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ABSTRACT 
 

Mammalian reovirus (MRV) is a prototype virus of Reoviridae family. MRV virions 

are composed of two concentric protein capsids that surround a genome of 10 

segments of dsRNA. It has been shown that MRV can manipulate host gene 

expression and further induce apoptosis and cell cycle arrest in various cell lines. 

However, the detailed molecular mechanisms by which MRV regulates the 

expression of host cells are largely unknown. P53 is an important transcriptional 

factor which modulates the expression of more than 130 genes controlled in cell 

stress-response. We aimed to examine the molecular mechanisms underlying the 

effect of MRV infection on the expression of host genes and the possible role of p53 

in the interaction of MRV and host cells. Prototype serotype 3 reovirus strain Dearing 

(T3D) and serotype 1 strain Lang (T1L) were used to infect different cell lines, 

respectively, H1299 (p53-null and p53 positive), HT1080 (p53 mutant and p53 

positive) and HCT116 (p21 deficient and 14-3-3ů deficient).   

By comparing the virus replication curve of T1L and T3D in these cell lines, we 

found that MRV can replicate with a similar pattern in both p53-defective and 

p53-positive cell lines which indicated that p53 does not have significant impact on 

MRV replication in these cell lines. 

We further found that the level of Bcl-xL protein, which has been shown to be 

able to inhibit apoptosis, was increased in H1299 cell lines (both p53-null and p53 

positive) infected by T3D, but decreased in the same cell lines infected by T1L. A 
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similar change of Bcl-xL protein was not observed In HCT116 and HT1080 cell lines 

with MRV infection. Fifty four T1L×T3D reassortants were used to map which gene 

or gene combination was responsible for the changes of Bcl-xL protein. We found 

that the expression of Bcl-xL protein in H1299 cell line infected by MRV was majorly 

controlled by the S1 gene segment which encodes the ů1 cell attachment protein and 

the ů1s non structural protein, while minorly controlled by L3 gene segment of MRV.  
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CHAPTER I:  INTRODUCTION 
 

1.1 Virus replication and cellular response 

 

1.1.1 Virus infection 

Viruses are the simplest and smallest known living organisms. Viruses are 

ultramicroscopic infectious agents. They cannot replicate themselves outside of host 

cells. Generally, most viruses are made up of protein and nucleic acid, and some 

viruses also have envelops around them.  The origins of virus is not very clear. The 

size of virus particle ranges from about 20 to 400 nm (nanometers) in diameter (Marx 

and Jean L, 1991).   

While viruses can not replicate by themselves, host cells are big virus-assembly 

factories that can provide workshop and resources for virus replication. There are two 

strategies taken by viruses to infect host cells. One is “Hit and run” infection; the other 

is “Hit and stay” infection (Hilleman, 2004). “Hit and run” viruses can induce lysis of 

host cells and apoptosis to rapidly release many offspring viruses. These viruses then 

infect other cells, tissues, individuals and even species. They have high levels of 

infectivity, such as influenza, rhinoviruses (the common cold), and measles. “Hit and 

stay” viruses, such as hepatitis C virus (HCV), human papillomavirus 

(HPV),  Epstein-Barr virus (EBV), take a milder method; they even sometime 

sacrifice their virulence to maintain a persistent infection. “Hit and stay” viruses can 

inhibit apoptosis and induce cell cycle arrest. To get maximum replication, viruses 
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must manipulate the function and gene expression of host cells. By manipulating host 

cells, viruses can get 3 benefits̔(1) replicating themselves by using the energy, 

materials and subcellular structures; (2) inducing lysis or apoptosis of host cells to 

release progeny, then infecting other hosts; or inhibiting apoptosis or inducing cell 

cycle arrest to increase infection course in order to facilitate maximum replication; (3) 

Changing host surface antigens to avoid immune responses. Growing evidence 

shows that there are changes in gene expression of host cells infected by viruses in 

the cytoplasm, such as in reoviruses. It appears that viruses take advantage of some 

mechanisms to change host gene expression. For instance, the reovirus u2 protein 

can induce the accumulation of interferon regulatory factor-9 in nucleus and disrupt 

its function, as a result, interferon-stimulated gene expression in host cells was 

repressed (Sherry B., 2009). Or this changing gene expression can be due to host 

cellular responses (Mossman et al. 2001; Hiscox JA, 2007)  

 

1.1.2. Cell responses 

The above may be just one side of the whole story. Host cells also develop 

mechanisms to resist viral invasion. For example, host cells can secrete cytokines 

like interferon to inhibit viral infection. Apoptosis induction also can be regarded as a 

host defense method to limit viral infection (Schwarz et al, 1998). Viruses, as 

intracellular parasites, depend upon the host cell for different steps in their life cycles. 

The cellular genes are probably involved in the whole course of virus cycles from viral 

binding to cell receptors to release of progeny virus (Op De Beeck and 
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Caillet-Fauquet, 1997). By insertional mutagenesis, one group selected 111 

reovirus-resistant clones from rat intestinal epithelial cells. These clones contained 

mutant genes involved in particular metabolic or signaling pathways (Organ et al, 

2004). Thus, the alteration of host gene expression can change the viral life cycle. 

The transcription and expression of host gene are very complicated. p53 as a 

transcriptional factor may play a very important role in the course of viral infection. 

 

1.2 P53 

P53 is an important transcriptional factor. It functions as a tumor suppressor to 

maintain cell stability. It plays an important role in host cells during many kinds of 

stress. It has multiple functional roles. P53 was firstly identified by several different 

groups respectively in 1979. p53 was found to bind to large T antigen which was an 

oncogenic protein encoded by SV40 virus, hence, p53 was believed to be an 

oncogene at that time. Ten years later, It was finally identified as a tumor suppressor 

gene by Baker in 1989 (Baker et al, 1989). It was further shown that SV40 virus used 

its large T antigen to bind to p53 and block p53-indcued cell cycle arrest and 

apoptosis, so to induce the transformation in host cells (Pipas and Levine, 2001)..  

 

1.2.1 Structure of p53 

When resolved in SDS-PAGE, p53 is located around 53 kilodaltans (kD).The 

mass of the protein is about 43.7kD because the proline residues slow the migration 

of the protein in gel (Ziemer et al, 1982). Human p53 protein has 383 amino acids, 

http://en.wikipedia.org/wiki/Bert_Vogelstein
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including 7 main domains: (1) N-terminal transcription-activation domain (Gaulton et 

al, 1989B), functions to activate transcription factors; (2) activation domain 2 (AD2), 

functions related to apoptotic activity; (3) Proline rich domain, important for the 

apoptotic activity of p53; (4) central DNA-binding core domain (DBD)̆contains one 

zinc atom and several arginine amino acids; (5) nuclear localization signaling domain; 

(6) homo-oligomerisation domain (OD) Tetramerization is essential for the activity of 

p53 in vivo; (7) C-terminal domain involved in down regulation of DNA binding of the 

central domain. 

Normally, p53 is present at low levels in unstressed cells, as an inactive protein 

with a very short half-life (20-30minutes) (Proctor et al, 2008). Multiple conditions can 

trigger increased expression of p53, including DNA damage, UV radiation, oncogenic 

signaling, hypoxia and virus infection. Binding of activated p53 to particular DNA 

sequences can up or down regulate the transcription of hundreds of genes involved 

in various cellular processes that lead to cell-cycle arrest, senescence, differentiation, 

DNA repair and apoptosis (Beattie et al, 2005; Giono and Manfredi, 2006). The type 

and amount of stress determines the cellular processes by various mechanisms.  

 

1.2.2 Regulation of p53 

The murine double minute oncogene (MDM-2 gene) is the major negative 

regulator of p53. P53 can regulate the transcription of MDM-2, which is a slow 

process (lasting several hours). But then MDM-2 protein can bind to p53, which can 

inactivate the transcriptional function of p53 and ubiquitinate p53. The second 

http://en.wikipedia.org/wiki/N-terminal
http://en.wikipedia.org/wiki/Transcription_factor
http://en.wikipedia.org/wiki/Proline
http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/DNA-binding_domain
http://en.wikipedia.org/wiki/Arginine
http://en.wikipedia.org/wiki/C-terminal
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Giono%20LE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Manfredi%20JJ%22%5BAuthor%5D
http://en.wikipedia.org/wiki/Oncogene
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process is rapid. The auto-regulatory loop keeps the level of MDM-2 and p53 protein 

oscillating, which can be observed in vivo in various cells (Lev Bar-Or et al, 2000). In 

addition to MDM-2, MDM-X (MDM-4) is a regulator of p53, which can directly 

negatively manipulate p53 and positively regulate MDM-2 (Parant et al, 2001). There 

are 10 positive or negative feedback loops in the regulation of p53 (Harris et al, 2005). 

In these loops, activity or/and amount of related proteins can be regulated by p53; 

these proteins in turn can manipulate the activity of p53 in cells. Amongst them, 

seven are negative feedback loops that down regulate p53 activity, including MDM-2, 

Cop-1, Pirh-2, p73 delta N, cyclin G, Wip-1 and Siah-1. The other three are positive 

feedback loops, including PTEN-AKT, p14/19 ARF and Rb (Harris et al, 2005). 

Posttranslational modification is another important way to regulate p53 activity and 

function, including phosphorylation and dephosphrylation, acetylation and 

deactivation, methylation and demethylation, ubiquitination and de-ubiquination, 

sumoylation, neddylation, glycosylation or ADP-ribosylation at different sites. Multiple 

modifications may happen in p53 (Bode et al, 2004).  

 

1.2.3 The function of p53  

Activated p53 manipulates the two major cell cycle checkpoints, in G1/S or G2/M 

by inducing the expression of p21, 14-3-3 sigma, Cdc-25C and GADD45 (el-Deiry  

et al, 1992). The G1/S arrest consists of two phases, the first is not related to p53, but 

the second is p53-dependent. P21 gene product is the major effecter in the 

p53-mediated G1arrest by inhibiting cyclin E-cdk2. This cyclin-dependent kinase 
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works on the Rb protein to inhibit its binding to E2F1, which promotes the 

transcription of genes involved in preparing a cell from G1 to S phase. 14-3-3ů is 

partly responsible for the p53-mediated G2 arrest. The protein can bind to CDC25C 

and keep it in the cytoplasm, which can prevent it from activating cyclin B-CDC2 in 

nucleus. Hence, the cell is blocked in the G2 phase. The p53 gene can regulate 

apoptosis both the extrinsic and intrinsic pathways. In the extrinsic pathway, p53 can 

increase the expression of Fas (secreted protein) (Michalak et al, 2005) and DR5 (the 

TRAIL receptor, a membrane protein). These proteins then can activate caspase 8 

and Bid. In the intrinsic pathway, p53 can up-regulate the expression of pro-apoptotic 

Bax and down-regulate that of anti-apoptotic BcL-2 (Miyashita and Reed, 1995; 

Selvakumaran et al, 1994). P53 can move out of the nucleus, translocate to the 

mitochondria and interact with Bcl-2 and Bcl-xL to promote the release of cytochome 

c (Mihara et al, 2003) 

In addition to cell cycle arrest, senescence and apoptosis, some genes regulated 

by p53 produce secreted proteins including PAI, maspin and thrombospoindin. These 

proteins communicate signals to adjacent cells informing them of a stress response 

(Komarova et al, 1998) and changing the extra cellular matrix (Nishizaki et al, 

1999) .The function of other genes regulated by p53 are related to DNA repair and 

inactivation of reactive oxidative intermediates and peroxides (Sandra et al, 2005). 

 

1.2.4. P53 mutation 

P53 mutation occurs in wide variety of human tumors. About 80% of p53 gene 
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mutations are missense mutation resulting in the synthesis of a stable protein without 

specific DNA-binding activity and accumulating in the cytoplasm of tumor cells 

(Soussi, 2007). The DNA binding domain is located in the central region of the p53 

protein which is easy to be mutated (Kato et al, 2003). There are two classes of 

mutations: one affects amino acids involved in the protein-DNA interaction; the other 

affects the conformation allowing binding to hsp70 (Cho et al, 1994). Most mutant 

p53s are defective in trans-activation and may exert a dominant negative effect by 

preventing wild type p53 from binding to the promoter of its target genes (Willis et al, 

2004). Some mutant p53s can partially bind DNA and still bind to a subset of p53 

response elements (Rowan et al, 1996). 

 

1.3. Reovirus 

 

1.3.1 History and family  

Mammalian reoviruses (MRVs) were firstly isolated in the respiratory and enteric 

tracts of a healthy human in the early 1950s. Mammalian reoviruses are the 

prototypic members of the Orthoreovirus genus, one of the 12 genera of Reoviridae 

family. The members of Reoviridae have similar structures, genome segment and 

protein composition. The Ortheoreoviruses contain 4 species: nonfusogenic 

mammalian reovirus (MRV); fusogenic avian reovirus (Carvalho et al, 1982); 

fusogenic Nelson Bay reovirus and fusogenic baboon reovirus (BRV). Mammalian 

reoviruses consist of 3 serotypes. Each serotype has a prototypic strain: strain Lang 
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(T1L) for serotype 1; strain Jones for serotype 2 and strain Dearing for serotype 3 (W 

K Joklik, 1980).  

 

1.3.2 Morphology and Structure 

The Reovirus genome is composed of 10 double stranded RNA (dsRNA) 

segments, which are enclosed in two concentric capsids consisting of 8 different 

proteins. The 10 RNA segments show different mobility by polyacrylamide gel 

electrophoresis due to different numbers of base pairs. They are classified into 3 

large segments (L1, L2 and L3), 3 medium segments (M1, M2 and M3) and 4 small 

segments (S1, S2, S3 and S4) (W K Joklik, 1980). 

Reoviruses exist in three forms: the mature virion, intermediate (or infectious) 

subviral particle (ISVP) and Core. All of them contain the whole copy of segmented 

genome, but are different in morphology, protein composition, physiochemical and 

biological properties. The mature virion has 8 structural proteins organized into core 

(inner capsid) and outer capsid. Outer capsid consists of 600 copies of ɛ1 or ɛ1C,  

36 copy of ů1 and 600 copies of ů3 proteins. The outer particle works as a gene 

delivery system and determines the susceptibility of viruses to various inactivating 

agents. The core is made up of 120 copies of ɚ1, 60 copies of ɚ2, 12 copies of ɚ3, 24 

copies of ɛ2, and 150 copies of ů2 proteins. The virion is the major form released 

from infected host cells. After intact reovirus virion enters the respiratory and enteric 

tracts or enters the cytoplasm of infected cells, proteolysis then changes the virion 

into ISVPs and then the core. ISVPs consist of 7 kinds of structural proteins. 
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Compared to virion, ISVPs lack the ů3, and the ɛ1C protein is changed into ŭ and ű. 

In addition, the structure of ů1 also is changed. All of these changes can increase the 

infectivity of ISVPs. The core does not have infectivity outside of host cells due to 

losing the outer capsid with its binding domain. Because the core has the genome of 

reovirus and enzymes for virus replication, it can initiate virus replication in cytoplasm 

(W K Joklik, 1980; Tyler et al, 2001).  

 

1.3.3 Life cycle of MRV 

 

1.3.3.1 Entry into cell 

The entry of MRV into host cells is mediated by the binding of virus protein to the 

surface protein of host cells. The outer capsid protein, ů1 is identified as the 

cell-binding protein. There are several cellular surface molecules serving as 

receptors for ů1, including sialic acid, multiple sialylated glycoproteins, epidermal 

growth factor receptors, junction adhesion molecule (JAM). Whether there are other 

receptors remains unknown. During the attachment of reovirus to host cells, ů1 

undergoes a conformational change, which is necessary for viral entry and 

subsequent disassembly. After attachment, the intact virion may be taken up by 

receptor-mediated endocytosis. Once virions enter the endosomes, the endosomes 

will fuse with lysosomes, where virions will be converted into ISVPs and further Core 

by acid pH and proteolysis. ISVPs are also extracellular created by proteolysis in 

intestinal tract. The ISVPs are capable of directly penetrating the plasma membrane, 
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independent of the receptor mediated endocytosis. Then core particles will enter 

cytosol from endosome, in which the cleavage of the outer capsid protein ů3 is a 

prerequisite (Tyler et al, 2001). 

 

1.3.3.2 Transcription and replication 

In the cytosol, the viral particles lose all remaining outer capsid proteins̆and 

then become the viral core. The core particles contain all viral genomic segments and 

multiple enzymes for viral replication. The ɚ2 protein undergoes a conformational 

change that open the ɚ2 channels, which are important for further transcriptase 

activation. Reovirus replication has two stages, which are primary and secondary 

transcription (Tyler et al, 2001). 

The primary transcription happens in the two hours after infection (Zweerink and 

Joklik, 1970). In the beginning, only 4 (L1, M3, S3 and S4) of 10 dsRNA gene 

segments are transcribed to produce mRNA. Then corresponding proteins (ɚ3, ɛNS, 

ůNS and ů3) are translated by host ribosomes. These proteins then act on the core 

by unknown mechanisms to promote transcription of all 10 genes. The initial 

positive-stand transcripts contain 5’-methylated caps and lack polyadenylated tails. 

The cap structures are added to nascent mRNAs by the ɚ2 proteins as the mRNA is 

extruded through the ɚ2 channel (Luongo, 2002). Then full complement of viral 

proteins will be translated based on these nascent mRNAs, which also serve as the 

templates for minus-strand synthesis. These proteins then associate with the ten 

different mRNAs to form replicase complexes. Every complex packages only one 
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copy of each gene segment into a particle without an outer capsid and the inner core 

protein by an unknown mechanism.  

The newly produced core-like particles then start the secondary transcription. 

Ninety five percent of all transcription is produced by these nascent particles (Ito et al, 

1972). The mRNAs made during secondary transcription do not have cap structure. 

These uncapped mRNA may be translated in the late stage of infection. The 

synthesis of viral proteins is also supposed to be controlled by unknown mechanism 

(Skup and Millward, 1980) 

 

1.3.3.3 Assembly and release 

MRV assembly probably involves several stages. The mRNA assortment 

complex consisting of ů3 protein and non-structural proteins µNS and ůNS may form 

the earliest reovirus particle (Antczak et al, 1992). The next particle is RNase 

sensitive replicase particles, containing both inner and outer capsid proteins, but lack 

non-structural proteins. This particle has an ssRNA-dependent dsRNA polymerase 

which is involved in minus-strand synthesis (Morgan et al, 1975). Once the 

minus-strand is synthesized, the replicase particle becomes RNase resistant 

( Zweerink and Joklik, 1976). When additional copies of the outer caspid proteins are 

added to virion particles, the assembly is completed. Some studies showed that 

many reovirus structural proteins exhibit some degree of self-assembly in the 

absence of viral RNA or other viral proteins (Xu et al, 1993). The exact process is not 

clear. When host cell is dead, the progeny virions then will be released. 
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1.3.4 Effect of MRV on host cell 

The infection of reovirus can inhibit the synthesis of cellular DNA (Gaulton et al, 

1989A; Roner et al.1985), cytoskeleton structure (Sharpe et al, 1982) and change the 

number of growth factor receptors (Strong et al, 1993) and their signal transduction 

capability. 

 

1.3.4.1. Reovirus can induce apoptosis in host cell 

Reovirus can induce apoptosis in a wide variety of cultured cells in vitro and in 

target tissues in vivo, including the heart and CNS (Clarke et al, 2003).  

Reovirus strains have different capacity to induce apoptosis in various cultured 

cell lines. It has been investigated in murine L929 fibroblasts and Madin-Darby canine 

kidney (MDCK) cells. The prototype type 3 (T3D) reovirus strain, Dearing (T3D) has 

higher capacity to induce apoptosis than the prototype type 1(T1L) reovirus strain, 

Lang (T1L). Using T1L×T3D reassortant viruses, some studies showed that the S1 

and M2 gene segments were the determinants of reovirus-induced apoptosis in L929 

and MDCK cells, S1 segment alone as a determinant in Hela cells (Tyler et al, 1996; 

Rodgers et al, 1997; Connolly et al, 2001). The S1 gene segment encodes the viral 

attachment protein ů1 and the nonstructural protein ů1s. UV-inactivated reovirus 

virons, containing ů1 but lacking ů1s, can still induce apoptosis in host cells. This 

proved that ů1 is required for reovirus to induce apoptosis instead of ů1s (Tyler et al, 

1995). The major outer capsid protein ɛ1/ɛ1c, encoded by M2 gene segment, also 
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contributes to apoptosis. Treating cells with monoclonal antibodies directed against 

ů1, ɛ1, or ů3 before infection can inhibit apoptosis (Virgin et al, 1994; Rodgers et al, 

1997; Connolly et al, 2001). It not only delineates that virus proteins like ů1, ɛ1 

contribute to apoptosis by reovirus infection, but also indicates that some steps like 

viral cell attachment or virus uncoating in reovirus infection have relation to apoptosis. 

There are two processes induced by reovirus infection that control apoptosis 

induction: viral receptor engagement and onset of transcriptional activation. Blocking 

the viral binding to host cells can inhibit apoptosis. Replication-incompetent 

UV-treated T3D virions can induce apoptosis, but the efficiency is lower compared to 

T3D. These results tell us that viral-cell attachment plays a partial role in apoptosis 

induced by reovirus and that apoptosis is not related to viral replication. Using 

protease inhibitor E64, an endosomal acidification inhibitor which can block the 

transformation of virion to ISVPs, can inhibit apoptosis induced by reovirus virions. 

However E64 can not inhibit the apoptosis induced by ISVPs. The result suggests 

that apoptosis is induced by intracellular processes in viral infection except for 

viral-cell attachment (Connolly et al, 2002). Ribavirin, a guanosine nucleoside, can 

inhibit the reovirus dsRNA-dependent RNA polymerase, blocking the synthesis of 

viral single-stranded (ss) and dsRNA (ds). Treating cells with ribavirin cannot block 

apoptosis induced by T3D. Apoptosis induced by different reovirus temperature 

sensitive (ts) mutants in Hela and L929 cells, respectively, ts mustants with replication 

block in entry of progeny (tsA201), assembly of core particles (tsC447), assembly of 

outer capsid (tsB352, tsG453), dsRNA synthesis (tsD357, tsE320), and empty virus 
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component (devoid of dsRNA genome) at non-permissive temperature indicates that 

the reovirus-induced apoptosis is related to processes of replication cycle before viral 

transcription (Ban et al, 1998). 

Reovirus-induced apoptosis in different cell types shares similar basic 

characteristics by external receptor and internal mitochondrial pathways (Clarke et al, 

2005). Activation of cell surface death receptors, members of the tumor necrosis 

factor receptor (TNFR) superfamily, is the first step of apoptosis triggered by reovirus 

in all cell lines. The binding of tumor necrosis factor (TNF)-related apoptosis-inducing 

ligand (TRAIL) to the cell surface death receptor (DR) 4 (also called TRAIL-R1) and 

DR5 (also called TRAIL-R2) can initiate apoptosis in a wide variety of cells including 

L929 cells, human embryonic kidney (HEK293) cells, and several human cancer cell 

lines (Clarke et al, 2000; Clarke et al, 2001). Soluble DR4 or DR5, anti-TRAIL 

antibodies, and the overexpression of DcR-1 (decoy receptor) can completely block 

apoptosis induced by reovirus in various cells. In contrast, anti-TNF and Fas Ligand 

antibodies and soluble forms of non-TRAIL related death receptors all fail to inhibit 

reovirus-induced apoptosis (Kominsky et al, 2002). These results indicate that the 

reovirus induced apoptosis is initiated by the TRAIL signaling pathway, by which a 

wide variety of viruses including measles, hepatitis, influenza, respiratory syncytial 

virus, cytomegalovirus mediate apoptosis in host cells (Clarke et al, 2005). Apoptosis 

of TRAIL-sensitive cells (Hela cell) can be induced by the supernatant from T3D 

reovirus-infected cells, which can be inhibited by treating the supernatant with soluble 

DR5, but not by anti-reovirus antibody (Clarke et al, 2000). The activity of the 
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supernatant to induce apoptosis appears 24 hours post-infection and increases 

through 48 hours post-infection. This suggests that TRAIL released from infected 

cells can presumably stimulate infected cells (autocrine pathway) or uninfected cells 

(paracrine pathway) to secret TRAIL. Further, reovirus infection can activate the 

target molecules downstream of TRAIL receptor attachment, such as caspase 8 and 

caspase 3 (Richardson-Burns et al, 2002; Kominsky et al,  2002a).     

Reovirus failed to induce apoptosis in Bcl-2-overexpressing MDCK cells 

indicating the involvement of mitochondrial signaling pathway in reovirus-induced 

apoptosis (Rodgers et al, 1997; Kominsky et al, 2002) . The release of mitochondrial 

pro-apoptotic factors including cytochrome c and Smac/DIABLO from mitochondria to 

the cytoplasm of infected cells is the direct evidence (Kominsky et al, 2002; Clarke et 

al, 2004). Apoptosis inducing factor (AIF) is not detected in the cytoplasm or nucleus 

of infected cells, which indicates that the release of this pro-apoptotic factor is 

selective (Kominsky et al, 2002). On the other hand, apoptosis induction in the 

mitochondrial pathway involves changes in mitochondrial transmembrane potential, 

which reflects the loss of integrity of the outer mitochondrial membrane. Alteration of 

the mitochondrial transmembrane potential is not found in HEK293 cells (Kominsky et 

al, 2002) or monkey kidney CV-1 cells (Sharpe, et al, 1982) infected by MRV. 

In cells infected by reovirus T3D, activated caspase 8, one of downstream 

events of TRAIL-receptor pathway in apoptosis, promotes the cleavage of the Bid 

(one of members of Bcl-2 family) into truncated from of protein (tBid). Activated tBid 

can then translocate to the mitochondria and facilitate the release of pro-apoptotic 
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mitochondrial factors. This is evidence linking death-receptor and mitochondrial 

apoptotic pathways (Clarke and Tyler, 2003). 

 

1.3.4.2. Reovirus can induce cell cycle arrest in host cells 

Mammalian reovirus infection can induce cell cycle arrest in both the G1 

(Saragovi et al, 1999) and G2/M phase (Poggioli et al, 2000). Reovirus strains differ 

in their capacity to induce cell cycle arrest. T3D and type 3 Abney (T3A) have greater 

extent of cell cycle arrest than theT1L strain in the inhibition of DNA synthesis, G1 

and G2/M arrest. The S1 and M2 genes are the determinants needed to inhibit DNA 

synthesis and cause G1 and G2/M arrest and were mapped by using T1L×T3D and 

T1L×T3A reassortant viruses (Gaulton et al, 1989A; Tyler et al, 1996; Poggioli et al, 

2000). The G1 arrest is not a common feature of reovirus infection, which is not seen 

in HEK-293 cells (Poggioli et al, 2000). UV-inactivated reovirus virons, containing ů1 

but lacking ů1s, can induce G1 arrests in R1.1 thymoma cells. FurthermorĕG1 

arrest can be induced in thymoma cells by purified T3D ů1 protein alone. This finding 

shows that ů1, instead of ů1s, is the determinant for reovirus-induced G1 arrest 

(Saragovi et al, 1999). The mechanism of G1 arrest induced by T3D ů1 protein is not 

clear, which may involve inactivation of p21ras. The reovirus-induced G2/M phase 

cell cycle arrest has been shown in various cell lines, including HEK293 ,MDCK, 

C127,and Hela cells (Poggioli et al, 2001). T3C84-MA which has normal function of 

the T3D ů1 protein but lacks the T3D ů1s protein can induce apoptosis, but not G2/M 

arrest (Tyler et al, 1995), which indicates that ů1s protein is necessary for 
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reovirus-induced G2/M arrest. 

Poggioli reported the altered expression of genes involved in the cell cycle in 

HEK293 cells by using DNA microarray technology after reovirus infection. They 

found that Type 3 MRV can change expression of 10 genes (such as N-Ras, cyclin E) 

involved in G1/S transition, 11 (such as wee-1, chk-1) genes participating in G2/M 

transition and 4 genes (such as BUB-3, MPP11) in mitotic spindle checkpoint. Type 1 

MRV influences a smaller number of genes where expression is involved in cell cycle 

arrest (Poggioli et al, 2002).  

 

1.3.5 Progress in clinical research and application 

Reovirus naturally prefers to infect intestinal epithelial cells in vivo. These cells 

have a high capability for proliferation and division. In comparison, normal cells with 

slow proliferation remain resistant to reovirus infection. Furthermore, studies found 

that epithelial growth factor receptor (EGFR) minus cells were relatively resistant to 

reovirus replication, while transfection of the cells with EGFR can dramatically 

increase the reovirus infection in these cells (Strong et al, 1993). The Ras singling 

pathway, a major pathway downstream of EGFR, plays an integral role in reovirus 

infectivity (Strong et al, 1998). Persistent Ras activation is commonly found in tumor 

cells while normal cells do not have the pathway activated (Strong et al, 1998). So 

reovirus is a good candidate for cancer therapy due to the preference for growing in 

tumor cells. Initial experiments found that more than 80% of cell lines from various 

tumor types were sensitive to reovirus-mediated killing (Coffey et al, 1998). So far, 
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phaseŇand ňtrials of reovirus therapy have been completed in various tumors and 

histopathological analysis showed that reovirus specifically induced tumor cell death 

while adjacent normal tissue remained unaffected (Thirukkumaran et al, 2003). 

 

1.3.6 MRV reassortant and genetic mapping 

Due to the segmented nature of reovirus genome, if different parent reoviruses 

co-infect the same host cell, this can result in the progeny virions containing a mixed 

set of gene segments from the two parents. If two strains infect the same cell 

processed a completely random assortment, the resulting progeny would have 2n 

(where n is the number of gene segments) possible gene combinations of genome 

segments from two parents. In theory, two parent reoviruses will result in 210 (1,024) 

different gene combinations. However, only 3-25% progeny reassortants are 

produced from co-infection (Fields, 1971). 

 There are 83 T1L×T3D reassortants in our lab. The reassortants have been 

generated and characterized by Dennis Drayna, Earl Brown and Kevin Coombs. 

Many of these reassortants have been used in many different labs to genetically map 

a variety of different phenotypes to different reovirus gene segments (Nibert, et al, 

1996). 

  

1.4 Bcl-x  

The Bcl-x gene is a member of the Bcl-2 family. 
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1.4.1 Bcl-2 family 

The Bcl-2 family can be divided into 3 groups (Brunelle and Letai, 2009): (1) 

anti-apoptotic multi-domain proteins (Bcl-2,Bcl-xL,Mcl-1,Bcl-w,Bfl-1,Bcl-B and so on), 

which contain four BH domains (BH1, BH2, BH3 and BH4); (2) pro-apoptotic 

multi-domain proteins (Bax, Bak and Bok), which contain three BH domains (BH1, 

BH2, BH3), and (3) the pro-apoptotic BH3-only protein family, which includes BAD, 

BID, BIM, NOXA, BIK, HRK, PUMA and so on. The members of Bcl-2 family share 

sequence homology in conserved regions, called Bcl-2 homology (BH) domains. In 

addition to BH domains, several members of Bcl-2 family have a transmembrane 

domain which can help the protein to localize to the subcellular membranes such as 

the mitochondrial outer membrane, endoplasmic reticulum (ER) and nuclear 

membranes. The proteins of Bcl-2 family participate in multiple protein-protein 

interactions among each other and with other cellular proteins, which results in 

biological function, such as apoptosis, cell cycle arrest and so on. The level and 

function of the Bcl-2 family proteins involves regulation of transcription, translation, 

post-translational control, alternative splicing and intracellular redistribution (Cory et 

al, 2002). Alternative splicing can provide complexity of protein and functional 

diversification of the Bcl-2 family proteins. For example, Bcl-2 has two isoforms that is 

Bcl-2Ŭ and Bcl-2ɓ. It can happen in other members, including Bcl-2, Bcl-x, Mcl-1, 

Bfl-1, Bax, Bim, PUMA, Bcl-G, Bcl-rambo, and Bid. The alteration can influence the 

function and subcellular distribution of the protein. There are several mechanisms 

involved in post-translational regulation. Posttranslational regulation occurs in the 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Letai%20A%22%5BAuthor%5D
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unstructured loop between the BH3 and BH4 domains in BCL-2 and Bcl-xL. The 

domain can be phosphorylated, which inactivates the survival function of the proteins 

(Chang et al, 1997). The domain can be subjected to caspase-mediated photolytic 

cleavage, which results in the removal of BH4, promoting apoptosis (Cheng et al, 

1997; Clem et al, 1998).  

 

1.4.2 Protein product of Bcl-x gene. 

In the mouse it has been shown that there are at least 4 different exons located 

upstream of the unique open reading frame in Bcl-x gene. It suggests that the choice 

of promoter and alternative splicing may provide an important mechanism for 

regulation of the Bcl-x gene. So far, five alternative splicing variants of the Bcl-x gene 

are known: Bcl-xL, Bcl-xS, Bcl-xɓ, Bcl-xɔ and Bcl-xAK. BcL-xL, consisting of BH1, 

BH2, BH3 and BH4, a 233-amino acid protein, has anti-apoptotic function. Bcl-xS has 

177 amino acids, lacking 63 amino acids sequence from positions 126 to 188 of 

the Bcl-xL, containing BH3 and BH4, plays a pro-apoptotic function. The Bcl-xɓ, 227 

amino acid protein having 4 BH domains, was identified as  pro-apoptotic function in 

rat promyeloid cells (Shiraiwa et al, 1996) and as anti-apoptotic function in mouse 

neuronal cells (Ban et al, 1998). The Bcl-xɔ is a 235 amino-acid protein, containing 4 

BH domains, predominantly in T cells, can inhibit apoptosis (Yang et al, 1997). 

Bcl-xAK, a 138 amino acid, containing BH2 and BH4, is a special member in Bcl-2 

family because it can induce apoptosis without a functional BH3 domain (Hossini et al, 

2006). Bcl-xL, Bcl-xS, and Bcl-xAK have the transmembrane domain (Acs et al, 
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1971), so they can locate in cytosol and subcellular membrane. Bcl-xɓ and Bcl-xɔ 

lack the structures, so they are located in cytosol. 

 

1.4.3 Bcl-xL 

Experiments show that the expression of Bcl-xL is the major form of Bcl-x gene in 

several kinds of tumor cells (Hossini et al, 2006). Post translational modification can 

occur on Bcl-xL, such as phosphorylation or deamination. The site of phosphorylation 

is Ser63 within the unstructured loop between the BH3 and BH4 domains. The 

phosphorylation can be the result of the disruption of microtubules caused by 

photodynamic therapy (Xue et al, 2003) or chemotherapeutics, including paclitaxel, 

vincristine, vinblastien (Poruchynsky et al,1998). In addition to phosphrylation, Bcl- xL 

is also subject to deamidation at asparagines 52 and 66 (Takehara and Takahashi, 

2003). These two kinds of modification can inactivate the survival function of Bcl-xL. 

The mechanism of accurate regulation of expression of Bcl-xL protein is not very 

clear. But some studies show that STAT (especially STAT3 or 5), NF-əB and 

dysfunction of p53 play an important role in the regulation of Bcl-xL protein (Grad et al, 

2000; Lee et al, 2008). 

The main function of Bcl-xL is to maintain the stability of cells by anti-apoptosis 

and stabilize the cell cycle checkpoints. Bcl-xL is present in the cytoplasm, and then it 

translocates to the outer mitochondrial membrane. It can inhibit the extrinsic and 

intrinsic apoptotic pathways. The BH1, BH2 and BH3 domain of Bcl-xL are capable of 

binding the BH3 domains of pro-aptototic proteins. In this way, Bcl-xL inhibits the 
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formation of chain structure between Bax and Bak, further preventing the disruption 

of the mitochondrial membrane and release of apoptotic mediators. Bcl-xL can also 

inactivate mitochondrial voltage dependent anion-selective channel (VDAC) and 

prevent the mitochondrial membrane permeability (Shimizu et al, 2000). In the 

extrinsic pathway, Bcl-xL can inhibit caspase-8 cleavage and disrupt DISC formation 

(Wang et al, 2004). 

In addition to anti-apoptotic function, Bcl-xL plays a role in stabilizing cell cycle 

checkpoint. The overexpression of Bcl-xL can stabilize the G2/M cell cycle arrest. The 

progression from G2 into mitosis is regulated by the serine-threonine kinase cdk1 

(cdc2). Experiments show that Bcl-xL colocalizes and binds to cdk1 in the nucleus 

during the G2/M cell cycle checkpoint. The flexible loop domain of Bcl-xL can inhibit 

cdk1 kinase activity (Schmitt et al, 2007). 

 

1.5 Objective of this present study 

Reovirus infection results in apoptosis, cell arrest, alteration of cytoskeletal 

structure and inhibition of protein synthesis in a wide variety of cells as discussed 

above. It is unavoidable that reovirus infection changes the expression of host 

genome. In the course of infection, reovirus replicates just in the cytoplasm. Thus, it is 

interesting to study how the reovirus infection changes the expression of host 

genome. Previously, the mRNA levels of different cellular genes GADD45Ŭ, p21, mcl 

1, bax, p53, TRAIL, DR3, caspase-8, RIP, FAS, FASL in H1299 (p53-null) cells after 

infection with reovirus were tested in our lab. We found that reovirus can change the 
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expression of GADD45-Ŭ and Bcl-x mRNA by a p53-independent pathway. p53, as 

mentioned above, plays a critical role in the apoptosis and cell growth arrest induced 

by various virus infections through regulating the expression of host genes. However, 

the role of p53 in reovirus infection is largely unknown. Therefore, it is interesting to 

study the mechanisms by which reovirus infection changes the expression of Bcl-x 

protein with a specific interest in the role of p53 during this process. 

To better understand the direct relationship between virus infection and 

expression of host genes, we need to carry out experiments in both p53-null and 

p53-positive background. H1299 (p53 positive and p53-) (Chen et al, 1996), HT1080 

(p53 positive and p53 mutation) and HCT116 (p21 deficient and 14-3-3ů deficient)) 

(Waldma et al, 1995) provide us with valuable tools to study the relationship of p53 

and changes of Bcl-x protein expression in different cell lines after reovirus infection. 

It is also possible that we can further find some p53-independent cellular response 

pathways. Mammalian reovirus can replicate in various mammalian cell lines. It can 

result in changed condition of host cell. The symptoms of MRV infection are usually 

subclinical in humans or limited to young animals, so it is accordingly safe to work 

with. There are 83 T1L×T3D reassortant reovirus with identified gene maps available 

in our lab. All of the above provide us with good material to investigate the reovirus 

infection and host cell responses.  

My  hypothesis  is  that:  MRV  infection  can  change  the  expression  of  Bcl-xL  

protein expression by p53 independent pathway. 
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The summary of research direction in this study 

 

 

 

To examine changes of the  expression  of  gene                                   

and protein of Bcl-x  in  host  cells  induced  by  MRV                            

(T1L and T3D) infection in p53 wild type and null background 

 

 

 

To evaluate the impact of p53 on this change 

 

 

 

To investigate which  viral  gene  or  protein  leads                                     

to this change by reassortant of T1L x T3D mapping
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 Chapter II MATERIALS AND METHODS 
 

2.1 Stock cell lines and viruses 

 

2.1.1 Stock cell line. 

(1) mouse fibroblast: L929: cells were grown in suspension cultures at a density 

of 4.5͘5.0×105 cells/ml in Jokliks modified minimal essential medium̂J-MEM̃

(Gibco,Grand Island,NY) supplemented with 6% fetal calf serum (FCS) 

(Intergen,Purchase,NY),and 2mM L-glutamine. The L929 cells generally grow to͘ 1

×106 each day and are passaged every day. (2) Human lung carcinoma cell lines: 

H1299 (p53-null) and H1299 (p53 positive) (transfected with p53 plasmid to express 

wild-type p53 protein transiently) cell lines (kindly gift provided by Dr. X. Chen) were 

cultured with D-MEM (Gibco, Grand Island, NY) with 10% FCS and  2mM 

L-glutamine and H1299 (p53 positive) cells were also cultured with 1ug/ml of 

Tetracycline. (3) human colon carcinoma cell lines: HCT116 (p21 deficient) cells and 

HCT116(14-3-3ů deficient) cells (kindly gift provided by Dr. Michael R. Mowat) (4) 

human fibroblastoma cell lines: HT1080 (p53 positive) and HT1080 (p53 mutant) 

cells (kindly gift provided by Dr. Michael R. Mowat) (5) TLA-HEK293TTM Cell lines: 

293-T cells (6) carcinomic human alveolar basal epithelial cell lines: A594 cells were 

cultured with D-MEM with 10%FCS and 2mM L-glutamine. (7) myelogenous 

leukaemia cell line: K562 cells were cultured with 1640 media with10% FCS. 
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2.2.2. Virus passaging and plaque assay 

Prototype mammalian reovirus type 1 Lang (T1L), type 3 Dearing (T3D) and T1L

×T3D reassortants are laboratory stocks. Virus infections were carried out either in 

monolayer (grown in the presence of 5%CO2 at 37Ņ) or suspension (grown at 33.5

Ņ), supplemented with the media described above plus 100U/ml penicillin,100ug/ml 

amphotericin-B as previously described (Coomb et al, 1994 ). 

 

2.2.2.1 Virus passaging 

5ml L929 cell suspension were added into T25 Corning flasks (Fisher, 

Nepean.ON) at 0.5×106 cells/ml and incubated overnight or 4×106 cells were 

incubated for 1 to 2 hours to allow attachment, the cells were infected with reovirus 

strains with 0.5ml of plaque-purified P0 stock. The virus was allowed to adsorb to the 

cell monolayer for 1hour at room temperature with regular rocking every 10 minutes. 

After adsorption, the infected cells were supplemented with 4.5 ml of MEM 

supplemented with antibiotics and were incubated at 37Ņ. The cells were examined 

daily for CPE. When 80-90% CPE was observed, flasks were frozen at -80Ņ. They 

were frozen and thawed three times, and then the P1 cell lysates were collected. The 

viruses for P2 and  P3 stocks were cultured as above for P0-P1 passage by using 

different sizes of flasks. 

 

2.2.2.2 Virus amplification.  

To purify large amounts of virus particles, batch infections of more than 500 ml 
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were set up. For 1L batch infection, 6.5×108 cells were centrifuged at 100×g for 10 

minutes. The cell pellet was re-suspended to a final concentration of 1-2×107 cells 

/ml with culture media and infected with virus from a P2 or P3 stock at a multiplicity of 

infection (MOI) of 3-5 plaque forming unit (PFU)/cell. After adsorption for 1 hour at 

room temperature with periodic swirling every 10 minutes, the infected cells were 

diluted to 6.5×105 cells /ml with 75% fresh prepared MEM containing antibiotics and 

25% pre-adapted media. The suspension of infected cells was incubated at 33.5Ņ 

for 65 hours for most strains. Some slower growing viruses required longer incubation 

times. In these cases, the infected cells were fed fresh prepared media at 48 hours. 

Cells were harvested when there was 60% cytopathic effect (CPE) determined by 

Trypan Blue exclusion using a hemocytometer. After incubation, cells were 

centrifuged at 2200×g for 20 minutes in a fixed-angle rotor (JA-10) in a Beckman RC 

centrifuge (Beckman, Mississauga, ON). Cells were resuspended in 12ml 

homogenization buffer (HO buffer) (10Mm Tris, 259mM NaCl, 10mM ɓ-mercap- 

toethanol and pH adjusted to 7.4,) and transferred to a 30ml COREX tube and total 

volume was recorded. This mixture could by used immediately for viral purification or 

frozen at -80Ņ for later treatment. 

 

2.2.2.3 Virus purification  

Cells were sonicated in COREX tube for 10 seconds. The cell membranes were 

disrupted with the addition of 1/50 sample volume of 10% DOC (desoxycholate) 

followed by vortexing and incubation on ice for 30min. Vertrel® XF 
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(1,1,1,2,3,4,4,5,5,5-decafluoropentane) was added into the sample to extract virus. 

Virus was further purified in 1.20-1.45g/cc cesium chloride gradients. Virus bands 

were harvested and dialyzed extensively against D-buffer (Dialysis buffer, 150mM 

NaCl, 15mM MgCl2, 10mM Tris and pH adjusted to7.4) to remove cesium chloride. 

Virus was collected into appropriate vessels and stored at 4Ņ or frozen with the 

addition of 25% glycerol at -80Ņ.   

 

2.2.2.4 Plaque Assay. 

 On day0, 1.2×106 L929 Cells were plated onto Corning Costar 6-Well or 0.5 ×

106 L929 cells for 12-welll dishes (Fisher ,Nepean .ON) and incubated overnight at 37

Ņ with 5% CO2 to form monolayers (If the cell monolayers were prepared the same 

day as the virus infection, the numbers of each well were doubled to add into the cells 

and cultured for 3-4hours). 

On day 1, serial 1:10 dilutions of virus stocks were made in gel saline (127mM 

NaCl, 0.2mM CaCl2, 0.8mM MgCl2, 19mM HBO3, and 0.1mM Na2B4O7, 0.3% wt/vol 

gelatin). The cell monolayers were infected in duplicate with 100ul/6-well 

(50ul/12-well of each cell dilution) and viruses allowed to attach to cells for 1hour with 

periodic rocking every 10 minutes, each well was overlaid with 3ml/6-well 

(1ml/12-well) of a 50:50 ratio of 2% agar and 2×Medium199 (M199) supplemented 

with 6% FCS and a final concentration of 2mM L-glutamin,100U.ml of 

penicillin,100ug/ml streptomycin sulfate and 100ug/ml amphotericin-B. The infections 

were incubated at 37 and 5% CO2. On day3, cells were fed with 2ml/6-well 
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(0.8ml/12-well) fresh agar/M199 (prepared as above). Cells were strained with a 

0.04% neutral red solution (neutral red added to a 1:1 ratio of 2×PBS to 2% agar) on 

day6 or day7 (depending on the plaque sizes). Viral plaques were counted 15-18 

hours later and titers calculated. 

 

2.2.2.5. Virus purification:  

 To replenish viral  stocks,  viral  plaques were isolated and picked with a sterile 

Pasteur pipette. The viral/agar plugs were re-suspended in 0.5ml MEM 

supplemented with antibiotics and placed at 4Ņ for 24 hours to allow viral diffusion 

into the media for P0-1 stock. The stock was used for an additional round of plaque 

purification to yield P0-2 stock. The double plaque purified stock̂P0-2̃was amplified 

twice (P1,P2) and harvested by freeze/thaw three times. 

. 

2.3 Infection of host cell 

H1299 (p53 positive and p53-), HT1080 (p53 positive and p53 mutation) and 

HCT116 (p21 and 14-3-3ů deficient)) cells were individually set up in 6-well plate. 

When the confluence arrived to 70%, the cells were infected with T1L, T3D at MOI=0, 

0.5, 2.5,10,25,100 PFU/Cell according to standard methods previously mentioned. At 

different time points, the cell sample was harvested for virus titer and Western 

blotting. 

 

2.4 Virus titer test 



 32

The samples were stored at -80Ņ followed by freeze and thaw for at least 3 

times and then tested by standard plaque assay. 

 

2.5 Immunoprecipitation and in-gel or in-solution digestions 

 

2.5.1 Preparation of cell lysate 

The cell monolayers were washed with cold PBS twice, and scraped from the 

plates. The suspension cells were centrifuged, and then washed by cold PBS twice. 

After washing, pelleted cells were harvested.  

 

2.5.1.1 Subcellular fractionation 

The cells were dissolved in NP-40 lysis buffer (150mM NaCl,1%Nonidet P-40, 

50mM Tris and pH adjusted to 8.0) protease inhibitors (Pepstatin A 1ɛg/ml, Leupeptin 

10 ɛg/ml, Aprotinin 2ɛg/ml, PMSF 1mM, EDTA 5mM, EGTA 1mM, Na Fluoride 10 mM, 

Na Orthovanadate 1mM) at 4Ņ for 20min, followed by centrifugation at 9300×g and 

the supernatants harvested. The supernatants were from cytosol and the pellets were 

from the other parts except cytosol (mostly from nuclear and mitochondrial 

membranes). Then the pellets were washed with PBS followed by centrifugation at 

9300×g for 20min twice. The pellet were resuspended by RIPA buffer (150mM 

NaCl,1.0% NP-40 0.5% sodium deoxycholate, 0.1%SDS, 50mM Tris and pH 

adjusted to 8.0) with protease inhibitors. The samples were sonicated for 10 seconds 

on ice followed by centrifugation 9300×g for 30min and the supernatants harvested.  
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2.5.1.2. Whole cell extract 

To get the whole cell lysate, the fresh cells pellet was directly resuspended with 

RIPA buffer. Then the samples were sonicated for 10 seconds on ice followed by 

centrifugation at 9300×g for 20min and the supernatants harvested. 

 

2.5.2 Immunoprecipitation 

The protein A/G-agarose (Cat.#20421, Pierce) was washed with buffer (150mM 

Nacl, 50mM Tris and pH adjusted to 8.0) twice to remove ethanol followed by 

Blocking buffer (1%Serum Albumin,150mM NaCl, 50mM Tris and pH adjusted to 8.0) 

incubation at 4Ņ for 1 hour. Then 100ul anti-Bcl-xl primary antibody (Sc634, Sant 

Cruz) was added and incubated with the protein A/G-agarose at  4Ņ for 2 hours. 

Then cell lysates were incubated with the antibody-A/G-agarose complex at 4Ņ 

overnight. On second day, the samples were centrifuged and washed by washing 

buffer 5 times. Finally the pellet containing precipitated protein was harvested for the 

next step. 

 

2.5.3 In-solution digestion 

The pellets were diluted with water up to 100ul, and then 10ul 100mM 

dithiothreitol (DTT) were added. Then the sample was incubated at 56Ņ for 1 hour. 

After the samples were cooled down to room temperature, 17ul of 550mM 

iodoacetamide was added into each sample. Each sample was incubated in room 
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temperature for 40min. The sample was then treated with17ul 100mM DTT and 2.0ug 

Trypsin, followed incubated at 37Ņ overnight. On the second day, 10ul of 1%TFA 

(Trifluoroacetic acid) was added per 100ul sample. Then the sample was centrifuged 

at 9300×g for 1min.The supernatant was vacuum-dried. Then the sample was 

checked by Mass spectrometry. 

 

2.5.4 In-gel digestion 

For the each sample, an equal volume of 2X Laemmli buffer (4% SDS, 10% 

2-mercaptoehtanol, 20% glycerol, 0.004% bromophenol blue, 0.125M Tris and pH 

adjusted to 6.8) was added followed by heating at 95Ņ for 5min to elute precipitated 

protein and antibody. Then the samples were centrifuged and the supernatants were 

harvested. The samples were loaded onto 12% polyacrylamide gels, subjected to 

electrophoresis (detail preparation see 2.7.1). The protein gels were washed by water 

for 30min, and then stained by gel staining solution (Cat.#24590 Pierce) overnight. 

Further the gels were washed by water until the bands became clear. The gels bands 

were cut into small pieces. 100mM ammonium bicarbonate and acetonitrile (ACN) 

were used to wash the gel pieces until the staining color disappeared. Gel pieces 

were further vaccum-dried. 100ul 10mM DTT was added onto the dry gel piece and 

incubated at 56Ņ for 45min. Then the volume was recorded of DTT absorbed by 

each gel piece. 50ul 55mM iodoacetamide was added into each gel piece, and then 

keep at room temperature for 30min. According to the volume of DTT absorbed by 

the gel, same volume of 50ng/ul Trypsin was added onto each gel piece. The whole 
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tubes were incubated at 37Ņ overnight. On second day, 1%TFA and ACN were used 

to wash the digested peptides out of the gel piece. Then the supernatants containing 

peptides were further vacuum-dried. Then the samples were checked by Mass 

spectrometry. 

 

2.6 Transfection of Bcl-xL shRNA into target cells 

The Bcl-xL shRNA vectors RHS3979-9600907 (CCGGGCTCACTCTTCAGTCG 

GAAATCTCGAGATTTCCGACTGAAGAGTGAGCTTTTTG), RHS397-9600908 (CC 

GGGTGGAACTCTATGGGAACAATCTCGAGATTGTTCCCATAGAGTTCCACTTTTT

G), RHS397-9600909 (CCGGGTTTAGTGATGTGGAAGAGAACTCGAGTTCTCTTC 

CACATCACTAAACTTTTTG), RHS3979-9600910 (CCGGAGAGCTTTG AACAGGAT 

ACTTCTCGAGAAGTATCCTGTTCAAAGCTCTTTTTTG), RHS3979-9600911(CCGG 

CGACGAGTTTGAACTGCGGTACTCGAGTACCGCAGTTCAAACTCGTCGTTTTT)  

and pLKO.1 empty vector RHS4080 (as negative control) were purchased from 

Thermo Scientific. The lentiviral packaging plasmids psPAX2 (Plasmid 12260) and 

pMD2.G (Plasmid 12259) were purchased from Add Gene.  

 

2.6.1. Replication and purification of plasmid 

The E.coli containing plasmid was cultured in 2XLB Broth media (LB-Broth- 

Lenno x 20g/l, Peptone 10g/l, Yeast Extract 5g/l) with 100ug/ul Ampicillin at 30°C 

over night. Plasmid Maxi kit (No.12163, Qiagen) was used for extraction of plasmid 

DNA. Finally the plasmid DNA was stored in 10 mM Tris (pH adjusted to 8.5) at 4°C or 
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-80Ņ. 

 

2.6.2. Packaging lentiviral particles 

TLA-HEK293T cells were plated at 5.5x106cells per 100mm plate before 

transfection. Each Bcl-xL vector or pLKO.1 vector (9ug) was mixed with psPAX2 

(4.5ug) and pMD2.G (9ug) with 112.5ul Arrest-In™ transfection reagent (ATR1740, 

Thermo scientific). Then the mixture was diluted by DMEM media (without serum and 

antibiotic) to 2ml, and was incubated at room temperature for 20min. The growth 

media was aspirated from TLA-HEK293T cells. The 2ml mixture and 1ml media 

without serum were added to TLA-HEK293T cells. The cells were returned to the CO2 

incubator at 37Ņ for 6 hours. Then additional 7 ml of complete DMEM with 10% 

serum and 200U/ml of penicillin, 200ug/ml streptomycin sulfate and 200ug/ml 

amphotericin-B was added to cells. At 48 and 72 hours, the old media was harvested 

which contains lentiviral particles. The media was centrifuged at 1900×g for 20 

minutes at 4°C to pellet cell debris. The supernatants were centrifuged at 50000×g 

for 1.5 hours at 4°C. The pellet was diluted by 1ml DMEM media without serum. 

 

2.6.3 Transfecting cell lines 

The concentration of puromycin needed to select for resistance has been tested 

in A539 and H1299 cells before transfection. In this study, the resistant 

concentrations were 1ng/ml for A549 cells, and 3ng/ml for H1299 cells. A549 and 

H1299 cells were set up at 2.5x105 cells per well in 6-well plates before transfection. 
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The cells were washed with PBS twice. 100 ul media with Lentiviral particles was add 

to each well, and then 1ml fresh media without serum was added to each well. After 8 

hours, 2 ml complete media was added into each well. After 48 hours post 

transfection, puromycin was added into each well to select transfected cells.  

 

2.7 Western blotting 

The expression of Bcl-x protein was analyzed by Western blotting 

(immunobloting) 

 

2.7.1 SDS-PAGE 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis was used to separate 

proteins according to their electrophoretic mobility. The SDS gel was prepared in the 

Mini-PROTEAN Tetra Cell system (-8000 Bio-Rad). 12% separating SDS gels were 

poured and allowed to polymerize for 40min. Then stacking SDS gels were added on 

the top of separating gel. The preparation of protein samples was described in 

section 2.5.4. The glass clamped gels were set up and filled with gel running buffer 

(25mM Tris-HCl, 200mM glycine and 0.1%SDS). Each well was loaded with 200ug of 

protein samples. The gels were run was at 120V for 2 hours for protein separation in 

MINI-PROTEAN Tetra cell system. The samples were run until the bromophenol blue 

marker approached the bottom of separating gel; the gels were taken out of the glass 

plates for transfer of proteins for membranes. 
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2.7.2 Transfer of protein from SDS page to PVDF membrane 

The gels were soaked in transblot buffer (48mM Tris, 39mM glycine, 0.0375% 

SDS and 20%MeOH) for several minutes after SDS-PAGE. At same time, the transfer 

membranes (ImmoblinTM,Millipore, Bedford, MA) were first wetted with 100% MeOH 

for 1minute, then ddH2O for 1minute, and finally soaked in Transblot buffer for 5min.  

LKB 2117 Multiphor II Electrophoresis Unit was used for transferring. The transferring 

sandwich was arranged according to the following order: 4 pieces of filter paper, 

PVDF membrane, gel, and another 4 pieces of filter paper placed from anode to 

cathode direction. 

  

2.7.3 Incubation of PVDF membrane with antibodies and developing after 

transfer,   

Membranes were washed once with ddH2O, then stained with 2% 

Ponceau-S(3-hydroxy-4[2-sulfo-4-(-4-suflophenylazo0-phenylazo)-2,7-naphthalenedi

sulfonic acid (Sigma, Oakvile, Ontario), Membranes were rinsed by ddH2O until 

protein bands became visible, and soaked in blocking buffer (5% Skim milk in TBST 

buffer (20mM Tris-base,100 Mm NaCl and 0.05%Tween20) at 4Ņ over night. The 

PVDF membranes were washed in TBST buffer for 1 min. Then rabbit anti-Bcl-xL/S 

polycolonal antibody (S493, Sant Cruz) at 1:1000 dilution in blocking buffer was used 

to incubated with the membrane for 4 hours at 4Ņ. The membrane was washed three 

times with TBST (10min/time) to remove weakly bound primary antibodies. Then 

goat-anti-rabbit-IgG coupled to horseradish perioxidase at 1:10000 dilution in 
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blocking buffer was incubated with the membrane at room temperature for 50min. 

The membrane was washed three times with TBST (15min/time) to remove 

non-specifically bound antibodies. ECL solution was used to develop the PVDF 

membrane in Image machine (AlphaInnotech, San Leandro, USA). The antibodies 

then were stripped using a stripping buffer (1.5% glycine, 0.1%SDS, 0.5% Tween 20, 

pH adjusted to 2.2). The membrane was wash with PBS twice, and then TBST twice. 

The expression of GAPDH protein was detected using a similar protocol as 

mentioned. The antibody used was mouse anti-GAPDH antibody (NB300-328, 

NOVUS Biologicals) at 1:10000 dilution, and Goat-anti-mouse IgG antibody (ab6728, 

Abcam)  

 

2.8. In Vitro Deamidation Reaction 

The treatment was modified from Takehara and Takahashi, 2003. The H1299 

cells were treated by alkaline buffer (150 mM NaCl,1.0% NP-40 0.5% sodium 

deoxycholate, 0.1% SDS, 25mM glycine-NaOH, pH10), with or without added 

proteinase inhibitors) , or with neutral Buffer (150 mM NaCl,1.0% NP-40 0.5% sodium 

deoxycholate, 0.1% SDS ,50 mM Tris and pH adjusted to 8.0 with or without 

proteinase inhibitor). The samples were sonicated for 10 seconds on ice followed by 

centrifuge 9300×g for 20min and the supernatants harvested. Each sample was 

then incubated at 4  or 37 for 4 or 16 hours.Ņ Ņ  
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CHAPTER III:  RESULT 
 

3.1 Morphology of Cells infected by MRV 

To study whether p53 has any effect in the responses to MRV infection, we 

recorded the morphological changes of various cell lines (H1299, HT116 and HT1080) 

at different time points (6, 24, 48 and 72 HPI, data not shown in other time points 

except 48 HPI). Figure 1 showed the morphological changes at 48 hours post 

infection at MOI=10 PFU/cell. We found that p53 positive and defective cell lines 

exhibited distinctive morphologies after MRV infection. 

p53 positive HCT 1080 and H1299 cell lines showed characteristic features of 

cytopathic changes after infection with MRV. Compared to their controls without 

infection, MRV-infected, p53-positive cells had a round shape, shrunken cell 

membrane, debris from dead cells floating in the media or loosely attached and the 

nucleus became swollen or shrunken. I further found that T1L or T3D MRV caused 

slightly different types of CPE, especially in p53 positive HT1080 cell lines. Greater 

cell debris, more blank areas without attachment of cells and lower density of 

attached cells were observed in cells infected by T1L, while after infection with T3D, 

the predominant cells founded was small rounded, shrinking or swelling and very 

loose attached to the wall of plates. The number of attached cells in the T3D infection 

was relatively higher than that in T1L infection.  
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Figure 1 
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