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Abstract

Although radiotherapy is used to treat many solid tumours, normal tissue tolerance and inherent tumour radioresistance can
hinder successful outcome. Cancer gene therapy is one approach being developed to address this problem. However, the potential
of many strategies are not realised owing to poor gene delivery and a lack of tumour specificity. The use of treatment-, condition- or

tumour-specific promoters to control gene-directed enzyme prodrug therapy (GDEPT) is one such method for targeting gene
expression to the tumour. Here, we describe two systems that make use of GDEPT, regulated by radiation or hypoxic-responsive
promoters. To ensure that the radiation-responsive promoter is be activated by clinically relevant doses of radiation, we have designed

synthetic promoters based on radiation responsive CArG elements derived from the Early Growth Response 1 (Egr1) gene. Use of
these promoters in several tumour cell lines resulted in a 2–3-fold activation after a single dose of 3 Gy. Furthermore, use of these
CArG promoters to control the expression of the herpes simplex virus (HSV) thymidine kinase (tk) gene in combination with the

prodrug ganciclovir (GCV) resulted in substantially more cytotoxicity than seen with radiation or GCV treatment alone. Effectiveness
was further improved by incorporating the GDEPT strategy into a novel molecular switch system using the Cre/loxP recombinase
system of bacteriophage P1. The level of GDEPT bystander cell killing was notably increased by the use of a fusion protein of the
HSVtk enzyme and the HSV intercellular transport protein vp22. Since hypoxia is also a common feature of many tumours, pro-

moters containing hypoxic-responsive elements (HREs) for use with GDEPT are described. The development of such strategies that
achieve tumour targeted expression of genes via selective promoters will enable improved specificity and targeting thereby addres-
sing one of the major limitations of cancer gene therapy. # 2002 Published by Elsevier Science Ltd.
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1. Combination gene therapy and radiotherapy

Radiotherapy is the treatment modality of choice for
most solid malignancies. However, the tolerance of sur-
rounding normal tissues to treatment-induced injury
often restricts the dose that can be delivered to the
tumour to achieve cure. This problem can be partly
overcome using physical techniques such as conformal
or intensity modulated radiotherapy that deliver the
dose to a more precisely defined tumour volume. An
alternative approach is to combine radiotherapy with a
pharmacological- or gene-based component, which
improves the effectiveness of the radiation dose deliv-

ered to the tumour by increasing the therapeutic ratio
between normal and malignant cells. Pharmacological
approaches to modify tumour radiosensitivity are well
established, and include for example the use of chemical
radiosensitisers and inhibitors of cellular repair pro-
cesses and tumour cell proliferation [1]. In contrast, the
combination of radiotherapy and gene therapy technol-
ogies is an evolving discipline. Gene delivery, insufficient
specificity and tumour targeting often hamper the effi-
cacy of gene therapy approaches, but new concepts are
evolving to overcome these [2,3]. This review will focus
on one of these problems, describing two different
strategies to selectively target the tumour, one mediated
by radiation and the second by hypoxia. Both exploit
selective gene promoters to activate gene-directed
enzyme prodrug therapy (GDEPT) systems for use as
adjuvant or concomitant with radiotherapy. GDEPT
involves the delivery to the target cells of a foreign gene
encoding a non-toxic enzyme which activates specific
prodrugs to toxic agents at the site of conversion [4].
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2. Radiation-mediated gene therapy (RMGT)

Radiation-mediated gene therapy exploits the fact
that in the majority of patients receiving radiotherapy
the radiation is directed to the tumour volume, provid-
ing some degree of tumour localisation for controlling
the expression of therapeutic genes. Temporal and spa-
tial control of gene expression can therefore be achieved
for any genes delivered to the tumour and for any
tumour types treated with radiotherapy [5–7].

2.1. Radiation-induced gene expression

A number of cell cycle control and DNA repair genes
(e.g. p21WAF1/CIP1 and Early Growth Response 1 (Egr1)
[8–10]) are upregulated following exposure to ionising
radiation [11–15]. Some of these genes, such as WAF1
[10] and GADD45 [16] operate within p53-dependent
pathways, and thus may not function efficiently in the
many tumours exhibiting mutant p53 phenotypes.
However, since activation of Egr1 is p53-independent,
its promoter has been adopted for the regulation of
therapeutic genes in the majority of the experimental
models of RMGT. A 425 nucleotide region (denoted
E425 here) [17] of the murine Egr1 gene was inserted
upstream of the cDNA of the tumoricidal cytokine
tumour necrosis factor-a (TNF-a) and delivered to
human epidermoid carcinoma xenografts (SQ-20B)
using a cell carrier [8], liposomes [5] or an adenoviral
vector (Ad5 [18,19]). The combination of a fractionated
radiation dose schedule of 40 Gy (5 Gy fractions twice a
day for 4 days) and intratumorally delivered
Ad5.Egr.TNF resulted in increased tumour regression
by up to 90% of control values compared with maxima
of 50% for vector or radiation alone [7,19]. Similarly,
Joki and colleagues [20] and Takahashi and colleagues
[21] used a plasmid construct containing the E425 pro-
moter to regulate the expression of the herpes simplex
virus thymidine kinase (HSVtk) suicide gene. Glioma
cells containing this vector were sensitised to the anti-
herpes viral agent ganciclovir (GCV), a substrate for
HSVtk, after exposure to a single radiation dose of 20
Gy.
The radiation-responsive regions of the Egr1 pro-

moter have been identified as 10 nucleotide motifs of the
consensus sequence CC(A/T)6GG, also known as CArG
elements [22]. However, only the CArG elements
grouped in the 50 distal ‘enhancer’ region, appear to
contribute to the radiation responsiveness of Egr1.
Radiation-produced reactive oxygen intermediates
(ROIs) are believed to be critical in activating the Egr1
promoter via these CArG motifs [23]. In addition,
CArG elements are also known to be involved in the
regulation of a number of immediate-early genes (e.g.
Egr1, c-fos, �-actin) following mitogenic stimulation,
and are thus often referred to as serum-response ele-

ments. This growth factor-induced response is governed
by the binding of serum-response factor. Whether this
transcription factor is also involved in the activation of
the Egr1 gene by ionising radiation has not as yet been
determined. The human and murine Egr1 promoters
also contain putative binding sites for the Sp1 tran-
scription factor, the Fos-Jun heterodimer AP1, as well
as for cyclic adenosine monophosphate (AMP) and
Egr1 itself [24–27], all of which may influence radiation-
mediated promoter induction.

2.2. Synthetic radiation-responsive gene promoters

In order to produce a radiation-responsive promoter
without such potentially antagonistic binding sites, we
have developed synthetic alternatives based on isolated
CArG elements [28]. These promoters consist of an
enhancer region, containing the CArG elements them-
selves, adjacent to a basal promoter (i.e. from the cyto-
megalovirus (CMV) immediate early gene) containing
the essential transcriptional initiation apparatus, such as
the CCAAT/TATA boxes (see Fig. 1 [28]). The enhan-
cer is produced by cloning complementary, single-
stranded, oligo-deoxyribonucleotides (ODNs) contain-
ing the CArG sequences. The synthetic promoter is
positioned directly upstream of the coding sequence of
the enhanced green fluorescent protein (EGFP) reporter
gene [29,30] in a plasmid vector. Target cells are trans-
fected with the plasmid construct, irradiated and sub-
sequent EGFP production measured by flow cytometry.
A synthetic promoter containing four CArG elements
was shown to be responsive to radiation doses as low as
1 Gy and was more radiation-responsive (3.1-fold�0.2)
than the wild-type Egr1 counterpart (1.86-fold�0.2) at
an optimal 3 Gy dose (Fig. 2 [28,31]). Multiple doses of
3 Gy resulted in greater levels of induced expression
than seen after a single dose. Promoters containing dif-
ferent numbers, sequences and arrangements of CArG
elements were also evaluated. Increasing the number of
CArG elements in the promoter improved the specific
radio-responsiveness and reduced basal expression (data
not shown). We have also demonstrated that alteration
of CArG element core sequences can substantially affect
the response, either positively or negatively. Although
the transcription factors involved in the induction have
yet to be identified, the binding of such proteins or
protein complexes to the CArG elements are likely be
influenced by their spatial arrangement. This is cur-
rently being investigated in our laboratory.
A GDEPT approach was then used to demonstrate

the potential of CArG-activated promoters. This con-
sisted of the HSVtk/GCV suicide gene system and a
tumour cell growth inhibition assay. The HSVtk/GCV
system, currently adopted in clinical trials [32], is the
most well known example of enzyme/prodrug combina-
tion in cancer GDEPT. The killing effect of the HSVtk/
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GCV is only seen in proliferating cells in which HSVtk
can monophosphorylate GCV, which is then further
phosphorylated by cellular kinases, to cause termination
of DNA synthesis and cell death [33]. The HSVtk/GCV
system is therefore particularly suitable for the eradica-
tion of rapidly dividing tumour cells invading non-pro-
liferating tissue. However, HSVtk/GCV would not be
the combination of choice to target the slowly dividing
hypoxic population in solid tumours, which have been
shown to contribute to the resistance of human tumours

to chemo- and radiotherapy. Alternative enzyme/pro-
drug combinations able to function in non-proliferating
cells would be for example carboxypeptidase 2 (CPG2)
and CMDA [34,35] or horseradish peroxidase (HRP)
and indole-3-acetic acid (IAA) [4,36]. The selective
enhancement of radiation-mediated toxicity using
GDEPT has been demonstrated both in vitro and in
vivo, with some degree of synergy between radiation and
gene therapy noted [37–42]. Non-transduced cells adja-
cent to HSVtk-containing cells can also be killed via a

Fig. 1. (a) Strategies adopted to improve the radiation responsiveness of the synthetic CArG enhancer; increasing the number of CArG elements

from the four used in the prototype (28); altering the CArG element ‘core’ sequences; introducing spacers between CArG elements to aid binding of

any transcription factors involved in the radiation response. (b) Schematic representation of the radiation-responsive plasmid vector (based on PCI-

neo; Promega) showing chimeric enhancer/promoter and reporter (EGFP) or suicide (HSVtk) coding sequences (CDS). Restriction sites used for

cloning components are italicised. The intron is present to increase expression of the CDS immediately downstream. The SV40 polyadenylation

signal allows efficient processing of RNA transcripts. Amp and Neo genes are used as selectable markers for establishing clones in bacterial and

mammalian cell cultures respectively. CMV, cytomegalovirus; EGFP, enhanced green fluorescent protein.
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bystander mechanism [43]. This ‘bystander effect’ is
thought to be partly attributable to the diffusion of
toxin molecules through gap junctions [44–46]. In vivo,
the host immune system is believed to enhance this
effect [47,48]. Bystander killing will be vital for prodrug-
mediated gene therapy since the most efficient delivery
systems will be unable to target all the cells in a tumour.
Wu and colleagues [49] noted that complete tumour cell
killing was achieved when only 10% of cultured mela-
noma cells were expressing HSVtk in the presence of
GCV. Furthermore, it has been shown that significant
tumour regression could be achieved in animal models
when only 10% of tumour cells were producing HSVtk
[50].
In our own studies, when tumour cell cultures were

transfected with CArG-based vectors (�20% of cells)
and grown in the presence of GCV after a single 2 Gy
trigger dose, cell survival was reduced to �70%,
compared with 90% for mock-transfected cultures trea-
ted similarly [28]. If this finding were to be translated
into a therapeutic dose schedule in a typical 70 Gy
treatment (35 fractions of 2 Gy), the resultant equiva-
lent dose directed to the tumour would be almost
100 Gy.
The potential of using the synthetic radiation-respon-

sive promoters was also evaluated in a preliminary
study in vivo in a MCF-7 breast adenocarcinoma xeno-
graft model. Modified cell lines were established from
plasmid-transfected MCF-7 cells by G418 selection and

cloning. One of these stable cell lines transfected with a
synthetic promoter containing four CArG elements
regulating the expression of HSVtk was used to estab-
lish xenografts in nude mice. 50 mM GCV was adminis-
tered interperitoneally (i.p.) 2 days prior, during and for
three days after three daily 3-Gy fractions of X-rays.
The effect of each treatment was compared by assessing
the time required for tumours to reach to 500 mm3

(Table 1). An increase in tumour growth delay was evi-
dent for those tumours treated with GCV combined
with irradiation, compared with GCV or radiation
treatment alone. Despite the small size of this study, it
clearly demonstrated that the synthetic radiation-
responsive promoters are functional in vivo, an obser-
vation that supported our earlier studies in whole
tumours using EGFP as a reporter system.
We have also investigated the use of an intercellular

transport protein (the HSV protein vp22) to enhance
the bystander effect. As reported by Elliot and O’Hare
[51], vp22 is an efficient intercellular transporter, able to
transfer into neighbouring cells and translocate to the
nucleus of the target cell. The fusion protein product of
the chimeric vp22/EGFP gene was efficiently exported
into as many as 200 nuclei of cells surrounding the origi-
nal transfectant. Chimeric vp22 proteins are known to
function in a wide range of cell lines [52] and deliver
proteins that modify the cell response to radiation
damage [53]. This active transport has been achieved
using vp22/HSVtk fusion proteins that retain enzyme

Fig. 2. (a) Fold- increase of enhanced green fluorescent protein (EGFP) expression in U87-MG glioma and MCF-7 breast adenocarcinoma cells 40 h

after irradiation with a single dose of 3 Gy. Before irradiation, cells were transfected with plasmids containing the EGFP gene controlled by either

the synthetic enhancer containing four CArG elements (pE4); the wild-type human Egr1 enhancer (labelled ‘switch’) (pN); or a control plasmid

(pCIneo) [28]. MCF-7 cells were also co-transfected with two plasmids that allowed Cre/loxP-mediated recombination. Radiation activates the

production of Cre via the 4 CArG promoter (pE4Cre; see Figure 3, Ref. [31]). Cre then causes recombination in the second plasmid (pSGFP)

resulting in constitutive expression of EGFP from the CMV promoter. The synthetic enhancer was significantly better at inducing EGFP expression

than the wild-type enhancer. Furthermore, when E4 was incorporated into the ‘promoter switch’ system, a substantially higher level of expression

was achieved. (b) The effect of radiation on cell growth following transfection. Open squares, MCF-7 cells; open triangles, MCF-7 cells transiently

transfected with the pCIneo control plasmid (pCon); solid squares, MCF-7 cells transiently transfected with pE4TK plasmid; open circles, MCF-7/

E4TK established cell line (see also Ref. [28]).
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activity to transduce surrounding cells making them
targets for GCV-mediated cell killing [54]. Moreover,
vp22 transport is independent of intercellular connec-
tions [51]. This is particularly attractive for its use in
tumour cells where cell–cell communication is often

considerably impaired. We have shown that a vp22/
EGFP protein can be exported from the plasmid-trans-
fected cell to its neighbours, leading to their fluorescence
as evidenced by microscopy. When the EGFP gene was
replaced with HSVtk, tumour cell killing in the vp22/
HSVtk-transfected populations was increased >5-times
compared with HSVtk alone. Thus, the use of the vp22
protein may have the potential to address the important
limitation of gene delivery [55].
In order to ensure long-term, high-level expression of

therapeutic genes following the modest radiation-
induction of the CArG promoters, we have devised a
novel ‘molecular switch’ system based on the Cre/LoxP
recombinase of bacteriophage P1 (Fig. 3 [31,56]). Using
this strategy, the radiation-responsive promoter drives
the expression of the Cre recombinase gene, which in
turn activates a transcriptionally-silenced tumour sensi-
tising gene by loxP site-mediated recombination.
Therefore, a single activating dose of radiation could
lead to HSVtk gene expression via the strong con-
stitutive CMV promoter, thereby producing a sub-
stantial amplification of the activation signal. Indeed, in
dual-plasmid transfection experiments using the EGFP
reporter system, we demonstrated an 8.2-fold (�1.2)
increase in numbers of brightly fluorescent cells after a
radiation trigger, compared with unirradiated control
cultures (Fig. 2 and [31]). In addition, these cells were
on average nearly 15 times brighter than those produced
when the CArG promoter directly (without the Cre/

Table 1

Measurement of growth delay (days to reach 500 mm3 after treatment)

of MCF-7 and MCF-7/pE4TK tumour xenografts in nude micea

Xenograft Radiation

treatment

GCV dosing

(IP)

Days to

500 mm3

MCF-7 Sham None 8.9�2

MCF-7 Sham 8�50 mM 11.2�5

MCF-7 3�3 Gy None 21.4�4

MCF-7 3�3 Gy 8�50 mM 23.1�4

MCF-7/pE4TK Sham None 11.3�6

MCF-7/pE4TK Sham 8�50 mM 14.7�5

MCF-7/pE4TK 3�3 Gy None 24.9�5

MCF-7/pE4TK 3�3 Gy 8�50 mM 33.1�3

a Treatment commenced when tumours were of the same size.

MCF-7/pE4TK cells were established by transfecting MCF-7 cells

with plasmids containing HSVtk under the control of the radiation-

responsive four CArG promoter, and then enriched by neomycin

selection so that all cells contained the HSVtk gene. Tumours were

divided into groups and either sham-irradiated, irradiated with three

doses of 3 Gy (24 h interval), given intraperitoneal (i.p.) injections of

ganciclovir (GCV, 8 daily doses of 50 mM) or vehicle controls, or

combinations of the treatments. The largest tumour growth delay,

indicating the highest toxicity, was seen in irradiated tumours that

were combined with GCV treatment. These data indicate that the

synthetic promoter is functional in vivo.

Fig. 3. Schematic representation of the ‘molecular switch’. Irradiation induces Cre recombinase expression via the E4 promoter. Cre excises the

transcriptional stop cassette from pSGFP via the loxP sites. The resultant recombinant plasmid now expresses green fluorescent protein (GFP) from

the strong constitutive CMV IE promoter [31]. CDS, coding sequences.
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loxP switch) regulated EGFP expression. This translates
to an approximately 40-fold induction of EGFP pro-
duction via the switch, compared with 3.1 (�0.25)-fold
when the synthetic promoter regulated EGFP expres-
sion directly. This system has now been engineered to
function in a single vector, thus avoiding the necessity
of having to target two vectors to each tumour cell. The
use of a constitutive secondary promoter (e.g. CMV)
should also ensure sustained expression of the ther-
apeutic gene within the tumour volume after the radia-
tion stimulus has been withdrawn. However, since this
system incorporates two controlling gene promoters, the
CMV promoter could be replaced by tumour-, tissue-,
condition or micro-environment specific promoters
[3,57,58] providing the potential for even greater speci-
ficity, selectivity and indeed safety.

3. Hypoxia-mediated gene therapy

The presence of hypoxia is a negative prognostic
indicator for outcome following radiotherapy in a range
of human tumour sites [59–63]. The absence of a cell
killing component that can be attributed to radiation-
mediated oxygen radicals is unlikely to be the only rea-
son for the resistance of hypoxic tissue to the lethal
effects of radiotherapy [64]. Resistance may also arise
from modifications to gene expression induced as a
direct consequence of the hypoxic environment, such as
a more aggressive locoregional disease and enhanced
invasive capacity [65–67]. Rather than devise thera-
peutic strategies of overcoming hypoxic resistance, a
number of groups have chosen to exploit the hypoxic
nature of tumours to gain a therapeutic advantage
[4,57,68–72]. The adaptive response to cellular hypoxia
involves the modulation of the synthesis of multiple
proteins controlling processes such as glucose home-
ostasis, angiogenesis, vascular permeability and inflam-
mation. These include, for example, phosphoglycerate
kinase 1 (PGK1), erythropoietin (EPO), lactate dehy-
drogenase A (LDHA), vascular endothelial growth fac-
tor (VEGF) and inducible nitric oxide synthase (iNOS)
[73]. The DNA regulatory elements controlling the
expression of oxygen-responsive genes have been
defined in many cases, and involve the specific binding
and trans-activation by various inducible, phosphoryla-
tion-dependent and/or redox sensitive transcription fac-
tors, including Hypoxia Inducible Factor 1 (HIF1),
Activator Protein 1 (AP1), Nuclear Factor kB (NF kB),
p53 and the Heat Shock Transcription Factor. Pub-
lished evidence indicates that only HIF1 is specifically
oxygen-responsive [73], while the other transcriptional
systems appear to contribute to the response to hypoxia
via related redox and metabolic changes.
Affinity purification and molecular cloning of HIF1

showed it to function as a heterodimer consisting of two

basic-helix-loop-helix proteins, HIF1a and HIF1b (pre-
viously identified as ARNT, aryl receptor nuclear
translocator, which is part of the xenobiotic response)
[74]. Although both subunits are constitutively expres-
sed, HIF1a is the hypoxia-regulated component via
post-translational stabilisation and transactivation by
several additional factors [75,76]. To modulate gene
expression, HIF1 specifically binds to hypoxia-respon-
sive elements (HREs), enhancers containing the core
sequence 50-(A/G)CGT(G/C)(G/C)-30, localised at
varying distances and orientations of the coding region
of several hypoxia-regulated genes. The HRE/HIF1
regulation system was shown to be common to all
mammalian cells and human tissues tested to date [76]
and the HIF1a subunit was found to be overexpressed
in 68% of the tumour types analysed [77]. The high
frequency of HIF1 expression across many human
tumours of diverse tissue origin represents a possible
therapeutic target for HRE-directed gene therapy of the
hypoxic environment. It has been shown that marker
gene expression regulated by the murine PGK1 HRE
could be induced in hypoxic tumour cells [68]. Follow-
ing the demonstration of the successful use of radiation
[28] or hypoxic-responsive gene promoters [68,78] alone,
we have assessed the function of chimeric promoters
containing radiation-responsive CArG elements in
combination with HREs (data not shown). These dual
enhancer constructs functioned in response to radiation
or hypoxia alone and also in the presence of both
stimuli.

4. Other gene therapy approaches

A number of radiotherapy and gene therapy strategies
have been developed. High therapeutic potential was
recently demonstrated for radiation therapy in combi-
nation with a trimodal approach consisting of a repli-
cation-competent oncolytic adenovirus containing a
cytosine deaminase/HSVtk fusion gene [42]. This com-
bination of radiation therapy, lytic viral therapy and
double suicide gene therapy produced significant
tumour regression in an experimental C33A tumour
xenograft model.
Manipulating the expression of the sodium and iodide

symporter (NIS) gene increased the uptake of radio-
labelled iodide in an in vitro spheroid model [79–81].
The overexpression of such membrane transporter pro-
teins increases the selectivity of [131I]-metaiodobenzyl-
guanidine therapy for neuroblastoma and ionic [131I]-
administration for differentiated thyroid tumours. In
contrast, gene therapy has also been exploited to
decrease the side-effects of radiation-induced damage in
normal tissue. For example, intratracheal injection of a
vector carrying the human superoxide dismutase (SOD2)
transgene prior to irradiation prevented radiation-
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induced damage of transduced tissues, resulting in
decreased radiation-induced oesophageal stricture [82]
and decreased late pulmonary fibrosis [83]. These
examples of combining radiotherapy and gene therapy
illustrate the breadth of ideas being investigated. More-
over, they highlight the benefit of adopting a combina-
tional approach in that treatment can be tailored to
address individual situations.
Ultimately, the success of gene therapy will dependent

on the efficient delivery of transgenes to the tumour site.
However, the development of strategies or vectors that
can offer, precise tumour targeting will undoubtedly
play a significant role in the outcome of future gene
therapies for cancer.

Acknowledgements

BM and SDS were supported by grants from the UK
Cancer Research Campaign.

References

1. Brown JM. Therapeutic targets in radiotherapy. Int J Radiat

Oncol Biol Phys 2001, 49, 319–326.

2. Vile RG, Russell SJ, Lemoine NR. Cancer gene therapy: hard

lessons and new courses. Gene Ther 2000, 7, 2–8.

3. Nettelbeck DM, Jerome V, Muller R. Gene therapy: designer

promoters for tumour targeting. Trends Genet 2000, 16, 174–181.

4. Greco O, Dachs GU. Gene directed enzyme/prodrug therapy of

cancer: historical appraisal and future prospectives. J Cell Physiol

2001, 187, 22–36.

5. Seung LP, Mauceri HJ, Beckett MA, Hallahan DE, Hellman S,

Weichselbaum RR. Genetic radiotherapy overcomes tumor

resistance to cytotoxic agents. Cancer Res 1995, 44, 5561–5565.

6. Buchsbaum DJ, Raben D, Stackhouse MA, et al. Approaches to

enhance cancer radiotherapy employing gene transfer methods.

Gene Ther 1996, 3, 1042–1068.

7. Staba MJ, Mauceri HJ, Kufe DW, Hallahan DE, Weichselbaum

RR. Adenoviral TNF-alpha gene therapy and radiation damage

tumor vasculature in a human malignant glioma xenograft. Gene

Ther 1998, 5, 293–300.

8. Weichselbaum RR, Hallahan DE, Beckett MA, et al. Gene ther-

apy targeted by radiation preferentially radiosensitizes tumor

cells. Cancer Res 1994, 54, 4266–4269.

9. Worthington J, Robson T, Murray M, O’Rourke M, Keilty G,

Hirst DG. Modification of vascular tone using iNOS under the

control of a radiation-inducible promoter. Gene Ther 2000, 7,

1126–1131.

10. el-Deiry WS, Tokino T, Velculescu VE, et al. WAF1, a potential

mediator of p53 tumor suppression. Cell 1993, 75, 817–825.

11. Boothman DA, Bouvard I, Hughes EN. Identification and char-

acterization of X-ray-induced proteins in human cells. Cancer Res

1989, 49, 2871–2878.

12. Fornace AJ. Mammalian genes induced by radiation; activation

of genes associated with growth control. Annu Rev Genet 1992,

26, 507–526.

13. Weichselbaum RR, Hallahan D, Fuks Z, Kufe D. Radiation

induction of immediate early genes: effectors of the radiation-

stress response. Int J Radiat Oncol Biol Phys 1994, 30, 229–234.

14. Boothman DA, Majmudar G, Johnson T. Immediate x-ray-

inducible responses from mammalian-cells. Radiation Res 1994,

0138.

15. Amundson SA, Do KT, Fornace AJ Jr. Induction of stress genes

by low doses of gamma rays. Radiat Res 1999, 152, 225–231.

16. Kastan MB, Zhan Q, el-Deiry WS, et al. A mammalian cell cycle

checkpoint pathway utilizing p53 and GADD45 is defective in

ataxia-telangiectasia. Cell 1992, 71, 587–597.

17. Gius D, Cao XM, Rauscher FJ 3rd, Cohen DR, Curran T,

Sukhatme VP. Transcriptional activation and repression by Fos

are independent functions: the C terminus represses immediate-

early gene expression via CArG elements. Mol Cell Biol 1990, 10,

4243–4255.

18. Mauceri HJ, Hanna NN, Wayne JD, Hallahan DE, Hellman S,

Weichselbaum RR. Tumor necrosis factor alpha (TNF-alpha)

gene therapy targeted by ionizing radiation selectively damages

tumor vasculature. Cancer Res 1996, 56, 4311–4314.

19. Hallahan DE, Mauceri HJ, Seung LP, et al. Spatial and temporal

control of gene therapy using ionizing radiation. Nat Med 1995,

1, 786–791.

20. Joki T, Nakamura M, Ohno T. Activation of the radiosensitive

EGR-1 promoter induces expression of the herpes simplex virus

thymidine kinase gene and sensitivity of human glioma cells to

ganciclovir. Hum Gene Ther 1995, 6, 1507–1513.

21. Takahashi T, Namiki Y, Ohno T. Induction of the suicide HSV-

TK gene by activation of the Egr-1 promoter with radioisotopes.

Hum Gene Ther 1997, 8, 827–833.

22. Datta R, Rubin E, Sukhatme V, et al. Ionizing radiation activates

transcription of the EGR1 gene via CArG elements. Proc Natl

Acad Sci USA 1992, 89, 10149–10153.

23. Datta R, Taneja N, Sukhatme VP, Qureshi SA, Weichselbaum R,

Kufe DW. Reactive oxygen intermediates target CC(A/T)6GG

sequences to mediate activation of the early growth response 1

transcription factor gene by ionizing radiation. Proc Natl Acad

Sci USA 1993, 90, 2419–2422.

24. Tsai-Morris CH, Cao XM, Sukhatme VP. 50 flanking sequence

and genomic structure of Egr-1, a murine mitogen inducible zinc

finger encoding gene. Nucleic Acids Res 1988, 16, 8835–8846.

25. Sakamoto KM, Bardeleben C, Yates KE, Raines MA, Golde

DW, Gasson JC. 50 upstream sequence and genomic structure of

the human primary response gene, EGR-1/TIS8. Oncogene 1991,

6, 867–871.

26. Christy B, Nathans D. DNA binding site of the growth factor-

inducible protein Zif268. Proc Natl Acad Sci USA 1989, 86,

8737–8741.

27. Christy B, Nathans D. Functional serum response elements

upstream of the growth factor-inducible gene zif268. Mol Cell

Biol 1989, 9, 4889–4895.

28. Marples B, Scott SD, Hendry JH, Embleton MJ, Lashford LS,

Margison GP. Development of synthetic promoters for radiation-

mediated gene therapy. Gene Ther 2000, 7, 511–517.

29. Ropp JD, Donahue CJ, Wolfgang-Kimball D, et al. Aequorea

green fluorescent protein analysis by flow cytometry. Cytometry

1995, 21, 309–317.

30. Lybarger L, Dempsey D, Franek KJ, Chervenak R. Rapid gen-

eration and flow cytometric analysis of stable GFP-expressing

cells. Cytometry 1996, 25, 211–220.

31. Scott SD, Marples B, Hendry JH, et al. A radiation-controlled

molecular switch for use in gene therapy of cancer. Gene Ther

2000, 7, 1121–1125.

32. Freeman SM, Whartenby KA, Freeman JL, Abboud CN, Mar-

rogi AJ. In situ use of suicide genes for cancer therapy. Semin

Oncol 1996, 23, 31–45.

33. Springer CJ, Niculescu-Duvaz I. Prodrug-activating systems in

suicide gene therapy. J Clin Invest 2000, 105, 1161–1167.

34. Marais R, Spooner RA, Light Y, Martin J, Springer CJ. Gene-

directed enzyme prodrug therapy with a mustard prodrug/

B. Marples et al. / European Journal of Cancer 38 (2002) 231–239 237



carboxypeptidase G2 combination. Cancer Res 1996, 56, 4735–

4742.

35. Stribbling SM, Friedlos F, Martin J, et al. Regressions of estab-

lished breast carcinoma xenografts by carboxypeptidase G2 sui-

cide gene therapy and the prodrug CMDA are due to a bystander

effect. Hum Gene Ther 2000, 11, 285–292.

36. Greco O, Folkes LK, Wardman P, Tozer GM, Dachs GU.

Development of a novel enzyme/prodrug combination for gene

therapy of cancer: horseradish peroxidase/indole-3-acetic acid.

Cancer Gene Ther 2000, 7, 1414–1420.

37. Kim JH, Kim SH, Kolozsvary A, Brown SL, Kim OB, Freytag

SO. Selective enhancement of radiation response of herpes sim-

plex virus thymidine kinase transduced 9L gliosarcoma cells in

vitro and in vivo by antiviral agents. Int J Radiat Oncol Biol Phys

1995, 33, 861–868.

38. Khil MS, Kim JH, Mullen CA, Kim SH, Freytag SO. Radio-

sensitization by 5-fluorocytosine of human colorectal carcinoma

cells in culture transduced with cytosine deaminase gene. Clin

Cancer Res 1996, 2, 53–57.

39. Pederson LC, Buchsbaum DJ, Vickers SM, et al. Molecular

chemotherapy combined with radiation therapy enhances killing

of cholangiocarcinoma cells in vitro and in vivo. Cancer Res

1997, 57, 4325–4332.

40. Hanna NN, Mauceri HJ, Wayne JD, Hallahan DE, Kufe DW,

Weichselbaum RR. Virally directed cytosine deaminase/5-fluoro-

cytosine gene therapy enhances radiation response in human

cancer xenografts. Cancer Res 1997, 57, 4205–4209.

41. Freytag SO, Rogulski KR, Paielli DL, Gilbert JD, Kim JH. A

novel three-pronged approach to kill cancer cells selectively:

concomitant viral, double suicide gene, and radiotherapy [see

comments]. Hum Gene Ther 1998, 9, 1323–1333.

42. Rogulski KR, Wing MS, Paielli DL, Gilbert JD, Kim JH, Frey-

tag SO. Double suicide gene therapy augments the antitumor

activity of a replication-competent lytic adenovirus through

enhanced cytotoxicity and radiosensitization. Hum Gene Ther

2000, 11, 67–76.

43. Pope IM, Poston GJ, Kinsella AR. The role of the bystander

effect in suicide gene therapy. Eur J Cancer 1997, 33, 1005–1016.

44. Mesnil M, Piccoli C, Tiraby G, Willecke K, Yamasaki H.

Bystander killing of cancer cells by herpes simplex virus thymi-

dine kinase gene is mediated by connexins. Proc Natl Acad Sci

USA 1996, 93, 1831–1835.

45. Elshami AA, Cook JW, Amin KM, et al. The effect of promoter

strength in adenoviral vectors containing herpes simplex virus

thymidine kinase on cancer gene therapy in vitro and in vivo.

Cancer Gene Ther 1997, 4, 213–221.

46. Dilber MS, Abedi MR, Christensson B, et al. Gap junctions

promote the bystander effect of herpes simplex virus thymidine

kinase in vivo. Cancer Res 1997, 57, 1523–1528.

47. Gagandeep S, Brew R, Green B, et al. Prodrug-activated gene

therapy: involvement of an immunological component in the

‘‘bystander effect’’. Cancer Gene Ther 1996, 3, 8388.

48. Ramesh R, Munshi A, Abboud CN, Marrogi AJ, Freeman SM.

Expression of costimulatory molecules: B7 and ICAM up-reg-

ulation after treatment with a suicide gene. Cancer Gene Ther

1996, 3, 373–384.

49. Wu JK, Cano WG, Meylaerts SA, Qi P, Vrionis F, Cherington V.

Bystander tumoricidal effect in the treatment of experimental brain

tumors.Neurosurgery 1994, 35, 1094–1102, 1102–1103 [discussion].

50. Freeman SM, Abboud CN, Whartenby KA, et al. The ‘‘bystan-

der effect’’: tumor regression when a fraction of the tumor mass is

genetically modified. Cancer Res 1993, 53, 5274–5283.

51. Elliott G, O’Hare P. Intercellular trafficking and protein delivery

by a herpesvirus structural protein. Cell 1997, 88, 223–233.

52. Wybranietz WA, Prinz F, Spiegel M, et al. Quantification of

VP22-GFP spread by direct fluorescence in 15 commonly used

cell lines. J Gene Med 1999, 1, 265–274.

53. Phelan A, Elliott G, O’Hare P. Intercellular delivery of functional

p53 by the herpesvirus protein VP22. Nat Biotechnol 1998, 16,

440–443.

54. Dilber MS, Phelan A, Aints A, et al. Intercellular delivery of

thymidine kinase prodrug activating enzyme by the herpes sim-

plex virus protein, VP22. Gene Ther 1999, 6, 12–21.

55. Luft FC. Can VP22 resurrect gene therapy? J Mol Med 1999, 77,

575–576.

56. Scott SD, Marples B. Comment on the use of the cre/loxP

recombinase system for gene therapy vectors. Gene Ther 2000, 7,

1706.

57. Brown JM, Giaccia AJ. The unique physiology of solid tumors:

opportunities (and problems) for cancer therapy. Cancer Res

1998, 58, 1408–1416.

58. Lohr F, Hu K, Huang Q, et al. Enhancement of radiotherapy by

hyperthermia-regulated gene therapy. Int J Radiat Oncol Biol

Phys 2000, 48, 1513–1518.

59. Nordsmark M, Overgaard M, Overgaard J. Pretreatment oxygen-

ation predicts radiation response in advanced squamous cell car-

cinoma of the head and neck. Radiother Oncol 1996, 41, 31–39.

60. Brizel DM, Dodge RK, Clough RW, Dewhirst MW. Oxygen-

ation of head and neck cancer: changes during radiotherapy and

impact on treatment outcome. Radiother Oncol 1999, 53, 113–117.

61. Fyles AW, Milosevic M, Wong R, et al. Oxygenation predicts

radiation response and survival in patients with cervix cancer.

Radiother Oncol 1998, 48, 149–156.

62. Knocke TH, Weitmann HD, Feldmann HJ, Selzer E, Potter R.

Intratumoral pO2-measurements as predictive assay in the treat-

ment of carcinoma of the uterine cervix. Radiother Oncol 1999,

53, 99–104.

63. Nordsmark M, Overgaard J. A confirmatory prognostic study on

oxygenation status and loco-regional control in advanced head

and neck squamous cell carcinoma treated by radiation therapy.

Radiother Oncol 2000, 57, 39–43.

64. Hockel M, Schlenger K, Hockel S, Vaupel P. Hypoxic cervical

cancers with low apoptotic index are highly aggressive. Cancer

Res 1999, 59, 4525–4528.

65. Graeber TG, Osmanian C, Jacks T, et al. Hypoxia-mediated

selection of cells with diminished apoptotic potential in solid

tumours. Nature 1996, 379, 88–91.

66. Sundfor K, Lyng H, Rofstad EK. Tumour hypoxia and vascular

density as predictors of metastasis in squamous cell carcinoma of

the uterine cervix. Br J Cancer 1998, 78, 822–827.

67. Alarcon RM, Rupnow BA, Graeber TG, Knox SJ, Giaccia AJ.

Modulation of c-Myc activity and apoptosis in vivo. Cancer Res

1996, 56, 4315–4319.

68. Dachs GU, Patterson AV, Firth JD, et al. Targeting gene

expression to hypoxic tumor cells. Nat Med 1997, 3, 515–520.

69. Brown JM. Exploiting the hypoxic cancer cell: mechanisms and

therapeutic strategies. Mol Med Today 2000, 6, 157–162.

70. Shibata T, Giaccia AJ, Brown JM. Development of a hypoxia-

responsive vector for tumor-specific gene therapy. Gene Ther

2000, 7, 493–498.

71. Nuyts S, Theys J, Landuyt W, van Mellaert L, Lambin P, Anne

J. Increasing specificity of anti-tumor therapy: cytotoxic protein

delivery by non-pathogenic clostridia under regulation of radio-

induced promoters. Anticancer Res 2001, 21, 857–861.

72. Nuyts S, Van Mellaert L, Theys J, Landuyt W, Lambin P, Anne

J. The use of radiation-induced bacterial promoters in anaerobic

conditions: a means to control gene expression in clostridium-

mediated therapy for cancer. Radiat Res 2001, 155, 716–723.

73. Dachs GU, Chaplin DJ. Microenvironmental control of gene

expression: implications for tumor angiogenesis, progression, and

metastasis. Semin Radiat Oncol 1998, 8, 208–216.

74. Blancher C, Harris AL. The molecular basis of the hypoxia

response pathway: tumour hypoxia as a therapy target. Cancer

Metastasis Rev 1998, 17, 187–194.

238 B. Marples et al. / European Journal of Cancer 38 (2002) 231–239



75. Wenger RH, Gassmann M. Oxygen(es) and the hypoxia-induci-

ble factor-1. Biol Chem 1997, 378, 609–616.

76. O’Rourke JF, Dachs GU, Gleadle JM, et al. Hypoxia response

elements. Oncol Res 1997, 9, 327–332.

77. Zhong H, De Marzo AM, Laughner E, et al. Overexpression of

hypoxia-inducible factor 1alpha in common human cancers and

their metastases. Cancer Res 1999, 59, 5830–5835.

78. Greco O, Patterson AV, Dachs GU. Can gene therapy overcome

the problem of hypoxia in radiotherapy? J Radiat Res (Tokyo)

2000, 41, 201–212.

79. Boyd M, Cunningham SH, Brown MM, Mairs RJ, Wheldon TE.

Noradrenaline transporter gene transfer for radiation cell kill by

131I meta-iodobenzylguanidine. Gene Ther 1999, 6, 1147–1152.

80. Cunningham S, Boyd M, Brown MM, et al. A gene therapy

approach to enhance the targeted radiotherapy of neuro-

blastoma. Med Pediatr Oncol 2000, 35, 708–711.

81. Carlin S, S HC, Boyd M, McCluskey AG, Mairs RJ. Experi-

mental targeted radioiodide therapy following transfection of the

sodium iodide symporter gene: effect on clonogenicity in both

two-and three-dimensional models. Cancer Gene Ther 2000, 7,

1529–1536.

82. Epperly MW, Gretton JA, DeFilippi SJ, et al. Modulation of

radiation-induced cytokine elevation associated with esophagitis

and esophageal stricture by manganese superoxide dismutase-

plasmid/liposome (SOD2-PL) gene therapy. Radiat Res 2001,

155, 2–14.

83. Epperly MW, Defilippi S, Sikora C, Gretton J, Kalend A,

Greenberger JS. Intratracheal injection of manganese superoxide

dismutase (MnSOD) plasmid/liposomes protects normal lung but

not orthotopic tumors from irradiation. Gene Ther 2000, 7, 1011–

1018.

B. Marples et al. / European Journal of Cancer 38 (2002) 231–239 239


