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Abstract 

Melanoma differentiation associated gene-7/interleukin 24 (mda-7/IL-24) is a unique IL-10 family cytokine 

displaying selective apoptosis-inducing activity in transformed cells without harming normal cells. The 

present studies focused on defining the mechanism(s) by which recombinant adenoviral delivery of MDA-

7/IL-24 inhibits cell survival of human ovarian carcinoma cells (OCC).  Expression of MDA-7/IL-24 

induced phosphorylation of protein kinase R–like endoplasmic reticulum kinase (PERK) and eIF2α. In a 

PERK-dependent fashion MDA-7/IL-24 reduced ERK1/2 and AKT phosphorylation and activated JNK1/2 

and p38 MAPK. MDA-7/IL-24 reduced MCL-1 and BCL-XL and increased BAX levels via PERK 

signaling; cell killing was mediated via the intrinsic pathway and cell killing was primarily necrotic as 

judged using Annexin V–PI staining. Inhibition of p38 MAPK and JNK1/2 abolished MDA-7/IL-24 toxicity 

and blocked BAX and BAK activation, whereas activation of MEK1/2 or AKT suppressed enhanced killing 

and JNK1/2 activation. MEK1/2 signaling increased expression of the MDA-7/IL-24 and PERK chaperone 

BiP/GRP78, and over-expression of BiP/GRP78 suppressed MDA-7/IL-24 toxicity. MDA-7/IL-24–induced 

LC3-GFP vesicularization and processing of LC3; and knockdown of ATG5 suppressed MDA-7/IL-24-

mediated toxicity. MDA-7/IL-24 and cisplatin interacted in a greater than additive fashion to kill tumor cells 

that was dependent upon a further elevation of JNK1/2 activity and recruitment of the extrinsic CD95 

pathway. MDA-7/IL-24 toxicity was enhanced in a weak additive fashion by paclitaxel; paclitaxel enhanced 

MDA-7/IL-24 + cisplatin lethality in a greater than additive fashion via BAX. Collectively, our data 

demonstrate that MDA-7/IL-24 induces an ER stress response that activates multiple pro-apoptotic 

pathways culminating in decreased ovarian tumor cell survival. 
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Introduction 

In the United States, ovarian carcinoma (OC) is diagnosed in ~26,000 patients per annum with ~15,000 

deaths. If the disease is detected at a very early stage, in which a large portion or the entire ovary can be 

removed with the tumor, ~75% of patients survive at least 5-years post-diagnosis (Coleman and Sood, 

2006,). However, in the majority of cases, if the disease has spread beyond the ovary into the peritoneum 

with nodal involvement, even under ideal circumstances where the disease is still only locally advanced, and 

in which essentially all of the tumor can be surgically removed and the patients are maximally treated with 

chemotherapies including cisplatin and Taxanes, the prognosis is poor with rapid nadir.  

 

The mda-7/IL-24 gene was isolated from human melanoma cells treated with interferon and mezerein (Jiang 

et al, 1995; Staudt et al, 2009). The expression of MDA-7/IL-24 is decreased in advanced melanomas, with 

undetectable levels in metastatic disease (Jiang et al, 1995; Ekmekcioglu et al., 2001; Ellerhorst et al, 2002; 

Huang et al, 2001; Parrish-Novak et al, 2002; Caudell et al, 2002; Pestka et al, 2004; Gupta et al, 2006; 

Lebedeva et al, 2005; Fisher et al, 2003; Fisher, 2005; Fisher et al, 2007).  Enforced expression of MDA-

7/IL-24 inhibits the growth and kills a broad spectrum of cancer cells, without exerting deleterious effects in 

normal human epithelial or fibroblast cells (Gupta et al, 2006; Lebedeva et al, 2005; Fisher et al, 2003; 

Fisher et al, 2007; Su et al, 2001; Su et al, 1998). Considering its potent cancer-specific apoptosis-inducing 

ability and tumor growth-suppressing properties in human tumor xenograft animal models, mda-7/IL-24 

was evaluated in a phase I clinical trial in patients with advanced cancers, including melanomas (Lebedeva 

et al, 2005; Fisher et al, 2003; Fisher et al, 2007; Cunningham et al, 2005; Emdad et al, 2009). This study 

indicated that Ad.mda-7 injected intra-tumorally was safe and with repeated injection, significant clinical 

activity was evident in patients that had not responded to a spectrum of other therapies, including radiation, 

chemotherapy and immunotherapy, applied alone or in various combinations. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 12, 2009 as DOI: 10.1124/mol.109.061820

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


                                                                                                                                                       MOL #61820 5
The apoptotic pathways by which Ad.mda-7 causes cell death are not fully understood, however, current 

evidence suggests an inherent complexity and an involvement of proteins important for the onset of growth 

inhibition and apoptosis (Gupta et al, 2006; Lebedeva et al, 2005; Fisher et al, 2003; Fisher et al, 2005; Su et 

al, 2001; Su et al, 1998; Emdad et al, 2009). In melanoma cell lines, but not in normal melanocytes, 

Ad.mda-7 infection induces a significant decrease in both BCL-2 and BCL-XL levels, with only a modest 

up-regulation of BAX and BAK expression (Lebedeva et al, 2002; Gupta et al, 2006; Lebedeva et al, 2005; 

Fisher et al, 2003; Fisher et al, 2005; Su et al, 2001; Su et al, 1998; Lebedeva et al, 2002). The ability of 

Ad.mda-7 to induce apoptosis in DU-145 prostate cancer cells, which does not produce BAX, indicates that 

MDA-7/IL-24 can also mediate apoptosis in tumor cells by a BAX-independent pathway (Lebedeva et al, 

2003; Su et al, 2006). In prostate cancer cells, over-expression of either BCL-2 or BCL-XL protects cells 

from Ad.mda-7-induced toxicity in a cell type-dependent fashion (Lebedeva et al, 2003; Su et al, 2006). The 

combination of radiation and mda-7/IL-24 enhances lethality in ovarian cancer cells (OCC) (Emdad et al, 

2006). In one OCC line, MDA-7/IL24 was reported to kill via the extrinsic apoptosis pathway (Gopalan et 

al, 2005). Thus, MDA-7/IL-24 lethality seems to occur by multiple distinct pathways in different cell types 

but in all of these studies, cell killing is reflected in a profound induction of mitochondrial dysfunction. 

 

MDA-7/IL-24 toxicity has been linked to alterations in endoplasmic reticulum (ER) stress signaling (Gupta 

et al, 2006a; Gupta et al, 2006b). In these studies, MDA-7/IL-24 physically associates with BiP/GRP78 and 

inactivates the protective actions of this ER-chaperone protein. In addition to virus-administered mda-7/IL-

24, delivery of this cytokine as a bacterially expressed glutathione-S-transferase (GST) fusion protein, GST-

MDA-7, retains cancer specific killing, selective ER localization and induces similar signal transduction 

changes in cancer cells (Sauane et al, 2004). High concentrations of GST-MDA-7 or infection with Ad.mda-

7 kill human glioma cells and do so in a PERK-dependent fashion that is dependent on mitochondrial 

dysfunction (Yacoub et al, 2004; Yacoub et al, 2008; Yacoub et al, 2008a; Yacoub et al, 2008b). The 

precise mechanisms by which GST-MDA-7 or Ad.mda-7 modulates survival in human OCC are unknown. 
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Our laboratories have demonstrated that Ad.mda-7 kills melanoma cells in part by promoting p38 MAPK-

dependent activation of the growth arrest and DNA damage inducible genes, including GADD153, 

GADD45 and GADD34 (Sarkar et al, 2002; Yacoub et al, 2003; Sarkar et al, 2002; Mhashilkar et al, 2003; 

Chada et al, 2005; Sauane et al, 2004). In primary glioblastoma (GBM) cells we noted p38 MAPK signaling 

as a protective signal (Yacoub et al, 2008b). Other groups have argued that inhibition of PI3K signaling, but 

not ERK1/2 signaling, modestly promotes Ad.mda-7 lethality in breast and lung cancer cells (Mhashilkar et 

al, 2003; Chada et al, 2005). GST-MDA-7 protein, in the 0.25-2.0 nM concentration range causes growth 

arrest with little cell killing, whereas at ~20-fold greater concentrations, this cytokine causes profound 

growth arrest and tumor cell death (Yacoub et al, 2008a; Yacoub et al, 2008b; Sauane et al, 2004). Utilizing 

established human OCC lines we presently examined the impact of GST-MDA-7 and Ad.mda-7 on viability 

with a focus on elucidating the molecular mechanisms by which MDA-7/IL-24 enhances tumor cell death. 
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Materials and Methods. 

Materials. 

SKOVIII and OVCAR OCC were purchased from the ATCC. Caspase inhibitors and Taxol were supplied by 

Calbiochem (San Diego, CA) as powder, dissolved in sterile DMSO, and stored frozen under light-protected 

conditions at –80oC. Plasmids expressing dominant negative PERK, BiP/GRP78 and LC3-GFP were kindly 

supplied by Drs. A. Diehl (University of Pennsylvania), A. Lee (UCLA), and S. Spiegel (VCU). Short hairpin 

RNA constructs targeting ATG5 (pLVTHM/ATG5), were a generous gift from Dr. Yousefi, Department of 

Pharmacology, University of Bern, Bern Switzerland.  Commercially available validated short hairpin RNA 

molecules to knockdown RNA/protein levels were from Qiagen (Valencia, CA): ATG5 (SI02655310). Cisplatin 

was purchased from Sigma (St. Louis, MO). Antibody reagents, kinase inhibitors, caspase inhibitors cell culture 

reagents, and non-commercial recombinant adenoviruses have been previously described by ourselves and 

others (Yacoub et al, 2008a; Yacoub et al, 2008b; Sarkar et al, 2002; Guicciardi et al, 2000; Park et al, 2008; 

Park et al, 2009; Zhang et al, 2008). The Annexin V / PI kit was from (BD PharMingen). 

 

Methods. 

Generation of Ad.5-mda-7 or Ad.5/3-mda-7 and synthesis of GST-MDA-7.  Recombinant type 5 and 5/3 

adenoviruses to express MDA-7/IL-24 (Ad.mda-7), or control (CMV vector) were generated using 

recombination in HEK293 cells as described in (Yacoub et al, 2008; Sarkar et al, 2002). Ad.5/3-mda-7 was 

prepared as previously described (Dash et al, 2009). 

 

Cell culture and in vitro exposure of cells to GST-MDA-7 and drugs. All established OCC lines were 

cultured at 37oC (5% (v/v CO2) in vitro using RPMI supplemented with 5% (v/v) fetal calf serum and 10% 

(v/v) Non-essential amino acids. For short-term cell killing assays and immunoblotting, cells were plated at 

a density of 3 x 103 per cm2 and 36 h after plating were treated with MDA-7/IL-24 and/or various drugs, as 

indicated. In vitro small molecule inhibitor treatments were from a 100 mM stock solution of each drug and 

the maximal concentration of Vehicle (DMSO) in media was 0.02% (v/v). For adenoviral infection, cells 
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were infected 12 h after plating and the expression of the recombinant viral transgene allowed to occur for 24 

h prior to any additional experimental procedure. Cells were not cultured in reduced serum media during 

any study.   

 

Cell treatments, SDS-PAGE and Western blot analysis. Cells were treated with various GST-MDA-7 

concentrations or viral multiplicities of infection, as indicated in the Figure legends. For SDS PAGE and 

immunoblotting, cells were lysed in either a non-denaturing lysis buffer, and prepared for 

immunoprecipitation as described in (Yacoub et al, 2008a; Park et al, 2009) or in whole-cell lysis buffer (0.5 

M Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol, 0.02% bromophenol blue), and the 

samples were boiled for 30 min. After immunoprecipitation, samples were boiled in whole cell lysis buffer. 

The boiled samples were loaded onto 10-14% SDS-PAGE and electrophoresis was run overnight. Proteins 

were electrophoretically transferred onto 0.22 μm nitrocellulose, and immunoblotted with indicated primary 

antibodies against the different proteins.  

 

Recombinant adenoviral vectors; infection in vitro. We generated or purchased previously noted 

recombinant adenoviruses to express constitutively activated and dominant negative AKT and MEK1 

proteins, dominant negative caspase 9, XIAP, c-FLIP-s, CRM A, and BCL-XL (Vector Biolabs, 

Philadelphia, PA). Cells were infected with these adenoviruses at an approximate m.o.i. of 50. Cells were 

incubated for 24h to ensure adequate expression of transduced gene products prior to drug exposures. 

 

Detection of cell death by Trypan Blue, Hoechst, TUNEL and flow cytometric assays. Cells were harvested by 

trypsinization with Trypsin/EDTA for ~10 min at 37oC. As some apoptotic cells detached from the culture 

substratum into the medium, these cells were also collected by centrifugation of the medium at 1,500 rpm for 5 

min.  The pooled cell pellets were resuspended and mixed with trypan blue dye. Trypan blue stain, in which 

blue dye incorporating cells were scored as being dead was performed by counting of cells using a light 
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microscope and a hemacytometer. Five hundred cells from randomly chosen fields were counted and the 

number of dead cells was counted and expressed as a percentage of the total number of cells counted. For 

confirmatory purposes the extent of apoptosis was evaluated by assessing Hoechst and TUNEL stained cytospin 

slides under fluorescent light microscopy and scoring the number of cells exhibiting the “classic” morphological 

features of apoptosis and necrosis. For each condition, 10 randomly selected fields per slide were evaluated, 

encompassing at least 1500 cells. Alternatively, the Annexin V/propidium iodide assay was carried out to 

determine cell viability as per the manufacturer's instructions (BD PharMingen) using a Becton Dickinson 

FACScan flow cytometer (Mansfield, MA). 

 

Colony Formation Assay. Single cells were plated (250-1500 cells) per 60 mm dish. Twelve h after plating cells 

were infected with Ad.5-cmv or Ad.5-mda-7 at 80 m.o.i. and 24h after infection cells were treated with vehicle 

or cisplatin (CDDP, 3 μM). The media was changed to drug free media 48 h after CDDP treatment and colonies 

of > 50 cells / colony permitted to form for 10-14 days. 

 

Plasmid transfection. Plasmid DNA (0.5 μg / total plasmid transfected) was diluted into 50 μl of RPMI growth 

media that lacked supplementation with FBS or with penicillin-streptomycin. Lipofectamine 2000 reagent (1 μl) 

(Invitrogen, Carlsbad, CA) was diluted into 50 μl growth media that lacked supplementation with FBS or with 

penicillin-streptomycin. The two solutions were then mixed together and incubated at room temperature for 30 

min.  The total mix was added to each well (4-well glass slide or 12-well plate) containing 200 μl growth media 

that lacked supplementation with FBS or with penicillin-streptomycin. The cells were incubated for 4 h at 37oC, 

after which the media was replaced with RPMI growth media containing 5% (v/v) FBS and 1x pen-strep. 

 

Microscopy for LC3-GFP expression. Where indicated LC3-GFP transfected cells, 12h after transfection 

were infected with either Ad.5-cmv or Ad.5-mda-7 and then cultured for 24 h.  Cells were then stained with 

Lysotracker Red Dye (Invitrogen) at the indicated time points for 20 min. Lysotracker Red Dye stained cells 
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were visualized immediately after staining on a Zeiss Axiovert 200 microscope using the rhodamine filter. 

LC3-GFP transfected cells were visualized at the indicated time points on the Zeiss Axiovert 200 

microscope using the FITC filter. 

 

Data analysis. Comparison of the effects of various treatments was performed using one way analysis of 

variance and a two tailed Student’s t-test. Differences with a p-value of < 0.05 were considered statistically 

significant. Experiments shown are the means of multiple individual points from multiple experiments (± 

SEM). 
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Results 

Initial experiments focused on defining the dose-dependent impact of GST-MDA-7 on OCC growth and 

viability. GST-MDA-7 in a dose-dependent manner suppressed the proliferation of SKOVIII and OVCAR 

cells (Figure 1A and 1B), with a reduced effect in SKOVIII. These findings correlated with dose-dependent 

cell killing by GST-MDA-7 in these cells; of note, GST-MDA-7 suppressed tumor cell proliferation without 

causing a large degree of cell death in both OCC (Figure 1B; cf Figure 1A). In a similar manner as observed 

with GST-MDA-7 protein, increasing multiplicities of infection of a type 5 recombinant adenovirus 

expressing MDA-7/IL-24, Ad.5-mda-7, resulted in dose-dependent tumor cell killing (Figure 1C). In 

contrast to several prior studies in other tumor cell types we noted in OCC that infection with a recombinant 

adenovirus to express MDA-7/IL-24 was at least as efficacious at killing cells as was treatment with GST-

MDA-7. As a result of this observation, we focused our studies using Ad.5-mda-7.  

 

Infection of OCC (OVCAR) with Ad.5-mda-7 promoted cleavage of caspase 3 and PARP1 processing of 

LC3 within 48h (Figure 2A).  Similar data were obtained in SKOVIII cells (Figure S1). Expression of 

MDA-7/IL-24 induced phosphorylation of protein kinase R–like endoplasmic reticulum kinase (PERK) and 

eIF2α. In a PERK-dependent fashion MDA-7/IL-24 also reduced ERK1/2 and AKT phosphorylation and 

activated JNK1/2 and p38 MAPK (Figure 2B). MDA-7/IL-24 lowered expression of MCL-1 and BCL-XL 

and increased BAX levels via PERK signaling. Inhibition of both p38 MAPK and JNK1/2 signaling blocked 

Ad.5-mda-7 lethality that correlated with reduced activation of BAX and BAK (Figures 2C and 2D). 

Sustained activation of AKT or of MEK1 using molecular tools suppressed Ad.5-mda-7 toxicity (Figure 

2E). Additional suppression of AKT or MEK1 function using dominant negative constructs further 

enhanced MDA-7/IL-24 lethality. In SKOVIII cells, that were more resistant to MDA-7/IL-24 lethality than 

OVCAR cells, we noted that inhibition of the extrinsic pathway using c-FLIP-s or CRM A expression 

blunted MDA-7/IL-24–induced killing whereas in OVCAR cells neither c-FLIP-s nor CRM A impacted on 

MDA-7/IL-24 toxicity (Figure 2E). 
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Prior studies by our laboratories have demonstrated that MDA-7/IL-24–induced activation of PERK was a 

toxic signal that promoted activation of the JNK pathway as well as a toxic form of autophagy (Yacoub et 

al, 2008b). In OVCAR cells, Ad.5-mda-7 infection promoted a PERK-dependent vesicularization of a 

transfected LC3-GFP construct; vesicularization was blocked by knockdown of ATG5 expression (data not 

shown). Expression of dominant negative PERK, BiP/GRP78 or knock down of ATG5 suppressed Ad.mda-

7 lethality (Figure 2F).   

 

Prior studies from our laboratories, including those in Figures 1 and 2, have used recombinant type 5 

adenoviruses to deliver MDA-7/IL24 to brain cancer cells (Ad.5-mda-7) (e.g., Yacoub et al., 2008). Some 

OCC tumor cell lines, and other tumor cell types such as renal carcinoma and malignant GBM cells, are in 

general not readily amenable to gene therapy approaches using low particle levels of type 5 adenovirus due 

to their reduced expression of Coxsakie and adenovirus receptor (CAR) (Park et al, 2009). Because of this, 

we generated a recombinant adenovirus to express MDA-7/IL24, which contained a modified serotype viral 

knob from type 5 and from type 3 adenoviruses (Ad.5/3-mda-7) (Dash et al, 2009). OCC were poorly killed 

following exposure to an Ad.5-mda-7 infection at a multiplicity of infection of 20 particles per cell (Figure 

3A). Infection of OCC using an Ad.5/3-mda-7 virus caused significant amounts of cell killing at either 20 or 

80 m.o.i. (Figure 3A). This data argues that modified serotype type 5 / serotype 3 recombinant viruses may 

represent useful gene delivery system in ovarian carcinoma.   

 

Platinum containing chemotherapeutic drugs are a well established modality for the treatment of ovarian 

cancer. Infection of tumor cells with Ad.5-mda-7 enhanced the toxicity of cisplatin (Figure 3B). Similar data 

to that in OCC using cisplatin was also observed in primary human GBM cells (Figure S2). Enhanced 

toxicity of cisplatinum when combined with an oncolytic adenovirus expressing MDA-7/IL-24 has also 

been observed in hepatocellular carcinoma cells (Wu et al, 2009). BBR3464 is a novel platinum-based drug 

that has undergone phase II evaluation. In a similar manner to cisplatin, infection of tumor cells with Ad.5-

mda-7 enhanced the toxicity of BBR3464 (Figure 3C). Similar data to that in OCC using BBR3464 was also 
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observed in primary human GBM cells (Figure S3). In colony formation assays, Ad.5-mda-7 and cisplatin 

interacted in a greater than additive fashion to suppress clonogenic survival (Figure 3D).     

 

We next determined the impact of Ad.5-mda-7 infection and cisplatin treatment on the activities of survival-

signaling kinases and apoptosis regulatory caspases. Expression of MDA-7/IL-24 promoted cleavage of 

caspase 3, and activation of JNK1/2, p38 MAPK and PERK (Figure 4A). Treatment of cells expressing 

MDA-7/IL-24 with cisplatin caused additional cleavage of caspase 3, and activation of JNK1/2, but not 

additional activation of PERK. Expression of activated MEK1 EE increased the protein levels of 

BiP/GRP78 and blocked MDA-7/IL-24–induced activation of PERK. These effects correlated with 

sustained activation of ERK1/2 and reduced activation of JNK1/2 and of caspase 3. Expression of dominant 

negative MEK1 suppressed ERK1/2 activity and BiP/GRP78 levels, and enhanced MDA-7/IL-24–induced 

JNK1/2 and PERK activation and cleavage of caspase 3. Co-expression of dominant negative MEK1 and 

dominant negative AKT significantly enhanced the toxicities of MDA-7/IL-24, cisplatin and MDA-7/IL-24 

+ cisplatin treatments (Figure 4B). Expression of constitutively activated forms of either MEK1 or AKT 

suppressed MDA-7/IL-24 + cisplatin toxicity. Inhibition of caspase 9 or JNK pathway signaling blocked 

MDA-7/IL-24 + cisplatin–induced killing (Figure 4C). Over-expression of BiP/GRP78 also suppressed 

MDA-7/IL-24 and MDA-7/IL-24 + cisplatin–induced killing as measured in trypan blue dye exclusion 

assays, which correlated with reduced activation of PERK and sustained expression of MCL-1 and c-FLIP-s 

(Figure 4C, inset panel). Very similar data to those using trypan blue were obtained using Annexin V–PI 

flow cytometry analyses (Figure 4D).  

 

In contrast to the minimal effects on altering MDA-7/IL-24 lethality as a single agent, inhibition of caspase 

8 function expressing either c-FLIP-s or CRM A prevented cisplatin enhancing MDA-7/IL-24–induced 

killing (Figure 4E). Prior studies in renal cancer cells have shown that ceramide synthase 6 plays a key role 

in MDA-7/IL-24 lethality, implicating the de novo ceramide synthesis pathway as a mediator of MDA-7/IL-

24 effects (Park et al., 2009). Knock down of ceramide synthase 6 expression suppressed MDA-7/IL-24 and 
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MDA-7/IL-24 + cisplatin lethality (Figure 4E). Knockdown of ATG5 also suppressed MDA-7/IL-24 + 

cisplatin–induced killing (Figure S4). Cisplatin treatment activated CD95, and this effect that was enhanced 

by expression of MDA-7/IL-24 (Figure 4E, inset panel). Our data demonstrate that MDA-7/IL-24–induced 

activation of PERK plays a key role in regulating mitochondrial stability through MCL-1 and that cisplatin 

enhances MDA-7/IL-24 toxicity via activation of the extrinsic pathway and de novo ceramide synthesis. 

 

Finally, we determined whether Ad.5-mda-7 interacted with another clinically relevant therapeutic agent 

used in OCC therapy: paclitaxel. In both OVCAR and SKOVIII cells paclitaxel interacted in an additive 

fashion to promote Ad.5-mda-7 lethality (Figure 5A). Cisplatin and paclitaxel interacted to kill OVCAR 

cells in at least an additive fashion and the drug combination facilitated Ad.5-mda-7 lethality significantly 

above that caused by the cisplatin + Ad.5-mda-7 combination (Figure 5B). In true percentage terms, Ad.5-

mda-7 and cisplatin caused 6.2 ± 0.1% more killing than either agent alone whereas Ad.5-mda-7 and 

cisplatin and paclitaxel treatment caused 22.2 ± 2.3% (p < 0.05) more killing than each agent alone. These 

findings correlated with greater levels of pro-caspase 3 and PARP1 cleavage (Figure 5B, upper inset panel). 

The results also correlated with further increases in BAX levels without any significant further decline in 

BCL-XL levels; this suggests that the apoptotic rheostat is further altered towards pro-death signaling by the 

treatment with paclitaxel.  Cisplatin and paclitaxel facilitated Ad.5-mda-7 lethality to kill OVCAR cells in at 

least a greater than additive fashion (Figure S6). In agreement with the concept that enhanced levels of BAX 

were causal in the elevated levels of tumor cell killing, knockdown of BAX expression significantly reduced 

the lethal interaction between Ad.5-mda-7, cisplatin and paclitaxel (Figure 5C). Collectively, the data in 

Figures 3-5 demonstrates that expression of MDA-7/IL-24, via Ad.5-mda-7 or Ad.5/3-mda-7, enhances the 

toxic effects of established OCC therapeutic drugs in OCC.  
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Discussion. 

Previous studies have noted that GST-MDA-7 (or Ad.5-mda-7) reduces proliferation and causes tumor cell- and 

transformed cell-specific killing, and radiosensitization in malignant glioma, prostate and ovarian cancer cells 

(Su et al, 2003; Yacoub et al, 2004; Yacoub et al 2008; Su et al, 2006; Emdad et al 2006). However, the precise 

signaling pathways modified by GST-MDA-7 (or Ad.5-mda-7) as a single agent and casually related to its 

cancer-specific cell killing effects in human ovarian carcinoma cells are still not well understood. 

 

Infection of OCC with a dose of Ad.5-mda-7 virus particles that caused profound toxicity after ~72 h correlated 

with strong activation of the JNK1/2 and p38 MAPK pathways as well as of PERK and eIF2α. This treatment, 

in parallel, nearly abolished ERK1/2 and AKT signaling. Multiple studies using a variety of cytokine and toxic 

stimuli document that prolonged JNK1-3 and/or p38 MAPK activation in a wide variety of cell types can trigger 

cell death (Park et al, 2009; Xia et al, 1995; Matsuzawa et al, 2002). The balance between the readouts of 

ERK1/2 and JNK1-3 signaling may also represent a common key homeostatic mechanism that regulates cell 

survival versus cell death processes. Inhibition of JNK1/2 or p38 MAPK reduced MDA-7/IL-24 toxicity and 

inhibition of both pathways abolished killing; this was associated with reduced activation of BAX and BAK.  

 

We have published studies arguing that signaling via PERK can promote tumor cell death or alternatively cell 

survival based on the stimulus (Yacoub et al, 2008b; Park et al, 2008; Zhang et al, 2008). There are three 

primary UPR sensors: PERK, (PKR-like ER kinase), ATF6 (activating transcription factor 6) and IRE1. As 

unfolded proteins accumulate, BiP (GRP78), the HSP70 ER resident chaperone, dissociates from PERK, ATF6 

or IRE1. BiP/GRP78 dissociation from PERK allows this protein to dimerize, auto-phosphorylate, and then 

phosphorylate eukaryotic translation initiation factor alpha, the protein required for bringing the initiator 

methionyl-transfer RNA to the 40S ribosome (Park et al, 2008; Zhang et al, 2008, and references therein).  

Phosphorylated eIF2α thus leads to repression of global translation, helping to allow cells to recover from the 

accumulation of unfolded proteins. Reduced translation, however, can also lower expression of some pro-
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survival proteins such as MCL-1 and c-FLIP-s, as noted in OCC after expression of MDA-7/IL-24, leading to 

increased cell death. MDA-7/IL24 binds to BiP/GRP78 and in OCC we hypothesized that this binding would 

play a central role in regulating PERK activity / activation and regulating MDA-7/IL24–induced cell killing 

(Gupta et al, 2006a). Indeed, a constitutively active form of MEK1 maintained ERK1/2 phosphorylation in cells 

expressing MDA-7/IL-24, and increased BiP/GRP78 expression and blocked PERK activation. Over-expression 

of BiP/GRP78 blocked MDA-7/IL-24–induced PERK activation and expression of dominant negative PERK 

blocked MDA-7/IL-24–induced activation of JNK1/2 as well as reduced expression of MCL-1. Thus in OCC 

MDA-7/IL-24, by binding to BiP/GRP78, results in disruption of the BiP/GRP78–PERK chaperone interaction 

resulting in enhanced PERK signaling into the eIF2α and JNK downstream pathways that act to promote 

mitochondrial dysfunction via decreased protective BCL-2 family protein expression and increased activity of 

toxic BH3 domain proteins, respectively. 

 

In one ovarian cancer cell line MDA-7/IL-24 lethality has previously been shown to be mediated by CD95-

caspase 8 signaling, indicating that the extrinsic pathway to apoptosis could be activated by this cytokine 

(Gopalan et al, 2005). However, in many of our prior analyses with MDA-7/IL24 in breast, prostate, pancreatic 

and brain tumor cells, as well as from the work of others, it was noted that MDA-7/IL-24–induced cell death 

was mediated by disruption of mitochondrial function with little or no involvement of death receptors or 

caspase 8 in the killing process. Our present studies suggest that in SKOVIII cells, but not OVCAR cells, that 

extrinsic pathway signaling also plays a role in MDA-7/IL-24 lethality. In renal carcinoma cells we have 

recently noted that over-expression of c-FLIP-s or the caspase 8 inhibitory protein CRM A blocked GST-MDA-

7 lethality, and knockdown of CD95 or FADD expression also reduced GST-MDA-7 toxicity (Park et al, 2009).  

 

In addition, to JNK pathway–mediated activation of BAX and BAK, our findings in OVCAR cells also argued 

that MDA-7/IL-24 caused altered ratios in the total expression of pro-apoptotic BH3 domain containing 

proteins, particularly BAX, and anti-apoptotic proteins, such as MCL-1 and BCL-XL, with the subsequent 

activation of caspases 9 and 3; this finding is similar to data obtained expressing MDA-7/IL-24 in other tumor 
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cell types, e.g., LNCaP prostate cancer cells (Fisher, 2005). In other prostate cancer cell types, such as DU-

145, which lack expression of BAX, Ad.5-mda-7 is an even more potent inducer of tumor cell death than is 

observed in LNCaP cells. In GBM cells, our prior data argued that at least 5 BH3 domain-containing proteins 

could potentially mediate GST-MDA-7 toxicity downstream of GST-MDA-7-stimulated activation of PERK 

and JNK1-3 (Yacoub et al, 2008a; Yacoub et al, 2008b). Collectively, based on these findings, it is probable 

that the reason why multiple transformed cell types exhibit MDA-7/IL-24 toxicity regardless of their genetic 

background is due to the plieotropic range of pro-apoptotic proteins and pathways that can be recruited by this 

cytokine to initiate mitochondrial cell death processes.  

 

Platinum based chemotherapeutic drugs are a mainstay of ovarian cancer therapy (Coleman and Sood, 2006). 

MDA-7/IL-24 and cisplatin, as well as a novel Pt containing drug BBR3464, interacted in a greater than 

additive fashion to kill OCCs in vitro via CD95. In prior work, treating primary hepatocytes with low doses of 

bile acids, which cause ligand independent activation of CD95, we discovered that JNK1/2 activation was 

CD95-dependent and our recent studies in renal carcinoma cells also demonstrated that JNK1/2 and to a lesser 

extent p38 MAPK activation following GST-MDA-7 treatment required CD95 signaling. In OCC cisplatin 

further enhanced MDA-7/IL-24–induced JNK1/2 activation, and this enhanced JNK1/2 activation was required 

for the toxic interaction between the two agents.  MDA-7/IL-24–induced PERK activation was required for 

MDA-7/IL-24 and MDA-7/IL-24 + cisplatin–induced JNK1/2 and p38 MAPK activation. Matsuzawa et al. 

have previously implicated a TRAF2-ASK1-JNK cascade downstream of IRE1 in ER-stress responses in 

multiple cell types, and based on our data PERK-dependent signaling could also feed into this cell survival 

regulatory process (Matsuzawa et al, 2002). Further studies are necessary to determine if the enhanced activity 

of MDA-7/IL24, when administered by an oncolytic adenovirus, with cisplatinum in the context of 

hepatocellular carcinoma (Wu et al, 2009) involve similar signaling pathway alterations as observed in OCC. 

 

In our recent studies treating primary hepatocytes with bile acids; in RCC / HCC / pancreatic tumor cells with 

the drugs sorafenib and vorinostat; and in renal carcinoma cells treated with GST-MDA-7 we discovered that 
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ligand-independent activation of CD95 was dependent in part on the actions of ASMase and the de novo 

ceramide synthesis pathway (Park et al, 2008; Zhang et al, 2008). Recent studies have suggested that the de 

novo and ASMase pathways of ceramide generation can cooperate to regulate lipid raft function (Zhang et al, 

2008a); cisplatin was shown to promote CD95 activation and that ceramide generation may play a role in this 

process (Min et al, 2007). The molecular mechanisms by which MDA-7/IL-24 enhances cisplatin-induced 

activation of CD95, and whether cisplatin–induced DNA damage increases expression of ceramide synthase 

genes, will require studies beyond the scope of the present manuscript. 

 

The studies in the present manuscript were also to determine whether we could enhance the infectivity of 

adenoviral gene transduction in OCC, using a chimeric adenovirus containing the knob protein expressing 

portions of the type 5 and type 3 adenoviruses. A type 5/3 recombinant adenovirus was more efficacious at 

delivering mda-7/IL-24 to tumor cells than a type 5 virus, resulting in greater expression of MDA-7/IL-24. The 

greater expression of MDA-7/IL-24 using the type 5/type 3 virus resulted in a greater amount of tumor cell 

killing, as observed using this virus in low CAR prostate cancer cells (Dash et al, 2009). Of note, however, was 

that while infection using Ad.5/3-mda-7 generated at least 10-fold more MDA-7/IL-24 protein it only enhanced 

apoptosis ~3-fold more than Ad.5-mda-7 infection. This argues that there is a certain threshold at which MDA-

7/IL-24 becomes toxic to a tumor cell and producing more MDA-7/IL-24 may not per se increase killing. We 

have observed a similar dose-dependent effect of GST-MDA-7 on GBM and renal carcinoma cells in vitro 

(Yacoub et al, 2008b; Park et al, 2009). However, based on the pleiotropic anti-tumor effects of MDA-7/IL-24 

in vivo, including inhibition of tumor angiogenesis, potent ‘bystander’ anti-cancer activity and immune 

modulating activity, having enhanced expression of MDA-7/IL-24 may directly contribute to and enhance the 

anti-cancer properties of this cytokine in vivo (Fisher, 2005; Emdad et al, 2009; Sarkar et al, 2005; Sarkar et al, 

2007; Sarkar et al, 2008; Sauane et al, 2008; Greco et al, 2009).   
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Figure Legends 

Figure 1. MDA-7/IL-24 causes a dose-dependent induction of growth arrest and OCC death. Panels 

A. and B. OVCAR cells and SKOVIII cells were treated 24 h after plating with GST-MDA-7 (0-200 nM). 

At the indicated time point after GST-MDA-7 treatment (96 h), cell viability was determined by trypan blue 

exclusion assay and cell numbers were determined using hemocytometer (± SEM, n = 3). Panel C. OVCAR 

and SKOVIII cells were infected with type 5 recombinant adenoviruses empty vector (Ad.5-cmv) or to 

express MDA-7/IL-24 (Ad.5-mda-7) at 20 or 80 m.o.i. Cells were isolated 48 h after exposure and the loss 

of cell viability above empty vector Ad.5-cmv infection determined by using Annexin V Propidium iodide 

staining assays in triplicate using a flow cytometer (± SEM, n = 3). 

 

Figure 2. MDA-7/IL-24 promotes transformed cell killing through ER stress signaling and activation 

of the JNK/p38 MAPK pathways. Panel A. OVCAR cells were infected with Ad.5-cmv or Ad.5-mda-7 at 

50 m.o.i. Cells were isolated 12-48 h after infection and processed for SDS PAGE and immunoblotting 

against the indicated proteins (n = 3). Panel B. OVCAR cells were transfected with empty vector plasmid 

(CMV) or with a plasmid to express dominant negative PERK. Twelve h after transfection cells were 

infected with Ad.5.cmv or Ad.5.mda-7 at 50 m.o.i. Cells were isolated 48 h after infection and processed for 

SDS PAGE and immunoblotting against the indicated proteins (n = 3). Panel C. OVCAR and SKOV3 cells 

were infected at an m.o.i. of 50 and 100, respectively, with Ad.5-cmv or Ad.5-mda-7. In parallel as 

indicated, cells were infected with a virus to express dominant negative p38 MAPK. Twenty four h after 

infection cells were treated with vehicle or with JNK-IP (10 μM).  At the indicated time points in the 

graphs, cells were isolated and the loss of cell viability determined by trypan blue exclusion assays in 

triplicate (± SEM, n = 3). Panel D.  OVCAR cells were infected with viruses and treated with JNK-IP as in 

Panel C. Forty eight h after infection, cells were isolated and portions of the lysates subjected to 

immunoprecipitation for isolation of activated forms of BAX and BAK. The precipitates were subjected to 

SDS PAGE alongside an equal portion of the total cell lysates and blotting performed to determine the 
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levels of BAX, BAK and GAPDH (n = 2). Panel E. OVCAR and SKOVIII cells were infected at an m.o.i. of 

50 and 100, respectively, with Ad.5-cmv or Ad.5-mda-7. In parallel as indicated, cells were infected with 

recombinant adenoviruses to express activated and dominant negative forms of AKT and MEK1, or with 

viruses to express apoptosis inhibitory proteins (c-FLIP-s, BCL-XL, dominant negative caspase 9). 

Treatment with LY294002 (10 μM) occurred 24 h after virus infection. At the indicated time points in the 

graphs, cells were isolated and the loss of cell viability determined by trypan blue exclusion assays in 

triplicate (± SEM, n = 3). Panel F. OVCAR cells were transfected as indicated with expression plasmids 

(empty vector CMV, dominant negative PERK, BiP/GRP78, MCL-1) or with siRNA (siSCR, siATG5) and 

12 h after transfection cells were infected with Ad.5-cmv or Ad.5-mda-7 at 50 m.o.i. Cells were isolated 72 

h after infection and the loss of cell viability determined by trypan blue exclusion assays in triplicate (± 

SEM, n = 3).  

 

Figure 3. A tropism modified type 5 / type 3 virus infects ovarian cancer cells more readily than a type 

5 virus, and enhances cisplatin toxicity. Panel A. OVCAR and SKOVIII cells were infected with Ad.5-

cmv or Ad.5-mda-7 or with tropism modified viruses Ad.5/3-cmv or Ad.5/3-mda-7 at 20 or 80 m.o.i., as 

indicated. Cells were isolated 48 h after infection and the loss of cell viability determined by trypan blue 

exclusion assays in triplicate (± SEM, n = 3). Inset Panel: cells were infected with the indicated viruses and 

24h after infection cells were isolated to determine the expression of MDA-7/IL-24 and the cleavage status 

of PARP1. Panel B. OVCAR and SKOVIII cells were infected with Ad.5-cmv or Ad.5-mda-7 or with 

tropism modified viruses Ad.5/3-cmv or Ad.5/3-mda-7 at 80 m.o.i. Twenty four h after infection cells were 

treated with vehicle or cisplatin (CDDP, 3 μM). Seventy two h after infection cells were isolated and the 

loss of cell viability determined by trypan blue exclusion assays in triplicate (± SEM, n = 3). Inset Panel: 

identical portions of OVCAR cells, infected as indicated, were isolated 72 h after exposure and the loss of 

cell viability determined by using Annexin V Propidium iodide staining assays in triplicate using a flow 

cytometer (± SEM, n = 3). Panel C. OVCAR and SKOVIII cells were infected with Ad.5-cmv or Ad.5-mda-
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7 at 80 m.o.i. and 24 h after infection cells were treated with vehicle or BBR3464 (BBR3464, 100-300 nM). 

Forty eight h after infection cells were isolated and the loss of cell viability determined by trypan blue 

exclusion assays in triplicate (± SEM, n = 3). Panel D. OVCAR cells were plated in sextuplicate as single 

cells were infected with Ad.5-cmv or Ad.5-mda-7 at 80 m.o.i. and 24h after infection cells were treated with 

vehicle or cisplatin (CDDP, 3 μM). The media was changed to drug free media 48 h after CDDP treatment 

and colonies permitted to form for 10-14 days (± SEM, n = 2). 

 

Figure 4. Ad.5-mda-7 + cisplatin toxicity in OCCs is dependent on PERK, JNK and CD95 signaling. 

Panel A. OVCAR cells were infected with Ad.5-cmv or Ad.5-mda-7 in parallel with Ad.cmv, Ad.MEK1 EE 

or Ad.dnMEK1. Twenty four h after infection cells were treated with vehicle or CDDP (3 μM). Forty eight h 

after infection cells were isolated and processed for SDS PAGE and immunoblotting against the indicated 

proteins (n = 3). Panel B. OVCAR and SKOVIII cells were infected with the indicated viruses, at the stated 

m.o.i. and 24 h after infection cells were treated with vehicle or cisplatin (CDDP, 3 μM). Cells were isolated 

72 h after infection and the loss of cell viability determined by trypan blue exclusion assays in triplicate (± 

SEM, n = 3). Panel C. OVCAR cells were infected with Ad.5-cmv or Ad.5-mda-7 at 80 m.o.i. in parallel 

with viruses to express dominant negative caspase 9, BCL-XL, or dominant negative p38 MAPK. In parallel 

cells were transfected with empty vector plasmid or plasmid to express Grp78/BiP. Twenty four h after 

infection as indicated cells were treated with JNK-IP (10 μM) followed by cisplatin treatment (CDDP, 3 

μM). Cells were isolated 72 h after infection and the loss of cell viability determined by trypan blue 

exclusion assays in triplicate (± SEM, n = 3). Inset Panel: Cells infected to express MDA-7/IL-24 and/or 

BiP/GRP78 were isolated 48 h after infection and processed for SDS PAGE and blotting to determine the 

expression of MCL-1, c-FLIP-s and GAPDH and the phosphorylation of PERK.  Panel D. OVCAR cells 

were infected and treated with cisplatin in an identical fashion to Panel C. Cells were isolated 72 h after 

infection and the loss of cell viability determined by using Annexin V Propidium iodide staining assays in 

triplicate using a flow cytometer (± SEM, n = 3). Panel E. OVCAR cells were infected with caspase 8 
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inhibitors (c-FLIP-s, CRM A), dominant negative p38 MAPK or transfected to express dominant negative 

PERK or to knockdown ceramide synthase 6 (LASS6). Twenty four h after infection cells where indicated 

were treated with JNK-IP (10 μM). Cells were isolated 72 h after infection and the loss of cell viability 

determined by trypan blue exclusion assays in triplicate (± SEM, n = 3). Inset Panel: OVCAR cells growing 

in glass chambered slides in triplicate were infected to express MDA-7/IL-24 and were treated 24 h after 

infection with CDDP (3 μM) for 6 h. Cells were fixed but not permeabilized and the levels of cell surface 

CD95 determined by immunohistochemistry (± SEM, n = 2).       

 

Figure 5. Paclitaxel enhances the toxicity of [Ad.5-mda-7 + cisplatin] in a greater than additive 

fashion. Panel A. OVCAR and SKOVIII cells were infected with Ad.5-cmv or Ad.5-mda-7 at 80 m.o.i. 

Twenty four h after infection as indicated cells were treated with paclitaxel (paclitx., 0-100 nM). Cells were 

isolated 48 h after infection and the loss of cell viability determined by trypan blue exclusion assays in 

triplicate (± SEM, n = 3). Panel B. OVCAR cells were infected with Ad.5-cmv or Ad.5-mda-7 at 80 m.o.i. 

Twenty four h after infection as indicated cells were treated with paclitaxel (paclitx., 10 nM) and/or cisplatin 

(CDDP, 3 μM), as indicated. Cells were isolated 48 h after infection and the loss of cell viability determined 

by trypan blue exclusion assays in triplicate (± SEM, n = 3). Upper inset panel: cells were isolated 24 h after 

virus infection and processed for SDS PAGE and immunoblotting against the indicated proteins to 

determine expression / phosphorylation (n = 2). Panel C. OVCAR cells were transfected with scrambled 

siRNA (siSCR) or an siRNA to knock down BAX expression and 24 h later infected with Ad.5-cmv or 

Ad.5-mda-7 at 80 m.o.i. Twenty four h after infection as indicated cells were treated with paclitaxel 

(paclitx., 10 nM) and cisplatin (CDDP, 3 μM), as indicated. Cells were isolated 48 h after infection and the 

loss of cell viability determined by trypan blue exclusion assays in triplicate (± SEM, n = 3). 
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