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Transcriptional targeting using a mammalian cellular promoter to restrict transgene expression to target cells
is often desirable for gene therapy. This strategy is, however, hindered by relatively weak activity of some
cellular promoters, which may lead to low levels of gene expression, thus declining therapeutic efficacy. Here
we outline the advances accomplished in the area of transcriptional targeting to brain cells, with a particular
focus on engineering gene cassettes to augment cell type-specific expression. Among the effective
approaches that improve gene expression while retaining promoter specificity are promoter engineering
to change authentic sequences of a cellular promoter and the combined use of a native cellular promoter and
other cis-acting elements. Success in achieving high level and sustained transgene expression only in the cell
types of interest would be of importance in allowing gene therapy to have its impact on patient treatment.
© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Disorders in the central nervous system (CNS) such as Parkinson's
disease, Alzheimer's disease, Huntington's disease, amyotrophic
lateral sclerosis, epilepsy, and head and spinal cord trauma come
with devastating effects on the individual and high social costs
associated with chronic care and lost productivity. Many of the
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disorders are related to the absence, malfunction or ineffectiveness of
one gene or more [1] and do not respond well to conventional
therapeutic means. Gene transfer into the CNS has, therefore, been
considered as a potential approach to treatment of these disorders [2–
6]. This approach may alter expression levels of neurotrophic factors,
anti-apoptotic proteins, antioxidant molecules and other therapeutic
factors to restore, halt or prevent the degeneration of cells in the CNS,
especially neurons. Gene therapy also offers much hope for the
treatment of CNS malignancies.

To realize the goal of using gene transfer as a therapeutic approach
for the treatment of CNS neurological disorders, several obstacles to
successful gene transfer to target cells in the CNS must be overcome.
These obstacles are related to unique attributes of the CNS.
Anatomically, the CNS is sophisticatedly composed of many functional
regions, each of which has its unique physiological role and is usually
highly vulnerable to injury. Even limited damage to a small area of the
CNS can harm a critical function, as evidenced in Parkinson's disease
that results from the loss of dopamine neurons in a discrete
anatomical region, the substantia nigra pars compacta. At cellular
level, diverse types of cells constitute the brain parenchyma, in which
neurons, astrocytes, oligodendroglia, microglia, and epithelial cells
consist of complex, three-dimensional networks. Neurons, with their
core function of processing and transmitting signals, can further be
classified into a number of subtypes based on the type of neuro-
transmitter they are using. Other types of brain cells also play critical
physiological functions, although they are not the core components in
the nervous system. This cell type complexity underscores the
importance of restricting expression of a therapeutic gene to a
particular type of cells in CNS gene therapy, thus ensuring therapeutic
effects in the desired cells while avoiding any unintended effects on
non-target cells, either within or outside the CNS [7]. This is especially
important when viral vectors, the most widely used delivery systems
for CNS gene therapy, are employed for gene transfer. Natural infection
spectrums of most viruses are not confined to just one type of cells.
Leakage of locally injected viral vectors may lead to damage to nearby
healthy cells and/or systemic toxicity, which might have severe
consequences in sensitive organs like the brain and liver.

Given that the efficient targeted transduction of genes still
represents a major barrier, the strategy to restrict transcription of
transgenes to a specific cell population through the use of a
mammalian cellular promoter is particularly attractive [8–10].
Transcriptional targeting is the term generally employed to address
such a targeting strategy. In addition to offering cell-type specific gene
expression, mammalian cellular promoters are less likely to activate
host cell defense machinery because of their cellular authentic
sequences, thus are usually less sensitive to cytokine-induced
promoter inactivation than promoters derived from the genomes of
viruses. The use of a cell type-specific promoter may avoid transgene
expression in antigen-presenting cells, therefore abrogating
unwanted immune responses against a desired transgene [11]. As
such, the improved stability of gene expression can be expected.
However, mammalian cellular promoters are in general relatively
weak activators of transcriptionwhen compared to those derived from
viruses, for example the commonly used cytomegalovirus immediate-
early enhancer/promoter (CMV promoter). This inherent weakness in
driving transgene expression could compromise the efficacy of certain
targeted gene therapy applications that require high-level expression
of therapeutic genes confined to a population of brain cells. To
compensate for weak transgene expression, high doses of vectors will
have to be used to produce the desired amounts of therapeutic
molecules intracellularly. The approach is unfortunately problematic
in the case of administration of viral vectors, due to the well-
documented deleterious effects of a high dose of viral vectors,
including virus-associated toxicity and strong host immune response
to viral vectors. By using a potent expression cassette accommodating
a cell type-specific promoter, it can be envisaged that titers of viral
vectors used for in vivo transfer can be reduced and transgene
expression will be limited to target cells, thus leading to attenuated
viral toxicity and immune challenge. As such, therapeutic goals can be
achieved with substantially fewer viral particles. With this aim in
mind, several strategies have been developed to improve gene
expression from a weak cellular promoter, yet retain its specificity.
This review focuses specifically on the methods that have been
successfully employed for enhanced transgene expression from a
neural cell-specific promoter.

2. Neural cell-specific promoters for transcriptional targeting

Coordinated control of gene expression is central in almost all
biological processes. In eukaryotes, it is governed by regulation of
diverse elements into an integrated and harmonious process [12–14].
Gene expression is regulated in large part at the transcription level,
with transcription factors (TFs) binding their specific DNA regulatory
elements and activating or repressing transcription. Among those
elements, the expression of a transgene requires cis-acting elements
in both the 5’ and 3’ untranslated region (UTRs) of the expression
cassette. 5’-UTR cis-regulatory elements include the core promoter,
enhancer, silencers, insulators, matrix attachment regions, and locus
control regions [15]. The core promoter is the simplest element to
locate in the genome due to its upstream positioning of the
transcription start site (TSS). The availability of the human genome
sequence allows computer scientists to identify TSS, analyze promoter
sequence data, and search for novel cis-regulatory elements. Experi-
mental biologist can then clone proximal promoters to assess their
activity and specificity. Often, because of the restriction of the size of
an insert capacity in a given vectors, the core or minimal regions of a
promoter is the best solution to drive activity of the transgene. This
core promoter contains all the elements necessary and sufficient to
generate basal levels of transcription in vitro. The activity of RNA
polymerase II and the basal transcription machinery that is recruited
to the core promoter elements found in every human gene are the
main effectors in the control of eukaryotic gene expression. The RNA
polymerase II together with its basal transcription factors are grouped
around several core promoter elements spanning the region −35 to
+35 surrounding TSS.

One of the major challenges in targeted gene transfer is the
specificity of transgene expression only in the cell types of interest. As
complex mechanisms regulate gene expression in vivo and most viral
promoters do not have specific targeting capacities, a variety of tissue
or cell specific promoters have been characterized. These promoters
provide tissue or cell type-specific expression that is tightly regulated.
Specific cellular promoters characteristic of different neural cell types,
i.e. neurons, glial cells and oligodendrocytes, have been studied
extensively [16,17]. Mammalian promoters are generally quite large
owing to multiple, often complex regulatory identified elements
governing the final activity and cell-type specificity of a promoter. To
use a cellular promoter in gene transfer vectors, it is essential to
identify a minimal promoter region that is important for cell-type
specificity, and yet efficient in driving gene expression. To this end,
several groups have been able to identify various cell type-specific
promoters and test them for transcriptional targeting of transgenes.
This section of the review elaborates on several of cell type-specific
promoters used for transcriptional targeting in the nervous system
(Table 1) and the current state of understanding with respect to the
regulatory elements governing the specificity of these promoters
(Fig. 1).

2.1. Neuron-specific promoters

Many neuron specific promoters have been used for transcriptional
targeting [16–19], including those that control the expression of genes
encoding neuron specific enolase (NSE), synapsin-1 (SYN), platelet-



Table 1
Strategies for engineering transcriptional targeting cassettes and examples of using the cassettes for gene transfer into the central nervous system.a

Promoter Engineering native cellular promoters Recombinant
transcriptional
activators

Cre activation Viral regulatory elements

Multimerization Chimeric promoter Point mutation CMV enhancer AAV ITRs WPRE

PDGF [82] Baculovirus [108] Plasmid [111] Baculovirus [26] AAV
[109] AAV [129] Baculovirus [113] Lentivirus
[110] Baculovirus [146] AAV
[111] Baculovirus
[113] Lentivirus
[129] Baculovirus

Synapsin-1 [81] Lentivirus [113] Lentivirus [19] Adenovirus
[82] Lentivirus [113] Lentivirus
[88] Lentivirus [128] Adenovirus

[146] AAV
NSE [113] Lentivirus [144] AAV

[146] AAV
SCG10 [91] Adenovirus
CaMKII [113] Lentivirus
DBH [64] Adenovirus [65] Adenovirus
Tubulin alpha I [113] Lentivirus
NFH [67] HSV-1

[70] HSV-1
[71] HSV-1

GFAP [64] Plasmid [81] Lentivirus [92] Adenovirus [112] Baculovirus [112] Baculovirus
[88] Lentivirus

a References and delivery vectors are listed. Abbreviations: CMV, Cytomegalovirus immediate early enhancer; AAV, Adeno-associated virus; ITR, Inverted terminal repeats; WPRE,
Woodchuck hepatitis virus post-transcriptional regulatory element; PDGF, Platelet-derived growth factor; NSE, Neuron specific enolase; SCG10 Superior cervical Ganglion 10;
CaMKII, Ca2+ /Calmodulin-Dependent Protein Kinase II; DBH Dopamine β-hydroxylase; NFH, Neurofilament heavy chain; GFAP, Glial fibrilliary acidic protein.
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derivedgrowth factor (PDGF), tyrosinehydroxylase (TH), anddopamine
β-hydroxylase (DBH).

NSE is a glycolytic enzyme that is expressed in terminally
differentiated neurons. A 1.8 kb promoter region at the 5’ end of the
gene has been shown to direct expression to all neurons [20].
Extensive characterization of the promoter region by Twyman et al.
Fig. 1. Illustration of putative transcription factor binding sites, core promoter region containi
restrictive element (NSRE) is an important restrictive element which restricts the express
Abbreviations: Zif, Zinc induced facilitator; CRE, cAMP response element; YY1, Ying Yang 1;
(GFAP) gene promoter, an astrocyte specific promoter has a GATA binding site in the C reg
putative binding sites for CAAT/enhancer binding protein (C/EBP), acute myeloid leukemia
identified a 255 bp of 5' flanking sequence being sufficient to confer
cell type-specificity on the reporter gene [21].

Most neuron specific promoters are either too large, and/or induce
relatively weak gene expression [19]. Nonetheless, exclusive neuronal
gene expression is conferred by a 495 bp SYN promoter in vitro and
in vivo and, because of its relatively small size, is suitable for
ng of the TATA box and other elements in neural cell-specific promoters. Neuron specific
ion in non-neuronal cell types and is generally present in neuron-specific promoters.
PRS, PHOX2 response sites; SP1, Specificity protein1. The glial fibrilliary acidic protein
ion of the promoter that controls the specific expression in astrocytes. It also contains
1a (AML1a) and nuclear factor-κB (NF-κB).
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incorporation into small vector systems. SYN is a phosphoprotein that
regulates synaptic vesicle formation [22], and has a high level of early
transcription in primary hippocampal neurons [18] through a
sequence containing a neuron restrictive silencer element (NRSE)
region. Cells, like glia, fibroblasts, endothelial cells, contain a neuron
restrictive silencer factor that binds to the NRSE present in many
neuron-specific genes and blocks inappropriate gene expression in
non-neuronal cells. Kugler et al. have demonstrated a higher activity
for the SYN promoter when compared to the NSE promoter and its
efficacy in driving a strong panneuronal expression in various rat brain
regions [18].

PDGFs are growth-regulatory molecules that stimulate chemo-
taxis, proliferation, and increased metabolism of primarily connective
tissue cells. PDGF β-chain is heavily expressed in neurons throughout
the brain and the spinal cord, but not in glial cells [23]. Positive
immunostaining of the polypeptide was observed in cytoplasmic,
perinuclear regions and principal or secondary dendrites. The PDGF
promoter has been used to direct the expression of transgenes to
differentiated neurons in the cortex, cerebellum, brainstem, spinal
cord and olfactory bulb in transgenic animals [23], including mouse
models for Alzheimer's disease over-expressing a mutated beta-
amyloid precursor protein [24] and apolipoprotein E [25]. The
promoter has also been used to facilitate neuron-specific transgene
expression in virus gene delivery systems [26,27]. The identified
functional positive-regulatory transcription factor binding sites in the
PDGF promoter include those for Sp1, Sp3, Egr-1, and NF-κB [28–31].

In the CNS, TH is expressed in catecholamine (CA) neurons, which
include themidbrain dopamine (DA) neurons and noradrenaline (NA)
neurons of the locus coeruleus (LC). In the periphery, TH is expressed
in sympathetic ganglia and adrenal chromaffin cells [32]. In view of
this wide distribution, distinct transcriptional control mechanisms are
involved in regulating expression of the TH gene in different cell
populations. A 2.5 kb fragment of the TH promoter, used in an adeno-
associated virus, selectively drives the expression of transgene in NA
neurons in vivo [33]. In another study, characterization of the TH
promoter by Kim et al has shown that a NRSE represses the expression
of the neuron specific genes in non-neuronal cell types [34]. They
identify the presence of a silencing element(s) between −2164 and
−1210 bp upstream in the 5’ end of the TH promoter. Deletionmutant
analysis of TH gene promoter/enhancer elements in TH-expressing
cell lines and transgenic mice has indicated that basal TH expression is
mediated by two highly conserved TH promoter sequences: a cyclic
adenosine monophosphate (cAMP) response element (CRE) at
−45 bp and an activator protein 1 (AP-1) site at −205 bp [35,36].
Transgenic studies using various reporter genes under the control of
different regions of the TH promoter have demonstrated that, for both
the rat and human TH genes, the 5.0 kb sequence immediately 5′ of
the TH gene transcription initiation point can lead to a degree of
tissue-specific expression in the embryo and adults in vivo [37,38].
However, the 5.0 kb rat TH promoter sequence did not lead to
appropriate expression levels in peripheral and autonomic tissues,
and, the 5.0 kb human TH promoter sequence led to marked ectopic
expression in tissues which did not normally synthesize catechol-
amines. A sequence of 760 bp, immediately 3′ of the last exon 14 of the
TH gene, has been shown to have transactivating properties, when
used alone to drive reporter gene expression in vitro and in vivo
[39,40].

DBH catalyzes the final step in noradrenaline synthesis and is
expressed exclusively in noradrenergic and adrenergic cells. In order
to identify elements within the DBH gene which contribute to the
regulation of tissue-specific expression, the promoter was studied
[41]. The activity of the promoter was localized to a region between
−133 and −173 upstream of TSS. This element, however, also
directed expression in non-DBH-expressing cell lines, but was
inhibited when sequences between −212 and −388 were included.
This inhibitory region contains sequences homologous to a silencer
element recently identified in the human DBH gene, and shares
homology with other previously identified silencer elements [41].
Ishiguro et al identified a 5'-flanking upstream domain, residing
between−437 and−262 bp of the human DBH gene, has a cell type-
specific silencer function that shares homology with NRSE [42].

2.2. Glial cell-specific promoters

Two commonly used glial cell specific promoters are the glial
fibrilliary acidic protein (GFAP) promoter and the myelin basic protein
(MBP) promoter. GFAP is an intermediate filament expressed in
astrocytes. The specific cellular location of the GFAP protein in the CNS
has encouraged the extensive use of a GFAP promoter to target
transgene expression to cells of glial origin [43]. There have been
several studies characterizing the regulatory elements governing the
expression of GFAP in astrocytes [44–46]. A 2.2 kb region of the 5’ UTR
of human gene driving the LacZ expression has shown an astrocytes
specific expression pattern [44,45]. A mouse GFAP promoter has also
been shown to direct reporter genes in the astrocytoma derived cell
lines. Lee et al characterized the promoter region of GFAP further and
have found that a 448 bp GFAP promoter directs expression only in
specific brain regions. It, however, drives expression in neurons as
well. They elucidated a 45 bp sequence spanning bp−1443 to−1399
required for silencing expression in neurons. The same group has
further characterized a novel 681 bp GFAP promoter, which has
essentially the same expression pattern as the 2210 bp GFAP promoter
and about two fold greater activity [46].

Mature oligodendrocytes play important roles in myelin synthesis
during the development of the CNS. The oligodendrocyte lineage also
encompasses the largest pool of postnatal proliferating progenitors
whose behavior in vivo remains broadly elusive in health and disease.
The promoters that drive gene expression specifically either in
immature oligodendrocytes or in mature oligodendrocytes have
been characterized [47]. Among them is the MBP promoter, which
drives the synthesis of MBP exclusively in the oligodendrocytes.
Wrabetz et al have extensively characterized the 5’ end of the MBP
gene and demonstrated that a 149 bp sequence 5’ of the transcription
start site of the gene is sufficient to drive the expression specifically in
oligodendrocytes [47]. Interestingly, they also conclude that a region
more distal at the 5’ end is a negative regulator of the gene expression
and may be a region restricting the expression of MBP in other cell
types. Chen et al have shown that a 1.9 kb MBP promoter placed into
an adenoviral vector could drive GFP expression exclusively in the
white matter in a mouse model, with no expression in the astrocytes.
The expressionwas shown to last for a period of 3 months [48,49]. The
MBP promoter in the context of a lentiviral vector also directed
transgene expression in oligodendrocytes [50].

2.3. Neural cell-specific promoters and CNS gene therapy

Transcriptional targeting using a neural cell-specific promoter has
been tested for CNS gene therapy in pre-clinical animal models. Two
commonly studied neurological diseases are Alzheimer's disease,
which affects over 5% of population over 65 years old, and Parkinson's
disease with a prevalence of 1% in the same age group. As the
pathologic hallmark of Parkinson's disease is the loss of CA neurons in
the substantia nigra (SN)-locus ceruleus (LC) tract and the TH
promoter is mainly active in the CA system in the brain (cf 2.1), this
promoter has been used in several studies to restrict the regional
expression of a transgene in CA neurons. A previous study demon-
strated that a 9 kb rat TH promoter could express lacZ for up to ten
weeks in the SN and LC [51]. In a recent study, an 8 kb rat TH promoter
has been used in the context of a non-viral plasmid vector to drive the
expression of a human glial-derived neurotrophic factor (GDNF) cDNA
[52]. The plasmid was delivered using Trojan horse liposomes
modified with a monoclonal antibody to the rat transferring receptor
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and rats with experimental PD were treated with intravenous
injection of the complexes. Expression of the transgene was confined
to CA cells and could be observed for up to 10 days. Alzheimer's
disease is characterized by atrophy and death in the cholinergic
neurons. A recent mouse study aimed to optimize transgene
expression in sub-regions of the hippocampus, a brain region
implicated in learning, memory, and also Alzheimer's disease and
dementia. The authors found that a hybrid promoter consisting of the
human translation elongation factor (EF1α) fused to the 5’ UTR
derived from the human T-cell leukemia virus (HTLV) was effective in
restricting transgene expression to the CA2/3 region and dentate
gyrus in the hippocampus, whereas the SYN promoter was particu-
larly effective in the dentate gyrus [53].

Epilepsy is another neurological disease that may benefit from the
use of targeted gene therapy. Epilepsy affects around 1% of the
population and medical therapy for epilepsy is largely symptomatic,
aiming primarily at controlling seizures. However, 30% of individuals
do not respond to the anti-convulsant therapy. The only alternative is
to surgically resect the epileptogenic tissue, a procedure that may
cause functional impairment of the patient [54]. Therapeutic targets to
suppress seizures in epilepsy include neuropeptides such as galanin,
cholecystokinin and neuropeptide Y. Adeno-associated virus (AAV)
vector with different promoters and post-transcriptional regulatory
elements has been tested in the experimental models of epilepsy [55].
When expressed from AAV vectors, neuropeptide Y has inhibitory
action on excitatory glutamate mediated neurotransmission and
displays anti-convulsant properties in a large variety of acute models
of seizures in vitro and in vivo [56,57]. NSE promoter has successfully
been employed to drive the expression of both neuropeptide Y [58]
and galanin [59]. A 3 kb promoter of the neuroactive peptide
cholecystokinin (CCK), which is active in interneurons within cortical
and subcortical regions, was also tested in epilepsy treatment [60].
CCK has been implicated in a variety of psychiatric disorders such as
panic attacks and stress-related anxiety disorders. The peptide is also
involved in satiety. Thus, the promoter can also be used to specifically
drive expression of therapeutic genes with anxiolytic and anxiogenic
effects.

The NSE promoter is also employed to drive expression of
aspartylglucosaminidase (AGA) to correct the deficiency of the
lysosomal enzyme in aspartylglucosaminuria (AGU), a lysosomal
storage disease with severe neurodegenerative clinical features. In a
mouse experimental model, the NSE-driven AGA achieved a 90%
correction of storage up to 2 months after injection of the adenovirus
vector [61]. The GFAP promoter is used to drive expression of
transgenes mainly in glioma gene therapy. But it can also be used to
drive expression of transgenes in astrocytes to assist survival of
peripheral root ganglia cells or treat pain.

3. Augmenting the activity of neural cell-specific promoters

The level of transgene expression is critical for both gene therapies
and biological studies to understand gene function. In many instances,
sustained expression of a transgene is required to achieve therapeutic
or biological effects. Therefore, enhancement of transgene expression
may require increased level or duration of expression, or both. In
general, transcriptional regulatory elements of a vector, including
promoter, enhancer, intron, and poly(A) sequence, should be
optimized first. To enhance transgene expression from aweak cellular
promoter in cell or tissue type-specific manner, several specific
strategies have been developed. These strategies involve either
promoter engineering that changes authentic sequences of a cellular
promoter or new design of an expression cassette that uses a native
cellular promoter together with other cis-acting elements (Fig. 2).
The strategies that have been used for targeted transgene expression
in neural cells include (1) engineering native cellular promoters,
including multimerizing positive regulatory promoters and/or en-
hancer elements and modifying native promoters through point
mutation, (2) using recombinant transcriptional activators to achieve
transcriptional amplification, (3) using Cre site-specific recombinase
to activate transgene expression, and (4) constructing expression
cassettes by combining viral regulatory elements and a native cellular
promoter (Table 1).

3.1. Promoter engineering

3.1.1. Multimerization of cis-acting elements
A reasonable approach to augment promoter strength is using

multiple copies of enhancer elements positioned upstream of a
minimal promoter. This strategy has been used to improve transgene
expression from the GFAP and DBH promoters. The human GFAP
promoter contains three enhancer regions, A, B, and D. The A and B
regions are located respectively from 1604 to 1757 and 1489 to
1612 bp upstream of the TSS, whereas the D region is immediately
upstream of the basal promoter at −132 to−57 bp. The B region has
the strongest individual activity [62]. Three copies of either the B
region or the conjoined ABD region flanking the archetypical 2.2 kb
human GFAP promoter drove expression of the LacZ transgene 75-fold
higher than the parental GFAP promoter [63]. These results were
obtained when transiently transfecting the corresponding plasmids in
GFAP-expressing glioma cell line U251.When expressed in the context
of a replication deficient adenoviral vector, the increase in activity was
10 times. However, there was no any increase in activity, when the
adenovirus was used to transduce adult mice brain [63].

The strength of a human DBH promoter was also improved by
using multimerization of cis-regulatory elements. Among all the TFs
regulating DBH gene expression in NA neurons, the homeodomain
(HD)-transcription factors PHOX2A/Arix and PHOX2B/NBPhox are
central. There exist three PHOX2-binding sites (PRS1-3) in the
promoter. When 8 or 12 copies of the PRS2 cis-regulatory element
were multimerized and placed upstream of a minimal promoter
containing a TATA box and a TSS, the generated artificial promoterwas
able to drive the reporter gene expression with an activity 50 times
higher than that of the 1.15 kb human DBH promoter [64]. However, in
the context of an adenoviral vector, the promoter failed to improve the
activity in vivowhen compared to the 1.15 kb human DBH promoter. In
spite of the lack of improvement in increasing transgene expression
in vivo, the synthetic promoters seemed to have cell-type specificity as
expression in non-NA neurons was lower. Nevertheless, it has been
noted that these synthetic promoters could perturb the normal
physiology of NA cells by sequestering PHOX2 proteins that may
needed to maintain NA neuronal phenotypes [65].

Edelman and co-workers devised a high-throughput selection
procedure to allow synthesis of cis motifs that enhance the activity of
a minimal promoter [66]. They took advantage of their synthetic
promoter construction method (SPCM) to isolate more than a
hundred DNA sequences that showed increased promoter activity in
the neuroblastoma cell line Neuro2A [66]. Their random approach
enabled them to unravel a predominance of eight motifs (AP2, CEBP,
GRE, Ebox, ETS, CREB, AP1, and SP1/MAZ) after running the DNA
sequences of selected synthetic promoters against database of known
elements. The most active sequence among the selected synthetic
promoters contained composites of a number of these motifs.
Furthermore, they found that up to 10% of 133 selected active
sequences had no match in currently available databases. This new
combinatorial SPCM therefore may reveal new motifs and transcrip-
tional regulatory proteins to which they bind.

3.1.2. Chimeric promoters with sequences from two different neural
cell-specific promoters

Geller and co-workers have developed a strategy for promoter
enhancement by generating chimeric promoters using promoter/
enhancer elements from two different neural cell-specific promoters.



Fig. 2. Strategies for enhancing transgene expression from a weak cell type-specific promoter. (A). Two-step transcriptional amplification. In this example, the yeast GAL4 DNA
binding domain (GAL4 BD) and the p65 subunit of the NF-κB transcription factor (p65) are fused to generate a recombinant transcriptional activator. A cell- or tissue specific
promoter is used to drive the expression of the activator, which recognizes a unique GAL4 binding sequence. Five copies of the sequence (5xGAL4 BS) are incorporated upstream of
either a minimal promoter or a cell-specific promoter. After binding to 5xGAL4 BS, the recombinant transcriptional activators work synergistically to enhance the activity of the
nearby promoter. (B). Cre-mediated activation. The Cre recombinase expression is under control of a cell-type specific promoter. In those cells where the promoter is active, the Cre
will recognize the specific loxP sequences that flank a STOP signal. After recombination, the translation inhibition sequence is removed, thus authorizing the expression of a
transgene. (C). Viral regulatory element-mediated enhancement. Different elements can be incorporated in one expression cassette. These include inverted terminal repeats (ITR),
the cytomegalovirus enhancer (CMVe), and the woodchuck virus post-transcriptional regulatory element (WPRE). Transcription factor binding sites (TFBSs), the transcription start
site (TSS) and untranslated regions (UTR) are indicated.
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In their initial study, a 6.3 kb fragment from the TH promoter was
fused to the 5’ end of a neurofilament heavy chain gene (NFH)
promoter [67]. The generated TH-NFH chimeric promoter in a helper
virus-free herpes simplex virus vector supported transgene expres-
sion for up to 6 months, much longer than 2 month expression
supported by a preproenkephalin (ENK) promoter [68] and 2 to
2.5 month by a 6.8 or 9 kb fragment of the TH promoter [51,69]. They
then identified two 100 bp fragments from the 6.3 kb TH promoter,
each containing an enhancer and being able to support long-term
expression from the NFH promoter [70]. Another chimeric promoter
developed by the same lab contains a 5’ upstream fragment of the ENK
promoter fused to the NFH promoter [71]. This chimeric promoter
appeared to support a higher level of long-term expression than the
TH-NFH promoter, with more transduced neurons being observed at
1 month after gene transfer. It remains to be determined if the
sequences from the TH and ENK promoters can improve long-term
expression from other neuronal promoters.

3.1.3. Enhancement through point mutation
Modification of promoter architecture may improve the binding

affinity of transcription factors or disrupt the binding of repressors,
thus affecting promoter strength. Deletion mutants are often used to
investigate the contribution of deleted elements to promoter strength.
This could be problematic, as deletion may cause juxtaposition of
different DNA elements, which might have a new regulatory effect.
Point mutation through transitions or transversions provides more
detailed insight into sequence requirement for promoter strength.

Hwang et al. managed to increase transgene expression from
human DBH promoter by modification of transcription factor binding
sites (TFBS) through point mutation [65]. They modified the native
nucleotide sequence motifs of PRS2 and PRS3 in the human DBH
promoter and observed significantly increased affinity of PHOX2A
towards both sites. This resulted in greatly improved promoter
strength (N20-fold) without loss of specificity, as non-NA cells did
not express the EGFP transgene under control of the modified
promoter in vitro as well as in vivo. Since transcriptional activity of a
cell specific promoter is delicately coordinated by interactions among
cell-specific and general transcriptional factors, an engineered
promoter using a native promoter as the backbone would be a more
physiologically relevant system than synthetic promoters that use
repeated units of just one transcriptional binding site. However, to
achieve successful activation by using this point mutation method,
TFBS, as well as the structural basis of the binding of active TFs, need to
be well characterized. Accumulation of data from experiments and
computational results should allow the employ of this strategy more
frequently in the future.

3.2. Two-step transcriptional activation

Two-step transcriptional activation approach, originally referred as
recombinant transcriptional activation [10,72], is a relatively general-
izable method [73–76]. This method utilizes artificial chimeric
transcriptional activators to enhance transgene expression from a
weak cell type specific promoter (Fig. 2). The basic principle of the
method is to use a cell-specific promoter to drive the expression of a
fusion protein containing a strong transcriptional activation domain
and a DNA binding domain, which bind to a specific site in a modified
promoter that drives transgene expression. The binding of the fusion
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protein is expected to promote the assembly of RNA polymerase II
complexes at the TATA box of the modified promoter and augment
transgene expression. The most commonly used chimeric transcrip-
tional activator is the herpes simplex virus transcriptional activator
VP16 fused to the DNA binding domain of yeast transcriptional
activator GAL4 [73–80]. This design takes advantage of the unique
DNA binding sequence of GAL4 that exists in yeast but not in
mammalian genomes. Thus, when included in a mammalian cellular
promoter this sequence enables specific binding of artificial chimeric
transcriptional activators. This results in augmented expression of the
transgene while minimizing the chances of interference with the
expression of other genes in mammalian cells.

To amplify the activity of a neural cell specific promoter, the
transcriptional activation domain of the nuclear factor kappa B (NFκB)
p65 has been used in the two-step transcriptional activation approach
[81,82]. NFκB denotes a group of dimeric transcription factors, with
the p50/p65 dimer as the most common complex regulating the
expression of mammalian genes. In the central nervous system (CNS)
neurons NFκB activity is constitutive and relatively high [83,84]. This
transcription factor plays a crucial role in the survival of neurons in a
variety of physiological and pathological settings [84–86]. For
example, NFκB is activated in neurons in response to excitotoxic,
metabolic, and oxidative stress. Activation of NFκB in neurons
increases the levels of anti-apoptotic proteins and provides strong
neuroprotection, whereas inhibition of NFκB activity leads to cell
death after neurotoxic insults [84–87]. NFκB also plays a crucial role in
both neuronal ontogeny and establishment of synaptic plasticity by
regulating genes encoding neurotrophic factors, neurotransmitter
receptors and calcium-regulating proteins [85].

In view of the potency of the transcription factor NFκB in
regulating neuronal gene expression, we used neuron-specific
promoters to drive expression of a chimeric transactivator consisted
of a part of the transcriptional activation domain of NFκB p65 protein
fused to the DNA-binding domain of GAL4 protein fromyeast [82]. The
second copy of the neuronal promoter is modified by introducing the
unique GAL4 binding sequences at its 5' end and used to drive the
expression of a transgene. Binding of the chimeric transcriptional
activator upstream of the second promoter was expected to potentiate
its transcriptional activity. The PDGF and SYN promoters were tested
in vitro and in vivo using plasmid, lentiviral and baculoviral vectors.
We observed up to a 100-fold improvement in reporter gene
expression in cultured neurons and 20-fold improvement in the rat
brain in vivo. The cell-type specificity of the two tested promoters was
well preserved and restricted to neurons. The expression driven by the
new lentiviral vectors with the p65-potentiated SYN promoter
showed no signs of decline or cell damage 4 weeks after injection.

A modification of the above method was to use one synthetic
bidirectional cell-specific promoter to drive the expression of both the
artificial transcriptional activator and a transgene, with the promoter
and the two transgenes being placed in the same vector [81]. This
method overcomes the problem related to the use of two copies of a
cell-specific promoter in the original design, which leads to generation
of large expression cassettes that could be difficult to use in a viral
vector with limited cloning capacity. When two cellular promoters, a
495 bp SYN promoter and a 681 bp GFAP promoter, were tested in the
context of lentiviral and AAV vectors, enhanced transgene expression
without loss of cell specificity was observed [81].

With an aim of incorporating an inducible mechanism, the
powerful transcriptional amplification system has been modified to
include the Tet-Off system that uses a tetracycline-controlled
transactivator protein (tTA) and a tetracycline-responsive promoter
element (TRE) to regulate expression of a target gene [88]. Two
cellular promoters tested in that study were a 495 bp SYN promoter
and a 681 bp GFAP promoter. Lentiviral vectors were constructed that
contained two copies of one or the other of these 2 promoters. One
copy was used to drive expression of a chimeric transactivator con-
sisting of a part of the transcriptional activation domain of the NF-κB
p65 protein fused to the DNA-binding domain of the yeast GAL4
protein. The second copy of the cell-specific promoter was modified
by introduction of the GAL4 binding sequences at its 5' end. This copy
was used to drive expression of tTA. A gene encoding a red fluorescent
proteinwas cloned into another lentiviral vector under transcriptional
control of TRE. Co-transduction with the two types of viral vectors
provided doxycycline-regulated transgene expression in a neuron- or
astrocyte-specific manner. Compared to control viruses without
transcriptional amplification, these enhanced systems were approxi-
mately 8-fold more potent in cultured neurons and astroglial cells and
at least 8- to 12-fold more potent in the rat brain in vivo. These results
demonstrate the effectiveness of the transcriptional amplification
strategy in developing viral gene delivery systems that combine the
advantages of specific cell type targeting and Tet-inducible expression.

To make the two-step transcriptional activation approach more
robust, several variables can be optimized, for example including (1)
the number of GAL4-binding sites; (2) the space between the GAL4-
binding sites and the downstream promoter; (3) the number of
activator domains; (4) the orientation of the transgene and the
transactivator-expressing cassettes and (5) the distance and insulator
sequence between the two gene expression cassettes. Also, modifica-
tions of some regulatory sequence elements such as introns,
translation initiation sites, the polyadenylation signal and posttran-
scriptional regulatory elements can be tested to further potentiate the
system. Obviously, this approach is powerful and may be applied for
generation of other viral vector gene delivery systems with high level
of specificity for different types of neural cells.

3.3. Cre-mediated enhancement of gene expression

Yet another approach to amplify gene expression is the use of the
Cre site-specific recombinase [89]. This method uses a relatively weak
tissue-specific promoter to drive the expression of Cre, a bacterio-
phage P1-derived DNA recombinase that catalyzes recombination
between two appropriately oriented 34-bp recognition sequences
termed loxP sites. Once expressed, this DNA recombinasewill function
to induce the excision of a translational inhibition sequence that has
been flanked with loxP sites and placed between a strong viral
promoter and the transgene of interest. The removal of the inhibition
sequence will then activate transgene expression from the viral
promoter (Fig. 2). This process does not require any additional co-
factor or accessory proteins. Commonly, Cre and the loxP component
are placed into two separate vectors in order to maintain cell
specificity. By co-transfection of the two vectors into target cells, the
tissue-specific promoter could achieve high levels of gene expression
(up to 300-fold) as a result of Cre-induced transcriptional activation
[89].

The Cre/loxP system has been used to create a multicoloured
mapping of the brain (Brainbow) in transgenic mice [90]. For that, the
promoter for the Thy1 gene, a neuron-specific gene that expresses in
projection neurons in many parts of the nervous system, was used to
drive expression of Cre. Despite no reported applications of the
system, the creation of a wiring diagram of the brain should be very
useful to identify defective wiring in neurodegenerative disorders
models. Namikawa and his colleagues employed the Cre/loxP-
mediated gene amplification to achieve a highly specific neuronal
expression in rat brains [91]. A modified promoter of the superior
cervical ganglion10 (SCG10), with a very high neuronal specificity due
to addition of two NSREs, was introduced into a Cre recombinase
expressing adenovirus. This adenovirus in combination with another
adenovirus vector expressing a Cre inducible enhanced green
fluorescent proteins (EGFP), i.e. an EGFP gene flanked by loxP sites,
was capable of mediating transgene expression at high levels both in
neuronal cells of mixed cultures and in an animal model. Astrocyte-
specific EGFP expression was achieved by using a Cre recombinase
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expressing adenovirus containing the GFAP promoter. Maeda et al
used a Cre/loxP-based adenovirus system in targeted gene therapy for
astrocytoma [92]. In their system, the GFAP promoter was used to
drive Cre expression in one viral vector and the CAG promoter to drive
the expression of the herpes simplex virus thymidine kinase (HSV-TK)
suicide gene in another vector. Co-injection of the two vectors induced
HSV-TK expression, which in turn activated the prodrug ganciclovir to
kill cancer cells. A notable finding from the study was low
inflammatory response, probably due to the high level of specificity
of the delivery system that restricted HSV-TK expression, thereby
reducing side effects to the normal tissues around the tumor [92].

Several studies have reported that Cre-expression retroviruses or
lentiviruses inhibit cell proliferation and induce chromosomal
aberrations [93–95]. In the brain, constitutive expression of Cre
causes the damage of brain structure and the presence of abnormal
cavities in the lentiviral vector-injected striatum [94]. Transient
expression of Cre from adenoviral vectors could also be deleterious
to cell survival and growth [96]. This Cre cytotoxicity increased when
Cre was tagged with a nuclear localization signal, indicating that Cre
effects depend on the amount of Cre localized in the nucleus.
Moreover, Cre toxicity was correlated with the strength of promoters
used to drive Cre expression, with significant cytotoxicity in cells
transduced with adenoviral vectors carrying the CAG promoter [96].
Thus, Cre cytotoxicity is dose dependent, suggesting the possibility
that low levels of Cre expression mediate recombination without
causing any adverse effects. Consistent with this notion, Kaspar et al.
have reported that AAV vectors expressing Cre mediate extensive
recombination in neural cells of defined brain regions without toxicity
[97].

3.4. Viral regulatory elements to improve gene expression from a cellular
promoter

Natural cis-acting elements from the genomes of viruses can
interact with mammalian cell trans-acting factors. Once placed into a
mammalian cell expression cassette, these viral elements can regulate
transgene expression in mammalian cells. For example, viral enhancers
are used to boost transcription and virus cis-acting sequences can act
at the posttranscriptional level such as polyadenylation and RNA export
to enhance transgene expression (Fig. 2).

3.4.1. Human cytomegalovirus immediate-early gene enhancer
Given that the immediate-early gene enhancer from the human

cytomegalovirus (CMV) has the highest activity among other viral
enhancers from herpes virus, Rous sarcoma virus and hepatitis B virus
[98], several studies had added a CMV enhancer 5' to a cellular
promoter to increase its transcriptional activity [99–106]. One of the
most successful examples of this approach is the CMV enhancer/
chicken beta actin (CAG) promoter that direct improved gene
expression in several tissues [17,99,103,107]. In a study using plasmid
vectors, enhancers and promoters from muscle-specific genes were
substituted for or combined with the CMV enhancer/promoter and
one of these chimeric vectors offered an expression level twice that of
the parental plasmid [101]. An AAV-2 vector that uses the CMV
enhancer/ promoter in combination with a 1.2 kb human skeletal
actin promoter increased transgene expression in the muscle
significantly, providing a therapeutic range of expression of coagula-
tion factor IX with a 2- to 4-fold lower vector dose [102]. The CMV
enhancer also stimulated the elongation factor 1α (EF1α) promoter
and the ubiquitin promoter for increased levels of transgene
expression [100]. For a human telomerase reverse transcriptase
(hTERT) promoter, coupling the promoter with the CMV enhancer
has much higher activity than wild-type hTERT promoter with
retained hTERT specificity [105]. A recent study has reported that
lentiviral vectors with the human CMV enhancer improves transgene
expression levels in a cell type-specific manner from several cell type-
specific promoters, including human atrial natriuretic factor and
human ventricular myosin light chain promoters in cardiomyocytes
and human surfactant protein C-specific promoter in type II alveolar
epithelial cells [106]. The feasibility of this hybrid promoter approach
in improving a neuronal specific promoter in the nervous systemwas
first assessed in our lab.

We constructed a hybrid promoter by appending a 380 bp
fragment of CMV enhancer upstream of the 1.5 kb PDGF promoter
[108]. The plasmid containing the promoter was complexed with
polyethylenimine for in vitro and in vivo gene transfer. In cultured
cells, the plasmid with the hybrid promoter significantly augmented
expression of a luciferase reporter gene, providing expression levels 8
to 90-fold and 7 to 178-fold higher than those from two baseline
constructs containing the PDGF promoter alone and the CMV
enhancer alone, respectively. In particular, the activities of the hybrid
promoter in two neural cell lines were close to or higher than that of
the CMV immediate-early gene enhancer/promoter, a transcriptional
control element that has been considered to be the most robust one
identified thus far. After stereotaxic injection into the hippocampus
and striatum in rats, the hybrid promoter displayed a neuronal
specificity, driving gene expression almost exclusively in neurons.
Transgene expression in the brain driven by the hybrid promoter was
detectable 24 h after injection, being 10-fold higher than that driven
by the PDGF promoter alone. The expression peaked around 5 days at
1.5×105 RLU per brain and lasted for at least 4 weeks. This differed
strikingly from the expression driven by the PDGF promoter, which
was no longer detectable on day 3.

The hybrid CMV enhancer/PDGF promoter was then tested in an
AAV vector [109]. In cultured cortical neurons, the AAV vector
augmented transgene expression up to 20-fold over that mediated
by titer-matched AAV vectors with the PDGF promoter alone and 4-
fold over the CMV enhancer/promoter. Injection of the AAV vector
with the hybrid promoter into the rat striatum resulted in neuron-
specific transgene expression, the level of which was about 10-fold
higher than that provided by the two control AAV expression cassettes
at 4 weeks post-injection and maintained for at least 12 weeks. Gene
expression in the substantia nigra through possible retrograde
transport of the AAV vectors injected into the striatum was not
obvious. After direct injection of AAV vectors into the substantia nigra,
transgene expression driven by the hybrid promoter was observed
specifically in dopaminergic neurons and its level was about 3 and 17
times higher than that provided by the PDGF promoter alone and the
CMV enhancer/promoter, respectively. These results suggest possible
application of the vector for gene therapy of Parkinson's disease.
Moreover, when the hybrid promoter was tested in the context of
baculoviral vector, several hundred-fold improvements in vitro and
around 10-fold improvement in vivo were achieved over the control
PDGF promoter without the CMV enhancer [110,111].

We also used this hybrid promoter approach to improve the
activity of the GFAP promoter [112]. We constructed an expression
cassette containing a hybrid CMV enhancer/GFAP promoter and
placed it into baculovirus vectors, a type of viral vectors capable of
transducing astrocytes. The recombinant baculoviruses with the
hybrid promoter improved gene expression levels over two orders
of magnitude in glial cell lines and by 10-fold in the rat brain when
compared to the baculoviruses with the GFAP promoter alone. The
astrocyte specificity of the GFAP promoter was preserved in the engi-
neered expression cassette, as demonstrated by immunohistological
analysis of brain samples and an axonal retrograde transport assay.

In a recent study [113], the CMV enhancer was fused to 5 neuron-
specific promoters, including the SYN, calcium/calmodulin-dependent
protein kinase II, tubulin alpha I, NSE and PDGF promoters, with the
purpose of comparing and isolating the most efficient CMV enhancer/
neuron-specific promoter combination in the context of VSV-G
pseudotyped lentivirus for gene delivery into the rat brain. Among
all the tested constructs, the hybrid CMV enhancer/SYN promoter was
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the most effective construct in terms of in vivo specificity and activity,
which provided a retained neuronal specificity, a gene expression level
as high as that provided by the CMVpromoter and sustained transgene
expression for up to 8 weeks.

The possible mechanism underlying the increased transcriptional
activity of these hybrid CMV enhancer/neural promoters has yet to be
identified. It is well recognized that enhancer and promoter recogni-
tion by RNA polymerase, transcription factors, and auxiliary proteins
involves both primary and secondary sequence characteristics of the
regulatory DNA. The number, diversity, orientation, and placement of
transcription factor-binding sites within promoters are critical param-
eters that define gene expression. In the case of the CMV-PDGF
hybrid promoter, the PDGF promoter contains the transcription factor
binding sites for Sp1, Sp3, Egr-1, NF-κB [28–31] and the CMV enhancer
contains at least six NFκB regulatory elements and one Ap1 site that
are recognized by NF-κB and Fos-Jun, respectively. These sites might
act synergistically, resulting in a favorable interaction between the
transcription factors and auxiliary promoters attracted by the PDGF
promoter and CMV enhancer.

Maintenance of cell-type specificity after insertion of the CMV
enhancer appears to depend on the promoter used. In addition, not all
promoters benefited from the CMV enhancer, as some promoters
actually displayed declined activity when flanked by the CMV
enhancer. When trying to use this approach to improve the strength
of the NSE promoter, we were unable to detect improved transcrip-
tional activity (unpublished observation), probably because the NSE
promoter is already highly active in neurons. We also noticed the
specificity of the NSE promoter was somehow affected by the CMV
enhancer. The decreased neuronal specificity in the NSE promoter
after fusing with the CMV enhancer was confirmed by a recent report
[113]. The authors further demonstrated that the neuronal specificity
of the calcium/calmodulin-dependent protein kinase II, tubulin alpha
I promoters, but not the SYN and PDGF promoters, decreased
significantly after promoter/CMV enhancer fusion [113]. In a study
using simian immunodeficiency virus (SIV)-derived lentiviral vectors,
the cell-type specificity of GFP expression from a heart-specific human
α-MHC promoter was severely compromised in combination with the
CMV enhancer fragment [106]. In the brain, CMV promoter activity is
remarkably different in different groups of cells, especially when it is
incorporated in adenoviral and LV vectors [114,115]. While it is highly
active in glial cells, only some neuronal phenotypes exhibit high level
of expression when targeted with CMV-based constructs. Thus, it is
likely that the incorporation of the control elements of CMV enhancer
into another promoter may bias gene expression in favor of certain
cellular phenotypes and distort the expression profile of the original
promoter.

3.4.2. Inverted terminal repeats of adeno-associated virus
Among the viral vectors that are able to provide long-term stable

transgene expression are recombinant adeno-associated virus (AAV),
which are constructed by replacing the AAV rep and cap genes with a
transgene cassette and flanking the cassette with two AAV cis-acting
inverted terminal repeats (ITRs) of 145 nucleotides. Such recombi-
nant AAVs do not integrate into chromosome site-specifically, as
their wild-type counterparts do, and exist predominantly as
episomal concatemers [116,117]. ITRs are considered as a crucial
AAV element, serving as primers for host cell-mediated DNA
synthesis to convert the single-stranded virion DNA into double-
strand DNA templates for transcription and replication [117]. A
number of reports also suggested their roles in mediating substrate
DNA integration into the host DNA and in defining integration
boundaries of viral genome [118–120]. The presence of ITRs appears
to be the only requirement for the formation of the episomally stable
concatamers of recombinant AAV genome [121,122]. Long-term
transgene expression mediated by AAV vectors was found to be
associated with the molecular conversion of single-stranded viral
genomes to high-molecular-weight circular concatamers and the
prolonged episomal persistence of the concatamers [121]. Inspired
by the performance and structure of the AAV vectors, several groups
have developed viral or plasmid vectors with expression cassettes of
interest flanked by AAV ITRs and reported the improved efficiency of
transgene expression in mammalian cells [123–126], Xenopus embryos
[127] and fishes [128].

We tested whether using the AAV ITRs together with the hybrid
CMV enhancer/neural promoters may lead to further improvement in
transgene expression over the hybrid promoters alone [129]. We
initially developed a baculovirus vector in which ITRs were used to
flank a luciferase reporter gene cassette harboring the PDGF promoter.
When tested in the rat brain, the baculoviral vector was able to
provide transgene expression for at least 90 days [129]. Incorporating
the AAV ITRs into our baculovirus vectors harboring the hybrid CMV
enhancer/GFAP promoter also leads to further improvement in
transgene expression [112]. Using this recombinant baculoviral vector,
we observed extended in vivo transgene expression in the rat brain at
90 days postinjection, the longest time point examined, bywhich time
the gene expression from baculovirus vectors with the GFAP or CMV
promoter had already become undetectable. Immunohistological
analysis demonstrated that ITR flanking and the incorporation of the
CMV enhancer did not affect the cellular preference of the neural
promoters in the context of baculovirus (Fig. 3).

Our findings are consistent with the previous observations
obtained by using HSV-1 amplicon vectors and plasmid vectors
containing the AAV ITRs [123–128,130–133]. The AAV ITRs used in our
studies, however, appeared to be unable to change the dynamics of
transgene expression. With or without the sequences, cultured cells
and brain tissues transduced by the baculovirus vectors harboring the
hybrid CMV enhancer/neural promoters displayed similar patterns of
time-dependent decrease in gene expression. Several mechanisms
might be responsible for the loss of expression. Baculovirus genomic
DNAs remain episomal in transduced cells. They cannot replicate in
mammalian cells and would be diluted by cell division over time, thus
resulting in a decrease in gene expression. This is more likely for in
vitro transduction, as cultured cells dividemuch faster than cells in the
brain. Alternatively, baculovirus genomic DNAmight activate host cell
defense machinery, which would ultimately eliminate the viral vector
together with the accommodated gene expression cassette. Although
the PDGF and GFAP promoters are cellular transcription regulatory
elements with an authentic DNA sequence and should be less
sensitive to promoter silencing, the CMV enhancer part of our hybrid
promoters would still be subjected to the regulation of transcriptional
silencing mechanisms such as DNA methylation. It has been reported
that transcriptional silencing can be caused by extensive methylation
of the CMV promoter and enhancer following adenoviral gene
transduction [134]. Nevertheless, the collaborative action of the AAV
ITRs and the CMV enhancer significantly augmented initial expression
levels, which might have made it possible to detect the prolonged
expression of transgene up to 90 days postinjection. These findings
establish an effective way to engineer baculovirus vectors in order to
achieve relatively sustained expression of a functional gene for gene
therapy for neurodegenerative disorders and physiological studies of
neurons and astrocytes.

It is worthy of note that the effectiveness of using ITRs could be
influenced by the choice of promoters, gene delivery vectors and/or
targeted tissues. It has been reported that in the context of AAV
carrying an astrocyte-specific promoter, most transduced brain cells
appeared neuronal [27,107] probably because AAV ITRs, which can
function directly as a promoter [135] had overridden the cellular
promoter [16].

3.4.3. Woodchuck hepatitis virus post-transcriptional regulatory element
The woodchuck hepatitis virus post-transcriptional regulatory

element (WPRE) is a cis-acting RNA element with powerful effects on



Fig. 3. Cell specificity of engineered expression cassettes. Immunohistological analysis was performed in the sections collected from rat brains injected with recombinant
baculoviruses carrying an engineered expression cassette. In one vector, the inverted terminal repeats (ITRs) of AAV were used to flank a luciferase reporter gene cassette under the
control of a hybrid CMV enhancer/PDGF promoter and in another vector the neuron-specific PDGF promoter was replaced by the GFAP promoter. Baculoviral vectors (1×108 pfu)
were injected into the striatum of adult male Wistar rats. Two days after injection, brain samples were collected and frozen coronal sections of each brain, within 0.5 mm from the
needle track, were cut at 30 µm thickness for free-floating double immunostaining. Anti-luciferase antibodies were used to visualize transducted cells, anti-neuronal nuclei protein
(NeuN) and anti-glial fibrillary acidic protein (GFAP) antibodies to show neurons and astroglial cells, respectively. Note that luciferase-positive cells are co-stained either by
antibodies against NeuN when baculoviral vectors with the PDGF promoter were used or by antibodies against GFAP in the case of using baculoviral vectors with the GFAP promoter,
indicating that ITR flanking and incorporation of the CMV enhancer have no obvious effects on the cellular specificity of the two neural promoters.
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nuclear and cytoplasmic accumulation of RNA [136]. In integrating
RNA vectors, this post-transcriptional regulatory element improves
transcript termination, likely from enhanced polyadenylation, thus
augmenting viral titers and transgene expression [137].WPRE can also
increase transgene expression from DNA virus vectors based on AAV
[26,138], adenovirus [19,139–141], and baculovirus [142,143]. WPRE is
most effective when being inserted in 3’ UTR of a transgene and
upstream of the polyadenylation signal.

As the first example demonstrating the effect of WPRE on in vivo
transgene expression from a viral vector in the brain, Bueler and his
colleagues showed that an AAV vector containing the PDGF
promoter and WPRE in the 3’ UTR of the transgene outperformed
vectors lacking WPRE and achieved significantly higher transduc-
tion in the rat brain, with the number of transduced dopaminergic
neurons increasing twofold and stable transgene expression lasing
for at least 41 week [26]. Their study further demonstrated that
WPRE strongly increase transgene expression in individual neurons
and GFP became detectable in axons emerging from the transduced
neuronal bodies (while vectors lacking WPRE did not). Using an AAV
vector containing a 1.8 kb NSE promoter to transduce the rat brain,
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During's lab demonstrated a 26-fold increase in transgene expres-
sion level in the striatum by insertion of WPRE into the expression
cassette [144]. The transgene expression was maintained for at least
15 months at a level similar to that observed at 1 month
postinfection. In the same study, the preproenkephaline promoter
driven luciferase also benefited from WPRE addition as expression
in the striatum and hippocampus was amplified 13- and 35-fold
respectively in the presence of WPRE. Klein et al. also used an AAV
vector to deliver the EGFP gene to the rat brain [145]. The expression
cassette contains a CAG promoter. The purpose of the study was
dual: to evaluate the dose response (in terms of delivered virus
particles) and potency of the promoter compared to the NSE
promoter. The CAG promoter could increase the number of GFP
expressing neurons when compared to the NSE promoter, with the
expression of GFP for at least 18 months when the former vector
was used. Incorporation of WPRE into the CAG driven cassette
improved expression levels by 11-fold in the hippocampus. Kugler
and colleagues tested WPRE together with the SYN, NSE and PDGF
promoters in AAV vectors [146]. Comparison of the expression
kinetics of the SYN promoter plus WPRE and the CAG promoter plus
WPRE in their study revealed that the SYN-WPRE cassette expressed
at least equal, or even higher, amounts of the transgene in primary
hippocampal neurons. The above findings from AAV vectors suggest
that the beneficial effect of WPRE on gene expression is probably
promoter-independent in a DNA virus vector.

The WPRE capacity to enhance transgene expression was also
tested in the context adenoviral vectors. Glover et al. developed an
adenoviral expression cassette comprising a 495 bp human SYN
promoter and WPRE [19]. Both in vitro and in vivo experiments
showed the 3’ addition of WPRE greatly enhanced transgene
expression with no loss of neuronal specificity. This adenoviral vector
also outperformed the vector containing the CMV promoter/WPRE
combination in terms of specificity and activity in vivo. In a follow up
study, the EGFP transgene was still expressed in neurons 9 months in
the rat brain after injection of the SYN/WPRE vectors whereas in the
brain injected with vectors using the CMV/WPRE combination there
was a dramatic fall in expression levels and very little expression was
detectable 9 months postinjection [140]. A similar approach showed
the efficiency and specificity of an Ad5 (Adenovirus pseudotype 5
vector) containing a SYN-promoter-EFGP-WPRE cassette in driving
long term expression of EGFP in neurons of mixed adult rat dorsal root
ganglion (DRG) and retinal cell cultures [141]. After in vivo injection
into the rat DRG, this adenoviral vector mediated restricted EGFP
expression in neurons, while an adenoviral vector with the CMV
promoter transduced both glial cells and neurons. However, Boulos et
al. reported that the activities of the rat and human SYN promoters in
adenoviral vectors were considerably lower than the CMV promoter in
rat primary cortical neuronal cultures, despite the presence of WPRE
in the expression cassettes [147]. Nevertheless, the authors demon-
strated that WPRE enhanced transgene expression from the Rous
Sarcoma Virus (RSV) promoter in adenovirus transduced rat primary
cortical neurons.

Recently, WPRE has been tested in baculoviral expression cassettes.
Mahonen et al. examined expression of three independent transgenes
(EGFP, lacZand lodavin) fromtheCAGpromoterplaced into abaculoviral
vector in several cell lines, including a non-permissive cell line that is
generally considered to be refractive to baculoviral transduction [142].
They showed that WPRE significantly boosted baculovirus-mediated
transgene expression in all tested cell lines. We have generated a
recombinant baculoviral vector equipped with a human elongation
factor 1α promoter and WPRE. When using baculoviral vectors to
transduce human embryonic stem (hES) cells, we observed an increase
in efficiency from 40% in the cells transduced with the vector without
WPRE to 80% in the cells transduced with the vectors with WPRE [143].
However, with or without theWPRE sequences, hES cells transduced by
the baculoviral vectors displayed similar patterns of transient gene ex-
pression, diminishing toward background within one week irrespective
of initial transgene expression levels. Baculovirus genomic DNA nor-
mally remains episomal in transduced cells. They cannot replicate in
mammalian cells and would be diluted by cell division over time,
resulting in thedecrease of gene expression. Indeed, in non-proliferating
hES-derived human neurons transduced with baculoviral vector
harboring a human elongation factor 1α promoter transgene expression
lasted for 1 month. With WPRE, the expression durationwas prolonged
to 3 months (unpublished observation). It remains to be determined
whetherWPRE can improve gene expression from a neural cell-specific
promoter placed into baculoviral vectors.

WPRE is not the only post-transcriptional regulatory element. The
flanking regions of eukaryotic mRNAs contain signal elements that
also confer the function of increasing the stability of mRNA. In a study
by Brun and colleagues [148], the efficiency of WPRE in increasing
transgene expression in neuronal and glial cells was tested against
three mammalian UTRs, the 3’ UTRs of tau and tyrosine hydroxlase
mRNA and the 5’ UTR of human Alzheimer amyloid precursor (APP)
mRNA. Among the four elements, WPRE is the most effective one in
neural cells and glial cells in the context of plasmid and lentiviral
vectors. Interestingly,WPRE, tau 3’UTR andAPP 5’UTR had an additive
effect on expression in neuronal cells and the combination of the three
elements improved expression by 26-fold. This finding suggests a new
approach to enhance gene expression through combined incorpora-
tion of appropriately selected viral and cellular post transcriptional
regulatory elements into one expression cassette.

4. Outlook and future perspectives

High level and sustained transgene expression in target cells
remains a great challenge for gene therapy. In this review, we have
discussed published examples in the area of gene delivery into the
nervous system in the context of engineering strategies to increase the
strength of an expression cassette. While some of the strategies, such
as the use of WPRE and the CMV enhancer, have beenwidely tested in
both integrating and non-integrating vectors, many others that
possibly contribute to effective expression of a transgene are less
studied (Table 1). Apart from these, modification of UTR regions and
polyadenylation signals and interruption of coding sequences with
heterologous introns have not been exploited to their full capacity in
transcriptional targeting of brain cells. In view of the critical role of
dynamic chromatin alterations in gene expression, design of an
expression cassette for integrating retroviral and lentiviral vectors
requires special consideration to include other regulatory elements
capable of counteracting silencing effects of heterochromatin. These
elements may include locus control regions (LCR) that impose an
active chromatin configuration in heterochromatic surroundings and
matrix attachment region elements (MARs) and chromatin insulators
that function as barrier elements to physically bock the passage of
signals from the surrounding chromatin [149].

Apparently, the use of a cell type-specific promoter for transcrip-
tional targeting will benefit from combination in a single construct of
diverse regulatory elements that overcome different obstacles to
transgene expression. It might be also desirable for certain applica-
tions to incorporate into such expression cassettes regulatable
systems that control gene expression in an inducible manner in
response to temporal or pathophysiological signals. To this end,
development of delivery vectors with large packaging capacities
would allow gene cassettes to be tailored to meet desired therapeutic
needs, thus harnessing the full potential of transcriptional targeting.

Acknowledgements

The work was supported by Institute of Bioengineering and
Nanotechnology, Biomedical Research Council, Agency for Science,
Technology and Research (A⁎STAR) in Singapore.



600 J. Boulaire et al. / Advanced Drug Delivery Reviews 61 (2009) 589–602
References

[1] K.L. Lim, T.M. Lim, Molecular mechanisms of neurodegeneration in Parkinson's
disease: clues from Mendelian syndromes, IUBMB Life 55 (2003) 315–322.

[2] M.J. During, L.M. Ashenden, Towards gene therapy for the central nervous system,
Mol. Med. Today 4 (1998) 485–493.

[3] R.J. Mandel, K.G. Rendahl, R.O. Snyder, S.E. Leff, Progress in direct striatal delivery
of L-dopa via gene therapy for treatment of Parkinson's disease using
recombinant adeno-associated viral vectors, Exp. Neurol. 159 (1999) 47–64.

[4] L.C. Costantini, J.C. Bakowska, X.O. Breakefield, O. Isacson, Gene therapy in the
CNS, Gene Ther. 7 (2000) 93–109.

[5] B.L. Davidson, X.O. Breakefield, Viral vectors for gene delivery to the nervous
system, Nat. Rev., Neurosci. 4 (2003) 353–364.

[6] D.A. Ryan, H.J. Federoff, Translational considerations for CNS gene therapy, Expert
Opin. Biol. Ther. 7 (2007) 305–318.

[7] J.A. Benitez, J. Segovia, Gene therapy targeting in the central nervous system, Curr.
Gene Ther. 3 (2003) 127–145.

[8] N. Miller, R. Vile, Targeted vectors for gene therapy, FASEB J. 9 (1995) 190–199.
[9] N. Miller, J. Whelan, Progress in transcriptionally targeted and regulatable vectors

for genetic therapy, Hum. Gene Ther. 8 (1997) 803–815.
[10] D.M. Nettelbeck, V. Jerome, R. Muller, A strategy for enhancing the transcriptional

activity of weak cell type-specific promoters, Gene Ther. 5 (1998) 1656–1664.
[11] R.D. Weeratna, T. Wu, S.M. Efler, L. Zhang, H.L. Davis, Designing gene therapy

vectors: avoiding immune responses by using tissue-specific promoters, Gene
Ther. 8 (2001) 1872–1878.

[12] B. Lemon, R. Tjian, Orchestrated response: a symphony of transcription factors for
gene control, Genes Dev. 14 (2000) 2551–2569.

[13] B.M. Emerson, Specificity of gene regulation, Cell 109 (2002) 267–270.
[14] G. Orphanides, D. Reinberg, A unified theory of gene expression, Cell 108 (2002)

439–451.
[15] L.A. Pennacchio, E.M. Rubin, Genomic strategies to identify mammalian

regulatory sequences, Nat. Rev., Genet. 2 (2001) 100–109.
[16] H.L. Fitzsimons, R.J. Bland, M.J. During, Promoters and regulatory elements that

improve adeno-associated virus transgene expression in the brain, Methods 28
(2002) 227–236.

[17] J.C. Paterna, H. Bueler, Recombinant adeno-associated virus vector design and
gene expression in the mammalian brain, Methods 28 (2002) 208–218.

[18] S. Kugler, Neuron-specific expression of therapeutic proteins: evaluation of
different cellular promoters in recombinant adenoviral vectors, Mol. Cell.
Neurosci. 17 (2001) 78–96.

[19] C.P. Glover, A.S. Bienemann, D.J. Heywood, A.S. Cosgrave, J.B. Uney, Adenoviral-
mediated, high-level, cell-specific transgene expression: a SYN1-WPRE cassette
mediates increased transgene expression with no loss of neuron specificity, Mol.
Ther. 5 (2002) 509–516.

[20] S. Forss-Petter, P.E. Danielson, S. Catsicas, E. Battenberg, J. Price, M. Nerenberg, J.G.
Sutcliffe, Transgenic mice expressing beta-galactosidase in mature neurons
under neuron-specific enolase promoter control, Neuron 5 (1990) 187–197.

[21] R.M. Twyman, E.A. Jones, Sequences in the proximal 5' flanking region of the rat
neuron-specific enolase (NSE) gene are sufficient for cell type-specific reporter
gene expression, J. Mol. Neurosci. 8 (1997) 63–73.

[22] S. Schoch, G. Cibelli, G. Thiel, Neuron-specific gene expression of synapsin I. Major
role of a negative regulatory mechanism, J. Biol. Chem. 271 (1996) 3317–3323.

[23] M. Sasahara, PDGF B-chain in neurons of the central nervous system, posterior
pituitary, and in a transgenic model, Cell 64 (1991) 217–227.

[24] D. Games, Alzheimer-type neuropathology in transgenic mice over-expressing
V717F beta-amyloid precursor protein, Nature 373 (1995) 523–527.

[25] M. Sasahara, J.W. Fries, E.W. Raines, A.M. Gown, L.E. Westrum, M.P. Frosch, D.T.
Bonthron, R. Ross, T. Collins, PDGF B-chain in neurons of the central nervous
system, posterior pituitary, and in a transgenic model, Cell 64 (1991) 217–227.

[26] J.C. Paterna, T. Moccetti, A. Mura, J. Feldon, H. Bueler, Influence of promoter and
WHV post-transcriptional regulatory element on AAV-mediated transgene
expression in the rat brain, Gene Ther. 7 (2000) 1304–1311.

[27] A.L. Peel, S. Zolotukhin, G.W. Schrimsher, N. Muzyczka, P.J. Reier, Efficient
transduction of green fluorescent protein in spinal cord neurons using adeno-
associated virus vectors containing cell type-specific promoters, Gene Ther. 4
(1997) 16–24.

[28] L.M. Khachigian, Novel cis-acting elements in the human platelet-derived growth
factor B-chain core promoter that mediate gene expression in cultured vascular
endothelial cells, J. Biol. Chem. 269 (1994) 22647–22656.

[29] L.M. Khachigian, N. Resnick, M.J. Gimbrone, T.J. Collins, Nuclear factor-kappa B
interacts functionally with the platelet-derived growth factor B-chain shear-
stress response element in vascular endothelial cells exposed to fluid shear stress,
J. Clin. Invest. 96 (1995) 1169–1175.

[30] Y. Liang, Transcriptional regulation of the SIS//PDGF-B gene in human
osteosarcoma cells by the Sp family of transcription factors, J. Biol. Chem. 271
(1996) 11792–11797.

[31] L.A. Rafty, L.M. Khachigian, Zinc finger transcription factors mediate high
constitutive platelet-derived growth factor-B expression in smooth muscle cells
derived from aortae of newborn rats, J. Biol. Chem. 273 (1998) 5758–5764.

[32] G.W. Hoyle, E.H. Mercer, R.D. Palmiter, R.L. Brinster, Cell-specific expression from
the human dopamine beta-hydroxylase promoter in transgenic mice is controlled
via a combination of positive and negative regulatory elements, J. Neurosci. 14
(1994) 2455–2463.

[33] M.S. Oh, S.J. Hong, Y. Huh, K.S. Kim, Expression of transgenes in midbrain
dopamine neurons using the tyrosine hydroxylase promoter, Gene Ther. 16
(2009) 437–440.
[34] S.M. Kim, J.W. Yang, M.J. Park, J.K. Lee, S.U. Kim, Y.S. Lee, M.A. Lee, Regulation of
human tyrosine hydroxylase gene by neuron-restrictive silencer factor, Biochem.
Biophys. Res. Commun. 346 (2006) 426–435.

[35] M. Ghee, H. Baker, J.C. Miller, E.B. Ziff, AP-1, CREB and CBP transcription factors
differentially regulate the tyrosine hydroxylase gene, Brain Res. Mol. Brain Res. 55
(1998) 101–114.

[36] C. Trocme, C. Sarkis, J.M. Hermel, R. Duchateau, S. Harrison, M. Simonneau, R.
Al-Shawi, J. Mallet, CRE and TRE sequences of the rat tyrosine hydroxylase
promoter are required for TH basal expression in adult mice but not in the
embryo, Eur. J. Neurosci. 10 (1998) 508–521.

[37] T. Sasaoka, K. Kobayashi, I. Nagatsu, R. Takahashi, M. Kimura, M. Yokoyama, T.
Nomura, M. Katsuki, T. Nagatsu, Analysis of the human tyrosine hydroxylase
promoter-chloramphenicol acetyltransferase chimeric gene expression in trans-
genic mice, Brain Res. Mol. Brain Res. 16 (1992) 274–286.

[38] J.J. Schimmel, L. Crews, S. Roffler-Tarlov, D.M. Chikaraishi, 4.5 kb of the rat tyrosine
hydroxylase 5' flanking sequence directs tissue specific expression during
development and contains consensus sites for multiple transcription factors,
Brain Res. Mol. Brain Res. 74 (1999) 1–14.

[39] K.Y. Gandelman, G.T. Coker III, M. Moffat, K.L. O'Malley, Species and regional
differences in the expression of cell-type specific elements at the human and rat
tyrosine hydroxylase gene loci, J. Neurochem. 55 (1990) 2149–2152.

[40] S.C. Wong, M.A. Moffat, G.T. Coker, J.P. Merlie, K.L. O'Malley, The 3' flanking region
of the human tyrosine hydroxylase gene directs reporter gene expression in
peripheral neuroendocrine tissues, J. Neurochem. 65 (1995) 23–31.

[41] R. Afar, R. Silverman, A. Aguanno, V.R. Albert, Positive and negative elements
contribute to the cell-specific expression of the rat dopamine beta-hydroxylase
gene, Brain Res. Mol. Brain Res. 36 (1996) 79–92.

[42] H. Ishiguro, K.S. Kim, T.H. Joh, Identification of a negative regulatory element in
the 5'-flanking region of the human dopamine beta-hydroxylase gene, Brain Res.
Mol. Brain Res. 34 (1995) 251–261.

[43] M. Su, H. Hu, Y. Lee, A. d'Azzo, A. Messing, M. Brenner, Expression specificity of
GFAP transgenes, Neurochem. Res. 29 (2004) 2075–2093.

[44] M. Brenner, Structure and transcriptional regulation of the GFAP gene, Brain
Pathol. 4 (1994) 245–257.

[45] M. Brenner, W.C. Kisseberth, Y. Su, F. Besnard, A. Messing, GFAP promoter directs
astrocyte-specific expression in transgenicmice, J. Neurosci.14 (1994) 1030–1037.

[46] Y. Lee, A. Messing, M. Su, M. Brenner, GFAP promoter elements required for
region-specific and astrocyte-specific expression, Glia 56 (2008) 481–493.

[47] L. Wrabetz, C. Taveggia, M.L. Feltri, A. Quattrini, R. Awatramani, S.S. Scherer, A.
Messing, J. Kamholz, A minimal human MBP promoter-lacZ transgene is
appropriately regulated in developing brain and after optic enucleation, but not
in shiverer mutant mice, J. Neurobiol. 34 (1998) 10–26.

[48] H. Chen, D.M. McCarty, A.T. Bruce, K. Suzuki, Gene transfer and expression in
oligodendrocytes under the control of myelin basic protein transcriptional
control region mediated by adeno-associated virus, Gene Ther. 5 (1998) 50–58.

[49] H. Chen, D.M. McCarty, A.T. Bruce, K. Suzuki, Oligodendrocyte-specific gene
expression inmouse brain: use of amyelin-forming cell type-specific promoter in
an adeno-associated virus, J. Neurosci. Res. 55 (1999) 504–513.

[50] S.R. McIver, C.S. Lee, J.M. Lee, S.H. Green, M.S. Sands, B.J. Snider, M.P. Goldberg,
Lentiviral transduction of murine oligodendrocytes in vivo, J. Neurosci. Res. 82
(2005) 397–403.

[51] B.K. Jin,M.Belloni, B. Conti,H.J. Federoff, R. Starr, J.H. Son,H. Baker, T.H. Joh, Prolonged
in vivo gene expression driven by a tyrosine hydroxylase promoter in a defective
herpes simplex virus amplicon vector, Hum. Gene Ther. 7 (1996) 2015–2024.

[52] C.F. Xia, R.J. Boado, Y. Zhang, C. Chu, W.M. Pardridge, Intravenous glial-derived
neurotrophic factor gene therapy of experimental Parkinson's disease with Trojan
horse liposomesanda tyrosinehydroxylasepromoter, J.GeneMed.10 (2008)306–315.

[53] H. Kuroda, R.H. Kutner, N.G. Bazan, J. Reiser, A comparative analysis of constitutive
and cell-specific promoters in the adult mouse hippocampus using lentivirus
vector-mediated gene transfer, J. Gene Med. 10 (2008) 1163–1175.

[54] N. Foldvary,W.E. Bingaman, E.Wyllie, Surgical treatment of epilepsy, Neurol. Clin.
19 (2001) 491–515.

[55] L. Tenenbaum, A. Chtarto, E. Lehtonen, T. Velu, J. Brotchi, M. Levivier, Recombinant
AAV-mediated gene delivery to the central nervous system, J. Gene. Med. 6
(Suppl 1) (2004) S212–222.

[56] A. Vezzani, G. Sperk, W.F. Colmers, Neuropeptide Y: emerging evidence for a
functional role in seizure modulation, Trends Neurosci. 22 (1999) 25–30.

[57] A. Vezzani, G. Sperk, Overexpression of NPY and Y2 receptors in epileptic brain
tissue: an endogenous neuroprotective mechanism in temporal lobe epilepsy?
Neuropeptides 38 (2004) 245–252.

[58] C. Richichi, E.J. Lin, D. Stefanin, D. Colella, T. Ravizza, G. Grignaschi, P. Veglianese,
G. Sperk, M.J. During, A. Vezzani, Anticonvulsant and antiepileptogenic effects
mediated by adeno-associated virus vector neuropeptide Y expression in the rat
hippocampus, J. Neurosci. 24 (2004) 3051–3059.

[59] E.J. Lin, C. Richichi, D. Young, K. Baer, A. Vezzani, M.J. During, Recombinant AAV-
mediated expression of galanin in rat hippocampus suppresses seizure develop-
ment, Eur. J. Neurosci. 18 (2003) 2087–2092.

[60] J.P. Chhatwal, S.E. Hammack, A.M. Jasnow, D.G. Rainnie, K.J. Ressler, Identification
of cell-type-specific promoters within the brain using lentiviral vectors, Gene
Ther. 14 (2007) 575–583.

[61] S. Virta, J. Rapola, A. Jalanko, M. Laine, Use of nonviral promoters in adenovirus-
mediated gene therapy: reduction of lysosomal storage in the aspartylglucosaminuria
mouse, J. Gene Med. 8 (2006) 699–706.

[62] F. Besnard, M. Brenner, Y. Nakatani, R. Chao, H.J. Purohit, E. Freese, Multiple
interacting sites regulate astrocyte-specific transcription of the human gene for
glial fibrillary acidic protein, J. Biol. Chem. 266 (1991) 18877–18883.



601J. Boulaire et al. / Advanced Drug Delivery Reviews 61 (2009) 589–602
[63] B. de Leeuw, M. Su, M. ter Horst, S. Iwata, M. Rodijk, R.C. Hoeben, A. Messing, P.S.
Smitt, M. Brenner, Increased glia-specific transgene expressionwith glial fibrillary
acidic protein promoters containing multiple enhancer elements, J. Neurosci. Res.
83 (2006) 744–753.

[64] D.Y. Hwang, W.A. Carlezon Jr., O. Isacson, K.S. Kim, A high-efficiency synthetic
promoter that drives transgene expression selectively in noradrenergic neurons,
Hum. Gene Ther. 12 (2001) 1731–1740.

[65] D.Y. Hwang, M.M. Hwang, H.S. Kim, K.S. Kim, Genetically engineered dopamine
beta-hydroxylase gene promoters with better PHOX2-binding sites drive
significantly enhanced transgene expression in a noradrenergic cell-specific
manner, Mol. Ther. 11 (2005) 132–141.

[66] G.M. Edelman, R. Meech, G.C. Owens, F.S. Jones, Synthetic promoter elements
obtained by nucleotide sequence variation and selection for activity, Proc. Natl.
Acad. Sci. U. S. A. 97 (2000) 3038–3043.

[67] G.R. Zhang, X. Wang, T. Yang, M. Sun, W. Zhang, Y. Wang, A.I. Geller, A tyrosine
hydroxylase-neurofilament chimeric promoter enhances long-term expression
in rat forebrain neurons from helper virus-free HSV-1 vectors, Brain Res. Mol.
Brain Res. 84 (2000) 17–31.

[68] M.G. Kaplitt, A.D. Kwong, S.P. Kleopoulos, C.V. Mobbs, S.D. Rabkin, D.W. Pfaff,
Preproenkephalin promoter yields region-specific and long-term expression in
adult brain after direct in vivo gene transfer via a defective herpes simplex viral
vector, Proc. Natl. Acad. Sci. U. S. A. 91 (1994) 8979–8983.

[69] S. Song, Y.Wang, S.Y. Bak, P. Lang, D. Ullrey, R.L. Neve, K.L. O'Malley, A.I. Geller, AnHSV-
1 vector containing the rat tyrosine hydroxylase promoter enhances both long-term
andcell type-specific expression in themidbrain, J. Neurochem.68(1997)1792–1803.

[70] Q. Gao, M. Sun, X. Wang, A.I. Geller, Isolation of an enhancer from the rat tyrosine
hydroxylase promoter that supports long-term, neuronal-specific expression
from a neurofilament promoter, in a helper virus-free HSV-1 vector system, Brain
Res. 1130 (2007) 1–16.

[71] X.Wang, L. Kong, G.R. Zhang, M. Sun, A.I. Geller, A preproenkephalin-neurofilament
chimeric promoter in a helper virus-freeherpes simplex virus vector enhances long-
term expression in the rat striatum, Neurobiol. Dis. 16 (2004) 596–603.

[72] D.M. Nettelbeck, V. Jerome, R. Muller, Gene therapy: designer promoters for
tumour targeting, Trends Genet. 16 (2000) 174–181.

[73] M. Iyer, L. Wu, M. Carey, Y. Wang, A. Smallwood, S.S. Gambhir, Two-step
transcriptional amplification as a method for imaging reporter gene expression
using weak promoters, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 14595–14600.

[74] M. Iyer, Noninvasive imaging of enhanced prostate-specific gene expression using
a two-step transcriptional amplification-based lentivirus vector, Mol. Ther. 10
(2004) 545–552.

[75] M. Iyer, Non-invasive imaging of a transgenic mouse model using a prostate-
specific two-step transcriptional amplification strategy, Transgenic Res.14 (2005)
47–55.

[76] M. Sato, M. Johnson, L. Zhang, S.S. Gambhir, M. Carey, L. Wu, Functionality of
androgen receptor-based gene expression imaging in hormone refractory
prostate cancer, Clin. Cancer Res. 11 (2005) 3743–3749.

[77] B. Fang, L. Ji, M. Bouvet, J.A. Roth, Evaluation of GAL4/TATA in vivo: induction of
transgene expression by adenovirally mediated gene codelivery, J. Biol. Chem.
273 (1998) 4972–4975.

[78] T. Segawa, H. Takebayashi, Y. Kakehi, O. Yoshida, S. Narumiya, A. Kakizuka,
Prostate-specific amplification of expanded polyglutamine expression: a novel
approach for cancer gene therapy, Cancer Res. 58 (1998) 2282–2287.

[79] P.E. Koch, Z.S. Guo, S. Kagawa, J. Gu, J.A. Roth, B. Fang, Augmenting transgene
expression from carcinoembryonic antigen (CEA) promoter via a GAL4 gene
regulatory system, Mol. Ther. 3 (2001) 278–283.

[80] D. Zhang, E.N. Sutanto, P.E. Rakoczy, Concurrent enhancement of transcriptional
activity and specificity of a retinal pigment epithelial cell-preferential promoter,
Mol. Vis. 10 (2004) 208–214.

[81] B.H. Liu, J.F. Paton, S. Kasparov, Viral vectors based on bidirectional cell-specific
mammalian promoters and transcriptional amplification strategy for use in vitro
and in vivo, BMC Biotechnol. 8 (2008) 49.

[82] B.H. Liu, Y. Yang, J.F. Paton, F. Li, J. Boulaire, S. Kasparov, S. Wang, GAL4-NF-kappaB
fusion protein augments transgene expression from neuronal promoters in the
rat brain, Mol. Ther. 14 (2006) 872–882.

[83] C. Kaltschmidt, B. Kaltschmidt, P.A. Baeuerle, Stimulation of ionotropic glutamate
receptors activates transcription factor NF-kappa B in primary neurons, Proc.
Natl. Acad. Sci. USA 92 (1995) 9618–9622.

[84] A.L. Bhakar, Constitutive nuclear factor-kappa B activity is required for central
neuron survival, J. Neurosci. 22 (2002) 8466–8475.

[85] M.P. Mattson, NF-kappaB in the survival and plasticity of neurons, Neurochem.
Res. 30 (2005) 883–893.

[86] M.K. Meffert, D. Baltimore, Physiological functions for brain NF-kappaB, Trends
Neurosci. 28 (2005) 37–43.

[87] V. Fridmacher, Forebrain-specific neuronal inhibition of nuclear factor-kappaB
activity leads to loss of neuroprotection, J. Neurosci. 23 (2003) 9403–9408.

[88] B. Liu, S. Wang, M. Brenner, J.F. Paton, S. Kasparov, Enhancement of cell-specific
transgene expression from a Tet-Off regulatory system using a transcriptional
amplification strategy in the rat brain, J. Gene Med. 10 (2008) 583–592.

[89] S.J. Kaczmarczyk, J.E. Green, A single vector containing modified cre recombinase
and LOX recombination sequences for inducible tissue-specific amplification of
gene expression, Nucleic Acids Res. 29 (2001) e56.

[90] J. Livet, T.A. Weissman, H. Kang, R.W. Draft, J. Lu, R.A. Bennis, Transgenic strategies
for combinatorial expression of fluorescent proteins in the nervous system,
Nature 450 (2007) 56–62.

[91] K. Namikawa, K. Murakami, T. Okamoto, H. Okado, H. Kiyama, A newly modified
SCG10 promoter and Cre/loxP-mediated gene amplification system achieve
highly specific neuronal expression in animal brains, Gene Ther. 13 (2006)
1244–1250.

[92] M. Maeda, K. Namikawa, I. Kobayashi, N. Ohba, Y. Takahara, C. Kadono, A. Tanaka,
H. Kiyama, Targeted gene therapy toward astrocytoma using a Cre/loxP-based
adenovirus system, Brain Res. 1081 (2006) 34–43.

[93] A. Loonstra, M. Vooijs, H.B. Beverloo, B.A. Allak, E. van Drunen, R. Kanaar, A. Berns,
J. Jonkers, Growth inhibition and DNA damage induced by Cre recombinase in
mammalian cells, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 9209–9214.

[94] A. Pfeifer, E.P. Brandon, N. Kootstra, F.H. Gage, I.M. Verma, Delivery of the Cre
recombinase by a self-deleting lentiviral vector: efficient gene targeting in vivo,
Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 11450–11455.

[95] D.P. Silver, D.M. Livingston, Self-excising retroviral vectors encoding the Cre
recombinase overcome Cre-mediated cellular toxicity, Mol. Cell 8 (2001) 233–243.

[96] Y. Baba, M. Nakano, Y. Yamada, I. Saito, Y. Kanegae, Practical range of effective
dose for Cre recombinase-expressing recombinant adenovirus without cell
toxicity in mammalian cells, Microbiol. Immunol. 49 (2005) 559–570.

[97] B.K. Kaspar, B. Vissel, T. Bengoechea, S. Crone, L. Randolph-Moore, R. Muller, E.P.
Brandon, D. Schaffer, I.M. Verma, K.F. Lee, S.F. Heinemann, F.H. Gage, Adeno-
associated virus effectively mediates conditional gene modification in the brain,
Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 2320–2325.

[98] M. Boshart, F. Weber, G. Jahn, K. Dorsch-Hasler, B. Fleckenstein, W. Schaffner, A
very strong enhancer is located upstream of an immediate early gene of human
cytomegalovirus, Cell 41 (1985) 521–530.

[99] H. Niwa, K. Yamamura, J. Miyazaki, Efficient selection for high-expression
transfectants with a novel eukaryotic vector, Gene 108 (1991) 193–199.

[100] M. Kobayashi, A. Tanaka, Y. Hayashi, S. Shimamura, The CMV enhancer stimulates
expression of foreign genes from the human EF-1 alpha promoter, Anal. Biochem.
247 (1997) 179–181.

[101] K.M. Barnhart, J. Hartikka, M. Manthorpe, J. Norman, P. Hobart, Enhancer and
promoter chimeras in plasmids designed for intramuscular injection: a
comparative in vivo and in vitro study, Hum. Gene Ther. 9 (1998) 2545–2553.

[102] J.N. Hagstrom, L.B. Couto, C. Scallan, M. Burton, M.L. McCleland, P.A. Fields, V.R.
Arruda, R.W. Herzog, K.A. High, Improved muscle-derived expression of human
coagulation factor IX from a skeletal actin/CMV hybrid enhancer/promoter,
Blood 95 (2000) 2536–2542.

[103] L. Xu, T. Daly, C. Gao, T.R. Flotte, S. Song, B.J. Byrne, M.S. Sands, K. Parker Ponder,
CMV-beta-actin promoter directs higher expression from an adeno-associated
viral vector in the liver than the cytomegalovirus or elongation factor 1 alpha
promoter and results in therapeutic levels of human factor X in mice, Hum. Gene
Ther. 12 (2001) 563–573.

[104] N.S. Yew, M. Przybylska, R.J. Ziegler, D. Liu, S.H. Cheng, High and sustained
transgene expression in vivo from plasmid vectors containing a hybrid ubiquitin
promoter, Mol. Ther. 4 (2001) 75–82.

[105] J.J. Davis, L. Wang, F. Dong, L. Zhang, W. Guo, F. Teraishi, K. Xu, L. Ji, B. Fang,
Oncolysis and suppression of tumor growth by a GFP-expressing oncolytic
adenovirus controlled by an hTERT and CMV hybrid promoter, Cancer Gene Ther.
13 (2006) 720–723.

[106] I. Gruh, S. Wunderlich, M. Winkler, K. Schwanke, J. Heinke, U. Blomer, A.
Ruhparwar, B. Rohde, R.K. Li, A. Haverich, U. Martin, Human CMV immediate-
early enhancer: a useful tool to enhance cell-type-specific expression from
lentiviral vectors, J. Gene Med. 10 (2008) 21–32.

[107] Z.L. Xu, H. Mizuguchi, A. Ishii-Watabe, E. Uchida, T. Mayumi, T. Hayakawa,
Optimization of transcriptional regulatory elements for constructing plasmid
vectors, Gene 272 (2001) 149–156.

[108] B.H. Liu, X. Wang, Y.X. Ma, S. Wang, CMV enhancer/human PDGF-beta promoter
for neuron-specific transgene expression, Gene Ther. 11 (2004) 52–60.

[109] C.Y. Wang, H.Y. Guo, T.M. Lim, Y.K. Ng, H.P. Neo, P.Y. Hwang, W.C. Yee, S. Wang,
Improved neuronal transgene expression from an AAV-2 vector with a hybrid
CMV enhancer/PDGF-beta promoter, J. Gene Med. 7 (2005) 945–955.

[110] Y. Li, X. Wang, H. Guo, S. Wang, Axonal transport of recombinant baculovirus
vectors, Mol. Ther. 10 (2004) 1121–1129.

[111] Y. Li, Y. Yang, S. Wang, Neuronal gene transfer by baculovirus-derived vectors
accommodating a neurone-specific promoter, Exp. Physiol. 90 (2005) 39–44.

[112] C.Y. Wang, S. Wang, Astrocytic expression of transgene in the rat brain mediated
by baculovirus vectors containing an astrocyte-specific promoter, Gene Ther. 13
(2006) 1447–1456.

[113] H. Hioki, H. Kameda, H. Nakamura, T. Okunomiya, K. Ohira, K. Nakamura, M.
Kuroda, T. Furuta, T. Kaneko, Efficient gene transduction of neurons by lentivirus
with enhanced neuron-specific promoters, Gene Ther. 14 (2007) 872–882.

[114] H. Duale, S. Kasparov, J.F. Paton, A.G. Teschemacher, Differences in transductional
tropism of adenoviral and lentiviral vectors in the rat brainstem, Exp. Physiol. 90
(2005) 71–78.

[115] T. Lonergan, A.G. Teschemacher, D.Y. Hwang, K.S. Kim, A.E. Pickering, S. Kasparov,
Targeting brain stem centers of cardiovascular control using adenoviral vectors:
impact of promoters on transgene expression, Physiol. Genomics 20 (2005)
165–172.

[116] H. Nakai, E. Montini, S. Fuess, T.A. Storm, L. Meuse, M. Finegold, M. Grompe, M.A.
Kay, Helper-independent and AAV-ITR-independent chromosomal integration of
double-stranded linear DNA vectors in mice, Mol. Ther. 7 (2003) 101–111.

[117] D.M. McCarty, S.M. Young Jr., R.J. Samulski, Integration of adeno-associated virus
(AAV) and recombinant AAV vectors, Annu. Rev. Genet. 38 (2004) 819–845.

[118] X. Xiao, W. Xiao, J. Li, R.J. Samulski, A novel 165-base-pair terminal repeat
sequence is the sole cis requirement for the adeno-associated virus life cycle,
J. Virol. 71 (1997) 941–948.

[119] C.C. Yang, X. Xiao, X. Zhu, D.C. Ansardi, N.D. Epstein, M.R. Frey, A.G. Matera, R.J.
Samulski, Cellular recombination pathways and viral terminal repeat hairpin



602 J. Boulaire et al. / Advanced Drug Delivery Reviews 61 (2009) 589–602
structures are sufficient for adeno-associated virus integration in vivo and in
vitro, J. Virol. 71 (1997) 9231–9247.

[120] N.J. Philpott, C. Giraud-Wali, C. Dupuis, J. Gomos, H. Hamilton, K.I. Berns, E. Falck-
Pedersen, Efficient integration of recombinant adeno-associated virus DNA
vectors requires a p5-rep sequence in cis, J. Virol. 76 (2002) 5411–5421.

[121] D. Duan, P. Sharma, J. Yang, Y. Yue, L. Dudus, Y. Zhang, K.J. Fisher, J.F. Engelhardt,
Circular intermediates of recombinant adeno-associated virus have defined
structural characteristics responsible for long-term episomal persistence in
muscle tissue, J. Virol. 72 (1998) 8568–8577.

[122] J. Yang, W. Zhou, Y. Zhang, T. Zidon, T. Ritchie, J.F. Engelhardt, Concatamerization
of adeno-associated virus circular genomes occurs through intermolecular
recombination, J. Virol. 73 (1999) 9468–9477.

[123] R. Philip, E. Brunette, L. Kilinski, D. Murugesh, M.A. McNally, K. Ucar, J. Rosenblatt,
T.B. Okarma, J.S. Lebkowski, Efficient and sustained gene expression in primary T
lymphocytes and primary and cultured tumor cells mediated by adeno-
associated virus plasmid DNA complexed to cationic liposomes, Mol. Cell. Biol.
14 (1994) 2411–2418.

[124] J. Vieweg, D. Boczkowski, K.M. Roberson, D.W. Edwards, M. Philip, R. Philip, T.
Rudoll, C. Smith, C. Robertson, E. Gilboa, Efficient gene transfer with adeno-
associated virus-based plasmids complexed to cationic liposomes for gene
therapy of human prostate cancer, Cancer Res. 55 (1995) 2366–2372.

[125] K.M. Johnston, D. Jacoby, P.A. Pechan, C. Fraefel, P. Borghesani, D. Schuback, R.J.
Dunn, F.I. Smith, X.O. Breakefield, HSV/AAV hybrid amplicon vectors extend
transgene expression in human glioma cells, Hum. Gene Ther. 8 (1997)
359–370.

[126] P. Lam, K.M. Hui, Y. Wang, P.D. Allen, D.N. Louis, C.J. Yuan, X.O. Breakefield,
Dynamics of transgene expression in human glioblastoma cells mediated by
herpes simplex virus/adeno-associated virus amplicon vectors, Hum. Gene Ther.
13 (2002) 2147–2159.

[127] Y. Fu, Y. Wang, S.M. Evans, Viral sequences enable efficient and tissue-specific
expression of transgenes in Xenopus, Nat. Biotechnol. 16 (1998) 253–257.

[128] C.D. Hsiao, F.J. Hsieh, H.J. Tsai, Enhanced expression and stable transmission of
transgenes flanked by inverted terminal repeats from adeno-associated virus in
zebrafish, Dev. Dyn. 220 (2001) 323–336.

[129] C.Y. Wang, S. Wang, Adeno-associated virus inverted terminal repeats improve
neuronal transgene expressionmediated by baculoviral vectors in rat brain, Hum.
Gene Ther. 16 (2005) 1219–1226.

[130] L.C. Costantini, D.R. Jacoby, S. Wang, C. Fraefel, X.O. Breakefield, O. Isacson, Gene
transfer to the nigrostriatal system by hybrid herpes simplex virus/adeno-
associated virus amplicon vectors, Hum. Gene Ther. 10 (1999) 2481–2494.

[131] C.Y. Chou, L.S. Horng, H.J. Tsai, Uniform GFP-expression in transgenic medaka
(Oryzias latipes) at the F0 generation, Transgenic Res. 10 (2001) 303–315.

[132] K.Q. Xin, T. Ooki, N. Jounai, H. Mizukami, K. Hamajima, Y. Kojima, K. Ohba, Y. Toda,
S. Hirai, D.M. Klinman, K. Ozawa, K. Okuda, A DNA vaccine containing inverted
terminal repeats from adeno-associated virus increases immunity to HIV, J. Gene
Med. 5 (2003) 438–445.

[133] P. Chikhlikar, L. Barros de Arruda, S. Agrawal, B. Byrne, W. Guggino, J.T. August, E.T.
Marques Jr., Inverted terminal repeat sequences of adeno-associated virus
enhance the antibody and CD8(+) responses to a HIV-1 p55Gag/LAMP DNA
vaccine chimera, Virology 323 (2004) 220–232.

[134] A.R. Brooks, R.N. Harkins, P. Wang, H.S. Qian, P. Liu, G.M. Rubanyi,
Transcriptional silencing is associated with extensive methylation of the
CMV promoter following adenoviral gene delivery to muscle, J. Gene Med. 6
(2004) 395–404.

[135] T.R. Flotte, S.A. Afione, R. Solow, M.L. Drumm, D. Markakis, W.B. Guggino, P.L.
Zeitlin, B.J. Carter, Expression of the cystic fibrosis transmembrane conductance
regulator from a novel adeno-associated virus promoter, J. Biol. Chem. 268 (1993)
3781–3790.

[136] J.E. Donello, J.E. Loeb, T.J. Hope, Woodchuck hepatitis virus contains a tripartite
posttranscriptional regulatory element, J. Virol. 72 (1998) 5085–5092.

[137] T. Higashimoto, F. Urbinati, A. Perumbeti, G. Jiang, A. Zarzuela, L.J. Chang, D.B.
Kohn, P. Malik, The woodchuck hepatitis virus post-transcriptional regulatory
element reduces readthrough transcription from retroviral vectors, Gene Ther. 14
(2007) 1298–1304.

[138] J.E. Loeb, W.S. Cordier, M.E. Harris, M.D. Weitzman, T.J. Hope, Enhanced
expression of transgenes from adeno-associated virus vectors with the
woodchuck hepatitis virus posttranscriptional regulatory element: implications
for gene therapy, Hum. Gene Ther. 10 (1999) 2295–2305.

[139] Z.L. Xu, H. Mizuguchi, T. Mayumi, T. Hayakawa, Woodchuck hepatitis virus post-
transcriptional regulation element enhances transgene expression from adeno-
virus vectors, Biochim. Biophys. Acta 1621 (2003) 266–271.

[140] C.P. Glover, A.S. Bienemann, M. Hopton, T.C. Harding, J.N. Kew, J.B. Uney, Long-term
transgene expression can be mediated in the brain by adenoviral vectors when
powerful neuron-specific promoters are used, J. Gene Med. 5 (2003) 554–559.

[141] K. Sims, Z. Ahmed, A.M. Gonzalez, M.L. Read, L. Cooper-Charles, M. Berry, A. Logan,
Targeting adenoviral transgene expression to neurons, Mol. Cell. Neurosci. 39
(2008) 411–417.

[142] A.J. Mahonen, K.J. Airenne, S. Purola, E. Peltomaa, M.U. Kaikkonen, M.S. Riekkinen,
T. Heikura, K. Kinnunen, M.M. Roschier, T. Wirth, S. Yla-Herttuala, Post-
transcriptional regulatory element boosts baculovirus-mediated gene expression
in vertebrate cells, J. Biotechnol. 131 (2007) 1–8.

[143] J. Zeng, J. Du, Y. Zhao, N. Palanisamy, S. Wang, Baculoviral vector-mediated
transient and stable transgene expression in human embryonic stem cells, Stem
Cells 25 (2007) 1055–1061.

[144] R. Xu, C.G. Janson, M. Mastakov, P. Lawlor, D. Young, A. Mouravlev, H. Fitzsimons,
K.L. Choi, H. Ma, M. Dragunow, P. Leone, Q. Chen, B. Dicker, M.J. During,
Quantitative comparison of expression with adeno-associated virus (AAV-2)
brain-specific gene cassettes, Gene Ther. 8 (2001) 1323–1332.

[145] R.L. Klein, M.E. Hamby, Y. Gong, A.C. Hirko, S. Wang, J.A. Hughes, M.A. King, E.M.
Meyer, Dose and promoter effects of adeno-associated viral vector for green
fluorescent protein expression in the rat brain, Exp. Neurol. 176 (2002) 66–74.

[146] Z. Shevtsova, J.M. Malik, U. Michel, M. Bahr, S. Kugler, Promoters and serotypes:
targeting of adeno-associated virus vectors for gene transfer in the rat central
nervous system in vitro and in vivo, Exp. Physiol. 90 (2005) 53–59.

[147] S. Boulos, B.P. Meloni, P.G. Arthur, C. Bojarski, N.W. Knuckey, Assessment of CMV,
RSV and SYN1 promoters and the woodchuck post-transcriptional regulatory
element in adenovirus vectors for transgene expression in cortical neuronal
cultures, Brain Res. 1102 (2006) 27–38.

[148] S. Brun, N. Faucon-Biguet, J. Mallet, Optimization of transgene expression at the
posttranscriptional level in neural cells: implications for gene therapy, Mol. Ther.
7 (2003) 782–789.

[149] F. Recillas-Targa, V. Valadez-Graham, C.M. Farrell, Prospects and implications of
using chromatin insulators in gene therapy and transgenesis, Bioessays 26
(2004) 796–807.


	Transcriptional targeting to brain cells: Engineering cell type-specific promoter containing ca.....
	Introduction
	Neural cell-specific promoters for transcriptional targeting
	Neuron-specific promoters
	Glial cell-specific promoters
	Neural cell-specific promoters and CNS gene therapy

	Augmenting the activity of neural cell-specific promoters
	Promoter engineering
	Multimerization of cis-acting elements
	Chimeric promoters with sequences from two different neural cell-specific promoters
	Enhancement through point mutation

	Two-step transcriptional activation
	Cre-mediated enhancement of gene expression
	Viral regulatory elements to improve gene expression from a cellular promoter
	Human cytomegalovirus immediate-early gene enhancer
	Inverted terminal repeats of adeno-associated virus
	Woodchuck hepatitis virus post-transcriptional regulatory element


	Outlook and future perspectives
	Acknowledgements
	References




