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Abstract. Gene therapy requires the introduction of genetic material in diseased cells with the aim of
treating or ultimately curing a disease. Since the start of gene therapy clinical trials in 1990, gene therapy
has proven to be possible, but studies to date have highlighted the difficulty of achieving efficient,
specific, and long-term transgene expression. Efforts to improve gene therapy strategies over the past
years were mainly aimed at solving the problem of delivery, without paying much attention to the
optimization of the expression cassette. With the current understanding of the eukaryotic transcription
machinery and advanced molecular biology techniques at our disposition, it has now become possible to
create custom-made transgene expression cassettes optimized for gene therapy applications. In this
review, we will discuss several strategies that have been explored to improve the level and duration of
transgene expression, to increase control over expression, or to restrict transgene expression to specific
cell types or tissues. Although still in its infancy, such strategies will eventually lead to improvement of
nonviral gene therapy and expansion of the range of possible therapeutic applications.
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AFP, a-fetoprotein; ATF/CREB, activating transcription factor/cAMP-responsive element binding protein; BAC, bacterial artificial
chromosome; bFGF, basic fibroblast growth factor; BKV, BK virus; BPV-1, bovine papilloma virus 1; CArG, CA(A/T)6GG; CAT,
chloramphenicol acetyltransferase; ChMAR, chicken lysozyme MAR; CMV, cytomegalovirus; CMV IE, cytomegalovirus immediate early;
CpG-N, neutralizing CpG motif; CpG-S, stimulatory CpG motif; Cre, cyclization recombination recombinase; CRSP, cofactor required for
Spl; CTF, CCAAT transcription factor; DBD, DNA binding domain; DR, direct repeat; DS, dyad symmetry; DTS, DNA nuclear targeting
sequence; EBNAI, EBV nuclear antigen 1; EBP2, EBNAI1-binding protein 2; EBV, Epstein-Barr virus; Ec, ecdysone; Egr-1, early growth
response-1 gene; FKBP, FK506 binding protein; FLP, flippase; FR, family of repeats; FRAP, FKBP12 rapamycin-associated protein; GFP,
green fluorescent protein; Grp78, glucose-regulated protein 78; HAC, human artificial chromosome; hFIX, human coagulation factor
IX; HIV, human immunodeficiency virus; HMGB1, high-mobility group box 1; HRE, hypoxia responsive element; HSE, heat shock element;
HSF1, heat shock factor 1; hsp, heat shock protein; HSVtk, herpes simplex virus thymidine kinase; IL-12, interleukin-12; iNOS, inducible NO
synthetase; IR, inverted repeat; IRES, internal ribosome entry site; I-Scel, Saccharomyces cerevisiae mitochondrial endonuclease; ITAF, IRES
trans-acting factor; KDR, kinase-like domain receptor; loxP, Locus of Crossing over of P1 phage; MAEC, mammalian artificial episomal
chromosome; Mdr, multidrug resistance; MeCP, methyl-CpG-binding proteins; Mfp, mifepristone; MLV, murine leukemia virus; MRI,
magnetic resonance imaging; NF-xB, nuclear factor-xB; NLS, nuclear localization signal; NOEL, no-observed-effect level; NPC, nuclear pore
complex; NURF, nucleosome-remodeling factor; ORF, open reading frame; oriP, origin of plasmid replication; PBAF, polybromo BRG1-
associated factor; PDGF, platelet derived growth factor; PECAM-1/CD31, platelet-endothelial cell adhesion molecule-1/CD31; PR-LBD,
progesterone receptor ligand binding domain; rAAV, recombinant adeno-associated virus; RSF, remodeling and spacing factor; RSV, Rous
sarcoma virus; RSV-LTR, Rous sarcoma virus long terminal repeat; RTA, recombinant transcriptional activator; SSMAR, scaffold/matrix
attachment region; SB, Sleeping Beauty; SI, sucrase-isomaltase; SMGA, smooth muscle gamma actin; SV40, simian virus 40; SWI/SNF,
switching/sucrose nonfermenting; Tag, large T antigen; Tet, tetracycline; TetO, Tet operator; TetR, Tet repressor; TGF-o, transforming
growth factor o; TNFo, tumor necrosis factor o; TRAP, thyroid hormone receptor-associated protein; tTA, tetracycline transactivator; tTS,
tetracycline transcriptional silencer; VEGF, vascular endothelial growth factor; VP16, virion protein 16; vWF, von Willebrand factor; WAF1,
wild-type p53-activated fragment 1; YAC, yeast artificial chromosome; B-gal, B-galactosidase.
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INTRODUCTION

Gene therapy can be defined as an approach to treat,
cure, or ultimately prevent a disease by replacing defective
genes, introducing new genes, or changing the expression of a
person’s genes. This concept was first proposed in 1972 (1),
but to date clinical applications remain few due to inefficien-
cy of gene delivery. Over the past years, much effort has been
made to develop strategies for effective delivery of DNA to
the nucleus of target cells. Although viral vectors have been
widely examined (2) and are still regarded as the most ef-
ficient, their use is limited due to safety issues, DNA loading
capacity, and difficulties in scale-up production (3). Alterna-
tively, nonviral delivery strategies have been developed in-
cluding physical delivery of naked DNA and gene delivery by
using chemical carriers such as cationic polymers, lipids, de-
tergents, and peptide-based technologies, which have been
reviewed elsewhere (4-9). Although many reviews about
nonviral gene delivery focus on optimizing the carrier and its
entry mechanisms into the cell, not much attention has been
given to the plasmid or DNA part of the nonviral carrier.
Nevertheless, optimization of the plasmid vector can lead to
increased or prolonged levels of expression and may there-
fore play an important role in compensating for the limited
transfection efficiency achieved with most nonviral carriers.
Moreover, plasmid engineering can be used to increase levels
of specificity and control over protein expression. This is re-
ferred to as transcriptional targeting or transcriptional control.
In this review, we focus on progress made in plasmid optimi-
zation over the past years and its value for nonviral gene
therapy. The subject will be discussed systematically, starting
with a description of the minimal requirements for expression
of exogenous DNA and subsequently expanding the system
with strategies aiming at improvements toward nuclear up-
take, restriction of expression to target cells, external control
over expression, prolongation of expression, and ending with
an overview of diverse strategies for further customization.

MINIMAL REQUIREMENTS FOR EXPRESSION
OF EXOGENOUS DNA IN EUKARYOTIC CELLS

In gene therapy, the host transcription machinery is
exploited for expression of exogenous DNA. This requires a
thorough understanding of the mechanism of transcription
and identification of the essential features necessary for
transgene expression. Although there is still much to learn
about the exact mechanisms underlying transcriptional con-
trol of a gene [for a recent review, see Orphanides and
Reinberg (10)], current knowledge warrants rational design
of exogenous DNA expression cassettes. The minimal
requirements for plasmid production by replication in a
prokaryotic host and expression of the therapeutic gene in
eukaryotes are summarized in Table I.

The process leading from a gene to a functional protein
in eukaryotes includes transcription of the gene to primary
RNA by RNA polymerase II, processing of primary RNA to
mRNA, export of mRNA to the cytoplasm, and translation
of mRNA into a protein. In most cases, initiation of
transcription is the most important point of control (11).
This will therefore be the focus of this review.
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Transcription is a complex process requiring many
proteins (>100 individual subunits) to assemble at gene
control regions (Fig. 1). A gene control region is defined as
the whole expanse of DNA involved in regulating transcrip-
tion of a gene, including the promoter and all regulatory
sequences to which gene regulatory proteins bind (i.e.,
enhancers, silencers). Transcription regulating proteins can
be divided into general transcription factors and additional
(luxury) transcription factors. General transcription factors
must form a preinitiation complex whose function is to
unwind the DNA helix, separate the DNA strands for use
as a template, and enable RNA polymerase II to take up its
position so that mRNA synthesis can start. This complex is
already capable of inducing transcription at a slow rate, but
additional factors are required for high-level synthesis and
specificity. These factors are inducible and enable transcrip-
tion to speed up or slow down in response to cellular signals.
Gene regulatory proteins function as regulatory units that are
used to generate complexes whose function depends on the
final assembly and composition of all the individual compo-
nents (11). Many gene regulatory proteins bind to DNA as
either homodimers or heterodimers. This mixing of protein
subunits allows for formation of many different proteins with
varying DNA-binding specificities (11).

Formation of the preinitiation complex and initiation of
transcription is followed by the elongation phase, during
which transcription continues. An important aspect within
the elongation phase is the processing of a primary RNA
transcript to mRNA by removal of intron sequences (splic-
ing), 5 end capping and polyadenylation on the 3’ end
(11,13). Proper capping is essential as it allows the cell to
assess whether both ends of an mRNA molecule are present
(indicative of an intact message) before exporting it from the
nucleus to the cytoplasm. The enzymes involved in 5 end
capping act in a sequence-independent fashion, whereas the
enzymes responsible for 3’ end modification require the
presence of a consensus sequence for recognition (Table I).
The actual polyadenylation is performed by the enzyme poly-
A polymerase that in contrast to other RNA polymerases
does not require a template for its action; hence, the poly-A
tail is not encoded in the DNA.

RNA polymerase II moves along the sense strand until it
reaches a termination signal where it is forced to stop and
dissociate from the DNA. The simplest example of a stop
signal is a palindromic GC-rich region followed by an AT-
rich region, but other stop signals exist that may or may not
require additional factors to terminate the transcription
process (11,13).

The complexity of the eukaryotic transcription machin-
ery may at first have seemed an obstacle impairing transgene
expression. However, this review attempts to illustrate how
it can be exploited to elegantly modulate expression of
exogenous DNA, thereby significantly contributing to im-
provement of nonviral gene therapy and expanding the
range of possible therapeutic applications. Once the basic
fulfillments are met to have the exogenous DNA participate
in the transcriptional process, additional features can be
introduced to tailor the expression profile to one’s needs. By
interfering at the level of transcription initiation, increased
efficiency, specificity, and duration of expression can be
established.
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Table I. Overview of Essential Elements Required for Plasmid Vector Expression with their Definitions and Functions

Element

Definition

Function

Plasmid vector

Requirements for plasmid production in bacteria

Origin of replication (ori)

Selection marker

A specific DNA sequence of 50-100 bp
to which the bacterial host-cell enzymes
bind, initiating and regulating replication
DNA sequence encoding a protein that provides
bacteria with a certain selectable characteristic

Requirements for functionality in eukaryotes

Promoter

Enhancer

Poly-A signal

Intron

Stop signal

Coding DNA

Host cell
RNA polymerase 11
Poly-A polymerase

Shortest DNA sequence at which RNA polymerase 11
can initiate transcription

DNA sequences to which gene activator proteins
bind resulting in interaction with a promoter

A recognition site existing of AAUAAA hexamer
positioned 10-30 nucleotides upstream the 3’ end
and a GU- or U-rich element located maximally
30 nucleotides downstream of the 3’ end

Intervening noncoding DNA

DNA sequence at which RNA polymerase 11
is forced to stop and dissociate from the DNA
DNA encoding a therapeutic protein

Enzyme that performs transcription of DNA to RNA
Enzyme that adds ~200 A nucleotides to the 3’ end

Plasmid replication

Selection of bacteria containing
plasmid of interest

Enables pressurization
for plasmid maintenance

Position the start site for RNA
synthesis
Regulate frequency
of transcriptional initiation
Enhance a cell’s capacity to transcribe
a gene with greater efficiency
and greater sensitivity to changes
in the environment
Induces 3’ end capping

Protect transcripts against rapid
degradation
Promote export of mRNA
Termination of transcription
and dissociation of RNA polymerase 11
Therapeutic effect

Transcription of DNA to RNA
Provide synthesized RNA strand

General transcription factors
polymerase 11

Luxury transcription factors

Proteins that assemble on all promoters used by RNA

Gene regulatory proteins that bind to regulatory
sequences other than the promoter

with the 3’ end that protects it against
nuclear degradation

Help to position RNA polymerase II
at promoter

Aid in separating the two
strands of DNA

Release RNA polymerase 11
from promoter once transcription
has begun

Regulation of transcription is dependent
on cell type and/or environmental
influences

INTRACELLULAR TARGETING: DNA NUCLEAR
TARGETING SEQUENCES

In gene therapy settings, plasmids generally rely on
breakdown of the nuclear envelope during cell division for
nuclear entry. However, because many cells targeted in gene
therapy do not divide or divide very slowly, nuclear entry is a
major limiting step in achieving gene expression (14).
Nuclear uptake has been described to occur spontaneously
in vivo when exceeding a certain threshold (>1,000,000
plasmids/cell), possibly due to mass action (15), but this
clearly does not reflect a realistic nor desirable situation.

In the absence of mitosis, plasmids have to be imported
via the nuclear pore complex (NPC) to obtain transgene
expression. This can be achieved by attaching proteins or
synthetic peptides containing nuclear localization signals

(NLSs) to the plasmids. However, no consensus has been
reached with regard to their beneficial effects (16). More
recently, approaches have been described based on incorpo-
ration of peptide/protein structures that allow alternative
interactions with a host cell’s nuclear import mechanisms,
such as targeting the importin B nuclear import receptor (17)
and the use of steroid receptors as shuttles to facilitate nuclear
import (16,18). Both of these methods require the covalent or
noncovalent attachment of peptides or proteins to DNA,
which, from a pharmaceutical point of view, is undesirable.
A perhaps more elegant way of enhancing nuclear
uptake lacking the necessity for coupling of peptides/proteins
to the DNA is the incorporation of DNA sequences that are
recognized by endogenous transcription factors involved in
nuclear import. Such DNA nuclear targeting sequences
(DTS) (16) might facilitate nuclear localization by inducing
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Fig. 1. A simplified schematic model of the eukaryotic transcriptional apparatus. It comprises three
broad classes of multisubunit assemblies: 1) the RNA polymerase II core complex and associated
general transcription factors (TFIIA, -B, -D, -E, -F and -H), 2) multisubunit cofactors (mediator,
CRSP, TRAP, and others), and 3) various chromatin modifying or remodeling complexes (SWI/SNF,
PBAF, ACF, NURF, and RSF). CRSP, cofactor required for Sp1; TRAP, thyroid hormone receptor-
associated protein; SWI/SNF, switching/sucrose nonfermenting; PBAF, polybromo BRG1-associated
factor; ACF, ATP-utilizing chromatin assembly and remodeling factor; NURF, nucleosome-
remodeling factor; RSF, remodeling and spacing factor. Adapted from Levine and Tjian (12).

(partial) coating of the plasmid with NLS-containing proteins
and subsequent binding to importins.

Simian virus 40 (SV40), a virus whose regulatory
sequences are often used to drive expression of plasmids,
was shown to elicit a nuclear localization effect (14).
Analysis of the sequence requirements for nuclear import
has led to the identification of a 72-bp repeat within the SV40
enhancer (14). The nuclear localization effect of this 72-bp
repeat has been demonstrated both in vitro, in various cell
types including epithelial, endothelial, and smooth muscle
cells from a variety of organisms (19), as well as in vivo
(20,21).

The 72-bp element increased cytomegalovirus (CMV)-
promoter-driven gene expression by as much as 20-fold after
7 days in murine tibialis muscle in vivo (20). Because the
CMYV promoter is very strong, this effect is likely to be
ascribed to enhancement of nuclear localization rather than
further enhancement of transcriptional activity (20). This
hypothesis is further supported by the observation that
expression of plasmids including the SV40 72-bp repeat is
increased in comparison to plasmids lacking this sequence in
postmitotic cells but not in dividing tumor tissue (20). SV40
contains numerous binding sites for different general tran-
scription factors; it is thought that binding of NLS-containing
transcription factors accounts for the nuclear localization
(14,16). However, several other viral [CMV, Rous sarcoma
virus (RSV)] and cellular promoters/enhancers that contain
similar binding sites tested negative for this effect (14,16).
What distinguishes SV40 from these other structures is not
yet fully understood. One possible explanation is that some,
but not all, transcription factors are able to induce nuclear
uptake. It is thought to be essential that the NLS and the
DNA-binding domain within the transcription factor are
sufficiently separated both functionally and spatially (16).

Other sequences proposed to have nuclear targeting
capacity include nuclear factor-xB (NF-kB) binding sites
(22) and the origin of plasmid replication (oriP) sequence
from the Epstein—Barr virus (EBV) (16,23). Additionally,
sequences have been identified to act as DTSs in a cell-

specific manner, including the smooth muscle gamma actin
(SMGA) (24) and flk-1 promoter (16), with specificity for
smooth muscle cells and endothelium, respectively. When
using viral elements, possible risks of immunogenicity due to
high CpG content should not be neglected (see also under
“Sustained Expression”).

Rather than attempting to overcome the barrier of
nuclear uptake through utilization of endogenous proteins
for nuclear import, gene therapy strategies have been
developed to avoid this barrier by way of cytoplasmic
expression. All expression systems described so far rely on
the endogenous, nuclear transcriptional machinery of the cell
for expression of the transgene. In contrast, Gao and Huang
(25) developed a strategy in which the transgene is codeliv-
ered with an exogenous transcription machinery that is
insensitive to the endogenous regulatory mechanism. This
exogenous machinery consists of a bacteriophage T7 RNA
polymerase driving transcription of a gene controlled by the
T7 promoter. Importantly, phage RNA polymerases exhibit
striking specificity for their promoters (26). Several compli-
cations are involved when using the exogenous transcription
machinery. First, because localization of T7 RNA polymer-
ase and therefore transcription of the foreign gene is
restricted to the cytoplasm, transcripts will not be capped
properly. To achieve efficient translation of the uncapped
transcript, an internal ribosome entry site (IRES) of the
encephalomyocarditis virus was therefore inserted into the 5’
untranslated region. In most eukaryotes, translation of
mRNA requires the presence of an initiation codon that
can be recognized by ribosomes. However, in some viral
mRNA, ribosomes start translation at internal sites in the
mRNA. These internal ribosomal entry sites can be shuttled
from their viral settings to unrelated genes to enable
expression of proteins in the absence of a functional initiation
codon. Use of these constructs allowed one to observe
significant levels of reporter gene expression in a variety of
mammalian cells. A limitation of this expression system is the
rapid turnover of T7 polymerase enzyme, which means that
expression for long periods of time cannot be sustained. To
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establish a continuous supply of the polymerase, Brisson et al.
(27) developed an “autogene” (pCMV/T7-T7pol) consisting
of the T7 polymerase gene driven by a CMV and T7 promoter
(Fig. 2). The CMV promoter is used to drive the first round of
expression of T7 RNA polymerase, which can then act on the
T7 promoter to drive expression of both new T7 RNA
polymerase and the target gene. This way, no codelivery of
the T7 RNA polymerase enzyme, which can be very expensive
and potentially immunogenic, is required. Obviously, in this
model some nuclear uptake is essential. However, the
required amount is thought to be much less than in “classic”
nuclear expression models and therefore easier to achieve.
The new T7 RNA autogene was shown to induce higher, more
sustained levels of reporter gene expression than observed
with the autogene lacking the CMV promoter or with nuclear
expression systems in which a reporter gene was driven by a
CMYV promoter only. Additionally, pCMV/T7-T7pol is easily
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amplified and purified from bacteria by using standard
methods, possibly because binding of T7 RNA polymerase to
the T7 promoter is sterically hindered by CMV promoter-
induced conformational changes (27). It is noteworthy that no
detectable quantities of antibodies against T7 RNA poly-
merase were generated in mice upon direct injection of a T7
system, as reported by Chen et al. (28).

TRANSCRIPTIONAL TARGETING: RESTRICTING
TRANSGENE EXPRESSION TO SPECIFIC CELLS
OR TISSUES

When the first expression cassettes for gene therapy
were developed, viral elements were used to drive expression
of the foreign gene. Among the strongest promoters identi-
fied to date are the CMV immediate early (CMV IE)

~ @
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Fig. 2. Proposed mechanism of action of the pCMV/T7-T7pol autogene. Codelivery and
endocytosis of pPCMV/T7-T7pol (large white circles) and pT7-CAT (large gray circles). A
small portion of pCMV/T7-T7pol is translocated into the nucleus and transcribed by RNA
polymerase II to generate T7 RNA polymerase mRNA. In the cytoplasm, T7 RNA
polymerase mRNA is translated into T7 RNA polymerase (small black circles) which can
then drive further T7 RNA polymerase expression in the cytoplasm by way of the T7
promoter on pCMV/T7-T7pol and simultaneous expression of the chloramphenicol
acetyltransferase (CAT) gene located on pT7-CAT. This way, pCMV/T7-T7pol requires
no addition of exogenous T7 RNA polymerase and takes advantage of the excess DNA
remaining in the cytoplasm due to inefficient nuclear import. Adapted from Brisson et al.

(27) with permission.
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promoter/enhancer, RSV long terminal repeat (RSV-LTR),
and SV40 regulatory sequences. Although the viral pro-
moters are still considered strong relative to the cellular
promoters applied more recently, their popularity has
diminished considerably in the past years. Reasons include
their lack of specificity and the observation that structural
differences between host and foreign DNA are registered by
the host and provoke immunostimulatory and silencing
effects resulting in inactivation (see below). Therefore, a
need arose for nonviral, cellular gene regulatory regions that
are not as easily inactivated. In addition, targeting of genetic
medicines to specific cells is often required to prevent
toxicity to healthy cells [especially to liver and bone marrow
cells (29)] and to decrease the required dose. Differential
gene expression among cell types and environmental con-
ditions is physiologically possible because different genes are
driven by different (combinations) of promoter and enhancer
sequences, and each of these regulatory sequences contain
binding sites for multiple transcription factors. Changing the
set of transcription factors within a cell leads to activation of
a different set of genes, ultimately leading to a change in a
cell’s protein expression profile (12). Selective expression of
transgenes in specific cells or tissues can be achieved by
constructing DNA expression cassettes that contain regula-
tory regions that are recognized by transcription factors
specifically present or selectively expressed by the target cell
population. This so-called transcriptional targeting can be
based on tissue specificity where transcription is directed
specifically among healthy tissues, and on tumor specificity
by using elements that are active selectively in tumor cells
due to aberrant gene expression or tumor biology.

Tissue-Specific Promoters

There is an increasing list of well-characterized regulato-
ry elements controlling cell type specific expression, with
target tissues including the pancreas (30-32), breast (30,31,
33-35), bone (29,30,36-38), brain (30,31,36,39), melanocytes
(29-31,34,36,40-43), kidney (31), bladder (31), prostate (29—
31,36,40,44), testes (31), connective tissue (31), muscle (31,36,
37,42), endothelium (29,30,36,45-62), liver (30,31,34,36,40),
GI tract (57), lung (30,31,36), epidermis (63), thyroid (39),
hematopoietic cells (30,31,34), and ovary (29,37). Tissue-
specific promoters display a natural activity in normal tissues
without discriminating diseased from healthy cells. There-
fore, in cases where toxic genes are to be expressed, their
utility as such is limited to dispensable tissues such as me-
lanocytes, prostate, breasts, endocrine, and exocrine tissues
(30). Combining tissue-specific promoters with additional
targeting moieties can further increase their utility. For
example, combination of tissue and tumor specific promoters
may enable targeting of specific cells/malignancies within
nondispensable tissues. A complication involved when using
cellular regulatory elements is their low activity per se. To
obtain a therapeutic effect, usually combination with a strong
promoter element (either viral or cellular) is required.

Tumor-Specific Promoters

One of the most important factors limiting success of
conventional cancer therapy strategies is their lack of tumor
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selectivity. Available cytotoxic agents have been reported to
have a cancer-to-normal cell therapeutic ratio as low as 2:1 to
6:1. Novel approaches using gene therapy strategies have
been reported to succeed in increasing this ratio to 10,000:1
(30). Minimizing or excluding inappropriate expression in
surrounding nontarget cells is of great importance for
limiting adverse effects and, therefore, for increasing the
therapeutic index. Considering the complexity of the biolog-
ical nature of tumors, the genetic alterations that lead to the
malignant phenotype of tumor cells, and the high genetic
mutation rates, it is difficult to address universal tumor
features. However, an increasing number of key events
involved in the process of tumorigenesis and characteristics
of tumor tissues are being discovered. Employing regulatory
elements that direct transcription in response to these key
events may enable targeting of gene expression to tumors of
various origins (Table II). Design of tumor-specific expres-
sion vectors can be based on aberrant gene expression
profiles in tumor cells or on typical tumor biology. Aberrant
gene expression may be a matter of mutations to certain
genes or errors in the process of their transcription. In other
cases, the genetic expression pattern is affected; for example,
reexpression of embryonic genes or expression of viral genes
may occur. To date, no genes have been identified to be
completely restricted to tumor cells; when genes are referred
to as “tumor specific,” it is meant that they are found at much
higher levels in tumor cells than in normal cells. Tumor
growth has several biological consequences that affect
vasculature and metabolism. Fast-growing tumors are often
poorly vascularized; this poor vascularization, in combination
with the solid character of the tumor tissue, results in a high
interstitial and low intravascular pressure, leading to a
decrease in nutrient supply and, ultimately, necrosis of the
tumor core. Typical hallmarks of the microenvironment of
such tumors consequentially are glucose deprivation, chronic
anoxia/hypoxia, and acidosis (34,70,71). These conditions
cause activation of a number of so-called stress proteins,
which is thought to be an adaptive response evolved to
protect cells against stress-induced cell death. The obtained
cell survival is required for tissue preservation and organ
protection in cases where normal cells are exposed to
pathological conditions, but also occurs in neoplastic cells
where it can lead to cancer progression, drug resistance, and
protection of cancer cells from immune surveillance. Indeed,
a correlation between malignancy and elevated levels of
stress proteins in a variety of cancer cell lines was observed
(71). Therefore, recruitment of the transcriptional control
elements of stress proteins to target cancer cells is an
interesting topic for investigation. Successful results have
been obtained both in vitro and in vivo with the glucose-
regulated protein 78 (Grp78) promoter (70,71) and with
promoters containing hypoxia responsive elements (HREs),
of which the vascular endothelial growth factor (VEGF)
promoter is most widely investigated (47,54,60,67,68,75).
When a tumor reaches a size of ~1 mm?>, tumor cells
induce proliferation of (myo)fibroblasts and endothelial
tissue. This process is mediated by several growth factors
[i.e., transforming growth factor o (TGF-a), basic fibroblast
growth factor (bFGF), and platelet-derived growth factor
(PDGF)], which stimulate proliferation of stromal cells. This
process of neovascularization is named tumor angiogenesis
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Key event

Application in gene therapy

Reference

Aberrant gene expression

Oncofetal genes AFP (29-31,34,36,40,64)
CEA (29-31,34,36,40,43)
Oncogenes ErbB2 (ErbB3, ErbB4) (29,30,34,36,40)
c-Myc/Myc-Max responsive elements (34)
MUCI1/DF3 (29,36,37,40,43)
Ras (29)
EGFR (ErbB1) (29)
FGFR (29)
PIK3 (29)
Fms (29)
Ak2 (29,65)
Cell cycle-regulated genes Cyclin A, Cdc25C (36)
Heparanase (30)
RhoC (30)
Fibronectin (30)
Thymosin 4 (30)
Endoglin (CD105) (30)
Integrins; aV-B3 integrin (30)
¢-Myc, Cde2, E2F-1 (29.30,36,43)
Immortalization Telomerase ("TERT gene) (29,30,36,43,66)
Tumor biology
Angiogenesis E-selectin, Le(a) and Le(x) (29,30,36,43,61)
Endoglin (CD105) (30,36.49)
VEGF (29,30,47,54,60,61)
Human/murine (prepro)-endothelin-1 (30,50,59,61)
Tie-2 (49,61,66)

Pathogenic vasculature

HRE; HIF-1 target genes (including
VEGF, erythropoietin, LDH)

(30,36,47,60,67-69)

Grp78 (BIP) (30,34,36,70,71)
Impaired glucose metabolism Hexokinase IT (30,36)
Diverse

hPRL, ALA, BLG, osteocalcin, SLPI, (29,30,34,36-38,40,

L-plastin, GRP, AVP, K-Ras, SI, HCG, 57,72-74)
MK, HAFR gene promoter (P1), cyclin

D1, FGFR, CA125 antigen, inhibin/activin,

hyaluronan receptor, trypsin inhibitor,

metalloprotease pump I, UPA, LDH

gene-HRE, Cox-1, Cox-2

AFP, o-fetoprotein; ALA, human o-lactalbumin; AVP, vasopressin; BLG, bovine B-lactoglobulin; CEA, carcinoembryonic antigen; Cox,
cyclooxygenase; FLT-1, fms-like tyrosine kinase-1; EGFR, endothelial growth factor receptor; FGFR, fibroblast growth factor receptor; GRP,
gastrin-releasing peptide; Grp, glucose regulated protein; HAFR, human o-folate receptor; HCG, human chorionic gonadotropin; HIF,
hypoxia inducible factor; hPRL, human prolactine; HRE, hypoxia responsive element; hTERT, human telomerase reverse transcriptase;
ICAM-2, intracellular adhesion molecule 2; KDR, kinase-like domain receptor (human homologue of flk-1); LDH, lactate dehydrogenase;
MK, midkine; MMTYV, mouse mammary tumor virus; MUC, mucine; PECAM-1, platelet endothelial cell adhesion molecule-1; PIK, 3
phosphoinositide-dependent protein kinase; SI, sucrase-isomaltase; SLPI, secretory leukoprotease inhibitor; tie, tyrosine kinase with
immunoglobulin and epidermal growth factor homology domains; tPA, tissue-type plasminogen activator; VCAM, vascular cell adhesion

molecule; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor; vWF, von Willebrand factor; WAP, whey acidic protein.

and is of great importance for the growth and development of
both primary tumors and metastases (76). Because of its
major role in regulating important biological processes in
tumor angiogenesis, vascular endothelium can be considered
as a suitable target for cancer gene therapy for tumors of
diverse origins. Tumor endothelium can be distinguished
from normal vasculature through the expression of specific
membrane-associated receptors, adhesion molecules, and
other proteins, and by the high proportion of proliferating
cells (36). Advantages of targeting tumor vasculature include
its readily accessibility to systemically administered drugs
due to its large surface area and proximity to the circulation,

and the comparative homogeneity of this biological hallmark
among different tumor types (36,61). From a delivery point
of view, enhanced vascular permeability and angiogenesis
and the consequential retention of macromolecules can be
used for passive targeting strategies.

TRANSCRIPTIONAL CONTROL: CONTROLLING
EXPRESSION IN SPACE AND TIME

Some gene therapeutic applications require tight control
over the level of transgene expression to prevent expression-
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induced toxicity. For example, the use of gene therapy to
restore insulin production in insulin-dependent diabetes
mellitus requires tight control of transgene expression in
response to blood glucose levels. Temporal and spatial
restriction of expression aims at adding levels of specificity
and maximizing the ratio of expression levels in the induced
state to background levels.

Physical Induction

One of the most striking examples of selective and
inducible transcriptional regulation observed in eukaryotic
cells is the induction of so-called heat shock proteins (hsps) in
response to exposure to superoptimal temperatures. The
most prominent heat shock protein is hsp70 and its expres-
sion is mediated mainly by interaction of heat shock factor
1 (HSF1) with heat shock elements (HSEs) present in the
hsp70 promoter (77). Binding of HSF1 to HSEs leads to
release of RNA polymerase that is normally stably bound
proximally to the hsp70 promoter and enables initiation of
transcription (77). Huang et al. (78) used a 400-bp hsp70
promoter driving expression of the green fluorescent protein
(GFP) reporter gene or the cytokines tumor necrosis factor o
(TNF-0) or IL-12 engineered into an adenoviral vector. They
demonstrate that moderate hyperthermia (39-43°C) for
relatively short periods of time (20-60 min) efficiently
activates gene expression (GFP, TNF-a, or IL-12) driven by
the hsp70 promoter both in vitro and in vivo. Promoter
activity starts at 39°C with an optimum at 42-43°C and
decreasing efficiency at higher temperatures due to cell
death. Expression starts ~3 h after hyperthermia treatment,
peaks at 18-24 h, and drops back to background levels after
72 h. Additional in vitro studies involving cytokine gene
expression show an induction of >6.8 x 10° and >13,600 over
background expression levels for TNF-o and IL-12,
respectively. Importantly, cytokine levels in nonheated
control cells are below the detection limits and equal those
in nontransfected cells. Observations of low leakiness and
inducible expression were confirmed in vivo.

Advantages of heat-responsive promoters include low
background expression with high inducibility, low leakiness,
and convenience and safety of the stimulus. Disadvantageous
is that conventional heat treatment has a rather poor
resolution [localization within an order of centimeters (78)]
and succeeds in heating to appropriate temperatures only the
extremities, ovaries, brain, breast, prostate, head, and neck.
Furthermore, growth conditions may vary within a tumor,
and this could affect transgene expression. Appropriate
measures must be taken to adjust heat treatment such that
the desired effect is obtained in all tumor areas. Recently,
advanced heating techniques based on magnetic resonance
imaging (MRI)-guided focused ultrasound heating have been
described that may offer a solution to these problems (77).

Responsiveness of the hsp70 promoter to various
environmental and physiological signals [i.e., several tran-
scription factors including CCAAT transcription factor
(CTF), SP1, activating transcription factor/cAMP-responsive
element binding protein (ATF/CREB), hypoxia, acidosis,
energy depletion, oxidative stress, cytokines, certain toxic
compounds, ischemia, UV radiation (77,78)] provides poten-
tial pathways to further modulate promoter activity, but at
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the same time complicates predictability and control. For
example, even inflammation or fever may unwantedly
activate heat-responsive transcription elements in the ab-
sence of heat treatment (77,78). The hsp70 promoter is
repressed by wild-type tumor suppressor gene p53, but is
overexpressed in many tumor cells with defective p53
function (79). The combined inducibility by heat, hypoxia,
and p53 mutations potentiates efficient transcriptional target-
ing of tumor cells.

An important feature that requires further investigation
is the risk of developing thermotolerance. Cells exposed to
elevated temperatures become temporarily resistant to a
subsequent heat shock. Thermotolerance is transient in
nature, and its magnitude and duration depend on the
severity of the initial heat dose. Manipulation of the hsp70
promoter may solve this problem; an hsp70 promoter
modified to contain extra HSEs was shown to be more active
than the unmodified promoter in thermotolerant cells (77).

Several promoters displaying radiation responsiveness
have been proposed, including the early growth response-1
gene (Egr-1) (80-83), wild-type p53-activated fragment 1
(WAF1) (84,85), and recA (86). The first promoter tested
was the Egr-1 promoter. Egr-I-driven expression of TNF-a
has been shown to result in increased tumor growth
inhibition compared with radiation treatment alone. CArG
elements [CA(A/T)sGG] within this promoter were identi-
fied to account for radiation responsiveness, and synthetic
radio-inducible promoters were developed exploiting mul-
tiple CArG elements as enhancers for other (stronger)
promoters such as CMV. Multiplication of CArG elements
improved inducibility while decreasing leakiness. Impor-
tantly, activation of FEgr-I is predominantly p53 indepen-
dent, in contrast to other radio-inducible promoters,
decreasing the likelihood of tumor-dependent interference
with expression.

Expression levels obtained with the WAF1 promoter
were found to equal or even exceed those observed for other
radiation-inducible promoters (84,85). Worthington et al. (85)
performed an ex vivo experiment in which the WAF1
promoter was used to drive expression of the human
inducible NO synthetase (iNOS) gene in rat arteries. iNOS
expression was observed to be induced 5-fold 8 h after
exposure to 4 Gy radiation in rat tail artery segments.
WAF1-driven iNOS expression resulted in full relaxation
in artery segments that were preconstricted with phenyl-
ephrine 1 h after exposure to 4 Gy X-rays; this effect was
reversible. Next, an experiment was performed where
WAF1/iNOS was injected directly into two different tumor
types (RIF-1 and HT29) in mice (84). The WAF1 promoter
was induced by an initial X-ray dose of 4 Gy followed 8 h
later by treatment doses of 10 or 20 Gy. Examination of the
mice tissue revealed that 48 h after intratumoral injection,
vector sequences were detected in all tissues tested, indicat-
ing that substantial leaking of the system from tumor tissue to
nontarget tissue occurs. Importantly, no significant increase in
iNOS levels was observed in any of the tissues other than the
tumor and surrounding dermal tissue that had been exposed to
the irradiation. Induction of iNOS levels was 2.1- and 3.3-fold
in RIF-1 and HT29, respectively, when compared to control
nontransfected tumors. When compared to transfected but
nonirradiated tumor cells, induction was 3- and 1.6-fold,
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respectively. A problem involved when using the WAF1
promoter is that expression does not occur in a straightfor-
ward, dose-dependent fashion, and the optimal radiation dose
seems to be dependent on cell type and transgene used.
Upregulation of WAF1 in hypoxic conditions may be advan-
tageous for radiotreatment of tumors, as hypoxia often
hampers the effectiveness of regular radiotherapy.

The major advantage of radiation-induced transcription
is the high level of precision of target area selection.
Radiation therapy can reach precise localization within an
order of millimeters. Limitations to radiation-inducible
promoters include leakiness and the carcinogenic nature of
the stimulus, which restricts applications to cancer treat-
ment. Additional research is required to establish optimal
radiation dosing schemes and relevance thereof in clinical
settings.

Chemical Induction

Pharmacological regulation of transcription is desirable
when the aim is to drive long-term expression of transgenes
as it allows i) titration of protein into the therapeutic window,
ii) dose adjustment, iii) reversibility/termination of therapy,
and iv) fluctuating daily dosing regimens relevant for many
proteins (Fig. 3A) (87,89).
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The key element of chemically inducible systems is a
modulator-controlled transactivator consisting of 1) a DNA-
binding domain (DBD) that can recognize and bind to
specific cis elements within the promoter, 2) a transcription
activation domain (AD), and 3) a binding site for the
modulator (chemical/drug) (90).

Recruitment of the AD to the promoter may be based
either on allosteric interaction or on dimerization (Fig. 3B).
In case of allosteric interaction, a specific drug-controlled
DNA-binding domain is fused to a heterologous transcrip-
tional AD. This fusion-control element is placed upstream
and interacts with the promoter only in the presence of the
drug of concern, allowing transcription to be initiated.

The first and most frequently described allosteric
interaction system is a tetracycline (Tet) (or analogue)-
dependent gene expression system, which comes in two
variants: a system in which transcription is either suppressed
(Tet-Off) or inititated (Tet-On) upon addition of the
tetracycline drug. The natural Tet-controlled DBD of the
Escherichia coli Tet repressor (TetR) is fused to a heterol-
ogous AD [e.g., virion protein 16 (VP16)] to produce the
tetracycline transactivator (tTA). This tTA activates tran-
scription upon binding to Tet operator (TetO) sequences
upstream of target genes. However, when tetracycline or an
analogue (e.g., doxycycline) is present, DNA binding and
hence, transcription, is abolished due to binding of the drug
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Fig. 3. Chemical induction of gene expression. (A) Hypothetical protein plasma levels after (a) intravenous injection of
recombinant protein, (b) gene therapy using noninducible expression systems, and (c) gene therapy using inducible expression
systems. Adapted from Clackson (87) with permission. (B) Schematic illustration of the different types of chemically inducible gene
expression systems. Adapted from Harrington et al. (88) with permission.
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to TetR. Initial reports describe low-level background
expression in the presence of Tet, with an up to 100,000-fold
increase upon Tet withdrawal depending on the cell clone
used (88,89,91). However, subsequent studies have never
succeeded in achieving such extreme induction ratios, largely
due to high background expression levels (88). Drawbacks of
the Tet-Off approach include the necessity of long-term
administration of tetracycline (analogues) and the slow onset
of induction due to dependence on tetracycline (analogue)
clearance (92). Wilson et al. (93) have proposed utilization of
the Tet-Off-based gene expression system for treatment of
diabetes by establishing constant background insulin replace-
ment with infrequent adjustments to this basal expression
level upon tetracycline administration to allow anticipation
to illness, diet, exercise, etc. They observed repression of
proinsulin secretion in a dose-dependent and reversible
fashion upon addition of tetracycline following transfection
of murine and human myoblasts with a tetracycline-repress-
ible transactivator and an insulin plasmid containing a
tetracycline-responsive element upstream of a minimal
CMYV promoter. The functionality of this approach was also
confirmed in vivo following intramuscular plasmid injection
and oral tetracycline administration in rats. Baron et al
describe optimization of Tet-regulated systems that show
reduced toxicity by modification and screening of tetracy-
cline-controlled tTAs to eliminate potential interaction sites
for various cellular transcription factors and sites that may
elicit a cellular immune response (94).

Two strategies to change the Tet-system from an off to
an on system have been investigated. The first involves fusing
TetR to a strong transcriptional repression domain, enabling
de-repression of transcription upon drug binding. This was
reported to result in a Tet-mediated reporter induction of up
to 50-fold. The second approach aims at producing a true on-
switch mechanism and employs a mutant TetR that only
binds DNA in the presence of Tet (87,89). Unfortunately,
reversal of response type is accompanied by decrease in
binding affinity of TetR for its inductor and increased
background expression levels. Several mutant forms have
been screened to identify those with minimal background
activity combined with acceptable binding affinity (92,95).
For mutant TetR systems, induction ratios of up to 10,000-
fold have been reported (89). Another approach to reduce
background expression has been described in which the Tet-
On system is used in combination with a tetracycline-
controlled transcriptional silencer (tTS). In the absence of
tetracycline, the tTS interacts with TetO sequences to
suppress transcription. However, when Tet is present in
sufficient concentrations, conformational changes in tTS lead
to dissociation of tTS from TetO, allowing the reverse
transcriptional activator to bind and activate transcription
(92). This approach requires efficient delivery of three
separate vectors, and unless these can be integrated into a
single plasmid construct, it is not very attractive for use in
gene therapy.

In antiprogestin-regulated gene expression systems, trun-
cated forms of the human progesterone receptor ligand-
binding domain (PR-LBD) are linked to specific DNA-
binding and transcription activator domains to form a
chimeric protein that functions as an antiprogestin-responsive
transcription factor. The PR-LBD is modified such that it can
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no longer bind progesterone or any other known endogenous
steroid but can be selectively activated by progesterone
antagonists such as mifepristone (Mfp). Nonviral gene
delivery of an Mfp-controlled system in mice resulted in an
average multitude of transgene induction of 14- to 19-fold in
response to Mfp. This effect could be reached repeatedly over
a period of approximately 3 weeks (96). Other studies report
up to 200-fold induction ratios (depending on the minimal
promoter used) both in cell culture and in animals (89,97).

To avoid problems of interference from endogenous
hormones involved when employing human/mammalian
steroid hormones and their receptors, the use of the
prokaryotic steroid ecdysone (Ec) (or its synthetic analogue,
muristerone A) and its nuclear receptor was proposed.
Fusing the Drosophila melanogaster Ec receptor Ec-binding
domain to heterologous DBDs and ADs was shown to allow
Ec-dependent activation of transcription. These systems did
not respond to a series of endogenous human steroids. In
vitro, low background activity combined with induction ratios
of up to 10,000-fold was observed (89).

Many tumors develop anticancer drug resistance through
overexpression of the multidrug resistance (Mdr)-1 gene.
Because the Mdrl promoter is inducible by cytostatic agents
such as doxorubicin, vincristine, and taxol, it can be employed
for pharmacological upregulation of transgene expression to
potentiate chemotherapeutic effects (98-100).

Only recently, a novel form of chemical induction was
described in which a gas is used as the inductor for expression
of transgenes (101,102). Weber et al. (101) developed a sys-
tem derived from the fungus Aspergillus nidulans based on
the enzymatic machinery that regulates conversion of ethanol
to acetyl coenzyme A in response to acetaldehyde. They
developed an inducible promoter consisting of a minimal
CMYV promoter and five operators, each containing binding
sites for the transcriptional activator. Transgene expression
obtained with this construct was regulated tightly by the
gaseous acetaldehyde. In vitro expression levels correlated
linearly with gas concentration and reached an optimum at gas
levels that were below the no-observed-effect level (NOEL) of
152 ppm as declared by the World Health Organization
(Health and Safety Guide 90, 1995). However, in vivo no
linear relation between acetaldehyde levels and gene ex-
pression was observed. Moreover, because gas concentrations
of >1000 ppm are likely to be required for optimal induction,
strategies augmenting transactivation need to be developed
to make the system function at gas levels below the NOEL,
which will be essential for clinical application. Limitations to
this system include the unpredictability of the influence of
endogenous acetaldehyde and possible immunostimulation in
response to the fungal elements (90).

Chemical dimerization-controlled transcription requires
coexpression of two fusion proteins that each contain a drug-
binding domain. This domain is fused to a DNA-binding
domain in one protein and to a transcriptional AD in the
other. Additionally, the target gene construct, consisting of
the therapeutic gene driven by a promoter that contains
binding sites for the DBD, is introduced. Administration of a
drug able to cross-link both fusion proteins through their
drug-binding domains results in the formation of a functional
transcription factor. This results in recruitment of the AD to
the promoter and transcription initiation, respectively. The
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bivalent drug may be homodimeric (binding equal domains)
or heterodimeric (binding different domains). Heterodimeric
drugs are usually preferred, as in case of homodimerization,
nonproductive DBD-DBD or AD-AD homodimers can be
formed in addition to the functional DBD-AD heterodimers.
A well-described example of a heterodimeric drug is rapa-
mycin, an orally bioavailable drug that mediates the forma-
tion of dimers between the human proteins FK506 binding
protein (FKBP) and FKBP12 rapamycin-associated protein
(FRAP). Low background expression levels and high induc-
ibility (over 10,000-fold ex vivo) were observed when using
the rapamycin-regulated strategy (89). Expression levels
comparable to those obtained with the CMV promoter have
been reported (103). Efforts have been made to modify the
system to function with nonimmunosuppressive analogues of
rapamycin (“rapalogs”) (103).

The highly modular character of dimerizer-regulated
systems facilitates incorporation of a wide range of DBDs,
ADs, and drug-binding domains, and development of alter-
native dimerizer drugs allowing practically unlimited oppor-
tunities for optimization. For a review on progress made with
dimerizer-based strategies, the reader is referred to Pollock
and Clackson (103).

Despite the promise of pharmacological regulation of
transgene expression, there are some less elegant sides of
chemically inducible systems. Although the transcriptional
control elements can be modified to optimize and target
expression, no control over the fate of the inducing drug
exists, and many nontarget cells will be unnecessarily
exposed to this drug. Another disadvantage is the require-
ment of multiple constructs, meaning that effect is only
obtained in those cells that receive all of the essential
elements. To increase efficiency and to minimize burdening
of the delivery system, efforts must be made to combine the
different elements into a single construct.

SUSTAINED EXPRESSION

A serious issue currently limiting the widespread use of
nonviral gene therapy vectors is their transient nature of
transgene expression. Expression is decreased in time due to
several mechanisms including potential loss by recombina-
tion or destruction by nucleases (31,104) and partitioning to
nonnuclear compartments (104). Also, in dividing cells a
logarithmic decrease in the percentage of transfected cells
during replication of the target population occurs because the
plasmids do not replicate, whereas the cells do (31,104).
Finally, recognition and subsequent silencing of foreign DNA
in vivo impedes persistent transgene expression. Diverse
strategies have been developed to overcome one or more of
these problems to increase duration of expression.

Integrating Expression Vectors

One solution to allow for replication of the delivered
gene is integration of the gene into the host genome.
Enzymes that are capable of inserting foreign DNA into the
host genome include viral integrases, (site-specific) recombi-
nases, and transposases (105). Among these systems, viral
systems, especially retroviruses, integrate at relatively high
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frequencies. However, loading capacity is limited, and lack of
site-specificity increases the risk of insertional mutagenenis
(105). It was recently discovered that retroviruses and
recombinant adeno-associated virus (rAAYV) vectors actually
integrate preferentially into transcriptionally active regions
rather than randomly (106). For example, murine leukemia
virus (MLV), human immunodeficiency virus (HIV), and
adeno-associated virus (AAV) have been observed to
preferably integrate into genes rather than nongenomic
regions, and AAV has been associated with deletions and
rearrangements within host DNA (106-108). In this light,
recombinases and transposases may offer a safer alternative.
Site-specific recombinases are enzymes that catalyze DNA
strand exchange between stretches of DNA that are homol-
ogous only to a limited degree (105). Recombinase proteins
bind covalently to recognition sites within the DNA, cleave
its backbone, exchange the double-stranded DNA segments,
and finally re-ligate the DNA. Some recombinases function
independently, others require the help of additional proteins.
Two of the most widely described site-specific recombinases
are cyclization recombination recombinase (Cre) and ¢C31
integrase, enzymes derived from E. coli bacteriophage P1
and Streptomyces phage ¢$C31, respectively. Integration is
possible through interaction with so-called “pseudosites” that
resemble the original recombination sites that are absent in
the human genome (108). Cre-mediated integration is
reversible, hence, unstable and inefficient, because excision
is favored over integration. The explanation for this is that
loxP (Locus of Crossing over of P1 phage) sites remain
unaltered and are therefore still substrates for excision/
integration reactions, until finally all loxP sites are removed
by excision. An advantage of Cre is its remarkable site-
specificity. However, this at the same time represents an
obstacle, as extensive manipulation to Cre is required to
obtain a broader specificity to make it react with pseudo-
target sites within the host-genome. Because ¢C31 displays a
greater affinity for and recognizes more (at least 11)
pseudotarget sites within the human genome, it does allow
stable integration of DNA herein with greater efficiency
(24-56%) (108). However, its lower degree of specificity
requires additional research on potential target sites to assess
risks of insertional mutagenesis (105). Individual recombi-
nases can be further optimized through a process of directed
evolution: random mutations are introduced and screened for
improved efficiency and specificity (108). Furthermore,
Buchholz et al. (109) describe customization of the Cre-like
recombinase flippase (FLP) to adjust its temperature opti-
mum from 30 to 37°C to make it useful for application in
human gene therapy applications.

Transposases are enzymes that can transfer discrete
segments of DNA (transposons) from one molecule to
another through a cut-and-paste process (107). Transposases
are abundant in prokaryotes and insects, but have no
equivalent in vertebrates. Transposons originating from non-
vertebrates are functional in humans, albeit at low efficiency.
However, with the reconstruction of the so-called Sleeping
Beauty (SB) transposon, a vertebrate-derived DNA transpo-
son was created that displays much higher activity than any
other transposon in a wide range of vertebrates (107). SB
transposon consists of the transposable gene flanked by two
terminal inverted repeats (IRs) that contain binding sites for
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the transposase. Binding of transposase to these sites is
followed by formation of a synaptic complex, excision of the
DNA from the donor site and reintegration at a target site,
respectively (Fig. 4A). Formation of the synaptic complex
requires interaction with the host protein high-mobility group
box 1 (HMGBI1), a nonhistone protein associated with
eukaryotic chromatin that serves as a cofactor for SB
transposase (107). SB transposase is highly specific; no cross-
mobilization is observed among closely related transposons
(107). In its original form, maximum delivery capacity of SB
is limited to 10 kb; with each kilobase increase the efficiency
decreases exponentially with ~30%. However, flanking of
transgenes with two complete SB elements has been shown
to increase these size limits considerably (107). Analysis of
insertion sites in human cells revealed that SB, unlike diverse
viruses, shows no preference for insertion into genic regions
over nongenic regions, suggesting that SB transposition may
offer a safer alternative for stable expression compared to
viral integration. From several in vivo studies, it seemed that
long-term expression could be obtained (>5 months), where-
as no cytotoxic effects, immune responses, or liver tumors
were developed (110-112). These results illustrate the
potential of SB for use in gene therapy settings. However,
the remaining risk of insertional mutagenesis should not be
ignored. Future directions for integrating strategies will be
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based on strategies allowing for targeted integration (site-
directed genome modification). This can be obtained by
alterations within the DNA sequence or by use of accessory
proteins (105,113).

Episomally Replicating Vectors

An approach that does not require integration of the gene
into the genome and therefore avoids risks of insertional
mutagenesis is the use of autonomously replicating plasmids
or episomes. In episomally replicating plasmids, sequences
from (generally) viral DNA are incorporated that enable the
plasmid to replicate extrachromosomally. There are several
advantages over integrating systems: 1) the transgene cannot
be interrupted or subjected to regulatory constraints that often
occur from integration into cellular DNA (33,114); 2) higher
transfection efficiency can be obtained than with chromo-
some-integrating plasmids (33,114); 3) episomes display a low
mutation rate and tend not to rearrange (33); and 4)
episomally replicating systems have the ability to transfer
large amounts of DNA. For instance, systems based on the
EBYV viral replication and retention components can carry up
to 185 kb of viral DNA (33,114) and allow replication in both
eukaryotic and prokaryotic cells, which enables easy shuttling
among these host cells (33,114).
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Fig. 4. Strategies for sustained gene expression. (A) The Sleeping Beauty transposable element and its transposition. A plasmid
in which the transposase gene is replaced by a therapeutic gene (transposon) and the transposase are supplied in trans. The
transposase binds to its binding sites within the inverted/direct (IR/DR) repeats flanking the therapeutic gene and, together
with host factors such as HMGBI, a synaptic complex is formed, in which the ends of the transposon are paired. After excision
of the transposon from the plasmid, it can be integrated into a new location. Adapted from Izsvak and Ivics (107). (B)
Episomally replicating vectors. Replicating episomal plasmids yield high levels of target gene expression through several
mechanisms: vector replication leads to accumulation of multiple copies of the episomal plasmids; increased copy numbers of
plasmids lead to increased levels of target gene mRNA, and consequently increased levels of target gene protein; efficient vertical
transfer of the episomes during cell division results in maintenance of high-level gene expression. Adapted from Cooper (31).
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Constructs from several viruses including EBV, BK virus
(BKYV), SV40, and bovine papilloma virus 1 (BPV-1) have
been investigated as episomal expression vector candidates
(30,106). In general, the main problem with episomal
expression vectors is the requirement of trans-acting factors,
which are often associated with risk of transformation. This is
especially the case for vectors based on polyomaviruses (i.e.,
BKYV, SV40) where the trans-acting factor is a large T antigen
(Tag). Large T antigens were shown to have numerous
unacceptable properties including the ability to bind the
tumor suppressor gene p53, to induce chromosomal aberra-
tions, and to influence cellular gene expression by interfering
with cellular transcription factors (114). In this respect,
strategies based on EBV are considered relatively harmless.
Additionally, EBV displays a low mutation frequency and is
capable of carrying large amounts of DNA (114). Most
progress so far has indeed been made with EBV and
therefore this system will be discussed in more detail.

EBYV contains two elements that enable stable episomal
maintenance of the viral DNA in the host cell: oriP, required
in cis, and the EBV nuclear antigen 1 (EBNAI) early gene,
required in trans (33,114-116). OriP contains two regions,
being the family of repeats (FR) and the dyad symmetry
(DS) element, containing 20 and 4 binding sites for EBNAT,
respectively (114). EBNA1 has been reported to facilitate
nuclear localization of the plasmid (115). Expression of the
EBNAI gene is followed by binding of EBNAI as a
homodimer to oriP and recognition of the bound oriP site
as a functional DNA origin by human cells (31,114). The
EBNAI1 dimer/oriP complex then serves several functions:
replication, maintenance, and transcription.

The actual role of EBNAL1 in replication is still under
discussion. Binding of EBNA1 dimers to the DS within oriP
is thought to result in a structural distortion, which is
important for the initiation of DNA synthesis. More
importantly, the FR contains a replication fork barrier that
forces unidirectional replication and thereby reduces risks of
mutation and rearrangements (114). Conversely, some
groups have reported an EBNAIl-independent synthesis of
oriP-containing plasmids (114). Despite the ambiguity of the
exact mechanism of replication, EBV vectors replicate once
per cell cycle in synchrony with the host chromosomes
(114).

In addition to inducing plasmid replication, EBNA1
facilitates binding of the plasmid to the nuclear matrix:
binding of EBNA1 both to the FR on the plasmid and to
chromosomal elements mediates physical association of the
plasmid with the host chromosomes to retain the plasmid
(114,115). Also, a cellular protein, EBNA1-binding protein 2
(EBP2), has been identified that is thought to play a role in
segregation of the episomes during cell division (114).

EBNAL1 is thought to mediate transcriptional upreg-
ulation upon binding to the FR through a mechanism that has
not yet been revealed (114,115). This effect seems dependent
on the cell type used and on the promoter within the plasmid
(114).

Stable replication of EBV-derived episomal vectors was
shown in a variety of mammalian cells, including human
epithelial, fibroblast, and lymphoma cells, as well as monkey
and dog cell lines (114). Cui et al. (115) report highly efficient
gene transfer of EBV-derived plasmid vectors containing the
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EBNAI gene and the oriP sequence in vivo. Both EBV-
derived and conventional plasmid vectors encoding luciferase
or B-galactosidase (B-gal) as markers were constructed and
injected into the tail vein of mice by using the hydrodynamic
pressure method of transfection. Subsequently, gene expres-
sion was measured in the liver over time. For the conven-
tional luciferase-expression vector, a maximum level of
protein expression was measured at 8 h posttransfection,
decreasing 4.8-fold during the following 16 h. In comparison,
transfection with the EBV-based luciferase-expression vector
resulted in an approximately 1.7- and 7.2-fold higher
expression at 8 and 24 h after transfection, respectively.
Similar results were observed for the PB-gal expression
vectors.

High transfection efficiency, long-term expression, ca-
pacity to carry large amounts of DNA, and low mutation and
rearrangement rates all contribute to the potential success of
EBV-based vectors in nonviral gene therapy. However,
although in most cases stable episomal maintenance of
EBV-derived vectors is obtained, in some cases integration
in the host chromosome and rearrangements within the
vector have been reported (114). This effect seems depen-
dent on the cell line used and will require thorough research
before EBV-based vectors can be used safely in humans.
Another important issue is the observation that plasmid copy
numbers vary considerably among different cell lines, ranging
from 5 to 100 (114). This merits attention because the
plasmid copy number within a cell is determinative for both
therapeutic and possibly toxic effects.

Finally, risks of oncogenicity should be examined more
carefully. For EBV, the viral EBNA2 gene is considered to
be mainly responsible for oncogenicity, and therefore
EBNA1 was thought to be innocent. Nonetheless, results of
some in vitro and in vivo experiments put this assumed
innocence in a new light. For instance, EBNA1 was shown to
be able to bind to RNA in vitro, and it may therefore
influence expression at the posttranscriptional level (114).
Also, it was suggested that EBNA1 might interact with the
c-Myc gene, which may result in deregulation of this
protooncogene. In vivo results are contradictory. EBNA1
expression seemed to predispose B cells to lymphoma in
transgenic mice in a similar fashion as transgenic c-Myc
expression does, implying oncogenicity of EBNAT1 in mice.
On the other hand, in other in vivo experiments where mice
were transfected with EBV-based vectors through lipofec-
tion, no pathological changes were observed (114). Obvious-
ly, additional experiments should be performed to ascertain
the safety of EBNALI use.

The episomal vectors described above all require at least
one viral gene product, such as EBNA1 or Tag in case of
EBV or SV40, respectively (117). The potential immuno-
stimulatory and transforming properties of virally encoded
proteins impede application of these systems for human gene
therapy. Alternatively, mammalian scaffold/matrix attach-
ment regions (S/MARs) have been identified that can be
incorporated into circular nonviral vectors to replace the
transacting viral gene products. SMARs are cis-acting
elements consisting of 100- to 1000-bp AT-rich regions
lacking a defined consensus sequence (117). The S/MAR
element enables interaction of the plasmid with components
of the nuclear matrix, allowing for co-segregation of the
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plasmid with chromosomes during mitosis. Additionally, it is
thought that this interaction facilitates plasmid replication by
bringing the plasmid into contact with the host replication
machinery (108).

Piechaczek et al. (119) developed an episomal replicating
expression vector in which the SV40 ori sequence was used
together with the S/MAR from human B-interferon gene
cluster (replacing the viral Tag protein). This construct was
demonstrated to replicate episomally in CHO cells and to
provide stable expression over more than 100 cell divisions in
the absence of selective pressure. Ehrhardt et al (117)
developed a vector in which the CMV promoter was replaced
by a cellular promoter to eliminate potential silencing effects
induced by nonmammalian sequences. They incorporated an
S/MAR sequence derived from the chicken lysozyme locus
(ChMAR) as cis-acting elements within a nonviral plasmid
vector encoding the human coagulation factor IX (hFIX). In
vivo, 5-fold induction of hFIX expression levels was observed
for the S/MAR-containing plasmid when compared to plas-
mids lacking the S/MAR for up to 1 year after transfection.

In addition, other vectors are also being explored that
are worth mentioning: yeast artificial chromosomes (YACs),
bacterial artificial chromosomes (BACs), human artificial
chromosomes (HACs), or other mammalian artificial epi-
somal chromosomes (MAECs) and chimeric systems thereof.
Constructs have been designed in which the oriP/EBNA1
module is inserted into YACs and BACs to function as an
alternative to the centromere. The resulting molecules were
shown to form large circular episomes capable of stable and
persistent expression (119). As these artificial chromosomes
are designed to carry large DNA inserts, these systems are
not very suitable for use as vectors in gene therapy
applications where, in most cases, only a few genes need to
be expressed. Delivery of chromosomal vectors is relatively
complicated, particularly because their large size (1-2 pm), in
comparison to plasmids (sizes generally within the nanometer
range in condensed form), hampers cellular uptake via the
endocytic route (120). Additionally, the structural stability of
chromosomal vectors containing both DNA and proteins is
inferior to that of pure plasmid DNA (120).

Altogether, extrachromosomally replicating plasmid vec-
tors have great potential for application in gene therapy by
increasing the efficiency of transfection and longevity of gene
expression. Especially in the case of cancer treatment where
dividing tumor cells are involved, maintenance and vertical
transfer of the therapeutic plasmid will be crucial for the
duration of the effect and therefore for success of treatment.
Retention rates of 92-98% have also been reported to be
typical for EBV-derived vectors in the absence of selection
pressure (114). Although this does mean that retention is still
imperfect and loss over time will remain an issue, these
replicating plasmid vectors can be considered far superior
compared to conventional nonreplicating plasmids.

Preventing Gene Silencing

Despite the use of integrating or episomally replicating
vectors, sustained expression of transgenes may be hampered
by gene silencing (121). Although the exact mechanism of
silencing has not yet been elucidated, several possibilities
have been coined and are worth mentioning. The most
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striking example of gene silencing is the increasing number
of experiments showing that the CMV promoter, regarded as
one of the strongest promoters, is frequently shut down in
vivo (122-124). This is thought to be caused by its DNA
characteristics being aberrant from those of eukaryotic DNA.
Mammalian genomes differ from bacterial and viral genomes
with regard to abundance and methylation state of CpG
motifs. The mammalian genome contains a CG frequency
of approximately 1:64, which is much lower than the
expected frequency of 1:16, as observed in bacteria (125).
Whereas within bacterial and viral DNA CpG motifs remain
in an unmethylated state, approximately 70% of CpGs are
methylated in the mammalian genome, leaving unmethylated
only those CpG islands associated with genes in the germline
or located within the promoter regions of transcriptionally
active genes (123).

The high frequency of unmethylated CpG motifs present
in bacterial and viral DNA has several consequences. In
eukaryotic cells, these CpG motifs are de novo methylated, a
process that is possibly triggered by transcription itself (126).
The process of methylation serves a physiological function in
vertebrates in normal development: X chromosome inactiva-
tion, imprinting and silencing parasitic DNA transcription
(123). Methylation may interfere with binding of transcrip-
tion factors and therefore block initiation of transcription
(122,124,127). Additionally, methylated CpG base pairs can
be recognized and bound by certain cellular proteins,
including methyl-CpG-binding proteins (MeCP) MeCP1 and
MeCP2. These proteins may compete with transcription
factors and/or recruit histone deacetylase activity, which
could account for the reorganization of DNA into tightly
packed chromatin structures incompatible with transcription
(122,124). The efficiency with which methylation suppresses
transcription may be dependent on the position of the methyl
groups within the promoter region, the density of the methyl
groups, and the strength of the promoter (124). Methylation
of CpG islands located downstream of an active promoter
does not block elongation (122). On the other hand, when
methylation of CpG motifs induces a condensation process,
this might spread out to the vicinity of the transgene and
silence it.

Another implication is the profound stimulation of the
immune system associated with CpG motifs. The sequence
requirement for eliciting an immune response is a central
5'-CG-3’ motif; the most active sequence in humans is
GTCGTT, and this stimulatory CpG motif (CpG-S) acts as
a “danger signal” that is recognized by “pattern-recognition
receptors” present on immune cells. The high content of
CpG-S in the unmethylated state is typical of bacterial and of
some viral genomes (including CMV). Unmethylated CpG-S
triggers cells of both the innate and the adaptive immune
system, which has consequences regarding expression and
toxicity. Gene expression can be decreased through several
mechanisms, including cytokine-mediated promoter shut-
down and elimination of the expressing cell through apopto-
sis, innate or adaptive immune responses (125).

When constructing a plasmid vector, several strategies
can be used to reduce the immunostimulatory effects of
CpG-S motifs: 1) methylation, 2) addition of neutralizing
CpG motifs (CpG-N), and 3) elimination of CpG-S (125,128).
However, as described above, methylation of essential CpG
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motifs within regulatory elements can also result in a drastic
decrease in gene expression. CpG sequences preceded by a
cytosine (C) and/or followed by a guanine (G) are found to
be able to neutralize the immune activating properties of
CpG-S motifs, hence the name neutralizing CpG (129,130).
The net stimulatory potency of a particular sequence seems
to depend on the overall ratio of CpG-S to CpG-N motifs.
From experiments in mice, it was concluded that immuno-
stimulation can be inhibited by CpG-N sequences placed in
cis and not too far from the CpG-S sequence and through a
non-sequence-specific effect of trans CpG-N sequences.
Reducing the CpG-S content of a plasmid does not only
result in decrease in cytokine production, but very interest-
ingly has also been reported to increase and prolong
expression in vitro and in vivo in mice (131,132). Taken
together, the CpG content and methylation state should be
taken into consideration when choosing a regulatory element,
with preference for the lowest content of CpG-S. It should be
examined whether additional danger signals exist comparable
to the CpG-S motifs.

Plasmid constructs used for gene therapy often combine
bacterial and eukaryotic DNA elements. Within the nucleus
of eukaryotic cells, the transgene is expressed, whereas the
bacterial backbone remains inactive. It has been hypothe-
sized that transcriptional activity is related to chromatin
structure. In the process of transcription, certain components
acetylate histones 3 and 4, resulting in loosening of their
binding to DNA and formation of euchromatin. As bacterial
DNA is not involved in transcription complexes, histones 3
and 4 may remain unacetylated, leaving the DNA in the
more condensed heterochromatin state. In the absence of so-
called insulators between euchromatin and heterochromatin
regions, heterochromatin might spread into euchromatin in
its vicinity, resulting in transgene silencing (121). The role of
bacterial DNA in transgene silencing has been examined by
Chen et al. (121). They conclude that for silencing to occur,
covalent connection of bacterial DNA to the transgene is
essential. The silencing effect was observed in both circular
and linear DNA and was found to be independent of specific
bacterial DNA sequences and reporter and promoter/en-
hancer. Exclusion of bacterial DNA resulted in 2- to 3-log
higher expression levels in murine livers.

FURTHER CUSTOMIZATIONS

Several strategies have been developed to further
customize transgene expression, for example, to increase
strength, specificity, and efficiency, or to decrease size or
leakiness.

To increase promoter efficiency, all regions within a
promoter that do not contribute to its transcriptional strength
or specificity should be identified and eliminated. On the
other hand, functional elements can be multimerized to an
optimum, as described for CArG elements in the FEgr-I
promoter. However, this approach may not be applicable to
all promoters and requires time-consuming empirical optimi-
zation of each individual promoter (36).

Another, less extensively described, strategy involves
increasing promoter strength by activating point mutations
(36). Substituting one G-to-A at nucleotide —119 was shown
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to significantly increase activity of the human o-fetoprotein
(AFP) promoter (133). However, such possibilities for
modifications have only been found coincidentally in few
cases.

Promoter activity can also be altered by modifications in
DNA sequences (spacers) that separate the individual
consensus sequences of promoters. Within these areas, it is
not so much the sequence per se that is of importance, but the
DNA structure resulting from this sequence (134). Jensen
and Hammer (135) constructed a library of 38 mutant
promoters and measured a range of relative expression
strengths varying from 0.3 to 2000, covered in small incre-
ments. Mutants were designed to contain the known consen-
sus sequences as in the wild-type form, whereas the
sequences of the separating spacers were randomized.
However, retrospectively it seemed that all promoters with
activities <5 had changes either in the consensus sequence or
in the length of the spacer between —35 and —10 sequences.
Nonetheless, promoters devoid of these features still had
activities varying from 5 to 2050, indicating that a 400-fold
variation in promoter activity can be obtained by spacer
randomization. Furthermore, the slight increment at which
promoter activity is increased allows fine-tuning to an almost
infinitive degree. It should be realized that ranking is
dependent on the gene studied and the type of cell culture
used. For an optimized method for generating promoter
libraries, the reader is referred to Solem and Jensen (134).

Yet another strategy is based on constructing “chimeric
promoters” that combine the transcription regulatory ele-
ments of different promoters eliciting specificity for the same
tissue or eliciting different specificity patterns (e.g., tissue
specificity and tumor specificity) to further restrict expression
to certain target cells. By screening random combinations,
optimal constructs can be identified. For example, a range of
muscle specific promoters was constructed by assembling
5-20 DNA elements involved in muscle-specific transcrip-
tional activation in a random order and linking them to a
minimal chicken o-actin promoter. Remarkably, when tested
in differentiating muscle cells in culture, one of the combi-
nations was shown to be 6-fold more active than the strong
CMV IE promoter/enhancer (36).

Positive Feedback Loops

Both strength and specificity of expression systems can
be increased significantly by incorporation of a positive
feedback loop. Generally, a promoter eliciting certain
specificity is used to drive expression of both the desired
effector gene and a strong artificial transcriptional activator.
This transcriptional activator then upregulates transcription
through interaction with appropriate binding sites within the
promoter. In most cases, the transcriptional activator is a
chimeric protein consisting of a DNA-binding domain fused
to a transcriptional AD and is therefore referred to as
recombinant transcriptional activator (RTA) (36).

Nettelbeck et al. demonstrated enhancement of the very
weak but highly specific von Willebrand factor (vWF) and
sucrase—isomaltase (SI) promoter in a positive feedback-loop
approach (57). The vWF promoter exhibits a particularly
high degree of specificity for endothelial cells when com-
pared to other endothelial-specific promoters (e.g., PECAM-
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1/CD31, flk-1/KDR); the SI promoter is highly specific for
intestinal cells and gastrointestinal tumors. Here, the RTA is
a VP16-LexA fusion protein consisting of the DNA-binding
domain of LexA and the transcriptional AD VP16 of the
herpes simplex virus. VP16-LexA exerts its stimulatory effect
through LexA binding sites introduced into the promoter
(Fig. 5A). Two approaches were examined, both using a cell-
type-specific promoter (either the vVWF promoter or the SI
promoter) to drive transcription of the reporter/effector
gene, but one employing a second cell-type-specific promoter
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to control the RTA and the other employing an IRES for this
purpose. The construct using the two cell-type-specific
promoters proved the most successful and exhibited a 20- to
169-fold enhancement while retaining a 30- to >1000-fold cell
type specificity when compared to a normal vWF promoter.
Similarly, for the SI promoter, a 14- to 37-fold enhancement
was observed, whereas specificity was retained.

Although particularly useful for weak promoters, tran-
scriptional feedback amplification also proves useful for
strong promoters. Emiliusen ef al. first screened different
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Fig. 5. (A) Positive feedback loop. Schematic illustration of the positive feedback loop
mechanism. Within target cells, the cell-type-specific promoter will initiate the first
round of expression (thin arrows), leading to simultaneous expression of both the
reporter/effector gene and the VP16-LexA fusion protein. Interaction of the VP16-
LexA protein with the LexA-binding sites upstream of the first cell type specific
promoter then results in transactivation and enhancement of transcription (thick
arrow). Coexpression of the two separate genes can be realized by using either an
IRES or two internal promoters. Adapted from Nettelbeck et al. (57) with permission.
(B) CrelloxP gene switch system. After cotransfection of the plasmids pcre and pSGFP,
cre recombinase is expressed from the plasmid pcre and excises the stop cassette from
pSGEFP via the loxP sites. The pSGFP plasmid that is generated expresses the GFP
gene driven by the CMV IE promoter/enhancer. Adapted from Scott et al. (82) with

permission.
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elements of the strong human tyrosinase promoter to select
one with the highest level of specificity regardless of its
activity and then successfully increased expression by using a
feedback loop (136).

Gene Excision by the Cre/loxP System

In cases where only temporary protein production is
required, it may be desirable to definitively switch on or off
gene expression upon an external signal. One method to do
so is by excision of specific DNA sequences by recombinases.

Cre is a recombinase derived from E. coli phage P1
(129) that excises DNA fragments flanked by /loxP sites. The
DNA is excised as a circular molecule, leaving a 34-bp loxP
site on each reaction product (138). For gene therapy
purposes, the Cre/loxP system could be used to specifically
delete DNA sequences within plasmid vectors on command.
When a therapeutic gene is expressed from a plasmid in
which it is flanked by loxP sites, its expression could be
terminated by administration of a plasmid encoding Cre. As
it is rather difficult to deliver plasmid encoding Cre
recombinase to all cells expressing the therapeutic gene, it
is very likely that this system will generate only partial
shutdown of therapeutic gene expression. The system can
also be inverted to switch on expression of a therapeutic
gene. In this case, a “silenced” plasmid is constructed in
which a loxP-flanked stop cassette is placed amidst a
promoter and the therapeutic gene, thereby preventing tran-
scription of the transgene. The stop cassette is then excised
from the plasmid upon Cre expression, leaving a plasmid
(that is no longer silenced) with the promoter driving
expression of the therapeutic gene. Scott et al. combined this
Cre/loxP system with a radio responsive promoter to obtain a
radiation-controlled molecular switch (80,82,139). One plas-
mid was constructed containing a CMV IE promoter
separated from a reporter (or therapeutic) gene by a loxP-
flanked stop cassette. In a second plasmid, the Cre recombi-
nase coding sequence is placed under the control of the Egr-1
radiation responsive enhancer combined with a CMV IE
promoter. When exposed to radiation, the Egr-1/CMV IE
promoter starts transcription of the Cre recombinase coding
sequence. In turn, the expressed Cre excises the stop cassette
from the second plasmid and the CMV IE promoter can
drive transcription of the reporter or therapeutic gene (Fig.
5B). With GFP as the reporter gene, the system incorporat-
ing the Cre/loxP mechanism resulted in approximately a 14.4-
fold higher fluorescence when compared to a system in which
GFP was directly controlled by the Egr-1/CMV IE promoter.
When the herpes simplex virus thymidine kinase (HSVtk)
gene was used to mediate cell killing, the switch-incorporated
system resulted in almost the same increase in sensitivity to
ganciclovir as that achieved by a system in which HSVtk was
directly controlled by a CMV IE promoter. Also, 3-fold more
growth inhibition was accomplished when compared to a
system in which the Egr-I/CMV IE promoter directly
controlled HSVtk. Importantly, for the switch-incorporated
system, a 1-Gy radiation dose achieved cell growth inhibition
equivalent to that of a 3-Gy dose for systems without the
switch (82).

All these results highlight the benefits of incorporating
the Cre/loxP system, especially when a highly specific but
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relatively weak promoter is to be used. Cre/loxP can increase
specificity and activity, whereas leakiness is expected to be
low because the therapeutic gene is silenced by a stop
cassette in the absence of Cre. In directly inducible systems
based on hybridization of inducible regulatory elements with
strong constitutive promoter elements, strength of the
constitutive promoter is reduced as a compromise to increase
specificity and reduce leakiness. The great advantage of the
Cre/loxP system is that the strong CMV IE promoter can be
used to its full potential, while at the same time expression is
under control of an external signal. Additional issues to be
addressed to make this vector system of practical use include
engineering the system into one single plasmid and examin-
ing whether the excised circular DNA molecule and the loxP
site in the therapeutic plasmid that remains after excision are
in any way harmful.

Perhaps a more substantial point of concern is the
finding that sequences exist in human and mouse genomes
that despite being divergent from loxP are capable of
supporting Cre-mediated recombination (137). These so-
called pseudo-lox sites are shown to support recombination
at up to 100% of the efficiency of native loxP sites when
tested in bacterial assays and to support Cre-mediated
integration and excision in a human cell environment. This
observation might complicate application of Cre in gene
therapy strategies, as it implies that administration of Cre
could possibly affect the host’s genome. However, additional
work is required to determine whether the efficiency of Cre-
mediated deletion is dependent on features like chromatin
structure, transcription rate, or DNA methylation. This
information is required to estimate the actual effect of Cre
when expressed in human cells and, consequently, to
determine whether it will be useful for gene therapy
applications.

The use of DNA excision is not limited to creating gene
switches, but perhaps more importantly allows removal of
bacterial plasmid components that are required for replica-
tion and selection in bacteria during the production process,
but are unnecessary (and often undesired) for expression in
human cells. Riu et al. (140) describe the excision of the
purified transgene expression cassette from plasmids in vivo.
They constructed plasmids in which the transgene expression
cassette was flanked by two Saccharomyces cerevisiae mito-
chondrial endonuclease (I-Scel) recognition sites and co-
injected these with plasmids encoding I-Scel cDNA into
mouse liver. In vivo, I-Scel expression leads to excision of a
linear purified expression cassette, free of bacterial DNA.
The two free double-stranded DNA ends then ligate
intermolecularly to form large concatemers, or intramolecu-
larly to form circular DNA molecules, the latter being
reported as the preferred route (141). Such structures have
been shown to reside extrachromosomally and remain active
for several months (142). As previously described, bacterial
DNA has a silencing effect on transgene expression when
covalently attached to the transgene. Riu et al. (140) show
that removal of this covalent linkage results in a significant
increase in both level and persistence of expression. I-Scel is
regarded as a suitable and safe endonuclease as it is highly
specific and has not been reported to cleave in human
genomic DNA. In addition, much experience with its use in
cells from a variety of organisms is on hand (140).
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Expression of Multiple Genes Combined in a Single Plasmid

Many of the more advanced gene therapy strategies
described require co-expression of multiple genes. To limit
burdening of the delivery vector and to guarantee successful
cotransfection of the required genes, it is favorable to
combine the transgenes in a single plasmid construct rather
than codelivering multiple plasmids. Development of strate-
gies to succeed in coexpression of two or more genes from a
single construct (bi- or polycistronic vectors, respectively)
will therefore be of increasing importance. The diverse
strategies now available have been reviewed by de Felipe
(143). Important aspects that need to be considered when
choosing a strategy are the size of the element, coordination
of expression of the multiple genes, and control over the
relative expression patterns. Ideally, the multiple genes are
expressed equally and predictably. This can best be achieved
when using a single open reading frame (ORF). However,
this strategy is often not suitable as the expression of multiple
proteins in a single ORF results in physically linked proteins
that may not always be functional. In creating polycistronic
vectors, most experience is based on the use of IRESs, and
until now this still represents the best available way to ensure
coexpression of multiple genes in a single plasmid construct
(successful coexpression has been reported in >90% of cells).
IRESs also enable translation from RNAs produced by RNA
polymerases other than RNA polymerase II, as is the case for
the cytoplasmic expression strategy based on bacteriophage
T7 RNA polymerase as described previously.

A disadvantage of IRESs is that expression levels of the
genes upstream and downstream of the IRES are unequal,
with the downstream gene being expressed at significantly
lower levels and the exact balance being dependent on cell
type and transgenes involved. Another disadvantage is the
relatively large size of IRESs (~0.5 kb) compared to some
other elements. However, the isolation of mini-IRES
sequences of less than 0.1 kb may offer a solution (144).
Some IRESs require the presence of part of the N-terminus
of the original viral protein they belonged to for their full
activity. This is undesirable, as it means that additional viral
sequences must be incorporated in the plasmid and a small
part of the viral protein will consequently be present in the
translated transgene product. Traditionally, IRESs from viral
genes were used, and these lack the possibilities for
specificity or regulation of expression. Some of the advanced
gene therapy strategies previously described rely on individ-
ually controlled expression of multiple genes, and incorpora-
tion of internal promoters has long been regarded as the only
strategy suitable for this purpose. Interestingly, the discovery
of certain cellular IRESs sheds a new light on this issue. It
has been discovered that these IRESs require IRES trans-
acting factors (ITAFs) present in the host cell for their
activity. Similar to promoter specificity relying on the
presence of different sets of transcription factors, IRESs
display specificity based on specific interactions with differ-
ent ITAFs. IRESs seem to resemble promoters regarding
specificity and inducibility: they have been found in mRNAs
encoding growth factors, oncogenes, proteins involved in
apoptosis and cell proliferation and also in mRNAs
corresponding to stress proteins (formed in response to
hypoxia, heat etc.).
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With the increasing range of methods becoming avail-
able for establishing coexpression of multiple genes, one is
given the opportunity to carefully select an element with
optimal characteristics for the designed expression cassette.

CONCLUSION

Gene therapy has the potential to treat a great variety of
severe diseases, including genetic disorders and cancer, but to
date clinical applications have remained few due to ineffi-
ciency of delivery and expression. Although efficient delivery
of genes to the required cell population is a critical aspect
and still leaves much for improvement, also optimizing the
plasmid vector can lead to increased or prolonged levels of
expression and may therefore play an important role in
compensating the limited transfection efficiency achieved
with most nonviral carriers. In this review, we have at-
tempted to give an overview of the work that has been done
on optimizing plasmid vectors for gene therapy applications.

To date, the most frequently used expression vectors in
nonviral gene delivery systems make use of viral elements
(promoters/enhancers) to drive the expression of the trans-
gene. Viral-based expression vectors have established proof
of principle, but due to immunostimulatory and silencing
effects provoked in host cells, it is predicted that they will
eventually be outlasted by their cell-based counterparts.
Moreover, cellular promoters offer the opportunity for
transcriptional targeting, which will contribute to safe and
efficient in vivo human gene therapy due to restricted
expression of transgenes in target tissue. Together with the
use of increasingly potent therapeutic genes (e.g., suicide
genes) developed to compensate for inefficient gene delivery,
a need is generated for improved targeting strategies. In this
light, tumor-specific expression strategies will especially
prove useful to restrict cytotoxic gene expression to malig-
nant cells or tissues.

However, it seems that with increasing specificity comes
decreasing strength. It will therefore be essential to either
further increase specificity or further increase strength of
weak but highly specific regulatory elements. Technologies
incorporating positive feedback loops are estimated to
contribute significantly to this purpose.

Additional layers of specificity can be offered by
externally inducible systems. These will not only prove useful
in further restricting expression to target tissues, but will be
indispensable for treatment of diseases that require synthesis
of proteins within a small therapeutic range, such as diabetes.
When using physical stimuli to induce expression, one has the
advantage of being able to target both gene expression and
the inducing stimulus to the target issue. In case of drug-
inducible gene regulation, the ease of oral administration
with which expression of a therapeutic protein can be
induced is a great advantage. Furthermore, the extreme
diversity of chemically inducible systems offers the opportu-
nity of fine-tuning expression patterns to meet pharmacolog-
ical/pharmacokinetic requirements.

Another drawback of currently used nonviral gene
delivery systems is the transient nature of gene expression.
This problem may, however, be solved in the nearby future.
Systems incorporating sequences that allow replication and
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maintenance, such as episomally replicating vectors, might
succeed in establishing stable transgene expression over
prolonged periods of time.

Interesting results are expected of so-called autoregulat-
ing plasmid vectors. These strategies are based on the
incorporation of genes that encode cofactors required for
transcription of the plasmid (e.g., transcription factors,
polymerase) within the plasmid such that its expression is
less dependent on host factors.

Considering the strategies described in this review,
optimism is justified that eventually expression cassettes can
be created in which relevant parameters for transgene
expression (e.g., promoter strength, specificity, leakiness,
inducibility, efficiency, safety, duration of expression, kinet-
ics, and possibility of termination) are carefully balanced to
meet requirements for clinical application and ultimately to
realize human gene therapy.
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