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Nano-Mediated Gene Delivery:
a revolutionary treatment to deliver
cytotoxic nitric oxide to breast tumours

Breast Cancer

Figure 1: The Designer Biomimetic Vector is a fusion protein comprised of several discrete sequences that include: NLS - Nuclear Localisation
Signal, DCM – DNA condensing motif, EDM - Endosomal Disruption Motif, CS - Cathepsin Substrate and TP-Targeting Peptide. The iNOS
plasmid (piNOS) is condensed by the DCM.

Breast cancer has become the most common
female malignancy in the UK, accounting for
almost a third of all new diagnoses.

Unfortunately the current options for disseminated
disease, involving chemo- and hormone therapy, are
mainly palliative because of the development of
hormone refractory or chemotherapy resistant cells
that have a propensity to disseminate to distant bone
sites. For women in this position the outcome is
bleak. Thus, there is a desperate need for better
treatment options for those with this disease. Gene
therapy has been identified as a possible option for
the treatment of metastatic disease [1,2].
Nitric oxide (NO●) is a highly reactive free radical

with a lipophilic nature that can easily diffuse
through cell membranes and tissues when present in
high concentrations [3]. NO● is produced by nitric
oxide synthase enzymes, of which there are three
isoforms: neuronal NOS (nNOS), endothelial NOS
(eNOS) and inducible NOS (iNOS). The iNOS isoform
can generate up to 1000 fold greater quantities of NO●

than either nNOS or eNOS. High levels of NO● confer
many of the ideal characteristics of an anti-cancer
molecule, which include inhibition of angiogenesis
and metastasis, radio- and chemosensitisation
coupled with the induction of apoptosis. Therefore
NO● is ideally placed to augment current
conventional cancer treatments.

iNOS Gene Therapy
We have previously utilised an iNOS gene expression
plasmid in a gene therapy approach where iNOS
expression was controlled through transcriptional
targeting using a broad spectrum of promoters. For
example the use of the externally radiation-inducible
WAF-1 promoter to control iNOS expression resulted
in high levels of NO● mediated cytotoxicity in a range
of tumour cell lines and radiosensitisation (with
sensitizer enhancement ratios (SERs) 1.6-2.5) in
rodent and human tumour models both in vitro and
in vivo [4]. These effects were also achieved using
clinically-relevant fractionated radiation in vivo [5].
We have also controlled expression of the iNOS gene
using the tumour specific human osteocalcin
promoter (hOC). The main transcription factor that

activates the hOC promoter is RUNX2. Furthermore,
those tumours that have a propensity to metastasise
to bone sites have been shown to have elevated levels
of RUNX2 [6]. The hOC-iNOS plasmid has shown
exquisite specificity for both androgen independent
prostate cancer and oestrogen independent breast
cancer cells in vitro coupled with cytotoxicity
comparable to that of constitutively expressed iNOS
[7]. In vivo data has also confirmed the potency of
hOC-iNOS gene therapy in a mouse xenograft model
of human prostate (PC-3) cancer; multiple intra-
tumoural injections slowed tumour growth
dramatically and lead to some complete responses.
On average, tumour growth was delayed by 59 days
compared to vector only controls. This data thus
supports the premise that tumour-specific promoters
can effectively drive iNOS monotherapy giving long
term tumour control [8]. Given that metastatic breast
tumours have also been shown to have high levels of
RUNX2, hOC-iNOS gene therapy could be delivered to
patients with this disease.
The data generated thus far with iNOS gene

therapy in vivo has been via intra-tumoural injection,
limiting the clinical potential of this therapy to
accessible primary tumour sites, since to date, there
are no safe and suitable delivery vehicles to facilitate
systemic gene delivery to distant metastases. For
systemic administration of therapeutic genes, a
suitable vector for clinical applications should have
low cytotoxicity, be non-immunogenic, have a high
transfection efficiency at the target site and be cost
effective. Unfortunately, all currently-available
vectors have significant limitations. For example high
transfection efficiency can be achieved by liposomes
but there are problems with size heterogeneity of the
particles and direct cytotoxicity [9]. Cationic
polymers are robust and biocompatible but they have
poor gene-transfer efficiency [9]. The high efficiency
and recombinant engineering possibilities of viral
vectors give them the delivery edge, but safety and
toxicity issues have limited their use for systemic
gene therapy [9]. Therefore the ideal delivery system
should have the biocompatibility of polymers,
efficiency of liposomes and the engineering capability
of viruses.
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Designer Biomimetic Vectors
The perfect delivery vector should be
designed to overcome several biological
barriers associated with gene delivery. Such
biological barriers include stability in the
circulation, extravasation to the target
tissues, cellular entry, endosomal
disruption and active transport to the
nucleus. Several peptide sequences already
exist in nature that can perform some but
not all of these functions. For example the
TAT peptide can penetrate cells, the SPKK
repeating motif in Histone 1 can condense
DNA, the influenza virus HA2 can disrupt
endosomes and the Rev protein from the
HIV-1 virus is an excellent nuclear
localisation signal [9]. One of the key
components for successful gene delivery is
to actively transport the DNA across the
nuclear membrane to the nucleus where it
can be transcribed and then translated into
the active protein. A functional nuclear
localisation signal (NLS) is critical for
maximising gene expression. In the absence
of such a NLS, the DNA will only enter the
nucleus during cellular division when the
nuclear membrane dissolves, and this
significantly reduces the transfection
efficiency. Advances in genetic engineering
facilitate the biosynthesis of such functional
motifs and enable the design of vector
architecture at a molecular level. Using
such technology, Designer Biomimetic
Vectors (DBV) can be created that are
essentially fusion proteins. These bio
macromolecules are designed to mimic
viral characteristics in order to overcome
the biological barriers associated with gene
transfer. They are comprised of several
discrete motifs, each with a single function.

As a proof of principle we utilised a
Designer Biomimetic Vector to deliver the
iNOS gene to breast cancer cells. The DBV
has a DNA condensing motif (DCM)
obtained from the adenovirus mu peptide
[10], a ZR-75-1 breast cancer cyclic
targeting peptide (TP) for specific delivery
of the nanoparticles [11], an endosomal
disruption motif (EDM) that mimics the
influenza virus fusogenic peptide [12] and
a nuclear localisation signal (NLS), rev,

obtained from the human immune-
deficiency virus type-1 [13]. In addition, a
cathepsin D substrate (CS) is also
engineered within the DBV structure to
facilitate dissociation of the targeting
peptide from the vector inside endosomes,
where cathepsin D is abundant (Figure 1)
[14]. This DBV fusion protein was
expressed in Escherichia coli BL21 (DE3)
pLysS cells and was shown to have a
molecular weight of 22.8 kDa.
Nanoparticles were formed when the DBV
was added to the iNOS DNA at a range of
N:P ratios (N:P is the molar ratio of nitrous
atoms of the DBV vector to phosphates in
pDNA). We reported that the DBV was able
to neutralise the charge of the iNOS plasmid
from N:P ratios 8 upwards and formed
spherical nanoparticles <100 nm between
N:P ratios of 4-10, which is the ideal range
for cellular entry (Figure 2). When the
DBV/iNOS nanoparticles were placed on
the ZR-75-1 breast cancer cells there was
significant cellular toxicity that could be
attributed to the production of NO● as
evidenced by the Griess test whilst the
DBV/GFP control nanoparticles did not
induce any cell death. Furthermore, this
approach also resulted in a considerable
NO● induced bystander effect, with the
DBV/iNOS nanoparticles killing in excess of
66% of breast cancer cells with less than
20% transfection efficiency [15].

Although NO● donor drugs have also
been shown to elicit significant anti-cancer
effects, systemic administration of such
compounds raises considerable
physiological concerns associated with
hypotension. Transcriptionally targeting the
iNOS plasmid with the hOC promoter in
combination with the DBV delivery system
offers a distinct advantage by sparing
normal tissue damage. Furthermore, at a
molecular level the controlled expression of
NO● to the tumour’s site will have several
beneficial effects, which include: reactions
with super oxide and oxygen resulting in
oxidation, deamination and alkylation of
DNA; the production of dinitrogen trioxide
which reacts with zinc thiolates reducing
the efficiency of DNA repair proteins such
as Poly ADP Ribose Polymerase; inhibition
of Hypoxia Inducible Factor 1 transcription
(HIF-1) which in turn down regulates the
MDR-1 (multidrug resistance gene) which
can reduce associated chemo-resistance;
and inhibition of the anti-apoptotic factor,
NF-κB, which leads to a reduction in the
expression of many other pro-tumour
factors such as MMP1, 3, 9, VEGF, survivin
and BCL2. Furthermore, despite being
highly diffusible, NO● only has a very short
half-life of 2-4 seconds, which should
alleviate any concerns regarding normal
tissue damage at adjacent sites.

The future success of this treatment now
depends upon the immunogenicity of the
nanoparticles and formulation into a freeze
dried pharmaceutical product that can be
reconstituted and administered without a

reduction in efficacy. Studies are on-going
to address both of these questions and
preliminary results are encouraging. The
evidence indicates that iNOS gene therapy
could become a valuable tool as an
adjuvant cancer therapy but the clinical
success of such a product will undoubtedly
be dependent on the continued evolution of
novel bio-inspired delivery systems, such as
the designer biomimetic vector. n

Figure 2: A representative Transmission Electron
Microscopy image of the size and shape of a typical
DBV/piNOS nanoparticle.
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