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Abstract

First identified almost two decades ago as a novel gene differentially expressed in human
melanoma cells induced to terminally differentiate, MDA-7/1L-24 has since shown great potential
as an anti-cancer gene. MDA-7/1L24, a secreted protein of the IL-10 family, functions as a
cytokine at normal physiological levels and is expressed in tissues of the immune system. At
supra-physiological levels, MDA-7/IL-24 plays a prominent role in inhibiting tumor growth,
invasion, metastasis and angiogenesis and was recently shown to target tumor stem/initiating cells
for death. Much of the attention focused on MDA-7/IL-24 originated from the fact that it can
selectively induce cell death in cancer cells without affecting normal cells. Thus, this gene
originally shown to be associated with melanoma cell differentiation has now proven to be a
multi-functional protein affecting a broad array of cancers. Moreover, MDA-7/IL-24 has proven
efficacious in a Phase I/11 clinical trial in humans with multiple advanced cancers. As research in
the field progresses, we will unravel more of the functions of MDA-7/IL-24 and define novel
ways to utilize MDA-7/1L-24 in the treatment of cancer.
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6.1 Introduction

The growth and differentiation of an individual cell is controlled by the signals it receives
from its surroundings. Based on the stimuli a cell receives, most cells will ultimately
differentiate into a specific cell lineage type (besides stem cells). Experimentally, terminal
differentiation in human melanoma can be achieved by treating cells with recombinant
fibroblast interferon (IFN-p) and the protein kinase C activator, mezerein [26]. While
performing subtraction hybridization and screening cDNA libraries for genes that were
differentially expressed in melanoma cells before and after terminal differentiation, our
laboratory identified MDA-7 (melanoma differentiation associated gene — 7) as one of the
transcripts whose expression was induced in terminally differentiated cells [43]. This gene
was later designated interleukin-24 (IL-24) by the Human Gene Organisation (HUGO)
based on its conserved structure, chromosomal location and cytokine-like properties [9, 73,
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81]. Upon examining various cancer cell lines, it was observed that MDA-7/IL-24 protein
expression was low or absent in cancer cells as compared to normal tissues [24, 38]. Further
studies revealed that MDA-7/1L-24 played a key role in tumor inhibition [44, 48, 56, 69,
92]. Extensive work carried out on MDA-7/IL-24 since then, both in melanoma and other
cancers, has revealed several clues to the functioning of MDA-7/IL-24 as an anti-cancer
gene. In this chapter, we will first discuss our current knowledge of the MDA-7/IL-24 gene,
we will then look at the various ways in which MDA-7/IL-24 exerts its anti-cancer
properties, followed by the application of MDA-7/IL-24 in the clinic and conclude with the
future prospects of MDA-7/IL-24.

6.2 MDA-7/IL-24

Melanoma differentiation associated gene-7 (mda-7)/interleukin-24 (IL-24) is a secreted
cytokine that belongs to the IL-10 gene family [9, 24, 38, 71, 73, 81]. Along with several
other 1L-10 cytokine family members, mda-7/1L-24 is located on chromosome 1g32-33 in
humans and encompasses seven exons and six introns [38]. The mda-7/IL-24 cDNA is 1,718
base pairs in length and encodes a 206 amino acid protein with a predicted molecular weight
of 23.8 kDa [38, 43, 44, 71]. mda-7/IL-24 open reading frame is flanked by a 274 bp 5/
untranslated region (UTR) and a 823 bp 3’ UTR. Three consensus elements (AUUUA)
involved in mRNA stability and three polyadenylation signals (AAUAAA) are present in the
3’ UTR. A 49-amino acid N terminal hydrophobic signal peptide was identified by sequence
analysis and allows the molecule to be cleaved and secreted. Secreted MDA-7/IL-24 protein
can have several molecular sizes because of putative N-glycosylation sites [95] at amino
acids 85, 99 and 126 (Fig. 6.1) [81]. mda-7/IL-24 sequence analysis also revealed a region
of the gene encoding an IL-10 signature sequence from amino acid 101 to 121, three protein
kinase C consensus phosphorylation sites at amino acid 88, 133 and 161 and three casein
kinase 11 consensus phosphorylation sites at amino acid 101, 111 and 161 [81]. Structural
analysis also revealed the possibility of dimerization of MDA-7/1L-24 due to a potential
disulfide bond. MDA-7/IL-24 protein was found to be highly conserved throughout
evolution with sequence homology with species such as yeast, cat, dog, cow and monkey.

Members of the IL-10 cytokine family signal through receptor dimers consisting of an R1
type receptor (with a long cytoplasmic domain) and an R2 type receptor (with a short
cytoplasmic domain). MDA-7/IL-24 can bind to its cognate receptors — IL-20R1 and
IL-20R2; or IL-22R1 and IL-20R2 in order to activate downstream STAT1 (signal
transducer and activator of transcription 1) and STATS3 signaling (Fig. 6.2) [20, 73, 81, 95].

To gain insight into the regulation of mda-7/1L-24 expression, the mda-7/IL-24 promoter
was isolated and characterized [54]. Several recognition binding sites for two transcription
factor families, AP-1 and C/EBP, were identified within the mda-7/1L-24 promoter.
Overexpression of c-Jun (a member of the AP-1 family), C/EBP-a or § caused an
upregulation of mda-7/IL-24 promoter activity indicating their involvement in the
transcriptional control of mda-7/1L-24 expression. Electrophoretic mobility shift assays
(EMSA) further demonstrated that AP-1 and C/EBP could bind to the mda-7/IL-24 promoter
[54]. Since mda-7/IL-24 expression was induced upon treatment with IFN-$ and mezerein,
mda-7/I1L-24 promoter activity was assessed in HO-1 and MeWo melanoma cells with and
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without the treatment [55]. mda-7/IL-24 promoter activity did not increase above basal
levels with and without treatment with IFN-f3 and mezerein. However, mda-7/1L-24 mRNA
was markedly increased in melanoma cells upon treatment with IFN-B and mezerein. Thus,
mda-7/1L-24 expression appears to also be regulated at the post-transcriptional level during
melanoma cell differentiation and IFN-f3 and mezerein might somehow be stabilizing mda-7/
IL-24 mRNA levels [55]. As mentioned earlier, mda-7/1L-24, like other cytokines, contains
AU-rich elements (ARE) in the 3’'UTR region that correlate with rapid mRNA turnover and
posttranscriptional control and might play a role in the post transcriptional regulation of
mda-7/I1L-24. mda-7/1L-24 expression is also regulated by p38 MAPK-mediated
stabilization of mda-7/1L-24 3’UTR [60]. A recent study showed that IL-2 can upregulate
the expression of mda-7/1L-24 [42].

At low concentrations, MDA-7/1L-24 predominantly functions as a cytokine. MDA-7/IL-24
is normally expressed in humans in tissues of the immune system such as the thymus,
spleen, peripheral blood leukocytes (PBL) and normal melanocytes [38]. In fact, MDA-7/
IL-24 transgenic mice (overexpressing MDA-7/IL-24 specifically in the skin) showed
neonatal lethality within hours of birth, and displayed epidermal hyperplasia and
abnormality in keratinocyte differentiation [36]. Several cells of the immune system can be
induced to upregulate expression of mda-7/1L-24. Megakaryocyte differentiation induced in
human hematopoietic cells upon treatment with TPA (12-O-tetradecanoyl phorbol-13-
acetate) causes an increase in mda-7/1L-24 expression [38]. Stimulation of peripheral blood
mononuclear cells (PBMC) with phytohemagglutinin (PHA) or lipopolysaccharide (LPS)
also caused induction of mda-7/IL-24 expression. MDA-7/IL-24 is upregulated in monocytes
treated with LPS and in T cells, especially CD4+ naive and memory cells activated by anti-
CD3 monoclonal antibody. Assessment of the secretion profile of PBMC treated with
MDA-7/IL-24 protein (purified from conditioned media obtained from HEK 293 cells
infected with Ad.mda-7) showed increase in secretion of 1L-6, TNF-a and INF-y at high
levels and IL-1p, IL-12 and GM-CSF at low levels within 48 h [9]. Simultaneous
administration of IL-10 caused a partial or complete block in these changes mediated by
MDA-7/IL-24, probably due to shared receptors with IL-10 having a ten-fold higher affinity
for its receptor. However, PBMC proliferation was unaffected by treatment with MDA-7/
IL-24. Of note, although IL-10 and MDA-7/IL-24 belong to the same cytokine family, IL-10
is a suppressor of immune response and inflammation while MDA-7/IL-24 is
immunomodulatory.

MDA-7/IL-24 plays a role in wound healing [87], in autoimmune diseases such as psoriasis,
rheumatoid arthritis and spondyloarthropathy [45], and protection against infectious diseases
caused by bacteria such as Pseudomonas aeruginosa [3], Salmonella typhimurium [52] and
Mycobacterium tuberculosis [53].

Besides the normal physiological role that MDA-7/IL-24 plays in the immune system,
MDA-7/IL-24 has been studied in great detail for its role in cancer. The known functions of
MDA-7/IL-24 are schematically represented in Fig. 6.3. The next section describes the role
of MDA-7/IL-24 in cancer.
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6.3 Role of MDA-7/IL-24 in Cancer

6.3.1 Apoptosis

Apoptosis, also known as programmed cell death, involves a sequential series of events that
are responsible for the elimination of unwanted cells from the system. Aberrant apoptosis is
considered to be a hallmark of cancer [35]. The ability of cancer cells to escape apoptosis is
one of the major contributing factors to chemotherapeutic resistance. Much of the research
over the past several years has been dedicated to understand the mechanisms adopted by
tumor cells to evade cell death. This has led to the development of novel strategies and
therapeutic agents that can modulate cell death pathways in a manner to selectively induce
apoptosis in cancer cells.

There is abundant evidence in the literature that emphasizes the role of MDA-7/I1L-24 as a
selective anti-cancer agent. The tumor growth suppressing effects are contributed largely by
apoptotic pathways that are triggered in response to MDA-7/IL-24. Previous and ongoing
research efforts by our research group and others have shed some light on the key players
that are involved in MDA-7/IL-24-mediated apoptosis (Fig. 6.4). Most of these proteins play
an important role in the regulation of endoplasmic reticulum (ER) stress and mitochondrial
function [16, 17, 32, 49, 50, 61, 73, 74, 80, 99-101]. In earlier reports from our laboratory, it
was observed that MDA-7/IL-24 induces cell death by the activation of PKR-like
endoplasmic reticulum kinase (PERK), an unfolded protein response (UPR) sensor. MDA-7/
IL-24 prevents the interaction between the ER residing chaperone protein BiP/GRP78 and
PERK by associating with BiP/GRP78 [33]. Dissociation of PERK from BiP/GRP78 results
in the oligomerization and auto phosphorylation of PERK. Phosphorylated PERK in turn,
leads to the activation and phosphorylation of EIF2a protein that shuts down the global
translation of proteins. This leads to decreased expression of pro-survival proteins like
Mcl-1, Bel-XL, and c-Flip [23, 28, 68]. In other studies, treatment of cancer cells with
MDA-7/IL-24 reduced the expression of pro-survival proteins and this reduction was found
to be correlated with the increased levels of pro-apoptotic markers like Bax and Bak [28, 91,
92]. Recent studies have also explored the role of second messenger molecules like
ceramide and dihydroceramide (generated after PERK activation) upon MDA-7/IL-24
exposure [6, 84, 100]. It was hypothesized that MDA-7/1L-24 possibly functions by
stabilizing ceramide synthase 6 protein thus increasing the levels of dihydroceramide in a
PERK-dependent manner. Enhanced levels of ceramide result in calcium ion-dependent
production of reactive oxygen species (ROS) that impacts diverse signaling pathways and
alters mitochondrial integrity [49].

Over the past decade, it has become increasingly clear that MDA-7/1L-24 affects tumor cell
viability by inducing cell death, but the exact mode of action varies to certain extents in
different cancer types. For instance, upon infection of prostate carcinoma cells DU145,
Ad.mda-7 (a non-replicating type 5 adenovirus expressing mda-7/IL-24) induced apoptosis
in a Bax-independent manner [49, 50, 80]. In contrast, in primary human glioblastoma cells,
the mitochondrial dysfunction and cytotoxicity was largely contributed by the cathepsin-B
dependent cleavage of a pro-apoptotic family member Bid [101, 104]. When melanoma cells
were infected with Ad.mda-7, a dramatic reduction was observed in the levels of anti-
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apoptotic proteins Bcl-2 and Bcl-XL, whereas pro-apoptotic proteins like Bax and Bak were
upregulated to a modest degree [48]. This suggests that Ad.mda-7 stimulates the apoptotic
pathway by affecting the ratio of pro-apoptotic to anti-apoptotic markers in cancer cells. In
another study, Dash et al. documented that ER stress response triggered by MDA-7/IL-24 in
prostate cancer cells resulted in apoptosis due to the inhibition of an anti-apoptotic myeloid
cell leukemia-1 (Mcl-1) protein [17]. Conversely, when Mcl-1 was overexpressed in
transformed cells, a significant inhibition of MDA-7/IL-24-mediated toxicity was observed.
This data emphasizes the role of Mcl-1 in MDA-7/1L-24-induced cell death.

Sarkar et al. first reported the involvement of p38 mitogen activated protein kinase (MAPK)
pathway in cell cycle arrest and cell death in context of Ad.mda-7 or MDA-7/IL-24 [74]. In
this study, MAPK activity was shown to be partly dependent on the activation of PERK and
subsequent stimulation of a subset of growth arrest and DNA damage (GADD) genes. Other
studies also found that in some of the cancer cell types, exposure to MDA-7/IL-24 resulted
in the dephosphorylation and inactivation of ERK 1/2 [99]. In others, c-Jun NH,-terminal
kinase (JNK) signaling cascade was triggered following treatment with this multipurpose
cytokine [99, 103]. This resulted in the stabilization of Bim and activation of Bax and Bak
proteins, finally leading to mitochondrial dysfunction and cell death. Additionally, MDA-7/
IL-24 also induces cell death via apoptosis selectively in cancer stem cell without affecting
normal breast stem cell growth [5]. The underlying mechanism of the unique ability of
MDA-7/IL-24 to induce selective apoptosis in cancer cells requires further clarification.
Fundamental biochemical differences between normal and cancer cells might be a possible
reason for MDA-7/IL-24-mediated selective apoptosis in cancer cells. One of the main
mechanisms by which MDA-7/IL-24 induces cell death is by inducing ER stress. Although
ER stress activates both pro-survival and pro-apoptotic pathways, a particularly strong ER
stress response for prolonged periods could shift the balance toward apoptotic pathways,
attenuating tumor growth and metastasis. Since cancer cells have higher levels of ER stress
as compared to normal cells, this renders them more susceptible to ER stress-mediated cell
death triggered by MDA-7/1L-24. Another plausible explanation why MDA-7/IL-24
mediates differential cell killing effects between normal and cancer cells relies on reactive
oxygen species (ROS), which is one of the key mediators of MDA-7/IL-24 toxic responses
in cancer cells. Numerous studies have demonstrated that the basal level of ROS in cancer
cells is higher than the normal cells [65]. As a consequence, agents like MDA-7/IL-24 that
enhance ROS production, could easily overcome the natural antioxidant effects in a more
efficient manner in cancer cells as compared to normal cells, resulting in cell death.

6.3.2 Autophagy

Autophagy is an evolutionarily conserved pathway involved in the recycling of cellular
components including whole organelles [7, 8, 19, 51]. The process is regulated by a set of
autophagy related (ATG) proteins arranged in three different complexes [88]. The
autophagy pathway is initially triggered by unc-51 like kinase (ULKZ1). The kinase is
responsible for further stimulation of a signaling pathway that results in the formation of a
double membrane bound vesicle called autophagosome. Autophagosome consists of
components that are destined for degradation and its formation requires a P13 kinase
complex. In the final step, the autophagosome membrane elongation occurs with the aid of
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other conjugation systems like LC3 and ATG12 and it fuses with the lysosome resulting in
the degradation of its enclosed components. There are three different kinds of autophagy
categorized as micro-autophagy, macro-autophagy and chaperone-mediated autophagy
(CMA). Micro-autophagy degrades the enclosed components directly by lysosomal
invagination [105]. Whereas macro-autophagy sequesters the proteins meant for degradation
in autophagosome, which are later on degraded by the lysosomal proteases [19, 105]. CMA
is the only form of autophagy that involves no vesicular trafficking. During the process of
autophagy, particular proteins are tagged by the CMA substrate chaperone complex, which
are then directed to the lysosomes or endosomes for degradation [19, 105].

Numerous studies suggest the dynamic role of autophagy in regulating tumor-igenesis [7,
57, 96, 97]. Autophagy is known to suppress growth of tumors during the early
developmental stages but promotes tumor growth in advanced tumors [7, 37]. Based on this,
different therapeutic agents may modulate tumor growth and proliferation by affecting the
autophagic process. In fact, autophagy-related protein markers have gained significant
interest for cancer therapy. There are several proteins implicated in tumor growth and
proliferation that also play a role in the regulation of autophagy. For instance, mTOR is
reported to negatively regulate the ULK1 complex. Therefore, inhibitors of the mTOR
pathway, like PTEN, stimulate autophagy and the activators of mTOR, such as AKT, inhibit
the process [51]. Studies from our laboratory and other research groups have demonstrated
the involvement of MDA-7/IL-24 in autophagy in different cancer models (Fig. 6.4). In
glioblastoma (GBM) and transformed fibroblasts, cytokine-induced ER stress results in the
activation and phosphorylation of PERK. Activation of PERK and UPR is generally
considered a protective response. However, prolonged PERK activity and stimulation of
UPR signaling can lead to cell death. Previous studies have validated the involvement of
PERK in MDA-7/IL-24-mediated autophagy [62]. PERK ™~ cells or cells that were
transformed to carry a dominant negative PERK gene displayed increased resistance to
MDA-7/IL-24-induced autophagy and cell death [99, 104]. Likewise, overexpression of BiP/
GRP78 blocked MDA-7/IL-24 induced autophagy and cell death by inhibiting PERK
activation [104]. Conversely, activation of PERK triggered the vacuolization of LC3 protein
and resulted in an increased expression of autophagy markers like ATG5 and Beclinl [104].
Furthermore, inhibition of autophagy by suppression of important mediators like Beclinl
and ATGS5 or treatment with a chemical inhibitor, 3-methyl adenine, dramatically attenuated
MDA-7/IL-24-induced cytotoxicity [104].

In prostate cancer cells, autophagy plays a different role upon MDA-7/IL-24 treatment.
Unlike GBM cells, blocking autophagy in prostate cancer cells by using 3-methyl adenine or
by suppressing the expression of Beclinl enhanced MDA-7/IL-24 cytotoxicity [6]. In
contrast, knockdown of ATG5, an autophagy marker, resulted in decreased MDA-7/IL-24-
mediated toxic autophagy and apoptosis [6]. This discrepancy could be explained by the
differential role of ATG5 in programmed cell death. In prostate cancer cells, ATG5 is
cleaved into a 25-kDa fragment in an autophagy-dependent manner [6]. This small
fragment, in turn, induces mitochondrial dysfunction via activation of pro-apoptotic
molecules like Bax and Bak leading to enhanced cell death.
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In renal and ovarian cancer cells, MDA-7/IL-24-induced autophagy is mainly dependent on
CD95 signaling. Treatment of renal carcinoma cells with GST-MDA-7 enhanced ER stress
response via CD95 signaling eliciting autophagy and cell death [63]. Previous reports have
shown that drug-induced activation of CD95 resulted in a protective form of autophagy that
promoted survival in melanoma, hepatoma, renal, and pancreatic cancer cells [64].
Subsequent studies in renal carcinoma have found a direct correlation between suppression
of ATG5 and/or Beclinl expression and MDA-7/IL-24-mediated cell death [61]. Thus,
MDA-7/IL-24 induces autophagy in a wide variety of cell types, but the precise function of
autophagy in response to MDA-7/1L-24 varies greatly according to the tumor cell type. The
differential response induced by MDA-7/IL-24 in a broad range of cancer cells versus
normal cells could be attributed to the inherent complexities in these cells. ROS is known to
be involved in the autophagic process. We speculate that MDA-7/1L-24-mediated PERK
activation might lead to increased ROS production in cancer cells (that have higher basal
levels of ROS as compared to normal cells), which leads to toxic autophagy and cell death in
these transformed cells without affecting normal cells.

6.3.3 Anti-angiogenesis

Induction of angiogenesis is another hallmark of cancer [35]. Tumors rely on the (tumor)
vasculature in order to maintain a source of nutrients and oxygen and to eliminate metabolic
wastes and carbon dioxide. In addition to direct targeting of cancer cells, MDA-7/IL-24 also
plays a role in inhibiting angiogenesis, thereby further inhibiting tumor growth.

Human umbilical vascular endothelial cells (HUVEC) do not endogenously express mda-7/
IL-24. Infection of HUVEC cells with Ad.mda-7 induced sustained mda-7/1L-24 expression
from day 1 to 4 with no sign of cytotoxicity. The ability of MDA-7/1L-24 to inhibit
endothelial cell differentiation was assessed in HUVEC cells and compared to a known cell
cycle regulator p16. Both MDA-7/1L-24 and p16 caused an inhibition of endothelial cell
formation; however MDA-7/1L-24 showed a more profound effect with no evidence of tube
formation in HUVEC as compared to p16, that allowed formation of full and hemitubes
[70]. Injection of Ad.mda-7 into subcutaneous lung tumor xenografts in athymic mice
caused an inhibition of angiogenesis (as evidenced by reduced tumor vasculature) [67] with
tumors expressing low levels of CD31 expression, a protein highly expressed in neo-
angiogenic endothelial cells. Simultaneously the expression of TRAIL, a promoter of
apoptosis, was upregulated, indicating that Ad.mda-7 infection caused tumor inhibition by
multiple mechanisms [70].

Inhibition of tumor angiogenesis can be brought about by directly suppressing tumor blood
vessel formation or indirectly by suppressing production of tumor-derived growth factors,
such as vascular endothelial growth factor (VEGF), basic fibroblast growth factor (o0FGF)
and intereukin-8 (IL-8) [46]. Evidence of direct suppression of tumor blood vessel formation
was demonstrated using secreted purified MDA-7/IL-24 protein [67]. MDA-7/IL-24 protein
inhibited endothelial cell differentiation in vitro in a dose-dependent manner, without any
cytotoxic effects. Induction of endothelial cell migration by VEGF and bFGF were also
inhibited by MDA-7/IL-24 protein. Further analysis revealed an essential role of IL-22R1,
one of the two MDA-7/IL-24 cognate receptors, in MDA-7/IL-24-mediated anti-angiogenic
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abilities. Introduction of an IL-22 receptor-blocking antibody along with MDA-7/IL-24
protein led to abrogation of inhibition of endothelial differentiation, indicating IL-22
receptors play an important role in MDA-7/IL-24 anti-angiogenesis abilities. The role of
IL-20 receptors in MDA-7/IL-24-mediated anti-angiogenic abilities is currently unknown.
MDA-7/IL-24-receptor-mediated downstream signaling (such as STAT-1) might also
enhance MDA-7/IL-24 anti-angiogenic activity. MDA-7/IL-24 inhibits PI3BK/AKT signaling
in lung and breast cancer cells. PI3K and AKT have known roles in angiogenesis and their
inhibition might further aid in MDA-7/IL-24-mediated anti-angiogenic abilities.

MDA-7/IL-24 also inhibits angiogenesis indirectly by suppressing angiogenic tumor-derived
growth factors. Inhibition of tumor-derived growth factors will lead to further suppression of
tumor growth by blocking neovascularization [46]. Infection of human lung cancer cells
with Ad.mda-7 causes down regulation of the expression of two key modulators of
angiogenesis, vascular endothelial growth factor (VEGF) and transforming growth factor 8
(TGF-B). Infection of human lung cancer xenografts with Ad.mda-7 caused an inhibition of
VEGF, bFGF and IL-8 [59]. MDA-7/IL-24 was shown to regulate VEGF transcription
resulting in reduced VEGF protein expression. Src kinase is known to regulate VEGF
transcription and expression and MDA-7/1L-24 can directly inhibit Src kinase activity [41].
Thus, MDA-7/IL-24 inhibits tumor angiogenesis by multiple mechanisms.

6.3.4 Inhibition of Invasion and Metastasis

MDA-7/IL-24 also plays a role in inhibiting tumor invasion and metastasis, yet another
hallmark of cancer. Treatment options and survival rates are adversely affected once a tumor
has metastasized to a distant area in the body. MDA-7/IL-24 was shown to inhibit migration
and invasion of several different types of cancer. Human non-small cell lung carcinoma cells
(H1299 and A549) infected with Ad.mda-7 showed a decrease in in vitro migration and
invasion by downregulating expression of PI3K (phosphatidylinositol 3-kinase)/PKB
(protein kinase B), FAK (focal adhesion kinase), MMP-2 (matrix metalloproteinase-2) and
MMP-9. Treatment using Ad.mda-7 in an in vivo experimental lung metastasis model also
resulted in a decrease in the number of tumors [66]. Infection of human cervical cancer cells
(CaSki) with Ad.mda-7 caused a decrease in in vitro cell migration and invasion that was
attributed to downregulation of MMP-2 and upregulation of p38 MAPK (mitogen-activated
protein kinase) [86]. Over expression of MDA-7/1L-24 in human hepatocellular carcinoma
cells (HepG2 and BEL-7402) in vitro inhibited tumor cell adhesion and invasion and
induced a G2/M cell cycle arrest [39], but not in normal liver cells (L02) [94]. MDA-7/IL-24
mediated inhibition of adhesion and invasion by inhibiting the expression of metastasis-
related genes such as CD44, ICAM-1, MMP-2, MMP-9, Cyclin B1, Twist, Survivin, TGF-f
and pAkt and downregulating NFxB transcriptional activity. On the other hand, expression
of E-cadherin and p-ERK was increased along with an increase in transcriptional activity of
AP-1[39].

To determine whether MDA-7/IL-24-mediated inhibition of invasion was brought about via
binding to its cognate receptors or in a manner independent of receptor signaling, a non-
secretable version of MDA-7/IL-24 (lacking the secretory signal peptide) was generated.
Infection of prostate cancer cells (C8161) with both secretable and non-secretable versions
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of Ad.mda-7 inhibited Matrigel invasion to a similar extent [79] suggesting that mda-7/
IL-24 could inhibit invasion by both receptor-mediated and receptor-independent pathways.

An interesting discovery regarding MDA-7/IL-24 was made while examining its role in
pancreatic cancer. Infection of Ad.mda-7 into a number of different cancer cell lines resulted
in cancer cell growth suppression and apoptosis (as discussed in the apoptosis section);
however Ad.mda-7 did not show a growth suppressive or apoptotic effect in pancreatic
cancer cells. Pancreatic cancer is often associated with genetic changes in a subset of genes
and one of the most frequently altered genes in pancreatic cancer is the K-ras oncogene (85—
95 %). Silencing the expression of K-ras in pancreatic cancer cells along with simultaneous
infection with Ad.mda-7 caused growth suppression and apoptosis, suggesting K-ras
mediated translational suppression of mda-7/IL-24 mRNA to protein [90]. Interestingly
pancreatic cancer cells (MIA PaCA-2) infected with Ad.mda-7 and transfected with
antisense K-ras plasmid before injecting into athymic mice resulted in complete tumor
suppression as compared to rapidly growing control Ad.mda-7 infected tumors [90]. Thus,
MDA-7/IL-24 secreted from a very small subset of tumor cells was able to inhibit growth of
the entire tumor, an effect that is known as a ‘bystander’ antitumor effect. Since then this
‘bystander’ effect has been observed in several cancer types. It was determined that N-
glycosylation of MDA-7/IL-24 was not essential for the ‘bystander’ effect [82]. The ability
of MDA-7/IL-24 secreted by normal cells to mediate ‘bystander’ effect was also evaluated
[89]. Normal cells (primary and immortalized human melanocytes FM516-SV, astrocytes
IM-PHFA and prostate epithelial cells P69) infected with Ad.mda-7 were able to secrete
MDA-7/IL-24 without adverse effects on normal growth. Secreted MDA-7/IL-24 from these
three normal cell lines was able to inhibit anchorage-independent growth of DU-145
prostate cancer cells. To validate that the ‘bystander’ effects were mediated by secreted
MDA-7/IL-24, the ability of MDA-7/IL-24 to inhibit anchorage-independent growth and
invasion was assessed in cells with and without functional IL-20/IL-22 receptors. MDA-7/
IL-24 secreted from normal prostate epithelial cells (P69) inhibited anchorage-independent
growth and invasion in prostate cancer cells (DU-145 and BxPC-3) with functional I1L-20/
IL-22 receptors, but not in lung cancer cells (A549) that lack a complete set of receptors
[89]. Evidence for ‘bystander’ activity in vivo was obtained using a xenograft mouse model.
Tumors were formed by injecting breast cancer cells into the right and left flanks of athymic
mice. Tumors on the left flank were injected with Ad.PEG-E1A-mda-7 (a Cancer
Terminator Virus; CTV), a conditionally replication competent adenovirus controlling ELA
expression in cancer cells and expressing mda-7/IL-24 when replicating in cancer cells,
which eliminated tumors on both flanks of the mice [76]. Purging of tumors on the right
untreated flank by MDA-7/1L-24 treatment of the left flank serves as a good model to assess
systemic inhibitory potential of MDA-7/IL-24 in vivo on secondary tumors in distant regions
of the animal. The CTV, first generation in a serotype 5 adenovirus and a second generation
CTVin a tropism-modified Ad.5/3 virus, has also shown profound primary and ‘bystander’
antitumor activity in additional tumor models including breast cancer [76], therapy resistant
prostate cancer [2, 72], melanoma [75], glioblastoma multiforme [34], and pancreatic cancer
[78, 77].
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In conclusion, MDA-7/IL-24 exerts its anti-cancer activities by targeting multiple tumor
growth mechanisms making it a very attractive translational molecule for treatment of
human cancers.

6.4 Combination Effects of MDA-7/IL-24

Cancer is a multi-factorial disease and involves cross talk between complex molecular
pathways [35]. Advances in the biomedical field have broadened our understanding
regarding the key effector molecules and aberrant pathways involved but successful
application of targeted therapies has been limited. This is due to the presence of alternate or
compensatory pathways that cancer cells use to thrive and acquire enhanced resistance to
drugs. To address this problem, a combination approach using multiple targeted agents has
been successfully used in several pre-clinical and clinical studies. A combination strategy
offers multiple advantages. Firstly, combination of therapeutic agents that target similar
molecular pathways may provide synergistic effects. Secondly, agents that target different
pathways may help to overcome compensatory pathways that are responsible for reducing
the sensitivity toward drugs and providing low therapeutic benefit. Thirdly, combination
treatments may also circumvent the tumor heterogeneity, particularly in advanced stage
cancer patients, where genetic instability gives rise to aggressive variants, each with
different characteristics and sensitivity to therapeutic regimens. Tumor heterogeneity may
not only result in treatment failure but also increases the number of potential sites that need
to be targeted to inhibit tumor growth and proliferation. In this scenario, combinatorial
approaches may provide better therapeutic effectiveness as compared to single agents. Also,
in the adjuvant setting, combination therapy is considered more favorable as compared to a
single therapy due to the survival benefit from a clinical standpoint. MDA-7/1L-24 has been
shown to induce synergistic effects in a wide spectrum of human cancers when used in
combination with other agents. For example, McKenzie et al. demonstrated significant
growth inhibitory effects in Her-2/neu-overexpressing breast cancer cells following
treatment with Ad.mda-7 in combination with a monoclonal antibody targeting Her-2/neu
receptor [58]. The inhibition in tumor growth was partly mediated by effect of combination
agents on the p-catenin, and AKT survival pathways. In another study, mda-7/IL-24
incorporated in an adenoviral vector was used along with bevacizumab in a lung cancer
model [40]. The combination treatment induced cell cycle arrest and apoptosis in the in vitro
system. Similar effects were recapitulated in the xenograft lung cancer model. The
subcutaneously implanted tumors receiving Ad.mda-7 plus bevacizumab showed improved
survival rate as compared to their control counterparts with complete tumor regression
observed at the completion of the study. Emdad et al. determined the efficacy of combining
Ad.mda-7 with a selective EGFR inhibitor, gefitinib, in non-small cell lung cancer [22].
Combination treatment enhanced apoptotic cell death in the treated cells by increasing the
expression of a downstream effector molecule, RNA-activated protein kinase (PKR). Zheng
et al. combined Ad.mda-7 with an alkylating agent, temozolamide, to overcome the
chemoresistance in human melanoma cells [106]. They observed increased cell death in
melanoma cells that were treated with optimal doses of Ad.mda-7 and temozolamide. A
combinatorial effect was also observed when a bacterially synthesized glutathione S-
transferase (GST)-fusion protein of MDA-7/IL-24, GST-MDA-7, was combined with
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Tarceva in non-small cell lung carcinoma cells [31]. Similarly combining GST-MDA-7
protein with arsenic trioxide effectively controlled growth and proliferation of renal
carcinoma cells [102]. The free radicals generated by arsenic trioxide interacted with GST-
MDA-7 and induced cell death in the treated cells by a non-apoptotic pathway. An oncolytic
adenovirus incorporated with mda-7/1L-24 (ZD55-1L-24) was used in combination with
cisplatin to analyze growth inhibitory effects on a panel of cancer cells [98]. The
combination approach dramatically enhanced the cytotoxic and apoptotic effects in the
tested cancer cells as compared to their normal counterparts. Chimeric adenoviral vector
carrying mda-7/1L-24 gene (Ad5/3-MDA7) also mediated enhanced gene transduction to the
otherwise refractory colorectal cancer and prostate cancer cells and when used in
combination with an apogossypol derivative BI-97C1, Sabutoclax, toxicity to MDA-7/IL-24
was enhanced [2, 14].

In addition to chemotherapeutic agents, monoclonal antibodies, and chemical inhibitors,
MDA-7/IL-24 has also been effectively used in conjunction with other conventional
therapies. Nishikawa and colleagues observed that in non-small cell lung carcinoma,
MDA-7/IL-24 enhanced the sensitization of resistant cancer cells to ionizing radiation and
induced cell death by affecting angiogenesis in the supporting tumor endothelial cells [59].
In another study, Chada et al. compared the efficacy of gene transfer when MDA-7/1L-24
was combined with a range of chemotherapy agents, monoclonal antibodies, and radiation
[10]. The authors found that combination approach effectively improved the overall
sensitivity of the breast cancer cells toward most of the tested therapeutics in an additive or
synergistic manner.

Another interesting study explored the idea of targeting both the tumor as well as
immunologic components by administering Ad.mda-7 along with a secreted form of an ER
resident chaperone protein Grp170 (Ad.sgrp170) [29]. Grpl170 acts as a strong
immunostimulatory agent and antigen carrier. Combined delivery of both the Ad vectors
(Ad.mda-7 and Ad.sgrp170) effectively reduced growth of tumors in TRAMP-C2 prostate
cancer model when compared with single agent. Furthermore, it enhanced the antigen and
tumor-specific T cell response evident by increase in the production of interferon-gamma
and cytolytic activity. The MDA-7/IL-24 and Grp170 combination also provided protection
against subsequent tumor challenge and displayed ‘bystander’ effect.

Collectively, these observations suggest that careful design and rational combination of
traditional and novel therapeutic agents with MDA-7/IL-24 represents a viable strategy to
induce multi-pronged attack on cancer cells and significantly enhance therapeutic outcome.

I Clinical Trial with Ad.mda-7 (INGN-241)

The efficacy of MDA-7/1L-24 as a cancer therapeutic has been demonstrated in a wide range
of tumor models [16, 32, 46]. Based on the unprecedented success in pre-clinical studies, a
Phase I clinical trial was initiated to determine the therapeutic potential of mda-7/IL-24
incorporated in an adenoviral vector (Ad.mda-7; INGN 241) [11, 21, 25, 46, 47, 71, 93]. The
adenoviral vector used in this study had deletions in the E1 and E3 regions making it
replication-incompetent. The human mda-7/1L-24 sequence was cloned into the vector along
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with the cytomegalovirus immediate-early promoter and SV40 polyadenylation sequence.
The Phase | study evaluated the safety profile, pharmacodynamics, pharmacokinetics of
vector-specific DNA, mRNA, MDA-7/1L-24 protein distribution and its biological effects,
both locally and systemically. Twenty-eight patients diagnosed with squamous cell
carcinoma of the head and neck (SCCHN), non-small cell lung carcinoma, melanoma, breast
carcinoma, colorectal carcinoma, lymphoma, hepatoma, adeno-carcinoma, sarcoma and
carcinomas of the adrenal, bladder, penis, parotid, lip and kidney were enrolled in this dose-
escalating study. All the patients included in the study received prior treatment with
chemotherapeutic drugs, immunologic agents, radiation, and/or surgery. They were divided
into eight cohorts based on the treatment dose of Ad.mda-7 (INGN 241) (ranging from 2 x
1010 vp (viral particles) to 2 x 1012 vp), time of post-treatment biopsy (24 h to 30 days), and
frequency/mode of administration (single dose, divided dose or multiple doses) (Table 6.1).

Cohorts one to three were administered with single intratumoral injection of Ad.mda-7
(INGN 241) and tumors were resected 24 h post-injection. Cohorts four and five were
treated with high dose of Ad.mda-7 and tumors were excised 48 h or 96 h after treatment,
respectively. Subjects in cohort six received ten injections totaling 2 x 1012 vp and the
tumors were resected 48 h post-administration. Cohort seven was injected with single dose
of Ad.mda-7 (INGN 241) and biopsies were taken 30 days post-treatment. In cohort eight,
patients received high dose of Ad.mda-7 (INGN 241) twice a week for a period of 3 weeks
and tumors were biopsied at day 30 (Table 6.1). The biological effects in response to
Ad.mda-7 (INGN 241) are summarized according to the tumor type in Table 6.2.

A comprehensive analysis was done to follow the vector biodistribution with time. To
identify the injection site, Ad.mda-7 (INGN 241) was mixed with isosulfan blue dye before
administration (Fig. 6.5). Maximal levels of vector-specific DNA and mRNA were detected
at the site of injection (the center of the injected tumor averaged more than 1 x 108 vector
DNA copies/pg) and it decreased in the peripheral areas. Low levels of vector DNA was
detectable up to 3 cm from the site of injection. This could be due to the ‘bystander’ activity
induced by secreted MDA-7/1L-24 protein in the neighboring tumor cells [82, 83, 85, 89].
The overall levels of vector DNA and RNA varied in a dose- and time-dependent manner
with high levels detected in tumors 24-48 h post-injection [11, 21, 71]. The levels dropped
by nearly three logs of magnitude in tumors that were resected at day 4. However, vector
DNA was present above baseline levels at 30 days.

Further, immunohistochemical analysis was done to analyze the expression of MDA-7/1L-24
protein (Fig. 6.6). On an average, 20 % of tumors that were treated with low dose of
Ad.mda-7 (INGN 241) displayed positive staining for MDA-7/IL-24 protein [11]. The
percentage of lesions showing positive MDA-7/IL-24 staining increased up to 53 % for
cohorts that were administered with high dose of Ad.mda-7 (INGN 241). Tumor sections
were also evaluated for the expression of p-catenin proto-oncogene [93]. It was found that
the expression of -catenin was dramatically reduced post-treatment with Ad.mda-7 (INGN
241). In addition, the levels of iINOS (inducible nitric oxide synthase) were also decreased in
four of the nine treatment subjects [93]. CD31 acts as a marker for angiogenesis. Upon
analysis, it was found that CD31 levels decreased by 28 % in the treated lesions [11, 93].
TUNEL assays were performed to detect the apoptotic activity in the tumor sections. Up to
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80 % of tumor cells at the injection site showed positive TUNEL staining. A good
correlation was found between the areas of TUNEL reactivity and MDA-7/IL-24 staining
[11, 93]. The MDA-7/IL-24 staining and TUNEL reactivity dropped down to baseline levels
30 days post treatment of tumor lesions. Ki-67 staining was performed as an indicator of
tumor cell proliferation. After evaluation, 67 % of tumors showed reduced expression of
Ki-67 following Ad.mda-7 (INGN 241) administration [93].

Activation of immune response by MDA-7/IL-24 was studied by analyzing the levels of
inflammatory cytokines [93]. Most of the patients displayed enhanced serum levels of IL-6,
IL-10, and TNF-a. A small number of patients showed a rise in the levels of GM-CSF, and
IL-2 [71, 93]. This cytokine profile indicates stimulation of TH-1 type of immune response
following Ad.mda-7 (INGN 241) administration [71]. However, observed increase in the
levels of different cytokines was a transient response, which subsided within 15-30 days
post-injection. There were some mild side effects including pain and erythema at the site of
injection. One of the patients suffered from grade 3 serious adverse event (SAE) and was
discontinued from the trial.

At the completion of this study, three patients from cohort seven were followed up for
clinical evaluation. No change was evident in tumor size in two patients with melanoma and
colorectal carcinoma whereas about 23 % reduction in tumor size was observed in one of the
patients in same group. Partial regression in tumors was observed in at least two of the five
cohort eight patients who received bi-weekly injections of Ad.mda-7 (INGN 241) for 3
weeks. On follow-up, a 64-old female patient with metastatic melanoma showed a dramatic
reduction in tumor size after the sixth injection with continued regression for another 2
weeks. Similar response was observed following Ad.mda-7 (INGN 241) injection in the
second lesion. Tumor size was decreased by 84 % by the fifth injection. Non-injected
lesions also displayed erythema but there was no reduction in tumor size.

Overall, Ad.mda-7’s (INGN 241) entry into the clinic in a Phase I trial employing
intratumoral injection was exceptionally successful demonstrating that this therapy was
well-tolerated in human subjects with an ~44 % clinical response in injected lesions [11, 21,
71, 93]. Future clinical trials with MDA-7/IL-24 employing improved delivery vectors, such
asthe CTV [72, 75, 76, 78, 77] and targeted delivery systemically, using ultrasound-targeted
microbubble-destruction [14, 15], should elicit even more relevant and enduring clinical
responses. The findings from these newer studies will expand our current knowledge and
culminate in safer and even more efficient delivery of this therapeutic gene in cancer
patients.

6.6 Conclusions and Future Prospectives

As described in this chapter, the encouraging results in the preclinical studies and Phase |
clinical trial with MDA-7/1L-24 (INGN 241) highlights the potency of this multifunctional
cytokine as an efficient anti-cancer agent. Over the past few years, numerous studies have
provided insights into the mechanism of action and diverse signaling pathways that are
triggered in response to MDA-7/1L-24. At present, research is focused on expanding our
current understanding and enhancing the overall potential of MDA-7/IL-24. This involves
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development of novel strategies to transfer the therapeutic gene to cancer cells in a selective
manner [4, 12, 13]. Our laboratory and others are finding solutions to efficiently deliver the
conditionally replicating adenoviruses carrying MDA-7/1L-24 or purified protein using
targeted microbubbles by the ultrasound-targeted microbubble-destruction (UTMD)
approach [2, 13-15, 30, 1]. This would not only shield adenoviral vectors from neutralizing
antibodies following systemic administration but also avoid its sequestration in the liver and
other non-specific tissues thus, maximizing the biological outcome. Furthermore, studies
involving high throughput screening approaches to develop the next generation of molecules
that would augment the expression and/or activity of MDA-7/1L-24 in the target cell/tissue
are currently underway. Rational combination of agents that would synergize with MDA-7/
IL-24 would help to overcome the resistance of cancer cells toward conventional treatment
regimens as well as generate the biological response at low doses. Additionally, novel
strategies to define ways of selectively inducing mda-7/1L-24 expression, protein production
and secretion using small molecules would also augment the applications of this novel
cytokine for therapy of cancer. Accordingly, concerted research efforts in the context of
MDA-7/IL-24 will not only augment our understanding in the related field of mechanisms of
action of cytokines, but will also pave the way for future translational studies for therapeutic
intervention of cancer.
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Fig. 6.1. Schematic representation of MDA-7/1L-24 protein with predicted and established
domains and protein modification sitesillustrated

MDA-7/IL-24 contains an IL-10 signature sequence between amino acids 101 and 121. The
MDA-7/IL-24 signal peptide is cleaved to allow secretion of MDA-7/IL-24 protein.
MDA-7/IL-24 is glycosylated at three sites at amino acid 85, 99 and 126. Protein kinase C
consensus phosphorylation sites are present at amino acid 88, 133 and 161, while Casein
kinase 11 (CKII) consensus phosphorylation sites are present at amino acid 101, 111 and
161. Numbers indicate amino acids. Not drawn to scale (Figure modified from Sauane et al.
[81], Copyright 2003, with permission from Elsevier)
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Fig. 6.2. Schematic representation of MDA-7/IL-24 action mediated through its cognate
receptors

MDA-7/1L-24 can be induced by PHA, LPS and anti-CD3 monoclonal antibody. MDA-7/
IL-24 then binds to its receptor dimers IL-20R1 and IL-20R2 or IL-22R1 and IL-20R2 or
possibly an as-yet unidentified receptor to activate STAT1 or STAT3 downstream signaling

Adv Exp Med Biol. Author manuscript; available in PMC 2015 November 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Menezes et al.

Page 24

ological levels
(in cancer cells)

F

:
L

Fig. 6.3. Schematic representation of the currently known functions of MDA-7/IL-24
Under normal physiological conditions or when triggered by the appropriate signals,

MDA-7/IL-24 can function in immune regulation, wound healing, autoimmune disease and
in protection against bacterial infections. When expressed at supra-physiological levels in
cancer cells, MDA-7/IL-24 exerts several anti-cancer activities
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Fig. 6.4. Overview of the molecular pathwaysinvolved in MDA-7/IL-24-mediated regulation of
cell growth

GRP-78/BiP chaperone protein represents one of the key molecules targeted by MDA-7/
IL-24. The cytokine dissociates the complex formed between GRP-78/BiP and PERK
allowing activation of PERK and EIF2a protein. This, in turn, affects the global translation
of proteins resulting in loss of pro-survival proteins like c-Flip, Mcl-1, Bcl-XL, and Bcl-2.
Phosphorylated PERK also enhances the transcription of certain DNA damage response
genes (i.e., GADD 34, GADD 45, GADD 153) in a PERK-dependent manner. Activation of
PERK also results in increased levels of ROS and ceramide that affects autophagy pathway
and triggers JNK and p38 signaling. Overall, these events disrupt the mitochondrial integrity
by affecting the balance between pro-survival and pro-apoptotic proteins and eventually lead
to growth inhibition and cell death (Figure modified from Dent et al. [18], Copyright 2010,
with permission from Elsevier)
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Fig. 6.5. Representation of excisional biopsy procedure
1 Ad.mda-7/1L-24 (INGN 241) vector was mixed with isosulfan blue dye to identify the site

of injection. 2 Lesion was resected 24 h post-injection. 3 The bisected lesion was processed
into serial sections and the left portion is fixed and analyzed by immunohistochemistry. The
right half was sectioned and frozen for quantitative PCR analyses (Reprinted by permission
from Cunningham et al. [11], Copyright 2005)
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Patient 003, 2E12 vp
5 X 5 cm lesion
24 hr resection

Section 3
~18 mm

# DNA copies/ pg: 1.9 ES {'
# RNA copies/ pg: 9.8 E3 -

Fig. 6.6. MDA-7/IL-24 gene expression correlateswith Ad vector distribution throughout the

tumor

Half of the tumor was analyzed for MDA-7/IL-24 transgene expression and the remaining
half to detect vector specific DNA and RNA levels. The number of DNA copies/iug genomic
DNA and number of RNA copies/jig total RNA are indicated for each tumor section
(Reprinted by permission from Cunningham et al. [11], Copyright 2005)
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Table 6.2

Ad.mda-7 (INGN 241) induces biological effects in different tumor types
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Apoptosisat central

Apoptosis at peripheral

Tumor type Dose(vp) regiond regions Biological responseb
Breast carcinoma 2x1010 ++ + T, b, K

Colorectal carcinoma 2x10M  +++ + T,b K

Melanoma 2 x 1012 ++ - T,b1,C

Breast 2 x 1012 e+ t T.b K

Squamous cell carcinoma of the head and 2 x 1012 +++ ++ T,b,C, K

neck

Adrenal carcinoma 2 x 1012 4 + T.b

Hepatoma 2x1012 o+ - T,b,C

ATUNEL reactivity: —, <5 %; +, 5-19 %; ++, 20-49 %; +++, >50 %

bBiological response is mentioned as T TUNEL reactivity, b 8-catenin decrease, | iNOS reduction, C CD31 reduction, K Ki-67 staining decrease
(Adapted by permission from Tong et al. [93], Copyright 2005)
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