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Abstract

Replication-competent oncolytic viruses hold great potential for the clinical treatment of many 

cancers. Importantly, many oncolytic virus candidates, such as reovirus and myxoma virus, 

preferentially infect cancer cells bearing abnormal cellular signaling pathways. Reovirus and 

myxoma virus are highly responsive to activated Ras and Akt signaling pathways, respectively, for 

their specificity for viral oncolysis. However, considering the complexity of cancer cell 

populations, it is possible that other tumor-specific signaling pathways may also contribute to viral 

discrimination between normal versus cancer cells. Because carcinogenesis is a multistep process 

involving the accumulation of both oncogene activations and the inactivation of tumor suppressor 

genes, we speculated that not only oncogenes but also tumor suppressor genes may have an 

important role in determining the tropism of these viruses for cancer cells. It has been previously 

shown that many cellular tumor suppressor genes, such as p53, ATM and Rb, are important for 

maintaining genomic stability; dysfunction of these tumor suppressors may disrupt intact cellular 

antiviral activity due to the accumulation of genomic instability or due to interference with 

apoptotic signaling. Therefore, we speculated that cells with dysfunctional tumor suppressors may 

display enhanced susceptibility to challenge with these oncolytic viruses, as previously seen with 

adenovirus. We report here that both reovirus and myxoma virus preferentially infect cancer cells 

bearing dysfunctional or deleted p53, ATM and Rb tumor suppressor genes compared to cells 

retaining normal counterparts of these genes. Thus, oncolysis by these viruses may be influenced 

by both oncogenic activation and tumor suppressor status.
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Reovirus is a ubiquitous, non-enveloped virus containing 10 segments of double-stranded 

RNA as its genome. In humans, infections are generally mild and restricted to the upper 

respiratory and gastrointestinal tracts. Importantly, reovirus has been recognized for many 

years as displaying striking cytocidal activity when it infects certain types of transformed 

cells (Hashiro et al., 1977; Duncan et al., 1978). It has been shown that reovirus 

preferentially infects Ras-transformed cells in vitro and in vivo (Coffey et al., 1998; Strong 

et al., 1998; Norman et al., 2004). As Ras gene mutations are observed in over 30% of all 

human cancers (Duursma and Agami, 2003), these findings have led to the current use of 

reovirus in clinical trials (Norman and Lee, 2005; Forsyth et al., 2008; Vidal et al., 2008). 

Myxoma virus (Myx) is a rabbit-specific poxvirus that is also considered a promising 

oncolytic virus (Stanford and McFadden, 2007). Its natural tropism is highly restricted to 

European rabbits and it is nonpathogenic for all other vertebrate species tested, including 

humans (McFadden, 2005). Despite this narrow host specificity, Myx is capable of infecting 

and killing a wide variety of human tumor cell lines in vitro (Sypula et al., 2004). It has 

recently been shown that cellular Akt signaling pathways that are often dysregulated in 

various cancer cells also have an important role in determining the oncolytic potential of 

Myx (Wang et al., 2006). Furthermore, a murine xenograft model of human malignant 

glioma, medulloblastoma and acute myeloid leukemia showed the efficacy and safety of 

Myx oncolysis in vivo (Lun et al., 2005, 2007; Kim et al., 2009). Myx also exhibits potent 

oncolytic activity against metastatic melanoma in immunocompetent mice (Stanford et al., 

2008).

Tumorigenesis is a multistep process involving the combined accumulation of oncogenic 

pathway activations and the inactivation of tumor suppressor genes by mutational events 

affecting proto-oncogenes and tumor suppressor genes. Interestingly, the oncolytic viruses 

described above use different oncogene-driven cellular signaling pathways to selectively 

replicate and kill the cells that bear them. In addition to oncogene-dependent oncolysis, we 

speculated that some tumor suppressor genes may also have an important role in facilitating 

reoviral and myxoma viral oncolysis, as previously shown for adenovirus (McCormick, 

2005). Relevant to this speculation, tumor suppressor activity can modulate genomic 

stability, cell-cycle progression, sensitivity to apoptosis and interferon-based responses to 

viral infection. Thus, we tested various cancer cell lines whose tumor suppressor genes are 

defective due to genetic knockdown or spontaneous deletion to examine whether tumor 

suppressor gene functionality can affect both reovirus and myxoma viral oncolysis.

To examine whether modulation of tumor suppressor genes can affect oncolytic virus 

susceptibility, we selected p53 and ATM tumor suppressor genes that are frequently mutated 

in various cancers. p53 is the prototypical tumor suppressor gene and most commonly 

mutated in various cancer cells, and it has been shown that over 50% of cancers display p53 

mutations (White, 1994; Morris, 2002). ATM (ataxia telangiectasia mutated) is a serine 

threonine protein kinase that is activated in response to DNA damage. Both copies of the 
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ATM gene are dysfunctional in ataxia telangiectasia, a rare syndrome characterized by 

cancer predisposition, radiosensitivity and neurodegeneration (Kitagawa and Kastan, 2005). 

Thus we used p53−/− (mouse embryonic fibroblasts) and MEFs ATM-deficient L3 

lymphoblastoid cells (Kozlov et al., 2003) to examine oncolytic virus susceptibility. As 

shown in Figure 1, reoviruses (wild-type (WT) and attenuated (AV) reovirus (Kim et al., 

2007a, b)) and Myx each preferentially infected and replicated in p53−/− cells MEF or L3 

(ATM-deficient) as shown by fluorescence-activated cell sorting (FACS) or microscopic 

detection of fluorescence-positive cells (FITC + or GFP + cells) compared to the MEF (p53 

normal) and BT (ATM normal) control cells.

To further evaluate relative susceptibility to these viruses, we measured viral production 

through burst assays (Figure 2a). MEF p53+/+ or −/− cells were infected with either WT 

reovirus or Myx, and the production of infectious viral particles was followed over 72 h. We 

observed that overall viral yield was much greater for reovirus than for Myx (in parallel 

studies we have found that the latter virus shows enhanced yield with increased passaging of 

primary normal cells as they become immortalized and reduce their synthesis of type I 

interferon; Wang et al., 2009), but in each case p53−/− cells produced significantly more 

virus (7.9- and 3.5- fold, respectively) than did p53+/+ cells. We also conducted assays of 

apoptosis (Figure 2b) in MEF cells exposed to reovirus and observed that after 9 days of 

viral exposure cell death was extensive in the p53−/− cells but not in the p53+/+ cells (in 

these experiments we did not measure staining with Annexin V as an indicator of apoptosis 

as we have previously found that reovirus infection causes an anomalous elevation in 

Annexin V labeling even in non-dying cells; MK and RNJ, unpublished results). Taken 

together these results show that loss of p53 activity confers enhanced susceptibility to 

reoviral and myxoma viral infectivity, replication and cytolysis.

Because reovirus and Myx preferentially infect p53-or ATM-deficient cells that are 

otherwise normal, we then examined whether reovirus and Myx can preferentially infect 

human lymphomas that carry p53 or ATM deficiencies. We tested six different lymphoma 

cell lines (HBL-2, Granta-519, Z138, JVM2, Raji and Ramos) that exhibit variable cellular 

responses arising from p53-and ATM-dependent pathways on genotoxic challenge (Figure 

3a). The functional status of p53 and ATM is critical in these experiments and was evaluated 

by irradiation and detection of activated p53 and ATM phosphorylation by western blotting 

using phosphospecific antibodies. BT (ATM normal) and L3 (ATM deficient) were used as 

controls for ATM responsiveness to IR. HBL-2 and Raji showed a dysfunctional p53 

response on genotoxic stress as evidenced by the constitutive phosphorylation of Ser15 of 

p53 (Li et al., 2006; Figure 3a). Granta-519 cells exhibited a dysfunctional ATM response 

on genotoxic stress as ATM was not phosphorylated on Ser1981 on IR exposure (Figure 3a). 

In the case of Z138, JVM2 and Ramos cells, p53 and ATM responses were normal after 

genotoxic stress as shown by hyperphosphorylation of p53 and ATM Ser1981 

phosphorylation after IR exposure (Figure 3a). Interestingly, p53 and/or ATM dysfunctional 

lymphomas (HBL-2 and Raji showed constitutive p53 activation, and Granta-519 had 

reduced ATM protein and no detectable IR-induced phosphor-ylation) are preferentially 

sensitive to both reovirus and Myx infection as shown by FACS or microscopic detection of 

fluorescent-positive cells (FITC+ or GFP + cells) compared to ATM- and p53-responsive 
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lymphomas (Z183C, JVM-2, Ramos) (Figure 3b). These results strongly suggest that both 

ATM and p53 are important in establishing cellular resistance to viral infections whereas 

defects in function of either gene or its response pathway can confer viral susceptibility.

Because reovirus and Myx preferentially infect p53 and ATM dysfunctional cancer cells, we 

also examined whether RB-defective cancer cells (Reid et al., 1974) are susceptible to 

reovirus and Myx infection. As shown in Figure 4, two different human retinoblastoma cell 

lines are susceptible to reovirus and Myx infection as shown by FACS or by microscopic 

detection of fluorescence-positive cells (FITC + or GFP+ cells). it appears that activity of at 

Thus, least three different tumor suppressor genes (p53, ATM and Rb) can modulate 

responses to these oncolytic viruses.

The molecular basis of reoviral oncolysis was initially advanced through efforts to 

characterize cellular receptors for reovirus. In earlier work, we reported that two mouse cell 

lines expressing no epidermal growth factor receptors were relatively resistant to reovirus 

infection, whereas the same cell lines transfected with the gene encoding epidermal growth 

factor receptor manifested significantly higher susceptibility (Strong et al., 1993). This 

suggested that reovirus exploits activated cellular signal transduction pathways conferred by 

the presence of functional epidermal growth factor receptor on the host cell. Later, we were 

able to show that NIH3T3 cells, which are resistant to reovirus infection, became susceptible 

when transformed with activated Sos, Ras or v-erbB (Strong and Lee, 1996; Strong et al., 

1998), and the exploitation of the oncogenic Ras signaling pathway is now considered a 

critical step in reoviral oncolysis. Many human cancers show enhanced Ras pathway 

activation, emphasizing the potent effect of this signaling network on tumorigenesis, and 

suggesting that reovirus may exert broad oncolytic potential in various tumor types. Indeed, 

initial experiments found that over 80% of cell lines originating from a variety of tumor 

types were sensitive to reovirus-mediated killing (Coffey et al., 1998). Some recent work 

has argued that Ras pathway activation is not the critical factor determining reoviral 

permissiveness (Song et al., 2009), but this interpretation has been challenged (Shmulevitz 

et al., 2010). As we have earlier shown that reovirus resistance can arise in Ras-transformed 

cells (Kim et al., 2007b), we argue that Ras remains as an important factor establishing 

susceptibility to viral oncolysis, but that the degree of susceptibility may be further 

modulated by other pathways, including tumor suppressor function as shown here.

Myx is also capable of infecting and killing a wide variety of human tumor cell lines 

(Sypula et al., 2004). Myx tropism at the cellular level is largely regulated by intracellular 

events downstream of virus binding and entry, rather than at the level of specific host 

receptors (McFadden, 2005). We have earlier shown that the viral M-T5 protein interacts 

with cellular Akt and this interaction enhances myxoma oncolytic potential in human cancer 

cells (Wang et al., 2006). While M-T5 knockout Myx exerts an attenuated viral oncolysis in 

some cancer cells, constitutively Akt-activated cancer cells are still permissive to this virus, 

suggesting that upregulation of Akt, frequently found in many cancers, has an important role 

in determining Myx oncolytic potential (Wang et al., 2006).

The connection between viral oncolysis and tumor suppressor activity was first established 

through the study of adenovirus. The human adenovirus E1B gene encodes a 55 kDa protein 
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that binds and inactivates the cellular tumor suppressor protein p53. It has been shown that a 

mutant adenovirus that does not express E1B can replicate in and kill p53-dysfunctional 

human tumor cells but not cells with functional p53 (Bischoff et al., 1996). Later studies, 

however, showed that adenoviral oncolysis is not fully explained by dependence on p53 

function in various models (Abou El Hassan et al., 2004; O'shea et al., 2004; Royds et al., 

2006), and it is possible that p53 dysfunctional cancer cells may also have undergone further 

disruption of cellular antiviral mechanisms (Carroll et al., 1999). Although some work has 

argued (Huang et al., 2004) that p53 dysfunction does not enhance reoviral susceptibility 

further in cells already highly responsive to the virus, other studies have shown that p53 

contributes to innate immunity by enhancing interferon-dependent antiviral activity 

independent of its functions as a proapoptotic and tumor suppressor gene (Takaoka et al., 

2003; Munñoz-Fontela et al., 2008). In particular, p53 can activate transcription of 

interferon regulatory factor 9 on viral challenge (Munñoz-Fontela et al., 2008). Moreover, 

significantly higher levels of viral replication were observed when p53 expression was 

reduced in cancer cells (Dharel et al., 2008). These findings show an important antiviral 

activity of p53 and are consistent with our own observations above. This relationship may 

also be true in the case of other tumor suppressor genes that are important in DNA repair 

and genomic stability.

In summary, we have shown here that cancer cells dysfunctional in p53, ATM or Rb show 

enhanced susceptibility to both reoviral and myxoma viral challenge. This observation may 

help to delineate how diverse RNA- and DNA-based oncolytic viruses can discriminate 

between normal versus cancer cells, in addition to susceptibility that may be elevated by the 

activation of specific oncogene signaling pathways. The identification of a link between 

these genetic abnormalities and oncolytic virus susceptibility greatly increases the potential 

for applying oncolytic viral therapy to those cancers with abnormalities in specific pathways 

that confer elevated responsiveness.
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WT reovirus wild-type reovirus

AV reovirus S1 attenuated reovirus

Myx myxoma virus

Myx-GFP GFP-expressing myxoma virus
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Figure 1. 
Reoviral and myxoma viral preferential infection of p53−/− MEF and ATM-defective L3 

cells. (a) p53−/− and+/+ MEF (p53 knockout or p53 wild-type murine embryonic 

fibroblasts, respectively) were infected with WT/AV reovirus (multiplicity of infection 

(MOI) of 40) or GFP-expressing myxoma virus (Myx-GFP, which is a GFP-expressing 

version of the Lausanne (American Type Culture Collection, ATCC, Manassas, VA, USA) 

strain of MYXV, as described by Johnston et al. (2003); MOI of 5). GFP expression in the 

myxoma virus is driven by the poxviral synthetic E/L promoter; the GFP expression cassette 

is located between M135R and M136R by intergenic insertion (Johnston et al., 2003). At 3 

days after infection with reovirus, cells were fixed/permeabilized and analyzed by FACS 

using reovirus antiserum and secondary FITC antiserum. The results show that both wild-

type and attenuated reovirus were able to preferentially infect p53−/− MEF. For the myxoma 

infection study, cells were infected for 24 h and visualized under phase-contrast and 

fluorescence microscopy. GFP-expressing cells represent myxoma virus infection. Mock, 

mock infection. (b) BT (ATM normal lymphoblastoid C3ABR cells; Kozlov et al., 2003) 

and L3 (ATM-deficient lymphoblastoid cells; Kozlov et al., 2003) were infected with 

WT/AV reovirus or myxoma virus (Myx-GFP). At 3 days after infection with reovirus, cells 

were fixed/ permeabilized and analyzed by FACS using reovirus antiserum and secondary 

FITC antiserum. The results show that both wild-type and attenuated reovirus were able to 

preferentially infect ATM-deficient L3 cells. For myxoma infection, cell were infected for 

48 h and visualized under phase-contrast and fluorescence microscopy. GFP-expressing 

cells represent myxoma virus infection. C35ABR (B3) and L3 cell lines were kindly 
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provided by Dr M Lavin (Queensland Institute of Medical Research) and Dr Y Shiloh (Tel 

Aviv University), respectively. Mock, mock infection.
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Figure 2. 
p53 deficiency enhances viral replication and virusinduced apoptosis. (a) MEF p53+/+ and 

−/− cells were infected with reovirus at multiplicity of infection (MOI) of 40 or myxoma 

virus at MOI of 5. At 3 days after infection, cells and supernatant are harvested and frozen 

and thawed three times. Viral titer was determined by plaque assays using L929 cells 

(reovirus) or RK13 cells (myxoma) and expressed as PFU per cell. (b) MEF p53+/+ and −/− 

cells were either mock infected or exposed to reovirus for 9 days, then stained for DNA 

content with DAPI and for apoptotic activity with 7AAP. MEF p53−/− cells showed 

extensive cellular fragmentation and apoptosis in response to reovirus, whereas MEF p53+/+ 

cells did not.
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Figure 3. 
Reovirus and myxoma virus preferential infection of p53 and ATM dysfunctional human 

lymphomas. (a) p53 and ATM phosphorylation in response to IR. Mantle cell lymphomas 

(Granta-519, HBL-2 (p53 deletion, Tucker et al., 2006 and/or mutation, Beà et al., 2009), 

Z138, JVM-2) and Burkitt's lymphomas (Raji and Ramos) were irradiated at 2 Gy for 2 h 

and cells were harvested. Whole-cell lysates were produced by treatment with NET-N lysis 

buffer (1% NP-40) followed by sonication. 50 μg of protein was then separated on either 8% 

or 10% SDS–PAGE, transferred to nitrocellulose and probed with the indicated antibodies 

Kim et al. Page 12

Oncogene. Author manuscript; available in PMC 2015 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Phospho-ATM; pSer1981 ATM and Phospho-p53; pSer15, and p53 were purchased from 

Rockland Immunochemicals (Philadelphia, PA, USA) and Cell Signaling Technology 

(Danvers, MA, USA); the ATM-specific rabbit polyclonal antibody 4BA was a kind gift 

from Dr M Lavin). BT and L3 cells were used as controls. (b) Cells were infected with 

WT/AV reovirus at multiplicity of infection (MOI) of 40 or myxoma virus (Myx-GFP) at 

MOI of 5. Previous work showed that Raji cells are susceptible and Ramos cells are resistant 

to reovirus (Alain et al., 2002). At 3 days after infection, cells were fixed/permeabilized and 

analyzed by FACS using reovirus antiserum and secondary FITC antiserum. The results 

showed that both reovirus and myxoma virus preferentially infect p53 and/or ATM 

nonresponsive lymphomas. For the myxoma infection study, cell were infected for 48h and 

visualized under phase-contrast and fluorescence microscopy. GFP-expressing cells 

represent myxoma virus infection. Mock, mock infection.
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Figure 4. 
Reovirus and myxoma virus infection of retinoblastoma cells. Retinoblastoma cells (Y79 

and WERI-Rb-1, purchased from ATCC) were infected with WT/AV reovirus at 

multiplicity of infection (MOI) of 40 or myxoma virus (Myx-GFP) at MOI of 5. At 

designated days after infection, cells were fixed/permeabilized and analyzed by FACS using 

reovirus antiserum and secondary FITC antiserum. For the myxoma infection study, cell 
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were infected for 48 h and visualized under phase-contrast and fluorescence microscopy. 

GFP-expressing cells represent myxoma infection. Mock, mock infection.
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