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Combinatorial strategies based on
CRAd-IL24 and CRAd-ING4 virotherapy
with anti-angiogenesis treatment for
ovarian cancer
Ahmad Mohammad Ashshi1, Adel Galal El-Shemi1,2, Igor P. Dmitriev3, Elena A. Kashentseva3 and David T. Curiel3*

Abstract
Background: A major hurdle incurrent to the human clinical application of conditionally replicative adenovirus
(CRAd)-based virotherapy agents is their limited therapeutic efficacy. In this study we evaluated whether arming our
previously reported Ad5/3Δ24 CRAd vector containing a 24-base pair deletion in the E1A conserved region 2,
which allows selective replication within Rb-p16-deficient tumor cells, to express therapeutic genes could improve
oncolytic virus potency in ovarian cancer cells. We choose to assess the therapeutic benefits achieved by
virus-mediated expression of interleukin 24 (IL-24), a cytokine-like protein of the IL-10 family, and the inhibitor of
growth 4 (ING4) tumor suppressor protein.
Results: The generated CRAd-IL24 and CRAd-ING4 vectors were tested in ovarian cancer cell lines in vitro to
compare their replication, yield, and cytotoxic effects with control CRAd Ad5/3Δ24 lacking the therapeutic gene.
These studies showed that CRAd-IL24 infection resulted in significantly increased yield of infectious particles, which
translated to a marked enhancement of virus-induced cytotoxic effects as compared to CRAd-ING4 and non-armed
CRAd. Testing CRAd-IL24 and CRAd-ING4 vectors combined together did not revealed synergistic effects exceeding
oncolytic potency of single CRAD-IL24 vector. Both CRAds were also tested along with anti-VEGF monoclonal
antibody Avastin and showed no significant augmentation of viral cytolysis by anti-angiogenesis treatment in vitro.
Conclusions: Our studies validated that arming with these key immunomodulatory genes was not deleterious to
virus-mediated oncolysis. These findings thus, warrant further preclinical studies of CRAd-IL24 tumoricidal efficacy in
murine ovarian cancer models to establish its potential utility for the virotherapy of primary and advanced
neoplastic diseases.
Keywords: Ovarian cancer, Adenovirus, CRAd, Virotherapy, IL-24, ING4

Background
In the past two decades, gene therapy has been developed as
a promising approach to combat a variety of diseases. Over
this time period, more than 2210 clinical gene therapy trials
were conducted, with 64 % addressing cancer [1]. Adenoviral
vectors have been used in 22 % of clinical trials, followed by
retroviral vectors (18.4 %) and naked/plasmid DNA (17.4 %).
* Correspondence: dcuriel@radonc.wustl.edu
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Department of Radiation Oncology, School of Medicine, Washington
University in Saint Louis, 660 South Euclid Avenue, Campus Box 8224, St.
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Human adenovirus [2] (Ad) has been used extensively
to develop replication-deficient gene delivery vectors
and conditionally-replicative Ad (CRAd) agents for
cancer treatment. We have previously evaluated several
gene therapy strategies including oncolytic CRAd
virotherapy for ovarian cancer [3, 4]. This approach
takes advantage of the propensity of human Ad to infect
and replicate in epithelial cells, the origin of most
human cancers, while promoting cell lysis to facilitate
release of viral progeny [2]. These features have been
exploited by a number of strategies aimed at creating
oncolytic CRAd vectors with increased selectivity for
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cancer cells [5]. The biologic basis of the CRAd’s antineoplastic effect is target cell selective replication
whereby direct oncolysis achieves specific tumor cell
killing. Progeny virions generated in this process may
thereby maintain the replicative cycle via lateral infection of adjoining tumor cells. This novel paradigm of
amplification has rationalized the rapid translation of
CRAd agents to the context of human clinical trials for
a variety of neoplastic disease targets.
Of note, we showed that the clinical utility of CRAds
derived from Ad serotype 5 (Ad5) for oncolytic treatment
of ovarian carcinoma is hampered by inefficient infection of
ovarian cancer (OvCa) cells. This is due to the paucity of
coxsackievirus group B and Ad receptor (CAR), the primary Ad5 receptor [6–8]. To confer CAR-independent
virus tropism we used genetic incorporation of RGD-4C
(Cys-Asp-Cys-Arg-Gly-Asp-Cys-Phe-Cys) targeting peptide
into Ad5 fiber knob domain [9]. Alternatively, we have
endeavored replacement of the knob for its counterpart
from Ad serotype 3 [10] that recognizes an alternative
receptor, desmoglein 2 [11], a receptor which appears to be
more abundantly expressed in ovarian cancer cells [12, 13].
These capsid modifications were employed to alter tropism
of CRAd Delta-24 [14], which contains a 24-base pair
deletion in the E1A conserved region 2 (CR-2) allowing
selective replication within Rb-p16-deficient tumor cells
[15]. Of note, this is a defect observed in most ovarian
cancer cells [16, 17]. We showed that Delta24-RGD and
Ad5/3Δ24 CRAd derivatives exhibit superior anti-tumor efficacy in murine models of carcinoma of the ovary [18–20].
On this basis, we have carried out Phase I human clinical
trials with both agents whereby their safety has been validated [21, 22]. In the aggregate, these human studies have
highlighted the overall safety of CRAd-based interventions.
However, a single modality approach may not be sufficient to eradicate cancer in a patient, because most
cancers arise from abnormalities in multiple genetic and
signal transduction pathways. To overcome this CRAd
shortcoming new oncolytic agents were engineered to
contain therapeutic transgenes encoding an apoptosisinducing and immunomodulatory cytokines. Melanoma
differentiation associated gene 7 (MDA-7)/IL-24, a secreted protein of the IL-10 family, functions as a cytokine
at normal physiological levels expressed in tissues of the
immune system, has shown a great potential as an anticancer gene [23]. At supra-physiological levels, MDA-7/
IL-24 plays a prominent role in inhibiting tumor growth,
invasion, metastasis and angiogenesis resulting in selective
cancer cell death without affecting normal cells [24]. The
expression of IL-24 mediated by replication-deficient Ad
vectors was shown to activate multiple proapoptotic pathways, culminating in decreased ovarian tumor cell survival
[25–27]. The inhibitor of growth (ING) family proteins
have been defined as candidate tumor suppressors [28]. A
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novel member of ING family ING4 has potential suppressive effect on different tumors via multiple pathways [29–33]. The use of replication-deficient Ad vectors
to express ING4 gene demonstrated improved therapeutic
efficacy and growth suppression of lung, pancreatic, and
breast carcinoma tumor xenografts [34–36]. Enhanced
tumor suppression was shown by nonreplicating bicistronic Ad vector expressing both ING4 and IL-24 genes
employed for treatment of human non-small cell lung
cancer, breast cancer, and hepatocarcinoma subcutaneous
tumor xenografts [37–40]. These studies suggest that
arming CRAd vector with tumor suppressors such as
ING4 and IL-24 may constitute a novel and effective
therapeutic strategy for cancer virotherapy. It was previously shown that Ad5-based CRAd vector engineered to
contain the E1A gene under transcriptional control of the
promoter region of rodent progression elevated gene-3
and simultaneously express IL-24 gene in place of the
deleted E3 region, referred to as cancer terminator virus
(CTV), eradicates both primary and distant human breast
carcinoma, melanoma, and therapy-resistant prostate cancer cells xenotransplanted in athymic nude mice [41–45].
Our recent studies using novel fiber-chimeric Ad.5/3CTV CRAd demonstrated improved CAR-independent
infection efficiency in low CAR human prostate cancer
cells as compared to Ad.5-CTV in vitro while resulting in
potent suppression of tumor xenograft growth in a nude
mouse model [46, 47] and in a spontaneously induced
prostate cancer in Hi-myc transgenic mice [48].
Based on these encouraging data we constructed Ad5/
3Δ24 CRAd derivatives armed with IL-24 or ING4 gene
and tested their oncolytic potency in human ovarian
cancer cell lines and immortalized normal ovarian surface
epithelial cells. Herein we present evaluation of the generated CRAd-ING4 and CRAd-IL24 vectors either alone, or
together, as compared to control CRAd Ad5/3Δ24 lacking
the therapeutic gene. Armed and control CRAds were also
tested along with anti-VEGF monoclonal antibody Avastin
(Bevacizumab) to see whether their tumoricidal effects
could be affected by anti-angiogenesis treatment in vitro.
Overall, these studies revealed that oncolytic potency of
CRAd-IL24 is significantly increased as compared to
control CRAd and CRAd-ING4 thus, providing a strong
rationale for further preclinical testing of CRAd-IL24
therapeutic utility against carcinoma of the ovary.

Methods
Cells

The 911 human embryonic retinoblasts derived by transformation with a plasmid containing 79–5789 bp of the
Ad5 genome [49] were obtained through Crucell Holland
B.V. (Leiden, The Netherlands). The human lung carcinoma cell line A549, ovarian adenocarcinoma cell line
OVCAR3 and OV-4 were obtained from American Cell
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Type Culture Collection (ATCC, Manassas, Virginia
USA). The human ovarian carcinoma cell line SKOV3.ip1
was obtained from Janet Price (M. D. Anderson Cancer
Center, Houston, Tex.). The normal ovarian surface epithelial cells IOSE-120 (Passage 8) and IOSE-523 (Passage
8), which were obtained from healthy women and immortalized with SV40 T/t were received from Canadian
OvCaRe Cell Bank (Vancouver, B.C., Canada). The IOSE120 and IOSE-523 cells were maintain in a combination
of 199 (Sigma M5017) and MCDB105 (Sigma M6395)
medium (1:1) supplemented with 5 % FBS and 50 μg/ml
gentamicin. All cell lines were grown at 37 °C in medium
recommended by the suppliers in a humidified atmosphere
of 5 % CO2.
Construction of CRAd vectors

The construction of Ad5/3Δ24 CRAd, which contains
deletion of 24 nucleotides (bp 923 – 946) corresponding
to the amino acid sequence 122LTCHEAGF129 of the
E1A protein necessary for Rb protein binding [14] and
has the Ad serotype 3 knob domain incorporated into
the Ad5 fiber, was described previously [19, 22]. The
genome of CRAd-IL24 armed with human IL-24 was
generated as follows. First, the expression cassette containing IL-24 gene under transcriptional control of human cytomegalovirus (CMV) immediate-early promoter/
enhancer and followed by synthetic polyadenylation signal, which was constructed as we described previously
[48] was cloned into pE3B shuttle plasmid [50] between
BamHI and SalI restriction sites. The constructed
pE3BzCMV-IL24 plasmid DNA was linearized and used
for homologous recombination with plasmid carrying
CRAd Ad5/3Δ24 genome [51] in E. coli BJ5183 cells as
described elsewhere [50]. The resultant plasmid carrying
the recombinant Ad5/3Δ24cmvIL24 genome containing
the CMV promoter-driven IL-24 gene in place of the
deleted E3B region was selected using zeocin, cut with
PacI to release CRAd-IL24 genome to transfect 911B
cells. To construct the genome of CRAd-ING4 armed
with homo sapiens ING4 we used shuttle plasmid
pE3BzCMV-ING4 containing CMV promoter driving
the expression of ING4 mRNA transcript isoform 9
(Accession No. NM_001127582), which was synthesized
by GenScript USA Inc. (ORF sequence 750 bp, Clone
ID: OHu26376C). The pE3BzCMV-ING4 plasmid DNA
was linearized and used for homologous recombination
with plasmid carrying CRAd Ad5/3Δ24 genome to
generate the recombinant Ad5/3Δ24cmvING4 genome
as described above. To construct the genome of nonarmed CRAd control we used plasmid pCMV-GLuc2
(New England BioLabs Inc., Ipswich, MA USA) that
encodes the secreted luciferase (Gluc) from the copepod
Gaussia princeps to excise the Gluc reporter gene and
clone it under CMV promoper in pE3B shuttle plasmid.
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The constructed pE3BzCMV-Gluc plasmid was linearized
and used for homologous recombination with plasmid
carrying CRAd Ad5/3Δ24 genome to generate the recombinant Ad5/3Δ24cmvGluc genome as described above.
The generated Ad5/3Δ24cmvIL24, Ad5/3Δ24cmvING4,
and Ad5/3Δ24cmvGluc plasmids were digested with PacI
to release viral genomes to transfect 911B cells and
rescue CRAd-IL24, CRAd-ING4, and non-armed control
CRAd, respectively.
The newly rescued CRAd vectors were propagated on
A549 cells, purified by centrifugation on CsCl gradients
according to standard protocol, and dialyzed against
phosphate-buffered saline (PBS) (8 mM Na2HPO4,
2 mM KH2PO4 [pH 7.4], 137 mM NaCl, 2.7 mM KCl]
containing 10 % glycerol. The titers of physical viral
particles (vp) were determined by the methods of Maizel
et al. [52]. The titers of infectious viral particles were
determined by plaque assay using 293 cells as described
by Mittereder et al. [53]. The ratios of viral particles to plaque-forming units determined for CRAdIL24, CRAd-ING4, and CRAd control were 20, 30,
and 25 respectively.
Western blot and ELISA

Samples of SKOV3ip.1 cells infected with CRAd-ING4 at
the MOIs of 100, 33, and 11 vp/cell or uninfected control
cells were boiled in Laemmli loading buffer and were
loaded on a 4–20 % gradient SDS-PAGE gel (Pierce,
Rockford, IL). Electrophoretically resolved proteins were
transferred to a polyvinylidene fluoride membrane and
analyzed for the presence of ING4 polypeptides using
polyclonal rabbit antibody raised against ING4 internal region (Assay Biotechnology Company, Inc) diluted 1:1000
for overnight incubation at 4 °C. Bound rabbit antibodies
were detected with a secondary goat anti-rabbit or goat
anti-mouse antibody conjugated with alkaline phosphatase (Sigma, St. Louis, MO) and developed with
alkaline phosphatase substrate kit (Bio-Rad Laboratories,
Hercules, CA). The expression of IL-24 was confirmed
using OmniKine™ Human IL-24 ELISA kit as recommended by the manufacturer (Assay Biotechnology
Company, Inc.) to detect and quantify IL-24 concentrations in culture medium collected from cells infected
with CRAd-IL24 at the MOIs of 10 and 1 vp/cell or
uninfected control cells.
CRAd genome quantification

Monolayers of SKOV3ip.1, SKOV3luc, OV-4, and OVCAR3
OvCa cells plated in 6-well tissue culture plates at 5 × 105
cells/well were infected with each CRAd vector at the
MOI of 10 vp/cell. Total DNA was purified from the cells
harvested from each well 3 days postinfection using
QIAamp DNA Mini Kit (QIAGEN, Valencia, CA) as
recommended by the manufacturer. The levels of viral
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genome content were determined in triplicate DNA
samples extracted from each cell monolayer by real-time
PCR analysis using Light Cycler 480 System (Roche Diagnostics, Indianapolis, IN) with TaqMan primers and probe
designed for Ad hexon gene. Resultant viral genome copy
number was normalized by amount of cellular DNA,
which was determined in the same sample with primers
and probe specific for human β-actin (housekeeping gene)
using duplexing TaqMan PCR settings.
CRAd progeny amplification assay

Monolayers of SKOV3ip.1, SKOV3luc, OV-4, and OVCAR3
OvCa cells plated in 6-well tissue culture plates at 5 × 105
cells/well were infected with each CRAd vector at the MOI
of 10 vp/cell and incubated for 6 days to obtain complete
cytopathic effect (CPE). The monolayers of A549 cells were
infected with serial dilutions of lysates of the indicated
OvCa cells, which were infected with CRAd-ING4, CRAdIL24, or control CRAd to determine a cytotoxic endpoint
effect (50 % CPE or tissue culture infective dose TCID50)
6 days postinfection. The titers of infectious viral
progeny produced in each cell line were determined
using the Viral ToxGlo assay (Promega Corporation,
Madison, WI) to measure cellular ATP level as recommended by the manufacturer.
Analysis of oncolytic CRAd effects

Monolayers of OvCa cells or immortalized ovarian surface epithelial cells grown in 96-well plates (3 × 103 to
5 × 103 cells/well) were infected in triplicates with
CRAd-ING4, CRAd-IL24, or control CRAd at the MOIs
ranging from 0.014 to 100 vp/cell. The decrease of cell
viability due to the virus-induced cell killing was measured 6 days post-infection using the Cell Proliferation
Assay (Promega Corporation, Madison, WI) as recommended by the manufacturer. Assay was performed by
adding 10 μL CellTiter 96 AQueous One Solution Reagent directly to culture wells containing red phenol red
free media supplemented with 2 % FBS, incubating for
2 h and then recording the absorbance at 490 nm with a
plate reader (Synergy HT, Bio-Tek Instruments, Winooski,
VT). The data are presented as the percentages of viable
cells in monolayers infected with each viral dose that
were determined with respect to the uninfected control
set as 100 %.
To assess the CPE induced by virus propagation cells
grown in a 24-well plate (3 × 105 to 5 × 105 cells/well)
were infected in triplicates with each CRAd vector at the
MOIs ranging from 0.014 to 100 vp/cell. Plates were
incubated for 6 days at 37 °C and the cell monolayer
integrity was assessed by staining attached cells with
crystal violet and then scanning wells using Synergy HT
plate reader (Bio-Tek Instruments, Winooski, VT) set at
565 nm. The absorbance values detected in monolayers
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infected with each viral dose were used to calculate the
percentage of cell density in infected cell monolayers
with respect to the uninfected control.
To monitor cytotoxic effects induced by each CRAd
alone or together the cell monolayers grown in 96-well
plates (3 × 103 to 5 × 103 cells/well) were infected with
each CRAd alone or two CRAd vectors together at MOI
of 1 vp/cell. The infected and uninfected cells were
subjected to CellTox™ Green Cytotoxicity assay as recommended by the manufacturer (Promega Corporation,
Madison, WI) by adding DNA-binding cyanine dye on
day 3 and monitoring the increase in fluorescent signal
intensity proportional to cytotoxicity till day 5 postinfection to detect the level of CRAd-mediated cell killing
using the Synergy-HT plate reader (Bio-Tek Instruments,
Winooski, VT) with 485 nm excitation and 520 nm
emission wavelength filters.
Analysis of cytotoxic CRAd effects combined with Avastin

The monolayers SKOV3ip.1, OV-4, and OVCAR3 OvCa
cells were infected with each CRAd alone or two CRAd
vectors together at MOI of 10 vp/cell. Avastin obtained
through the Alvin J. Siteman Cancer Center pharmacy at
Barnes-Jewish Hospital (Washington University School
of Medicine, St. Louis) was used to supplement infection
and mock infection medium at the concentrations
ranging from 0 to 500 μg/ml. The infected and uninfected cells were subjected to CellTox™ assay (Promega
Corporation, Madison, WI) by adding DNA-binding
cyanine dye on day 3 and monitoring the increase in
fluorescent signal intensity till day 5 post-infection to detect cell killing effects. The cells in 96-well plates were red
using the Synergy-HT plate reader (Bio-Tek Instruments,
Winooski, VT) with 485 nm excitation and 520 nm
emission filters.
The Cell Proliferation Assay (Promega Corporation,
Madison, WI) was carried out 6 days post-infection by
adding 10 μL CellTiter 96 AQueous One Solution Reagent directly to culture wells incubating for 1–2 h and
then recording the absorbance at 490 nm with a plate
reader (Synergy HT, Bio-Tek Instruments, Winooski,
VT) to detect cells that stayed alive after exposure to
CRAd and/or Avastin. The plates were red using the
Synergy-HT plate reader set at 490 nm. The mean values
of optical density (OD) detected for each Avastin concentration are presented after subtracting background
signal detected in monolayers that were not treated with
virus or Avastin.
Statistical analysis

All data are presented as the mean ± SD. The Student’s
two-tailed t-test was used to determine statistical significance at the 95 % confidence level, with p ≤ 0.05 being
considered significantly different.
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Results

Evaluation of CRAd replication efficacy in vitro

Construction and molecular validation of Ad vectors

To analyze CRAd replication we determined the levels
of genome and viral progeny amplification following
infection OvCa cells. As illustrated in Fig. 3, CRAdING4 vector demonstrated the highest levels of genomic
DNA amplification, which was detected in SKOV3ip.1,
SKOV3luc and OVCAR3 cells 3 days postinfection using
TaqMan qPCR while CRAd-IL24 vector did not show
significant differences as compared to control CRAd. To
assess the infectious viral progeny produced by CRAdING4, CRAd-IL24, or control CRAd following OvCa
cells infection the serial dilutions of their lysates were
used to inoculate monolayers of A549 cells to determine
a cytotoxic endpoint effect (50 % CPE or tissue culture
infective dose TCID50) 6 days postinfection. To this end,
we employed Viral ToxGlo assay (Promega) to measure
luminescent signal intensity dependent on cellular ATP
levels, as surrogate of infected cell viability, to detect the
decrease in A549 cell viability associated with increased
number of infectious CRAd progeny present in serial
dilutions of infected OvCa cell lysates. As can be seen in
Fig. 4, somewhat similar CRAd-IL24 and control CRAd
progeny titers were detected in OVCAR3 and OV-4 cells
while CRAd-IL24 infection of SKOV3ip.1 and SKOV3luc
cells resulted in significantly increased titers of infectious
progeny as compared to control CRAd. Despite the highest viral genomic DNA amplification demonstrated by
CRAd-ING4, it showed the lowest infectious progeny
titers in all OvCa cells tested. The lack of correlation
between viral genome amplification and infectious progeny titers observed following CRAd-ING4 infection
suggested that ING4 expression may interfere with infectious viral particles assembly within nucleus of infected
cells. In contrast to CRAd-ING4, it seems that amplification of CRAd-IL24 infectious particles was not affected by

In the current study we designed and constructed three
CRAds that are illustrated in Fig. 1. We used the backbone of previously described CRAd Ad5/3Δ24 [19] to
incorporate the CMV promoter-driven expression cassette containing either IL-24 or ING4 therapeutic gene
within the early E3 region in place of the deleted E3B
genes to generate CRAd-IL24 or CRAd-IN4, respectively. The control CRAd was constructed to express the
Gluc reporter gene encoding naturally secreted luciferase derived from the copepod, Gaussia princeps. The
generated CRAd-IL24 and CRAd-IN4 were tested along
with control CRAd vector to validate hypothesis that
arming Ad5/3Δ24 with IL-24 or ING4 therapeutic payload may improve oncolytic CRAd potency following
infection ovarian cancer cells in vitro and in vivo. To
this end, the expression of IL-24 and ING4 genes was
validated in several ovarian cancer cell lines infected
with CRAd-IL24 or CRAd-IN4 vectors. Fig. 2a shows
that the presence of IL-24 was confirmed by ELISA at
concentrations ranging from 10 to 1000 ng/ml of culture
medium collected from ovarian cancer cells OV-4,
OVCAR3, SKOV3ip.1, and normal IOSE523 cells, which
were infected with CRAd-IL24, but not in mockuninfected cells (data not shown). Western blot analysis
of ING4 expression in SKOV3ip.1 cells infected with
CRAd-ING4 at varying MOIs demonstrated a vector
dose-dependent increase of 29 kDa protein band intensity, which corresponds to ING4 polypeptide molecular
mass as compared to uninfected cells (Fig. 2b). To determine whether arming with IL-24 or ING4 therapeutic
genes leads to improved oncolytic CRAd potency we
tested cell viability and cytotoxicity following infection
of normal and ovarian cancer (OvCa) cells.

Fig. 1 Graphical representation of Ad vectors used in the study. The generated CRAd vectors have a deletion of 24 nucleotides (Δ24) in the early
E1A gene (E1A) to allow selective replication in tumor cells with an pRb mutation. All three vectors encode a chimeric fiber protein (5/3 fiber)
containing tail and shaft regions of Ad5 fiber fused with knob domain of Ad3, which is known to improve infection efficiency of OvCa cells.
CRAd-IL24 (Ad5/3Δ24cmvIL24) contains IL-24 gene incorporated in place of the deleted E3B region (ΔE3B) under transcriptional control of the human CMV promoter (CMVp). CRAd-ING4 (Ad5/3Δ24cmvING4) is armed with CMVp-driven Inhibitor of Growth 4 (ING4) gene. Non-armed CRAd
control was constructed to express reporter gene encoding the secreted Gaussia Luciferase (Gluc)
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Fig. 2 Validation of CRAd-mediated expression of IL-24 and ING4 genes. a) The concentrations of IL-24 protein following infection of the
indicated OvCa cell lines and normal IOSE523 cells with CRAd-IL24 at the MOIs of 1 and 10 vp/cell were determined in cell culture supernatants
3 days postinfection using commercial ELISA kit with IL-24 concentration standards. Each bar represents the cumulative mean ± SD (*p ≤ 0.05).
b) The relative levels of ING4 gene expression were determined following infection of SKOV3ip.1 cells with CRAd-ING4 at the MOIs of 100, 33,
and 11 vp/cell. The ING4 protein band of 29 kDa was detected in cell lysates 3 days postinfection with 100, 33, and 11 vp/cell, but not in
mock-infected cells (0 vp/cell) using Western blot with rabbit polyclonal Ab raised against ING4 internal region

IL24 gene expression while resulting in infectious
progeny titers similar or markedly increased as compared
to control CRAd.
Evaluation of oncolytic effects of CRAd vectors in vitro

To detect the effects of IL-24 or ING4 gene expression
on CRAd potency we infected monolayers of normal
ovarian surface epithelial cells IOSE-120 and IOSE-523
or OvCa cells at MOIs ranging from 0.4 to 100 vp/cell
and tested cell viability 6 days postinfection. As can be
seen in Fig. 5a, we did not observed any significant

Fig. 3 Amplification of CRAd genomes in OvCa cells. The relative
amplification of CRAd genome following OvCa cell infection was
determined 3 days postinfection using TaqMan qPCR primer/probe
to detect viral genome copy number in samples of total DNA
isolated from the indicated OvCa cell lines infected with CRAd-IL24,
CRAd-ING4, or control CRAd at the MOI of 10 vp/cell. Each bar
represents the cumulative mean Ad genome copy number/ng
β-actin DNA ± SD (*p ≤ 0.05)

differences in proliferation of cells infected with armed
CRAds as compared to control CRAd. Both IOSE-523
and OVCAR3 cells were very susceptible to CRAd infection resulting in 50 % live cells at the MOI of 1 and 0.4,
respectively as compared to uninfected cells. IOSE-120
and OV-4 were relatively resistant to CRAd infection
while showing 50 % cell viability at MOI of 33. Infection
of SKOV3ip.1 and SKOV3luc cells revealed significant
differences in oncolytic CRAd potency. Both armed
CRAds significantly decreased cell viability at MOIs 0.4
and 1 as compared to control CRAd in SKOV3luc cells.
Infection of SKOV3ip.1 cells revealed that cytotoxic
CRAd-ING4 effects were markedly improved as compared
to control CRAd. On the other hand, while CRAd-IL24
vector demonstrated oncolytic potency significantly superior to CRAd-ING4 vector. To see if combining armed
CRAds together may result in improved cytotoxicity we
tested viability of cells infected with both CRAd-IL24 and
CRAd-ING4 vectors as compared to control CRAd along
with either CRAd-IL24 or CRAd-ING4. As illustrated in
Fig. 5b (right panel), the cytotoxic effects induced in SKOV3ip.1 cells by of CRAd-IL24 and CRAd-ING4 together
were somewhat superior to CRAd-IL24 combined with
control CRAd and markedly improved with respect to
CRAd-ING4 combined with control CRAd. However, the
effects observed while using CRAd-IL24 and CRAd-ING4
vector together were not substantially different from those
seen with CRAd-IL24 alone at the same MOI (Fig. 5b, left
panel). We also could not detect substantial differences
between any CRAd combinations used to infect SKOV3luc cells (Fig. 5b, right panel). Despite somewhat dramatic
cytotoxicity increase was observed in SKOV3ip.1 cells
when CRAd-ING4 was combined with CRAd-IL24 vector
as compared to control CRAd these data suggested that
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Fig. 4 CRAd progeny amplification in OvCa cells. The titers of infectious viral progeny produced in OvCa cell lines were determined using the
Viral ToxGlo assay (Promega) to measure cellular ATP level, as surrogate of cell viability. Monolayers of A549 cells were infected with serial
dilutions of lysates of the indicated OvCa cells, which were infected with CRAd-ING4, CRAd-IL24, or control CRAd to determine a cytotoxic
endpoint effect (50 % CPE or tissue culture infective dose TCID50) 6 days postinfection. Each data point represents the cumulative mean ± SD
(error bars are smaller than the symbols, p ≤ 0.05)

employing both armed CRAds together may benefit primarily CRAd-ING4 vector rather than CRAd-IL24 vector.
Oncolytic CRAd effects were further assessed in OvCa
cells after staining adherent cells with crystal violet
6 days postinfection and determining the densities of cell
monolayers infected at various MOIs. The values of cell
density presented in Fig. 6a show markedly enhanced
cytopathic effects of CRAd-IL24 vector as compared to
both CRAd-ING4 and CRAd control in SKOV3ip.1 and
SKOV3luc cells. While cytopathic effects of CRAd-ING4
vector were significantly increased in SKOV3ip.1 cells
we did not detect a marked improvement of cytotoxicity
in SKOV3luc cells as compared to control CRAd vector.
While combining CRAd-IL24 and CRAd-ING4 vectors
produced cytopathic effects somewhat similar to CRAdIL24 alone in SKOV3ip.1 cells it resulted in a marked
loss of cytotoxicity in SKOV3luc cells as compared to
CRAd-IL24 alone (Fig. 6a). We observed that cytopathic
effects of CRAd-IL24 vector were somewhat increased at
lower MOIs in OVCAR3 cells as compared to CRAdING4 and control CRAd vector however, no beneficial
effects of CRAd arming with IL-24 and ING4 genes were
revealed in OV4 cells (Fig. 6b).
To monitor CRAd-mediated cell killing effects we
employed CellTox™ Green Cytotoxicity assay (Promega).

The monolayers OvCa cells and normal IOSE-120 cells
were infected with each CRAd alone or two CRAd
vectors together at MOI of 1 vp/cell. The changes in
citotoxicity were detected by adding DNA-binding cyanine dye and measuring the levels of fluorescent signal
intensity in infected and uninfected cells, which is
proportional to number of killed cells on day 3, 4 and 5
postinfection (Fig. 7). We observed that infection of
SKOV3ip.1 cells with armed CRAds resulted in markedly improved cell killing as compared to control CRAd
while no significant differences were detected between
armed and control CRAd vectors in IOSE-120, OV-4,
and OVCAR3 cells. As can be seen in Fig. 7a, the use of
CRAd-IL24 alone or in combination with either CRAdING4 or control CRAd resulted in up to 4-fold increased
levels of cytotoxicity as compared to control CRAd
alone or together with CRAd-ING4, respectively. The
use of CRAd-ING4 alone showed only a marginal improvement in cell killing as compared to control CRAd.
Analysis of CRAd oncolysis in the presence of Avastin

To test tumoricidal effects of CRAd virotherapy combined
with anti-VEGF monoclonal antibody (mAb) Avastin
(Bevacizumab) we infected SKOV3ip.1, OV-4, and OVCAR3
cells with each CRAd alone or two CRAd vectors together
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Fig. 5 Analysis of cytotoxic CRAd effects in normal and OvCa cells. a) The monolayers of normal ovarian surface epithelial IOSE-120 and IOSE-523
cells or OV-4 and OVCAR3 OvCa cells were infected with each CRAd vector at the indicated MOIs (vp/cell). b) The monolayers SKOV3ip.1 and
SKOV3luc OvCa cells were infected with each CRAd alone (left panel) or two CRAd vectors together (right panel) at the indicated MOIs (vp/cell).
The infected and uninfected cells were stained using MTS-based Cell Proliferation Assay (Promega) 6 days postinfection to detect cells that
survived CRAd CPE. Live cells percentages are calculated with respect to mock-infected cell monolayers.. Each data point represents the
cumulative mean ± SD (some error bars are smaller than the symbols, p ≤ 0.05)

at the MOI of 10 vp/cell at day 0 while supplementing culture medium with Avastin at the concentrations ranging from 0 to 500 μg/ml. (Avastin™; Roche,
Switzerland, or Bevacizumab; Genentech BioOncology,
South San Francisco, CA, USA). The infected and
uninfected cells were subjected to CellTox™ assay
(Promega) by adding DNA-binding dye and measuring the fluorescent signal intensity, which is proportional to cytotoxicity on day 3, 4, and 5 post-infection

to assess the cell killing effects. Figure 8a (left panel)
shows that CRAd-IL24 alone and in combination with
either CRAd-ING4 or control CRAd demonstrated markedly increased cell killing efficiency on day 3 postinfection
as compared to control CRAd alone. While CRAd-ING4
showed significantly increased cytotoxicity as compared to
control CRAd in SKOV3ip.1 cells, it was somewhat
decreased in OV-4 and OVCAR3 cells on day 3. When
cytotoxic effects were monitored on day 5 postinfection
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Fig. 6 Evaluation of oncolytic effects of CRAd-IL24 or CRAd-ING4 alone and combined together. Monolayers of SKOV3ip.1, SKOV3luc, OVCAR3,
and OV-4 cells were infected with each CRAd alone (left panel) or two CRAd vectors together (right panel) at the indicated MOIs. Oncolytic effects
of CRAd vectors were assessed by determining cell monolayer integrity 6 days postinfection. The integrity of cell monolayers was determined by
staining adherent cells with crystal violet. The stained monolayers were scanned using a plate reader set at 565 nm to calculate the percentage
cell density in monolayers infected with each viral dose that were determined with respect to the uninfected control. Each data point represents
the cumulative mean ± SD (error bars are smaller than the symbols, p ≤ 0.05)

(Fig. 8a, left panel), we did not observe any consistent
differences between tested CRAds in OVCAR3 cells
while all CRAd combinations showed substantially
improved killing of SKOV3ip.1 cells and somewhat

increased cytotoxicity (except for CRAd-ING4) in OV4 cells as compared to control CRAd. Despite the
differences that we observed in CRAd-mediated cell
killing efficacy, it was not dependent on Avastin
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Fig. 7 Monitoring cytotoxic effects induced by CRAd-IL24 or CRAd-ING4 alone and together. The monolayers of SKOV3ip.1, OvCa OV-4, or
OVCAR3 ovarian cancer cells and normal ovarian surface epithelial IOSE-120 cells were infected with each CRAd alone (left panel) or two CRAd
vectors together (right panel) at MOI of 1 vp/cell. The infected and uninfected cells were subjected to CellTox™ Green Cytotoxicity assay
(Promega) by adding DNA-binding cyanine dye on day 3 and monitoring the increase in fluorescent signal intensity proportional to cytotoxicity
till day 5 postinfection to detect the level of CRAd-mediated cell killing using the Synergy-HT plate reader with 485 nm excitation and 520 nm
emission wavelength filters. Each data point represents the cumulative mean ± SD (some error bars are smaller than the symbols, p ≤ 0.05)

concentration suggesting that oncolytic CRAd effects
may not benefit from anti-angiogenesis treatment in
vitro. These data were corroborated by Cell Proliferation Assay (Promega) carried out 6 days postinfection
and showing no dose-dependent effects on a viability
of both infected and uninfected cells (Fig. 8b, right
column). Overall, these in vitro studies did not reveal

any evidence that anti-angiogenesis mAb treatment
has direct effect on OvCa cell viability in a wide range
of Avastin concentrations tested.

Discussion
The frequent resistance of aggressive cancers to currently
available therapies, such as radiotherapy and chemotherapy,
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Fig. 8 Analysis of cytotoxic CRAd effects combined with Avastin. a) The monolayers SKOV3ip.1, OV-4, and OVCAR3 OvCa cells were infected with
each CRAd alone or two CRAd vectors together at MOI of 10 vp/cell. Avastin was used to supplement infection and mock infection medium at
the indicated concentrations (μg/ml). The infected and uninfected cells were subjected to CellTox™ assay (Promega) by adding DNA-binding
cyanine dye on day 3 and monitoring the increase in fluorescent signal intensity, which is proportional to cytotoxicity till day 5 post-infection to
detect any cell killing effects. The cells in 96-well plates were red using the Synergy-HT plate reader with 485 nm excitation and 520 nm emission
filters. The data represent the mean values of relative fluorescent units (RFU) detected for each Avastin concentration after subtracting
background signal detected with cyanine dye added but no virus or Avastin. b) The Cell Proliferation Assay (Promega) was carried out 6 days
post-infection to detect cells that stayed alive after exposure to CRAd and/or Avastin. The plates were red using the Synergy-HT plate reader set
at 490 nm. The mean values of optical density (OD) detected for each Avastin concentration are presented after subtracting background signal
detected in monolayers that were not treated with virus or Avastin. Each data point represents the cumulative mean ± SD (error bars are smaller
than the symbols, p ≤ 0.05)

mandates development of targeted, nontoxic and more
efficacious treatment modalities. CRAd agents that
induce oncolysis by cancer-specific replication are
currently being evaluated in clinical trials [54, 55]
demonstrating high safety profile but limited clinical
efficacy. Further in this regard, arming CRAds with
immunomodulatory or proapoptotic genes is being
explored as a strategy to enhance their potency.
In this study we generated the derivatives of Ad5/
3Δ24 CRAd vector designed to express therapeutic
genes that could potentially improve viral oncolysis in
ovarian cancer cells. Based on previous encouraging data
using IL-24 gene to arm both Ad5-based and Ad5/3-

based CTV CRAd [41–48] we choose to test whether
our Ad5/3Δ24 vector designed to express IL-24 could
provide therapeutic benefit for oncolytic treatment of
carcinoma of the ovary. We also thought to assess the
utility of CRAd arming with ING4 gene, which was
previously shown to provide growth suppression of several tumor types, when being expressed alone [34–36] or
together with IL-24 gene [37–40] using replicationincompetent Ad vectors. To this end, we constructed
Ad5/3Δ24 CRAd derivatives containing either IL-24 or
ING4 gene controlled by constitutive CMV promoter
incorporated in place of the early E3B genes deleted
within viral chromosome (Fig. 1). Following validation of
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efficient expression of IL-24 and ING4 genes in
OvCa cell lines infected with newly generated CRAds
(Fig. 2a, b) we carried out multiple assays to assess
the efficiency of virus replication and the extent of
induced cytotoxicity.
First, we determined the viral chromosome amplification in OvCa cells infected with CRAd-ING4, CRAdIL24, control CRAd vector, which revealed that the
CRAd-ING4 genome copy numbers were significantly
increased as compared to CRAd-IL24 and control CRAd
in three out of four OvCa cell types tested (Fig. 3).
When the yield of infectious viral progeny produced in
these cells was determined based on TCID50 assay it
appeared that CRAd-ING4 infection resulted in significantly lower titers of infectious virus as compared to
control CRAd in all tested OvCa lines. On the other
hand, CRAd-IL24 infectious progeny produced in SKOV3ip.1 and SKOV3luc cells was markedly increased with
respect to control CRAd (Fig. 4). This discrepancy
between viral genome amplification and the resultant
amount of infectious viral progeny indicated that overexpression of IL-24 and ING4 genes in infected cells may
affect the CRAd genome replication and/or subsequent
DNA packaging into fully assembled infectious virions.
While previous studies of CTV CRAd derivatives
[41–48] expressing IL-24 gene did not report any
drawbacks affecting viral progeny amplification and assembly, therapeutic ING4 effects were analyzed in the
context of replication-incompetent Ad-based expression
[34–36]. It is likely that exogenous ING4 can control
cellular pathways interfering with CRAd Δ24 life cycle
following cancer cell infection. p29ING4 was reported to
interact with p300, a major component of histone acetyl
transferase complexes, and negatively regulate the cell
growth by decreasing cell population in S-phase, inducing
significant G2/M arrest of cell cycle and apoptosis
[56, 57]. In contrast to ING4, the E1A proteins facilitate cell cycle progression by binding to the p300 and
CBP proteins, which is mediated by CR-1 [58]. E1A
mutants lacking CR-2 and unable to bind pRB family
members can nevertheless stimulate cellular DNA synthesis to move the infected cells from G1 to S phase allowing
efficient viral DNA replication [59, 60]. Therefore, the
published data and our own observations strongly suggest
that vector-mediated ING4 expression can suppress
cancer cell proliferative status thereby, creating an
environment unfavorable for CRAd propagation.
To evaluate oncolytic potency of armed CRAd-IL24
and CRAd-ING4 with respect to control CRAd we
carried out multiple assays measuring cell viability following infection at a wide range of MOIs. Analysis of
cell proliferation and cytotoxicity showed that oncolytic
potency of CRAd-IL24 was dramatically improved as
compared to non-armed CRAd and superior to CRAd-
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ING4 in in SKOV3ip.1 cells. While CRAd-IL24 and
CRAd-ING4 infection resulted in somewhat similar cytotoxicity increase in SKO3luc cells as compared to control
CRAd we did not observe any significant differences
between CRAd vectors in OV-4 and IOSE-120/523 cells.
We also tested whether combining CRAd-IL24 and
CRAd-ING4 vectors may result in augmentated cytotoxicity in OvCa cells as compared to their separate application. When SKOV3ip.1 cells were infected with CRAd-IL24
mixed with equal amount of either CRAd-ING4 or unarmed CRAd we observed an overall augmentation of
cytotoxic effects induced by CRAd-IL24/ING4 mix as
compared to CRAd-IL24/CRAd or CRAd-ING4/CRAd
mixture. However, the resultant oncolytic effects detected
in all tested OvCa cells were not increased above the level
induced by the same viral particle number of CRAd-IL24
along. Hence, these experiments did not reveal any significant benefits while combining CRAd/IL-24 and CRAdING4 together, thereby, indicating that the predominant
pathways that mediate IL-24 and ING4 therapeutic effects
are not synergistic in vitro.
Finally, we tested if supplementing infection media with
Avastin (Bevacizumab), a recombinant humanised monoclonal antibody developed against soluble VEGF to
prevent receptor binding [61], may increase oncolytic
potency of CRAd-IL24 and/or CRAd-ING4 in OvCa cells.
Interestingly, some recent studies indicate that in addition
to inhibition of angiogenesis high doses of Avastin may
have direct anti-cancer cell properties in vitro [62]. To
address this issue we monitored cytotoxic effects induced
by each CRAd alone or two CRAds added together in
the presence of increasing concentrations of Avastin
(0–300 μg/ml). The cytotoxic effects measured on day 3
and 5 post-infection demonstrated that the CRAdmediated cell-killing in SKOV3ip.1, OV-4, and OVCAR3
cultures was essentially the same in the absence or presence of Avastin at a wide range of concentrations tested
(Fig. 8a). These data were supported by cell viability assay
carried on day 6 post-infection, which did not show any
significant reduction of cell viability caused by CRAd
vectors in the presence of Avastin (Fig. 8b). The treatments of cell monolayers with indicated Avastin concentrations did not reveal significant cytotoxic or proliferative
effects except for OV-4 cells at day 5 postinfection, which
was not concentration-dependent and could be caused
by other factors. Collectively, these data along with
previous studies [63] indicate the lack of direct anticancer properties in vitro. On the other hand, this
assay (Fig. 8a) corroborated our previous observations
that CRAd-IL24 oncolytic function is markedly superior to both CRAd-ING4 and control CRAd, thus,
validating that observed increase of infectious CRAdIL24 vector yields (Fig. 4) can translate to enhanced
cell-killing efficacy (Figs. 5b, 6, 7a, 8a).
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Conclusions
In the aggregate, our in vitro findings warrant further
preclinical studies of CRAd-IL24 to test its efficacy in
murine ovarian cancer models to establish its potential
utility for the virotherapy treatment of primary and
advanced neoplastic diseases.
Whereas oncolytic virotherapy agents were originally
designed to accomplish anti-neoplastic effects directly via
replicative oncolysis, it has recently become apparent that
they can also elicit potent immunogenic tumor cell death.
Specifically, virus infection of cancer cells releases damageassociated patterns recognized by receptors expressed on
cells of the innate immune system. Activation of these
receptors induces pro-inflammatory cytokines provoking
Th1-type immune responses [64–66]. The recognition of
these potent immunostimulatory effects of virotherapy
agents has led to the design of strategies to augment active
anti-tumor immunization using armed CRAd agents
[67–69]. This recognition now allows us to determine
the full utilities that derive from our CRAd-IL24
agent in preclinical studies employing immunocompetent syngenic murine ovarian cancer model [70].
Abbreviations
Ad, adenovirus; Ad5, adenovirus serotype 5; CAR, coxsackievirus group B and
adenovirus receptor; CMV, cytomegalovirus immediate-early promoter; CPE,
cytopathic effect; CR-2, conserved region 2; CRAd, conditionally replicative
adenovirus; CTV, cancer terminator virus; Gluc, Gaussia princeps luciferase;
IL-24, interleukin 24; ING4, inhibitor of growth 4 tumor suppressor protein;
mAb, monoclonal antibody; MDA-7, melanoma differentiation associated
gene 7; MOI, multiplicity of infection; OvCa, ovarian cancer; PBS,
phosphate-buffered saline; RGD-4C, Cys-Asp-Cys-Arg-Gly-Asp-Cys-Phe-Cys;
VEGF, vascular endothelial growth factor; vp, viral particles
Acknowledgements
We are thankful Canadian OvCaRe Cell Bank (Vancouver, B.C., Canada) for
providing normal ovarian surface epithelial cells IOSE-120 and IOSE-523
obtained from healthy women and immortalized with SV40 T/t.
Funding
This study was funded by the Research Grants, King Abdul Aziz City for
Science and Technology (KACST) the Kingdom of Saudi Arabia Award
Number (ARP-35-104). Dr. Ashshi and Dr. El-Shemi are the recipients of
the grant.
Availability of data and material
The datasets supporting the conclusions of this article are included within
the article and its additional files.
Authors’ contributions
AMA and AGE made substantial contributions to conception and design of
this study and its related measurements and critical review of the manuscript
and its related measurements and critical review of the manuscript. IPD and
EAK carried out the experiments and analyzed the collected data. IPD
interpreted the data and drafted the manuscript. DTC critically revised the
manuscript for important intellectual content. All authors have read and
given their approval of the final manuscript to be published.
Competing interests
The authors declare that they have no financial and non-financial
competing interests.
Consent for publication
Not applicable.

Page 13 of 15

Ethics approval and consent to participate
Not applicable.
Author details
1
Department of Laboratory Medicine, Faculty of Applied Medical Sciences,
Umm Al-Qura University, PO Box 7607, Holy Makkah, Saudi Arabia.
2
Department of Pharmacology, Faculty of Medicine, Assiut University, Assiut,
Egypt. 3The Division of Cancer Biology and Biologic Therapeutic Center,
Department of Radiation Oncology, School of Medicine, Washington
University in Saint Louis, 660 South Euclid Avenue, Campus Box 8224, St.
Louis, MO 63110, USA.
Received: 11 April 2016 Accepted: 22 June 2016

References
1. Gene Therapy Clinical Trials Worldwide. In: J Gene Med. July 2015 edn:
Wiley; 2015.
2. Adenoviridae ST. The Viruses and Their Replication. In: Fields BN, Knipe DM,
Howley PM, editors. Fields Virology. vol. 2, Third Editionth ed. Philadelphia:
Lippincott - Raven Publishers; 1996. p. 2111–48.
3. Kanerva A, Raki M, Hemminki A. Gene therapy of gynaecological diseases.
Expert Opin Biol Ther. 2007;7(9):1347–61.
4. Kimball KJ, Numnum TM, Rocconi RP, Alvarez RD. Gene therapy for ovarian
cancer. Curr Oncol Rep. 2006;8(6):441–7.
5. O’Shea CC. Viruses - seeking and destroying the tumor program. Oncogene.
2005;24(52):7640–55.
6. Douglas JT, Kim M, Sumerel LA, Carey DE, Curiel DT. Efficient oncolysis by a
replicating adenovirus (ad) in vivo is critically dependent on tumor
expression of primary ad receptors. Cancer Res. 2001;61(3):813–7.
7. Hemminki A, Kanerva A, Liu B, Wang M, Alvarez RD, Siegal GP, Curiel DT.
Modulation of coxsackie-adenovirus receptor expression for increased
adenoviral transgene expression. Cancer Res. 2003;63(4):847–53.
8. Kim M, Zinn KR, Barnett BG, Sumerel LA, Krasnykh V, Curiel DT, Douglas JT.
The therapeutic efficacy of adenoviral vectors for cancer gene therapy is
limited by a low level of primary adenovirus receptors on tumour cells. Eur
J Cancer. 2002;38(14):1917–26.
9. Dmitriev I, Krasnykh V, Miller CR, Wang M, Kashentseva E, Mikheeva G,
Belousova N, Curiel DT. An adenovirus vector with genetically modified
fibers demonstrates expanded tropism via utilization of a coxsackievirus
and adenovirus receptor-independent cell entry mechanism. J Virol.
1998;72(12):9706–13.
10. Krasnykh VN, Mikheeva GV, Douglas JT, Curiel DT. Generation of
recombinant adenovirus vectors with modified fibers for altering viral
tropism. J Virol. 1996;70(10):6839–46.
11. Wang H, Li ZY, Liu Y, Persson J, Beyer I, Moller T, Koyuncu D, Drescher MR,
Strauss R, Zhang XB et al. Desmoglein 2 is a receptor for adenovirus
serotypes 3, 7, 11 and 14. Nat Med. 2011;17(1):96–104.
12. Kanerva A, Mikheeva GV, Krasnykh V, Coolidge CJ, Lam JT, Mahasreshti PJ,
Barker SD, Straughn M, Barnes MN, Alvarez RD et al. Targeting adenovirus to
the serotype 3 receptor increases gene transfer efficiency to ovarian cancer
cells. Clin Cancer Res. 2002;8(1):275–80.
13. Tsuruta Y, Pereboeva L, Breidenbach M, Rein DT, Wang M, Alvarez RD,
Siegal GP, Dent P, Fisher PB, Curiel DT. A fiber-modified mesothelin
promoter-based conditionally replicating adenovirus for treatment of
ovarian cancer. Clin Cancer Res. 2008;14(11):3582–8.
14. Fueyo J, Gomez-Manzano C, Alemany R, Lee PS, McDonnell TJ, Mitlianga P,
Shi YX, Levin VA, Yung WK, Kyritsis AP. A mutant oncolytic adenovirus
targeting the Rb pathway produces anti-glioma effect in vivo. Oncogene.
2000;19(1):2–12.
15. Heise C, Hermiston T, Johnson L, Brooks G, Sampson-Johannes A, Williams
A, Hawkins L, Kirn D. An adenovirus E1A mutant that demonstrates potent
and selective systemic anti-tumoral efficacy. Nat Med. 2000;6(10):1134–9.
16. D'Andrilli G, Kumar C, Scambia G, Giordano A. Cell cycle genes in ovarian
cancer: steps toward earlier diagnosis and novel therapies. Clin Cancer Res.
2004;10(24):8132–41.
17. Lockley M, Fernandez M, Wang Y, Li NF, Conroy S, Lemoine N, McNeish I.
Activity of the adenoviral E1A deletion mutant dl922-947 in ovarian cancer:
comparison with E1A wild-type viruses, bioluminescence monitoring, and
intraperitoneal delivery in icodextrin. Cancer Res. 2006;66(2):989–98.

Ashshi et al. Journal of Ovarian Research (2016) 9:38

18. Bauerschmitz GJ, Lam JT, Kanerva A, Suzuki K, Nettelbeck DM, Dmitriev I,
Krasnykh V, Mikheeva GV, Barnes MN, Alvarez RD et al. Treatment of ovarian
cancer with a tropism modified oncolytic adenovirus. Cancer Res. 2002;
62(5):1266–70.
19. Kanerva A, Zinn KR, Chaudhuri TR, Lam JT, Suzuki K, Uil TG, Hakkarainen T,
Bauerschmitz GJ, Wang M, Liu B et al. Enhanced therapeutic efficacy for
ovarian cancer with a serotype 3 receptor-targeted oncolytic adenovirus.
Mol Ther. 2003;8(3):449–58.
20. Zhu ZB, Lu B, Park M, Makhija SK, Numnum TM, Kendrick JE, Wang M,
Tsuruta Y, Fisher P, Alvarez RD et al. Development of an optimized
conditionally replicative adenoviral agent for ovarian cancer. Int J Oncol.
2008;32(6):1179–88.
21. Kimball KJ, Preuss MA, Barnes MN, Wang M, Siegal GP, Wan W, Kuo H,
Saddekni S, Stockard CR, Grizzle WE et al. A phase I study of a
tropism-modified conditionally replicative adenovirus for recurrent
malignant gynecologic diseases. Clin Cancer Res. 2010;16(21):5277–87.
22. Kim KH, Dmitriev IP, Saddekni S, Kashentseva EA, Harris RD, Aurigemma R,
Bae S, Singh KP, Siegal GP, Curiel DT et al. A phase I clinical trial of Ad5/3Delta24, a novel serotype-chimeric, infectivity-enhanced, conditionallyreplicative adenovirus (CRAd), in patients with recurrent ovarian cancer.
Gynecol Oncol. 2013;130(3):518–24.
23. Fisher PB, Sarkar D, Lebedeva IV, Emdad L, Gupta P, Sauane M, Su ZZ, Grant
S, Dent P, Curiel DT et al. Melanoma differentiation associated gene-7/
interleukin-24 (mda-7/IL-24): novel gene therapeutic for metastatic
melanoma. Toxicol Appl Pharmacol. 2007;224(3):300–7.
24. Menezes ME, Bhatia S, Bhoopathi P, Das SK, Emdad L, Dasgupta S, Dent P,
Wang XY, Sarkar D, Fisher PB. MDA-7/IL-24: multifunctional cancer killing
cytokine. Adv Exp Med Biol. 2014;818:127–53.
25. Emdad L, Sarkar D, Lebedeva IV, Su ZZ, Gupta P, Mahasreshti PJ, Dent P,
Curiel DT, Fisher PB. Ionizing radiation enhances adenoviral vector
expressing mda-7/IL-24-mediated apoptosis in human ovarian cancer. J Cell
Physiol. 2006;208(2):298–306.
26. Leath 3rd CA, Kataram M, Bhagavatula P, Gopalkrishnan RV, Dent P, Fisher
PB, Pereboev A, Carey D, Lebedeva IV, Haisma HJ. Infectivity enhanced
adenoviral-mediated mda-7/IL-24 gene therapy for ovarian carcinoma.
Gynecol Oncol. 2004;94(2):352–62.
27. Yacoub A, Liu R, Park MA, Hamed HA, Dash R, Schramm DN, Sarkar D,
Dimitriev IP, Bell JK, Grant S et al. Cisplatin enhances protein kinase
R-like endoplasmic reticulum kinase- and CD95-dependent melanoma
differentiation-associated gene-7/interleukin-24-induced killing in
ovarian carcinoma cells. Mol Pharmacol. 2010;77(2):298–310.
28. Guerillon C, Bigot N, Pedeux R. The ING tumor suppressor genes: status in
human tumors. Cancer Lett. 2014;345(1):1–16.
29. Raho G, Miranda C, Tamborini E, Pierotti MA, Greco A. Detection of novel
mRNA splice variants of human ING4 tumor suppressor gene. Oncogene.
2007;26(36):5247–57.
30. Ozer A, Wu LC, Bruick RK. The candidate tumor suppressor ING4 represses
activation of the hypoxia inducible factor (HIF). Proc Natl Acad Sci U S A.
2005;102(21):7481–6.
31. Kim S. HuntING4 new tumor suppressors. Cell Cycle. 2005;4(4):516–7.
32. Kim S, Chin K, Gray JW, Bishop JM. A screen for genes that suppress loss of
contact inhibition: identification of ING4 as a candidate tumor suppressor
gene in human cancer. Proc Natl Acad Sci U S A. 2004;101(46):16251–6.
33. Garkavtsev I, Kozin SV, Chernova O, Xu L, Winkler F, Brown E, Barnett GH,
Jain RK. The candidate tumour suppressor protein ING4 regulates brain
tumour growth and angiogenesis. Nature. 2004;428(6980):328–32.
34. Li Z, Xie Y, Sheng W, Miao J, Xiang J, Yang J. Tumor-suppressive
effect of adenovirus-mediated inhibitor of growth 4 gene transfer in
breast carcinoma cells in vitro and in vivo. Cancer Biother
Radiopharm. 2010;25(4):427–37.
35. Xie YF, Sheng W, Xiang J, Zhang H, Ye Z, Yang J. Adenovirus-mediated ING4
expression suppresses pancreatic carcinoma cell growth via induction of
cell-cycle alteration, apoptosis, and inhibition of tumor angiogenesis. Cancer
Biother Radiopharm. 2009;24(2):261–9.
36. Xie Y, Zhang H, Sheng W, Xiang J, Ye Z, Yang J. Adenovirus-mediated ING4
expression suppresses lung carcinoma cell growth via induction of cell
cycle alteration and apoptosis and inhibition of tumor invasion and
angiogenesis. Cancer Lett. 2008;271(1):105–16.
37. Zhao Y, Li Z, Sheng W, Miao J, Yang J. Radiosensitivity by ING4-IL-24
bicistronic adenovirus-mediated gene cotransfer on human breast cancer
cells. Cancer Gene Ther. 2013;20(1):38–45.

Page 14 of 15

38. Zhao Y, Li Z, Sheng W, Miao J, Yang J. Adenovirus-mediated ING4/IL-24
double tumor suppressor gene co-transfer enhances antitumor activity in
human breast cancer cells. Oncol Rep. 2012;28(4):1315–24.
39. Zhu Y, Lv H, Xie Y, Sheng W, Xiang J, Yang J. Enhanced tumor suppression
by an ING4/IL-24 bicistronic adenovirus-mediated gene cotransfer in human
non-small cell lung cancer cells. Cancer Gene Ther. 2011;18(9):627–36.
40. Xie Y, Lv H, Sheng W, Miao J, Xiang J, Yang J. Synergistic tumor suppression by
adenovirus-mediated inhibitor of growth 4 and interleukin-24 gene cotransfer
in hepatocarcinoma cells. Cancer Biother Radiopharm. 2011;26(6):681–95.
41. Sarkar D, Su ZZ, Fisher PB. Unique conditionally replication competent
bipartite adenoviruses-cancer terminator viruses (CTV): efficacious reagents
for cancer gene therapy. Cell Cycle. 2006;5(14):1531–6.
42. Sarkar D, Lebedeva IV, Su ZZ, Park ES, Chatman L, Vozhilla N, Dent P, Curiel
DT, Fisher PB. Eradication of therapy-resistant human prostate tumors using
a cancer terminator virus. Cancer Res. 2007;67(11):5434–42.
43. Greco A, Di Benedetto A, Howard CM, Kelly S, Nande R, Dementieva Y,
Miranda M, Brunetti A, Salvatore M, Claudio L et al. Eradication of therapyresistant human prostate tumors using an ultrasound-guided site-specific
cancer terminator virus delivery approach. Mol Ther. 2010;18(2):295–306.
44. Sarkar D, Su ZZ, 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 U S A. 2005;102(39):14034–9.
45. Sarkar D, Su ZZ, Park ES, Vozhilla N, Dent P, Curiel DT, Fisher PB. A cancer
terminator virus eradicates both primary and distant human melanomas.
Cancer Gene Ther. 2008;15(5):293–302.
46. Dash R, Dmitriev I, Su ZZ, Bhutia SK, Azab B, Vozhilla N, Yacoub A, Dent P,
Curiel DT, Sarkar D et al. Enhanced delivery of mda-7/IL-24 using a serotype
chimeric adenovirus (Ad.5/3) improves therapeutic efficacy in low CAR
prostate cancer cells. Cancer Gene Ther. 2010;17(7):447–56.
47. Azab B, Dash R, Das SK, Bhutia SK, Shen XN, Quinn BA, Sarkar S, Wang XY,
Hedvat M, Dmitriev IP et al. Enhanced delivery of mda-7/IL-24 using a
serotype chimeric adenovirus (Ad.5/3) in combination with the
Apogossypol derivative BI-97C1 (Sabutoclax) improves therapeutic efficacy
in low CAR colorectal cancer cells. J Cell Physiol. 2012;227(5):2145–53.
48. Azab BM, Dash R, Das SK, Bhutia SK, Sarkar S, Shen XN, Quinn BA, Dent P,
Dmitriev IP, Wang XY et al. Enhanced prostate cancer gene transfer and
therapy using a novel serotype chimera cancer terminator virus (Ad.5/3CTV). J Cell Physiol. 2014;229(1):34–43.
49. Fallaux FJ, Kranenburg O, Cramer SJ, Houweling A, Van Ormondt H, Hoeben
RC, Van Der Eb AJ. Characterization of 911: a new helper cell line for the
titration and propagation of early region 1-deleted adenoviral vectors. Hum
Gene Ther. 1996;7(2):215–22.
50. Le LP, Le HN, Nelson AR, Matthews DA, Yamamoto M, Curiel DT. Core
labeling of adenovirus with EGFP. Virology. 2006;351(2):291–302.
51. Dmitriev IP, Kashentseva EA, Kim KH, Matthews QL, Krieger SS, Parry JJ, Nguyen
KN, Akers WJ, Achilefu S, Rogers BE et al. Monitoring of biodistribution and
persistence of conditionally replicative adenovirus in a murine model of
ovarian cancer using capsid-incorporated mCherry and expression of human
somatostatin receptor subtype 2 gene. Mol Imaging. 2014;11-19
52. Maizel Jr JV, White DO, Scharff MD. The polypeptides of adenovirus. I.
Evidence for multiple protein components in the virion and a comparison
of types 2, 7A, and 12. Virology. 1968;36(1):115–25.
53. Mittereder N, March KL, Trapnell BC. Evaluation of the concentration
and bioactivity of adenovirus vectors for gene therapy. J Virol. 1996;
70(11):7498–509.
54. Larson C, Oronsky B, Scicinski J, Fanger GR, Stirn M, Oronsky A, Reid TR.
Going viral: a review of replication-selective oncolytic adenoviruses.
Oncotarget. 2015;6(24):19976–89.
55. Li S, Tong J, Rahman MM, Shepherd TG, McFadden G. Oncolytic virotherapy
for ovarian cancer. Oncolytic Virother. 2012;1:1–21.
56. Shiseki M, Nagashima M, Pedeux RM, Kitahama-Shiseki M, Miura K, Okamura S,
Onogi H, Higashimoto Y, Appella E, Yokota J et al. p29ING4 and p28ING5 bind
to p53 and p300, and enhance p53 activity. Cancer Res. 2003;63(10):2373–8.
57. Zhang X, Xu LS, Wang ZQ, Wang KS, Li N, Cheng ZH, Huang SZ, Wei DZ,
Han ZG. ING4 induces G2/M cell cycle arrest and enhances the
chemosensitivity to DNA-damage agents in HepG2 cells. FEBS Lett. 2004;
570(1–3):7–12.
58. Wang HG, Rikitake Y, Carter MC, Yaciuk P, Abraham SE, Zerler B, Moran
E. Identification of specific adenovirus E1A N-terminal residues critical to
the binding of cellular proteins and to the control of cell growth.
J Virol. 1993;67(1):476–88.

Ashshi et al. Journal of Ovarian Research (2016) 9:38

Page 15 of 15

59. Lillie JW, Loewenstein PM, Green MR, Green M. Functional domains of
adenovirus type 5 E1a proteins. Cell. 1987;50(7):1091–100.
60. Howe JA, Mymryk JS, Egan C, Branton PE, Bayley ST. Retinoblastoma growth
suppressor and a 300-kDa protein appear to regulate cellular DNA synthesis.
Proc Natl Acad Sci U S A. 1990;87(15):5883–7.
61. Ranieri G, Patruno R, Ruggieri E, Montemurro S, Valerio P, Ribatti D. Vascular
endothelial growth factor (VEGF) as a target of bevacizumab in cancer: from
the biology to the clinic. Curr Med Chem. 2006;13(16):1845–57.
62. Hein M, Graver S. Tumor cell response to bevacizumab single agent therapy
in vitro. Cancer Cell Int. 2013;13(1):94.
63. Adamcic U, Skowronski K, Peters C, Morrison J, Coomber BL. The effect of
bevacizumab on human malignant melanoma cells with functional VEGF/
VEGFR2 autocrine and intracrine signaling loops. Neoplasia. 2012;14(7):612–23.
64. Janeway Jr CA, Medzhitov R. Innate immune recognition. Annu Rev
Immunol. 2002;20:197–216.
65. Kawai T, Akira S. The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nat Immunol. 2010;11(5):373–84.
66. Zhou F. Molecular mechanisms of IFN-gamma to up-regulate MHC class I
antigen processing and presentation. Int Rev Immunol. 2009;28(3–4):239–60.
67. Alemany R, Cascallo M. Oncolytic viruses from the perspective of the
immune system. Future Microbiol. 2009;4(5):527–36.
68. Choi IK, Yun CO. Recent developments in oncolytic adenovirus-based
immunotherapeutic agents for use against metastatic cancers. Cancer Gene
Ther. 2013;20(2):70–6.
69. Loskog A. Immunostimulatory gene therapy using oncolytic viruses as
vehicles. Viruses. 2015;7(11):5780–91.
70. Mo L, Bachelder RE, Kennedy M, Chen PH, Chi JT, Berchuck A, Cianciolo G,
Pizzo SV. Syngeneic murine ovarian cancer model reveals that ascites
enriches for ovarian cancer stem-like cells expressing membrane GRP78.
Mol Cancer Ther. 2015;14(3):747–56.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

