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Suppression of Cancer Growth by Nonviral Gene
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Increased reactive oxygen species (ROS) production has
been reported as a distinctive feature of different pathol-
ogies including cancer. Therefore, we assessed whether
increased ROS production in the cancer microenviron-
ment could be selectively exploited to develop a selec-
tive anticancer therapy. For this purpose, we constructed
a novel chimeric promoter, based on a ROS-response
motif located in the VEGF gene promoter placed, in turn,
downstream of a second ROS-response motif obtained
from the early growth response 1 (Egr-T) gene promoter.
The activity of the chimeric promoter was largely depen-
dent on variations in intracellular ROS levels and showed
a high inducible response to exogenous H,0,. Transient
expression of the thymidine kinase (TK) gene driven by
the chimeric promoter, followed by gancyclovir (GCV)
administration, inhibited human colorectal cancer and
melanoma cell growth in vitro and in vivo. Moreover,
electrotransfer of the TK gene followed by GCV adminis-
tration exerted a potent therapeutic effect on established
tumors. This response was improved when combined
with chemotherapeutic drugs. Thus, we show for the
first time that a distinctive pro-oxidant state can be used
to develop new selective gene therapeutics for cancer.
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INTRODUCTION

Increased reactive oxygen species (ROS) levels have been associated
with numerous pathological conditions, including atherosclerosis,
cardiovascular diseases, rheumatoid arthritis, neurodegenerative
disorders, and cancer.! ROS play a role in tumor development
as DNA-damaging agents increasing mutation rates, leading to
malignant transformation.>> Moreover, ROS act as mediators
of signal transduction pathways related to cell proliferation,*”
angiogenesis,*'® and cell migration."'-** Evidence from the litera-
ture indicates that a shift in cellular redox status may be a crucial
event in the appearance of the malignant phenotype.® Indeed,

several studies have revealed higher levels of ROS in different
types of human cancer tissues compared with their noncancerous
counterparts.”**® It is, therefore, plausible that the persistent
oxidative stress of cancer cells is a differential feature of the tumor
environment that may be exploited to develop a selective antican-
cer therapy.

Gene therapy is a relatively new strategy in clinical terms,
and most clinical trials are still in early phases (www.wiley.co.uk/
genetherapy/clinical/). More than 60% of clinical trials target
cancers, and many obstacles remain to be overcome before cancer
gene therapy becomes a routine procedure. Recently, it was shown
that conditional targeting of a therapeutic gene using cancer-spe-
cific promoters to drive gene expression might become a useful
strategy toward this end."” The high levels of heterogeneity in gene
expression from cell to cell, and from tumor to tumor, limit the
potential use of a promoter obtained from a tumor-associated
gene. Therefore, different groups aim to specifically target the
tumor mass by taking advantage of defined microenvironmental
differences between cancer tissues and normal cells. For instance,
hypoxia can be used for the selective expression of therapeutic
genes driven by hypoxia-response elements in cancer tissues.*!
Thus, the conditional targeting of a cancer tissue by taking
advantage of the particular characteristics of the tumor remains
possible both for cancer gene therapy and to attack other dis-
eases. DNA sequences responsive to ROS are present in the pro-
moters of several redox-regulated genes.?? Particularly, oxidative
stress was shown to regulate VEGF-A gene expression in gastric
cancer cells.” Additional examples of oxidative stress-responsive
DNA sequences include a region present in the promoter of the
early growth response 1 (Egr-1) gene.* Interestingly, no sequence
consensus has been found among the different response sequences
defined to date.

We propose a new strategy that makes use of the increased
levels of ROS in cancer cells to enhance therapeutic selectivity.
Here, we demonstrate that the expression of the Herpes Simplex
virus thymidine kinase (TK) gene, driven by a ROS-response
chimeric promoter, was effective in inhibiting tumor cell growth
in vitro and in vivo. Electrotransfer of this nonviral construct was
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able to strongly inhibit established human colorectal carcinoma
and melanoma growth in a nude mouse model. The therapeutic
effect of this construct was enhanced when combined with
chemotherapeutic drugs.

RESULTS

A ROS-response chimeric promoter is active

in malignant cells

We initially explored the activities of ROS-response elements
from different promoters, in an effort to develop novel selective
gene therapeutics. We selected three DNA motifs that were
previously described as redox-response DNA elements: a
CG-rich motif located in the VEGF-A promoter (named VE),”
six-repeated CArG motives from the Egr-1 promoter (named
E6),** and a —2002, —1546 fragment corresponding to the
matrix metalloproteinase-1 promoter (named MMP-1)."* The
different fragments were cloned into the minimal cytomegalo-
virus (CMV) plasmid upstream of the luciferase reporter gene
(Figure 1a).

To evaluate the responsiveness of the different constructs
to oxidative stress, A375N melanoma and LoVo colorectal
cancer cells were transiently transfected with each plasmid
and exposed to H,O, generated by the glucose/glucose oxidase
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system.” The VE element exhibited the highest basal activity,
and inducible response, to H,O,, although all the elements
tested were active to some extent (Figure 1b). These responses
were redox-specific, as shown by their complete reversal upon
addition of exogenous catalase (Figure 1b). As additional
copies of the VE motif did not increase ROS response (data not
shown), we decided to construct a chimeric promoter that will
include the combination of different motives. In addition to the
VE motif, we selected E6 because of it shorter length, and its
slightly higher response to increased H,O, levels, compared to
MMP-1. Moreover, E6 can be additionally activated by ionizing
radiation.?* The E6 and VE motifs were placed at different posi-
tions relative to the luciferase gene (Figure 1c). The 5’-E6(6)
VE-3’ [hereafter termed E6(6)VE] chimera showed a basal
and inducible activity higher than that of the 5-VE(6)E6-3’
chimera (Figure 1d), but lower than that of VE alone, when
the motifs were assessed in parallel (compare Figure 1d with
1b), suggesting that steric hindrance might hamper the activity
of the chimeric promoter. In efforts to improve E6(6)VE activ-
ity, we moved the E6 and VE motifs either 20 or 40bp apart,
by introducing DNA spacers. The E6(40)VE chimera showed
the best basal, and inducible, activities in the presence of exog-
enous H,O, (Figure 1d). Notably, the E6(40)VE response to
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Figure 1 The reactive oxygen species-response chimeric promoter is active in malignant cells. (a) Schematic representation of different constructs
containing a single motif or promoter sequence. (b) Oxidative stress responses of the different constructs described in a. LoVo and A375N cells tran-
siently transfected with the different constructs were exposed to H,O, generated by the G/GO system, in the presence or absence of exogenously
added catalase. (*P < 0.001, the lines over the bars show the groups that were compared; #P < 0.0001, corresponds to the basal activity of VE, versus
the basal activity of E6 or MMP-1; #P < 0.0001, corresponds to VE activity in the presence of G/GO versus the activity of E6 and MMP-1 under the
same conditions. (c) Schematic representations of the different chimeric constructs. The terms “S20” and “S40” mean that DNA spacers of 20 or 40bp,
respectively, were included. (d) Oxidative stress responses of the different chimeric constructs described in . LoVo and A375N cells were treated as
described in b. *P < 0.001 the lines over the bars show the groups that were compared; *P < 0.0001, corresponds to the basal activity of E6(40)VE
versus VE; #P < 0.0001, corresponds to the E6(40)VE activity in the presence of G/GO versus VE under the same conditions. Data are expressed as
means * SD values of three to seven independent experiments. C, control; G/GO, glucose/glucose oxidase; MMP-1, matrix metalloproteinase-1.

1356

www.moleculartherapy.org vol. 17 no. 8 aug. 2009



© The American Society of Gene & Cell Therapy

exogenous H,O, was redox-specific, as shown by the complete
reversal of inducible luciferase activity in the presence of cata-
lase (Figure 1d). The basal luciferase activity driven by E6(40)
VE was as strong as or higher than the activity of a SV40 pro-
moter in various cell lines, including melanoma and colorectal
cancer cells (Supplementary Figure S1).

Variation in endogenous ROS levels
modulates E6(40)VE activity
We next compared the basal activity of E6(40)VE in normal
and malignant cells in response to ROS endogenous levels.
First, we confirmed that malignant cells exhibited higher intra-
cellular ROS levels than their normal counterparts. Indeed,
quantification of dichlorofluorescein staining showed a two-
to fivefold increase in intracellular ROS levels in malignant
LoVo and A375N cells as well as in MCF-7 breast cancer cells,
and in transformed WI-38VA fibroblasts compared to their
normal counterparts (Figure 2a). Next, we transiently trans-
fected normal and malignant cells lines with E6(40)VE-LUC,
where luciferase activity was driven by the chimeric promoter.
As expected, ROS dependent-luciferase activity was higher in
malignant cells than in their respective normal counterparts
(Figure 2b). We were unable to transfect primary cultures of
melanocytes (data not shown).

Next, we evaluated whether E6(40) VE activity was dependent
on intracellular redox status. First, we transfected LoVo and
A375N cells with E6(40)VE-LUC and treated cells with the
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ROS scavenger N-acetylcysteine. Under these conditions
N-acetylcysteine reduced luciferase activity and intracellular
ROS levels in a dose-dependent manner (Figure 2¢,d). Further
confirmation that E6(40)VE activity was driven by intracellular
ROS levels was obtained when luciferase expression driven
by the chimeric motif was strongly reduced when cells were
co-transfected with a plasmid encoding for human catalase
(Figure 2e). Finally, the increase in luciferase activity induced by
cell treatment with glucose/glucose oxidase system that augments
H,0, levels was strongly inhibited when cells were co-transfected
with the plasmid encoding for human catalase (Figure 2e).
Furthermore, we stably transfected LoVo cells with a construct
containing a ¢cDNA coding for the human CuZn-superoxide
dismutase (SOD), as previous data demonstrated increased
ROS levels in cells constitutively expressing SOD." The stable
blasticidin-resistant clone LoVo SODT(F10) showed the highest
intracellular ROS levels compared to LoVo SOD™(G9) cells that
were stably transfected with an empty vector (Supplementary
Figure S2a,b). We confirmed by dichlorofluorescein quanti-
fication that LoVo SODT(F10) produced higher levels of H,0,
than LoVo SOD™(G9) cells (Figure 2f). LoVo SOD*(F10) cells
exhibited 2.5-fold increased luciferase activity after transfection
with E6(40) VE-LUC, compared to LoVo SOD™(G9) control cells,
further demonstrating that E6(40)VE activity correlated with
increased intracellular ROS levels (Figure 2g). The sum of the
evidence clearly demonstrates that the activity of the chimeric
promoter was ROS-dependent.
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Figure 2 Variation in endogenous reactive oxygen species (ROS) levels modulates E6(40)VE activity. (a) Quantification of endogenous ROS in
different cell types as assessed by DCF. Data represent the means = SEMs of fluorescence levels of ~50 cells (*P < 0.01). Confocal microscopy photo-
graphs showing ROS levels in different cell types. Bar represent 20 um. (b) Luciferase activity in cells transfected with E6(40)VE-LUC and the respective
controls. Luciferase activity was normalized and quantified as described in Materials and Methods. (*P < 0.001). (c) Luciferase activity in LoVo (black)
and A375N (white) cells transfected with E6(40)VE-LUC and treated with NAC (*P < 0.05, *P < 0.01) (d) ROS levels in NAC-treated cells measured by
the DCF assay (*P < 0.01). (e) LoVo (black) and A375N (white) cells co-transfected with E6(40)VE-LUC and p-Cat, exposed or not to G/GO. Luciferase
activity was expressed as -fold induction over control cells. (*P < 0.01). Data show the mean + SD of three independent experiments. (f) Levels of ROS
in LoVo SOD*(F10) and LoVo SOD~G9 cells as assessed by DCF followed by fluorescence-activated cell sorting analysis. Data show a representative
result from three independent experiments. (g) Luciferase activity in stable LoVo SOD*(F10) and LoVo SOD™(G9) cell clones obtained from LoVo cells
(see Results section for details). Cell clones were transfected with E6(40)VE-LUC. Luciferase activity was normalized as described and further quantified
as a -fold induction over control G9 cells. Data are expressed as means * SD values of three independent experiments (*P < 0.014). G/GO, glucose/
glucose oxidase; SOD, superoxide dismutase.
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Figure 3 TK expression driven by the reactive oxygen species-responsive chimeric promoter, followed by GCV, inhibits in vitro and in vivo
cell growth. (@) In vitro growth inhibition of LoVo and A375N cells transiently transfected with E6(40)VE-TK plasmid, and exposed to GCV. “Growth
fraction” means the percentage of surviving cells, compared to control cells. Transfection efficiencies were 40-60%. Data show the mean + SD values
of three independent experiments (*P < 0.0001). (b) Spheroids made of LoVo or A375N cells transiently transfected with E6(40)VE-LUC and E6(40)
VE-TK plasmids. Spheroids were grown in the presence or absence of 50 umol/l GCV. Data represent the mean + SD of measurements from three to
eight spheroids, corresponding to one of two independent experiments. Inset: photomicrographs (x25) of spheroids taken after 20 days of GCV treat-
ment (*P < 0.01). (c) In vivo tumorigenicity of LoVo and A375N cells transiently transfected with E6(40)VE-TK. Mice were treated intraperitoneal with
GCV (50mg/kg), or vehicle, every day during the first 15 days after cell inoculation (n = 5-7 mice per group); (*P < 0.0002 for the melanoma model).
Inset: photographs of mice taken at 60 days, showing the presence of tumors in control mice only. GCV, gancyclovir; PBS, phosphate buffered saline;

TK, thymidine kinase.

Expression of TK driven by the ROS-responsive
promoter inhibited the in vitro and in vivo
proliferation of malignant cells

Based on the evidence mentioned earlier, we next determined if
E6(40)VE might drive the expression of a therapeutic gene. As a
proof of concept we cloned the TK gene downstream of E6(40)
VE to generate E6(40)VE-TK. Transient expression of E6(40)
VE-TK led to a significant inhibition of LoVo and A375N cell
proliferation in the presence of gancyclovir (GCV) (Figure 3a).
No significant inhibition was observed in control cells trans-
fected with E6(40)VE-LUC, whether or not these cells were
exposed to GCV, or when TK was expressed in the absence of
GCV (Figure 3a). Moreover, normal CCD-481 human colonic
cells were completely resistant to TK expression driven by E6(40)
VE, as almost no death was observed in transfected cells in the
presence of GCV, compared to a massive death of malignant
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cells under the same conditions (Supplementary Figure S3 and
Supplementary Materials and Methods).

E6(40) VE was also able to drive TK expression in multicellular
spheroids. Indeed, we observed a strong reduction in the growth
capacity of spheroids made of LoVo or A375N cells previously
transfected with E6(40)VE-TK, when exposed to GCV, compared
to the same spheroids without GCV, or compared to spheroids
made of cells transfected with E6(40)VE-LUC followed by GCV
(Figure 3b). This effect was observed immediately, after only
2 days of culture (Supplementary Figure $4).

To evaluate the capacity of E6(40)VE to drive TK expression
in vivo, LoVo and A375N cells were transiently transfected with
E6(40)VE-TK and injected subcutaneously into nude mice. No
mouse injected with LoVo cells expressing TK, and treated with
GCYV, developed a tumor (Figure 3c). In addition, mice injected
with A375N, and receiving the same treatment as animals

www.moleculartherapy.org vol. 17 no. 8 aug. 2009
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receiving LoVo cells, showed significant tumor growth delay
compared to control mice (Figure 3c). It can be concluded that
transient expression of TK driven by E6(40)VE, followed by GCV,
was sufficient to strongly inhibit the in vivo growth of colorectal
cancer and melanoma cells.

The combination of E6(40)VE-TK with vy irradiation,
bleomycin, or doxorubicin, enhanced the inhibition
of tumor cell growth in vitro, in cell monolayers

and spheroids

Ionizing radiation, and some chemotherapeutic drugs such as
bleomycin (Bleo) and doxorubicin (Dx), are associated with the
formation of reactive oxygen intermediates, and direct damage to
DNA > We hypothesized that the combination with chemothera-
peutic drugs or ionizing radiation might enhance the therapeutic
potential of the ROS-responsive plasmid in a setting that resembles
a clinical situation. Using luciferase expression as reporter gene, we
confirmed that the activity of E6(40) VE was stimulated by increas-
ing doses of ionizing radiation (Supplementary Figure S5). Next,
we performed in vitro studies in which LoVo and A375N cells were
transiently transfected with E6(40) VE-TK, followed by GCV com-
bined either with y irradiation, Bleo, or Dx. The combination of
E6(40)VE-TK/GCV with y irradiation enhanced the inhibition of
LoVo cell proliferation compared to the proliferation levels seen
with any other treatment, and the optimum inhibition occurred at
2Gy vy irradiation (Figure 4a). In addition, the combination of y
irradiation and E6(40)VE-TK/GCV treatment was slightly more
effective on A375N melanoma cells than any other treatment,
when E6(40)VE-TK/GCV was combined with 5Gy y irradiation
(Figure 4a). Moreover, the combination of E6(40)VE-TK/GCV
treatment with either Bleo or Dx enhanced cell growth inhibition,
compared to the inhibitions noted when each treatment was applied
separately (Figure 4b). Apoptosis was the main form of cell death
induced by Dx or E6(40)VE-TK/GCYV as single agent or in combi-
nation (Supplementary Figure S6 and Supplementary Materials
and Methods). On the other hand, no enhancement of cell growth
inhibition was observed when LoVo and A375N cells were trans-
fected with E6(40) VE-LUGC, followed by GCV in combination with
either y irradiation, Bleo, or Dx (Supplementary Figure S7).

We further evaluated the effect of the combination of E6(40)
VE-TK/GCV treatment and Dx on spheroid growth. Spheroids
made of cells transiently transfected with E6(40)VE-TK were
exposed to GCV and Dx treatments and the viabilities of the
spheroids were assessed using the MTT assay. We observed
enhanced inhibition of spheroid growth of both cell types after the
combination treatment, compared to the inhibitions noted when
each treatment was applied separately (Figure 4c). Overall, these
series of experiments demonstrate that E6(40)VE-TK and GCV
can be combined with y irradiation, and chemotherapeutic drugs,
to enhance antitumor effects.

Electrotransfer of E6(40)VE-TK, followed by GCV,
with or without chemotherapy, inhibited the

in vivo growth of established colorectal cancer

and melanoma

We finally decided to assess whether E6(40)VE was sufficiently
potent to drive TK expression, and thus to exert a therapeutic
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Figure 4 A combination of TK expression driven by the reactive
oxygen species-responsive chimeric promoter, and GCV, with
y radiation, Bleo, or Dx, enhances in vitro cell growth inhibition.
(a) LoVo and A375N cells were transiently transfected with E6(40)
VE-TK and exposed to y radiation in the presence or absence of
10 umol/l GCV (***P < 0.001, **P < 0.01). (b) LoVo and A375N cells
were transiently transfected with E6(40)VE-TK and exposed to Dx
(0.5pmol/l), or Bleo (20 umol/l), in the presence or absence of 10 or
50umol/l GCV. Growth inhibition was measured by the MTT assay
and “growth fraction” refers to the inhibition seen in comparison with
untreated cells (***P < 0.001). (c) Spheroids made of LoVo or A375N
cells, transiently transfected with E6(40)VE-TK, were exposed to GCV
(50 pmol/I), Dx (0.5 pmol/l), or both. Spheroid growth was measured
using the MTT assay. Data show the mean + SD of three to five mea-
surements within a representative experiment of two experiments.
Each measurement includes one spheroid of A375N cells and a pool
of three spheroids for LoVo cells. Inset: photomicrographs (x25) of
spheroids taken at day 20 (*P < 0.05 and **P < 0.01). Data show the
means * SD values of three independent experiments and lines over
the bars indicate the groups that were compared. Bleo, bleomycin;
C, control; Dx, doxorubicin; GCV, gancyclovir; PBS, phosphate
buffered saline; TK, thymidine kinase.
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effect, on established tumors. For this purpose, mice harboring
LoVo or A375N tumors (150-200 mm?® average diameter) received
six intratumor administrations of E6(40)VE-TK followed by local
electroporation, once every 2 days. Starting on the day of the
first electroporation, control mice received intraperitoneal (i.p.)
injections of phosphate buffered saline for 15 consecutive days.
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Figure 5 Combination of TK expression driven by the reactive oxygen species-responsive chimeric promoter, and GCV, with or without
chemotherapy, inhibited the in vivo growth of established tumors. (a,b) Nude mice harboring established LoVo and A375N tumors were
distributed into four groups (n = 5 per group): control (C), Dx, GCV, and GCV+Dx. All mice received six intratumoral injections of 50 ug of naked plas-
mid by electroporation, every 2 days. GCV (50 mg/kg) or PBS was administrated i.p from day 0 to 15, as indicated. Dx (5 mg/kg) was administrated
i.p 1 hour prior to electroporation, when indicated. Growth curves represent the growths of individual tumors, relative to tumor size at the begin-
ning of the treatment (V/V,). Black arrows indicate the times of E6(40)VE-TK plasmid electrogene transfer; “d” indicates Dx administration, the line
in the x-axis is the duration of PBS or GCV administration. (c) Photographs of LoVo and A375N mice obtained at 20 days of treatment. (*P < 0.0001
control versus GCV; *P < 0.008 control versus Dx and #P < 0.0001 GCV versus GCV+Dx). Dx, doxorubicin; GCV, gancyclovir; i.p., intraperitoneal;

PBS, phosphate buffered saline; TK, thymidine kinase.

A second group received GCV ip. for 15 consecutive days. A
third group received Dx i.p. on three occasions, once every 4 days,
starting at the second round of electroporation. A fourth group
received both GCV and Dx (Figure 5a,b).

Figure 5 shows the -fold increase in tumor volumes in the
different individuals of each experimental group. To facilitate the
visualization, the data are presented in separate figures although
the experiments for each tumor type were performed simultane-
ously. Control mice showed a 7-14-fold increase in tumor vol-
umes in both tumor models (Figure 5a,b). Electro-E6(40)VE-TK
transfer followed by GCV administration resulted in strong
growth inhibitions, compared to control groups, in mice carry-
ing either LoVo or A375N tumors. In fact, tumor growth was
completely inhibited up to day 25 after treatment initiation in all
mice treated with GCV. Conversely, Dx treatment alone inhibited
tumor growth to a minor extent, although all mice showed signifi-
cant reductions in their tumor masses (Figure 5c). Interestingly,
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E6(40)VE-TK/GCV, in combination with Dx, significantly
improved the inhibition of tumor growth, even when compared
to E6(40)VE-TK/GCV administered alone. In addition, 2/5 of
LoVo tumors in mice treated with the combination approach
were completely eliminated, and did not resume growth until the
end of the experiment. These data demonstrate that TK expres-
sion driven by ROS-responsive elements can be combined with
chemotherapeutic agents to increase therapeutic efficacy.

DISCUSSION

Our results demonstrate that a ROS-responsive chimeric
promoter containing two elements, from the VEGF-A and the
Egr-1 promoter regions, was effective to drive the expression of
the herpes simplex TK suicide gene, in a tumor-selective gene-
directed enzyme/prodrug therapy, both in vitro and in vivo. The
activity of the ROS-responsive chimeric promoter was largely
dependent on ROS levels.
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The most effective response element combination was obtained
when the VE element was placed downstream, and 40bp away
from the E6 element. The VE ROS-response element is located
at position —88/-50 of the VEGF-A promoter, and a single copy
of this element was sufficient to confer maximal basal and induc-
ible activity when placed in a heterologous promoter system.”
The E6 motif contains six copies of the CArG elements of the
Egr-1 gene.”” Egr-1 activity is regulated by ionizing radiation and
the Egr-1 promoter region has been used to drive tumor necrosis
factor-o. expression in radiation gene therapy clinical trials.?® The
CArG elements were shown to control the radiation response of
Egr-1* However, CArG elements are essentially regulated by a
mechanism involving ROS that are produced after cell exposure
to ionizing radiation.**

Dual specificity chimeric promoters have been described;
these contain hypoxia-response elements in combination with
estrogen responsive promoters,* cytokine inducible enhancers,*
and ionizing radiation-responsive elements.’”> These hybrid pro-
moters have been shown to be active as gene enhancers. Our novel
chimeric promoter reacted not only to increased ROS levels but
also to ionizing radiation, further enhancing its potential thera-
peutic capacity. Interestingly, recent evidence demonstrates that
hypoxia, a hallmark of cancer tissues, enhanced ROS production.
Oxygen deprivation stimulates mitochondria to produce ROS at
complex III of the electron chain; these ROS in turn activate the
hypoxia inducible factor 1, o subunit, a paradigmatic hypoxia-
related protein.>* On these bases we can hypothesize that the
present chimeric promoter will have the potential to react to a
combination of factors (ROS, hypoxia, and ionizing radiation)
that are highly distinctive of cancer tissue, making our promoter a
promising tool for gene therapy.

Anthracyclines are one of the most effective classes of antican-
cer drugs ever developed, but, despite their extensive use in cancer
treatment, their mechanism of action remains controversial.*® In
addition to their capacity to intercalate with DNA, anthracyclines
have been shown to generate ROS in cancer cells by increas-
ing intracellular hydrogen peroxide levels.** Moreover, the Bleo
antiproliferative effect was shown to occur in part through the
generation of free radicals.*® In line with this, both Dx and Bleo
showed additive effects, when combined in vitro with the novel
chimeric promoter-driven TK expression, in the presence of GCV.
Moreover, Dx enhanced the antitumor effect induced by the com-
bination of TK and GCV. Thus, the present data suggest that both
Bleo and Dx can be combined with the ROS-responsive chimeric
promoter to improve overall therapeutic efficacy.

The ROS-responsive chimeric construct was directly applied
to tumors by electroporation. Electrically mediated delivery of
plasmids encoding therapeutic genes has been efficiently used in
animal models of cancer treatment.** Complete tumor regression,
and the development of an antitumor memory, has been achieved
by intratumor electroporation of plasmids encoding for cytokines
such as interleukin-2 (IL-2), IL-12, and IL-18, sometimes com-
bined with TK, in immunocompetent models of cancer.”*
Combined electrogene therapy using plasmids expressing herpes
virus TK and IL-12, is highly efficient against murine carcino-
mas in vivo.** More recently, electroporation has been applied
for intratumoral delivery of Bleo in melanoma patients; this
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procedure improved the efficacy of the chemotherapeutic drug.*
Our immunodeficient model did not allow us to explore the
capacity of the ROS-responsive chimeric construct to induce the
development of a specific antitumor memory. Despite this fact,
we were able to show that tumor growth remained completely
suppressed for as long as 40 days, when gene therapy was com-
bined with chemotherapy. In several mice injected with col-
orectal cancer cells, tumors regressed completely. In long-term
follow-up, we observed that some of the tumors ceased growing,
whereas others resumed growth. It is expected, therefore, that the
therapeutic efficacy of our construct will be greatly improved in
immunocompetent systems.

Aberrant redox signaling mechanisms are critical not only
in cancer but in various diseases. Increased formation of free
radicals was shown to be associated with atherosclerotic lesions
and hypertension.*** Redox imbalance in synovial tissues led to
increased mutation levels of the p53 gene in rheumatoid arthri-
tis.** Moreover, the inflammatory infiltrate that leads to cartilage
erosion appears to be influenced by ROS-sensitive signaling path-
ways.* The complications that hyperglycemia exerts on patients
suffering from type 2 diabetes also appear to be related to abnor-
mally high levels of ROS.* Finally, oxidative stress was shown
to contribute to the cascade of events leading to dopamine cell
degeneration in Parkinson’s disease, and to the marked accumu-
lation of amyloid-B peptide in Alzheimer’s patients.* Based on
these data, we anticipate that the present strategy can be applied,
by using the appropriate therapeutic gene, to any of the diseases
mentioned earlier.

In conclusion, we have shown for the first time that an
augmented oxidative state encountered in tumor cells can
be used as a new approach for cancer gene therapy. The new
therapeutic vector as presently designed and administered was
shown to be very potent for direct intratumor application alone
or in combination with chemotherapeutic drugs currently in
use. The first phase I clinical trial using a plasmid contain-
ing IL-12 administered by electroporation has been recently
performed in melanoma patients suggesting that gene transfer
with in vivo electroporation is a safe strategy for clinical appli-
cation.”” The present studies and previous data’ indicate that
tumor cells express higher ROS levels than normal cells indi-
cating its potential usefulness for systemic treatment, provided
specific targeting can be achieved, to avoid side effects. In addi-
tion, it will be necessary to establish the minimal ROS levels
required to drive the chimeric promoter to rule out potential
toxicity to normal organs. Although we were unable to observe
signs of toxicity in autopsies of treated animals, it will be impor-
tant to assess whether the combination of nonviral gene therapy
and chemotherapy, as proposed here, might enhance toxicity in
chronic treatment. Finally, the enhanced therapeutic efficacy
of the combination of our ROS-responsive element with che-
motherapy would be reduced when combined with some drugs
such as glutathione whose mechanism of action relies on their
capacity to reduce intracellular ROS levels.* On the other hand,
the anticancer activity of mainstay drugs such as paclitaxel® in
addition to Bleo and Dx are strongly dependent on ROS activity,
suggesting a potential combination with the ROS-responsive
element described here.
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MATERIALS AND METHODS

Cell lines and culture. Human colorectal carcinoma LoVo cells (CCL-229),
WI38-VA transformed fibroblasts (CCL-75.1), MCF-7 breast cancer cells
(HTB-22), CCD-841 normal colon cells (CRL-1790), MCF-12A normal
breast cells (CRL-1790), and WI38 normal fibroblasts (CCL-75), were
obtained from the ATCC. Normal melanocytes obtained from primary
cultures of neonatal foreskins (NHM), and A375N melanoma cells, were
kindly provided by Estela Medrano, Houston, TX. The CCD-841, WI38,
and MCEF-12 cells were used between passages 6 and 20. Cell lines were
maintained in DMEM/F12 (Invitrogen-Life Sciences, Grand Island, NY)
supplemented with 10% (vol/vol) FBS (NatoCor, Cordoba, Argentina),
2 mmol/l L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin at
37°C, and under 5% (vol/vol) CO,. All additional reagents were obtained
from Sigma-Aldrich (St Louis, MO).

Vector constructions. The pmCMV plasmid was obtained by inserting a
basal CMV promoter, containing the transcription start site and a TATA
box, between the Xhol and HindIII sites of plasmid pGL-3-basic (Promega,
Madison, WI). A synthetic VE motif containing the GC boxes of the
VEGF-A promoter (-88/-55, GenBank accession no. AF095785.1), and a
synthetic E6 motif containing six CarG copies of the enhancer element of
the Egr-1 promoter gene (GenBank accession no. AJ245926), were inde-
pendently cloned between the Miul and Xhol sites of pmCMYV, to obtain
the VE-LUC and E6-LUC plasmids. The sequences of oligonucleotides
used for VE motif cloning were: 5-CGGGGCGGGCCGGGGGCGGGGT
CCGGCGGGGCGGAGA-3’ and 5-CGC GTCTCCGCCCCGCCGGGA
CCCCGCCCCCGGCCGCCCCCGGTAC-3". The sequences of oli-
gonucleotides used for the cloning of the of the E6 motif were: 5-C
GCGTCCATATAAGGCCATATAAGGCCATATAAGGCCATATAA
GGCCATATAAGGCCATATAAGGC-3" and 5-TCGAGCCTTATATGG
CCTTATATGGCCTTATATGGCCTTATATGGCCATATGGCCTTATAT
GGA-3’. Briefly, double-stranded molecules derived from the complemen-
tary single-stranded oligonucleotides described earlier were obtained by
mixing 0.05nmol of the appropriate oligonucleotides in 10ml, heating to
55 °Cfor 5minutes, and cooling to room temperature. The synthetic oligonu-
cleotides, but also with terminal KpnI and MIul restriction enzyme cloning
sites, were treated as described earlier and cloned into E6-LUC and VE-LUC
vectors to obtain E6(6)VE-LUC and VE(6)E6-LUC plasmids. The E6(40)
VE vector was obtained by cloning a spacer sequence of 40 bp into the MIul
site of E6(6)VE-LUC. This spacer was obtained from the complementary
single-stranded oligonucleotides 5-CGCGTACCTCTTAGTACATATG
AATCGATGCTTAGTAGCAAA-3" and 5-CGCGTTTGC TAGCATCG
ATTCATATGTACTAGTA-3". The MMP-1 promoter (-2002, -1546,
GenBank accession no. AF023338.1) was cloned by PCR of genomic
DNA obtained from T47-D breast cancer cells, using primers 5-CGGG
GTACCACAGTGTATGAGACTCTTCCAGGG-3" and 5-CCCCTCCCC
TTATGGATTCCTG-3". The MMP-1 promoter was cloned between the
Kpnl and Mlul restriction sites of the pmCMV vector, yielding plasmid
MMP-1-LUC.

Generation of an H202-overproduction cell model, by stable expression
of SOD. The CuZnSOD complete cDNA (from a plasmid kindly
provided by Fernando Larcher; CIEMAT, Madrid, Spain) was obtained
by PCR, with appropriate primers, flanked by HindIII and Xbal restric-
tion sites, sequenced, and cloned into pcDNA, to obtain CuZnSOD-
pcDNAG6. Subconfluent cultures of LoVo cells were stably transfected
with the CuZnSOD-pcDNA expression vector using Lipofectamine 2000
(Invitrogen). Control cells were transfected with empty pcDNA . For
selection of stable transfectants, blasticidin (10 ug/ml; Sigma-Aldrich) was
added to the cells 24 hours after transfection and maintained for 3 weeks.
Blasticidin-resistant clones were obtained by dilution cloning.

Assessment of ROS levels. To measure ROSlevels produced by cells stably trans-
fected with SOD cDNA, cells were incubated for 40 minutes with 10 umol/l of
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2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA, Molecular Probes), at
37°C, washed twice with phosphate buffered saline, harvested with trypsin,
and evaluated by flow cytometry. For assessment of ROS levels produced by
paired normal and malignant cells or in N-acetylcysteine treatment, cells were
incubated 15 minutes with DCHF-DA, cells and were analyzed under a con-
focal (Pascal LSM510; Carl Zeiss, Okerkochen, Germany) or epifluorescence
microscope (Olympus BX51) respectively.

Luciferase assays. Luciferase was assayed using the “Dual Luciferase
Reporter Assay” (Promega), with the aid of a Genius Luminometer (Tecan,
Minnedorf, Switzerland). To correct for transfection efficiencies, all cells
were co-transfected with the Renilla luciferase construct pRL-LUC. For
experiments on H,O, induction, 5 x 10° LoVo or A375N cells were seeded
in wells of 24-well tissue culture plates, and 24 hours later, cells were co-
transfected with 0.1 mg/well of pRL-LUC and 0.8 mg/well of either pmCMYV,
VE-LUC, E6-LUC, MMP1-LUC, E6(6)VE-LUC, VE(6)E6-LUC, E6(20)
VE-LUC, or E6(40)VE-LUC, using Lipofectamine. Twenty-four hour after
transfection, cells were exposed to H,0, generated by glucose (10 mmol/l)
and glucose oxidase (20mU/ml), for 6 hours. For assessment of E6(40)
VE-LUC activities in F10 and G9 cells, cells were treated as described ear-
lier, but luciferase activities were measured 24 hours post-transfection. For
experiments comparing E6(40)VE-LUC activities in normal and tumor
cells, cells were seeded in dishes 35 mm in diameter and co-transfected with
3.2mg of pmCMYV or E6(40) VE-LUC and 0.4 mg of pRL-LUC. To evaluate
the effect of ROS scavenging, 24 hours E6(40)VE-LUC-transfected cells
were treated with different concentrations of N-acetylcysteine for 24 hours.
For experiments involving co-transfection with catalase, human cDNA
catalase (kindly provided by Fernando Larcher) was cloned into pcDNA3
to yield p-Cat. p-Cat was co-transfected with E6(40) VE-LUC (1mg of each
plasmid, and 0.1 mg pRL-LUC, per well).

In vitro proliferation assays. LoVo cells or A375N cells (5 x 10°) seeded in
24-well multiwell plates, were transiently transfected with 1.8 mg of E6(40)
VE-LUC or E6(40)VE-TK, and 0.5mg pEGFP, in each well. pEGFP trans-
fection was used to evaluate transfection efficiency. Twenty-four hours after
transfection, cells were reseeded at low density (1/8 dilution) in complete
medium, left to settle for 3-5 hours, and exposed to GCV. GCV was added in
fresh medium each 48 hours, and after 4 days, cell survival was evaluated by
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
Sigma-Aldrich) assay. Briefly, the culture medium was aspirated and replaced
with 500ml of fresh medium with 5mg/ml MTT, for 1 hour, washed with
phosphate buffered saline, and dissolved using 500 ml of DMSO; the absor-
bances were obtained at 570 nm. For y irradiation, cells were irradiated with
1, 2, or 5 Gy 24 hours after the first GCV administration. Similarly, when
chemotherapeutic treatments were used, cells were exposed to 20 umol/l
Bleo or 0.5umol/l Dx 24 hours after the first GCV administration.

Spheroid assays. Cells (5 x 10°) were seeded in 24-well multiwell plates
and co-transfected with 1.8 mg of E6(40)VE-LUC, or E6(40)VE-TK, and
0.5mg pEGFP, in each well. Twenty-four hours after transfection, cells
were trypsinized and seeded into wells of a 96-well agarose-coated plate
(10,000 cells per well). GCV (50 umol/l) was added the day after seed-
ing, and replaced every 72 hours. Spheroids were kept at 37°C under 5%
(vol/vol) CoO,, sized twice a week, and grown over 15 days. When admin-
istered in combination with GCV, Dx (0.5 pmol/l) was added at day 4 after
seeding. In this case, spheroids were grown for a further 15-20 days and
survival evaluated using the MTT assay. Briefly, spheroids were incubated
with 5mg/ml MTT for 2 hours at 37 °C, aspirated, centrifuged, dissolved in
50 ml of DMSO, and scanned at 570 nm using a spectrophotometer.

In vivo studies. For in vivo studies, LoVo and A375N cells seeded in dishes
100 mm in diameter were transiently transfected with 24 mg E6(40)VE-TK
per plate. Twenty-four hour later, 4 x 10° LoVo or 2.5 x 10° A375N cells
were injected subcutaneously into the flanks of a 20-day-old male or female
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athymic nu/nu mice (obtained from the animal facility of the National
Atomic Energy Commission; Buenos Aires, Argentina). Mice were given
GCV (50 mg/kg) i.p, or vehicle, daily, for 10 days.

To assess the effect of treatments on established tumors, 4 x 10° LoVo
or 2.5 x 10° A375N cells were injected subcutaneously into the flanks of
nude mice. When average tumor sizes reached ~150-200 mm?, mice were
anesthetized with ketamine/xylazine (78 and 11.5mg/kg, respectively)
before treatment commenced. All mice were injected intratumorally
with 50mg of E6(40)VE-TK in 100yl of phosphate buffered saline, and
immediately electroporated using a two-needle electrode (5mm between
electrodes; Genetronics, San Diego, CA). Six pulses (200 V/20ms) were
applied every 2 days with an Electro Square Porator (ECM 830; BTX,
San Diego, CA). GCV (50 mg/kg), or vehicle, was administered i.p. daily
between day 0 and 15.In some experiments, Dx (5 mg/kg) was administered
i.p. Tumor sizes were measured in two dimensions, using a caliper, twice
a week. Tumor volumes were calculated from the equation: tumor volume
(mm?®) = (Dm x Dm x DM)/2, where Dm and DM are the minor and major
tumor diameters. Animal care and experimental procedures followed
institutional guidelines approved by the National Institutes of Health.

Statistical analysis. We used a two-tailed Student’s t-test to compare
two sets of data. One-way analysis of variance was used to compare
three or more sets of data. Tukey’s, Sheffe or Dunnett’s tests were used
as post hoc tests. Welch test and Games-Howells as post hoc tests were
used when variances were heterogeneous. When parametric tests were
not possible to apply, we used Kruskal-Wallis test with Mann-Whitney
as post hoc test.

SUPPLEMENTARY MATERIAL

Figure S1. E6(40)VE chimeric promoter activity was comparable to
that of an SV40 promoter.

Figure $2. ROS levels of different clones stably transfected with a
plasmid containing the human CuZn-superoxide dismutase gene.
Figure $3. E6(40)VE-TK activity in normal and malignant cells.
Figure $4. Time course of spheroid growths made of LoVo or A375N
cells, transfected with E6(40)VE-TK, followed by GCV.

Figure $5. Gamma irradiation response of the E6(40)VE promoter.
Figure $6. Apoptosis was the main form of cell death induced by
E6(40)VE-TK/GCV as single agent or in combination with Dx.

Figure $7. Transfection of tumor cells with E6(40)VE-LUC, followed
by GCV treatment, did not enhance the growth inhibition induced by
v irradiation, Bleo or Dx.

Materials and Methods.
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