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Introduction

Gene therapy is an encompassing term that refers to the introduction of genetic
information to transiently or stably alter gene expression within the targeted cells and
tissues. The objective is to complement. inhibit, or replace the function of discase-
related genes. whether they be an endogenous mutant gene oran introduced viral gene.
Concepts of gene therapy were developed almost twenty years ago and have been
transformed recently into clinical reality. In 1990, the first gene therapy study for the
treatment of adenosine deaminase (ADA}-deficient severe combined immune-
deficiency (SCID) began (Blaese er al., 1995). followed by a rapidly growing number
of clinical gene therapy trials across diseases caused by genetic disorders, viral
infections, and malignancies (Miller, 1992; Anderson, 1998). For gene therapy (o be
successful, an appropriatc amount of the therapeutic gene must be delivered into the
target tissue without excessive toxicity. The gene of interest should be able to persistin
cells and should be efficiently expressed. Thus, gene therapy would involve
exogenous delivery or expression of RNA/DNA-based inhibitors to inhibit gene
expression, or an intact gene to complement a genetic defect. In both cases, a typical
expression system would involve the use of a promoter. followed by the gene of
interest, and then a transcriptional termination signal. Early gene therapy studies
primarily involved the use of simple Pol II-based transcription cassettes for the
expression of transgenes. On the other hand, expression of RNA-based antivirals like
ribozymes, RNA decoys, siRNAs, ete., involved the use of both Pol II-based and Pol I11-
based expression systems. As the potential applications of gene therapy increased,
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so did the necessity to develop better expression systems that could be regulated in
a temporal or tissue specific manner. This review focuses mainty on advances in
promoier design and other novel expression systems used for transgene expression.

RNA Pol II-based expression systems

The choice of a promoter for transgene expression is governed by the transgene
itsell, as well as the cell type in which the transgene needs to be expressed. Gene
therapy involving transgenes that deliver corrective genes may require constitulive
expression, whereas an approach involving the delivery of suicide genes or foreign
proleins often requires an inducible system under tight control.

One ol the most commonly used promoters for transgene expression in cells is the
cytomegalovirus {CMV} major immediate-early promoter/fenhancer. The CMV
promoter/enhancer is active in many cell culture systems and is considered to be one
of the strongest promoters in vifro. The human CMYV promoter consists of at least
four types of repetitive sequence clements, referred to as the 17-, §3-,19-, and 21-bp
repeats, which are present three to five times within the promoter/enhancer region of
the CMYV promoter and which form complexes with nuclear proteins (Boshart ef ¢l.,
1985; Ghazal er af., 1987). The 18- and 19-bp repeats contain consensus binding
sites for NFkB and CREB/ATF, respectively, and were shown to mediate the
enhancement of CMV promoter activity by these transcription factors {Hunninghake
et al., 1989; Sambucettt er af., 1989; Stamminger et al., 1990). The 17-bp repeat was
suggested to bind to the transcription factor NF-1 (Niller and Hennighausen, 1991}
The 21-bp repeat binds to a negative regulator specific for undifferentiated cells. as
well as to YY1, and was suggested to repress CMV promoter-dependent transcrip-
tion (Kothart et al., 1991; Sinclair er af., 1992). Other factors that bind 1o the CMV
promoter are AP-1 (Sambucetti er al., 1989), SP [ (Lang et af., 1992), and MDBP
(Zhang et al., 1991, 1995). Transcription factors of the NFxB/Rel family play a
central rele in the regulation of a variety of celluiar and viral genes (Baeuerle and
Henkel, 1994; Verma er al., 1995; Baeuerle and Baltimore, 1996, Wulczyn ¢t al.,
1996). Four NFxB consensus binding sites are present in the CMV promoter, and
three of them are identical to the Igx consensus binding site. Efficient transcription
from the CMV promoter was dependent on these sites (Bellas er al., 1995, Prosch ef
al., 1995), although the effect of the kB binding site was strongly dependent on the
cell type used (Nitler and Hennighausen, 1991).

However, when this promoter was used in vivo for gene therapy, it was silenced in
several organs, including the liver, within a few weeks (Loser er al.. 1998). The
transcriptional silencing observed with this promoter was due to methylation of its
CpG motifs (Brooks et af., 2004). Reactivation of this promoter was often observed
by treatment with lipopolysaccharide and infection with recombinant adenoviruses
(Laser er al., 1998), which is known to activate transcription factor NFxB. As
alternatives to the CMV promoter, the albumin, methatlonin, or the EF-1o promoter
have been used for transgene expression {Najjar and Lewis, 1999), When the EF-1o
promoter is used in place of the CMV promoter, a prolonged expression of reporter
genes in stable transduced cells occurs (Teschendort ef al., 2002). Nevertheless,
most investigators stili prefer to use the CMV promoter for transgene expression.
Other promoters commonly used for constitutive transgene expression are from the
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ubiquitin C promoter {Gill et al.. 2001), Rous Sarcoma Virus {RSV-LTR) {(Voeks er
al., 2002; Nomoto et af., 2003), the Simian Virus 40 {(8V40) (Isola and Gordon,
1989), Murine Sarcoma Virus (MSV-LTR) {Sutrave ¢/ af.. | 990}, and Mouse Mam-
mary Tumour Virus (MMTV-LTR) (Lu and Steiner, 2000; Finkle er al., 2004).

INDUCIBLE TRANSGENE EXPRESSION

Expression of certain genes needs to be controlled very tightly. The genes that fall
under this clasgs are mainly suicide genes that have heen used extensively in cancer
therapy studies, or genes encoding foreign proteins that might trigger an immuno-
logical response. A great deal of effort has been dedicated to the engineering of
inducible systems. Promising results have been obtained in cell culture experiments
(Furth er al., 1994; Wyman et of., 1999; Johansen ef al., 2002). Inducible systems
also allow the generation of stable cell lines carrying the gene of interest where the
expression of those genes would be toxic to celf growth. Indeed, inducible systems
have been employed with some success to generate both stable cell tines and animal
medels (Romano ef af., 2001; Christen and von Herrath, 2002). In most cases, the
design of the promoter governs inducibility at the transcriptional Jevel. In very few
instances, however, translation or splicing also has been used to regulate gene
expression. One study involves the use of trans-splicing mRNA. This study showed
that the intron of one pre-mRNA molecule can interact with another pre-mRNA
molecule, giving rise to a chimeric mRNA molecule via trans-splicing. This
approach can be used for corrective gene therapy (Puttaraju e ai., [999). Another
study involves the use of nutrient molecules to regulate translation by affecting the
activity of eukaryotic initiation factor 2B (Proud. 2002). Some studies regulate gene
expression at the level of both transcription and splicing. One such approach for
conditional gene expression for HIV-1 gene therapy involves tight regulation of
cylosine deaminase, diphtheria toxin, and interferon alpha? using the Tat/Rev axis
of HIV-1 {Ragheh ef ai., 19993, In that study, the U3R region of the HIV-1 HIB LTR
provides the promoter and Tat-responsive element, a modified intron derived from
the human c-sre gene facilitates the splicing of inserted genes, and the HIV-1 RRE
region enhances the transport of unspliced mRNAs. However, controf at the level of
transcription still remains the most commonly used approach for inducible transgene
expression.

Three types of controlled expression can be obtained: temporal, tissue specific,
and conditional. Temporal controf involves the expression of the transgene at a
desired time and is generally achieved by adding an inducer to the growth milieu of
cells. The most common system employing temporal control is the tetracycline
system {Gossen and Bujard, 1992). Gene expression can be turned on by either
adding or removing the antibiotic and s accordingly called either the Tet ON or the Tet
OFF system (Figure 5.1a). The tetracycline system involves the Tet operator
sequences of the Escherichia coli etracycline resistance gene cioned upstream of a
mmimal promoter. The Tet repressor from £, coli (Tn10 Te resistance gene product) is
fused to the transactivation domain of the Herpes Simplex Virus {HSV) transactivator.
Binding of the repressor/VP16 1o Tet sequences upstream of the minimal promoter
would activate expression of the gene in a tetracycline-dependent manner. A single
mutation in the Tet repressor can allow the repressor to bind its sequence either in the
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Figure 5.1, Schemalic representations of inducible systems for transgene expression. (a3} The
tetracycline inducible expression system. In the case of the Tet OFF system, the transaclivator binds
o the Tet-O sequence in the absence of tetracyeline, thus selivating transcription by virte of its
VP16 transactivation domain. The addition of tetracycline causes the transactivator 1o dissociate
from the promoler, thus turning OFF transeription. In the Tet ON system, a single mutation in the
repressor—VP16 transactivator allows the repressor io bind in ithe presence ol tetracyciine and
activate transeription. (b) The macrolide inducible system. The antibiotic-dependent interaction
between the repressor (E) and the operator (ETR) is exploited to develop hoth E "ON" and E "OFF'
systems. (¢) The codysone inducible system developed by No er al. (1996). EcR is coupied 10 the
transactivation domain of VP16 and hence the binding of the heterodimer to its binding siwes
upstream of a4 minimal Drosephifa hsp70 promoter aclivates gene expression in the presence of the
cedysone muristerone.

presence or absence of tetracycline (Gossen ef af., 1995; Paulus et al., 1996). There
are, however, a few disadvantages in the Tet system as it relies only on control of
transcription at the level of initiation, The minimal CMV promoter, mainly coupled
to the Tet-O sequences by itself, can have a low level of expression, rendering the
system slightly leaky. Alternately, after integration, the mintmal CMV promoter
may get aclivated by nearby enhancers, contributing to a higher background
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Figure 5.2. Schematic representation of elongation control. The NELF-E subunit binds to the
nascent RNA emerging from the exit channel of the RNA Pol Ila. stalling the polymerase. The stall
causcs the RNA polymerase to reverse translocate, thereby misaligning the 3' end of the transeript,
Recruitment of P-TEFb on induction leads to phosphorylation of NELE-E and the CTD of Pol Ii.
Simultaneously, the trapscript cleavage factor, TFIIS., cleaves the misaligned 3" end Lo restart the
Pol [L

expression (van Craenenbroeck ef af., 2001). However, a number of studies have
tried to optimize the Tet inducible system and eliminate background by developing
a Tet repressor protein based on KRAB (Kruppel-associated Box), a zinc finger
protein which mediates strong transcriptional suppression (Rossi er af., 1998).
Moreover, at least one report demonstrates the presence of functional interferon-
inducible response elements embedded within the Tet operator sequences. Gel shift
analyses in these studies indicated the hinding of {FN stimulated gene factors to
these sequences (Rang and Will, 2000}. A similar system, based on the macrolide
group of antibiotics. has been employed for transgene control in mammalian cells
and mice (Figure 5.1b). The antibiotic-dependent interaction between the repressor
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() and the operator (ETR) is exploited to develop both E ‘ON” and E *OFF’ systems.
The E ‘OFF system consists of a chimeric erythromycin-dependent transactivator
constructed by fusing the repressor to transactivation domains that bind to upstream
ETR containing sites of synthetic promoters (Weber ef al., 2002). A number of other
inducible systems have been developed along similar lines using DNA binding
domains of transcription lactors linked to transactivation domains of transcription
lactors.

One such approach involves the use of nuclear receptors. A report by No and
colleagues takes advantage of a naturally occurring sieroid-inducibie system (No er
al., 1996). A pulse of steroid hormone, ecdysone, triggers metamorphosis in
Drosophila melanogaster. Mediating thisresponse is the functional ecdysone receptor,
a heterodimer of the ecdysone receptor, EcR, and RXR. EcR is coupled to the
transactivation domain of VP16, and hence the binding of the heterodimer to its
binding sites upstream of a minimal Drosophila hsp70 promoter activates gene
expression in the presence of the ecdysone muristerone (Figure 5./¢). The use of the
Drosophila hsp70 promoter has an added advantage in that transcription is
controlled not only at the level of initiation but also elongation (Figure 5.2).
Transcription from the hsp7( promoter pauses within the first 20 to 45 nucleotides ina
phenomenon called promoter proximal pausing. A number of functionally diverse
promoters, including the c-myc promoter and the HIV long terminal repeat (LTR), are
regulated at the level of promoter proximal pausing. The stalled Pol I is phosphory-
latedon Ser3 of the Pol IECTD (but not Ser2), and the nascent mRNA is partially capped
and is notelongation competent. Also, shortly after initiation of transcription, RNAPI1
comes under the negative controf of the DRB sensitivity inducing factor (DSIF) and the
negative elongation factor {NELF). DSIF and NELF cause transcriptional pausing
through physical association with Pol I (for a review, see Garriga and Grana, 2004).
DSIF binds to, but does not significantly affect the catalytic activity of the Pol Il
(Yamaguchi er af., 1999a). NELF binds 1o the complex of DSIF and Pol 11 to repress
transcription {Wada er al., 1998; Yamaguchi ez al., 1999b). Indeed, depleting salivary
glands of NELF using RNA interference diminished the level of promoter proximal
pausing occurring on hsp70 in these glands (Wu et @f., 2003). Chromatin
immunoprecipitation analyses to detect NELF at the hsp70 promoter were found to
crosslink to the hsp70 promoter region prior to heat shock induction. The NELI*-E
subunit has an RNA recognition motif (RRM), which is known to bind nascent
transcripts about 30 nucleotides long, causing the polymerase to pause.

Promoter proximal pausing occurs when the nascent transcript emerges from the
RINA exit channel of the Pol I and is grabbed by the NELF-E subunit. Tethering of
the NELF-E 10 the elongation complex would generate a rigid body that could
restrict the movement of the Pol Ia. This model is supported by several observations.
The paused polymerase is in the Pol {Ia state (O’Brien er af., 1994), and NELF and
DSIF only inhibit elongation by Pol Ha (Yamaguchi er al., 1999a). I vitro transcrip-
tion analysis indicates that the elongation complex is not receptive to inhibition by
NELF and DSIF until the nascent transcript is circa 30 nucleotides long (Y amaguchi
et al., 1999a). This also causes the polymerase to reverse translocate. Backward
movement misaligns the 3' end of the nascent RNA with the RNA polymerase active
site, thereby prohibiting continued RNA synthesis, even when the negative factors
are removed (Adelman er al., 200353,
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When induced, P-TEFb kinase. a heterodimer of CDK-9 and Cyclin TI, is
recruited to the promoter, which phosphorylates the NELF-E subunit (Fujinaga er
al., 2004), which in turn causes the NELF to dissociate. P-TEFb also phosphorylates
the Ser2 residues on the CTD heptapeptide repeats, thus making the polymerase
elongation competent (Renner er al., 2001). However, significant induction still
occurs in the presence of flavipyridole (Ni ef al., 2004). which is a potent inhibitor of
P-TEFb, suggesting that some activation still occurs even when P-TEFb is inactive
and other cellular processes might be involved. The transcript cleavage factor,
THFIIS, further cleaves the misaligned 3' end caused by reverse translocation of the
polymerase and restarts the arrested RNA polymerase by creating a new 3 end that is
properly aligned for catalysis (Adelman er al., 2005).

Although temporal control of gene expression is widely applied in research-based
applications, this method is limited for in vive applications since administration of
the drug will result in every cell that harbours the construct expressing the transgene.
This would be a disadvantage in studies where expression is desired in a particuiar
cell type. For such studies, depending on the tissue in which expression s desired,
tissue specific promoters are used. Indeed, in the absence of a precise, targeted gene
delivery mechanism, oniy the use of tissue specific promoters can restrict transgene
expression 10 a particular cell type. A variety of tissue specific promoters have been
employed for transgene expression. For instance, myelin basic promoter {Asipu and
Blair, 1994; Wei et al., 2003), tyrosine hydroxylase promoter (Kessier ef al., 2003),
and human dopamine f hydroxylase promoter {(Hwang et al., 2001) allow for a brain-
associated gene expression. Similarly, myosin heavy chain promoter (Sanbe er a/..
2003}, and other synthetic promoters, were designed for transgene expression in the
heart and muscles (Li er al., 1999). The osteocaicin promaoter restricts gene expres-
sior: 10 bone tissues (Hou er al.. 1999). Selective expression of transgene in prostrate
adenocarcinoma cells has been achieved with the use of the prostrate-specific
membrane antigen (PSMA) promoter/fenhancer (Zeng et al., 2005). Similarly, the
progression-elevated gene-3 (PEG-3) promoler has been used for targeted gene
expression in cancer cells (Su ez al., 2005). The promoter of PEG-3 displays robust
expression in a broad spectrum of human cancer cell lines. with marginal expression
in normal cellular counterparts. In like manner, the rat insulin promoter conferred
selective gene expression in human pancreatic cancer cells (Wang et al., 2004).
These promolers can be particularty useful for suicide gene-directed enzyme pro-
drug strategies for cancer {Yazawa ef al., 2002).

DUAL/MULTIPLE GENE EXPRESSION FROM SINGLE TRANSCRIPTION UNITS

The expression of a single fransgene is often sufficient for gene therapy of simple
Mendelian disorders. Nevertheless, a number of other discases like cancer may
require simultaneous targeting of different defective genes. For viral disorders like
HIV infection, multiple pathways of the viral life cycle need to be targeted to prevent
the emergence of escape mutants. Duat or multiple gene expression is often com-
monly observed in viruses. Due (o the restriction placed by the size of their genome,
many viruses encode more than one protein from a single transcript. These viruses
employ a number of strategies to express multiple genes. There are three main
approaches 1o multiple gene expression. Of potential significance 1o gene therapy
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are the internal ribosome entry sites {IRES) to express two genes from the same
transcript. IRES are cis-acting RNA sequences able to mediate internal entry of the
408 ribosome subunit on some eukaryotic and viral messenger RNAs upstream of a
translation initiation codon, thus serving as a ribosome launching pad for efficient
internal initiation of translation (Figure 5.3a) (for review see Komar and Hatzoglou,
2005). IRES clements were earlier believed to be restricted to the picornaviruses
aroup but now appear to be far more extended than previously described, and are
known to exist in flaviviruses, plant viruses, retroviruses, DNA viruses, and even
mammalian genomes. Currently, the most commonly used IRES for transgene
expression is the encephalomyocarditis virus (EMCV). One of the drawbacks with
using the EMCV IRES is that the expression of the downstream gene is significantly
less efficient than the upstream gene (Mizuguchi er al., 2000). However, IRESs have
been used widely for transgene expression in cell cultures and in mice (Sokolic er al.,
1996; Wagsiaff er al., 1998; Garton et al., 2002; Wong et al., 2002; Wang er al.,
2005). At least one study has involved the stable expression of three genes from a
fricistronic retroviral vector. In that study, a 9 nt segment of a cellular mRNA IRES
was used along with a picornavirus IRES, since the two elements have minimal
sequence homology and would eliminate recombination (Li and Zhang, 2004),
Another study employed an IRES for tissue specific gene expression where the IRES
in the 5" transcript leader of the mRNA of Scamper, a putative intracellular calcium
channel activated by sphingosylphosphocholine, is used to drive tissue-specific
transgene expression in the kidney epithelial cells (de Pietri Tonelli er af., 2003).

A completely different approach for dual gene expression involves polyproteins
that self-process co-transiationaily into separate components. Such proteins have
been generated using self-cieaving 2A-like peptides of the foot-and-mouth disease
virus (FMDV) and other picornaviruses (Furler et af., 2001). However, application of
this technology has been limited, as it requires molecular engineering of both
transgenes and introduces sequence changes that may affect the activity, stability,
and immunogenicity of their protein products. A study by Amendofa and colleagues
has instead exploited synthetic bidirectional promoters designed by fusing minimal
core promoters in opposite orfentation to full promoters of ubiquitously expressed
genes, namely phosphoglycerate kinase promoter, or the human ubiquitin C
promoter {Amendola et al., 2005} (Figure 5.3b).

The rationale was that the enhancer elements of the full promoter would be
sufficient to initiate transcription from the minimal promoter, which also was
oriented in the opposite direction. Using this approach, the authors have demon-
strated that, unlike IRES elements where the downstream gene is not efficiently
expressed, efficient dual gene expression was observed. However, the disadvaniage
of this technique vis-a-vis the [RES is that one is required to clone an additional
polyadenylation signal sequence, thereby increasing the size of the construct. This
would be a disadvantage in vector systems that are constrained by size, as in the case
of adeno-associated virus vectors.

RNA Poi 1Il promoter cassettes drive expression of siRNA-like molecules to
accomplish post-transcriptional gene silencing: post-transcriptional genc silencing
by RNA interference was first observed in the nematode, Caenorhabditis elegans
(Fire ef al., 1998), and subsequently shown to be conserved in higher eukaryotes
(Hannon, 2002; Montgomery, 2004). The phenomenon called RNA interference
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Figure 5.3. (a) Schematic representation of IRES-based internal translation initiation. Note (hat this
scheme is a simplified presentation of the pathway and cmits additional initiation faclors
participating in the process. The internal tibosome entry sie serves as a launching pad for internal
initiation of translation. allowing cxpression of two or more genes from a single transeript. (b)
Bidirectional promoter system develeped by Amendola et al. (2005). A minimal core promoler
(mCMV) is fused in the opposite orientation 1o fuli promoters of ubiguitously expressed genes.
namely phosphoglycerate kinase promoter or the human ubiquitin C premoter. Since enhancer
clements can function in either orientation, elements of the full promoter can aclivale transcription
from the core promoter in the opposite dircetion.

(RNAI) has been investigated by both biochemical and genetic approaches. The
effector molecules of RNAI are short 21-23-mer double-stranded RNAs thai arc
processed from longer precursors by Dicer (DCR), 2 multidomain enzyme of the
RNase HI family (Zamore er al., 2000; Bernstein et al. 20013 (Figure 5.4). Two
classes of short RNA molecules, small interfering RNAs (siRNA) and microRNAs
(miRNA). have been identified as sequence-specific post-transcriptional regulators
of gene expression (for a review, see Sontheimer and Carthew. 2003). siRNAs are
small double-stranded RNA that are processed from a longer double-stranded RNA
precursor to 2-mers. while microRNAs are 22 nucleotide regulatory RNAs derived
from longer RNA transcripts. Though the specific functions of most miRNAs are
unkaown, as a class they are involved in regulation of a number of cellular processes
via post-transcriptional gene silencing (PTGS). Both siRNAs and miRNAs use
common molecular pathways to achieve sequence-specific gene inhibition. In the
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Figore 5.4. Mechanism of RNAL Long double-stranded RNA, pre-miRNA, or shRNA act as
substrates of the RNAse L enzyme, DICER, which processes them to functicnal 21-mer siRNA or
miRNA molecules. These molecules are incorporated in the RISC complex o mediate cither
mRNA cleavage {(SiIRNA) or wanslatienal inhibition (miRNA).

case of sIRNAs, sequence-specific cleavage of cognate RNA is observed, while
miRNAs mediate translational repression. Both siRNAs and miRNAs are generated
by DCR siRNAs, and miRNAs are incorporated into related RNA-induced silencing
complexes (RISCs), termed siRISC and miRISC, respectively. [r vitro and in vive
biochemical studies have shown that under the appropriate conditions ol
complementarity to a target mRNA, a siRISC can function as a miRISC 1o repress
transiation of the target mRNA, and vice versa {(Doench ef /., 2003).
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RNA interference has been used extensively as a tool for pathway vaiidation in
functional genomics (Silva ez al., 2004). and is also being exploited for therapeutic
applications. RNA mediated gene silencing in mammalian cells has been achieved
by either transfecting synthetic siRNAs (Caplen er al., 2001(: Elbashir er al., 2001) or
plasmids (Brummelkamp er al., 2002; Lee er al., 2002; Miyagishi and Taira, 2002b:
Paul er al., 2002) that encode Pol 11l promoter expressed individual sense and
antisense strands or short hairpin RNAs (shRNAs) that act as substrates for Dicer (Xia
etal., 2002; An et al., 2003).

Since a typical suppression by transfecting short double-stranded RNA molecules
can last only for 5-7 days, most approaches for functional genomics or therapy rely
upon expressing siRNAs within the cells as individual sense and antisense strands or
as short hairpins. The most commonly used system for expressing si/shRNAs are
type IIF Pol HH promoters. Pol HI promoters encode structural or catalytic RNAs
including the 58 ribosomal RNA, 7SL RNA, U6 small nuclear RNA. and the RNA
subunitof RNAse P(H1 RNA) (Baer et a/., 1990). They each have a precise transcrip-
tion start, compact organization with minimal cis-acting clements. and accurate
termination at a simple cluster of four or more T residues.

A number of early studies have been reported on using either a U6 or an HI
promoter that translated into a robust expression and an efficient knockdown of
gene expression (Brummelkamp er ai., 2002 Paddison ef al., 2002: Paul er al.,
2002). A range of Pol IIl expression systems have been reported. The simplest
systems, where both the strands are individually expressed from two tandem tran-
scription units, were reporled by two groups (Lee ef al., 2002, Miyagishi and Taira,
2002b). In one study (Lee er al., 2002), siRNAs directed against different target sites
m HIV-1 genome were expressed either individually as sense and antisense strands
on two plasmids or as both cassettes on one plasmid (Figure 5.5¢a). Efficient inhibi-
tion of HIV-1 gene expression was observed in transient transfection assays using
these expression casseties.

Subsequent proof of concept experiments for RNAI have involved expression of
short hairpin molecules with a stem-loop structure to forego the need to express the
two strands individually from different cassettes (Paddison et al., 2002). It was
presumed that the stem ength of 2] nucleotides or more would serve as efficient
substrates for DCR and would be processed 10 functional siRNA molecules (Figure
3.5b). Indeed. efficient expression and processing to siRNA-sized molecules and a
concomitant inhibition of target gene expression was observed with these studies
(Brummelkamp et af., 2002; Paddison ef al., 2002; Sui e al., 2002: Yu er al.. 2002).

Pol ItI promoter was again the promoler of choice for most functional genomics
studies involving reverse genetics. A number of groups have constructed first
generation RNAi libraries of ShRNA expression vectors (Berns ef al.. 2004; Paddison
et al., 2004). One swudy involves creating gene specific siRNA libraries and
expressing them from an opposing promoter vector system involving two
convergent U6 and HI promoters modified to accommeodate the lermination
signals of the opposing promoter (Seyhan et al., 2003) (Figure 5.5¢).

While the constitutive expression from Pol 11l promoters sufficed for most proof-
of-concept experiments to study gene knockdown, the need was felt for inducible
sIRNA expression systems for potential applications of RNAi in gene therapy, and
also in functional genomics, where knockdown of a particular gene was desired and
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Figure 5.5. Expression systems for post-transcriptional gene silencing. (a) siRNAs can be expressed
cither individually as sense and antisense strands on twe plasmids. or fTem a single plasmid from
Pol 11 promoters. The sense and antisense strands then hybridize lo gencrate 2l-mer double-
stranded siRNA molecules. (b) Another approach for siRNA expression expleits the ability of
DICER to process hairpin stems expressed from Pol I promoters to functional 21-mer sIRNA
molecutes. sShRNA have also been expressed from Pel 11 promoters with a minimal polyadenylation
signal for wanscriplion termination. (¢} Pol [ expression system reported by Seyhan e of. (2003)
using an opposing promoter vector system involving two convergent U6 and HI1 promolers
maodified to accommodate (the termination signals of the opposing promoter. (d) Tetracycline
inducible sShRNA expression involves cloning the Tet operator sequence close to the TATA box of
Pol 11 promoters. The binding of Tet repressor to Tet-O in the absence of tetracyciine interferes
with transcription from the promoter. Addition of tetracycline/doxycycline causes Lhe repressor to
dissociate, thereby allowing transcription,



Promaoting gene therapy 83

couid be lethal, especiaily genes essentia? for cell survival, cell cycle regulation, and
cell development. Also, recent reports indicate that even partial complementarity
can result in some RNAI effect, [eading o non-specific knockdown of gene expres-
sion. Some reports have even mentioned an upregulation of a non-specific interferon
response in cells expressing siRNA. Moreover, it is believed that siRNAs compete
with cellular microRNAs for export using the exportin-5 pathway. Thus, it becomes
imperative {o tightly regulate siRNA expression only in desired cell types or under
specific conditions.

Inducible siRNA expression systems

Since Pol HI promoters were the promoters of choice for shRNA expression but are
inherently constitutive. attention has focused on making these promoters inducible.
The first generation inducible systems involved creating a transcriptional block 10
Pol III transcription using prokaryotic operalor-repressor interactions. One
approach was to create a tetracycline inducible siRNA system by cloning Tet-R
specific operator modules adjacent to the TATA boxes of the HI or U6 promoters
(Figure 5.5d). Tet-R binding to Tet-O interfered with H1 driven siRNA transcription
in a tetracycline dependable manner (Miyagishi and Taira, 2002a: Matsukura ef al.,
2003; van de Wetering et al., 2003). Another approach by Gupta and colleagues, to
develop an ecdysone inducible U6 promoter driven shRNA, systen, replaced the
natural U6 enhancer elements with Gal4 binding sites (Gupta er al., 2004}. A Gald-
Oct2Q fusion protein was then expressed from an ecdysone inducible system. In the
presence of the inducer muristerone A, the Gal4-Qct2Q fusion protein was expressed,
which bound to Gal4 binding sites upstreamn of the U6 promoter, thereby activating
the shRNA expression. The RNAi mediated effect was reversible in that, upon
removal of the inducer, there was partial recovery of the targeted p53 mRNA levels
at 48 hours, and full recovery at 96 hours.

Although Pol 11 systems are the promoters of choice for transgene expression,
since they are often naturaliy regulated at the levels of both transcriptional initiation
and elongation, comparatively little attention has been paid in developing them for
shRNA expression. Also, minimal Pol H promoters commonly employed for transgene
expression, like the CMV promoter or the Drosophila hsp70 promoter, can respond
to cis-acting sequences placed upstream of the TATA elements, and hence would be
attractive alternatives to Pol Iil-based systems if conditional shRNA expression is
desired.

The first proof of concept experiments with a Pol 11 promoter system for shRNA
expression was developed by Xia and colleagues (Xia er al., 2002). Functional
siRNAs require minimal 1o no 5'and 3' extensions (Nykanen er al., 2001). Therefore,
amodel siRNA was placed within 6-bp of the transeription start of a madified human
cytomegalovirus immediate early promoter (mPhCMV) and terminated by a
synthetic minimal polyadenylation site.

This expression configuration enabled sustained constitutive transgene silenciang
in vitro and in vive (Xia er al,, 2002). In our lab. we have developed a conditional
sIRNA expression system targeting HIV-1 Rev where we have used the minimal
Drosophila hsp70 promoter for siRNA expression (Unwalla et al., 2004) (Figure
5.6). The minimal promoter is devoid of its regulatory sequences both upstream and
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HIV LTR TATA hsp70 TATA
(TATAAAG) {TATAAAT)

In presence of HIV-1 Tat
NELF

HIV LTR TATA hsp70 TATA
(TATAAAG) (TATAAAT)

I.» shRNA-mpolyA

Figure 5.6. HIV-! Tat inducible siRNA expression system as reported by Unwalla er af. (2004).
Both cemponents of the fusion prometer system, namely the HIV-1 LTR and the Dresophila
hsp?0 promoter. are regulated by elongation contrel. In the absence of Tat, NELF and DSIF are
recruited in close proximily of the minimal Drosephila hsp70 to suppress basal transcription.
When cells harbouring this construct are supplied with TAT ia rrany cither from a plasmid or by an
HEV-1 infection, P-TEFb kinase, & heterodimer of CDK-9 and Cyclin T1, is recruiled to the TAR
clement, which phosphorylates the NELF-E subunit of NELF, causing its dissocialion, with a
cencomitant phosphorylation of the CTD of RNA Pol 1 1o release the elongation block and
activating shRNA expression.

downstream of the promoter where promoter proximal pausing occurs. This abol-
ishes the pause and makes the expression constitutive. To reconstitute this pause,
the HIV-1 LTR, up to and including the transactivation response element (TAR), was
placed upstream of the hsp70 promoter. The fusion promoter exploits the significant
similarities of both the promoter elements, namely that both the promoters are
regulated by promoter proximal pausing and that basal transcription in both these
promoters is arrested by NELF and DSIF (Ping and Rana, 2001; Fujinaga ef al,
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2004). In both these promoters, the positive transcription elongation factor-b (P-
TEFb). a heterodimer of CDK-9 and Cyclin T1. is recruited to the prometer to release
the elongation black. Basal transcription from the HIV-1 LTR forms the TAR loop,
which in the absence of HIV-1 Tat, recruits NELF and DSIF.

These negative factors repress transcription from both the LTR as well as the
hsp70 promoter, thereby reconstituting the pause. When cells are infected with HIV-
1, TAT is expressed, which in turn recruits P-TEFb kinase, a heterodimer of CDK-9
and Cyclin T1. This complex phosphorylates the NELF and the spt3 subunit of
DSIF, causing the dissociation of NELF, with a concomitant phosphorylatien of the
C-terminal domain of RNA Pot 11, thereby relcasing the elongation block. Using this
approach, an 85-90% inhibition of HIV-1 gene expression was observed in CEM
cells and primary cells infected with HIV-1. Moreover, transient transfection assays
demonstrated that the ShRNA was expressed only in the presence of HIV-1, thus
establishing a negative feedback loop.

Summary

In this review, we have discussed expression systems employed for both transgene
expression and post-transcriptional gene silencing. Although constitutive expres-
sion systems can function well for gene therapy protocols for simple Mendelian
disorders, other protocols may require carefully designed systems that either ensure
targeting to cells of interest or alternatively, transcription that is tightly regulated
and conditionally activated. Indeed, it is of utmost importance to regulate expres-
sion of potentially immunogenic proteins, such as those encoded by suicide genes,
to limit their immunogenic potential.

Meanwhile, RNAiI may be employed for therapeutic silencing of aberrant cellular
or viral genes. but the potential for off-target effects due o activation of doubie-
stranded RNA response pathways or undesired targeting of partial complementary
sequences may necessitate carefully controlled and regulated expression of short
hairpin RNAs. As we exhaust the current repertoire of simple promoter systems for
transgene expression or for RNAI, we need to develop newer systems that combine
the high activity of viral promoters with cell type specificity or conditionally active
cis-elements. Novel combinations of promoter elements should be onc approach for
creating such regulated promoters.
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