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Novel Therapeutic Approach for Breast Cancer (DAMD17-03-1-0290)
Devanand Sarkar

Introduction

Despite continuous advancements, the currently available treatment regimens are still inadequate
to control the progression of metastatic breast cancer (1, 2) thus mandating the development of
additional more effective therapeutic approaches that include gene therapy. Cancer gene therapy
typically involves delivery of tumor suppressor, apoptosis-inducing or suicide genes directly into tumor
cell (3). Replication incompetent adenoviral (Ad) vectors are frequently used for this purpose because
they promote high-level transgene expression (3, 4). However, in most instances, engendering a
discernible and significant antitumor response requires administering the Ad multiple times, which can
trigger an immune response and viral clearance (5, 6). In these contexts, conditionally replication
competent adenoviruses (CRCA) are currently being evaluated because of their effectiveness in killing
cancer cells by replication thus requiring fewer administrations (7).

The most important facet of using a CRCA is to ensure cancer cell-specific replication so that the
normal cells are spared. To circumvent the problem of tumor-cell specificity we engineered a CRCA in
which the expression of adenoviral E1A gene, necessary for replication, is driven by a minimal active
region of the promoter of progression elevated gene-3 (PEG-3), which functions selectively in diverse
cancer cells with limited activity in normal cells (8, 9). PEG-3 was cloned as an upregulated transcript
from a transformation progression rodent cancer model (10, 11) and attractively the activity of its’
promoter (PEG-Prom) was found to be significantly and often markedly higher not only in rodent but
also in human cancer cells of diverse origin when compared to normal cells (8, 9, 12).  The cancer cell
specificity of the PEG-Prom is governed by two transcription factors, AP-1 and PEA-3 (8, 9, 12), which
are overexpressed, either singly or in combination, in virtually all types of cancers (13, 14). Employing
the PEG-Prom to drive GFP or luciferase via a replication incompetent Ad confirmed prominent cancer
cell-specific transgene expression in human prostate and breast cancer cells as well as in malignant
glioma cells (8). These observations prompted me to investigate the use of the PEG-Prom to drive
expression of the E1A gene, necessary for Ad replication, to create a cancer cell-specific CRCA.

Since cancer cells are genetically and phenotypically complex and frequently harbor multiple
abnormalities we reasoned that simply inducing Ad replication in a subset of tumor cells might not be
adequate to ensure complete eradication of the disease, especially when compounded by the spread of
neoplastic cells to multiple organs. Based on this consideration, I engineered melanoma differentiation
associated gene-7 (mda-7)/interleukin (IL)-24 (mda-7/IL-24) to be simultaneously expressed from the
E3 region of our CRCA. mda-7/IL-24 possesses the unique property of cancer cell-selective induction of
apoptosis without harming normal cells (15, 16). mda-7/IL-24 also has immune modulatory and anti-
angiogenic properties as well as potent antitumor bystander effects making it an ideal candidate for
cancer gene therapy (15, 17-20). I evaluated the efficacy of the CRCA (Ad.PEG-E1A-mda-7) in vitro
and in human breast cancer xenografts in athymic nude mice in vivo. Infection of this CRCA (designated
Ad.PEG-E1A-mda-7) in normal mammary epithelial cells and breast cancer cells confirmed cancer cell
selective adenoviral replication, mda-7/IL-24 expression, growth inhibition and apoptosis induction.
Injecting Ad.PEG-E1A-mda-7 into human breast cancer xenografts in athymic nude mice completely
eradicated not only the primary tumor but also distant tumors (established on the opposite flank of the
animal) thereby implementing a cure. This dual cancer-specific targeting strategy provides an effective
approach for treating breast and other human neoplasms with potential for eradicating both primary
tumors and metastatic disease.
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Fig. 1. PEG-Prom promotes Ad replication and
MDA-7/IL-24 expression selectively in breast
cancer cells. The indicated cells were uninfected
(control) or infected with the indicated Ad (as
described at the bottom of the figure) at an m.o.i. of
100 pfu/cell for 48 h. The expressions of E1A, MDA-
7/IL-24 and EF1-α proteins were analyzed by
Western blot analyses.

Fig. 2. PEG-Prom driven CRCA selectively kills
breast cancer cells. The indicated cells were
uninfected (control) or infected with the indicated Ad
(as described at the bottom of the figure) at an m.o.i.
of 100 pfu/cell. Cell viability was analyzed by
standard MTT assay after 2, 4 and 6 days of infection.
The data represent mean ± S.D.

Results

PEG-Prom promotes Ad replication and transgene expression selectively in breast cancer cells: To
test the dual cancer-specific targeting stratagem and
to evaluate the relative effectiveness of Ad.PEG-
E1A-mda-7, I created a series of additional Ads,
including Ad.CMV-E1A-mda-7, in which viral
replication is controlled by the CMV promoter and
which also expresses mda-7/IL-24, and Ad.CMV-
E1A and Ad.PEG-E1A, in which viral replication is
controlled by the CMV promoter or the PEG-Prom,
respectively. Additionally, I employed Ad.CMV-
mda-7 and Ad.PEG-mda-7, replication-incompetent
Ad in which the CMV or the PEG promoter drives
mda-7/IL-24 expression, respectively. A replication-
incompetent empty Ad, Ad.vec was used as a
control. Experiments were performed in four breast
cancer cell lines, MCF-7 (wt p53), T47D (mut p53),
MDA-MB-157 (p53 null) and MDA-MB-231 (mut
p53), and two normal immortal mammary epithelial

cell lines, 184A1 and 184AA2. The functionality of
these constructs was ascertained following Ad
infection by monitoring protein levels of MDA-7/IL-
24 and E1A, a marker for adenoviral replication, by
Western blot analysis after appropriate viral
infection. Western blot analysis detects multiple
E1A gene products ranging from 36-50 kDa and

multiple glycosylated forms of MDA-7/IL-24
protein ranging from 21-28 kDa. Employment
of PEG-Prom, and not CMV promoter, allowed
Ad replication (E1A expression) and MDA-
7/IL-24 expression only in breast cancer cells
but not in normal cells (Fig. 1).
PEG-Prom driven CRCA selectively kills
breast cancer cells: Studies were next
performed to establish potential selective
effects on growth and viability of normal and
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Fig. 3. PEG-Prom driven CRCA selectively induces apoptosis
in breast cancer cells. The indicated cells were treated as in Fig.
2. Annexin V staining was analyzed by flow cytometry 48 h after
infection.

breast cancer cells when replication was controlled by the PEG-Prom versus the CMV promoter. In
184A1 and 184AA2 cells, infection with only Ad.CMV-E1A or Ad.CMV-E1A-mda-7, but not with
Ad.PEG-E1A, Ad.CMV-mda-7, Ad.PEG-mda-7 or Ad.PEG-E1A-mda-7, induced profound growth
inhibition (Fig. 2). In contrast, in all breast cancer cells, Ad.CMV-E1A-mda-7, Ad.PEG-E1A-mda-7,
Ad.CMV-E1A and Ad.PEG-E1A infection resulted in significant growth inhibition. Infection with
Ad.CMV-mda-7 and Ad.PEG-mda-7 also inhibited growth of the breast cancer cells. These findings
indicate that the PEG-Prom allows Ad replication specifically in cancer cells, protecting normal cells
from growth inhibition because of Ad replication. The observation that mda-7/IL-24 exerted no direct
growth inhibitory effect on normal cells confirms the cancer cell-selectivity of this therapeutic approach.
PEG-Prom driven CRCA selectively induces apoptosis in breast cancer cells: To investigate the

mechanism of growth inhibition, Annexin V
staining assays, which permit differentiation
between apoptotic and necrotic cells, were
performed (Fig. 3). Infection with only
Ad.CMV-E1A and Ad.CMV-E1A-mda-7
elevated the percentage of early apoptotic
and late apoptotic (necrotic) 184A1 and
184AA2 cells. However, all of the Ads,
except for Ad.vec, resulted in significant
apoptosis in the breast cancer cell lines.
Infection with the replication competent
Ads resulted in predominantly necrosis as
evidenced by an increase in late apoptotic
cells while infection with Ad.CMV-mda-7
and Ad.PEG - m d a - 7 resulted in
predominantly apoptosis as evidenced by an
increase in early apoptotic cells.
CRCAs eradicate primary and distant
tumors: To expand on the in vitro studies,
in vivo assays were performed using nude
mice containing established T47D
subcutaneous xenografts on both right and

left flanks. After palpable tumors of ~75 mm3 developed, in ~4-5 days, seven intratumoral injections
with different Ads, 3X per week for the first week and 2X per week for an additional two weeks, were
administered to the tumors on the left flank at a dose of 1 x108 pfu in 100 µl. No injections were given to
the right-sided tumors. The experiment was terminated after 6 weeks with injections of Ad.CMV-E1A-
mda-7 or Ad.PEG-E1A-mda-7 since tumors on both sides showed regression after only three injections
and with seven injections they were completely eradicated (Fig. 4). T47D tumor xenografts grow slowly
in the absence of estrogen and in our studies using male nude mice at 6 weeks, the control and Ad.vec
injected tumors reached a weight of ~250-300 mg which agrees with a previous report (21). While
Ad.CMV-E1A or Ad.PEG-E1A inhibited the growth of tumors on the left flank they had some
inhibitory effect on tumors on the right side, which was not statistically significant. Ad.CMV-mda-7 or
Ad.PEG-mda-7 eradicated tumors on the left flanks and significantly inhibited tumor growth on the right
flanks. The observation that intratumoral injection of Ad.PEG-E1A-mda-7 completely eradicated the
primary and distant tumors (comparable to a metastasis) provides confidence that this strategy could
prove amenable for successfully treating aggressive cancers.
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Fig. 4. CRCAs eradicate primary and distant tumors.
Subcutaneous tumor xenografts from T47D cells were
established in athymic nude mice in both right and left flanks
and only tumors on the left side were injected with PBS
(control) or with the indicated Ad for 3 weeks (total of seven
injections). A and C. Measurement of tumor volume. The data
represent mean ± S.D. with a minimum of 5 mice in each
group. B and D. Measurement of tumor weight at the end of
the study. The data represent mean ± S.D. with at least 5 mice
in each group. Qualitatively similar results were obtained in an
additional study.

Fig. 5. PEA-3 and AP-1 confer cancer-
cell selective activity of the PEG-
Prom. A.  The various cell types were
transfected with the indicated plasmids
and a  β -galactosidase-expression
plasmid and luciferase and β -
galactosidase activities were measured
48 h post-transfection. The luciferase
activity was normalized by β -
galactosidase activity. The data represent
mean ± S.D. B. The expressions of PEA-
3, c-JUN and EF1-α  proteins were
analyzed by Western blot analyses in the
indicated cells.

PEA-3 and AP-1 confer cancer-cell
selective activity of the PEG-Prom: In the
minimum effective element of the 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
(Fig. 5A). These two transcription factors
play an essential role in regulating PEG-Prom
activity in prostate cancer cell lines and in
rodent cell culture systems. Based on this
consideration, the potential involvement of
PEA-3 and AP-1 in regulating PEG-Prom
activity was evaluated in breast cancer cell
lines. PEG-Prom activity was ~5-20 fold
higher in breast cancer cells than in 184A1 or
184AA2 cells. Mutation in the PEA-3 site
reduced promoter activity by ~50% in all cell
types. Mutation in the AP-1 site also reduced

promoter activity by ~50%, while mutation
in both the PEA-3 and AP-1 sites reduced
activity by ~75% in all of the cell lines. To
further strengthen the role of PEA-3 and AP-
1 in regulating PEG-Prom activity, the
relative abundance of these proteins was
analyzed in breast cancer cell lines and
184A1 and 184AA2 cells. Elevated
expression levels of PEA-3 and c-JUN

correlated with PEG-Prom activity

in the different breast cell lines, with highest activity in MCF-7 and T47D cells that contain the greatest
elevation in PEA-3 as well as elevations in c-JUN. These observations provide a mechanistic
explanation for the cancer cell-selective activity of the PEG-Prom in breast cancer cells.
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Training Accomplishments

1. NCI-Sponsored Tumor Microenvironment Training Program: Techniques in the Establishment and
Manipulation of Organotypic Model Systems, Children’s Memorial Research Center, Chicago,
March 20-28, 2006.

2. Grantwriter’s Seminars and Workshops, Long Island University, January 6-7, 2006.
3. Training course on Adenovirus amplification and purification, Gene Therapy Center in University of

Alabama at Birmingham, Dec 6-9, 2005.
4. Workshop on Gene Expression: gene expression analysis using microfluidics-based RT PCR,

NIAID, NIH U19-AI057319-03, Worcester, MA, June 28-30, 2005.
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 Key Research Accomplishments

5. Document that PEG-Prom-driven CRCA (Ad.PEG-E1A-mda-7) replicates only in breast cancer
cells.

6. Document that PEG-Prom-driven CRCA (Ad.PEG-E1A-mda-7) expresses MDA-7/IL-24 only in
breast cancer cells.

7. Document that PEG-Prom-driven CRCA (Ad.PEG-E1A-mda-7) inhibits cell viability and induces
apoptosis selectively in breast cancer cells but not in normal cells.

8. Demonstrate that intratumoral injection of Ad.PEG-E1A-mda-7 in established human breast cancer
xenografts in nude mice eradicates not only the primary tumors but also distant uninjected tumors
established on the opposite flank of the animals.

9. Demonstrate that the transcription factors PEA-3 and c-JUN (a component of AP-1) are
overexpressed in breast cancer cells when compared to normal mammary epithelial cells and
mediate the cancer-selective function of PEG-Prom.
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Reportable Outcome

Publications:

1. Sarkar D, Dent P, Fisher PB. Melanoma differentiation associated gene-7 (mda-
7)/interleukin-24 (IL-24), mda-7/IL-24: Current perspectives on a unique member
of the IL-10 family of cytokines. Anti-inflammatory & Anti-Allergy Agents in
Medicinal Chemistry. 2006, in press.

2. Sarkar D, Su Z-Z, Fisher PB. Unique conditionally replication competent bipartite
adenoviruses - cancer terminator viruses (CTV): efficacious reagents for cancer
gene therapy. Cell cycle. 2006, in press.

3. Sarkar D, Su Z-Z, Vozhilla N, Park ES, Gupta P, Fisher PB. Dual cancer-specific
targeting strategy cures primary and distant breast carcinomas in nude mice. Proc
Natl Acad Sci USA. 2005, 102: 14034-14039.

4. Su Z-Z*, Sarkar D*, Emdad L, Duigou JG, Young CSH, Ware J, Randolph A,
Valerie K, Fisher PB. (*equal contribution) Targeting Gene Expression
Selectively in Cancer Cells Using the Progression Elevated Gene-3 Promoter.
Proc Natl Acad Sci USA. 2005, 102: 1059-1064.

5. Su Z-Z*, Emdad L*, Sarkar D*, Randolph A, Valerie K, Yacoub A, Dent P,
Fisher PB. (*equal contribution) Potential molecular mechanism for rodent
tumorigenesis: mutational generation of progression elevated gene-3 (PEG-3).
Oncogene. 2005, 24: 2247-2255.

6. Emdad L, Sarkar D, Su Z-Z, Boukerche H, Bar-Eli M, Fisher PB. Progression
Elevated Gene-3 (PEG-3) induces pleiotropic effects on tumor progression:
modulation of genomic stability and invasion. J Cell Physiol. 2005, 202: 135-146.

7. Emdad L, Sarkar D, Su Z-Z, Fisher PB. Emerging roles of centrosomal
amplification and genomic instability in cancer. In: Growth Factors in Cancer,
Banerjee, SE (ed.), Front Biosci. 2005, 10:728-742.

8. Pestka S, Krause CD, Sarkar D, Walter MR, Shi Y, Fisher PB. Interleukin-10 and
related cytokines and receptors. Ann Rev Immunol. 2004, 22:929-979.

Presentations at Scientific Meetings:

1. Sarkar D, Su Z-Z, Fisher PB. Novel Therapeutic Approach for Breast Cancer. 4th

Era of Hope Meeting, Philadelphia, June, 2005.

Invited Lecture:

1. From Benchtop to Clinics to Cancer Cure: Melanoma Differentiation Associated
Gene-7/Interleukin-24 (mda-7/IL-24): April 2006, Marymount College, New
York.
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Conclusions

            In principle, viral-based gene therapies should be effective options in treating neoplastic
diseases. However, in reality, these approaches have not proven as successful as originally intended or
envisioned. I have currently addressed these problems and endeavored to produce a viral vector that
would obviate major gene therapy hurdles of cancer-specific targeting and poor tumor distribution. To
achieve these objectives I reasoned that a dual therapeutic approach resulting in cancer-specific virus
replication with simultaneous production of a potent antitumor agent with profound antitumor bystander
activity would culminate in an efficacious reagent for treating both primary and distant tumors. I
presently describe such a virus, Ad.PEG-E1A-mda-7, that selectively replicates in tumor cells and
simultaneously produces the antitumor cytokine mda-7/IL-24. When administered to human breast
tumor xenografts established in one flank of a nude mouse potent antitumor activity is evident and
remarkably this effect is also manifested in tumors established on the opposite flank of these animals.
Moreover, this approach results in a complete eradication of tumors in animals promoting a cure of both
primary and distant tumors thus mandating its evaluation in clinical trials for actual translation into the
treatment of breast cancer patients.
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Dual cancer-specific targeting strategy cures primary
and distant breast carcinomas in nude mice
Devanand Sarkar*, Zao-zhong Su*, Nicolaq Vozhilla*, Eun Sook Park*, Pankaj Gupta*, and Paul B. Fisher*†‡§

Departments of *Pathology, †Urology, and ‡Neurosurgery, Herbert Irving Comprehensive Cancer Center, Columbia University Medical Center,
College of Physicians and Surgeons, New York, NY 10032

Communicated by George J. Todaro, Targeted Growth, Inc., Seattle, WA, August 8, 2005 (received for review May 11, 2005)

Limitations of current viral-based gene therapies for malignant
tumors include lack of cancer-specific targeting and insufficient
tumor delivery. To ameliorate these problems and develop a truly
effective adenovirus gene-based therapy for cancer, we con-
structed a conditionally replication competent adenovirus (CRCA)
manifesting the unique properties of tumor-specific virus replica-
tion in combination with production of a cancer-selective cytotoxic
cytokine, melanoma differentiation associated gene-7/interleu-
kin-24 (mda-7/IL-24), which embodies potent bystander antitumor
activity. Cancer cell selective tropism was ensured by engineering
the expression of the adenoviral E1A protein, necessary for viral
replication, under the control of a minimal promoter region of
progression elevated gene-3 (PEG-3), which functions selectively in
diverse cancer cells with minimal activity in normal cells. In the E3
region of this CRCA, we introduced the mda-7/IL-24 gene, thereby
mediating robust production of this cytokine as a function of
adenovirus replication. Infection of this CRCA (designated Ad.PEG-
E1A-mda-7) in normal mammary epithelial cells and breast cancer
cells confirmed cancer cell selective adenoviral replication, mda-7/
IL-24 expression, growth inhibition, and apoptosis induction. In-
jecting Ad.PEG-E1A-mda-7 into human breast cancer xenografts in
athymic nude mice completely eradicated not only the primary
tumor but also distant tumors (established on the opposite flank of
the animal) thereby implementing a cure. This dual cancer-specific
targeting strategy provides an effective approach for treating
breast and other human neoplasms with the potential for eradi-
cating both primary tumors and metastatic disease. Additionally,
these studies support the potential use of mda-7/IL-24 in the
therapy of malignant cancers.

bystander antitumor activity � conditionally replication competent
adenovirus � PEG-Prom � mda-7�IL-24 � in vivo tumorigenesis

The ultimate goal of cancer therapy is a minimally or nontoxic
treatment regimen that will ensure complete eradication of

both primary and metastatic cancers, thereby producing a cure
for this debilitating, life-shortening, and pervasive disease. At
present, achieving this objective remains elusive despite im-
provements in therapies for specific neoplastic conditions. Al-
though potentially effective in early stages of the disease, the
standard treatment protocols of surgery, chemotherapy, and
radiotherapy, alone or in various combinations, fall short of
restraining the disease, which can ultimately progress to metas-
tasis and a failure to respond to therapy (1). These harsh realities
highlight the need for alternative modalities of treatment, either
alone or in combination, to effectively manage this clinical
condition. Newer approaches currently being pursued include
gene therapy (targeting specific defects in cancer cells, replacing
defective tumor suppressor genes, or promoting cancer-specific
viral replication) and immunotherapy (2–5). Conventional treat-
ment failures raise the relevant question of what would constitute
an effective cancer therapy. Clearly, a course of treatment that
evokes complete destruction of tumor cells with little or no
injurious effects toward normal cells represents the definitive
objective of cancer gene therapy. In the present work, we
describe a dual gene therapy approach using a cancer cell-

selective promoter and a cancer cell-specific apoptosis-inducing
cytokine gene displaying profound activity toward primary and
distant breast tumors, thereby providing a valuable therapeutic
for localized and metastatic cancers.

Cancer gene therapy typically involves delivery of tumor
suppressor, apoptosis-inducing, or suicide genes directly into
tumor cells (2). Replication incompetent adenoviral (Ad)
vectors are frequently used for this purpose because they
promote high-level transgene expression (6). However, in most
instances, engendering a discernible and significant antitumor
response requires administering the Ad multiple times, which
can trigger an immune response and viral clearance. In these
contexts, conditionally replication competent adenoviruses
(CRCA) are currently being evaluated because of their effec-
tiveness in killing cancer cells by replication and thus requiring
fewer administrations (7, 8). Of equal importance, although
antiadenovirus neutralizing Abs significantly attenuate the
activity of a replication-incompetent Ad, they have limited or
no effect on the activity of a replication-competent Ad (9).
This finding argues that administration of a replication-
competent Ad in patients with preexisting Ad immunity would
still prove efficacious.

The most important facet of using a CRCA is to ensure cancer
cell-specific replication, and many unique strategies have been
developed to achieve this objective. One approach currently
being evaluated clinically uses ONYX-015, a replication-
competent Ad that propagates preferentially, although not ex-
clusively, in p53 mutant cells (10). A similar replication-
competent Ad, ONYX-411, exploits defects in the Rb pathway,
a recurrent alteration in tumor cells (11). The rationale for using
such viruses is that because of intact p53 or Rb pathways, these
Ads will not replicate in normal cells, while selectively repro-
ducing and inducing cytolysis in tumor cells containing intrinsic
defects in p53 or Rb pathways. A problem confounding this
approach relates to the multitude of genetic and phenotypic
changes occurring in primary tumors that are commonly exac-
erbated during tumor progression, thereby restricting the effec-
tiveness of these types of viruses.

To circumvent the problem of tumor-cell specificity, we en-
gineered a CRCA in which replication is driven by a minimal
active region of the promoter of progression elevated gene-3
(PEG-3), which functions selectively in diverse cancer cells with
limited activity in normal cells (12). PEG-3 was cloned as an
up-regulated transcript from a transformation progression ro-
dent cancer model, and attractively, the activity of its promoter
(PEG-Prom) was found to be significantly and often markedly
higher not only in rodent but also in human cancer cells of
diverse origin when compared with normal cells (12–15). The
cancer cell specificity of the PEG-Prom is governed by two
transcription factors, AP-1 and PEA-3, which are overexpressed,
either singly or in combination, in virtually all types of cancers

Abbreviations: CRCA, conditionally replication competent adenovirus; Ad, adenoviral.
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(16–19). Using the PEG-Prom to drive GFP or luciferase by
means of a replication-incompetent Ad confirmed prominent
cancer cell-specific transgene expression in human prostate and
breast cancer cells as well as in malignant glioma cells (12). These
observations prompted us to investigate the use of the PEG-
Prom to drive expression of the E1A gene, necessary for Ad
replication, to create a cancer cell-specific CRCA.

Because cancer cells are genetically and phenotypically com-
plex and frequently harbor multiple abnormalities, we reasoned
that simply inducing Ad replication in a subset of tumor cells
might not be adequate to ensure complete eradication of the
disease, especially when compounded by the spread of neoplastic
cells to multiple organs. Based on this consideration, we engi-
neered melanoma differentiation associated gene-7 (mda-7�IL-
24) to be simultaneously expressed from the E3 region of our
CRCA. mda-7�IL-24 was cloned as a gene transcript up-
regulated during differentiation of melanoma cells, which pos-
sesses cancer cell-selective apoptosis inducing properties without
harming normal cells in vitro, in vivo in animal models, and
recently in a phase I clinical trial (20–29). Intriguingly, mda-7�
IL-24 not only induces apoptosis but also has immune modula-
tory and antiangiogenic properties as well as potent antitumor
bystander effects, making it an ideal candidate for cancer gene
therapy (23, 25, 30–34). Owing to these essential qualities as a
potential gene therapeutic for cancer, a replication-incompetent
Ad expressing mda-7�IL-24 (Ad.mda-7) is currently being eval-
uated for clinical efficacy in phase II clinical trials (23, 25, 29).

The present studies focus on breast cancer, a common female
cancer accounting for 32% of all cancers in women (35). It is
estimated that in 2005, a total of 211,240 new cases of invasive
breast cancer will be diagnosed in the United States, and the
estimated death toll from all forms of breast cancer will be 40,410
(35). Because no consistently successful therapy exists for met-
astatic breast cancer, we evaluated the effect of Ad.PEG-E1A-
mda-7 in normal and human breast cancer cells by using in vitro
cell culture and in vivo in nude mouse tumor models. We
reasoned that should cancer-cell-specific efficacy be apparent in
this breast cancer model, our dual targeting strategy could be of
immense benefit to a significant patient population suffering
from primary and metastatic forms of this disease. This possi-
bility has now been validated, indicating that in an experimental
animal model complete eradication of both primary and distant
breast cancers result after administration of Ad.PEG-E1A-
mda-7. This work provides a solid foundation for developing a
potentially effective virus-based therapy for patients with breast
cancer, with clear relevance to additional neoplastic diseases.

Materials and Methods
Cell Lines, Culture Conditions, and Viability Assays. MCF-7, T47D,
MDA-MB-157, and MDA-MB-231 breast cancer cells and
human embryonic kidney (HEK)-293 cells were obtained from
American Type Culture Collection and cultured as described
in ref. 22. The 184A1 and 184AA2 cells were kindly provided
by Martha Stampfer (Lawrence Berkeley National Laboratory,
Berkeley, CA) and were cultured in mammary epithelial
growth medium containing supplements (MEGM BulletKit,
CC-3051; BioWhittaker) and transferrin (5 �g�ml) and iso-
proterenol (10 mM). Cell viability was determined by standard
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
assays (26).

Construction of a CRCA. To construct the CRCA (Ad.PEG-E1A-
mda-7), the AdenoQuick cloning system from OD260 (Boise,
ID) was used (36). This system uses two shuttle vectors, pE1.2
and pE3.1, in which the transgene cassettes PEG-Prom driving
E1A and the CMV promoter driving mda-7�IL-24 were inserted,
respectively, before being transferred into a large Ad plasmid
(Fig. 1). Ad amplification, purification, titration, and infection

were performed as described in ref. 37. Similar strategies were
used to generate Ad.CMV-E1A-mda-7. Ad.CMV-mda-7 and
Ad.PEG-mda-7 were constructed as described in ref. 12.

Annexin V-Binding Assay. Annexin V binding assays were per-
formed as described in ref. 26.

Preparation of Whole-Cell Lysates and Western Blot Analyses. Prep-
aration of whole-cell lysates and Western blot analyses was
performed as described in ref. 24. The primary Abs used were
anti-E1A (1:1,000; mouse monoclonal; Upstate Biotechnology,
Lake Placid, NY), anti-mda-7 (1:2,000; rabbit polyclonal), anti-
c-JUN (1:1,000; rabbit polyclonal; Santa Cruz Biotechnology),
anti-PEA-3 (1:500; mouse monoclonal; Santa Cruz Biotechnol-
ogy), and anti-EF1� (1:1,000; mouse monoclonal; Upstate
Biotechnology).

Human Breast Cancer Xenograft in Athymic Nude Mice. T47D cells
(2 � 106) were injected s.c. in 100 �l of PBS in both flanks of
male athymic nude mice (NCRnu/nu; 4 wk old; �20 g of body
weight) (22, 38). After establishment of visible tumors of �75
mm3, requiring �4- to 5-d, intratumoral injections of different
Ads were given only to the tumors on the left f lank at a dose of
1 � 108 plaque-forming units in 100 �l of PBS. No injection was
given to the right-sided tumors. The injections were given three
times a week for the first week and then twice a week for two
more weeks for a total of seven injections. A minimum of five
animals was used per experimental point. Tumor volume was
measured twice weekly with a caliper and calculated by using the
formula ��6 � larger diameter � (smaller diameter)2. At the
end of the experiment, the animals were killed, and the tumors
were removed and weighed.

Transient Transfection and Luciferase Assays. Transient transfection
and luciferase assays were performed as described in ref. 12.

Fig. 1. Construction of Ad.PEG-E1A-mda-7. pE1.2 and pE3.1 are the shuttle
vectors in which the PEG-3 gene promoter (PEG-Prom) driving the E1A gene
(PEG-Prom-E1A) and the CMV promoter controlling the mda-7�IL-24 gene
(CMV-mda-7�IL-24) were ligated, respectively, at the multiple cloning site
(MCS). The promoter plus transgene cassettes was digested out by restriction
enzyme (R.E.), e.g., AlwNI, BstAPI, DraIII, or PflMI and ligated into SfiI-digested
Ad vector plasmid Ad.
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Statistical Analysis. Statistical analysis was performed by using
ANOVA, followed by Fisher’s protected least significant differ-
ence analysis. P � 0.05 was considered significant.

Results
To test the dual cancer-specific targeting stratagem and to
evaluate the relative effectiveness of Ad.PEG-E1A-mda-7, we
created a series of additional Ads, including Ad.CMV-E1A-
mda-7, in which viral replication is controlled by the CMV
promoter and which also expresses mda-7�IL-24, and Ad.CMV-
E1A and Ad.PEG-E1A, in which viral replication is controlled
by the CMV promoter or the PEG-Prom, respectively. Addi-
tionally, we used Ad.CMV-mda-7 and Ad.PEG-mda-7, replica-
tion-incompetent Ad in which the CMV or the PEG promoter
drives mda-7�IL-24 expression, respectively (12). A replication-
incompetent empty Ad, Ad.vec was used as a control. Experi-
ments were performed in four breast cancer cell lines, MCF-7
(wt p53), T47D (mut p53), MDA-MB-157 (p53 null), and
MDA-MB-231 (mut p53), and two normal immortal mammary
epithelial cell lines, 184A1 and 184AA2. The functionality of
these constructs was ascertained after Ad infection by monitor-
ing protein levels of MDA-7�IL-24 and E1A, a marker for Ad
replication, by Western blot analysis after appropriate viral
infection (Fig. 2). Western blot analysis detects multiple E1A
gene products ranging from 36 to 50 kDa and multiple gly-
cosylated forms of MDA-7�IL-24 protein ranging from 21 to
28 kDa.

Infection of 184A1 or 184AA2 cells with Ad.CMV-E1A or
Ad.CMV-E1A-mda-7, but not Ad.PEG-E1A or Ad.PEG-E1A-
mda-7, resulted in production of E1A proteins; whereas in breast
carcinoma cells, infection with all four replication-competent Ad
generated E1A proteins (Fig. 2). No E1A proteins were detected
in any cell line after infection with replication-incompetent Ads.
In 184A1 and 184AA2 cells, infection with Ad.CMV-E1A-
mda-7 and Ad.CMV-mda-7 resulted in MDA-7�IL-24 produc-

tion, whereas infection with Ad.PEG-mda-7 or Ad.PEG-E1A-
mda-7 resulted in barely detectable (184A1) or very low
(184AA2) levels of MDA-7�IL-24 production (Fig. 2). In breast
cancer cells, infection with Ad.CMV-mda-7, Ad.PEG-mda-7,
Ad.CMV-E1A-mda-7, or Ad.PEG-E1A-mda-7 generated signif-
icant MDA-7�IL-24 production. No MDA-7�IL-24 protein pro-
duction could be detected in control uninfected cells or after
infection with Ad.vec, Ad.CMV-E1A, or Ad.PEG-E1A. In
184A1 and MDA-MB-231 cells, MDA-7�IL-24 protein levels
were reduced in comparison with the other cell types studied
after infection with Ad.CMV-mda-7 and Ad.CMV-E1A-mda-7.
Because a similar reduction in MDA-7�IL-24 protein levels was
evident in MDA-MB-231 cells infected with PEG-Prom driven
constructs, this reduced expression could reflect a difference in
MDA-7�IL-24 transgene expression in these cell types. In total,
these findings document that the PEG-Prom facilitates cancer
cell-selective replication of Ad and mda-7�IL-24 expression.

Studies were performed next to establish potential selective
effects on growth and viability of normal and breast cancer cells
when replication was controlled by the PEG-Prom vs. the CMV
promoter. In 184A1 and 184AA2 cells, infection with only
Ad.CMV-E1A or Ad.CMV-E1A-mda-7, but not with Ad.PEG-
E1A, Ad.CMV-mda-7, Ad.PEG-mda-7, or Ad.PEG-E1A-
mda-7, induced profound growth inhibition (Fig. 3). In contrast,
in all breast cancer cells, Ad.CMV-E1A-mda-7, Ad.PEG-E1A-
mda-7, Ad.CMV-E1A, and Ad.PEG-E1A infection resulted in
significant growth inhibition. Infection with Ad.CMV-mda-7
and Ad.PEG-mda-7 also inhibited growth of the breast cancer
cells. These findings indicate that the PEG-Prom allows Ad
replication specifically in cancer cells, protecting normal cells
from growth inhibition because of Ad replication. The obser-
vation that mda-7�IL-24 exerted no direct growth-inhibitory
effect on normal cells confirms the cancer cell-selectivity of this
therapeutic approach (23, 28). Of interest, the effect of the
various viruses was similar in all four breast cancer cell lines,
suggesting that the difference in final levels of MDA-7�IL-24

Fig. 2. PEG-Prom promotes Ad replication and transgene expression selec-
tively in breast cancer cells. The indicated cells were uninfected (control) or
infected with the indicated Ad (as described at the bottom of the figure) at a
multiplicity of infection of 100 plaque-forming units�cell for 48 h. The expres-
sions of E1A, MDA-7�IL-24, and EF1-� proteins were analyzed by Western blot.

Fig. 3. PEG-Prom driven CRCA selectively kills breast cancer cells. The indi-
cated cells were uninfected (control) or infected with the indicated Ad (as
described at the bottom of the figure) at a multiplicity of infection of 100
plaque-forming units�cell. Cell viability was analyzed by standard 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay after 2, 4, and
6 d of infection. The data represent mean � SD.
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protein did not impact on antiproliferative and antisurvival
effect of these viruses (Fig. 3).

To investigate the mechanism of growth inhibition, Annexin
V staining assays, which permit differentiation between apopto-
tic and necrotic cells, were performed (Fig. 4). Infection with
only Ad.CMV-E1A and Ad.CMV-E1A-mda-7 elevated the per-
centage of early apoptotic and late apoptotic (necrotic) 184A1
and 184AA2 cells. However, all of the Ads, except for Ad.vec,
resulted in significant apoptosis in the breast cancer cell lines.
Infection with the replication competent Ads resulted in pre-
dominantly necrosis as evidenced by an increase in late apoptotic
cells, whereas infection with Ad.CMV-mda-7 and Ad.PEG-
mda-7 resulted in predominantly apoptosis as evidenced by an
increase in early apoptotic cells. As observed for antiprolifera-
tive and antisurvival effects, the various viruses induced similar
changes in all four breast cancer cell lines, again, suggesting that
the difference in final levels of MDA-7�IL-24 protein also did
not impact on apoptosis and necrosis induction in vitro (Fig. 4).

To expand on the in vitro studies, in vivo assays were per-
formed by using nude mice containing established T47D s.c.
xenografts on both right and left f lanks. After palpable tumors
of �75 mm3 developed, in �4–5 d, seven intratumoral injections
with different Ads, three times per week for the first week and
two times per week for an additional 2 wk, were administered to
the tumors on the left f lank at a dose of 1 � 108 plaque-forming
units in 100 �l. No injections were given to the right-sided
tumors. The experiment was terminated after 6 wk with injec-
tions of Ad.CMV-E1A-mda-7 or Ad.PEG-E1A-mda-7 because
tumors on both sides showed regression after only three injec-
tions, and with seven injections they were completely eradicated
(Fig. 5). T47D tumor xenografts grow slowly in the absence of
estrogen and in our studies by using male nude mice at 6 wk, the
control and Ad.vec injected tumors reached a weight of �250–
300 mg, which agrees with a previous report (39). Although
Ad.CMV-E1A or Ad.PEG-E1A inhibited the growth of tumors
on the left f lank they had some inhibitory effect on tumors on
the right side, which was not statistically significant. Ad.CMV-
mda-7 or Ad.PEG-mda-7 eradicated tumors on the left f lanks
and significantly inhibited tumor growth on the right flanks. The
observation that intratumoral injection of Ad.PEG-E1A-mda-7
completely eradicated the primary and distant tumors (compa-

rable with a metastasis) provides confidence that this strategy
could prove amenable for successfully treating aggressive
cancers.

In the minimum effective element of the 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 (Fig.
6A). These two transcription factors play an essential role in
regulating PEG-Prom activity in prostate cancer cell lines and in
rodent cell culture systems (12, 16, 17). Based on this consider-
ation, the potential involvement of PEA-3 and AP-1 in regulat-
ing PEG-Prom activity was evaluated in breast cancer cell lines.
PEG-Prom activity was �5- to 20-fold higher in breast cancer

Fig. 4. PEG-Prom driven CRCA selectively induces apoptosis in breast cancer
cells. The indicated cells were treated as in Fig. 3. Annexin V staining was
analyzed by flow cytometry 48 h after infection.

Fig. 5. CRCAs eradicate primary and distant tumors. s.c. tumor xenografts
from T47D cells were established in athymic nude mice in both right and left
flanks, and only tumors on the left side were injected with PBS (control) or
with the indicated Ad for 3 wk (total of seven injections). (A and C) Measure-
ment of tumor volume. The data represent mean � SD with a minimum of five
mice per group. (B and D) Measurement of tumor weight at the end of the
study. The data represent mean � SD with at least five mice per group.
Qualitatively similar results were obtained in an additional study.

Fig. 6. PEA-3 and AP-1 confer cancer-cell selective activity of the PEG-Prom.
(A) The various cell types were transfected with the indicated plasmids and a
�-galactosidase expression plasmid, and luciferase and �-galactosidase activ-
ities were measured 48 h after transfection. The luciferase activity was nor-
malized by �-galactosidase activity. The data represent mean � SD. (B) The
expressions of PEA-3, c-JUN, and EF1-� proteins were analyzed by Western
blot in the indicated cells.
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cells than in 184A1 or 184AA2 cells. Mutation in the PEA-3 site
reduced promoter activity by �50% in all cell types. Mutation in
the AP-1 site also reduced promoter activity by �50%, whereas
mutation in both the PEA-3 and AP-1 sites reduced activity by
�75% in all of the cell lines. To further strengthen the role of
PEA-3 and AP-1 in regulating PEG-Prom activity, the relative
abundance of these proteins was analyzed in breast cancer cell
lines and 184A1 and 184AA2 cells. Elevated expression levels of
PEA-3 and c-JUN correlated with PEG-Prom activity in the
different breast cancer cell lines, with highest activity in MCF-7
and T47D cells that contain the greatest elevation in PEA-3 as
well as elevations in c-JUN. These observations provide a
mechanistic explanation for the cancer cell-selective activity of
the PEG-Prom in breast cancer cells.

Discussion
In principle, viral-based gene therapies should be effective
options in treating neoplastic diseases. However, in reality, these
approaches have not proven as successful as originally intended
or envisioned. We have currently addressed these problems and
endeavored to produce a viral vector that would obviate major
gene therapy hurdles of cancer-specific targeting and poor tumor
distribution. To achieve these objectives, we reasoned that a dual
therapeutic approach resulting in cancer-specific virus replica-
tion with simultaneous production of a potent antitumor agent
with profound antitumor bystander activity would culminate in
an efficacious reagent for treating both primary and distant
tumors. We presently describe such a virus, Ad.PEG-E1A-
mda-7, that selectively replicates in tumor cells and simulta-
neously produces the antitumor cytokine mda-7�IL-24. When
administered to human breast tumor xenografts established in
one flank of a nude mouse, potent antitumor activity is evident,
and remarkably this effect is also manifested in tumors estab-
lished on the opposite flank of these animals. Moreover, this
approach results in a complete eradication of tumors in animals
promoting a cure of both primary and distant tumors.

Why are gene therapy approaches using a CRCA not as
effective in treating cancer as anticipated? This result may occur
because simply having a CRCA that only replicates in cancer
cells is not potent enough to treat distant tumors (metastases),
and actually achieving a complete destruction of distant tumors
might require an additional gene therapy component. We have
examined this possibility and developed a bipartite CRCA that
also expresses mda-7�IL-24, a cytokine gene cloned in our
laboratory that displays broad-spectrum direct and bystander
antitumor activity without affecting normal cells (23, 28, 30, 32).
Replication-competent Ads were able to migrate to distant sites
in an animal and replicate. However, although administration of
a replication-competent Ad alone induced significant growth
inhibition in primary tumors, no significant effect was apparent
in distant tumors, indicating that at those new tumor sites
replication of Ad may not be sufficiently robust to be bioactive.
As such, an additional antitumor strategy combined with the
replication-competent Ad would be required to provide thera-
peutic benefit. Administration of Ad.CMV-mda-7 or Ad.PEG-
mda-7 completely eradicated the primary tumors and these Ads
significantly inhibited the growth of the distant tumors, without
eliciting a complete cure of these distant tumors. In contrast, the
combination of Ad replication and mda-7�IL-24 expression
resulting from Ad.CMV-E1A-mda-7 and Ad.PEG-E1A-mda-7
induced complete purging of both the primary and distant
tumors. The effectiveness of both Ad.CMV-E1A-mda-7 and
Ad.PEG-E1A-mda-7 further strengthens the importance of us-
ing the PEG-Prom in this therapeutic strategy to protect normal
cells from the adverse effects of Ad replication.

Tissue-specific and cancer cell-selective promoters can facil-
itate conditional Ad replication (40). The human telomerase
promoter has been used successfully for this purpose (41). For

breast cancer, estrogen and hypoxia-responsive promoters have
been used to drive the expression of E1A (42, 43). The advantage
of using the PEG-Prom in these cancer contexts is its apparent
ubiquitous cancer specificity. PEA-3 and AP-1 transactivation
and subsequently PEG-Prom activity are positively regulated by
the ras-dependent signaling cascade (18, 19, 44). Because acti-
vation of the ras pathway is a frequent event in diverse cancers,
including breast cancer, the ability of the PEG-Prom to drive
transgene expression in these cancers will be robust and specific
(45, 46). Additionally, PEA-3 and AP-1 are frequently overex-
pressed in a wide spectrum of cancers thereby promoting
apparent universal cancer-specific activity of the PEG-Prom.
These findings suggest that in addition to successfully treating
breast cancer, Ad.PEG-E1A-mda-7 may also provide tangible
benefit to an expanded patient population with additional types
of cancer.

How does mda-7�IL-24 exert its potent inhibitory effects on
distant tumors? Unlike a classical cytokine that acts by binding
to its receptors and activating the Janus Kinase-Signal Trans-
ducer and Activator of Transcription (JAK-STAT) pathway,
an intracellular mode of action, especially its localization in the
endoplasmic reticulum, has been shown to be a primary
mechanism of mda-7�IL-24-induced apoptosis when this gene
is administered by Ad infection, plasmid transfection, or by
means of a GST-MDA-7 fusion protein (47–49). However,
mda-7�IL-24, as a secreted cytokine, also possesses potent
bystander antitumor activity, which is exerted by its ability to
interact with its cognate IL-20�IL-22 receptors although the
signal transduction pathway(s) involved in this bystander
activity is unclear (31, 32). Another potential mechanism
underlying inhibition of cancer cell growth by mda-7�IL-24 in
distant tumors in an in vivo context might be its activation of
the immune system. mda-7�IL-24 expression is restricted to
melanocytes, and those tissues associated with the immune
system such as spleen, thymus, and peripheral blood mono-
nuclear cells and its expression is induced in peripheral blood
mononuclear cells upon treatment with phytohemagglutinin or
LPS (23, 34, 50, 51). Treatment of peripheral blood mononu-
clear cells with purified recombinant MDA-7�IL-24 protein,
results in the induction of IL-6, IFN-�, TNF-�, IL-1�, IL-12,
and granulocyte/macrophage colony-stimulating factor, all of
which are potent immunomodulatory agents (25, 34). These
secondary cytokines induced by mda-7�IL-24 might activate
antigen-presenting cells to present tumor antigens, thereby
triggering an antitumor immune response. Studies in a phase
I clinical trial involving intratumoral injection of Ad.mda-7
(INGN 241) suggest that these in vitro effects are recapitulated
in the context of patients, supporting the immune modulating
properties of this cytokine (25). Although current studies were
performed in athymic nude mice that are immunocompro-
mised, these mice still have a spleen and a liver and display
potent natural killer cell activity (52). Based on an intact
immune system, it is hypothesized that Ad.PEG-E1A-mda-7
would prove even more effective in an immunocompetent
animal. In this context, the balance between clearance of Ad
by the immune system and the modulation of the immune
system by mda-7�IL-24 represent major determinants in the
antitumor potency of Ad.PEG-E1A-mda-7 in patients. The
robust activity of this Ad suggests a need for only limited
administration, which in principle will preclude the activation
of the immune system promoting viral clearance. Additionally,
the observation that neutralizing anti-Ad Abs do not inhibit
replicating Ads indicates that Ad.PEG-E1A-mda-7 might be
extremely effectual in inducing complete eradication of pri-
mary and metastatic cancers (9).

In summary, although impressive progress continues to be
made in the diagnosis and therapy of organ-confined primary
cancers, few if any approaches have proven universally suc-
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cessful in ameliorating the negative prognosis associated with
cancer progression culminating in metastasis. We presently
describe an innovative dual cancer-specific targeting thera-
peutic approach, which obviates two fundamental limitations
of current gene therapy strategies, namely confining gene
expression uniquely in cancer cells and evoking a potent
antitumor bystander effect, which offers promise for poten-
tially promoting a cure for primary and metastatic cancer.
Further studies are essential in established animal models of
breast cancer that mimic the human disease followed by
appropriate clinical trials to effectively translate this approach

into a mainstream, viable therapy for primary and metastatic
breast and other cancers.
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Abstract: Developing effective and safe therapies for cancer continues to be a primary objective of both basic researchers
and clinicians. However, despite evidence of progress in treating specific tumors, in many instances, especially in the
context of metastasis, no effective therapies are available. A focus of our laboratories is to develop improved cancer
therapeutics that exploit differences in signaling pathways and gene expression in tumor versus normal cells. An ap-
proach, which we have pioneered, is the use of ‘differentiation therapy’ combined with subtraction hybridization, DISH
(differentiation induction subtraction hybridization), to define genes that are relevant to cancer growth control, differen-
tiation and apoptosis. Application of DISH to human melanoma cells permitted the cloning of melanoma differentiation
associated (mda) genes that display elevated expression as a function of induction of terminal differentiation and loss of
tumorigenic potential in cancer cells. One mda gene, mda-7, has emerged as a potential therapeutic for cancer because of
its unique ability to selectively induce apoptosis in cancer cells, without affecting normal cells. Based on structure, loca-
tion and properties, mda-7, a cytokine belonging to the IL-10 family, is now designated as IL-24. mda-7/IL-24 exhibits
multiple levels of anti-cancer effects that include inhibition of angiogenesis, radiosensitization and potent antitumor by-
stander activities. As a cytokine it also demonstrates immunostimulatory properties. An adenovirus expressing mda-7/IL-
24, INGN 241, has entered the clinic and been shown to be safe and display significant activity toward solid tumors, in-
cluding melanoma, in a Phase I clinical trial. We presently provide a brief overview of mda-7/IL-24.

Keywords: Novel cancer-specific apoptosis-inducing cytokine, signaling pathways, reactive oxygen species, angiogenesis,
bystander antitumor activity, radiosensitization, clinical trials.

INTRODUCTION

Interleukin-24 (IL-24), a member of the IL-10 family of
cytokines, was first identified and cloned as a transcript se-
lectively upregulated during terminal differentiation of
melanoma cells and was given the name melanoma differen-
tiation associated gene (mda)-7 [1-3]. As of July 2005, a
search of PubMed using the keywords mda-7 or IL-24 iden-
tifies 110 papers out of which 75 were published from 2004
onwards, although the first cloning report of mda-7 was
published in 1994 [1]. This sudden surge of studies on mda-
7/IL-24 is founded on its unique properties, including can-
cer-specific apoptosis induction, angiogenesis inhibition,
radiosensitization and immune modulation that inspire both
cancer biologists as well as immunologists to study the
structure and function of this molecule [4-7]. A clear sign of
the relevance of this novel cytokines is the fact that in only
10 years since its cloning, mda-7/IL-24 has entered into
clinical trials and has shown genuine promise as a gene ther-
apy for cancer in a Phase I trial [8, 9]. As with any novel
gene, with extensive studies by diverse groups, different
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BB-1501, 630 West 168th Street, New York, NY, 10032, USA; Tel: (212)
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aspects related to the functional activity of mda-7/IL-24 are
being revealed, some of which are contrasting, and the pre-
sent review endeavors to analyze the compendium of studies
with an unbiased perspective and to infer logical conclusions
based on present data.

mda-7/IL-24: INITIAL CLONING AND CHARAC-
TERIZATION

A hallmark of neoplastic transformation is dedifferentia-
tion and induction of differentiation in cancer cells is one
modality of therapy that has been successfully applied for
the treatment of cancers, such as leukemia [10-15]. HO-1
human metastastic melanoma cells can be induced to termi-
nally differentiate upon treatment with recombinant human
fibroblast interferon (IFN)-β and the protein kinase C acti-
vator mezerein (MEZ) [2, 15-20]. Terminally differentiated
melanoma cells acquire characteristics of normal melano-
cytes and enter into an irreversible growth arrest stage. Sub-
traction hybridization between actively proliferating versus
terminally differentiated melanoma cells identified a plethora
of genes that are induced during terminal differentiation and
these genes were called melanoma differentiation associated
(mda) genes [2, 20-23]. Many of the mda genes are primary
IFN-inducible genes. However one gene product, mda-7,
was found to be robustly upregulated only in IFN-β + MEZ-
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treated terminally differentiated cells [3]. Expression of mda-
7 mRNA was undetectable in untreated HO-1 melanoma
cells. However, mda-7 mRNA expression was markedly
induced by IFN-β + MEZ treatment in these cells as early as
24 hr and the expression continued to increase during termi-
nal differentiation. Treatment of HO-1 cells with IFN-β +
MEZ for 24 hr followed by growth for 72 hr in the absence
of inducer resulted in a similar expression level of mda-7 as
with continuous treatment, indicating that once the cells
were committed to terminal differentiation mda-7 expression
continues. Treatment with MEZ alone resulted in a modest
but detectable increase in mda-7 mRNA expression. This
upregulation involved increased stabilization of the mRNA
rather than transcriptional augmentation [24]. Two tran-
scription factor families of proteins, AP-1 and C/EBP, confer
the basal transcriptional control of mda-7 gene expression
[25].

The mda-7 cDNA is 1718-bp in length with an open
reading frame encoding a polypeptide of 206-amino acids
with a predicted size of 23.8-kDa [3]. The predicted reading
frame is flanked by 5’- and 3’-untranslated sequences of
274-bp and 823-bp, respectively. The 3’-UTR contains three
consensus elements (AUUUA) involved in mRNA stability
and three polyadenylation signals (AAUAAA). The mda-7
gene is composed of seven exons and six introns and is lo-
cated in chromosome 1q32 within an interleukin (IL)-10
related gene cluster containing four genes including IL-10,
IL-19, IL-20 and mda-7 in linear order spanning 195-kb of

genomic DNA (Fig. 1) [26]. Sequence analysis reveals that
mda-7 has a 49-amino acid N-terminal hydrophobic signal
peptide that allows the molecule to be cleaved and secreted.
MDA-7 has three putative glycosylation sites at amino acids
95, 109 and 126 resulting in several molecular sizes of the
secreted product. Analysis of the structure reveals that
MDA-7 is a member of the four-helix bundle family of cyto-
kine molecules with greatest homology to the IL-10 subfam-
ily, which now includes IL-19, IL-20, IL-22 (IL-TIF) and IL-
26 (AK-155) [26-31]. IL-10 and mda-7 share <20% se-
quence identity, however the presence of an IL-10 signature
sequence in mda-7 indicates that it belongs to the IL-10 sub-
family. Analysis of the expression profile of mda-7 in differ-
ent human tissues shows that mda-7 expression is restricted
to those tissues associated with the immune system, such as
spleen, thymus and peripheral blood leukocytes, suggesting
cytokine-like properties of the mda-7 molecule [26]. Based
on these observations, mda-7 has been renamed IL-24 by the
Human Genome Organization (HUGO) nomenclature sys-
tem.

mda-7/IL-24 displays at least two distinct biological
functions (Fig. 2). At low concentration, mda-7/IL-24 func-
tions predominantly as a cytokine. However, when overex-
pressed at supra-physiological levels, using a replication-
incompetent adenoviral vector, mda-7/IL-24 shows cancer-
cell specific growth inhibitory properties without negatively
impacting on normal cells.

Fig. (1). Schematic of the structure of MDA-7/IL-24 protein and its genomic organization. A. Protein structure of MDA-7/IL-24. The num-
bers indicate amino acid residues. B. Genomic organization of mda-7/IL-24. mda-7/IL-24 is located in chromosome 1q32 within an interleu-
kin (IL)-10 related gene cluster containing four genes including IL-10, IL-19, IL-20 and mda-7/IL-24 in linear order spanning 195-kb of
genomic DNA. C. Exon-Intron organization of mda-7/IL-24. The black boxes containing the numbers indicate the exons. The arrow indi-
cates the translation initiation site.
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CYTOKINE FUNCTION OF mda-7/IL-24

The IL-10 family of cytokines signal through receptors
that are dimers of an R1 type of receptor (with a long cyto-
plasmic domain) and an R2 type of receptor (with a short
cytoplasmic domain) (Fig. 3) [32, 33]. IL-10 signals through
IL-10R1 and IL-10R2; IL-20, which is involved in the pro-
liferation of keratinocytes, signals through IL-20R1 and IL-
20R2; IL-22, which mediates acute phase response in hepa-
tocytes, signals through IL-22R1 and IL-10R2; and IL-26,
the function of which is yet to be elucidated, signals through
IL-20R1 and IL-10R2 [29-31, 34, 35]. Different cells were
transfected with multiple combinations of IL-10/IL-20 and
IL-22 receptors and then treated with conditioned media,
containing secreted MDA-7/IL-24, from mda-7/IL-24-
overexpresing cells. Employing this approach, it was demon-
strated that IL-20R1/IL-20R2 and IL-22R1/IL-20R2 receptor
complexes regulate mda-7/IL-24 signal transduction that
results in the activation of signal transducers and activators
of transcription (STAT), notably STAT-1 and STAT-3 [36,
37].

A potential role of mda-7/IL-24 as a cytokine and its in-
volvement in the immune system has been highlighted by
multiple studies [38-40]. mda-7/IL-24 expression could be
induced in peripheral blood mononuclear cells (PBMC) upon
treatment with PHA or LPS [38]. In addition, mda-7/IL-24
mRNA was detected by real-time RT-PCR in monocytes and

its expression was upregulated in monocytes by treatment
with LPS or in T cells, especially in CD4+ naïve and memory
cells, following activation by anti-CD3 mAb [39]. The
mouse counterpart of mda-7/IL-24, FISP, was shown to have
exclusive expression in Th2 lymphocytes [41]. However, in
humans the expression pattern in T cells is different from
that in mouse. At earlier time points (6 hr) mda-7/IL-24 ex-
pression was downregulated in cells undergoing T1 differ-
entiation (mediating cellular immunity) and slightly upregu-
lated in cells undergoing T2 differentiation (regulating hu-
moral immunity). At 66 hr, the expression increased in cells
committed to T1 differentiation [39]. Treatment of Periph-
eral Blood Mononuclear Cells (PBMC) with MDA-7/IL-24,
purified from the conditioned media of a 293 cell line stably
expressing mda-7/IL-24, resulted in the induction of IL-6,
IFN-γ, TNF-α, IL-1β, IL-12 and GM-CSF [38]. These in-
ductions could be blocked, either completely or partially, by
simultaneous administration of IL-10. This blockage by IL-
10 might be explained by the observation that IL-10 family
members share their cognate receptor subunits and IL-10
shows a 10-fold higher affinity for its receptors than mda-
7/IL-24 [39]. It is intriguing to note that while IL-10 and
mda-7/IL-24 belong to the same family, functionally they
elicit opposite effects. IL-10 is a major suppressor of the
immune response and inflammation [34, 42], while mda-
7/IL-24 is immunomodulatory. However, treatment with
MDA-7/IL-24 does not modulate the proliferative functions

Fig. (2).  A schematic representation of the pleiotrophic effects of mda-7/IL-24. For details see the text. The “X” in the octagon indicates
inhibitory effects. The cytokines secreted by immune cells upon mda-7/IL-24 treatment might feed into the cancer cells and increase their
susceptibility to the multi-pronged inhibitory effects of mda-7/IL-24.



4    Anti-Inflammatory & Anti-Allergy Agents in Medicinal Chemistry, 2006, Vol. 5, No. 3 Sarkar et al.

of PBMC [38]. It was hypothesized that the secondary cyto-
kines induced by MDA-7/IL-24 might activate antigen-
presenting cells to present tumor antigens, thereby triggering
an antitumor immune response [38]. MDA-7/IL-24 expres-
sion could be detected in melanocytes but not in melanomas
[3, 43], indicating that loss of mda-7/IL-24 expression in
progressing melanoma might contribute to the ineffective
immune response to melanoma.

Stimulation of PBMC with PHA or LPS promotes mda-
7/IL-24 mRNA and protein generation in CD-3 positive T
cells and CD-14 positive macrophages, respectively [40].
The peak induction following these treatment protocols oc-
curred at ~24-h post-treatment and returned to the basal level
by 72-hr and the induction was mediated by augmentation of
mda-7/IL-24 mRNA stability similar to what transpires dur-
ing terminal differentiation. However, in a mixed lympho-
cyte culture system, the induction of mda-7/IL-24 expression
persisted even after one week indicating that cytokines re-
leased from the lymphocytes induce mda-7/IL-24 expression
[40]. Indeed, a number of cytokines, such as IL-1β, IL-2, IL-
7, IL-15, TNF-α and GM-CSF, induced mda-7/IL-24 expres-
sion [40]. Interestingly, neither type I or type II interferons
or IL-4 could induce mda-7/IL-24 expression. IL-2, IL-7 and
IL-15 share the common cytokine receptor γc and cytokines
binding to γc-containing receptors are involved in T-cell
maintenance and homeostasis [44-46] indicating a potential
involvement of mda-7/IL-24 in such processes.

ANTITUMOR FUNCTIONS OF mda-7/IL-24: STUDIES
PERFORMED IN MELANOMA

Since mda-7/IL-24 is induced during terminal differen-
tiation of human melanoma cells its expression pattern and
biological behavior have been extensively examined in this
model system [3, 26, 43, 47-51]. Interestingly, while mda-

7/IL-24 mRNA expression could not be detected in mela-
noma cells, mda-7/IL-24 was constitutively expressed in an
SV40-transformed human melanocyte cell line (FM516-SV)
[3]. Immunohistochemical studies using anti-MDA-7/IL-24
antibody detected cytoplasmic MDA-7/IL-24 protein in
normal human epidermal melanocytes, as well as in melano-
cytes in paraffin-embedded sections of normal skin and nevi
[43]. However, MDA-7/IL-24 expression could not be de-
tected in radial growth phase primary melanoma (RGP),
vertical growth phase primary melanoma (VGP) or metas-
tatic melanomas [3, 43]. These results suggest that elevated
mda-7/IL-24 expression in the context of a melanocyte is
still compatible with growth, whereas induction of mda-7/IL-
24 expression in human melanoma cells correlates with irre-
versible growth arrest and terminal cell differentiation. These
observations also suggest that mda-7/IL-24 might have a
selective yet to be identified physiological function in mela-
nocytes, which may not be compatible with melanoma cell
growth.

To evaluate the relationship between mda-7/IL-24 ex-
pression and melanoma progression, mda-7/IL-24 and
GAPDH levels were determined by comparative RT-PCR in
actively growing melanocytes, primary melanomas (RGP
and early VGP) and metastatic melanomas [3]. Normal
melanocytes express on average 3.7-fold more mda-7/IL-24
than actively growing metastatic melanomas (p<0.001) and
2.2 fold more mda-7/IL-24 than actively growing non-
metastatic primary melanomas (p<0.02). The expression of
mda-7/IL-24 during melanoma progression was analyzed by
‘Matrigel-assisted’ tumorigenic growth. This approach com-
prises the co-injection of nontumorigenic or weakly tumori-
genic RGP or early VGP primary human melanomas with
Matrigel in nude mice [52]. Tumors develop rapidly in Ma-
trigel co-injected animals and sublines can be developed that
readily grow as solid tumors in secondary nude mouse re-

Fig. (3). Receptor utilization by different members of IL-10 family of cytokines.
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cipients, without the need for co-injection of Matrigel. Al-
though no significant change in mda-7/IL-24 expression was
evident in an RGP primary melanoma cell line (WM35) be-
fore or after Matrigel selection, two independent early VGP
primary human melanoma cell lines (WM793 and
WM1341B) expressed less mda-7/IL-24 after Matrigel se-
lection [3]. Immunoreactivity for MDA-7 could be detected
in primary melanomas [43, 48]. More intense staining was
seen in the thinner tumors, whereas very light or no staining
was seen in thick primary tumors [43]. In addition, both the
percentage of MDA-7/IL-24-positive cells and the intensity
of immunolabeling decreased significantly in the invasive
portion of the tumor [48]. Immunoreactivity for MDA-7/IL-
24 could be detected in only 1 of 15 cases of lymph node
metastasis of melanoma [43]. In a separate study, intense
MDA-7/IL-24 immunoreactivity was seen in dendritic cells
of germinal centers of four of the 20 lymph node metastases
examined [48]. However, the relevance of this finding is
presently not known. The conclusion reached from these
studies is that mda-7/IL-24 expression is gradually lost dur-
ing melanoma progression, thereby resulting in a growth
advantage in evolving tumor cells. In these contexts, mda-
7/IL-24 could be regarded as a tumor suppressor gene whose
loss of expression is involved in melanoma progression.

A splice variant of mda-7/IL-24 (mda-7s) has been iden-
tified in normal melanocytes in which exon 2 is spliced di-
rectly to exon 4 and exon 4 is spliced to exon 6 [53]. This
results in a frame-shift mutation generating a protein of 63-
aa residues of which only the first 14-aa residues are identi-
cal to mda-7/IL-24. It was shown that mda-7s physically
interacts with mda-7/IL-24. However, the functional signifi-
cance of this observation is unclear since mda-7s did not
inhibit the growth inhibiting properties of mda-7/IL-24 in
melanoma cells. A gradual decrease in mda-7s expression
was observed with the progression of the cells from melano-
cytes to metastatic melanoma. Again, the functional rele-
vance of this observation was not explained or explored.

What happens when mda-7/IL-24 is overexpressed in
melanoma cells? Transient transfection of mda-7/IL-24 in
C8161 human melanoma cells provided the first demonstra-
tion of growth inhibitory properties of mda-7/IL-24 in hu-
man melanoma cells [3]. These findings were substantiated
by experiments using a replication-incompetent adenovirus
expressing mda-7/IL-24 (Ad.mda-7) [43, 49, 50]. Infection
with Ad.mda-7 resulted in significant inhibition of growth in
melanoma cells but not in FM516-SV or normal human
melanocytes [49, 50]. In a comparative study, Ad.mda-7 was
as potent as Ad.p53 or Ad.p21, a cyclin dependent kinase
inhibitor that is a downstream wild-type p53 target gene, in
its growth inhibitory effect on melanoma cells [49]. Analysis
of programmed cell death (apoptosis) by cell cycle analysis,
Annexin V staining and DNA fragmentation analysis re-
vealed an increase in the apoptotic cell population as a func-
tion of Ad.mda-7 infection in melanoma cells, but not in
FM516-SV or early passage normal human melanocytes
(NHuMEL) [49]. In addition, Ad.mda-7 infection also re-
sulted in an increase in melanoma cells in the G2/M phase of
the cell cycle [43, 49]. The resistance of FM516-SV or
NHuMEL to the killing effect of Ad.mda-7 is an inherent
property of these cells rather than an experimental artifact
since Ad.mda-7 effectively infected both cell types resulting

in the production of abundant mda-7/IL-24 mRNA and pro-
tein [49]. In addition, infection with Ad.mda-7 also resulted
in the secretion of MDA-7/IL-24 protein in the media by
both normal and tumor cells [49]. Studies were performed to
ascertain the potential involvement of apoptosis-associated
genes in Ad.mda-7 induction of apoptosis in melanoma cells.
Decreases were apparent in the ratio of anti-apoptotic (Bcl-2
and Bcl-xL) proteins to pro-apoptotic (Bax and Bak) proteins
suggesting that this change in equilibrium between the two
classes of molecules may be a major determinant of induc-
tion of apoptosis by Ad.mda-7 in human melanoma cells
[49].

One interesting observation is that there is an inverse
relationship between the expression levels of mda-7/IL-24,
which is downregulated, and inducible nitric oxide synthase
(iNOS), which is upregulated, in melanoma. Infection of
melanoma cells with Ad.mda-7 results in profound suppres-
sion in iNOS expression [47]. It has been shown that inhibi-
tion of iNOS by aminoguanidine (AMG) induces apoptosis
in melanoma cells but not in normal melanocytes, under-
scoring the importance of nitric oxide for melanoma survival
[54]. Inhibition of iNOS results in downregulation of bcl-2
and upregulation of bax, caspases and GADD45 among
other apoptosis-related molecules. Understanding how
Ad.mda-7 downregulates iNOS will provide additional in-
sights into the apoptosis-inducing function of this molecule.

mda-7 INDUCES GROWTH SUPPRESSION AND
APOPTOSIS IN DIVERSE CANCER CELLS

Transfection with an mda-7/IL-24 expression vector
documented the wide-ranging antitumor inhibitory properties
of mda-7/IL-24 [55, 56]. mda-7/IL-24 induced growth sup-
pression in a diverse array of human cancer cell lines, in-
cluding, breast, colon, nasopharyngeal, cervical and prostate
carcinoma, melanoma, glioblastoma multiforme, fibrosar-
coma and osteosarcoma [4, 55, 56]. In contrast, when mda-
7/IL-24 was transfected into normal cells, including human
mammary epithelial cells and skin fibroblasts, only a mar-
ginal reduction in growth was observed [55]. These results
firmly established that mda-7/IL-24 functions as a growth-
suppressor specifically in the context of cancer cells. The
activity of mda-7/IL-24 was independent of the status of
other tumor suppressor genes, such as p53, Rb or p16ink4,
indicating that mda-7/IL-24 is capable of inducing growth-
suppression in diverse cancer cell lines irrespective of their
tumor-suppressor status [55, 56].

Experiments with Ad.mda-7 provided further documen-
tation of the growth inhibitory properties of mda-7/IL-24.
Ad.mda-7 infection resulted in growth inhibition in several
human breast cancer cell lines irrespective of their p53 status
(wild type, mutant or null), while sparing normal human
mammary epithelial cells (HMEC), immortalized human
breast epithelial cells (HBL-100) and human endothelial
cells [57, 58]. Analysis of the mechanism underlying the
growth-inhibiting properties of Ad.mda-7 revealed that it
induces apoptosis in breast cancer cell lines, as evidenced by
DNA fragmentation analysis, flow cytometry and TUNEL
assays [58]. Infection with Ad.mda-7 resulted in an increase
in the pro-apoptotic protein Bax in breast cancer cells, but
not in HMEC cells, and the ratio between Bax and anti-
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apoptotic protein Bcl-2 was significantly higher in breast
cancer cells [58]. No changes were apparent in the levels of
additional apoptosis-modifying proteins, such as, Bak, Bad,
Bag-1 or Bcl-xL, following Ad.mda-7 infection of MCF-7
(wild-type p53) or T47D (mutant p53) breast carcinoma
cells. Overexpression of Bcl-2 protected breast cancer cells
from Ad.mda-7 mediated apoptosis, indicating that Ad.mda-
7 might exert its apoptotic effect by modulating mitochon-
drial functions. In addition, the cancer growth suppressive
effects of Ad.mda-7 were demonstrated in vivo [56, 58]. In-
fection of MCF-7 cells with Ad.mda-7 prior to injection into
nude mice resulted in a statistically significant suppression
of tumor development, as defined by tumor volume and tu-
mor weight [58]. Similarly, repeated injection of established
human cervical carcinoma (HeLa) xenografts in nude mice
with Ad.mda-7 inhibited tumor growth and disease progres-
sion [56]. These experimental findings document that
Ad.mda-7 directly inhibits human tumor formation and pro-
gression in vivo in nude mice.

Additional insights into the mechanism underlying the
apoptosis-inducing properties of Ad.mda-7 were obtained by
studying non-small cell lung cancer cells [59]. Ad.mda-7
infection induced apoptosis and G2/M cell cycle arrest in
both p53 wild type containing lung cancer cells (A549 and
H460) and p53 null cells (H1299) while sparing normal hu-
man lung fibroblasts (NHLF). Interestingly, Ad.mda-7 in-
fection resulted in a significant increase in the levels of p53
(5.4-fold), Bax (2.7-fold) and Bak (2.5-fold) proteins in
A549 and H460 cells as compared to infection with a lu-
ciferase expressing adenovirus control. However, this induc-
tion was not observed in H1299 or NHLF cells and the ex-
pression level of Bcl-2 did not change in any of these cells.
In cancer cell lines the induction of apoptosis was associated
with activation of the caspase cascade, including cleavage of
caspase-9 and caspase-3 and cleavage of PARP, a caspase-
substrate. This activation of the caspase cascade occurred
earlier (48-hr post-infection) in p53 wild-type cells than in
p53 null cells (72-hr post-infection). In NHFL cells activa-
tion of the caspase cascade was not observed. Treatment
with a pancaspase inhibitor, Z-VAD.FMK, significantly in-
hibited apoptosis induced by Ad.mda-7 in all the cancer cell
lines. Since Ad.mda-7 could kill both p53 wild type and p53
null cells, it was concluded that mda-7/IL-24-mediated tu-
mor cell killing occurred independently of p53, Bax and Bak
expression. However, the p53-dependent pathway seen in
p53 wild type tumor cells might additionally participate in
apoptotic mechanisms thereby amplifying the apoptotic ef-
fects of mda-7/IL-24. This hypothesis is supported by the
observation that the caspase cascade is activated earlier in
p53 wild type cells than in p53 null cells. Additional experi-
ments in DU-145 prostate cancer cells, which are Bax defi-
cient and p53 mutated [60], showed that Ad.mda-7 also in-
duces apoptosis in these cells [56] and activated the caspase
cascade [59]. Moreover, no induction of p53 or Bak could be
detected in these cells. These observations indicate that in
specific cases mda-7/IL-24 can induce apoptosis in a Bax-
independent manner. Cleavage of caspase 3 and caspase 9
following Ad.mda-7 infection provides further support that
apoptosis is mediated by the mitochondrial (intrinsic) path-
way rather than the death receptor (extrinsic) pathway.

In the mitochondrial pathway death signals result in mi-
tochondrial activation, which initiates changes in mitochon-
drial membrane permeability and subsequent release of pro-
apoptotic factors, like cytochrome c (cyto c), apoptosis in-
ducing factor (AIF), second mitochondrial-derived activator
of caspase (smac), HtAr2 and endonuclease G [61-68]. Cyto-
solic cyto c forms an essential part of the apoptosis complex
“apoptosome” which is composed of cyto c, Apaf-1 and pro-
caspase 9. Formation of the apoptosome leads to activation
of caspase 9, which then processes and activates other
caspases, including caspase 3, to orchestrate the biochemical
execution of cells [69]. The key regulatory proteins in the
mitochondria-mediated apoptotic events are Bcl-2, Bcl-xL,
Bax and Bak. Bcl-2 and Bcl-xL appear to directly or indi-
rectly preserve the integrity of the outer mitochondrial mem-
brane, thus preventing cyto c release, whereas Bax and Bak
promote cyto c release from mitochondria [68, 70]. Several
studies indicate that Ad.mda-7 can induce apoptosis in spe-
cific cancer cells in a Bax-dependent and Bax-independent
manner as well as independent of Bak, Bcl-2 and caspase 3
[56, 57, 59]. These observations raise the relevant question
as to how the mitochondrial pathway is activated by
Ad.mda-7 in diverse cancer cells.

In melanoma cells, infection with Ad.mda-7 induced a
maximum change in Bcl-xL expression [49]. Thus, Ad.mda-
7-mediated changes in Bcl-xL levels might be important in
altering the balance between pro-apoptotic and anti-apoptotic
molecules resulting in induction of apoptosis. Ad.mda-7 in-
fection also leads to cleavage of caspase 8 and Bid in lung
cancer cells [71]. Activation of caspase 8 occurs through the
extrinsic pathway [72]. Activated caspase 8 cleaves Bid and
the truncated Bid translocates to mitochondria, induces
homo-oligomerization of Bax or Bak resulting in the release
of cyto c, thus establishing a cross-talk between the intrinsic
and extrinsic pathways [73-76]. In these contexts, it is possi-
ble that the secreted MDA-7/IL-24 protein may activate the
extrinsic pathway, which in turn activates the intrinsic path-
way thereby promoting apoptosis. Further studies need to be
performed to answer these questions and shed light on the
mechanism of cancer-specific induction of apoptosis by
Ad.mda-7.

SIGNALING PATHWAYS MODIFIED BY AD.mda-7

Although the ultimate end-point of Ad.mda-7 infection is
the induction of apoptosis, in different cell types it induces
this effect by activating different signal transduction path-
ways. As such, any conclusion inferred on Ad.mda-7-
induced apoptosis will be dependent on the cell type em-
ployed for the study. One very interesting observation is that
although mda-7/IL-24 is a secreted cytokine known to acti-
vate JAK-STAT pathway, apoptosis induced by Ad.mda-7
occurs in a JAK-STAT-independent manner [77]. Treatment
with tyrosine kinase inhibitors (Genistein and AG18) and
JAK-selective inhibitor (AG490) did not inhibit Ad.mda-7-
induced apoptosis and Ad.mda-7 could effectively induce
apoptosis in multiple mutant cell lines defective in JAK-
STAT signaling. In addition, no correlation was observed
between patterns of expressions of mda-7/IL-24 receptor
mRNA and susceptibility to Ad.mda-7 in different cell lines.
An adenovirus expressing mda-7/IL-24 without the signal
peptide (Ad.Sp_mda-7), that generated intracellular mda-
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7/IL-24 without being secreted, showed equal effectiveness
as Ad.mda-7 in inducing apoptosis in prostate cancer cells
without affecting normal immortal prostate epithelial cells
[78]. Following Ad.mda-7 infection, inhibition of mda-7/IL-
24 secretion by non-cytotoxic doses of tunicamycin or bre-
feldin A demonstrated that the intracellular protein was suf-
ficient to induce apoptosis [79]. Subcellular localization
identified the intracellular mda-7/IL-24 to be located in en-
doplasmic reticulum (ER) indicating that mda-7/IL-24 might
induce ER stress culminating in apoptosis [78, 80]. Induction
of proteins associated with the stress response (unfolded
protein response or UPR) such as BiP, GADD34, PP2A,
XBP1 and caspase 7 and 12 was observed upon Ad.mda-7
infection [79] and mda-7/IL-24 genetically engineered to be
targeted to ER, but not to the nucleus, could effectively in-
duce apoptosis [79].

mda-7/IL-24 AND p38 MAPK

Pretreatment with inhibitors of diverse signaling path-
ways followed by Ad.mda-7 infection revealed that inhibi-
tion of p38 MAPK pathway by its specific inhibitor
SB203580, abrogates the apoptosis-inducing effect of
Ad.mda-7 [50, 81]. Activation of p38 MAPK is directly re-
lated to the induction of apoptosis in several model systems.
In FO-1 melanoma cells, but not in FM516-SV immortalized
normal melanocytes, Ad.mda-7 infection resulted in phos-
phorylation of p38 MAPK and its downstream target HSP27
[50]. This observation indicates that the phosphorylation of
p38 MAPK might be a critical event in the cancer-selective
apoptosis-inducing property of Ad.mda-7. Several studies
have shown that apoptosis triggered by p38 MAPK activa-
tion is mediated by the induction of growth arrest and DNA
damage inducible (GADD) family of genes that include
GADD34, GADD45α, GADD45β, GADD45γ and
GADD153. Overexpression of each GADD gene causes
growth inhibition and/or apoptosis and combined overex-
pression of the GADD genes leads to synergistic or coopera-
tive antiproliferative effects [82]. Ad.mda-7 infection re-
sulted in marked induction of GADD153, GADD45α and
GADD34 and a modest induction of GADD45γ in melanoma
cell lines in a time- and dose-dependent manner, but not in
normal melanocytes [50]. This induction correlated with the
production of apoptosis in these cell lines. Inhibition of the
p38 MAPK pathway, both with SB203580 or by an adenovi-
rus expressing a dominant negative p38 MAPK, abrogated
the induction of the GADD family of genes by Ad.mda-7
and also protected melanoma cells from apoptosis. In addi-
tion, inhibition of the GADD family of genes by an antisense
approach rescued cells from Ad.mda-7-mediated cell death.
SB203580 treatment also protected prostate, breast and lung
cancer cells from Ad.mda-7-mediated cell death and activa-
tion of p38 MAPK following Ad.mda-7 infection has been
observed in ovarian cancer cells [77, 81, 83]. These findings
indicate that activation of the p38 MAPK pathway followed
by induction of the GADD family of genes plays a crucial
role in the cancer-selective apoptosis-inducing effect of
Ad.mda-7.

A prominent effect of Ad.mda-7 infection of melanoma
cells is downregulation of the anti-apoptotic protein BCL-2
[49]. Previous studies demonstrate that GADD153 functions
by downregulating the bcl-2 promoter [84]. Based on these

considerations, it was hypothesized that inhibition of the p38
MAPK pathway, resulting in inhibition of GADD153 induc-
tion, should prevent Ad.mda-7-mediated BCL-2 downregu-
lation. Indeed, treatment with SB203580 prevented the
downregulation of BCL-2 by Ad.mda-7, strengthening the
conclusion that the p38 MAPK and GADD family of genes
are essential for the killing effects of Ad.mda-7 in melanoma
cells [50]. The induction of the GADD family of genes fol-
lowing Ad.mda-7 infection is not restricted to melanoma
cells, since this induction is also observed in Ad.mda-7-
infected glioblastoma multiforme [85], ovarian cancer [86]
and prostate cancer cells and in pancreatic cancer cells in-
fected with Ad.mda-7 in combination with anti-sense K-ras
(unpublished data).

mda-7/IL-24 AND PKR

Ad.mda-7 induces apoptosis in lung cancer cells via
upregulation of double-stranded RNA-dependent protein
kinase (PKR) [71]. PKR is recognized as a mediator of anti-
viral and antitumor responses in target cells. Two dsRNA-
binding domains reside in the NH2 terminus, and interaction
with dsRNA or other activators modifies the conformation of
PKR allowing it to undergo autophosphorylation and activa-
tion [87-89]. Once activated, PKR is able to phosphorylate a
variety of target substrates, the most well characterized being
eIF-2α, which can lead to the inhibition of protein synthesis,
growth suppression and induction of apoptosis [90-92]. In-
fection with Ad.mda-7 resulted in phosphorylation of PKR
and also its downstream targets eIF-2α, Tyk2, Stat1, Stat3
and p38MAPK [71]. Ad.mda-7 infection increased PKR
protein but not PKR mRNA suggesting a regulation at a
post-translational level [93]. Ad.mda-7 infection also pro-
duced apoptosis that was associated with activation of
caspase 3, 8 and 9 and cleavage of Bid and PARP [71]. The
activation of PKR appeared to be upstream of caspase acti-
vation because pretreament with caspase inhibitors failed to
block PKR phosphorylation. However, treatment with a spe-
cific serine/threonine kinase inhibitor, 2-amino purine (2-
AP), blocked Ad.mda-7-mediated apoptosis-induction and
also activation of PKR and eIF-2α. An involvement of PKR
in Ad.mda-7-mediated apoptosis was confirmed in PKR null
(-/-) mouse embryonic fibroblasts (MEF). Infection with
Ad.mda-7 induced apoptosis in PKR wild type MEFs but not
in PKR null (-/-) MEFs emphasizing the importance of PKR
in Ad.mda-7-mediated cell death. Interestingly, a physical
interaction between PKR and mda-7/IL-24 was demonstrated
by co-immunoprecipitation assays using anti-PKR or anti-
mda-7/IL-24 antibody [93]. Immunoprecipitation using anti-
phospho-threonine or anti-phospho-serine, but not with anti-
phospho-tyrosine, antibody demonstrated that in the pres-
ence of mda-7/IL-24 both PKR and mda-7/IL-24 become
phosphorylated in A549 lung cancer cells. Additionally,
studies performed in PKR+/+ and PKR-/- MEFs also re-
vealed that only in PKR+/+ MEFs, which are susceptible to
Ad.mda-7 mediated apoptosis, mda-7/IL-24 becomes phos-
phorylated indicating that the potential interaction between
PKR and mda-7/IL-24 results in PKR auto-phosphorylation
and phophorylation of mda-7/IL-24. The importance of PKR
interaction and phosphorylation of mda-7/IL-24 has not been
demonstrated in other cell types apart from lung cancer cells
[81, 93]. Therefore, the generalization of these findings in
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Ad.mda-7-induced apoptosis remains to be determined. One
important observation is that p38 MAPK lies downstream of
PKR indicating that activation of p38 MAPK might be a
critical event for Ad.mda-7 to exert apoptosis.

mda-7/IL-24 AND REACTIVE OXYGEN SPECIES
(ROS)

Reactive oxygen species (including singlet oxygen and
hydrogen peroxide as well as free radicals such as superox-
ide anion and hydroxyl radicals) regulate apoptosis and cell
proliferation in response to a variety of stimuli [94].
Ad.mda-7 infection produced a 3- to 5-fold increase in ROS
production in prostate cancer cells but not in normal immor-
tal human prostate epithelial cells [95]. A decrease in mito-
chondrial membrane potential (∆ψm; occurring at 6-8 hr
post-infection) preceded ROS production (occurring at 10-20
hr post-infection), which coincided with increased Annexin
V binding, an indicator of early apoptosis, suggesting that
ROS production might be a basic event mediating Ad.mda-
7-induced apoptosis. Indeed, treatment with non-cytotoxic
doses of anti-oxidants such as NAC or Tiron protected pros-
tate cancer cells from Ad.mda-7-induced apoptosis, while
non-cytotoxic doses of arsenic trioxide or NSC656240 (a
dithiophene), known inducers of ROS production, potenti-
ated Ad.mda-7-induced apoptosis. Treatment with cy-
closporine A (CsA) or bongkrekic acid (BA) that inhibit the
multiprotein complex regulating mitochondrial permeability
transition (MPT) inhibited the decrease in ∆ψm and protected
cells from Ad.mda-7-induced apoptosis while PK11195, an
inducer of MPT, potentiated these events. Treatment with
NAC or z-VAD.fmk, a pan-caspase inhibitor, blocked
Ad.mda-7-induced apoptosis, but did not inhibit the decrease
in ∆ψm indicating that Ad.mda-7 facilitates mitochondrial
changes prior to ROS generation in a caspase-independent
manner [95]. Bcl-2 and Bcl-xL, anti-apoptotic proteins that
are involved in regulation of mitochondrial function and
protection from apoptosis, differentially protect prostate can-
cer cells from apoptosis induced by Ad.mda-7 [96]. Overex-
pression of Bcl-xL in DU-145 and PC-3 cells and Bcl-2 in
LNCaP cells, but not vice versa, provide protection from
apoptosis and inhibit the decrease in ∆ψm and generation of
ROS following Ad.mda-7 infection [96]. Studies performed
in lung cancer cells showed that Ad.mda-7 infection resulted
in cytochrome c release followed by induction of apoptosis
without changes in ∆ψm [97]. This study probably missed the
window of ∆ψm changes since it was measured 48 hr after
Ad.mda-7 infection.

The importance of ROS generation in apoptosis induced
by Ad.mda-7 was confirmed in pancreatic cancer cells [98].
Pancreatic cancer cells are inherently resistant to Ad.mda-7-
induced apoptosis [99]. However, non-cytotoxic doses of
ROS inducers such as As2O3, dithiophene (NSC656240) or
retinamide (HPR) rendered these cells susceptible to
Ad.mda-7-induced apoptosis [98]. Treatment of pancreatic
cancer cells stably expressing mda-7/IL-24 mRNA with
these agents induced apoptosis at concentrations not affect-
ing growth of the parental cells. These agents also aug-
mented Ad.mda-7-induced ROS production and helped
overcome the translational block of mda-7/IL-24 expression
in mutant and wild type K-ras-expressing pancreatic cancer
cells.

Renal cell carcinoma (RCC) cells are resistant to
Ad.mda-7-induced apoptosis because they lack coxsackie
virus and adenovirus receptor (CAR) that facilitates adenovi-
ral infection [100]. However, plasmid-mediated transfection
of mda-7/IL-24 or treatment with mda-7/IL-24 fused with
GST (GST-MDA-7) significantly inhibited growth of RCC
cells [100]. A synergism was observed between GST-MDA-
7 and As2O3 in inducing RCC cell killing, which could be
inhibited by NAC. Combination of GST-MDA-7 and As2O3

induced apoptosis and activated p38 MAPK and JNK1/2 in
RCC cells. All these studies in multiple cell types indicate
that ROS generation and p38 MAPK activation might be
central events in mediating Ad.mda-7-induced apoptosis.
The molecular mechanisms by which ER-localized mda-
7/IL-24 promotes these strategic events are future challenges
that will help unravel the complexities of mda-7/IL-24 ac-
tion.

mda-7/IL-24 AND β-CATENIN AND PI3K PATHWAY

Microarray studies revealed that various members of the
β-catenin and PI3K pathways were differentially regulated
upon Ad.mda-7 infection in lung cancer cells [81]. Ad.mda-7
infection, but not Ad.p53 infection, resulted in nu-
clear/cytoplasmic to plasma membrane translocation of β-
catenin without altering its steady state level in breast and
lung cancer cells, but not in human umbilical vein endothe-
lial cells (HUVEC). This translocation occurred within 24 hr
of infection and before the induction of apoptosis assessed
by Annexin V staining. A correlate to these findings was that
Ad.mda-7 infection inhibited β-catenin mediated transcrip-
tional activation employing the TopFlash/FopFlash system
that includes the TCF/LEF promoter. E-cadherin expression
was increased following Ad.mda-7 infection, which de-
creased cell migration and increased cell adhesion. Two
negative regulators of β-catenin, the tumor suppressors APC
and GSK-3β, were upregulated by Ad.mda-7 infection.
However, no physical interaction of mda-7/IL-24 with β-
catenin, APC or GSK-3β was observed. In these contexts,
the mechanism behind these potential gene changes and
mda-7/IL-24 action remains to be determined.

Ad.mda-7 infection in breast and lung cancer cells, but
not in HUVEC, downregulates proto-oncogenes of the PI3K
pathway, such as PI3K (p85), FAK, ILK-1 and PLC-γ, and
upregulates the PI3K inhibitor PTEN [81]. These studies
demonstrate cancer-specific gene expression changes evoked
by Ad.mda-7 in specific cancer cells and provide indirect
evidences of inhibition of the β-catenin and PI3K pathways
in mediating Ad.mda-7-induced apoptosis. Further stringent
genetic studies employing siRNA or overexpression ap-
proaches need to be performed to confirm these intriguing
but preliminary observations.

Contrasting results have been documented regarding sus-
ceptibility of pancreatic cancer cells to Ad.mda-7 infection.
While our studies identified pancreatic cancer cells to be
resistant to Ad.mda-7, another report showed that Ad.mda-7
infection could elicit apoptosis in these cells [101]. This dif-
ference may reflect variations in the viral titers and/or vector
constructs employed by the two groups. Upregulation of
APC, GSK-3β and PTEN and downregulation of β-catenin
were observed in pancreatic cancer cells upon high titer
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Ad.mda-7 infection suggesting a potential involvement of
inhibition of the β-catenin and PI3K pathways in mediating
Ad.mda-7-induced apoptosis [101]. Unfortunately, addi-
tional experiments were not performed to validate these ob-
servations.

mda-7/IL-24 AND FAS-FASL

Studies using a single ovarian carcinoma cell line
MDAH2774 revealed a novel signal transduction pathway of
Ad.mda-7-mediated killing [83]. While activation of PKR,
p38 MAPK and JNK was observed 48 hr after Ad.mda-7
infection in MDAH2774 cells, but not in normal ovarian
epithelial cells, activation (phosphorylation) of c-Jun and
ATF2 could be observed at 24 hr post-infection. c-Jun and
ATF2 are involved in activation of AP-1 and NF-κB path-
ways and Ad.mda-7 infection augmented AP-1 and NF-κB
activity [83]. It was observed that Fas and FasL have AP-1
and NF-κB binding sites in their promoters. These molecules
were induced following Ad.mda-7 infection and the Fas
promoter was activated by Ad.mda-7 infection. A dominant
negative IκB inhibited Fas induction by Ad.mda-7. The acti-
vation of Fas-FasL signaling pathway by Ad.mda-7 infection
was documented by down-regulation of FLICE-like inhibi-
tory protein (FLIP), cleavage of Bid, cytochrome c release
from the mitochondria and activation of caspase-8. Apopto-
sis induced by Ad.mda-7 in MDAH2774 cells could be in-
hibited by a dominant negative FADD, siRNA for Fas or
FasL neutralizing antibody. These findings suggest that acti-
vation of NF-κB resulting in activation of Fas-FasL signal-
ing cascade mediates apoptosis in MDAH2774 cells follow-
ing Ad.mda-7 infection [83]. However, a separate study us-
ing 293 cells stably overexpressing mda-7/IL-24 showed that
mda-7/IL-24 alone did not induce NF-κB activation, but it
augmented TNF-α-induced NF-κB activation and down-
stream gene expression and protected the cells from TNF-α-
induced apoptosis [102]. These studies were performed in a
single clone of 293-mda-7 cells and these findings might
therefore represent clonal bias rather than a general phe-
nomenon.

A separate study using four different ovarian cancer cells,
OV-4, SKOV3, HEY and SKOV3.ip1, revealed different
levels of susceptibility of these cells towards Ad.mda-7 in-
fection [103]. While 20 and 23% of OV-4 and SKOV3 cells
were apoptotic, only 10% and 12% of HEY and SKOV3.ip1
cells were apoptotic following Ad.mda-7 infection. Appar-
ently, there is some inherent resistance of ovarian cancer
cells to Ad.mda-7-induced apoptosis, which could be over-
come by retargeting Ad.mda-7 to CD40 or EGF receptors.
However, this study did not analyze the signaling pathway of
Ad.mda-7-mediated apoptosis, thereby precluding validation
of the findings of Gopalan et al. Our recent findings using
the same four ovarian cancer cells indicate the importance of
p38 MAPK activation and GADD gene induction in
Ad.mda-7-mediated apoptosis induction [86].

mda-7/IL-24 AND PANCREATIC CANCER

An interesting model to study the signaling mechanism
of Ad.mda-7-mediated apoptosis is pancreatic cancer. Pan-
creatic cancer is a complex disease in which multiple subsets
of genes undergo genetic change, either activation or inacti-

vation, during tumor development and progression [104,
105]. A frequent genetic alteration in pancreatic cancer in-
volves activation of the K-ras oncogene (85-95% cases).
Infection with Ad.mda-7 alone, at doses effective in inducing
apoptosis in the vast majority of tumor cells, does not kill
pancreatic cancer cells either with mutK-ras or wtK-ras [99].
Pancreatic cancer cells (both mutK-ras and wtK-ras) have
abundant CAR and upon Ad.mda-7 infection mda-7/IL-24
mRNA can be detected. However, this mRNA is not trans-
lated into protein and therefore the pancreatic cancer cells
are resistant to apoptosis-induction by Ad.mda-7. In contrast,
MDA-7 protein can be detected in the cell lysates of mutK-
ras pancreatic cancer cells following treatment with the
combination of Ad.mda-7 and antisense (AS) K-ras phos-
phorthioate oligodeoxynucleotides (PS ODN) [99]. This
combinatorial treatment also results in significant growth
inhibition and apoptosis only in mutK-ras pancreatic cancer
cells. Similarly, a combination of Ad.mda-7 with MAPK
inhibitors or siRNA for MEK1 or MEK2 and a bipartite ade-
novirus expressing mda-7 and K-ras antisense induce apop-
tosis in mutK-ras pancreatic cancer cells (unpublished data).
Possible insights into the mechanism underlying this synergy
come from a recent study by Rajasekhar et al.  documenting
that Ras and Akt signaling pathways exert profound affects
in defining which subsets of mRNAs associate with
polysomes and become translated into protein [106]. Moreo-
ver, a surprising observation was that blocking Ras or Akt
signaling only modestly affected mRNA levels of genes
when monitoring total cellular RNA, whereas the levels of
polysome associated mRNAs were greatly altered following
Ras or Akt blockade. In this context, a hypothesis, which we
have tested and confirmed, is that inhibiting K-ras signaling
enhances the proportion of mda-7/IL-24 mRNA associated
with polysomes, thereby resulting in production of MDA-
7/IL-24 protein and apoptosis in mutant, but not in wild type
K-ras pancreatic cancer cells (unpublished data).

mda-7 AS AN ANTIANGIOGENIC FACTOR

In addition to its direct effect on cancer cells resulting in
apoptosis, Ad.mda-7 also decreases tumor growth by inhib-
iting angiogenesis. Although Ad.mda-7 does not have any
deleterious effects on the growth of normal human vascular
endothelial cells (HUVEC), infection with Ad.mda-7 inhibits
differentiation and tube formation by HUVEC in vitro [107].
Ad.mda-7 infection also downregulates the expression of
vascular endothelial growth factor (VEGF) and transforming
growth factor (TGF)-β mRNA, known modulators of angio-
genesis, in human lung cancer cells. Subcutaneous tumor
xenografts in nude mice injected with Ad.mda-7 had low
levels of CD31 staining, which is a marker highly expressed
by neoangiogenic endothelial cells [107]. Similar findings
were observed using MDA-7/IL-24 protein affinity purified
from culture supernatant of HEK-293 cells stably expressing
mda-7/IL-24 [108]. MDA-7/IL-24 inhibited HUVEC differ-
entiation and migration, but not proliferation. These effects
appeared to be directly mediated by MDA-7/IL-24 and were
independent of IFN-γ or IP-10. Addition of blocking anti-
body to IL-22R1 protected HUVEC from the inhibitory ac-
tivity of MDA-7/IL-24 on tube formation indicating that
MDA-7/IL-24 exerted its effects via interaction with its re-
ceptors resulting in STAT3 activation. However, the re-
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quirement of STAT3 activation for inhibition of tube forma-
tion was not confirmed by direct assays, such as using
siRNA targeting of STAT3. In an interesting set of experi-
ments, xenografts of A549 human lung cancer cells were
established in nude mice in the lower right flank and after
the establishment of the tumors either parental 293 cells or
293-mda-7 cells were implanted in the upper right flank
[108]. A significant reduction in tumor growth was observed
only with 293-mda-7 implantation and these tumors showed
low levels of CD31 staining. Since A549 cells do not contain
mda-7/IL-24 receptors [109], it can be inferred that MDA-
7/IL-24 systemically inhibited tumor growth by inhibiting
angiogenesis rather than affecting the tumor cells directly.
These results confirm that Ad.mda-7 can induce cancer cell
growth inhibition by multiple pathways, including induction
of apoptosis and suppression of angiogenesis, further docu-
menting the potential of mda-7/IL-24 for cancer gene ther-
apy.

BYSTANDER ACTIVITIES OF mda-7/IL-24

Infection with Ad.mda-7 induces apoptosis predomi-
nantly employing an intra-cellular mode of killing most
likely by eliciting ER stress [78, 79]. However, current
studies are describing the receptor-dependent apoptosis-
inducing properties of secreted MDA-7/IL-24 protein – the
‘bystander effect’. The first evidence of a ‘bystander effect’
came from our studies in pancreatic cancer cells [99]. Trans-
fection of pancreatic cancer cells with a K-ras antisense ex-
pression vector followed by infection with Ad.mda-7 in vitro
resulted in a dramatic reduction in cloning ability in vitro
and a complete loss of tumorigenic potential following in-
fection of combination-treated cells into athymic nude mice.
Since this combination treatment resulted in an estimated
maximum of ~8% of cells receiving both molecules, that is,
100% delivery of mda-7/IL-24 with Ad.mda-7, a maximum
~3-4% transfection of cells with the K-ras antisense gene
and potentiation of transfection following adenovirus infec-
tion (hence ~8% transfection efficiency), whereas no tumors
developed, we evoked the hypothesis that production and
secretion of MDA-7/IL-24 protein (and/or potentially other
gene products) by cells receiving both agents (presumptive
8% of the treated population) resulted in a potent ‘bystander
antitumor effect’ in the adjacent tumor cells. Similar indirect
evidence of a ‘bystander effect’ of MDA-7/IL-24 was also
observed in non-small cell lung carcinoma cells H1299 [57].
Upon Ad.mda-7 infection, confocal microscopy revealed that
the majority of cells expressing MDA-7/IL-24 were under-
going apoptosis. However, a fraction of cells that did not
express MDA-7/IL-24 also showed apoptotic changes indi-
cating that these cells became apoptotic either due to unde-
tectable levels of intracellular MDA-7/IL-24 or because of a
‘bystander effect’ produced by MDA-7/IL-24 expressing
cells.

The indirect evidences of the bystander properties of
MDA-7/IL-24 have now been confirmed by using purified
proteins or conditioned media from Ad.mda-7-infected cells
[51, 109]. Normal immortalized human cells, such as mela-
nocytes (FM-516-SV), astrocytes (PHFA-IM) or prostate
epithelial cells (P69), were infected with Ad.mda-7 and then
overlaid with soft agar containing prostate cancer cells [109].
While the normal cells were unharmed upon Ad.mda-7 in-

fection, the secreted MDA-7/IL-24 expressed from these
cells significantly inhibited the anchorage-independent
growth of the prostate cancer cells. Cocultivation experi-
ments, in which different normal cells, infected with
Ad.mda-7, were mixed with non-infected HeLa-GFP cells,
revealed apoptosis induction in GFP-positive cells. However,
similar experiments using Ad.SP

-
mda-7, that expresses non-

secreted MDA-7/IL-24, did not induce apoptosis in HeLa-
GFP cells indicating that it is the secreted MDA-7/IL-24 that
is responsible for eliciting the bystander effects. Co-
cultivation of Ad.mda-7-infected P69 cells with DU-145,
BxPC-3 or A549 cells inhibited the invasion ability of DU-
145 and BxPC-3 cells, but not of A549 cells that lack mda-
7/IL-24 receptors indicating that the bystander activity of
mda-7/IL-24 is mediated via its cognate receptors. Condi-
tioned media from Ad.mda-7-infected PHFA-IM cells acti-
vated STAT3 in DU-145 and BxPC-3 cells, but not in A549
cells [109]. Purified MDA-7/IL-24 protein activated STAT3
in pancreatic cancer cells, but not in A549 cells, and induced
apoptosis in pancreatic cancer cells and melanoma cells, but
not in A549 cells [51]. Further confirmation of the receptor-
dependence of this effect was obtained by using anti-MDA-
7/IL-24, anti-IL-20R1 and anti-IL22R1 antibodies all of
which inhibited MDA-7/IL-24-induced apoptosis in pancre-
atic cancer cells [101]. Support for a direct biological effect
of mda-7/IL-24 protein in pancreatic cancer cells comes
from the recent observation that treatment with purified
GST-MDA-7 fusion protein induces apoptosis in normally
resistant pancreatic cancer cells [80].

An interesting recent study demonstrates the bystander
activity of mouse mda-7/IL-24 (mIL-24) [110]. Tumors were
established either subcutaneously or in the spleen of mice
using mouse hepatoma ML-1 cells that resulted in metastasis
in the liver. Plasmids expressing mouse mIL-24 were deliv-
ered to the quadriceps muscle of these mice via electropora-
tion. In the subcutaneous model, ML-1 cells formed tumors
on the backs of animals 2 months after injection, at which
point mIL-24 was administered. On day 140, after injection
of mIL-24, 60% of the mIL-24-injected animals and 0% of
the control animals survived. In the metastatic hepatoma
model, mIL-24 was injected 10 days after establishment of
the ML-1 tumor. On day 50, 90% of the mIL-24-treated mice
and 40% of the control mice survived. mIL-24 inhibited an-
giogenesis in the tumors as revealed by CD31 staining. In-
terestingly, while mIL-24 treatment induced a 50% reduction
in the liver tumor mass in comparison to the control liver, it
did not have significant effect on tumor growth in the spleen,
which is the organ the tumor cells were originally inoculated.
It is not clear why mIL-24 could inhibit the metastatic tumor
growth in the liver but not the primary tumor established in
spleen. This differential effect might reflect a concentration-
dependent gradient of mIL-24 required for biological activ-
ity, in which a defined threshold dose is required to inhibit
growth, and this level is achieved in the liver, but not in the
spleen.

Our recent studies in animal models provide further proof
of the ‘bystander activity’ of mda-7/IL-24 (Fig. 4) [111].
Subcutaneous xenografts from the human breast carcinoma
cell line T47D were established on both the right and left
flanks of athymic nude mice and only the tumors on the left
side were injected with Ad.mda-7. Of therapeutic relevance,



Melanoma Differentiation Associated Gene-7 (mda-7) Anti-Inflammatory & Anti-Allergy Agents in Medicinal Chemistry, 2006, Vol. 5, No. 3    11

Ad.mda-7 not only inhibited the growth of the left sided tu-
mors that were injected but also significantly inhibited the
right-sided non-injected tumors. These studies suggest that in
a clinical setting mda-7/IL-24 may be equally effective in
inhibiting primary and metastatic tumors by its direct growth
inhibitory properties and bystander properties.

RADIOSENSITIZATION BY mda-7/IL-24

Radiotherapy is a standard adjuvant therapy for cancer
treatment. Regrettably, cancers acquire radio-resistance with
progression. Fortunately, one unique aspect of mda-7/IL-24
is an ability to overcome this resistance, thereby sensitizing
tumor cells to radiation. Ad.mda-7 infection greatly en-
hanced growth inhibition and apoptosis induction in malig-
nant human glioma cell lines exposed to radiation, irrespec-
tive of p53 status and concurrent with upregulation of the
GADD genes [85]. Heterogeneity of p53 status is common in
the clinical settings of malignant glioma, where tumor cells
with a wild type and a mutant p53 genotype can be found
within the same cancer, making this observation particularly
relevant from a gene therapy viewpoint. Work by Yacoub et
al. has extended these findings to show a greater than addi-
tive efficacy of combined Ad.mda-7 and radiotherapy in
treatment of rodent and human malignant glioma cell lines
[112, 113]. Recent studies have extended this observation to
primary nude mouse tumor-maintained human glioblastoma
multiforme cells [114]. The radiosensitization properties of
Ad.mda-7 have also been described for lung cancer cells
[115-117], which is mediated by suppression of angiogene-
sis. Activation of the JNK pathway plays an important role
in mediating the radiosensitization properties of Ad.mda-7
[112]. Ionizing radiation, in a variety of cell types, has been
shown to activate JNK1/2/3 signaling, potentially via the

generation of ceramide [118]. In some cell types, e.g., lung
carcinoma cells, Ad.mda-7, as a single agent, has been
shown to cause JNK1/2 activation [81, 115, 119], whereas in
other cell types, e.g., glioma, breast and prostate carcinoma,
Ad.mda-7 and purified MDA-7/IL-24 protein showed little
or no discernable effect in activating this pathway [77, 100,
112]. In glioma, breast and prostate carcinoma cells, how-
ever, radiation and Ad.mda-7 induces prolonged activation
of the JNK1/2/3 pathway [85, 112-115, 120]. Inhibition of
JNK1/2/3 signaling using the relatively specific inhibitor
SP600125 or by a dominant negative JNK abolished the ra-
diosensitization properties of Ad.mda-7 and GST-MDA-7 in
these cell types.

The ability of radiation to enhance the efficacy of mda-
7/IL-24 to induce growth suppression and apoptosis in a
cancer-specific manner represents a significant means of
increasing the therapeutic index of mda-7/IL-24. Recent
studies indicate that radiation can be combined with
Ad.mda-7 to induce apoptosis in both parental prostate can-
cer cells and prostate cancer clones displaying inherent re-
sistance to mda-7/IL-24 because of overexpression of Bcl-2
or Bcl-xL [120]. These observations provide further impetus
for the combinatorial use of radiation and mda-7/IL-24 to
target cancer cells for death, including those cancer cells that
may display resistance to either agent used alone.

CLINICAL TRIALS USING AD.mda-7

The extensive provocative observations relative to the
pleiotropic cancer-specific effects of mda-7/IL-24 in in vitro
systems and animal models, paved the way for initiation of
Phase I clinical trials using Ad.mda-7, designated INGN
241, in twenty-eight patients with multiple solid tumors,
such as melanoma, squamous cell carcinoma of head and

Fig. (4). Conditionally replication competent adenoviruses (CRCA) expressing mda-7/IL-24 inhibits both primary and distant tumors. Sub-
cutaneous tumor xenografts from T47D breast cancer cells were established in athymic nude mice in both right and left flanks and only tu-
mors on the left side were injected with PBS (control) or with the indicated Ad for 3 weeks (total of seven injections). Measurement of tumor
volume. The data represent mean ± S.D. with a minimum of 5 mice in each group. Ad.CMV-E1A-mda-7 and Ad.PEG-E1A-mda-7: viral
replication is controlled by the CMV promoter and the PEG-Prom, respectively and also expresses mda-7/IL-24; Ad.CMV-E1A and
Ad.PEG-E1A: viral replication is controlled by the CMV promoter or the PEG-Prom, respectively. Ad.CMV-mda-7 and Ad.PEG-mda-7:
replication-incompetent Ad in which the CMV or the PEG promoter drives mda-7/IL-24 expression, respectively; Ad.vec: replication-
incompetent empty Ad.
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neck, lymphoma, hepatoma and carcinomas of breast, colon,
lung, adrenal gland, bladder, parotid, lip, kidney and penis,
by intratumoral injections [4, 5, 8, 9]. The patients were
stratified into eight cohorts according to viral dose (2x1010 to
2X1012 viral particles), time of post-treatment biopsy (24h to
30 days) and treatment mode (single dose, divided dose or
multiple injections [8, 9]. The first 3 cohorts of patients re-
ceived 2x1010, 2x1011 and 2X1012 viral particles (vp), re-
spectively and biopsy was taken 24 h post injection [8]. The
fourth and fifth cohort of patients received 2x1012 vp and
biopsy was taken 48 and 96 hr post-injection, respectively.
The sixth cohort received 2x1012 vp in divided doses and
biopsy was taken 48 hr post-injection. The seventh cohort
received 2x1012 vp and biopsy was taken on day 30 post-
injection and the eighth cohort received multiple doses
(2x1012 vp twice weekly for three weeks) an biopsy was
taken on day 30 post-injection. In all the patients, including
those in cohort 8, the adverse events were mild and only one
patient in cohort 8 showed grade 3 serious adverse event
(SAE) involving fatigue and was removed from the study
[9].

Common toxicities related to INGN 241 included injec-
tion site pain and fever (<grade 2). Fever generally occurred
within 24 hr of injection and was observed more frequently
at higher doses. All fevers resolved within 48 hr of injection.
No other significant short-term or long-term toxic effects
were identified.

INGN 241 vector DNA and mRNA copies were detected
in all injected lesions. Expression was highest near the injec-
tion site and decreased toward the perimeter of the tumor [9].
Protein expression of MDA-7/IL-24 determined by immu-
nostaining paralleled DNA expression [8]. Apoptosis evalu-
ated by TUNEL assay closely correlated with the expression
pattern of the MDA-7/IL-24 protein [8, 9]. These results
convincingly demonstrate correlation of delivered DNA with
expressed mRNA/protein and the intended functional effect
(apoptosis).

In the first six cohorts the injected lesions were excised
between 24 and 96 hr after injection, therefore no conclusion
about clinical activity could be drawn [9]. No patients in
cohort 7 (injected tumor excised on day 30) demonstrated
evidence of response. However, of the patients receiving
multiple injections (cohort 8), two of the seven patients
achieved clinically significant responses (>50% shrinkage of
injected lesion) to INGN 241. One patient with refractory
metastatic melanoma had a 2 X 2 cm supraclavicular node
injected. Within the first week a partial response was
achieved. Local regional erythema and warmth developed
within 24 h of injection, but regression was not observed
until day 5. As the erythema resolved regression continued to
the point at which no palpable disease was identified. How-
ever, evidence of systemic activity was not observed. After
the first week a second lesion was injected on the same pa-
tient. The lesion was on the dorsum of the right hand. Maxi-
mum diameter of the second lesion was also 2 cm and within
the first week again complete regression was demonstrated.
This time the site of injection was resected and microscopi-
cally a marked inflammatory lymphoplasmacytic infiltrate
was observed throughout the residual nodule. There was
extensive necrosis and no viable tumor cells. A third lesion

located in the anterior right thigh in the same patient was
injected. However, the third lesion despite undergoing a mi-
nor response did not fulfill criteria for a partial response.
This patient remained alive with continued detectable disease
at uninjected sites 491 days after initial injection. No further
treatment was administered. A less dramatic response was
seen in another patient with squamous cell carcinoma of the
penis in which one of several skin nodules were injected.
The injected nodule had a maximum diameter of 3 cm. It
underwent a significant central necrotic response satisfying
criteria for a partial response. However, other regionally lo-
cated nodules did not show evidence of response and within
several months following the initial course the perimeter of
the injected lesion and several uninjected lesions progressed
[9].

The immunostimulatory activity of mda-7/IL-24 was
demonstrated in the clinical trials [8]. Transient increases in
circulating cytokines, such as IL-6, IL-10 and TNF-α, were
observed with INGN 241 injection. Significantly higher ele-
vations of IL-6 and TNF-α were observed in patients re-
ceiving repeat treatment who demonstrated evidence of ac-
tivity. The majority of patients also showed a marked in-
crease in CD3+ and CD8+ T cells at day 15 following injec-
tion, suggesting that INGN 241 may be associated with a
TH1 response. At the molecular level, β-catenin expression
was reduced in six of nine patients and iNOS expression was
reduced in four of nine patients tested. In conclusion, these
initial clinical studies reveal that INGN 241 (Ad.mda-7) is
well tolerated when administered via intratumoral injection
and repeat dosing with 2 X 1012 viral particles per injection
could be utilized in subsequent clinical investigations via
intratumoral injection.

NEW DEVELOPMENTS IN mda-7/IL-24 DELIVERY
APPROACHES

The overwhelming evidences regarding the potent anti-
tumor functions of mda-7/IL-24 are inspiring endeavors to
develop approaches that further augment its cancer-specific
effects. Nanoparticle-mediated delivery of mda-7/IL-24 ex-
pression plasmid by the intravenous route significantly in-
hibited lung metastasis generated from human lung cancer
cells in nude mice, indicating that systemic administration of
mda-7/IL-24 effectively inhibits metastatic tumor growth
[121]. Infectivity enhanced adenoviruses expressing mda-
7/IL-24 have been developed that overcome the resistance of
several ovarian cancer cells to Ad.mda-7 [103]. Oncolytic
Ads, based on ONYX-015, having deletions in the E1B gene
thus replicating in p53-deficient cells, have been engineered
to express mda-7/IL-24 that show stronger antitumor activity
than that induced by ONYX-015 or Ad.mda-7 alone in colo-
rectal carcinoma cells [122]. We have developed an onco-
lytic Ad in which viral replication is controlled by the can-
cer-selective promoter of the PEG-3 gene (PEG-Prom)
[111]. Unlike ONYX-015 that depends upon the p53-status
of the cancer cells, this approach ensures Ad replication in
any cancer cell irrespective of its tumor suppressor status
owing to the activity of the PEG-Prom only in cancer cells
and not in normal cells [123-125]. mda-7/IL-24 was simulta-
neously expressed from this conditionally oncolytic Ad
(Ad.PEG-E1A-mda-7) [111]. In a breast carcinoma
xenograft model in nude mice, intratumoral injection of
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Ad.PEG-E1A-mda-7 completely eradicated both primary
tumors and distant non-injected tumors. The summation of
these findings suggest that mda-7/IL-24 is a highly effective
therapy for multiple cancers and it will, therefore, be im-
perative that more stringent clinical trials be performed to
translate these encouraging observations into an FDA-
approved gene therapeutic for diverse cancers.

mda-7-LIKE MOLECULES IN OTHER SPECIES

Southern blot analysis of DNAs from different species
using an mda-7/IL-24 cDNA probe identified homologous
sequences in the genomic DNAs of yeast, monkey, cow, dog
and cat suggesting that mda-7/IL-24 is an evolutionary con-
served gene [3]. Three subsequent studies have identified
mda-7/IL-24-like molecules in rat and mouse [41, 126, 127].
C49a was identified by differential display PCR performed
between wound edge RNA isolated from rat excisional skin
wounds and non-wounded controls [126]. The protein prod-
uct, consisting of 183-amino acid residues, has 58.7% iden-
tity to the complete MDA-7/IL-24 protein and 69% identity
(82% positives) in a conserved 492-bp coding segment.
Wounded rat dermal cells expressed markedly elevated lev-
els of c49a/C49A before and during the proliferative phase
of repair, suggesting a role in proliferation rather than
growth inhibition. An additional mda-7/IL-24-like molecule
named mob-5 was also isolated by differential display PCR
between rat embryo fibroblast cells Rat1 and Rat1:iRas cells
containing an inducible oncogenic Ha-ras [127]. In Rat1
cells, mob-5 expression was induced by oncogenic Ha-ras
and Ki-ras. MOB-5 protein is essentially identical to the
C49A protein except for two amino acid mismatches. MOB-
5 is a secreted protein and since its expression is induced as a
function of induction of the oncogenic ras pathway it was
proposed that mob-5 is involved in positive regulation of cell
growth. Both in the human and rat genomes the IL-10 cluster
contains IL-24/mob-5, IL-20, IL-19 and IL-10 in a sequential
order [128]. A recent report has shown that mob-5 can bind
to human mda-7/IL-24 receptor complexes and enhance
STAT DNA-binding [128]. The murine pro-B cell line
Ba/F3 requires IL-3 for survival and undergoes apoptosis
upon IL-3 withdrawal. Both mob-5 and mda-7/IL-24 could
substitute for IL-3 and facilitate the growth of Ba/F3 cells in
a receptor-dependent manner. Overexpression of h-ras aug-
mented mob-5 induced STAT DNA-binding and knocking
out activated k-ras from human colon carcinoma cells down-
regulated IL-20R1, IL-20R2 and IL-22R receptors, indicat-
ing a regulation of expression of mob-5 and mda-7/IL-24 and
the receptor complex by ras. These findings contrast with the
cancer-specific apoptosis-inducing properties of mda-7/IL-
24 confirmed in multiple laboratories [4-6, 129]. In the ro-
dent system, overexpression of oncogenic ras also induces
irreversible growth arrest resulting in senescence [130]. In
these contexts, the identification of mob-5 downstream of
ras might be a part of the ras-mediated senescence-induction
pathway.

RET/PTC oncogenes are a family of fusion proteins de-
rived from chromosomal rearrangements involving the tyro-
sine kinase domain of the c-RET proto-oncogene and are
detected early in the development of a variety of differenti-
ated thyroid carcinomas [131]. Microarray analysis between
PC CL3 rat thyroid cells and PC CL3 cells overexpressing

RET/PTC3 (RP3) identified c49a/mob-5 (rat mda-7/IL-24)
to be activated by RP3 [132]. Transgenic mice expressing
human RP3 in the thyoid gland develop thyroid hyperplasia
and solid papillary carcinomas. These RP3-expressing mice
but not wild-type mice showed expression of rat mda-7/IL-
24 in the thyroid gland. Neutralization of rat mda-7/IL-24 by
an antibody against rat mda-7/IL-24 inhibited the prolifera-
tion of RP3-expressing rat thyroid cells. RP3p53-/- mice de-
velop advanced thyroid malignancies containing regions of
both differentiated and undifferentiated carcinoma. In differ-
entiated regions of tumors, which expressed high amounts of
RP3 protein, specific staining for rat mda-7/IL-24 was de-
tected. In undifferentiated regions of tumors expressing re-
duced or no RP3 protein, the presence of rat mda-7/IL-24
was reduced. These findings indicate that rat mda-7/IL-24
might be required for the survival of differentiated thyroid
cells, while with progression and dedifferentiation its expres-
sion is lost. All these studies in rodent systems, indicate that
with physiological levels, rat mda-7/IL-24 (c49a/mob-5)
might be required for the survival and maintenance of newly
developed differentiated cells (which correlates with its in-
duction during terminal differentiation) as observed during
wound healing or induction by oncogenes. Additionally, rat
mda-7/IL-24 might be required for the survival of cells of the
immune system that will facilitate the activation of an anti-
tumor immune response.

The mouse mda-7/IL-24 like molecule, termed FISP (IL-
4-induced secreted protein), was identified in type 2 T helper
lymphocytes (Th2) by representational difference analysis
between Th2 cells and Th1 cells [41]. It encodes a secreted
protein of 220 amino acids, which displays 93% identity
with MOB-5/C49A and 69% identity with MDA-7. FISP
expression is induced during Th2 differentiation and its ex-
pression is promoted by TCR signaling involving protein
kinase C activation and STAT-6 dependent IL-4R signaling.
There are several common properties between mda-7/IL-24
and FISP, including expression of both molecules predomi-
nantly in the immune system. FISP mRNA expression could
not be detected in any other tissues apart from Th2 lympho-
cytes. Both mda-7/IL-24 and FISP are induced during the
process of differentiation and their expression is promoted
by a combinatorial treatment with a cytokine and a protein
kinase C activator. Although the function of FISP is not
known it appears as if this gene is more closely related func-
tionally to mda-7/IL-24 than c49a/mob-5. A very recent re-
port has documented that mouse IL-24 (mIL-24) inhibits
growth of mouse hepatoma cells [110] providing direct con-
firmation of growth inhibitory properties of IL-24 in differ-
ent species further supporting a closer functional relationship
between mda-7/IL-24 and FISP than and c49a/mob-5 (rat
mda-7/IL-24).

CONCLUSION AND FUTURE DIRECTIONS

The information gleaned during the last decade on the
functions of mda-7/IL-24 have primarily employed overex-
pression strategies or administration of conditioned media
obtained from cells secreting MDA-7/IL-24. Although these
studies using ‘supraphysiological’ levels of mda-7/IL-24
have provided invaluable insights into specific functional
aspects of this interesting cytokine, the physiological role(s)
of mda-7/IL-24 remain to be defined. A major hindrance in



14    Anti-Inflammatory & Anti-Allergy Agents in Medicinal Chemistry, 2006, Vol. 5, No. 3 Sarkar et al.

achieving this goal is the technical difficulties encountered in
generating large quantities of recombinant MDA-7/IL-24
protein, since this cytokine is extremely labile/unstable in its
pure form. We have observed that adding a GST-tag to the
molecule stabilizes it and like soluble unlabeled MDA-7/IL-
24 protein GST-MDA-7 protein is effective in inducing
apoptosis selectively in a wide variety of transformed cells.
However, to address the physiological role(s) of MDA-7/IL-
24 it will be necessary to produce pure untagged MDA-7/IL-
24 protein. Additionally, to obtain structural information and
to perform structure-function analyses it will be important to
produce sufficient quantities of untagged MDA-7/IL-24
protein to obtain its crystal structure. It will also be manda-
tory to ascertain the physiological levels of MDA-7/IL-24 in
serum. What are the pathological/immunological conditions
that increase MDA-7/IL-24 levels? What are the conse-
quences of this upregulation? These questions require imme-
diate answers especially considering the recent successful
introduction of Ad.mda-7 into the clinic. Based on newer
studies highlighted in this review and with further clinical
trials, including the introduction of newer and improved
generations of vectors targeting expression of mda-7/IL-24
[103, 111], it will be imperative to determine if augmented
systemic levels of this cytokine, which cannot be achieved
currently by simple intratumoral administration of non-
replicating adenoviruses, will have any adverse effects in
patients. If mda-7/IL-24 can pass this next hurdle without
engendering toxicity while exhibiting even greater clinical
efficacy following enhanced delivery, this unique cytokine
would become a mainstream, frontline therapeutic for pa-
tients with diverse cancers with predicted effects evident in
both primary tumors and metastases. Achieving this objec-
tive would truly represent ‘translation from the laboratory to
the bedside’, a path very few gene therapeutic have success-
fully negotiated.
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Abstract

The frequent resistance of aggressive cancers to currently available therapies, such as radiotherapy and

chemotherapy, mandates development of targeted, non-toxic and more efficacious treatment protocols.

Conditionally replication competent adenoviruses (CRCAs) that induce oncolysis by cancer-specific

replication are currently being evaluated in clinical trials. However, a single modality approach may not

be sufficient to completely eradicate cancer in a patient, because most cancers arise from abnormalities

in multiple genetic and signal transduction pathways. The promoter region of rodent progression

elevated gene-3 (PEG-3), cloned and characterized in our laboratory, embodies the unique property of

increased activity in a broad range of tumor cells, both rodent and human, when compared to normal

counterparts. Bipartite adenoviruses were engineered to express the E1A gene, necessary for viral

replication, under control of the PEG-3 promoter (PEG-Prom) and simultaneously express a second

transgene in the E3 region that encodes an apoptosis-inducing and immunomodulatory cytokine, either

immune interferon (IFN-γ) or melanoma differentiation associated gene-7/interleukin-24 (mda-7/IL-

24). These conditionally replication competent bipartite adenoviruses, referred to as cancer terminator

viruses (CTVs), facilitated cancer-selective adenovirus replication, robust transgene expression and

apoptosis induction with complete eradication of both primary and distant (metastatic) human cancers

xenotransplanted in athymic nude mice. These findings suggest that CTVs might prove efficacious for

the therapy of primary and advanced neoplastic diseases.
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Introduction

Cancer gene therapy classically involves delivery of tumor suppressor, apoptosis-inducing or

suicide genes directly into tumor cells.1, 2 Replication incompetent adenoviral (Ad) vectors are frequently

used for this application because they promote high-level transgene expression.2 However, in most

instances, achieving a discernible and significant antitumor response mandates administering the Ad

multiple times, which can provoke an immune response that mediates viral clearance.2 In these contexts,

conditionally replication competent adenoviruses (CRCAs) are currently being evaluated because of

their effectiveness in killing cancer cells by replication, thus requiring fewer administrations.3, 4 Ads

embody several attributes that support their utility as oncolytic agents including a lytic replication cycle,

high stability, efficient genome transfer and low pathogenicity.5, 6 Moreover, the technology for Ad

production at high titers is well established and Ad structure, genome and replication cycle are well

characterized accordingly facilitating the engineering of these viruses for therapeutic purposes.5, 6 Of

equal import, while anti-Ad neutralizing antibodies significantly attenuate the activity of a replication-

incompetent Ad, they have limited or no effect on the activity of a replication-competent Ad.7 This

argues that administration of a replication-competent Ad in patients with preexisting Ad immunity

would still prove effective. Additionally, the availability of animal models, such as Syrian hamsters and

cotton rats, supporting Ad replication also allows stringent pre-clinical characterization of these Ads

prior to their testing in patients in clinical trials.8, 9

CRCA: different strategies to achieve cancer-selective replication:
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The most important aspect of using a CRCA is to ensure cancer cell-specific replication and a

number of unique strategies have been designed to achieve this objective. Ad early proteins, E1A and

E1B, facilitate cell transformation by their capacity to induce cell cycle progression through the S-phase

and provide protection from apoptosis consequently allowing viral replication to occur.10 E1A proteins

bind to the retinoblastoma (Rb) family of proteins, thereby releasing the E2F transcription factors that

regulate expression of genes involved in cell proliferation and chromatin synthesis.10 Binding of E1A to

Rb activates p53, but the E1B 55K protein binds to p53 and targets it for degradation. The E1B 19K

protein is a homologue of the anti-apoptotic protein Bcl-2.11 An adenovirus deficient in E1B 55K was

generated (ONYX-015 or dl1520) based on the hypothesis that it would replicate in p53 mutant cells, a

common feature in cancer cells, but not in p53 wild-type (normal) cells.12 Recent data, however,

demonstrate that it is the loss of E1B 55K-mediated late viral RNA export, rather than p53-inactivation

that restricts ONYX-015 replication in primary cells.13 Cancer cells that support replication of ONYX-

015 provide the RNA export function of the E1B 55K protein. An alternate approach exploiting the Rb

pathway is to remove the Rb-binding CR2 region of E1A (dl922/947) thereby allowing Ad replication in

cancer cells deficient in the Rb pathway.14 A number of additional modifications in dl922/947 have been

generated such as ONYX-150, replacing the E1A promoter with the E2F-1 promoter, ONYX-410,

replacing the E4 promoter with the E2F-1 promoter and ONYX-411, replacing both the E1A and E4

promoters with the E2F-1 promoter.15 Ad-∆E1B19/55, deleted for sequences encoding E1B 19K and

55K proteins, has also been generated and evaluated for cancer-selective activity.16

The effectiveness of ONYX-015 has been evaluated in multiple clinical trials either alone or in

combination with chemotherapy.17 Intratumoral injection of ONYX-015 in combination with cisplatin or

5-fluorouracil resulted in a 63% overall response rate, with 27% of patients showing full clinical

response in a phase II trial in head and neck cancer.18, 19 ONYX-015 has been used for intratumoral
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injection in unresectable pancreatic cancer, intraperitoneal injection in recurrent/refractory ovarian

cancer, hepatic arterial infusion in liver cancer, intracerebral injection in malignant glioma and as mouth

wash in premalignant oral dysplasia.20-25 Intravenous administration of ONYX-015 has been shown to be

safe and well tolerated.26, 27 However, the overall objective clinical responses fall drastically short of the

anticipated outcome based on preclinical studies indicating the need for further modifications to achieve

the desired endpoint of tumor elimination with enhanced patient survival.

Transcriptional targeting, in which tumor or tissue-specific promoters and enhancers regulate the

expression of the E1A and E1B genes, is another approach ensuring cancer-specific Ad replication. The

most frequent promoter used for this purpose is the human telomerase (hTERT) promoter, since

telomerase activity is frequently higher in cancer cells than in normal cells.28 The fact that the core of

solid tumors has a hypoxic environment has led to the use of hypoxia response elements in regulating

E1A expression.29 Promoters responding to hypoxia and estrogen have been used for targeting breast

cancer.30 Tissue-specific promoters, such as prostate-specific antigen (PSA) promoter or probasin

promoter or a combination of both for prostate cancers, α-feto-protein promoters for liver cancer and

MUC1 promoter for breast cancers, have been used to drive E1A expression.31-34 A PSA-promoter-

driven oncolytic Ad (CV706) has been evaluated in a Phase I clinical trial by intraprostatic injection

following radiotherapy and has demonstrated safety and viral dose-dependent reduction in PSA level.35

However, no objective clinical response in terms of tumor regression was observed. Ad[I/PPT-E1A],

where E1A gene expression is controlled by a recombinant regulatory sequence PPT, comprising of a

PSA enhancer, a PSMA enhancer and a T-cell receptor gamma-chain alternate reading frame protein

promoter, induces prostate-specific viral replication and cytolysis and inhibits growth of prostate cancer

xenografts in nude mice that are independent of androgen level.36 Survivin, often overexpressed in brain

tumors, promoter has been used to drive E1A in malignant gliomas.37 β-catenin-responsive promoters
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have been used to drive the Ad early promoter for cancers with an activated wnt-signaling pathway,

such as colorectal and liver cancers.38 The E1A promoter has been replaced by the promoter/enhancer of

the melanocyte and melanoma-specific tyrosinase gene and mutations have been engineered in E1A

gene to prevent the mutant protein to interact with and inactivate pRb and p300 thus precluding viral

replication in normal cells (AdTyr∆2∆24).39 In a melanoma cell/keratinocyte coculture assay

AdTyr∆2∆24 showed melanoma cell-specific Ad replication and in in vitro assays it killed melanoma

cells, but not non-melanoma cancer cells. AdTyr∆2∆24 has been further improved by incorporating the

tyrosinase promoter to drive the E4 gene (Ad2Xtyr) and the efficacy of this approach was demonstrated

in in vitro organotypic raft cultures.40 In a similar approach, the Cyclooxegnase-2 (Cox-2) promoter has

been used to drive E1A as well as E4 expression.41

A selectivity strategy to ensure cancer-specific Ad replication has been developed based on

deletions of adenovirus Virus-Associated (VA) RNAs (dl331).42 The VA RNAs are necessary for virus

replication because they inactivate the RNA-dependent protein kinase protein kinase R (PKR), a kinase

that otherwise would block protein translation in response to infection. However, downstream effectors

of Ras can also inactivate PKR, and therefore, the need for VA RNA genes should be bypassed in cells

with an active Ras pathway. dl331 has been shown to inhibit in vivo growth of xenografts developed

from pancreatic cancer cells containing mutated Ras but not wild-type Ras.42 However, VA-RNA

lacking Ad has recently been shown to effectively replicate both in the presence and absence of

activating Ras indicating the involvement of additional mechanism ensuring Ad replication.43

Although oncolytic adenoviruses have been found to be safe in clinical trials, as a single agent

they elicit very limited clinical responses and it is only in combination with radio- or chemotherapy that

they show appreciable effects. In these contexts, arming these viruses with additional agents offers

potential to augment their oncolytic properties. Ad.TKRC, an E1B 55K-deleted Ad (ONYX-015) in
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which Herpes simplex virus thymidine kinase (HSV-Tk) was connected to E1A by an internal ribosome

entry site, showed increased growth inhibition of colon cancer xenografts in nude mice in the presence

of the pro-drug ganciclovir.44 In CRAd-NTR(PS1217H6), the bacterial nitroreductase gene was inserted

at the site of E1B 55K deletion and it showed increased efficacy in the presence of the pro-drug

CD1954.45 A phase I clinical trial in prostate cancer has been performed with intraprostatic injection of

Ad5-CD/TKrep that delivers a cytosine deaminase/herpes simplex virus-1 thymidine kinase fusion gene

in an ONYX-015 backbone.46 Simultaneous treatment with 5-fluorocytosine and the ganciclovir prodrug

resulted in >25% decrease in serum prostate-specific antigen in 7 of 16 (44%) patients, and 3 of 16

(19%) patients demonstrated a >50% decrease in serum prostate-specific antigen. These clinical

responses were further augmented when this viral approach was combined with radiotherapy.47

In addition to suicide genes, immunomodulatory and apoptosis-inducing genes have also been

incorporated in a replicating Ad backbone. Examples of immunomodulatory genes inducing antitumor

immunity include granulocyte-macrophage colony stimulating factor (GM-CSF) and the co-factor B7-1,

the former inserted in E1B 55K and the latter inserted in E3 region of an ONYX-015 backbone (YKL-

GB).48 In a syngeneic mouse melanoma model YKL-GB demonstrated antitumor activity and conferred

long-lasting immunity against a tumor re-challenge. A similar GM-CSF expressing oncolytic Ad

(CG0070) has been evaluated in bladder cancer.49 Oncolytic Ad, in which replication is driven by the

hTERT promoter, has been engineered to express interferon-γ (IFN-γ) (CNHK300-hIFN-gamma or

CNHK300-mIFN-gamma) and has been found to induce regression of liver cancer xenografts in both

immunocompetent and immunodeficient animals.50 Ad.HS4.AFP.E1a/TRAIL, in which an HS4

insulator containing α-fetoprotein promoter driven E1A expression is coupled with TNF-related

apoptosis-inducing ligand (TRAIL) expression, showed enhanced oncolysis of hepatocellular

carcinoma.51 Systemic administration of E1A-deleted Ad expressing antisense checkpoint kinase 1
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(chk1), a crucial checkpoint modulator, with a low dose of cisplatin cured 80% of orthotopic mouse

hepatic carcinomas that were resistant to cisplatin.52

mda-7/IL-24: A Novel Member of the IL-10 Cytokine Gene Family with Cancer-Selective

Apoptosis-Inducing Activity:

Subtraction hybridization between terminally differentiated/irreversibly growth arrested and

actively growing melanoma cells permitted the identification and cloning of a spectrum of genes

displaying elevated expression as a function of terminal differentiation and cancer reversion in

melanoma cells.53-57 One of these genes, melanoma differentiation associated gene-7 (mda-7), displays

elevated expression in normal melanocytes and a step-wise decrease in expression during the process of

melanoma development and progression from nevus, to radial growth phase melanoma, to vertical

growth phase melanoma to metastatic melanoma.56 These studies suggest that mda-7 may function as a

negative regulator of melanoma cell growth and progression. Structural and sequence homology and

functional conservation indicates that mda-7 belongs to the IL-10 family of cytokines that include IL-19,

IL-20, IL-22, mda-7 and IL-26 and has therefore been re-designated IL-24.58-61 Chromosome 1q31-32

contains a gene cluster comprising IL-10, IL-19, IL-20 and mda-7/IL-24. IL-10 family cytokines are

secreted α-helical proteins. Northern blot analysis revealed mda-7/IL-24 expression in human tissues

associated with the immune system such as spleen, thymus, peripheral blood leukocytes and normal

melanocytes.58 When expressed at supraphysiological levels, by means of an adenoviral (Ad) expression

system, mda-7/IL-24 induces growth suppression and programmed cell death (apoptosis) in a broad

spectrum of human cancers, including melanomas, malignant gliomas, osteosarcomas and carcinomas of

most tissue origins.62-64 In contrast, mda-7/IL-24 has a negligible effect on growth and does not induce
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apoptosis in normal human melanocyte, astrocyte, epithelial, endothelial or skin fibroblast cells.62-64

Ad.mda-7 has also shown antitumor and recently antiangiogenic activity in human tumor nude mouse

xenograft models, including those involving human breast, cervical, lung and pancreatic carcinomas.65-69

Ad.mda-7 also stimulates the immune system to generate secondary cytokines, such as TNF-α, IFN-γ

and IL-1 that might evoke an antitumor immune response.70-72 Additionally, Ad.mda-7 synergizes with

radiation to augment radiation-induced cell death.73-75 A phase I/II trial evaluating Ad.mda-7 activity by

intratumoral injection in patients with advanced carcinomas and melanomas was performed and the

results indicate that mda-7/IL-24 is safe and could induce as much as 70% apoptosis in tumors following

a single injection of recombinant virus and multiple injections resulted in clinical responses.72, 76 An

increase in circulating IL-6, IL-10 and TNF-α and CD3+ and CD8+ T cells were observed in Ad.mda-7-

injected patients confirming the immunostimulatory properties of the cytokine.72 These exciting results

provide direct support for using mda-7/IL-24 in developing effective gene-based therapies for cancer.

PEG-3 Promoter: Novel Cancer-Specific Promoter:

Using subtraction hybridization we cloned a novel rodent gene, progression elevated gene-3 (PEG-3), in

the context of tumor progression in transformed rat embryo cells.77, 78 PEG-3: (i) displays elevated

expression as a function of oncogenic transformation (by diverse oncogenes), during cancer progression

and after DNA damage (γ irradiation);77, 78 and (ii) induces an aggressive cancer phenotype and enhanced

angiogenesis and genomic instability when ectopically expressed in rodent and human tumors, without

promoting transformation when expressed in normal cells.77-80 Additionally, the PEG-3 gene promoter

(PEG-Prom) has been isolated and shown to display elevated expression in both rodent and human

tumors, with negligible expression in normal cells.81-83 Infection of cancer and normal cells with



10

adenovirus vectors expressing a transgene (such as GFP or luciferase) under the control of the PEG-

Prom documented high GFP or luciferase expression in cancer cells, with little to no expression in

normal cells.83 These observations strongly suggested that the PEG-prom might be an essential tool to

facilitate cancer cell-specific gene expression and Ad replication.

CRCA and CTV: Our Experience:

To facilitate cancer-specific replication we employed the PEG-Prom to regulate expression of

the E1A gene of Ad, necessary for replication.65, 84 To enhance the therapeutic potential of these viruses

we also engineered these Ads to produce either mda-7/IL-24 or IFN-γ (Ad.PEG-E1A-mda-7 or Ad.PEG-

E1A-IFN-γ), and termed these viruses ‘cancer terminator viruses’ (CTVs) (Fig. 1).65, 84 Ad.PEG-E1A-

mda-7 was evaluated in a breast cancer model while Ad.PEG-E1A-IFN-γ was evaluated in a pancreatic

cancer model. Both of these CTVs permitted Ad replication, transgene expression and induction of cell

death (apoptosis and necrosis) only in cancer cells but not in their normal counterparts. In animal

models, human breast and pancreatic cancer xenografts were established in both the left and right flanks

of athymic nude mice. Intratumoral injections of Ad.PEG-E1A-mda-7 or Ad.PEG-E1A-IFN-γ were

given only to tumors on the left side. Very interestingly, this treatment protocol resulted in complete

eradication of not only the injected left-sided tumors but also the un-injected right-sided tumors.

However, a replicating Ad alone, without any transgene expression, eradicated only left-sided tumors

and had little to no effect on the right-sided tumors. These findings indicate that the secreted proteins,

such as mda-7/IL-24 or IFN-γ, were released into the circulation and they exerted their antitumor effects

either by direct inhibition of growth (or induction of apoptosis) or by indirect-effects such as stimulation

of antitumor immunity or inhibition of angiogenesis. Indeed, the Ad.PEG-E1A-IFN-γ CTV was shown
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to exert a potent NK-cell-mediated antitumor immune response.84 These provocative findings provide

compelling evidence that our novel approach and reagents will not only kill primary tumors but may

also impact on distant metastases. Current studies are in progress to stringently evaluate these and

additional CTVs in transgenic immunocompetent animal models, which if proven successful would pave

the way for evaluation of safety and ultimately determination of therapeutic benefit in clinical trials.

Conclusion

Developing safe and effective gene-based therapies for cancer represent major endeavors of both

academic and commercial laboratories. Although we are still not close to achieving the objective of

producing the perfect cancer gene therapeutic, genetically modified conditional replication competent

adenoviruses (CRCA) are demonstrating some efficacy in inhibiting tumor growth. Multiple approaches

are being evaluated to increase stringent cancer-specific replication and various structural permutations

and combinations with diverse agents with potent cancer-inhibitory and destroying actions are being

tested. Our approach, the ‘cancer terminator virus’ (CTV), is appealing because (i) the employment of

the PEG-Prom to drive Ad replication ensures stringent control of Ad replication only in cancer cells

without any toxicity to normal cells; (ii) the high PEG-Prom activity in cancer cells of diverse origin

suggests that our approach might be applicable to any cancer indication; (iii) the cancer-specific direct

apoptosis induction by mda-7/IL-24 will profoundly augment oncolysis by Ad replication; (iv) the

indirect tumor-suppressor functions of secreted mda-7/IL-24, such as inhibition of angiogenesis,

stimulation of the immune system and potent ‘bystander antitumor effect’ will help eradicate not only

the primary tumors but also distant metastasis; and (v) in principle, based on the robust cell killing effect

of Ad.PEG-E1A-mda-7, cancer eradication may be achieved with few, even one, injection of the Ad
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thus overcoming the limitation of viral clearance by an intact immune system. Additionally, engineering

modifications in Ad tropism to enhance infectivity would significantly increase the efficacy of Ad.PEG-

E1A-mda-7. We anticipate that our proposed approach will evoke a complete eradication of primary and

distant tumors, with minimal toxicity to normal organs, leading to a possible “cure” in cancer patients.
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Figure legend

Figure 1. Schematic representation of Cancer terminator viruses (CTVs). In CTVs PEG-

Prom drives the expression of E1A and E1B genes thus ensuring cancer specific

replication while CMV-Prom regulates the expression of either mda-7/IL-24 or

IFN-γ in the E3 region of the adenovirus. These conditionally replication

competent adenoviruses (CRCA) do not harm normal cells but induce oncolysis

by adenoviral replication and diverse tumor-suppressor effects of the expressed

transgene.




