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One impediment to effective cancer-specific gene therapy is the
rarity of regulatory sequences targeting gene expression selec-
tively in tumor cells. Although many tissue-specific promoters are
recognized, few cancer-selective gene promoters are available.
Progression-elevated gene-3 (PEG-3) is a rodent gene identified by
subtraction hybridization that displays elevated expression as a
function of transformation by diversely acting oncogenes, DNA
damage, and cancer cell progression. The promoter of PEG-3,
PEG-Prom, displays robust expression in a broad spectrum of
human cancer cell lines with marginal expression in normal cellular
counterparts. Whereas GFP expression, when under the control of
a CMV promoter, is detected in both normal and cancer cells, when
GFP is expressed under the control of the PEG-Prom, cancer-
selective expression is evident. Mutational analysis identifies the
AP-1 and PEA-3 transcription factors as primary mediators of
selective, cancer-specific expression of the PEG-Prom. Synthesis of
apoptosis-inducing genes, under the control of the CMV promoter,
inhibits the growth of both normal and cancer cells, whereas
PEG-Prom-mediated expression of these genes kills only cancer
cells and spares normal cells. The efficacy of the PEG-Prom as part
of a cancer gene therapeutic regimen is further documented by in
vivo experiments in which PEG-Prom-controlled expression of an
apoptosis-inducing gene completely inhibited prostate cancer
xenograft growth in nude mice. These compelling observations
indicate that the PEG-Prom, with its cancer-specific expression,
provides a means of selectively delivering genes to cancer cells,
thereby providing a crucial component in developing effective
cancer gene therapies.

gene therapy � PEG-3 � mda-7�IL-24 � p53

Eradication of cancer, especially when tumor cells acquire met-
astatic potential, is an extremely difficult and frequently un-

successful endeavor even when combinatorial therapeutic ap-
proaches, i.e., surgery, radiotherapy, and chemotherapy, are used
(1). Moreover, even with such aggressive therapeutic approaches,
the relapse rate of patients with disseminated cancers is significantly
high, and disease-free survival time becomes progressively short-
ened. These observations underscore the need for additional in-
novative treatment modalities, and gene therapy is one approach
that, with appropriate improvements, may provide such an option
(2). Cancer gene therapy applications have used a number of
strategies, including replacement and overexpression of tumor-
suppressor and suicide genes, targeted inhibition of oncogenic
changes in cancer cells, and selective viral replication and cytolysis
in tumor cells (3, 4). In many cases, using a gene promoter to drive
appropriate gene expression selectively in a cancer cell context
provides a means of avoiding toxicity to normal cells and tissues (2,
4). Additionally, a gene delivery vector that will transduce its
payload into a majority of the cancer cell population with the
potential to be administered to patients multiple times without
eliciting an immune response represents an essential requirement
for successful cancer gene therapy (2, 4). Unfortunately, the com-
bination of all these elements to generate an efficacious gene
therapy approach has not been achieved.

Progression-elevated gene-3 (PEG-3) was cloned from a tumor-
progression model based on rat embryo cells E-11 and E11-NMT
(5–7). E11 is a mutant adenovirus type 5 (H5ts125)-transformed rat
embryo cell clone that forms small, slow-growing, compact tumors.
E11-NMT is a clone of E11 that has been selected for aggressiveness
by passage through a nude mouse and that forms rapidly growing,
highly aggressive tumors (5). Subtraction hybridization of an E11
cDNA library from an E11-NMT cDNA library identified PEG-3
(7), which has recently been determined to be a C-terminal
truncated mutant form of the rat-growth-arrest and DNA-damage-
inducible gene-34 (GADD-34) (8, 9). Elevated PEG-3 expression
has been documented in E11-NMT cells in comparison with E11
cells and also in normal cloned rat embryo fibroblast (CREF) cells
displaying a transformed�tumorigenic phenotype as a consequence
of the expression of diversely acting oncogenes, including Ha-ras,
v-src, human papilloma virus type-18-transforming genes, and a
specific mutant of adenovirus (Ad) 5 (H5hr1), relative to parental
CREF cells (7). Ectopic expression of PEG-3 in E11 cells markedly
augments in vitro anchorage-independent growth and increases
their oncogenic potential in nude mice as reflected by a shorter
tumor-latency time and the production of larger tumors with
increased vascularization (7, 10). As a corollary, E11-NMT cells
stably expressing antisense PEG-3 lose their progressed-cancer
phenotype (10). Overexpression of PEG-3 induces genomic insta-
bility, modulates the expression of important genes involved in
centrosomal duplication, and augments invasive capability by in-
creasing matrix metalloproteinase activity, indicating that PEG-3
facilitates tumor progression by multiple pathways (11, 12).

The promoter region of the PEG-3 gene (PEG-Prom) was cloned
to investigate the mechanism of induction of PEG-3 expression as
a consequence of oncogenic transformation (13, 14). It was ob-
served that the PEG-Prom was �8- to 10-fold more active in CREF
cells transformed with either Ha-ras or v-raf than were the parental
CREF cells, and a minimum region of the promoter that extends
from �118 to �194 (when the transcription initiation site is
regarded as �1) was shown to be sufficient for the increased activity
associated with transformation and cancer progression (13, 14).
This region contains a binding site for PEA-3 at �104 and for AP-1
at �8, and sequence-specific mutational analysis revealed that both
of these transcription factors are important for regulating the basal
and oncogene-induced activity of the PEG-Prom (13, 14). Inter-
estingly, PEA-3 expression or DNA binding could be detected only
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in CREF-ras cells but not in CREF cells, indicating that oncogenic
transformation alters the transcription-factor expression pattern
leading to increased PEG-Prom activity (14).

These provocative observations in the rodent system prompted
us to test the hypothesis that the PEG-Prom might be an effective
reagent to facilitate transgene expression in a transformed, cell-
selective manner in human tumor cells. Considering this possibility,
the activity of the PEG-Prom was evaluated in a battery of diverse
human cancer cells, including glioblastoma multiforme and carci-
nomas of the breast and prostate, and their normal counterparts,
astrocytes and epithelial cells, confirming that the PEG-Prom
functions selectively in human cancer cells. As observed in a rodent
transformation context, the importance of both PEA-3 (or E1AF,
the human homologue) and AP-1 transcription factors in regulating
PEG-Prom activity in human tumor cells has been verified. Of
direct relevance in the context of enhancing cancer gene therapy
applications, targeting expression of tumor-suppressing�apoptosis-
inducing genes, including wild-type p53 and melanoma differenti-
ation-associated gene-7�IL-24 (mda-7�IL-24), in tumor cells results
in growth suppression and cell death without inducing similar
effects in normal tissue. In contrast, when these genes are regulated
by a nonspecific CMV, minimum promoter growth is suppressed in
both normal and cancer cells, indicating a lack of targeting speci-
ficity. These results provide support for the use of the PEG-Prom
as a means of selectively targeting gene expression in human tumor
cells for directed cancer gene therapy applications.

Materials and Methods
Cell Lines and Culture Conditions. Normal human prostate epithe-
lial cells (HuPEC) and Du-145, PC-3, and LNCaP prostate
carcinoma cells were cultured as described in ref. 15. P69,
M2182, and M12 cells were cultured as described in ref. 16.
Normal human mammary epithelial cells (HMEC), normal
human immortal mammary epithelial cells HBL-100 and
MCF-7, T47D, MDA-MB-231, MDA-MB-157, and MDA-MB-
453 human breast cancer cells were cultured as described in ref.
17. Primary human fetal astrocytes (PHFA) and T98G, U87MG,
U251MG, U373, and H4 human malignant glioma cell lines were
cultured as described in ref. 18. All cultures were maintained at
37°C in a humidified 5% CO2�95% air incubator.

Construction of Plasmids, Transient Transfection, and Luciferase As-
say. The minimum region of PEG-3 promoter (�118 to �194) was
cloned into pGL3-basic Vector (Promega) to generate pPEG-Luc.
Mutant pPEG-Luc constructs containing a mutation in either
PEA-3 or AP-1 or in both sequences were generated by using the
Altered Sites II in vitro Mutagenesis System (Promega) as de-
scribed in ref. 13. Transient transfection was performed by using
Lipofectamine 2000 (Invitrogen) transfection reagent according to
the manufacturer’s instructions and as described in ref. 13. Lucif-
erase and �-galactosidase assays were performed by using com-
mercial kits (Promega and Tropix, respectively) 48 h after trans-
fection as described in ref. 13.

Construction of Ads and Infection Protocol. The recombinant repli-
cation-incompetent Ads, Ad.CMV-GFP, Ad.PEG-GFP, Ad.CMV-
p53 (CMV promoter driving wild-type p53 expression), Ad.PEG-
p53 (PEG-Prom driving wild-type p53 expression), Ad.CMV-mda-7
(CMV promoter driving mda-7�IL-24 expression), and Ad.PEG-
mda-7 (PEG-Prom driving mda-7�IL-24 expression) were created
in two steps as described previously and plaque purified by standard
procedures (17, 19). As a control, empty replication-incompetent
Ad.vec was used. Cells were infected with a multiplicity of infection
(moi) of 100 plaque-forming units (pfu) per cell of different Ads as
described in ref. 19.

RNA Extraction and Northern Blot Analysis. Total RNA was ex-
tracted, and Northern blotting was performed as described in ref.

14. The cDNA probes used were full-length human PEA-3, c-jun,
and GAPDH.

Western Blotting. Whole-cell lysates were prepared, and Western
blotting was performed as described in ref. 17. The primary
antibodies used were anti-PEA-3, anti-c-JUN, and anti-actin (Santa
Cruz Biotechnology).

EMSA. Nuclear extracts were prepared, and EMSA was performed
as described in ref. 13. The sequences of the probes were as follows:
wild-type AP-1, 5�-CGCAGATTGACTCAGTTCGC-3�; mutant
AP-1, 5�-CGCAGATAAACTACGTTCGC-3�; wild-type PEA-3,
5�-GTGTTGTTTTCCTCTCTCCA-3�; and mutant PEA-3, 5�-
GTGTTGTTCCCATCTCTCCA-3�.

DNA Fragmentation Analysis. DNA fragmentation was analyzed as
described in ref. 20.

Animal Studies. Tumorigenicity studies were performed as de-
scribed in ref. 17. Briefly, Du-145 cells were either uninfected or
infected with Ad.vec, Ad.CMV-p53, Ad.PEG-p53, Ad.CMV-mda-7,
or Ad.PEG-mda-7 at a moi of 100 pfu per cell, and 1 � 106 cells
were s.c. injected into athymic nude mice 48 h later. Animals
were monitored for tumor formation, and tumor volume was
determined (17).

Statistical Analysis. All of the experiments were performed at least
three times. The results are expressed as mean � SD. Statistical
comparisons were made by using an unpaired two-tailed Student t
test. P � 0.05 was considered as significant.

Results
PEG-Prom Functions Selectively in Cancer Cells. Previous studies
document significantly higher activity of the PEG-Prom in trans-
formed rodent cell lines that are highly aggressive and metastatic in
comparison with their less aggressive and nonmetastatic variants
(13, 14). To determine whether this phenomenon is also evident in
human tumors, experiments were performed by using a battery of
human cancer cell lines of diverse origins and their normal cellular
counterparts. Two replication-incompetent adenoviral vectors,
Ad.CMV-GFP, in which the expression of the GFP was driven by
the CMV minimum promoter that is routinely used in expression
vectors, and Ad.PEG-GFP, in which GFP expression was driven by
the minimal region of the PEG-3 promoter (�118 to �194 when
the transcription start site is regarded as �1), were constructed.
Different cell lines and their normal counterparts were infected
with the Ad at a moi of 100 pfu per cell because, at this moi, �90%
of the cells were infected. GFP expression was analyzed by using an
immunofluorescence microscope at 2 d postinfection. After infec-
tion with Ad.CMV-GFP, high GFP expression could be detected in
normal HuPEC and in prostate carcinoma cell lines Du-145, PC-3,
and LNCaP (Fig. 1A). In contrast, with Ad.PEG-GFP infection,
none-to-barely detectable levels of GFP could be observed in
HuPEC, whereas in the prostate carcinoma cell lines, especially in
Du-145 and PC-3, the GFP-expression level was robust and was
comparable to that observed after Ad.CMV-GFP infection. These
findings were extended further in a set of HuPEC lines displaying
different stages of tumor progression, i.e., SV40-TAg-immortalized
(P69), tumorigenic but not metastatic P69 variant (M2182), and a
tumorigenic and metastatic variant of P69 (M12) (16). As shown in
Fig. 1B, in P69, M2182, and M12 cells, �90% of the cells showed
high GFP expression upon Ad.CMV-GFP infection. However, with
Ad.PEG-GFP infection, very few P69 cells displayed only low GFP
expression, whereas �90% of M2182 and M12 cells showed strong
GFP expression.

To determine whether the tumor-suppressor status of a cancer
cell line might affect PEG-Prom activity, we infected normal
HMEC and a series of breast cancer cell lines that have different
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p53 status with Ad.CMV-GFP and Ad.PEG-GFP. Similar to pros-
tate cancer cell lines, high-level GFP expression could be detected
in HMEC and MCF-7 (WT-p53), T47D, MDA-MB-231, MDA-
MB-453 (Mut-p53), and MDA-MB-157 (p53-null) breast cancer
cell lines after Ad.CMV-GFP infection (Fig. 1C). Whereas all of the
breast cancer cell lines showed significant GFP expression, with
Ad.PEG-GFP infection, no-to-barely detectable levels of GFP
could be observed in HMEC, indicating that PEG-Prom functions
selectively in cancer cells and independently of their tumor-
suppressor status. These findings were reinforced by similar results
in PHFA and human malignant glioma cell lines, U87MG (WT-
p53), T98G, and U251MG (Mut-p53). Whereas Ad.CMV-GFP
infection resulted in high GFP expression in all four cell types, with
Ad.PEG-GFP infection, high GFP expression could be detected
only in malignant glioma cell lines but not in PHFA (Fig. 1D).
Similarly, by using Ad.PEG-GFP, no or minimal GFP expression
was evident in normal human melanocytes, normal human me-
sothelial cells, normal human colonic and pancreatic epithelial cells,
normal human hepatocytes, and normal human fibroblasts,
whereas high GFP expression was observed in malignant melanoma
cells and carcinomas of the colon, liver, ovary, and pancreas (data
not shown), indicating the highly selective activity of the PEG-Prom
in cancer cells of all origins and genetic backgrounds tested so far
with almost no activity in their normal counterparts.

To quantify the activity of the PEG-Prom, a luciferase-assay-
based approach was used. We constructed pPEG-Luc in which the

expression of the luciferase reporter gene was under the control of
the PEG-Prom and transfected it into different cancer cell lines and
primary or immortal normal cells obtained from corresponding
organs. Cotransfection of a �-galactosidase expression plasmid was
performed to normalize for transfection efficiency. As shown in Fig.
2A, the relative activity of pPEG-Luc was 6.1-, 2.5-, and 3.9-fold
higher in Du-145, PC-3, and LNCaP cells, respectively, in compar-
ison with that in HuPEC. Similarly, the activity of pPEG-Luc was
3.6- and 9.4-fold higher in the M2182 and M12 cell lines, respec-
tively, in comparison with that in P69 cells (Fig. 2B). MCF-7, T47D,
MDA-MB-231, and MDA-MB-157 cells showed 4.8-, 3.7-, 2.4-, and
1.5-fold activity of pPEG-Luc, respectively, over that in HMEC and
HBL100, which is an immortal but nontumorigenic human breast
epithelial cell line (Fig. 2C). The activity of pPEG-Luc in NC
(immortal normal cerebellum cell line), U251MG, U373, H4, and
U87MG cells was 1.5-, 4.3-, 5.6-, 6-, and 4.1-fold higher, respectively,
than that in PHFA (Fig. 2D). Similar findings were observed in
human malignant melanoma, ovarian, colon, pancreatic, and he-
patic carcinoma cell lines (data not shown). These findings indicate
that the activity of the PEG-Prom is significantly higher in all of the
cancer cell lines tested than in their normal counterparts. It should
be noted that in some cell lines (such as MDA-MB-157) the high
GFP-expression level did not correlate with a high luciferase-
expression level, most likely due to the highly efficient Ad-mediated
gene-delivery method versus the conventional transient-
transfection approach.

Fig. 1. PEG-Prom drives the expression of GFP only in cancer cells but not in normal cells. The indicated cells were infected with either Ad.CMV-GFP or
Ad.PEG-GFP at a moi of 100 pfu per cell, and GFP expression was analyzed by an immunofluorescence microscope at 2 d postinfection.
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PEA-3 and AP-1 Transcription Factors Are Central for PEG-Prom
Activity. In the minimum effective element of PEG-Prom (�118 to
�194) there are two important transcription factor binding sites,
one for PEA-3 at �104 and another at �8 for AP-1. In the rodent
cell system, these two transcription factors play an essential role in
regulating PEG-Prom activity. Based on this consideration, the
potential involvement of PEA-3 and AP-1 in regulating PEG-Prom
activity was evaluated in human cell systems. Data are presented
from prostate carcinoma cell lines, although similar findings were
obtained from other types of cells such as breast carcinoma and
malignant glioma (data not shown). As shown in Fig. 3, mutation
of the PEA-3 site reduced pPEG-Luc activity by 68% and 54% in
Du-145 and LNCaP cells, respectively. Mutation of the AP-1 site
reduced the pPEG-Luc activity by 50% and 47% in Du-145 and
LNCaP cells, respectively, whereas mutations of both sites reduced
pPEG-Luc activity by 82% and 75% in Du-145 and LNCaP cells,
respectively. EMSAs with nuclear extracts from Du-145 and
LNCaP cells revealed that PEA-3 and AP-1 transcription factors
bind specifically to the corresponding sites (Fig. 4A). With both
Du-145 and LNCaP nuclear extracts, whereas no shifted band could
be detected with a labeled mutated PEA-3 probe, a single shifted
band could be observed with a labeled wild-type PEA-3 probe,
which could be competed by a cold, wild-type PEA-3 probe and
supershifted by anti-PEA-3 antibody but not by anti-actin antibody

(Fig. 4A Left). The labeled mutated AP-1 probe did not give rise to
any shifted band with Du-145 and LNCaP nuclear extracts, whereas
a shifted band was observed with a labeled wild-type AP-1 probe,
which was competed by a cold, wild-type AP-1 probe and super-
shifted by antibody against c-JUN, a component of AP-1, but not
with anti-actin antibody (Fig. 4A Right).

To obtain better insights into the role of PEA-3 and AP-1 in
regulating PEG-Prom activity, the relative abundance of PEA-3
and AP-1 mRNA and proteins in HuPEC, P69, and prostate
carcinoma cell lines was analyzed by Northern and Western blot
analysis (Fig. 4 B and C). Low-level PEA-3 mRNA and protein were
detected in HuPEC and P69 cells. However, both the mRNA and
protein levels were significantly higher in Du-145, PC-3, LNCaP,
M2182, and M12 cells. Similar findings were also observed for c-jun
mRNA and protein, indicating that the relative abundance of
PEA-3 and AP-1 in prostate carcinoma cells, in comparison with
their normal counterparts, might be the critical factor for the higher
PEG-Prom activity in these cells. Similarly elevated levels of PEA-3
and AP-1 were found in a broad spectrum of additional human
cancers, including carcinomas of the breast, colon, liver, and lung
versus their normal counterparts, and this elevated expression
correlated with increased PEG-Prom activity in a cancer-cell-
specific context (data not shown).

Fig. 2. PEG-Prom drives high luciferase expression in cancer cells but not in
normal cells. The indicated cells were transfected with pPEG-Luc, and lucif-
erase activity was measured at 48 h posttransfection. The luciferase activity
was normalized by �-galactosidase activity. The data represent the mean � SD
of three independent experiments, each performed in triplicate. HBL, HBL100;
231, MDA-MB-231; 157, MDA-MB-157; NC, normal cerebellum.

Fig. 3. PEA-3 and AP-1 are essential for PEG-Prom activity. Du-145 and LNCaP
cells were transfected with the indicated plasmids, and luciferase activity was
measured at 48 h posttransfection. The luciferase activity was normalized by
�-galactosidase activity. The data represent the mean � SD of three indepen-
dent experiments, each performed in triplicate.

Fig. 4. PEA-3 and AP-1 bind to PEG-Prom and are overexpressed in prostate
cancer cells versus HuPEC or P69 cells. (A) PEA-3 and AP-1 DNA binding was
analyzed by EMSA by using nuclear extracts from Du-145 and LNCaP cells. The
asterisks represent supershifted bands. (B) The expressions of PEA-3, GAPDH,
and c-jun mRNAs were analyzed in the indicated cells by Northern blot
analysis. (C) The expressions of PEA-3, ACTIN, and c-JUN proteins were ana-
lyzed by Western blot analysis in the same cells as shown in B.
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PEG-Prom Is a Useful Tool for Cancer Gene Therapy. An important
question was whether the PEG-Prom could drive transgene expres-
sion for actual cancer gene therapy purposes. We chose wild-type
p53 and mda-7�IL-24 as the transgenes to target growth inhibition
in cancer cells. It should be noted that a unique property of
mda-7�IL-24 is that, when administered via an adenoviral vector,
mda-7�IL-24 induces apoptosis selectively in cancer cells without
affecting the normal cells (21, 22). We constructed replication-
incompetent Ads, namely, Ad.CMV-p53, Ad.PEG-p53, Ad.CMV-
mda-7, and Ad.PEG-mda-7. These Ads were infected into HuPEC
and prostate carcinoma cell lines at a moi of 100 pfu per cell, and
cell survival was analyzed by the trypan-blue-exclusion test. Among
the Ads, only Ad.CMV-p53 inhibited the growth of HuPEC (Fig.
5A). The growth inhibition was small but statistically significant.
The observation that Ad.PEG-p53, Ad.CMV-mda-7, and Ad.PEG-
mda-7 did not inhibit the growth of HuPEC further strengthens the
cancer-cell-specific activity of the PEG-Prom and cancer-cell-
specific killing effect of mda-7�IL-24 (Fig. 5A). This cancer-specific
expression of wild-type p53 and mda-7�IL-24 was verified on both
mRNA and protein levels, where expression controlled by the
PEG-Prom occurred in the prostate tumor cells but not in normal
HuPEC cells (data not shown). In contrast, the CMV-Prom re-
sulted in transgene expression in both normal and cancer cells (data
not shown). In the case of Du-145, PC-3, and LNCaP prostate
cancer cells, except for Ad.vec, all of the Ads markedly inhibited cell
growth (Fig. 5 B–D). The growth inhibition was profound in Du-145
and LNCaP cells whereas, in PC-3 cells, growth was moderate.
Ad.CMV-p53 was the most potent virus in inhibiting growth,
whereas Ad.PEG-p53, Ad.CMV-mda-7, and Ad.PEG-mda-7
showed similar efficacy. However, the growth-inhibitory effect of
Ad.CMV-p53 on HuPEC precludes its selective employment for
gene therapy purposes and highlights the enhanced selectivity of
Ad.PEG-p53, Ad.CMV-mda-7, or Ad.PEG-mda-7 viruses for ap-
plications in patients. Similar results were obtained with HMEC
and breast cancer cells and PHFA and malignant glioma cells (data
not shown). mda-7�IL-24 is an apoptosis-inducing gene, and the
mechanism of growth inhibition was determined by DNA frag-
mentation assay, an indicator of apoptosis. Infection with Ad.vec,
Ad.CMV-mda-7, or Ad.PEG-mda-7 did not induce apoptosis in P69
cells, whereas infection with Ad.CMV-mda-7 or Ad.PEG-mda-7
induced significant apoptosis in M12 cells (Fig. 5E), indicating the
cancer-selective function of both PEG-Prom and mda-7�IL-24.

The in vitro findings were further extended into in vivo studies.
Du-145 cells were either uninfected or infected with Ad.vec,
Ad.CMV-p53, Ad.PEG-p53, Ad.CMV-mda-7, or Ad.PEG-mda-7 at
a moi of 100 pfu per cell ex vivo, and 48 h later, the cells were s.c.
injected into athymic nude mice. The growth of the tumor xeno-
grafts was monitored every week. Except for Ad.vec, infection with
all of the other Ads resulted in complete eradication of the tumor
xenografts (data not shown), indicating that these Ads might be
highly efficacious tools for the treatment of cancers.

Discussion
Strict cancer-cell-specific expression of cell-death-promoting genes
is mandatory for developing effective cancer gene therapies be-
cause inappropriate transgene expression can result in nonspecific
toxicity. Currently, this problem is addressed by using tissue-specific
promoters that have a high level of activity in transformed cells
versus normal cells (23, 24). However, the spectrum of regulatory
sequences available for this approach is limited, and many promot-
ers are leaky, resulting in the gradual�temporal production of toxic
products. The only verified promoter that functions selectively in a
diverse cancer-cell-specific manner without having significant ac-
tivity in normal cells, is the telomerase promoter, which is being
extensively used to drive transgene expression to eradicate cancer
cells (25–27). Our demonstration that the PEG-Prom displays
similar robust cancer-specific expression now provides an additional
reagent for developing cancer-specific gene therapy vectors with
clear cancer therapeutic potential.

A significant structural aspect of the PEG-Prom is that the
minimum promoter element is regulated predominantly by two
transcription factors, PEA-3 and AP-1, which regulate the expres-
sion of a spectrum of genes associated with transformation, tumor
progression, and invasion (28, 29). PEA-3 and AP-1 cooperate to
regulate the expression of diverse genes involved in carcinogenesis,
such as cyclooxegenase-2, osteopontin, and IL-8 (30–32). The
expression of PEA-3 is very weak in normal human tissues. How-
ever, PEA-3 is overexpressed in multiple types of cancers including
breast, ovarian, colon, lung, and oral cancers and PEA-3 expression
correlated with poor overall survival for breast, ovarian, and oral
cancers (33–37). One preliminary immunohistochemical study
failed to detect PEA-3 expression in high-grade prostate cancers
(38). However, we detected high PEA-3 mRNA and protein
expression in multiple prostate cancer cell lines, and our in vivo
studies confirmed the effective activity of the PEG-Prom in tumor
xenografts generated from Du-145 prostate cancer cells. Moreover,
it is possible that in prostate cancers in patients, up-regulation of
AP-1 might compensate for reduced PEA-3 expression, thereby
permitting robust PEG-Prom transgene expression (39). The com-
ponents of AP-1, such as c-fos, fosB, and c-jun, are potent onco-
genes, the overexpression of which results in cell transformation
(29). PEA-3 and AP-1 transactivation and PEG-Prom activity are
positively regulated by the Ras-dependent signaling cascade (28, 29,
40), and, because activation of the Ras pathway is a frequent event
in diverse cancers including pancreatic and colorectal cancers (41),
the efficacy of PEG-Prom to drive transgene expression in these
cancers would be specific and robust. The fact that the activity of
both PEA-3 and AP-1 is low in normal cells and enhanced in the
contexts of cell transformation and tumor progression ensures the
tight control of the PEG-Prom in a transformed cell-specific
manner. It should be noted that in addition to AP-1 and PEA-3,
other as yet uncharacterized transactivating factor(s) might be
involved in regulating the cancer-cell-specific expression of the
PEG-Prom.

PEG-3 is a C-terminally truncated mutant form of the rat
GADD-34 (8, 9). We have recently documented that mutation in
the GADD34 gene resulting in PEG-3-like C-terminally truncated
molecules is a frequent event during rodent tumorigenesis in
multiple tissues, and PEG-3 functions as a dominant negative
inhibitor of the apoptosis-inducing and growth-suppressing prop-

Fig. 5. PEG-Prom driving expression of apoptosis-inducing genes inhibits
growth of prostate cancer cells but not normal prostate epithelial cells. (A–D)
The indicated cells were either uninfected or infected with the indicated Ad,
and cell survival was analyzed by the trypan-blue-exclusion assay. The data
represent the mean � SD of three independent experiments, each performed
in triplicate. (E) P69 and M12 cells were infected with the indicated viruses, and
DNA fragmentation was analyzed.
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erties of both human and rat GADD34 (9). We could not identify
any PEG-3-like molecule in human contexts, indicating that this
mutational event is most likely very specific for rodents. We cloned
the human GADD34 promoter and compared its sequence and
activity to that of the PEG-Prom (unpublished data). The sequence
similarity between these two promoters was very low, and there
were no PEA-3 or AP-1 binding sites in the proximal promoter of
the human GADD34 gene. More importantly, the human
GADD34 promoter showed equal activity in both normal and
cancer cells (data not shown), thus bolstering the uniqueness of
functional activity of the rodent PEG-Prom.

The cancer-cell-specific, apoptosis-inducing properties of mda-
7�IL-24 have been documented by numerous studies (21, 22). We
demonstrate that, whereas Ad.CMV-p53 inhibited the growth of
both HuPEC and prostate cancer cells, Ad.PEG-p53, Ad.CMV-
mda-7, and Ad.PEG-mda-7 had no adverse effect on HuPEC and
killed only prostate cancer cells. The combination of the PEG-Prom
and mda-7�IL-24 in Ad.PEG-mda-7 ensures minimum-to-no tox-
icity to normal cells and provides effective, selective killing of
cancer cells. This cancer-specific activity of Ad.PEG-mda-7 was
observed not only in prostate cancer models but also in breast
cancer cells, malignant glioma cells, malignant melanoma cells, and
ovarian carcinoma cells, versus their respective normal counter-
parts, HMEC, PHFA, melanocytes, and mesothelial cells. Because
Ad.CMV-mda-7 has been shown to be highly effective in a phase I
clinical trial for advanced carcinomas and melanomas and is now
being evaluated in phase II clinical trials (22), the profound
observations relative to the selective activity of the PEG-Prom
indicates that Ad.PEG-mda-7 could be a very effective tool for the
treatment of diverse cancers without harming normal tissue.

Although many innovative therapies are now coming to the
forefront and may eventually become mainstream approaches for
cancer therapy, much work still remains to optimize these tactics.
This is highlighted in the context of cancer gene therapy, in which
appropriate vectors that display high tumor-specific transduction
and expression profiles with minimal immunogenicity remain to be
developed. One impediment to effective gene-based therapies for
cancer relates to the scarceness of promoters that display wide-
ranging cancer-selective activity. In this report, we describe a
promoter, the PEG-Prom, that displays cancer-specific expression
in a spectrum of histologically distinct human tumors with the
capacity to deliver growth-suppressing and apoptosis-inducing
genes uniquely to the cancer cell. This initial prototype-targeting
vector promotes the delivery of transgenes by means of a nonrep-
licating Ad. However, in principle, the PEG-Prom could also be
used to develop Ad in which this promoter drives replication
resulting in conditionally replication-competent Ad (CRAD). Ad-
ditionally, bipartite CRAD could be generated in which the PEG-
Prom drives the expression of both replication-controlling genes
and mda-7�IL-24 or an immunomodulatory gene, thus generating
a scenario in which a complete cancer ‘‘cure’’ might actually be an
achievable endpoint. In this context, the PEG-Prom has moved us
closer to achieving the objective of developing an effective cancer
gene therapy.
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