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ABSTRACT

Caspases play an important role in apoptosis, or programmed cell death. In particular,
three highly related effector caspases, caspases-3, -6, and -7, translate upstream death signals into
the physical manifestations of apoptosis by proteolytically cleaving structural and enzymatic
targets. However, it is not clear what specific role each individual caspase plays in apoptosis or
whether interaction between them is important. We used RNA interference (RNAi) to examine
their roles in immune cells.

RNAi has revolutionized the field of mammalian genetics by expediting the interrogation
of gene function. Endogenous genes are targeted for silencing by the introduction of double
stranded RNAs, known as short interfering RNAs (siRNAs), through a mechanism that is well
conserved across many species. While this technique has been used successfully in tissue culture
experiments, our studies focused on extending the use of RNAi into immune cells. Our initial
experiments demonstrated that primary T cells were capable of RNAi-based gene silencing, but
were difficult to introduce siRNAs into. Therefore, more robust techniques for the stable and
efficient introduction of siRNAs into primary immune cells and animal models were required.
Viral vectors, which can infect a wide variety of cell types and drive consistent transgene
expression, provide a potential delivery vehicle for short hairpin RNAs (shRNAs), an alternative
form of double stranded RNA produced within the target cell. Thus, we designed a lentiviral
vector system for delivering shRNAs and used the vector to generate transgenic knockdown
animals. Further experiments enhanced this vector system by enabling tissue- or temporal-
specific transgene or shRNA expression as well as reducing variegated viral expression.

Using these lentiviral RNAi vectors, we began to assess the role of effector caspases in
the immune system. We generated T cell lines in which the effector caspases were ablated
individually or simultaneously by RNAi and tested whether these cells were resistant to
apoptosis. Of the three effector caspases, only silencing of caspase-3 protected against cell death
in T cells, whereas simultaneous knockdown of caspase-6 or caspase-7 with caspase-3 provided
no additional protective effect against apoptosis. We also generated transgenic caspase-7
knockdown animals and found that this caspase might influence B cell development.
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Introduction

Caspases play an important role in apoptosis, or programmed cell death. In

particular, three highly related effector caspases, caspases-3, -6, and -7, translate

upstream death signals into the physical manifestations of apoptosis by proteolytically

cleaving structural and enzymatic targets. However, it is not clear what specific role each

individual caspase plays in apoptosis or whether interaction between them is important.

As more gene families are discovered, the ability to assign roles to each individual family

member is becoming more difficult. Analysis of a single gene knockout from a large

gene family can be obfuscated by the potential redundancy of non-targeted family

members. Breeding for multiple gene knockouts is time consuming, complex, and can

provide limited insight into gene function as compound mutants frequently show early

lethality. A promising new technique, which co-opts an endogenous cellular process

known as RNA interference (RNAi), could revolutionize multigene analysis. This

method introduces into cells small double-stranded RNAs (dsRNAs) homologous to

targeted sequences in order to eliminate gene products. The ultimate success of this

technique will depend on designing effective RNAi sequences and efficiently delivering

these short interfering RNAs (siRNAs) into mammalian cells of interest. If successful,

RNAi could prove a promising alternative to traditional genetic manipulations for the

creation of complex in vivo genetic models.
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Background

RNA interference - a new paradigm for genetic regulation

RNAi, originally described in the worm C. elegans by Fire and colleagues, is a

well conserved endogenous pathway for regulating gene expression in many

organisms[ , 2]. This process, which uses a class of short non-coding RNA known as

microRNAs, coordinates many vital cellular functions in addition to translational

regulation. Since scientists are co-opting this natural pathway to silence genes of interest,

the design of effective and specific silencing sequences depends on a thorough

understanding of the endogenous RNAi mechanism.

While many of the specific details are still being elucidated, the basic mechanism

of RNA interference is grossly understood. In the nucleus of the cell, RNA polymerase II

promoters transcribe single stranded RNA precursors up to 2kb long which adopt

secondary structures to create double stranded stem loops [3, 4]. These precursors,

known as pri-micro-RNAs, are cleaved by the ribonuclease Drosha into an exportable

pre-micro-RNAs[5]. After export to the cytoplasm, the pre-micro-RNA is cleaved by the

enzyme Dicer into a 20-23 base pair (bp) double-stranded RNA known as micro-

RNA(miRNA) [6], which is subsequently incorporated into the RNA induced silencing

complex, or RISC [7]. While unwinding of double-stranded RNA and the stable

incorporation of one strand of a short RNA duplex into the RISC is mediated by a

Dicer/R2D2 complex in flies, no R2D2 homologue has yet been found in mammalian

cells [8, 9]. While other components of the mammalian RISC are still being identified,

Argonaute is the only component found in all RISC complexes and is responsible for the

silencing of the target mRNA [10-16]. Since they are generally have imperfect
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homology to their target, miRNAs usually create bulges when they anneal to target

mRNA in the RISC [7, 17, 18]. A target mRNA will have several different miRNA

binding sites in its 3' UTR, suggesting that several miRNAs might coordinately control

mRNA translation [17, 19]. While the detailed mechanism is unclear, it appears that gene

silencing results from the binding of RISC to an existing mRNA, thereby preventing its

translation. It remains unclear if the block occurs before translational initiation or at a

later point before the complete translation of full-length protein. It remains possible that

both models of silencing could be correct and that there may be a miRNA or species

specificity which determines when this blocks occurs [20-22].

When RNAi is used as a research tool, a different mechanism of gene silencing is

invoked. Introduction of dsRNAs that are perfectly homologous to the target mRNA

leads to cleavage and degradation of the target mRNA by the RISC complex, thereby

preventing translation of the encoded protein [23, 24]. In contrast to the endogenous

method of translational suppression, effective silencing through this method usually

requires only a single siRNA binding site in the target mRNA[17]. It is still unclear,

however, whether both methods utilize the same RISC complex, or if different

components are used for each type of silencing [25].

With the exception of Saccharomyces cerevisiae, most model organisms have the

enzymes required for RNAi [26]. Despite the widespread conservation of this regulatory

mechanism, specific pathway variations exist between organisms. For instance, C.

elegans possess a RNA-dependent RNA polymerase, enabling dsRNA amplification and

long term silencing[27, 28]. While long double stranded RNA can direct silencing in

both worms and flies [29], the introduction of dsRNA longer than 30bp into mammalian
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cells leads to cell death through the interferon response, which hindered the early

application of RNAi in mammalian model systems.

The first successful application of RNAi in mammalian cells occurred in 2001

when Tuschl and colleagues showed that dsRNA shorter than 30 bp could induce

silencing in mammalian cells [30]. Their work focused on 21 bp dsRNAs termed short

interfering RNAs (siRNAs), with 19 bp of homology and 2 nucleotide (nt) 3' overhangs.

However, there were still challenges to using siRNAs in mammalian cells. Identifying

effective sequences for silencing was a slow trial and error process since only a fraction

of the sequences derived from a particular mRNA worked as effective targets [31 ].

Information from structural analysis of the RNAi proteins Dicer and Argonaute along

with systematic analysis of all targeting sequences within genes enabled the creation of

rational design algorithms that could more efficiently identify effective sequences for

silencing [8, 32-34]. Testing of these rational design algorithms found that over 50% of

the sequences identified using the algorithms were highly effective compared to only

1 7% of randomly selected sequences [33]. By taking into account complex interactions

between parameters, a second generation of rational design algorithms using artificial

neural networks have further improved the efficiency of sequence selection [35].

In addition to sequence design difficulties, temporal limitations restrict the

effective use of siRNAs in many mammalian cell types. Since mammalian cells lack the

RNA-dependent RNA polymerase found in more primitive organisms, silencing

efficiency in mammalian cells is reduced through degradation and dilution of siRNAs

during cell proliferation [27, 28, 36]. To circumvent this issue, several groups designed

vectors capable of stably producing short dsRNAs within cells of interest [37-39]. These
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vectors used a RNA polymerase III promoter to drive expression of short hairpin RNAs

(shRNAs), doubled-stranded RNA whose sense and anti-sense strands are separated by a

stem loop forming a hairpin structure [40]. This hairpin, which mimics the natural

structure of pre-miRNA, targets the shRNA to Dicer for processing into siRNA [37].

Since the exact structural requirements for Dicer substrates were unclear, the pol III

promoter was selected to drive shRNA expression[37]. Unlike polymerase II

transcription where poly (A) polymerase adds a poly (A) tail of indeterminate length,

RNA polymerase III has defined start and stop signals that result in transcripts that form

identical and well-characterized dsRNA structures [41]. DNA based vectors using either

the pol III U6 or H 1 promoters proved efficient in vitro, and the inclusion of selectable

markers made this a viable approach for long-term silencing in tissue culture [42, 43].

While DNA based vectors work well in most cell types, primary cells are

notoriously difficult to transfect. Cationic liposomal agents, whose efficiencies are high

in cultured lines, have low transfection rates in primary cells [44] and physical methods

for DNA delivery, such as electroporation, markedly reduce the viability of treated cells

[36, 45, 46]. To introduce exogenous DNA into primary cells, researchers adapted the

pol III shRNA technology for delivery by retroviral vectors [47], already widely used for

gene delivery applications [48]. Integration of the viral genome into the target cell

ensures that expression of the shRNA will be stable over long periods of time and the

retroviral machinery enables cells to be infected with high efficiency [48]. The

lentiviruses, a particular subgroup of retroviruses, can be used to infect embryos and

generate animals with high levels of transgene expression [49]. Our research group, as
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well as others, constructed a lentiviral vector capable of generating shRNAs within cells

in order to validate this method for producing transgenic RNAi animals [50-53].

Lentiviruses for gene delivery

Retroviruses are a family of postive-stranded enveloped RNA viruses that

replicate through a DNA intermediate which integrates into the genome of a host cell

[54]. The retroviral virion consists of a 7-12 kb RNA encapsulated by a protein core

known as the capsid. As the virus matures, the capsid is enveloped by a lipid bilayer

membrane obtained from the host cell [54]. The surface glycoproteins which populate

the viral envelope determine the tropism of the virus and enable infection by interacting

with elements of the host cell's membrane [55]. Once inside the target cell, the viral

genome is converted to double stranded DNA in a process known as reverse transcription

[56, 57]. The viral protein integrase directs the insertion of the viral DNA into the host

cell's genome where it serves as a stable and long-term template for expressing additional

copies of the genome and the viral proteins required for producing additional virions [58].

Assembled virions are shed from the host's cell membrane through a process known as

budding [54].

All retroviral genomes contain four genes which encode the essential proteins for

viral replication; gag, pol, pro, and env [54]. Each gene encodes a polypeptide chain that

is proteolytically cleaved into the individual proteins required for the viral lifecyle [59].

Gag encodes for the capsid (CA), nucelocapsid (NC), and matrix (MA) proteins that form

the isohedral capsid in which the viral RNA is packaged [60, 61]. Two proteins, reverse

transcriptase and integrase, are derived from pol. Reverse transciptase generates a DNA
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copy of the viral RNA and integrase inserts the provirus into the host cell's genome [62].

Transcription from pro leads to the expression of a protease thought to be important in

the late stages of viral packaging [58]. Env is cleaved into two proteins, SU and TM,

which form the glycoprotein required for recognizing cell surface receptors and entering

host cells [63]. Variable regions in in the SU protein largely determine the host

specificity of a particle retrovirus [54].

Retroviruses are categorized broadly as simple or complex. Simple retroviruses

contain only gag, pol, pro, and env genes, while complex retroviruses, such as

lentiviruses, contain additional regulatory sequences [64]. For example, Rev, an HIV

protein, alters splicing and enables the full-length viral RNA to be expressed [65, 66].

The accessory genes of lentiviruses enable them to infect non-cycling and quiescent cells,

such as neurons and stem cells [67]. While simple retroviruses require the nuclear

membrane to break down in order for the viral DNA to access the host DNA, lentiviruses

use the central polypurine tract (cPPT) to target the viral DNA for importation through

the nuclear membrane [68]. Despite differences in their regulation, both simple and

complex retroviruses use the same core proteins and therefore function in fundamentally

similar ways.

Since expression from integrated proviruses is stable, retroviruses can make ideal

gene transfer vehicles [69]. Retroviral transfer vectors can be generated by removing the

packaging genes (gag,pol,pro, and env) from the retroviral genome and placing them into

separate vectors, leaving space for the insertion of transgenes for delivery into target cells

[70]. Efficient: and well-characterized murine retroviruses such as Moloney leukemia

virus (MLV) and murine stem cell virus (MSCV) have been used as transfer vectors for

13



many years, especially in the study of immune cells [48]. Early attempts to generate

transgenics animals using these viruses were only partially successful. Pre-implantation

embryos were permissive for infection by MLV and viral integrants were capable of

being transmitted in the germline through breeding as evidenced by Southern Blot [71].

However, transgene expression from these viral integrants was suppressed [72, 73].

Long term silencing is believed to be mediated by DNA methylation, whereas short term

silencing is effected through transcriptional repression of elements in the viral LTR [73].

These mechanisms are thought to be evolved as defenses to restrict the expansion and

spread of endogenous retroviruses [74]. Since lentiviruses are not known to exist

endogenously in any mammalian genome, they are likely to be less susceptible to

silencing [49].

Most of the lentiviruses used in research are derivatives of human

immunodeficiency virus (HIV) [75], the prototypical member of the lentivirus family.

Other vector systems based on the Equine infectious anemia virus (EIAV) and the Feline

immunodeficiency virus (FIV) are becoming more widely used [76] since there are safety

concerns using HIV-based vector systems. Manipulations, such as deleting or replacing

regulatory elements with genes of non-lentiviral origin, have helped make HIV-based

vectors safer and more efficient [77]. For instance, the U3 region of the 5' LTR was

replaced by the strong promoter CMV to improve viral titer [78, 79]. Also, a deletion in

the 3' LTR disables HIV LTR promoter activity after reverse transcription resulting in

self-inactivation [80]. Disabling the endogenous HIV promoter also enables insertion of

a different promoter between the LTRs to express a protein of interest [77]. Together,
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these changes create a replication incompetent virus, which can only produce virus when

the packaging proteins are provided in trans [76].

After the development of improved HIV vector system, several groups attempted

to generate transgenic animals by infecting embryos with lentivirus. Since lentiviruses

are not silenced during embryonic development, they generate transgenic mice which

stably express a gene of interest[49, 71]. However, animals with several proviral

integrants showed more consistent expression than those with a single copy, suggesting

that some silencing mechanisms might be active [49, 81]. Expression from the viral

transgene seems to pass to offspring through breeding, suggesting that larger cohorts may

readily be bred for disease incidence studies [82]. This technique can be used to generate

transgenics from strains or species, such as the rat, that are impervious to traditional

pronuclear injection techniques [83]. In addition, lentiviral vectors can be used to create

transgenics directly in strains where significant backcrossing would otherwise be required

to achieve the desired genotype, such as the non-obese diabetic (NOD) strain [82].

Since lentiviruses show promise as a new transgenic technique, our goal was to

integrate this new gene delivery tool with RNAi technology to accelerate the generation

of knockdown animals. In particular, we thought that lentiviral RNAi technology would

prove useful for the study of apoptosis in immune cells.

Caspases - executioners of apoptosis

The development of a complex multicellular organism requires the elimination of

unwanted cells without disturbing the ongoing development of surrounding cells. The

quick and safe disposal of unwanted cells is accomplished through a well organized
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process known as apoptosis[84]. Apoptosis is characterized by a number of

morphological and biochemical changes including membrane blebbing, chromatin

condensation, and exposure of phosphatidylserine on the cell surface which serves as a

signal for cell removal through phagocytosis by scavenging cells[84-86]. The activation

and execution of the apoptotic pathway relies on an important family of proteins known

as caspases. Caspases are specialized proteases that integrate upstream signals and

translate them into the physical manifestations of apoptosis by cleaving downstream

targets. Since the function of the prototypical family member ced-3 was first recognized

in C. elegans, specifying the roles of individual caspases in apoptosis has been the focus

of considerable research [87].

Caspases are a conserved gene family found in almost all metazoan organisms.

The family has diversified from a single caspase in C. elegans to seven in Drosophila

caspases and I 1 in humans [88]. The term caspase, short for cysteine aspartate protease,

refers to the fact that these enzymes use a catalytically active cysteine to direct cleavage

in target proteins after aspartate residues [89]. Caspases are expressed as inactive

zymogens composed of multiple domains. In addition to a prodomain, all caspases have

a large (17-20 kilodalton [kd]) and a small subunit (10-14 kd) separated by a short spacer

whose excision results in caspase activation. The mature enzyme is a homodimer of two

activated heterodimers composed of the large and small caspase subunits [90, 91].

Based on their physical structure, the nine members of the murine caspase family

can be broadly categorized into initiator and effector caspases. Initiator caspases, such as

caspases-2,-8,and-9, have long prodomains 100 to 220 amino acids in length. These long

prodomains contain protein-protein binding motifs that recruit initiator caspases into
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specialized activating structures. For example, caspase-9 binds to Apaf- I and

cytochrome C to create the "apoptosome [92, 93]." Caspase zymogens within these

activating structures are brought into close proximity to induce activating interchain

(transcatalytic) cleavage between them[94, 95]. Once activated, initiator caspases are

released from the activating structure into the cytoplasm where they can bind, cleave, and

activate their target effector caspases, such as caspases-3, -6, and -7 [94, 96-98]. In

contrast to initiator caspases, the short prodomain of effector caspases do not appear to

play a role in activation. After activation, effector caspases cleave numerous cellular

targets to turn off pathways that promote cell survival and activate pathways which lead

to cellular dismantling. Targets of effector caspases include ICAD (an inhibitor to the

DNAse CAD), PARP (the catalytic subunit of the DNA dependent protein kinase), and

structural proteins such as laminins [99].

Recently, research has focused on the non-apoptotic roles of caspases including

cytokine maturation, immune receptor signaling, and regulation of the cell cycle. In

mice, caspases-l,-l 1, and -12 are thought to be involved in the maturation of interleukin

IL- 1 f, an important inflammatory cytokine[100]. However, it was unclear how the non-

apoptotic functions of caspases were mechanistically separated from apoptotic ones.

Apoptosis normally follows caspase activation, suggesting that caspases must be

regulated post-activation to fulfill their non-apoptotic roles. A family of proteins known

as the inhibitors of apoptosis (IAPs) is known to inhibit caspases by occluding the

caspases's active site [101]. It was recently postulated that the activating structures also

regulate caspase activity by holding initiator caspases in active conformation without

cleavage and by restricting the subcellular location of active enzyme [ 102]. In this case,
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the caspase could only cleave specific localized targets and would be inert upon release

from the activating structure.

The role of caspases in development has been investigated using knockout mice.

However, knockouts of certain caspases, such as caspase-9, have been relatively

unhelpful in elucidating caspase function. Caspase-9 knockouts usually die in utero

when the skull fails to enclose ectopic brain tissue [103, 104]. Knocking out caspase-3,

which acts downstream of caspase-9, results in animals that die from neuronal

hyperplasia, although the defect is usually less severe than in the caspase-9 knockouts

[105]. Caspase-2 and -6 knockouts are both viable and reached adulthood with no gross

phenotypic abnormalities [106-108]. Further characterization of caspase-2 knockout cells

suggested that caspase-2 influences neuronal cell death [109]. Caspase-7 knockouts die

too early to be characterized and caspase-8 knockouts die on day El 0.5 of apparent

cardiac muscle malformations [106, 110]. Conditional knockouts of caspase-8 suggest

involvement of caspase-8 in lymphocyte development [ 111]. To date, caspase knockouts

seem to have defects within particular tissues rather than systemic defects, however, it is

unclear whether this reflects caspase specialization or variances of expression between

tissues.

Since mammals have multiple caspases, it is possible that redundancy or

compensation of function might exist between caspase family members to ensure

essential apoptosis proceeds even if one caspase is disabled. For instance, caspase-3

knockouts on a C57/BL6 background survive well past birth, while the same knockout on

a sv/129 background dies perinatally [112]. In the C57/BL6 animals, caspase-7 appears

responsible for the elimination of ectopic brain tissue in the absence of caspase-3 [113].
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When stimulated with Fas antibody, caspase-6 and -7 activation was observed in the

livers of caspase-3 and -9 knockout mice, demonstrating compensatory caspase

activation in the absence of normal caspase pathways [1 14]. Marsden et al. demonstrate

that in the absence of caspase-9, caspase-7 might be activated when apoptosis through the

mitochondria is induced [1 15]. To determine the extent of these alternative activation

pathways, double or triple caspase-knockout animals need to be generated and examined

for effects on apoptosis.

The specific role of the executioner caspases individually and synergistically in

immune cells and in vivo remains unclear. This thesis examines RNAi as a tool to probe

caspase function, both within a single in vitro system and in a defined genetic

background in vivo. The ability to integrate RNAi inducing hairpins into viruses would

enable the combinatorial targeting of multiple caspases, which could help better define

their roles in vivo.
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siRNA and shRNA delivery into immune cells
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Introduction

One of the challenges in immunological research is the relative resistance of immune

cells to manipulation. NaYve lymphocytes are virtually impossible to transfect with

nucleic acids, a method that has helped elucidate biochemical pathways in many other

cell types. Germline manipulation to generate gene knockouts seemed the only possible

route for investigating the immune system. Animal models from the immune system

often use specific receptor transgenes to simplify the analysis of immune genes and

functions. Breeding genetic knockouts onto these transgenic strains can be time

consuming because of the need to minimize strain differences. Furthermore, knockouts

ablate protein expression throughout development, making it difficult to determine

whether a particular phenotype resulted from changes during development or in the

function of the mature cell. Thus, it would be beneficial to manipulate mature immune

cells, preferably naYve cells not previously activated before, to clearly illuminate the role
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of an altered gene. As the use of RNAi became more prevalent in mammalian cell

culture, we saw an opportunity to use this technique in immune cells. My collaborators,

Michael McManus and Brian Haines, demonstrated that delivery of siRNAs into T cell

lines using electroporation was possible, indicating that RNAi was an active process in

immune cells. At the time, it was not known if RNAi was universal in all mammalian

cell types. Thus, my work focused on extending their results using electroporation to ex

vivo primary cells.

Once it was established that primary T cells were capable of RNAi, we sought a more

efficient and less toxic way of delivering these nucleic acids to the cells. An important

discovery by Brummelkamp and colleagues showed that siRNAs could be generated

within cells by expressing short hairpin RNAs (shRNAs) from DNA plasmids [37]. We

thought that shRNAs adapted for expression from viral vectors would make an ideal

delivery system for RNAi into immune cells. Our laboratory had vast experience using

retroviral vectors, but was starting to focus on lentiviral vectors since they had several

advantages over other retroviral vectors. First, they do not require a cell to be in cycle for

infection, which suggests they could infect naYve lymphocytes. Recent reports

demonstrate that these vectors can be used to generate transgenic animals through direct

infection of embryos or ES cells[49, 116]. In contrast, transgenic animals made using

retroviruses experienced silencing of the retroviral transgenes within weeks of infection

even when the DNA methylases were ablated [71, 73]. We thought integration of

shRNAs into lentiviral vectors would allow us to more efficiently manipulating immune

cells. Additionally, we sought to generate a single viral system capable of infecting

multiple cell types to avoid revalidation of targeting dsRNAs in a different delivery
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vehicle for new experiments. We created a bifunctional lentiviral vector for RNAi called

pLentiLox 3.7, which we then validated in tissue culture, primary cells, and in vivo by

transgenesis.

Methods

Mice

Several strains of mice were used for the experiments described in this chapter.

Primary splenocytes were isolated from DO1 1.10 TCR transgenics (a generous gift from

Dr. C. London, University of California, Davis, CA), which expressed a transgenic TCR

that recognizes ovalbumin (OVA) peptide presented on MHC class II molecules, and

used for siRNA experiments. Lentiviral infections for validation of the LentiLox vector

were performed on primary splenocytes from OT-I Rag 1-/- animals, generously provided

by Jianzhu Chen (Massachusetts Institute of Technology). ES cells from the AK7 line

were used to generate lentiviral chimeric animals by injecting infected cells into 129

Rag2 -/ - blastocysts. Lentiviral transgenics were generated with C57/BL6 mice (Taconic).

Mice were maintained in specific pathogen free facilities. All the experiments were

carried out according to the guidelines established by the Committee on Animal Care at

the Massachusetts Institute of Technology or the Institutional Animal Care and Use

Committee at Biogen.

Cell culture

E 10 is an immature double-positive thymocyte line derived from a TCR- and p53

double-mutant mouse on a mixed 129/Sv x C57BL/6 background [117]. These cells were
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maintained at a maximal concentration of 2 x 106 cells/ml and were propagated in

complete medium: DMEM supplemented with 10% heat-inactivated FCS, 2 mM L-

glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, and 50 PM 2-ME. Primary

lymphocytes were isolated from the spleen and lymph nodes and disassociated into a

single cell suspension. After red blood cell lysis, the cells were resuspended to a

concentration of 2x1 06 /mL in C 10 media (RPMI, with 10% heat inactivated FBS, 2 mM

L-glutamine, 100 U/ml penicillin, 100 Pg/ml streptomycin, and 50 uM 2-ME),

supplemented with 1 g/ml OVA peptide (residues 323-329 for DOI 1.10 Tgs, residues

257-264 for OT-I transgenics). The cells were plated in 24 well plates and incubated for

.3 days.

Electroporation of siRNA intro primary T cells

For electroporation, 2.5 pmol dsRNA and/or 20 g of pEGFP-N3 plasmid

(Clontech Laboratories, Palo Alto, CA) were added to prechilled 0.4-cm electrode gap

cuvettes (Bio-Rad, Hercules, CA). Activated DO11.10 T cells (3 x 107) were resuspended

to 6 x 10
7 cells/ml in cold serum-free RPMI, added to the cuvettes, mixed, and pulsed

once at 310 mV, 975 pF with a Gene Pulser electroporator II (Bio-Rad). Cells were

plated into 24-well culture plates containing 1 ml of C 10 supplemented with 1 ng/ml IL-2

(BioSource International, Camarillo, CA) and were incubated at 37°C in a humidified 5%

C02 chamber. Cell viability immediately after electroporation was typically around 60%.

For cationic lipid transfections, 2 lg of plasmid DNA and 100 nmol siRNAs were used

per 106 cells, following the manufacturer's transfection protocol. The following siRNA

oligos (Dharmacon, Lafayette, CO) were used: CD4 siRNA, (sense)
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gagccauaaucucaucugadgdg, (anti-sense) ucagaugagauuauggcucdtdt; CD8 siRNA, (sense)

gcuacaacuacuacaugacdtdt, (antisense) gucauguaguaguuguagcdtdt.

Flow cytometry

All wash or resuspension steps were done in FACS buffer (PBS supplemented with

2% FCS and 0.01% sodium azide) or PBS alone. For analysis, cells were washed once

and then resupended to 200 gtl for cell lines, and 50 tl for primary cells. Primary cells

were then stained for 10 min at 4°C with CD16/CD32 antibody to prevent non-specific

antibody binding (known as Fc blocking). After blocking, the volume of the primary

cells was brought up to 200 ul with PBS. Cells were stained for 20 min on ice with

directly conjugated antibodies. After staining, the cells were washed once and

resuspended in 100 tl for analysis. Certain stainings also included 500 ng/mL

propidium iodide (PI), for exclusion of dead cells. Cell data were collected on a

FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) and four-color analyses

(Green fluorescence protein (GFP), Phycoerythrin (PE), P1, and Allophycocyanin (APC))

were performed with CellQuest Pro software (BD Biosciences). All data were collected

by analyses performed on at least 1 x 10 4 PI-negative events (viable cells), with primary

cell analyses performed on at least 2 x 10 4 viable cells.

The following phycoerythrin-conjugated antibodies were used for flow cytometric

analysis: CD4 (clone RM4-5), CD8 (clone 53-6.7), CD25 (clone PC8 1), antibody against

CD45.2, CD95.2 (Thyl.2) and streptavidin antibodies. We also used allophycocyanin-

conjugated CD4 and CD8, PerCP-conjugated CD4, and biotin-conjugated antibody

against Thyl.2 antibodies for analysis. All antibodies were from BD Pharmingen (San
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Jose, CA).

RNAi lentivirus system

To generate a lentiviral vector capable of producing shRNAs, the pBFGW plasmid

was extensively modified to carry loxP sites, a CMV promoter driving expression of

EGFP and the mouse U6 promoter with downstream restriction sites (HpaI and XhoI) to

allow the efficient introduction of oligonucleotides encoding shRNAs (see appendix B).

ShRNAs were designed using rules from Tuschl and collegues[30]. To these sequences,

we added appropriate stem loop, terminator, and restriction site sequences to allow

cloning into pLL3.7 (see Figure 1). These longer oligos were 5' phosphorylated and

PAGE purified (IDT DNA). After resuspension to 1 ng/tl in water, sense and antisense

oligos were annealed together by heating the mixture to 90°C for 2 min, then 70°C for 4

min, and then reducing the temperature to 4°C either at °C/s or as slow as the

thermocycler was capable. The annealed oligos were then ligated into HpaI/XhoI

digested pLL3.7 using T4 DNA ligase per manufacturer's instructions. Clones were

screened via restriction digest and sequence verified. ShRNA sequences used were as

follows (targeting sense strand DNA sequence only):

CD8:GCTACAACTACTACATGAC,

C'D25:GCATT1CACCTAATCGGCTG,

p53:GGTCTAAGTGGAGCCCTTCGAGTGTTA [40],

Mena+:GTCCTGTGCCTGGCCTACT.
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Figure l. The lentiviral RNAi vector pLentiLox 3.7. A. Schematic ofpLL3.7. The
shRNA is expressed from the U6 promoter, while GFP reporter expression is driven from
the CMV promoter. Lox sites flanking the reporter cassette allow it to be excised. HpaI
and XhoI are restriction sites for cloning in oligos encoding shRNAs. B. Example of
DNA oligo sequence for cloning of CDS shRNA into pLL3.7 vector. C. Predicted
processed stem loop from pLL3. 7 shCDS.
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Generation and titration of lentivirus.
We used the 3 rd generation packaging system to produced lentivirus. This system

consists of the RSV-REV (allows expression of the full viral RNA), pMDLgpRRE

(which produces gag and pot), and CMV-VSV-G (for the envelope) plasmids [79]. To

produce lentivirus, we co-transfected pLL3.7 and packaging vectors into 293T cells at a

4:2:1:1 ratio using calcium phosphate. We collected the resulting supernatants after 48

and 72 h. We recovered virus after ultracentrifugation for 1.5 h at 25,000 r.p.m. in a

Beckman SW28 rotor and resuspended in phosphate-buffered saline (15-200 1l). Titers

were determined by infecting 293T cells with serial ten-fold dilutions of concentrated

lentivirus. We determined GFP expression of infected cells by flow cytometry 48 h after

infection; for a typical preparation, the titer was approximately 4-10 x 108 infectious units

(IFU) per mi.

T cell infection

CD8-positive T cells were activated by culturing splenocytes derived from OTI

TCR transgenic mice at a density of 2 x 106 cells/ml in the presence of 1 gtg/ml of OVA

peptide and 100 ng/ml IL-2 (Biosource International). After 24 h and 48 h, cultures were

supplemented with 20-100 x 106 lentiviral particles (multiplicity of infection (MOI) of

10-50), 10 pg/ml Polybrene, and spun at 2,500 r.p.m.

ES cell infection

We maintained and infected AK7 ES cells[1 16]. Briefly, the ES cells were grown

on a feeder layer consisting of irradiated embryonic fibroblasts. These were cultured in
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the presence of lymphocyte inhibitory factor. The ES cells were placed in single cell

suspension and infected with lentivirus overnight in a volume of 500 gl or less. Infected

cells were replated and colonies of ES cells were picked, expanded and analyzed by flow

cytometry for GFP expression. If the colony contained a mixed population of infected

and uninfected cells, we purified the GFP-positive population by fluorescence-activated

cell sorting before blastocyst injection.

Generation of RNAi chimeric and transgenic mice

For ES cell-derived mice, we injected approximately 10-12 pLL3.7-infected GFP-

positive ES cells into Rag2 / blastocysts, which we then implanted into a pseudopregnant

female recipient mouse. We screened neonates resulting from these injections for

chimerism by determining the level of GFP fluorescence of their skin and paws. Highly

chimeric (>50%) neonates were used for analysis. To generate lentiviral transgenics, we

injected a small volume of high-titre RNAi lentivirus (4-10 x 108 IU/ml) into the

perivitelline space of single-cell mouse embryos, which we then implanted into

pseudopregnant female recipient mice. The resulting neonates were screened for

lentiviral integration by Southern blotting and for expression of GFP fluorescence.

Northern-blot analysis

For northern-blot analysis, cells were lysed cells with Trizol reagent (Invitrogen)

and total cellular RNA was prepared according to the manufacturer's instructions. RNA

was prepared from tissues using RNAlater (Ambion Diagnostics) according to the

manufacturer's instructions. We carried out CD4/CD8 probe hybridization[1 18]. For the
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small RNA northern blot, total RNA (60 [lg) was fractionated on a 10% denaturing

polyacrylamide gel and transferred to a nylon membrane. The membrane was hybridized

to a probe consisting of a 21 nt CD8 siRNA sense strand labeled at the 5' end with 32 p.

We used a 5' radio-labeled oligonucleotide probe to 5S RNA to determine equal loading

of RNA.

Western-blot analysis

Mouse tissues were lysed in RIPA buffer (150 mM NaCI, 50 mM Tris pH 8.0, 1%

Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecylsulfate) supplemented

with Complete Protease Inhibitor Tablets (Roche). We determined protein concentrations

using BCA Protein Assay (Pierce). Equal amounts of protein (100 lag) were loaded per

lane and separated on a 10% SDS-PAGE gel. Protein was transferred to a PVDF

membrane. We detected p53 using antibody against p53 Ab-3 (Oncogene Research

Products) diluted 1:1,000 and donkey antibody against mouse conjugated with

horseradish peroxidase diluted 1:10,000. The blot was developed with ECL+ reagent

(Amersham Biosciences).

Results

siRNA-mediated silencing in primary mouse T cells

To test whether mRNA expression in primary immune cells could be silenced

using siRNAs, we isolated primary lymphocytes from the spleens of DO1 1.10 mice.

After initially activating the splenocytes with cognate OVA peptide for 72 h, the cells

were transfected with siRNAs against the CD4 or the CD8 co-receptor together with a

GFP expressing reporter vector. Initially, liposomal transfection reagents were used,
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however, neither silencing of the CD4 nor expression of the GFP reporter were seen

(Figure 2A). Because of the success of electroporation into T cell lines, we used this

method to transfect primary T cells. Despite typically reduced cell viabilities of over

50%, this method was effective for transport of the siRNA into primary T lymphocytes

(Figure 2B). CD4 expression was reduced 5 fold and CD8 expression was reduced 3.3

fold compared to controls (Figure 3). Approximately 70% of T lymphocytes in DO 1 1.10

animals are CD4 restricted, allowing the analysis of both CD4 and CD8 expression

within the same well. By staining the T cells with antibodies against both CD4 and CD8,

we demonstrated that the expression of the alternative CD marker (i.e. CD4 when CD8

was targeted) remained essentially unchanged (Figure 4A). Maximal silencing occurred

in these cells at 48 h, after which expression of the targeted receptor began to approach

normal levels (Figure 4B).

Creation and Validation of shRNA expressing lentiviral vector LentiLox 3.7

The siRNA experiments in primary T cells showed that RNAi was an efficient

process in lymphocytes. However, two major limitations of this method were the toxicity

of the treatment and the limited time frame of the silencing. To address these issues, we

created a lentiviral vector system capable of expressing shRNAs in vivo. We inserted the

murine U6 promoter into the GFP expressing LentiLox 3.6 to generate the bifunctional

LentiLox 3.7 vector (see appendix for a full description on the design and construction of

LentiLox 3.7). To validate this new vector, we adapted the CD8 silencing siRNA from

the previous experiment for expression as an shRNA. The vector was tested for efficacy

by electroporating both the CD8 shRNA encoding vector and the empty control vector
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Figure 2. Transfection of siRNAs into primary T cells. A. Na"ive T cells co-transfected
with CD4 siRNA and GFP reporter using Duofect cationic liposomal agent (green lines).
Left histogram shows GFP expression and right histogram shows CD4 expression. Non-
transfected controls are shown in solid purple. B. Activated primary T cells co-
transfected with CD4 siRNA and GFP reporter stained with propidium iodide after
electroporation to evaluate cell viability. Results from A and B are representative of at
least 3 separate experiments.
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Figure 3. Time course of silencing for activated primary DO 11.10 T cells electroporated
with siRNAs against either CDS (leftcolumn) or CD4 (right column) (green lines).
Solid purple peaks represent cells transfected with a non-specific siRNA control. The
histograms are gated on viable cells that express either CD4 or CDS respectively.
Results are representative of 3 individual experiments.
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Figure 4. Specificity and time course of siRNA silencing in activated primary T cells.
A. Activated primary DO 11.10 T cells transfected with siRNAs against either CD8 )top
row) or CD4 (bottom row) stained for both CD8 (left) and CD4 (right) simultaneously to
determine specificity of gene silencing. Plots are gated on viable cells expressing either
CD4 or CD8. Solid purple peaks are transfected with non-specific controls. B. Time
course of downregulation of CD4 and CD8 expression in activated primary DO 11.10 T
cells transfected with siRNAs against CD4 or CD8. The maximal level of silencing was
calculated by finding the peak fluorescence level of the suppressed curve and expressing
it as a percent of the peak fluorescence level of nonspecific siRNA transfection control.
Values are expressed as percent silencing and are plotted against time (hours).
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into E10 cells. The ElO0 T cell line was derived from a thymoma, and thus expresses both

the CD4 and CD8 co-receptors. After 48 h, the cells transfected with the CD8 silencing

vector showed significant reduction in CD8 levels (Figure 5).

We next tested whether LentiLox 3.7 could silence genes after transduction by

infecting El0 T cells with virus produced using 293T cells. El0 cells infected with CD8

targeting lentivirus showed a 94% decrease in CD8 expression with no concomitant

change in CD4 levels (Figure 6A). To test whether this silencing was stable, we used a

fluorescence activated cell sorter to isolate both GFP expressing control cells and GFP

expressing CD8 silenced cells. These cells were grown in culture for over 1 month and

then reanalyzed for CD4 and CD8 expression with flow cytometry. The cells maintained

expression of the GFP reporter and silencing of CD8 (Figure 6B). Northern blots

performed on RNA from these cells showed that while the CD8 transcripts were

essentially eliminated, CD4 transcript levels were unaffected (Figure 7A). A small RNA

northern showed the presence of a small approximately 21 nt species of RNA

corresponding to the sense strand of the shRNA (Figure 7B).
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Figure 5. Reduction of CD8 expression in transfected E lOT cells 48 h after
electorporation with either pLL3.7 or pLL3.7 shCD8. Plots are gated on viable cells and
are representative of two independent experiments.
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Figure 6. Efficacy, specificity, and stability of silencing by pLL3.7 in aT cell line. A.
EIO T cells transduced with no virus, pLL3.7 or pLL3.7 shCD8 were evaluated via flow
cytometry for CD8 (top) and CD4 (middle row) expression. Bottom row shows staining
of other surface markers in GFP positive gated pLL3.7 (green) or pLL3.7 shCD8 (pink)
infected EIO cells. Purple peaks are non-stained controls B. Stability of CD8 silencing
and GFP reporter expression in sorted E lOT cells after one month maintenance in cell
culture. E I0 cells were transduced with either pLL3.7 or pLL3.7 shCD8 and sorted on
the basis of GFP expression and reduced C08 expression (pLL3.7 shCD8 transduced
only).
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Figure 7. RNA profile of EIO cells transduced with pLL3.7 shCD8. A. Specific
degradation of CD8 mRNA induced by pLL3.7 CD8. CD8 and CD4 mRNA levels in
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CD8 (CD8 RNAi virus) and sorted on the basis of GFP and CD8 expression, were
assayed by northern blotting. The bands representing CD8 and CD4 mRNA species are
indicated. B. Generation of processed shRNAs in cells infected with pLL3.7 CD8. The
cells analyzed for CD8 and CD4 mRNA levels in A were also examined for the presence
of processed shRNAs by northern blotting. The location of RNAs of 21, 22 and 23 nt are
indicated.

38



Verification of lentiviral shRNA efficacy in primary cells

Primary splenocytes from OT-1 mice were isolated and activated with cognate

peptide. While undergoing activation, the cells were centrifuged and infected

(spinoculated) with control virus, virus targeting CD8, or virus targeting CD25. The cells

were analyzed for expression of CD8 and CD25. Infected cells showed a 93% reduction

in CD8 expression and a 95% reduction in CD25 expression (Figure 8A). In response to

increasing concentrations of IL-2, T cells infected with lentiviruses targeting CD25

showed a 75-80% decrease in proliferation (Figure 8B).

Creating shRNA transgenic animals

Two potential approaches to creating transgenic animals using lentivirus are the

injection of infected ES cells into blastocysts and the direct infection of fertilized

embryos. To validate the first approach, we infected AK7 ES cells with lentiviruses

expressing CD8 targeting shRNAs and purified GFP expressing clones using high speed

cell sorting (Figure 9A). These clones were then injected into blastocysts and pups were

born from the resulting implantations. Highly expressing chimeras (determined by coat

color and GFP fluorescence under appropriate lighting conditions) were euthanized and

their organs analyzed via flow cytometry (Figure 9B and C). When compared to

controls, the thymi of CD8 knockdown chimeras had an 8.7 fold decrease in mature

single positive CD8 cells. In the periphery, the spleen had 6 fold decrease in CD8 cells.

Interestingly, the double positive (CD4+CD8+) subset in the thymus was still present, but

shifted compared to controls because of its decreased, but not eliminated, expression of

CD8 (Figure 9D).
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Figure 80 Functional silencing of genes in vitro by LentiLox 3.7 in primary T cells. A.
CD8 (top row) or CD25 (bottom row) expression in non-infected, pLL3.7 shCD8
infected, or pLL3.7 shCD25 infected activated primary OT-I T cells. The efficiency of
infection was determined by assaying GFP expression. Expression of CD8 and CD25 in
infected T cells was measured by staining with specific antibodies that bind these surface
markers. B. Proliferation in response to increasing IL-2 after pLL3.7 or pLL3.7 shCD25
infection of primary CD8+ OT-1 T cells. Proliferation was assessed by 3H-thymidine
incorporation done in triplicate wells. Both experiments are representative of two
experiments.
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Figure 9. Analysis of ES cell derived RNAi transgenic. A. AK7 ES cell line stably
infected with pLL3.7 shCD8 (green line) as shown by GFP fluorescence 2 wk after
infection compared to uninfected controls (purple peak). B. GFP expression in
thymocytes from pLL3.7 shCD8 chimeric mouse (green line) compared to thymocytes
from non-transgenic Iittermate controle (purple peak). C. Fluorescence imaging of paws
of pLL3. 7 shCD8 infected ES cell-derived mice using standard epifluorescence to detect
expression of EGFP. D. Silencing of CD8 in the thymus and spleen of ES cell-derived
mice infected with pLL3.7 shCD8. Thymocytes and splenocytes from l-wk-old control
and CD8 RNAi (pLL3.7 shCD8) ES cell_derived mice were harvested and stained for
CD4 and CD8 expression. Plots are gated on viable GFP+ cells.
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To validate the second approach for generating lentiviral transgenics, we injected

approximately 30 embryos directly with either CD8 targeting or control lentivirus that

were then implanted into pseudo-pregnant females. A few embryos in each experiment

were incubated ex vivo for 3 days and screened for GFP expression via fluorescence

microscopy to determine whether the embryos were efficiently infected (Figure IOA).

Viable offspring were screened for transgenesis through microscopy or flow cytometry of

blood (Figure 1OB). Transgenic animals were euthanized and organs from these animals

were analyzed via flow cytometry. Northern blots performed on the organ samples

showed that the majority of tissues expressed 22 or 23 nt small RNA species

corresponding to CD8 shRNA, although these were longer than the 21 nt RNAs found in

T cell lines (Figure IOC). Transgenic animals showed more than a 16 fold reduction in

the percentage of mature single positive CD8+ cells in the thymus and spleen (Figure

1 OD).

Discussion

siRNA into primary T cells

These experiments provide the first evidence that primary immune cells are

capable of undergoing RNA induced gene silencing. This creates numerous possibilities

for immunological study by reducing the time needed to knock out genes of interest. For

example, transfecting a 96 well plate of T cells with a different siRNA in each well could

be the basis of a genetic screen using in vitro readouts such as cell proliferation, cytokine

production, and effector function. This could also be a powerful technique for

manipulating T cells which are adoptively transferred to other animals. Transfecting

42



A. brightfield fluorescence B.'t:S
Q)-(.)
.!
r:::
r:::
::::J

.:(
~)~z

~ @~(@lco
0 600

c.
~23 nt
~22 nt
~21 nt

D. uninfected
...o

CD8 RNAi

thymus

spleen

---- CD8 ----

Figure 10. Analysis of embryo derived RNAi transgenics. A. GFP expression in
embryos incubated ex vivo for 3 days after infection with pLL3.7 sheD8. B.
Fluorescence microscopy of pLL3.7 shCD8 transgenic animals. Left panel is a paw from
a transgenic animal, while the right panel is a transgenic pup with its non-infected
littermate control. Both panels were imaged with standard epifluorescence for expression
of EGFP. C. Expression of processed shRNAs in multiple tissues in transgenic mice
derived prom pLL3.7 shCD8 infected embryos. Tissues were harvested from 8-wk-old
pLL3.7 shCD8 transgenic mice and assayed for the prescence of processed shRNAs by
northern blotting. D. Silencing of CD8 in the thymus and spleen of transgenic mice
derived from pLL3.7 shCD8 infected embryos. Thymocytes and splenocytes from 2-wk-
old control and pLL3.7 shCD8 mice were harvested and stained for CD4 and CD8
expression. Plots are gated on GFP+ cells and are representative of 7 individual pLL3.7
shCD8 animals.
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siRNAs could replace the need for maintaining specific knockout strains. Furthermore,

electroporation is both safer and easier that using viral delivery systems.

While this method is promising, the protocol contains several challenges to its

successful application. Electroporation dramatically reduces cell viability, which can

disturb downstream procedures. It is possible to purify viable cells by centrifugation

through a Ficoll gradient, but this results in additional cell loss. Improved electroporation

technology might circumvent this issue. For instance, a square wave electorporater, such

as the BTX instrument, can increase cell viability because the voltage spike is smaller,

keeping cells at a transfectable yet less lethal voltage for a longer portion of the pulse.

More recently, neighboring labs in the Center for Cancer Research have used the Amaxa

nucleofecter to transfect siRNAs into primary T lymphocytes with higher efficiencies and

less cell loss.

Transfection into naYve T cells would allow the study of pathways for activation

and differentiation into effector cells. My attempts to transfect nucleic acids into these

cells proved fruitless. There are at least two explanations for this observation. It is

possible that the membrane structure is impervious to transfection, so that the DNA or

RNA is not even able to get into the cell. Another possibility is that failure to see

silencing is the result of the silencing machinery being inactive in these cells. Naive cells

generally are cells with a small cytoplasm and heavily condensed chromatin, with little

metabolic activity, which could partially explain the lack of expression from the reporter

vector. The reporter may also fail to be expressed since the vector does not have access

to the nucleus for RNA transcription. Transduction of naYve cells by virus has been

suggested anecdotally and might circumvent this limitation of siRNA.
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The limited duration of silencing could also limit the utility of this technique in

primary cells. It might be possible to retransfect siRNA into primary T cell lines to

maintain silencing, given the success of this approach in tumor lines. Alternatively,

selecting genes with appropriate protein half-life might be important. Genes with

extremely fast turnover will be quickly eliminated leaving a short window for

experimentation.

Efficacy of the siRNA is also dependent on the efficiency of siRNA transfection,

which measured using a co-transfected GFP reporter. Because this is an indirect method,

reporter expression may not accurately reflect how much siRNA got into target cells.

The use of a plasmid based shRNA expression vector with integrated reporter would

allow accurate detection of cells undergoing RNAi.

Lentiviral shRNA vector system

The lentiviral shRNA system was designed to rapidly create transgenic

knockdown animals with stable silencing. Our group was the first to generate an RNAi

transgenic with an endogenous protein knockdown. The CD8 knockdown altered

normal T cell development, indicating that lentiviral induced RNAi will be robust and

stable enough to compete with traditional genetic approaches. Less than six months

elapsed from the initial cloning and validation of the vector to the analysis of both ES and

transgenic animals, which compares favorably to the 1-2 years required to generate a

knockout animals.

The practicality of lentiviral RNAi transgenesis might depend on how closely

these transgenics phenocopy knockout animals of the same gene. CD8 served as a good

45



first attempt at answering these concerns. The CD8 co-receptor is encoded by two

tandemly arrayed genes, CD8a and CD8b 1, which are usually expressed as a heterodimer

on T cell surface [119]. Knockouts have been made where either each chain is separately

targeted [ 119, 120], but the resultant phenotypes are grossly similar. In the case of CD8a

ablation, neither CD4+CD8+ DP nor CD8+ SP cells are found in the thymus[l 19].

CD8B is not expressed in the thymus when CD8a has been ablated, suggesting that

surface expression of CD8B is dependent on CD8a. In comparison, the CD8B knockout,

has CD4+CD8+ DP cells, but these are CD8a restricted and no CD8+ SP cells were

present[120]. In neither animal were CD8+ SP cells present in the peripheral lymph

organs, such as the lymph node[l 19, 120]. Our CD8 knockdown targeted CD8a, and

yielded animals with a shifted CD4+CD8+ DP population in the thymus, and no normal

CD8+ SP in the periphery. Future experiments (see chapter 3, Figure 16), showed that a

CD81o population, where CD8 expression was 1 log lower than normal, was present in

the peripheral organs of our lentiviral RNAi transgenics. This was similar to

heterozygous knockouts of CD8a where loss of a single copy of CD8 yielded a shifted

CD4+CD8+ DP population and allowed development of CD81o SP cells where CD8

expression was 1/2 to 1 log lower than normal[l 19]. We did not test whether T cells

from our CD8 knockdown transgenics functionally phenocopied the lack of cytotoxic

response in homozygous CD8a knockouts or gave a normal response similar to

heterozygous CD8a knockouts when exposed to CD8 cell activating antigens such as

vaccina. This would have given interesting insight into the functional utility of

knockdown transgenics. These observations suggest that for genes where gene dosage is

important, the RNAi knockdown might be most similar to the heterozygous knockout, but
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it remains unclear if knockdown transgenics might more closely phenocopy the

homozygous knockout of genes whose function is not as dependent on gene dosage.

Intermediate phenotypes from knockdown animals could provide important insights,

especially since, for some molecules, dose response might more accurately mimick

human disease.

Transduction of naive T cells was a goal of using the lentiviral RNAi system

instead of siRNAs. Several attempts to infect naive T cells using our lentiviral system

have failed (data not shown), and it remains unclear how permissive of viral infection

naive cells are. Experiments from neighboring labs in the Center for Cancer Research

seem to indicate that naive cells are transduced with lentivirus, but the reporter from that

virus does not express until after the cell is at least partially activated (Adam Drake,

personal communication). It is unclear from these results whether viral integration

occurs before or after activation and further testing will be required to optimize

transduction of these cells.

Several elements of the experimental design proved vital for the initial

demonstration of lentiviral knockdown animals. The GFP reporter was important for

both screening transgenic animals and isolating cells expressing the lentivirus via flow

cytometry. Additionally, targeting the cell surface marker CD8 enabled us examine the

effects of the knockdown on a single cell level, since neither Western nor Northern

blotting can examine protein and mRNA levels in individual cells. This was useful for

two reasons. First, at least for CD8, the effect of RNAi appeared to be an all or nothing

effect (illustrated in Fig 6). All cells were knocked down to roughly the same level,

independent on marker expression. This suggests that even if additional lentiviral

47



integrants or integration into a more active chromatin region led to higher expression of

shRNAs that no further silencing would be achieved. If increased expression of shRNA

would have led to greater silencing, we would have expected to see less CD8 expression

as cells became more GFP fluorescent. It will be interesting to see if this all or none

phenomena holds true for other silenced genes when evaluated on a single cell level.

Secondly, we found cells in the FACS analysis that either silenced CD8 or expressed

GFP, but not both. Given the close proximity of the pol II and pol III promoters in the

integrated provirus, cells that expressed off only one of the promoters likely are victims

of competition or interference between the promoters. Fortunately, we found this problem

occured in less than 10% of the cells.

While shRNA expression appears robust in many tissues of the transgenic

animals, we were unable to determine if the U6 promoter is active enough in all tissues to

silence widely expressed genes. Additionally, expression of the shRNA in tissues where

our target is not expressed could lead to detrimental off-target effects. Tissue specific or

inducible vectors would restrict shRNA expression to targeted regions.

pLL 3.7 shCD8 produced similar knockdown results both in vitro and in vivo.

However, we observed that the small RNA species corresponding to the CD8 shRNA

appeared longer in vivo than from cells in culture. One possibility is that the specificity

of Dicer might vary between mouse strains (the in vitro cells were from another strain) or

tissues types (the in vitro cells are of immune origin), leading to cleavage at a different nt

within the step loop. An alternative and more trivial explanation is that the altered

migration between tissue and cell lines might result from increased phosphatase activity

in certain tissues [P. Sharp, personal communication]. The cleavage of a phosphate group

48



would slow mobility in the gel towards the cathode compared to an intact RNA of equal

length, creating the illusion of a longer species. Cloning and sequencing of the cleavage

products would differentiate between these possibilities.

The most exciting implications of this study are those for future investigations

where one could use a single vector for in vitro and primary cell work, and then use that

same vector to create transgenic animals. Before this could occur, the performance of the

vector had to be improved. While infected cells showed significant and stable silencing,

not every cell in transgenic animals expressed the reporter transgene. There are two

possible explanations for this effect: 1) infection occurred after the single cell stage,

resulting in a mosaic animal, or 2) an epigenetic silencing mechanism, which could be

reset during embryogenesis, was activated in a subset of cells. Even in the breeding lenti-

transgenics, GFP expression did not appear in all cells, suggesting that more complex

silencing mechanisms are in place.
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Chapter 3

Expansion of the lentiviral delivery system

50



Attribution

Sokol Haxinasto and I generated GM. 1 derived transgenics through the MIT Division of

Comparative Medicine. We generated, dissected, and analyzed these transgenics as well

as the chimeras together. Andrea Ventura and Alex Meissner generated pSICO chimeras

on different Cre expressing backgrounds. I dissected and analyzed the immune tissues

from these animals via flow cytometry. Patrick Stern cloned the vector with anti-

repressors pLB, and Stephan Kissler cloned the EFla promoter variant pLBEG. Sokol

Haxinasto and I used these vector to generate bone marrow chimeras, which I analyzed

via flow cytometry.

Introduction

Having demonstrated the value of lentiviruses in generating transgenic RNAi

animals, our group was interested in determining how practical and useful generating and

analyzing these animals could be for addressing relevant biological questions. We were

particularly interested in whether we could restrict transgene expression to a particular

tissue, induce shRNA in particular tissues or at a particular time, and reduce the silencing

of the lentiviral integrant in animals.

Tissue specific transgene expression

In most early lentiviral transgenic experiments, transgenes were expressed

throughout the animal using an ubiquitous promoter such as the ubiquitin,

cytomegalovirus (CMV), or phosphoglycerate kinase (pgk) promoter. Many groups,

however, are interested in creating vector systems where the transgene is expressed in
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only a subset of tissues. Certain polymerase II promoters, when combined with enhancer

or silencer elements, restrict their expression to a specific tissue. A number of these

promoters, including CD2, ck, CD4, CD 19, have been used in the hematopoetic system

to generate traditional transgenics. The size of these promoters generally limits their use

in lentiviruses since packaging efficiency rapidly decreases as the length of the viral

genome increases[l21]. Depending on the site of the insertion, every 2kb of additional

insert will lead to a 1/2 to 1 log decrease in viral titer [121], because of the reduced

efficiency of RNA encapsidation. While some of these promoters are several kilobases

long, the CD4 promoter is compact and well characterized [122]. The core CD4

promoter, only 150 bp in length, retains approximately endogenous activity when

coupled to a 300 bp enhancer in a viral construct. This minimal promoter/enhancer

combination, however, is not exclusively specific for CD4 cells, as it lacks the CD4

silencer to prevent expression within CD8 cells. We possessed a lentivirus using CD4 to

drive reporter expression in T cells and we were interested in comparing the specificity of

expression between bone marrow chimeras and transgenics. We also examined if the

tissue specificity of expression would be reproduced faithfully in progeny.

Inducible shRNVA expression

Using the Cre/Lox system, a segment of DNA flanked by Lox sites is eliminated

when Cre is expressed. While the Cre/Lox system is frequently used to turn off genes, it

can also turn on gene expression when Lox recombination removes a transcriptional stop

signal. Since transgenic animals exist where Cre expression is driven by tissue specific

or otherwise inducible promoters (i.e. regulated temporally or through drugs), the
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Cre/Lox system is an ideal method for regulating gene expression. By breeding a mouse

strain containing a lox flanked gene of interest to each of the Cre animals, gene function

in multiple tissues and developmental periods could be readily examined.

Collaborators within the Cancer Center used pLentiLox 3.7 as a template for the

creation of a Cre-inducible RNAi vector called pSICO [123]. To create an inducible U6

promoter for the expression of shRNAs, the Lox sites were altered to generate a hybrid

Lox/TATAbox. The U6 promoter was split by the lox sites, with a CMV-GFP marker

cassette in between. Upon expression of Cre, the lox sites recombined, reconstituting a

functional U6 promoter enabling hairpin expression. Additionally, reporter expression is

lost as a result of the promoter recombination. Having validated the use of the vector in

vitro, it remained pertinent to further test its efficacy in actuating a biological effect in

vivo. We generated transgenic animals using a version of pSICO targeting CD8 (pSICO

shCD8) to simplify comparison to the original LentiLox experiments. We analyzed

pSICO shCD8 animals bred with either Msx2-Cre or Lck-Cre strains to generate the CD8

knockdown.

Improved Vector Expression

While initial experiments demonstrated that lentiviruses can be used to make

transgenic and knockdown animals[49, 50], these studies did not examine how penetrant

expression was from the lentivirus. Evidence suggests that certain viral vectors, such as

LentiLox 3.7 and FUGW, express in no more than 30% of hematopoetic cells [124], even

when bred at single viral copy number. Similarly, in vivo analysis of pSICO CD8

animals showed that only a portion of cells not induced by Cre actively expressed the
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GFP reporter. Thus, there was no way to determine if GFP expression was turned off by

Cre expression or if the reporter was never expressed in GFP negative cells. To both

increase the percentage of cells expressing the reporter and to stabilize expression across

cell types, two DNA elements, AR and SAR, were added to the LentiLox vector to create

pLB. AR was originally found in a screen for genomic anti-silencing elements and SAR,

characterized by Juergen Bode, maintains open chromatin at sites throughout the

genome[125, 126]. To test the efficacy of pLB and a pLB variant using the EFlot

promoter, I generated bone marrow chimeras and analyzed reporter expression in blood

samples. We also generated and analyzed transgenic animals to evaluate the penetrance

of pLB.

Methods

Mice

Several strains of mice were used for these experiments. BL6 and NOD embryos

and recipients were used to generate lentiviral transgenics. Hematopoetic stem cells were

isolated from either DO11.10 TCR transgenics, BL6, or BL6.SJL (CD45.1) animals,

infected and injected into appropriate recipient animals (Balb/C or BL6). Blood samples

for screening and analysis were obtained from mice via retro-orbital bleeding. Mice were

maintained in specific pathogen free facilities. All the experiments were carried out

according to the guidelines established by the Committee on Animal Care at the

Massachusetts Institute of Technology.
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Flow cytometry

All FACS analysis was prepared as noted in chapter 2, with the following

exceptions: some experiments were run on FACScanto 6 color flow cytometer (BD

Biosciences) with analysis using FlowJo (TreeStar inc.) and the antibodies listed below

were used:

The following phycoerythrin-conjugated antibodies were used for flow cytometric

analysis: antibody against CD4 (clone RM4-5), antibody against CD8 (clone 53-6.7),

antibody against CD25 (clone PC8 1), antibody against CD45.2, antibody against CD95.2

(Thyl.2) and strepavidin. We also used allophycocyanin-conjugated antibody against

CD4 and CD8, PerCP-conjugated CD4, and biotin-conjugated antibody against Thyl.2

for analysis. All antibodies were from BD Pharmingen.

Generation and titration of lentivirus/Generation of transgenic mice

As described in chapters 2, with the following exception: transfection for viral

production used FuGene 6 transfection reagent (Roche Biochem) instead of calcium

phosphate.

Lentiviruses

The following lentiviruses were used:GM.l [122], pLL3.7 shCD8 [50], pSICO, pSICO

shCD8 [123], pLB. For a description of the generation of pSICO, see appendix D.

ES cell infection and generating chimeric mice

ES cells were infected with pSICO and pSICO CD8 as described [123]. To
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generate animals for analysis, germline chimeras were bred to either Msx2-cre or ck-cre

animals. High expressing animals were euthanized and the organs were isolated and

prepared for flow cytometry.

Generation ofRNAi chimeric and transgenic mice

To generate lentiviral transgenics, we injected a small volume of high-titre RNAi

lentivirus (4-10 x 108 IU/mL) into the perivitelline space of single-cell mouse embryos,

which we then implanted into pseudopregnant female recipient mice. The resulting

neonates were screened for lentiviral integration by Southern blotting and expression by

GFP fluorescence.

Isolation of hematopoetic stem cells and generation of bone marrow chimeras

Enriched populations of hematopoetic stem cells were isolated by treating donors

with 5-fluorouracil (250 [tg/g of body weight) 5 days before harvest or by lineage

depletion immediately after harvest. Typically, ten to twelve 5-fluorouracil treated

animals or 6 non-treated animals were euthanized and the femurs and tibias extracted.

Bone marrow was flushed from the bones using PBS blown through 30 gauge needles.

Red blood cell lysis was performed on the isolated bone marrow cells. Cells undergoing

lineage depletion were pelleted and resuspended in MACS buffer (PBS + 5% fetal bovine

serum) and stained with lineage specific antibodies conjugated to streptavidin per

manufacturer's instructions (Miltenyi Biotec). After staining, the cells were further

incubated with magnetic beads conjugated to biotin. The cells were then washed and

suspended in MACS buffer, and isolated using the depletion program in the AutoMACS
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machine. Typical recoveries were 10% on input cell number. Cells prepared via either

method were plated at 2 x 10 6 cell/mL in 24 well plates in D15 (DMEM with 15% fetal

bovine serum) supplemented with cytokines (20 ng/ml IL-3, 50 ng/ml IL-6, and 50 ng/ml

stem cell factor). Lentivirus was added to the cells at M.O.I.s ranging from .5 to 5 along

with 4 ptg/mL, polybrene after 24 hours, and the cells were spinoculated for 1 1/2 h at

2500 rpm at 30°C. After centrifugation, the cells were incubated on the virus for 1 to 6 h,

before replacing 70% of the media with fresh media. For injection, cells were washed

and suspended in 200 1 of PBS. From 50,000 to 2 x 106 cells were injected

intravenously into irradiated recipients. Balb/c or Rag -/- recipients were typically

irradiated with 900 rad, while BL6 mice typically received 1200 rad. Injected animals

were kept on wet food and antibiotics for the first two weeks following reconstituion.

Results

Tissue specific transgene expression

We used the CD4-GFP vector GM. 1 to generate transgenic offspring and create

chimeric animals by reconstituting the immune system of irradiated recipient animals

with infected hematopoetic stem cells. Blood samples from animals derived using both

methods were analyzed via flow cytometry. The transgenic animals had a high

percentage of GFP-positive CD4 (58.4%) and CD8 (55%) T cells, but very few GFP-

positive granulocytes (0.75%) and B cells (2.5%) (Figure 11A). In contrast, GFP was

present both in the T cells (45.7% of CD4) and the B cell compartment (37.8%) of the

chimeric animals (Figure 1 lB).

57



A. CD4 CDS 8220 Granulocytes

:A fJ\
30

~
eo

,~ \
t\ I~ 110

20
100

40

\' I10 ) \
10

\. AI 55 50 2.5 20

L ~. \0
.0 0 0

100 10 ' 102 103 10 100 10' 102 103 10' 100 10' 102 103 10' uP 10' 102 103 10'

GFP

B.
CD4

80

80

..
340
It

20

r
45.7 }!I~

I
I

'J L

CDS 8220
10 \ 150 i

'VV

100
. ,

\22.0 37.8
. 50
\ 22
\ 45.7

~. 0
------

GFP ~2
103 10'

Figure 11. Profiling tissue specific expression in lentiviral transgenics and chimeras
derived using CD4-GFP vector. Blood samples were obtained from the animals and
stained for CD4, CD8, B220, and CD 11b for analysis by flow cytometry. A. GFP
expression by immune cell type in founder animal derived from GM.I (CD4-GFP)
infected embryos. B. GFP expression by cell type in chimeric CD4-GFP animal. Bone
marrow was harvested from a C57/BL6 donor treated with 5-fluoruracil to activate and
expand the hematopoetic stem cell population. The isolated cells were infected with
GM.I (CD4-GFP) virus and injected into lethally irradiated C57/BL6 hosts. Plots are
representative of 7 individual chimeric animals.
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We examined how faithful tissue specific GFP expression was in progeny generations

by breeding transgenics to wild type mates. A substantial proportion of offspring in each

generation had GFP reporter expression (Figure 12). Expression of the GFP reporter

increased in T cells (85.8%) in the F1 progeny, and remained stable in the F2 progeny

('84.4%) (Figure 13). The F3 offspring reproduced the faithful expression of the other

generations (92.5%).

Inducible shRNA vectors

To determine the efficacy of inducible lentiviral shRNA vectors in vivo, we

derived animals from embryonic stem cells infected with pSICO shCD8. Animals in

which the integrant went germline were bred to either Msx2-Cre or Lck-Cre mates.

Bleeds were taken from the resulting offspring and analyzed via flow cytometry. These

animals had GFP expression levels in B cells ranging from 5-75%, with a high

percentage of GFP-negative cells in littermates without CRE present. The offspring with

greater than 60% GFP expression were euthanized and their organs were analyzed via

flow cytometry. The percent of cells expressing CD8 dropped from 22.6% to 10.3% in

pSICO shCD8/Msx2-Cre animals compared to wildtype animals (Figure 14A). In the

pSICO shCD8/Lck-Cre animals, the percent of CD8 expressing cells dropped from

33.2% to 15.9%X compared to an animal infected with pSICO alone (Figure 14B). There

was no substantial difference in the proportion of CD4 between knockdowns and controls

(Figure 14A,B). PCR screening showed that recombination was complete in the

thymuses of both Msx2-Cre and Lck-cre derived animals.
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Figure 12. Pedigree of CD4-GFP lentiviral transgenic cohort. A transgenic founder
derived from GM.I (CD4-GFP) infected embryos was crossed to a C57/BL6 female.
Offspring were also bred with C57/BL6 mates. Green shading indicates GFP expressing
animals as determined by flow cytometry from blood samples. The number inside the
box or circle represents expression of GFP in CD8 cells.
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Improved Vector Expression

We hypothesized that incorporating insulating elements into our vector would

prevent silencing and create more consistent transgene expression across tissues. We

also tested whether these elements would increase the fluorescence intensity of our

reporter, enabling us to more accurately isolate the cell populations expressing the

transgene. We compared GFP expression in blood samples from bone marrow chimeras

generated using both the original vector and pLB, a vector containing the AR and SAR

elements. While the percentage of reporter positive cells remained low, a 1.7 fold

increase in mean fluorescence intensity (MFI) was observed in the pLB animals

compared to pLL3.7 animals (Figure 15). Thus, we exchanged the CMV promoter,

which is often silenced in immune cells, for the EFlct promoter to create pLBEG.

Chimeras generated with this vector showed a 4.6 fold increase in MFI compared to pLB

chimeras (Figure 15).

We used pLB to generate transgenic animals and compared reporter expression in

the immune tissues to that of a control pLL 3.7 shCD8 animal. The pLB animal had

higher and more equivalent expression of GFP in all immune cells than the pLL3.7

shCD8 animal (Figure 16).
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Figure 15. GFP expression from pLL3.7 variants in the B cell compartment of chimeric
animals. Bone marrow from C57/BL6 donors was harvested and infected with pLL3.7,
pLB (pLL3.7 with anti-repressor elements), or pLBEG (pLB with EFla promoter
replacing CMV). Infected bone marrow was injected into irradiate C57/BL6 recipients.
Blood samples drawn 4 wk after reconstitution were stained with B220 and analyzed via
flow cytometry. MFI was calculated based on GFP+B220+ subset using CellQuest Pro
analysis software.
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Discussion

Tissue specific transgene expression

We used a CD4-GFP lentivirus to achieve tissue specific transgene expression. In

transgenics, we found reporter expression only in CD4 and CD8 cells, which was faithful

through the F3 generation. This consistency suggests that the large cohorts required for

disease studies can be bred, further extending the utility of lentiviral transgenesis.

However, a formal evaluation of viral copy number via Southern blot is needed to

determine how many viral integrants these animals possess and whether cohorts can be

bred from animals that possess a single expressing integrant. Cohorts that utilize only a

single integrant are preferred because it simplifies breeding and reduces the likelihood of

insertional mutagenesis altering the phenotype. The tails from the CD4-GFP animals

were destroyed before Southern blots could be performed on the cohort. This experiment

will have to be completed before relying on this or any other lentiviral vector for large-

scale disease studies.

While transgenics created using this vector showed T cell restricted reporter

expression, chimeras generated using the same vector showed reporter expression in B

cells. Since the minimal promoter in the vector contained regulatory elements required to

keep expression specific to T cells, expression should have been limited to T cells in the

chimera as well. The fact that chimeras showed expression in B cells suggests that there

may be other regulatory sequences important for T cell specific expression that are

deactivated once more permanent forms of repression, such as methylation, are

established. Expression from our vector in the chimeras might escape this suppression

because the viral integrant was not present when methylation was initiated. In
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transgenics, the integrated virus is present earlier in development when this methylation

takes place. While other groups have reported that chimeras generated with this vector

are T-cell restricted, closer evaluation of their data shows that at least some of their

chimeras had significant reporter expression in B cells [122]. Another possible

explanation for the observed loss of specificity in the chimera is the random integration

of the lentivirus into active loci. Read-through from an endogenous promoter through the

integrated virus might result in ectopic expression in non-T cells. This problem would be

limited in transgenics, because many of the genes that are active when the embryo is

infected are turned off in the developed animal. Thus, further research will be required

before the specificity and general utility of this vector for making bone marrow chimeras

can be determined.

Inducible shRNA expression

An inducible vector enabling tissue or temporal specific expression could catalyze

research in many areas of biology. When we validated use of the inducible vector pSICO

in I'ivo, we observed variability in expression of the reporter gene. One explanation for

this could be mosaicism resulting from both infected and non-infected ES cells

contributing to the chimera. . The ES colony selected for injection was generated by

visually selecting infected cells from colonies after infection. The animals were

generated by injecting 10-12 pSICO infected V6.5 ES cells into recipient blastocysts.

While neither procedure guarantees a clonal ES population, the resultant animals were

screened for high levels of chimerism and bred out against wild-type or Cre expressing

animals. Even if the parental chimeras were mosaic, each sperm from these animals must
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be derived from a single cell source and cannot be mosaic. Hence, the variability likely

resulted from silencing of the viral vector.

In most of the animals analyzed, GFP was expressed in only a portion of the cells

not exposed to Cre, making it unclear if GFP-negative cells were expressing the shRNA.

To address this concern, we analyzed animals with a high GFP expression in control

tissues. Even in animals with low GFP expression (under 25%), Cre mediated

recombination appeared complete. Thus, it was not clear whether shRNAs were being

expressed in the cells after recombination even when no GFP was expressed before

recombination.

Problem with reporter expression will probably reduce the effectiveness of pSICO

for generating bone marrow chimeras. The chances of achieving expression in every cell

is reduced in bone marrow chimeras, since they are generated from a polyclonal cell

population, unlike transgenics developed from an infected single cell embryo. Enriching

for infected hematopoetic stem cells by sorting before injection into recipients might

create animals with more pure expression. Another promising solution is to add a second

marker that will report as long as the whole integrant is active. For example, the

fluorescent reporter RFP, which is distinguishable from GFP via flow cytometry, could

be added. However, the additional insert of approximately 1.5 kb for the promoter and

second marker gene could result in a 5 to 10 fold decrease in titer, potentially making

bone marrow experiments impractical [121]. In addition, more significant problems with

promoter interference could occur. Further work regarding these issues could make

pSICO a viable tool for research into the immune system.
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Improved Vector Expression

We tried to increase the efficiency of the lentiviral vector system by

adding insulating elements to the vector. We used the pLB vector, which included two

insulating elements, to generate bone marrow chimeras, resulting in higher MFI in

marker positive cells and enabling clear differentiation between positive and negative

cells. An even higher MFI was found in positive cells using a pLB variant containing

EFlot promoter. These initial experiments suggest that our modifications of pLL3.7

resulted in vectors with higher quality expression. Since the injected bone marrow had a

mixed population of viral integrants, these experiments did not show whether the

additional elements helped reduce silencing. Therefore, we made transgenics from

infected single cell embryos to test the silencing of these improved vectors. The

transgenics had increased reporter expression compared to normal LentiLox derived

animals. The improved vector also equalized reporter expression in various hematopoetic

tissues such as B and T cells. Despite vector improvements, not all the cells in the

transgenic animals expressed the reporter.

Mice have developed mechanisms to silence endogenous retroviruses, and it has

been suggested that they may have evolved a similar mechanism to silence lentiviruses.

This seems unlikely, however, since there are no endogenous murine lentiviruses, and

thus little evolutionary pressure to create defense mechanisms against them. In addition,

it would not have been possible to generate adult transgenic animals using lentivirus if

specific silencing mechanisms existed. Other mechanisms must therefore result in

lentiviral silencing. Since lentiviruses tend to integrate into active promoter regions, it is

possible that the integrated provirus became silenced in certain cell types as the embryos
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differentiated and open loci were shut off. Stochastic mechanisms, an extension of

silencing inherent to normal cell function, might also silence the integrant in a certain

percentage of the cells. General silencing mechanisms against viral elements, such as

repetitive sequences in the LTR or transcription factor binding sites in the 3'UTR, could

also occur. Elimination of these sites from the vector might reduce the level of silencing

currently observed. Additional testing of the pLB system is needed to determine if

expression can be further increased. Nevertheless, this method is useful for experiments

that do not require complete ablation of the targeted protein, such as investigations of cell

autonomous processes.
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Chapter 4

Evaluating effector caspase function via RNAi
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Attribution

I designed and cloned the caspase shRNA vectors together with the assistance of

my undergraduate student Nathan Liu. Some of the shRNA sequences I designed were

outsourced for cloning, along with other sequences from the lab. Andreas Bonertz,

whose data is included in this thesis, used my caspase vectors to help validate Peter

Sandy's luciferase shRNA validation system (Figure 18). Sokol Haxinasto gave me

technical assistance in generating LentiLox chimeras, which I analyzed via flow

cytometry. I performed all the apoptosis and Western blot experiments in this chapter.

Introduction

Caspases are integral components of the programmed cell death, or apoptotic,

pathway, serving to couple upstream death inducing signals with downstream phenotypic

manifestations of apoptosis [127]. Apoptosis is an important process in the adaptive

immune system, helping to eliminate excess target-specific cells after an immune

response and self-reactive cells during immune development [128]. Knockouts of certain

caspases lead to embryonic and perinatal lethality, indicating that these genes and the

processes they mediate play an important role in development [106]. Considerable effort

has been extended to examine the specific role of caspases in immune cell apoptosis.

Apoptlosis is important in the life cycle of immune cells at two distinct points.

Apoptosis shapes the development of the T-cell repertoire, the collective specificity of all

the T-cell receptors in an individual's immune system [129]. Receptor specificity is

determined in the thymus during T cell development [129]. Cells are eliminated if they

do not express a functional T-cell receptor, express a receptor which doesn't recognize
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the antigen presenting molecule MHC (lack of positive selection), or if the receptor

strongly recognizes self-protein (negative selection) [130]. After T-cell development,

apoptosis is essential for the elimination of excess antigen-specific T cells whose

population expanded to eliminate the threatening insult [131].

Caspase-9 is a key initiator caspase whose role in immune system function has

been difficult to examine since knockouts survive only to the end of gestation [103, 104].

Bone marrow chimeras derived from injecting casp9-/- fetal livers into irradiated

recipient animals have been used to evaluate the role of caspase-9 in immune cells [132].

The thymal profile from casp9-/- chimeric mice looks similar to wild-type, suggesting

that caspase-9 does not play a role in negative selection [128, 132]. Caspase-9 is

unnecessary for peripheral T-cell death induced by cytokine withdrawal or

dexamethasone [115]. However, casp9-/- thymocytes are resistant to dexamethasone and

y-irradiation induced cell death [103]. Despite playing a central role in apoptotic

pathways induced through the mitochondria, caspase-9 ablation appears to have little

effect on T cell death. It has been proposed that caspase-7 might compensate for the

absence of caspase-9 [115]

The role of caspase-8 in T-cell development has been more difficult to determine,

since caspase-8 knockouts are embryonic lethal [110]. However, caspase-8 ablated

clones of human Jurkat T-cells are completely resistant to death receptor mediated cell

death (i.e. Fas-induced death), and partially resistant to other inducers of cell death (such

as etoposide or irradiation) [133]. In animals where caspase-8 was ablated specifically in

T cells, thymocytes and peripheral T cells were resistant to Fas-induced cell death [111].

However, there were a reduced number of T cells in the spleen, and in vitro cells failed to
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activate as well as controls cells [111]. These defects result because caspase-8 is required

for activation of NF-kB downstream of the T cell receptor [134]. Thus, caspase-8 plays

important roles for both the establishment and downregulation of the immune response.

The effector caspases, caspases-3,-6, and -7, are highly similar in sequence.

Caspase-3 and caspase-7 are the most closely related with 55% identity (see Table 1)

[135]. Caspase knockouts have only begun to address the functions of these closely

related caspases. Caspase-3 is the dominant effector caspase, has the broadest range of

cleavable targets, and caspase-3 knockouts are the best characterized of the effector

caspases [106, 136]. Despite the fact that caspase-3-/- thymocytes undergo normal

apoptosis in response to death stimuli as diverse as Fas, dexamethasone, or y-irradiation,

these cells do not show characteristic apoptotic phenotypes such as membrane blebbing

and nuclear fragmentation [137]. In the periphery, mature caspase-3-/- T cells are

resistant to death induced by Fas or through the T cell receptor [138]. Rather than a

defect in apoptosis, caspase-3 knockouts animals have lymphadenopathy and

splenomegaly resulting from increased proliferation of B and T cells as compared to

wild-type controls [139]. Because the lack of caspase-3 disrupts p21 binding to PCNA,

allowing recruitment of active CDKs, B cells from knockout animals do not regulate cell

cycle properly [139].

Given its high degree of identity with caspase-3, caspase-7 would be expected to

have similar functions. Since the caspase-7 knockouts are embryonic lethal, it has been

difficult to determine its role in the immune system [106]. In vitro experiments using

chicken DT-40 B cells confirmed earlier findings in murine WEHI B cells that caspase-7

74



Sintilarity
Casp6 Casp3 Casp7

Casp7 57.72 69.26
..

Casp3 58.32 54.88

Casp6 38.27 39.43

Identity

Table 1. Homology of effector caspases. Adapted from Juan et. aI, Genomics, 1997.
"Percentages of similarity (top, light grey) and identity (bottom, dark grey) obtained by
comparing two polypeptide sequences using the BESTFIT program (Genetics Computer
Group) at shown."

75



is involved in B cell death [140, 141]. Treating the WEHI cells with antibodies against

the B-cell receptor, a model of immature B cells undergoing selection, results in caspase-

7 activation [141]. The role of caspase-6, which is highly similar to both caspases-3 and

-7, in the immune system has also been difficult to elucidate. While the caspase-6

knockout shows no overt phenotypes, no systematic evaluation of their immune system

status or function has been published [106]. Experiments on human B cells suggest that

caspase-6 is required for the regulations of cyclins, which are required to enter the cell

cycle [142].

While knockout and in vitro studies have provided some insights, the specific role

of each effector caspase in the immune system remains unclear. In vitro studies show a

high overlap in cleavage specificity between caspase-3 and -7 [143]. The role of

caspases -6 and -7 is unclear as caspase-3 is required for almost all important cleavage

events for the execution of apoptosis [136]. Evidence suggests that caspase-7

compensates for caspase-3 during brain development in the C57/BL6 background [113],

suggesting that these caspase have overlapping roles. However, the roles of all the

caspases involved in apoptosis has not been evaluated in a single cell line, so researchers

cannot directly compare their functions. To enable such a comparison, I generated

lentiviral RNAi vectors targeting each of the effector caspases and used these to generate

cell lines ablated for individual or combinations of caspases. In addition, I used lentiviral

RNAi vectors to create bone marrow chimeras to evaluate the function of caspse-7 in

immune development.
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Methods

Mice

Several strains of mice were used for these experiments. BL6 embryos and

recipients were used to generate lentiviral transgenics. Hematopoetic stem cells were

isolated from either DOI 1.10 TCR transgenics, BL6, or BL6.SJL (CD45. 1) animals,

infected, and then injected into appropriate recipient animals (Balb/C, BL6, or

BL6/Rag2-/-). Blood samples for screening and analysis were obtained from mice via

retro-orbital bleeding. Mice were maintained in specific pathogen free facilities. All the

experiments were carried out according to the guidelines established by the Committee

on Animal Care at the Massachusetts Institute of Technology.

Cell culture

DOI 1.10 is a murine hybridioma line derived from a fusion of cOVA specific T

cells with an AKR hyridoma line[144]. These cells, which proliferate vigorously, were

maintained at a maximal concentration of 1 x 106 cells/ml and were propagated in C 10

media (RPMI, with 10% heat inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin,

100 tg/ml streptomycin, and 50 tM 2-ME).

Flow cytomettry

All wash or resuspension steps used FACS buffer (PBS supplemented with 2% FCS

and 0.01% sodium azide) or PBS alone. For apoptotic assays, cells were washed once

and resuspended in 100 [l of a 500ng/mL propidium iodide solution. At least 104 total
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events were captured during apoptosis assays. All other FACS analysis was prepared as

noted in chapter 3.

The following phycoerythrin-conjugated antibodies were used for flow cytometric

analysis: antibody against CD4 (clone RM4-5), antibody against CD8 (clone 53-6.7),

antibody against CD25 (clone PC8 1), antibody against CD45.2, antibody against CD95.2

(Thyl.2), and strepavidin. We also used allophycocyanin-conjugated antibody against

CD4 and CD8, PerCP-conjugated CD4, and biotin-conjugated antibody against Thyl.2

for analysis. All antibodies were from BD Pharmingen.

Caspase shRNA design and validation

Oligos specific for the knockdown of each of the caspases were designed either

according to the original Tuschl rules or the revised Reynolds rules [30, 33]. These

oligos were ordered after short sequence blasting and then cloned into LentiLox 3.7. The

caspase vectors were then transfected into 293T cells and virus was harvested after 48 h

and used to infect the DO 11.10 T cell line. High speed cell sorting was used to isolate

polyclonal populations in which all cells were infected, as determined by GFP

expression. Protein and RNA were extracted from these sorted cells. Protein extracts

were used for Western Blot analysis. Either RT-PCR or luciferase assays were used to

determine if caspase mRNAs had been repressed. Sequences are listed in Appendix E.

Generation and titration of lentivirus/Generation of transgenic mice/Generation of bone

marrow chimeras

As described in chapters 2 and 3, with the following exception: transfection for viral
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production used FuGene 6 (Roche Biochemicals) instead of calcium phosphate.

Western-blot analysis

As performed in chapter 2 with the following changes: caspases-3,-6,-7, and -9

were detected using rabbit antibodies (Cell Signalling) diluted 1:1,000 and goat antibody

against rabbil conjugated with horseradish peroxidase diluted 1:5,000. The blot was

developed with ECL+ reagent (Amersham Biosciences). Blots against murine tubulin or

gamma globulin were used to control for protein loading.

Results

Design and validation of caspase oligos

I generated pLL3.7 shRNA vectors against each of the murine caspases and

infected DO 11.10 T cells (sequences listed in Appendix E). Protein and RNA samples

were isolated from infected cells and analyzed for caspase expression (Figures 17 and

18). A summary of the protein and RNA results is shown in Table 1. Knockdowns were

determined to be effective if there was at least a 50% knockdown at the protein or RNA

level, which facilitated comparison to rates of designing effective shRNAs in the

literature. Interestingly, several of the caspases were easy to target, with only 1-3 distinct

sequences tested before a highly effective sequence was discovered. Others, like caspase

8, initially lacked a highly effective shRNA sequence despite testing of over 7 distinct

silencing sequences, including several reported as effective in the literature. Effective

caspase-8 shRNAs were later designed with the use of the Reynolds algorithim (Figure

18) [33].
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Figure 17. Validation of caspase shRNA sequences. shRNA sequences against murine
caspases were designed using either Tuschl or Reynolds rules and cloned into pLL3. 7.
DO 11.10 T cells were infected with pLL3.7 viruses containing putative caspase silencing
shRNAs and were purified in a high speed cell sorter on the basis of GFP expression
before Western or RT-PCR analysis. A. Silencing of caspase expression in the pLL3.7
infected knockdown DOI1.IO cell lines by Western blot. B. RT-PCR analysis of
caspase-3 expression in DOll.IO cells infected with pLL3.7 shCasp3. C. Validation of
additional shRNA sequences targeted against caspase-3 and caspase-7 in pLL3.7 infected
DO 11.10 T cells lines by Western blot. Expression of both caspase-3 and -7 are
evaluated in the same sample in this panel.
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Luciferase assay: caspases
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Figure 18. Validation of caspase silencing by pLL3.7 expressed shRNAs. Top:
pLL3.7 vectors containing putatively silencing shRNA sequences are co-transfected with
dualluciferase constructs containing the cDNAs of the targeted genes in the 3' UTR of
Renilla luciferase into 293FT cells. The enzymatic activity of both luciferases are
measured and normalized to the non-targeted firefly luciferase activity. Renilla luciferase
activity is then normalized and compared to empty pLL3.7 vector to determine the
effectiveness of silencing. The five caspase 8 knockdowns on the right were from the
initialset of 7 that were tested. Bottom: DO 11.10 cells were infected with selected
construct, purified throug~ high speed cell sorting, and analyzed via Western blot to
confirm the luciferase results.
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Caspase # shRNAs
1 2

2 3

3 3

6 5

7 2

8 15

9 5

11 2

12 2
1 1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.

Knockdown validated by (>50% reduction)

Table 2. Summary of caspase shRNA validation results. Each caspase had the indicated
number of shRNA sequences designed to target it. These shRNAs sequences were
validated by infecting DOI 1. 10 T cells and performing Western blots or RT-PCR on cell
extracts. Alternatively, some of the sequences were tested via luciferase assay shown in
Figure 18. Knockdowns were determined to be successful if silencing was greater than
50% in order to compare to results from Reynolds et al [33]. A full list of sequences
tested appears in Appendix E.
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After creating effective shRNA vectors against all caspases, I attempted to silence

multiple caspases within the same cell line using two different approaches. The first

approach was to produce shRNA transcripts from two separate U6 promoters located on

the same vector. I cloned a second U6 promoter into pLentiLox 3.7 in the opposite

orientation from the original U6 promoter with a short spacer sequence of 100 bp inserted

between the promoters in order to reduce competition effects (Figure 19A). After cloning

both shRNAs into the vector, I infected DO 11.10 T cells and purified populations

through high speed cell sorting. Western blot analysis performed on protein lystates from

these cells showed that silencing was not effective for either of the two shRNAs

expressed from this vector compared to controls that did not express a shRNA (Figure

20). It was not clear if either of the shRNAs were actually being expressed, but neither

targeted protein was silenced.

Since the silencing was not effective using the dual U6 vector, we tried a second

approach that used multiple vectors that each encoded a different reporter gene (Figure

19B). I generated virus for each gene and infected cells with two of the viruses

simultaneously. Cells infected with both viruses were isolated via high speed cell sorting

and protein lysates from these cells were used for Western blot analysis. Using this

approach, the targeting of two shRNAs led to silencing levels similar to those observed

when each shRNA was used individually (Figure 21). Thus, cells receiving the dual

promoter vector were still capable of RNAi induced silencing from single U6 vectors,

suggesting that the dual promoter vector itself was faulty.
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Figure 19. Schematics of vectors designed for silencing multiple caspases. A. The dual
U6 LentiLox vector DP. A second U6 promoter is cloned in upstream and in opposite
orientation of the original U6 promoter to enable expression of two individual shRNAs
from the same viral integrant. B. Schematics of the pLBUG (top) and pLBUR (bottom)
vectors. These vectors are variants of LentiLox 3.7 variants that use different fluorescent
reporters (GFP and RFP respectively) for markers. These vectors also use the ubiquitin
promoter in place of the CMV to drive reporter expression.
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Figure 20. Silencing of effector caspase expression in the knockdown DO11.10 lines.
Left: 0011.10 T cells were infected with pLL3.7 viruses containing shRNAs against
individual caspases. Western blots for caspases-3 and -7 were performed on cell extracts
from cell lines purified on the basis of GFP expression by flow cytometry. Right:
DO 11.10 T cells were infected with LentiLox DP targeting caspases-3 and -6, caspases-3
and -7, or tandemly infected with DP targeting caspase-3 and -6 and pLBUR targeting
caspase7 with the intenti.on of generating double and triple knockdown cell lines. Cells
were sorted to purify via flow cytometry on the basis of GFP and/or RFP expression and
Western blots for caspase-3 and -7 were performed on cell extracts.
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Figure 21. Silencing of effector caspase expression in the knockdown DO11.10 lines.
Left: DO 11.10 T cells were infected with pLL3.7 viruses containing shRNAs against
individual caspases. Western blots for caspases-3, -6 and -7 and gamma-tubulin were
performed on cell extracts from cell lines purified on the basis of reporter expression by
flow cytometry. Right: 0011.10 T cells were infected with combinations of pLBUG
shCasp3, pLBUR shCasp7, and pLBUP (pLBUG with puromycin resistance replacing
GFP as a marker) shCasp6 with the intention of generating double and triple knockdown
cell lines. Cells were sorted to purify via flow cytometry on the basis of GFP and/or RFP
expression and cells infected with pLBUP were treated with puromycin to select resistant
clones. Western blots for caspase-3 and -7 were performed on cell extracts.
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Apoptotic Assays

Purified DO 11 cells infected with LentiLox vectors targeting individual caspases

were treated with a series of death inducing stimuli, including anti-CD3, dexamethasone,

etoposide, gamma irradiation, and 5-fluorouracil, in increasing concentrations or time

periods. These cells were analyzed for apoptosis via flow cytometry using propidium

iodide to exclude dead cells. Compared to controls, only caspase-3 knockdown cells

showed significant protection (p< 0.001) against cell death when analyzed by two-way

repeated ANOVA (Figure 22A). Knockdown of each of the other caspases individually

did not appear to have any significant effect on cell death (Figure 22A). I investigated

the potential for compensation between the executioner caspases through simultaneous

knockdowns. Cells with knockdowns of caspases-3 and -7, caspases-3 and -6, and

caspases-3,-6. and -7 were protected from cell death at levels similar to that for caspase-3

alone (with p< 0.001) (Figure 22B). However, dual knockdown of caspases-6 and -7 did

not protect against cell death (Figure 22B).

In vivo analysis

Since knockout of caspase-7 is embryonic lethal, I decided to investigate its role in

immune cell development using a lentiviral shRNA transfer vector to generate transgenic

animals and chimeras deficient in caspase-7. After multiple viral injections, only 2

transgenic animals were created, both with low levels of GFP expression. One of these

animals failed to breed, and the other produced a single transgenic offspring. This pup

had the same profile of MFI as its parent, but approximately double the percentage of

GFP positive cells (14%).
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Figure 22. Protection against apoptosis in caspase knockdown lines. DO 11.10 T cells
were infected with pLL3.7 RNAi viruses targeting the indicated caspases and sorted to
purity on the basis of GFP expression. Cells were stained with propidium iodide and
analyzed via flow cytometry to determine cell viability 24 h (or 36h for gamma
irradiation) after treatment. Each point on the curve represents triplicate samples and
include error bars. Curves were compared using the two-way repeated measure ANOY A
statistical test followed by Bonferroni post-tests to compare individual points on
separated curves. Asterisks indicate that the curves are significantly different from
control with a p value < 0.001. A. Silencing of caspase-3 protects against cell death
induced by 5-f1uorouracil, gamma irradiation, dexamethasone, and CD3 ligation. B.
Silencing of caspase-6 or caspase-7 in caspase-3 knockdown cells does not provide
additional protection against 5-f1uoruracil induced cell death. However, the asterisks
denote that all caspase-3 silencing vectors are significantly protected compared to control
cells at a p value of <0.001.
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As the transgenic approach proved more difficult than anticipated, I decided to

generate bone marrow chimeras to produce animals in which a larger number of cells

expressed the reporter and shRNA. I infected hematopoetic stem cell enriched bone

marrow with either control virus or virus containing shRNAs against caspase-7. The

infected cells were injected into irradiated recipients, which were screened for efficient

bone marrow engraftment. The chimeras were then euthanized and their organs were

analyzed via flow cytometry.

Analysis of the caspase-7 knockdown bone marrow chimeras showed that B cells

and single positive T cells existed in both the blood and the peripheral lymph organs.

Western blot analysis of both B and T cells purified from these animals showed an

approximately 75% reduction caspase-7 expression (Figure 23). To determine if there

was any perturbation in T cell development, thymocytes from four caspase-7 knockdown

and four control animals were stained with appropriate markers and analyzed via flow

cytometry (Figure 24A). The percentage of each thymic cell subset (DN, DP, CD4SP,

and CD8SP) in knockdowns animals was not altered compared to controls (Figure 24B).

In the spleen, however, there was an apparent increase in the percentage of B cells in

knockdown animals compared to controls (Figure 25). To further characterize the

observed increase in B cell percentage, I looked for variations in the size of the B cell

subset populations in the bone marrow and spleen of these animals. While no difference

was observed in the bone marrow B cells, there was a higher percentage of the IgM-

B220+ B cell population in the spleens of transgenic caspase-7 animals compared to

controls (Figure 26).
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Figure 23. Silencing of caspase-7 in mature T and B cells isolated from knockdown and
control bone marrow chimeras. Bone marrow was isolated from DO 11.10 T donors,
infected with pLL3.7 or pLL3.7 shCasp7, and injected into lethally irradiated Balb/c
recipients. Western blots for caspase-7 expression were performed on extracts from T and
B cells purified by flow cytometry from the spleens of 3 reconstituted animals.
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Figure 24. Caspase-7 does not affect the development of T cells. A. Expression of CD4
and CD8 in thymocytes from control and caspase-7 knockdown chimeras. Bone marrow
was isolated from DO 11.10 T donors, infected with either pLL3.7 or pLL3.7 shCasp7,
and injected into lethally irradiated Balb/c recipients. Thymocytes from these animals
were stained with antibodies against CD4 and CD8 and analyzed via flow cytometry.
Plots are representative of 4 control and 4 caspase-7 knockdown animals. B. Percentage
of T cells subsets in caspase-7 knockdown and control chimeras. Graphs represents
averaged expression from 4 control and 4 knockdown animals. DP = double positive =
CD4+CD8+; DN = double negative = CD4-CD8-.
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Figure 25. Caspase-7 ablation leads to expansion of the B cell compartment. A.
Histogram of GFP expression in control and caspase-7 knockdown bone marrow
chimera. Bone marrow was isolated from DOII.IO T donors, infected with either pLL3.7
or pLL3.7 shCasp7, and injected into lethally radiated Balb/c recipients. Density plots on
right show B220 and CD4 expression for pLL3.7 shCasp7 (top) and pLL3.7 control
(bottom). Plots are representative of 4 individual knockdown and control chimeras B.
Histogram of increased percentage of B cells in representative caspase-7 knockdown (red
line) chimera compared to control (blue line) animals from part A. C. B cells expansion
in the GFP expressing population of caspase-7 knockdown chimeras compared to control
chimeras. Two-way ANOV A analysis comparing effect of GFP and caspase-7
knockdown on the percentage of B cells in chimeric animals. Comparisons include 4
knockdown and 4 control animals.
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Discussion

Despite the small size of the caspase family, its members have similar functions and thus

overlap or compensation can obscure analysis of the functional loss of any particular

caspase. To clarify the analysis of caspase function, I created a set of RNAi reagents to

target each of the nine murine caspases, which I used combinatorially to examine

potential functional overlap. However, not all the caspases proved to be amenable to

knockdown by RNAi. Caspase-8 and its homologue FLIP, proved resistant to targeting

as none of the sequences initially tested for either gene silenced its target. Eventually, we

used a different design algorithm to find effective caspase-8 shRNAs sequences, which

were validated by a colleague in the lab using a luciferase reporter assay. However, there

is anecdotal evidence that some sequences are not targetable by RNAi, but no explanation

for this phenomenon has been reported. My attempts to silence caspase-8 using two

validated sequences from the literature failed [145, 146]. The first sequence was from a

siRNA that I adapted into a shRNA for use in pLL3.7, which may have disrupted its

efficacy. It is also possible that the DO 11.10 cell line used for validation had

polymorphisms from the consensus genomic sequence, as the second sequence was

successfully used as a shRNA in another murine cell line.

Using a number of different stimuli to induce apoptosis in DOI 1.10 cells, only

knockdown of caspase 3 rescued cells from cell death. Caspase-9 was expected to

protect against cell death initiated through the mitochondrial pathway induced by gamma

irradiation. There are several potential explanations for this observation. In DO 11.10

cells, other caspases might not be involved in any form of apoptosis that was induced.

Perhaps using other cell types or death inducers might elucidate the role of other
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caspases. Alternatively, the level of knockdown of these caspases might not have been

sufficient to protect against cell death, as there may have been enough protein spared to

initiate the caspase cascade. This could explain why caspase-9 knockdown did not block

cell death initiated through the mitochondrial pathway induced by gamma irradiation.

Another possibility is that the signal for death induction was so strong that the cells

apoptosed despite the mild protective effects of a caspase. Since the caspase activation

cascade is an enzymatic process capable of rapidly activating many substrates, only a

small amount of caspase activation may be required to induce cell death. A partial

caspase-9 knockdown could be enough to protect against a milder inducer of cell death

but a strong dose of radiation may have activated the little caspase-9 that remained,

leading to cell death. However, this explanation seems unlikely as no protective effect

was seen at the lower levels of the dose response curve for any of the death inducing

stimuli.

For a few of the caspases, such as caspase-3 and -7, I generated multiple shRNAs

that silenced the genes very effectively. Since cells silenced for the same gene with

different shRNAs reacted similarity in response to death inducing agents, it is likely that

off-target silencing effects are not playing a significant role in the apoptotic phenotype in

these cells. Based on the Western blot analysis for caspase-3 and -7, the targeting of a

single caspase did not appear to affect the expression level of the other caspases, showing

that at least for the caspases of interest, there were no off-target effects. Thus, it appears

the ablation of a single caspase does not cause compensation by increasing the protein

expression levels of other caspases.
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In attempts to knockdown two caspases simultaneously, the dual U6 promoter

vector failed to silence the genes it was targeting. This effect was vector specific, not a

widespread inhibition of RNAi since two vectors infected separately and targeting

different genes silenced both targets effectively within a single cell. Additionally, cells

were purified on the basis of reporter expression from the pol II promoter, showing that

the virus was competent for infection and expression. This suggests that the design of the

dual U6 vector was faulty. This could be a result placing the second promoter in the

opposite orientation to the first or not leaving enough space between the promoters to

prevent competition. While these experiments demonstrate that dual knockdowns are

possible using two vectors, further experiments are needed to determine if silencing is as

efficient with two vectors as when each gene is silenced separately.

I decided to examine executioner caspases because their sequence similarity

might be a sign of functional overlap, especially between caspases-3 and -7. When I

combined the caspase-3 knockdown with the silencing of either caspase-6 or -7, I found

no increased protection against apoptosis, suggesting that the cells were either already

maximally protected against apoptosis, or that the second caspase was not involved in the

induced pathways. Since the knockout is embryonic lethal, caspase-7 must have an

important role in vivo. To investigate this function, I generated transgenic animals by

injecting virus into fertilized embryos. However, the mice generated from these

injections had low GFP expression levels. I believe that performing additional embryo

injections would have yielded progeny whose reporter expression was high enough for

analysis. I generated six caspase-7 knockdown and six control bone marrow chimeras.

However, expression levels were still lackluster (under 50% GFP+). Use of the same
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protocol with other retroviral constructs led to the production of high expressing mice in

previous experiments. In addition, production of lentiviral chimeras using the CD4-GFP

vector were successful, suggesting there might be specific problems with the lentiviral

backbone used for these experiments. Further testing of the lentiviral variants should

answer these questions.

Despite the low expression levels, I characterized the phenotype of the chimeric

animals. Caspase-7 did not seem to be required for the development of either T or B

cells. Both T and B cells showed about 75% reduction in caspase-7 expression, so if

caspase-7 was required for the development of these cells, I should not have found

mature cells of both types in the knockdown animals. It is possible that caspase-7 is

required for development, but enough caspase-7 remained to allow development to

proceed normally. A more effective shRNA or a complete knockout would answer this

question. No effect was observed on T cell development in the thymus, which was

expected given the lack of effect of caspase-7 on apoptosis in the T cell line. Early B cell

development was also unaffected, as there was a slight increase in the B cell

compartment in the spleen of the chimeric animals, but no major changes in the bone

marrow. This increase in B cells appeared to be due to an expansion of the nearly

mature IgM-B220 + B cells population, suggesting that loss of caspase-7 enables B cells

undergoing negative selection to preferentially survive. This explanation is consistent

with data from the WEHI-231 line, whose immature B cell phenotype is used as a model

of B cell tolerance. In this model, caspase-7 is preferentially activated after engagement

of the B cell receptor by anti-IgM antibodies [141]. An alternative explanation for the

increase in B cell percentage would be a decrease in percentage of T cells. These two
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explanations could be differentiated by counting the number of T and B cells in each

animal rather than analyzing the percentage of each cell type. The failure to do this in

these experiments was an oversight that can be corrected when analyzing animals in the

future. Further examination of this model along with ex vivo or cell line apoptosis assays

is needed to illuminate the complete mechanism behind this phenotype.

The expansion of the B cell population might result from the protection that

caspase-7 abaltion offers when the cells are stimulated for cell death. Another possibility

is that caspase-7 causes defects in another cell type, such as dendritic cells or T cells, that

allow more B cells to survive, perhaps by not inducing cell death when they should or by

an increase of cytokine signals when they should not provide them. This second

scenario, known as cell-extrinsic effects, can only be separated from the first scenario

(cell intrisinic effects) by tissue specific deletion of caspase-7. If caspase-7 was

eliminated only in B cells through the use of a B cell specific Cre with floxed caspase-7

and there was still an increased proportion of B cells, then it could be concluded that the

process was cell-intrinsic. Otherwise, tissue specific ablations of caspase-7 in other cell

types would be required to determine how this caspase mechanistically affects the

phenotype.

Clearly, further experiments are necessary to determine how closely RNAi

knockdown animals phenocopy their respective knockouts. Since caspase-3 knockouts

have been well characterized, comparison of these animals to caspase-3 knockdowns

should provide preliminary insights. If large differences exist between the phenotypes, it

should give pause to the exclusive use of RNAi knockdown animals to diagnose gene

function.
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Chapter 5

Discussion
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RNAi is a rapidly advancing field, where many key insights are still being

elucidated. The field is currently bifurcated between those studying the mechanism of

RNAi and those using RNAi as a research tool. Insights into RNAi mechanisms have

and will continue to inform the use of RNAi as an investigative tool, resulting in the

design of increasingly specific and effective siRNAs and shRNAs. Improved delivery

methods for the efficient transduction of RNAi inducing nucleic acids, such as viral

vectors, will further increase the utility of RNAi techniques. In this thesis, I have

demonstrated that lentiviruses are effective delivery tools for RNAi, increasing the pace

at which transgenics can be created.

Using the lentiviral shRNA system I developed, I began to investigate the role of

caspases in immune function. My work showed that the only caspase knockdown that

protected cells from apoptosis induced by a variety of death inducers was caspase-3. No

additional protective effects were seen when caspase-6 or caspase-7 was simultaneously

knocked down with caspase-3. I would be interested in extending these experiments

using other cell types, particularly B cells or B cell lines since there is evidence that

caspase-7 might play an important role in apoptosis in these cells. Given time restraints

and difficulty with mouse production, my in vivo analysis of caspase-7 was not as

complete as I would have liked. Ideally, I would use the improved lentiviral vector pLB

to produce transgenic caspase-7 knockdown animals, since this would be the best way to

examine how caspase-7 functions in B cells. While I have preliminary evidence

suggesting that caspase-7 protects immature B cells from elimination, flow cytometric
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data and cell counts from a larger cohort of animals are needed to make any firm

conclusions. I would also like to perform ex vivo apoptosis experiments on caspase-7 B

cells to see if they are resistant to cell death induced by ligation of the B-cell receptor, the

likely signal for B-cell selection. If expansion of the B-cell subset was confirmed, I

would then try to determine whether this was a cell intrinsic or extrinsic effect. To do

so, I would use the pSICO vector to generate chimeras by infecting bone marrow from

CDl9-Cre animals or generate a pSICO shCasp7 transgenic and breeding it with the CD-

19-Cre animals. If the expansion of B cells was seen in these animals, this would

confirm that the phenotype was cell intrinsic. I would then cross the transgenic

knockdown animals into a B-cell receptor transgenic system, such as the hen egg

lyzozyme (HEL) specific B-cell receptor transgenic, to determine if antigen-specific B

cells would escape selection. If the B-cell effect disappeared in the CD- 19-Cre animals, I

would cross transgenic pSICO animals to other strains expressing Cre in specific

hematopoetic compartments to isolate which cell population extrinsically controlled the

expansion of B cells. These experiments would give strong functional evidence that

caspase-7 is important in immune development.

While investigations of immune system function can benefit from the use of

RNAi technology, scientists must consider the current limitations of these techniques.

The efficacy of RNAi, especially from tissue to tissue, is variable and not well

characterized. Within an animal, an shRNA that silences effectively in immune cells

might not silence to the same degree in lung or muscle tissue [147]. Variations in

silencing could be a result of differential processing of the shRNAs from tissue to tissue.

Strict characterization of the cleavage products from shRNA stem loops in individual
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tissues could inform the design of more efficient strategies for shRNA delivery. For

instance, current efforts to develop systems in which shRNAs are delivered in a miRNA-

like context from pol II promoters will allow shRNAs to be processed in a natural cellular

context and should improve silencing efficiency.

In addition to efficacy, an shRNA must also specifically silence its target to be

useful for scientific experiments. Specificity of shRNAs is especially important when

characterizing genes of unknown function whose ablation might lead to unexpected

phenotypes since it is important to distinguish between relevant phenotypes and those

caused by off-target effects. In vitro, the use of multiple targeting sequences for the same

gene can demonstrate that observed phenotypes are attributable to silencing of the

targeted gene rather than the use of a particular shRNA. However, it remains unclear if

all shRNAs validated in vitro will silence with similar efficacy in vivo. While the hurdles

of using this approach in vivo are significant, comparing RNAi animals targeting

different regions of the gene of interest would be the most convincing demonstration of a

phenotype's veracity.

Lentiviruses pose their own challenges when used as a delivery mechanism for

transgenesis. Even though it has been three years since the creation of the initial

lentiviral transgenic by Lois et al[49], the stability of expression through breeding is still

being investigated. The variability of expression between generations, particularly the

rise of reporter expression from the founder to F1 progeny, is not understood. This might

result from stochastic gene silencing mechanisms that are reset during embryogenesis in

progeny generations enabling higher reporter expression. In addition, it is unclear how

many integrants are required for substantial reporter expression or if interactions between
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separate integrants might influence expression. As a result of this variation, lentiviral

expression in transgenics and chimeras never reached 100%, so the effectiveness of this

technique for studying non-cell autonomous processes is limited. Biosafety concerns and

titer requirements for the use of lentiviruses might also limit their general applicability

for biological investigations.

Is transgenesis by pronuclear injection an obsolete technique, surpassed by the

new technology of lentiviral transgenesis? Given my experience with lentiviral

transgenesis, I would argue that proclaiming the death of pronuclear injection would be

premature. Despite these limitations, lentiviral transgenesis has several advantages

compared to pronuclear injection. While lentiviruses do not integrate into the genome as

concatamers like DNA from pronuclear injection, multiple viral integrants often need to

be separated through breeding. Lentiviruses also enable the creation of transgenics in

diverse species, like rats, and strains, especially those with poorly distinct pronuclei, that

are impervious to pronuclear injection. Furthermore, the same lentiviral construct can be

used for embryo injection, infection of ES cells, or experiments ex vivo in primary cells,

whereas constructs for pronuclear injection do not have the same flexibility.

While lentiviruses are useful for many investigations, pronuclear injection is

advantageous for some experimental models. The construct for pronuclear injection can

be much larger, typically up to 20 kb but as large as 200kb [148], and can include more

regulatory elements, multiple promoters, and even introns, which would interfere with

lentiviral packaging. Animals generated from pronuclear injections are thought to have

more consistent transgene expression across tissues compared to lentiviral transgenics,

however, few studies have formally quantified expression throughout animals derived by
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either method. Our data shows that even using vectors with anti-repressing elements

does not result in every cell expressing from the viral integrant. The pronuclear

injections might be preferable to lentiviruses in experimental models where expression is

needed in every single cell for the phenotype to occur. It is not generally recognized in

the research community that expression from the lentivirus is as variegated as it is, and

this will hinder the use of lentiviral transgenics for disease study.

The technical challenges and safety issues continue to make lentiviral work

difficult. While both lentiviral infection and pronuclear injection require specialized

equipment and a well-trained injectionist, virus must be harvested from transient

transfections and highly concentrated to achieve titers necessary for embryo infections,

whereas pronuclear injection only requires preparation of DNA. The concentration of

lentiviruses requires VSV-G, whose tropism enables humans to be infected, and has

caused ongoing debate about the biosafety of targeting by RNAi unknown human genes

that might have tumor suppressor function. Separate production facilities are maintained

to ensure that exposure to these viruses is limited. These technical and biosafety issues

have slowed the adoption of lentiviruses for generating of transgenic animals. Given

these caveats, I would recommend the use of pronuclear injection in strains that are easy

to target or where multiple regulatory components are required in the transfer vector and

the use of lentiviral transgenesis in difficult to manipulate animal models.

Chimeras from ES cells are also an alternative to lentiviral transgenesis. While

lentiviruses can be used to generate knockdown animals, the targeting of genes in ES

cells is the primary way in which knockouts are created. Lentiviruses can be used to

infect ES cells for generating chimeras, however, the direct infection of fertilized
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embryos is probably more efficient since the resultant offspring can be directly used as

founders without the need to determine if the integrant has gone germline. Targeting

constructs in ES cells directly eliminate important exons of a gene ensuring that gene

expression is completely ablated in every tissue, while lentiviruses will only silence

expression in cells where the viral integrant is expressed. Furthermore, using RNAi

based silencing can complicate analysis in cases where the knockdown may leave enough

residual activity for the gene to fulfill its function. Thus, ES chimeras are useful for

generating knockouts to examine the role of one or two genes in normal strains.

However, when ES cells do not exist, such as for the non-obese diabetic (NOD),

lentiviral transgenesis provides a strong alternative method for generating knockdown

animals. In addition, lentiviral transgenesis might be more useful than ES targeting for

probing the function of a larger number of genes as when following up top hits from a

screen.

RNAi is a promising new technique that could enable more efficient and effective

gene analysis on highly specific backgrounds, such as complex disease strains, where the

exact combination of genes would be hard and slow to achieve through traditional

breeding. For example, the NOD diabetic mouse, where nineteen loci contribute to the

onset of disease, is an ideal candidate for RNAi manipulation. In addition, as

demonstrated in this thesis, RNAi can be used to simultaneously knockdown two or more

genes. As gene families have enlarged and diversified from their primordial ancestors in

worms and flies, the ability to individuate the roles of each member gene becomes more

difficult. Multiple gene knockdowns can improve our understanding of the function of
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mammalian gene families, where potential overlap in function has limited the

interpretation of studies using traditional methods

The future potential of RNAi and lentiviral transgenesis remains unknown.

Efforts are underway to generate large libraries of lentiviral RNAi vectors to target the

entire mouse and human genomes. It is too early to know if large-scale in vivo screens

using these libraries will be possible given the technical hurdles of lentiviral work. I

believe the most fruitful research advances using RNAi in vivo will examine small

families of targets in a single disease model.

Technological advances often occur when we strive to realize our dreams of what

could be possible, however, we must not lose sight of the utility of what is possible.

While the ultimate potential for RNAi technology remains in the realm of possibility, it

has already demonstrated uses that will greatly improve our understanding of gene

interactions and functions for many years to come.
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Small Interfering RNA-Mediated Gene Silencing in T
Lymphocytes1

Michael T. McManus, Brian B. Haines, Christopher P. Dillon, Charles E. Whitehurst,
Luk van Parijs, Jianzhu Chen, and Phillip A. Sharp2

Introduction of small interfering RNAs (siRNAs) into a cell can cause a specific interference of gene expres..4iionknown as RNA
interference (RNAi). However, RNAi activity in lymphocytes and in normal primary mammalian (.'tlls has not been thoroughly
demonstrated. In this report, we show that siRNAs complementary to CD4 and CDSa specifically reduce surface expression of
these coreceptors and their respectin mRNA in a thymoma cell line model. We show that RNAi activity is only caused by a subset
of siRNAs complementary to the mRNA target and that ineft'ective siRNAs can compete with etrective siRNAs. Using primary
dift'erentiated T lymphocytes, we provide the first evidence or siRNA-mediated RNAi gene silencing in normal nontransformed
somatic mammalian lymphocytes. The Journal of Immunology, 2002, 169: 5754-5760.

Introduction of dsRNA into an organism can cause specific
interference of gene expression (I). This phenomenon.
known as RNA interference (RNAi);\ results from a specific

targeting of mRNA for degradation by an incompletely character-
ized cellular machinery present in plant. invertebrate. and mam-
malian cells (2. 3). The proteins mediating RNAi are part of an
evolutionarily conserved cellular pathway that processes endoge-
nous cellular RNAs to silence developmentally important genes (4.
5). In RNAi. the protein Dicer. an RNase III enzyme. is probably
responsible for the processing of dsRNA into short interfering
RNA (siRNA). Functional screens conducted in plants and worms
have identified a number of other conserved genes participating in
the RNAi pathway. These genes include a number of different
helicases. a RNA-dependent RNA polymerase. an exonuclease,
dsRNA-binding proteins. and novel genes of unknown function
(for recent reviews. Refs. 6. 7. 8. 9. and 10).

Mammalian RNAi was first described in mouse embryos using
long dsRNA (I I. 12). Then. following the analysis of the struc-
ture of the intermediate in this process. small interfering RNAs
(siRNAs) were used to silence genes in mammalian tissue culture
(13. 14). Most of the RNAi pathway genes discovered in plant and
worm screens are also present in mouse and human sequence da-
tabases. supporting evidence that a conserved RNAi pathwayex-
ists in mammals. One of the more notable exceptions is the RNA-
dependent RNA polymerase gene. which has been shown to be

Cenler for Cancer Research. Massachusetls Inslilule of Tel'hnology. Cambridge, MA
02139

Received flv publicalion May 28. 2002. Al'cepted for publication September
12.2002.

The costs of publicalion of Ihis article were defrnyed in part by Ihe payment of page
charges. This article must therefore be hereby marked atlverthemt>nI in accordance
with 18 U.S.C. Section 1734 solely 10 indicate this fact.

I This work was supported by postdoctoral American C.ancer Society Fellowship No.
PFOI22801 (to B.B.H.). a Career Deyelopment Award from Ihe Arthritis Foundation
(10 L.v.P.). and National Inslilules of Health Grant Nos. R37-6MJ4277 and POI-
CA42063 (to PAS.). C.P.D. is a Howard Hughes Medical Institute Predocloml Fel-
low. M.T.M. is a fellow of the Cancer Research Institute.

2 Address correspondence and reprint requests to Dr. Phillip A. Sharp. Center for
Cancer Resellrch, Massachusetls Institute of Technology, 40 Ames Streel EI7-S26.
Cambridge. MA 02139. E-mail address: sharppa@mil.edu

.1 Abbrevialions used in this paper: RNAi, RNA interference: siRNA. small interfering
RNA: PI. propidium iodide: GFP. green fluorescenl prolein: ORF. open reading
fro.mle; UTR. untrnnslated region: stRNA. small temporal RNA.

Copyright 0 2002 by The American A!ISOCiation'of Immunologi5t.~. Inc.

116

involved in the amplification of the dsRNA in Caelwrhabditi.s el-
egalls (15. 16). This might imply that perpetuation of the RNAi
response in mammals differs from that of lower organisms.

Recent reports have demonstrated gene silencing by siRNA in
mammalian cells (17-22). However. despite these initial reports,
many uncertainties remain concerning the mechanism. physiologic
relevance. and ubiquity of RNAi in mammalian cells. Although
studies in tumor cell lines have demonstrated siRNA-mediated
RNAi. it remains a major question as to whether primary cells
from fresh tissues can undergo the RNAi response. Furthermore.
little is known about the efficiency and longevity of siRNA-medi-
ated RNAi gene suppression. In this report. we provide fundamen-
tal insight into the siRNA-mediated RNAi mechanism using a thy-
moma-derived cell line model to demonstrate for the first time the
occurrence of RNAi in primary T lymphocytes.

Materials and Methods
Cell culture

EJO is an immature double-positive thymocyte line derived from a TCR-a
and p53 double-mutant mouse ofa mixed 129/Sv X C57BU6 background
as described (23). These cells. which proliferated vigorously. were main-
tained at a maximal concentration of 2 X ufo cells/ml and were propagated
in complete medium: DMEM supplemented with 10% heat-inactivated
FCS. 2 mM L-glutamine. 100 Vlml penicillin. 100 "giml streptomycin. and
50 I'M 2-ME. Cell culture of primary lymphocytes: cells from the spleen
and lymph nodes of 0011.10 TCR-transgenic mice (a generous gift from
Dr. C. London. University of California. Davis. CA) were activated for 3
days with I ILgfmlOVA peptide (residues 323-339) in RPMI medium
containing 10% FBS.

Tran.sjectifm

For electropordtions. 2.5 ILmoldsRNA and/or 20 IL8 of pEGFP-N3 plasmid
(Clontech Laboratories. Palo Alto. CA) were added to prechilled 0.4-cm
electrode gap cuvettes (Bio-ROO. Hercules. CA). EIO cells (1.5 X 107)
were resuspended to 3 X 107 cellslml in cold serum-free RPMI. added to
the cuvettcs. mixed. and pulsed once at 300 mV. (]7S "F with a Gene
Pulser elec:troporator II (Bio-ROO).Cells were plated into 6-well culwre
plates containing 8 ml of complete medium and were incubated at 37°C in
a humidified .5% CO2 chamber. Ctll viability immediately after electropo-
ration was typically around 60%. For cationic lipid transfections. 2 ILl of
plasmid DNA and 100 nmol siRNA! were used per H1' cells. and traIIS-
f~'tion followed manufacturer's recommended protocol. Transfection of
primary lymphocytes: activated 0011.10 T cells were electroporated as
above. except that the ("'ellswere resuspended to 6 X 107 cells/ml in cold
serum.free RPMI and the pulse voltage was 310 mY. After electroporation.
the cells were put into four wells of a 24-well plate. each containing I ml
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of RPMI supplemented with I ng/ml 11.-2 (BioSource International. Cam-
arillo. CA). siRNA oligos (Dharmm:on. Lafayette. CO) used wen: as fol-
lows (sense stmnd is given): eflcctive CD4 siRNA. CD4 no. 4. (sense)
gagcc;lUaaucucaucugadgdg. (anti-sense) ucagaugagaullauggcucdtdl: effec-
tive COX siRNA. COX no. 4, (sense) gCllacaacllacuacaugacdtdt. (antisense)
gucauguaguaglluguagcdtdt; inellcctive siRNAs. CDX no. I. (sensc) gaaaa
uggacgccgaacuudgdg. (anti-sense). aaguucggl'guccauuuucdtdl; CDH no. 2.
(sense) cgugggacgagaagcugaadtdt. (antisensc) uucagcllllcucglU.:ccacgdtdt;
COX no. 3 (sense) a:lUuguguaamlUggcal'cgcdcda. (antisense) JLggcggugc
l'aullllllacacaadtdt; CD4 no. I. (sense) ggagaccaccallgllgccgadgdc. (anti-
sense) lIcggcac;lUggllgguclK'cdtdt; CD4 no. 2. (sense) ggcagagaaggaullcll
uucdtdl. (anti-sense) gaaagaauccuucucugccdtdt: CD4 no. 3. (scnsc)
cl'accugcgllccllgucucadtdc. (antisense) gugguggacgcaggaC<lgadgdt; CD4 no. 5
(sense) cC<lccugcguccugllcucadtdc. (antisense) uC<lgaugagauuauggcucdtdt.

Flow cyto/lletry

ErO cells (-I X Ht') were washed once in FACS butfer (PBS supple-
mentcd with 2(}I-. FCS and 0.0 I fff. sodium azide). resuspended to HX) ILl. and
stained directly with PE-conjugateu anti-CD4 (clone RM4-5) or allophy-
cocyanin-conjugated allli-CD80 mAbs. anu in some experiments with PE-
or allophycocyanin-conjugaleu anti-mouse Thy-I.2 (clone 53-2.1) mAb.
All mAbs were from BD PharMingen (San Diego. CA). The stained cells
were washed once. then resuspenued in 2()() J..dFACS butfer colllaining 2(X)
ng/ml propidium iodiuc (PI). Unstained and singly stained controls were
included in every experiment. 3AY, a T cell hybriuoma line that had been
infected wilh a MIGW green fluorescent protein (GFP) retrovirus was in-
cluded when GFP expression was analyzed. Cell data were collected on a
FACSCalibur Ilow cytometer (BD Bioscienccs. San Jose. CA) and four-
color analyses (GFP. PE. PI. and allophYl'<x:yanin) were done with
Cell Quest software ~BD Biosciences). All data were collected by analyses
performed on I X IO~ PI-negative events (viable cells). For the primary T
cell studies. activated cells were amllyzed as ahove. except that allophy-
clx:yanin-conjugaled anti-CD4 anu PE-conjugated anti-CDXo were used.
and 5 X IO~ PI-negative events were analyzed.

Northern blot allalysis of mRNA

Cells were Iyseu in TRlml reagent (Life Technologies. Granu Island. NY)
and total cdlulur RNA wus purilied according to manufacturer's instruc-
tions. RNA (10 JLg) was fractionaleu on a denaturing I 'if. formaldehyde!
agarose gel and tr.lI1sferred to a nitrocellulose membrane. Blots were hy-
bridized overnight with .l2P-lahelcd CD4 (X IR bp) or CDRu (596 bp) cDNA
fmgments. After washes. blots were analyzed by a Phosphorlmager (Mo-
lecular Dynamics).

A

Results
siRNA,\' transiently il/dllce silencing in murine thymocyte
cell lines

To study RNAi. siRNAs are typically delivered iilto cells by car-
rier-mediated transfection reagents. We developed an experimental
system using a thymoma-derived cell line. E I0 (23), wherein we
studied the use of siRNAs to silence either CD4 or CD8a, using
the other marker as an internal specificity control. However, typ-
ical of lymphocytes. EIO is insensitive to several ditl'erent cationic
and noncationic transfection reagents and thus electroporation was
used to introduce siRNAs. Using this method. -20% of the cell
population expressed GFP from a transfected reporter vector.
When CD4 or CD8a siRNAs were electroporated into EIO, a
marked reduction ip surface CD4 or CD8O' expression, respec-
tively, occurred 36 h later. Flow cytometry analysis showed that
most of the cells were transfected and expression levels were re-
duced >5-fold below wild-type expression levels (Fig. IA). The
degree of reduction of CD8O' was frequently more pronounced
than that of CD4 and, in both cases. a small population of cells
appeared to be either untransfected or not responsive to the siRNA
treatment. In repeated experiments, typically 70-95% of the cells
exhibited a >5-fold reduction in CD8O' expression. although
sometimes a smaller fraction of cells down-regulated CD8O' to a
greater degree (Fig. IA).

Elbashir et al. (13) reported that RNAi-induced silencing could
be maintained for -2 wk in HeLa cells. although neither the extent
of silencing nor the number of cell divisions was reported. A time

117

FIGURE I. CD4 and CDHo siRNAs transiently silence gene expres-
sion. A, Histogram showing the typical reduction of CD4 and CD80 gene
expr~ssion seen 36 h post siRNA tmnsfection in EIO T cells. Solid and
dashed lines indicate untmnsfected and siRNA-tmnsfected EIO cells. Ap-
proximately 85% of CD4 t cells and 94% of CD8t cells down-regulated
surface expression. 8. Flow cytometry analysis of tmnsiently tmnsfected
GFP and either CD80 or lucifemse siRNAs (NS siRNA) in the EIO T cell
line. At 24 h. -60% of the CD8 siRNA-tmnsfected cells down-regulated
surface CDS expression. Galed live cells are shown. and the numbers at lhe
left correspond to lhe times in hours a'fter electropor.lIion tmnsfection.

course assay was performed in CD8O' siRNA-transfected EIO
cells. GFP was included in these transfections to investigate the
relationship between the uptake and expression of plasmid DNA
and siRNAs. Because these experiments were transient transfec-
tions, cell doubling results in a decrease in GFP fluorescence in-
tensity and number of GFP-positive cells (Fig. IB, NS RNA).
When CD8a siRNAs were cotransfected with the GFP reporter
vector. CD8a expression. but not GFP expression, was markedly
reduced (see Fig. lB. 24 h). Several cell populations were evident,
with the major CD8O' silenced population displaying >5-fold re-
duced CD8a expression. The majority of cells within this popu-
lation did not express GFP. However. cells that did express GFP
also silenced CD8a. This corresponded to -20% of the total cells,
similar to the control GFP alone (Fig. lB. NS siRNA. 24 h). This
indicates that all of the cells expressing GFP also received an ad-
equate level of siRNAs to silence CD8O'. In addition, a large frac-
tion of cells incorporated biologically active levels of siRNAs and
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FIGURE 2. Chamcterization of COHa siRNA-mediated silencing. A.
COSa siRNAs reduce the expression of C08a, but do not alt'ect the ex-
pres~i~)Jlof CD4, Thy 1.2, or CD69. E I 0 cells undergoing COSa silencing
at 36 h were immunostained <lnd .malyzed via flow cytometry. Histograms
plot the number of cells (counts) vs the expression level of each marker
(hollOIll (/xi,~). ~old linc: with siRNA; thin line: without siRNA. B, Time
course of COSa silcncing. EIO T cells were transfected with siRNAs and
cultured over 10 days. Ouring thm time, cells were removed fromlhe dish
and flow cytometry was performed. Shown are collected data point'! from
three independent experiments. Percent cells expressing normal levels of
COHa are plotted against the time (hours), C. Northern blot depicting
COSa mRNA during silencing, At different time points in A. RNA was
harvested from the cells and probed for COSa mRNA (the two bands
correspond to alternative splicing of COS). The blot was stripped and re-
probed for CD4 nlRNA as a loading control.

cells did not exhibit any silencing. When corrected for this reduc-
tion. COSO' mRNA was nearly proportionate to levels in reduction
of CD8O' protein. These Northern blots were performed multiple
times with similar results. Thus, although it is clear that COSO'
mRNA decreases, we cannot rule out additional silencing phenom-
ena such as'c'otranslational repression.

Regional sensitivity of an mRNA 10 ...ilencing by a .'iiRNA
, '

A major outstanding question is wh~ther any region of a mRNA
can serve as an effective target for siRNA-directed silencing.Sev-
eral different siRNAs that targeted different regions of the COSO'

yet did not express plasmid DNA. In this experiment. time points
were taken over a period of 6 days. At each time point. one-half of
the cells were removed from the dish and replaced with fresh me-
dium. The collected cells were stained for CD80' and analyzed by
flow cytometry (Fig. I). A decrease in CD80' surface expression
was detectable at 12 h posttransfection. with maximal silencing at
36 h. By 96 h. nearly all of the cells expressed wild-type levels of
CD80'. Thus. the RNAi effect in these T cells is a transient
phenomena.

In these experiments. there was a dramatic decrease in GFP
expression over time. which was likely a result of dilution of the
plasmid or potentially due to toxicity of high GFP expression.
Because 100% of the GFP-expressing cells exhibited CD8O' si-
lencing. it was possible to monitor the "fate" of this subset of
silenced cells. The T cells that actively underwent CD80' silencing
continued to express GFP over the time course, to the same level
as the control population of cells that were not transfected with
siRNAs (compare nonspecific RNA to CD8 siRNA). At 96 h.
<5% of the total cells were GFP-positive in cells treated with
nonspecific siRNAs and in CD80' siRNA-treated samples. These
few remaining GFP-positive cells exhibited normal levels of
C080' expression. This suggests that the cells did not specifically
undergo apoptosis as a result of siRNA transfection and subse-
quent CD80' silencing.

Specificity of siRNA-mediated silencing

Although the GFP transgene expression was not affected during
CD80' silencing, the expression of endogenous genes might have
been nonspecifically affected. To address this question, the expres-
sion levels of CD4 and Thy 1.2 T cell markers were examined in
cells actively undergoing CD80' silencing. Examination of these
markers revealed that there was no reduction of nontargeted gene
expression when compared with the control nontransfected cells
(Fig. 2A), even over extended times (not shown). Although un-
likely for this cell line, an additional analysis confirmed that the T
cells did not become activated, as they do not up-regulate CD69
(Fig. 2A). Together, these experiments confirm the specificity of
siRNA-mediated CD80' silencing ..

Stability of targeted C080' mRNA

Short temporal RNAs such as Jin-4 and let-7 mediate silencing by
binding to the 3' -untranslated region (UTR), thus suppressing
translation (24-26). This is in marked contrast to the posttranscrip-
tional mRNA degradation effected by siRNAs. To distinguish be-
tween these two potential mechanisms for CD80' silencing, a time
course Northern blot' analysis of CD80' mRNAwas performed.
The process of silencing did not appreciably affect the growth rate,
as compared 'wjth control nonspedfic siRNA transfections per-
formed in parnliel (not shown). Flow cytometry analysis indicated
that the RNAi response in these cells lasted 3-4 days (8-10 cell
doublings), which corresponds to an -IOO-fold increase in' cell
mass (Fig. 28). Tinle course analysis was performed in four inde-
pendent experi,'!lents and expres~ion of CD80' was typically sup-
pressed -5':f6Id or greater. -

At various time points, a fraction of the cells was used to isolate
total RNA for Northern blot analysis (Fig. 2C), The CD80' mRNA
was'resolved into two bands, due to alternative splicing (27, 28).
Levels of CD80' mRNA decreased during the course of CD80'
silencing. Densitometric analysis of the CD80' mRNA bands was
performed and normalized to the internal control CD4 band. At the
point of ~aximal silencing, mRNA levels decrease only i.5-fold.
This value is not com.mensurate with the -5-fold decrease in pro-
tein expression determined by the flow cytometric analysis. How-
ever, this RNA was prepared from total cells in which 30% of the
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mRNA were tested. Of the first two CD8a siRNAs that were trans-
fected, only one was active. To more quantitatively examine this
difference. cells were transfected with varying amounts of siRNAs
and CD8a expression was measured by flow cytometry. Cells un-
dergoing silencing were quantified and compared with control
nonspecific siRNA treatment (Fig. 3A). For the effective CD8a
siRNA. picomolar amounts were sufficient to induce some silenc-
ing and higher amounts produced a graded response. For the non-
eft'ective CD8a siRNA. even at the highest concentration tested,
there was no activity.

As these studies progressed, we observed that the majority of the
synthetic CD4 and CD8a siRNAs were noneffective at silencing.
For CD8a, four different siRNAs were synthesized and tested in
the flow cytometry assay: one overlapped the start codon. one
which targeted the open reading frame (ORF), one which over-
lapped the stop codon, and one which targeted the 3'-UTR 15 nt
after the stop codon. Only the siRNA which targeted the 3' -UTR
-15 nt after the stop codon effectively silenced CD8a expression.
For CD4, five siRNAs were synthesized which targeted corre-
sponding regions to those for the CD8a mRNA (Fig. 38). In this
case, only the siRNA that targeted the stop codon was effective at
reducing CD4 expression levels. An examination of the nucleotide
sequences did not reveal any obvious differences between the ef-
fective and ineftective siRNAs.

For each of the above siRNAs, the silencing assay was per-
formed at different siRNA concentrations. None of the inactive
siRNAs generated detectable silencing at five times the highest
concentration of the active siRNAs (Fig. 3A and data not shown).
However, these inactive siRNAs were able to compete with the
silencing of the active siRNAs. In these competition experiments,
inactive CD8a siRNAs were added into the cuvettes containing the
active CD8a siRNA, so that both could be electroporated into the
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cells simultaneously. Varying concentrations were tested. and cells
were monitored for CD8a silencing at 36 h (Fig. 4). It was found
that when the total siRNA pool contained an inactive CD4 or
CD8a siRNA, then silencing mediated by an active siRNA was
markedly reduced (Fig. 4, A and 8). These results mirror the ability
for active siRNAs to compete for other active siRNAs. a response
that we observed for attempting silencing of both CD4 and CD8a
simultaneously (Fig. 4. C and D). The inability to silence both CD4
and CD8a simultaneously in the same cell might suggest that
siRNA-mediated RNAi is titratable. as has been described for si-
lencing using long dsRNAs in C. elegull.'t (29).

To test whether the above siRNAs were also inactive in other
cell types, the CD4 and CD8a genes were expressed from CMV-
driven promoters in HeLa cells. The CD8a expression construct
contained two regions that corresponded to target sites for effective
and ineffective siRNAs in EIO. In this assay. cationic lipid co-
transfection of the mouse CD4 and CD8a plasmid vectors was
performed with either the effective or none1fective CD8a siRNA.
When compared with the nonspecific siRNA control. CDSa-spe-
cific RNAi silencing was recapitulated in HeLa cells. and the ORF-
targeted siRNA was still ineftective at silencing (Fig. SA). These
results suggested that the noneffective siRNA phenomenon is not
unique to the T cell line. but is likely a feature of either the siRNA
sequence, or more likely the mRNA. The concentration depen-
dence of the effective and ineffective siRNA was evaluated in the
HeLa cell assay. In this experiment, cationic Iipid:siRNA com-
plexes were preformed and added to the cells as previously de-
scribed (13). The effective siRNA exhibited a concentration de-
pendence; however, the ineffective siRNAs remained inactive even
at the highest concentrations (Fig. 58).

siRNA-mediated silencing in primllry mouse T cells

To test whether primary cells are sensitive to siRNA-mediated
silencing. the CD4/CD8a siRNAs characterized above were used
to silence in primary mouse T cells taken from spleen. In these
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FIGURE J. A restrictive number.of designed siRNA sequences are ef-
fective at silencing. A. Ell'ect of three different siRNAs targeting CD8a.
Effective concentrutions of three different CD8a siRNAs were evaluated
by titmting increasing amount'! of the siRNAs into the cuveltes before
electropomtion. CDRa expression was evaluated 36 h postlmnsfection, and
is pIoiled as a percentage of wild-type levels. Effective siRNA (.): two
ineffeCtivesiRNAs (A, 11).8. Relative target locations of the siRNAs used
in these studies. Schematic of CD4 and CD8a mRNAs (not to scale).
showing ORF and 5' - and 3' -UTR. +, Indicates siRNAs that are effective.
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- nontrRnsfecteci
- 2.5 umol effective
- 1.25 umol ineffective
- 2.5 ~mot ineffective

FIGURE 4. Effective and ineffective siRNAs can compete for silencing.
Etfective CD8a (A) and CD4 (8) siRNA-mediated silencing is competed
by increasing concentmtion of COlrdnsfected ineffective CD4 and CD8a
siRNAs. Effective CD8a (C) or CD4 (0) siRNA-mediated silencing is
competed by increasing concentrutions of cotr.msfected inetfectiveCD8a
or CD4 siRNA. Red indicates E10cells trdnsfected with 2.5 ,.unol effective
siRNA and black is the nontmnsfected control. Green and blue indicate the
addition of half the amount of an ineffective siRNA.
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resulted in an approximate 5-fold decrease in CD4 surface expres-
sion compared with an unrelated siRNA control (Fig. 6). Costain-
ing for CDSu on the same cells demonstrated that the down-reg-
ulation of CD4 was specitic. The maximal degree of silencing was
reached at 48 h posllransfection. Later time poi nts could not be
collected because of reduced cell viability after 72 h in culture.
Similarly. the subset of CDS-positive T cells electroporated with
CD8 siRNA exhibited a maximal 3.J-fold decrease in CD8a lev-
els. Furthermore. the degree of silencing in the sample population
with the alternate coreceptor (i.eoo CD4 in a CD8u siRNA-treated
sample) verified that the RNAi response was specific (data not
shown). These results demonstrate that primary. mature T cells are
able to perform RNAi. The overall degree. kinetics. and specificity
of silencing of CD4 or CD8a in pcimary T cells was comparable
to that of the EIO cell line. fur1her supporting the validity of using
this line to characterize T cell RNAi.
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FIGURE 6. Timc course of CD4 and CDXa supprcssion by siRNAs in
primary T cells. A. Activatcd 0011 T cells were transfccted with siRNAs
and culturcd for 3 days. Cells at each time point were analyzed by flow
cylOmetry. The histograms arc gated on viable cells that express either CD4
or CD8a respectively. The overlays (gmy lines) in the hislOgmms represent
cells tmnsfected with siRNAs specific for either CD4 or CD8: whereas the
underlying hislOgmms (filled) reprcsent controls transfected with a non-
specific siRNA control. B. Time course of CD-t and CD8a silencing. The
maximal level of suppression was determined by finding the peak fluores-
cencc Icvel of the supprcssed curve and expressing it as a percent of the
peak fluorescence level of nonspecific' siRNA transfection control. Values
are expressed as perl'cnt silencing and are pioiled against time (hours).
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FIGURE 5. Restrictive siRNA usage is not a T cell specific phenome-
non. A. CD4 silencing in HeLa cells. CD-t amJ CDXu expression vectors
(with or without CD4 siRNAs) were transiently transfected into HeI .. 1 cells.
The histogram at the top shows the distribution of transfected cells (counts)
expressing CD4 (green), and cells that were cotransfected with ell'cctive
(dolled pink) or inell"ective CD-t siRNAs (black). The dOlled blue line
indicates nontransfected Hel ..l cells. The hOIlOI11two density plots show the
specificity of CD-t silencing. CD4-silenced cells were stained for CD4 and
CDXc.r markers. The lower left density plot depicts a typical expression
profile of an inefrective siRNA, which is identical to nonspecific siRNA
control (not shown). The lower right density plot shows typical results of
CD4 silencing using the efrective siRNA. which does not afrect CDXu
expression. B. Titr.llion of CD4 or CDXa siRNAs into the HcI..<1cell sys-
tem. EfJ'cctive concentrations of two dillerent CD4 and two difJ'crent CDXu
siRNAs were evaluated hy titrating increasing amounts of the siRNAs
during cationic lipid cntransfection. CD4 and CDXu expression was eval-
uated 3fl h posllmnsfection. Effective CDXu si RNAs (green) and CD-t
siRNAs (black) reduce CD4 and CDXu expression. while ineffective CD4
(hlue) and CDXo (red) maintain high expression levels. Ordinate shows the
expression of either CD4 or CDX. which is normalized to I(K)/)i,. Ahscissa
depicts the amount of the siRNAs added during transfection.

studies DO 11.10 mice. which express a transgenic TCR that rec-
ognizes OVA peptide in the context of MHC class II were isolated
from these mice are predominantly CD4 +; however, a smallnum-
bel' (-15%) of CDS+ cells exist in these mice. Etforts to transfect
and silence naive T cells were unsuccessful. but if the cells were
stimulated to divide by the cognate OVA peptide. CD4 and CDSa
silencing could be accomplished similar to the EIO thymoma cell
line. Electroporation ofCD4 siRNAs into activated primary T cells
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Discussion
The CD4 and CD8a T cell surface glycoproteins are of central
importance to immune function and disease. We have quantita-
tively tested the efficacy of a variety of siRNAs to suppress the
expression of these glycoproteins. Targeting the CD4 and CD8a
markers was attractive since turnover of coreceptor message is
fairly rapid (-12 h for CD8a), and changes in surface expression
can be rapidly and easily assayed by Row cytometry. In this anal-
ysis of two different genes. we observed that T cells and thymo-
cytic cell lines are amenable to siRNA-mediated silencing. These
studies revealed that siRNA-mediated RNAi is transient, lasting
approximately eight cell doublings. Not every siRNA was able to
induce silencing, and the RNAs which targeted the 3'-UTR were
effective for both genes. Although small temporal RNAs (stRNAs)
mediated translational repression at the mRNA 3'-UTR (for recent
reviews, see Refs. 30-34). Northern blot analysis of CD4 and
CD8a mRNA indicated posttranscriptional degradation of the
mRNA, consistent with a RNAi-type mechanism of silencing. Fi-
nally, in primary T cells, the overall penetrance and kinetics'of
CD4 and CD8a siRNA-mediated RNAi was found to be similar to
that observed in the EIO thymoma cell line.

In several experiments, and using electroporation. we found ef-
ficient uptake and silencing of >90% of the cells. However, this
required the addition of a relatively high amount of siRNA (2.5
J.Lmoll 1.5 X 107 cells); Northern blot analysis indicates that "only a
fraction of the siRNAs (-3 X I<f siRNAs/cell) become associated
with the cells (data not shown). Only a fraction of the siRNAs that
become associated with cells probably are functional in silencing
gene expression. At lower concentrations of siRNAs, a similar
fraction (70-95%) of cells exhibit a reduction in CD8 expression.
albeit at reduced efficiency. Using either electroporation for T cells
or Lipofectamine 2000 for HeLa cells, we found that 100% of the
cells that take up and express a cotransfected GFP marker also
perform RNAi. Based on this fact, it should be possible to design
gene function experiments which enrich the pool of silenced cells
by selecting for the activity of a transfected plasmid reporter.

Time course analysis of CD8a silencing in the EIO cell line
indicated that the silencing was transient in nature, lasting -3-4
days. As this cell line doubles rapidly, this value corresponds to
approximately eight cell doublings. Northern blots indicated that
silencing corresponded to a reduction in mRNA levels, commen-
surate with the predicted model for RNAi. A translational repres-
sion mechanism has been suggested for silencing mediated by
stRNAs via the 3' untranslated region of developmentally impor-
tant genes. Although the reduction in mRNA level approximated
that of CD8a expression, we cannot rule out the possibility of
additional translational repression mechanisms.

Only a limit(;d number of the siRNA sequences tested could
induce RNAi. For the silencing of most genes, on average one of
two candidate siRNAs designed is active in contrast to the one of
four and one in fivesiRNAs tested in targeting CD4 and CD8a (6).
It is interesting to note that the siRNAs that were active in silenc-
ing targeted the 3'-UTR and stop codon. The restrictive utilization
of the 3' -UTR siRNAs did not appear to be cell-type specific, as
active and inactive siRNAs gave similar results in HeLa cells. It is
unclear why targeting the mouse CD4 and CD8 mRNA 3' -UTRs
were effective for performing siRNA-mediated RNAi, while other
sites were not. One possibility is that further testing of other
mRNA regions would result in productive silencing (35). Alterna-
tively, perhaps the 3'-UTR of these genes is particularly accessible
for targeting. Silencing of developmentally timed genes in the en-
dogenous stRNA pathway is specific for the 3' -UTR (25. 36). This
could be a common feature of devel0pmentally timed genes, be-
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cause both CD4 and CD8 are also expressed in a developmentally
timed manner.

Attempting to silence both CD4 and CD8a simultaneously re-
sulted in lower levels of silencing of each gene. These results
supports a previously recognized observation that the RNAi re-
sponse is titratable (29). Surprisingly, several of the siRNAs that
were inactive competed for silencing when coelectroporated with
active siRNAs. While this manuscript was in preparation. another
group reported similar findings for the silencing of human coag-
ulation trigger factor (37). However, another group has reported
success in dual gene targeting of Lamin A/C and NuMA proteins
in HeLa cells (38). The data presented in this study indicate that
the inactive siRNAs are recognized by cellular processes but either
cannot be converted to an active lilructure for gene silencing or
cannot gain access to their complementary sequences on the
target mRNA.

This work presents the first evidence for silencing by siRNA in
primary somatic mammalian lymphocytes. In these slUdies. the
degree and kinetics of CD4 and CD8a silencing in the activated
primary cells was similar to that of the EIO cell line. In both the
primary cells and EIO cells the onset of maximal silencing ap-
peared around three to four cell doublings, which corresponded to
36-48 h posuransfection. In the EIO cells, 100% of the cells had
resumed normal CD8a expression by 96 h. Because the viability of
the primary cells began to diminish at around 60 h, it was difficult
to determine how long the RNAi response would last past 72 h. It
is interesting to note that the cells needed to be activated in order
for silencing to be accomplished. This could be due to the inability
to take up the siRNAs after electroporation, as primary T cells are
known to be difficult to transfect with nucleic acids. It is unknown
whether mammalian cells must be in a dividing. or "competent".
state to perform RNAi. Future studies of siRNA-mediated RNAi in
primary cells are required to distinguish between these two possi-
bilities. Nevertheless. these findings provide a precedent upon
which future studies of T lymphocyte biology can be designed to
validate function by siRNA-mediated silencing.
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Appendix B

"Cloning of LentiLox Vectors."

Doug Rubinson.
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The Lentilox series of vectors are the result of extensive modification of pBFGW.

Characterization of pBFGW

pBFGW is a 3 rd generation lentiviral plasmid that was incompletely characterized
and lacking sequence information. We sequenced this plasmid in its entirety. In short,
pBFGW is based upon the pCDNA 3. 1/Zeo plasmid (Invitrogen). Downstream of the
pCDNA 3. 1/Zeo CMV promoter was a cassette for the generation of lentivirus. This
consisted of a 5' self-inactivating (SIN) LTR, the required packing sequence (Psi) , the
HIV FLAP element (FLAP), a hybrid promoter consisting of beta-actin and CMV
promoter sequences, the open reading frame for enhanced Green Fluorescent Protein
(EGFP), the Woodchuck Hepatitis Regulatory Element (WRE), and the 3' SIN LTR.
The intended use of pBFGW was for the introduction of transgenes and tissue-specific
promoters for expression in non-dividing cells and embryos. However, there existed
only three unique restriction sites for the introduction of transgenes and/or promoters. In
addition pBFGW was 10,441bp without the introduction of a transgene. Plasmids of this
size are more difficult to manipulate then smaller plasmids. There was also no
mechanism to eliminate transgene expression after infection.

Generation of pLentiLox vectors

Elimination of elements between FLAP and WRE

pBFGW was serially digested with PacI and EcoRI. The 7,930bp fragment
representing the backbone was purified by gel purification. The overhanging ends were
filled-in by reaction with Pfu polymerase to generate blunt ends.

Introduction of a MCS-LoxP-MCS-LoxP

The plasmid, pBluescript Lox (pBS Lox) was digested with Asp718. A 209bp
fragment was isolated by gel purification. This fragment contained a multiple cloning site
(MCS), a LoxP site, a second multiple cloning site, and a LoxP site containing a three
base pair deletion. This deletion was not identified until later in the construction of the
LentiLox vectors (see below). The 209bp fragment was filled-in with cloned Pfu
polymerase, and ligated into the 7,930bp fragment of pBFGW. The orientation of the
insertion was determined both by restriction fragment length polymorphism and by
sequencing. A plasmid containing the MCS-LoxP-MCS-LoxP with the expected
sequence in the correct orientation was named pLentiLox 1.0.

Elimination ofplasmid backbone restriction sites

Several of the sites found within the MCS of our MCS-LoxP-MCS-LoxP cassette
were present elsewhere in the pLentiLox 1.0 vector. Specifically, NotI, ApaI, and XhoI
cut both within the MCS cassette as well as each cutting once elsewhere in the vector. In
order to gain the use of these sites we intended to destroy each site.
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pLL 1.0 was partially digested with NotI under condtions of limiting enzyme
activity (.0625 Units of enzyme per microgram of pLL 1.0 incubated at 37 degrees
Celsius for twenty minutes). The 8,142bp band that represented linearized pLLl.0 was
isolated via agarose gel electrophoresis followed by gel extraction. This linearized
fragment was phosphorylated on its 5' ends with T4 Polynucleotide Kinase (PNK). The
overhanging ends of this molecule were then filled-in with cloned Pfu to destroy the NotI
site. The ends were ligated together to circularize the molecule. To determine whether a
NotI site had been destroyed and to determine which NotI site had been destroyed the
plasmid was digested simultaneously with NotI and with PstI. Destruction of the NotI site
in the plasmid backbone yielded fragments of 7830bp and 312bp whereas destruction of
the MCS NotI yielded fragments of 7253 and 889bp respectively. We accidentally chose
a plasmid in which the MCS LTR was destroyed and named it pLentiLox 1.1 (pLL 1.1).
This was later fixed (see below). It should be noted that this step required several
attempts to create. The pLL 1.0 plasmid was prone to frequent recombination within the
plasmid causing large deletions.

We designed a strategy to destroy ApaI that would also eliminate a 2197bp
fragment between the 3'SIN LTR and the pUC ori that we deemed non-essential for
lentiviral production. This ApaI-PciI fragment contained a BGH polyadenylation site, an
SV40 promoter/ori, the Zeomycin resistance gene, and an SV40 polyadenylation site. We
digested pLL 1.1 with PciI to linearize the plasmid. The linearized plasmid was then
digested with a limiting amount of ApaI (between .25 Units and 2 Units per microgram of
linearized pLL 1. for twenty minutes at room temperature). A 5,945bp fragment
representing a single cut with ApaI adjacent to the 3' LTR was isolated by agarose gel
electorpheresis followed by gel purification. The gel purified fragment was
phosphorylated with PNK, filled in with cloned Pfu, and circularized by ligation. The
ligated DNA was digested with with StuI prior to transformation into bacteria. Digestion
with StuI should specifically cut plasmid that contains the 2197bp fragment we
eliminated, and thus was used to select against contamination with uncut pLL 1. vector.
The elimination of the 2197bp and the destruction of PciI and ApaI was verified by
restriction digest and a correct plasmid was identified and named pLentiLox 1.2
(pLL 1.2).

To destroy the XhoI site, pLL 1.2 was cut with limiting amounts of XhoI (.0625
Units per microgram of plasmid for twenty minutes at 37 degrees Celsius). A 5,947bp
fragment representing single-cut linearized pLL1.2 was isolated via agarose gel
electrophoresis and gel purification. The fragment was 5' phosphorylated with PNK,
filled in with cloned Pfu, recircularized with ligase, and transformed into bacteria.
Destruction of the correct XhoI site was verified by restriction digest. A correct plasmid
was identified and named pLentiLox .3(pLL 1.3).

Expansion ?f the 5' MCS

The MCS in pLL.3 adjacent to the FLAP sequence was intended for the insertion
of promoter sequences. After destruction of the sites mentioned above we had two unique
cloning sites in this MCS (ApaI and XhoI). We derived a list of restriction enzymes that
failed to cut pLL1.3 to generate a list of candidate sites to engineer into an expanded
5'MCS. We then designed complimentary oligonucleotides to allow us to introduce
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XbaI, HpaI, NheI, and PacI sites between the ApaI and XhoI sites. The oligos were
designed to include two nucleotides between adjacent restriction sites. The sequence of
the sense oligo was 5' cgctctagacggttaacgcgctagccgttaattaagcc 3'. The antisense oligo
was complimentary to this sequence but contained an additional four nucleotides at the 5'
end to produce an XhoI overhang and four nucleotides at the 3' end to produce an ApaI
overhang. The antisense oligo sequence was 5'
tcgaggcttaattaacggctagcgcgttaaccgtctagagcgggcc3'. We chose restriction sites to include
based upon the following criteria: 1. Inclusion of a restriction enzyme that leaves a blunt
end. 2. Inclusion of a restriction site that has an 8bp recognition sequence. 3. Enzymes
are widely available. 4. Enzymes are known to be reliable cutters.

pLL1.3 was digested sequentially with ApaI and XhoI. The digest was then
purified by Qiaquick PCR purification kit (Qiagen) to eliminate the small DNA fragment
between Apal and XhoI. The fragment was then treated with Shrimp Alkaline
Phosphatase (SAP) to eliminate 5'-phosphate groups. The oligos described above were
synthesized, 5' phosphorylated, and PAGE-purified by IDT Corp. (\ ilhlii~;l inlln). 60
picomols of each oligo were annealed in annealing buffer (100mM Potassium Acetate,
30mM HEPES-KOH pH 7.4, 2mM Magnesium acetate) by incubation at 95 degrees for 4
minutes, followed by 70 degrees for 10 minutes, then slowly cooled (.1 degrees/second)
to 4 degrees, then maintained at 4 degrees for 10 minutes. The annealed oligos were
diluted and ligated at an equimolar concentration with the linearized pLL1.3 vector. A
plasmid containing the engineered MCS was identified by restriction digest and named
pLL 1.4.

It was at this time that we first realized that we had accidentally destroyed the
incorrect Notl site (see above). The second MCS site (adjacent to the LTR) was then
destroyed in pLL1.4. pLL1.4 was digested with NotI to linearize the plasmid. The ends
5' phosphorylated with PNK and were filled-in with cloned Pfu to blunt and destroy the
NotI site. The plasmid was recircularized by ligation and transformed. We checked for
destruction of the NotI site by restriction digest and named this plasmid pLentiLox 1.5
(pLL 1.5).

We next sought to expand the MCS that is located between the two LoxP sites (3'
MCS). We designed primers to introduce NsiI, SphI, SmaI/XmaI, AscI, and BamHI sites
between the NotI and EcoRI sites. We followed the same design criterion as described
above. An additional criterion was that no three consecutive nucleotides would generate
a nonsense codon. This would allow us to produce fusion proteins in which MCS
sequence can remain between the fused proteins without having to worry about premature
peptide termination. In addition we wanted a minimum of sites in the MCS to be present
in EGFP and dsRed2 which we intended to include in many derivatives of our vectors
(see below). We purposefully intended to make this MCS more versatile then the 5' MCS
since we anticipated that most application of our vector would require cloning into this
MCS. The inclusion of an SphI site was fortuitous. The two nucleotide spacer between
the NsiI and SmaI/XmaI led to the creation of an SphI site that overlaps these other two
sites. More fortuitously, SphI is a unique site in pLLI.5. The oligos are as follows:
3' MCS Sense: 5' ggccgccgatgcatgccccgggatggcgcgccatggatccgcg 3'
3' MCS Antisense: 5' aattcgcggatccatggcgcgccatcccggggcatgcatcggc 3'

Because we had destroyed the NotI site that should have been present in the
pLL 1.5 3' MCS we had to use a different strategy to insert the oligos then was used for
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the 5' MCS. The pBS-Lox (described above) plasmid was digested with NotI and EcoRI
enzymes. The small DNA fragment that was liberated was eliminated by purifying the
linearize pBS-Lox backbone in a Qiaquick pcr purification kit. The DNA was SAP
treated. The 3' MCS oligos were annealed (see above). 150fmols of annealed oligos and
cut pLL1.5 were ligated together and transformed. A plasmid containing the expanded 3'
MCS was identified by restriction digest and named pBS-Lox-MCS.

To insert the expanded MCS from pBS-Lox-MCS we replaced the EcoRI-Xhol
fragment from pLLl.5 (containing the improperly destroyed NotI site) with the EcoRI-
XhoI fragment from pBS-Lox-MCS (containing an intact NotI site and the expanded 3'
MCS). A plasmid containing the expanded MCS and intact Notl in the pLL backbone
was identified by restriction digest and was named pLentiLox2.0 (pLL2.0).

Production of useful pLL2.0 series vectors

We next looked to produce vectors that would be useful starting points for many
potential uses of our lentiviral plasmids. There is enormous interest in the generation of
fusion proteins in which a gene is fused with a fluorescent protein. In particular, EGFP
and dsRed2 are fluorescent proteins that are well characterized and widely available.

pLL2.1 was engineered to include the EGFP open reading frame. The EGFP
open reading frame was amplified from pEGFP-N1 (Clontech) to include a 5'NotI site
and a 3' NsiI site. The oligos used were:
EGFP/5'NotI: 5'-cggcggccgcgccaccatggtgagcaagggc-3'
EGFP/3'NsiI: 5'-cgatgcatcttgtacagctcgtccatgccg-3'
The pcr product was isolated by agarose gel electorpheresis, gel purified, and cloned into
the NotI and NsiI sites of pLL2.0 to create pLL2. 1.

pLL2.2 was engineered to include the dsRed2 open reading frame. The dsRed2
open reading was amplified from pdsRed2-Nl (Clontech) to include a 5'NotI site and
3'NsiI site. The oligos used were:
dsRed2/5'NotI: 5 '-cggcggccgcgccaccatggcctcctccgag-3'
dsRed2/3'NsiI: 5'-cgatgcatcaggaacaggtggtggcggccc-3'
The pcr product was isolated by agarose gel electorpheresis, gel purified, and cloned into
the NotI and Nsil sites of pLL2.0 to create pLL2.2.

Because the pLentiLox series has a self-inactivating 5' LTR, the provirus has no
endogenous 5' promoter activity. Therefore, it is necessary to include an internal
promoter to drive transgene expression. This makes the system compatible with tissue-
specific promoters. We chose to clone a ubiquitous and constitutive promoter into our
vector to create a promoter that should be active in most eukaryotic cell types and in all
the tissues of a mouse. The promoter we chose was the Ubiquitin C promoter (UbC).
We first attempted to clone UbC by pcr amplification of the promoter from the
pUB6/V5/His vector. However, the UbC sequence was not robustly amplified via pcr. As
a second strategy we digested the pUB6/V5/His vector with BglII and HindIII which
generates a fragment containing the UbC promoter. This fragment was isolated by
agarose gel electrophoresis and gel extraction. The fragment was filled-in with cloned
Pfu polymerase and 5' phosphorylated with PNK. This fragment was ligated into HpaI
digested pLL2.0, pLL2. 1, and pLL2.2 to generate pLL2.3, pLL2.4, and pLL2.5
respectively. These plasmids were verified by restriction digest to contain the proper
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insert. pLL2.4 and pLL2.5 were transfected into 293.T cells and production of the correct
fluorescent protein was verified by visualizing the transfected cells under an
epifluorescent microscope 24 hours after transfection.

Modification of pLL2.0 for use in RNAi

The design criterion for an RNAi plasmid was the following. The plasmid must
contain a polIII promoter to drive expression of the RNAi-inducing stem-loop, and the
plasmid must contain a polIIl promoter to drive expression of EGFP as a reporter.
Because we were concerned that the placement of a strong polII promoter near a polIII
promoter might interfere with polIII function we chose to place the polII-EGFP cassette
between LoxP sites. This would allow us to eliminate the polII promoter if we were
failing to accumulate the stem-loop RNA.

We first inserted a cassette to drive expression of EGFP. A DNA fragment
containing the CMV promoter upstream of the EGFP open reading frame was amplified
from pEGFP-C 1. The oligos engineered a 5' NotI site and 3' EcoRI site. The oligos used
were:
5'CMV/NotI: 5'-cggcggccgcgtggataaccgtattaccgccatg-3'
3'EGFP/stop,/EcoRI: 5' cggaattcctacttgtacagctcgtccatgccgag-3'
The pcr product was isolated by agarose gel electrophoresis and purified by gel
extraction. The fragment was cloned into the NotI and EcoRI sites of pLL2.0 to create
pLL2.6. This plasmid was tested by restriction digest and production of EGFP was
verified by transfection into 293.T cells.

The insertion of the U6 promoter presented an additional challenge. We needed to
introduce a cloning site for the introduction of RNAi sequences. The U6 promoter has
required sequences up until the +1 transcriptional start site. Therefore, one cannot
modify the sequences prior to -l without incapacitating U6. We engineered the U6
promoter to introduce an HpaI site that cuts at the -1 position of U6. The first three
nucleotides ot the HpaI site are present in the wildtype U6. We had to alter the
nucleotides at -1 to +2 in order to engineer an HpaI site. As a result the U6 is not
functional when containing the HpaI site. However after digestion with HpaI and
introduction of oligos to code for a stem-loop, those oligos can re-generate the wild-type
3'end of the U6 promoter thereby restoring transcriptional activity. We engineered
oligos to add a 5' XbaI site to the U6 promoter and 3' HpaI, BstEII, and XhoI sites. We
cloned the amplified pcr product from the pMU6 (Mouse U6 promoter and gene) plasmid
and introduced the product into the XbaI and XhoI sites of pLL2.6. The oligos used were:
5' Xbal/U6: 5'-gctctagagatccgacgccgccatctctag-3'
3' XhoI/BstEIl/HpaI/U6: 5'-gcctcgagggtcaccgcgcgttaacaaggcttttctccaaggg-3'
The resulting plasmid was verified by both restriction digest and by sequencing and was
named pLL2.7.

Repair of LoxP and engineering of new restriction site

It was at this point that we recognized that the 3' LoxP site in the original pBS-
Lox contained a three nucleotide deletion that rendered it unusable. We decided to fix
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the 3' LoxP site in the pLL2.0 plasmid, and then use this plasmid backbone to clone in
sequences from pLL2. 1-pLL2.7. The repair of the LoxP site gave us an opportunity to
engineer a new restriction site outside of the LoxP site (between the 3' LoxP and the
WRE). This site would give our plasmid series even greater flexibility for engineering
other additions such as IRES-GFP, or inducible expression systems.

Oligos were designed to amplify a fragment from pLL2.0 from the EcoRI site to a
PflMI site located within WRE. The 5' oligo extended from the EcoRI site in the 3'MCS
through the mutant LoxP site and into the region between the LoxP and the WRE. This
oligo was designed to add the deleted nucleotides to the LoxP site and to create a PciI site
immediately following the LoxP site. The amplified DNA was inserted into the pLL2.0
backbone digested with EcoRI and PflMI.
The oligos used were:
5'EcoRl/LoxFix/PciI: 5'-
gcgaattcgtcgagggacctaataacttcgtatagcatacattatacgaagttatacatgtttaagggttccgg-3'
3' PflM1/Rev: 5'-aaggagctgacaggtggtggcaatg-3'
A plasmid was checked by sequencing for the addition of a correct LoxP and PciI sites
and named pL]L3.0.

In order to generate the pLL3. I1-pLL3.7 series from the pLL2. I-pLL2.7 series we
cloned Apal-EcoRI inserts of various sizes (2.1-917bp, 2.2-875bp, 2.3-1417bp, 2.4-
2,138bp, 2.5-2096bp, 2.6-1519bp, and 2.7-1819bp) from the pLL2.1-pLL2.7 vectors into
the 5,831bp Apal-EcoRI backbone from pLL3.0 to create pLL3.1-pLL3.7. All plasmids
were verified by restriction digest.

Generation of specific RNAi vectors

In order to generate variants of pLL3.7 to specifically knockdown various genes we
inserted oligos that would generate stem-loop structures when expressed from a U6
promoter. A target sequence was first identified (as described by Tuschl) from a
candidate gene. The structure of the target is AAGN 8 TT. In which GN18 has between
40-60% GC content and does not contain any strings of nucleotides. We then ordered
complimentary oligos with the following general form:
5' TGN I8TTCAAGAGA(81 I NC)TTTTT(XhoI overhang).

129



Appendix C

"A lentivirus-based system to functionally silence
genes in primary mammalian

cells, stem cells and transgenic mice by RNA
interference."

Rubinson DA*, Dillon CP*, Kwiatkowski AV, Sievers C,
Yang L, Kopinja J, Rooney DL,Ihrig MM, McManus MT,
Gertler FB, Scott ML, Van Parijs L.

*equal contribution
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Rapid progress in sequencing genes and characterizing their
expression patterns has resulted in a growing list of coding
regions predicted to contribute to mammalian tissue function
and the development of disease. Current approaches to study
gene function, such as generating knockout mice. are time-
consuming and expensive and cannot be applied to human tis-
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RNAinterference (RNAi)has recently emerged as a specific and
efficient method to silence gene expression in mammalian cells
either by transfection of short interfering RNAs(siRNAs;ref. 1)
or, more recently, by transcription of short hairpin RNAs
(shRNAs)from expression vectors and retroviruses2-1o• But the
resistance of important cell types to transduction by these
approaches, both in vitro and in vivo", has limited the use of
RNAi. Here we describe a lentiviral system for delivery of
shRNAs into cycling and non-cycling mammalian cells, stem
cells, zygotes and their differentiated progeny. We show that
lentivirus-delivered shRNAsare capable of specific, highly sta-
ble and functional silencing of gene expression in a variety of
cell types and also in transgenic mice. Our lentiviral vectors
should permit rapid and efficient analysis of gene function in
primary human and animal cells and tissues and generation of
animals that show reduced expression of specific genes. They
may also provide new approaches for gene therapy.
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Fig. 1 Stable gene silencing and production of processed shRNAs in a T-cell line
by a lentiviral vector. a, Creation of an shRNA-expressing lentivirus vector.
pLL3.7 was engineered by introducing the mouse U6 promoter upstream of a
CMV-EGFP expression cassette to create a vector that simultaneously pro-
duces shRNAs and a reporter gene. To facilitate the introduction of RNAi
stem-loops, a multiple cloning site was placed immediately after the U6 pro-
moter. SIN-LTR, self-inactivating long terminal repeat; 'I', HIV packaging sig-
nal; cPPT, central polypurine track; MCS, multiple cloning site; CMV,
cytomegalovirus promoter; WRE, woodchuck hepatitis virus response ele-
ment. b, Sequence of the COB stem loop used in this study. A sequence known
to silence COB as an siRNA21 was adapted with a loop sequence from Brum-
melkamp et a/.3 to create an shRNA. The presumed transcription initiation site
is indicated by a + I. Nucleotides that form the loop structure are indicated in
green. The Pol III terminator stretch (a stretch of Us in the RNA) is indicated in
red. c, Predicted structure of COB shRNA produced from pLL3.7 COB. d, Stable
silencing of COB by pLL3.7 COB. The COB and GFP levels expressed by infected
E10 cells 4 d after infection and after 1 mo of culture are shown. e, Spedfic
degradation of COB mRNA induced by pLL3.7 COB. COB and C04 mRNA levels
in uninfected EIO cells, or El0 cells infected with either pLL3.7 (control virus)
or pLL3.7 COB (COB RNAi virus) and sorted on the basis of GFP and COB expres-
sion, were assayed by northern blotting. The bands representing COB and C04
mRNA species are indicated. f, Generation of processed shRNAs in cells
infected with pLL3.7 COB. The cells analyzed for COB and C04 mRNA levels in e
were also examined for the presence of processed shRNAs by northern blot-
ting. The location of RNAs of 21,22 and 23 nt are indicated.

I Ve:partmml of Biolog); Massachll5etts IlIslit/lie: of Teclllwlow. ii Masstlcllllse:tts A~'ellile. Cambridge, MasStlcllllst,tts 02139, USA. .?Ct~/lter for Ctlncer
Re:se:arc1,. MtlSStlcllllsctts IlIslitute of Tedllwlogy, Cmnbridge:, Massachllsetts, USA. JFrec Uni,'ersity Berlill, Illstit/de of Biochemist,,\ Be:rli/l. Germa/l)',
4Calije)rnia ItlStitllle: of1eclllwlogy, Pastlde:/III, Ctlli(cmli/l. USA. 5flioge:/I I/lc., Camllridge. MasStlclIllSe:tts, USA. Corre:spmldmcc sllOllltl be: tlddre:ssed to L. v.P.
(e:-mail: IlIhp@mit.e:dll).
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tor was engineered to co-express enhanced green fluorescent
protein (EGFP) as a reporter gene, permitting infected cells to be
tracked by flow cytometry (Fig. Ia,d). Lentiviruses have two key
advantages over other gene delivery systems. First, they can infect
non-cycling and post-mitotic cellsI6•17• Second, transgenes
expressed from lentivirllses are not silenced during development
and can be used to generate transgenic animals through infection

of embrvonic stem (ES) cells
or embr}:oslll.I'J.

Initial experiments indicated
that pLL3.7 vectors could gen-
erate high-titre infectious
lentiviruses that expressed
shRNAs and silenced gene
expression upon infection of
mammalian cell lines
(Fig. lei-f). We next tested
whether pLL3.7 could silence
gene expression in primary
mammalian cells by infecting
OVA-specific CDS-positive
OTI T cells derived from T-cell
receptor transgenic mice211• T
cells were activated with cog-
nate peptide il/ vitro and
infected with a version of
pLL3.7 engineered to express
an shRNA that silences expres-
sion of mouse CD8a (pLL3.7
CD8; fig. I [',C; refs. 4,21). Flow
cytometric analysis showed
that 68-82% of the cells were
infected and reproducihly
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Fig. 2 Functional silencing of genes in a
cycling and non-cycling primary
immune cells in vitro and in vivo by a
lentiviral vector. a, Specific silencing
of genes in cycling T cells by pLL3.7
COB and pLL3.7 CD25. COB-positive
aTI T cells were activated with cog-
nate peptide and then infected with
pLL3.7, pLL3.7 COB or pLL3.7 CD25.
The efficiency of infection was deter-
mined by assaying GFP expression.
Expression of COB and CD25 in
infected T cells was measured by
staining with specific antibodies that
bind these surface markers. b, Effi-
cient infection and gene silencing in
non-cycling dendritic cells with plL3.7
Bim. Bone marrow-derived dendritic
cells were infected with plL3.7 (data
not shown) or pLL3.7 Bim. The effi-
ciency of infection was determined by
assaying GFP expression by flow
cytometry (green line) and comparing
with uninfected control cells (purple
peak). Expression of Bim in pLL3.7
COB infected and control dendritic
cells was assayed by western blotting.
c, Functional silencing of genes in pri-
mary T cells with plL3.7 CD25. CDB-
positive aTI T cells were infected and activated as in a and then cultured in the presence of increasing concentrations of IL-2. Proliferation was assessed by
lH-thymidine incorporation. d, Efficient infection of HSCs with RNAi lentiviruses and stable gene expression in differentiated progeny. HSCs were purified from
the bone marrow of wild-type mice, infected with plL3.7 (data not shown) or plL3.7 COB and then cultured with IL-3, IL-G and SCF.The efficiency of infection was
determined by assaying GFP expression by flow cytometry (left histogram, green line) and compared with un infected cells (purple peak). Bone marrow chimeras
were generated by injecting sorted (GFP-positive) HSCs into lethally irradiated recipients. The contribution of these cells to the mature spleen cells of the
chimeras was determined by staining with the congenic marker CD45.2, analyzing GFP expression by flow cytometry (right histogram. green line), and compar-
ing with mice that received uninfected HSCs (purple peak). Histograms show GFP expression of HSC-derived (CD45.2-positive) cells. e, Functional gene silencing
in T cells derived from HSCs infected with pLL3.7 COB. The percentage of COB-positive T cells in the spleen of bone marrow chimeras from pLL3.7 (left dot plot)
and pLL3.7 COB (right dot plot) was determined by staining with antibodies to CD4 and COB, as well as the con genic marker CD45.2, and flow cytometry. Dot
plots show CD4 and COB expression of HSC-derived (CD45.2) cells.

sues. RNAi has emerged as a rapid and efficient means to manip-
ulate gene function in mammalian cellsl:!. Retroviral vectors are
efficient, stable gene delivery tools in mammalian cellsl3.14, and
recent studies suggest that they can stably express shRNAs in
transformed and primary cells 10. We have developed a lentivirus-
based vector (pLL3.7) that expresses RNAi-indllcing shRNAs
under the control of the Un promoter (Fig. Ill; ref. 15). This vec-

Fig. 3 Functional silencing of genes in EScell-<lerived mice by a lentiviral vector. a, Generation of stably infected ES cell
lines with pLl3.7 COB. AK7 EScells were infected with pLL3.7 COB and sorted for GFP expression. GFP expression in cui.
tured cells was determined 2 wk later by flow cytometry (green line) and compared with uninfected controls (purple
peak). b, Identification of EScell-derived thymocytes in chimeric mice infected with pLL3.7 COB. Thymocytes from unin.
fected (purple peak) and pLL3.7 COB-infected (green line) ES-derived mice were harvested and analyzed for GFP expres-
sion. c, Fluorescence imaging of paws of EScell-derived mice infected with pLL3.7 COB. The paws of control and plL3.7
COB-infected ESchimeric mice were ima!;ed with standard epifluorescence for expression of EGFP.d, Silencing of COB in
the thymus and spleen of ES cell-derived mice infected with pll3.7 COB. Thymocytes and splenocytes from l-wk-old
control and COB RNAi (pLl3.7 COB) ES cell-derived mice were harvested and stained for CD4 and COB expression.
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Number of Average number
Total mice transgenic offspring of lentiviral

Litters born (percentage) integrants (range)

2 15 8 (53%) 3.4 (2-5)
4 32 16 (50%) 3.1 (2-6)
7 42 11 (26%) nd
4 22 5 (23%) nd

weeks, the iniected HSCs had contributed to all blood celllin-
cages in reconstituted mice. as determined by staining for the
congenic CD45 allele, and about 20-40% of HSC-derived lym-
phocytes were GFP-positive (Fig. 2d). The presence of GFP-
negative cells is probably the consequence of the low activity of
the CMV promoter in these cells2~. To examine whether
lentivirus-mediated expression of sh RNAs in T cells resulted in
genc silencing in vil'o, we analyzed splenocytes from reconsti-
tutcd mice. Mice that reccived HSCs infected with pLL3.7 CDS
showed at least a 90% rcduction in the frequcncy of CD8+ l'
cells when compared with those receiving HSCs infected with
pLU.7 (Fig. 2c). No effect was seen on CD4-positive T cell lev-
cis and other immune cell populations, indicating that
Icntivirus-induced gene silencing was both functional and spc-
cific. We serially passagl.'d bone marrow cells from reconsti-
tutcd micc and still observed lentivirus-driven exprcssion of
G FP in hematopoietic cells (data not shown), confirming th,at
we had infccted true stem cells.

Lentiviruses have also been reported to infect mousc ES cells
and to maintain their expression in transgenic mice generated
from these cells Ill. We generated stable lines of ES cells that were
infected with pLU.7 CDS or with versions of pLL3.7 that
expressed shRNAs against p53 (ref. 6; pLU.7 p53) or a ncuron-
specific isoform of Mena (ref. 25; pL1.3.7 Mena+; Fig. 311 and
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Fig. 4 Functional silencing of genes in transgenic
mice derived from lentivirus.injected zygotes.
a, Infection of zygotes with pLl3.7 CD8. Single-cell
embryos were infected with CD8RNAi(pLl3.7 COB)
or left un infected and cultured for 3 d, at which
time they were imaged with standard epifluores-
cence for expression of EGFP.b, Generation of
transgenic mice from pLL3.7CD8-injected zygotes.
Paw (panel 1) and whole mice (panel 2) derived
from embryos that were uninfected (panel 2, right)
and infected with pLL3.7CD8 (panel 2, left) were
imaged with standard epifluorescence for expres-
sion of GFP.c, Expression of processed shRNAs in
multiple tissues in transgenic mice derived from
pLl3.7 COB-injected zygotes. Tissues were har-
vested from 8-wk-old COB RNAi transgenic mice
(pLL3.7 COB) and assayed for the presence of
processed shRNAs by northern blotting. d, Silenc-
ing of COBin the thymus and spleen of transgenic
mice derived from pLl3.7 COB-injected zygotes.
Thymocytes and splenocytes from 2-wk-old control
and COBRNAi transgenic (pLl3.7 COB)mice were
harvested and stained for Thyl, CD4 and COB
expression. Dot plots show the expression of CD4
and COBon T cells (Thyl-positive). e, Silencing of
p53 in the brain and liver of transgenic mice
derived from pLL3.7 p53-injected zygotes. Brain
and liver were harvested from B-wk-old p53 RNAi
transgenic mice (pLL3.7p53) and control mice. The
levels of p53 in these tissues were determined by
western blotting.

showed approximately 93% lower expression of CDS (Fig. 2a),
indicating that lentivirus-driven expression ofshRNAs efficiently
silenced gene expression in primary T cells. This effect of pLU.7
CDS was specific, as infected l' cclls showed normal expression
of other T-cell surface markers (Fig. 211and data not shown). To
determine whether pLU.7-based vectors could also silence
gene expression in non-cycling cells. we infected dendritic cells
with RNAi lentiviruses that expressed shRNAs against the pro-
apoptotic molecule Him (ref 22; pLU.7 Him). Infection of these
cells was eificient, as gauged by expression of green tluorescent
protein (GFP), and resulted in a reduction of Bim expression
(fig.2b).

To determine whether lentivirus-Illcdiated expression of
shRNAs could induce functional silencing of a gene in primary
cells, we infected 0'1'1 T cells with an RNAi lentivirus that tar-
geted CD25, the 11.-2 receptor a-chain (pLL3.7 CD25; Fig. 2a).
IL-2 is an important growth f;lctor for l' cells, and l' cells derived
from mice that lack CD25 do not proliferate ill vitro2J• Activated
OT! T cells infected with pLL3.7 CD25 showed a 95% reduction
in IL-2Ra chain expression, but expressed normal levels of other
surface markers (Fig. 2a and data not shown). These cells
showed a 75-80% reduction in proliferation when challenged
with increasing concentrations of IL-2 (Fig. 2c). As not all
cells were infected in these experiments (typically 70-85% of
cells were GFP-positive), the actual inhibition of
IL-2-induced proliferation by RNAi was probably
even more significant. Table 1 • Efficient generation of RNAitransgenic mice through infection

Lentivirus-based vectors are capable of stably of zygotes with lentiviruses
expressing transgenes in stem cells and are not
silenced during developmentI4•11l• We tested RNA
whether pLU.7 could be used to silence gene lentivirus
expression in hematopoietic stem cells (HSCs) and Control
their progeny. HSCs purified from whole bone mar- C08
row by cell sorting were infected with pLL3.7 or ~;5
pLU.7 CDS and then cultured for 2 days in the -----------------------------

- k' '\'h' ) ) d . -. RNAi transgenic mice were generated with pLL3.7 (control), pLL3.7 C08, pLl3.7 C025 and
presence of cyto Illes. IS protoco e. to \I1lectJOn pLL3.7p53. Transgenic offspring were identified on the basis of their expression of GFPin the
of 30-60(~'h of HSCs (Fig. 2d and data not shown). skin at 2-4 d. The number of lentiviral integrants present in the genome of transgenic (GFP-
Next, GFP-positive cells were sorted and injected positive) mice was determined by Southern blotting. No lentiviral integrants were detected

in five non-transgenic (GFP-negative) mice analyzed. nd, not determined.
into lethally irradiated congenic mice. After S ------------------------------
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pLL3.7 p53 showed reduced
expression of the p53 tumor-
suppressor protein (Fig. 4c).

The promise of RNAi to
efficiently silence genes in
mammalian cells is widelv rec-
ognizedI2.IS.27.211. The r~sults
presented here show that
lentiviruses can be used to
deliver shRNAs and reduce
gene expression in cycling and
non-cycling cells, as well as in
chimeric and transgenic mice.
This technology should allow
systematic genetic analysis in

most cell types and tissues, including those of human origin,
and facilitate comprehensive studies of gene function in mice
and in species that are not traditionally amenable to genetic
manipulation. Lentiviral expression vectors might be used ther-
apeutically to silence disease-causing genes, to render cells
resistant to infectious organisms, and to facilitate the creation
of tissues deficient in specific antigens as a source of transplant
organs. Future moditications to lentiviral expression vectors,
such as the inclusion of inducible or tissue-specitic promoters,
will extend the range of cells and situations in which they can
induce RNAi.

Methods
RNAi lentivlrus system. The complete details of the construction of
pLL3.7 and other LentiLox vectors are described online (see URL). In briet:
the pBFGW plasmid I') was extensively modified to carry loxP sites, a CMV
promoter driving expression of EGFP and the mouse U6 promoter with
downstream restriction sites (Hpill and XIIIII) to allow the etlicient intro-
duction of oligonucleotides encoding shRNAs (Fig. III.b,e).

To confirm that p1.L3.7 could silence gene expression in mammalian
cells, we used an shRNA predicted to target the a-chain of CDS to generate
pLL3.7 CDS (Fig. II1.e). The CDS shRNA was based on previously pub-
lished sequences4•21• We generated lentivirus particles (as described below)
and used them to infect EIO cells. Infected (GFP-positivel cells showed on
average a 94% reduction of CDS expression (Fig. Id). Inhibition of CDS
expression was specific, as the levels of other surface proteins \wre not
altered (Fig. Iii and data not shown). Moreover, in a subline of EIO cells
engineered to express human CDS, which differs from mouse CDS by 4 of
19 nt in the targeted region. only the mouse gene was silenced (data not
shown). ('..ells infected with control virus (pLL3.7) or viruses expressing
shRNAs against other genes showed no decre-dse in CDS levels (Fig. IIIand
data not shown).

To confirm that the decrease in surface expression of CDS seen in
infected E to cells resulted from mRNA degradation, CDS transcript lev-
els in sorted (GFP7positive) cell populations infected with either pLL3.7
CDS or a control virus were quantified by northern blotting (Fig. Ie).
E I0 cells that showed silencing expressed short RNAs of approximatcly
21 nt that were complimentary to an anti-sense strand of the CDS stem
loop. indic;lling that lentivirus-encoded shRNAs were being expressed
and processed into siRNAs (Fig. I}). To test the stability of lentivirus-
induced RNAi in mammalian cells, we followed expression of CD8 in
long-term cultures of EIO cells infected with pLL3.7 or pLU.7 COB and
sorted for expression of GFP. E 10 cells infected with pLL3.7 CDS virus
were sorted 4 d after infection for GFP expression and low CDS expres-
sion, whereas control virus infected cells were sorted for GFP expression
only (Fig. Id). Each population was cultured for I mo and analyzed for
CDS expression by flow cytometry at weekly intervals. We saw no
change in expression of this surface receptor over the course of I mo.
and these cells remained uniformly GFP-positive (Fig. Id). But in each
experiment a small fraction (2-10%) of infected (GFP-positive) EIO
cells showed no evidencc of gene silencing. These cells were shown to
express no shRNAs (data not shown). suggesting that the activity of the
U6 promoter was reduced, possibly owing to position31 effects on the
inserted transgenesl.l.19.

Table 2 • Stable and functional silencing In adult RNAItransgenic mice

Age of RNAi transgenic mice (wk) 2 8 8 8 8 8

Percent decrease in CD8 expression 93 93 93 88 87 92
Decrease in percentage of mature 56 20 35 44 99 100
CD8-positive cells

Number of lentiviral integrants nd 2 3 2 6 5 4 3

The frequency of CDS-positive T cells present in neonatal and adult CDS RNAi transgenic mice and age-matched con-
trols, and the reduction of CDS expression in cells showing gene silencing, were determined by staining lymphocytes
with antibodies to Thy', CD4 and CDS. The percent reduction in CDS-positive T cells seen in CDS RNAi transgenic mice
was determined by dividing the percentage of splenic T cells that were CDS-positive in CDS RNAi transgenic mice by the
percentage observed in control mice. The percent reduction in CDS expression was determined by dividing the mean
fluorescence intensity of CDS staining in T cells (Thy' -positive) from CDS RNAi transgenic mice that showed silencing by
the mean fluorescence intensity of CDS on T cells from control mice. The number of lentiviral integrants present in the
genomes of the CDS RNAi transgenic mice analyzed was determined by Southern blotting. nd, not determined.

data not shown). To test whether gene silencing could be main-
tained throughout organogenesis, we purified GFP-positive ES
cell populations by cell sorting and injected these cells into
RAG-deficient blastocysts. Because RAG deticiency blocks l'
and B lymphocyte development in the bone marrow, any
peripheral l' and B lymphocytes present in the chimeric prog-
eny must be derived from the injected (RAG-positive) ES
cells:!to. The degree of chimerism in animals derived from
infected ES cells varied between 50% and 90%, as gauged by
GFP tluorescence of whole mice and dissected organs (Fig. 3c
and data not shown). About 20-40% of immune cells in these
mice were GFP-positive (Fig. 311 and data not shown). To eX.lm-
ine whether lentivirus-mediated expression of shRNAs resulted
in the silencing of CD8 i" vivo, we stained thymus and spleen
cells of 7-day-old chimeric mice with antibodies to CD8 and
CD4 and analyzed them by flow cytometry. Developing l' cells
in the thymus of pLL3.7 CDS-infected mice showed an 89%
reduction in CD8 expression (Fig. 3d). In addition, we detected
few mature CDS-positive T cells in this organ or in the spleen
(Fig. 3d). By contrast, these mice showed normal expression of
CD4 on thymocytes and normal percentages of mature CD4-
positive T cells in immune tissues (Fig. 3d). No effects were
observed on T-cell differentiation and frequencies in mice
derived from ES cells infected with pLL3.7 Mena+ and pLL3.7
(Fig. 3d and data not shown).

Direct lentiviral infection of single-cell embryos provides an
efficient and broadly applicable approach to generate trans-
genic animals'9. We infected single-cell embryos with RNAi
lentiviruses to determine whether this methodology could be
used to bypass the use of ES cells. Embryos infected with
pLL3.7, pLL3.7 CDS, pLL3.7 CD25, pLL3.7 p53 or pLL3.7
Mena+ expressed GFP after 3 days in culture (Fig. 4a and data
not shown) and produced offspring that showed expression of
GFP and siRNAs in all tissues tested (Table I, Fig. 4b,c and data
not shown). As ill ES cell chimeras. 2-week-old transgenic
mice generated from pLL3.7 CDS-infected zygotes showed a
91% reduction in CDS expression in developing thymocytes
(Table 2 and Fig. 4d). The frequency of mature CDS-positive T
cells in the peripheral lymphoid organs of these mice was also
reduced (Table 2 and Fig. 4d). Notably, gene silencing was
maintained in adult mice (Table 2). As in HSC-reconstituted
and ES cell chimeric mice, the expression of GFP in immune
cells of RNAi transgenic mice generated with pLL3.7 vectors
was low (5-60%). In all mice, cells exhibiting silencing showed
an equal reduction of CDS gene expression, but the percentage
of cells showing silencing differed between transgenic strains
(Table 2). This variation may be a function of the number of
integrated lentiviral genomes present in ditlcrent transgenic lines
(Table 2). Gene silencing was not restricted to immune cells;
brain and liver cells derived from transgenic mice that expressed

404 nature genetics • volume 33 • march 2003

134



•

shRNAs. The algorithm used to predict sequences that would leOld to
silencing of target genes, as well as primer sequences used for the construc-
tion of pLL3.7 and to create shRNAs against CD8, CD15, Bim, p53 and
MenH, arc available online (see VRL).

Generation and titre of lentivirus. Lentiviral production was done as
described1q

• Briefly, we co-transfected pLL3.7 and packaging vectors into
2931' cells and collected tht' resulting supern;llant after 36 h. We recovt'red
virus after ultracentrifugation for ].5 h at 25,000 r.p.m. in a Beckman
5W 28 rotor and resuspension in phosphate-buffered saline (15-200 Ill).
Titers were determined by infecting 31'3 ct'lls with serial dilutions of con-
centrated lentivirus. We determined GFP expression of infeded cells by
flow cytometry 48 h after infection; for a typical prepOlration, the titre was
approximately 4-10 x 10~ infectious units nrU) per ml.

T cell and dendritic cell infection. CD8-positive T cells were activated hy
culturing splenocytes derived from 01'1 TCR transgenic mice;1\ a density of
1 x 10" cells ml-I in the pn.'sence of I ~lg ml-I of OVA peptide and
100 ng ml-I IL-2 (Biosource International). After 24 hand 48 h, cultures
were supplemented with 20-]00 x Il)!' lentiviral particles (multiplicity of
infection (l'vIOI) of 10-50),10 Ilg ml-I polyhrene, and spun at 1,200 r.p.m.
for I h OIt30°C in a Beckman Allegr;1 6R centrifuge. Supernatant was
removed after infection and replaced with growth medium containing
Illg ml-I OVA and ]()() ng ml-I IL-2. We collected T cells for experiments
after 72 h. We generated dendritic cells by culturing whole bone marrow
cells for 7 d at a density of 1 x 10" cells ml-I in the presence of 10 ng ml-I
GM-CSF (Biosource International). During this culture period, fresh
cytokine W;ISprovided every other day. The resulting cell populations were
typically greater thOln60% CD II c-positive as determined by now cytome-
tr}' (data not shown). On day 7, we transferred dendritic cells to a new plate,
cultured them at a density of 2 x 10" cells ml-I with medium containing no
GM-CSF and infected them on d;IY 8 and 9 with approximately 100 x Ill"
(MOl of 50) lentiviral particles. Cells were collected for analysis on day 10.

Hematopoietic stem cell infection. Whole mouse bone marrow cells were
depleted for cells expressing B cell (B220) and granulocyte line;lge mark-
ers (CDllb) using magnetic beads (Milten}'i), and then sorted for Scal-
positive and c-Kit-positive cells. These cells were spin-infected with RNAi
lentiviruses at an MOl of approximately 10-50, and then cultured at a
density of 2 x 10" cells ml-I for 2 d in the presence of 11.-3 (20 ng ml-',
Biosource International), 11.-6 (50 ng ml-I, Biosource International) and
SCF (50 ng ml-I, Peprotech). We sorted infected HSCs for GFP expres-
sion, after which we injected approximately 2 x 105 cells into lethally "'(-
irradiated (1200 rads) recipient micl.' that \"'-'re congenic for the CD45
antigen, to allow us to distinguish host and donor cells (HSCs were derived
from a mouse strain that expresses CD45.2 on hematopoietic stem cells;
recipient mice expressed CD45.1 on these cells). Most reconstituted mice
also received 2 x ]0" host-derived (CD45.1) whole bone marrow cells.
Bone marrow chimeras were ;1Ilalyzed between 6 wk ;lnd Hwk after recon-
stitution for GFP expression in splenocytes and CD8 gene silencing by
staining and flow cytoml.'lry. In all experiments, progeny of infected HSCs
were identified by staining for CD45.2.

ES cell infection. We maintained and infected AK7 ES cells ;ISdescribed 11\.

Clones of ES cells were picked, l.'xpanded and analyzed by flow cytome-
try for GFP expression. If the clone contained a mixed population of
infected and uninfected cells, we purified the GFP-positive population
by fluorescence-activated cell sorting before blastocyst injection.

Generation of RNAi chimeric and transgenic mice. For ES
cell-derived mice, we injected approximately 10-12 pLL3.7 -infected
GFP-positive ES cells into l~ag2-1- blastocysts, which we then implmlted
into a pseudopregnant female recipient mouse2". We screened neonates
resulting from these injections for chimerism by determining the level
of GFP fluorescence of their skin and paws. Highly chimeric (>50%)
neonates were used for analysis. To generate lentiviral transgl.'nics, we
in,jected a small volume of high-titre RNAi lentivirus (4-10 x IOs
IV Ill-I) into the perivitelline space of single-cell mouse embryos, which
we then implanted into pseudopregnant female recipient micel'J. The
resulting neonates were screened for lentiviral integration by Southern
blotting and expression by GFP fluorescence.
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Flow cytometry. The following I'hycoerythrin-col1jug;lted antibodies were
used for flow cytometric analysis: antihody against CD4 (clone RM4-5l,
antibody against CD8u (clone 53-6.7l, antibody against Cl>25 (clone
PC8 n, antibody against CD45.~, antihody against CD95.~ (Thyl.~) and
strepavidin. We also used allophycocyanin-conjugated antibody against
CD8u and biotin-conjugated antihody against Thyl.1 for analysis. All
antihodies were from BD Pharmingen. All plots \hown are g.ltrd for viahll'
cells, which were isolated by selecting PI- cells.

Northern-blot analysis. For northern-blot analysis, we I}'sed cells with
Trizol re.lgent (Invitrogen) and prepareq, total cellular RNA according to
the manut:lcturer's instructions. RNA was prepared from tissues using
RNAlater (Arnbion Di;lgnostics) according to the manuf:lCtUlw'S
instructions. We carried out Cl>4/CD8 probe hybridization as
described4• For the srn;11IRNA northern blot, total RNA (60 ~lg) was frac-
tionated on a 10'M.denaturing polyacrylamide gel and transferred to a
nylon membrane. The ml.'mbrane was hyhridized to a probe consisting of
a 1] -nt CDH siRNA sense strand laheled at the 5' end with .\2p. Wl' used a
5' radio-labeled oligonucleotide probe to 55 RNA to determine equal
hIding of RNA.

Western-blot analysis. MOllse tissues were lysed in RIPA buffer
(150 mM NaCl, 50 mM Tris pH H.O, 1% Triton X-IOO, 0.5% sodium
deoxycholate, 0.1 % sodium dodecylsulfate) supplemented with Com-
plete Protease Inhibitor Tablets (Roche). We determined protein con-
centrations using BCA Protein Assay (Pierce). Equal amounts of protein
(IOOllgl were loaded per lane and separated on ;1 W% SDS-PAGE gel.
Protein was transferred to a PVDF membrane. We dl.'tected p53 using
antibody against p53 Ah-3 (Oncogene Research Products) diluted
I: 1.000 and donkey antibody against mouse conjugated with horserad-
ish peroxidase diluted I: 10,000. The blot was developed with ECL+
reagent (Amersham Biosciel1ces).

Animal care. We carried out all mouse experiments according to the
guidelines establishl.'d by the Committee on Animal GIrl' ;It the Massachu-
setts Institute of Technology or the Institutional Animal Care and Vse
Committee at Biogen.

VRL. Additional infl)rmation on pLL3.7 construction, target sequences
used and target sequence selection can be found at http://web.mit.edu/
ccrhq/vanpa rijs/.
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Appendix D

"Cre-lox-regulated conditional RNA interference
from transgenes."

Ventura A, Meissner A, Dillon CP, McManus M, Sharp PA,
Van Parijs L, Jaenisch R, Jacks T.

Proc Natl Acad Sci U S A. 2004 Jul 13;101(28):10380-5.
Epub 2004 Jul 6.

137



*Department of Biology, Center for Cancer Research, and lIHoward Hughes Medical Institute and ~McGovern Institute, Massachusetts Institute of
Technology, Cambridge, MA 02139; and .Whitehead Institute for Biomedical Research, Cambridge, MA 02139

Andrea Ventura*t, Alexander Meissner*H, Christopher P. Dillon*, Michael McManus*, Phillip A. Sharp*5,
Luk Van Parijs*, Rudolf Jaenisch**, and Tyler Jacks*l1l1

ere-lox-regulated conditional RNA interference
from transgenes

different strategies were used to generate mouse embryonic
fibroblasts (MEFs), embryonic stem (ES) cells and transgenic
mice in which the expression of an shRNA is tightly regulated in
a Cre-dependent manner. One vector allows for conditional
activation of shRNA expression, whereas the other permits
conditional inactivation of expression of the hairpin RNA. When
combined with a variety of Cre expression strategies, these
vectors add a powerful capability in the use of RNAi to control
mammalian gene expression.
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Materials and Methods
Generation of Plasmids. To generate the plasmid for stable RNAi,
conditional (pSico), the lox-CMV -G FP-Iox cassette was removed
from lentilox 3.7 (pLL3.7; ref. 7) by digesting with BfuA I and
Pdl, followed by filling-in and religation. The first bifunctional
lox site (hereafter termed 'TAT A lox"), followed by the termi-
nator and by an EcoRI. was inserted in the resulting plasmid by
PCR-mediated mutagenesis using the following oligos:
pSic06Eco. GAATTCAACGCGCGGTGACCCTCGAGG;
and pSic06, ASAAAAAACCAAGGCTTATAACTTC-
GT AT AATTT AT ACT ATACGAAGTTAT AATT ACTTTA-
CAGTTACCC.

To insert the second TATAlox preceded by a Notl site, the
resulting plasmid was digested with EcoR I and X/wi and ligated
to the following annealed oligos: TATALOX F, AATTCGA-
GAGGCGGCCGCATAACTTCGTATAGTATAAATTA-
TACGAAGTTATAAGCCTTGTTAACGCGCGGTGACCC;
and TATALOX R, TCGAGGGTCACCGCGCGTTAACAA-
GGCTTATAACTTCGTATAATTTATACTATACGAA-
GTTATGCGGCCGCCTCTCG.

The resulting construct was finally digested with EcoR I and
NOLI and ligated to an EcoRI-CMV-GFP-Notl cassette to gen-
erate pSico. A similar strategy was used to generate the various
"test" constructs shown in Fig. 6, which is published as support-
ing information on the PNAS web site. Primer sequence and
details are available upon request.

To generate pSico Reverse (pSicoR) the 5' 10xP site present
in pLL3.7 was removed by digesting with X/wi and Notl and
replaced with a diagnostic BamHI site by using the following
annealed oligos: Lox replace for TCGAGTACT AGGATCCAT-
TAGGC and Lox replace rev GGCCGCCTAATGGATCCT-
AGTAC.

A new lox site was inserted 18 nt upstream of the proximal
sequence element (PSE) in the U6 promoter by PCR-mediated
mutagenesis.

Contributed by Phillip A. Sharp, June 3, 2004

We have generated two lentiviral vectors for conditional, Cre-Iox-
regulated, RNA interference. One vector allows for conditional
activation, whereas the other permits conditional inactivation of
short hairpin RNA (shRNA) expression. The former is based on a
strategy in which the mouse U6 promoter has been modified by
including a hybrid between a LoxP site and a TATAbox. The ability
to efficiently control shRNA expression by using these vectors was
shown in cell-based experiments by knocking down p53, nucleo-
phosmin and DNA methyltransferase 1. We also demonstrate the
usefulness of this approach to achieve conditional, tissue-specific
RNA interference in Cre-expressing transgenic mice. Combined
with the growing array of Cre expression strategies, these vectors
allow spatial and temporal control of shRNA expression in vivo and
should facilitate functional genetic analysis in mammals.

10380-10385 I PNAS I July 13, 2004 I vol. 101 I no. 28

RNA interference (RNAi) has emerged as a powerful tool to
silence gene expression, and has rapidly transformed gene

function studies across phyla. RNAi operates through an evo-
lutionarily conserved pathway that is initiated by double-
stranded RNA (dsRNA; for review, see refs. 1 and 2). In model
eukaryotes such as plants and worms, long dsRNA( e.g., 1,000
bp) introduced into cells is processed by the dsRNA endoribo-
nuclease Dicer into =21-nt small-interfering RNAs (siRNAs).
siRNAs in turn associate with an RNAi-induced silencing com-
plex and direct the destruction of mRNA complementary to one
strand of the siRNA. Although the' Dicer pathway is highly
conserved, introduction of long dsRNA (>30 bp) into mamma-
lian cells results in the activation of antiviral pathways, leading
to nonspecific inhibition of translation and cytotoxic responses
(3). The use of synthetic siRNAs to transiently down-modulate
target genes, is one way to circumvent the cytotoxic dsRNA-
activated pathways in mammals (4).

An important advance in the RNAi field was the discovery
that plasmid-based RNAi can substitute for synthetic siRNAs,
thus permitting the stable silencing of gene expression (5). In
such systems, an RNA polymerase III promoter is used to
transcribe a short stretch of inverted DNA sequence, which
results in the production of a short hairpin RNA (shRNA) that
is processed by Dicer to generate siRNAs. These vectors have
been widely used to inhibit gene expression in mammalian cell
systems.

More recently. several groups have reported the use of RNA
polymerase III-based shRNA expression constructs to generate
transgenic RNAi mice (6-8), in some cases recapitulating
knockout phenotypes (7, 8). Due to the dominant nature of
RNAi, a major limitation of this approach is that germ-line
transmission can be obtained only for shRNAs targeting genes
whose knock-down is compatible with animal viability and
fertility. Moreover, even for cell-based applications, constitutive
knock-down of gene expression by RNAi can limit the scope of
experiments, especially for genes whose inhibition leads to cell
lethality.

To overcome these limitations. and to extend the applications
of RNAi in mammalian systems, we have developed a Cre-Iox-
based approach for the conditional expression of shRNA. Two
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Oligos coding for the various shRNAs were annealed and
cloned into I-/IJilI-XIIOI-digested pLU.7, pSico. and pSicoR.
Oligo design was as (lesnibed (7). The following target regions
were chosen: Nucleophosmin (Npm). GGCTGACAAAGAC-
TATCAC; Luciferase. GAGCTGTTTCrGAGGAGCC; DNA
methyltransferase I (Dnmtl). GAGTGTGTGAGGGAGAAA:
and P53, GTACTCTCCTCCCCTCAAT.

The CDS oligo sequence was the same described in rd. 7. All
constructs were verified by DNA sequencing. To amplify recom-
bined and unrecombined vector the following oligos were used:
Loopout F, CCCGGTTAATTTGCATATAATATTTC; and
Loopout R. CATGATACI\AAGGCATTAAAGCAG.

Virus Generation and Infection. Lentiviruses were !!enerated es-
sentially as described (7). Bridly. 5 p.g of Iellliviral ~ector and 2.5
p.g of each packaging vector were cotranskcled in 2lJ3T cells by
using the FuGENE 6 reagent (Roche Diagnostics). Supernatants
were collecled 36-4S h after transkction. filtered through a
O.4-p.m filter. and used directly to infect MEFs. Two rounds of
infection S h apart were usually sufficient to infect >90% of cells.
GFP-positive cells were sorted 3-4 days after infection. For ES
cell infection. the viral supernatant was centrifuged at 25.000
rpm in a Beckman SW41 t rotor for 1.5 h, the viral pellet was
resuspended in 2lJOp.1of ES cell medium. and was incubated 6 h
at 37°C with 10.000-20.000 cells. After infection, ES cells were
pia led in IO-cm dishes with feeders and GFP-posilive colonies
were isolated 4-5 days later. On average. 10-30% of ES colonies
were GFP-positive.

Recombinant adenoviral stocks were purchased from the
Gene Transfer Vector Core facility of University of Iowa College
of Medicine (Iowa City. IA). Infections were performed by using
100 plaque-forming units of virus per cell.

ES Cell Manipulation. Generation of Chimeras. and Tetraploid Comple-
mentation. V6.5 ES cells were cultivated on irradiated M EFs in
DMEM containing 150() FCS. leukemia-inhibiting factor. peni-
cillin/streptomycin, L-glutamine. and nonessential amino acids.
M EFs were cult ivated in DM EM and 10% FCS supplemented
with L-glutamine and penicillin/streplomycin. The derivative of
V6.5 containing a doxycycline-inducible Cre transgene in the
collagen locus will be described elsewhen: (C. Beard and R.J ..
unpublished data).

B6D2F2 diploid blastocysts and B6D2F2 tetraploid blastocysts
were generated and injected with ES cells as described (lJ).
Tetraploid blastocyst-derived animals were delivered by cesar-
ean section on postnatal day 19.5 and fostered to lactating
BA LB/ c mot hers. Alternal ively. embryon ic day 14.5 embryos
were surgically removed to generate MEFs following standard
procedure. Msx2-Cre mice (10) were received from G. Martin
(U n iversity of Cal iforn ia. San Francisco) and Lck-Cre mice (II)
were obtained from The Jackson Laboratory.

Southern Blot and Methylation Analyses. DNA was isolated from
the indicated ES cell lines. To assess the levels of DNA meth-
ylation. genomic DNA was digested with I-/pall and was hybrid-
ized to pMRI50 as a probe for the minor satellite repeats (12).
For the methylation status of imprinted loci. a bisulfite conver-
sion assay was performed by usillg the CpGellome DNA mod-
ification kit (Chemicon). using PCR primers and conditions
already described (13). PCR products were gel-purified. digested
with !JSIUI. and resolved on a 2% agarose gel.

Northern Blots. For the small RNA Northern blolling. IS p.g of
total RNA was isolated with TRlzol (Invitrogen) according to
the manufacturer's instructions. and was resolved on a 15%
denaturing polyacrylamide gel. transferred to a nylon mem-
brane, and was cross linked by using the autocrosslink function
of a Stratalinker. The membrane was hybridized overnight to a
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.lep 5' -labeled DNA probe corresponding III the !lJ-nt sense
strand of the p53 shRNA (GT/\CrCrCCrCCCCrCA/\T).
Hybridization and washes were performed at 42°C.

For detection of the p53 m RNA. 15 p.g of total RNA was
resolved on an agarose-formaklehyde gel, transferred to a nylon
membrane, and hybridized to a probe corresponding to the
entire p53 coding sequence.

Antibodies. Chemicals. and Flow Cytometry. Anti-n-tubulin allti-
body was from Sigma. the p53 antibody was a kind gift by K.
Helin (European Institute of Onculogy. Milan). and the anti-
Npm was a gift from P. G. Pelicci (European Institute of
Oncology. Milan) and E. Colombo (European Institute of
Oncology. Milan). All mouse monoclonal antibodies were used.
Doxorubicin and doxycycline were obtained from Sigma.

To assess expression uf CD4 and C08 in mice. single-cell
suspensions of splenocytes were blocked with anti-CD I(l/CD32
for 10 min on ice. After blocking, the cells were incubated with
phycoerythrin-conjugatcd anti-CDS, allophycocyanin-conju-
gated anti-CD4, and PerCPCy5.5-conjugated anti-C03 for 20
min at 4°C (BD Pharmingen. San Diego). Acquisition of samples
was paformed on a FACScan flow cytomcter. and the data were
analyzed with CELLQUESTsoftware (BD ImmunocylOmetry Sys-
tems, San .lose. CA). Plots were gated on CD3 I cells

For cell-cvclc analvsis. !lICocells were fixed in 70% ethanol.
washed in PUS. and ;esuspemkd in 2D J-Lg/mlpropidium iodide
(Sigma) and 2nO p.g/ml RNAseA in PHS.

luciferase Assay. For reportcr assay. 293'1' cells were cotrans-
fected in 12-well plates by using FuGENE 6 with the appropriate
shRNA vectors and pGL3controi and pRLSV40. The total
amount of transfccted DNA was SOD ng per well. Firefly and
Renilla luciferase activity were measured 36 h after transfection
by using the dual rept)rter kit (Promega) according to the
manufacturer's instruction. All experiments were performed in
triplicate.

Results
Generation of pSico and pSicoR. The U6 promoter has been widely
used to drive the expression ofshRNAs and a U6-based lentiviral
veclor for thl.: generation of transgenic mice has bel.:n recently
described (7). To control sh RNA expressiun in a Cre-dependcnt
manner. we decided to modify the mouse U6 promoter by
inserting a Lox-STOP-Lox casselle. Similar to other RNA
polyme;asl.: "I promoters. the U6 promoter is extremely com-
pal'l. consisting of a tightly spaced TATA box. a PSE. and a distal
sequence clement (DSE; Fig. 1.'1). M ulagcnesis experiments
have demonstrated that while the OSE is partially dispensable
for transcriptional activity. the PSE and the TATA box arc
absolutely required. Moreover. the spacing between the PSE and
thl.: TATA box (17 nt) and between the TATA box and the
transcription start sitc (25 nt) is crilical, because even small
changes have been shown to severely impair promoter activity
(14). A consequence is that to effect ivcly suppress the activity of
the U6 promoter. the Lox-STOP-Lox element must be posi-
tioned either between the PSE and the TATA box or between
the TATA bux and the transcription slart site. In addition. to
reconstitute a functional promoter. after Cre expression, the
normal spacing between PSE. TATA bm, and transcription start
site musl be restored. The laller consideration precludes the
utilization of a classic lox-STOP-Iox casselle because. after
Cre-mediated recombination, the residualloxP site (34 nt) would
necessarily increase the PSE-TATA or the TATA-start-site
spacing (See Fig 6).

To overcome these limitations. we !!cneraled a bifunctional lox
site (TATAlox). that, in addition to retaining the ability to
under!!o Cre-mcdiated recumbination. cuntains a functional
TA l'A box in its spacer region (Fig. I B-D).
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Fig. 2. Cre-regulated knockdown of p53. (A) p53 R270Hl MEFs infected with
the indicated lentiviruses were sorted for GFP positivity and infected with Ad
or Ad-Cre. Four days after infection, genomic DNA was extracted, and a PCR
was performed to amplify the recombined and un recombined viral DNA. (8)
The same cells were analyzed by epifluorescence microscopy to detect GFP.
Similar cell density and identical exposure time was used for all images. (e)
Fifteen micrograms of total RNA extracted from the above indicated MEFs was
separated on a 15% denaturing polyacrylamide gel, transferred on a nitro-
cellulose filter, and hybridized to a radi-Iabeled 19mer corresponding to the
sense strand of the p53 shRNA. Equal RNA loading was assessed by ethidium
bromide staining of the upper part of the gel (Lower). (D) Northern (Upper)
and Western blotting (Lower) showing p53 knock-down in the above indi-
cated cells.

promoter and does not affect its activity. Two 10xP sites in the
same orientation are present in this vector; the first positioned
immediately upstream of thc PSE in the U6 promoter. and the
second immediately downstream of the GFP-coding sequence.
In contrast to cells infected with pSico. cells infected with pSicoR
are expected to constitutively transcribe the desired shRNA until
a Cre-mediated recombination event leads to the excision of the
CMV-GFP casselle and an essential part of the U6 promoter.
Importantly, in both pSico and pSicoR. the CMV-GFP cassette
marks infected cells and loss of GFP expression indicates
succcssful Cre-mediated recombination.

- - -- -
e'll - + - + - + - +

Ventura et a/.

Cre-Regulated RNAi in Cells. The ability of pSico and pSicoR
vectors to conditional silence endogenous genes was demon-
strated by insertion of a hairpin designed to inhibit expression of
the mouse tumor suppressor gene p53. As a control. the same
sequence was cloned into the constitutive shRNA vector pLL3.7.
In pLL3.7. the CMV-GFP cassette is located downstream of the
U6 promoter and is flanked by loxP sites such that Cre-mediated
recombination is expected to result in loss of GFP expression
without affecting shRNA expression (7). These three constructs
were then used to generate lcntiviruses and infect MEFs. To
simplify the detection of p53. MEFs expressing high basallevcls
of a transcriptionally inactive point mutant (R270H) p53 allele
(K. Olive and T.J .. unpublished work) were used in these
experiments. High-efficiency transduction by all of these vectors
was achieved as indicated by uniform GFP expression in infected
cells (Fig. 28 and data not shown). As shown in Fig. 2, after
superinfection with a Cre-expressing recombinant adenovirus
(Ad-Cre). near complete recombination with concomitant loss
of GFP fluorescence was observed for all vectors. One week
after Cre expression. high levels of the p53-siRNA were detected
in cells infected with pSico-p53 (Fig. 2C). whereas no p53-siRNA
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Fig. 1. Generation of pSico and pSicoR. (A) Schematic representation of the
mouse U6 promoter. The spacing between the DSE, the PSE,the TATA box, and
the transcription start site (+ 1) is indicated. (8) Comparison between the
sequence of a 10xP site and a TATAlox site (Upper). Comparison between the
sequence of the wild-type mouse U6 promoter and the sequence of the U6
promoter with a TATAlox site replacing the TATA box (Lower). (e) The TATA-
lox can replace the TATA box in the U6 promoter. Equal amounts of the
wild-type U6 promoter and of the TA TAlox U6 promoter (empty or driving the
expression of shRNA against the firefly luciferase gene) were transfected in
293T cells together with reporter plasmids expressing firefly luciferase and
renilla luciferase. Thirty-six hours later, cells were lysed and the ratio between
firefly and renilla luciferase activity was measured. (D) A TA TAlox-STOP-
TATAlox cassette in the U- promoter efficiently suppresses shRNA expression.
Increasing amounts (0-200 ng) of plasmids containing the indicated version of
the U6 promoter were transfected in 293T cells together with reporter pi as-
mids, and luciferase activity was measured as in C. (E) Schematic representa-
tion of pSico before and after Cre-mediated recombination. (F) Schematic
representation of pSicoR before and after Cre-mediated recombination. SIN-
LTR. self-inactivating long terminal repeats; Psi. required for viral RNA pack-
aging; cPPT, central polypurine tract; EGFP: enhanced GFP; WRE, woodchuck
regulatory element.
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As shown in Fig. I, when the TAT Alox replaces the TATA box
site in the U6 promotor, the spacing betwecn PSE. TAT A. and
transcriptional start site is not altered (Fig. I/J). and the resulting
promoter retains transcriptional activity (Fig. In.

To create a conditional U6 promotcr. a cytomcgalovirus
(CMV)-enhanced GFP stop/reporter cassette was inserted be-
tween two TATAlox sites so that after Cre-mediated recombi-
nation the cassette would be excised. generating a functional U6
promoter with a TATAlox in place of the TATA box (Fig. ID).
A Tr, sequence was positioned immediately upstream of the
CMV promoter to serve as a termination signal for RNA
polymerase III. The terminator combined with the inserted
CMV-GFP cassette completely suppressed the activity of the U6
promoter (Figs. ID and 2 C and D). To facilitate the generation
of conditional knock-down mice and cell lines. the conditional
U6 cassette was inserted into a self-inactivating lentiviral vector
derived from pLL3.7 (7). The resulting plasmid was named pSico
(Fig. IE).

To allow for conditional inactivation of shRNA expression. we
generated a second vector named pSicoR (Fig. IF). In pSicoR.
the CMV-GFP reporter casselle is placed downstream of the U6
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served in pSicoR-Npm-infected MEFs (Fig. 3A. and Fig. 7. which
is published as supporting information on the PNAS weh site).

The characterization of ES cells mutant for Dnmtl has bl:cn
reported (17), and demonstrated that Dnmt I is required for
genome-wide maintenance of cytosine methylation. Dnmtl-
deficient ES cells are viahle and proliferate normally. despite
substantial loss of cytosine methylation; however, they die upon
differentiation. Whereas reexpression of the Dnmtl cDNA in
these cells leads to methylation of bulk genomic DNA and
non imprinted genes, the methylation pattern of imprinted loci
cannot be restored without germ-line passage (IS. 11.)).We tested
whether we could recapitulate the phenotype observed in
Dnmtl-defieient ES cells by using pSico-Dnnlll and pSicoR-
Dnmtl. As shown in Fig. 3, pSico-Dnmt I-infected ES cells
underwent sign ificantloss of CpG methylation of minor satellites
(Fig. 3C) and of two imprinted genes tested (Fig. 3D) upon Cre
induction. Importantly, the reacquisition of DNA methylation at
minor satellite sequences, but not at imprinted loci in pSicoR-
Dnmt I after Cre-mediated recombination, confirms previous
results obtained with reexpression of Dnmt I (19). These results
further illustrate the potential for application of the pSicoR
vector ;11 ,';lro and ;11vi,'o to perform "rescue" experiments.

Conditional RNAi in Mice. One motivation for incorporating a
conditional U6 cassette into a Ientiviral vector was to rapidly
generate conditional knock-down mice. To dl:monstrate this
application directly. ES cells were infected with pSico-CD8 (Fig.
4A), which was designed to inhibit expression of the T Iympho-
cytl: cell surface markl:r CD~ (7). Three pSico-CDS ES clones
were used to generate chimeric mice, and transmission of the
pSico-CD8 transgene to the progeny was observed for two of
them. All transgenic mice were easily identified by macroscopic
GFP visualization (Fig. 4/J). although we observed some vari-
ability in Ihe extent and distribution of GFP expression among
Iitlermates. Importantly. all transgenic mice produced normal
amounts of CD4 + and CDS+ lymphocytes and were apparently
normal and fertile. indicating that the presence of the nonex-
pressing pSico-CD8 transgene before Cre activation did not
affect CDS expression and was compatible with normal mouse
development.

To achieve either global or tissue-specific activation of the
CDS shRNA, pSico-CD8 chimeras were crossed to Msx2-Cre or
Lek-Cre transgenic mice that express Cre in the oocyte (10, 20),
or under the control of a T cell-specific promoter (II), respec-
tively. Fluorescence-activated cell sorter analysis demonstrated
that pSico-CD8;Lck-Cre and pSico-CD8;Msx2-Cre mice had a
specific reduction in splenic CDS \ , but not CD4 + T lymphocytes
as compared with controls (Fig. 4C). As predicted. the pSico-
CD~;Msx2-Cre progeny showed complete recombination of the
pSicoCDS transgene and lacked detectable GFP expression,
although in the pSieo-CD8;Lck-Cre mice recombination was
detected in the thymus but not in other tissues (Fig. 4D and data
not shown). Transgen ic mice derived from two different ES
clones gave similar results.

Tetraploid blastocyst complementation represents a faster
alternative to diploid blastocyst injection because it allows the
generation of entirely ES-derived mice without passage through
chimeras (9, 21). In principle. this technology applied to pSico-
infected ES cells would allow the generation of conditional
knock-down mice in ""5-6 weeks (I week for cloning the shRNA,
1-2 weeks for ES cell infection and clone selection, and =2 weeks
for tetraploid blastocyst injection and gestation). To test this
protocol directly, ES cells were infected with pSico-p53 and two
different clones, pSico-p53# I and pSico-p53#3. were injected
into tetraploid blastocysts. As a rapid way to assess the induc-
ibility of the p53 shRNA in ES cell-derived animals. midgesta-
tion embryos were recovered from two recipient females. Two
apparently normal, GFP-positive embryos were recovered; one
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Fig. 3. Cre-regulated knockdown of Npm and Dnmt1. (A) Cre-regulated
knock-down of Npm. MEFs were infected with the indicated lentiviruses, and
GFP-positive cells were sorted and were superinfected with empty Ad or
Ad-Cre. One week later, whole-ceillysates were separated by SDS/PAGE, and
were subjected to Western blotting against Npm and tubulin. (B) ES cells
carrying a doxycycline.inducible Cre (C Beard and RJ., unpublished data)
were infected with the indicated lentiviruses. GFP-positive clones were iso.
lated, passaged two times, and were either left untreated or were incubated
with 2 I-Lg/ml doxycycline for 1 week. Immunoblot analysis was performed as
in A. (C) Cre-regulated knock-down of Dnmtl affects cytosine methylation.
Methylation analysis of minor satellite DNA. ES cells carrying a doxycycline.
inducible Cre transgene were infected with the indicated lentiviruses. Single
GFP-positive clones were isolated, expanded, and passaged five times before
being either mock-treated or incubated with 2 I-Lg/ml doxycycline. After five
more passages, the genomic DNA was extracted and digested with the indi-
cated enzymes and subjected to Southern blot analysis. (D) As in C, but the
genomic DNA was treated with sodium bisulfite, subjected to PCR to amplify
the indicated imprinted regions, and digested with BstUI.
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was observcd in thc same cells in thc absence of Crc expression.
confirming the complete suppression of U6 promoter activity by
the TATAlox-STOP-TATAlox cassette. The length of the pro-
cessed RNA (21-24 nt) was identical in cells infected with
pLL3.7-p53, pSico-p53 (after Ad-Cre infection). or pSicoR-p53
(before Ad-Crc infection), indicating that the presence of the
TATAlox in pSico did not qualitatively affect siRNA production.
Finally, infection with Ad-Cre led to almost complete disap-
pearance of p53-siRNA in pSicoR-p53-infected cells (Fig. 2C).

Consistent with functional p53-siRNA expression by these
vectors, Cre-mediated recombination resulted in a dramatic
reduction of both p53 mRNA and protein levels in pSico-p53-
infected cells (Fig. 2D). Conversely, pSicoR-p53 generated a
p53 knock-down that was reversed upon Ad-Cre infection (Fig.
2D). We noticed an unexpected increase in p53-siRNA and
p53 knock-down after Cre expression in cells infected with
pLL3.7-p53 (Fig. 2 C and D. lanes 2 and 3). This increase could
reflect promoter interference because the CMV and the U6
promoters are in close proximity in pLL3.7 before Cre-
mediated recombination.

As additional proof of concept, we cloned short hairpins
directed against the nucleolar protein Npm and the DNA methyl
transfrase Dnmt I into pSico and pSicoR. Npm is a putative
tumor-suppressor gene involved in a number of chromosomal
translocations associated with human leukemias and lympho-
mas, and has been shown to physically and functionally interact
with the tumor suppressors p 19ARF and p53 (15, 16). Specific,
Cre-dependent knock-down of Npm was observed in both MEFs
and ES cell clones infected with pSico-Npm (Fig. 3A and /J). The
opposite effect, Cre-dependent reexpression of Npm, was ob-
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expression (Fig. 5 B and C). Importantly, in Ad-Cre-infected
cells, p53 induction unLi cell-cycle arrest after L1oxorubicin treat-
ment were significantly inhibited compared with Ad-infectcd
control cells (Fig. Sf). and Fig. 8, which is published as supporting
information on the PNAS web site).

Fig. 5. Generation of conditional knockdown embryos by tetraploid comple-
mentation. (A) A postnatal day 14.5 embryo derived by tetraploid comple-
mentation using the pSico-p53 #1 ES clone. The area enclosed by the dashed
line corresponds to the non-ES cell-derived placenta. (8) PCR detection of
recombination in MEFs derived from the indicated embryos. Genomic DNA
was extracted 4 days after Ad or Ad-Cre infection and subjected to PCR. (C)
Histogram overlays showing loss of GFP expression in MEFs derived from
pSico-p53#1 (Upper) and pSico-p53#3 (Lower) embryos 4 days after Ad-Cre
(green plot) or Ad empty (purple filled plot) infection. Control. GFP-negative
MEFs (red plot) are included as reference. (0) MEFs derved from the indicated
tetraploid complementation pSico-pS3 embryos, or from wild-type embryos,
were treated with doxorubicin tor 18 h and subjected to Western blot against
p53 and IHubulin.

Discussion
Here, we describe two lentivirus-based vectors for conditional,
Cre-Iox-regulated RNAi in cells and mice; one for Cre-
depcndent activation (pSico) and one for Cre-dependent tenni-
nation (pSicoR) of shRNA expression. These vectors were used
to demonstrate conditional and reversible knock-down of pS3,
Npm, and Dnmt I in ES cells and MEFs. As a proof of principle,
pSico was used to generate conditional anLi tissue-specific
knock-down mice.

Since the development of gene targeting technologies in ES
cells (22), the gold standard for the analysis of gene function in
mammals has been the creation of knock-out mice. Improve-
ments to this technology have allowed refined analysis of gene
function at specific developmental stages or in specific tissues,
based on conditional knock-out strategies by means of Cre-Iox-
regulated recombination (23). Despite significant improvements
over the last decade, however, the creation of loss-of-function
allelcs in the mouse remains time consuming and costly. The
recent demonstration that constitutive expression of shRNAs
driven by RNA polymerase 1II promoters can be used to
functionally silence gene expression in transgenic mice suggests
that RNAi-based technologies might represent a convenient
alternative to gene targeting through homologous recombina-
tion (6-R).

A major limitation of current approaches for transgenic RNAi
is that they do not allow regulated expression of shRNA. but
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Fig. 4. Conditional knockdown of CD8 in transgenic mice. (A) ES cells
infected with pSico-CD8 visualized with an inverted fluorescence microscope.
(8) A litter of newborns derived from a cross between a pSico-CD8 chimera and
an lck-Cre female. Three pups present bright GFP fluorescence, indicating
germ-line transmission of the pSico-CD8 transgene. (C) Knock-down of CD8 in
the spleen of Msx2-Cre x pSico-CD8 and lck-Cre x pSico-CD8 mice. Chimeras
from pSico-C08-infected EScells were crossed to Msx2-Cre or lck-Cre animals.
The resulting mice were genotyped for the presence of Cre and pSico. Spleno-
cytes from ,- to 3-week old mice with the indicated genotypes were harvested.
stained for C03, CD4, and CD8 expression, and analyzed by flow cytometry.
Only CD3' cells were plotted. One representative example of littermates for
each cross is shown.(O) PCR detection of Cre-mediated recombination of
pSico-CD8 in genomic DNA extracted from the tail (A) orthe thymus (8) of mice
with the indicated genotypes.
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each from ES clone pSico-pS3 # I and pSico-pS3 #3 (Fig. 5A and
L1ata not shown). MEFs generated from thesc embryos were
passaged oncc and infected with Ad or Ad-Crc. As cxpected. Crc
cxpression induced significant recombination and loss of GFP
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instead cause constitutive gene silencing in all tissues. The two
lentiviral vectors descrihed here overcome this limitation.

The compact nature of RNA polymerase III promoters (] 4)
prevents the use of a conventional Lox-STOP-Iox strategy to
achieve Cre-inducible shRNA expression. Other investigators
have recently addressed this problem by placing the lox-STOP-
lox cassette in the loop region of the shRNA (24, 25). However,
by using this approach, after Cre-mediated recomhination. the
residualloxP site is transcribed within the shRNA. resulting in
the synthesis of a longer dsRNA that is significantly less ;ffi-
ciently processed (24) and could be more prone to elicit non-
specific, off-target effects or an IFN response (3). By using a
mutant lox site containing a functional TATA box in its spacer
sequence, we were able to obtain Cre-regulated transcription
and efficient processing of a normal-length shRNA.

We further extend the potential applications of RNAi-based
technologies by describing a lentiviral vector (pSicoR) in which
constitutive shRNA expression can he terminated by a Cre-
mediated recombination event. As we demonstrate for Dnmt I.
this vector can be used to determine the functional consequences
of gene reactivation and will facilitate rescue experiments ill vim.
In addition, by mimicking the action of small-molecule drugs
designed to activate the proteins or pathways controlled by
human disease genes (e.g., tumor suppressor gene), this strategy
could be applied to identify promising novel targets for drug
development.

Because preparation of conditional RNAi constructs requires
merely cloning of short synthetic DNA sequences, a large
number of conditional knock-down strains can be generated in
parallel by a single investigator. This approach is thus ideally
suited for large-scale projects aimed at the characterization of
genetic pathways or at the validation of candidute turget genes
identified through gene profiling screenings. For example, gene
expression profiling by using mouse cancer models typically
yields numerous genes thut distinguish tumor from normal
tissue. By using conventional or conditional knockout strategies.
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it is pmctical to examine only a small fraction of these genes
for functional relevance to tumorigenesis. In contrast. shRNA-
conditional systems such as pSico can greatly reduce the
time, cost. and effort required to perform experiments of this
magnitude.

We note that although in this work pSico and pSicoR were
used to control the expression of "artificial" shRNAs, they might
also be used to achieve spatially and temporally regulated
expression of naturally occurring microRNAs, an approach that
could help unravel the biological functions of this abundant class
of small RNAs (26).

In summary. the lentiviral vectors reported here represent a
significant improvement over constitutive shRNA expression
systems and expand the number of potential applications of
RNAi-based technologies.

Note. While this manuscript was in preparalion. a similar strategy for
lentivirus-mediated. Cre-dependent shRNA expression in cells was
reported (27). Although our vector and the vector descrihed by Tiscornia
el al. (27) are hoth hased on a STOP cassette flanked hy TATA
hox-containing lox sites. the presence of lhe G FP reporter in pSico offers
the advantage of marking infected cells and permits the visual detection
of successful recomhination. Importantly. we show that this strategy can
he used to achieve tissue-specific. conditional RNAi in transgenic mice.
The demonstration that pSico undergoes efficient tissue-specific recom-
bination both ill ,'iITV and ill ril'o is of particular relevance hecause a lox
site containing a double mutation in the spacer region identical 10 the
one present in the TATAlox had beell previously shown to undergo less
efficient recombination compared with a wild-type LoxP site (28).

We thank Lauric Jackson-Grushv for discussion and advice; Nathan
Young, Michel DuPage. Alia Gri~hok, and Helen Cargill for excellent
technical assistance; and memhers of the Jacks and Jaenisch laboratories
for crilical reading of the manuscript. T.J. is an Investigator of the
Howard Hughes Medic.11 Institute. This work was supported by United
States Puhlic Health Service MERIT Award R37-GM34277 from the
National Institutes of Health (to P.AS.) and hy grants from the National
Cancer Institute (to T.J., P.AS .. and R.J.). AM. is the recipient of a
Boehringer Ingelheirn Ph.D. fellowship

IJ. Lucifcru. D., Mcrtincil. C.. Clark.:, H. J.. Besh'r, T. H. &. Trasler, J. M. (2(KI2)
Gel/omic\ 79, 5:\O-53K

14. Paule. M. R. ,Ii; While. R. J. 12IHKI)Nud,'i .. Acid.,' H.'_'. 211, 12IG-12l)~.
15. Colombo. E.. Marine. J. c., Danovi. D., Falini, B. &. Pclicci, P. G. (2fK)2) Nm.

Cell Bioi. ~. 529-5:\3.
16. Bertwistle. D., Sugimlllll. M. &. Sherr. C. J. (211114)Mol. Cdl. /Jiol. 2~,9X5-9l/6.
17. Li. E.. Bcstor. T. II. &. Jacnisch. R. (1992) Cd/69,915-926.
Ill. Tucker, K. L.. Talhot. D., Lee, M. A.. Leonhardt. II. &. Jaenisch, R. (19%) Pmc.

Nail. ACI/d. Sci. USA 93. 12920-12925.
19. Tucker, K. L.. Beard. C.. Dauslllann, J.. Jackson-Grusby. L. Laird, P. W.• Lei,

H.. Li, E. &. Ja~nisch, R. (191JtJ) Gene., Del'. 10, IlKIIl-10211.
20. Gaudet, F., Rideout. W. M.• III, Meissner. A., Dausman, J .• Leonhardt, B. &.

Jaenisch. R. (2011-1)Mol. Cdl. /liol. 24, 1ti40-IMll.
21. Tanaka. M.. Hadj:lIllonakis. A. K. & Nagy, A. (2IKII) Me/hot!., Mol. lliol. 1511,

1:\5-154.
22. Thomas. K. R. & Capccchi. M. R. (llJN7) Cdl 51, 51lJ-512.
2:\. V.1Il Dyke. T. .'I:. Jacks, T. (2002) eel/lOS, 135-14~.
24. Fritsdl. L.. M:\rtincl. L. 'A.. Sckhri, R., Naguibneva. I.. Gerard, M.. Van-

drumme. M., Schaeffer. L. &. Harel-Bellan. A. (2/K14) EM80 R"I', 5, 17K-I 1<2.
25. Kasim, V.. Miyagishi, M. &. Taira, K. 12(H)-I)Nudeic Acids H.~}..• '2, etill.
26. Barlel. D. P. (2fK14) Cdl 116. 2XI-297.
27. Tiscornia, G., Tergaonkar. V.. Galimi, F. &. Verma. I. M. 12(HI-I)I'me. NIIII.

A ell/I . ."ici. USA 101, 7347-7352 .
21l. Lee, G. &. Saito. I. (19911) Gell(' 216, 55-65.

PNAS I July 13.2004 I vol. 101 I no.28 I 10385



Appendix E

"Caspase shRNA sequences."

Christopher Dillon

Summary of all caspase shRNA designed and tested in this
project. + indicates >50%, - indicates <50 % silencing,
ND indicates that silencing was not tested with given

method.
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Caspase Sequence
1 A GCCAAATCTTTATCACTTA

B GAAGGCCCATATAGAGAAA
2 A GCCGTCCTTTGTAGGATGT

B GACTTACTGCTCACAACCC
D GATGAGACTGCCTACTCGC

3 1 GCTGTCAGGGAGACTCTCA

2 GCAAGTAACTGTCAATGAT
3 GGAGCAAGTAACTGTCAAT

6 B GTGAAATGCTTTAACGACC
C GGAGACAAGTGTCAGAGCC
E GTAGGGCCATCTGTCTTGC
F GGAAATTACTATGCATCAA
G GCTGCATTTCTGTCCCAAA

7 1 GGTTGATTTCCTGTTTCTG

2 GCAGTTTCTTTCCAAGGTA
8 A GAGGCTCTGAGTAAGACCT

B GACCTTTAAGGAGCTTCAT
C GCAGATGCACAGCCCACC
E_ GAAGTGAGCGAGTTGGAAT
21 GCACAGAGAGAAGAATGAGCC
K GAACTGGGCAGTGAAGACC
N GAAGCTCTTCTTCCCTCCC
F1 GATCGAGGATTATGAAAGA
F2 GCAACAGAACCACACTTTA
F3 GGAAGATCGAGGATTATGA
F4 GGACTTCAGACAAAGTTTA
F5 GAATGGCTACGGTGAAGAA
F6 GGAAAGATGTCCTCAAGGA
F7 GTGGATGAGTCTAATTTAT
F8 GTACACACACATACATACA

9 1 GCTCTTCTTCATCCAGGCC

A GGCACCCTGGCTTCACTC
B GAGCTCTGGCCTGCTCGGC
D GGCCCTTGGACCAGCTGGA
E GACCTGCAGTCCCTCCTTC

11 A GGAGGCCAATGGCCGTACA

B GCAATGTACTGAAATTAAA
12 A GCATGCCTTGAAATTGTGA

B GGAAGATCTTATCTACAAT

Validated by
Western RT-PCR Luciferase

+ ND +

+ ND +

+ ND +

+ ND +

ND +
+ + ND

+ ND ND
+ ND ND
- ND ND

ND ND
ND ND

+ ND
- ND
+ ND +

+ ND ND
- ND +

- ND ND
- ND ND
- ND
- ND -

- ND -

- ND
ND ND +
ND ND +
ND ND +

+ ND +

ND ND +
ND ND +
ND ND +
+ ND +

- ND ND
- ND ND
- ND ND
- ND ND
+ ND ND

ND ND ND
ND ND ND
ND ND ND
ND ND ND
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Appendix F

"RNAi as an experimental and therapeutic tool to
study and regulate physiological and disease

processes."

Dillon CP, Sandy P, Nencioni A, Kissler S, Rubinson DA,
Van Parijs L.

Annu Rev Physiol. 2005;67:147-73.
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RNAI AS AN EXPERIMENTAL AND THERAPEUTIC

TOOL TO STUDY AND REGULATE PHYSIOLOGICAL

AND DISEASE PROCESSES
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Key Words microRNA, siRNA, shRNA, vector, therapy

' v · Abstract Over the past four years RNA interference (RNAi) has exploded onto the
3 O research scene as a new approach to manipulate gene expression in mammalian systems.
Z More recently, RNAi has garnered much interest as a potential therapeutic strategy.

In this review, we briefly summarize the current understanding of RNAi biology and
examine how RNAi has been used to study the genetic basis of physiological and disease

~O °processes in mammalian systems. We also explore some of the new developments in
c, ~ the use of RNAi for disease therapy and highlight the key challenges that currently
gi Zlimit its application in the laboratory, as well as in the clinical setting.

o 'A INTRODUCTION

a .wa Mammalian tissue culture and animal models are indispensable tools to study the
genetic basis of human physiology and disease. Systematic manipulation of the

3Q < genetic background by overexpression, deletion, or mutation of genes is the prin-
cipal method for understanding complex biological processes. Indeed, transgenic,
knockout and knockin mice are often the best available in vivo models for human
disorders. However, generating these genetically engineered animals requires a
significant amount of time, money, and effort. Furthermore, creating a more com-
plex genetic environment with simultaneous gain- and loss-of-function mutations
of multiple genes, as is often seen in human diseases, is frequently beyond the
reach of these technologies and model systems.

The discovery that long double-stranded RNA molecules (dsRNA) can induce
sequence-specific silencing of gene expression in primitive organisms, such as
Caenorhabditis elegans and Drosophila melanogaster, revealed a previously un-
known mechanism of gene regulation that is highly conserved throughout
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multicellular organisms (I). This process is called RNA interference (RNAi), and
is also known as posttranscriptional gene silencing (PTGS) in plants (2). Initial
efforts to apply RNAi in mammalian cells were hindered by a potent cellular re-
sponse to long dsRNAs initiated by the dsRNA-dependent protein kinase (PKR)
(3, 4). This stress response has evolved as a defense against viruses and functions
to block viral reproduction by halting protein translation and triggering apoptosis
of infected cells (5). The breakthrough discovery that dsRNAs of 21 nucleotides in
length (termed small interfering RNAs; siRNAs) could trigger sequence-specific
gene silencing without inducing the PKR response (6) has opened up revolutionary
new approaches to manipulate gene function in mammalian systems.

In the laboratory, RNAi has proven to be a simple, cheap, and powerful tool
to generate cells, tissues, or even animals with reduced expression of specific
genes. RNAi has been used to interrogate the function of candidate genes and,
more recently, following the creation of random and directed siRNA libraries,
has permitted phenotype-driven, forward genetic analysis of normal physiological

and disease processes. The development of stable and inducible expression vectors
, O driving the expression of short hairpin RNAs (shRNAs) has further expanded the

*'~ application of RNAi both in tissue culture and in animal models. Furthermore, a
E ° number of successful animal trials indicate that RNAi might ultimately become

a potent therapeutic approach for the treatment of various human diseases. While
the groundwork for using RNAi to manipulate gene expression in animal systems
has been laid down, lingering questions about the specificity of the technique and

: = the possibility of inducing adverse cellular responses remain. Future work in this
rapidly evolving field will likely address these issues and extend the applications
of RNAi both in the laboratory and in the clinic.

K z THE BIOLOGY OF RNAi

RNAi as a Novel Mechanism that Regulates Development,
Normal Physiology, and Disease

a:m 'I'The initial description of RNAi resulted from the finding that the introduction of
exogenous long dsRNAs in C. elegans caused sequence-specific loss of expression

< of mRNAs (7). Since then RNAi has been observed in most eukaryotes, with the
notable exception of Saccharomyces cerevisiae (8). The evolutionary conservation
of this process is thought to reflect the importance of a class of short noncoding
RNAs, termed microRNAs (miRNAs). These RNAs were initially discovered in
a screen for genes required for larval development in C. elegans (9). More re-
cently, several groups have identified hundreds of miRNAs in species ranging from
C. elegans to humans through experimental and computational strategies (10-13).
A recent study has shown that overexpression of miRNAs alters the development
of immune cells in mice (14), indicating that miRNAs are also likely to be critical
for normal development and tissue physiology in mammals. Intriguingly, misex-
pression of miRNAs has been reported in a number of cancers, suggesting that
miRNAs may contribute to disease processes as well (15, 16). To date, little is
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known about the targets of most miRNAs (17). In large part this is because these
RNAs show imperfect homology with the mRNAs that they regulate.

Overview of the Biochemistry of RNAi

Significant strides have been made in our understanding of the biochemical mech-
anisms by which endogenous miRNAs silence gene function. Initially, miRNAs
are transcribed as single-stranded precursors up to 2 kb in length that exhibit sig-
nificant secondary structure owing to the presence of stretches of bases that can
undergo extensive base pairing followed by stretches that adopt loop structures (18,

~' >>19). Importantly, the pairing regions, or stems, present in miRNAs often contain a
small number of mismatched bases that create "bubbles" in the miRNA structure

(10-12). Together with loop structures, these are important for the recognition of

- o miRNAs by cellular enzymes and for the ability of these RNAs to silence genes.
Primary miRNA transcripts are identified and processed in the nucleus by the

RNase III enzyme, Drosha, into approximately 70-nt-long precursors, known as
pre-miRNAs (20). These are exported to the cytoplasm, where they are cleaved by
a second RNAse III enzyme, Dicer. Dicer converts miRNAs into double-stranded

E ° 21- to 23-nt-long mature miRNAs (21). Mature miRNAs associate with an enzy-
o6 >matic machine known as the RNA-induced silencing complex (RISC) (22). The

oC 7 composition of the RISC is not completely defined but includes Argonaute fam-
3 o ily proteins (23-28). The RISC unwinds miRNAs and associates stably with the
= Z (antisense) strand that is complementary to target mRNA (29). The complete en-

>. m zymatic machinery required to process miRNAs appears to be expressed in most
eukaryotic cells and is essential because mice and zebrafish that lack dicerl fail
to complete development (30, 31).

Depending on the degree of homology between a miRNA and its target mRNA,
miRNA-RISC complexes inhibit gene function by two distinct pathways (17).

o_ ~ Most miRNAs pair imperfectly with their targets and silence gene expression by
translational repression (32-34). This RNAi mechanism appears to operate most

U efficiently when multiple miRNA-binding sites are present in the 3'UTR of the
g V, target mRNAs (35, 36). In some cases, miRNAs exhibit perfect sequence identity

-' :~ with the target mRNA and inhibit gene function by triggering mRNA degradation
< D9 1(22). As discussed below, this appears to be the dominant mechanism by which

synthetic siRNAs and plasmid-expressed shRNAs silence gene expression.

Co-Opting the Endogenous RNAi Machinery for
Experimental and Therapeutic Purposes

Much of the success of RNAi as a research and potential therapeutic tool is due to
the fact that the enzymatic machinery required to process miRNAs is ubiquitously
expressed and can be co-opted by exogenous RNAs to direct sequence-specific
gene silencing. In plants and primitive eukaryotic organisms, the sequential activ-
ity of Drosha and Dicer converts viral, transgene-encoded, and synthetic dsRNAs
into siRNAs that trigger gene silencing (37). To avoid stress responses to long dsR-
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NAs, gene silencing in mammalian cells is typically induced experimentally by
small exogenous RNAs that enter the RNAi pathway further downstream. Synthetic
siRNAs are designed to mimic Dicer products so that they can directly associate
with the RISC and target homologous mRNAs for degradation (6). Plasmid-
expressed shRNAs are thought to enter the RNAi pathway because they are
recognized and cleaved by Dicer into products that bind the RISC (38-40). A
recent study suggests that it may even be possible to trigger RNAi in mammalian
cells by providing a long dsRNA substrate for Drosha, as long as the dsRNA is
confined to the nucleus by removing its 5' cap structure (41).

3 ° RNAi AS AN EXPERIMENTAL TOOL
._

it Discovery and Design of siRNAs for Gene Silencing
in Mammalian Systems

c; '; Pioneering work by Tuschl and colleagues demonstrated that chemically synthe-
sized short 21-mer dsRNAs (siRNAs) were able to silence genes in a sequence-
specific manner when introduced into mammalian cells (6). This exciting observa-
tion was quickly reproduced by other groups, and subsequent work rapidly defined

>'s the basic structure of siRNAs that were able to induce gene silencing, including the
0o need for a 19-nt RNA duplex with 2-nt overhang on the 3' ends. Most groups sub-

3 z stituted (2'-deoxy)thymidine nucleotides for the overhangs, which did not affect
.: c silencing but reduced the cost of the oligonucleotides.

As the use of siRNAs to silence gene expression became more widespread, it
e o became apparent that not all sequences within an mRNA could act as targets for

-~ m RNAi and that therefore a set of rules was necessary to optimize siRNAs. This
gZ contrasts to the situation in primitive organisms in which expression of dsRNAs of

500 base pairs or more typically results in very efficient gene silencing, irrespective
.u

of the sequence of the target mRNA (7). Initially the selection of siRNA sequences
was largely determined using a limited set of empirical guidelines (6, 42). These
included factors such as the GC-content and the region of the mRNA targeted

, < (6, 42). On the basis of these guidelines, most investigators were able to achieve
< >, efficient gene silencing with about one quarter of all siRNAs.

An important recent development has been the definition of more effective ra-
tional rules for siRNA design. The first breakthrough came from analysis of the
biochemistry of RNAi and, in particular, the mechanisms by which siRNAs asso-
ciate with the RISC complex. These studies revealed that only the antisense strand
of the siRNA is incorporated into this enzymatic machinery and that miRNAs
and effective siRNAs exhibited decreased stability of the 5' end of the antisense
strand (43, 44). The relevance of this finding to enhancing siRNA efficiency was
further underscored by demonstrating that base pair mismatches introduced at the
5' end of siRNAs improved gene silencing (43, 44). A further step was taken
by investigators at Dharmacon, who evaluated a number of characteristics of
180 siRNAs directed against two genes (45). Based on this systematic analysis, a
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more comprehensive set of criteria was established that significantly increases the
likelihood of identifying functional siRNAs (45). It should be noted, however, that
highly effective siRNA sequences can be found that do not adhere to these criteria
and that some siRNAs that adhere to the criteria do not function well. Therefore, it
is likely that future work will continue to define the structure of effective siRNAs.

Stable Induction of RNAi in Mammalian Cells
Through Expression of shRNAs

,4 a> In some organisms, notably C. elegans, RNA-dependent RNA polymerases exist
that are able to amplify siRNAs and even pass them on through the germ line (46,
47). As a consequence, introduction of dsRNA triggers long-lived, stable gene
silencing in this organism (46). These polymerases do not exist in mammalian cells,
and consequently, gene silencing induced by siRNAs is limited by the number of
RNA molecules introduced into a cell. The number of siRNAs decreases with time

=' '. by dilution as cells divide and probably also as a consequence of degradation by
3. ,, cellular enzymes. Accordingly, in many cell culture systems, gene silencing is seen

for only a few days after siRNAs are administered. On the other hand, siRNA-
induced gene silencing has been observed for weeks in slowly proliferating or
non-dividing cell types such as macrophages and hepatocytes (48, 49).

The solution to obtaining more universal stable gene silencing through RNAi

z has been to develop expression systems that stably produce siRNAs. This was

: A) first accomplished by several groups (38-40) who used the promoter of either1UI
P' - the U6 or HI splice factor to express a short hairpin RNA (shRNA) that can be

processed by Dicer to produce siRNAs. The shRNAs had duplex stems that varied
in length from 19 to 29 nt connected by a short loop sequence. The sequence

8v m of the loop was critical for effective target silencing; however, several different

rA ,2: sequences were shown to be functional. The U6 and HI promoters recruit RNA
·y 'A polymerase III, a specialized polymerase that is responsible for generating most

X .( of the cell's small RNAs (e.g., splicing RNAs and tRNAs) (50). The advantages
of using these promoters to create shRNAs are that their transcription initiation

<b >site and termination site are well defined and highly conserved and that these
promoters are highly active in most, if not all, mammalian cells (50). Importantly,
pol III promoter shRNA expression cassettes have been found to be very flexible
and have been introduced in a number of different expression systems, including
virus-based and those used to create transgenic animals. Several pol III promoters
have been extensively characterized and co-opted to express shRNAs. Whether a
particular promoter functions significantly better than others in a particular system
remains controversial (51-53), and evidence exists that inclusion of an enhancer
element may improve their activity (54).

In contrast to promoters for small RNAs, promoters for most cellular genes re-
cruit RNA polymerase II and usually generate transcripts that initiate in a less
conserved manner and require a long termination poly (A) sequence. With a
few exceptions (41, 55), both features have largely precluded the use of pol II
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promoters to generate shRNAs. This is not the case for endogenous miRNAs,
which are expressed from pol II promoters in a developmentally regulated or
tissue-specific manner (18, 19). Furthermore, miRNAs and, possibly, also slightly
longer shRNAs may enter the RNAi pathway more efficiently than typical 19-
mer shRNAs, potentially leading to more potent gene silencing (14, 40, 56). For
these reasons, new stable expression systems for siRNAs that are based on miRNA
structures have been developed by a number of groups (14, 56). Expression of a
long nuclear-restricted dsRNA in cells and mice has also been shown to silence

gene expression effectively (41), suggesting that further improvements and mod-
ifications will be made to stable siRNA delivery systems as our understanding of

the RNAi machinery improves.

Regulated and Tissue-Specific Gene Silencing by RNAi

Whereas constitutive expression of siRNAs in cells, tissues, and animals has pro-
vided important insights into biological processes, the ability to control gene silenc-

ing more tightly is likely to significantly extend the applications of experimental
RNAi. For this reason, a significant focus has been on the creation of regulated and

tissue-specific siRNA delivery systems. To date, most of these systems are based
on engineered pol III promoters that are controlled by small molecules or the Cre
recombinase. A number of groups have demonstrated that gene silencing can be

initiated or inhibited by Cre-driven recombination of modified pol III promoters in

cells and in mice and by introduction of DNA elements that bind tetracycline- or
ecdysone-regulated transcriptional activators or repressors (see Table 1). Further

refinements are likely to result in more effective and flexible RNAi systems to
interfere with gene function in mammals. An alternative approach to obtain regu-
lated expression of siRNAs might be to use pol II promoters. With the exception

TABLE I In vivo gene silencing in mammals

Silencing Method Reference

siRNA or shRNA Hydrodynamic shock (48, 69, 70, 146)

Cationic liposomes/ (71, 72, 81, 150)
complexes

Peptide conjugation (82)

Electroporation (73-76)
Adenovirus (92-94)

Stable Retrovirus (58, 86)

Lentivirus (84, 85, 87-90)

Adeno-associated virus (55, 91, 98, 99)
Transgenic (100-102, 104)

Inducible Tetracycline (162-167)
Cre (168-171)
Ecdysone (172)
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of the constitutive cytomegalovirus (CMV) promoter (55), this approach has not
yet been shown to be successful, although it is likely that by using miRNA-based
structures to deliver siRNAs that these promoters will be used to trigger RNAi in
a regulated manner in the future.

Off-Target Effects and Interferon Responses: Possible
Limitations to the Use of RNAi

A key feature of siRNAs is that they inhibit genes in a highly specific manner.
Indeed, the initial description of these RNAs demonstrated that alteration of a

M~ a<single base pair was sufficient to disrupt gene silencing (6). For many subsequent

studies with siRNAs, this specificity was shown to hold true (57, 58). A number
of more recent studies have suggested that there are situations where mismatches
between the siRNA and target sequence can be tolerated (59). This observation has

raised the concern that siRNAs may have effects on genes that are not considered
targets, so-called off-target effects. This concern has been addressed by a number

of groups that have examined genome-wide changes in gene expression following
..o,a the introduction of siRNAs. Some of these studies found that a number of genes

unrelated to the target are changed in expression, mostly by a factor of twofold.
c. g> These off-target effects have been correlated with the concentration of siRNAs (60),

' as well as similarities between the off-target transcripts and the 5' ends of siRNAs
o °(61, 62). It seems plausible on the basis of recent work that the decreased off-target

0 ° mRNA levels are the consequence of siRNAs adopting miRNA-like properties,

resulting in slightly decreased levels of mRNAs, possibly through alterations in
mRNA stability (61). It remains to be determined whether translational inhibition

,d- Us is seen on these off-target mRNAs.
:d ~ Currently it is not possible to predict whether a particular mammalian siRNA

-m, will induce off-target effects. It is widely assumed that the most informative pa-

rameter will be the degree of homology between siRNAs and other gene products,
and therefore most experimental siRNAs are designed to have no known perfect
matches with mRNAs other than the intended target (62a). It is interesting that
off-target effects are not observed when dsRNAs are used in primitive organ-
isms. This may be because the dominant species of siRNAs generated from these

dsRNAs are selected by Drosha and Dicer and other components of the endogenous
RNAi machinery, which might have a proofreading activity that guards endoge-
nous genes from silencing. Thus it is possible that mammalian siRNAs' generated
from dsRNAs' precursors through the action of Drosha and Dicer may be less
prone to induce off-target effects.

A second major concern among researchers using RNAi in mammals is the
possibility that introducing exogenous dsRNAs may trigger an antiviral interferon

response mediated by the PKR. Indeed, many early attempts at silencing gene

expression using dsRNAs strategies analogous to those developed for primitive
organisms failed because they triggered the production of interferon, nonspecific
gene silencing, and apoptosis in mammalian cells (63). Early work by Tuschl and
colleagues suggested that dsRNAs that were less than 30 bases in length were

153

153



154 DILLON ET AL.

able to silence gene expression in a specific manner, while eluding the molecu-
lar machinery responsible for triggering the interferon response (6). This finding
has been corroborated by the successful use of siRNAs as reagents to interfere
specifically with gene function in a wider variety of different mammalian systems.
However, a number of recent studies suggest that even short dsRNAs can trigger

the expression of some of the target genes of the interferon response and, in some
cases, can induce the cellular changes associated with this process (64-66). As of

now, it is not clear how often siRNAs and shRNAs trigger the interferon pathway
and which conditions favor this response to these RNAs. Chemical features of
dsRNAs, as well as their expression levels and delivery routes, may determine

O h whether they become visible to the interferon response machinery (64-66).
3 X Similar to the interferon response, evidence exists that siRNAs and shRNAs can

'5 -: activate dendritic cells and other cells of the immune system through a much more
specific and restricted class of receptors, the Toll-like receptors (TLRs), that can
recognize foreign nucleic acids including dsRNAs (67, 68). While the consequence

- E of this remains to be determined, these findings do raise the possibility that RNAi
reagents may trigger adverse immune responses in vivo.

.o

et sUSE OF RNAi TO STUDY NORMAL TISSUE PHYSIOLOGY
: Ij AND DISEASE IN ANIMAL MODELS

In Vivo Delivery of siRNAs to Induce RNAi

By allowing efficient and cheap silencing of gene expression, RNAi promises
to provide a significant boost to research of the genetic basis of normal tissue

physiology, as well as disease processes in animal models. For this reason, many
o- zgroups have worked on developing strategies to deliver siRNAs or shRNAs to

cells and tissues of experimental animals (Table 1). Early efforts focused on direct
· D j administration of synthetic siRNAs, and three major delivery methods have been

shown to be successful. The first of these, intravenous injection of siRNAs in a
gz < large volume (1 ml) of saline solution, works by creating a back-flow in the venal
,4 < system that forces the siRNA solution into several organs (mainly the liver, but

also kidneys and lung with lesser efficiency) (69, 70).
Gene silencing has also been achieved in vivo by injecting smaller volumes of

siRNAs that are packaged in cationic liposomes. When siRNAs are administered
intravenously using this strategy, silencing is primarily seen in highly perfused
tissues, such as the lung, liver, and spleen (71). Local delivery of siRNAs has been
shown to be successful in the central nervous system (72). Finally, gene silencing
has also been achieved by electroporation of siRNA duplexes directly into target

tissues and organs, including muscle, retina, and the brain (73-76).
Although successful, it is likely that these strategies to silence genes are limited

by the stability of siRNAs molecules in vivo and the efficiency with which they
are taken up by target cells and tissues. Much effort has been directed to increasing
the half-life of the siRNAs by modifying the chemistry of the RNAs used (77-80).
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A number of groups have also used plasmid-based shRNAs, instead of siRNAs, to
obtain relatively long-lived gene silencing in vivo (81). A number of approaches
have also been shown to improve cell and tissue delivery of siRNAs and shRNAs,
including conjugating RNAs to membrane-permeant peptides and by incorporating
specific binding reagents such as monoclonal antibodies into liposomes used to

encapsulate siRNAs (81, 82).

Use of Viral Vectors to Induce RNAi in Primary Cells,
Tissues and Experimental Animals

bo h To obtain efficient and long-lived gene silencing using RNAi in cells and tissues,

many groups have developed a variety of viral vectors to deliver siRNAs both in
', ' vitro and in vivo (Table 1). Retrovirus-based vectors that permit stable introduction

of genetic material into cycling cells (83) have been engineered to express shRNAs
and to trigger RNAi in transformed cells, as well as in primary cells (58, 84-
91). Because they infect and are expressed in certain adult stem cells, notably
hematopoietic stem cells, retrovirus-based vectors have also been used to create

-L, "knockdown" tissues in mice (86).
E : Even more wide-ranging applications of RNAi have been reported using recom-

binant lentiviral vectors (Table 1), because these permit infection of noncycling
'~0 ~and postmitotic cells such as neurons (84, 85, 87, 91). Lentiviral RNAi vectors
°O have even been used to generate transgenic knockdown animals by infecting em-

:Z bryonic stem cells or single-cell embryos (87, 89). These animals display expected
~ ;: loss-of-function phenotypes and transmit the RNAi vector to their offspring, sug-

gesting that this technique represents an efficient, low-cost alternative to knockout
technologies to study normal tissue physiology and disease processes in a variety

L°. z of experimental animal systems (87, 89).
n Highly effective siRNA delivery systems have also been created that are based

3 m; on adenoviruses and adenovirus-associated viruses (AAV) (Table 1). Adenoviruses
can infect a wide range of cells and have been shown to silence gene expression

o. ~ in vivo (55, 92-94). However, they do not integrate into the genome and tend to

induce strong immune responses, which may limit their use in some circumstances.
In contrast, AAV does not cause disease in humans (95) and can integrate into

< >D the genome of infected cells. Unlike retroviruses and lentiviruses, AAV tends
to integrate at a defined location in the genome, thus minimizing the chance of a
mutagenic effect of the integrated virus (96, 97). Effective gene silencing mediated
by AAV-based vectors has been demonstrated following systemic or tissue-specific
injection of viral particles (55, 98, 99).

Creation of Transgenic Animal Models Using RNAi

In addition to the use of lentiviral vectors (87, 89), more traditional transgen-
esis strategies have been used to successfully create loss-of-function models to
study gene function in rodents using RNAi, thus providing another strategy by
which RNAi might provide an alternative to creating gene knockout animals
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(41, 100-102). Inheritable RNAi transgenesis has been achieved both through
expression of shRNAs and long dsRNAs whose expression is restricted to the nu-
cleus or oocyte (41, 100-102). On the basis of this small number of pioneering
studies, it appears that RNAi is effective at silencing gene expression in many,
if not all, tissues (100). In some instances, attempts to create RNAi transgenic

animals by injection of plasmids encoding shRNAs into single cell embryos have
been unsuccessful, whereas injection of DNA into blastocysts has succeeded ( 103).
This may reflect a toxic effect of overexpression of siRNAs during early devel-
opment, possibly due to competition with miRNA pathways. How significant an
impediment this might be for the generation of RNAi transgenic animals remains
to be determined.

3. X Whereas RNAi in transgenic animals has been shown to recapitulate some
loss-of-function phenotypes established in knockout animals, there is mounting

', 0 evidence that the RNAi phenotype will often appear more variegated than the
: Ka knockout phenotype (87, 104). This is probably due to the fact that RNAi does not

<x; ~ abrogate gene expression but rather reduces it to varying levels. Although this may
'~ ~ in some cases limit the use of RNAi in vivo, it is also likely to provide important new

insights into the genetic basis of normal tissue physiology, disease processes, and
: ° therapeutic strategies by demonstrating the effects of altering gene expression to

varying degrees. In particular, RNAi may prove especially important in the creation
'~ ~ of animal models of human diseases in which susceptibility and resistance are

encoded by alleles that show relative, rather than absolute, differences in expression
ra := levels (86).

o GENETIC SCREENS USING RNAi

Most researchers use RNAi as a simple reverse genetics tool to understand the

function of one or a few genes. On the other hand, RNAi represents an ideal
strategy to decipher the role of hundreds or thousands of genes simultaneously in
screens for specific phenotypic changes. These forward genetic approaches may

> < help to gain insight into complex physiological and pathological processes.

9: 2 RNAi Screens in Lower Organisms

The discovery of RNAi and sequencing of the genome of popular model organ-
isms such as C. elegans and D. melanogaster provided the impetus for functional
genetic screens (Table 2). The first such screens were performed in C. elegans and

focused on easily detectable phenotypic changes, such as viability and sterility,
and identified the biological role of a few hundred genes located on chromosomes
I and III (105, 106). These studies were significantly facilitated by the finding
that RNAi can be induced simply by feeding this worm with bacteria overex-
pressing dsRNA molecules of interest (107, 108). More recently, genome-wide
RNAi screens targeting -90% of the predicted transcripts have led to the func-
tional annotation of an additional -2000 genes (109, 1 10). Importantly, these and
other RNAi-based screens have identified the role of genes that have conserved
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TABLE 2 Genetic screens using RNAi

Model organism/ Delivery method/ Number of targeted Phenotypic
system type of RNAi molecule genes assay/endpoint References

C. legans Feeding with bacteria - 17,000 (-90% of Viability, sterility, (105, 106,
overexpressing dsRNA known or predicted embryogenesis, ft 109, III1,
library transcripts) metabolism. 112, 114,

genomic stability, 173, 174)
mitochondrial
function, life span

D. inelanogaster Soaking cultured cells in -20,000 (--90% of Viability, growth, cell (I 16-119,
dsRNA-containing known or predicted morphology, various 123. 124)
medium., dsRNAs are transcripts) signaling pathways.
typically synthesized innate immune
by in vitro transcription response

Cultured Transfected siRNA 510(1 siRNA per TRAIL-induced (125)
mammalian cells library (chemically gene) apoptosis

synthesized)
Plasmid shRNA library 50 (4 shRNAs per NF-KB signaling (126)
(transfected) gene) pathway

Transfected siRNA -8000 (2 siRNAs per NF-KB signaling (129)
library (expressed from gene) pathway
PCR products,
synthesized in vivo)

Retroviral shRNA -8000 (3 shRNAs p53-dependent (127)
library per gene) proliferation arrest

Retroviral shRNA -5000 (3-9 shRNAs 26S proteasome (128)
library per gene) function

orthologs in mice and humans and are involved in processes as diverse as genomic
stability, fat metabolism, mitochondrial function, and embryogenesis (111-114).
They have also provided evidence that RNAi pathways are under genetic control
in this organism (I 15), a discovery that may have significant impact on the use of
RNAi both in basic research and in clinical applications.

RNAi can also be induced with ease in cells derived from fruit flies by adding
dsRNAs to the culture medium (3). RNAi-based genetic screens have been per-
formed to systematically explore important signal transduction cascades, such as
the Wnt-, Hh-, PI3K- and MAPK-pathways, and more broadly to examine the
function of most known kinases and phosphatases (1 16-118). Other high through-
put screens identified genes involved in the regulation of cell shape, cytokinesis,
and phagocytosis, as well as in heart development and innate immunity (1 19-123).
Recently, Boutros and colleagues targeted almost all of the predicted Drosophila
mRNAs to analyze their possible roles in cell growth and viability (124).

RNAi Screens in Mammalian Systems

Soon after the basic requirements to create successful RNAi reagents for mam-
malian systems were established, multiple groups started to assemble si/shRNA
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libraries that targeted increasingly larger numbers of genes. These have been
successfully applied to study a variety of cellular processes. Initial studies ex-
amined the function of a relatively small set of genes in specific signaling or
metabolic pathways (125, 126).

Very recently, much larger RNAi libraries attempting genome-wide coverage
have been created (Table 2). Generating such libraries and delivering them into
mammalian cells has presented real challenges that have been solved in part by
using strategies borrowed from technical breakthroughs in the fields of gene se-

quencing and chemical genetics. Recent reports from Berns et al. and Paddison
et al. document the results of the first such large-scale RNAi-based genetic screens
in mammalian cells using retrovirus-based vectors to express shRNAs (127, 128).

0
3x XA notable detail of the strategy used by these workers is the inclusion of short

unique DNA sequences or the use of the -- 60-nt-long shRNA coding sequences as
"molecular bar codes" in RNAi vectors. Both groups showed encouraging results
that these sequences could be detected using high-density oligonucleotide arrays

, LL, and thus could circumvent the need to identify shRNAs introduced into cells by
sequencing. Zheng and colleagues have also performed a large-scale RNAi-based

screen in tissue culture cells using a PCR-based approach to generate siRNAs
E in vivo (129).

The large-scale genetic screens have successfully identified a number of novel

genetic elements of the interrogated signaling or metabolic pathways. On the other
hand, certain known components of these pathways were not identified even if the

a: xrespective targeting constructs were present in the applied RNAi libraries. This
discrepancy may be explained by the fact that sometimes not all pathway compo-
nents can be assessed by the same phenotypic screen. Moreover, despite careful

design and use of multiple targeting sequences, some genes may not be effectively
cc Z silenced to produce the assayed phenotype. However, functional validation of each

o si/shRNA molecule represents an even bigger challenge than the construction of
o. the library. The recently reported high-throughput methods are based on over-

expression of the target gene in fusion with a reporter construct (typically green
, ,< fluorescent protein; GFP), which require in-frame cloning of the coding sequences

of the targeted genes and data handling of hundreds of gigabytes of visual images

2 (130, 131). Therefore, these methods are laborious and expensive and do not al-
-< n· low for the selection of si/shRNA molecules that target untranslated regions of

the gene. Currently, other strategies are under development that may surpass the
need of in-frame cloning and would also make possible the effective selection of

dsRNAs targeting noncoding sequences (P. Sandy, A. Ventura, & T. Jacks, manu-
script in preparation).

RNAi should also provide an efficient approach to systematically investigate
the genetic basis of normal and disease physiology in animal models. Although
RNAi screens performed in vitro have identified a number of physiologically
or pathologically relevant genes, these models can often be biased by specific
genetic background and/or environmental conditions. Furthermore, many com-
plex physiological or disease processes have no in vitro correlates, such as organ
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development or metastasis. These limitations will likely be overcome by perform-
ing RNAi screens in vivo once appropriate strategies have been developed.

RNAi IN HUMAN THERAPY

RNAi as a Therapeutic Strategy

The potency and flexibility exhibited by RNAi in experimental systems has stim-
ulated efforts to use RNAi-based reagents in the clinic as "molecular targeting"
therapeutics to shut down disease-associated genes in humans (132-134). In the-
ory, therapeutic RNAi should be able to alter the expression and function of genes
in a wide range of disease settings. Indeed, RNAi has been used to silence the
expression of exogenous disease-causing genes, such as those of pathogens, as
well as endogenous genes that play an essential role in the disease process (132)

(Table 3). The high degree of specificity of RNAi has even been able to distin-
guish between alleles of genes exhibiting spontaneous or inherited polymorphisms
and alternative splicing events that underlie the development of cancer and other
diseases (58, 135) (Table 3).

as: ~ These findings suggest that the expression of disease-associated genes could be
> -cinhibited by RNAi-based reagents. These reagents have been shown to be effective
So as potential therapeutics in a variety of tissue culture and animal preclinical model

3o systems, including those for cancerous disorders, microbial infections, autoim-
mune and inflammatory disease, and neurological disorders.

Different siRNAs have recently been described that effectively silence cancer-
4 -o related genes. These include mutated Ras, Bcr-Abl, and vascular endothelial growth

factor (VEGF); the focal adhesion kinase (FAK); Bcl-2; MDR- 1; human papillo-
O Z mavirus (HPV) E6 and E7 proteins; CDK-2; MDM-2; PKC-a and P; and TGF-/ 1

(53, 58, 136-144). Studies in the mouse have shown that injection of siRNAs alone
°·- t" or in combination with anticancer drugs is able to promote apoptosis and reduce

j < TABLE 3 Exogenous and endogenous disease-associated genes successfully
targeted by RNAi

Type of disease Target Reference

Viral diseases HIV (viral genes-genome) (98, 151, 152,

175-184)
HIV (cellular receptors/enzymes) (184-189)
HBV (190-192)
HCV (69, 147, 148,

193-195)
HDV (196)

Cytomegalovirus (CMV) (197)

(Continued)
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TABLE 3 (Continued)

Type of disease Target Reference

Influenza virus (145)
Rhinovirus (198)
SARS coronavirus (149)

Prions (156)

Gamma herpes virus (199)

Autoimmune/inflammatory TNF-a (71)
disorders Fas/CD95/Apo 1 (48)

Caspase-8 (154)

> Neurological diseases Mutated SOD (amyotrophic (135, 200)

lateral sclerosis)
BACEI (Alzheimer's disease) (155)

o :- SCCMS (myastenic disorders) (201)
Polyglutamine proteins (55)

Cancer/malignant Bax (202)
E o hyperproliferative CXCR4 (163)

disorders Focal adhesion kinase (FAK) (140)

·,= c3 EphA2 (203)
Matrix metalloproteinase (204)

3Z AMLl/MTG8 (205)

Ua ::BCR-Abl (136, 137)
__m ,BRAF(V599E) (206)

Brk (207)
Epstein-Barr virus (EBV) (208)

: Z EGFR (209, 210)

Fatty acid synthase (FASE) (211)
o w HPV E6 (143)

Livin/ML-IAP/KIAP (212)
.c MDR (142)

BCL-2 (138, 213)
i < CDK-2 (138)

MDM-2 (138)
PKC-a (138)
TGF-B (138)

H-Ras (138)
K-Ras (58)
VEGF (53, 138)

PLK 1I (214)

Telomerase (215)

SIOOAIO (216)

STAT3 (217)
NPM-ALK (218)

160



RNAi TO STUDY PHYSIOLOGY AND DISEASE

tumor burden (139, 140). This provides proof of principle that RNAi for cancer-
related genes is feasible in vivo and may prove to be helpful in cancer therapy.

The possibility of using siRNAs to combat infections, especially by viruses, has

also been extensively explored recently. Many genes from important human viral
pathogens, including HIV, HBV, HCV, influenza virus, and SARS cornavirus, have

been shown to be targets for RNAi (69, 134, 145, 146). Inhibiting these viral genes
has been shown to interfere with viral replication in vitro (145, 147-149) and in

mouse models of viral infection (69, 146, 150). Because many viruses, notably HIV,

exhibit high mutation rates (151, 152), RNAi-based therapeutic strategies have also

been explored that target host genes that are required for viral entry into cells (134,
153) or that contribute to the pathogenic sequelae of virus infection (154). Similar
approaches have also been shown to be successful at modulating inflammatory

'~> gene expression in experimental models of immune-mediated diseases (48, 71).
RNAi-based therapeutics can also selectively target mutant forms of genes that

underlie the development of neurodegenerative disorders. Inhibition by RNAi of

genes encoding proteins involved in polyglutamine-induced neurological disorders
(spinocerebellar ataxia type I and Huntington's disease) (55, 99), Alzheimer's

g'z disease (155), amyotrophic lateral sclerosis (135), and prion-based diseases (156)

has been shown and may represent a promising therapeutic strategy.

3 o Delivery Routes for RNAi-Based Therapeutics
oz
a ~ Perhaps the most significant barrier for RNAi-based therapy is the efficient and

effective delivery of RNAi reagents in patients. As discussed above, a number
of strategies have been developed that allow siRNAs and shRNAs to be deliv-

ered effectively in animals. Hydrodynamic delivery of siRNAs that involves the

-v l intravascular injection of large fluid volumes in order to locally increase intravas-

cular pressure (48, 146) might be adapted for local administration of siRNAs by
'~ m arterial or venous catheterism in organs, such as liver, kidney, heart or lungs, but

cannot be performed for systemic treatment. In the mouse, effective silencing of

L < genes in tumor tissues has been reported following intravenous, intraperitoneal,
C< and subcutaneous injections of siRNAs, suggesting that effective delivery of RNAi

< reagents may be achieved by different parenteral routes (139).
A number of carrier systems and chemical modifications have been explored

to enhance the efficiency and specificity of RNAi-based therapeutics. The use

of cationic lipids has been shown to significantly enhance gene silencing (71,

157-159). More sophisticated strategies, in which receptor-specific monoclonal
antibodies or other targeting proteins are incorporated into pegylated immunoli-
posomes (PILs), have been shown to direct gene silencing in a number of tissues,
including the brain (81).

Virus-based RNAi delivery systems have also been shown to achieve effective

gene silencing in vivo. Systemic or tissue-directed injection of adenoviruses en-

coding shRNAs has been shown to be effective at inhibiting gene expression in
the liver, as well as the central nervous system (55, 91). Retroviruses for RNAi
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could potentially be applied for ex vivo cellular manipulations, including those of
dendritic cells for the modulation of immune responses (160). However, the use of
these vectors may be associated with a risk of insertional mutagenesis and should
be carefully evaluated (161) Other virus-based systems for RNAi, such as those
based on AAVs, are also being considered as delivery vehicles for therapeutic
RNAi (see above).

SUMMARY AND PROSPECTS

In the past few years, RNAi has come to prominence as a novel and essential bio-
logical process, as well as a powerful experimental tool and a potential therapeutic
strategy. New discoveries in the field of RNAi biochemistry, coupled with techno-
logical breakthroughs, have permitted the creation of effective RNAi reagents that
can be used to study normal tissue physiology and disease processes in a range

-o ~,O of settings, including experimental animals. By further exploring the biology of
RNAi and improving delivery and evaluation technologies for RNAi reagents,

MEN these strategies will become more effective and more generally available. Now
that the first phase I clinical studies of RNAi are on the horizon, several questions
related to the safety and efficacy of using RNAi as a therapeutic strategy must be

~ o 1addressed. Ongoing and future preclinical studies in animal models will hopefully
help optimize RNAi therapeutics for applications in humans..- ACKNOWLEDGMENTS
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