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Abstract
In less than a decade after discovery, RNA interference-mediated gene silencing is already being
tested as potential therapy in clinical trials for a number of diseases. Lentiviral vectors provide a
means to express short hairpin RNA (shRNA) to induce stable and long-term gene silencing in both
dividing and non-dividing cells and thus, are being intensively investigated for this purpose.
However, induction of long-term shRNA expression can also cause toxicities by inducing off target
effects and interference with the endogenous micro RNA (miRNA) pathway that regulates cellular
gene expression. Recently, several advances have been made in the shRNA vector design to mimic
cellular miRNA processing and to express multiplex siRNAs in a tightly regulated and reversible
manner to overcome toxicities. In this review we describe some of these advances, focusing on the
progress made in the development of lentiviral shRNA delivery strategies to combat viral infections.
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1. Introduction
RNA interference (RNAi) was first recognized as a natural antiviral defense mechanism in
plants wherein long double-stranded RNAs generated during viral replication are cleaved by
the enzyme Dicer into short 21–23 nucleotide double-stranded RNA molecules called small
interfering RNAs (siRNAs) that mediate sequence-specific gene silencing [1,2]. The siRNA
associates with a multiprotein complex called the RNA-induced silencing complex (RISC),
during which the “passenger” sense strand is cleaved by the enzyme, Argonaute 2 (Ago2)
[3]. The antisense “guide” strand contained in the activated RISC then guides the RISC to the
corresponding mRNA because of sequence homology and the same Ago2 nuclease cuts the
target mRNA, resulting in specific gene silencing. Although RNAi is a natural phenomenon
in plants and worms, long dsRNA induces an interferon response in mammalian cells resulting
in non-specific global suppression of protein synthesis and cell death [4]. However,
introduction of double stranded small synthetic RNA resembling the Dicer-processed siRNA
into mammalian cells induces sequence-specific gene silencing without evoking the interferon
response [5]. Since this discovery, RNAi has been widely used as a quick reverse genetics
approach for gene function analysis as well as for ablating specific genes for therapeutic
purpose. What makes RNAi an attractive gene silencing approach is its exquisite sequence
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specificity and high potency [2]. This is probably due to the autocatalytic effect of RNAi
whereby a single siRNA molecule gets reused for the cleavage of many target mRNA molecules
[5,6].

RNAi can be induced by the introduction of synthetic siRNA or by intracellular generation of
siRNA from vector driven expression of the precursor small hairpin (sh) RNAs. In the latter
method, an oligonucleotide containing the siRNA sequence followed by a ~9 nt loop and a
reverse complement of the siRNA sequence is cloned in plasmid or viral vectors to
endogenously express shRNA which is subsequently processed in the cytoplasm to siRNA.
While the synthetic siRNA effects are short lived (a few days) probably because of siRNA
dilution with cell division and also degradation, the shRNA effects are long lasting because
they are continually produced within the cells. Although shRNAs can be produced in plasmid-
based systems, because they are easy to deliver, non-replicating recombinant viral vectors are
commonly used for shRNA expression. Adeno, adeno-associated and lentiviruses are generally
used because they infect actively dividing as well as resting and differentiated cells such as the
stem cells, macrophages and neurons. Lentiviruses may be particularly suited for long-term
shRNA expression and gene silencing since the viral DNA gets incorporated in the host
genome. Although viral vectors efficiently deliver shRNA leading to persistent siRNA
expression [7], they may also have potential toxicities associated with unregulated expression
of large amounts siRNA (see later) and thus, much emphasis has been laid in recent years to
achieve temporally and spatially regulated shRNA expression.

Endogenously expressed small non-coding regulatory RNAs called microRNAs (miRNA)
constitutes an important arm of RNAi. In fact, the existence of miRNA machinery is what
makes the si/shRNAs function in the cells and thus, understanding of miRNA biogenesis would
provide insights to designing better RNAi strategies for application. MiRNAs are genomically
encoded and are transcribed as long primary transcripts (pri-miRNAs). The pri-miRNA is
processed in the nucleus into ~65 nt hairpin shaped precursor miRNAs (pre-miRNAs) by a
microprocessor complex consisting of the RNase III enzyme Drosha and its cofactor DGCR8
(Pasha in invertebrates) [8–13]. The pre-miRNA is exported out of the nucleus by exportin 5
[14,15]. The pre-miRNAs are further processed in the cytoplasm by another RNase III enzyme,
Dicer that cuts the pre-miRNA ~22 bp from the end set by Drosha cleavage to generate the
double-stranded miRNA duplex [16–19]. For most miRNAs, only one strand (the guide strand)
of the double-stranded miRNA duplex is loaded into RISC while the other (*) strand is
destroyed rapidly [3,20–22]. However, in some cases such as miR-142, miR-125, miR-126,
miR-342, both strands (5p and 3p) are selected [23]. Schwarz et al proposed that the relative
instability of the miRNA duplex termini determines which strand will be loaded into RISC.
When both termini of the miRNA have the similar stability, both strands might be selected
[20,24].

Unlike siRNAs, which are designed to be homologous to the coding regions of mRNA and
suppress gene expression by mRNA degradation, miRNAs predominantly regulate gene
expression by translational repression, but can sometimes also mediate mRNA degradation
[25,26]. Also unlike siRNAs, the two strands of the miRNA duplex are imperfectly homologous
and forms internal bulges and the guide strand is also imperfectly complementary to the 3′
UTR of the target mRNA, with only 2–7 nt at the 5′ end being perfectly complementary [27,
28]. The 5′ 2–7 nt (“seed”) region defines the target specificity of the miRNA [29–31]. Probably
because of the small complementary sequence needed for target recognition, a single miRNA
can regulate many target mRNAs containing the miRNA seed binding sites[32]. This also
imposes restriction on using artificial si/shRNAs in that, although the antisense strand of si/
shRNA is usually designed to be completely complimentary to the target gene, it can also act
like miRNA and repress unintended genes that contain the target sequences recognized by the
first 2–7 nt of the selected si/shRNA antisense strand. If the unintended sense strand of si/
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shRNA is also loaded into RISC, the off-target effect will presumably be doubled. Thus,
precaution should be taken to design si/shRNA to avoid seed matches in the 3′UTR of cellular
genes as well as to ensure proper strand selection by RISC by engineering the termini with
distinct thermodynamic stability.

2. Generation of non-replicating transducing lentivirus
2.1. Lentiviral vectors and packaging constructs

As a part of their life cycle, retro- and lentiviruses integrate into the host genome and thus their
genomic backbone provides a means for life-long expression of a transgene of interest. Because
the native viruses can cause serious diseases, non-replicating viruses are used for transgene
expression. The basic idea here is to generate a virus that after a single round of infection
ensures stable integration of the transgene with only a minimal component of the viral genome,
so that the transgene is continually expressed but infectious virus is not generated. This is
generally achieved by introducing the different components of the viral genome in 3–4 separate
plasmid vectors to generate the transducing virus (Fig. 1). Unlike retroviruses, which do not
infect non-dividing cells, lentiviruses infect actively dividing as well as resting and
differentiated cells and thus, lentiviral vectors are generally preferred for long-term expression
of transgenes. They have proven effective in transducing non-dividing cells in a variety of
organs in vivo including the brain, eye, liver and hematopoietic cells to induce long-term
transgene expression [33]. Another advantage is that relatively large sequences of transgenes
can be accommodated. Although several lentiviruses including the equine infectious anemia
virus and feline as well as bovine immunodeficiency virus have also been used as gene therapy
vehicles, HIV-based vectors are predominantly used because the basic biology of HIV
replication has been extensively characterized over a number of years, leading to steady
improvements in the vector design (reviewed in [34]). During a retroviral gene therapy clinical
trial for x-linked immunodeficiency, 4 patients developed leukemia due to proviral integration
near proto-oncogenes [35–37], highlighting the potential risks of using retroviral vectors.
HIV-1 also preferentially integrates within the transcribed genes [38]. However, HIV infection
itself has not been associated with insertional mutagenesis and several preclinical studies in
animal models also indicate that HIV-based lentiviral vectors may not have a predilection for
insertional oncogenesis [34]. In fact, a recent study comparing the integration sites of both
retro- and lentiviruses in human hematopoietic cells showed that retro- but not lentiviral
integration occurs at high frequency (20%) at genomic locations (hot spots) that are
significantly enriched in protooncogenes and genes involved in the control of cell proliferation
[39]. Also, a recent phase I clinical trial using a HIV-based vector encoding antisense RNA
targeting the HIV envelope gene was found to be safe and with out the risks of mutagenesis or
recombination-mediated activation of the virus [40]. However, it must be cautioned that
lentiviral gene therapy is still in its infancy to draw definitive conclusions. Considering the
potential risks of using a vector derived from a dangerous virus like HIV, biosafety to obviate
all potential risks has been the core issue in their development. Thus, steady progress has been
made in designing replication-deficient HIV-based lentiviral vectors to avoid accidental
generation of replication competent virus arising from recombination between the different
vector components or following HIV infection. These include deleting the cis elements from
the packaging cassette, removing accessory genes, partitioning packaging genes into separate
expression cassettes and minimizing homology between the different elements.

The generation transducing lentivirus production generally involves transfection of cells (such
as the SV-40 large T antigen expressing HEK 293 T cells which are highly transfectable) with
3–4 different plasmids (see Fig. 1): one or two packaging plasmids containing the viral
structural genes, a vector plasmid containing the transgene and cis elements needed for
integration and packaging and 3) a heterologous viral (generally, VSV-G) envelope encoding
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plasmid. The replication incompetent virus released is then used to transduce cells for transgene
expression.

The packaging cassettes, essentially derived from the HIV genome, have evolved by a
sequential removal of cis elements needed for viral replication but retains the trans elements
such as structural gag protein and enzymatic pol protein coding region. In the first generation
packaging cassettes, only the envelope gene was deleted. In order to enhance biosfety, several
groups systematically deleted the accessory genes and deletion of all accessory genes except
Tat and Rev led to the second-generation packaging vector. In the third generation cassette,
even the Tat gene is deleted and the gag/pol and rev genes are placed on separate expression
plasmids [34]. Thus, in the currently used third generation packaging palsmid, only the cis-
element rev response element (RRV) and the parental splice donor site necessary for post-
transcriptional mRNA processing are retained and instead of the LTR, a heterologous promoter
(generally CMV) and polyadenylation signal (SV40 or bovine growth hormone gene) is used
to drive the full length packaging cassette mRNA. Remarkably, the extensive modification
introduced in the packaging vector does not reduce the derived transducing viral titers. The
packaging cassette has been further modified by codon optimization (humanization) that
renders the gag/pol expression rev-independent, thus allowing deletion of RRE [41]. This
modification is particularly important in the context of expressing anti-HIV shRNAs, in that
shRNAs to target the gag and pol genes of wild type HIV-1 can be expressed without targeting
of the packaging cassette mRNA itself [42]. To further reduce the chances of generating
replication competent virus by non-homologous recombination events, a translentiviral
packaging construct in which the gag/pol coding region is split into two separate expression
cassettes has also been described [43]. Similarly, the integrase-deficient episomally replicating
lentiviral vectors have also been used for stable transgene (although not shRNA) expression
in non-dividing cells in vivo [43,44]. The vector cassette contains the cis elements such as the
primer binding site, packaging signal, RRE, central polypurine tract (cPPT), splice donor and
acceptor sites, in addition to the transgene expression cassette and a modified woodchuck
hepatitis virus post-transcriptional regulatory element (WPRE) to increase the transgene
expression. Although the overlapping sequences in WPRE containing the C-terminally
truncated version of the WHV X protein might be potentially carcinogenic [45], this risk can
be minimized by modifying the WPRE to delete the X protein promoter and all ORFs larger
than 25 amino acids by mutating residual ATGs [46,47]. A significant improvement in the so-
called “self-inactivating” (SIN) vector that is currently used is the deletion of the U3 region in
the LTR (that makes it Tat-independent) and the use of a heterologous (such as CMV) promoter
to drive the entire vector mRNA transcription [48]. Several modifications can also be
incorporated in the vector cassette to make the shRNA expression conditional (see later).

Several packaging cell lines stably expressing the packaging and envelope genes have also
been developed [34]. Because of the toxicity of constitutive expression of VSV-G, generally
all the packaging and envelope genes are expressed in a drug regulated manner. Although these
cell lines provide a method to induce virus production by a single transfection with the vector
cassette, generally the resulting transducable lentiviral titers are lower by many folds and thus,
multi-plasmid transfection remains the preferred method.

2.2. Pseudotyping with heterologous viral envelopes
A major breakthrough in lentiviral vector development was the substitution of HIV-1 envelope
with the vesicular stomatitis virus glycoprotein (VSV-G). Since VSV-G infects almost all cell
types, this enabled broadening of the host tropism. Moreover VSV-G also directs viral entry
to the endocytic pathway thereby reducing the viral accessory proteins needed for infectivity
[49]. One more added benefit is that they are resistant to freeze thawing and ultracentrifugation,
making it easy to concentrate the viral particles. However one constraint of VSV-G

Manjunath et al. Page 4

Adv Drug Deliv Rev. Author manuscript; available in PMC 2010 July 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pseudotyping for systemic delivery is its rapid elimination from the circulation by complement
and antibody. Although this can be reduced by conjugation with PEG [50], preexisting anti-
VSV antibody still remains a problem. One way around this is to use the VSV-G derived from
a different strain (Chandipura strain to substitute the commonly used Indiana strain). However,
VSV-G is well suited for in vitro transduction as well as for local expression of transgenes in
tissues. Many investigators including us have used VSV-G psuedotyped lentivirus to achieve
shRNA expression in select tissues in vivo to silence genes for a variety of purposes (reviewed
in [51]).

Apart from VSV-G, several other heterologous viral glycoproteins have also been used to
psudotype lentiviral vectors expressing a variety of transgenes (reviewed in [52]).
Pseudotyping with alternate envelopes have generally been used to restrict the viral tropism
for delivery in a cell and tissue-specific manner. For eample., psudotyping the lentiviral vector
with the neurotropic rabies virus glycoprotein (RVG) allows retro-axonal and trans-synoptic
spread, thereby enhancing the transgene expression within the brain [53]. We have used this
system to express antiviral shRNA against West Nile and Japanese encephalitis virus in the
mouse brain [54]. RVG psudotyping restricted shRNA expression to neuronal cells and resulted
in a much enhanced protection compared to VSV-G pseudotyped vector expressing the same
shRNA, presumably due to a more extensive spread of the injected virus.

The pseudotype viral envelope glycoprotein can also be engineered to display specific targeting
moieties. The E2 glycoprotein of Sindbis virus and HA of influenza have been generally used
for this purpose. An interesting construct is the E2 protein of Sindbis virus fused to the Ig
binding ZZ domain of Protein A. Because the ZZ domain binds potentially any
immunoglobulin, this envelope can be made cell type specific just by incubating with a cell-
specific mAb. In fact, gene delivery could be retargeted by this psudotyping with the specificity
of the applied antibody [55]. An optimized version of this envelope pseudotyped lentivirus,
coated with an antibody specific to metastatic malignant melanoma cells effectively targeted
the melanoma cells in vivo in mice [56]. Notably the viral titers were not reduced by this
pseudotyping and the background non-specific delivery to liver and spleen was much lower
compared to VSV-G pseudotyped virus. To further reduce background, this pseudotyping/
antibody targeting has been combined with a tissue-specific promoter for transgene expression.
A Tie-2 promoter was used for endothelial cell-specific expression of a transgene [57] and
more recently a prostrate cancer cell-specific promoter was used to express a luciferase
reporter. The latter construct, pseudotyped with the modified Sinbis envelope and coated with
a monoclonal antibody to prostrate stem cell antigen was highly effective in specifically
targeting the xenotransplanted human prostrate cancer cells in mice with very little non-specific
delivery [58]. Another group has used a chimeric Sindbis glycoprotein displaying CD20
antigen for targeting the lentiviral delivery to B cells [59]. The Sindbis envelope contains a
binding site for the ubiquitously expressed cellular receptor heparan sulfate as well as a site to
bind the dendritic cell-expressed DC-SIGN. Yang et al recently showed that just by mutating
the heparan sulfate binding site, the delivery can be made dendritic cell-specific [60].
Remarkably, when a lentiviral vector expressing a nominal ovalbumin transgene was
pseudotyped with this envelope and injected subcutaneously in mice, the mice developed a
substantial ova-specific immune response that could protect the animals from ova-expressing
tumor challenge. Although the above mentioned exciting studies suggest that shRNAs
expressing lentivirus could also similarly pseudotyped for cell-specific delivery in vivo, this
has so far not been shown except for our study using RVG pseuotyping mentioned earlier.

3. shRNA-induced toxicities
We highlight the possible undesirable effects of shRNA expression upfront, so that efforts to
overcome this can be better understood. Similar to the externally introduced synthetic siRNA,
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endogenous expression of siRNAs can also cause side effects such as activation of innate
immunity via induction of an interferon response as well as off-target gene silencing. Because
they are continually expressed, these risks are enhanced in the case of shRNAs. In addition,
because they use some of the miRNA machinery for their generation and export, shRNAs also
have the risk of competition with cellular miRNAs. Si/sh RNAs can potentially elicit interferon
responses either through the cytosolic dsRNA-activated protein kinase PKR or binding to toll-
like receptors 3 and 7 that recognize RNA on the cell surface or in endosomes [61,62]. Certain
nucleotide motifs such as 5′-UGUGU-3′ or 5′-GUCCUUCAA-3′ within siRNAs appear be
responsible for the induction interferon and interleukin production by plasmacytoid dendritic
cells [62,63]. Thus, it is important to avoid such motifs in the shRNA design. Apart from
immunostimulation, si/shRNAs can also induce off-target effects. Since the majority of off-
target effects are caused by small regions of seed sequence homology to 3′ untranslated region
(UTR) of cellular miRNAs, it is important to scan for such homologies in the guide strand as
well as to ensure that the passenger strand is not loaded to RISC. In the latter context, designing
shRNAs to ensure thermodynamically less stable 5′ end and more stable 3′ end of the hairpin
after shRNA processing by Drosha and Dicer would be important. High-level expression of
shRNAs can also cause toxicity unrelated to off target effects by possible dysregulation of the
cellular miRNAs. Long-term and sustained expression of shRNA under the control of a RNA
polymerase III (Pol III) promoter via adeno-associated viral (AAV) vector in the mouse liver
resulted in a dose-dependent liver injury and led to mortality at higher doses of expression
[64]. This morbidity has been attributed to the saturation of exportin-5 (the factor required for
export of miRNA from the nucleus) by shRNA since the liver-derived miRNAs were
significantly downregulated in these mice. Consistent with this, Yi et al also showed that over
expression of exportin-5 could relieve competition with cellular miRNAs [65]. Another study
by Boudreau et al also showed that the Pol III U6 promoter-processed transcripts accumulate
both in the cytosol and nucleus, indicating that both exportin-5 and Dicer might be saturated
[66]. Similarly, lentiviral expression of large amounts shRNA generated from the U6 promoter
resulted in toxicity in primary human T lymphocytes in vitro that could be mitigated by lower
level of expression under the control of H1 promoter [67]. In summary, although endogenous
shRNA expression has tremendous potential, it also possesses several intrinsic risks that could
be dangerous and thus, the importance of carefully designing shRNA constructs to optimize
the dose and the exact sequence of siRNA expression cannot be overemphasized.

4. shRNA design considerations
4.1 Conventional and miRNA-based shRNAs

Soon after the discovery that synthetic siRNAs induce gene silencing in mammalian cells, it
was also shown that siRNAs also can be endogenously produced by expressing a short hairpin
RNA (shRNA) from a DNA construct consisting of a siRNA sequence of 21–29 nt, a short
loop region, and the reverse complement of the siRNA sequence and a short terminator (5–6
T residues) sequence (reviewed in [68,69]. We refer to this type of shRNAs as conventional
shRNAs (Fig. 2). When transcribed in vivo, this short transcript folds back on itself to form a
hairpin structure, which is converted by cellular nucleases into siRNAs. Because the expressed
RNA is short, generally Pol III promoters such as U6 or H1 are used. These promoters are
strong and usually generate a huge amount of transcription products (although H1 promoter is
weaker than U6) that are presumably processed by Dicer directly. Another advantage is that
the sequence of the generated siRNA can be controlled because the transcription starts from
the +1 position of the promoter transcription unit and termination occurs within a stretch of
uracils in the terminator sequence, facilitating the generation of double stranded shRNA with
3′ overhangs that is essential for dicer processing. However, unlike the typical Pol II transcripts,
the Pol III transcripts lack the 5′ cap and 3′ Poly (A) tail. These conventional shRNA transcripts
are not processed by Drosha but instead are exported to the cytoplasm by exportin-5. They are
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thought to be further processed in the cytoplasm by Dicer into double stranded siRNAs.
Because of the ease of vector construction, many investigators have used the conventional
shRNAs in a variety of contexts to knockdown different genes since it was first described in
2002. However, the potential of this system for inducing toxicities was highlighted in 2006,
when it was shown that overexpression of U6 driven shRNA could interfere with cellular
miRNA expression, leading to lethality in mice [64]. Moreover, the shRNAs generated by these
promoters generally have triphosphate at their 5′ ends and a variable number of overhangs at
the 3′ end and thus, are not the optimal substrate of Exportin-5 and Dicer, although the huge
amount of the transcription products can compensate for the low efficiency and generate a good
silencing effect. The triphosphate 5′ end of the siRNAs might also activate RIG1 to induce an
interferon response, resulting in the activation of PKR and subsequent shut down of cellular
translation [70–72]. The recently described tRNA promoter-driven tRNA-shRNA chimeras
might mitigate some of these problems [73]. The chimeras will be processed by endogenous
endonuclease to release the shRNA that has a 5′ monophosphate. Also the expression level of
shRNA driven by tRNA promoter is much lower compared to the commonly used Pol III
promoters such as U6 and H1, which might reduce the nonspecific side effects [73].

Probably the best way to induce effective gene silencing without toxicities is to use the naturally
occurring miRNA pathway to generate the desired shRNA and thus, understanding of miRNA
biogenesis appears to be key to the rational design of shRNAs (Fig. 2). Although the above
described conventional shRNA somewhat resembles the pre-miRNA and is probably processed
by Dicer, it is not processed by Drosha. Processing by Drosha is the first critical step in miRNA
biogenesis that extracts the miRNA out from the long sequence within the pri-miRNA [13].
Drosha cleaves the pri-miRNA to yield a pre-miRNA with a 3′ 2 nt overhang and Dicer just
recognizes this overhang and cuts the hairpin 22 nt away to produce the miRNA duplex [74,
75]. Form this duplex generally one strand of the mature miRNA is then selected for
incorporation to RISC according to the 5′ end base-pairing rule [20,24]. Thus, the initial
cleavage sites chosen by Drosha largely dictates where Dicer will cleave and hence, which
miRNA strand enters the RISC [26]. Because of these reasons, there has been a tremendous
interest in mimicking the pri-miRNA processing to generate shRNAs. However, the critical
issue for miRNA-based shRNA design is what exactly determines the Drosha cleavage site.
Without this knowledge, earlier attempts to design shRNA mimicking a mature miRNA duplex
were largely unsuccessful. In fact, after testing a large number shRNA variants, Paddison et al
concluded that the conventional shRNAs appears to be much better than miRNA-based
shRNAs that were mimicking let-7 [76].

The first glimpse of pri-miRNA processing was provided by a study that showed that an
authentic human miRNA, mir-30 could be correctly excised from within a long irrelevant Pol
II transcript, if it contained the 71nt precursor, but not if the transcript contained only the ~22
nt mature mir-30 sequence [77]. Moreover, the generated mature miRNA was capable of
repressing its target gene and more importantly, substitution of miR-30 stem in the construct
with an artificial shRNA also led to specific gene silencing. Thus this study, for the first time
showed that the precursor might contain all cis-acting elements required for miRNA
processing. However, there were some unusual features in that, whereas only one strand of
endogenous mir-30 is selected by RISC, both strands were selected in this artificial system.
Also, although mir-30 and mir-21 precursors were correctly processed, several other precursors
including mir-27, let-7a3 and lin-4 precursors in the same context failed to generate mature
miRNAs, indicating more needs to be learned about miRNA biogenesis [77]. In another study,
inclusion of ~125 bp flanking sequence from the miRNA stem loop was found to generate
mature miRNAs uniformly for several tested miRNAs in murine hematopeoitic cells,
indicating that flanking sequence might be important for pri-miRNA processing [78].
Mutational analysis of mir-30 processing by Zeng et al showed that a large (~10 nt) terminal
loop is important and that Drosha cleaves the RNA hairpin approximately two helical RNA

Manjunath et al. Page 7

Adv Drug Deliv Rev. Author manuscript; available in PMC 2010 July 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



turns (~22nt) from the loop into the stem to produce the pre-miRNA [79]. In addition, a few
nucleotides 5′ to precursor miRNA cleavage sites was also found to be essential for efficient
processing. A caveat in this study however, is that the pre-miRNAs were expressed within a
long irrelevant RNA and thus do not have their natural flanking sequences beyond cleavage
site except for the first 4 nts and thus, the importance of the flanking sequence could not be
fully evaluated. However, a later systematic mechanistic study by Han et al showed that the
terminal loop itself is irrelevant for Drosha processing and that the microprocessor component
DGCR8 recognizes both the single-stranded (ss) flanking segment and the double-stranded
(ds) RNA stem following which, Drosha cuts the pri-miRNA ~11nt from the ss-dsRNA
junction [13]. This is also consistent with an earlier study showing that varying either the loop
size from 4 nt to 23 nt or the loop sequence did not change shRNA generation efficiency
[76]. Moreover, the miRNA-based shRNAs optimized by including the single-stranded
flanking sequences of pri-miRNA showed consistent repression effect [80–82]. Thus as a
general rule, it may be advisable to include ~15–20 nt flanks in the design of shRNA. Although
most studies of miR-based shRNA expression demonstrate the functionality of the generated
siRNAs in terms of target gene silencing, they use stems with varying number of nts (from 19–
23) and unfortunately the actual sequence of siRNAs generated has not been elucidated. Also
whether the passenger strand is also selected remains unknown. Thus if the Han’s model is
correct, the siRNAs in some cases are also likely to include irrelevant sequences from the stem-
loop and/or select the passenger strand that might cause unintended effects. Thus, it appears
to be important to keep the stem length to ~22 nt from the Drosha cleavage site as well as to
ensure that the thermodynamic properties of the ends favor selection of the anti-sense strand.
Han’s model also indicates that most miRNA stem loops have mismatches around 12 bp from
the 5′ end of mature miRNA that might avoid abortive Drosha processing (if the loop is large,
it can also be considered ss-ds junction and Drosha can possibly cleave from this end). Thus,
it may also be profitable to design shRNA to contain mismatches ~12 nt from the 5′ end of
mature miRNA. The design of an ideal shRNA based on the present understanding of miRNA
biogenesis is depicted in Fig. 3.

Although the Han’s model has provided tremendous insights into rational design of shRNA,
it should be pointed out that this model of pri-miRNA processing is mainly based on in vitro
assays on miR-16 biogenesis and computational analysis of other miRNAs [13] and whether
it holds true in vivo and for all pri-miRNA processing is not known. For example, using this
model, it is difficult to reconcile with some of the findings with miR-30 processing described
earlier. Moreover, the exact cutting site of Drosha/Dicer is mainly deduced from the annotated
mature miRNA sequences. However, recent studies indicate that the ends of mature miRNA
are highly varied [83–85] and it is speculated that the variations might be a consequence of
imprecision in the Drosha/Dicer processing [83,84] or modifications introduced after Drosha/
Dicer processing [85]. Also, although according to Han et al’s model, the terminal loop is
irrelevant for pri-miRNA processing, a recent study showed that the terminal loop of let-7
mediates negative regulation the miRNA processing by binding to Lin 28 [86–88]. Thus,
although great progress has been made in the rational shRNA design, further insights from
miRNA biogenesis will undoubtedly continue to aid efforts in further optimizing the shRNA
design.

Although miRNA-based shRNA can be expressed both under the control of Pol III or Pol II
promoters, pol II promoters may be preferable. With the latter, the transcript level is similar to
the low levels of the endogenously expressed miRNAs and thus, the toxicity associated with
overexpression can be avoided. Moreover even though a much lower level of shRNA is
produced with miRNA-based expression, the shRNA works equally well as compared to
overexpression in a conventional system. For example, expression in a lentiviral vector of a
U6 driven shRNA embedded within the stem of a miRNA mitigated the brain toxicity
associated with the same shRNA not in a miRNA context, expressed under the control of the
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same U6 promoter [89]. Thus, sequential processing by Drosha and Dicer in a physiologic way
might somehow render the shRNA functionally more competent. Also since hundreds of
miRNA are naturally expressed in a cell, expression of a few more similarly processed shRNAs
is unlikely to compete with endogenous miRNA pathway. These features of miRNA-based
shRNA expression will be a big plus for in vivo application.

4.2. Multiplex shRNA
As discussed earlier, one of the major concerns for using shRNA to repress target gene
expression is the unintended effects, such as saturation of the endogenous miRNA machinery,
interferon response and off-target effect. Reducing the intracellular concentration of the mature
siRNAs can decrease all these side effects. Multiple shRNAs targeting different region of the
same gene has been used to reduce the effective concentration of individual siRNA, yet
maintaining the overall silencing effect. Moreover, expression of single siRNA to treat viral
infection rapidly results in the emergence of escape mutants and the use of multiplex siRNAs
is imperative to reduce the chances of generation of viral escape mutants, particularly for
chronic infection with viruses having propensity for high degree of mutations like HIV-1
[90–92].

Because lentiviral vectors can accommodate up to 7 kb foreign sequences, several strategies
have been used to express multiple shRNAs in these vectors. In one approach, complementary
single stranded RNAs or long hairpin RNAs expressed under the control of Pol II promoters
in lentiviral constructs have been tried, but these were not very effective probably due to
problems in the nuclear export of long RNAs as well as the difficulty in viral propagation
[93,94]. However, unlike transfection with long double stranded RNAs, expressing long
dsRNAs intracellularly did not induce an interferon response. In another approach, longer
hairpins encoding 2–3 anti-HIV shRNAs, harboring multiple C to U (or A to G) mutations
within the sense strand, have also been expressed under the control of a single U6 promoter
[95]. This strategy has also been used to suppress HCV and HBV replication [96,97]. However
in general, the processivity declines progressively from the proximal end and results in unequal
silencing by different shRNAs. Because the Pol III promoter system is small (200–400bp),
another strategy is to use multiple shRNA expression cassettes, which can be conveniently
cloned into the lentiviral vector. One of the common methods is to insert multiple shRNAs
cassettes, each driven by the same Pol III promoter [42,98,99]. However as a recent study by
Brake et al showed, although the initial cotransfection experiments using plasmid DNA
constructs suggest that each of the individual shRNAs can be expressed that can silence the
corresponding target, repeated promoter sequence within the same lentiviral construct induces
genetic instability during the production of transducible lentivirus [100]. In fact, several shRNA
cassettes were frequently deleted from the virus because of recombination and only less than
15% of the cell clones transduced with a triple shRNA lentivirus contained an intact provirus.
To overcome this, the authors constructed a lentiviral vector harboring multiple shRNAs driven
by different pol III promoters. A cassette containing different anti-HIV shRNAs driven by three
different human pol III promoters U6, H1 and 7SK (with no sequence homology between them)
was inserted into a lentiviral vector. Cells transduced with the lentivirus generated from this
construct stably expressed all shRNAs and effectively prevented the generation of viral escape
mutants. In a similar strategy, a vector to express shRNAs bidirectionally using 4 different pol
III (mouse U6, human U6, mouse H1 and 7SH) promoters has been found to effectively silence
4 different targets [101]. Another multiplex strategy is to use shRNA in combination with other
antiviral proteins. Notably, a lentiviral vector expressing a U6 driven anti-HIV shRNA, U6-
driven TAR RNA decoy and a chimeric adenoviral VA1 CCR5 ribozyme has been used to
inhibit HIV replication by multiple mechanisms. This vector stably suppressed HIV replication
in vitro and was safe in humanized mice [102,103] and is currently under Phase I clinical trial.
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Perhaps the most ideal strategy to express multiplex shRNA is to use the template of miRNA
polycistrons. Several miRNAs are encoded in genomic clusters and transcribed as a single
polycistron, such as the miR-17-92 cluster, that result in the generation of multiple miRNAs
from a single transcription unit. Thus, multiple shRNAs could be easily expressed in equimolar
amounts from a single miRNA polycistron driven by a Pol II promoter [104]. The advantage
of this approach is that the expression level of shRNAs will be similar to endogenously
expressed miRNAs and the shRNAs are processed by the cellular miRNA machinery. The
human miR-17-92 cluster on chromosome 13 encodes a ~1kb pri-miRNA that is processed
into 6 different pre-miRNAs. In an elegant recent study, Liu et al cloned and used this template
to express multiple anti-HIV shRNAs [104]. The individual pre-miRNAs with at least 40 nt
flanks on each side of the hairpin were subcloned and the miRNA sequences were
systematically replaced with anti-HIV shRNA sequences. Individual shRNA sequences were
optimized to resemble the natural miRNA by designing the passenger strand to mimic the
structural features (mismatches, bulges and thermodynamic stability) of the natural pre-
miRNAs. The optimized hairpins were found to be as efficient functionally as the conventional
U6-driven shRNAs, although the amounts of siRNAs generated were much smaller than
conventional shRNAs used as positive control, indicating a better biofunctionality of the
Dorsha and Dicer processed shRNAs. When these shRNAs were chained in different
permutations and combinations, it was found that the individual siRNA amounts increased by
linkage to another hairpin and that the position of the shRNA within the polycistron did not
affect siRNA production or efficacy. The chained polycistron encoding 4 different anti-HIV
shRNAs under the control of CMV promoter was then cloned into a lentiviral vector. The anti-
HIV efficacy of this lentivirus was more robust than individual shRNAs, attesting to the
feasibility of using this for clinical application. However, it is worth noting that although the
shRNAs containing either 19 or 23 nt stems were both equally functional in terms of silencing
HIV replication, the actual sequence of the mature siRNA produced was not determined and
thus the siRNA generated from the shorter hairpins might contain additional vector-derived
sequences that might not be desirable.

In a similar approach, the miR-106 cluster has also been used to express multiplex shRNA
[105]. Located within an intron in the human chromosome 13, this cluster encodes 3 miRNAs
(miRs-106b, 93 and 25) from a single transcription unit that is ~800 bp long. Three anti-HIV
shRNAs were inserted into the miR-106 cluster scaffold. This study also found that the shRNA
flanking sequences are important for processing and that the passenger strand selection can be
avoided by mimicking the natural miRNA stems by introducing mismatches and bulges rather
than as two perfectly complimentary siRNA strands. In addition to shRNAs, a U6 driven TAR
decoy was also expressed in the intronic region. This construct, when expressed in a lentiviral
vector, enhanced the anti-HIV activity seen with shRNAs alone.

4.3 Conditional Expression of shRNAs
Regulated RNAi systems may be desirable in many circumstances. For example, conditional
expression would be essential to generate knockdown mice for genes whose inactivation would
be embryonically lethal. Such a system would also allow loss of function analysis under
induced and non-induced conditions in the same cells. It would also provide a means to study
the kinetics of gene silencing and determine the concentration of shRNA needed for silencing.
Moreover, given that long-term shRNA expression in vivo could be toxic, it would provide a
way to express shRNA only when needed or only in certain tissues or virally infected cells for
therapeutic application. Essentially two general strategies are used. In the first strategy, a Pol
II or Pol III promoter controlled by drug (generally tetracycline or ecdysone)-responsive
repressors or transactivators or the HIV-1 Tat protein is used for regulated expression. In this
case, expression can be turned on or off at will simply by using or withdrawing the drug. In
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the second strategy that is mainly used for transgenic purposes, a cre-lox recombination system
is used to induce shRNA expression. In this case, the expression is irreversible after induction.

Generally in the tetracyclin based-regulated RNAi systems, the Pol II or III promoter driving
the shRNA is modified to contain a single or multiple copies of the tetracyclin operator (TetO)
sequence and a Tet repressor (TetR) is also separately expressed. The TetR binding to TetO
represses transcription in the absence of tetracycline and in the presence of tetracycline or its
analog doxycyclin, which binds with high affinity to TetR, the repression is relieved. Since the
inhibition mediated by steric hindrance is generally not complete, there is some leakiness in
this simple system. Hence, to provide more tightly controlled inducible expression, several
versions of the repressor system including using different transactivators and transcription
factor domains that mediate epigenetic repression, fused to tetR components that either result
in turning the shRNA transcription on or off with doxycyclin have been developed (reviewed
in [106]). In some of the earlier versions, two separate vectors (one containing the shRNA
expression cassette and another expressing the transactivator/repressor element) and high
multiplicities of infection had to be used for shRNA expression generally under the control of
pol III promoters [82,107–112]. However, in the last 2 years, significant improvements in the
vector design to conditionally express either Pol II or Pol III driven shRNA in a single lentiviral
vectors have been made. Stegmeier et al developed a lentivirus system for regulated expression
of miRNA-based shRNAs in a Pol II CMV-based promoter [82]. Here the miR-30 based
shRNAs were cloned in front of the CMV promoter containing TetO sequences in a lentiviral
vector which was then used to infect a cell line stably expressing the reverse tet-controlled
transcriptional activator (rtTA), which activates transcription from the promoter in response
to doxycyclin. Based on this vector, a second generation, Tet-inducible shRNA library that
allows genome wide shRNA screen has also been developed [80]. However, this system is not
self-contained in that, it relies on rTA expression from another source. Recently, several
investigators have also developed “all in one” single lentiviral vectors that contain all the
elements needed for regulated expression of shRNAs [108,109,113,114]. Notably in an elegant
approach, Szulc et al developed a system where virtually any transcription unit (expressing
transgenes, shRNAs or miRNAs under the control of either Pol III or Pol II promoter) can be
accommodated into a single lentiviral vector design and subjected to epigenetic regulation
[109]. Here, the DNA binding domain of a transcriptional silencer (derived from the Kruppel-
associated box (KRAB) domain found in many transcriptional regulators), promiscuous for
RNA II and -III promoters that silences gene expression by triggering locally confined
epigenetic changes around their binding sites, is fused to tetR. This (tTRKRAB) cassette is
bicistronically expressed along with a transgene (such as GFP) under the control of a Pol II
promoter (different promoters such as CMV, EF-1α, Ubiquitin c were all shown to be effective)
in a lentiviral vector. In addition, a pol III shRNA cassette is cloned downstream of TetO
sequence in the LTR. Since the epigenetic regulation mediated by tTRKRAB extends to ~2–
3 kb, the conditional repression effect also extends to the transgene and the KRAB control
element itself, thus providing a way for autoregulation, whereby its expression is at basal levels
in the drug “off” mode. The versatility of this compact single virus system for tightly regulated
and readily reversible doxycyclin-dependent expression was shown in a variety of situations
in vitro and in vivo including for the expression of a GNDF transgene in the mouse brain,
conditional knockdown of GATA 1 expression in human hematopoietic progenitors, TP53 and
GFP knockdown in xenotransplanted tumor cells in mice as well as in the generation of
conditional GFP knockdown mice. Shin et al also developed a single lentiviral vector for
conditional RNAi [113]. Here, a minimal TRE promoter is used to drive miR-based shRNAs
followed by a human ubi-c promoter driving the constitutive expression of a bicistronic
transcript containing the tet-dependent transcativator rTA or rtTA3 and a GFP derivative,
venous. Using this system called pSLIK, the authors effectively achieved conditional
expression of multiple shRNAs for simultaneous knockdown of Gα12 as well as Gα13 in MEF
cells. Similarly, using a steric hindrance-based single lentiviral system consisting of a U6
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driven shRNA and CMV-driven tetR, Aagaard et al were able to conditionally knockdown
Drosha or protein knase R (PKR) in HEK293 cells, although there appeared to be ~25%
leakiness in the shRNA expression under basal uninduced conditions [114]. Recently a single
lentiviral vector expressing shRNA under TetO/H1 promoter followed by tetR/T2A/GFP under
the control of a ubiquitin promoter has also been used to generate transgenic rats for doxycyclin
regulated reversible knockdown of insulin receptor [115].

In another approach, Unwalla et al demonstrated that HIV-TAT can be used for conditional
expression of shRNA from a lentiviral vector [116]. This study was based on the concept that
similar to HIV-1 LTR promoter, the drosophila hsp70 promoter can also be transactivated by
TAT. Thus, the authors placed an anti-HIV rev shRNA sequence and a minimal poly A
sequence in front of the core hsp70 promoter and this cassette was then cloned into a lentiviral
vector downstream of the TAR element in the LTR. In the absence of TAT-mediated
transactivation, the transcription from the LTR is stalled at the TAR site and thus no shRNA
is made. When TAT is induced, it binds to the TAR element and recruits the transcription
elongation factor P-TEFb, which in turn phosphorylates the RNA polymerase assembled at the
downstream hsp promoter to relieve the transcription block and initiate shRNA expression.
This conditional rev shRNA expression using the plasmid construct resulted in 90% reduction
of HIV replication when cotransfected with pNL4-3, a molecular clone of HIV-1. Moreover,
the conditional shRNA cassette cloned in the lentiviral vector pHIV-7 was also effective in a
gene therapy setting in that, after transduction of hematopoietic stem cells with pHIV-7 shRNA
encoding lentivirus, the cells were remarkably resistant to infection with different strains of
HIV-1 including HIV IIIb and JRFL. The main advantage of this system is that the shRNA
expression is only induced in HIV infected cells, thus avoiding non-specific toxic effects. In
another study, a doxycyclin-dependent conditionally replicating HIV vector has been used to
express anti-HIV nef shRNA [117]. Here, the nef gene was deleted and replaced with rtTA
and TetO sites incorporated into the 5′LTR to make the virus replication dependent on
doxycyclin and a Pol III shRNA expression cassette was also cloned in the U3 region of the 3′
LTR. The idea was to start a spreading infection with this “therapeutic virus” in all susceptible
cells with transient dox treatment ensuring uniform integration of the provirus, so that after
dox withdrawal, although virus replication is inhibited, shRNA is constitutively expressed that
would inhibit a nef expressing wild type HIV. Although some inhibition was seen in SupT1
cells with low levels of wild type HIV infection, breakthrough replication occurred at higher
multiplicities of infection and moreover, the shRNA expression cassette was deleted after
several passages and thus, this strategy appears too dangerous for any clinical application.

The cre/loxP recombination method to obtain conditional shRNA-mediated gene knockdown
is primary used to generate transgenic animals for genes (such as Dicer, Drosha and many
transcription factors) whose constitutive silencing might result in embryonic lethality. This
also allows the study of temporal and tissue-specific effects of gene expression and the
availability of a plethora of cell- and tissue-specific cre expressing mice for crossing provide
a valuable asset for this purpose. Essentially two loxP sites flanking a sequence (such as a stop
signal or a stuffer sequence) that hinders constitutive shRNA expression are inserted within
the promoter driving the shRNA [118–120] to generate transgenic mice. After crossing these
mice with a cell or tissue-specific cre-expressing mice, the shRNA is activated because of cre-
mediated deletion of the hindering sequence. Although most studies have used a U6 or H1 Pol
III promoters for regulated shRNA design, one study has also used a Pol II U1 promoter by
inserting a loxP-stuffer-loxP cassette just upstream the transcription initiation site [121]. Some
investigators have also inserted the loxP-stop-loxP sequence within the shRNA loop between
the sense and antisense strand of shRNA to generate conditional shRNA knockout mice
[122–124]. However in this system, a 34 bp loxP site remains within the shRNA loop after cre
recombination that might affect shRNA cytoplasmic transport. However in an interesting
recent study, this system was used to generate multiple gene mutant mice using wild type and
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a mutant loxP site that are recombined by cre independently. The two loxP sites flanking a stop
signal was inserted within the loops (intervening between the sense and antisense strands of
shRNAs) of two shRNA expression cassettes to generate simultaneous conditional knockout
of the redundant genes ERK1 and ERK2 or Gsk3α and Gsk3b [125]. Two sets of mutant loxP
sites have also been used to invert (flip) a DNA segment containing a mir-based shRNA from
antisense to sense orientation after cre recombination [126]. Stern et al showed the versatility
of this “Filp” vectors to conditionally express multiple miR-based shRNAs, various
combinations of reporter genes and oncogenes in transgenic mice as well as in cell culture and
hematopoietic stem cells.

5. Lentiviral shRNA delivery for viral infections
Although lentivirally expressed shRNAs have also been evaluated for potential therapeutic
application in cancer [127–129] and neurodegenerative diseases (reviewed in [130–132]) in
this review, we will restrict our discussion to viral infections.

5.1. HIV-1
Stable expression of siRNA would be particularly valuable in chronic infections such as HIV-1,
where durable antiviral effects are needed. Moreover, the siRNAs need to be expressed in the
hard to transfect primary T cells and macrophages, which are the primary targets of HIV-1.
Thus, many investigators have used lentiviral vectors for shRNA expression. However, HIV-1
also poses numerous challenges for RNAi-based therapies and in fact, these challenges have
been the driving force in moving the technology forward, resulting in incremental
improvements in lentiviral shRNA design and delivery.

One constraint in using HIV-based lentiviral vectors to express anti-HIV shRNAs is that a
potential target sequence might also be present in the vector or the packaging construct [133].
Although the sequence of any shRNA cassette is also present in the genomic vector-derived
transcript and theoretically might be subject to “self-targeting” by the mature siRNA generated,
this obviously does not happen (or else production of any shRNA would become impossible).
The reason for this may be the inaccessibility of the target site within genomic transcript for
RNAi, due to the secondary structure assumed [133]. However, the presence of gag/pol and
rev sequences within the packaging construct can interfere with efforts to express shRNAs
targeting these HIV genes and in fact, attempts to express gag/pol shRNA significantly reduced
the generated transducing viral titers. However, this constraint could be effectively overcome
by using human codon optimized gag/pol sequence (where the vector sequences differ from
that in the wild type HIV) in the packaging vector [133]. Similar problem might also arise with
shRNAs targeting highly conserved regulatory sequence elements that are also likely to be
present in the lentiviral vector, which could be overcome by introducing small mutations in
the vector sequence. These issues may become particularly important when trying to express
multiplex anti-HIV shRNAs and thus, care should be taken in the design of such vectors.

Theoretically, targeting any region within the primary viral transcript should lead to
degradation of the whole transcript and thus mediate antiviral activity. In fact, several proof
of principle studies using shRNAs to target several different HIV-1 genes showed effectiveness
in cell lines [134–136]. However, the exquisite sequence specificity of RNAi can also become
a handicap for RNAi-based therapy for HIV-1. For example, the usefulness of any selected
siRNA target would be limited because of the existence of multiple genetic subtypes or clades
(clades A, B, C, D, E, F1, F2, G, H, J, and K) of HIV-1 with differing sequences [137].
Moreover, many different viral quasispecies are present at any given time in an infected
individual, the number of which increases with disease progression [138,139]. Further
compounding the problem is the ability of the virus to readily generate escapes mutations (with
single or multiple nucleotide changes within the shRNA recognition sequence) that resist
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shRNA interference. In fact, several studies have documented the propensity of HIV-1 to
generate RNAi escape mutants in long-term cultures [90–92,140]. This problem can be
circumvented to some extent by limiting the choice of RNAi targets to highly conserved
regions, where the virus is averse to mutate because of their essential structural and/or
functional roles [140–143]. We were able to show that a lentiviral shRNA targeting one such
well-conserved target in the viral vif sequence could effectively protect primary CD4 T cells
from all HIV-1 clades, including multiple isolates of clade B, prevalent in the West [144]. In
a more extensive analysis, the Berkhout group screened 86 different highly conserved viral
sequences to identify shRNA targets that could inhibit viral replication, of which 21 were found
to be potent HIV-1 inhibitors [42]. However, it seems unlikely that just selecting an shRNA
that targets conserved region will be enough to prevent the emergence of escape mutants. A
recent study using shRNAs targeting highly conserved viral genomic sequences in Gag,
protease, integrase, and Tat-Rev regions of HIV-1 could not identify any shRNA inhibitors
that that did not allow viral escape [140]. A comprehensive target sequence analyses of 500
escape viruses revealed that the viruses had acquired single point mutations, predominantly at
target positions 6, 8, 9, 14, and 15 but not in positions 1, 2, 5, 18, and 19.

Another approach to prevent viral escape is to use shRNAs to target host genes that are
important in the viral life cycle. A good example is the viral co-receptor CCR5, where a natural
32 bp homozygous deletion of the coding gene sequence abrogates its function but has no
deleterious immunological consequences and even provides protection from HIV-1 infection
[145,146]. In fact, several studies have shown that HIV replication could be blocked in primary
CD4 T cells or macrophages by delivery of CCR5 shRNA [147–149]. As HIV-1 has a large
dependency on host factors for its replication, many more such druggable host targets are likely
to be identified. In fact, a recent genome wide RNAi screen has identified several host genes
necessary for viral replication [150]. Some of these HIV-dependency factors (HDFs) were also
found to be not essential for host cell viability. Thus, potentially some of these host genes that
participate at different stages in the viral life cycle could be used as targets for suppressing
HIV infection. Using a combination of siRNAs targeting conserved viral sequences and host
genes important in the viral life cycle may be the optimal therapeutic approach, akin to
antiretroviral drug cocktails.

To restrict the viral evolutionary possibilities further, many groups have designed lentiviral
vectors that express more than one conserved shRNAs using several strategies described
earlier. Yee et al have used a combination of pol III and pol II promoters to express antiviral
siRNAs in the miR-30a backbone to show that HIV escape can be prevented when two shRNAs
are simultaneously expressed in the cells [151]. As discussed earlier, multiple anti-HIV
shRNAs have also been expressed in polycistronic miRNA scafolds [104] [105]. Long-term
analysis of these multiplex shRNAs in future should reveal how effective they actually are in
preventing viral escape.

Currently the most practical use of shRNA for HIV disease is to derive virus-resistant cells of
all key lineages, primarily progeny T cells and macrophages from lentivrally transduced CD34
+ hematopoietic stem cells (HSC) [103,152]. The feasibility of this approach was shown by
transplanting human CD34+ hematopoietic stem cells transduced with a lentivirus expressing
an anti-rev shRNA into thy/liv grafts in SCID-hu mice. The progeny T cells and macrophages
isolated from these grafts were shown to resist HIV challenge [102,153,154]. In vitro cultured
CD34+ HSCs similarly transduced with single or bispecific lentiviral constructs expressing
CCR-5 and CXCR-4 shRNA have also been shown to give rise to progeny macrophages that
are HIV resistant, which also attests to the feasibility of the approach [99]. Significantly, stable
reduction of CCR-5 in progeny T cells has also been demonstrated in non-human primates
transplanted with CD34+ HSC expressing the CCR-5 shRNA [155]. Once again, the antiviral
efficacy was shown in ex vivo experiments with T cells sorted on the basis of GFP marker
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gene expression. Interestingly, a strong but toxic U6 promoter had to be replaced with a weaker
H1 promoter to derive progeny cells in vivo, probably due to the toxicity in HSC mediated by
high-level expression of shRNA preventing effective engraftment. This study, showing
sustained (over a year) shRNA transgene expression in primates in vivo augurs well for future
translational studies. However, considering that only a small proportion of progeny cells
expressed the transgene, improvements to achieve a better level of gene marked cells in vivo
is an issue that will need attention. This may entail reducing the time in culture during
transduction of HSC to avoid lineage commitment associated with loss of self-renewal capacity
and/or developing better targeted delivery approaches.

As mentioned earlier, RNAi has also been combined with other gene therapy approaches in a
single lentiviral vector. The lentivirus engineered to encode an shRNA targeting HIV-1 rev/
tat mRNA, a short RNA homologous to the viral transactivation response region (TAR) to act
as a decoy for TAT binding and a ribozyme targeting the host CCR5 gene [103] is already
undergoing Phase I clinical trial. The result from this trial is likely to have a significant impact
on the future lentiviral-based therapies in general.

5.2 Hepatitis viruses
Hepatitis B (HBV) and Hepatitis C (HCV) viruses also cause chronic infections and thus stable
expression of shRNAs to suppress these viruses would be desirable. Many investigators have
used both synthetic siRNA and shRNA to suppress these viruses (reviewed in [156–158]). Both
the viruses lack a convenient animal model although mice transfected with plasmids containing
the HBV viral genome have been used to test the efficacy of RNAi. However for long-term
expression of shRNA to target HBV, adeno and adeno-associated viral vectors rather than
lentiviral vectors have been used for in vivo delivery because of their tropism for liver cells.
In case of HCV, the effectiveness of RNAi has mostly been tested in vitro in cell lines
transfected with HCV replicons using synthetic siRNAs or plasmid expressed shRNAs. One
recent study however, has used a lentiviral vector to express multiple shRNAs. Two antiviral
shRNAs targeting the viral IRES and NS5b sequences as well an shRNA targeting the cellular
receptor, CD81 were cloned in tandem under the control of the Pol III H1 promoter. These
were shown to be effective in reducing viral replication as well as inhibiting CD81 in HCV
replicon-transfected Huh-7 cells for at least up to 17 days of culture [98].

5.3 Human Papilloma virus
Infection with certain types of HPV (most commonly HPV16, 18) can cause cervical and other
types of cancers in humans via the HPV E6 and E7-mediated inactivation of the tumor
suppressor proteins p53 and pRB. Since E6 and E7 proteins are selectively expressed in caner
cells, several investigators have used RNAi to suppress these proteins in HPV transformed cell
lines [159–162]. In one recent study, a lentiviral vector was used to express shRNA under U6
promoter to target both E6 and E7 proteins of HPV 18 [160]. Transduction of HeLa cells in
vitro with this lentivirus resulted in a dose-dependent reduction of E7 protein level associated
with upregulation of its target proteins, p53 and p21, leading to the induction of senescence or
cell death (at high high-dose transduction). The tumorigenicity of the E7-silenced HeLa cell
xenotransplants in Rag-/- mice was abolished and moreover, systemic treatment with the
lentivirus after the tumor metastasis was already established, also significantly reduced the
tumor progression in the lungs. It was also shown in another study that suppression of E6, E7
enhances the chemotherapeutic effect of cisplatin in HeLa cells [162]. Thus, specific
suppression of viral oncogenes in conjunction with chemotherapy appears to be promising for
human therapy.
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5.4 Coxsackie virus
Coxsackie B enteroviral infection that can cause viral cardiomyopathy with a high degree of
fatality in children and young adults. RNAi has therefore also been evaluated for suppressing
this virus in vitro and in vivo [163–166]. In a recent study, an shRNA targeting the viral
conserved cis-acting replication element was expressed in a lentiviral vector. Transduction
with this lentivirus effectively suppressed coxsackie B3 viral replication in cell lines.
Moreover, mice treated with this lentivirus intraperitoneally and challenged with coxsackie B3
developed a markedly reduced cardiac viral titer, cardiac inflammation and mortality compared
to control mice [164]. In another study, iv treatment with a AAV9 vector encoding a shRNA
targeting the coxsackie viral RdRp also dramatically reduced the cardiac inflammation [163].
However in both cases, the shRNA was administered before the viral challenge and thus,
whether it can be used as a treatment after the infection is diagnosed remains unclear.

5.5 Encephalitogenic Flaviviruses
Japanese encephalitis (JE) and West Nile (WN) viruses can cause a devastating neurological
illness. We have used a lentiviral vector to express shRNAs targeting conserved regions in the
viral envelope genes of JEV and WNV [167]. A single intracranial treatment with the lentiviral
vector was enough to provide near 100% protection from fatality induced by WNV or JEV in
mice. Furthermore, pseudotyping the lentivirus with RVG instead of VSV-G enabled neuronal
cell-specific delivery and significantly reduced the dose of lentivirus required for protection
[54]. Moreover, targeting a sequence that is highly conserved in both JEV and WNV, protection
could be obtained against either viral challenge, showing the broad-spectrum utility of this
approach [167].

5.6 Prion Disease
Spongiform encephalopathy or Prion disease is a chronic and fatal neurodegenerative disease
characterized by accumulation of an infectious and protease-resistant form of the cellular
protein PrpC. Lentiviruses have been used to knockdown PrPC in scrapie prion infected cells
in vitro as well as in vivo in mice [168,169]. One study used PrPC shRNA encoding lentivirus
to generate transgenic mice via transduction of embryonic stem cells. The PrPC levels were
correspondingly reduced in the brains of transgenic animals and when infected with scrapie
prion agent, their survival was more prolonged compared to control mice [168,169]. In another
interesting study, the shRNA expressing lentivirus was used as treatment several weeks after
prion infection in mice. A single hypothalamic injection of the lentivirus was enough to
significantly reduce the neurobehavioral changes and resulted in prolongation of survival by
25% [168,169].

6. Summary and Future Perspectives
The field of RNA interference is moving forward with a remarkable pace and several clinical
trials are being conducted to assess the safety and efficacy of this approach. Because of its
ability to induce stable long-term RNAi, shRNA expression via viral vectors has received
considerable attention for potential clinical use, particularly in chronic diseases. Although the
therapeutic application of viral vectors suffered a set back following the occurrence of
malignancies in clinical trials using oncoretroviral vectors, lentiviral vectors have been
generally thought to be safer and are being tried in several clinical trials [34,39]. Particularly
heartening is the apparent lack of toxicity in a Phase I trial to express anti-sense RNA [40]. In
fact, a recent ongoing Phase I trial to express a combination of shRNAs and other anti-HIV
agents also appears to be going well [170]. Apart from hazards of vector integration, stable
endogenous shRNA expression could also be potentially harmful because of activation of
innate immunity, off-target effects as well as interference with the endogenous miRNA
pathway. In addition, the shRNA could be rendered ineffective by generation of escape mutants
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in viral infections. In a short span of time, great progress has been made in addressing some
of these issues such as the improvement in shRNA design, development of multiplex shRNAs
and inducible expression systems. Despite these commendable achievements, further
improvements in safety, efficacy and reliability will be required before the lentiviral RNAi-
based therapies become clinically viable. Some of the possible improvements likely in the
future are briefly discussed below.

With an increasing understanding of the miRNA biogenesis, it has become easier to predict
the processing of lentivirally expressed shRNA precursors. To minimize off target effects, it
is important to make sure that the lentivirally expressed shRNA is processed to accurately
generate the intended siRNA sequence and also to make sure that only the guide strand but not
the passenger strand is loaded into RISC. To insure Drosha processing, the shRNAs should be
expressed within a miRNA backbone preferably under the control of a Pol II promoter. This
would also avoid interference with the miRNA and generate a more effective siRNA that works
at lower concentrations. Even with these precautions, since the miRNA biogenesis is still not
perfectly understood, it would perhaps be beneficial to actually sequence the mature siRNAs
generated in the lentivirally transduced cells. In addition to ensuring that the guide strand does
not contain any vector-derived sequences, this would also make sure that the passenger strand
is destroyed, thereby greatly reducing the chances of off target effects. With the advent of
newer technologies for easy sequencing and genome wide proteomic analysis, it would also
be an advantage to perform a combined microarray and genome-wide proteomic analysis in
transduced cells to validate potential candidates before clinical trials. This would be
particularly important when trying to express multiplex shRNAs because of increased risks of
unintended effects.

Currently the most practical approach for lentiviral shRNA therapy appears to be reinfusion
into patients of hematopoietic stem cells that have been transduced with lentiviral vectors in
vitro. However, the transduction efficiencies are still rather low (10% or less) and methods to
enhance this are urgently needed. Moreover, even selection of transduced cells before
transfusion does not guarantee uniform expression in the progeny cells generated in vivo. One
possible way to increase the transduction efficacy is to develop methods for targeted delivery
using cell surface receptors.

Recent advances in gene therapy approaches also indicate that systemic treatment with letiviral
shRNA vectors may be feasible. Some form of targeted delivery approach may be needed for
this. In this regard, pseudotyping the lentiviral vector with the modified Sindbis virus envelope
appears to be promising. Sindbis envelope with the ZZ domain appears to be particularly
interesting because the delivery can be targeted to any cell type just by using a cell type-specific
mAb. Although these methods have not so far been used to deliver shRNA, one could easily
envisage such approaches. For example, we have recently used a single chain antibody directed
to CD7 for targeted siRNA delivery to T cells as treatment for HIV infection in humanized
mice [171]. Thus, conceivably CD7 scFv coating after Sindbis ZZ envelope psudotyping would
also allow delivery of lentivirus encoding any shRNA specifically to T cells. A similar approach
might also be used to enhance transduction of primary cells such as hematopoietic stem cells.
Moreover, another level of regulation can be superimposed by using a tissue-specific promoter
in addition to cell-specific targeting.

Finally, the future studies will undoubtedly concentrate on combining several elements to
enhance safety and efficacy while reducing toxicities at the same time. An ideal designer
shRNA lentiviral therapeutic vector would therefore be aimed at 1) expression of multiplex
shRNA in a miRNA background that have been proven to be efficiently and accurately
processed by Drosha and Dicer 2) achieve regulated and reversible expression using a
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conditional and/or tissue-specific expression system 3) targeting the delivery to appropriate
cell type using psuodotyping and/or other approaches.
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Fig. 1. Schematic of non-replicating lentiviral vector for stable shRNA expression
Suitable host cells (such as 293T cells) are trasfected with a mixture of plasmids consisting of
i) an shRNA expression cassette, ii) a packaging cassette and iii) a heterologous (VSV-G) viral
envelope expression cassette. The generated lentivirus is then used to transduce the desired
cell type for shRNA expression. Because only the vector containing the shRNA expression
cassette (devoid of the viral structural genes) integrates into the host cell genome in the
transduced cells, shRNA is continually expressed but infectious virus is not produced.
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Fig. 2. Biogenesis of conventional and miRNA-based shRNA
The left panel shows the biogenesis of the Pol III promoter-driven conventional shRNAs
(originally developed without the knowledge of miRNA biogenesis). Here the transcript only
contains the hairpin RNA sequence that is directly exported to the cytoplasm. The middle panel
indicates the natural miRNA biogenesis. The primary miRNA transcript contains the mature
miRNA hairpin as well as a long flanking sequence and is processed first by Drosha into pre-
miRNA that is then exported to the cytoplasm for Dicer processing. The right panel shows
miRNA-based shRNA expression. Here the shRNA construct (controlled by either Pol III or
Pol II promoter) is designed to mimic the pri-miRNA by including the miRNA flanking
sequence into to shRNA stem. The resulting transcript is processed like miRNA by Drosha,
followed by Dicer into siRNA. Although during miRNA biogenesis, both strands are
sometimes selected, selection of the passenger strand should be avoided in the shRNA design
to reduce off-target effects.
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Fig. 3. Rational design of shRNA based on the current knowledge about Drosha and Dicer
processing
Drosha cleaves the pri-miRNA ~11bp from the ss-ds RNA junction irrespective of whether
the mature miRNA (marked in red) is derived from the 5′ (A) or the 3′ (B) arm of the hairpin.
The miRNA stem also generally contains internal mismatches ~12nt from the 5′ end of mature
miRNA that might help avoid abortive processing. Thus for the design of shRNA depicted on
the right, 20–40 nt flanking sequence and an internal bulge as depicted should be included to
ensure accurate Drosha processing. Also the shRNA terminus should be designed to favor the
selection of guide vs passenger strand by incorporating mismatches or AU at the 5′ end as
depicted.
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