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Ionizing radiation (IR) and radical oxygen intermediates (ROIs) activate the early growth response-1 (Egr1) promoter
through specific cis-acting sequences termed CArG elements. Ad.Egr.TNF.11D, a replication-deficient adenoviral vector
containing CArG elements cloned upstream of the cDNA for human recombinant TNF-α was used to treat human
esophageal adenocarcinoma and rat colon adenocarcinoma cells in culture and as xenografts in athymic nude mice.
Cisplatin, a commonly used chemotherapeutic agent, causes tumor cell death by producing DNA damage and generating
ROIs. The present studies demonstrate induction of TNF-α production in tumor cells and xenografts treated with the
combination of Ad.Egr.TNF.11D and cisplatin. The results show that the Egr1 promoter is induced by cisplatin and that
this induction is mediated in part through the CArG elements. These studies also demonstrate an enhanced antitumor
response without an increase in toxicity following treatment with Ad.Egr.TNF.11D and cisplatin, compared with either
agent alone. Chemo-inducible cancer gene therapy thus provides a means to control transgene expression while
enhancing the effectiveness of commonly used chemotherapeutic agents.
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Introduction
Gene therapy for cancer is based on tumor-specific deliv-
ery and expression of genes encoding proteins that are
directly or indirectly toxic to tumor cells or tumor stro-
ma (1). Examples of classes of transgenes used in cancer
gene therapy include those that encode prodrugs,
cytokines, and immunomodulatory proteins/peptides
(2–4). Therapeutic gene delivery systems that include
viruses, lipofection, and cell-based and naked DNA have
been investigated in preclinical and clinical models (5–7).
However, shortcomings in the specificity of tumor tar-
geting and tumor-specific control of gene expression
have limited the clinical utility of gene therapy for can-
cer. Several strategies are currently under investigation
for specific delivery of genes to tumors, including genet-
ically altered viruses, specific lipofection formulations,
and immunological delivery (8–10).

One potential solution to specific control of gene
expression is through the use of tumor- or tissue-selec-

tive promoters to activate transcription of transgenes
(11). For example, adenocarcinomas that overexpress
MUC-1 preferentially express therapeutic genes that are
transcriptionally activated by the MUC-1 promoter (12).
Similar strategies have been used for CEA-expressing
tumors with the therapeutic constructs containing the
CEA promoter (13). Recently, studies have demonstrat-
ed physical targeting of gene therapy by IR (14). In this
strategy, radio-inducible CArG [CC(A/T)6GG] DNA ele-
ments of the early growth response-1 (Egr1) promoter
are ligated upstream of a cDNA encoding human
recombinant TNF-α in an adenoviral vector. Using this
vector system, TNF-α was preferentially activated in
tumors by ionizing radiation (IR) (14). TNF-α is a
cytokine secreted by macrophages and other hemato-
poietic cells that displays antitumor activity in animal
studies (15, 16). A direct toxic effect on tumor cells, as
well as cytotoxic and thrombotic effects on the tumor
vasculature, mediates the antitumor effects of TNF-α
(17–23). However, systemic toxicities have limited the
use of TNF-α in human cancer therapy (24). The com-
bination of TNF-α with chemotherapeutic agents that
damage DNA, such as cisplatin and adriamycin, has
demonstrated synergistic effects in experimental mod-
els (25, 26). Recently, isolated limb perfusion with 
TNF-α and melphalan, a bifunctional alkylating agent,
has been reported to be a successful therapeutic strate-
gy for treating limb sarcomas and melanomas (27).

Radiotherapy is a well-developed targeting technolo-
gy. The efficacy of radiotherapy is limited by tumor
radioresistance and the fact that radiotherapy is gener-
ally useful against tumors that have not spread beyond
the site of origin. Several reports have demonstrated
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additive/synergistic antitumor effects with localized
intratumoral expression of TNF-α by a radio-inducible
adenoviral vector and IR, without an increase in local
or systemic toxicity compared with IR alone (28, 29).
The TNF-α/IR interaction is cytotoxic to both tumor
cells and tumor endothelium, thereby overcoming
tumor resistance to either treatment alone (29). Radio-
therapy, however, has a limited role in the curative
treatment of metastatic disease, and the potential
application of radio-inducible gene therapy is limited
to local and regional cancer therapy.

Mechanistic studies of Egr-1 induction by IR have
demonstrated a role for free radical activation of the
CArG elements of the Egr1 promoter. The role of reac-
tive oxygen intermediates (ROIs) was confirmed by the
finding that activation of the Egr1 promoter by H2O2

is quantitatively and temporally similar to that
obtained with IR. Moreover, treatment with N-acetyl-
L-cysteine a free radical scavenger, decreased Egr-1
induction by IR or H2O2 (30). These findings have sug-
gested that activation of the Egr1 promoter is mediat-
ed by both DNA damage and ROI production. We
report herein that cisplatin, a commonly used
chemotherapeutic agent that stimulates ROI genera-
tion, induces the production of TNF-α in human and
rat cancer cells infected with an adenoviral vector
encoding the CArG elements of the Egr1 promoter lig-
ated upstream to a cDNA encoding TNF-α. Impor-
tantly, significant antitumor effects between TNF-α
and cisplatin were observed in both experimental
tumors. These findings provide support for a new
approach that combines cisplatin with the temporal
and spatial control of gene therapy.

Methods
Cells and cell culture. Seg-1, a human esophageal adeno-
carcinoma cell line (obtained from David Beer, Univer-
sity of Michigan, Ann Arbor, Michigan, USA) and
DHD/K12/TRb (PROb), a rat colon adenocarcinoma
established in syngeneic BD-IX rats by 1,2-dimethylhy-
drazine induction (obtained from Francois Martin, Uni-
versity of Dijon, France) were maintained in DMEM
(Invitrogen Life Technologies, Carlsbad, California,
USA) supplemented with FBS (10% vol/vol) (Intergen
Co., Purchase, New York, USA), penicillin (100 IU/ml),
and streptomycin (100 µg/ml) (Invitrogen Life Tech-
nologies) at 37°C with 7.5% CO2.

Animals. Six-week-old female athymic nude mice
(Frederick Cancer Research Institute, Frederick, Mary-
land, USA) received food and water ad libitum. Experi-
ments were in accordance with the guidelines of the
Institutional Animal Care and Use Committee of the
University of Chicago.

Viral vectors. Ad.Egr.TNF.11D, a replication-deficient
adenovirus constructed to express the human recombi-
nant cytokine TNF-α under the control of the promoter
of the Egr1 gene, and control vector Ad.Null.3511.11D, a
replication-deficient virus without an effector gene (Gen-
Vec Inc., Gaithersburg, Maryland, USA), were stored at

–80°C and were diluted to the appropriate concentration
in formulation buffer.

In vitro measurement of TNF-α protein. Seg-1 and PROb
cells were plated at 105 cells/well in 12-well plates (Becton,
Dickinson and Co., Bedford, Massachusetts, USA), grown
overnight, and infected with either Ad.Null.3511.11D or
Ad.Egr.TNF.11D at 100 multiplicities of infection in
serum-free medium for 2–3 hours. Cells in the IR group
were exposed to 5 Gy in complete medium using a Pan-
tak PCM 1000 x-ray generator (Pantak, East Haven, Con-
necticut, USA). Cells in the cisplatin group were exposed
to 5 µM cisplatin in complete medium. Cells and super-
natants were harvested at 24, 48, and 72 hours by scrap-
ing and human TNF-α production was quantified using
a Quantikine ELISA kit (R&D Systems Inc., Minneapo-
lis, Minnesota, USA) following three freeze-thaw lysis
cycles. These experiments were performed in triplicate.
Duplicate treatment plates were used to adjust for the
cytotoxicity of IR and cisplatin. Cells were harvested
using versene (0.02% EDTA in HBSS) and trypsin-EDTA
(0.25% trypsin, 1 mM EDTA • 4Na) (Invitrogen Life Tech-
nologies), and cells were counted using a hemocytometer
with trypan blue (0.4%) exclusion (Invitrogen Life Tech-
nologies). Protein assays were performed to normalize
protein concentration using the Bio-Rad dye reagent
(Bio-Rad Laboratories Inc., Hercules, California, USA).
Data are expressed as mean ± SEM of experiments per-
formed in triplicate.

In vitro luciferase reporter assay. The Egr1 constructs
pE425 (596 bp containing all CArG elements and no
AP-1 sites) and pE660 (the minimal Egr1 promoter of
115 bp containing no CArG elements) (30) were evalu-
ated following sequence confirmation and insertion of
the PCR product into the pGL3 basic firefly luciferase
reporter plasmid construct (Promega Corp., Madison,
Wisconsin, USA) by enzyme restriction and ligation.
JM109 competent cells (Stratagene, La Jolla, California,
USA) were transformed with these plasmids, and endo-
toxin-free maxipreps (QIAGEN Inc., Valencia, Califor-
nia, USA) were prepared. Product confirmation was
performed by PCR, sequencing, enzyme restriction, and
gel electrophoresis. Seg-1 and PROb cells were plated
at 105 cells/well in 12-well plates and transfected with
the firefly luciferase reporter plasmid constructs —
pGL3 basic (promoterless, negative control), pGL3 660
(minimal Egr1 promoter), or pGL3 425 (Egr1 promoter
containing all CArG elements) — using TransFast
transfection reagent (Promega Corp.). All groups were
cotransfected with the Renilla luciferase reporter plas-
mid construct pRL-TK (HSV thymidine kinase pro-
moter) to normalize transfection efficiency. Forty-eight
hours later, cells were exposed to IR (20 Gy) or cisplatin
(50 µM). Cells were harvested 6 hours later, and
luciferase activity (LA) was measured using the Dual-
Luciferase reporter assay system (Promega Corp.).

In vivo measurement of TNF-α protein. Seg-1 or PROb
cells (5 × 106 per 0.1 ml) were injected subcutaneously
into the right hind limb of nude mice. Tumor-bearing
mice were randomized to one of four groups: intratu-
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moral (IT) Ad.Null.3511.11D (2 × 108 particle units
[p.u.]/10 µl) with intraperitoneal (IP) normal saline
(NS) or cisplatin (8 mg/kg) and IT Ad.Egr.TNF.11D 
(2 × 108 p.u./10 µl) with IP NS or cisplatin. IP NS or cis-
platin treatments were administered 20 hours after
transfection with IT vector, and two consecutive IT and
IP injections were given. Animals were euthanized, and
xenografts were harvested 48 hours after the second IP
injection. Xenografts were snap-frozen in liquid nitro-
gen and homogenized in RIPA buffer (150 mM NaCl,
10 mM Tris at pH 7.5, 5 mM EDTA at pH 7.5, 100 mM
PMSF, 1 µg/ml leupeptin, and 2 µg/ml aprotinin)
using a Brinkman Polytron homogenizer (Kinematica
AG, Lucerne, Switzerland). After three freeze-thaw lysis
cycles, the homogenate was centrifuged at 7800 g in a
Sorvall RC-5C SS34 rotor (Kendro Laboratory Prod-
ucts, Newtown, Connecticut, USA) for 10 minutes at
4°C. TNF-α levels in the supernatants were measured
as described above.

In vivo measurement of TNF-α RNA transcripts using real-
time PCR. PROb xenografts were established and treat-
ed as in the previous section. Following harvest, tumors
were snap-frozen in liquid nitrogen and homogenized
in TRIzol reagent (Invitrogen Life Technologies, Carls-
bad, California, USA) using a Brinkman Polytron
homogenizer. The homogenate was centrifuged at 7800
g in a Sorvall RC5C SS34 rotor for 10 minutes at 4°C to
remove debris. The samples were chloroform-extracted
and total RNA was precipitated with isopropyl alcohol.
cDNA was synthesized using SuperScript II reverse tran-
scriptase (Invitrogen Life Technologies), using 5 µg total
RNA, following the manufacturer’s recommendations,
but omitting the addition of RNase inhibitor. Quanti-
tative PCR was performed on an ABI Prism 7700
Sequence Detection System (Applied Biosystems, Fos-
ter City, California, USA) using SYBR Green PCR
reagents (Applied Biosystems) in a 50-µl reaction mix-
ture (5 µl 10× SYBR Green PCR buffer, 0.5 µl primers
(10 mM), 4 µl dNTP mix, 6 µl MgCl2 (25 mM), 0.25 µl
AmpErase, 0.25 µl AmpliTaq Gold and 5 µl of the 1:10
diluted cDNA synthesis reaction product. The final vol-
ume was adjusted to 50 µl using nuclease-free sterile
water. PCR was performed for 40 cycles at 95°C for 15
seconds and 60°C for 1 minute after initial incubations
at 50°C for 2 minutes and 95°C for 10 minutes. PCR
product specificity and purity was evaluated by gener-
ating a dissociation curve following the manufacturer’s
recommendations. Sample CT values were normalized
to CT values for mouse GAPDH RNA, all of which were
calculated from two PCR reactions performed in tripli-
cate from each of the four tumors. Relative gene induc-
tion values were calculated following the manufactur-
er’s recommendations. Note: PROb (rat) xenografts
were chosen such that any human TNF-α transcript
generated would originate from the Ad.Egr.TNF.11D
virus and not from the xenograft tumor cells.

In vivo regrowth studies. Seg-1 or PROb cells (5 × 106 per
0.1 ml) were injected subcutaneously into the right hind
limb of nude mice. Tumor-bearing mice were assigned

to one of four groups: IT Ad.Null.3511.11D (2 × 108

p.u./10 µl) with IP NS or cisplatin (3 mg/kg), and IT
Ad.Egr.TNF.11D (2 × 108 p.u./10 µl) with IP NS or cis-
platin. Animals were injected IP with NS or cisplatin 20
hours after the IT vector injection. IT and IP injections
were given for five consecutive days. Xenografts were
measured every 2 days using calipers, and tumor volume
was calculated (length × width × thickness)/2. Frac-
tional tumor volumes (V/V0 where V0 = volume on day
0) were calculated and plotted. Day 0 is the first day of
treatment (IT injection vector) and the day that the mice
were distributed into treatment groups. Tumor vol-
umes represented on graphs begin on day 0.

Statistical analysis. Statistical significance was deter-
mined using the two-tailed Student t test.

Results
In vitro induction of TNF-α in human and rat tumor cells
following infection with Ad.Egr.TNF.11D and exposure to
cisplatin. Because Egr1 is induced through the CArG
elements of its promoter by ROIs and/or DNA dam-
age, we tested the hypothesis that exposure to cis-
platin, a DNA-damaging agent that alters cellular
redox status (31), will increase TNF-α production by
tumor cells infected with an adenoviral vector in
which CArG elements are upstream of a TNF-α
cDNA (Ad.Egr.TNF.11D). We tested TNF-α produc-
tion in human esophageal Seg-1 cells and rat colon
PROb cells following exposure to 5 µM cisplatin.
TNF-α concentrations were determined using an
ELISA specific to human TNF-α. No TNF-α protein
was detectable in Seg-1 cell pellets or supernatants
from cultures infected with the null vector
(Ad.Null.3511.11D) and treated with IR or cisplatin
(data not shown). By contrast, significantly increased
levels of TNF-α protein were detected at 24, 48, and
72 hours in cultures of Seg-1 cells infected with the
Ad.Egr.TNF.11D vector and exposed to IR (5 Gy)
(768.8 ± 32.6, 593.0 ± 27.6, and 746.0 ± 18.5 pg/106

cells, respectively) compared with cells infected with
vector alone (269.3 ± 1.9, 167.8 ± 8.4, and 260.6 ± 14.9
pg/106 cells, respectively; P < 0.001). Combined treat-
ment with Ad.Egr.TNF.11D and IR resulted in 2.9-,
3.5- and 2.9-fold increases rounded to the nearest
tenth in TNF-α production. A similar induction of
TNF-α protein was detected in Seg-1 cells infected
with the Ad.Egr.TNF.11D vector and exposed to 5
µM cisplatin (compared with vector alone) for 24, 48,
and 72 hours (885.3 ± 28.7, 892.6 ± 21.3, 901.7 ± 21.7
pg/106 cells, respectively; P < 0.001) (Figure 1a). Com-
bined treatment with Ad.Egr.TNF.11D and cisplatin
thus resulted in 3.3-, 5.3-, and 3.5-fold increases in
TNF-α production.

Comparable experiments were conducted with PROb
cell cultures. Again, no TNF-α protein was detectable in
PROb cell pellets or supernatants from cultures infect-
ed with the null vector (Ad.Null.3511.11D) and treated
with IR or cisplatin (data not shown). Significantly
increased levels of TNF-α protein were detected in cul-
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tures of PROb cells infected with the Ad.Egr.TNF.11D
vector and exposed to IR (5 Gy) for 24, 48, and 72 hours
(55.1 ± 4.6, 440.5 ± 7.0, and 812.7 ± 8.9 pg/106 cells,
respectively) compared with cells infected with vector
alone (17.9 ± 1.7, 169.7 ± 5.2, and 522.5 ± 11.3 pg/106

cells, respectively; P < 0.001). Combined treatment with
Ad.Egr.TNF.11D and IR resulted in 3.1-, 2.6-, and 1.6-
fold increases in TNF-α production. A similar induction
of TNF-α protein was detected in PROb cells infected
with the Ad.Egr.TNF.11D vector and exposed to cis-
platin (5 µM) (compared with vector alone) for 24, 48,
and 72 hours (52.4 ± 0.6, 318.6 ± 30.6, and 812.2 ± 11.0
pg/106 cells; P < 0.001) (Figure 1b). Combined treatment
with Ad.Egr.TNF.11D and cisplatin resulted in 2.9-, 1.9-,
and 1.6-fold increases in TNF-α production. These find-
ings from the Seg-1 and PROb cell lines demonstrate
that IR and cisplatin induce TNF-α expression.

CArG elements of the Egr-1 promoter mediate induction of
TNF-α by cisplatin. To study whether the CArG ele-
ments of the Egr1 promoter are inducible by cisplatin,
Egr1 promoter activity was assessed by measuring acti-
vation of the luciferase reporter gene in Seg-1 and
PROb cells cotransfected with the firefly luciferase
reporter plasmid constructs pGL3 basic (negative con-

trol), pGL3 660 (consisting of only the minimal Egr1
promoter, no CArG elements), or pGL3 425 (consist-
ing of all the CArG elements, no AP-1 sites), and the
Renilla luciferase reporter plasmid construct pRL-TK.
Minimal LA (expressed as relative luminescence) was
detectable in Seg-1 cells transfected with the pGL3
basic plasmid construct (LA = ∼0.01–0.02) or with the
pGL3 660 plasmid construct (LA = ∼0.10–0.18). How-
ever, Seg-1 cells transfected with the pGL3 425 plas-
mid construct exhibited a 2.4-fold increase (P = 0.005)
in relative LA (to 15.07) following exposure to IR (20
Gy) compared with untreated control (LA = 6.37), and
a 2.0-fold increase (P = 0.005) in LA (to 12.89) follow-
ing exposure to cisplatin (50 µM) compared with
untreated control (Figure 2a).

Similar results were obtained with the PROb cell
line. Minimal LA was detectable in PROb cells trans-
fected with the pGL3 basic plasmid construct 
(LA = ∼0.21–0.30) or with the pGL3 660 plasmid con-
struct (LA = ∼0.76–1.84). PROb cells transfected with
the pGL3 425 plasmid construct exhibited a 4.2-fold
increase (P = 0.004) in LA (to 57.75) following exposure
to IR (20 Gy) compared with untreated control 
(LA = 13.69), and a 3.6-fold increase (P = 0.01) in LA (to
49.40) following exposure to cisplatin (50 µM) com-
pared with untreated control (Figure 2b). These data
demonstrate that CArG elements of the Egr1 promot-
er are inducible by cisplatin and mediate the tran-
scriptional activation of the chimeric Egr-TNF-α gene.

Induction of TNF-α in human and rat tumor xenografts fol-
lowing treatment with Ad.Egr.TNF.11D and cisplatin. We next
examined whether TNF-α is induced by cisplatin fol-
lowing infection of human and rodent tumors with the
Ad.Egr.TNF.11D vector. Xenografts of Seg-1 or PROb
cells growing in the hind limbs of athymic nude mice
were injected intratumorally with Ad.Null.3511.11D or
Ad.Egr.TNF.11D. Tumor-bearing mice were injected
intraperitoneally with either NS or cisplatin (3 mg/kg).
TNF-α concentration in tumor homogenates was quan-
tified using ELISA. No TNF-α protein was detected in
Seg-1 tumor homogenates following injection of the
Ad.Null.3511.11D vector and systemic treatment with
either NS or cisplatin (data not shown). A significant
increase (3.5-fold) in IT TNF-α protein was observed fol-
lowing combined treatment with Ad.Egr.TNF.11D and
cisplatin (1,294.0 ± 438.5 pg/mg) compared with vector
treatment alone (366.5 ± 52.6 pg/mg; P < 0.05) (Figure
3a). No TNF-α protein was detected in PROb tumor
homogenates following injection of Ad.Null.3511.11D
vector and systemic treatment with either NS or cisplatin
(data not shown). However, a significant increase 
(2.7-fold) in IT TNF-α protein was observed following
combined treatment with Ad.Egr.TNF.11D and cisplatin
(878.6 ± 61.9 pg/mg) compared with vector treatment
alone (321.4 ± 27.7 pg/mg; P < 0.001) (Figure 3b). These
findings demonstrate in vivo induction of TNF-α pro-
tein by cisplatin and verify that the TNF-α protein is a
product of the Ad.Egr.TNF.11D vector rather than of the
tumor tissue. Real-time quantitative PCR analysis 
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Figure 1
In vitro measurement of TNF-α protein. TNF-α production by
Ad.Egr.TNF.11D-infected cells exposed to IR (5 Gy) or cisplatin (5
µM) was measured using ELISA. Significant increases in levels of
TNF-α protein were detected at 24, 48, and 72 hours following expo-
sure to Ad.Egr.TNF.11D plus IR (P < 0.001) and Ad.Egr.TNF.11D
plus cisplatin (P < 0.001) compared with vector alone in Seg-1 cul-
tures (a) and PROb cultures (b). Data are reported as mean ± SEM
of three independent experiments.



of cDNA synthesized from two cisplatin-treated,
Ad.Egr.TNF.11D-infected tumors compared with cDNA
from two saline-treated, Ad.Egr.TNF.11D-infected
tumors demonstrated an 11-fold induction of human
TNF-α transcripts. Sequence verification of the result-
ing PCR products confirmed human specificity of the
PCR primers (data not shown).

Cisplatin-inducible Ad.Egr.TNF.11D enhances treatment of
human and rat xenografts. We examined the potential anti-
tumor effects of chemo-inducible Ad.Egr.TNF.11D and
cisplatin in Seg-1 and PROb xenografts. In the Seg-1
studies, mean tumor volume on day 0 (initiation of
treatment) was 381.3 ± 10.8 mm3 (n = 12 mice per group
in each of four treatment groups). Xenografts were
injected intratumorally with either Ad.Null.3511.11D
or Ad.Egr.TNF.11D. Mice were injected intraperi-
toneally with either NS or cisplatin. Control tumors
(treated with Ad.Null.3511.11D plus NS) doubled in
size by day 4 and exhibited a 4.7-fold increase in mean
tumor volume by day 14. A similar growth pattern was
observed in tumors treated with the Ad.Egr.TNF.11D
vector and NS (a 2.0-fold increase by day 4 and a 3.8-fold
increase in mean volume by day 14). Significant inhibi-
tion of tumor growth was observed in the tumors receiv-
ing combined treatment with Ad.Egr.TNF.11D and cis-
platin compared with tumors treated with the null
vector and cisplatin on days 4 (P = 0.045), 6 (P < 0.005),
8 (P < 0.002), 10 (P < 0.001), 12 (P < 0.004), and 14 
(P < 0.021) after the initiation of treatment (Figure 4a).

In the PROb studies, mean tumor volume on day 0
was 244.2 ± 6.2 mm3 (n = 10 mice per group in each
of four treatment groups). Control tumors (treated
with Ad.Null.3511.11D plus NS) grew steadily, dou-

bling in size by day 4, exhibiting a 4.4-fold increase
in mean tumor volume by day 14. A similar growth
pattern was observed in tumors treated with the
Ad.Egr.TNF.11D vector and NS (1.6-fold increase by
day 4 and 3.6-fold increase in mean volume by day
14). Significant tumor regression was observed in
the tumors receiving combined treatment with
Ad.Egr.TNF.11D and cisplatin compared with
tumors treated with the null vector and cisplatin on
days 4 (P = 0.045), 6 (P < 0.001), 8 (P = 0.048), 10 
(P < 0.001), 12 (P < 0.001), and 14 (P = 0.002) (Figure
4b). Taken together, these data support an antitu-
mor interaction between Ad.Egr.TNF.11D and cis-
platin in xenografts of human and rodent origin.
These findings are consistent with, and supported
by, TNF-α induction by cisplatin observed in the in
vitro and in vivo experiments. Although toxicity was
observed after treatment with cisplatin, no addi-
tional toxicity was observed following combined
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Figure 2
In vitro reporter assays. Luciferase reporter constructs were used to
evaluate induction of the Egr1 promoter by IR or cisplatin. Minimal
LA was detectable following transfection with either the pGL3 basic
(negative control) or the pGL3 660 plasmid (minimal Egr1 promot-
er) constructs. (a) In Seg-1 cells transfected with pGL3 425, a 2.4-
fold increase (P = 0.005) in relative LA was observed following expo-
sure to IR (20 Gy), and a 2.0-fold increase (P = 0.005) was seen
following exposure to cisplatin (50 µM). (b) In PROb cells trans-
fected with pGL3 425, there was a 4.2-fold increase (P = 0.004) in
relative LA following exposure to IR (20 Gy), and a 3.6-fold increase
(P = 0.01) following exposure to cisplatin (50 µM). Data are report-
ed as mean ± SEM.

Figure 3
In vivo measurement of TNF-α protein. TNF-α production by
Ad.Egr.TNF.11D-injected xenografts was measured by ELISA. A sig-
nificant increase in IT TNF-α protein concentration was observed fol-
lowing combined treatment with Ad.Egr.TNF.11D and cisplatin com-
pared with treatment with Ad.Egr.TNF.11D vector alone in Seg-1 (a)
(3.5-fold increase; P < 0.05) and PROb (b) xenografts (2.7-fold
increase; P < 0.001). Data are reported as mean ± SEM.



treatment with cisplatin and Ad.Egr.TNF.11D. This
antitumor response was achieved despite the fact
that infection by IT injection of Ad.Egr.TNF.11D
occurred only along the needle track, as was demon-
strated using immunohistochemical staining using
a β-gal viral vector (data not shown).

Discussion
Cisplatin and platinum analogues are currently used in
the treatment of head and neck, esophageal, lung,
testis, ovarian, and bladder cancers. Additionally, cis-
platin is used concurrently with IR as a radiosensitizer.
In spite of the relative efficacy of cisplatin, tumor resist-
ance has limited the role of cisplatin in curative cancer
chemotherapy (32). Tumor-derived mechanisms of cis-

platin resistance include an increase in DNA repair of
cisplatin adducts in tumor cells, an increase in glu-
tathione (which inhibits free-radical formation and
subsequent DNA damage), and a relative decrease in
uptake of cisplatin by resistant cells (33). The combi-
nation of cisplatin with other chemotherapeutic
agents, especially 5-FU and VP-16, has increased the
therapeutic index of both agents in some human
tumors (34), but other strategies are needed to increase
the efficacy of cisplatin.

TNF-α has been studied as a systemic treatment for
cancer in phase I studies, but toxicity has limited the
therapeutic index of this cytokine (24, 35). Also, combi-
nations of systemic TNF-α and chemotherapy have been
investigated in a few clinical trials with limited success
(36). Administration of TNF-α in a strategy of isolated
limb perfusion with melphalan has demonstrated tumor
regression with relatively low systemic toxicity (37, 38).
We reasoned, therefore, that a high level of IT TNF-α in
combination with chemotherapy might provide a greater
antitumor response than either agent alone.

The Egr1 gene is induced by a variety of stimuli,
including growth factors, IR, and ROIs (39). Tran-
scriptional activation of Egr1 requires the CArG DNA
sequence element in the promoter region of this gene
(30). A chimeric genetic construct consisting of the 5′
Egr1 CArG elements ligated to TNF-α cDNA expresses
high levels of IT TNF-α following IR exposure of cells
transduced with this construct. Tumors transduced
with the chimeric Egr-1.TNF construct and treated
with IR exhibit increased regression/cure compared
with tumors treated with either agent alone, likely due
to the IT induction of TNF-α production by IR, and
the cytotoxic interaction of TNF-α and IR on the
tumor cells and the tumor vasculature (3, 29).

The 5′ CArG sequences are known to mediate the
induction of Egr1 following exposure to agents that
induce intracellular ROIs, as is the case with IR. There-
fore, we hypothesized that the use of cisplatin, a com-
monly used chemotherapeutic agent that alters intra-
cellular radical oxygen formation and damages DNA,
might be useful in inducing the TNF-α gene under
control of the DNA-damaging and ROI-inducible
CArG elements of the Egr1 promoter.

We used an E1/E3/E4-deleted replication-incompe-
tent adenoviral vector containing the chimeric pro-
moter-effector construct Egr-TNF (Ad.Egr.TNF.11D)
to deliver the cDNA construct to a human esophageal
adenocarcinoma and a rat colon adenocarcinoma. We
report that the CArG sequences are activated by cis-
platin in vitro when ligated to TNF-α or to the
luciferase reporter gene. Additionally, induction of
TNF-α by cisplatin was noted in tumor xenografts in
vivo. Most importantly, cisplatin induction of TNF-α
demonstrates significantly enhanced tumor growth
inhibition compared with either agent alone. Moreover,
although toxicity was observed following treatment
with cisplatin, no additional toxicity was observed with
the combination of cisplatin and TNF-α.
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Figure 4
In vivo regrowth studies. The effect of combined treatment with
Ad.Egr.TNF.11D and cisplatin was evaluated by measuring the volume
of xenografts injected with Ad.Null.3511.11D or Ad.Egr.TNF.11D with
or without cisplatin. Day 0 represents the first day of treatment. (a) In
Seg-1 xenografts, combined treatment with Ad.Egr.TNF.11D and cis-
platin produced significant tumor regression compared with tumors
treated with Ad.Null.3511.11D and cisplatin on days 4 (P = 0.045), 6
(P < 0.005), 8 (P < 0.002), 10 (P < 0.001), 12 (P < 0.004), and 14 
(P < 0.021). (b) In PROb xenografts, significant tumor regression was
observed in the tumors receiving combined treatment with
Ad.Egr.TNF.11D and cisplatin compared with tumors treated with
Ad.Null.3511.11D and cisplatin on days 4 (P = 0.045), 6 (P < 0.001),
8 (P = 0.048), 10 (P < 0.001), 12 (P < 0.001), and 14 (P = 0.002). Data
are reported as mean ± SEM.



There are several potential advantages to using cisplatin
as an inducing agent. With a selective tumor-targeting vec-
tor, a cisplatin-inducible genetic construct enhances the
effects of TNF-α, in this case by cisplatin. Cisplatin and
TNF-α have different mechanisms of cell killing; therefore,
cells resistant to cisplatin may be sensitive to TNF-α and
vice versa. Also, necrosis is induced by high IT concentra-
tions of TNF-α through damage to the tumor microvas-
culature, which may be useful in treatment of TNF-α– and
cisplatin-resistant tumors. The cisplatin/Ad.Egr.TNF.11D
strategy may thus be an effective therapy for localized
tumors that are not effectively treated with radiotherapy or
surgery. Also, Ad.Egr.TNF.11D may enhance the local
effects of combination chemoradiation therapy.

The use of an inducible promoter in viral gene thera-
py of cancer has broad potential applicability in oncol-
ogy practice, as demonstrated in a recently completed
phase I trial evaluating the use of Ad.Egr.TNF.11D with
radiotherapy. This study included patients with local-
ly advanced/radioresistant melanoma and tumors of
the pancreas, head and neck, and breast. Results
demonstrate a 60% complete response–partial response
rate and a 30% stable disease rate, with no added toxic-
ity compared with radiotherapy alone. Several phase II
trials in locally advanced head and neck, esophageal,
and pancreatic cancer are currently being planned (H.
Rasmussen, personal communication). Furthermore, a
phase I trial is being designed to evaluate this vector in
combination with chemotherapeutic agents (D. Kufe,
personal communication).

Control of gene expression is an important issue in
gene therapy (40). Our studies demonstrate a potential
clinical utility for inducible gene therapy using a geno-
toxic agent currently used in cancer therapy (cisplatin)
and a viral vector containing a promoter with known
inducible properties based on DNA damage (14, 30). The
studies reported herein reinforce the importance and rel-
evance of transcriptional targeting with potentially toxic
therapeutic agents under circumstances where tight
transcriptional control of gene expression is essential to
achieve a high therapeutic index.

For many common human neoplasms, grossly visible
tumors are not effectively treated with most standard
chemotherapeutic agents. The transcriptional target-
ing strategy of Egr-TNF and cisplatin may be useful
when it is possible to infuse or directly inject macro-
scopic tumors, even in the presence of micrometas-
tases, since the vector/cisplatin combination is effective
against primary tumors and cisplatin is effective
against micrometastatic disease. The direct injection of
tumors should be improved with the recent advances
in radiographic imaging analysis of tumors (e.g., PET
scans) combined with computerized tomography (CT)
image reconstruction. Additionally, recent develop-
ments in the targeting of viral vectors to tumors may
provide additional specificity to chemo-inducible gene
therapy of metastatic cancer. The use of cisplatin in a
strategy of targeting a cisplatin-inducible vector has
potentially important implications for improvements

in clinical outcome, employing currently used chemo-
therapies that damage DNA or mediate gene tran-
scription through ROIs.
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