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Editorial

Radiation to control gene expression

Combined radiation therapy and gene therapy offers a
very promising strategy for cancer treatment. One prob-
lem with gene therapy involves the inappropriate
expression of a gene product which may have adverse
effects on normal tissues and negate a therapeutic index.
Several strategies have been developed to limit gene
expression to tumors. These strategies involve targeted
vector delivery, tumor specific promoters, and inducible
promoter systems. The targetability of radiation therapy
offers a unique opportunity to control therapeutic gene
expression within tumors via promoter regions of radi-
ation inducible genes. The first radiation inducible pro-
moter system used in combination with gene therapy
involved the Egr-1 promoter with the gene for the
radiosensitizing cytokine TNFa which resulted in
increased tumor growth inhibition compared with
tumors treated with radiation alone.1,2 Other groups have
used the Egr-1 promoter with the gene for HSVtk which
produced enhanced tumor cell killing in the presence of
the prodrug ganciclovir following radiation treatment.3,4

Ionizing radiation activates transcription of the Egr-1
gene and the CArG [CC(A+T rich)6GG] domain of the
promoter which are important for this response.5 A syn-
thetic promoter has been described based on four copies
of the CArG element of the Egr-1 promoter serving as the
enhancer for the CMV promoter.6 Several other genes are
also induced by ionizing radiation.7 The utility of the pro-
moters of these radiation inducible genes has not been
evaluated.

In this issue of Gene Therapy two reports concerning
radiation inducible promoter systems are presented.
Worthington et al8 used the promoter from the radiation
inducible WAF1 gene9 to achieve radiation induced
expression of a reporter gene (green fluorescent protein,
GFP) and a gene that may improve radiation therapy by
altering the tumor microenvironment (the inducible form
of nitric oxide synthase, iNOS). The ability of the WAF1
promoter to induce gene expression following radiation
was tested in an in vitro model with HMEC-1 human
endothelial cells and in an ex vivo rat tail arterial segment
model. Irradiation of both HMEC-1 cells and rat tail
arterial segments transfected with a WAF1/GFP construct
with 4 Gy resulted in a significant increase (9.5- and 4.5-
fold) in GFP expression compared with controls over
time. However, the increase did not follow a dose–
response relationship, since 4 Gy induced greater
expression than 6 Gy in both systems. In the rat arterial
segment model, similar results were observed for induc-
tion of iNOS expression. The biological activity of the

induced iNOS enzyme, which produces nitric oxide that
dilates blood vessels, was tested with plasmid vector
WAF1/iNOS transfected and irradiated rat arterial seg-
ments following addition of the vasoconstrictive drug
phenylephrine. Expression of the iNOS enzyme resulted
in a significant relaxation of the rat arterial segments. The
levels of gene expression using the WAF1 promoter were
equal to or greater than with the previously published
radiation inducible promoters. The authors propose that
dilation of tumor vasculature would increase oxygen-
ation of tumors to improve radiation therapy response or
increase delivery of chemotherapeutic agents. Demon-
stration of the therapeutic efficacy of this combined
modality approach of gene therapy with radiation or
chemotherapeutic drugs will be important.

Scott et al10 report the use of a ‘molecular switch’
employing the cre/loxP recombination system and radi-
ation to achieve enhanced and prolonged expression of
a reporter gene (GFP) and a therapeutic gene (HSVtk).
This approach requires two plasmids, one containing the
cre recombinase with a synthetic radiation responsive
enhancer/promoter, and the other with the therapeutic
gene of interest with a loxP ‘stop cassette’ between the
promoter and gene which prevents transcription. These
investigators confirmed that the cre recombinase lead to
expression of GFP with the ‘stop cassette’ when both
plasmids used the CMV promoter. The CMV promoter
was exchanged with a synthetic promoter containing the
radiation response element (CArG) of the Egr-1 promoter
driving expression of cre recombinase. GFP expression
with the two plasmid system increased both the number
of positive cells by 8.2-fold and the mean fluorescence
intensity 14.4-fold compared with a single plasmid with
the synthetic promoter and the GFP gene. The efficacy of
the ‘molecular switch’ approach was confirmed using the
HSVtk gene and ganciclovir in combination with radi-
ation in which there was increased MCF-7 breast cancer
cell growth inhibition of 27% following a dose of 2 Gy
compared with 8% for control irradiated and ganciclovir
treated MCF-7 cells with only the synthetic
promoter/HSVtk construct. Importantly, the level of kill-
ing in the radiation-induced system was equal to that
achieved with cells transfected with the HSVtk gene
driven by the CMV promoter.

A major limitation of the approach described by Scott
et al10 is that high levels of tumor specificity are not achi-
eved. As noted by these investigators the use of tumor
specific promoters controlling the therapeutic gene com-
bined with the cre/loxP gene under control of the radi-
ation inducible promoter may improve the specificity.
Another method to increase the specificity of gene
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expression may be accomplished by targeted vectors. The
approach of Worthington et al is well suited for this strat-
egy. The utility of the administration of endothelial cells
as gene therapy vectors to target regions of neovasculat-
ure has been described.11 A strategy could be envisioned
where endothelial cells transformed with a vasoactive
gene under the control of a radiation inducible promoter
or ‘molecular switch’ could achieve highly specific gene
delivery. One advantage of a gene such as iNOS is that
a large proportion of cells may not have to be transfor-
med to achieve a significant biological effect due to the
diffusion of nitric oxide. This advantage may also apply
to HSVtk but to a more limited extent due to the require-
ment for cell-to-cell communication.

A limitation of many of the radiation inducible pro-
moter systems described to date is that they require a
fairly high dose (at least 4 or 5 Gy per fraction) to achieve
significant gene expression, although Scott et al did
observe increased cytotoxicity at 2 Gy. Scott et al claim
that prolonged gene expression can be achieved with
their approach. The hypothesis that once cre recombinase
is produced it will continue to create a functional thera-
peutic transcript has not been tested. The durability of
expression of the cre gene and the stability of the cre
enzyme will be critical determinants for the continued
expression of the therapeutic gene.

Another issue relates to the effectiveness of increasing
the oxygen level in the tumor combined with radiation
therapy. A variety of strategies to reduce hypoxia in
tumors have had little impact on the radiation response
of tumors. One idea presented by Scott et al relates to
inhibiting tumor vasculature by antisense and then treat-
ing with bioreductive drugs which have shown clinical
efficacy. Recently, inhibition of tumor vasculature with
angiostatin resulted in increased efficacy of radiation
therapy in mouse models of cancer.12 Further tests of
these different approaches to achieve enhanced killing of
tumor cells may determine which strategy has more clini-
cal promise. It will be necessary to validate these stra-
tegies with relevant gene therapy vector systems and
tumor models. The two reports in this issue of Gene Ther-
apy highlight important approaches to employ radiation
to achieve high levels of specific gene expression which
may increase the therapeutic index in cancer therapy.
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