromatosis susceptibility gene) RNAi as a treatment for HIV
was identifiedasasuppressorofNF-KB activity4 .This resultled to pro- The development and use of double and triple drug combinations
posals for treating cylindromatosis with existing drugs and provided for the treatment of HIV infection has led to dramatic improve-
powerful confirmation that unbiased, genetic approaches can lead not ments in the lives of HIV-infected individuals. But despite the
only to new insights in biology but also to practical advances in the apparent successes of the new anti-retroviral drugs there are the
treatment ofdisease. Two groups have recently reported the production emerging problems of drug-resistant viral variants and toxicities of
of arrayed libraries from chemically synthesized oligonucleotides that the combination drugs now in use. Therefore, there is still great
cover about 10,000 different human genes each"43 '. Another group has interest in exploring new antiviral therapeutic approaches. HIV
generated a library of polymerase chain reaction (PCR) products that was the first infectious agent targeted by RNAi, perhaps because the
encode shRNAs", and several groups have reported methods for con- lifecycle and pattern of gene expression of HIV is well understood.
structing random shRNA libraries based on manipulation of comple- Synthetic siRNAs and expressed shRNAs have been used to target
mentary DNA or genomic DNA4 " 7. Each approach has specific several early and late HIV-encoded RNAs in cell lines and in prima-
advantages. Random libraries are relatively inexpensive to produce and ry haematopoietic cells including the TAR element'0 , tat5' -',
can cover an individual gene with many different shRNAs. However, rev5

,52, gag- s, env", vif0, nef"O and reverse transcriptases3 .
they suffer from a lack of normal representation of all genes. Libraries Despite the success of RNAi-mediated inhibition of HIV-encoded
produced from chemically synthesized oligonucleotides are expensive. RNAs in cellculture, targeting the virus directly represents a substantial
However, they permit the use of powerful informatic tools to aid challenge for clinical applications because the high viral mutation rate
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by RNAi, resulting in the inhibition of HIV replication in numerous
a d human cell lines and in primary cells including T lymphocytes and

Sm d haematopoietic-stem-cell-derived macrophages- 5•s57 -s . Although
targeting NF-KB is not appropriate as a therapy owing to the important
role NF-KB has in the cell (for example, it mediates interferon-induced
gene expression) the macrophage-tropic CCR5 co-receptor holds

Parent poplation particular promise as a target. This receptor is not essential for normal
Simmune finction,and individuals homozygous for a 32-bp deletion in

Screen fo p s •/ \. this gene are resistant to HIV infection, whereas individuals who are

heterozygous for this deletion show delayed progression to AIDS"'.
b - Qin etaL' used a lentiviral vector to transduce an anti-CCR5 shRNAin

CAarmy human lymphocytes. Downregulation of CCR5 resulted in a modest,

Coritio A concttion B but nevertheless significant three- to sevenfold reduction in viral
Ort exampl. (fore xa1pb. infectivity relative to controls. Despite this downregulation, the CCR5-

cOnoI 8~N) too shRNA-treated cells were still susceptible to infection by the T-tropic

virus that uses CXCR4. However, because CXCR4 is essential for the
Extract DNA normal function ofhaematopoietic stem cells", targeting this receptor

PCR beroodes is not a good choice for an anti-HIV therapy, nor is targeting the

Hbtkk to essential CD4 receptor. So there are drawbacks in targeting cellular HIV
mirr cofactors because non-infected cells will inevitably be targeted as well,

leading to toxicities that are similar to those observed with the current
anti-retroviral drugs. Viral targets will need to be included in any
successful strategy using RNAi. These targets should be sequences that
are highly conserved throughout the various clades to ensure efficacy

S . .against all viral strains.
The delivery of siRNAs or shRNAs to H1V-infected cells is also a

challenge. The target cells are primarily T lymphocytes, monocytes and
* Posdr selection macrophages. As synthetic siRNAs do not persist for long periods in

cells, they would have to be delivered repeatedly for years to effectively
treat the infection. Systemic delivery of siRNAs to T lymphocytes is
probably not feasible owing to the immense number of these cells.
Using viral vectors to deliver anti-HIV-encoding shRNA genes is also

Rgm 2 multpleimunegsnreens using cWina, itsndardyseehodologeesrehn betorsd problematic, and systemic delivery is not yet practicable because the
to cren iA~s r hANs nd~uoin 6-el laes sig rorholgial immunogenicity of the vectors themselves precludes performing
readous, reprtersor biohemicl assas. liSimilrmultipleescinjections.singThereforenjethenspreferred thmethodredisth to isolatelatTcecels

Sofrom patients; these T cells are then transduced, expanded and re-
RevrstanfetimWovesth dixiiton f ipi--uceicacd cmpexe o a infused into the same patients. In a continuing clinical trial, T

slymphocytes from HIV-infected individuals are transduced ex vivo
the....................................................................ewith a lentiviral vector that encodes an anti-H IV antisense RNA. The

Shtransduced cells are subsequently expanded and reinfused into
Spatients". This type of therapeutic approach would also be applicable

h to vectors harbouring genes that encode siRNAs. A different approach
is to transduce isolated haematopoietic progenitor or stem cells with
vectors harbouring the therapeutic genes. These cells give rise to all
the haematopoietic cells capable of being infected by the virus.
Haematopoietic stem cells are mobilized from the patient and
transduced ex vivo before reinfusion (Fig. 3). Two clinical trials in
which retroviral vectors expressing ribozymes were transduced
into haematopoietic stem cells have demonstrated the feasibility of
this approach"' . Because RNAi is more potent than ribozyme or
antisense approaches, movement of this technology to a human

SEwclinical trial for HIV treatment is expected to take place in the next
year or two.

bar~ds t a o~onclotie icoaray R hepoulaio Issuletedtoselctve RNAi to treat viral hepatitis
as Hepatitis induced by the hepatitis B virus (HBV) and by HCV is a

a rmajor health problem. At present hundreds of millions of individuals
are infected worldwide. There is an effective vaccine against HBV, but
this treatment is only useful for the prevention of viral infection and

relative ......................................... . there is no vaccine for HCV. Therefore, hepatitis caused by these two
viruses has been an important target for potential RNAi therapy. The
first demonstration of RNAi efficacy against a virus in vivo involved

will lead to mutants that can escape being targeted'. Therefore RNAi- hydrodynamic co-delivery of an HBV replicon and an expression unit
mediated downregulation of the cellular cofactors required for HIV encoding an anti-HBV shRNA in mi6?. This study demonstrated that
infection is an attractive alternative or complementary approach. a significant knockdown (99%) ofthe HBV core antigen in liver hepato-
Cellularcofactorssuchas NF-KB", the HIV receptorCD4", and theco- cytescould be achieved bytheshRNA, providingan important proofof
receptors CXCR4 and CCR5`7 have been successfully downregulated principle for future antiviral applications of RNAi in the liver.
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More advanced studies have been carried out for RNAi therapies to be determined whether such procedures can be used to deliver
against HCV, a virus that now infects an estimated 3% of the world's siRNAs in larger mammals.

population. HCV is a major cause of chronic liver disease, which can
lead to liver cirrhosis and hepatocellular carcinoma. The HCV RNAi and cancer
genome is a positive-strand RNA molecule with a single open reading Many studies have used siRNAs as an experimental tool to dissect the
frame encoding a polyprotein that is processed post-translationally cellular pathways that lead to uncontrolled cell proliferation and to
to produce at least ten proteins. The only therapy currently available cancer. Moreover, RNAi has been proposed as a potential treatment
is a combination of interferon and ribavirin, but response to this for cancer"9'. Although no clinical trials are yet underway, a

therapy is often poor, particularly with certain HCVsubtypes. precedent might be set by ongoing clinical trials that use antisense
Subgenomic and full-length HCV replicons that replicate and reagents. The first systemically delivered antisense oligonudeotide

express HCV proteins in stably transfected human hepatoma-derived for the treatment of cancer, Genasense (Genta, Inc.), which targets
Huh-7 cells have been used to study the effects of various antiviral the anti-apoptotic gene BCL2, has shown promise in clinical trials for
drugs7a . Several groups have now tested the efficacy of siRNA med- metastatic melanoma when used in combination with conventional
iated inhibition of replicon function using these systems7nl 76. siRNAs chemotherapeutics . However, its use as a US Food and Drug
targeting the internal ribosome entry site (IRES) or mRNAs encoding Administration (FDA)-approved drughas recentlybeen put on hold.
the viral non-structural proteins NS3 and NS5B inhibited HCV repli- The potential for using RNAi to treat metastatic cancers wilofcourse
con function in cellculture g Furthermore, anti-HCVsiRNAs depleted depend on finding good cellular targets.
Huh-7 cells of persistently replicating HCV replicons 74. McCaffrey et Highly efficient mechanisms for the delivery of siRNA to the
aL performed hydrodynamic tail-vein injections of siRNAs or anti- relevant cells will also be particularly important for successful treat-
HCVdshRNAseto direct efficient ceavage ofHCV sequences inRanAHmV- ment of metastatic cancer. Several groups have developed backbone
luciferase fusion construct in mouse hepatocytes in vivos . modifications to synthetic siRNAs that provide them with resistance

In another in vivo study, siRNAs were used to treat fulminant to serum nucleases and should thereoree increase the half-life of
hepatitis induced byan agonistic Fas-specific antibodyin mice. Anti- circulatingsiRNAs in animal models . However, enhancing siRNA
Fas siRNAs were hydrodynamically in jected into the antibody-treated stability is not enough unless the siRNAs can penetrate cells and tissue
mice: 82% of the mice survived for 10 days ofobservation whereas all in vivo in concentrations sufficient to be therapeutically functional.
control mice diedwithin3 days77. Importantly, mice already suffering As siRNAs are double-stranded molecules, delivery and cellular
fromauto- immune hepatitis alsoimproved after theFas siRNAtreat- uptake is more of a challenge than for single-stranded antisense
ment. So it may be feasible to use siRNAs to ameliorate the severityof agents, which bind to serum proteins and are taken up by cells and

certain diseases by targeting the inflammatory response pathways tissues in vivo85. There are a few reports of functional RNAi being
rather than the infectious agent. obtained by systemic delivery ofdliposome-encapsulated siRNAs, but

As with HIV therapeutics, delivery ofithe siRNAstor shRNAtvectors the use of cationic or anionic lipids for in vivo delivery of antisense
is the main challenge for successfu0l treatment ofHCV. The methodof agents has never reached a clinical trial. Therefore, we still need to
delivery used in several in vivo studies - hydrodynamic intravenous understand better which backbone modifications might be useful for
injction a - is not feasible for the treatment of human hepatitis. In enhancing cellular and tissue uptake of naked RNAs, or we need to
mice, genetic material can be introduced into hepatocytes using develop alternative carriers for systemic delivery of siRNAs,- a feat

catheters or even localized hydrodynamic procedures7 ', but it is yet that will be essential in treating metastatic cancers.
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Using RNAi to target genes expressing oncogenic fusion proteins, A better understanding of the mechanisms that lead to nonspecific
such as the Bcr-Abl oncoprotein p210 that is characteristic of chronic effects of short dsRNAs is essential before the use of siRNAs or
myelogenous leukaemia (CML), has provided excellent proof of shRNAs can be tested in patient trials.
principle for RNAi as an anti-cancer therapeutic agent. For CML, the The issue ofdelivery has restricted the antisense field for almost two
main treatment options have been chemotherapy, allogeneic bone- decades. It is feasible to infuse backbone-modified oligonucleotides in
marrow transplant and most recently, the use of a small molecule, the vivo, but achieving intracellular delivery at therapeutically effective
tyrosine kinase inhibitor, imatinib. Despite initial excitement about concentrations is a major challenge. Targeted delivery to specific cell or
thepotentialofimatinib, a growing number ofpatients have developed tissue types is still not a practical reality for oligonucleotide-based
resistance to it' -•', necessitating alternative forms of therapy. Bcr-Abl therapeutics. The alternative approach is viral-vector-mediated delivery
p210 has been selectively downregulated by both synthetic siRNAs of therapeutic shRNA genes. Because this type of delivery results in
and lentiviral-vector-transduced shRNAs in cell lines" 92 .Importantly, gene therapy, there are several associated safety concerns, and systemic
the downregulation is selective for only the p210 oncoprotein and its deliveryofviralvectorsisstillamajorhurdle. Nevertheless, thepotency
mRNA, which results in inhibition of cell proliferation as a direct andpotentialgeneraltherapeuticutilityofRNAiispromptingrenewed
consequence of RNAi. Haematologic malignancies are often treated vigour into delivery-related research. It remains to be determined
by bone-marrow transplantation. Therefore, a possible therapeutic whether backbone-modified, nudease-resistant siRNAs will move to
application would be to transduce haematopoietic stem cells with theclinicimore quickly than synthetic deoxyoligonudeotides.
vectors harbouring a gene that targets the mRNA encoding the
oncogenic p210 protein, thereby protecting patients from relapse Perspective
caused by proliferation of latent leukaemic stem cells. Again, delivery In a remarkably short time since its discovery in model organisms, the
is the key issue; 100% transduction of the stem cells reinfused in a RNAi pathway has emerged as a powerful tool for the study of gene
bone-marrow transplant setting will be required to make this thera- function in mammals. As our understandingofthe under-lying biology
peutically effective. The improvements in viral vector titres and and biochemistry of this conserved gene-regulatory mechanism
transduction efficiencies may make this possible. improves, so does our ability to exploit RNAi as an experimental tool.

With the use of RNAi in whole animals increasing, we anticipate
RNAi for genetic diseases growing enthusiasm for the use of RNAi triggers in therapy. Despite
A promising lead towards using RNAi for the treatment of genetic considerable hurdles to overcome, it seems likely that RNAi will find a
diseases has been provided by preliminary studies that demonstrate place alongside more conventional approaches in the treatment of
how SNPs in mutant allele transcripts can be used as selective targets diseases, although it is unclear how long we will have to wait to witness
for RNAi • .Finding an siRNA that is highly selective for a particular the first RNAi-based drug. The big question is whether RNAi can rev-
SNP is a challenge, but has been accomplished by systematic analyses olutionize the treatment of human disease in the same way that it has
ofsiRNAsin which the polymorphic nucleotide is complementary to revolutionized basic research into gene function. I]
the mid-region of the siRNA. In certain examples, the siRNAs direct
selective degradation of only the mutant transcripts, leaving the doi:lO.1038/nalureO02870

wild-type transcripts intact despite only a single mismatch" 94 . I- FireA.,Alberts- .D., HarrisonS.W&Moeman, D.GPrduction ofantisenseRNAleadstoeffective

Another example of siRNAs targeting an SNP was recently reported and specificinhibition ofgenexpression in C elegar musle. Develiopmentl13,503-514(1991).

in studies of amyotrophic lateral sclerosis (ALS) caused bymutations 2. Guo, S. & Kemphses, K. J. opar-, a gene required for establishing polarity in C elgansembryos,
encodes a putative Scr/Thr kinase that is asymmetrically distributed. Cell S1, 61 1-620 (1995).

in the Cu, Zn superoxide dismutase (SOD)) gene". Because the wild- 3. Fire, A. eral Potent and specific genetic interference by double-stranded RNA in Caenorhabditis

type SOD 1 performs important functions, it is important to selectively deyas,,. Ntir,, 39l, 806-811 (1998).

eliminate expression of only the mutant allelic transcript. Many 4. Hannon, G. 1. RNA interference. N•,ure41, 244-251 (2002).
S 5. Williams, B. K. Role of the double -stranded RNA-activated protein kinase (PKR) in cell regulation.

SODi mutations are single-nucleotide changes. Ding e l" Hmen " rn,2,0-1 19)eBa. iiochem. Sa. Trans. 25, 509-513 (1997).

achieved selective degradation of a mutant SOD1 allele, thereby pro- 6. Bernstein, E., Caudy, A. A., Hammond, S. M. & Hannon, G. . Role for a bidentate ribonudcea in the

viding a potential therapeutic application for the treatment of ALS. initiation step of RNA interference. Naruru40l9, 363-366 (2001).
Disease-causingpolyglutamine proteinsenodedbyCAG-repeat- 7. Hammond, S. M., Boettcher, S., Caudy, A. A., Kobayashi, K. & Hannon, G. h. Argonaute2, a link

between genetic and biochemical analyses of RNAi. Science293,1146-1150 (2001).
containing transcripts are found in several neurological diseases such 8. Elbashir, S. M. a al. Duplexes of21 -nudeotide RNAs mediate RNA interference in cultured

as Huntington's disease. These proteins are especially challenging mammaliancells.Nature411,494-498(2001).

targets for RNAi because CAG repeats are common to many normal 9. Hutvigner, G. el a) A cellular ftnction for the RNA-interference enzyme Dicer in the maturation of
the let-7small temporal RNA. Science293,834-838 (2001).transcripts as well, and the repeats themselves cannot be selectively 10. Grishok, A. ar aL Genes and mechanisms related to RNA interference regulate expression of the small

targeted by siRNAs. But with the recent finding that delivery ofsiRNAs temporal RNAs that control C elegansdevelopmental timing. Cell lK 23-34(2001).

and viral vectors expressing siRNAs to diseased regions of the brain is Il Ketting,KR F e raL Dicer functions in RNA interference and in synthesis of small RNA involved in

technically feasible'6 , coupled with selective targeting of SNPs in the developmental timing in C elegans. Genes D3v, 15, 2654-2659 (2001).
12. Paddison. P. J., Caudy, A. A., Sachidanandam, R. & Hannon, G. J. Short hairpin activated gene

mutant transcripts, the promise of clinical use of RNAi for the treat- silencingin mammalian cells. MethodsssMoL Biol. 265,85-100 (2004).

ment of degenerative, neurological diseases should be realised. 13. Khvorova, A., Reynolds, A. & layasxna, S. D. Functional siRNAs and miRNAs exhibit strand bias. CGel

115, 209-216 (2003).

Challenges for RNAi as a therapy 14.Schwarz, D.S. era4L Asymmetryin theassemblyofthe RNAienzymecomplex. Cell 115,199-2W8 (2003).
1 5. Reynolds. A. a a/. Rational siRNA design for RNA interference. Naturr Biothd, so. 22,326-330 2004).

Two key challenges in developing RNAi as a therapy are avoiding 16.Silva, . M., Sachidanandam, R.&Hannon, G. 1. Freeenergylightsthe path toward more effective

off-target effects and ensuring efficient delivery. One potential risk RNAi. Nature Genet. 35,303-305 (2003).
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for directing sequence-specific silencing. This machinery has specific fnhatia,,74 103-111 (2W4).

purposes, such as miRNA-mediated gene regulation 97' 98 . Using 19. Persengiev, S. P., Zhu, X. & Green, M. K. Nonspecific, concentration-dependent stimulation and
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although saturation of RISC is demonstrable in cultured cells9 . So Nature Biotechna. 22,321-325 (2004).

endogenous RNAi pathways could potentially be affected by siRNAs. 22. lackson, A. L. real. Expression profiling reveals off-target gene regulation by RNAi. Nature Biotechnol.

21,635-637(2003).
It will be important to pay close attention to basic research studies on 23. Doench, I. G. & Sharp, P. A. Specificity of microRNA target election in translational repression.
off-target effects ofsiRNAs and on the design ofeffective siRNAs"Z I 0
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.Synthetic shRNAs as potent RNAi triggers
0

r- Despina Siolas 1'2, Cara Lerner3, Julja Burchard3, Wei Ge3, Peter S Linsley?, Patrick J Paddison2,
0 Gregory J Hannon2 & Michele A Cleary3

SDesigning potent silencing triggers is key to the successful cells using DNA vectors encoding shRNAs, modeled roughly after
application of RNA interference (RNAi) in mammals. Recent endogenous microRNAs'3--5.

o studies suggest that the assembly of RNAi effector complexes Remarkably, for both miRNAs and siRNAs, the two strands of the
1 is coupled to Dicer cleavage. Here we examine whether processed dsRNA are treated unequally. In a variety of organisms,
M transfection of optimized Dicer substrates results in an cloning has overwhelmingly yielded one strand for each miRNA8 . A
S improved RNAi response. Dicer cleavage of chemically potential explanation for this outcome came from biochemical studies

synthesized short hairpin RNAs (shRNAs) with 29-base-pair of siRNAs in Drosophila melanogaster that suggested that relative
• stems and 2-nucleotide 3' overhangs produced predictable thermodynamic instability at the 5' end of a strand of a Dicer product

, homogeneous small RNAs comprising the 22 bases at the 3' favors its loading into RISC'6 . This is in accord with analysis of
O. end of the stem. Consequently, direct comparisons of synthetic predicted Dicer cleavage products of endogenous miRNAst 7 and

2 small interfering RNAs and shRNAs that yield the same small studies of the efficacy of large numbers of siRNAs, which indicate
a RNA became possible. We found synthetic 29-mer shRNAs that greater suppression occurs if the antisense strand (relative to the
Im to be more potent inducers of RNAi than small interfering target mRNA) has an unstable 5' end' 7. Recent reports have suggestedC
:E RNAs. Maximal inhibition of target genes was achieved at lower that this loading might occur in a complex and might be coordinated
*! concentrations and silencing at 24 h was often greater. with Dicer cleavage's-1-. These mechanistic insights suggest that Dicer
= These studies provide the basis for an improved approach substrates might be more efficiently incorporated into RISC than
I. to triggering experimental silencing via the RNAi pathway. siRNAs. To compare the efficiency of silencing triggers predicted to

produce equivalent RISC enzymes, we sought to understand how
S Many eukaryotic organisms respond to double-stranded RNA Dicer processes shRNAs.
t (dsRNA) by activating a sequence-specific silencing pathway RNAi. We began by producing - 70 chemically synthesized shRNAs,
SRNAi is initiated when an RNase III-family nuclease, Dicer, processes targeting various endogenous genes and reporters. We focused on a

dsRNAs into - 22-nudeotide (nt) fragments known as small inter- detailed analysis of one set of four shRNAs that target firefly luciferase
feting (siRNAs)- 3. These small RNAs are used as guides for selection (Fig. la). The individual species differed in two ways. First, the stems

954and cleavage of complementary mRNAs through their incorporation of the shRNAs were either 19 or 29 base pairs (bp) long; these sizes
T-Winto the RNAi effector complex (RISC)' 2'4, whose catalytic subunit, reflect the two stem sizes most commonly used for vector-expressed

Argonaute 2, has recently been identifiedA5ý. These mechanistic shRNAs. Second, each shRNA either did or did not contain a 2-nt 3'
insights have led to approaches for experimentally programming overhang, identical to that produced by the processing of pri-miRNAs
the RNAi machinery in mammalian cells by directly transfecting by Drosha. Each species was end labeled by enzymatic phosphoryla-
chemically synthesized siRNA duplexes of -- 21 nt, consisting of tion and incubated with recombinant human Dicer. The 29-mer
19 paired bases with 2-nt 3' overhangs, to produce a transient shRNA with the 3' overhang was converted almost quantitatively
silencing response7 . into a 22-nt product by Dicer (Fig. 1b). In contrast, the 29-mer

In many organisms, the RNAi machinery also serves as an effector shRNA without the overhang generated very little discrete 22-nt
for endogenous, noncoding RNAs known as microRNAs (miRNAs)8 . labeled product, despite a Dicer-dependent depletion of the starting
miRNAs are initially generated as long primary transcripts (pri- material. Neither 19-mer shRNA was cleaved to a detectable level by
miRNA) which are cleaved in the nucleus by another RNase III- the Dicer enzyme. This result was not due to the lack of double-
family nucease, Droshal. The liberated pre-miRNAs are exported to stranded structure in the 19-mer shRNAs, as all shRNA substrates
the cytoplasm, where Dicer performs a second cleavage to produce were efficiently cleaved by bacterial RNase III (Supplementary Fig. 1
small RNAs that are loaded into RISC'°-12 . In the case of miRNAs, the online). Rather, these results suggest that the shRNAs with a 3'
cleavage sites are specific, and most often a single, discrete sequence overhang produced predominantly one specific and unique small
is liberated from the precursor". These discoveries prompted the RNA product, whereas a blunt-ended hairpin was processed into a
development of a second approach for triggering RNAi in mammalian range of products. This hypothesis was consistent with parallel analysis

'Program in Genetics, Stony Brook University, Stony Brook, New York 11794, USA. 2Cold Spring Harbor Laboratory, Watson School of Biological Sciences, I Bungtown
Road, Cold Spring Harbor, New York 11724, USA. 3Rosetta Inpharmatics, LLC, a wholly owned subsidiary of Merck and Co., Inc., 401 Tery North, Seattle, Washington
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of identical shRNA substrates that were pro- a b • 19-me) 29-- r C
duced by in vitro transcription with T7 poly- 19-mer shRNA shnNA - shRNA

merase and uniformly labeled (Fig. Ic). ..N.NNNNNNNNvN.NN. C overhang ovefar 29-n, 19-me,

Uniformly labeled 29-mer shRNAs both A +.. + . - s&RNA shRNA B

with and without overhangs produced clea- 19-mer shRNA wilth 2 mxjoeotlde 3' overhang -oeran ovan,- -

vage products, with the latter being less NIAN N NNNNA•NA

abundant. Additionally, shRNAs with over- AA

hangs yielded products of two discrete sizes 29-me, shRNA SA
(21 and 22 nt). Considered together, our NNNNANNNNNNNANNNANNNNN c

o results suggest that Dicer requires a mini- A
mum stem length for efficient cleavage. 29-mer shRNA with 2 nueoe 3'oe a

SFurthermore, they are consistent with the AN A, V *
"-0 hypothesis that the presence of a correct 3' L1ejve29mer A.+- +-- + + + + +

Soverhang enhances the efficiency and specifi- AGUUGCGCCCGCGAAUGAUAUUUAUAAUG Dicer Dicer

Scity of cleavage, directing Dicer to cut - 22
c nt from the end of the substrate. Figure 1 In vitro processing of 29-bp shRNAs by Dicer generates a predominant siRNA from the end

A number of previous studies have sug- of each short hairpin. (a) The set of shRNAs containing 19- or 29-bp stems and either with or without
*gested that Dicer might function as an end- a 2-nt 3' overhang is depicted schematically. For reference, the 29-nt sequence from luciferase

Srecognizing endonuclease without positing a (top, blue) strand is given. The presumed cleavage sites (as predicted by analysis of Dicer processing
Srole for the 3' overhang. Bloc~king the ends of products) are indicated in green and by the arrows. (bW In vitro Dicer processing of shRNAs. 5' end

dsRNAs either fold-back structures or labeled substrates as depicted in a were incubated either in the presence or absence of recombinant

chimeric RNA-DN hybrids attenuated, but human Dicer. Processing of a 500-bp blunt-ended dsRNA is shown for comparison. Markers are end
I RA-DNA labeled single-stranded synthetic RNA oligonucleotides. (c) Uniformly labeled shRNAs with structures

= did not abolish, the ability of human Dicer to as indicated in a were processed by Dicer to produce a small RNA product. Results of processing a
r. generate siRNAs21. One group suggested that 500-bp blunt-ended dsRNA are shown for comparison.
CL Dicer cleaved -'22 nt from the blunt end of
2 an extended pre-miRNA, designed in part to

m mimic a pri-miRNA22. Structural analysis of the Argonaute 2 PAZ suggested identical cleavage specificities when shRNAs were exposed
= domain suggested that it engages very short (-2- to 3-nt) stretches of to Dicer either in vitro or in living cells (Fig. 2a). Control experiments
Sthe 3' ends of single-stranded RNAs23

"
26. This led another group of using a luciferase 29-mer shRNA alone (without Myc-tagged Agol or

. researchers to propose a model in which the 3' overhangs of pre- Ago2 expression) or cells transfected with Myc-tagged Agol or Ago2
L miRNAs, generated by Drosha cleavage, serve as an important alone (no shRNA) did not yield extension products (Fig. 2b).
Li recognition and specificity determinant for subsequent processing by Although the inability of Dicer to effectively cleave shRNAs with

Dic&52. The results presented here are consistent with this model and 19-bp stems may seem at odds with the effective use of such structures
z suggest further that the 3' overhang aids in determining the specificity for triggering RNAi using vector-based expression, there is presently
S of cleavage, directing processing to a site 22 nt from the 3' end of the no evidence that these RNAs require Dicer for their action. Indeed,8 substrate. These findings are in full accord with a recently published our results using RNAi to deplete Dicer from cells suggest a strong

o model for Dicer action27. dependence on Dicer for shRNAs with 29-bp stems, but little
0 o validate our biochemical analysis, we also mapped the position dependence for shRNAs with 19-bp stems (not shown). However,

O f Dicer cleavage in vivo using primer extension. Precursors were 19-mer shRNA do enter RISC Human 293 cells that constitutively
transfected into cells, and the processed form of each was isolated by express Agol were transfected with siRNAs, 29-mer shRNAs or 19-mer
coimmunoprecipitation with the coexpressed Myc-tagged human shRNAs. RISC was recovered by immunoprecipitation and associated
Argonaute proteins Agol and Ago2. The 29-mer shRNA with an RNAs were examined by northern blotting. (Supplementary Fig. 2
overhang gave rise to a relatively discrete product of 20 nt as predicted online) The 29-mer shRNA with an overhang and the 22-mer siRNA
for a cleavage 22 nt from the 3' end of the substrate. Primer extension both entered RISC, producing 22-nt small RNAs. The 19-mer shRNA

Figure 2 Prime extension analysis shows that a tt 24m aN I b
similar small RNAs are generated by Dicer Iz - - 4-E-----------

was used to analyze products from processing 2 .B RE we e! 1
of overhang-containing 29-mar shRNAs in vivo. ,

Total RNAs were extended with a specific primer
that yields a 20-base product if cleavage occurs W

22 bases from the 3' end of the overhang-
containing RNA (see Fig. la). For comparison,
extensions of in vitro processed material are
also shown. Lanes labeled siRNA are extensions RT + -+ - + - + +- + - T + + + + +

of synthetic RNAs corresponding to predicted
siRNAs that would be released by cleavage 21 or
22 nt from the 3' end of the overhang-containing precursor. Observation of extension products depends entirely on the inclusion of reverse transcriptase
(RT). The * indicates the specific extension product. Markers are phosphorylated, synthetic DNA oligonucleotides. (b) Total RNA from control translections,
which lacked a coexpressed tagged Ago protein, making it impossible to recover small RNAs in the immunoprecipitates, did not show a primer extension
product. The same primer was used for all extensions and is compatible with all RNAs. Controls labeled Age1 or Ago2 lacked co-transfected target RNAs.
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* Figure 3 Gene suppression by shRNAs is comparable to or more effective than that achieved by siRNAs targeting the same sequences. (a-c) mRNA

suppression by 43 siRNAs targeting six different genes was compared with suppression by 19-mer or 29-mer shRNAs derived from the same target
sequences. 19-mer and 29-mer shRNAs were also directly compared. All RNAs were transfected at a final concentration of 100 nM. Values indicated on

f. the x and y axes reflect the percentage of mRNA remaining after 24 h in HeLa cells transfected with RNA as compared with cells treated with transfection
reagent alone. (d-h) Four representative sets of siRNA and 19-mer and 29-mer shRNAs were used in dose-response analysis to compare the potency of

a. representative RNAi triggers targeting four genes. Comparisons of relative suppression (19-mer versus 29-mer) at the maximal dose are shown for reference
2in d. Titration curves were also performed reporting the percentage of target mRNA remaining (y axis) from transfections at 1.56, 6.25, 25 and 100 nM

final concentrations of RNA (x axis). Percentage of RNA remaining was determined by serniquantitative RT-PCR. Gene targets were MAPK14, KIFli,
I IGFIR and KIF14. (Sequences used were MAPK14-4, KIF1 1-6, IGFLR-1, KIF14-1 as in Supplementary Table 1.) Blue diamonds, 21-mer siRNAs;
c. pink squares, 19-mar shRNAs; green triangles, 29-mer shRNAs. Red lines indicate the concentration of 29-mer shRNA that gives the level of inhibition
Sachieved by 100 nM siRNA.
a-

also entered RISC but produced two distinct small RNAs of 21 and 23 compared with siRNAs. Seventeen complete sets comprising an

Tnt. Although we do not understand the mechanistic basis for this siRNA, a 19-mer shRNA and a 29-mer shRNA were examined for
z observation, it may reflect Dicer-independent cleavage of the 19-mer suppression in titration experiments. In no case did the 19-mer

shRNA in the loop by a single-strand specific ribonuclease. shRNAs perform better than the corresponding siRNAs. In contrast,
Because we could predict which single, specific 22-nt sequence 29-mer shRNAs exceeded the performance of siRNAs in the majority

o would be incorporated into RISC from a given shRNA, we could of cases. In most cases, the 29-mer shRNAs showed greater inhibition

diretly compare the silencing efficiency of shRNAs and siRNAs. at the maximal dose, however, even when this inhibition at the
oward this goal, we selected 43 sequences targeting a total of maximal dose did not differ much from the siRNA or 19-mer

5 genes (3-9 sequences per gene). For each sequence, we synthesized shRNA, the efficacy of the 29-mer at lower concentrations was

a 21-mer siRNA (19-bp stem) and shRNAs with 19- or 29-bp stems substantially better. The dose-response experiments for four represen-
that were predicted to give Dicer products that either were identical to tative sets of RNAs are shown in Figure 3d-h.

their corresponding siRNAs or differed by the addition of one 3' Consistent with our results for most of the RNA sets tested, in
nucleotide homologous to the target. Importantly, each was predicted the case of MAPK14, KIF14 and KIPII, the maximal level of suppres-
to give precisely the same 5' end after cleavage of a 22-mer RNA from sion for the 29-mer shRNA was approximately twofold greater

the shRNA (Supplementary Fig. 3 online). Sequences for siRNAs are than the maximal level of suppression for the corresponding siRNA
provided in Supplementary Table 1 online. Each RNA species was (Fig. 3e-h). More importantly, in some cases, the amount of RNA
transfected into HeLa cells at a relatively high concentration (100 nM). required to achieve maximal inhibition was up to 20-fold lower with
The level of suppression was determined by serniquantitative RT-PCR 29-mer shRNA than with a similar 21-mer siRNA. This greater
of RNA from HeLa cells 24 h after transfection and the performance of potency for 29-mer shRNA as compared to the other two RNA

each shRNA was compared with the performance of the correspond- species may reflect the entry of these RNAs into the RNAi pathway
ing siRNA. Studies assessing siRNAs and 19-mer shRNAs showed that as natural intermediates and may explain their greater efficacy when
there was little difference in silencing at 24 h with these species delivered from vectors14.
(Fig. 3a). A comparison of siRNAs with shRNAs having 29-bp stems Microarray analysis has shown downregulation of many nontar-
gave a different result. Clustering of the data points above the diagonal geted transcripts after transfection of siRNAs into HeLa ces.
indicated consistently better inhibition with the 29-mer shRNAs Notably, these gene expression signatures differed between different
(Fig. 3b). As predicted from the aforementioned results, direct siRNAs targeting the same gene. Many of the 'off-target' trans-
comparisons of shRNAs with 19- and 29-bp stems indicated a greater cripts contained sites of partial identity to the individual siRNA,
overall effect with the latter structure (Fig. 3c). possibly explaining the source of the effects. To examine potential

The generally better inhibition with 29-mer shRNAs at a high dose off-target effects of synthetic shRNAs, we compared shRNA signatures
led us to investigate the potency of these silencing triggers as with those of siRNAs derived from the same target sequence.
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Figure 4 Microarray profiling shows that gene
expression profiles of 29-mer shRNAs and the -1 10000 0

corresponding siRNAs are more similar than Log(RatMo)

expression profiles of 19-mer shRNAs and the
corresponding siRNAs. The 19-mer and 29-mer
shRNAs and siRNAs designed for seven different MAPK14-6 siRNA
target sequences within the coding region of MAPK14-6 19 mer

MAPK14 were tested for gene silencing 24 h MAPK14-2 sIRNA
alter tramfection into HeLa cells. Each raw MWKI;; 29 aw

of the heat map reports the gene expression MAPK14-2 19 mer

S signature resulting from transfection of an MAPK14-5 29 mar
0O MAPK14-5 siRNA
Z individual RNA. Two-dimensional clustering of MAPK14-5 19 mr

the data groups RNAs (vertical axis dendrogram) MAPK14-7 29 mer

and regulated genes (horizontal axis dendrogram) MAPK14-7 siRNA

6 according to signature similarities. Data shown MAPK14-7 19 mer
Srepresent genes that display at least a twofold MAPK14-4 29 mroe

I~ MAPK14-4 s!RNA

= change in expression level (P < 0.01 and logl MAPK14-4 siRNA
intensity> 1) relative to mock-transfected cells. MAPK14-3 29 mer
Green indicates decreased expression relative MAPK14-3 siRNA
to mock transfection and red indicates elevated MAPK14-3 19 mar

Sexpression. Black indicates no change and gray MAPK14-1 19 mer
Sindicates data with P > 0.01. The red arrow---t7 MAPK14-1 siRNA

mc indicates MAPK14. MAPK14-1 29 mer

MAPK14

0,.

"Using microarray gene expression profiling, we obtained a genome- correlates with enhanced potency, as is reported in an accompanying

wide view of transcript suppression. A two-dimensional clustering paper in this issue29 . In D. meanogaster, Dicer is also required for

2 analysis of the signatures produced in HeLa cells 24 h after trans- siPNAs to enter RISC, and similar data have been obtained in
( fection of 19-mer and 29-mer shRNAs compared with those mammalian cells'sJ°. Thus, it is possible that even siRNAs enter

c generated by corresponding siRNAs (Fig. 4) shows that each set of RISC via a Dicer-mediated assembly pathway and that our data simply
" three RNAs derived from the same core sequence was accurately reflect an increased affinity of Dicer for longer duplex substrates.

dclustered. Furthermore, in all but two of seven cases, although the Alternatively, hairpin RNAs, such as miRNA precursors, might inter-
= 19-mer shRNAs produced signatures similar to those of the act with specific cellular proteins that facilitate delivery of these
Scorresponding siRNAs, the signatures of the 29-mer shRNAs were substrates to Dicer, whereas SIRNAs might not benefit from such

0 more closely related to those of the corresponding siRNAs. In one chaperones. Overall, our results suggest an improved method for
Z of the two cases in which the 19-mer shRNA and the siRNA triggering RNAi in mammalian cells using higher potency RNAi
) clustered more closely (MAPK14-1), these two RNA species did not triggers. This remains a critical issue both for cell culture studies

C8 appreciably silence the target gene, whereas the 29-mer shRNA and for potential therapeutic use in vivo. Mapping the predominant

0 did. The agreement between the signatures of 29-mer shRNAs and 22-nt sequence that appears in RISC from each of these shRNAs now
W AINAs is consistent with precise processing of the shRNA to permits the combination of this more effective trigering method with

_ ecrate a single siRNA rather than a random sampling of the rules for effective siRNA design.
hairpin stem by Dicer. The overall smaller signature sizes of the
19-mer shRNA and the basis of their divergence from the signature
of the corresponding siRNA are presently unclear. However, extensive METHODS

analysis of off-target efects potentially associated with these shRNAs RNA sequence design. Each set of RNAs began with the choice of a single

was not our goal 19-md sequnce. These 19-mers were used directly to create siRNA. To create

CeshRNAs with 19-me stems, we appended a four-be loop (eithr CC or
Considered together, our results suggest that chemicaly synthesized UUGG) to the end of the 19-mer sense strand target sequence flowed by the

29-mer shRNAs can be substantially more effective triggers of RNAi 19-mer complementary sequence and a UU overhang. We tested a variety of
than can siRNAs. A mechanistic explanation for this finding may lie in loop sequences and noted no significant influence of the sequences on the
the fact that 29-mer shRNAs are substrates for Dicer processing both performiace of triggers. To create 29-mer stems, we increased the length of the
in vitro and in vivo. We originally suggested that siRNAs might be 19-mer target sequence by adding one base upstream and nine bases down-
passed from Dicer to RISC in a solid-state reaction on the basis of an stream from the target region and used the same loop sequence and
interaction between Dicer and Argonaute 2 in D. melanogaster S2 cell UU overhang. Al synthetic RNA molecules used in this study were purchased
extracts4. More recently, results from several laboratories have strongly from Dharmacon.
suggested a model for assembly of the RNAi effector complex in which
a multiprotein assembly containing Dicer and accessory proteins Dicer processing. RNA hairpin corresponding to luciferase were end-labded

interacts with an Argonaute protein and actively loads one strand of with [y- 32pIATP and T4 polynudeotide kinase (PNK), and 0.1 prool of RNA

the siRNA or miRNA into RISC18-2°. Such a model implies that Dicer was processed with 2 units of Dicer (Strataenm) at 37 'C foir 2 h. Reaction
products were Thzol extracted, isopropranol precipstaed and separated oan an

substrates, derived from nuclear processing of pri-miRNAs or cyto- 18% polyscryklamde, 8 M urea denaturing gel For RNase In digestiao.,
plasmic delivery of pre-miRNA mimetics, might be loaded into RISC 0.1 pmol was digested with 1 unit of E cobi RNase Il (NEB) for 30 min at
more effectively than siRNAs. Our data support such a prediction, as it 37 -C and analyzed as described above. Uniformly labeled hairpins were
is not the hairpin structure of the synthetic RNA that determines its produced using a 17 Megashortscripi kit (Ambion) with [a-32P]UIP and then
increased efficacy, but the fact that the shRNA is a Dicer substrate that incubated with Dicer as indicated above.
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Production of complex nucleic acid Libraries using
Shighly parallel in situ oligonucleotide synthesis

NMichele A Clearyl, Kristopher Kilian1, Yanqun Wangl, Jeff Bradshawl, Guy Cavetl, Wei Gel, Amit Kulkarnil,
Patrick J Paddison 2, Kenneth Chang2, Nihar Sheth2, Eric Leproust3 , Ernest M Coffey', Julia Burchard',
W Richard McCombie2, Peter Linsley' & Gregory J Hannon 2

0

C Generation of complex libraries of defined nucleic acid application, namely for the construction of libraries of shRNA
Ssequences can greatly aid the functional analysis of protein expression constructs.

and gene function. Previously, such studies relied either
= on individually synthesized oUgonudeotides or on cellular RESULTS

nucleic acids as the starting material As each method has Ink-jet synthesis of oligonucdeotides
o. disadvantages, we have developed a rapid and cost-effective Ink-jet technology has been optimized for hybridization micro-
2alternative for construction of smaLl-fragment DNA libraries of arrays using oligonucleotides of 60 bases or less on slides that
O defined sequences. This approach uses in situ microarray DNA contain - 25,000 individual spots'5-18. But no tests have suggested
c synthesis for generation of complex oUgonucteotide populations. whether this method produced DNA of sufficient quality or

SThese populations can be recovered and either used directly or quantity for use as source material for library construction. To
Simmortalized by cloning. From a single microarray, a library address this question, we designed and printed arrays containing

a. containing thousands of unique sequences can be generated. 110 unique 59-nudeotide (nt) DNA sequences, each containing
E As an example of the potential applications of this technology, identical flanking PCR primer binding sites. Initially, each oligo-

we have tested the approach for the production of plasmids nucleotide was synthesized redundantly in - 220 different loca-
encoding short hairpin RNAs (shRNAs) targeting numerous tions on an array containing 24,200 probes to give an overall

i human and mouse genes. We achieved high-fidelity clone complexity of 1,000 different sequences. Oligonudeotide popula-
retrieval with a uniform representation of intended tions were recovered from the microarray surface using one of two

Slibrary sequences. approaches. The first, simpler approach involved treatment of
standard arrays with ammonium hydroxide' 9 (Fig. la). The second

ERNucleic acid libraries provide some of the most versatile tools approach required derivatizing slides with a photodeavable linker
Wfor functional analysis of genomes, individual proteins or com- before synthesis, and the oligonucleotides were ultimately recov-

plexes"- 4 . These libraries can be constructed using either biologi- ered after a brief treatment with UV light. After harvesting the
cally derived or chemically synthesized nucleic acids as substrates. oigonudeotides, we amplified the pooled material by PCR and
Libraries generated from natural sources generally do not cover all cloned the products. Of the clones obtained from ammonium
expressed sequences in the genome, largely owing to tissue-specific hydroxide cleaved material, five of five readable sequences were of
mRNA expression and variations in mRNA abundance, limiting the correct length, exactly matched one of the sequences in the
the complexity and uniform representation of the cDNA source array pattern design, and were unique. Of the clones obtained from
material. Chemically synthesized oligonudeotides have also been photocleaved material, four of five readable sequences had the
used to construct libraries for biological analysis14. Although these correct length and each perfectly matched a unique sequence in the
allow defined and uniform representation, the cost of source array pattern design. These results suggested that the use of this
material for library construction is quite high. highly parallel synthesis approach was feasible for producing clones

To reduce the cost inherent in the use of conventional methods with ~-60-base-pair (bp) inserts.
for the generation of complex Libraries of defined nucleic acids, we
have developed an approach that uses printed microarrays as a Accurate synthesis of long oUgonudeotides
source material for complex oligonucleotide populations'5-18  The ability to produce complex libraries comprised of defined 60-
(Fig. 1). Although such an approach can be applied in many nt fragments is sufficient for many purposes, and such arrays can be
different ways, we have tested the methodology for one specific purchased as a standard product from Agilent Technologies, the

IRosetta Inphartnatics LLC, a wholly owned subsidiary of Merck & Co., Inc., 401 Terry Ave. North, Seattle, Washington 98109, USA. 2 Cold Spring Harbor Laboratory.
Watson School of Biogica Sciences, 1 Bungtown Road, Cold Spring Harbor, New York 11724, USA. 3Agiltt Technotlogies 3500 Deer Creek Road, Palo Alto, California
94304, USA. Correspondence should be addressed to M.A.C. (Michelt-Cery@merck.com) and G.J.H. (hannon@cshl.edu).
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a templates, we used thermostable poly-
merases that have proofreading capability

Ben with commercw armay (AQfent) synthsized and are able to effect strand displacement.
under standard conditions. Incubate In 35% NH4 OH
in sea. container (heait sea bag or cstonm cainer) We also added PCR enhancing agents such
for 2 h. as DMSO or betain. Through a combina-

dion of these strategies (Fig. 1 and Meth-
ods), we were able to achieve success rates
consistently ranging from - 25% to > 60%
for cloning of perfect slRNAs.

Recver oNgonu i by evapomtkin.
Reauspen In 250 mi dH0 to make terrft. Construction of shRNA libraries

PCR protocol: In our effort to create large-scale humanand mouse shRNA libraries, we designed
Sir P&co 1.250 #aI oligonucleotides corresponding to more

PCRaEnhenrlr 0.tx Mg than 32,000 known and predicted genesAmpfictiButerwlo~g' 2x an -- J

MOSO 4  I mM -- -- each in human and mouse. These yieldSFrwwad wimer 02 mM Xm
R oiw" priner 0'2mM 195,077 oligonucleotides homologous to
dN 0.2amM murine genes and 187,905 oligonucleotides
94"C, 5mi Clone into suitable vector homologous to human genes. Each oligo-25• oral Clof 94t suiCbl 45s.68ctor2mi
25• * "C.4 a•in C.125mn or use directly. nucleotide was synthesized once on each

array, necessitating the use of a minimum of
2 b 21 arrays to completely cover genes in both
0. Tempite sl•zuue - TGCTGTTGACAGTGAGCG(N22)TAGTGAAGCCACAGATGTA(en"U-)TGCCTACTGCCTCGGA organisms with up to six ShRNAs each.
o SM PCR pime- 9 UtOttcagtgagcg Iterative cycles of sequencing and synthesis

3'Ecdi PCR wimer - , I - ag9gcagagc were used to maximize the efficiency of
N22 is dened fom toW~ sh equenc obtaining correct clones. Recovery of

* unique, perfect shRNA vectors from the
S Figur I Cloning strategy using in situ oligonudeotide syrthesis. To create a pool of sequences for population can be hampered by two types
. LibraY cloning, oligorniciotides were printed on a microarray substrate, ceaved by treatment with a of errors. The first is inaccuracies in the

I stning base or ultraviolet light and amp4ified by PCR. The amplified products were treated with restriction synthesis, amplification or sequencing lead-
enzymes or used directly for ligation as a pool into a vector of choice. ing to inserts that are or appear inaccurate.

Z The second is biases in the synthesis, ampli-
fication and cloning procedures leading to

commercial source of arrays used in this report. However, some imperfect representation of the desired oligonucleotide population
o specialized applications may require longer oligonucleotides. For in the cloned pools. We have examined each problem separately.

our purposes, the design of optimized shRNA libraries requires Table I shows data relevant to the first type of error, comparing the
synthesis of oligonudeotides - 100 bases in length. Although these accuracy of array synthesis and chemical synthesis. Thus far, we
are not a standard product, the use of 100-mers provided a very have sample-sequenced clones from 23 separate arrays covering a
stringent test of the array methodology for library production. We total of 447,410 printed sequences with 216,945 informative
designed arrays containing 96-nt sequences deposited either once sequencing reads. An informative read is defined as a sequencing
per array or at variable representation, ranging from 1 to 1,024 run that gives high-quality sequence (PHRED score > 20 over the
times. With PCR products derived from ammonium hydroxide- length of the insert). The rates of successfully obtaining perfect
cleaved material, we found an average of -,63% of clones (total of clones varied from 21% to 58%, depending on the synthesis run.
30 in three separate cloning trials) with the correct sequence and The -,220,000 reads yielded 76,960 perfect clones overall, of which
length (Fig. ib, primer and template structure). From arrays 53,478 represented unique sequences. We noted no bias for correct
printed at variable oligonudeotide representation, we recovered versus incorrect clones based on the oligonucleotide position on
an overwhelming majority of accurate clones corresponding to the the arrays. For comparison, we obtained 7,360 oligonucleotides in
sequence spotted 1,024 times. We could not clone from photo- six independent batches that were produced using conventional
cleaved 96-nt material, synthesis methods by a commercial manufacturer. From 18,554

The use of RNA interference (RNAi) has opened the door for informative sequencing reads, 3,526 perfect clones were obtained,
loss-of-function genetic approaches in numerous organisms, with success rates from individual pools ranging from 9.9% to
including mammals2°. One method to achieve RNAi is the expres- 26.5%. These pools represent the upper range of success rates with
sion of shRNAs from DNA vectors 21-27. We therefore set out to use conventional oligonucleotides obtained from a number of diffierit
in situ-synthesized sequences to build shRNA expression libraries suppliers. As it is difficult to directly compare the quality of array
targeting nearly every identified and predicted genm in the genomes synthesized material to conventionally synthesized material given
of several species, including human, mouse and rat. Similar differences in pool complexities, it seems reasonable to conclude
libraries have previously been constructed using conventional that the array synthesized material, treated and cloned in the
oligonucleotides or natural nucleic acids as starting material 28-33 . manner described herein, is of a quality that is at least equivalent
To maximize recovery of accurate clones from our highly structured to that of conventionally synthesized material.
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Table I I Characterization of cloned shRNAs

Source Complexity Reads Correct 1 Mm 2 Mm >2 Mm Success rate

In sku-synthesized olkionudeotides
Chip 1 19,253 16,103 3,671 3,722 2,050 6,660 0.227
Chip 2 19,230 12,531 3,749 3,962 1,782 3,038 0.299
Chip 3 19,244 6,877 2,533 1,859 728 1,757 0.368
Chip 4 19,245 12,749 3,312 3,321 1,878 4,238 0.259
Chip 5 19,251 10,852 5,232 2,004 527 3,089 0.482

* Chip 6 19,234 13,079 3,847 3,703 1,594 3,935 0.294
Chip 7 19,216 12,616 3,260 3,861 1,934 3,561 0.258
Chip 8 19,226 12,584 4,236 3,805 1,630 2,913 0.336
Chip 9 19,228 12,542 2,635 4,052 2,312 3,543 0.21I Chip 10 22,089 7,550 3,880 1,436 412 1,822 0.513
Chip 11 19,236 7,402 4,342 1,533 386 1,141 0.586
Chip 12 22,077 7,351 3,596 1,447 449 1,859 0.489
Chip 13 21,524 7,502 3,775 1,542 415 1,770 0.503

SChip 14 22,000 5,826 1,439 1,791 847 1,749 0.246
Chip 15 17,621 11,911 6,579 2,598 582 2,152 0.552
Chip 16 20,545 6,030 2,626 1,611 416 1,377 0.435
Chip 17 20,550 5,534 1,645 1,769 633 1,487 0.297
Chip 18 20,546 14,229 3,279 4,264 2,268 4,418 0.23

• Chip 19 17,620 5,425 1,783 1,785 573 1,284 0.328
C. Chip 20 17,620 5,756 2,007 1,828 585 1,336 0.348

2Chip 21 17,616 5,503 2,013 1,758 517 1,215 0.365
SChip 22 17,621 11,600 5,087 2,678 840 2,995 0.438
• Chip 23 17,618 5,393 2,434 1,399 356 1,204 0.451

. ConventionalLy synthesized oligonucleotides
= Pood A 576 1,827 396 240 120 1,071 0.2160.

Pool a 2,000 6,751 1,792 1,189 645 3,125 0.265
Pool C 2,000 2,726 180 302 173 2,071 0.066
Pool D 1,440 3,851 695 529 305 2,322 0.18
Pool E 768 1,510 150 183 159 1,018 0.099
Pool F 576 1,889 313 426 224 926 0.165

0 Ollgeoucitides from the indicated sourcas were ampified by PCR and cloned into pSM2 (G.J.H., I. Silva, P.J.P., MAC, S Elledge 0. Sits et vi., data not shmw) for wewncig. The ceMOWdY
of each populatio is indicated. Infkrmative reads (Reads) were scored for perfect clones (Correct) or for clones with a single mismatch (1 Mm), two mismatcles (2 Ha) or mo then two
mismatches (> 2 Mm). An informative read is defined as a trace giving a sequence of sufficient quality for analysis (PIIRED score > 20 over the length of the insert). The success rate Is calculated as

the faction f pet dones from the total infrmative reads.

Table 2 presents data that tracks the second type of error, of 55.2%. To measure sampling error, we considered only the first
measuring the frequency with which we recovered individual 8,810 reads that unambiguously matched oligomnuleotides printed
oligonucleotide sequences as clones. To examine the data in the on the array so that our sampling rate was normalized with other
most consistent fashion, we examined the performance of each populations at -0.5x. Within those 8,810 reads, we expected that
pool when the sampling by sequencing had reached 0.5x. We 6,933 printed oligonucleotide sequences would be represented
scored all identifiable clones, defined as those with a sequence with (78% of 8,810). Instead, we found 4,780 printed sequences.
fewer than three mismatches to the target. Overall, pools made by An examination of the melting temperature (Tin) profile of the
both synthesis methods behaved similarly. Both sources of material recovered, perfect shRNAs showed that it largely reflected the
yielded clone populations that matched slightly fewer oligonuDcleo- Tm profile of the total library oligonucleotide population, although
tides than was expected from a Poisson distribution, indicating that there was a shift toward lower Tm for perfect clones (Fig. 2a).
there were inherent biases in either the synthesis or the amplifica- Similar results were obtained for conventional oligonucleotides
tion of each oligonucleotide population. With conventionally (Fig. 2b). These results suggested that the PCR and cloning
synthesized material the rate at which cloned oligonudeotides procedures used had a small preference for amplification of hair-
were recovered in a nonredundant fashion varied from 34% to pins with lower thermal stability. The difLfrence in T. between the
68%, whereas with array-synthesized material this varied from 51% perfect and expected clones represents a shift corresponding to
to 70%. At 0.5x sampling, -78% of reads were expected to approximately two additional G-C base pais. Furthermore, an
represent unique oligonucleotides. examination of the error profile of the sequences suggested that

To examine a single population as an example, consider chip 15 there exists a bias for errors within the stem regions (Fig, 2cod). This
(Tables 1 and 2). Of 11,911 informative reads, 6,579 perfectly same bias was seen irrespective of the source of the oligonucleo-
matched printed oligonucleotide sequences, giving an accuracy rate tides, with conventional and ink-jet samples giving similar results.
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Table 2 I Sampling of shRNA populations from Chip and conventional oligonucleotides

Source Complexity Reads Sampling rate Expected unique Actual unique Unique rate

In situ-synthesized oligonucleotides
Chip 1 19,253 9,626 0.499 7,575 6,821 0.708
Chip 2 19,230 9,615 0.5 7,566 5,617 0.584
Chip 4 19,245 9,622 0.499 7,572 6,439 0.669
Chip 5 19,251 9,625 0.499 7,574 5,756 0.598
Chip 6 19,234 9,617 0.5 7,567 5,694 0.592

S Chip 7 19,216 9,608 0.5 7,560 6,116 0.636
Chip 8 19,226 9,613 0.5 7,564 5,521 0.574
Chip 9 19,228 9,614 0.5 7,565 5,745 0.597
Chip 15 17,621 8,810 0.499 6,933 4,780 0.542
Chip 18 20,546 10,273 0.5 8,084 7,330 0.713
Chip 22 17,621 8,810 0.499 6,933 4,529 0.514

Conventionally synthesized otigonucdeotides

SPool A 576 288 0.5 226 197 0,684

Pool B 2,000 1,000 0.5 786 575 0.575
Pool C 2,000 1,000 0.5 786 489 0.489
Pool D 1,440 720 0.5 566 480 0.666
Pool E 768 384 0.5 302 235 0.611
Pool F 576 288 0.5 226 99 0.343

0. For al popuiations sampked at wor than 0.5x coverage, we determined the redundancy rate in the informative eads. So dtht each popiultion could be compaed. we restricted our amalss to
o saqanidng teads that comprised only O.Sx coverage& The actual and expected unique matches to printed otigonucieotides for each pooL acconding to a Poisson distribution, an given along with

the rate at which unique matches am obtained.

* The peaks of errors that are observed within the loop region do not hybridization. We printed and deaved a set of 18,723 unique
3 correspond to any regions of known structure. All represent 97-base oligonucleotides encoding shRNAs each spotted once on
a. adenine residues, however, potentially indicating some bias in the the array. We also designed four subset arrays, each containing

Schemical synthesis procedure. 5,152 of the 18,723 sequences, with each subset overlapping the
subsequent subset by -'600 sequences. We used a T7 promoter-

Array-based assessments of synthesis bias adapted PCR primer to amplify double-stranded templates for
S To assess the representation of the printed sequences in the in vitro transcription (MT), transcribed these templates in the

amplified oligonudeotide pools, we used standard microarray presence of amino allyl UTP and coupled the resulting NT0
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Fign 2 I Characterization of shRNA cloning from in situ oligonudeotides. (a,b) Tm profiles of 6
sequenced clones that perfectly matched the expected sequences (green) are compared with the Tm 5
profile of the entire Library (red) for ink-jet (a) or conventionally synthesized (b) oligonudeotides. The I

entire population of library oligonucleotides in a was 195,077 sequences compared with 15,519 correct
clones; in b the entire library was 1,995 sequences compared with 1,380 correct clones. T. values were
calculated according to Tumer' 2 . (cd) The nucdeotide positions of errors in incorrect sequences were 2
mapped in the shRNA template for ink-jet (C) or conventionally synthesized (d) oligonucleotides. The 1 - W,
stem and Loop regions of the template are indicated diagrammaticalty. Red, traces from human library 0 ____,_,___,_,__-_,_ ,_,
oligonudeotides, green, taces from mouse library oligonucLeotides. In c, 37,020 human and 9,829 0 10 20 30 40 SO 60 70 80
mouse Library traces were analyzed; in d, 2,772 human library traces were analyzed. Nucleotide position
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500 Figure 4 I The subset sequences gave unique signatures of bright-intensity

probes and showed the expected ovedap. The heat map shows the results
of two-dimensional clustering of logarithmic intensities of 17,552 good
probes, representing >98% of the 17,89 vabid probes (alcluding 825 total

GGGTTGGCTC-containing sequences) on the full set and subset cloning array
0. samples. Pink, bright-intensity probes; black, dim-inte"sity probes; white
-3-2.5 -2 -1.5 -1 -05 0 0.5 1 1,5 2 boxes, probes with expected overlap among the subset arrays. Note that the

( Log,, intensity probe intensity from each array is normallize by its computed threshold for
0representation so that a sequence is considered represented when its

Figure 3 I Histograms of the average intensity of the 18,723 probes when logarithmic intensity is > 0.
Shybridized to IVT products derived from the pool of the full-set of sequences

L. (top) and one representative subset of 5,152 sequences (bottom). Subset
arrays 1, 2 and 4 showed similar bimodal distributions, sequence of the set. For each subset array, the threshold for

a representation was set such that the sum of the false positive rate
Z and the false negative rate was minimized. The computed threshold
i products to Cy3 and Cy5 dyes. After coupling, we hybridized dye- essentially segments the bimodal probe intensity distribution into

labeled material to a 'diagnostic' microarray containing two groups, represented sequences and background (Fig. 3). The
60-mer probes of all 18,723 sequences, along with controls. To same approach can be extended to the full-set array to estimate the
minimize cross-hybridization, we eliminated the common primer number of sequences deemed represented, in which case the

f binding sites from the oligonucleotides on the diagnostic array. In representation threshold segments the full-set probes (represented)
W these shRNAs, up to three G-C base pairs in the stems were from the negative control probes (background).

converted to encode G-U base pairs in the expressed shRNAs28 . By this approach, labeled IVT products from the full-set of
This approach alleviates secondary structure at the DNA level and sequences hybridized to 18,686 (99.8%) of the 18,723 unique
increases stability during amplification, cloning and propagation in sequence probes. The collective data for the four subset oligonu-
bacteria. Newer shRNA designs, such as those used for the sequence cleotide pools revealed 390 sequences that overlapped in all four
analysis of shRNA populations described above, do not incorporate hybridization experiments. This overlap was not intended in the
this strategy, but the inclusion of G-U mismatches in the stem array design. On further inspection, it became apparent that
region should have no impact on the relative degree to which members of this set of sequences shared a highly conserved internal
cleaved populations represent the total pool of synthesized material. core of approximately ten consecutive bases (GGGT'TGGCI) that

We observed a single-mode distribution of hybridizing probes included the conserved shRNA loop structure (Supplementary
(high and low intensity) on the diagnostic microarray for the full- Fig. I online). These fortuitous stretches of sequence conservation
set pool and, as expected, bimodal distributions for the subset pools likely explain the cross-hybridization observed. Of the probes on
(Fig. 3). After subtraction of background hybridization using the microarray, 825 sequences contain the sequence GGGTTG-
negative controls on the microarray, the distributions were seg- GCTC from positions 27-36.
mented to estimate the probes with intensity above background as As a visual illustration of the coverage afforded by our library
follows. For hybridization to the subset pools, we used the data pools, we eliminated the 825 probes with the common core
from the subset detection arrays to calculate false positive and false sequence GGGTIGGCTC and studied only the 17,898 remaining
negative rates. A false positive for a subset array is a sequence valid probes. Using the segmentation method described earlier, we
determined to be represented in the hybridization but not included obtained 17,552 probes with hybridization intensity substantially
in the 5,152 sequences actually printed on the array from which the above background in at least one subset detection array (represent-
pool was derived. A false negative is a sequence that was not ing more than 98% of the 17,898 valid probes) and carried out a
represented in the hybridization, despite being an intended two-dimensional intensity clustering analysis of these probes. Each
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cleaved subset array gave a unique signature (Fig. 4). As expected, and material obtained by mixing populations of conventional
we observed small dusters of bright probes for each array that were oligonucleotides. Given the accuracy and flexibility of ink-jet
also bright for intended overlapping arrays (white boxes). With this oligonudeotide synthesis, it is likely that the approach described
approach, we obtained an average false positive rate of 6.15% and here will become an important method for constructing diverse
an average false negative rate of 1.99%. The higher, but still quite library-based tools for functional genomic studies.
low, false positive rate likely reflects a much smaller set of
redundant sequences that remains after removal of the 825 METHODS
GGGTlGGCTC-containing sequences (data not shown). Thus, Oligonucleotide design and microarray synthesis. For this doning
the true false positive rate probably approaches that of the false method, any microarray technology capable of in situ synthesis of

i negative rate. Considered together with the sample sequencing, oligonudeotides of the desired length for the application may be
these data suggest that pools of oligonudeotides cleaved from appropriate. For our studies, however, we primarily used and
microarrays are well represented. validated oligonudeotide microarrays printed at Agilent Techno-

logies using ink-jet technology as described previously' 5 with
DISCUSSION essentially no modifications to standard manufacturer's protocols.
Cost-effective approaches for cloning complex libraries of prede- Detailed methods for generating ink-jet microarrays can be found
fined nucleic acid sequences are very limited. Typically, if there is no in U.S. Patents numbered 6,419,883 and 6,028,189.

L natural source of the nucleic acid, oligonucleotides must be Sequences to be included in a library were designed such that
synthesized individually for engineering into the larger library. each was flanked by 5' and 3' common 14- to 18-base PCR primer

I This traditional approach is disadvantageous in several respects. recognition sites (Fig. ib). Before the oligonucleotides were
First, it is costly, which limits the number of sequences that can be harvested, quality control testing was performed using a functional

. included in the library. Second, the approach is labor intensive, as hybridization of representative arrays that were produced on the
each individual oligonucleotide must be manipulated for engineer- same manufactured glass substrates.

L. ing into the library. Even in cases where natural sources of nucleic
2 acid are available, cloning and manipulation of these might not Oligonucleotide cleavage with a photocleavable spacr Photo-
O produce ideally structured populations. Our data show that micro- cleavable spacer phosphoramidite (Glen Research) monomers
S array-based library cloning provides a rapid, cost-effective and were synthesized on a silanized 3 inch x 3 inch x 0.004 inch
S flexible approach for the generation of complex, uniformly dis- glass wafer with hydroxyl functionality. Silanization of glass
5 tributed libraries of defined oligonucleotides. surfaces for oligonucleotide applications has been described3 2

a. Ink-jet microarray synthesis has been optimized for production and silanes with various functionalities are commercially available
2 of oligonucleotides of 60 bases or fewer, and such standard arrays (Gelest). For these studies a 50.1 mixture of decyl trichlorosilane

will be suitable for many purposes. We have shown that we can use and 1 1-trichlorosilyl- I-undecene was used. All reaction steps and
Z ink-jet synthesis to produce very high-fidelity cloned populations reagent preparations were performed under nitrogen in a PLAS-

with oligonudeotides of up to 96 bases. Although arrays carrying LABS 830-ABC glove box (PLAS-LABS). One microliter of
oligonuceotides of this length are not standard reagents, we used anhydrous acetonitrile (Fisher Scientific) was added by syringe

0 these materials to provide a very stringent test for the performance injection to 100 jamol of freeze-dried photodeavable spacer
of array-synthesized oligonucleotides. We noted high fidelity and phosphoramidite to yield a 0.1 M solution. Next, 62 ml of

,only modest biases in the amplification of complex populations of anhydrous acetonitrile was added to 2 g of freeze-dried
highly structured templates. Overall, considering only the accuracy 5-ethylthiol-'H-tetrazole (Glen Research) to yield a 0.25 M solu-
of cloned populations, we consistently recovered 45-55% of clones tion for phosphoramidite activation. The solutions were vortexed
with perfect sequences. Also considering biases in amplified popu- briefly and allowed to equilibrate at room temperature for 30 min.
lations, 25-30% of all clones represent unique and perfect shRNAs. One milliliter of tetrazole solution was transferred by syringe to
Both the rates themselves and the importance of each metric will the photocleavable spacer solution, and the mixture was vortexed
vary with individual applications of the approach. For our specific for 10 s. Two silanized wafers were placed 'reactive side' up and
purpose, success rates in generating viable shRNA clones using ink- 2 ml of the active photodeavable spacer-tetrazole solution was
jet-synthesized oligonucleotides are sufficient to allow this method added to the surface of the first wafer. The second wafer was placed
to be used for the large-scale construction of both mixed and sandwich-like on top of the first, allowing the fluid to distribute
sequence verified libraries, as it does not substantially differ from uniformly between the surfaces. The wafers were incubated at
success rates observed in our previous efforts at library construction room temperature for 2 min, separated, placed in a Teflon rack
using conventionally synthesized material2s. and immersed in a bath of acetonitrile. The rack was agitated in

The creation of complex libraries by ink-jet DNA synthesis can the bath for 2 min to ensure complete rinsing of excess photo-
be applied to address numerous biological problems. For example, cleavable spacer and dried by centrifugation. Formation of the
this method would be ideal for generating libraries for antibody stable pentavalent phosphodiester and removal of the dimethox-
diversity studies, phage display, combinatorial peptide sequence ytrityl protecting group were carried out according to standard
generation, DNA binding site selection, promoter region analysis oligonucleotide synthesis proceduresl . Synthesis of oligonu-
and restriction enzyme site analysis. In each case, the necessary cleotides on photodeavable spacer-functionalized substrate was
oligonuceotide length, the requirement for sequence verification performed as described above.
and the arraying clones will vary. Accordingly, the cost savings For arrays synthesized with a photodeavable spacer, the oligo-
afforded by this technology will also vary. Overall, our data suggest nucleotides were cleaved in 1 ml of 25 mM Tris-buffer solution
a parity between the quality of ink-jet synthesized material (pH 7.4) by placing the array in almost direct contact with a UV
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irradiation source (WVM-57, UVP, Inc.; 302 nm wavelength) for 15 mrin at room temperature. Next, the samples were phenol/
20 min. The solution was transferred to a 1.5-mi microcentrifuge chloroform/isoamyl alcohol extracted and ethanol precipitated.
tube and speed vacuumed at 45 °C overnight. The final product was resuspended in 40 p1 of water.

Amino a"lyl UTP-incorporated cRNA was divided into aliquots
Oligonudeotide cleavage using ammonium hydroxide. To cleave in two 96-well plates (5 pg per reaction well). One plate for Cy3
ofigonucleotides synthesized without a photocleavable spacer, the NHS-ester coupling and one for Cy5 NHS-ester coupling were
microarrays were treated for 2 h with 2-3 ml of 35% NH4OH prepared (dyes were obtained from Amersham Biosciences).
solution (Fisher Scientific) at room temperature. The solution was Samples were reacted with the dyes, mixed for performance of
transferred to 1.5-mi microcentrifuge tubes and speed vacuum two-color ratio experiments and subsequently purified using
dried at 45 0C overnight. Micro Bio-Spin columns P-30 Tris (Bio-Rad Laboratories). Pur-

ified dye-labeled samples were then hybridized to the detection
PCR amplification of cleaved oligonudeotides. Dried material microarray for 24 h, washed, scanned on an Agilent Scanner and
containing oligonucleotides cleaved from each microarray was analyzed. Rosetta standard coupling and hybridization processes
resuspended in 250 01 of RNase- and DNase-free water. For the were employed as previously described's.
PCR template, a range of volumes (0.1-5.0 01) was tested to
determine the amount that gave the best yield with the lowest Note: Su paenentary injfomatn is a on the Nature M e .
incidence of nonspecific product. We carried out PCR amplifica- A•LKNowLEDGMENTS
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SRNA interference (RNAi) has become a methodology of choice for knocking down gene expression in a variety
of biological systems1' 2. The demonstration, in mammalian in vitro systems, of gene silencing using double-Jstranded RNA (dsRNA) products <30 base pairs (bp) in length has placed RNAi at the forefront of gene

Smanipulation techniques in somatic cells3-. Two types of dsRNA triggers are now commonly used to evoke
RNAi in mammalian cells: (i) chemically or in vitro-synthesized small interfering RNAs (SiRNU~s) 3,4 and (ii)

0.
=short hairpin RNAs (shRNAs) ejxpessed from RNA polymerase Ill promoters2. We and others have chosen to

(D explore the shRNAs for several reasons: first, the considerable cost of chemnically synthesized siRNAs; second,
chthe possibility of enforceable and stable expression of shRNAs; and third, the availability of applications of

Z expression constructs in primary cell types (for example, using retroviruses) and in whole organisms (for
S~example, in mouse). Wie have developed a system to drive expression of shRNAs by placing them under the
CLcontrol of the human RNA polymerase Il IU116 small nuclear RNA (snRNA) promoter, which normally controls

g! expression or small RNAs in cells. This system has now been demonstrated to be effective both in viuro2' 7-

= and in vivo transiently In moume", stably during hemnatopoiesisir and stably In the generation of transgenic
Z mice 1 ,'12. The pSlIAG-MAGIC2 (pSM2) cloning vector (Fig. 1) is roughly equivalent to pSHAG-MAGIC1

S(ref. 13) with a few notable exceptions. First, the new cloning strategy is based on the use of a single
Cdoligonucleotide that contains the hairpin and common 5' and 3' ends; as a PCR template (Fig. 2). That is, the

0 oligonucleotide itself serves as template and is amplified by PCR using universal primers that contain an Xhol

gnsite (within the 5 primer) and an EcodU site (within the 3' primer) to facilitate cloning (Fig. 3). The resulting
*PCR fragments are then cloned into the hairpin cloning site of the vector pSMA2, the clones are verified by

sequencing, and the construct Is introduced into the appropriate cell lines, where expression of the miR-
30-tled hairpins is driven by the human U6 promoter.

MATERIALS
REAGENTS
Amplification buffer (NEB; provided with Vent DNA polyrnerase) and Vent DNA polymerase (NEB)
CC-mielt PCIR reagent (Clontech; provided with Advantage-GC C R kit)
Dimethyl sulfoxide (DMSO;. Sigma)
dNTP solution (10 mMI)
Primer oligonucleotides (the sequences shown in Fig. 3 ) and Template oligonucleotide (as described in step 1: example in Fig. 2)
Phenol/chloroform. 1: 1 (vol/vol), and 10% chloroform
0.3 M sodium acetate (pH 4.8)
70% (vol/vol) ethanol
Clycogen carrier (Boehringer, Mannheim)
High-melting-temperature agarose (such as MetaPhor Agarose. Cambrex)
Class bead kit (such as Qiaexll gel extraction kit. Qiagen)
Restriction endonucleases &roRi and Xhol
PirPlus (PIRl) -competent bacteria (Open Biosystems) and selective antibiotics (chloramphenicol and kanamycin)
T4 DNA ligase (NEB, high-concentration ligase)
Vector: pSM2 (pShag Magic Version 2.0; Open Biosystems)

EQUIPMENT
Thermal cycler programmed with the desired amplification protocol
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DPROCEDURE
l 11 To generate the hairpin primer, select a

aligonucleotid 'sense' sequence(s) of 22 nucleotides (nt) in
length from the coding sequence of the gene
of interest for each clone to be constructed. Figure 11 Retroviral backbone of pSHAG-MAGIC2. The shRNA

Only coding sequences are targeted, and each expression cassette is carried in a validated murine stem cell virus
Ony shoudig beqchoen suchsar thatgite cotains e (MScV) backbone. The 5' and 3' flanks are derived from 125 bases
shRNA should be chosen such that it contains of sequence surrounding the human miR-30 miRNA. The pSM2
more than three mismatches to any other vector is a redesign of pSM1 that is more stable and less prone to

gene. Known single-nucleotide polymorphisms recombination. This vector can be used both for transient delivery

should be avoided, as should common eirons by transfection and for stable delivery using the replication-

targeted in alternatively spliced mRIAs. It is deficient retrovirus as a delivery method. The complete vector
sequence is available at www.cshl.org/public/SCIENCE/hannon.

recommended that you create at least 3-6 html and www.openbiosystems.com.

distinct shRNA clones for each gene to be
studied. The link to the hairpin generation program 'RNAi oligo retriever'can be found at www.cshl.org/
public/SCIENCE/hannon.html. Either accession numbers from GenBank or raw sequences or siRNA sequences
can be used to generate hairpin PCR primers.

21 Complete the design of the *wos*
template oligonucleotide by Cm A A A M" kOp

-. GUG A tfruot*incorporating miR-30 microRNA CG, OCCAC0G0 bAA CA Q

(miRNA) sequences (as DNA) into G QUA" c

the target sequence (see Fig. 2 for A *

guidance). Insert the miR-30 loop
sequence between the sense and the .A1 ArAM,(

antisense sequences and add the ( k Ii N'.A % %AA % iT q ;Gr4jA((Mi( ,t ' , , ..... '

appropriate flanking sequences of
miR-30 miRNA to the 5' end and the 3' Figure 2 I Design and sequence of a sample template. Above, the final,

preprocessed structure of the miR-30-styled shRNA, with derivations
end of the target. of each part of the sequence. Below, the corresponding oligonucleotide
Figure 2 shows the configuration of a DNA template sequence design derived from the oligonucleotide RNA.
sample template DNA oligonucleotide The sequences in red represents the flanking miR-30 sequences and
derived from the RNA oligonucleotide those in green the miR-30 loop structure. The sample sense- and

.ACRITICAL STEP antisense-selected target sequences are shown in black and in blue,
design. ITrespectively. The mir-30-styled shRNA is synthesized as a single-stranded

DNA oligonucleotide with common ends corresponding to part of the
31 Synthesize or order the template endogenous miR-30 miRNA flanking sequence. The flanking regions,
oligonucleotide designed in steps shown in red, are used as universal flanks to prime a reaction, whereby

1 and 2 and the 5' and 3' primer the entire miR-30-styled shRNA is amplified to produce a PCR product

oligonucleotides (Fig. 3). that may be cloned into pSM2.

Because very little primer is required
for the P•R reaction, these can be ordered at 0.5 pgmol scale from, for example, Sigma-Genosys. We find
purification of the oligonucleotides by polyacrylamide gel electrophoresis to be costly and unnecessary.

A41 Set up the amplification reaction (one for each short hairpin sequence to be tested).

oFor each 100-pI reaction:

lOx amplification buffer 10 l-l 3' primer (50 RM stock) 1 P1

DMSO 5 Iu1 Template oligonucleotide (100 ng/pl) 1 i•1

GC melt PCR reagent 5 pl Vent DNA polymerase 1 p1

dNTPs (10 mM stock) 2 g1 Water 74 p1

5' primer (50 p.M stock) 1 pi

Note that the GC-melt PCR reagent is available from Clontech only in the Advantage-GC PCR kit, not as an
individual reagent. This PCR kit, however, can be used for individual miR-30 shRNA cloning experiments with
reasonable success.
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PROTOCOL I

51 Amplify the nucleic acids according to the following program:

Cycle number Denaturation Annealing Polymerization Final
1 1minat94'C 30sat54°C 1 minat750 C

2-24 30sat 94 'C 30sat 54 'C 1 min at 75 *C
Last 30 s at 94 'C 30 s at 54 'C 11 min at 75 'C
Hold 4 'C thereafter

S

Times and temperatures may need to be adapted to suit the particular reaction conditions.E TROUBLESHOOTING

61 Analyze an aliquot of the amplification reaction by electrophoresis through a polyacrylamide gel, and
estimate the concentration and yield of the amplified target. The reaction should produce a single band
of 137 bp.

71 To purify the amplification product, iSOPCRiAO (W(pimamr):
extract the reaction once with an equal 5r-CAAAGGCTM AGAA4DGlrATATI4t' A l. i k( r! 14. • 4 q(;- 4.-I volume of phenol/chloroform and once
with an equal volume of chloroform. 5n-RCTAARr=co9 (3 I*uw):

I If using a column-based PCR cleanup kit,

make sure that the procedure is designed
, to capture products as small as 100 bp. Figure 3 1 Primer oligonucleotides for amplification. The universal

PCR primers shown here contain Xhol and Ecc4el cloning sites that
t b i oallow cloning into Xhol and EcoRl sites in the pSM2 miR-30 cloning81 Recover cassette. The portions of sequences in red represent the regions that are

3 ethanol in the presence of 0.3 M sodium complementary to the target shown in Figure 2.
I- acetate (pH 4.8) and wash the pellet in
£ 70% ethanol.

We recommend adding glycogen (at 50 gg/ml final concentration) carrier as a pellet marker.

91 Dissolve the pellet in 10 mM Tris (pH 7.6) or water and digest the amplification product with EcoRl Cloningothe
o and Xhol at 15-25 °C for 90 mmin.. 101 Purify the resulting fragment by electrophoresis through 2% high.:melting-temperature agarose,

I recover the DNA from the gel using the Qiaexl I glass bead gel purification kit, and resuspend the DNA in
20 [tl of 10 mM Tris (pH 7.8). The resulting fragment will be -114 bp.
Metaphor agarose gives excellent resolution for these separations but is not essential.

111 Prepare the vector DNA by digesting 2 gtg of pSM2 with EcoRl and Xhol, gel purify the linearized
plasmid and resuspend it in 2 0 gl of 10 mM Tris (pH 7.8).

121 Set up the ligation reaction, including 3-5 gtl of PCR product, 1 gil of the vector, and T4 DNA ligase,
in a 20-lfl reaction. Incubate the reaction at 15-25 'C for 10 m in to 2 h, as appropriate.

131 Transform 5-10 [il of the l igation reaction directly into P IR -competent bacteria and select for
growth in the presence of both chloramphenicol and kanamycin (each at a concentration of 25 gig/ml).
w TROUBLESHOOTING
ACRITICAL STEP

141 Select and verify by sequencing at least six CmR/KmR bacterial clones for each individual target Sequencm•ng ad
oligonucleotide when cloning individual shRNAs, or ensure at least threefold coverage when sequencing transformation
complex cloning pools (that is, 3-10,000 shRNAs). othesclone
The sequence of the U6 sequencing primer (beginning at -42 from the start of transcription) is shRNA
5'-GTAACTTGAAGTAWTCG-3'.
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I PROTOCOL

As a matter of practice, we only use sequence-verified shRNAs for biological experiments. We find that
the quality of oligonucleotide synthesis can vary considerably with regard to errors introduced during
synthesis.
u.TROUBLESHOOTI NG

151 Transform the verified clones into the cell lines of interest to test their ability to knock down gene
expression. The vector(s) may be transiently transfected into any commonly used cell line that also
expresses the gene of interest, or transiently transfected with the target gene into a cell line that does
not express the gene of interest.

161 Monitor expression of the target gene in the transfected cells by western or northern blotting or by
reverse transcriptase-PCR (RT-PCR).
ACRITICAL STEP

171 Identify the clones that produce the desired knockdown effect and proceed with stable expression
experiments to further analyze loss of gene expression.
ACRITICAL STEP

TROUBLESHOOTING TABLE

PROBLEM SOLUTION

Steps 5 and 14 The sequences of The biggest problem that we have encountered with this protocol is
selected clones do not always match the error frequency associated with PCR amplification. As it turns out,
the sequence of the template used in the oligonucleotides used as PCR templates are predicted to fold back
amplification and cloning. on themselves as single-stranded DNA hairpins and have relatively

high melting temperatures, often >75 'C. Therefore, we do notrecommend deviating from the protocol described above. We have now

successfully cloned and sequenced over 45,000 miR-30-styled hairpins
using this specific method.

Step 13 We sometimes obtain a high The pSHAG-MAGIC vectors were designed with two bacterial drug
background upon transformation of selection markers, one on the backbone of the vector (KmR) and one
the ligation reaction products into situated next to the hairpin expression cassette (CmR). To minimize
PI R1 -competent cells. background and ensure a successful short hairpin activated gene

silencing (SHAG), it is paramount that both markers be used in
transformation of PirPlus (PIR1) cells.

ACRITICAL STEPS
Step 2 The flanking regions of the template (Fig. 2; shown in red) are used as universal flanks for PCR
amplification. These 5 and 3 -125-nt flanks of the endogenous human miR-30 miRNA were modified
to contain Xhol and EcoRl sites, respectively (see www.open.biosystems for map and sequence). The
universal PCR primers (Fig. 3) contain Xhol and EcoRl cloning sites that allow cloning into Xhol and
EcoRI sites in the pSM2 miR-30 cloning cassette. The modified miR-30 context (Fig. 2) allows for
efficient processing of both the wild-type miR-30 miRNA sequence as well as miR-30-styled shRNAs
(data not shown; see also ref. 14).

Step 13 Ligation mixtures must be transformed into PIRl -competent bacteria. The pSM2 plasmid harbors
a conditional bacterial origin of replication that requires expression of the pirl gene to be rendered
functional.

Step 16 For small-scale applications using shRNAs (for example, knocking out a handful of genes), we
strongly recommend constructing 3-6 shRNAs per gene and carrying out a validation step before doing
the actual biological experiment. For example, we often will transiently transfect shRNA plasmids into
any commonly used cell line that also expresses the gene of interest and assay efficacy of the shRNA by
western blotting, northern blotting or RT-PCR. Alternately, the target gene can be introduced transiently
along with the shRNA and assayed in a cell type lacking endogenous expression. Western blots or RT-PCR
are good predictors of efficacy in these assays. We find a direct correlation between whether an shRNA
works well in transient assays and whether it works well when expressed stably (for example, from a
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retrovirus). In fact, we have been able to build an 'epiallelic' series by this method: a series of shRNAs
with different efficacies that give rise to phenotypes of corresponding severity. The correlation of
knockdown and phenotype appears to hold true from transient and stable experiments in vitro to stable
expression in vivog.

Step 17 One particular plasmid design will not suit all needs. The pSM2 vector therefore is constructed
so as to permit high-throughput, automated transfer of the inserted shRNAs between different vector
backbones. This feature will permit, for example, rapid migration of the library into other delivery
systems, such as lentiviruses and adenoviruses. It will also permit the design of customized delivery
vehicles suitable to each screening application.

COMMENTS
An interesting difference with RNAi in mammals is the apparent lack of amplification and transport of
the silencing trigger. In contrast to what occurs in Caenorhabditis elegans or in plants, mammalian RNAi
appears to produce a transient, cell-autonomous targeting effect. These triggers of RNAi in mammalian
cells have half-lives and, at least for the time being, must be fed continuously to the RNAi machinery to
maintain silencing. Because stable RNAi requires stable expression of the dsRNA trigger, we and others

Shave developed retroviral expression constructs that promote the stable expression of shRNAs2-9'12,15.
In the particular retroviral vector described in this protocol (pSM2), the shRNA cassette is placed
between the 5' long terminal repeat (LTR) and the drug-selection markers (Fig. 1), and the design of the
hairpin cassette incorporates sequences of the human miR-30 miRNA (Fig. 2). First, adding the miR-30

a. loop and 125 nt of miR-30 flanking sequence on either side of the hairpin results in more than tenfold
I greater Drosha and Dicer processing of the expressed hairpins, as compared to the old designs (RJ.P., D.
0 Siolas, A.M. Denli and G.J.H., unpublished observations; see refs. 14,16,17). Increased Drosha and Dicer
I processing translates into greater siRNA production and greater potency for expressed hairpins. Second,
"* by using the miRNA-30 designs, we can incorporate 'rule-based' designs for target sequence selection.
Z One such rule is the destabilization of the 5' end of the antisense strand, which results in strand-specific
a. incorporation of miRNAs into RISC18. Last, the miR-30 design offers more flexibility in applications

of gene silencing, as these sequences can also be expressed from RNA polymerase II promoters (for
example, cytomegalovirus) or even arrays of different hairpins in polycistronic transcripts (data not
shown; see ref. 19).

0 SOURCE
G.J Hannon is the editor of RAWi: A Guide to Gen Silencing (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York, USA, 2003).
This protocol is a new development of ideas discussed in that volume.
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RNA-interference-based functional genomics in mammalian cells:
reverse genetics coming of age
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Sequencing of complete genomes has provided researchers elicit an antiviral interferon response (Minks et al., 1979;
with a wealth of information to study genome organiza- Manche et al., 1992). Thus, RNAi technology could not
tion, genetic instability, and polymorphisms, as well as a be applied to mammals until the discovery that short
knowledge of all potentially expressed genes. The dsRNA duplexes, processed from long dsRNA into 21-
identification of all genes encoded in the human genome 28 cleavage fragments termed small interfering RNAs
opens the door for large-scale systematic gene silencing (siRNAs), were sufficient to trigger gene-specific silen-
using small interfering RNAs (siRNAs) and short hairpin cing upon transfection into mammalian cells (Elbashir
RNAs (shRNAs). With the recent development of siRNA et al., 2001; Harborth et al., 2001). However, the
and shRNA expression libraries, the application of RNAi silencing response to transfected siRNAs is transient,
technology to assign function to cancer genes and to lasting from 3 to 7 days depending upon the rate of cell
delineate molecular pathways in which these genes affect division making this approach unsuitable for analysis of
in normal and transformed cells, will contribute signifi- long-term effects of silencing. The search for a more
cantly to the knowledge necessary to develop new and also sustained silencing response has resulted in the devel-
improve existing cancer therapy. opment of an additional class of triggers, short hairpin
Oncogene (2004) 23, 8401-8409. doi:10.1038/sj.onc.1208176 RNAs (shRNAs), that can establish stable gene silen-

cing by continuously supplying the RNAi trigger (see
Keywords: RNAi; high throughput screening; func- for review Paddison and Hannon, 2002). Researchers
tional genomics; cancer; apoptosis; synthetic lethality are now using this technology to understand biological

mechanisms in both normal cells and in malignant ones,
one of the major goals being to unravel the mysteries of

Introduction transformation and to improve current cancer therapy.
Viewing cancer as a global epidemic of discrete

RNA interference (RNAi) is a conserved biological afflictions is a confounding oversimplification. Each
response discovered in the nematode Caenorhabditis cancer is a unique disease arising from multiple genetic
elegans, as a response to double-stranded RNA alterations, and the particular combination of genes
(dsRNA). Initially demonstrated by Mello and co- mutated in any given patient probably determines the
workers, who showed that injection of long dsRNA degree of malignancy and potential therapeutic vulner-
into C. elegans led to sequence-specific degradation of abilities of that individual's cancer. Improved preven-
the corresponding mRNAs, this silencing response has tion, diagnosis, and treatment of cancer in patients, will
been subsequently found in other eukaryotes from yeast require a detailed understanding of the specific mole-
(Neurospora crassa and Schizosaccharomyces pombe) to cular mechanisms that go away in specific cancers.
mammals (Fire et al., 1998; Hannon, 2002; Montgom- This understanding must be derived both from an
ery, 2004). Although knowledge of the biological examination of the cancerous cell itself and from an
mechanism of RNAi has grown exponentially over the investigation of the interactions between the cancer and
last few years, application of RNAi at the genome-wide its host. One of the ways in which these insights can be
level had to await the development of optimal techni- obtained is through functional genetic approaches in
ques of delivery. These were pioneered in model mammals.
organisms; for example, RNAi can be triggered by Traditionally, functional genetic studies are divided
soaking C. elegans (Tabara el al., 1998) and Drosophila into forward or reverse screens. In a typical forward
cells (Clemens et al., 2000) in a solution of dsRNA, or genetic study, genes are mutated at random. The
by feeding worms with Escherichia coti expressing gene- resulting changes in the phenotype of a cell or organism
specific dsRNAs (Timmons and Fire, 1998). In mam- are then attributed to the mutated genes and, by
malian cells, however, long dsRNAs (> 30 nucleotides) inference, to their protein products. After identification

of an abnormal phenotype, the mutations must be
*Correspondence: GJ Hannon, Cold Spring Harbor Laboratory, mapped, a process which is usually time-consuming and
Watson School of Biological Sciences, I Bungtown Road, Cold Spring not easily applicable to mammalian systems. Conver-
Harbor, NY 11724, USA; sely, reverse genetic approaches involve the disruption

E-mail: hannon@cshi.edu of a gene of interest, so as to determine its function and/
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or involvement in a pathway. Classical reverse genetic Geneservice). Given the availability of these powerful
approaches involve the creation of knockout cell lines or tools, there is a pressing need to discuss possible
organisms, and can be expensive, time-consuming and screening methodologies that are available for mamma-
unsuitable for genome-wide screens in mammals. Faster, lian systems and how such approaches compare to those
simpler and cheaper alternatives of attenuating gene available in more traditional genetic models. Such a
function in a sequence-specific manner have emerged in discussion is the purpose of this brief review.
the form of antisense technology, ribozymes and more
recently, RNAi (Figure 1).

To facilitate the use of RNAi in mammals, several
groups have constructed first-generation RNAi libraries Genetic screens in mammalian cells
of shRNA expression vectors. For example, we have
constructed a library comprising approximately 28 000 The ability to perform genetic screens has been
shRNA expression cassettes targeting 9610 human and popularized over the last 30 years primarily through
5563 mouse genes. The expression cassettes in our the use of model organisms such as bacteria (Shuman
collections are sequence-verified and contained within and Silhavy, 2003), yeast (Forsburg, 2001), worms
multifunctional vectors that can be packaged into (Jorgensen and Mango, 2002), and flies (St Johnston,
retroviruses, tracked in a mixed cell population by 2002). The demand for better tools to assign gene
means of a random 60-mer DNA 'barcode', and function has been made imperative by the advent of
shuttled into customized vectors through bacterial genomics, a field that within a few years has produced
mating (Paddison et al., 2004). Bernards and colleagues numerous monumental advances from the complete
have constructed a similar arrayed library with over- sequence of S. cerevisiae (Dujon et aL., 2004) to a draft
lapping functionality (Berns et al., 2004). Given sequence of the human genome. (Celera Genomics
advances in our understanding of the RNAi mechanism Project, 2001; International Human Genome Sequen-
over the last year, we have also constructed a second- cing Consortium, 2001). The availability of such copious
generation library that uses improved expression cas- sequence information has thrown into sharp relief the
settes and informatic tools for shRNA design. This need for versatile technologies for decoding gene
library is presently available to academic investigators function. Nowhere has this been more apparent than
through several sources (e.g., Open Biosystems, MRC in mammalian systems where only a few years ago the

existing approaches to functional genomics offered few
options. There have been isolated successes with over-
expression screens (Michiels et al., 2002; Huang et al.,

GENETCS 2004), insertional mutagenesis (Mikkers and Berns,
2003) and genome-wide two-hybrid studies (Chen and
Han, 2000). However, approaches for routine, loss-of-
function genetics on a large scale, particularly in

R cultured cells, were lacking.
S..... In principle, cultured mammalian cells have many of
S9 M the benefits associated with yeast as models for the study

- of eukaryotic cell genetics. Like yeast, they are amenable
to gene transfer in mass or individually, a variety of
selectable/detectable markers is available for establish-

Knotl otA ing expression of heterologous genes, constructs can be*hYmM. 1maintained extrachromosomally (transient) or stably
... integrated via viral vectors, and in almost all cases,

..s - F -w- different genetic lines can be established from mamma-
lian cell lines by cloning at limiting dilution. Addition-
ally, mammalian cell lines present important advantages
to yeast as models not only of cell genetics of higher
eukaryotes, but also of biological process that have an

Figna I The diagram shows a comparison between forward and impact at the organismal level. Accumulating data show
reverse genetics. A typical forward genetic study begins with the that many human and murine genes are not represented
generation of random mutants in order to produce a specific in yeast, and there are no true counterparts to cellular
phenotype. The next step is the identification of the genetic processes such as transformation, apoptosis, tissue-
alteration that originated the phenotype. in mammalian cells, the specific differentiation and some sig ng pathways in
time required to complete the study could be estimated betwee 6 spcfcdfentainndom sgalgpth ysn
months-I year. Classical reverse genetic involves the selective these lower eukaryotes (Aravind et al., 2001).
downregulation of a gene function. Although knockout techniques The technological shortfall in mammalian functional
produce the total abrogation of a protein by disruption of the two genomics has been, to a degree, met by recent advances
alleles of the genome, the time necessary to complete the process is toward the creation of routine RNAi-based tools for
also very long (6 months-I year). On the other hand, new
approaches that can achieve 90-95% of suppression of the gene gene silencing in cultured cells and in animals. The
expression like antisense, ribozymes or more recently RNAi are initial finding that siRNAs and encoded shRNAs could
more simple and a much faster alternative trigger gene silencing in mammals has been extended by

Oncogan.
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the combination of RNAi with viral and episomal scored in transfected microcolonies. Third, transduced
vectors that allow stable maintenance of silencing in pools of cells can be monitored in mass, via DNA
mammals (Paddison and Hannon, 2003). This has 'barcodes' contained within the shRNAs, by high-
reinvigorated and broadened interest in using mamma- density oligonucleotide microarrays for relative changes
lian cells for both forward and reverse genetic screens. in shRNA representation following application of a

There are a number of possible approaches to selective stimulus (Paddison et at., 2004; Berns et al.,
screening large collections of silencing triggers for their 2004). A variant of these methods involves long-term
effects on mammalian cells, and several of those will be selection for growth of colonies under specific condi-
discussed herein as examples of how RNAi libraries may tions. This is defined as a genetic selection rather than a
be applied to cancer-relevant biological problems in screen and will be discussed separately, below. Of
mammalian cells. Three screening modalities will be course, the distinction between genetic selection and
discussed. First, individual siRNAs or shRNAs can be genetic screen can be subject to interpretation, particu-
transfected and screened in multiwell format for larly as modern techniques (e.g. barcode arrays) are
activation or repression, of a reporter or activity in a mapped onto these longstanding definitions.
cell-based or biochemical assay (Somma et al., 2002;
Aza-Blanc et al., 2003; Brummelkamp et al., 2003; Transient screens (cell-based assays)
Boutros et al., 2004; Hsieh et al., 2004; Paddison et al.,
2004). In this format, individual genes are transiently In these types of assays, cells are plated for high
suppressed 'one-by-one' and analysis is carried out in a throughput studies, normally in 96- or 384-well plates,
high throughput manner using a robotic platform. and each individual well is transfected with a different
Second, cells can be infected with pools of shRNAs (at siRNA, shRNA or limited-complexity pool of triggers
MOI of 1.0), followed by selection of individual colonies (Figure 2). The transfection of the RNAi triggers is
that can be scored phenotypically for alterations that usually mediated by lipid-based reagents that allow for
result from the expression of a specific trigger (e.g., a high and reproducible transfection efficiencies on
morphological alteration). A variant of this procedure robotic platforms. An enormous variety of lipid-based
allows siRNAs or shRNAs to be delivered in situ via transfection agents are already available in the market,
'reverse transfection' with resulting phenotypes being and allow for transfection of siRNAs, plasmids, or both.

Figure 2 The graphic shows different possibilities for performing cell-ba~sed screens using RNAi. When combined with a simple cell
viability assay it can identify essential genes. Fluorescent and luminescent reporters that are activated by a specific pathway offer the
possibility to identify more detailed phenotypes. Additionally, classic immunofluorescence tehiues increase the number of
phenotypes that can be studied. The use of automated microscopy platforms allows the realization of high through put screens that can
identify even light morpholgia abnormalities. Finally, the adaptation of these screens to a miniaturized format will simplify
enormously the realization of these studies
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Selection of the transfection carrier depends on both the genes, also led to a functional linkage of genes like
cell type and the RNAi silencer being used, and their DOBI, MIRSA, GSK3a or SRP72 to the TRAIL-
efficiency should be tested empirically with both positive mediated response. Although this study was limited to
and negative controls. In addition to classical methods several hundred genes, it illustrates the potential of a
of transfection, a novel approach named 'reverse genome-wide RNAi analysis in mammals aimed at
transfection' has been recently described (Ziauddin identifying genes involved in cell growth and viability. A
and Sabatini, 2001). This technique is especially suitable similar study has been carried out in Drosophila cells by
for high throughput screens. A mixture of transfection Boutros et al. (2004), who identified 438 essential genes
reagent and nucleic acids is dispensed on a well of a by simple quantification of cell number after transfec-
tissue culture plate and dried for storage. The cells tion of individual dsRNAs to each of Drosophila's
plated on the transfection layer incorporate the lipid- predicted 20000 genes. Analogous assays can be
nucleic acid complexes, and after several hours, the designed by measuring parameters such as caspase
effect of the transfection can be examined, activation, ATP content, or cell membrane permeability.

A promising new technology that greatly expands the In all cases mentioned, the effect of the RNAi trigger
potential throughput of RNAi-based screens adapts the must extend to the vast majority of cells, so that loss of
reverse transfection method to a microarray-based viability in a subpopulation is not masked by unaffected
platform. Mammalian cells are plated on a glass slide cells. This limits the approach to cell lines that are very
spotted in defined locations with transfection mixtures easily transfected under the chosen cell culture condi-
containing different RNAi triggers (Kumar et al., 2003; tions. The great advantage of this assay is its simplicity.
Mousses et al., 2003; Silva et al., 2004). Cells growing on However, such approaches are not illuminating regard-
the printed areas take up the nucleic acids, creating ing precisely which biological pathway is affected to
spots of localized transfection within a lawn of elicit cell death.
nontransfected cells. Although theoretically this tech- More informative assays require that more specific
nology shows a great potential for genome-wide analysis phenotypes be examined. We and others have explored
(thousand of knockdowns can be analysed on a slide), the use of reporter systems in which the activity of a
there are still technical limitations to be overcome. For protein or cellular pathway is monitored by easily
instance, because of the small number of cells that are detectable changes in expression (or activity) of a
transfected (between 50 to a few hundred cells), transgene (luciferase, fluorescent proteins, CAT, fl-gal,
variability and sensitivity are parameters that may etc...). For example, Brummelkamp et al. (2003) used
compromise the results. Moreover, studies that require this strategy to study the family of ubiquitin-specific
long incubation times to reveal a phenotype may not be proteases (deubiquinating enzymes or DUBs). Post-
amenable to this approach. Most importantly, there translational modification by conjugation of ubiquitin
are thus far a limited number of cell lines that have moieties plays a major role in the control of protein half-
been reported to have transfection efficiencies high life and thus in their activity. Ubiquitin conjugating
enough to be used in this procedure, thus limiting its enzymes and DUBs mediate ubiquitination and deubi-
application. quitination, respectively, of cellular substrates. These

Once the approach for performing an RNAi screen families maintain the correct balance between how much
has been chosen and optimized, developing a phenotypic protein is driven to degradation and how much protein
assay is the next step. There are an almost unlimited is preserved. The authors designed a collection of RNA
number of strategies to identify the phenotype of interference vectors to suppress 50 human DUBs, and
interest. Initial genome-wide screens have examined a searched for those relevant to the NF-KB pathway. They
simple phenotype: cell proliferation versus cell death. cotransfected an NF-KB-luciferase reporter gene and
For instance, Aza-Blanc et al. (2003) described the different DUB knockdown vectors into human cells,
application of an RNAi-based genetic screen in maam- and measured the effect of DUB knockdown on tumor
malian cells toward understanding the biology and necrosis factor-at- (TNF-a) mediated activation of NF-
mechanism of TRAIL-induced apoptosis. TRAIL is a KB. Importantly, they found that RNAi targeting of the
TNF superfamily member that induces cytotoxicity in cylindromatosis tumor suppressor gene CYLD en-
tumor cells when bound to its cognate receptors. hanced the activation of an NF-KB reporter. Similarly,
Binding of TRAIL to specific death receptors (DR4 we have used a reporter approach to detect changes in
and DR5) induces apoptosis through recruitment of the activity of the multisubunit 26S proteosome, the
adaptor molecules, which results in the formation of the major nonlysosomal protease in eukaryotic cells, by
death-inducing signaling complex and the activation of using, as a readout, a green fluorescent protein
downstream apoptotic pathways. To identify genes that genetically modified to be a target for degradation by
modify cellular sensitivity to TRAIL-induced death, the the proteasome (Paddison et al., 2004). We tested an
authors screened a limited complexity siRNA library shRNA library of approximately 7000 constructs for the
using HeLa cells in the presence or absence of TRAIL. ability to block proteasome-mediated proteolysis, as
After an incubation period, cell viability was measured reflected by the accumulation of the modified fluorescent
by addition of a dye (Alamar Blue) that produces a protein. Our study revealed approximately 100 RNAi
fluorescent signal, which is reflective of the extent of constructs that increased the accumulation of the
cellular proliferation. Their screen, validated by the reporter out of which 22 corresponded to 15 known
identification of known apoptotic and anti-apoptotic proteasome subunits. This screen was conducted by
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cotransfection of the reporter and shRNA expression The aforementioned examples present a few of the
vector into cell plated in 96-well plates. However, we limitless possibilities that can be explored by combining
have obtained similar results using a screening protocol RNAi with assay systems that are limited only by the
in which RNAi was triggered in situ by reverse imagination of the investigator. However, many pheno-
transfection on microarrays (Silva et al., 2004). types require significant time to develop or assay or can

Although reporter constructs are a very convenient only be probed by reintroduction of cells into a tissue
approach for cell-based assays, appropriate reagents are setting.
not always easily available to assay interesting pheno-
types. In some cases, conventional techniques such asimmuoflorecene (I), avepreente a easble Genetic screens and selections with stable populationsimmunofluorescence (IF), have presented a feasible

alternative. In a proof of concept experiment, Hsieh The need for examining phenotypes that develop over a
et al. (2004) used this approach to identify inhibitors of time span that reaches from several days to several
the phosphatidylinositol-3-kinase(PI3K)/Akt signaling weeks has been addressed by the development of
pathway. Members of the P13K family are characterized methods for stably integrating shRNA expression
by their ability to phosphorylate the inositol ring Y-OH cassettes into the genome of target cells. In this mode,
group in inositol phospholipids, generating the second the shRNA expression library is most commonly
messenger phosphatidylinositol-3,4,5-triphosphate (PI- packaged into retroviruses, transduced into cells, and
3,4,5-P(3)). This compound in turn recruits Akt to the stable integrants selected such that each cell is targeted
inner cell membrane, where the kinase becomes phos- to carry, on average, one copy of the hairpin expression
phorylated and activated. Activated Akt modulates the cassette. There are several advantages to this approach
function of numerous substrates involved in the regula- over transiently transfected screens: The knockdown
tion of cell survival, cell cycle progression, and cellular effects can be monitored over extended periods, shRNA
growth. Hsieh et al. tested functionally a set of siRNAs expression is more normalized, thereby facilitating the
in a screen aimed at identifying negative regulators of screening of cells in pools, and finally, this approach is
the Akt phosphorylation. In this screen, upon siRNA very adaptable for high throughput studies.
transfection, modulation of the Akt phosphorylation Once a population of cells that stably expresses
was detected by IF staining with anti-phospho-Akt shRNAs is produced, two alternative approaches can be
(detecting Akt phosphorylation at S473). As expected, undertaken for assaying the consequences of gene knock-
the known Akt regulator PTEN scored positive in the down. Cells can be plated at low density to ascertain their
screen, validating this approach for cell-based RNAi phenotypic behavior through a positive selection. In this
studies. mode, only cells that have a specific characteristic such as

Some biological questions cannot be answered by the ability to proliferate under specific conditions (e.g.
examining changes in the intensity of a reporter or colony formation in soft agar, focus formation, insensi-
monitoring site-specific phosphorylation of a molecule. tivity to growth inhibitory cytokines, etc.) will be selected.
Instead, scoring a visible phenotype might be required to Following selection, individual colonies can be isolated
assay protein function. Such studies may be well suited and the identities of integrated shRNA cassettes deter-
for automated microscopy in which high-content images mined by sequencing. In an alternative approach, the fate
are automatically analysed by sophisticated image of shRNAs in a population of virally transduced cells can
processing software to determine phenotype. The study be monitored by adopting a DNA-barcoding strategy,
of genes involved in different aspects of cytokinesis which has been previously used in S. cerevisiae for
presents a clear example of such a process. As a proof- following complex populations of mutants by DNA
of-principle experiment, we knocked down the mitotic microarrays (Shoemaker et al., 1996).
motor protein Eg5, as cytokinesis defects in cells where The former approach has been well validated using
Eg5 function is inhibited are well established (Silva et al., both integrated and episomal cDNA libraries that cause
2004). Transfection mixtures contained a plasmid ectopic expression of certain genes and with antisense
encoding an c-tubulin GFP fusion protein and indivi- RNA libraries that can inhibit gene expression. With
dual shRNAs targeting Eg5. In this experiment, the shRNA libraries, a genetic selection was used by Berns
GFP fusion protein identifies the cells that have and colleagues to investigate components of the p53
been transfected, and also allows visualization of growth arrest pathway. These investigators used con-
microtubules. Microscopic analysis of the transfected ditionally immortalized primary human fibroblasts that
cells revealed a 'rosette' pattern characteristic of the undergo a senescence program upon reassertion of the
cells displaying loss of kinesin EgS5. Similar results p53 and Rb tumor suppressor pathways. These cells
were obtained by IF staining with anti-a-tubulin were screened using a library of 23703 shRNAs
antibodies. Using an analogous approach, Somma targeting 7914 different human genes (Berns et al.,
et al. (2002) present a nice example of molecular 2004) for constructs that allowed continued prolifera-
dissection of the cytokinesis pathway in Drosophila tion in face of reactivation of tumor suppressor
cells. Their phenotypic analysis identified genes required function. Using colony formation assays, and screening
for different aspects of cytokinesis, such as central 83 different populations of transduced cells, they
spindle formation, actin accumulation at the cell identified six genes, all in the p53 pathway and including
equator, contractile ring assembly or disassembly, and p53 itself, which when suppressed, conferred resistance
membrane behavior. to both pS3-dependent and pI9A*'-dependent prolifera-
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tion arrest and also abolished DNA damage-induced G 1 DNAs, one may essentially count (relatively speaking)
arrest by ionizing radiation. the number of cells that contain a specific shRNA

Aside from successful applications in yeast and phage, cassette. This is measured by hybridizing genomic PCR
the barcode strategy has not been formally validated as products containing the barcodes to custom microarrays
a mechanism to identify genes linked to specific that contain the complement of these sequences. By
phenotypes in mammalian cells. However, the potential comparing barcode representations from cell popula-
power of this strategy has made it a tantalizing and tions treated in different ways, one may simultaneously
irresistible possibility for applying complex RNAi assess the consequences of expressing a given individual
libraries. There are several approaches to the use of shRNA on the cell's response to the treatment (Figure 3).
molecular barcodes for tracking complex populations of If, for example, a particular shRNA provided resistance
RNAi triggers, and two have been exemplified in recent to a growth inhibitor stimulus, then the representation
publications describing shRNA libraries. One possibility of its associated barcode should be increased after
is to use the shRNA sequence itself as a barcode. treatment. If a given shRNA sensitized a population to a
Another is to link the shRNA sequence to an specific stress, then the relative abundance if its barcode
independent unique sequence within each vector, should diminish after the stress.
Irrespective of the barcoding strategy, the underlying Despite the enormous promise of this approach, there
concept is that by PCR amplification of integrated are certain considerations that must be taken into

Transfection
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Figure 3 Sample protocol that illustrates a typical RNAi screen in a stably selected population. ShRNAs libraries are packaged into
viruses, which are used to infect a target cell population. The populations are then divided into treatment groups, which are subjected
to selection according to the experimental setting. After the desired time, DNA is extracted from each sample group and assayed for
the presence of DNA barcodes by PCR. One of the PCR primers harbors a T7 RNA polymerase promoter sequence that allows for in
vitro transcription of single-stranded RNA that is subsequently hybridized to an array containing the complement of the barcode
sequences in the entire shRNA library. Comparison between the hybridization patterns of different treatment groups allows for the
identification of shRNAs represented in each selected group
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account when designing a barcode-based RNAi screen. Given solutions of the aforementioned technical
The first is the potential noise associated with simulta- barriers, there are a number of ways in which barcode
neous analysis of complex populations by any given microarrays can be applied to RNAi-based screens. The
procedure. The second is the intrinsic noise produced by simplest is to use barcode arrays rather than analysis of
the chosen biological system. individual colonies to examine populations that have

Noise in the technical procedure used to measure been positively selected following application of a stress.
barcode dynamics is easily defined and readily con- More complicated and fraught with difficulty is the use
trolled. First, the PCR procedure used to amplify of barcodes to identify shRNAs that sensitize cells to a
barcodes from the genome of infected populations must treatment or genetic lesion in a so-called synthetic lethal
accurately reflect the relative proportions of individual experiment.
members of the population. This is aided by the use of
common primers for the amplification of each barcode Synthetic-lethal screens
sequence. Additionally, amplification should be kept in
the linear range, which can be easily measured using a A synthetic lethal interaction is defined by a situation in
modification of a Q-PCR protocol. Remaining variables which two nonessential genes become essential when
are applicable to any microarray procedures and include mutated in combination in the same cell (Basson et at.,
variation in labeling and hybridization. These are 1987; Bender and Pringle, 1991). Such an interaction
discussed in any of a number of published guides to implies that two genes lie in discrete pathways that
microarray methodologies (for example, Churchill, normally compensate, each for the loss of the other.
2002; Chuaqui et al., 2002; Forster et al., 2003). One When both pathways are lost, death occurs because of a
source of potential problems, though not necessarily of catastrophic loss of a specific biological process. In
noise, is the relative performance of individual probes principle, a similar genetic interaction could also occur
on the arrays. At present, irrespective of the particular when multiple hypomorphic mutations in the same
barcode strategy, none of the sequences being used for pathway reduce flux through that pathway to levels that
barcoding is specifically designed as a hybridization are not tolerated by a cell. Carrying out synthetic lethal
probe. While future advances may change this fact, it screens in genetically tractable models such as yeast or
must be accepted that at present, some probes will C. elegans is relatively straightforward. However, the
simply perform poorly, giving weak signals irrespective development of this technology in mammalian cells is
of their frequency in the population. Thus far, we have much less straightforward. In theory, genome-wide
demonstrated the validity of the technical approach to RNAi libraries offer a route toward this powerful
barcode amplification from the genomes of infected cells method for detecting genetic interactions.
using populations with complexities reaching 20 000 The ability to detect cell extinction events on a large-
individual elements. scale is key to realizing the use of RNAi in genome-wide

Noise can also be introduced into the system from the screens for synthetic lethal interactions. There are
biological components of the assay. Of principal several ways to accomplish this goal, including the use
concern in an outgrowth experiment is whether the of highly parallel screens in which the effects of
genetic drift (Glass, 1954) of the population introduces individual constructs are examined in multiwell dishes.
random variation into the relative frequency of each In that mode, the successful identification of synthetic
shRNA clone irrespective of its specific biological lethal interactions depends heavily on a combination of
function. Simulation studies suggest that such drift is the timing of the event and achieving the appropriate
most pronounced as complexity rises and population cell plating density to enable measurement of growth
size falls. This leads to each member of the population inhibition. A more convenient way to approach the
being represented in relatively few cells. As the popula- problem would be through the use of the DNA barcode
tion proliferates and is stressed by propagation in strategy to follow loss of cell populations expressing
culture, certain elements of the population may be lost. certain shRNAs. In theory, the underlying methodology
For example, most cell lines, split by trypsinization, do is straightforward. Cells of two discrete genotypes could
not have a 100% plating efficiency. Thus each passage be engineered with an shRNA library and then the two
creates a random sample of the total population. If each populations could be compared following some period
shRNA is present in only a few cells, there is a relatively of outgrowth. A slightly more sophisticated version
high probability that some shRNAs will be lost at each would use a single engineered cell population carrying a
sampling. A second problem is that cell lines are not conditional allele of the target gene. This could be
completely uniform at the level of the individual cell. generated either by conventional means or through the
Thus, each cell within the cell line may have a different introduction into part of the population of a target-
probability of doubling for each doubling of the specific siRNA. Confounding such approaches is the
population as a whole. This can also contribute to the incomplete expressivity of shRNA-mediated silencing.
loss or amplification of shRNAs over time. We find that Even an effective shRNA will not silence its target to the
both of these problems can be solved to a large degree same degree in all cells harboring the shRNA expression
by insuring that each shRNA in the population is cassette. This is due both to position effects on the
represented in a large number of cells, as is predicted by integrated cassettes and to the propensity to select for
population genetics simulations (Sachidanamdan et al., cells that have silenced or altered expression cassettes that
unpublished), encode deleterious genes. These problems effectively set a
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background that might mitigate against detection of pathway as a method for genetic manipulation of
lethal interactions because of an insufficient power in the mammalian cells and animals. Last year, with the report
system to detect relatively minor shifts in populations. of several efforts to construct genome-wide libraries of
As an example, imagine that 70% of cells infected with a siRNAs and shRNAs for multiple mammalian models,
given shRNA virus show a synthetic lethality in we have entered a new era in which the application of
combination with p53 loss. This would translate into powerful genetic approaches can be used both in vivo
the ability to see only an ~3-fold change in the and in vitro to deepen our understanding of the cancer
representation of that shRNA on a barcode microarray, cell and to identify and validate potential new
which is probably at the edge of what can be confidently approaches to cancer therapy.
detected. Therefore, our challenge in moving toward the
goal of genome-wide synthetic lethal analysis is to
increase both the quality of our RNAi reagents and the Acknowledgements
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Summary

Tumorigenesis is a multistep process characterized by a myriad of genetic and epigenetic

alterations. Identifying the causal perturbations that confer malignant transformation is a

central goal in cancer biology. Here we report an RNAi-based genetic screen for genes

that suppress transformation of human mammary epithelial cells. We identified genes

previously implicated in proliferative control and epithelial cell function including two

established tumor suppressors, TGFBR2 and PTEN. In addition, we uncovered a

previously unrecognized tumor suppressor role for REST/NRSF, a transcriptional

repressor of neuronal gene expression. Array-CGH analysis identified REST as a

frequent target of deletion in colorectal cancer. Furthermore, we detect a frameshift

mutation of the REST gene in colorectal cancer cells that encodes a dominantly acting

truncation capable of transforming epithelial cells. Cells lacking REST exhibit increased

PI(3)K signaling and are dependent upon this pathway for their transformed phenotype.

These results implicate REST as a human tumor suppressor and provide a novel approach

to identifying candidate genes that suppress the development of human cancer.
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Introduction

The evolution of human cells into malignant derivatives is driven by the aberrant

function of genes that positively and negatively regulate various aspects of the cancer

phenotype, including altered responses to mitogenic and cytostatic signals, resistance to

programmed cell death, immortalization, neoangiogenesis, and invasion and metastasis

(Hanahan and Weinberg, 2000). The integrity of these gene functions is compromised by

substantial genetic and epigenetic alterations observed in most cancer cell genomes. To

understand the tumorigenic process, it is imperative to identify and characterize the genes

that provide tumor cells with the capabilities requisite for their initiation and progression.

However, the identities of those genes that contribute to the tumor phenotype are often

concealed by the frequent alterations in genes that play no role in tumorigenesis.

Identifying genes that restrain tumorigenesis (tumor suppressors) has proven

especially challenging due to their recessive nature. Further complicating their discovery

are the multifaceted mechanisms by which tumor suppressor genes are inactivated

including changes in copy number and structure, point mutations, and epigenetic

alterations (Balmain et al., 2003). Moreover, the mechanisms by which tumor suppressor

genes are inhibited may vary between tumors. With this in mind, a variety of molecular

and cytogenetic technologies have been used to establish extensive catalogs of genetic

alterations within human cancers (Albertson et al., 2003; Futreal et al., 2004). And while

it is generally accepted that highly recurrent aberrations signify changes that are

important for tumor development, the causal perturbations underlying tumor genesis are

often confounded by the extensive size of alterations and the large number that are
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incidental to the tumor phenotypes. As such, new strategies to delineate genes with

functional relevance to tumor initiation and development are essential to understanding

these processes.

One approach to this problem involves the use of in vitro models of human cell

transformation. In such models, primary cells are transformed into tumorigenic

derivatives by the coexpression of cooperating oncogenes (Elenbaas et al., 2001; Hahn et

al., 1999; Zhao et al., 2004). These experimental models have been useful in delineating

the minimum genetic perturbations required for transformation of various human cell

types as well as evaluating the functional cooperation between a gene of interest and a

defined genetic context. To date, these models of human cell transformation have

incorporated genes already implicated in human tumorigenesis. However, such models

also provide a potentially useful platform for the identification of new pathways that

contribute to the transformed phenotype.

The emergence of RNA interference (RNAi) as a mechanism to silence gene

expression has enabled loss-of-function analysis in mammalian cells in a potentially

genome-wide manner (Berns et al., 2004; Paddison et al., 2004). We have utilized such

an RNAi-based, forward genetic approach to identify genes that suppress oncogenic

transformation in a defined human mammary epithelial cell model. We identified

approximately 25 potential suppressors of epithelial cell transformation (SECT) genes

that represent candidate tumor suppressors. Several are associated with known cancer-

relevant pathways including Ras, PI(3)K and TGF-P3 signaling. In addition, we provide

evidence that one of these candidates, the transcriptional repressor REST/NRSF, plays a
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previously unappreciated role in tumor suppression. These findings support the utility of

this novel approach to the identification of cancer relevant genes.

Results

RNAi Screen for Suppressors of Epithelial Cell Transformation

Recently, several cell culture models of human cell transformation have been described

in which primary human cells are engineered to express combinations of dominantly-

acting cellular and viral oncogenes and subsequently measured for anchorage-

independent proliferation, an in vitro hallmark of transformation (Elenbaas et al., 2001;

Hahn et al., 1999; Zhao et al., 2004). We sought to identify short-hairpin RNAs

(shRNAs) that cooperate within the context of such a model. As >80% of cancers arise

from epithelial tissues (AmericanCancerSociety, 2000), we chose to examine cells

derived from human mammary epithelial cells (HMECs) to increase the probability of

finding genes with relevance to epithelial cancers. The cells utilized for this screen

(referred to as TLM-HMECs) were created by sequentially introducing the human

telomerase catalytic subunit (hTERT) and the Large T antigen (LT) of SV40 into HMECs

(Zhao et al., 2003). In addition, these cells exhibit elevated expression of the endogenous

c-myc gene resulting from extended culture in vitro (Wang et al., 2000). Important to the

efficacy of this screen, these cells do not proliferate in the absence of extracellular matrix

(<I colony in 104 ; Figure 1 B, left panel) (Zhao et al., 2003). Recent experiments have

demonstrated that hyper-activation of the PI(3)K pathway by ectopic expression of a

PI(3)K mutant endows these cells with the ability to proliferate in an anchorage-
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independent manner (Zhao et al., 2003), suggesting that TLM-HMECs are susceptible to

transformation by a single genetic event. However, since recent evidence suggests that

over-expressed oncogenes can confer different biological effects than oncogenes

expressed at endogenous levels (Guerra et al., 2003; Tuveson et al., 2004), we sought to

determine whether disruption of endogenous PI(3)K regulation is sufficient to elicit

transformation. To this end, an shRNA directed against the PTEN tumor suppressor was

introduced into TLM-HMECs by retroviral-mediated gene transfer. PTEN catalyzes the

removal of the 3-position phosphate from Ptdlns(3,4,5)P 3 and is a well-characterized

antagonist of PI(3)K-dependent signals (Vivanco and Sawyers, 2002). PTEN-specific

shRNA significantly reduced PTEN expression (Figure I A). Importantly, reduced PTEN

expression conferred robust anchorage-independent proliferation to a level similar to an

activated mutant of PI(3)K (myr-pl 10x) (Figure 1 B, right panel), thereby validating that

RNAi-mediated loss-of-function of this tumor suppressor is capable of transforming

TLM-HMECs.

To identify endogenous suppressors of epithelial cell transformation (SECT)

genes (Figure IC), we infected TLM-HMECs with a retroviral shRNA library we

previously constructed in pSMl (Paddison et al., 2004). This library consists of 28,000

sequence-verified shRNAs targeting -9,000 genes, with each shRNA linked to a unique

60-nucleotide sequence (DNA "barcode"). These molecular barcodes can be used to

monitor relative frequencies of individual shRNAs in complex populations via

microarray technology (Hensel et al., 1995). TLM-HMECs infected with a control

retrovirus or pSMl-library were assessed for anchorage-independent proliferation (Figure

1C). Only cells infected with the pSM I -library exhibited formation of macroscopic
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colonies in semisolid media (Figure 1 D, top panels), indicating the presence of shRNAs

that transform TLM-HMECs. Approximately 100 anchorage-independent clones were

pooled and analyzed for the enrichment of barcodes linked to the individual shRNAs

(Figure ID, bottom panel). To support the results from the hybridization studies, we

sequenced approximately 200 individual anchorage-independent clones isolated from

pSM I -transductants (including 70 colonies used for the barcode microarray

hybridization). Sequencing of the proviral shRNAs from these colonies identified

twenty-five unique shRNAs. Importantly, these approaches yielded similar results, with

18 of the 25 genes revealed by sequencing of individual clones also identified by barcode

microarray analysis (Table S 1). This is the first application of the barcode approach in a

mammalian screen, and the high correspondence of identities with the sequenced clones

indicates that such an approach harbors promise in more complex experimental designs.

Most of the shRNAs identified in this screen target genes known or predicted to

function in signal transduction or transcriptional regulation (Table 1), consistent with the

role of these gene classes in regulating complex cell behaviors. While the majority of

these genes have not been directly examined for their relationship to cancer pathogenesis,

several are implicated in the regulation of cancer-relevant pathways. Notably, we

identified an shRNA targeting CAPRI (RASA4), a calcium-sensing Ras GTPase

Activating Protein (Ras-GAP) previously shown to inhibit Ras-dependent signaling

(Lockyer et al., 2001). This is consistent with the ability of a constitutively-active Ras

mutant to transform TLM-HMECs (J.Z. and T.R., unpublished observations). 8-catenin

(CTNND2) and K-cadherin (CDH6) were also isolated (Table 1), suggesting a potential

role for adherens junctions in preventing epithelial cell transformation. Strikingly, the
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type-II receptor for Transforming Growth Factor-J (TGF-[) was also identified, thus

implicating the TGF-P tumor suppressor pathway in the control of epithelial cell

transformation (see below).

The vast majority (90%) of colonies analyzed in this screen represented shRNAs

directed against eight genes (unshaded in Table 1). Therefore, we focused our

subsequent investigations on the gene targets of these frequently isolated and potentially

more penetrant shRNAs. In order to validate putative gene targets, we assessed the

transforming potential of shRNAs targeting different regions of each candidate. Parental

TLM-HMECs were transduced with shRNA-encoding retroviruses and measured for

anchorage-independent proliferation. Importantly, for five of six candidate genes tested,

two shRNAs transformed TLM cells (Figure 1 E, Figure 2B, and data not shown),

indicating that the observed phenotype was most likely attributable to reduced function of

the intended target and not caused by off-target effects. In contrast, two independent

shRNAs directed against the pseudogene VDAC2P did not recapitulate transforming

potential of the library-derived VDAC2P-shRNA (data not shown), implying that these

shRNAs did not alter VDAC2P expression or that the library-derived shRNA targeted the

expression of other genes underlying the transformed phenotype. Consistent with the

latter hypothesis, VDAC2P expression was undetectable in TLM-HMECs (data not

shown).

Endogenous TGF-P3 Signaling Suppresses Cellular Transformation

As negative regulators of oncogenic transformation, genes isolated in this screen

may represent candidate tumor suppressor genes or impinge upon pathways critical to the
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genesis of cancer. Notably, this approach identified the Transforming Growth Factor-J3

Receptor II (TGF-PRII) as a regulator of transformation (Table 1). Observations in

mouse models and in human tumors indicate that the TGF-PRII (as well as several

components of TGF-P signaling) is a potent tumor suppressor in numerous tissues

including the mammary and colonic epithelia (Derynck et al., 2001; Siegel and

Massague, 2003). The TGF-P3 pathway is a potent inhibitor of epithelial cell

proliferation, but has not been previously implicated in regulating oncogenic

transformation in vitro. To verify the role of TGF-P3RII in suppression of transformation.

two retroviral-encoded shRNAs targeting independent sequences within TGF-fIRII were

introduced into TLM-HMECs. These shRNAs reduced TGF-PRII expression levels and

impaired phosphorylation of SMAD2, a substrate and transducer of endogenous TGF-f3

receptor signaling (Figure 2A). Importantly, TGF-3RII-targeted shRNAs also elicited

robust anchorage-independent proliferation in TLM cells (Figure 2B), thus validating the

identification of TGF-PRII in our screen. Reduced TGF-P signaling did not alter

proliferation on an adhesive cell culture surface (Figure 2C), suggesting that loss of

extracellular matrix (ECM) interactions may induce TGF-3 signaling or alter the

threshold of endogenous TGF-P signaling necessary to elicit a cytostatic response.

To further examine the role of endogenous TGF-fP signaling in restraining cell

transformation, we inhibited TGF-[ signal transduction by alternative mechanisms and

assessed the consequences on anchorage-independent proliferation. TLM-tHMECs were

transduced with retroviruses encoding a previously characterized dominant-negative

mutant of TGF-P3RII or SMAD7, a negative regulator of TGF-13 receptor signaling
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(Siegel and Massague, 2003). Expression of either cDNA conferred growth in semisolid

media (Figure 2D), indicating that the transforming capacity of TGF-3RII shRNAs is not

an RNAi-specific phenomenon. Conversely, ectopic activation of TGF-f3 signaling by a

constitutively active mutant of TGF-P3RI (T204D) was able to restrain anchorage-

independent proliferation elicited by PTEN knockdown (Figure 2E), suggesting a genetic

interaction between PI(3)K and TGF-3 signaling in the context of cell transformation.

This observation is interesting in light of evidence from several systems demonstrating

that TGF-P3 and PI(3)K signals are integrated at multiple levels to regulate survival and

proliferation (Conery et al., 2004; Remy et al., 2004; Seoane et al., 2004). Further

investigation is required to determine the functional nodes through which these two

pathways interact during HMEC transformation.

Inactivation of REST in Human Tumors

Consistent with a role in suppressing oncogenic transformation, four of the SECT

genes we identified in the screen or initial experiments are either established tumor

suppressors (TGF-P3RII and PTEN) or regulators of cancer-relevant signaling machinery

including the Ras proto-oncogene (RASA4) and cadherin complexes (CTNND2).

Therefore, it is probable that other genes identified in our screen also represent candidate

tumor suppressors and may be found altered in tumors. A hallmark of tumor suppressor

loci is their high frequency of loss of heterozygosity (LOH) in tumors. Consequently, we

examined whether our candidate genes reside in genetic loci targeted for such

chromosomal aberrations in human tumors. Array-based comparative genomic

hybridization (aCGH) has evolved into a high-throughput method for cataloguing such
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copy number aberrations (CNAs) with high resolution. To this end, aCGH has been

successfully utilized to characterize genomic alterations in the context of pancreatic

adenocarcinoma(Aguirre et al., 2004), and more recently used to define CNAs in a large

collection of human colon tumors and cell lines (Martin/DePinho, manuscript in

preparation). As described(Aguirre et al., 2004), overlapping CNAs from individual

colon tumor samples and tumor-derived cell lines were used to define minimal common

regions (MCRs) of loss or gain. These discrete MCRs were further prioritized based on

parameters of confidence and significance including: (1) recurrence in multiple

independent samples, (2) high Log 2 ratio of change (e.g. depth of deletion), (3) focal

nature (e.g. MCR < 2.0Mb), and (4) MCR encompassing no more than 5 annotated genes

(Aguirre et al., 2004). From this analysis, nine high-confidence MCRs of recurrent focal

deletions were identified within the colon cancer genome, in sum representing only 34

annotated genes (Figure 3A). Consistent with its role in the pathogenesis of human

cancers (Ruas and Peters, 1998), the p l16 INK4A tumor suppressor was present within one of

these focal deletions (Figure 3A).

Remarkably, without a priori knowledge of the candidate genes listed in Table 1.

this genomic approach identified high-confidence MCRs that included two highly

penetrant candidates from our RNAi screen: TGFBR2 and REST (Figure 3A). RE I-

Silencing Transcription Factor (REST)/ Neuron Restrictive Silencing Factor (NRSF) is a

transcriptional regulator best characterized for its role in repressing neuronal genes

including neurotrophins and cell-adhesion molecules in non-neuronal tissues (Chong et

al., 1995; Schoenherr and Anderson, 1995). Intriguingly, a variety of human tumors

including those arising in breast, ovary, and lung activate expression of neuron-specific
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genes. In some instances, the inappropriate expression of these neural genes elicits an

autoimmune response that culminates in neurological disorders, collectively known as

paraneoplastic neurologic degenerations (PND; see discussion) (Albert and Darnell,

2004). Such aberrant neural gene expression suggests that these cancers harbor defects in

regulators of neuronal programs. Consequently, we investigated a potential role for

REST in human tumor suppression. Deletions of varying size encompassing the REST

locus on chromosome 4 were detected in a significant proportion of tumors, with

evidence of genetic loss in 14 of 42 primary tumors and in 13 of 38 cell lines (Figure 3C),

suggesting that chromosomal deletions targeting the REST locus are a frequent event in

colon cancer. Importantly, microdeletions encompassing the REST gene were detected in

a primary tumor specimen (CRC_ 19T) and a colon cancer cell line (LS 123), thus

defining a minimal common region. This MCR (Figure 3B, top panels) encompasses

only five known genes, with the REST gene residing at the peak amplitude of each of

these focal deletions (Figure 3B, bottom panels). Collectively, the unbiased identification

of REST as a target of recurrent microdeletions as well as frequent larger deletions

strongly suggest that REST is targeted for inactivation during colon cancer pathogenesis.

REST is widely expressed throughout non-neuronal tissues including the colonic

epithelium (Supplemental Figure 1) (Chong et al., 1995; Schoenherr and Anderson,

1995). The above results suggest that loss of REST expression may confer a selective

advantage during the evolution of tumor cells. This hypothesis predicts that cells with

defective REST function may be sensitive to reconstitution of REST. We examined this

prediction by ectopically expressing REST in colon cancer cells that have lost (SW1417)

or retain (SW620) endogenous REST expression (Figure 4A). Exogenous REST

12



expression elicited a mild decrease in the proliferation of SW620 colon cancer cells

(Figure 4B). In contrast, ectopic REST expression significantly reduced colony

formation in SW1417 cells (>50-fold; Figure 4B), indicating that these cells are highly

dependent on the absence of REST for their proliferation in vitro. Coupled with the

function of REST in suppressing epithelial cell transformation (Figure 1 E), these data

strongly support a role for REST in tumor suppression.

In order to establish a more causal relationship between disruption of REST

function and tumorigenesis, we analyzed primary colon tumors and colon tumor cell lines

for the presence of mutations within the REST coding region. We sequenced exons 2-4

of the REST gene in a total of 86 colon cancers (48 tumors and 38 cell lines). We

identified a single-nucleotide deletion within REST exon 4 of cells derived from a

colorectal adenocarcinoma (DLD-1)(Figure 4A). This frameshift mutation results in a

premature termination in the center of the coding sequence, yielding a protein with a

predicted size of approximately 85kDa. This frameshift mutant, referred to as REST-FS,

was detected by N-terminal REST antibodies in lysates from DLD- I cells but not that of

other colon cancer cell lines (Figure 4B, top panel). To confirm this, the frameshift

mutation was engineered into a Flag-tagged REST cDNA and stably introduced into

cells. Expression of an 85kDa protein was detected using REST- (Figure 4B, bottom

panel) and FLAG-specific antibodies (Figure 4C, top panel).

Tumor cells harboring this frameshift mutation also encoded and expressed a

wild-type REST allele (data not shown). Unfortunately, the primary tumor from which

these cells were derived is not available, preventing analysis to determine whether the

frameshift mutation occurred in vivo. However, we hypothesized if expression of REST-
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FS was important to the genesis of this cancer, the mutant allele should exhibit dominant-

negative activity. REST-FS lacks the C-terminal repressor domain that interacts with

CoREST, a corepressor molecule that mediates transcriptional repression and silencing

by REST(Andres et al., 1999). To determine if REST-FS displays properties of a

dominant negative protein, we transduced the HMEC derivative (TLM cells) used in our

initial screen with wild-type or mutant REST and assessed anchorage-independent

proliferation. Cells expressing REST-FS, but not wild-type REST, exhibited robust

colony formation (Figure 4C, bottom panel). The ability of REST-FS to phenocopy the

transforming activity of REST shRNAs strongly suggests that this mutant interfieres with

the functions of endogenous REST that restrain epithelial cell transformation. Taken

together, these data provide strong support for the hypothesis that REST is a tumor

suppressor in human cells.

REST Suppresses PI(3)K Signaling

The implication that REST is involved in regulating the transformed state of

epithelial cells led us to determine which molecular circuits might be affected by loss of

REST function. Activation of PI(3)K-dependent signaling by a variety of mechanisms

has been shown to confer transformation in HMECs (Zhao et al., 2003), indicating that

this pathway provides a potent stimulus to the transformed phenotype. Furthermore,

deregulation of PI(3)K signaling occurs in a wide spectrum of human cancers (Vivanco

and Sawyers, 2002). As such, we examined the impact of disrupting REST function

(Figure 5A) on the activation of the PI(3)K pathway. TLM-HMECs expressing control-

or REST-shRNA were deprived of growth factors, restimulated with EGF for various
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times, and subsequently analyzed for activating phosphorylation of Akt (serine-473), an

essential effector of PI(3)K signaling. Stimulation of Akt phosphorylation by EGF was

enhanced in cells expressing REST-shRNA throughout the timecourse (Figure 513).

Consistent with increased signaling downstream of Akt, phosphorylation of ribosomal S6

protein and translational inhibitor 4E-BPI was also upregulated in cells expressing REST

shRNA (Figure 5C). In agreement, recent experiments have demonstrated that ectopic

expression of eIF-4E (the target of4E-BPI) confers transformation to mammary

epithelial cells and promotes tumor formation in vivo (Avdulov et al., 2004, Wendel et

al., 2004). These results indicate that impaired REST function confers an increase in

both the intensity and duration of PI(3)K-dependent signaling. In order to investigate

whether PI(3)K signaling is required for REST-shRNA induced transformation, we

utilized a dominant-negative mutant of the PI(3)K regulatory subunit, p85. This mutant

(referred to as Ap85) has previously been shown to abolish H-Ras V2-induced and SV40

st-induced cell transformation (Rodriguez-Viciana et al., 1997; Zhao et al., 2003). TLM-

HMECs expressing control-, PTEN-, or REST-shRNAs were transduced with a control or

Ap85-encoding retrovirus. Expression of Ap85 (Figure 5D, top panel) did not alter

growth of cells on an adhesive cell culture surface (data not shown). Consistent with the

role of PTEN as an antagonist of PI(3)K signaling, Ap85 abrogated anchorage-

independent growth of PTEN-shRNA cells (Figure 5D, bottom panel). Similarly, REST-

shRNA induced transformation was inhibited in the presence of Ap85 (Figure 5D, middle

and bottom panels), indicating that PI(3)K signaling is required for transformation

conferred by loss of REST. Coupled with the aberrant activation of PI(3)K-dependent

signals in response to reduced REST expression, these results suggest that inhibition of
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PI(3)K signaling might be a mechanism through which REST suppresses transformation

and tumorigenesis.
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Discussion

Suppressors of Epithelial Cell Transformation

In this study, we applied an shRNA-based genetic approach to identify genes

suppressing oncogenic transformation of human epithelial cells. Within the context of

this model, we have identified two previously established tumor suppressor genes (P1TEN

and TGFBR2) that actively restrain HMEC transformation. In addition, we have

identified several genes that impinge upon pathways implicated in cancer pathogenesis.

For example, we isolated the calcium-sensing Ras-GAP, CAPRI (RASA4), a previously

described negative regulator of the Ras proto-oncogene (Lockyer et al., 2001).

Consistent with a role for regulation of Ras signaling in our experimental system,

activated Ras can transform TLM-HMECs. Likewise, identification of 8-catenin

(CTNND2), a member of the p120 catenin family that regulates cadherin stability and

trafficking (Reynolds and Roczniak-Ferguson, 2004), implicates a role for adherens

junctions in constraining transformation of HMEC. Notably, disruption of adherens

junction components has been shown to alter several growth-regulatory pathways (eg. [3-

catenin, PI(3)K) and has been linked to cancer progression in a variety of tissues

(Cavallaro and Christofori, 2004; Vasioukhin et al., 2001).

The novelty of this genetic approach is in the unbiased identification of new and

unanticipated tumor suppressor functions. In this regard, our studies provide significant

evidence for the identification of a novel tumor suppressor, the transcriptional repressor

REST/NRSF (see below).

Involvement of REST/NRSF in Human Cancer
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Transcription factors often coordinately control complex programs of gene

expression during development, and as such, are logical candidates underlying the

aberrant activation of developmental programs in cancer. Here, we present several lines

of evidence that REST may play a role in tumor suppression in humans. First, reduced

REST function (mediated by RNAi or expression of dominant-negative REST) promotes

transformation of human epithelial cells. Conversely, reconstitution of REST expression

elicits a dramatic proliferation defect in colon cancer cells that have lost endogenous

REST function. Strikingly, an independent aCGH-based search for genomic loci

characterized by recurrent microdeletions identified the REST locus as a high-confidence

target in colorectal cancer. This high-confidence list includes two previously established

tumor suppressors, p16INKaA and TGFI3RII (Derynck et al., 2001; Ruas and Peters, 1998;

Siegel and Massague, 2003), the latter of which was also identified as a SECT gene. In

addition, larger deletions encompassing the REST gene were frequent in colon tumors

and tumor cell lines. Furthermore, we isolated a frameshift mutation of the REST coding

region in colorectal tumor cells that displays properties of a dominant-negative.

transforming human epithelial cells to a level similar to REST shRNAs. Finally, we

show that impaired REST function enhances the intensity and duration of PI(3)K

signaling, a pathway that is aberrantly activated in many if not all human

cancers(Vivanco and Sawyers, 2002). Importantly, PI(3)K activity was required for

cellular transformation conferred by reduced REST function, indicating that suppression

of PI(3)K signaling may be an important mechanism underlying the ability of REST to

restrain the transformed state. The mechanism by which REST inhibits this oncogenic

pathway is not yet clear. REST regulates a complex transcriptional program, and as such,
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may impinge on PI(3)K signaling through multiple networks. However, it should be

noted that BDNF and other neurotrophins are among the transcriptional targets repressed

by REST. BDNF activates the TrkB receptor and has recently been shown to suppress

anoikis via PI(3)K-dependent pathways (Douma et al., 2004), providing a plausible

mechanism for activation of PI(3)K signaling in the absence of REST. Taken together,

these data provide compelling support for a role for REST in human tumorigenesis and

further validate the genetic approach we have undertaken.

Deregulation of neuronal programs has been implicated in cancer througlh the

phenomena of paraneoplastic neurological degenerations (PNDs) (Albert and Darnell,

2004). In these diverse neurological disorders, tumors originating in non-neuronal tissues

activate expression of neural peptides that elicit an immune response to the tumor as well

as the host nervous system. Although the expression of some of these neural antigens is

common or universal in some cancers (breast, ovarian, small-cell lung cancers) (Albert

and Darnell, 2004), the occurrence of PNDs in cancer patients is rare, suggesting that

other factors play a role in the autoimmune response. Nonetheless, aberrant activation of

neuronal gene expression raises the possibility that regulators of neurogenesis are

malfunctioning in these tumors. To investigate this possibility, we searched for

previously identified PND antigens among known REST targets and discovered RE1-

binding sites in several PND antigen encoding genes. Furthermore, promoters of two of

these PND antigens (synaptotagmin and glutamic acid decarboxylase) were recently

shown to be directly bound by REST, and moreover, transcription of synaptotagmin was

induced upon expression of a dominant-negative REST mutant similar to the one we

identified in tumors (Ballas and Mandel, in press). This supports the hypothesis that
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defects in the REST pathway are tied to PND pathology and tumorigenesis. In further

support of a role in tumorigenesis, REST expression was recently shown to be absent in a

subset of SCLC cells (Neumann et al., 2004). Additionally, microarray profiling also

demonstrates down-regulation of REST expression in prostate and small cell lung

cancers, two malignancies that often display distinct neuroendocrine phenotypes

(Dhanasekaran et al., 2001; Garber et al., 2001; Rhodes et al., 2004). These findings

suggest that REST may play a broader role in human malignancies in addition to

colorectal cancer.

Genetic Screening for Tumor Suppressor Pathways

While further studies will be needed to determine the extent to which REST. or

other genes we have identified, are involved in human cancer, our results point to the

utility of this approach for identifying recessive cancer relevant genes. Although many of

the genes isolated via this strategy may not be frequent targets of mutation in tumors,

they may nonetheless reveal novel pathways relevant to tumorigenesis. While we have

identified several suppressors of cellular transformation, it is clear that this screen was

not saturated, and consequently, there remains significant potential for this method in the

future discovery of SECT genes. Underscoring this, the shRNA library used in our

screen was designed to target only -9,000 genes, representing less than one-third of the

annotated genes in the human genome. Furthermore, only one shRNA corresponding to

any given SECT gene was isolated in this screen. For several of these genes, multiple

corresponding hairpins were present within the pSMI library. This suggests that many

SECT candidates were not identified, because this library lacked a sufficiently penetrant
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shRNA to elicit the transformed phenotype. This is not surprising since the pSM I library

was constructed before many of the parameters affecting siRNA efficiency had emerged.

For instance, the stability of siRNA ends has been shown to bias the incorporation of

sense/anti-sense strands into the RISC complex (Khvorova et al., 2003, Schwarz et al.,

2003). Such siRNA design "rules" improve the potency of target gene suppression and

will undoubtedly be incorporated into future generations of mammalian shRNA libraries,

thus providing more potent tools in identifying SECT genes.

SECT candidates identified in this screen were selected for their transforming

capacity in cooperation with the genetic milieu of TLM-HMECs (ectopic expression of

hTERT, SV40 LT, and elevated endogenous c-myc expression). However, distinct

classes of SECT genes are likely to be revealed in models incorporating alternative

combinations of genetic perturbations. Additional SECT candidates may also be

discovered in transformation models of alternative cell types, reflecting the different

signaling requirements in cells derived from various human tissues (Hamad et al., 2002;

Rangarajan et al., 2004), or by interrogating different cancer relevant phenotypes such as

invasion, migration or angiogenesis. Indeed, as in vitro models of human cell

transformation are engineered to more accurately reflect the molecular changes and

heterotypic cellular complexity found in human cancers, we anticipate that this general

strategy will enable a much more complete understanding of the pathways and processes

that cancer cells usurp during tumorigenesis.

Experimental Procedures
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Vectors and retroviral production

The shRNA library constructed in pSM 1 has previously been described (Paddison et al._

2004). The PTEN shRNA-encoding pSuperRetro vector (accession NM_000314) and the

Smad7-expression plasmid were kindly provided by Dennis McCance and Xiao-Jing

Wang, respectively. For validation experiments, shRNAs targeting ZNF 134, REST,

CTNND2, VDAC2P, CDH6, and TGF-3RII were designed using the RNAi-design

algorithm at http://katahdin.cshl.org:933 l/portal/scripts/niain2.pl, cDNAs encoding TGF-

3RIIACYT and TGF-13RI(T204D) were generously provided by Joan Massague. The

flag-tagged REST-FS cDNA was made by site-directed mutagenesis using QuickChange

(Stratagene). TGF-3RIIACYT, TGF-3RI(T204D), REST, and REST-FS cDNAs were

subcloned into the LPC retroviral vector. pWZL-neo-Ap85 has been previously

described (Zhao et al., 2003). Retroviral supernatants were generated by transient

transfection of Phoenix cells with the indicated retroviral and VSV-G-expression

plasmids and collected 48 hours post-transfection.

(Cell Culture

HMECs expressing hTERT and SV40 LT (TLM-HMECs) (Zhao et al.. 2003) were

cultured in mammary epithelial growth medium (MEGM, Cambrex). Colon cancer cell

lines were maintained in DMEM or RPMI supplemented with 10% FBS and 50 jig/mL

gentamycin. Stable cell lines were generated by transduction with the indicated retroviral

supernatants in the presence of 8 ug/mL polybrene, with transduced cells selected for

resistance to the appropriate drug: puromycin (2.0 ptg/mL), neomycin (200 , g/mL).

22



Anchorage-independent proliferation assays were performed as described (Zhao et al.,

2003) except cells were suspended in a top layer of 2.0% methylcellulose (Sigma) in

MEGM. For each assay, the average of at least 3 experiments + SD is shown. For

growth curves, cells were seeded at a density of 5.0 X 104 per well in 6-well plates and

cultured in MEGM. Cells were trypsinized and counted at the indicated time points (in

triplicate with average + SD shown). EGF restimulation experiments were perfbrmed as

previously described (Zhao et al., 2003).

shRNA screen

TLM-HMECs were infected with a retroviral shRNA library constructed in pSM 1

consisting of 28,000 shRNAs directed against -9,000 human genes (Paddison et al.,

2004) at an M.O.I. of 0.2. Transduced cells were selected for puromycin-resistance,

seeded into semisolid media (as described above) at a density of 1.0 X 105 cells per

100mm plate (20 plates), and cultured for 3 weeks. Individual anchorage-independent

clones were isolated and expanded on adhesive tissue culture dishes. A portion of the

provirus (including shRNA cassette) from each clone was PCR amplified from genomic

DNA using primers directed against sequences within the MSCV backbone and PGK

promoter (forward: 5'-ctccctttatccagccctcac-3 reverse: 5'- gagacgtgctacttccatttgtc-3'),

and sequenced using an internal primer: 5'-gagggcctatttcccatgat-3'. EcoRI-XhoI

fragments of the PCR-fragments were also subcloned into MCSV-SIN for validation

experiments. In parallel, anchorage-independent clones were pooled, and genomic DNA

was isolated using Qiagen DNeasy kit. PCR-amplification and transcription of barcodes,
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hybridization of custom barcode microarrays (Agilent), and microarray analysis was

performed as previously described (Paddison et al., 2004).

Immunoblotting

Cells were lysed in HLB buffer (50mM Tris, pH 8.0, 150mM NaCI, 1.0% Triton-X 100,

1 mM DTT, supplemented with phosphatase- and protease-inhibitor cocktails

(Calbiochem)) for 30 minutes with sonication. Western blotting was performed with the

following antibodies: exPTEN (Upstate 07-016), xTGF-1RII (Upstate 06-227 and 06-

318), cRan (BD Biosciences 610340), cxDDB1 (AbCam Ab9194), caFlag (Sigma A8592),

etp-465/467-Smad2 (Cell Signaling 3101), cxSmad2 (Cell Signaling 3102), (Xp473-Akt

(Cell Signaling 9271), ctAkt (Cell Signaling, 9272), cxp70-4EBPI (Cell Signaling, 9455),

cc4EBP1 (Cell Signaling, 9452), ap235/236-S6 (Cell Signaling, 2211), cXS6 (Cell

Signaling, 2217), axRest-N and aRest-C (G. Mandel).

Array-CGH profiling and mutation analysis of'REST

Genomic DNA extracted from 42 primary colon tumors and 38 colon tumor-derived cell

lines using Puregene DNA extraction (Gentra Systems) was fragmented and random-

prime labeled according to published protocols (Aguirre et al., 2004; Bachoo et al., 2004;

Pollack et al., 1999) with modifications (For details, see

http://genomic.dfci.harvard.edu/array cgh.htm). Subsequently, fluorescence ratios of

scanned images of the arrays were calculated. Raw array-CGH profiles were processed

to identify statistically significant transitions in copy number using a segmentation

algorithm which employs permutation analysis to determine the significance of change
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points in the raw data (Aguirre et al., 2004) (Bachoo et al., 2004). Each segment is

assigned a Log 2 ratio that is the median of the contained probes. Subsequently, data was

imported into the dCHIP v1.3 software package for microarray analysis

(http://www.dchip.org/) for visualization of the segmented data. For mutation analysis,

coding exons of the REST gene were PCR amplified, purified, and sequenced using

standard conditions (primers available upon request).
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Figure Legends

Figure 1. Idenification of suppressors of epithelial cell transformation. (A) Cell lysates

from TLM-HMECs expressing control- or PTEN-shRNAs were immunoblotted for

expression of PTEN. The asterisk denotes a cross-reacting band that serves as a loading

control. (B) Cells from (A) were cultured in semisolid media for 3 weeks and

photographed at 20x (top panels) or lx (bottom panels) magnification. Quantitation of

macroscopic colony (>0.2mm) formation in semisolid media by TLM-HMECs

transduced with empty retrovirus or virus encoding control shRNA, myr-p 11 Oct cDNA,

or PTEN-shRNA. (C) Outline of the transformation screen. Details provided in

Methods. (D) TLM-HMECs transduced with empty or pSM I -shRNA library and

cultured in semisolid media for 3 weeks, photographed at 20x (top panels). Bottom panel

illustrates a section of a barcode microarray. Barcodes were PCR-amplified from

genomic DNA isolated from a pool of 100 anchorage-independent colonies. cRNA was

transcribed from a total library preparation (red channel, 635nm) or from PCR-amplified

barcode (green channel, 532nm) and hybridized to a barcode microarray. Enriched

barcodes (green/yellow) are indicated by arrows. (E) TLM-HMECs expressing shRNAs

targeting candidate genes (2 independent shRNAs per gene target) were cultured in

semisolid media and quantitated for formation of macroscopic colonies. Experiments

were performed in triplicate.

Table 1: Suppressors of epithelial cell tranfbrmation. This table lists gene targets of

unique, sequence-verified shRNAs identified in 200 anchorage-independent colonies

isolated from the screen. shRNAs identified in the context of double integrations (7 in

32



total) were disregarded. 90% of isolated anchorage-independent colonies encoded one of

eight shRNAs (unshaded). For candidate validation, multiple shRNAs directed against

independent sequences within a gene target were tested for transformation. (ND=not

determined).

Figure 2. TGF-fl signaling suppresses epithelial cell trans/brmation. (A) Cell lysates

from TLM-HMECs expressing control- or TGF-P3RII-shRNAs were immunoblotted for

expression of TGF-13RII, Ran (loading control), serine-465/467- phosphorylated SMAD2,

or total SMAD2. (B) Cells from (A) were cultured in semisolid media for 3 weeks,

photographed at 20x, and quantitated for formation of microscopic colonies. (C) Growth

curves of cells expressing control (o), or two independent TGF-P3RII-shRNAs (M or A)

grown in monolayer culture. (D) TLM-HMECs were stably transfected with empty

plasmid (pcDNA3) or plasmid expressing SMAD7 or transduced with empty retrovirus

(LPC) or retrovirus encoding a dominant-negative mutant of TGF-[3RII (TGFPRII-

ACYT). Resulting polyclonal cell lines were assayed for anchorage-independent

proliferation. (E) TLM-HMECs were transduced with control (LPC) or PTEN-shRNA

encoding retrovirus. PTEN-shRNA expressing cells were subsequently infected with

empty retrovirus or virus expressing a constitutively active mutant of TGFI3RI (TGFPRI-

T204D). Each derivative cell line was assessed for proliferation in semisolid media.

Figure 3. Deletion of REST in human tumors. (A) High-confidence recurrent CNAs in

colon cancer. Recurring focal CNAs in colon adenocarcinoma and tumor cell derivatives

were identified and prioritized as previously described(Aguirre et al., 2004) with
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modifications. Each of the identified minimum common regions (MCR) consists of

<2.0Mb and _ 5 annotated genes. Peak probe values represent the minimum absolute

10g2-ratio detected within each MCR. Also shown are the chromosomal location, the

number of NCBI annotated genes residing within the MCR, and candidate tumor

suppressor genes within each MCR. SECT genes are highlighted in blue. (B) aCGH

profiles of chromosome 4 in a primary tumor (19T) and a colon cancer cell line (LS 123)

showing deletion of a discrete region, with MCR defined by vertical red lines. Raw data

and segmentation analysis are represented by blue circles and red horizontal lines,

respectively. Peak data point for each deletion occurs at the REST probe (indicated by

arrows). (C) Segmentation data of aCGH profiles from each of 42 primary colon tumors

and 38 colon tumor-derived cell lines. Chromosomal gain or loss within a section of

chromosome 4 is represented by a color gradient (red=gain, blue=loss). Gray boxes

represent uninformative probe hybridizations.

Figure 4. Aberrant REST function in colon cancer. (A) REST expression was analyzed

in cell lysates from SW620 and SW1417 colon cancer cell lines by immunoblotting with

antibodies recognizing the C-terminus of REST. (B) SW620 and SW1417 cells were

transduced with control- or REST-expressing retrovirus, seeded at 5,000 cells per dish,

and cultured for 2 weeks under puromycin selection. (C) Single nucleotide deletion

within exon 4 of the REST gene (top schematic) was observed in DLD-l cells by

sequence analysis (coding exons shown in gray). The premature termination (indicated

by red x, bottom schematic) results in a protein retaining the DNA-binding domain

(DBD) and N-terminal SIN3-binding domain, but lacking the repressor domain
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responsible for interaction with CoRest (CBD). (D) The presence of truncated REST was

analyzed by immunoblotting with antibodies recognizing the N-terminus of REST (top

panel) or DDB I (loading control, middle panel) against cell lystates from colon cancer

cell lines. Protein lysates derived from HMECs transfected with empty vector (pcDNA3)

or vector encoding the frameshift REST mutant (REST-FS) were probed with antibodies

raised against the N-terminus of REST (bottom panel). (E) TLM-ItMECs transduced

with control retrovirus or retroviruses encoding flag-REST or flag-REST-FS were

analyzed for exogenous cDNA expression using flag-specific antibodies (top panel) or

assayed for anchorage-independent proliferation (bottom panel).

Figure 5. Loss of REST function stimulates PI(3)K signaling and requires it fbr lIMEC

transformation. (A) Cell lysates from TLM-HMECs expressing control- or REST-

shRNAs were immunoblotted for expression of Akt (loading control, bottom panel) or

REST (C-terminal antibody, top panel). (B) TLM-HMECs expressing control or REST-

shRNA were starved in basal media without growth factors for 20 hours and restimulated

with 1Ong/mL EGF for indicated times. Cell lysates were immunoblotted with antibodies

recognizing p-Akt (ser473) or total Akt. Akt phosphorylation was measured as a ratio of

p-Akt/total Akt and represented as a percentage of phosphorylated Akt at 15 minutes of

EGF stimulation in control-shRNA cells (control-shRNA o, REST-shRNAe). (C) Cell

lysates from (A) were probed with antibodies recognizing p-S70 of 4E-BP 1, total 4E-

BPI, p-S235 and p-S236 of S6, and total S6 as indicated. (D) REST loss requires P13K

signaling for transformation. TLM-HMECs expressing control, REST, or PTEN-shRNA

were transduced with empty or Ap85-expressing retrovirus. Immunoblot analysis of
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endogenous p85 and exogenous Ap85 as indicated (top panel). Cells were analyzed for

anchorage-independent proliferation (middle and bottom panels).
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Table 1

Gene Previously Known Functions Validated
CDH6 Type II cadherin; cell-cell adhesion and communication +

CTNND2 Stabilization of adherens junctions +
INPP4B PIP2 phosphatase ND
RASA4 Ras GAP; calcium-responsive Inhibitor of Ras signaling ND
REST Transcriptional repression of neural genes +

TGFBRII TGF-. signaling; cytostatic and apoptotic +
programs In epithelial tissues

VDAC2P None
ZNF134 None+
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Supplemental Table 1

Horn sapiens ukoIieM protein VAdo"* LTK mRZ4A. 235

Home sapieus flbrinogen B beta polypeptide FGB mRNA. 1891
Homo sapiens necdinhomoloty mouse NDN mRNA. 45

Home sapiens CGI9 protein LC51629 mRA. 134
Home sapiens mannosidase alpha clas 2A member 2 MAN2A2 mRNA. 1642
Home sapiens coagulation factor II thrombin receptorlike 1 1625
Homo sapiens B-cell CLL lymphoma 9 BCL9 mRNA. 1541
Hoos osek rctasainiiito atrZ subunit 3 13

Homo sapiens thyroid autoantigon 70kD Ku antigen G22P1 mRNA. 1307
Homo saions si irE-oe 5i *ecursor 18

Home sapiens hypothetical protein DKFZp8611 DKFZp 2'6iM21 95

Homo sapiens activating transciption factor 6 ATF-6 mRI4A. 827
Homo sapiens T brachyury homolog mouse T mRhA. 734
Homo sapiens mab21-iike 2 C. elegans MAB21L2 mRNA. 726
Homo sapiens jumpin translocatlen breakpoint JTB mRSA. 580
Homo sapiens likely ortholog of mouse rabphilin 3A RPH3A mRNA. 494
Homo sapiens chromosome 20 open reading frame 18 C20orf18 425
"Home sapiens knesin heavy Chain member 2 KiF2 mRliA. 390
Homo sapiens LIM homeobox protein 6 LHX6 mRNA. 287
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