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ABSTRACT

Adverse events in using viral-based vectors to deliver and integrate therapeutic DNA into patients in recent clinical trials have revitalized
efforts to improve the efficacy of the alternative, the much safer non-viral vectors. Non-viral vectors are generally orders of magnitude
less efficient than viral counterparts due their inability to overcome numerous biological barriers to DNA delivery, but deeper
understanding of these barriers, and formulation of new approaches to transcend them, has enabled the generation of non-viral vectors for
DNA delivery that comprise multiple functional modules mimicking the ability of viruses to traffic through the cell to the nucleus. These
novel, multifunctional vectors may be combined with strategies for episomal replication and faithful expression of therapeutic DNA bereft
of the potential dangers of integration into the host genome, with enormous potential for future clinical as well as research applications.
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INTRODUCTION

Successful treatment of genetic diseases by gene therapy
requires efficient delivery of therapeutic DNA into specific
cells, followed by safe and long-term expression of the
encoded gene product at physiologically relevant levels. In
order for foreign genes (transgenes) to be expressed, they
must reach the cell nucleus, but this journey requires numer-
ous obstacles to be overcome. Limiting factors in therapeu-
tic gene delivery can be extracellular, such as undesired
interactions with blood plasma proteins in the circulatory
system, with extracellular matrix proteins, and with cells
that are not the intended delivery targets, or intracellular,
such as entrapment in endosome/lysosome vesicles, degra-
dation by nucleases, and slow movement through the dense
cytoplasm, and through the nuclear envelope (NE) into the
nucleus (Fig. 1). Once in the nucleus, the transgene must be
replicated and passed onto daughter cells during each cell
cycle, whilst evading transcriptional silencing e.g. by de
novo cytosine methylation. Due to the difficulties in deli-

vering transgenes and maintaining their stable expression,
gene therapy has thus far been of limited medical benefit.
To circumvent the barriers to therapeutic DNA delivery,
transgenes can be packaged into viruses, which have
evolved mechanisms to exploit or circumvent cellular sig-
nalling and transport pathways to assist in overcoming
cellular barriers during infection of mammalian cells. This
ability to transfect cells actively, along with the propensity
of some of them such as retroviruses to integrate transgenes
into the host cell genome for persistent expression, has been
exploited in viral-vector design, with recombinant vectors
from diverse sources used in clinical trials with notable
successes (Cavazzana-Calvo et al. 2000; Hacein-Bey-Abina
et al. 2002; Gaspar et al. 2004). However, due to the inva-
sive properties and tropisms of viruses, important biosafety
issues have arisen that must be considered when using viral-
based vectors in humans. Of most concern is the danger of
insertional mutagenesis caused by ectopic chromosomal in-
tegration of viral DNA, which can disrupt the expression of
a tumour-suppressor gene and/or activate a protooncogene
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Fig. 1 The trafficking and intracellular barriers to non-viral gene delivery. A non-viral vector must reach the cell nucleus in order for its cargo, a
therapeutic gene, to be expressed. Vectors must bind and traverse the cell membrane, generally through non-specific endocytosis, or if coupled with
ligands, through internalisation by binding to specific receptors (1). Once inside the cell, the vector/DNA complex must escape from endosome vesicles
(2), avoid degradation from cellular nucleases and proteases, and traffic through the structured cytoplasm (3), and enter the nucleus (4). The delivered
gene must be unpackaged, transcribed and persistently maintained during cell replication (5).

(Woods et al. 2003). This problem was highlighted all too
poignantly in a clinical trial to treat children with X-linked
severe combined immunodeficiency (SCIDX1) caused by a
lack of expression of the interleukin-2 receptor y-chain gene
(IL2RG) (Hacein-Bey-Abina et al. 2002). After treatment
with a retroviral vector that effected expression of a com-
plementing /L2RG transgene, three of 16 treated children
developed a type of T-cell leukaemia, which has thus far

resulted in the death of one patient (Hacein-Bey-Abina et al.

2003a, 2003b). It seems clear that the leukaemia was caused
by insertional mutagenesis, whereby the retroviral vector
used in this trial integrated close to, and exerted enhancer
activity on the promoter of the distal growth-promoting
LIM domain only 2 gene (LMO2) (McCormack et al. 2003;
Woods et al. 2003; Nam and Rabbitts 2006; Shou et al.
2006). Activation of LMO2, a known protooncogene, is as-
sociated with T-cell tumorigenesis in childhood cancer
(McCormack et al. 2003). In view of the other significant
drawbacks of viral-based vectors, including their immuno-
genicity and cytotoxicity (Dewey et al. 1999; Hollon 2000),
it seems clear that safer methods of gene transfer and sus-
tained expression are required for human gene therapy.
Commonly used non-viral gene delivery agents include
diverse lipid formulations and cationic polymers that bind
to DNA and collapse its structure into nanosized particles to
assist with cell binding and internalisation (Fig. 2). In con-
trast to viral-mediated gene delivery, non-viral vectors have
a number of safety advantages, including reduced pathogen-
icity and diminished capacity for insertional mutagenesis.
Furthermore, unlike live viruses, non-viral vectors are
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easier to manufacture, with less significant limitations in
packaging large amounts of DNA. Unfortunately, the non-
viral vectors currently in use are characterised by inefficient
therapeutic DNA delivery, due to the fact that although
particular non-viral vectors can condense DNA, confer cell
internalisation, and in some cases promote endosomal es-
cape, there are still many barriers to gene delivery that
standard non-viral vectors are unable to overcome. In ad-
dition, the non-viral vector itself may encounter problems
not normally encountered with viral vectors, such as insta-
bility and aggregation of the vector when complexed with
DNA. The transgene expression obtained from non-viral
vectors is usually transient, which can be sufficient for cer-
tain applications, such as the killing of cancer cells (Ander-
son et al. 2004), but for the treatment of inherited genetic
diseases, the transgene needs to be expressed long-term.
The latter is generally not achievable using non-viral vec-
tors since the DNA delivered to the nucleus is not replicated
and/or is lost during mitosis.

Considerable focus has been on improving the effici-
ency of non-viral vectors through structural modifications
and inclusion of specific functional groups to either the car-
rier or the DNA molecule. These multifunctional vectors
mimic key properties of viruses, overcoming the cellular
barriers to DNA delivery through mechanisms analogous to
those of viral vectors. This review examines the intracel-
lular barriers to DNA delivery and transgene expression,
and their impact on the design of novel non-viral vectors.
Parallels will be drawn to virus-based gene delivery, with
focus on the strategies employed by viruses and other
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agents such as bacterial toxins that interface with intracel-
lular processes and actively traffic through cells. Impor-
tantly, since novel non-viral vectors can be “built from the
ground up”, they may be specificity engineered to be free of
the safety problems that inherently hamper their viral coun-
terparts. Furthermore, solutions compatible with non-viral
vectors for obtaining safe and persistent transgene expres-
sion are discussed.

CELL BINDING AND INTERNALISATION

Complexes formed between commonly used non-viral vec-
tors (Fig. 2) and DNA are highly charged foreign particles
that interact strongly with blood plasma proteins, and the
innate and acquired immune system of the patient. This re-
sults in rapid opsonisation and removal of non-viral vectors
from the blood circulation after intravenous administration,
thereby limiting the opportunity for cellular internalisation.
To prevent non-specific interactions and extend circulation
half-life, the vector can be shielded from the extracellular
environment by attachment of hydrophilic molecules such

as polyethylene glycol (PEG) (Lee ef al. 2002; Moffatt et al.

2006), biodegradable agents such as polyhydroxyethyl L-
asparagine/L-glutamine (Metselaar et al. 2003), or by en-
capsulating the vector either in a lipid vesicle (Mastrobat-
tista et al. 2001), or in amphiphilic “block™ copolymers,
which have a linear architecture comprised of a hydrophilic
segment covalently jointed to a hydrophobic segment, and
which in aqueous solution can encapsulate DNA into a cell-
membrane-like vesicle that is thicker, less permeable, and
more stable than a lipid vesicle (Richard ef al. 2005; Chang
et al. 2007). Generally, unshielded highly positive vector/
DNA complexes enter cells through non-specific endocytic
mechanisms including macropinocytosis, phagocytosis, and
possibly through simple charge interactions with cellular
networks of polyanions (Zuhorn et al. 2002; Kueltzo and
Middaugh 2003). Therefore, an added benefit of shielding
charged complexes is the reduction in uptake by undesired
cells. Furthermore, ligands or antibodies can be coupled
with the hydrophilic surface modifications of the complex
to promote robust cell-specific attachment and receptor-
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Fig. 2 Structure of commonly
used cationic non-viral vectors
for gene delivery. Liposome
vectors are composed of cat-
ionic lipids such as DOTAP
(1,2-dioleoyl-3-trimethylammo-
nium propane), which are often
mixed with neutral lipids such
as DOPE (dioleoyl-phospha-
tidylethanolamine) to further
enhance transfection efficiency.
Polymers of cationic residues
may be employed to condense
and delivery DNA, including
polylysine, and PEI (polyethyl-
enimine).
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mediated uptake.

A wide variety of targeting ligands, including full-
length proteins (Ogris et al. 2003; Kakudo et al. 2004), vita-
mins (Hattori and Maitani 2005), carbohydrates (Tang et al.
2007), and hormones (Rosenkranz et al. 1992, 2003), have
been used for targeted DNA and drug delivery (see Table 1).
Some ligands themselves may assist in reducing surface
charge of complexes thereby reducing non-specific uptake
(Kakudo er al. 2004). Monoclonal antibodies have also
been used to effect cell-specific DNA delivery when conju-
gated to vectors (Chiu et al. 2004; Ikegami et al. 2006) or
through inclusion in multidomain protein vectors in the
form of a recombinant fusion of a single chain variable
fragment (scFv) of the variable regions of the heavy and
light chains of an immunoglobulin (Uherek et al. 1998; Li
et al. 2001). Two or more different ligands or antibodies
may be attached to a single vector to create heterovalent-
ligand vector constructs capable of binding to multiple re-
ceptors (see Handl et al. (2004) for review). Heterovalent
constructs appear to bind with increased affinity compared
to their corresponding monomers, and can exhibit specifi-
city for target cells that highly express a combination of two
receptor types when untargeted cells at most express only
one of the two receptors (Caplan and Rosca 2005). Such
highly specific targeting may be particularly useful for can-
cer therapy in delivering cytotoxic drugs/genes. Heterova-
lent ligands are useful for targeting surface antigens that are
attractive targets, but poor in terms of being internalised
(Zhang et al. 2004). In this case, one ligand/antibody would
target against a highly specific receptor, whilst a second
ligand/antibody binds an internalizable receptor. Tan et al.
(2003), for example linked liposomes to an antibody speci-
fic to E-selectin to confer endothelial-tissue selectivity, and
a second antibody specific for the transferrin receptor to
offer rapid internalisation of the liposome. As an alternative
to delivering molecules to single cells, physical methods of
delivery can be applied at the tissue level, with the aim
being to create transient permeabilization of cell mem-
branes through which vector/DNA complexes may enter
cells. Such techniques include particle bombardment (Wal-
ther et al. 2004), hydrodynamic pressure (Tsoulfas et al.
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Table 1 Desired properties and components of non-viral vectors to enhance cell-specific gene delivery.

Component Function

Examples

Nucleic acid carrier Binding and condensation of nucleic
acid into defined and ordered
structures. Protection of DNA from

nuclease.

Poly-L-lysine (Chan and Jans 1999; Chan et al. 2000; Lee et al. 2002)
Cationic lipids (Farhood ef al. 1995)

Polyethylenimine (Sonawane et al. 2003)

Protamine (Li ez al. 2001; Masuda et al. 2005)

Histones (Balicki ez al. 2002; Wagstaff ez al. 2007)
Transcription factors (Binding only) (Paul ef al. 1997; Chan et al. 1998; Uherek ef al.
1998; Chan and Jans 2001)

Surface modification  Extracellular stability and inactivity

PEG (Lee et al. 2002)

PHEA/PHEG (Metselaar et al. 2003)
Lipid bilayer (Mastrobattista ez al. 2001)

Ligand / antibody Cell-specific binding and

internalization

Full-length proteins e.g. transferrin (Ogris et al. 2003; Kakudo et al. 2004)
Vitamins e.g. folate (Hattori and Maitani 2005)

Carbohydrates e.g. mannose (Tang ef al. 2007)

Hormones e.g. insulin (Rosenkranz et al. 1992; Rosenkranz et al. 2003)

Monoclonal antibodies e.g. Herceptin (Chiu et al. 2004; Ikegami et al. 2006)
Recombinant ScFv antibodies e.g. anti-ErbB2 scFv (Uherek ef al. 1998; Li et al. 2001)

Endosomolytic group Disruption of endosome to allow

escape of vector/DNA into cytoplasm

Polyethylenimine (Sonawane ef al. 2003)
Helper lipids (e.g. DOPE) (Farhood et al. 1995; Simberg et al. 2001)

Fusiogenic proteins e.g. Influenza HA-2 (Uherek ef al. 1998; Gaur et al. 2002; Lee et al.
2002; Navarro-Quiroga et al. 2002; Rittner et al. 2002; Futaki et al. 2005)
Protonatable peptides (Midoux and Monsigny 1999; Kichler et al. 2003)

Microtubule-
association sequence
Nuclear localization
sequence (NLS)

Cytoplasmic trafficking towards the
cell nucleus

Conferring recognition by the cellular
nuclear import machinery for active
transport into the nucleus

NF«B p50 protein (Mesika ef al. 2005)

Possible DNA sequences e.g. transcription factor binding sites (Vaughan and Dean 2006)
T-ag NLS (PKKKRKV'*?) (Zanta ef al. 1999)

opT-NLS (SSDDEATADAQHAA
al. 1999; Chan et al. 2000)

"PPKKKRKVEDP") (Chan and Jans 1999; Zanta et

M9 NLS (GNQSSNFGPMKGCNFGGRSSGPYGGGGQYFAKPRNQGGY)
(Subramanian et al. 1999; Byrnes et al. 2002; Harmon et al. 2003; Bremner et al. 2004)
Histones (Balicki ef al. 2002; Wagstaff et al. 2007)

Protamine (RSQSRSRYYRQRQRSRRRRRR) (Masuda et al. 2005)

2006), ultrasound (Rodriquez-Porcel et al. 2005), and in
vivo electroporation using electrodes specially designed to
deliver electric pulses that open ‘pores’ in membranes (Mat-
suda et al. 2007).

ENDOSOMAL ESCAPE

After entry into the cell by endocytosis, the vector/DNA
complex must exit from the endosome to escape degrada-
tion in the lysosomal pathway. A number of strategies have
been successfully employed to enhance release of DNA
from endosomes. One of the first methods used was chloro-
quine, an endosomotropic agent that accumulates in endo-
somes, buffering the pH and promoting the release of vec-
tors such as polylysine (Cheng et al. 2006). However, chlo-
roquine and similar lysosomotropic reagents would be re-
quired at levels toxic to humans, and are therefore not
amenable to in vivo human gene therapy. Viruses that enter
cells by endocytosis have evolved sophisticated mecha-
nisms that use pH-sensitive fusogenic proteins for endo-
some escape. For example, the hemagglutinin subunit HA-2
from the influenza virus undergoes a conformational change
in the low pH endosome milieu to interact with and perturb
the endosomal membrane (Han ef al. 2001). Coupling of
fusogenic peptides such as the HA-2 subunit to polycation
vectors augments gene transfer, and thereby provides an
alternative to endosomotropic agents (Navarro-Quiroga et
al. 2002). Other fusogenic sequences that have been ex-
ploited to elicit endosome escape of non-viral vectors in-
clude the translocation domains of the diphtheria (Uherek et
al. 1998) and anthrax toxins (Gaur et al. 2002), or from de-
signed amphipathic sequences (Rittner et al. 2002) such as
GALA (Futaki ef al. 2005) or KALA (Lee et al. 2002) (see
Table 1).

Liposomes are often formulated to include fusogenic
lipids such as DOPE (Fig. 2) which fuse to and destabilize
the lipid bilayer of the endosomal membrane (Farhood et al.
1995; Simberg ef al. 2001). An alternative to the inclusion
of fusogenic lipids into liposomes, is the entrapment of
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fusogenic proteins within the liposome, which can function
to disrupt the endosomal vesicle and possibly the liposome
itself (Mastrobattista et al. 2002; Kakudo et al. 2004). En-
dosomes may be disrupted by non-viral vectors in an indi-
rect manner, as exemplified by PEI polymers that contain
many titratable amine groups which become protonated in
the low pH of endosomes, creating a passive chloride influx,
in turn causing osmotic swelling and rupture of the endo-
some (Sonawane et al. 2003). The proton sponge activity of
PEI can be mimicked using peptides with histidine residues
either positioned in the core of the peptide, or substituted
onto polylysine, with protonation of imidazole groups of the
histidine residues occurring in the slightly acidic endosomal
milieu (Midoux and Monsigny 1999; Kichler ef al. 2003). A
novel approach has recently been reported where a cationic
peptide is used in conjunction with a light-inducible anionic
phthalocyanine dendrimer, that upon 689-nm irradiation
produces photochemical destabilization of endosome mem-
branes; this results in >100-fold enhancement of transgene
expression (Nishiyama et al. 2005).

TRAFFICKING THROUGH THE CYTOPLASM

Diffusion of large molecules is limited in the crowded and
highly structured milieu of the cytoplasm, thereby poten-
tially preventing therapeutic DNA in the cytoplasm from
reaching the nucleus. The diffusional mobility of DNA
microinjected into the cytoplasm is size dependent, with
small DNA fragments <250 bp able to diffuse widely in the
cytoplasm, whilst plasmid DNA >2 kb is unable to diffuse
freely from the site of injection (Lukacs et al. 2000; Shi-
mizu et al. 2005). This size-dependent reduction of cyto-
plasmic diffusion is not solely due to macromolecular crow-
ding (Dauty and Verkman 2004; Sanabria et al. 2007); in-
stead, the presence of the highly dense cytoskeleton causes
sterical hindrances in the mobility of large molecules, as
shown by the greatly enhanced diffusion of large molecules
including plasmid DNA after disruption or reorganization of
the cytoskeleton (Dauty and Verkman 2005; Shimizu et al.
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2005; Geiger et al. 2006).

In the context of normal intracellular trafficking, endo-
genous proteins, organelles, and vesicles are transported
along the cytoskeletal network, in an analogous fashion to a
rail system. For example, the nuclear-acting cancer suppres-
sor proteins 353 (Giannakakou et al. 2000), retinoblastoma
protein p110*° (Roth ef al. 2007), and parathyroid hormone
related protein (PTHrP) (Lam e al. 2002) are transported
along microtubule (MT) components of the cytoskeleton
towards the nucleus. MTs are long, hollow cylinders made
of tubulin that extend from the vicinity of the plasma mem-
brane to the MT organizing centre (MTOC), a structure that
is typically in close proximity to the nucleus (Fig. 1) (Cav-
iston and Holzbaur 2006). Most MT transport towards the
MTOC is catalyzed by the molecular motor dynein, where-
as molecules may be moved away from the MTOC along
MTs by the motor kinesin.

Non-viral vectors can also be trafficked in MT-depen-
dent fashion, although the mechanism(s) are poorly under-
stood. The primary mode of transport appears to be medi-
ated by the natural endocytic mechanism of the cell (Soldati
and Schliwa 2006). Whilst still within endosomes, both lipo-
some and PEI vector/DNA complexes appear to be rapidly
transported through the cell along MTs dependent on the
action of dynein (Hasegawa et al. 2001; Suh et al. 2003;
Kulkarni ez al. 2005). This endosomal trafficking of vector/
DNA complexes is dependent on MTs, since MT deploy-
merization through nocodazole treatment abolishes move-
ment of the complexes (Suh et al. 2003; Kulkarni et al.
2006). Although it has been reported that the endosomal
trafficking of PEI/DNA complexes is directed towards the
perinuclear region (Suh et al. 2003), over a longer time
course, the movement appears to be a back-and-forth mo-
tion about their starting positions (Kulkarni et al. 2005,
2006), most likely as a result of switching between dynein-
or kinesin directed transport (Kural et al. 2005); this ulti-
mately ends when the complex exits the endosome. The en-
docytic transport of PEI/DNA is comparable to viral ex-
ploitation of the endocytic machinery during infection; the
influenza virus, for example, is rapidly moved in endo-
somes by dynein to the perinuclear region, prior to an inter-
mittent back and forth movement in the perinuclear region
(Lakadamyali et al. 2003). After acidification of the endo-
some in the perinuclear region, the influenza virus envelope
fuses with the endosomal membrane to release viral genes
into the cytoplasm adjacent to the nucleus (Lakadamyali et
al. 2003).

In a similar fashion, non-viral vectors that are trafficked
in endosomes towards the MTOC and released after endo-
some acidification may end up in the cytoplasm close to the
nucleus, thereby increasing the propensity of the non-viral
vector to enter the nucleus. It should be noted, however, that
endocytic transport of viral and non-viral vectors towards
the MTOC most likely coincides with trafficking to lyso-
somes (Hasegawa et al. 2001) or possibly aggresomes (Gar-
cia-Mata et al. 2002), resulting in degradation of the vector
and DNA. In this regard, it has been suggested that the bidi-
rectional MT-dependent transport of endosome-entrapped
viruses might be advantageous in avoiding degradation
whilst trafficking towards the nucleus (Dohner ef al. 2005);
bidirectional MT-dependent transport may confer a similar
benefit to non-viral vectors. Alternatively, it has recently
been reported that naked plasmid DNA in the cytoplasm
may be trafficked along MTs through the action of adaptor
proteins that bind both the DNA and dynein (Vaughan and
Dean 2006). At this stage, the identity of the adaptor pro-
teins and mechanism whereby DNA is linked to dynein is
unknown, as is whether this MT trafficking is specific to
certain DNA sequences. It is known that viruses use speci-
fic protein sequences for interaction with dynein to promote
transport to the nucleus (Dohner et al. 2005; Radtke et al.
2006). An intriguing possibility is therefore to attach dy-
nein-association sequences directly to non-viral vectors or
DNA, to enhance cytoplasmic transport to the perinuclear
region.
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TRANSPORT INTO THE NUCLEUS

The NE that encapsulates the nucleus is an effective barrier
to gene delivery (Capecchi 1980; Graessmann et al. 1989;
Pollard et al. 1998). To enter the nucleus, molecules must
pass through nuclear pore complexes (NPCs), which are
multimeric structures that straddle the inner and outer mem-
branes of the NE, with a central channel of 9 nm (Goldberg
and Allen 1992) that prevents molecules >45 kDa from pas-
sively diffusing into the nucleus. In the case of naked DNA,
fragments <300 bp can passively diffuse into the nucleus
(Ludtke et al. 1999; Lukacs et al. 2000); since this is larger
than the upper molecular weight limit for passive nuclear
entry, it is thought that these linear DNA fragments “thread”
their way through the NPC (Salman et al. 2001). Molecules
of DNA >300 bp, even when condensed by a non-viral vec-
tor, are too large to passively diffuse through the NPC and
are excluded from the nucleus, except when cells are under-
going mitosis (Ludtke ez al. 1999, 2000). During cell divi-
sion, the NE is temporarily disassembled and DNA-vector
complexes can be sequestered within the daughter cell
nuclei (Fasbender et al. 1997; Tseng et al. 1999; Grosse et
al. 2006). This is the basis of the ease with which conventi-
onal non-viral vectors transfect rapidly dividing immorta-
lised cell lines, but show only poor transfection rates in
non-dividing cells (Fasbender ef al. 1997). Since efficient
transfection of slow dividing or terminally differentiated
cells is required for in vivo human gene therapy of genetic
diseases, there is considerable interest in improving the
nuclear import efficiency of non-viral vectors.

Classically, proteins that normally localize to the nuc-
leus possess a specific targeting signal called a nuclear loca-
lization sequence (NLS) (Jans et al. 2000; Quimby and Cor-
bett 2001; Pemberton and Paschal 2005), typically a short
cluster of basic amino acids recognised by members of the
importin (Imp) superfamily of proteins, either directly by
Imp B or one of the many homologs thereof, or indirectly
through the Imp o component of the Imp o/f heterodimer
(Jans et al. 2000). Imp B confers docking to the NPC for
energy-dependent transport of the protein into the nucleus,
and mediates release within the nucleus of the NLS-con-
taining cargo upon interaction with the monomeric guanine
nucleotide binding protein Ran, in activated GTP-bound
form. In order to transfect non-dividing cells, viruses have
evolved to make use of the above nuclear import pathway
through the inclusion of NLSs on viral proteins bound to
the viral genome. For example, the immunodeficiency virus
type 1 (HIV-1) enzyme integrase (IN) has recently been
shown to bind and transport plasmid DNA into the nucleus
of mechanically perforated cells (Hearps and Jans 2006).
This efficient import of DNA is conferred by an NLS loca-
ted within IN, which confers recognition by the Imp o/f
heterodimer and subsequent transport through the NPC.

Numerous studies have attempted to enhance nuclear
import of non-viral vectors through the addition of an NLS
to the non-viral vector. For much of this work, the NLS of
choice has been the minimal NLS (PKKKRKV'?) of the
simian virus SV40 large tumour antigen (T-ag). The mini-
mal T-ag NLS has been shown to enhance reporter gene ex-
pression when conjugated or complexed directly to the
DNA molecule or the agent used to compact DNA. In one
study, a T-ag NLS peptide (T-ag residues 126-135) conju-
gated to the end of a linear DNA fragment condensed with a
cationic lipid or PEI, was shown to increase expression
1000-fold of a reporter gene, with enhancement abolished
when the NLS was replaced with a non-functional mutant
form (Zanta et al. 1999). A similar approach linking the
minimal T-ag NLS (amino acids 126-132) to plasmid DNA
increased nuclear accumulation of the conjugated DNA in
permeabilized cells but did not enhance transgene expres-
sion when microinjected into the nucleus (Sebestyen et al.
1998). This abolishment of transgene expression was most
likely due to the >100 NLS peptides conjugated to the DNA
molecule directly interfering with transcriptional activity of
the transfected DNA (Ciolina et al. 1999).
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The minimal T-ag NLS, however, is a relatively ineffici-
ent NLS. There is clear evidence that the inclusion of pro-
tein kinase CK2 phosphorylation sites N-terminal to the T-
ag minimal NLS enhance recognition by Imp aff by up to

100-fold (Rihs et al. 1991; Jans and Jans 1994; Hubner et al.

1997; Xiao et al. 1997, 1998), as long as the cyclin-depen-
dent protein kinase site (T'**) flanking the NLS is rendered
non-phosphorylatable by alanine substitution (Jans e al.
1991). The “optimized” T-ag NLS (“opT-NLS”) constitutes
T-ag amino acids 111-135, with CK2 sites present and func-
tional, and cdk site non-functional (Akhlynina et al. 1997,
1999). When attached to a DNA compaction agent such as
polylysine or histones, the opT-NLS is recognised with very
high affinity by the nuclear import machinery, leading to a
significant enhancement in both the nuclear delivery and
expression of DNA (Chan and Jans 1999; Chan ez al. 2000;
Chan and Jans 2001; Wagstaff et al. 2007).

Positively charged NLSs can associate with DNA (Rit-
ter et al. 2003), and since simple cations themselves can en-
hance transfection, appropriate methods must be used to
demonstrate NLS function in enhancing gene delivery in a
given experimental system. A useful method, for example,
is quantitation of the direct binding of Imps to DNA-protein
complexes to demonstrate functionality of NLS/mutated
NLS sequences, thereby enabling the dependence of trans-
fection enhancement on NLS function to be demonstrated
(Chan and Jans 1999; Chan et al. 2000).

The M9 NLS sequence derived from the heterogeneous
nuclear ribonucleoprotein Al differs from the T-ag NLS in
that M9 is recognised by importin f2 (transportin) rather
than importin o/f. As an alternative to the T-ag NLS, M9
has been examined for use in nuclear DNA delivery (Subra-
manian et al. 1999; Byrnes et al. 2002a, 2002b; Bremner et
al. 2004), whereby the M9 peptide, when bound to plasmid
DNA, was able to increase reporter gene expression 63-fold
in confluent non-dividing cells (Subramanian et al. 1999).
Addition of the lectin wheat germ agglutinin, an inhibitor of
NPC function, abolished nuclear import.

Nuclear-acting DNA-binding proteins such as chroma-
tin components and transcription factors that contain intrin-
sic NLSs have been employed as vectors to both condense
DNA and/or enhance its delivery to the nucleus in a “piggy
back” mechanism. The GAL4 transcription factor in fusion
with targeting ligands has been used to deliver plasmid
DNA, containing the requisite GAL4 DNA-recognition mo-
tif, to cells expressing the appropriate cell surface receptors
(Paul et al. 1997; Uherek et al. 1998), albeit with low effici-
ency. It was subsequently shown that for transcription fac-
tors such as GAL4, the NLS and DNA-binding domain over-
lap, leading to mutually exclusive binding between DNA
and Imp proteins, and suboptimal nuclear import (Chan et
al. 1998; Chan and Jans 2001). To overcome this, the nuc-
lear import pathway of transcription factors may be “swit-
ched” by including an additional, heterologous NLS, such
as the opT-NLS (Chan and Jans 2001).

Intriguingly, endogenous cellular transcription factors
may facilitate the nuclear import of exogenous plasmids.
Dean (1997, 1999) demonstrated that the SV40 enhancer, a
DNA sequence rich in binding sites for transcription factors,
could facilitate the nuclear import of plasmids. Most likely,
a number of general cellular transcription factors bind their
respective specific binding motifs (DBSs or DNA binding
sites) within the SV40 enhancer, to result in protein-DNA
complexes that can be recognised by Imps in order to be
transported into the nucleus. The SV40 enhancer in this
context can be seen as a sequence able to facilitate nuclear
targeting of the DNA incorporating it. Other DNA sequen-
ces functioning analogously to the SV40 enhancer in this
sense have been reported (Langle-Rouault ef al. 1998; Me-
sika et al. 2001, 2005), some of which function in a cell-
specific manner by the presence of promoter elements that
are bound by transcription factors expressed exclusively in
unique cell types. One such cell specific sequence for faci-
litating nuclear targeting of DNA is the promoter of the
smooth muscle y-actin (SMGA), whose ability to localize
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DNA to the nucleus is limited to smooth muscle cells (Va-
cik et al. 1999).

The natural capacity of histones to bind via simple
charge interactions to DNA, combined with their predomi-
nant Imp § mediated nuclear import (Johnson-Saliba ef al.
2000; Baake ef al. 2001) has led to their application as non-
viral vectors. The core histones H2A and H2B, as mono-
mers or H2A/H2B dimers, are capable of nuclear import of
DNA bound to them (Balicki ef al. 2002; Wagstaff et al.
2007). Nuclear delivery may be further improved though
the addition of the op-T- NLS to H2B, again through “swit-
ching” of the nuclear import pathway from Imp B to Imp
o/ (Wagstaff et al. 2007). Interestingly, both H2A and H2B
appear to have protein transduction ability, with transfection
occurring through a non-endocytic and temperature inde-
pendent route (Rosenbluh et al. 2005; Wagstaff et al. 2007).
Thus, histones such as H2B engineered to have optimised
nuclear targeting are excellent prospects for non-viral gene
delivery approaches, in that they seem to possess, in
addition to DNA condensing and efficient nuclear targeting
properties, the ability to mediate entry into cells (Wagstaff
et al. 2007), without the need for other agents such as lipo-
somes, or dependent on cell surface receptor expression on
the part of the target cells.

Highly basic polymers such as polylysine and prota-
mine have been used as potential agents to enhance nuclear
targeting when complexed with DNA due to the fact that
they are highly basic, resembling typical NLS sequences
(Vitiello et al. 1996; Sorgi et al. 1997; Masuda et al. 2005).
Importantly, it has been shown that Imp recognition and
nuclear import of polylysine is inhibited when the latter is
complexed with DNA, indicating that polylysine does not
function as a conventional NLS (Chan and Jans 1999). Pro-
tamine has been reported to improve nuclear delivery of
bound DNA (Masuda et al. 2005); although we have ob-
served that reduction of Imp binding to protamine occurs
when the latter is bound to DNA (unpublished observation).

The need for an NLS may be bypassed through coup-
ling of plasmids to the Imp B binding protein (IBB) derived
from Imp o (Carriere et al. 2003). Noncovalently plasmid-
bound IBB was able to mediate binding to Imp B, and in-
crease transfection efficiency 20-fold of cationic lipid/DNA
complexes. However, inclusion of an NLS onto non-viral
vectors may have additional benefits besides nuclear gene
import, as intriguingly, the NLS may also facilitate traffick-
ing along MTs towards the nucleus (Mesika ef al. 2005;
Salman et al. 2005). Indeed, Imps have been shown to faci-
litate MT association of NLS-containing proteins, leading to
active transport on the MT network towards the nucleus
(Lam et al. 2002).

RELEASE OF DNA FROM NON-VIRAL VECTORS

Once inside the nucleus, the non-viral vector itself may pre-
sent a barrier to expression, as the agent used to condense
DNA could potentially interfere with access of the cellular
transcription machinery to the promoter and thereby reduce
or prevent transgene expression, as has been observed for
DNA-bound cationic polymers and lipids in vitro (Schaffer
et al. 2000; Prasad et al. 2003). However, premature release
of the DNA from the vector may expose the DNA to enzy-
matic degradation before expression can occur (Lechardeur
et al. 1999), so that an often overlooked requirement in
non-viral gene delivery is the controlled dissociation or
removal of the compaction agent. Intracellular separation of
the non-viral vector and passenger DNA is thought to be as
a result of competing electrostatic charge interaction bet-
ween the DNA and compaction agent in the presence of
various intracellular cations, anions, and DNA-binding pro-
teins. In the case of liposomal-based vectors, DNA dis-
placement from the vector is linked to endosomal escape,
driven by the negatively charged phosphatidylserine lipids
of the endosomal membrane which neutralize the charge of
the cationic lipids in the liposomal formulation (Xu and
Szoka 1996; Zelphati and Szoka 1996; Harvie ef al. 1998;
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Mui et al. 2000). The helper lipid DOPE (Fig. 2) in various
liposomal formulations in particular appears to facilitate
DNA release by partially neutralizing the positive charge of
the cationic lipid through a salt bridge between the charged
amine group of the cationic lipid and the negatively charged
phosphate group of DOPE (Harvie et al. 1998; Hirsch-
Lerner et al. 2005). That lipid dissociates from the DNA
before import into the nucleus is in agreement with the ob-
servation from microinjection experiments that reporter
gene expression is inhibited when bound to liposomes (Zab-
ner et al. 1995; Pollard et al. 1998; Hama et al. 2006).

In contrast, polycation/DNA complexes appear to re-
lease from each other in the nucleus through exchange of
the polycations in the complexes with the protein compo-
nents of the surrounding chromatin (Cereghini and Yaniv
1984; Jeong and Stein 1994; Masuda et al. 2005), and per-
haps by competitive interactions with cations such as sper-
mine and spermidine (Pollard et al. 1998; Schaffer et al.
2000). The rate of polycation dissociation from DNA is de-
pendent upon the degree of polymeration (i.e. the number of
charged residues in the polycation), with shorter polycation
chains dissociating faster than longer chains both in vitro
and within the nucleus (Ziady e al. 1999; Balhorn et al.
2000; Schaffer et al. 2000; Brewer et al. 2002). The degree
of polymerisation potentially influences the extent of the
persistence of gene expression, with the use of longer chain
polylysine molecules reported to result in more sustained
expression of reporter transgenes than the use of shorter
polylysines (Ziady et al. 1999), due to the slower release of
DNA. The chemistry of the cationic polymer also appears to
be able to influence DNA release, although the affinity for
DNA of the binding interaction does not appear to be crit-
ical; arginine-rich polycations like protamine bind more
tightly to DNA than lysine-rich polycations (Mascotti and
Lohman 1997; Plank et al. 1999), but appear to dissociate
more efficiently from DNA and consequently interfere less
with transcription than polylysine vectors, as shown in nuc-
lear microinjection experiments (Masuda et al. 2005). This
suggests additional mechanisms other than competitive
charge interactions may be involved in the removal of

physiologically “natural” polycations such as protamine
from plasmid DNA. In developing sperm, protamine func-
tions to not only condense DNA, but also to repress gene
expression completely (Wykes and Krawetz 2003; Vilfan et
al. 2004), so that rapid removal of protamine after fertiliza-
tion is required for gene expression, through the action of
chromatin remodelling proteins that replace protamine on
the paternal chromatin with histones (McLay and Clarke
2003). Although further work is required to establish the
mechanism (Masuda et al. 2005), remodelling of introduced
protamine/DNA vector complexes appears to occur in anal-
ogous fashion within the nucleus of somatic cells. Ulti-
mately, deeper understanding of chromatin remodelling me-
chanisms should enable their considered application to non-
viral vector design, and may prove central to achieving sus-
tained transgene expression from introduced therapeutic
DNAs.

MIMICKING VIRUSES TO ENHANCE NON-VIRAL
VECTORS

Thus far, this review has focussed on functional modules
and modifications that can be applied to non-viral vectors to
improve their efficiency of transgene delivery (Table 1).
Ultimately, all of the required functional modules would
ideally be incorporated into a single vector, thereby allow-
ing the vector to overcome sequentially all of the various
cellular barriers encountered on its journey through the cell.
Two approaches have been used to create multifunctional
vectors, either by the assembly of the coding sequences of
diverse protein domains in the same reading frame to give a
single chimeric protein with modular functions, or through
linking the various functional groups via different coupling
chemistries (Fig. 3). Since in principle the domains of mul-
tifunctional vectors are modular, they may be tailored to
specific applications such as the delivery/expression in dis-
tinct tissue and/or cell types, and perhaps permit easier tran-
sition between animal models and potential application in
the clinic. Whilst the creation of such vectors requires con-
siderable work, recent in vivo animal experiments provide

Fig. 3 Strategies for the construction of multifunctional non-viral vectors for gene delivery. (A) Modular protein vectors are constructed by com-
bining functional domains from diverse organisms to be expressed as a single linear fusion protein. An example of such a modular vector is ‘GD5’
(Uherek et al. 1998), which consists of a DNA-binding domain from the yeast GAL4 transcription factor; a single-chain scFv antibody specific for the
tumour-associated ErbB2/HER?2 antigen; and the diphtheria toxin translocation domain for endosomal disruption in acidic pH. Bacterially expressed GD5
protein is bound to DNA that is then condensed with polylysine. Inclusion of additional domains including a polyhistidine (His) and a FLAG epitope (F)
are useful for the purification and detection of the protein. (B) Alternatively, multifunctional vectors may be created by the coupling of synthetic mole-
cules and peptides via different chemistries. In one such example, the CNGRC peptide specific for CD13-expressing tumour cells, and polyethylenimine
(PEI) for DNA binding and endosome disruption, were linked together via a phenyl(di)boronic acid-salicylhydroxamic acid coupling strategy that
included a polyethylene glycol (PEG) linker (Moffatt ez al. 2006). To enhance nuclear import of the PEI/DNA complex, a peptide nucleic acid (PNA) con-
taining the SV40 large T antigen nuclear localization sequence (T-ag NLS) was coupled to the DNA; in addition, the SV40 DNA nuclear targeting se-
quence (DTS) was cloned into the plasmid DNA. The individual domains are not depicted to scale; domains with similar function are identically coloured.
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an optimistic outlook for their future in non-viral gene deli-
very (Moffatt et al. 2006). These novel multidomain/multi-
functional vectors essentially mimic the ability of viruses to
interact with and actively traffic though different compart-
ments within cells. Importantly, they have clear safety ad-
vantages over viral-counterparts, and can allow the incorpo-
ration of additional synthetic moieties to expand the ability
of the vector to transport diverse molecules/drugs to the
nucleus beyond those compatible with viruses (Rosenkranz
et al. 2003; Nishiyama et al. 2005).

Whilst transient transgene expression may be accepta-
ble in some applications, such as targeted cancer gene the-
rapy, the treatment of genetic defects requires the transgene
to be expressed long-term at physiologically relevant levels.
The simplest strategy to achieve persistent expression is to
ensure stable retention of the desired transgene, and transfer
thereof to daughter cells of that receiving the DNA in the
first place, with mechanisms to prevent the silencing of
transgene expression. Viruses exploit the host cell DNA
replication mechanisms to either integrate their genome into
that of the host cell (e.g. HIV-1) or are maintained in an
episomal state (e.g. SV40, Herpes Simplex Virus - HSV —
see below). Problems with respect to safety when trans-
genes are integrated into the host cell DNA (see above), and
reproducibility in terms of the maintenance of stable trans-
gene expression demonstrate the need for alternative strate-
gies, highlighting the need for approaches that combine the
safety and delivery advantages of multifunctional non-viral
vectors, with the ability to maintain delivered DNA in a
active form within the nucleus. In theory, non-viral, episo-
mally-replicating plasmid DNA appears to be able to over-
come most of the drawbacks of viral vector-based replica-
tion and integration.

REPLICATION OF DNA IN EUKARYOTIC CELLS

Replication of mammalian genomes is tightly regulated to
ensure precision and minimize damage that would lead to
cell death or genome instability (Gilbert 2002, 2004). Extra-
chromosomal vectors for use in gene therapy must be rep-
licated with the same level of precision to obtain sustained
gene expression in proliferating cells. Many of the basic
biochemical mechanisms of DNA replication were first stu-
died in prokaryotic cells such as Escherichia coli, where
replication is generally initiated at a single site in the circu-
lar chromosome — the origin of replication (or replicator). A
protein complex — the initiator — binds to specific sequences
in the replicator and determines the timing and specificity
of initiation. In contrast to prokaryotes, DNA replication in
eukaryotes occupies only part of the cell cycle, the S phase,
with each chromosome duplicated only once per cell cycle,
producing two daughter chromosomes. To ensure the timely
and precise replication of large eukaryote genomes, DNA
synthesis in eukaryotic cells initiates at multiple origins dis-
tributed over the chromosome (ca. 60000 in human cells;
(Hubermann and Riggs 1966). Establishment of replication
origins and their subsequent selection for activation are the
key steps that ensure efficient replication.

The first step, binding of the origin recognition complex
(ORC) to chromosomal DNA occurs in G1 phase of the cell
cycle. The ORC, consisting of six subunits (Orc1-6) that are
conserved in all eukaryotes, recruits the additional initiation
factors Cdc6p and Cdtl. Subsequently in late G1-phase, the
ORC-Cdc6p-Cdtl complex “loads” MCM(2-7) proteins
onto chromatin, the resulting assembly being the pre-rep-
lication complex (pre-RC) that renders the region of the
chromosome competent for replication. At the onset of S
phase, selected replication origins are licensed for activa-
tion (Blow and Dutta 2005), whereby helicase activation
and DNA replication itself are initiated by protein kinases
such as cyclin-CDK and Cdc7-Dbf4 (DDK), which phos-
phorylate Cdc6p and the MCM proteins. This results in re-
lease of Cdc6p from the DNA to enable the single strand
DNA-binding protein (RPA), together with Cdc45p, to bind
to the origin of replication. This complex in turn is believed
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to activate helicase activity of MCM(2-7), followed by rec-
ruitment of the DNA polymerase and commencement of
DNA synethesis. As S-phase proceeds, different regions of
the genome are replicated at different times, according to a
temporal and spatial program that is dictated by chromo-
some structure (Jackson and Pombo 1998; Gilbert 2002;
Sadoni et al. 2004), and epigenetic factors such as chroma-
tin structure, transcriptional status and localization within
the nucleus (Jackson and Pombo 1998; Sadoni ef al. 2004).

Considerable effort has been invested into creating non-
integrating episomally replicating vectors, of which four
types of systems have been described for mammalian cells.
In order to mimic yeast chromosome replication, putative
mammalian origins of replication (ori) have been inserted
into plasmids. More complex methods to create episomal
vectors include the construction of human artificial chromo-
somes (HACs) by applying a “bottom-up” approach in
which the functional elements of the chromosome (telo-
meres, centromere and an origin of replication) are assem-
bled, or the “top-down” approach, in which natural chromo-
somes are fragmented into minichromosomes. Another class
of episomally replicating vectors mimics viruses such as
SV40, Epstein-Barr virus (EBV), and HSV, which encode
the gene products necessary to ensure episomal replication
in eukaryotic cells. Functionality in this respect of the latest
generation of episomally replicating plasmid DNAs (“small
circular episomes”) relies on the inclusion of chromosomal
scaffold/matrix attachment region (S/MAR) sequences into
the plasmid encoding the transgene.

PLASMID VECTORS CONTAINING ORIGIN OF
REPLICATION

The best characterized chromosomal origins of replication
are those of the simple eukaryote Saccharomyces cerevisiae
(Newlon and Theis 1993), where origin function is per-
formed by ~125 bp, AT-rich DNA elements with an 11 bp
core sequence. These replicators are referred to as autono-
mous replicating sequences (ARS) represent the binding
site for the ORC, and hence are able to support episomal
replication in yeast.

Attempts to construct analogous vectors in mammalian
cells by inserting putative mammalian replication origins
into plasmids, have failed in most cases due to defective
replication, resulting in either the loss of these constructs
from the cell, or integration into the genome (see Lipps ef al.
(2003) for review). In one attempt, various short mammal-
ian origins were cloned into a yeast artificial chromosome
(YAC) vector. Most of these constructs integrated into the
host genome, but some were maintained as an episome after
long-term culture in selective medium (Nielsen et al. 2000).
The same authors identified a 36 bp human consensus se-
quence that supports episomal replication in mammalian
cells (Price et al. 2003). Recently, the human homolog of
monkey replication origin orc8 (hors8) was identified,
which when cloned into plasmid DNA was capable of con-
ferring sustained episomal replication in HeLa cells (Callejo
et al. 2000); association of hors8 with DNA replication
initiator proteins such as Orc2 and Cdc6 was confirmed in
quantitative chromatin immunoprecipitation (ChIP) assays.

Comparison of various mapped mammalian origins of
replication showed no sequence homologies, but rather a
number of structural features such as AT-rich regions and
CpG islands (Calos 1998; Gilbert 2004). Therefore it is now
generally assumed that activation of a mammalian origin of
replication is strongly influenced by epigenetic factors, such
as chromatin structure, ongoing transcription or global nuc-
lear architecture (Gilbert 2002, 2004), all of which need to
be considered when constructing episomally replicating
vectors for stable transgene expression in mammalian cells.

ARTIFICIAL CHROMOSOMES

The first YAC was constructed in 1983, but it took a further
14 years for the construction of a mammalian counterpart
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(Murray and Szostak 1983; Harrington et al. 1997). In
theory, the advantages of human artificial chromosomes
(HACs) over other vector systems are several-fold. First,
the mitotic stability and maintenance as non-integrating
DNA ensures that HACs do not disturb the stability of host
genome and its gene activities. Second, since HACs have a
basically unlimited cloning capacity for therapeutic genes in
their natural genomic context, regulatory elements that are
physically quite far apart in the genome can be included to
ensure faithful expression of a therapeutic transgene.

Two different approaches have been applied for the
design of a mammalian artificial chromosome. The first hu-
man artificial chromosome (HAC) was generated by the
“bottom-up” approach, where long synthetic arrays of o-
satellite DNA (a major component of natural human centro-
meres), PCR-generated telomeric DNA, and ~100 kb ran-
dom genomic DNA fragments were introduced into HT 1080
cells, resulting in linear 6-10 Mbp HACs (Harrington et al.
1997). Unfortunately, these HACs were structurally unsta-
ble and generally integrated into the host genome (see Lipps
et al. (2003); Conese et al. (2004); Basu and Willard
(2005); Glover et al. (2005) for review), although there was
an exception of a circular telomere-absent HAC that de-
monstrated stability without integration into the host ge-
nome (Ebersole ez al. 2000).

The alternative “top down” approach has involved trun-
cating human chromosomes in living cells to a minimal
length by irradiation or telomere fragmentation (Farr et al.
1992). Such mini-chromosomes are generally linear, can be
as small as 0.5 to 1 Mbp, and contain telomeres at their ter-
mini and centromeric regions with long arrays of the centro-
meric a-satellite DNA. It has to be assumed they also carry
genomic origins of replication, but control and initiation of
DNA replication has not been studied (see Lipps and Bode
2001; Lipps et al. 2003; Conese et al. 2004; Basu and Wil-
lard 2005; Glover et al. 2005). The mitotic stability of “bot-
tom-up” and “top down”-created HACs is improved by in-
cluding a-satellite sequences, but it has become apparent in
recent years, that a-satellite DNA is neither sufficient nor
essential for the formation of fully functional human centro-
meres, whilst stable neocentromeric mini-chromosomes,
which lack o-satellite sequences, have been described (Wil-
lard 2001; Wong et al. 2002, 2005). Both types of mini-
chromosomes seem to be able to be maintained stably after
propagation in cell lines and even in whole animals (Tomi-
zuka et al. 1997; Shen et al. 2000; Voet et al. 2001).

A number of studies have used HACs or mini-chromo-
somes to achieve long-term transgene expression. Generally,
insertion of a transgene into these large constructs involves
the use of targeted site-specific recombination between two
minichromosome vectors, using either the Cre-loxP (Kuroi-
wa et al. 2000; Moralli et al. 2001; Kuroiwa et al. 2002) or
the FLP-FRT systems (O’Gorman ef al. 1991). In one study,
a HAC was constructed in bacterial cells by linking c. 70 kb
of alphoid DNA to a 156 kb bacterial artificial chromosome
carrying the human HPRT hypoxanthine-guanine phospho-
ribosyltransferase gene locus (Kotzamanis et al. 2005). A
selectable marker and eGFP as reporter gene were then in-
serted by Cre-loxP recombination using the arabinose indu-
cible cre gene within the bacterial host. Isolation of the con-
struct from the bacterial host and transfection into HPRT-
deficient human HT1080 cells resulted in the generation of
minichromosomes that stably express HPRT, the selection
marker, and eGFP. Similar ‘top down’ approaches have
been used to create alphoid sequence-rich circular HACs
that stably express HPRT long-term in the absence of se-
lection, with complementation of the HPRT deficiency
(Grimes et al. 2001; Mejia et al. 2001).

Telomere-directed chromosome breakage was used to
generate a minichromosome from human chromosome 21
(Katoh et al. 2004). This 21ApqHAC vector was mitotically
stable in human cells and able to express an introduced
eGFP gene stably. It was subsequently used to transfect
human mesenchymal stem cells (hiMSCs), with the eGFP
reporter, under the control of the osteopontin gene promoter
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whose activity is upregulated during differentiation, speci-
fically expressed in hiMCSs that differentiated into the os-
teocytes (Ren et al. 2005). A satellite DN A-based artificial
chromosome that was created in mouse cells was shown to
stably express reporter genes in CD34" cord cells (Vander-
byl et al. 2005), while a HAC encoding the human erythro-
poietin gene was maintained stably and produced human
erythropoietin for at least 12 weeks in human primary fibro-
blasts (Kakeda et al. 2005). Truncated mini-chromosomes
have also been used to achieve the expression of genes such
as the human cystic fibrosis transmembrane conductance
regulator (CFTR): insertion of the CFTR locus and its up-
stream sequences were incorporated into a mini-chromosme,
with the presence of the CFTR transcript and protein de-
monstrated, and a resultant chloride secretory response to
cAMP detectable in transfected cells (Auriche ef al. 2002).

In a number of in vivo studies, artificial chromosomes,
mini-chromosomes and neocentromere-based chromosomes
have been introduced into mice either by microcell-medi-
ated chromosome transfer or pronuclear injection (see Ku-
roiwa et al. (2002); Lipps et al. (2003); Basu and Willard
(2005) for review) and shown to be able to be transmitted
through the germ line. Recently, a circular HAC containing
the guanosine triphosphate cyclohydrolase I (GCHI-HAC)
and a linear HAC containing the human globin gene cluster
(globin-HAC) from HT1080n that were transferred into
mouse embryonic stem (ES) cells were stably maintained
for 3 months (Suzuki et al. 2006). Finally, chimeric mice
created using genetically modified ES cells showed that a
circular GCH1-HAC could be retained in mouse tissue and
transmitted to progeny. Although mammalian artificial
chromosomes allow the faithful expression of transgenes
and are mitotically stable in the absence of selection, they
are difficult to create and deliver into desired cells due to
their extremely large size (Glover et al. 2005), and hence
not ideal for general application in human gene therapy.

PLASMIDS ENCODING VIRAL PROTEINS

Mammalian viruses whose genomes are maintained episo-
mally such as SV40, papillomaviruses (BPV, HPV) or EBV
were among the very first replicons to be analyzed in higher
eukaryotes (Chow and Broker 1994; Aiyar ef al. 1998; Still-
man 2005). For example, a 64 bp sequence, containing a
binding site for SV40 large tumor-antigen (T-ag), is suf-
ficient to initiate replication of the SV40 genome. T-ag is
the only viral factor required in frans for replication, as the
host cell provides all other replication proteins. T-ag func-
tions as a replicative helicase, which permits SV40 replica-
tion to be uncoupled from the genomic replication machi-
nery, thereby allowing SV40 to replicate multiple times
during the cell cycle (DePamphilis 2003; Ohta et al. 2003;
Blow and Dutta 2005). Replication of BPV and HPV occur
in a similar manner, through the action of the viral E1 pro-
tein, a functional homolog of SV40 T-ag (Chow and Broker
1994; Li et al. 2003).

In contrast, replication of EBV from oriP, a 1.7 kb re-
gion of the EBV chromosome is dependent on host ORC
and MCM(2-7) complexes and occurs only once per cell
cycle in synchrony with the host cell chromosome (Dhar et
al. 2001; Wang and Sugden 2005). The EBV oriP is com-
posed of the dyad symmetry (DS) and family of repeats
(FR) regions, both of which are cis-acting elements neces-
sary for efficient replication, with the FR region also pos-
sessing transcriptional enhancer activity. The second critical
component required for the synthesis of EBV vectors is the
trans-acting protein EBNA-1 (EBV-encoded nuclear anti-
gen 1), which binds to repeats in each oriP. Vectors with
deleted DS region in the oriP fail to replicate efficiently, but
can still provide long term gene expression, due to the sup-
posed ability of EBNA-1 and the FR to provide nuclear
retention of linked DNA.

A number of chromosomal DNA sequences were iso-
lated that are able to support episomal replication when in-
serted into a vector system encoding the EBNA-1 protein
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(Krysan et al. 1989; Calos 1996, 1998; Stoll and Calos
2002). In one approach, mammalian DNA fragments were
randomly cloned into a replication-defective EBV oriP
plasmid, with the expectation that if replicator sequences
were present, they would ensure replication in human cells
(Krysan et al. 1993). Indeed, plasmids bearing some of the
inserted human sequences were able to replicate in mam-
malian cells over several months, albeit under selection.
This implies that such vectors are not actively retained in
the nucleus but are randomly distributed during mitotic
division.

In another study, five previously unknown sequences
capable of acting as origins of replication were identified
using a novel two-step origin-trapping assay (Gerhardt et al.
20006). In this approach, human DNA sequences bound to
ORC were enriched by ChIP (chromatin immunoprecipita-
tion) using antibodies directed against human Orc2 protein
and then inserted into an EBV-based plasmid with defective
oriP to confirm their potential to serve as a replicator.
While studies of this type are useful to identify replication-
promoting sequences in EBNA-based vectors, there is con-
cern about safety problems related to EBNA-1, which in
lymphocytes can cause malignant transformation. The ex-
tent of these problems remains a matter of debate (e.g. see
Kang et al. 2005).

Gene expression for up to six months in the absence of
selection pressure has been reported for EBV-based vectors
(Wade-Martins et al. 2000; Stoll ef al. 2001; Sclimenti et al.
2003), though the episomal status of EBV-based vectors
does not necessarily prevent epigenetic silencing through
chromatin remoldelling (Hsieh 1999; Hong et al. 2001). To
overcome this problem the transcriptional control elements
with a potent chromatin remodeling capacity such as locus
control region (LCR), can be included into the vectors.
LCRs are tissue-specific transcriptional regulatory regions
that are able to overcome chromatin position effects, and
have transcriptional activating abilities with respect to cis-
linked genes (Fraser and Grosveld 1998). For example, an
EBV-based vector containing a human B-globin minigene
construct that included the B-globin LCR was shown to be
able to maintain physiological levels of f-globin expression
in the absence of selection over two months of continuous
culture (Chow et al. 2002); the DNasel-hypersensitive (HS)
sites that constitute the B-globin LCR were also found to
confer cell-specific gene expression. HS sites 2, 3 and 4
were shown to act synergistically and gave close to a 100-
fold increase in gene expression compared to the human f-
globin alone in erythroid cells. More importantly, this
efficient LCR also ensured long-term expression for at least
30 days, whereas a dramatic fall in gene expression was
seen when minimal LCRs with only one HS element were
used, suggesting that multiple LCR elements are required to
maintain a transcriptionally competent open chromatin con-
figuration. Preservation of expression by the complex LCR
element was also shown to correlate with the preservation
of active chromatin as judged by its sensitivity to nuclease
digestion. In similar fashion to the smaller episome des-
cribed above, this ~40 kb mini-gene was maintained with-
out selection at 5-10 copies per cell, but a gradual and con-
stant loss of the episomes was seen, associated with reduced
levels of gene expression in individual clones. Expression
from the globin mini-gene was up to ~20% of that from the
natural chromosomal locus. Though this level of efficiency
emphasizes the importance of the natural chromosomal loc-
us in supporting physiological levels of expression, it is also
obvious that this system, with fewer than 10 copies of the
episome per cell, is able to achieve sufficiently high levels
of expression of B-globin to be of value in treating haemo-
globinpathies.

EBV-based vectors have been used for ectopic trans-
gene expression in many cell types. Efficient extrachromo-
somal replication has been observed in cultured, prolifer-
ating mammalian cells of an EBV-based vector containing
the human SERPINAI gene which encodes al-antitrypsin
(AAT). Importantly, a single injection of this plasmid into
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mice resulted in physiological levels of AAT in the blood
serum of the animal for up to 9 months (Stoll ef al. 2001).
The same group demonstrated that injection of an EBV-
based vector carrying the human gene encoding human fac-
tor IX (hFIX) into mice resulted in prolonged, up to 3
months, transgene expression in the liver. Furthermore, the
presence of the EBNA-1 gene and its family of repeats bin-
ding sites in this vector ensured a 10 to 100-fold increase in
hFIX serum levels compared to expression levels from vec-
tors carrying the hFIX minigene without EBV components
(Sclimenti et al. 2003).

A common limitation of episomal replicons such as
EBV-based vectors, as well as for vectors reliant on
S/MARs for episomal maintenance (see below), is the low
efficiency with which transfected cells become established
clones that stably express the transgene. In the case of the
EBNA-1-based vectors, clones arise from 1-10% of trans-
fected cells (Leight and Sugden 2001; Jenke et al. 2005).
This low percentage is also observed when plasmids are
isolated from an established cell clone and reintroduced into
cells, implying that establishment occurs through a stochas-
tic event that occurs infrequently and does not rely on DNA
modification or a particular chromatin make-up.

S/MAR-BASED VECTORS

For mammalian cells it is now generally assumed that rep-
lication origins are selected and programmed by epigenetic
features, such as gene expression, nuclear organization and
chromosome structure (Gilbert 2002). Because of this and
the observation that replication origins bind to the nuclear
matrix prior to the onset S-phase (Cook 1999), S/MAR
(scaffold matrix attachment region)-containing vectors have
been constructed for use in proliferating cells. The nuclear
matrix or scaffold is believed to play important roles in dif-
ferent aspects of chromatin function (Bode et al. 2000).
S/MARs are the generally AT-rich sequences that confer
attachment to this structure, and are critical for the organi-
zation of chromatin loops that define the boundaries of in-
dependent chromatin domains (Bode et al. 2000).

In one approach, three putative mammalian origins
were cloned into an S/MAR-containing YAC vector. Using
this YAC, two cell clones were shown to retain extra-chro-
mosomal vectors when under selection, with one cell show-
ing binding of the YAC to the nuclear matrix (Cossons et al.
1997; Nielsen et al. 2000). S'MAR-based vectors have also
been developed using the strong human S/MAR from the
y-interferon gene cluster (Piechaczek et al. 1999). The proto-
type vector, pEPI-1, replicates in various mammalian cell
lines, including primary human cells (Piechaczek et al.
1999; Schaarschmidt et al. 2004; Papapetrou et al. 2006).
Nuclear fractionation procedures and FISH analyses re-
vealed that it is bound to the nuclear matrix by interaction
with the prominent matrix protein SAF-A, and associates
with chromosomes during mitosis (Baiker et al. 2000; Jenke
et al. 2002).

Importantly, this vector was retained for at least 100 cell
generations in the absence of selection, while maintaining a
copy number of <10 per cell. This is only possible if both
replication and segregation to daughter cells during mitosis
are highly efficient. It was shown that this vector replicates
once per cell cycle during early S-phase and that the origin
of replication can assemble at various regions on the vector,
which implies that initiation of DNA replication occurs at
almost random sites within this construct.

Detailed analysis of the prototype pEPI-1 vector
showed that long-term propagation in proliferating cells
(without selection pressure) and sustained reporter gene ex-
pression depended exclusively on the presence of a trans-
ription unit upstream of the S/MAR (Stehle et al. 2003);
note that in this configuration, transcription actually runs
into the S/MAR element. Using this arrangement as a de-
ign parameter, second generation vectors were constructed
using a transcription unit linked to oligomers of a synthetic
S/MAR module (Jenke et al. 2004b), to give almost com-
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letely synthetic vectors. This study showed that four copies
of a 180 bp synthetic S/'MAR module resulted in a vector
with sustained gene expression at about 6 copies per cell.
Vectors that contained only two synthetic S/MAR repeats,
mostly integrated into the host chromosomes. This implies
that an S/MAR element of at least 700 bp is needed for ef-
icient extra-chromosomal maintenance.

As with all purportedly extra-chromosomal vectors, it is
necessary to determine the extent to which they randomly
integrate into the host genome. FISH analysis of stable cell
clones with extra-chromosomal vectors enables potential in-
egation events to be detected, as once a vector becomes in-
egated it will be duplicated during S-phase and give iden-
tical fluorescent signals in the daughter chromatids of meta-
phase cells (Baiker ef al. 2000; Jenke et al. 2004b). FISH
analysis has been shown that integration of this vector type
depends exclusively on the quality of the vector preparation,
i.e. any nicked or linearized vector may become integrated.

A series of pEPI-1 variants have also been prepared
with loxP sites (Kolot et al. 1999; Voziyanov ef al. 1999;
Thyagarajan et al. 2000) that lack all bacterial sequences,
comprising essentially a 4 kb “minicircle” with only one
active transcription unit and the S/MAR. These minicircles
have an improved long-term and physically stability. More-
over, they can be transfected into dividing cells and estab-
lished in the absence of any selection pressure, meeting a
major requirement for gene therapeutic applications (Nehl-
sen et al. 2006). This class of vector provides a route to
generating extra-chromosomal gene delivery systems that
contain therapeutic genes with defined regulatory elements
and little or no ‘contaminating’ bacterial or viral DNA.

In pEPI-1 the y-interferon S/MAR and a strong promo-
ter appear to be sufficient to maintain long-term expression
in the absence of selection in Chinese Hamster Ovary and
K562 erythroleukemia cells (Jenke et al. 2004a, 2005). In-
triguingly, it was observed that the CMV promoter in this
vector was not silenced by cytosine methylation, whereas
silencing occurred within less than three weeks in cells
where the episome integrated. It has also proved possible to
introduce an S/MAR-based vector containing the y-globin
activator into K562 cells, and document reporter gene ex-
pression for four months of continuous culture together
with a constantly elevated level of y-globin mRNA com-
pared to untransfected cells (Eleana F. Stavrou, pers. comm.).
However, silencing of transgene expression has been ob-
served for the same vector in the murine erythroleukemic
cell line MEL (Papapetrou et al. 2006), implying that nei-
ther extra-chromosomal status nor the presence of a S'MAR
alone is sufficient to prevent transgene silencing in all types
of cells.

The S/MAR-based vector pEPI-1 has recently been
used successfully to generate genetically modified pigs. The
vector was introduced into the egg cell by sperm-mediated
gene transfer (SMGT) (Manzini et al. 2006), and subse-
quently demonstrated to be present in 12 out of 18 fetuses
in various different tissues in episomal state. In positive ani-
mals, about 79% of cells in all tissues that were tested ex-
pressed the eGFP reporter gene. Germ-line transmission of
pEPI vector was not investigated in this study, so that the
possibility that pEPI may be properly transmitted to the
next generation (i.e. through meiotic as well as mitotic cell
divisions) has not been examined. Nevertheless, successful
transfer of an episomally replicating vector by SMGT, with
the subsequent development of normal embryos containing
the vector in all tissues in episomal state, clearly provides
the basis for the future development of germ-line therapies
using this approach.

All vector types discussed above - EBV-derived vectors
either containing the EBV oriP and EBNA-1 or EBNA-1
together with chromosomal origins of replication, S'MAR-
based vectors, artificial chromosomes and mini-chromo-
somes — exhibit a high mitotic stability in the absence of se-
lection although they are not as stable as natural chromo-
somes. In the case of artificial chromosomes, mini-chromo-
somes or neocentromere-based chromosomes, mitotic stabi-
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lity is achieved by the presence of a functional centromere,
demonstrable by detection of centromere specific protein
CENP-A (see Basu and Willard 2005). In contrast, mitotic
stability in the case of EBV- or S/MAR-based vectors does
not appear to require a functional centromere. It is believed
that nuclear retention and mitotic stability of these con-
structs, which varies between 96% (i.e. in 4% of the cells
the vector is lost in one generation) in the case of EBV-
based vectors to over 98% in the case of S/MAR-based vec-
tors (Piechaczek et al. 1999; Leight and Sugden 2001;
Schaarschmidt et al. 2004), is provided by the presence of
EBNA-1 or the S/MAR. The mechanism of retention ap-
pears to be through co-segregation with mitotic chromo-
somes via an ill-characterized “piggyback” mechanism
(Baiker et al. 2000; Wu et al. 2000).

Thus, taken together, although S/MAR-containing epi-
somal vectors that passively, and importantly safely, exploit
the cellular genomic DNA retention and segregation mecha-
nisms, are promising prospects to achieve long-term trans-
gene expression in conjunction with non-viral delivery. Op-
timiziation of these vectors, particularly with respect to
their ability to become established reliably in eukaryotic
cells upon delivery, appears to be the major stumbling block
to their application in a whole range of areas, including in
the clinic.

CONCLUDING REMARKS

In essence, gene therapy aims to engineer host cells to ex-
press a desired gene product, in many ways precisely emu-
lating what happens during viral infection, but on a single
gene scale. Indeed, many important lessons can be garnered
from viruses in the design and engineering of non-viral vec-
tors, including approaches to avoid the safety problems that
dramatically limit the use of virus-based vectors in humans.
Furthermore, whereas viruses depend on host mechanisms
for their creation, non-viral vectors may be combined with
synthetic molecules that allow for transfection and expres-
sion strategies unavailable to viruses. A ‘perfect’ non-viral
vector may never be created, but the constant refinement of
existing approaches, through the inclusion of novel func-
tional modules within both the carrier and DNA molecule,
will produce a range of non-viral vectors tailored for speci-
fic applications, including the safe and long-term expres-
sion of therapeutic genes in humans.
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