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ABSTRACT

Mammalian reovirus is the type virus of the family Reoviridøe and consists of 10

segments of dsRNA genome and 8 structural proteins. Although the role of reovirus

infection in human disease is not clear, it has served as an interesting model to understand

the molecular biological mechanisms between virus infection and cellular responses. I

now confirmed that reovirus infection induced apoptotic changes inL929 cells and Vero

cells, but H1299 cells were arrested; and further found that the reovirus induced cell

responses depended on the doses of reovirus infection. Reovirus grew very well and

reached to very high titers in the three cell lines. Reovirus infection at MOI ìi0 PFU/cell

resulted in apoptosis or cell arrest, but no effects were seen if the dose was 0.5 PFU/cell.

Results show the cell responses to reovirus infection are unrelated to the p53

pathway. Reovirus infection does not induce the transcription of p53, and the expression

of p53 in cells also did not change reovirus titers. The expressions of cellular genes

GADD45c, mcl I bax and p21 were induced by infection with reovirus strains TlL and

T3D at MOI:i00 PFU/cell. However, other genes, such as TRAIL, DR3, caspase-8, RIP,

FAS, FASL mRNAs were not increased in the infected cells. Furtherrnore, the expression

of Bcl-x gene mRN A in HI299 cells depended upon the reovirus strain; it was positively

induced in the cells infected with reovirus T3D but inhibited in cells infected with

reovirus T1L.

The expression of GADD45c was significantly and stably induced in the H1299 cells

andL929 cells infected with reoviruses TIL and T3D. GADD45a expression levels were

decided by the infectious doses of reovirus; GADD45cx, was induced by reovirus infection

at MOI > 10 PFU/cell. UV-inactivated reovirus particles did not induce the expression of

GADD45o. Thus, expression of GADD45a is probably by a p53-undependent pathway

and is probably regulated by NF-rcB pathway in reovirus infection because these NF-rcB

and GADD45cr proteins are similarly expressed in infected cells. In addition, the

expression of NF-rcB occurs a little earlier than that of GADD45o in infected cells.

GADD45o expression was partly inhibited by siRNA; and GADD45cr inhibition

decreased the virus titers at various times post infection.

By using transfection, non-infectious reovirus core particles entered cells and the

cores replicated as efficiently as reovirus virions do. Comparison of two transfection

12



methods showed that Lipofectamine reagent transfected reovirus cores more efficiently
than Calcium phosphate (CaPO¿) methods. These transfection methods may pave the way
to improve genetic manipulations.

For reovirus siRNA experiments, two sets of reovirus siRNAs dird not inhibit the

reovirus replication. It is possible that the selection of these parts of siRNAs was not

satisfactory or the siRNAs did not function on the virus replication, suggesting that

siRNA function is very complex and needs more clarification. However, introduction of
full-length reovirus dsRNA into cells inhibited subsequent reovirus replication very
efficiently, and this inhibition was not class size specific.

Finally, a newly isolated clinical sample of reovirus, designated T2W was further

characterízed. Sequence analysis of the T2W S genes showed this virus had high identity
to other serotype 2 reoviruses in the S1, 53 and 54 gene sequences; thus T2W is more

closely related to T2I than to TlL or T3D. However, The T2w s2 gene is more closely

related to TIL or T3D 52 genes thanT2I 52. The virus o'protein sequences were also

analyzed by mass spectrometry to further confirm this reovirus is a new type 2 virus

strain.

13



Chapter l. INTRODUCTION.

Reoviruses are the prototype member of the virus family Reoviridae. The viruses

consist of l0 segmented double-strand RNA (dsRNA) genomes and2 protein capsids.

These viruses were originally isolated and identified in the early 1950s in the respiratory

and enteric tracts of healthy individuals. Thus the acronyrn reo (for ¿espiratory, enterTc,

orphan meaning not associated with human disease) was proposed and named (Sabin,

1es9).

The dsRNA viruses:

Currently known dsRNA viruses have 1 to 12 segmented dsRNA genomes and the

majority of these viruses have icosahedral capsid structures (Mertens, 2004). The dsRNA

viruses perhaps come from a common ancester. They share many similar structural and

biochemical properties such as: replication strategy, an innermost icosahedral (T:1)

capsid layer, the intemal virion-associated enz)irnes, and the similar secondary structure

of the innermost caspid layer proteins. However, it is the outer capsid layer proteins and

some non-structural proteins that appear to be adapted for virus transmission and

initiation of infection in different host, these show much more diversity in the component

sequences and/or their structural patterns (Mertens, 2004), and suggest all these viruses

come from a common ancestry.

The dsRNA viruses represent a very large group of different pathogens, affecting a

wide variety of vertebrates, invertebrates, plants, fungi, and prokaryotes. So far, a total of
135 dsRNA virus species have already been identified (plus 52 tentative or unassi$ed)

and are classed into eight distinct families, including the family Reoviridae which

contains the largest number (74 species plus more than 30 tentative or unassigned) by the

International Committee for the Taxonomy of Viruses (ICTV) (Table 1.1).

1.2. Reoviridøe:

The Reoviridae cttnently contains a total of 12 different genera, shown in Table 1.2

(Mertens, 2004). Many of these agents are pathogenic, either only infect humans (e.g.

coltiviruses) or only infect animals (e.g. orbiviruses, avian reoviruses, seadornaviruses,

and aquareoviruses), or infect both humans and animals (e.g. reovirus and rotaviruses).

t4



Table 1.1. The families of dsRNA viruses.

Family Number of genome segments

Hypoviridae (Hillman etal,2002)) I (unpackaged)

Totiviridae (Wickner et al, 2000) I (packaged singly)

Bimaviridae (Leong et al, 2000) 2 (co-packaged)

Varicosavirus (genus) (Mayo, 2O0O) 2 (separately packaged)

Partitiviridae (Glasbrial et aI,2000) 2 (separately packaged)

Cystoviridae(Banford,2000) 3(co-packaged,equimolar)

Chrysoviridae (Gihabrial et al, 2003) 4 (packaged separately)

Reoviridae (mertens et al, 2000) 10, I I or '12 (co-packaged)

Type ofvirus particle

-50-80nm diameter, pleomeophic vesicles
(no capsid)

-30-40nm diameter, icosahedral

^ó0nm diameter ícosahedral, single shell

-l 8 x 32G360nm, rod shaped

- 30-40nm diameter, icosahedral protein capsid

-85nm diameter, three layer structure with an
envelope sunounding a fwo layered icosahedral

nucleocapsíd

-30-40nm diameter icosahedral protein capsid

-70-80nm diameter icosahedral (one, two
or three layered protein capsid)

Host

Fungi

Fungi

Fish, insects,
birds, mollusks

Plants

Fungi, plants

Bacteria

Fungi

Insects, plants,
fish, reptiles,
birds, ammals,

anachnids, fungi,
arthropods,

crustacea

Copied from Mertens,2004: Seventh report of the International Committee for the
Taxonomy of Viruses.
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Table 1.2. The Reovíridae Family:

Genera Number of Number of member Total number of types

Gene segments species (+ tentative or (serotypes) (+ tentative
unassigned isolates) or unassigned isolates)

Cypovirus" l0
Fijivirus l0
Orbivirus l0
Orthoreovirus 10
Oryzavirush l0
Proposed new genus

'- ofinsect reoviruses 10

Aquareovirus I I

Rotavirus' 11

l6 (+3¡

8

20 (+12¡

4
2

2 (+7)

6

6 (+2)

2

3 (+1)

3

3

16 (+3)

8

157 (+12¡

6
4

2 (+)

23 (+5;

s (+l)

3 (+l)

7 (+1s)

3

(6)

Coltivirus l2

Phytoreovirus 12

Seadornavirus 12

Mycoreoviru¡ 1l or 12
Unassigned viruses 9,10, 1 I or 12 (6)

Modified from Mertens,2004. Seventh report of the Intemational Committee for the
Taxonomy of Viruses.
n A large number of cypoviru.s isolates (230) has been recovered from a range of

different insect species.
' The serological relationships between different isolates of some distinct Orbívirus

species has not been fully explored.
" The identity of Rotavirus serotypes has not been fully explored.
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Mammalian reoviruses are ubiquitous in nature. They infect a variety of mammalian

species including humans, monkeys, rats, mice, insects, fish and reptiles (Tyler and

Fields, 1996). They are easily isolated from the environment -rivers, stagnant water and

sewage (Stanley, 1967;Matsuura et al., 1993). Orthoreovirus, Cypovirus, Idnoreovirus,

Mycoreovirus, Aquareovirus and Rotavirus are transmitted horizontally or vertically

between individual hosts, often by an oraVfecal route. However, many of the plant

reoviruses (Fijiviruses, Oryzaviruses and Phytoreovirues) and plant arboviruses are

transmitted between their hosts by vector insects (Attoui et al., 2005a,2005b; Mertens et

a1.,2005). The common characteristic features of all these genera are genomes composed

of ten to twelve segments of double stranded RNA (dsRNA), non-enveloped infectious

particles 60 to 85nm in diameter, proteins arranged in two or three concentric layers with

icosahedral symmetry and synthesis of viral messenger RNAs (mRNAs) by virally

encoded enzymes within partially uncoated viral particles (Table 1.3). A putative new

genus that contains 9 segmented dsRNA genomes was recently isolated and identified

(Attoui et al., 2005c), and the family may be expanded.

1.3. Orthoreovirus:

The genus mammalian Orthoreoviruses aÍe the prototype members of the family

Reovíridae, and contains the type species, the nonfusogenic mammalian orthoreoviruses

(reoviruses). It also includes the fusogenic avian orthoreoviruses and an assortment of

other orthoreoviruses (e.g. Nelson Bay virus and baboon reovirus). Viral isolates are

assigned to the Orthoreovir¿rs genus based on similar traits (Table 1.3) including the

genome of ten dsRNA segments, size and morphology of particles by electron

microscopy, characteristic protein profile with three large (1"), three medium (p) and four

small (o) primary translation products, serologic reaction and the ability of these viruses

to assort (mix) their genome segments upon co-infection of cells to yield reassortant

progeny. Three serotypes of mammalian reoviruses have been determined by

hemagglutination-inhibition (HAÐ and neutralization studies [NT) (Sabin, 1959; Rosen,

1962; Atanley, 1967). An isolate (strain Lang) from a healthy child is the prototype for

reovirus serotype 1 (Ramos-Alvarez and Sabin, 1958; Sabin, 1959), and abbreviated as

TlL; an isolate (strain Jones) from a child with diarrhea is the prototype virus for
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Table 1.3. General characteristics of the Reoviridae:

Structure
About 70-85 nm in diameter
Icosahedral
Nonenveloped
Multiple concentric protein capsids

lnnermost capsid serves as transcriptase complex
Outermost capsid serves as gene delivery system

Genome
Linear double-stranded RNA (dsRNA)

, Total genome size 18-29 kbp
10-12 gene segments
Segmented genome capable of assortment to produce hybrid reassortant viruses
Most gene segments monocistronic
Replication
Cytoplasmic
Proteolytic processing of intact virion to produces subviral particles
Uncoating is incomplete; innermost core capsid serves to transcribe mRNA

Copied from Coombs, 2002.
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serotype 2 (Sabin, 1959) (T2I), and an isolate (strain Dearing) from a child with diarrhea

(Ramos-AlvaÍez and sabin, 1958; sabin, 1959) is the prototype for serotype 3 (T3D).

1.3.1. Reovirus composition:

Reovirus particle is relatively simple, and consists of two concentric protein capsids

and l0 segmented dsRNA genomes (Figure l.l and Table 1.3).

1.3.1.1. Genome:

The 10 segmented dsRNA are classified according to size (Table 1.4 and,Figure l.lb):
Three size classes exist: large (L) segments consist of about 3800 base pairs each,

medium (M) segments consist of about 2200basepairs each, and small (S) segments of
about 1100-1500 base pairs each. Each virion contains three L (Ll,L2,L3), three M
(Ml, M2, M3), and four S (s1, s2, s3, s4) segments. All reovirus RNA possess several

conserved nucleotides at their 5' and 3'ends. This conservation of nucleotides is also

present in the RNA of the other members of the Reoviridae family, with all the genome

segments of a specific virus possessing identical nucleotides at their 5' and 3'termini, but

with these nucleotides being different from genera to genera in numbers and composition.

The genome of 10 discrete segments of double-strand RNA has: (I) a m7GpppGm cap

structure at the 5'end of the plus-sense strand and conserved terminal elements: 5 -GCUA

and UCAUC-3'; (II) each gene has short non-translated regions (UTRs) at both ends;

(IiI) the UTRs among the viral segments range in size from 13-33 nt at the 5' end to 32-
80 nt at the 3' end of the plus-sense strand, and the UTRs of different reoviruses vary in
the length and composition (Table 1.5); (IV) virtually every segment contains a single

ORF encoding a single protein with exception that one or two genes contain two ORFs

(Nibert and Schiff, 2001; Coombs, 2002).

Specif,rc nucleotide mutations at the -3 and +4 positions relative to the AUG initiation
codon did not significantly influence the amount of translation product produced

(Munemitsu and Samuel, 1988). Reovirus 54 UTRs contained a translational operator

sequence that serves to regulate translational efficiency of the 54 6RNA (Mochow-

Grundy et a1.,2001). The TIL RdRp (I3) could recognize capped viral RNA segments

by conserved terminal elements: 5'-N7-MeG-GCUA and ucAUC-3 (Tan et a1.,2002).

Binding of the cap at one position on the polymerase surface and insertion of the 3' end
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Figure 1.1. Mammalian reovirus genome, proteins and structure.

A. Schematic representation (on the top) of the three reoviral morphological forms:

virion, ISVP and core. Proteins in outer and inner capsid are color coded to match the

proteins resolved in the cartoon protein SDS-PAGE (see B). Middle lower portion of A

shows real electron micrographs of the virus, ISVP and core. B. Cartoon representation of
the genome and proteins. Genome consists of ten dsRNA segments that are clustered into

three groups: L (large) genes, the M (medium) genes, and the S (small) genes that encode

eight different structural proteins. Virus particles have all of the eight structural proteins.

ISVP particles have o'3 and ¡r1 cleaved. ô and $ are cleavage products of ¡"r1 generated

during proteolysis of virions and are present in ISVPs only (Nibert and Fields, 1992).

Core particles have only five structural proteins ( "I, ì"2, )v3, ¡t2, o2).
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Table 1.4. dsRNA genome sequences and proteins of mammalian reovirus 3 (MRV-
3):

dsRNA ORFs(bp Proteins (proteins Protein size
(size, bp) inclusive) structure/function) aa (kDa)

protein copy Location
number per

Protein function

Lr (38s4) l 9-381 9

L2(39t6) l4-3880

L3 (3901) l4-3838

M1 (23M) t4-2221

M2 (2203\ 30-2 t 53

M3 (2241) r9-2181

st (14r6) t3-t3'77

7 I -430

s2 (r331) t9-1272

s3 (l r98) 28-l l2s

s4 (l 196) 33-n27

t2

60

t20

12

30

600

600
O N/S

¡t2

¡rl

ô

0

FIN
PNS

0

36

t50

0

plC (Tl3)

À3 (Pol)

12(CaP)

À1 (Hel)

pNSC

ol

ols

o2

oNS

o3

t267 (t42)

1289 (t44)

t27s (t43)

736 (83)

708 (76)

667 (72)

s39 (s9)
128 (r3)
42 (4)

721 (80)

681 (7s)

4ss (49)

120 (16)

4t8 (47)

366 (4t)

365 (41)

Core

Core spike

Core

Core

Outer capsid

N/S

Outer capsid

N/S

Core

N/S

Outer capsid

Fully conservative RNA dependent RNA
polymerase

Guanylytransferase, methytransferase
"turret" protein. Cornparable to the
cypovirus tunet protein VP3 (CaP).Virus
species specific antigen
Inner capsid structural protein, binds
dsRNA and zinc, putative NTPase, helicase
and 5' triphophase phosphohydrolase
NTpase, influences the morphology of
inclusion bodies, interacts with cytoskeleton
Multimerizes with 03, Cleaved to ¡rlC and
pl N, which assume T=13 symmetry in the
outer capsid

¡-rlC is cleaved to ô and $ during the entry
process. Myristoylated N-terminus,
memb¡ance penetration

Binds ssRNA and vinrs core, primary
determinant inclusion body formation,
interacts with ¡r2 and oNS, Phosphoprotein,
coiled coil motifs, trannscriptase
in teractíon, genome packaging?

¡rlNSC is fiom altemate translation start size,
unknown function
Cell attachment protein, homo-trimer,
haemagglutinin, type-speci fic antigen,
possible glycosyl hydolase activity, induces
apoptosis, Interacts with neutralizing
antibodies, induce cytotoxic T-cell response.
Basic protein, nonessential, blocks cell cycle

progression, Induce cytotoxic T-cell response.
Inner capsid structural protein, weak
dsRNA- binding, morphogmesis?

ssRNA-binding, associates with pNS during
ínclusion body formation, genome
packaging?
dsRNA-binding, multimerizes with ¡r1 C,
nuclear and cytoplasmic localízation,
translation control. Vìrus species specific
antigen.

copied from Mertens, et al. 2000 with updates by Roy Duncan, Jim chappell and
Terry S. Dermody.
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Table 1.5. Nucleotide numbers of UTRs of the genome of mammalian reovirus:

SI S¿ S3 s4 MI M n/ß u 12 I3

Til) t I2 I8 7 32 I3 D I8 24 I3 I3

'ljÐ -1' 36 ffi 70 6 &) 47 57 32 33 fl)

11L .) t3 I8 27 3t t3 Ð t8 t8 t2 I3

TIL 3' J7 fr 70 (6 &) 47 57 32 33 ú)

Tzl ) t3 t8 27 32 I3 n I8 t8 t2 t3

"r2l 3' _18 fi 70 6 73 47 56 J¿ 33 ú)

Summary of sequences from GenBank.
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into the template channel nearby could ensure association of a single polymerase

molecule with each segment of viral plus-strand RNA (Starnes and Joklik, 1993). The

degree of the sequence conservation and the specific characteristics of these UTRs

suggest that the UTRs probably contain important regulatory elements that determine the

fate of nascent viral RNA and virus replication.

Like other viruses of Reoviridae, MRV has the specific pattern of replication different

from other RNA viruses that enter the cytoplasm; the 10 segments of viral genome

remain packaged with the core throughout the replication cycle. The newly synthesized

viral mRNA is capped and methylated within the core, is extruded into the cytoplasm as

template to translate viral proteins. The viral mRNA then assembles with newly

slinthesized viral proteins to form nascent virus particles and viral dsRNA synthesis is

carried out in these particles.

1.3.7.2. Proteins:

Reovirus encoded proteins can be divided into two types: non-structural proteins and

structural proteins (Table 7.4 and Figure 1.1b.). There are 8 structural proteins in mature

reovirus virions that have specific functions. The outer capsid proteins appear to be very

important in determining the susceptibility of viruses to inactivation by a variety of
physical and chemical agents. For example, the o'3 outer capsid protein determines the

relative susceptibility of different reovirus strains to sodium dodecyl sulfate (SDS) and

high temperature, and the pl outer capsid protein determines the sensitivity to phenol and

ethanol (Drayna and Fields, 1982a, and 1982b). T3D mutants that are 100- to 1000-fold

less susceptible than wild-type virus to inactivation by ethanol contain point mutations in

the amino acids 425 to 459 region of ¡r1 protein (Wessner and Fields, 1993). The ol
outer capsid protein has several functions such as determining the serotype of reovirus,

serving as the viral hemagglutinin and attaching to the host cells. The 5 core proteins (1,1,

)"2,7"3, p"2 and o2) are mainly responsible for viral transcription and replication, and

construct the inner capsid structure and prevent the viral genome and enzyme from

digestion by host cellular enzymes. Examination of proteins in reovirus-infected cells

also revealed two other virally encoded proteins that are not present in mature viruses;

these two viral proteins are called nonstructural proteins and named pNS and o'NS

(Zwerink et al., 1971). A smaller form of pNS, pNSC is also found in infected cells (Lee
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et al., 1981). There is another nonstructural protein o'1s identified by nucleotide

sequencing and in vitro translation of viral mRNA that is encoded by the second ORF in

the S1 genome segment (Joklik, 1985). All proteins are summanzed in Table 1.4 and

some of them related with host cell response or some specific functions that are relevant

to this thesis are discussed below in detail.

1.3.1.2.1. Reovirus o3 protein:

The o3 protein is encoded by the 54 genome segment. The protein consists of 365

amino acids in all of three prototypes (TlL, T2J, T3D) as well as wild isolates of
mammalian orthoreoviruses (Figure 1.2), and has a predicted molecular weight of 4lkDa;

600 copies form the bulk of the virion outer capsid together with 600 copies of pl in a

ratio of I :1, o'3 also interacts with reoviral protein À2.

The o3 protein exhibits a tightly packed structure (Figure.1.2); the o'3 monomer is a

two-lobed structure, organized around a central helix spanning the length of the protein.

The two motifs are rich in basic amino acids which are located in the carboxyl terminal

third of the protein and are responsible for the affinity of the protein to double-stranded

RNA (dsRNA) (Schiff et a1., 1988; Miller and SamuelI992;Denzler and Jacobs,7994;

Mabrouk et a1.,1995; Wang et a1.,1996). The smaller lobe contains -140 residues in two

segments (residues 1-90 and 287-336), and contains a CCHC zinc-binding motif. The

zinc site is Cys51 on strand 3 and Cys54 on the turn between strand 3 and 4 coordinate

the zinc, together with residues His7l and Cys73. The small lobe also consists of helix A,

a four-stranded anti-paralled B-sheet and the N-terminal part of the long central helix B.

A loop from the large lobe completes the small lobe with a hairpin of bent helices F and

G. The larger lobe contains -225 residues in two segments (residues 9I-286 and 337-

365). It includes the C, D and E helices, two-, three-, and four-stranded anti-parallel B-

sheet all composed of non-consecutive strands. The C-terminus is nearly at the middle

strand of three-stranded sheet (Olland, et al. 2001). The amino-terminal third of the

protein encompasses a zinc finger domain that is required for the intracellular stability of
the protein; mutational analysis shows that loss of the zinc-binding site results not only in

decreased intracellular stability, but also in loss of the ability of o3 to interact with ¡.r1

(Mabrouk and Lemay,I994a; Shepard et al., 1996). Loss of zinc does not appear to affect

dsRNA binding (Shepard eÍ. al.,1996). The multiple copies of o3 molecules are organized
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in flower-like structures exposed at the virion's outermost surface (Metcalf et al-,I99I;
Dryden et al., i993; Centonze et al., 1995). Mutagenesis studies previously showed that

the amino-terminal domain is involved in o3-pl interaction (Mabrouk and Lemay,1994;

Shepard et a1.,1996; Bergero et al., 1998). Using the monoclonal antibody specific to

reovirus o3 protein to bind reoviruses can induce identical conformation changes in

outer-capsid proteins o3 and ¡r1 and result in inhibiting o'1-mediated hemagglutination by

steric hindrance (Nason et al., 2001).

During viral disassembly in cellular endosomes, o3 is removed from virions by acid-

dependent proteolysis (Sturzenbecker et al.,1987; Baer and Dermody, 1997). Removal of

o3 during viral disassembly also is to allow a change in the conformation of o'1 to a more

extended form (Nibert et al., 1995;Nason et al., 2001). Mutations in T3D o3 determine

the sensitivity of virions to proteolysis by the intestinal protease chyrnotrypsin (Wetzel et

al., 1997) and the endocytic protease cathepsin L (Ebert et aL.,2001). Reovirus variants

are isolated from persistently infected L-cell cultures treated with either ammonium

chloride (Dermody et al., 1993, 'wetzel et a1.,1997), or E64 that inhibits virion

replication and not ISVP replication (Baer and Dermo dy, 1997). By reassortant

experiments with reovirus T1L, the E64-adapted viruses have mutations of the 54 gene

encoding o3. The mutation of o3 contains one or two amino acid substitutions and a

mutation at amino acid354 (Y354H) is identical to mutations found in reovirus mutants

selected during persistent infection. The sequences in the o'3 carboxy terminus influence

the susceptibility of reovirus virions to proteolysis by endocytic proteases, and the region

of o3 including amino acid 354 play a key regulatory role in removal of the reovirus

outer capsid during viral entry ('Wilson et a1.,2002). The o'3 recoated ISVPs (rcISVPs)

retain full infectivity in murine L cells and behave identically to virions prior to

exponential growth and in being inhibited from entering cells by either the weak base

NH4CI or 864(Jane-Valbuena et a1., 1999).

The susceptibility of o3 to proteolytic cleavage affects virion stability and initial

uncoating. The central domain of amino acid region 208-214, in the serotype 3 Dearing

protein, is apparently most sensitive to the action of proteases (Schiff et al., 1988; Miller

and Samuel, 1992l' Schift 1998; Jané-valbuena et aL,2002); cleavage in this region

separates the amino-terminal zinc-binding domain from the carboxyl-terminal dsRNA-
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binding domain (Schiff et al., 1988; Miller and Samuel,1992). Many different proteases,

including alkaline and acid proteases, cleave first within a hypersensitive region between

residue 210 and 242 with prototype difference. The TIL o'3 is first cut mainly at residues

238 to 244;but T3D is cut between residues 208 to 214. Cleavage also appears at

different rates with reovirus strains, and cleavage of TlL o"3 is faster T3D o3. Further

site-directed mutation of recombinant o3 identifies the carboxy-proximal residues 344,

347 and 355 as the primary determinants of these strain differences (Jane-Valbuena, et al.

2002). Time-course digestions of reovirus TlL particles with trypsin, Glu-C, pepsin and

chymotrypsin result in the initial generation of two peptides analyzed with mass-

spectrometry (Mendez et al., 2003). Most tested proteases can digest o3 within a

hypersensitive region between amino acids 217 and 238. Trypsin digestion initially

releases a peptide of the C-terminus of ¡r1C, followed by a peptide of amino acids2l4-

236 of the o'3. Other regions of ¡rlC are not digested until the o3 protein is completely

cut. Similar experiments with Glu-C indicate the hypersensitive region of o"3 is cut first

when virions are treated at pH of 4.5 or 7.4, but treatment of virions with pepsin at pH 3.0

releases different o3 fragments. These results suggest acid-induced conformational

changes in the outer-capsid o'3 protein. The conformational change of o'3 may be

important for activation of the viral enzymes during replication (Mendez et al., 2003).

1.3.1.2.2. Reovirus cell attachment protein (o1).

The o1 protein is encoded by the S1 gene and consists of about 420-470 amino acids

with predicted molecular weight between 49-5ikd depending upon different reovirus

strains. [n general, the o'1 protein consists of an elongated fibrous domain-the tail-that

inserts into the virion and virion-distal globular domain-the head (Banerjea et al., 1988;

Furtong et al., 1988; Fraser et al., 1990) (Figure 1.3). Sequence analysis and structural

modeling have suggested that the N-terminal half of the tail is formed from a c¿- helical

coiled coil (Bassed-Duby et al., 1985; Duncan et a1.,1990; Nibert et al., 1990) and the C-

terminal half is formed from a triple B-spiral (Chappell et al., 2002; Stehle and Dermody,

2003). A crystal structure of the C-terminal half of reovirus T3D o1 revealed that the

head contains three B-banel domains (one from each trimer), each of which is

constructed with eight antiparallel B-strands (Chappell et aL.,2002).
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Attachment to specific host cell molecules is the initial step in virus infection and plays

a key role in target-cell selection in the infected host. Generally, reovirus infections are

initiated by the binding of viral attachment protein o1 to receptors on the surface of host

cells. Sequence polymorphisms in reovirus attachment protein ol play an important role

in determining sites of reovirus infection in the infected host (Weiner et al., 1977;1980;

Kaye et al., 1986; Barton et al., 2001). The pathogenesis of reovirus infection has been

studied using newborn mice and serotype-specific pattems of disease have also been

identified (Tyler, 2001). One of the best characterized of these models is reovirus

pathogenesis in the murine central nervous system (CNS), in which type I reovirus

strains spread by hemotogenous routes to the CNS where they infect ependymal cells,

leading to nonietha and hydrocephalus (Weiner et aI.,1977; 1980; Tyler et al., 1986). In

contrast, type 3 reoviruses spread primary by neural routes to the CNS and infect neurons,

causing fetal encephalitis (Weiner et al1977;1980; Tyler et al., 1986; Morrison et al.,

1991). These distinct patterns of disease segregate genetically with the viral attachment

protein (ol) (Weiner et al., 1977;1980; Tyler et al., 1986). The protein has several

important functions, including that o1 protein determines the phenotype of reovirus

strains. T3 o"1 protein triggers signaling events that lead to apoptosis of infected cells.

The interaction of ol head with distinct T1 and T3 receptors determines route of spread,

tissue tropism, and resultant diseases (V/einer et aL,1977; 1980; Kaye et al., 1986;

Barton et al., 2001) and induces cell apoptotic death (Clarke and Tyler, 2005; Clarke et

aL.,2005).

There are two distinct receptor-binding regions in both the tail and head regions of

T3D o"1. A region in the fibrous tail domain binds to cr-linked sialic acid (Dermody et al.,

1990; Chappell et a1.,1997;2000; Barton et al, 2001), whereas a domain in the head

binds junctional adhesion molecule t (JAM1) (Barton et al., 2001). A distinct region in

the type 1 o1 tail domain also binds to cell surface carbohydrates (Chappell et al., 2000),

and some evidence suggests that the sialic acid may be also involved in the binding of

T1L to intestinal cells (Heleander et al., 2003). Truncated forms of o1 protein (forming

only the head domain) are capable of specific cell interaction (Duncan et al., 1991;

Duncan and Lee, 1994), and the head is responsible for the binding reaction. Proteolysis

of T3D virion leads to release of a C-terminal receptor-binding fragment of the o'1
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protein (residues 246-455) (Chappell et al., 1998) and loss of infectivity (Niberr et al.,

1995). An expression-cloning approach was used to identify junctional adhesion

molecule A (JAM-A) as a receptor for the prototype strains TlL and T3D (Barton et al.,

2001). 13 reovirus strains including 5 type 1, 3 type 2 and,5 type 3 were used to

determine whether JAM-A is used as a receptor recently, and the results were very

interesting; each of the prototype and field-isolate reovirus strains is capable of utilizing

JAM-A as a receptor regardless of their serot¡rpe, species, or geographical region of
isolation (Campbell et aL.,2005). Further experiments show that the digested fragment of
o-i protein can bind with JAM-A on a biosensor surface. Sequencing data of different

reovirus serotype o1 proteins show that the conserved residues are scattered throughout

the molecule; examination of the o'1 protein surface reveals there is a single extended

patch of conserved residues at the lower edge of the protein head. The special structure is

mostly the residues in the vicinity of a long loop connecting B-strands D and E of eight-

stranded B-banel. Only the residues in the single monomer contribute to the putative

JAM-A binding region and its borders; and they are not involved in o1 intersubunit

contacts. The location of conserved residues indicates that each o1 monomer can

independently bind to a JAM-A molecule. This strategy of cell attachment is strikingly

similar to that used by adenovirus fiber to bind to the coxsackievirus and adenovirus

receptor (cAR) (Ber.vley et al., !999; van Raaij et al., 2000), an immunoglobulin

superfamily member that shares considerable structural homology with JAM-A (Stehle

and Dermody,2004).

The capacity of T3 reovirus to bind sialic acid can determine the cell type of infection

in cell culture. Both T1 and T3 reoviruses can grow inL929 cells, but only T3 reoviruses

can replicate in murine erythroleukemia (MEL) cell, and this restriction is decided by

sialic acid molecules (Robin et a1.,1992; Chappell et al., I99j). Serial passage of non-

sialic acid binding T3 strains in these cells results in selection of viruses which acquire

the ability to bind sialic acid (Chappell et al.,1997). Gene sequence analysis showed that

the prototype is conferred by single point mutation (Chappell et al., 2000). HeLa cells are

permissive for reovirus T3SA+(strong apoptotic) and T3SA- (minus apoptotic) infection;

however, virus yields from a single cycle are significantly higher for T3SA+ when Hela

cells are infected with equivalent multiplicities of infection of these strains (Barton et al.,
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2001). This enhanced growth is sialic acid dependent and removal of cell surface sialic

acid by enzymes significantly decreases the yields of T3SA+ to the same level as the

yield of T3SA- (Barton et al., 2001). The capacity of reovirus binding to sialic acid also

influences tissue tropism and disease phenotypes. Both T3SA+ and T3SA- grow well in

the intestine following peroral incubation of newborn mice and disseminate to distant

sites, however, T3SA+ produces higher titers in the brain and liver at early times after

infection than those produced by T3SA- (Barton et aL,2003).

A new murine IgA monoclonal antibody (MAb), 1E1, was recently raised against

reovirus TIL and binds to TlL o-1 (Hutchings et a1.,2003). This anti-ol IgA prevents

infection at an early stage, most likely by blocking the o1-mediated adherence of viral

particles to intestinal M cells. 181 also neutralizes TlL infection of culturedLg2g cells in

vitro, blocks viral adherence to apical membranes of polarized Caco-Z cells (Hutchings et

a1.,2003). Another IgG MAb 5c6, binding to the o1 proteins of type 1 isolates,

recognizes the o'1 head domain (Chappell et al., 2000). 5C6 blocks TIL binding and

uptake in several cultured non-epithelial cell systems (Verdin et al., 1988; 1989; Barton

et a1.,2001), when introduced into the blood circulation of mice either by intravenous

injection (Tyler et al., 1993) or from subcutaneous hybridoma tumors (Hutchings et al.,

2003). When 5C6 is administered perorally to mice along with T I L, it is capable of
preventing Peyer's patch infection (Silvey et a1.,2001). Thus, IgG MAb 5C6 and IgA

MAb 1El share certain protective capacities. However, their respective binding sites on

o1 could be distinct because induction of serum IgG and secretory IgA occur in different

immune-sampling environments, function in different compartments, and may protect by

different specifi c mechanisms.

1.3.2. Virus morphology

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

subviral particle (ISVP) and core (Figure 1.1a), which differ in morphology, protein

composition, and physicochemical and biological properties (Table 1.6).

The mature virions are the predominant form released from infected cell cultures or

infected animals or after artificial disruption of infected cells in culture; and consist of all

eight structural proteins that comprise two radially concentric, separable protein shells

32



Table 1.6. structural composition of three types of reoviral particles:

Virion
Diameter (nm)

Negative-stain EM 73
Cryoelectron microscopy 85

ISVP

10 10

7 (7"1,?'2, À3, p1 cleave ð, Q 5 (À1, À2, ¡.3

¡t2, a7, c2) ¡û, o2)

51

65

64
80

No
No
Yes

Yes
Yes
No

Comparison
(dsRNAs)
Proteins

Function
infection
replication
transcription

10

8 (¡.1, r.2, À3,

ltl, þ2, o1, o2, o3)

Yes
Yes
No

Modified from Nibert and Schiff, 2001.
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(inner and outer capsid) (Dales et al., 1965; Mayor et al., 1965; Luftig et al.,1972). The

viruses are about 85nm in diameter and have T:13 icosahedral symmetry shown by

cryoelectron microscopic analysis (Metcalf et al., I99l; Dryden et al., 1993); and x-ray

diffraction (Harvey et al., 1981). The icosahedral syrnmetry is formed with each of the

two majorstructural proteins of the outer caspid. Two of the proteins in mammalian

reoviruses are 600 copies of the protein o"3 and ¡r1 (and its cleavage product ¡r1C, the

major form of this protein in mature virions) (Dryden et al., 1993), and the third outer

capsid protein is 36 copies of the o'l cell attachment protein (Strong et al., 1991; Coombs,

1998a). The outer capsid functions as a gene delivery system, containing proteins

responsible for allowing the virus to recognize and bind to appropriate host cells.

lnfectious sub-virus particle (ISVP) is about 80nm in diameter and lacks the o'3 protein.

The plC protein also has undergone cleavage (to generate 2 peptides called ô and 0). In

addition, the o1 proteins undergo different changes in different prototype strains of

mammalian reovirus. In T1L, the o1 protein trimers take on an extended "Lollipop"

conformation, with the amino-terminal fibrous coiled coil portion tethered inside the ),"2

spike channels and the carboxyl-terminal globular head extended as much as 40nm from

the surface. This extended conformation is thought to increase accessibility of the cell

attachment protein and hence increase infectivity of the virion. The o'1 proteins of T3D

are cleaved by proteolysis and can not be observed by EM (Nibert et al., 1995). The ISVP

may be formed by intestinal proteases such as pepsin, chymotrypsin or trypsin (Bass et al.,

1990; Amerongen et al., 1994).The ISVP possibly facilitates the viral particle attaching

to the host cell during infection.

The cores (the innermost capsid) consist of five structural proteins. These are known as

),"1,?,"2,?u3, ¡t2, and o2. The lattice of inner capsid is made up of 120 copies of l,l. The l"l

proteins are associated as 60 assymetric dimers to form a thin T:1 symmetry shell

surrounding the viral genome RNA. i50 globular monomers of o2 proteins decorate the

outside of the 1,1 shell and stabilize it. Pentamers of the 1"2 proteins sit on top of the Il
shell at each of the 12 icosahedral S-fold axes, forming prominent spike structures that

extend outward from the about 60nm diameter core shell by an additional 9nm and thetu2

pentamers have 8nm-wide channels running through them (Coombs, 1998b; Reinisch et
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al., 2000). Protein À3, the RNA-dependent RNA polymerase (RdRp), is associated with

one or two copies of ¡t2, the alleged polymerase cofactor (Yin et a1.,1996; Noble and

Nibert, 1997;Hermann and Coombs, 2004),which are thought to underlie the core shell

at the vertices (Dryden et al., 1998). This core complex (all 5 proteins + all 10 dsRNA

genes) serves as the transcriptionally active metabolic machine that produces mRNA

during viral replication. By transfection, the cores are confirmed to replicate in several

cells and produce very high titer of infectious viruses (Jiang and Coombs, 2005).

There are also several other forms of reovirus particles observed in experiments, which

may lack viral genome or proteins and account for alarge proportion of the particles

purified from reovirus-infected cells and a particle-to-pfu ratio of from 50: l to 500:1

(Joklik, 1983; Epstein et al., 1984). One type of these particles is "empty" virions with
decreased amounts of dsRNA genome and oligonucleotides (Rhim et al., 196l; Smith et

aL., 1969). Core-like particles were obtained from infections with temperature-sensitive

(ts) group B and G mutants at nonpermissive temperature (Morgan and Zweeriï1k,1g74).

The particles containing core proteins ?tI,),"3, and o2, but lacking other core components,

were the larger parts of the progeny in the cells infected with one L2-segment ts mutant at

nonpermissive temperature (Hazelton and Coombs, Iggg).

The purified ISVPs and cores generated from virions by in vitro protease digestion

have served as platforms for research of reovirus assembly and the functions of the viral

proteins, such as the binding to ISVPs of o3 proteins expressed by baculovirus to yield

recoated particles that are very similar to virions in structural and biological properties

(June-Valbaena et a1,.1999). The core recoating approaches have also been performed to

address the functions of the viral proteins expressed by recombinant ¡r1, o3, or o.l in

vitro (Chappell et al., 1998; Faretta et al., 2000).

1.3.3. Reovirus Life cycle

The replication of reovirus, just like all viruses, must rely on the host cell to supply the

appropriate place and material because a single virus particle (virion) is in and of itself

essentially inert and lacks needed components that cells have to produce. Viruses are

intracellular obligate parasites; they cannot reproduce or express their genes without the

help of a living cell. Reovirus is the prototypical virus of the dsRNA viruses and infects a
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wide range of cells, in vivo and in vitro. The replication of the virus has some specific

characteristics different from other (+/-) RNA viruses or DNA viruses. These include that

the viral genomes are 10 segments of dsRNAs; viruses have the enzymes such as RNA-

dependent RNA polymerases (RdRps) and cofactors, and methyltransferase for

transcription and replication of the viral genes; transcription and replication occurs in the

viral core rather than naked in the cytoplasm; and two phases of transcription þrimary
transcription and secondary transcription) may occur within infected cells. The virus life

cycle is shown in Figure 1.3.

1.3.3.1. Entry into cells. Reoviruses infect their animal hosts via respiratory and enteric

routes. The first step is reovirus must enter the cells. Binding of reoviruses to the surface

of different cells in vitro or in vivo is by the viral proteins attaching to surface receptors

of host cells. The cell-attachment protein, o1, is responsible for the binding (Choi et al.,

1990; Lee et al., 1981; Paul and Lee, 1987; Strong et al., 1993).It is speculated that a

region of the ol protein may function as a glycosyl hydrolase (mucinase) to facilitate

penetration of virions and ISVPs through the mucous layer of intestinal epithelial cells

(Bisaillon et a1.,1999). The sialic acid on cell surface proteins is one of the cell receptors

for reovirus binding and critically important for infection (Paul and Lee, 1987; Paul et al.,

1989). There are other cell receptors such as multiple sialylated glycoproteins (Choi,

1994), epidermal growth factor receptor (Tang et al' 1993), a 54-kd protein on

endothelial cells and undefined moieties on human colonic adenocarcinoma cells (Caco-

2) (Ambler and Mackay,l99l) and mouse ependymal cells (Nepom et al., 1982). Some

reoviruses use carbohydrate-based co-receptors for cellular attachment (Chappell et al.,

2000). The junction adhesion molecule 1(JAM 1), an integral tight junction protein, has

been identified as a reovirus receptor (Barton et a1.,200I; Forrest et al., 2003). An

expression-cloning approach was used to identify junctional adhesion molecule A (JAM-

A) as a receptor for the prototype TlL and T3D and further tests prove that JAM-A

serves as a receptor for prototype and field-isolate strains of mammalian reovirus

(Campbell et a1.,2005). The o'l protein undergoes a dramatic conformational change

from a retracted to an elongated form during viral disassembly (Furlong et al., 1988;

Dryden et al., T993; Nibert et a1.,1995). Recently, a molecular dynamics study of

reovirus attachment protein o1 reveals conformational changes in structure, with three

36





Figure 1.4. Reovirus life cycle. The cartoon represents the replication cycle of a

reovirus particle within a host cell. A brief description follows as; (1) the first step in

reovirus replication is attachment of the virion to a cell surface; (2) following

internalization by receptor-mediated endocytosis, reovirus particles enter into the cell; (3)

removal of the outer capsid in the endocytic compartment, the particles undergo specific

acid-dependent proteolytic cleavages and become ISVPs. The ISVPs generated by

Extracellular proteolyszs in intestinal conditions may directly cross the cellular

membrane into the cytosol; (4) once in the cytosol of the cell, the ISVPs are likely further

processed to become the core particles; (5) the transcriptional machinery in the cores

begin Primary transcription and synthesize some capped viral mRNAs; (6) cellular

ribosomes translate viral proteizs according to the viral mRNA templates and the viral

proteins are added to viral cores; (7) the viral cores produce 10 capped primary mRNA;

(8) cell ribosomes syntheze viral proteins according to the 10 capped primary mRNA as

the templates; (9) the prNS, oNS and o2 as well as some cellular proteins construct into

viral factori es (viral inclusions); (10) the viral mRNA (+RNA) and primary translated

viral proteins form new replicase complexes; (11) viral RdRps synthesize minus-strand

RNA fromthe viral mRNAs as templates in these complexes, resulting in nascent

genomic dsRNA; (12) the secondary transcription occurs in the newly synthesized viral

cores; the majority of the viral mRNA (non-capped) transcripts are synthesized; (13)

more viral proteins synthesized; (14) the outer-capsid proteins are added to progeny

particle (virus assembly), and silence transcription and complete virion morphogenesis;

(15) Mature virions are released from infected cells via cell lysis (Coombs, 2002).
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polar residues (Ser291, Thr292, and Ser293) located within an insertion between the

second and third B-spiral repeats of the crystallized portion of the ol tail interacting with

water molecules of the solvent. This is responsible for an oscillating movement of the

head of 50o per 5 ns; this flexibility may facilitate viral attachment and also function in

cell entry and disassembly (Cavalli et a1.,2004). But, it will still be important to

determine whether attachment to these potential receptors, alone or in combination, leads

to virus uptake and a productive infection. It is unknown now whether interactions of cell

surface proteins with other reovirus proteins occur and how they ínteract. Differences in

the attachment process for virions and ISVPs also remain to be determined.

When reovirus particles attach to a cellular receptor, the viral capsid undergoes a

conformational change. The cell-bound virions are more resistant to pepsin digestion than

unbound virions (Fernandes et al., 1994). The altered virion conformation may be

necessary for viral entry and subsequent uncoating. Uptake of reovirus particles into

clathrin-coated pits or vesicles at the cell surface occurs via receptor-mediated

endocytosis (Borsa et al., 1979;1981; Burstin et al., 1982; Sturzenbecker et al., 1987).

Acidic proteases degrade outer capsid o-3 protein and convert plC protein to its stable.

cleavage product to generate ISVP-like particles (Borsa et al., 1981; Chang and Zweerink,

1971 ; Nibert and Fields, 1992; Stuzenbecker et al., 1987). It remains to be determined

whether penetration through the plasma membrane by extracellular generated ISVPs

occurs routinely.

1.3.3.2. Transcription and replication. After entering the cytoplasm, virions or ISVPs

are digested into cores. Core particles in the cytosol are transcriptionally active and

contain all activities necessary to produce capped methylated mRNAs (Furuichi et al.,

1976). Transcriptase activation in cores must primarily involve a relief in a block to

elongation. A conformational change in À2 protein (Dryden et al., 1993) may be

important for transcriptase activation. However, even in cores, elongation of initiator

oligonucleotides into full-length transcripts only occurs at a low frequency, which

suggests the onset of elongation is the rate-limiting step in reovirus transcription (Kapuler,

1970; Yamakawa et al., 1981; 1982;Zarbl et al., 1980a). The À3 core protein combined

with ¡r2 core protein are the RNA-dependent-RNA-polymerase (Drayna and Fields,

1982a; Koonim et al., i989; Morozov, 1989; Starnes and Joklik, 1993) and outative
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putative polymerase cofactor (Wiener et al., 1989; Yin et al., 1996) respectively and are

responsible for transcription and subsequent replication.

There are two phases of transcription in reovirus replication. Primary transcrtption is

mediated by infecting core-like particles and results in the synthesis of 5'-capped,

methylated, non-polyadenylated transcripts from each of the ten genomic segments which

serve both as mRNA for translation and as templates for minus-strand synthesis. Primary

transcripts are detected two hours post infection (pi) (Zweerink and Joklik, 1970). The

nascent mRNAs are translated by host cellular ribosomes to generate viral proteins,

which associate with primary transcripts (mRNAs) to form replicase complexes. At this

moment, each complex packages only one copy of each gene segment into a particle

devoid of an outer capsid and the inner core protein 1,2 through a poorly understood

process (Morgan and Zweerink, 1975; Zweennk et a1., !976). Assortment likely involves

signals that distinguish between viral and cellular RNA as well as signals that identify

each of the 10 segments as unique. The plus strand of each genomic segment contains a 5'

cap identical to the cap on mRNAs made by primary transcription (Furuichi et al., 1975),

thus the cap might serve as the bonding sites for RdRps and a packaging signal. Once.

mRNA transcripts and viral translated proteins are packaged to form new viral core-like

structure, the viral genome replication can be carried out; each plus-strand serves as

template for synthesis of the minus-strand, and regenerates genomic dsRNA (Acs et at.,

1971; Sakuma and watanabe, l97l;1972; schonberg et al., l97l; zweerink, rg74).

Minus-strand synthesis is initiated at the extreme 3' end of each template, possibly

mediated through specific polymerase recognition sequences common to all genes. The

viral replic ase catalyzes a single round of minus-strand synthesis as the minus-strand

remains within the nascent subviral progeny.

Secondary transcription follows regeneration of dsRNA genomic material and is

mediated by newly assembled subviral particles. These particles may contain a latent

capping enzpe, and produce uncapped viral mRNAs (Skup and Millward, 1980; Zarbl

et al., 1980b). These uncapped mRNA may be translated preferentially late in infection.

Secondary transcription is the source of 95o/o of all transcripts formed throughout

infection (Ito and Joklik, 1972) and also serve as template for translation into proteins. It

is possible that the synthesis of viral proteins is sequentially controlled because large
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amounts of viral outer capsid proteins o'3 and p1 are translated when viral replicating

complexes reach a high level during later periods of reovirus life cycle.

1.3.3.3. Assembly and release. The next particle observed along the assembly pathway

lacks non-structural proteins and includes both inner and outer capsid proteins. These

replicase particles contain RdRp activity and appear to be engaged in minus-strand

synthesis (Morgan andZweennk, 1975). Additional copies of outer capsid proteins may

be added to form complete virions (Morgan and.Zweennk, T975; Zweerink et a1.,1976).

Many reovirus structural proteins exhibit some degree of self-assembly in the absence of
viral RNA or other viral proteins in this step. For example, the major inner core proteins,

Àl and o2, form particles morphologically similar to spike-less core-like particles when

co-expressed in cell culture (Xu et al.,1993). When tu} andlv3 are also expressed, they

form 'spikes' in these core-like particles as expected (Xu et a1.,1993). The exact order

these proteins come together to form nascent infectious particles still remains to be

determined. A system for recoating reovirus core particles (rcCores) with recombinant

outer capsid proteins has provided some evidence that preformed complexes of p1 and

o3 are required for assembly into particles and do not require participation of o1

(Chandran et al., 1999; Farsetta et al., 2000). Virion release is after the host cell death and

the associated breakdown of the plasma membrane.

Reovirus /s mutants are also very useful materials for reovirus life cycle research. For

example, Group B ls mutants synthesize a normal amount of the À2 protein, however,

they are unable to condense outer capsid proteins onto the core particles to assemble

complete particles (Morgan andZweerink,lgT4). Group C /s mutants (tsC447; 52 gene

mutation) can produce empty outer capsid structures at nonpermissive temperature

(Fields et al.,l97I; Coombs et a1.,1994). Group G /s mutants form core-like particles,

indicating interactions between o"3 and ¡r1 are required for condensation of the outer

capsid proteins ontcj nascent cores (Shing and Coombs, 1996). Mutant /sH1 1.2 produces

ssRNA and normal levels of proteins at early time points, it is defective for dsRNA and

viral proteins at later time points (Coombs, 1996). These /s mutants, having different

characteristics in synthesis of their genome or proteins, show advantages for

understanding the functions of reovirus genes/proteins on replication.

1.3,3.4. Reovirus inclusions
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In the process of reovirus replication, especially late in infection, the majority of the

cytoplasm of infected cells consists of specific structures (viral inclusions) filled with

progeny virions (Fields et al., l97I). Reovirus inclusions have been studied by using a

variety of microscopic techniques and first appear by phase-contrast microscopy as dense

granules scattered throughout the cytoplasm. As infection progresses, these granules

coalesce and localize about the nucleus, eventually forming pernuclear inclusions (Fields

et a1.,I977). The viral inclusion contains several types of filaments (Sharpe et al., 1982),

dsRNA (Silverstein et al., 1970), viral proteins (Fields et al.,I97I), and complete and

incomplete viral particles (Fields ef al.,l97l). The "kinky" fîlaments are proposed to be

intermediate filaments but not membrane-bound structures or ribosomes. The inclusions

have a peculiarly dense consistency that distinguishes them from the adjacent cytoplasm

and causes them to appear highly refractile by phase-contrast microscopy. Mammalian

reovirus strains exhibit differences in viral inclusion morphology (Mbisa et al., 2000;

Broering et a1.,2002; Parker et a1.,2002). Strain Tl L forms filamentous inclusions,

whereas strain T3D forms punctate or globular inclusions. This difference in inclusion

morphology segregates with the M1 gene (encoding viral structural protein ¡r2) (Parker et

a1.,2002). The TlL ¡r2 protein associates with microtubules, but T3D ¡r2 does not have

the function (Broering et a1.,2002; Parker et a1.,2002).

Ãn1rczak and Joklik (1992) used monoclonal antibodies directed against reovirus

proteins to detect reovirus genome segment assortmant. Three reovirus proteins

(nonstructural proteins o'NS and pNS and structural protein o'3) were the earliest

detectable viral protein-RNA complexes in early steps of viral genome replication in the

infected cells. lmmunofluorescence staining indicates that the inclusion structures contain

both structural and non-structural proteins, the exact compositions of which change with

time (Becker et al., 2001). Large cytoplasmic complexes of viral proteins can also be

formed with some temperature-sensitive (rs) mutant viruses in the infected cells at non-

permissive temperature (Mbisa et al., 2000; Becker et a1.,2001). However, the inclusions

of ts mutants are not functional and do not yield viable progeny because of alterations in

the activity of the mutant viral proteins.

A single reovirus protein, ¡rNS, is sufficient for forming phase-dense globular

inclusions in the cytoplasm of transfected cells (Broering et a1.,2002; Becker et al.,
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2003). The inclusions formed by pNS in experiments are notably similar in appearance to

globular reovirus factories formed in infected cells, as visualized by either phase-contrast

or immunofluorescence (IF) microscopy (Broering et a1.,2002; Parker et al., 2002;

Becker et a1.,2003), suggesting that ¡rNS forms the matrix of the factories (Broering et al.,

2002). Moreover, pNS can associate with several other reovirus proteins and recruit them

to these inclusions in transfected cells. To date, the viral proteins that have been reported

to be recruited to inclusions formed by reovirus pNS are microtubule-binding core

protein ¡-r2 (Broering et al., 2002,); nonstructural and ssRNA-binding protein o'NS

(Becker et a1.,2003; Miller et a1.,2003); and the core surface proteins ?'7,X2, and o'2

(Broering eta1.,2004). However, the ssRNA-binding activity of oNS is more firmly

established (Gillian and Nibert, 1998; Gillian et a1.,2000; Gomatos et al., 1981;

Richardson and Furuichi, 1985) and may play the more important role in ssRNA

recruitment to or retention within the inclusions (Becker et a1.,2003, Broering et al.,

2004). The studies on the prNS homolog from avian orthoreoviruses have reached

conclusions similar to these regarding the roles of MRV pNS in forming the factory

matrix and recruiting other viral proteins to the factories (Tuoris-Otero et a1.,2004a:

2004b). Recent research proved that carboxyl-terminal one{hird of the 72 1 -residue pNS

protein is necessary and sufficient for forming viral inclusion (Broering et al., 2005); and

deletion of as few as eight residues from the carboxyl terminus of ¡rNS resulted in loss of

inclusion formation. The region ftom 47I to 721 of pNS includes both of two predicted

coiled-coil segments in ¡rNS and these specific structures seem important for the function

of pNS protein. Deletions of one amino acid in these regions would result in the loss of

the function of the protein and mutation of either a His residue (His570) or a Cys residue

(Cys572) within these sequences disrupted the phenotype. The His and Cys residues are

part of a small consensus motif that is conserved in ¡rNS homologs from avian

orthoreoviruses and aquareoviruses, which suggests this motif of the protein may have a

common function in these viruses. Therefore, research on the function and formation of

the specific structure is still required in order to understand virus replication.

1.4. Cellular response
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Reoviruses infect host cells and use the cell condition and material to replicate their

progeny. Host cells have evolved strategies and methods to fight against viral invasion.

There are many cellular pathways developed that perform differently according to the

different cellular, environmental, and stress situations. Sometimes, the pathways may be

combined to defend against viral invasion. Some of the pathways will be discussed as

follows.

1.4.1. Interferon

lnterferon (IFN) is an inducible cytokine, and reovirus infection of animal cells can

lead to the induction of IFN. IFN was discovered as an antiviral agent during studies on

virus interference (Isaacs and Lindenmann,1957; Nagano and Kojima, 1958). There are

several types of INF discovered and most types of virally infected cells are capable of
synthesizing IFN-cr/B in cell culture.

Reoviruses can induce infected cells to express interferon (Lai and Joklik, 1973;

Henderson and Joklik, 1978; sharpe and Fields, 1982; sherry et al., 1998). The IFN

inducing capacity of reovirus is dependent both upon the particular reovirus strain and the

kind of cell or host animal infected. Reovirus T3D is a better IFN inducer than TiL in

mouse fibroblasts (Sharpe and Fields, 1983). V/ith ¡s mutants, IFN induction correlates

with yields of infectious virus but not with amounts of viral dsRNA, ssRNA, or protein

made in infected cells (Lai and Joklik, 1973). tfV-treated reoviruses induce IFN more

rapidly than occurs during productive infection. It is possible that lIV-treatment

destabilizes the viral core so that genomic dsRNA from input particles escapes into the

cytoplasm (Henderson and Joklik, 1978). By using myocarditic and non-myocarditic

reovirus strains, the levels of viral mRNA may determine the yields of IFN induction and

the Ml, 52, and L2 genome segments encoding core protein ¡tz, o2, andlu2 are

responsible for the INF induction (Sherry et al., 1998).

IFNs may inhibit reovirus replication by a variety of mechanisms. Commonly, PKR

pathway is the major function. IFN-induced expression of elF-2a kinase, PKR can inhibit

viral protein synthesis in some reovirus-infected cells (Gupta eT a1.,1982; Nilsen et al.,

1982; samual et al., 1984). Cells treated with IFN a/B induce Rnase L (2',5'-oligo(A)-

dependent endoribonuclease) that cleaves reovirus mRNA and performs antiviral

function (Bagliomi et a1.,1984; Miyamoto et a1., 1980: 1983; Nilsen et aI.,lgsz).
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Reovirus has also evolved some mechanisms to escape the IFN anti-viral function, such

as the o'3 protein can influence induction of IFN by binding viral dsRNA to compete with

PKR for dsRNA activator (Imani and Jacobs, 1988; Schiff et al., 19gg; Jacobs and

Langland, 1998). There are also some reports about antiviral function of IFN on reovirus

with different results. FN-B response does not determine reovirus replication in skeletal

muscle cells (Sherry et al., 1998). However, in cardiac fibroblasts and cardiac myocytes,

IFN-P can inhibit reovirus replication, and in the absence of reovirus-induced IFN-p,

reovirus replicates to higher titers in cardiac fibroblasts than in cardiac myocytes (Stewart

et al., 2005). The other experìments (Smith et a1.,2005) made by replication of reoviruses

in cells lacking PKR and Rnase L indicate that reoviruses contribute to host shutoff;

neither PKR nor RNase L exert an antiviral effect on reovirus growth; and some reovirus

strains also replicate more efficiently in the presence of PKR and Rnase L than in their

absence. There may still be some other pathways for the reaction between reovirus

infection and IFN response worth determining.

1.4.2. Reovirus oncolysis

Reovirus oncolytic potential was originally shown back in 1970s, when Hashiro et al.,

(1977) found reoviruses replicated very well in transformed cells and "normal" non-

transformed cells were resistant to virus infection. Later, Duncan et al ,(1,978) reported

that W1-38 cells not normally favorable to reovirus could be rendered infectable by

transformation with the SV-40 large T-antigen. But the mechanism behind this selectivity

was not elucidated. First proof -of principle studies for reovirus oncolytic therapy were

carried out in human cancer cell lines and a murine tumor model in Dr. Patrick Lee's

laboratory (Coffey et al., 1998). They found that reoviruses grew and killed over 80% of
the transformed cell lines from different tumor types. The subsequent animal experiments

in vivo also confirmed that - 80% of human glioma xenografts in severe

immunodeficient (SCID) mice regressed after one intratumoral injection of living

reovirus. They primarily proved that the reovirus killed tumor cells, but not killed

nonproliferating normal cells; and the killing mechanism lies in reovirus usurping the

specific signaling pathways (Ras) in tumor cells. Normal mouse fibroblasts (NIH 3T3

cells), resistant to reovirus infection, become susceptible to viral infection following

transformation with activated Ras (Strong et al., i998). Further research indicated that
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reovirus replication in Ras-transformed cells depended primary on Ral/GEF signaling.

However, the two most well known signaling pathways downstream of Ras, the Raf and

the Pl3-kinase pathways, did not seem to be involved in this process. The cells with
activated Ras and specific inhibition of the Ral or p38 pathways but not JNK pathway are

resistant to reovirus infection (Norman et a1.,2004).

To date several reovirus therapy for different cancers have shown satisfactory results.

All studies demonstrate effective in vitro cell killing and/or cytopathic effects by reovirus

in the majority of tumor cell lines tested, including colon, ovarian and breast cancer

(Hirasawa et a1.,2002; Norman et a1.,2002). The mouse tumor models using tumor cell

line implants in vivo have also been used to test the ability of reovirus oncolysis in vivo

(Hirasawa et a1.,2002). V/ilcox et al demonstrated reovirus induced killing in 83% of
malignant gloma cell lines studied and reovirus treatment of orthotopic, intracerebral

tumors in nude mice led to significant increases in survival (Wilcox et al., 2001). These

treatments also were effective against gliomas in competent immune mice (Yang et al.,

2004). Correspondingly, pancreatic cancers are also sensitive to reovirus therapy in pre-

clinical testing (Etoh et al., 2003) and also to lymphoid malignant diseases (Alain et al.,

2002). Reoviruses are relatively non-toxic to humans and appear to be an ideal cancer

killing agent as a novel potential cancer therapeutic, it is valuable to know whether the

process of reovirus oncolysis is accompanied by cell apoptosis or necrosis.

1.4.3. Reovirus induced apoptosis

One of the most useful characterizations of reoviruses is the ability of the virus to

induce cell apoptotic reaction in wide variety of cultured cells in vitro and in target

tissues in vivo, including the heart and CNS (Clarke and Tyler, 2003). Reovirus infection

has proven to be an excellent useful experimental model for studies of relation of viral

infection and viral pathogenesis with apoptosis (Clarke et al., 2005).

Reovirus induced apoptosis requires participation of many cellular agents through

several pathways. Reovirus infection transiently activates NF-rc8 (Nuclear factor rB) in

variety of cells (L929, MDCK, and Hela cells). Inhibition of NK-rcB can inhibit reovirus-

induced apoptosis (Connolly et al., 2000). Reovirus infection can sensitize cells to

TRAll-mediated apoptosis by mechanism that results in an increase of activation of
caspase 8 and 3 and is blocked by the caspase 8 inhibitor IETD-FMK (Clarke et a1.,2000,;
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2001a). Mitochondrial signaling systems play important roles in the reovirus-induced

apoptotic pathways. Rodgers et al., (1997) observed that reovirus induced apoptosis was

inhibited in MDCK cells that overexpressed Bcl-2. The cellular proteins in mitochondria

such as Smac and cytochrome c are released from the mitochondria after reovirus

infection (Kominsky et aL.,2000b; 2002a). These mitochondria agents can activate

caspase 9 and caspase 7, or caspase 3 to induce cell apoptosis. Reovirus infection results

in a viral strain-specif,rc pattem activation of the c-Jun N-terminal kinase (JNK) and the

INK-associated transcription factor c-Jun (Clarke et al., 2001b), and INK and c-Jun may

play important roles in reovirus induced apoptosis by mitochondrial pathways (Clarke et

a1.,2004). Global analyses of oligonucleotide microarrays were performed to detect the

activation of cellular gene expression by reovirus infection (Debiasi et a1.,2003; Poggioli

et a1.,2002). The expression of at least 24 celluler genes are related to apoptosis in cells

infected with the apoptosis-inducing reovirus strain T3A (Table.1.7).

Reoviruses inducing cell apoptotic change differ in genetics of strain-specific

charactenzation. T3 prototype strains Abney (T3A) and Dearing (T3D) can induce

apoptosis more efñciently than the serotype 1 strain Lang (T1L) in cell culture (Tyler et

al., 1995). By using reassortant viruses containing genes derived from T3D strain

(apoptotic) and T1L strain (minimally apoptotic) to analyzes the function of the viral

genes, reovirus S1 gene, that encodes the o'1 protein is responsible for virus to attach to

cell receptor and activates cell receptors, is mainly responsible for virus gene inducing

apoptosis inL929 (Tyler et al., 1995), MDCK (Rodgers et al.,1997) and Hela cells

(Connolly et a1.,200I). The M2 gene, that encodes reoviral major outer capsid protein pl,
is also a determinant of apoptosis in L929 and MDCK cells. Apoptosis can be inhibited

by using monoclonal antibodies (MAbs) directed against either the p1, o'1 or o3 protein.

Anti-¡rl and anti-o3 MAbs, which do not inhibit viral attachment but do prevent virion

uncoating, can inhibit apoptosis (Connolly et al., 2001; Rodgers et al., 1997; Tyler et al.,

1995;1996; Virgin et al., 1994).

Reovirus-induced apoptosis occurs in two processes: virus receptor engagement and

onset of transcriptional activation. The experiments proved that UV-inactivated T3D

viruses could induce apoptosis and inhibition of viral binding could also inhibit apoptosis

(Tyler et al., 1995). Treatment with ammonium chloride (endosomal acidification
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Table 1.7. Reovirus-induced alteration

with known apoptotic involvement

in expression of genes encoding proteins

Gene GenBank
accession

Change
in expression (n=fold)
T3A TlL

Mitochondrial signaling
Pin-2 proto-oncogene homolog
Mcl-l
BAC 15El-cytochrome c-oxidase polypeptide
Par-4
HSP-70 (heat shock protein 70 testis variant)
BNIP-t (Bcl-2 interacting protein)
SMN/Btfp44n{AIP (survival motor neuron/

Neuronal apoptosis inhibitor protein)
DRAK-2
SIP-1
DIP5

Death receptor signaling
Bcl-10
PML-2
Ceramide plucosyltransferase
Sp 100

ER stress-induced signaling
oRP150
GADD34
GADD45

Proteases
Calpain
Beta-  adducin
Caspase 7

Caspase 3

Undefined
F rizzled related p rotein
TCBP (T cluster binding protein)
Cug-BPÆrAbsO (RNA binding protein)

u7773s
L08246

AL021546
u763809
D85730
ul5t72
u80017

AB0l142l
AF027150

D833699

AJ006288
}'479463
D50840
M60618

u65785
u83981
M60914

x04366
u43959
u67319
u13731

AF056087
D740ls
u63289

-2.2 +l- 0.1
2.0 +l- 0.0
2.1 +/- 0.0
2.1 +l- 0.0
2.1 +/- 0.1

2.3 +l- 0.1

2.5 +/- 0.1

2.8 +/- 0.2
3.0 +l- 0.2
5.5 +/- l.l

5.6 +/-1.1
3.4 +/- 0.3
4.0 +/- 1.2

6.1 +/- 0.5

-2.4 +l- 0.2

3.7 +l- 0.2
4.9 +l- 0.1

-2.6 +/- 0.1
-2.1 +/- 0.1

2.6 +/- 0.2
3.2 +l- 0.2

-25 +l- 0.1

3.3 +t_ 0.2
6.6 +/- Ll

2.2 +l- 0.0

2.9 +l- 0.2
4.4 +l- 0.1

2.8 +l- 0.1

-3.3 +/- 0.5

GenBank accession number colTesponds

microarray U95A probe set was designed.

means.

Copied from (Clarke et al., 2005)

to the sequence from which the Affymetrix

Dataaremeans +/- standard errors of the
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inhibitor) or the protease inhibitor F,64 can inhibit reovirus induced apoptosis; and ISVPs

retained the capacity to induce apoptosis; which identified that the reovirus-induced

apoptosis was also triggered by intracellular process during reovirus replication cycle

(Connolly et aL.,2002). Treatment of Hela cells with ribavirin, a guanosine nucleoside

analog inhibiting the reovirus dsRNA-dependent RNA polymerase, blocked the synthesis

of viral single-stranded (ss) and dsRNA (ds), but did not inhibit apoptosis (Connolly et al.,

2002). Different temperature sensitive (rs) mutants of T3D such as tsC447 (core

assembly), tsB352, ¡sG453 (outer capsid assembly), tsD357 and rsE320 (dsRNA

synthesis), and empty virus component (no dsRNA genome) had the capacity to induce

apoptosis in both L929 and Hela cells at non-permissive temperature (Connolly et al.,

2002). These experiments showed that reovirus induced apoptosis occurred at the early

stage of virus replication prior to viral transcription and not related to virus replication.

Reovirus-induced apoptosis is not limited to the virus-infected cells in vitro, but

reovirus also triggers apoptotic reaction in experimental models of reovirus-induced

encephalitis and myocarditis. Reovirus-induced apoptosis in vivo is the major mechanism

of reovirus-induced tissue injury of the central nervous system (Obenhaus et al., 1998;

Richardon-Burns et al., 2002;2004;2005) and heart (Sherry, 1998). Reovirus strain T3D

infection induced apoptosis in the brains of newborn mice and the cell DNA

fragmentation was charactenzed by oligonucleosomal length ladders of apoptosis,

positive staining for TUNEL and activated caspase 3; accompanied by high yields of

virus and histopathologically detected areas of viral injury (Obenhaus et al., 1998;

Richardon-Burns et al., 2002;2004). Double staining of tissue sections for both viral

antigen and apoptosis showed that apoptosis occurred both in productively infected cells

(direct apoptosis) and in uninfected cells near the infected cells (bystander apoptosis)

(Obenhaus et a1.,1997; 1998). The antibiotic minocycline, known to be neuroprotective

in several models òf neurodegenerative disease, was used to treat the T3D-injected (IC)

mice; the treated groups survived longer, accompanied by reduction and delay in onset of

the extent of CNS viral injury in thalamus, hippocampus, and cingulated gyrus as well as

decrease in the number of apoptotic neurons in these brain regions (Richardson-Burns et

al., 2005). A reovirus reassortant strain isolated in vivo from reovirus strains TlL and

T3D (called 8B) was injected into neonatal mice (IM) and efficiently caused extensive
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cardiac tissue injury even at low doses (Sheny, 1998). The myocardial injury induced by

8B was the result of apoptosis. The injured areas showed extensive TUNEl-positive

nuclei and activated caspase 3 staining. A variety of apoptosis inhibitors such as caspase

inhibitors have been shown to reduce reovirus-induced apoptosis in vitro (DeBiasi et al.,

2001;2004). Further experiment of transgenic caspase 3-deficient mice infected with

reovirus variant 8B showed reduced cardiac lesion (58% reduction in lesion area

comparing to the wild mice infected), less apoptosis and more long-term survivors

(DeBiasi eta1..2004).

The reovirus-induced apoptosis seems to be very complex process. There are still many

puzzles in the process; such as how many cellular pathways join in and which pathway

plays the most important roles in apoptosis. The regulation and interaction of cellular

pathways of the reovirus-induced apoptosis is much less understood, and also why some

apoptosis signaling events are cell type specific.

1.5. The tumor suppressor p53:

P53, also known as tumor suppressor protein, is a transcription factor that regulates the

cell cycle and hence functions as a tumor suppressor. It is very important for cells in

multi-cellular organisms to suppress cancer and maintain the cell stability. Normally,ps3

does not express (Ko and Prive,1996), and the level and activity of p53 is very low and

cannot be detected in the normal cell without any stress. However, after stresses, such as

LfV radiation, oncogenes, DNA damaging drugs and some virus infections, p53 is

induced and becomes able to bind to specific target gene DNA sequences, then functions

as a multi-way regulator through a series of post-translational modifications. The p53

recognition sequence is very loose and has been found on several hundred genes that

differentially respond (induced or repressed) depending on the cell type, the nature and

extent of stress and the extent of DNA damage. At low cellular levels, p53 modulates

only a subset of the genes regulated at higher levels. The kinetics of target gene

modulation may also vary (Vousden and Lu,2002).

P53 belongs to a small family of related proteins that includes two other members-p63

and p73 (Melino et al., 2002). Although structurally and functionally related, p63 and p73

have clear roles in normal development (Blandino and Dobbelstein, 2004); p53 seems to
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have evolved in higher organisms to maintain cell stability to prevent tumor development

(Vousden and Lu, 2002). Human p53 is 383 amino acids long and has three domains: (l)

an N-terminal transcription-activation domain (TAD), which activates transcription

factors; (2) A central DNA-binding core domain (DBD) contains two copies of the 10-

mer (5'-RRRCA/TT/AGYYY-3'), as well as zinc molecules and Arginine amino acid

residues (Thomas et al., 1999); and (3) a C-terminal homo-oligomerisation domain (OD).

Tetramerization greatly increases the activity of p53 in vivo (Weinberg et a1.,2004).

Mutations that deactivate p53 in cancer usually occur in the DBD. Most of these

mutations destroy the ability of the protein to bind to its target DNA sequences, and thus

prevents transcriptional activation of these genes (Laptenko and Prives, 2006).

Posttranslational modification of p53 is a major mechanism regulating protein function.

It may be phosphorylated and dephosphorylated, cis/trans isomerized, acetylated and

deacetylated, ubiquitinated and de-ubiquitinated, methylated and demethylated,

sumoylated, neddylated, glycosylated or ADP-ribosylated at different sites. These

biochemical modifications can determine or reflect p53 biological importance. Multisite

modifications of p53 molecule are also possible. P53 exhibits cell and tissue specificity

and depends on the cell cycle. It is govemed by is a very complex regulatory program

that fluctuates in response to cellular signaling triggered by DNA damage, proliferation

and senescence, and thus appears as a dynamic 'molecular barcodes' (Yang, 2005).

P53 plays multiple roles in cells. Expression of high levels of wild-type (but not

mutant) p53 has two major outcomes: cell cycle arrest and apoptosis, as well as the other

functions such as joining damaged DNA repair, angiogenesis and senescence.

Modulation of cell cycle-related genes by activated p53 may mediate arrest of cells at one

of two major cell-cycle checkpoints, in G1 near the border of S-phase (key role played by

p21) (Ko and Prives, 1996) or in G2 before mitosis (important roles for GADD45a and

14-3-3s) (Yu et aL:,1999). The transcriptional program responsible for p53-mediated

apoptosis is much less clearly defined, but p53 may modulate the expression of genes

associated with either the extrinsic or the intrinsic apoptotic pathways. The extrinsic

pathway (such as TNFRSFI0A, TNFRSFI0B, FAS, PERP, LRDD) involves engagement

of particular'death' receptors (Miled et al., 2005; Vousden and Lu, 2002). The intrinsic

pathway is triggered in response to DNA damage and is associated with mitochondrial
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depolarization and release of cytochrome c from the mitochondrial inter-membrane space

into the cytoplasm (Miled et al., 2005; Vousden and Lu, 2002). Some genes associated

with this pathway are APAFI, BAKI, BCLZ (repressed), FDXR, PMAIPI, and BBC3.

Both pathways lead to a cascade of activation of caspases, ultimately causing apoptosis

(Miled et al., 2005; Vousden and Lu, 2002). p53 also appears to be able to act directly at

the mitochondria. It can interact with BCL2 family members, such as anti-apoptotic

BCLZ and BCL-XL, or pro-apoptotic BAK, BAX, thereby resulting in mitochondrial

outer membrane perrneabilization and apoptosis (Schuler and Green, 2005).

The central core region of p53 is of key importance in regulating apoptotic function,

either transcription-dependent or -independent, as supported by the number of mutations

affecting this region in apoptosis-deficient p53 cells. In addition to inducing genes that

drive apoptosis, p53 can also activate the expression of genes that inhibit survival

signalling (such as PTEN) or inhibit inhibitors of apoptosis (such as BIRC5) (Nakamura,

2004; Vousden and Lu, 2002; Yu and Zhang,2005). Besides the central core, the proline-

rich domain has been specihcally associated with the apoptotic activity of p53 (Walker

and Levine, 1996).

p53 mutations are the most frequent genetic events in human cancer. They have been

found in most types of tumors, with frequencies ranging from 5Yo (cervix) to 50o/o (lung).

Between 20 and35Yo of breast tumors have been shown to express a mutant p53.

However, most of the information on p53 mutations is derived from sequence analysis

that included only exons 5-8 (residues 126-306) within the p53 sequence, and

examination of the whole p53 coding sequence is beginning to reveal an increasing

number of mutations in the N- and C-termini of the protein (Vousden and Lu, 2002).

Nevertheless, the majority of p53 mutations appear to be localizedin the DNA-binding

domain, which is the central part of p53. Notably, this domain is the binding site for

ASPPl and ASPP2, important cofactors in the trans- activity of p53 in relation to

apoptotic genes. Most of the hot-spot p53 mutations render the protein unable to interact

with ASPP1 (Vousden and Lu, 2002).

The great majority of 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 a1.,2004). However, it must be noted that not all p53 mutations
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are inactivating. For instance, some mutant p53s display only partial loss of their DNA

binding activity, allowing the mutant to bind only to a subset of p53 response elements

(Friedlander et al., 1996; Rowan et aL.,1996).

1.6. Hypothesis and objectives of study.

During the process of reovirus inducing cell response (apoptosis or cell arrest), it has

been shown that some cellular pathways such as NF-rcB pathway (Connolly, et al. 2000),

deatlr receptor signaling system (clarke et al., 2000; Kominsky et al., 2002),

mitochondrial signaling pathway (Rodgers et a1.,1997; Verhagen et al., 2000) and JNK

and the transcription factor c-Jun activation (Clarke et a1.,2001) play important roles in

the processes of reovirus inducing apoptosis of some cell lines. Reoviruses induce

oncolysis in a wide variety of cancer cells and tumors by the presence of an activated Ras

signaling pathway of Ras/RalGEF/p38 activation (Norman et al., 2004). However, there

are still many puzzles existing in reovirus-induced cell responses that need to be

monitored. For example, these cellular signaling pathways are known to play a role in

reovirus infection, but the regulation of these pathways, and the way in which these

pathways interact, are less understood. The p53 protein and p53 related proteins are key

cellular regulators that mediate several functions such as cell cycle arrest, apoptosis,

DNA repair or senescence (Braon and Pagano, 1997). The underlying hypothesis of this

study is p53 or p53 related proteins would participate in reovirus induced cell

responses and play some important roles in reovirus infection.

The goals of this Ph.D study were to:

(1) Evaluate the response of cellular p53 and p53 related proteins in reovirus-induced

apoptosis:

The tumor suppressor p53 regulates cellular responses to stress by serving in the

nucleus to regulate transcription of genes involved in processes including cell cycle

arrest, DNA repair, and apoptosis (Baptiste and Prive, 2003). The p53 pathway activated

with some virus infection results in cell arrest or apoptosis. The hypothesis is that

reovirus infection can activate p53 protein or p53 related proteins, and that reovirus

cannot grow in p53-null cells. To test the hypothesis, the objectives of this research work

include:
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(1) determine if reovirus induces apoptosis or other cell responses under normal

infections;

(2) detect the reaction of p53 protein and p53 related protein in reovirus induced

apoptosis;

(3) monitor the relation of the detected p53 or p53 related protein with other cellular

pathways in reovirus-induded apoptosis.

During the course of this major study, as a result of some data obtained, I also examined:

(2) Test the hypothesis that siRNA interfere with reovirus replication specifically:

How would the infected cells respond on the first part of reovirus life cycle such as

virus entering cells and uncoating if the replication of reovirus in cells is inhibited? RNA

interference (siRNA) is a powerful tool used for analysis of gene function. There are

several reports that siRNA can specifically inhibit the replication of some human viruses

including HIV-1, hepatitis B virus, influenza virus and rotavirus. The hypothesis is that

siRNA can also interfere with mammalian reovirus replication. To test the hypothesis,

the objectives of this research include:

(1) inhibit the reovirus replication by synthesizing some sets of reoviru siRNA;

(2) examine the function of full-length viral dsRNA on reovirus replication by using

complete reovirus dsRNA genomes.

(3) Test the hypothesis that transfection can improve reovirus core infection:

The reovirus core is transcriptionally active, but, by itself, poorly infectious,

presumably because the core lacks entry signals present in outer capsid proteins o1 and

¡rl (Dryden et al., 1993; Coombs, 2002). Transfection of DNA into cells using different

methods has been widely used in molecular biologic research with great success

(Sambrook, et al. 1996). There are a few reports that viruses such as poliovirus (Wilson et

al., 1977) and HIV (Hodgson, et al. 1996) can be transfected into cells with liposomes to

reproduce new daughter virions. Therefore, I hypothes ize thattransfection can

enhance reovirus core replication. To investigate this hypothesis, the objectives of this

research include:

(1) monitor the ability of reovirus core replication;

(2) determine if lipofectamine reagent transfection can improve reovirus core

replication.
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(3) compare the efficiency of different transfection methods on reovirus core

replication.

(4) Determine that reovirus Tz\ry is a new type 2 reovirus by sequencing viral S

genome segments.

ln tissue culture, the type 2 reoviruses grow much slower than type 1 and type 3, and

are not widely used to infect cell for testing the cell responses. A potentially new

reovirus strain was isolated from the central nervous system of an 8-week-old female

infant with a history of active varicella, oral thrush, hypoalbuminemia, intermittent

fevers, diarrhea and feeding. This reovirus strain was tentativeiy identified as a member

of the serotype 2 group by virus neutralization and RNA-gel electrophoresis studies and

has been named type 2 Winnipeg (T2W) (Hermann et a|,2004). The reovirus T2W does

not replicate to very high titers either. For this study I hypothesized that T2W is a novel

reovirus type 2 strain and tested this hypothesis by determining the nucleotide

sequences of the T2W Sl, 52, 53 and 54 genome segments to allow molecular

comparison with other reoviruses.
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Chapter 2. MATENALS AND METHODS.

2.1. Stock cell lines and viruses.

2.1.1. Stock cell lines. (l) L929 cells: Spinner-adapted mouse fibroblast L929 cells

(LgZg) were grown in suspension culture at a density of 4.5 - 5.0 x 10s cells/ml in

Joklik's modified minimal essential medium (J-MEM) (Gibco, Grand Island, NY)

supplemented with 2.5o/o fetal calf serum (FCS) (Intergen, Purchase, NY), 2.5%

agammaglubulin-neonate bovine viable serum protein (VSP) (Biocell, Carson, CA) and

2mM L-glutamine. TheL929 cells generally grow to -1x106iml each day and are

passaged every day. (2) Vero cells: Africa green monkey kidney cells (Vero cells) were

grown as monolayer in T75 Coming culture dish with D-MEM (Gibco, Grand Island, NY)

with i0% FCS and 2mlr/r L-glutamine, lmM glucose. (3)H1299 cells: Human lung

carcinoma cells (H1299, a p53-null cell) andHI299 (p53-) cells (transfected with p53

plasmid to express wild -type p53 protein transiently) were cultured with D-MEM

(Gibco, Grand Island, NY) with 10% FCS and 2mM L-glutamine and H1299 (p53*) cells

were also cultured with lpglml of Tetracycline.

2.1.2. Reovirus strains. Reovirus strains TIL,TZJ, and T3D are laboratory stocks.

Virus infections were carried out either in monolayer (grown in the presence of 5o/o COz

at37'C) or suspension (grown at 33.5oC), supplemented with the media described above

plus 100U/ml of penicillin, 1OO¡rg/ml streptomycin sulfate and 1O0pg/ml amphotericin-B

as previously described (Coombs, et al. 1994).

2.2. Virus passaging and plaque assay.

2.2.1. Virus passaging. 2 x 106 L929 cells were added to T25 Coming flasks (Fisher,

Nepean, ON) and incubated overnight or 4 x 106 cells were incubated for I to 2 hours to

allow attachment, the cells were infected with reovirus strains with 0.5m1 of plaque-

purified Ps stock. The virus was allowed to adsorb to the cell monolayer for t hour at

room temperature with regular rocking every l0 - 12 minutes. After adsorption, the

infected cells which were added with 4.5m1 of MEM supplemented with antibiotics

(2.1.2) incubated at37oC. The cells were examined daily for CPE. When 80 - 90% CPE

was observed, flasks were frozen at -80oC. They were frozen and thawed three tímes then
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the Pl cell lysates were collected. The viruses for P2 and P¡ stocks were cultured as above

for Ps-P¡ passage by using different sizes of flasks.

2.2.2. Virus amplification. To purify large amounts of virus particles, batch infections

of > 500m1were set up. For a 1 L batch infection, 6.5 x 108 cells were centrifuged at

700rpm for 10 minutes. The cell pellet was re-suspended to a final concentration of 1 - 2

x lO7cells/ml with culture media and infected with virus from aPz or P¡ stock at a MOI of

3 - 5 PFU/cell. After adsorption for I hour at room temperature with periodic swirling

every 10 minutes, the infected cells were diluted to 6.5 x 10s cells/ml with 75o/o lresh

prepared MEM containing antibiotics (2.1.2) andZí%o pre-adapted media. The

suspension of infected cells was incubated at 33.5oC 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 (2.1.2) at 48 hours. Cells were harvested

when there was 60%o CPE determined by Trypan Blue exclusion using a hemocytometer.

After incubation, cells were centrifuged at 3,500rpm for 20 minutes in a fixed-angle rotor

(JA-10) in a Beckman RC centrifuge (Beckman, Mississauga, ON). Cells were re-

suspended in i2ml homogenization buffer (HO Buffer) (1OmM Tris, pH 7.4,250mM

NaCl, 10mM B-mercaptoethanol) and transferred to a 30ml COREX tube and total

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

frozen at -80'C for later treatment.

2.2.3. Plaque Assay. On day 0, -1.2x 106 Lg2g cells were plated onto Coming Costar

6-well or 0.5 x 106 LgZg cells for 12-well dishes (Fisher, Nepean, ON) and incubated

overnight at 37oC with 5Yo COz to form monolayers.

On day 1, serial 1:10 dilutions of virus stocks were made in gel saline (137mM NaCl,

0.2mM CaCl2,0.8mM MgCl2, 19mM HBO3, 0.lmM NazBqOz, 0.3Yowtlvol gelatin). The

cell monolayers were infected in duplicate with 10ppl/6-well (50pUL2-well of each

dilution) and viruses allowed to attach with cells for I hour with periodic rocking every

10-12 minutes, each well was overlaid with 3ml/6-well (1ml/12-well) of a 50:50 ratio of

2o/o agar and2x Medium 199 (M199) supplemented with 2.5% FCS, 2.5% VSP and a

final concentration of 2mM l-glutamine, 100U/ml of penicillin, 100prg/ml streptomycin

sulfate and 1OOpgiml amphotericin-B. The infections were incubated at37oC and 5o/o

COz (If the cell monolayers were prepared the same day as the virus infection, the
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numbers of cells were doubled to add into the wells and cultured îor 3-4 hours). On day 3,

cells were fed with 2mll6-well (0.8m1/12-well) fresh agar/M799 (prepared as above).

Cells were stained with a 0.04% neutral red solution (neutral red added to a 1:1 ratio of
2x PBS to 2%o agar) on day 6 or day 7 (depending upon the plaque sizes). Viral plaques

were counted 15-18 hours later and titers calculated.

2.2.4. Plaque Purification: To replenish viral stocks, viral plaques were isolated and

picked with a sterile Pasteur pipette. The viral/agar plugs were re-suspended in 0.5m1

MEM supplemented with antibiotics and placed at 4oC for 24 hours to allow viral

diffusion into the media for P6-¡ stock. The stock was used for an additional round of

plaque purification to yield P6-2 stock. The double plaque purified stock (Ps-2) was

amplified twice (Pr, Pz) and harvested by freezelthaw three times (described in2.2.l).To

ensure picked plaques were identical to the initial isolate, growth characteristics and

sequence data were compared with the original isolate.

2.3. Preparation of reovirus cores.

2.3.1. Purification of reovirus particles. Reovirus infected cells in HO buffer (2.2.2)

were kept on ice and sonicated for 10 seconds to disrupt cell membranes and any cell

clumps. Cell membranes were fuither disrupted with the addition of 1/50th the sample

volume of I}Yo desoxycholate (DOC). Samples were vortexed and incubated on ice for

30 minutes.

Virus particles were obtained by organic solvent extraction, by adding Vertrel@ XF

(Vertrel) (1,I,T,2,3,4,4,5,5,5-decafluoropentane) (DuPont Chemicals, V/ilmington, DV/)

at a volume of solvent equal to 215th of the sample volume, and emulsified by sonication

for 30 seconds or more at 35o/o duty cycle with sonicator probe (Vibra Cell, Sonics &

Materials Inc., Danbury, CN). A second aliquot of 2/5th volume of the same solvent was

added and sample ie-emulsified before centrifugation at 9,000rpm for 10 minutes in a

fixed-angle rotor (JA-20) in a Beckman RC centrifuge. The top aqueous layer was

transferred to a fresh 30ml COREX tube. A second extraction was completed by addition

of 9/lOth volume of the solvent to the sample and re-emulsified and re-centrifuged as

above. If the collected aqueous phase remained hazy a third solvent extraction was

performed. The resultant aqueous phase was layered onto a pre-formed I.2 - 1Slml
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cesium chloride (CsCl) gradient made in a SW-28 polypropylene ultraclear tube

(Beckman Instruments Inc., Palo Alto, CA) and ultracentrifuged for a minimum of 5

hours in a Beckman SW-28 rotor at 25,000rpm at 4oC.

Purified virus particles formed a band within the gradient that was collected through a

puncture in the bottom of the tube. The density was checked by refractometer (Bausch &
Lomb, USA) then loaded into dialysis tubing for extensive dialysis against dialysis buffer

(D-buffer: 150mM NaCl, 15mM MgCl2, 10mM Tris, pH 7.4) at least three times to

remove cesium chloride. Virus was collected in appropriate storage vessels and stored at

4oC or frozen with25Yo glycerol or l\Yo dimethylsulfoxide (DMSO). Before addition of
glycerol or DMSO, the concentration of purified virus particles was measured by W
spectroscopy where I oD26ç :2.1 x 10r2 particles/ml (smith et al. 1969).

2.3.2. Purification of core particles. Purified virus was concentrated to 6.5 x l0l3

particles/ml and u-chymotrypsin was added to a concentration of 200 ¡rglml. The

digestion was incubated at 37oC for 3 hours with vortexing every hour. The digested core

particles were then loaded onto 1 .2-I.5 g/ml cesium chloride (CsCl) density gradients and

centrifuged at 28,000 rpm for 6 hours or overnight in a Beckman SW41 rotor as

previously described (Yin, et al. 1996). Purified cores were harvested and dialyzed

against core dialysis buffer (lM NaCl, 25mM HEPES, 100 mM MgCl2, pH 8.0) overnight

and dissociation was checked by electron microscopy (2.13) and characteristic protein

prolrles in SDS-PAGE (2.9.2) (Yin, et al. 1996).

2.4. Preparation of RNA.

2.4.1. Preparation of reovirus dsRNAs. Reovirus-infected cells were transfered to

centrifuge tubes and pelleted by centrifugation at 500Xg for 10 minutes. The cell pellets

were resuspended in 450prl NP-40 buffer (140mM NaCl, 1.5mM MgCl2, 10mM Tris, pH

7.4) anddissolved by adding 50¡tl 5%NP-40, then incubated for 30 minutes on ice.

Cellular nuclei and organelles were spun down and supernatants were removed to

microfuge tubes (Fisher, Nepean, ON). The viral dsRNA genomes were purified by

Phenol/Chloroform extraction and precipitated with 1/10 volume 3M NaOAc and 2.5X

volume ice-cold 100% EtOH. The precipitated dsRNA genomes were pelleted in a

Biofuge A at 12,500 rpm for 30 minutes. The dsRNA pellets were lyophllized, for 30

s9



minutes, then resuspended in electrophoresis sample buffer and resolved by l0% SDS-

PAGE (2.e.2).

2.4.2. Total cellular RNA preparation. Suspension cells (L929), or the monolayer cells

(L929, vero, or Hl299) that had been harvested with trypsin were pelleted by

centrifugation. The pelleted cells were lysed in TRIZOL Reagent (Invitrogen, CA) by

repetitive pipetting at the ratio of 1ml of the reagent per 5-i0 x 10ó cells.

The homogenized samples were incubated for 5 minutes at room temperature (RT) (20

to 25"C) to completely dissociate nucleoprotein complexes, chloroform was added at 0.2

ml of chloroform/per lml of TRIZOLReagent. The tubes were shaken vigorously by

hand for 15 seconds and incubated at RT for 2 fo 3 minutes. The samples were spun at

12,000rpm for 15 minutes at 4oC. The upper aqueous phase (containing RNA

exclusively) was transfered to a fresh tube. The RNA was precipitated by mixing with

isopropyl alcohol at 0.5m1of isopropyl alcohol/per 1ml of TRIZOL Reagent used for the

initial homogenization, incubated for 30 minutes at RT, and spun at i2,000rpm for 10

minutes at 4"C. The RNA pellets were washed once with75% ethanol, briefly air-dried

or vacuum-dried for about 5 minutes (RNA was not dried by centrifugation under

vacuum). RNA was dissolved in 100% formamide (deionized) or RNase-free water and

stored at -70"C for use.

2.5. RNA protection assays (RPAs).

2.5.1. Synthesis of RNA probes. Each probe was labeled as described by manufacturer

(BD). Briefly, 1pl Rnasin, 1¡rl NTP mixture (GACU pool), 2pl DTT, 4pl 5X

transcription buffer, 1¡rl Multi-Probe Template Set (h-Hstress-1 or h-APO3), 1Opl ¡aJ2f1

UTP and 1¡rl T7 RNA polymerase (kept at-20oC until use) were mixed gently, quick-

spun, and incubated at 37"C for t hour. The mixture was supplemented with 2¡rl of Dnase

and incubated at 37oC for 30 minutes to terminate reaction. The synthesized probe was

purified by adding the following reagents in order: 26p"l20nNLEDTA,25pl Tris-

saturated phenol (pH7.5-7.8) (Invitrogen, CA), 25¡rl chloroform: isoamyl alcohol mixture

(50:1), and2¡tl yeast IRNA and spun down. The upper aqueous phase was transferred to a

new 1.5 ml Eppendorf tube, and treated with 50pl chloroform/isoamyl alcohol (50:1)

once. The upper aqueous phase was precipitated with 50 pl4 M ammonium acetate and

60



Z5}p,|ice-cold 100% ethanol for 40 minutes at-70oC, and spun at 12,500rpm for 30

minutes at 4oC. The probe pellet was washed with ice-cold 90%o ethanol, air-dried about 8

minutes (not in a vacuum evaporator centrifuge), and dissolved with 50pl of

hybridization buffer. 1¡rl of duplicate samples were measured in a scintillation counter

(expecting a maximum yield of -3 x106 Cherenkov counts/pl without the presence of

scintillation fluid), and stored at -20oC for use.

2.5.2. RNA hybridization: 8pl of each target RNA sample (generally 10 pg or more

' RNA) in a l.5ml tube, was mixed with 2pl of the synthesized probe (diluted to an

appropriate concentration with hybridization buffer), spun after gently mixed. A drop of

mineral oil was added to each tube for reaction. (RNA samples had been stored in water,

the RNA samples were precipitated with 1/10 volume 4 M ammonium acetate and 2.5X

volume ice-cold 100% ethanol, and the pellet was dissolved with hybridization buffer).

The samples were hybridized in a heat block by re-warming to 90oC, immediate

reduction of the temperature to 56oC and incubated at 56oC for 12 - 16 hours, then cooled

(about 15 minutes) to room temperature. The hybridized RNA samples were digested

with 100 pl of RNase cocktail (RNase cocktail: 2.5mlof RNase buffer with 6pl RNase

A+T1 mix/per 20 samples) for 45 minutes at 30oC, then transfered (avoiding transfer of

the oil) to fresh tubes containing 18pl aliquots of proteinase K cocktail (390p1Proteinase

K buffer, 30pl proteinase K (lOmg/ml) and 30pl yeast tRNA lor 20 samples) to stop

Rnase activation for 15 minites at37"C. The hybridized RNA samples were extracted

with Phenol/Chloroform, and pelleted with li 10 volume 4M ammonium acetate and2.5

volume ice-cold T00% EIOH. The pellets were dissolved with 5 pl of electrophoresis

loading buffer for PAGE.

2.5.3. Gel resolution of protected probes: 4.75% acrylamide (19:1 acryl/bis)- 2M Urea

gel (>40cm in tength) was prepared and pre-electrophoresed at 40W constant power for

45 min. The hybridized dsRNA samples and controls (including "P-lubeled probe,

diluted to I 000-2000 cpm in I Opl loading buffer) were run in the gel at 5 5 watts constant

pov/er with 0.5X TBE until the leading edge of the bromophenol blue reached 30 cm

from the bottom of the well. The gel was dried and exposed to X-ray film at -70'C.

Using the undigested probes as markers, a standard curye of migration distance vs log
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nucleotide length was plotted. The curve was used to establish the identity of "RNase-

protected" bands in the experimental samples.

2.6. Examination of apoptosis.

2.6.1. Cell viability assay by trypan blue exclusÍon: At various time points post

infection, or mock), all floating and live cells infected with viruses were collected and

concentrated, then stained with trypan blue (Sigma) for 15 minutes. A total of 200 cells

were counted in triplicate in a hemocytometer for live (unstained) and dead (stained). The

percentage of dead cells was calculated and used as an index for the degree of cell death

(Martin and Lenardo, 1998).

(total no. of cells counted)- (total no of live cells)
S apoptotic cells = x 100

totel no of cells counted

2.6.2. Apoptotic staining with acridine orange and ethidium bromide: Cells were

stained with acridine orange for determination of nuclear morphology and with ethidium

bromide stain to determine cell viability, at a fìnal concentration of 1¡rg/ml for both. 1pl

of the dye was placed in the bottom of a lZX 75-mm glass tube, 25pl of the cell

suspension was added and mixed gently by hand. 10¡rl of stained cells were placed on a

microscope slide covered with a coverslip and the numbers of different fluorescent cells

counted by epifluorescence microscopy (Martin and Lenardo, 1998). The percentage of

cells containing nuclei and/or marginated chromatin in a population of 200 cells was

determined.

2.6.3, Flow cytometry: Cells were measured by flow cytometry to determine the

binding of Annexin V to phosphatidylserine and were simultaneously measured for

propidium iodide incorporation. Annexin V-PE (BD Bioscience, Mississauga. ON) and

7-AAD (7-aminopanctinomycin) (Sigma, ON) were used to detect the apoptotic cells.

The cells were washed twice with cold PBS and then re-suspended in lX binding buffer

(0.01M Hepes/I.traOH,plHl.4,0.14M NaCl, 2.5mM CaClz) at a concentration of about 106

cells/ml. 100¡,rl of cells was trmsfered to a 5ml culture tube, 5pl of Annexin V-PE and

5¡rl of 7-ADD were added, incubated for 15 minutes at RT (25"C) in the dark,400pl of
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binding buffer was added to each tube, and the stained cells were analyzed by flow

cytometry as soon thereafter as possible.

PI straining of DNA for DNA cycle or apoptosis. The cells were washed with cold PBS,

the cold cell suspension was rapidly pipetted into the cold EtOH for least 15 minutes or

kept in 4oC for later use, then washed once with cold PBS and as much liquid as possible

removed. The cells were added to 125pl of RNase solution (5O0units/ml) incubated for

15 minutes in a 37oC water bath, removed from water bath and 125¡tlPI stain solution

added. After standing at room temperature for at least 30 minutes, the stained cells were

measured with flow cytometry.

2.7. Transfection

2.7.1. LipofectamÍne transfection. The cell monolayer (for a 35mm dish) was prepared

one day early and grown to about 70o/o cotfllency before transfection. After gentle

mixing 1O¡il LipofectaminerM 2000 (Invitrogen) was diluted in 250¡rl Opti-MEM@ I

medium (Invitrogen, CA) without serum in a separate vessel and incubated for 5 minutes

at room temperature. Various amounts of siRNA, or dsRNA, or virus, or core particles

calibrated to 1 or 100 particles/per cell (counted as in 2.3.1 and2.3.2), were diluted in

250p1 Opti-MEM@ I medium without serum for 5 minute incubation. The two mixtures

were combined together and incubated for another 20 minutes at room temperature. After

cell monolayers were washed 2-3 times with Opti-MEM@ I medium (no serum and

antibiotics), 500p1 complete growth medium was added (no antibiotics and sera) to cell

dishes, then 500p1 of the transfected mixture was added and the dishes gently rocked.

After incubating the cells at 3loC in a COz incubator for 4-5 hours, 1000p1 of new

complete growth media (containing 2X sera and antibiotics) was added and incubation

continued at 37oC until ready to harvest cells or perform further assays.

2.7.2, Transfection with calcium phosphate. Aliquots of virus and viral core particles,

pre-calculated to represent treatment ratios of I or 100 particles per cell, were gently

mixed with 10pl of 2M CaClz,and slowly added into 2X Hepes buffer saline (HBS).

After 30 minute incubation at room temperature, the precipitated solution was added

drop-wise to cells in 35mm dishes and incubated at 37oC for various periods of time
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before the total amount of progeny virus produced was determined by plaque assay

(2.2.2).

2.8. Small RNA interference (siRNA).

2.8.1. Design of siRNA fragments. Two sets of siRNA fragments were designed, (1):

RVLl-1 (sense): 5' aacaugguacuuggcagcggcgatt 3' correspending to a region of the Ll
gene (encoding reovirus RdRp), and the antisense (RVLI-2): 3'

ttuuguaccaugaaccgucgccgcu 5'. (2): RVM2-1(sense): 5' aataagacugacccugagaugaatt3',

corresponding to M2 gene (encoding major outer capsid protein ¡r1), and the antisense

(RVM2-2): 3'ttuuauucugacugggacucuacuu 5'. The 'tt' in these strands was not part of the

reovirus genes, but were added for requirement of siRNA function. All of these siRNA

were synthesized by Boehringer Mannheim Corp (Lavel, Quebec). The GADD45 siRNAs

(human or mouse) used in assays were from Santa Cruz Bio (CA).

2.8.2. Assays of siRNA. The Reovirus siRNA were transfected with oligolipofectamine

reagent (Invitrogen, CA), and the GADD45 siRNA were transfected with transfection

reagent (Santa Cruz Bio, CA). Transfection methods were described earlier (2.7.1).24

hours after transfection, the transfected cells were infected with reoviruses TIL or T3D at

required doses. The titers of virus replication were measured by plaque forming assay

(2.2.2), The expression of the target genes was verified by Western Blotting (2.9).

2.9. Western blotting.

2.9.1. Preparation of cell lysate. The cell monolayers in 100mm plates were washed

with cold PBS twice, and scraped from the plates. The cells were pelleted and dissolved

in electrophoresis sample buffer (0.24M Tris, pH6.8,l.5o/o dithiothreitol (DTT), l% SDS)

and frozen af-20oC foruse.

2.9.2. SDS-PAGË. All RNA or protein sample to be resolved by SDS-PAGE were

dissolved with 1X electrophoresis sample buffer (ESB) (240mM Tris-HCl, pH 6.8,l.5o/o

dithiothreitol (DTT), 1% SDS), heated for 5 minutes (65"C for RNA, 95uC for protein)

before loading. For protein analysis 10% linear or 5-15%o gradient SDS gels (16w X 12h

X 0.lt cm or Mini-Protean@ II system 8.3w X 6.2hX 0.075t cm) were poured and

allowed to polymerize for t hour for linear (10%). Resolution was at 180V for thour for
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protein separation in Mini-Protean@ II system or at 500m4 for about 3 hours for

separation of structural proteins using 16w X l2hX 0.1t cm gels. Resolution ofRNA

samples was at 18mA and 250V for 45 hours.

For direct observation of SDS-PAGE results, protein gels were first fixed in an 10%o

isopropyl alcohol, 30o/o acetic acid solution, than stained with Coomassie Brilliant Blue

(0.5% Coomassie Brilliant Blue solution) and destained in l5o/o methanol, 7.5%o acetic

acid solution. All of these steps were performed either using conventional staining

protocol or MAPS (microwave assisted protein staining) method (Nesatyy et a1.,2002).

For all steps in the MAPS method, the gel was placed in a glass (or plastic) dish and

covered with a minimum of 100m1 of the appropriate solution and than incubated in the

microwave oven at 700W for lmin respectively. Protein bands were visualized by a Gel

Doc 2000 (Bio Rad) apparatus and subsequently gels were dried between layers of

cellophane for preservation. The RNA gels were stained with ethidium bromide (3¡rglml)

and RNA gene segments visualized with UV inadiation by a Gel Doc 2000 (BioRad)

apparatus. For Vy'estern Blotting, The protein gels were transblotted to membranes and

detected with specific antibodies (see 2.9.3).

2.9.3. Western Blotting analysis. The gels were soaked in TransBlot buffer (48mM Tris,

39mM Glycine, 0.0375% SDS and 2}YoMeOH) for 5 minutes after SDS-PAGE. At the

same time, the transfer membranes (Immobilont*, Millipore, Bedford, MA) were first

wet with I00% MeOH for lminute, then ddH2O for lminute, and finally soaked in

TransBlot buffer for 5 minutes. Two pieces of filter paper for each membrane were also

soaked in TransBlot buffer. Transferring sandwich consisted of the following order: one

piece filter paper, gel, membrane, and another piece filter paper (from Black to white in

gel transfer cassette) was placed into a TRANS-BLOT SD. The transfer of proteins from

SDS-PAGE to membrane was performed at 0.94 for 45 minute to thour. After transfer,

membranes were washed once with ddH2O, then stained with2%oPonceau-S (3-hydroxy-

4-[2-sulfo-4-(4-sulfophenylazoO-phenylazo] -2,7 -naphthalenedisulfonic acid (Sigma,

Oakville, Ontario). Membranes were rinsed with dHzO three times until protein bands

became visible, and soaked in blocking buffer (5% Skim milk in TBST buffer (20mM

Tris-base, 100mM NaCl and 0.05% Tween 20) for 2-3 hours. Various monoclonal or

polyclonal antibodies at suitable dilution (anti- whole virus, anti-hGADD45, anti-p65,
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anti-p50, anti-actin) were used to incubate different membranes for 3-4 hours at room

temperature or ovemight (4"C). The membranes were washed three times with TBST for

i5 minutes to remove non-specifically bound primary antibodies. Then secondary

antibodies (1: 1,500 -1: 2,000), goat anti-rabbit IgG or goat anti-mouse IgG coupled to

alkaline phosphatase (Sigma, Oakville, Ontario) or to Horseradish peroxidase, were

added to membranes and incubated for 90 -120 minutes. The membranes were washed

with TBST three times for 15 minutes. Then the specific bands were developed; for

Alkaline phosphatase the substrate 5-bromo-4chloro-3-indolyl phosphate/nitro blue

tetrazolium (BCIP/ÀIBT) was used (Sambrook, et al 1989), and for Horseradish

peroxidase, ECL solution (Amersham Bio. IIK) was used to develop and exposed with

X-ray film for seconds to minutes to a desired intensity.

2.10. Sequencing of reovirus T2W S-genes.

2.10.1. Design of the sequencing primers. In order to sequence all S-genes in both

directions, internal gene specific primers were designed to generate overlapping

fragments of each S gene. To initially design these primers, the S-genes of reoviruses

TIL,TZJ and T3D were aligned and the highest homologous regions were selected for

prirner construction (designated "LJ" and "L" in Table 2.1). All of the primers were

synthesized by Invitrogen Corp.

2,10.2. Viral RNA preparation and 3' end ligation. Purified T2V/ virions were mixed

with 5x protein electrophoresis sample buffer and denatured at 65oC for 5min. Viral

genomic RNA was separated on a 1 .2o/o agarose gel and the viral S RNA fragments were

collected and purified with Qiagen columns. 3' end ligation was performed as previously

reported (Lambden et al., 1992; Yin et aL.,2004). Briefly, the oligonucleotide 3'L1

(Table 2.1) was ligated to the 3' ends of reovirus S genes with T4 RNA ligase at37oC

overnight accordinþ to the manufacturer's directions (Roche). The ligated genes were

repurified with agarose gel and Qiagen columns to remove the unincorporated 3'L1

oligonucleotide. The ligated genes were precipitated and dissolved in 4pl of 90%o DMSO.

2.10.3. Reverse transcriptase polymerase chain reaction (RT-PCR). The purified

3'ligated viral dsRNA were denatured lor 45 minutes at 50oC. Reverse-transcription and

polymerase chain reaction (RT-PCR) was performed with primer 3'L2 (Table2.l) and
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appropriate U and L primers (described in 2.10.1). The viral dsRNA template was

converted to ssDNA by reverse transcriptase (RT). A 1pl volume of purified dsRNA

template (prepared as in section2.4) was heated for 45 minutes at 50"C to denature the

strands. A "master mix" was prepared which contained 16U (0.a¡il of 40Upl) of RNAse

inhibitor (Gibco-BRL), 0.1¡rM (0.5pI of 1O¡rM) each of the appropriate upstream and

downstream primers (dependant on gene segment to be amplified), 0.5mM each of dATP,

dCTP, dGTP, dTTP (z.s¡tlof dNTP mix with 1OmM of each nucleotide), 4¡rl of 5X l't

Strand Buffer (250mM Tris-HCl, pH 8.3, 375mM KCl, 15mM MgCl2),0.lmg/ml (0.5p1

of l0mg/ml) BSA (bovine serum albumin) (Sigma Aldrich), lpM (0.5p1of 10¡-rM) DTT

and 80U (0.4¡rl of 200U/pl) Superscript II reverse transcriptase enzyme (Gibco-BRL) for

each sample, and the fînal volume was brought up to 20pl with ddH2O and then

incubated at 42"C for 2- 3 hours. Samples were used for amplification immediately as

ssDNA is relatively unstable.

The cDNA produced by RT above was amplified with the Expand High Fidelity PCR

System with Expand HF Buffer (Roche Applied Science). To amplify one strand, 2¡i of

cDNA was diluted to a final volume of 50¡rl containing 0.1 ¡rM (0.5p1 of 100 pM) of

each terminal primer, 0.2mM each of dATP, dCTP, dGTP, dTTP (1¡-rl of dNTP mixture

with 1OmM of each nucleotide), lX Expand HF Buffer, 1.5mM MgCl2 (5pl of 10X

concentration of Expand HF Buffer with 15mM MgClz) and 1.5U Expand High Fidelity

PCR System enzqe mixture. The cycling reaction was performed on a Flexigene

(Techne Limited, Duxford, tJK) for 94oC denature for 5 minutes, 30-35 reaction cycles

(94"C for 1 minute to denature cDNA, 56"C for 1 minute to allow primers to anneal and

68"C for 2 minutes for elongation) with a final elongation step at 68"C for 10 minutes.

Samples were then cooled to 4"C for analysis or stored at -20oC for later checking.

To confirm the amplified cDNA product, 3-5pl of the products were diluted in DNA

electrophoresis sample buffer and run ona0.9o/o horizontal agarose gel at 100V for-1.0

hour in 0.5X TBE buffer (4.5mM Tris, 4.5mM boric acid, lmM EDTA, pH 8.0) which

contained 0.i% ethidium bromide to allow for DNA visualization under UV inadiation.

A lkilobase (kb) DNA ladder (Boehringer Manheim) was used as markers. Next, alarge

volume of cDNA product was run on a larger 0.9o/o agarcse gel as described above. The
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Table 2.1. Primers used for RT-PCR and Sequencing of T2W Sl, 52, 53 and 54 genes:

Name
3'Ll:
3'I'2 ¿

3'r,3 :

T2W-SI:
S1-ÏI:
51-L:
sI-1:
s1-2:
sl-3:
s1-4:

T2W-S2:
52 -TI:
32 -Ir ¿

s2-1:
41-t.

s2-3:

T2W-S3:
53 -U:
S3 -I,:
s3 -1:
s3-2:
s3-3:

T2W-S4:
54 -TI:
54 -I,:
s4-1:
54-2 z

s4-3:

5'
5'
5',

Sequence Location
- CCCCAACCCACTTTTTCCATTACGCCCCTTTCCCCC - 3 '
- GGGGG AAAGGGGCGTAÃTGGAAAAÄ'GTGGGTTGGGG - 3'
- GGGGGA,¡U\GGGGCGTAAT - 5'

1_20 (T1L)
14s8-r-438 (T1L)
765-746 (T2W)
702-720 (T2W)

1094-1-r-l-4 (T2W)

1,182-1-1-62 (TzW)

1_23 (T1L)
1331_1312 (T1L)
l-os6-l-077 (T2W)

a2g _ag2 (Tzvt)
3 9s -4 t-s (T2W)

1-23 (T1L)
l_l_98-1L77 (Tr-L)

9?r--990 (T2W)

442-424 (TzW)
43s-4s3 (T2W)

1-19 (T1-L)

ta96- 11-76 (T1r,)
963-981 (T2W)

342-324 (T2Vt)

440-458 (TzW)

Direction

5',
3',
3'
5'
5',
3t

5',
3',
5'.
3'
5t

5t
3,
5'
3'
5',

5'
3',
5',
3'
5',

5' -GCTATTCGCGCCTATGGATG- 3'
5' -GATGATTGACCCCTTGTGCC-3'
5' -GCTGATGTCCTGGATGGAA- 3'
5' -TAACAGCAGTGGTCAJ\AT- 3'
5' -TCCAGATTCTCAACGGGCGC- 3'
5' .AACCAGTCTGCCACCCTGAA_ 3'

5' -GCTATTCGCTGGTCAGTTATGGC- 3'
5' -GATGAATGTGTGGTCAGTC-3'
5' -GGGGTGATGACTCAAGCTCAG- 3 '
5' - CGCAAGGAJ\GGGATAÀTC - 3'
5' -CTGTGATGATTATCCCTTCC- 3'

5' -GCTAAAGTCACGCCTGTTGTC-3'
5' -GATGATTAGGCGCCTCCCACC- 3'
5' -GAAAGTTGATATGCGAGAG- 3'
5' -CCAGCGAGACGGGCGAAT- 3'
5' -CTCGCTGGCTAGGCTTTT- 3'

5' -GCTATTTTTGCCTCTTCCC-3'
5' -GATGAATGGAGCCTGTCCCA- 3'
5' -ATTAGGTATGCGATTGGG-3'
5' - AJ\CNU\TGAGAGCATCCC _ 3'
5' -CGATCCGGGGTCAATGTT-3'

_3'
_5'
-3'|
_5r

-3',

-3',
_5'
-3 ',

-5',
-3'

_3t
_5'
-3 '
-5',
_3t

3'Ll, used for 3' ligation of dsRNA. 3'L2 pnmer and -U or -L primer of each reovirus

S gene used for RT-PCR and oDNA sequencing, and 3'L3 and -1 , to 4 primers used for

cDNA sequencing.
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resultant bands were excised from the gel with a sterile razor blade on top of a UV light

box. The QlAquickrM gel extraction kit (Qiagen, Germany) was used according to

manufacturer's instructions to separate cDNA from the agarose rnixture. The quantity of

purified product was determined by visual comparison to a control marker with

predetermined amounts on an agarose gel as described above.

2.10.4. Sequencing of the viral S1, 52, 53 and 54 genes: The RT-PCR products were

purified (2.10.3). Sequencing primers were 3'L3, -U and -L gene specific primers (Table

2.1), andadditional primers as needed (Table 2.ll.l). The ABI PRISM@ BigDyerM

Terminator Cycle Sequencing Ready Reaction Kit 2.0 (Perkin Elmer Applied

Biosystems; Foster City, CA) was used for cycle sequencing. Separate sequencing

reactions were set up for all primers for all T2W cDNA strands: 5pmol (0.35pM) primer,

20-50ng cDNA template, 6¡rl BigDyerM Terminator Ready Reaction Mix and ddHzO to a

final volume of 15¡-Ll. Cycle sequencing was performed for 40 cycles of 96"C for 30

seconds, 52"C for 30 seconds and 60o for 2 minutes then cooled to 4oC. The products

were purified by sodium acetate/ethanol precipitation, dried on a thermoblock at 90'C for

1 minute and resuspended in template suppression reagent (ABI PzuSM@, Perkin Elmer)

for - t hour (minimum 20 minutes). Samples were then heated to 95"C for 2 minutes to

denature the strands and immediately "snap-cooled" in an ice-water bath. The ABI

PRISM@ 310 Genetic Analyser (PE Applied Biosystems; Foster City, CA) was used to

determine the sequence for each reaction.

2.10.5. Analysis of gene sequence. DNA sequences were analyzedby EDIr sEQ and

sEeMAN programs (Lasergene, oNRsrnR) and also by slesr (Altschul et a1., 1990), and

CLUSTAL-W (Thompson et al.,1994). Phylogenetic analyses were performed with the

neighbor-joining (NJ) methods and psyr-lp software package version 3.5C (Felsenstein,

lgg3). The nucleotide sequence data reported here have been deposited in the GenBank

database and assigned accession numbers for each gene are shown in Table 2,2, along

with all other reovirus S 1, 52, 53 and 54 genes used for comparative purposes.

Z.ll. Reovirus gene cloning. The cDNA of reoviral genome S genes (TlL dsRNA as

the template) was prepared by RT-PCR from reovirus dsRNA fragments (described in

2.10.3), and excised from agarose gels with the QlAquickrM gel extraction kit (Qiagen,
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Germany). The purified cDNAs were directly ligated into the TOPO-vector according to

supplied protocols (lnvitrogen, CA). The positive colonies were picked and the size of

the çDNA fragments were checked with specific restriction enzymes and sequenced for

correct orientation ofthe cloned gene.

2.12. Matrix-assisted laser desorption/ionization source coupled to a tandem

qu adrupole/time-of-fl ight (MALDI-QqTOF) mass spectrometry.

Z.lZ.l. Sample preparation. The methods were essentially as previously published

(swenson et a1.,2002). Reovirus peptides were separated by SDS-PAGE (2.9.2). The o'1,

oZ ando3 protein bands were separately collected and destained by repeated washing

with alternating 100mM NH4NC Oy a2:3 (v/v) mixture of Acetonitrile: 100mM

NH.NCO¡ and i00% Acetonitrile solutions. After complete destaining, the gel pieces

were swollen with 2-3 gelvolumes of 100mM DTT in 100mM NH¿NCO¡ for 45 minutes

at 57.5oC. The gel pieces were digested with 50-100¡rl of trypsin (5ng/pl, sigma,

sequencing grade) in 50mM NH¿NCO¡ at37oC overnight. The digestion mixture was

inactivated with 1gpl 2%TFAand the resultant fragments were extracted by 30min of

sonication (on ice) in2-3 gel volumes of 0.01% TFA in 50% Acetonitrile and shrunk

with2-3 gel volumes of Acetonitrile. The whole extraction was repeated three times. All

solutions for each protein were collected in one tube and dried in a SpeedVac. The

samples were resuspended in2p,l0.01%TFA and left at -80oC until ready to use.

2.12.2.2ip-Tip to remove gel pieces. For optimal results, Zip-Tip treatment of the

samples were performed. The samples were diluted with 1%TFA to yield a final

concentration of 0.5% TFA. The Zip-Tip was equilibrated for sample binding by first

aspirating 1gpl of 50% ACN, dispensing to waste and repeated three times. The Zip-Tip

was then balanced by aspirating 10pl of \f/o TFA three times. Then the Zip-Tip was

combined with peptides by aspirating and dispensing samples through 10 cycles, washed

and dispensed to waste by pipitting 3 cycles of 0.1%TFA. The peptides were eluted by

dispensing 1-4 ¡rl of 50%ACN, 1%TFA into a clean vial, and aspirated and dispensed this

elution through the Zip-Tip at least 5 times without introducing air. Finally the eluted

solutions were spotted directly onto MALDI target'

2.12.3, Mass spectrometry analysis. Samples were analyzed on a prototype MALDI-
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Table 2.2. Reovirus strains used for sequence analysÍs

Abbreviation Virus strain GenBank accession No.

sl

"r2r,r:
T].L:
12J.
T3Ð:
T2N84 :

T1N84:
T1N83 :

T1C23:
T1C5O:
T3AV1:
T3C96:
T3C18:
T3C3r-:

T3C44:
T3C45:
T3C8:
T3C84 :

T3C87:
T3C9:
T3C93:
TIC62:
Tl-c4 9 :

T1C1l_:
12To
T3N83
T3Co
T2 SVs 9

Tt N67
T1C15
T3CL00

T2 /Human/car.ad.a/T2w / 9'l
Tl- /Human/oh lo / r.ang / 53
T2 /Human/ohio/uones/5 5

T3 /Human/ohio/oearing/ 5 s
T2 /Human/NeEherlands/ 1 9 I 4
Tz / }ilumaÍ/ Netherlands/1 9 73
T1 /Human/Netherlands / 19 8 4

T1 /Human/NeE.herIands/ 1 9 I 3
T1 /Bovine/Maryland/CIoîe23 / 59
TL /Bovine/MaryLand/CJ-one5 0 / 6 0

T3lAv1 isoLate
T3 /Human/colorado/ 1 9 9 6

T3 /Maryfand/c1one18 /6 1

T3 /Bovine/Maryl-and/cIone3 1 / 5 9

T3 /Bovine/MaryLand/c1o^e43 / 59
T3 /Bovine/Maryl-and/Clone{4 / 60
T3 /Bovine/MaryIand/cIone45 / 60
T3 /Human/Tahit i/c1one8 /60
T3,/Human/wash. D. C. / cl-or,eS4 / 57
T3 /Human/wasg\h . D . c . / cIorLeST / 57
T3 /Murine/ F t aîce / clor,eg / 6 !
T3/Human/wash. D. c. / clor¡eg3 / 57
t1/Human/Wash. D. C. / cIor¡e62 / 57
tt /eovine/Maryland/c1or'e{ 9 / 6 o

T1-lHuman/wash. D. c. / cl-onerr / 59
T2 /ttuman/Tokyo/ s o

T3 /Human/Netherlands/ I 3
T3lCa1 if ornia/CorneIl/6 I
T2 /Maryland / svsg / 68
T3lwash.D.c. /ñney/55
Tl, /Human/Net.her1ands / 6 ?

T1lHuman/wash. D. c. ?C1onel5/58
T3 /Bovine/Maryland/clone l- 0 0 / 6 0

DQ22OOLl
Ml_02 6 0

Ml_02 61
Ml7871
AY862 13 I
AY862a37
AY862136
AY862 13 5
AY862134
AY862133
AY8 6 0 6l_

^v302467L37 684
L37683
r,37682
L3758 1

L37680
L3't679
r,37 67 I
L347 61'7
r.37 67 6
IJ37 67 5

DQ22O02O
Lr9774
r,129775
M25780

TJI97 7 O

I,L977I

T,r97 68
L]-9772
LL97-t3
LL9769

Lr97 67
Lt97 66
LL9765

DQz2 0 01 I
M18389
Mr_8390
t407_627
u3 534 7

u353s0
1J24348
u35346

u35358
u35357

u35355
u3 5354

u35352

u35356

u35359
u35360
u3 534 9

u3s362
u35361
u3 53 53
u35351

DQ220019
x6l_586
x60066
KO2139

u15075
u15079

uI5074
ul5076

u15077
u15078
u15082
ul5080
u15081
u15084
ul_5083

u15073
ur5072

The strains are named using the following scheme: serotype/species of origin/place of

origin/strain designationlyear of isolation by the description of GenBank. All are from

GenBank data.
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QqTOF mass spectrometer (Figure 2.1) built at the University of Manitoba in

collaboration with MDS Sciex (Concord, ON). It consists of matrix-assisted laser

desorption/ionization (MALDÐ source coupled to a tandem quadrupole/time-of-flight

(QqTOF) mass spectrometer by means of a collisional damping interface (Figure 2.1)

(Shevchenko et al., 1997 Chernushevich et a1.,1999). The target (with peptides) was

placed about 4mm from the entrance of the quadrupole ion guide q0, where they were

aerosolized and given an ionic charge by exposure to a nitrogen laser beam (Laser

Science Inc., model 337ND) operating at a repetition rate of 10 Hz for single MS. Ionized

peptides are then carried through an electromagnetic field towards a time of flight (TOF)

analyzer. The TOF analyzer detects how long it takes for a given ion to travel a given

distance. A peptide ion's flight is proportional to its mass/charge ratio (m/z). The

instrument is extremely sensitive and has been measured to have an accuracy of <0.1 Da

within a range of 500 to 4500Da (Loboda et al., 2000). For each cleaved protein, a

spectrum of peptide rnJzratios is produced in approximately 1 minute. Argon was used as

the cooling gas in Q6. Mass spectra data were acquired, recorded and analyzed using

Tofma soffware developed in-house. Calibration of the mass spectrometer was based on

the quadratic equation and was calculated using two known mass peaks. Mass spectra

were analyzed using MIZ and Knexus proteomics programs (Genomic Solutions, Boston,

MA). The peptides were identified by searching on-line databases against monoisotopic

masses using ProFound (http://hsl.proteome.calprowl/knexus.html) or using the Mascot

search engine (Matrix Sciences, Ltd., London, UK) on the Internet.

2.12.4. MS/MS analysis. To identify peptide molecular weights from spectra that were

not matched to reovirus peptides using ProFound or Mascot the tandem mass spectra

(MS/MS) of unidentified peptides were acquired using the same MALDI-QqTOF

instrument. The fuither fragmentation of the peptide of interest can also be performed to

confirm the amino acid sequence. The unmatched peptides were further fragmented using

the same laser but for MS/lVlS operating at}}Hz As peptides are flying through the

electromagnetic quadrupoles, the TOF analyzer detects these smaller peptide fragments,

the size of which differs by a single amino acid sequence and in that way amino acid

sequence ladder is produced. Tandem mass spectra were accumulated for several minutes

as opposed to just one minute in single MS spectra. For tandem mass spectrometry,
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selected ions were fragmented in a collision cell that contained argon. The collision

energy was adjusted manually between 32 and 183 eV to obtain optimum fragmentation

of the parent ions by applying the accelerating voltage to the rule 0.SV/Da. The produced

fragmented peptide mlzratioswere analyzed using MIZ and Knexus suite of proteomics

programs and matched against the NCBInT virus database using Sonar ms/ms

(http://hsl.proteome.calprowllknexus.html) search engine on the Internet to determine the

identity or homology of the protein.

2.13. Electron microscopy of reovirus particles. For observation by electron

microscopy (EM), gradient purified virus or core particles were prepared by standard

drop method described elsewhere (Hammond et al., 1981; Hazelton and Coombs, 1995).

Briefly, a drop of untreated virions was placed on clean parafilm. In some cases, viral

particles were diluted 1O0-fold with D-buffer and 0.1% glutaraldehyde was added to

stabilize viral structures. Samples were mounted on a 400-mesh formvar-coated electron

microscopy copper grid (3.05 mm) by placing the carbon side down onto the surface of a

sample drop for 30 seconds. Excess sample was wicked away by touching a clean piece

of filter paper to the edge of the grid. The sample was then negatively stained with

1.2mM phosphotungstic acid, pH 7.0 for 30 seconds and excess stain was wicked away.

Samples were viewed with a Philips model 201 transmission electron microscope at

magnifications of 50,000X or 100,000X. Electron micrographs were photographed onto

Kodak 5303 direct positive f,rlm and printed onto Kodak Polycontrast III paper.

2.14. Statistics analysis of data. Density data of the samples on Western gels were

selected to analyze the statistical differences for different time points of post-infection

and different doses or different virus strains by TWO-WAY ANOVA with Statistics

program SPSS 13.0. P values of less than 0.05 were considered statistically significant.
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Chapter 3. REOVIRUS INDUCES APOPTOSIS OR CELL ARREST AND CELLULAR

RESPONSE.

3.1. Introduction.

Apoptosis is an active process of cell death that occurs in response to various stimuli,

including viral infection (Roulston et al., 1999).It involves a number of distinct

morphological and biochemical features such as cell shrinkage, translocation of

phosphatidylserine from the inner to the outer surface of the cell membrane, plasma

membrane blebbing, chromatin condensation, loss of the inner mitochondrial

transmembrane potential, and intemucleosomal DNA cleavage (Earnshaw et al., 1999)'

In some cases, apoptosis triggered by virus infection may serve as a host defense

mechanism to limit virus replication (O'Brien, 1998). In others, apoptosis may increase

virus infection by facilitating virus spread or allowing the virus to evade host

inflammatory or immune response (Cohen, 199I; Teodoro and Branton,1997)'

Reovirus induces programmed cell death (apoptosis) in a wide variety of cultured cells in

vitro (Tyler et al., 1995; Clarke and Tyler, 2005). Reoviruses that induce apoptosis differ

in genetics of strain-specific characteristics. T3 prototype strains Abney (T3A) and

Dearing (T3D) can induce apoptosis more efficiently than the serotype 1 strain Lang

(T1L) in cell culture (Tyler et al., 1995)'

The tIV inactivated reoviruses or some reovirus /s mutant strains are also good

apoptosis inducers (Tyler et al., 1995). Analysis of reassortant viruses that contain

mixtures of gene segments from T1L and T3D indicate that the viral S1 gene is the

primary determinant of differences in the efficiency of apoptosis induction exhibited by

these strain s inL929 (Tyler et al., 1995), MDCK (Rodgers et al., 1991) and HeLa cells

(Connolly et al., 2000). The M2 gene that encodes pll¡rlC (a virus major outer capsid

protein) also functions on the efficiency of apoptosis induction (Tyler et al., 1995;

Rodgers et a1., lggT). Further studies indicate that reovirus induced apoptosis is

determined by receptor utilization, and binding of reovirus attachment protein o'1 to both

cell surface sialic acid and Junction adhesion molecule (JAM) is required to achieve

maximal levels of apoptosis after reovirus infection (Barton et al., 2001; Connolly et al.,

200i).

During the process of reovirus induced apoptosis, some cellular pathways such as
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NF-rB pathway (Connolly et al., 2000), death receptor signaling system (Clarke et al.,

2000; Kominsky et a1.,2002), mitochondrial signaling pathway (Rodgers, et al1997;

Verhagen et a1.,2000) and JNK and the transcription factor c-Jun activation (Clarke et a1.,

2001) play important roles in some cell lines. However, there are still many puzzles that

exist in reovirus-induced cell responses. The tumor suppressor protein p53 is an essential

component of an emergency stress response preventing the growth and survival of

damaged or abnormal cells (Fridman and Lowe, 2003) and would be expected to play

some roles in reovirus infection and also in the regulation of these pathways. In addition,

the ways in which these pathways interact are not well understood. Determination of

apoptotic functions in primary cells and infected tissue is critical for developing drugs to

inhibit or enhance the apoptotic action, and would benefit human health.

3.2. Results.

3.2.1 Detection of apoptosis induced by reovirus infection.

3.2.1.1. Observation of the cell lines on reovirus infection. Three cell lines (Mouse

L929 cells, Vero cells and[l299 cells) were used to examine reovirus induced apoptosis.

TheL929 cells and Vero cells can express p53, but H1299 cells are p53-null. In initial

experiments, mouse L929 cells were infected with reoviruses T1L or T3D at multiplicity

of infection (MOÐ of 100 PFU/cell, the same dose routinely used by others (Tyler et al.

1995). The cells showed CPE at 24 hours post-infection (PI) (Figure 3.1) and reached

more than 99% of CPE less than72 hours PL The characteristic CPE was the cells

becoming bright, round and smaller, and dislodged from the wall of culture plates (Figure

3.18, C and 3.24); these results were same as in previous reports (Tyler et al., i995).

Under natural conditions, reovirus infects human or animals at much lower MOI. Thus,

a physiologically relevant question is if less reovirus was used to infect, how would the

infected cells reacï and would they still show CPE? To test this, 2 other doses (MOI:I0,

or 0.5 PFU/cell) of reoviruses TlL and T3D were used to infect L929 cells. Cells infected

with dose of MOI:10 PFU/cell began to show little CPE at 24 hours PI, and over 95% of

cells had CPE at 72 hours. However, cells infected with doses MOI:0.5 PFU/cell showed

CPE at 48 hours and about 25% of CPE at72 hours (Figure 3.2A), and over 95% of CPE

happened near 96 hours PI with dose of MOI:0.5 PFU/cell. The infected cell numbers
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Figure 3.1.

A. (Mock) B. (rll,) c. (T3D)

Figure 3.1. LgZg cells infected with reoviruses TlL or T3D. L929 cells were infected

with mammalian reoviruses TIL or T3D at dose MOI:100 PFU/cell and showed CPE at

24 hours post infection (PI). A. Uninfected control cells; B. Cells infected with T1L; and

C. Cells infected with T3D.
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Figure 3.2.
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Figure 3.2. Three cells infected with reoviruses TIL or T3D at different doses. L929,

Vero, and H1299 cells were infected with mammalian reoviruses TIL or T3D at different

doses (MOI:I00, 10 or 0.5 PFU/cell) and showed different reaction at 72 hours PI. A.

L929 cells infected with reovirus; B. Vero cells infected with reovirus; C. Hl299 cells

infected with reovirus.
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were not changed compared to the mock-infected cell controls at different time points

post-infection (Figure 3.54).

HI299 cells, a human lung carcinoma cell line, are p53-null (Chen et al., 1996). The

p53 protein is a tumor suppressor that controls cellular responses by serving in the

nucleus to regulate transcription of genes involved in processes including cell cycle arrest,

DNA repair, and apoptosis (Baptiste and Prives, 2003). Under normal conditions, p53

gene in mammalian cells remains silent. When the cells are affected by some stresses,

such as UV, or drugs that damage DNA, p53 gene will be activated and transcribed. The

expression of p53 activates different cellular signaling pathways to induce the expression

ofdifferent series oftarget genes (cell cycling regulated proteins) that perform regulation

functions (Baptiste and Prives, 2003). I used theHI299 to test whether and how p53

functions on reovirus replication. Based on the L929 cell results, H1299 cells were also

infected with reoviruses TlL or T3D at 3 doses (MOI:100, 10, 0.5 PFU/cell). TheEl299

cells reacted completely different withL929 cells after infection. H1299 cells did not

show CPE up to 7 days PI no matter what doses of reoviruses were used. Instead, the

cells did not grow, but became larger (Figure 3.2C). The infectedHlzgg cell numbers

declined signif,rcantly compared to the mock control at the time points counted (Figure

3.3C). These data indicated that reovirus infection could stop H1299 cell replication.

Vero cells (Africa green monkey kidney cells) have also been used to culture

reoviruses (Keirstead and Coombs, 1998; Butler et al., 2000). Vero cells were also

infected with reoviruses at doses of MOI:I00, 10 or 0.5 PFU/cell. The cells showed

nearly similar characteristics as L929 cells. The infected Vero cells showed CPE after

reovirus infection (Figure 3.2r_) and the numbers of cells were not significantly changed

compared to uninfected controls (Figure 3.38)

3.2.1.2. Reovirus replication in 3 cell lines. Reovirus infection caused measurably

different amounts of CPE in the above cells. I then examined whether the different

cellular changes affected virus replication. Virus cultures of L929 cells, H1299 cells and

Vero cells were monitored for virus replication by plaque assays after cells were

harvested at different time points. Reoviruses replicated in all 3 cell lines, and reached

very high titers that were not significantly different in the three cell lines (Figure 3.3-III).

Similar replication patterns were also observed in the 3 cell lines; that is a24hour'lag'
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Figure 3.3 Growth curves of cell lines, dead cell ratio and virus growth in 3 cells

infected with reoviruses . Three cell lines infected with reoviruses TlL or T3D at doses

of MOI:I0 or 0.5 PFU/cell were incubated and harvested at different time points. (tr)

Growth curves of cells: The total numbers of cells were counted with a hemocytometer.

The results were expressed as the mean ratios of total cells of the infected groups

compared with the mock groups. (II) Dead cell ratio: The cell numbers were counted by

a hemocytometer. The results were expressed as the mean folds of dead cells of the

infected cells compared with the mock cells. (III) Growth curves of reovirus: The virus

titers were measured by plaque assays and the results \¡/ere expressed as the mean virus

titers. 
^.L929 

cells; B. Vero cells; and C. HI299 cells. The data were from three

independent experiments (n:3). Error bars indicate standard deviation of the means.
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was followed by a 100-1000 fold amplification within the next 48-72 hour PI (Figure 3.3-

III). Reovirus TIL also generally replicated in the 3 cells 3-10 fold higher than reovirus

T3D did (Figure 3.3-III). When using lower doses of reovirus infection (MOI:0.5

PFU/ml), the virus replication curves showed a little later for the virus reaching to the

highest titer level (Figure 3.3-IID.

3.2.1.3. Apoptotic cells measure. There are numerous reports confirming the function

of reovirus induced cell apoptosis and experimental reovirus infection has been

considered one of the most thoroughly investigated viral models of apoptosis (Barton et

a1.,2001; Clarke and Tyler, 2003; Clarke et a1.,2005a;2005b; Forrest et al,. 2003;

o'Donnell et al., 2003; Tyler et al., 2001). Reovirus type 3 strains (T3D, T3A) can more

strongly induce cell apoptosis than type 1 strain T1L (Tyler et al., 1995).

ln order to know the functions of cellular pathways on reovirus induced apoptosis, I

first should perform some experiments for reovirus induced apoptosis in our conditions.

TheL929 cells were infected with reoviruses TlL or T3D at the dose of MOI:100

PFU/cell, and the infected L929 cells were examined for apoptotic change by staining

with A¡nexin-V and 7-aminoactinomycin (7-AAD) and cells counted by FACS (Figure

3.4). The results showed that reovirus induced cell apoptosis beginning at 12 hours PI

with about 5% apoptotic cells, over 50%o apoptotic cells at 36 hours and 100% cell

apoptosis atT2hours when infected with the dose of MOI:I00 PFU/cell (Table 3. 1).

The2 reovirus strains TlL and T3D showed almost similar capacity to induce cell

apoptosis inL929 cells (Table 3.1; 3.2). The double positive staining of Annexin-V and

7-AAD of the cells were also considered as the apoptotic change (it is a characteristic of
later cell apoptosis). An additional three methods: (1) Annexin-V and 7-AAD stain

combined with FACS; (2) acridine orange and propidium iodide staining with

Fluorescent microscope (Figure 3.5); and (3) trypan blue were compared to count

apoptotic cells. Trþan blue staining is simple and easy to perform under different time

points. Therefore, since results were not different between these methods, most

experimented data were from trypan blue stain method.

In L929 cells infected with reoviruses, there were 5 fold more dead cells when cells

were infected with TIL or T3D at dose of MOI=I0 or 0.5 PFU/cell than the mock control

at 36 hours PI. At 48 hours PI, the dead cells increased significantly and were 1O-fold
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Figure 3.4.

Figure 3.4. Apoptotic cells measured by FACS. A fiow cytometry profile showing

cell apoptotic change distribution of L929 cells infected with reovirus TIL at MOI:I00

PFU/cell for 48 hours and stained with Arurexin-V and 7-ADD. 1. alive cells; II.

apoptotic cells; III. later apoptotic cells or necrotic cells; and IV. necrotic cells'
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Table 3.1. Results of apoptotic cells infected with reoviruses at dose of MOI:I00

PFU/cell detected and measured with FACS.

Table 3.2. Results of apoptotic cells infected with reoviruses at different doses were

harvested at 48 hours PI and detected with FACS.

Virus Time (hours PI) Apoptosis (%) Living (%) Later apoptosis

or necrosis (%)

TlL 12 2.98 83.16 12.88

36 12.63 43.11 38.38

T3D l2 2.72 84.43 12.05

36 23.22 38.84 29.79

Virus MOI

(PFU/cell)

Apoptosis (%) Living (%) Later apoptosis

or necrosis (%)

TlL r00 10.20 4.99 82.32

10 9.58 9.99 78.83

0.5 4.31 74.85 19.9s

T3D 100 25.16 3.24 7l.lt
t0 17.47 16.46 61.48

0.5 9.32 74.85 13.56
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Figure 3.5. Apoptosis detection of Lgzg cells infected with reoviruses by epi-

illumination fluorescence microscopy (FM) . Lgzg cells infected with reoviruses TIL

or T3D at three doses (MOI:100, 10, or 0.5 PFU/cell) were harvested at 72 hours PI' The

cells were stained with acridine orange staining and detected with an epi-illumination

fluorescence microscopy (FM). A. uninfected control cets; B' c. D' cells infected with

TlL at dose of MoI:100, 10, or 0.5 PFU/cell individually; E' F' G' The cells infected

withT3DatdoseofMOI:100'10'or0'5PFU/cellindividually'
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higher in TlL infection at MOI:10 or 0.5 PFU/cell and T3D at dose of MoI:10 PFU/cell

than the control, and about 8-fold more in T3D at dose of MOI:0'5 PFU/cell than the

control. By T|hours PI, almost all cells had died (very few living cells were counted)

when cells were infected with TlL at doses of MoI:10 and T3D at dose of MoI:10

pFU/cell (Figure 3.3.II A). The cell counting results matched infected cell cPE' In Vero

cells, dead cells were increased as the period of infection increased. At 36 hours PI, the

dead cells began to increase. The cells infected with TlL or T3D at doses of MOI:10 or

100 PFU/cell were almost dead to the same extent asL929 cells at 72 hours PI (FigUre

3.3.II B). H1299 cells, infected with reoviruses TIL or T3D at same doses, remained

alive up to 96 hours PI (Figure 3.z,C);the dead cells did not significantly increase and

did not show much difference no matter the infection doses (Figure 3'3'II C)'

3.2.2. Detection of cellular gene response. cells respond to reovirus induced apoptosis

with various signaling pathways. These include the TRAIL signaling (clarke et al'' 2000)'

Reovirus-induced apoptosis is inhibited in MDCK cells with over-expressed Bcl-2

(Rodgers et al., IggT).Reovirus infection transiently activates NF-rcB in a variety of cell

types (connolly et al,, 2000) and reovirus infection results in viral strain-specific pattern

activation of JNK and c-Jun (clarke et al.,2o0|b). It is not clear whether cellular p53 and

p53-related genes respond to reovirus-induced apoptosis. Therefore, a human stress

multi-probe RNA protection assay (RPA) from BD Biosciences (hStress-l) including p53

and some p53-regulated genes: GADD45c¿ (Kastan et a1.,1992),p21(Harper et al'' 1993)'

bax (Myeshta and Reed, lgg3)was used to detect whether these genes respond to

reovirus infection inL9Z9 cells (mouse fibroblast cells) and H1299 cells (p53-null human

lung carcinoma cell line) with RNA protection assays (RPA)' The infected L929 cells

showed that GADD 45c.,p2l,Bax, and mcll gene RNAs were induced2-4 fold higher in

T1L and T3D infected cells than the uninfected control from 8 to 24 hours PI and p53

was not induced tò express (Figure 3.64). When H1299 cells were infected with

reoviruses, GADD45ü ,P2l,bax, and mcll RNA in the two virus infected gfoups

increased much more than the mock control from 8 to 36 hours PI' In particular'

GADD45a RNA was constantly induced more than 4 fold in two infected cells and p53

RNA also did not appear to be induced (Figure 3.68). p2l,bax, or mcl-l mRNA was

variably transcribed with the different hours PI in the cells' However, there also appeared
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Figure 3.6.

A (Le29).

-lP
rr

L);_i tr-uo È
UJUO

FlÊl-
-l
U)uo

,,,,,1 , I,i i'', ' 'r";i.r*i¡li¡ttjÏìTtllffi

Bcl-x

¡r-53

GADD4-str

pzr

Bax

mcll

GAPDH

T1L8 T3D8 ^11I-16 T3D-16 "ttL-24 13D-24

89



B (rr12e9).

;
- l)- I"û-l'- ú

-l
l-

i
1ffi,
,ìffii ffi '.t. "i :'''. 

r::

Bcl-x

p53

(.iÂI)D.l-5a

C-fox

p21

Bax

mcll

GAPDH

'' *

TIL-8 TlL-36

90



Figure 3.6. Detection of hStress gene mRNAs of the reovirus infected cells by RPA.

The total RNA of the cells infected with reoviruses at dose of MOI=100 PFU/cell were

prepared and the mRNAs of human hStress genes were detected with hStress multi-probe

template set by RPA. The mRNA density levels of the genes transcribed were analyzed

with'Scion Image' program; and the results were expressed as the mean fold of mRNA

in the infected cells compared to the mock cells from three independent experiments

(n:3). Error bars indicate standard deviation of the means. 
^.L929 

cells; and B.Hl299

cells.

W Mcll. Single asterisks (P < 0.05) indicate asignificant difference of these gene

mRNA in cells infected with reovirusTlL or T3D compared to that in the mock control at

different time points. Double asterisks (P < 0.05) indicate significant difference of the

Bcl-x mRNA level in the cells infected with reovirus T3D compared to that in the cells

infected with TIL (Comparison of P values by ANOVA's F- test and Q-test).
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to be virus type-3 specific responses in H1299 cells. The bcl- x mRNA of the cells

infected with reovirus TlL was inhibited to transcribe. However, the bcl-x RNA in the

cells infected with T3D was induced to increase 3-5 fold higher from24 to 36 hours PI;

thus, there was a sighnificant difference in the mRNA levels of Bcl-x in the cells infected

with reovirus TIL compared to T3D (Figure 3.68). However, bcl-x gene mRNA did not

respond in the L929 cells infected with reovirus (Figure 3.64)

3.2.3. p53 function on reovirus infection. The p53 protein is a tumor suppressor that

controls cellular responses by functioning in the nucleus to regulate transcription of genes

involved in processes including cell cycle arrest, DNA repair, and apoptosis (Baptiste and

Prives, 2003). In the previous experiments, the p53 gene did not respond to reovirus

infection, and no p53 mRNA was detected in infectedLgzg cells and H1299 cells (Figure

3.6). Reoviruses also replicated well in HI299 cells (Figure 3.3). In order to determine

the function of p53 on reovirus infection, a tetracyclin inducible transcient expression of

wild -type p53 gene HI299 cell line (gotten from Dr. Chen's lab) (Chen et a1.,1996) was

infected with reoviruses. Reovirus strains TlL and T3D could replicate in the H1299

cells containing wild-type p53 gene very well. The titers of both reoviruses were almost

the same in the production and replication curves in the p53-positive and p53-null H1299

cells (p53-null) (Figure 3.7). However, p53 RNA was induced to express heavily in p53-

transfected HI299 cells (Figure 3.8). This further indicates that p53 did not function in

reovirus infection.

3.2,4, Detection of more genes that responded in reovirus infection. Another human

apoptosis multi-probe template set, the hAPO-3 (BD Biosciences) including TRAIL

(Clarke et al., 2000; 2001) and caspase-8 (Kominsky, et al.2002) that were induced to

respond in reovirus induced apoptosis, was also used to examine other cellular RNA

reaction in the L929 cells andHI299 cells infected with reoviruses at dose of MOI:I00

PFU/cell. The RNA of Caspase-8, FASL, DR3, TRAIL, TRADD and RIP of the infected

L929 cells harvested at 8 and 16 hours PI did not increase much compared with the mock

infection control cells (Figure 3.94). The same situation was also seen in the H1299 cells

between the infected and mock control cells (Figure 3.98).

3.2.5. Functions of cellular GADD4Sg in reovirus infection.

3.2.5,1. GADD45ct RNA response at the different doses of reovirus infection. The
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Figure 3.8.
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Figure 3. 8. Detection of the mRNAs of p53 and some p53-related genes in the p53

inducible cells infected with reoviruses. The p53 inducible cell lines were culturedand

induced to express p53 by withdrawing tetracycline and infected with reoviruses TlL or

T3D at dose of MOI:100 PFU/cell at same time. After 16 or 24 hours, the total RNA was

purified from the cells and the p53 and p53 related genes were analyzed with the h-Stress

multi-probe template set by RPA. The gels were dried and exposed to X-ray film. The

p53,p21, GADD45 and GAPDH (the sample control) are indicated.

94



Figure 3.9.
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Figure 3.9. Detection of human hAOP-3 related gene mRNA by RPA. The total RNA

of the cells infected with reoviruses at dose of MOI=100 PFU/cell were prepared and the

mRNAs of human hAOP-3 genes were detected with hAOP-3 multi-probe template set

by RPA. The mRNA levels of the genes transcribed were detected and the gene density

onthe X-ray films was analyzed with 'Scion Image' program. A.L929 cells; and B.

ÍI72gg cells. ffi Caspase-8; [ffi FASL; @ p45' tlrll Dm; æ TRAIL; and T

RIP.
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gro\¡/th arrest- and DNA-damage-inducible protein 45 (GADD45o) is a cell cycle

regulator. It was shown that GADD45cr interacts with and inhibits the kinase activity of

the cdkl/cyclin B1 complex (Zhan et al.,1999). This function of GADD45c¿ has been

implicated in activating a G2lM checkpoint in response to certain genotoxic stress agents,

such as UV radiation ('Wang, et al. 1999). ln the experiments reported in this thesis,

GADD45cr mRNA of the L929 cells and}j.l299 cells infected with reoviruses at dose of

MOI=100 PFUicell were positively induced to transcribe over 3- 4 fold more than the

mock control. The transcription of GADD45cr mRNA was also stable with two virus

strains and persisted for a long period of time (Figures 3.6). Therefore, I concentrated this

research on the reaction of GADD45cr gene to reovirus infection and tried to find the

function of the GADD45c¿ protein in the cells infected with reovirus. In order to monitor

the expression of GADD45 in reovirus infection, f,rrst, the L929 cells and H1299 cells

were infected with reoviruses at different doses of MOI:I00, 10 or 0.5 PFU/cell, and

GADD45a mRNA was detected with RPA. The results showed that the induction of

GADD45cr was dependent on the doses of reovirus infection. If the cells were infected

with large amounts of reovirus (MOI:100 or 10 PFU/cell), the GADD45c¿ mRNA was

induced to transcribe in the infected cells. The RNA levels increased a little more in the

cells infected with reovirus at dose of MOI 100 PFU/cell; however, there was not much

difference between the cells infected with MOI:I00 PFU/cell or MOI:I0 PFU/cell

(Figure 3.104). Therefore, the GADD45cr mRNA of the cells infected with reoviruses at

doses of MOI:100, or 10 PFU/cell was transcribed 4-5 fold more than that of the cells

infected with the viruses at dose of MOI:0.5 PFU/cel (Figure 3.104). The GADD45a

was also induced in}Jl299 cells infected with reovirus and showed the similar expression

pattem as in the infected L929 cells (Figure 3.10 B). There was also no obvious

transcription of GADD45a mRNA in the 2 cells infected with reovirus at dose of

MOI:0.5 PFU/cell; and there was not much difference in the induction of GADD45cr in

these cells with reovirus strains TlL or T3D (Figure 3.9).

3.2.5.2, Expression of GADÐ45a protein in the cells infected with reovirus. Next, I

investigated whether the GADD45o protein was expressed and how much expression

compared to GADD45cr mRNA transcription in these ceils infected with reoviruses.
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Western blotting with specific antibodies for GADD45cr was used to detect the levels of

GADD45c protein in the infected cells. As in Figure 3.11, the expression of GADD45cr

protein was increased and can be detected in the L929 cells infected with reovirus at

doses of MoI:100 PFU/cell and MoI:10 PFU/cell ftom24 hours pI. GADD45c¿

reached the highest levels by 48 and72 hours PI. The expression of GADD45cr appeared

more in the infected cells with the larger dose of reoviruses (MOI:100 PFU/cell) than in

the cell with dose of MOI:10 PFU/cell, but the levels of their expression were not

significantly different. The cells did not express the GADD45a protein when infected

with reoviruses at dose of MoI:0.5 PFU/cell during the whole periods of virus

replication. The patterns of GADD45a expression appeared the same in the cells infected

with reovirus strain T1L or T3D (Figure 3.11), and also expressed inH1299 cells and

Vero cells infected with reoviruses at larger doses. The expression patterns of GADD45c¿

protein in the three cell lines were very similar after reovirus infection (Figure 3.11).

3.2.5.3. Detection of GADD45a protein in cells infected with dead reoviruses. UV-

inactivated reoviruses can induce cell apoptotic change (Tyler et al.,.1995). We wondered

whether the expression of GADD45c¿ protein could be induced in cells infected with dead

reoviruses. Purified reovirus particles were inactivated with UV radiation, no living virus

was detected by plaque assays after inactivation. L929 cells were infected with the

inactivated TlL or T3D virus particles at the same particle doses corresponding to living

reoviruses TIL or T3D at MOI:100, 10 or 0.5 PFU/cell. TheL929 cells infected with

inactivated reoviruses did not induce the expression of GADD45cx protein (Figure 3.12).

This indicates the expression of GADD45a protein was only induced by living reoviruses

at doses of MOI:100 or 10 PFU/cell.

3.2.5.4.Inhibition of GADDD45cr protein expression by siRNA effects reovirus

replication. Previous results showed that reovirus infection could induce the

transcription and expression of cellular GADD45cr gene. Next, siRNA inhibition of

cellular GADD45cr was performed to determine whether the specific inhibition affected

reovirus replication. Two sets of GADD45o siRNA fragments "human GADD45a

siRNA (h): sc-35440 and mouse GADD45cr siRNA (m): sc-35439" (Santa Cruz Bio.

Santa Cruz, CA) were transfected into L929 cells orHl299 cells as described in2.7.l and
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Figure 3.10. Detection of GADD4Sa mRNA levels in the cells infected with

reoviruses at three doses. L929 cells andH1299 cells were infected with reoviruses

TiL or T3D at three doses and collected at l6 hours PL The total RNA of the cells were

prepared and detected by RPA. The gene density on the X-ray films was analyzed with

'Scion Image' program and the results were expressed as the mean fold of mRNA of the

infected cells compared with the mock cells from three independent experiments (n:3).

Error bars indicate standard deviation of the means. A. L929 cells; and B. H1299 cells.

N rll,:loo PFU/cell; : Tll-:to PFU/cell;

N 13p:100 PFU/cell; nnTrimT3D:10 PFU/cell; and n¡¡¡¡ T3D:0.5 PFU/cell.

Asterisks (p . O.OS) indicate significant difference in comparison of GADD45a mRNA

in cells infected with T1L or T3D at the doses (MOI:100 and 10 PFU/cell) to that at the

dose of MOI=0.5 PFU/cell (Comparison of P values by ANOVA's F- test and Q-test).
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Figure 3.11.
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Figure 3.11. Detection of GADD45a protein by Western blotting. The cell lysares of
three cells infected with reoviruses TIL or T3D and harvested at indicated time points

were analyzedby Western blotting to detect the expressed levels of GADD45a protein,

with actin as control. The protein density on the X-ray film was analyzedwith'Scion

Image' program and the results were expressed as the mean folds of GADD45a protein

of the infected cells divided by the control of actin level from three independent

experiments (n:3). Error bars indicate standard deviation of the means. (I) L929 cells; (II)
Vero cells, and (III) H1299 cells. N.ll Shours PI; N l6hours pI; W 24hours pI;

N 36hours; l-rTì 4Shours PI, fVZ T2hours PI and ffi g6hours pI. Single asterisks

(P < 0.05) indicate significant difference of GADD45o protein level in cells infected with

reovirus compared to the preceding times during the different times PI; and double

asterisks (P <0.05) indicate significant difference of GADD45o protein level in cells

infected with reovirus at doses (MOI:100 or 10 PFU/cell) compared to these at dose of
MoI=0.5 PFU/cell (comparison of P values by ANovA's F- test and e-test).
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Figure 3.12.
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Figure 3.12. Compar¡son of GADD45cr protein induced by different treatment of

reovirus. The cells were "infected" with W-killed reoviruses or live viruses at doses of

MOI:I00, 10 or 0.5 PFU/cell and harvested at 48 hours PI. The cell lysates were

measured for the GADD45a protein by Western blotting. The experiments were repeated

three times. A.L929 cells; and B. H1299 cells.
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infected with reoviruses TlL or T3D at dose of MOI:10 PFU/cell at 24 hours post-

transfection. The virus titers of the cell cultures were collected at various time points and

measured. The results showed that virus replication could be inhibited at 36 and 48 hours

PI in the cells transfected with same source of GADD45c¿-siRNA (Figure 3.13). The

virus titers of the L929 cells transfected with mouse GADD4Scr-siRNA (m) were about 2

fold less than the control or when a different source of GADD4Sc¿-siRNA (h) was used

and transfected at 36 or 48 hours PI (Figure 3.134). The virus titers of the H1299 cells

transfected with human GADD45c¿-siRNA (h) were about 2-4 fold less than the control

or when the different source of GADD45o-siRNA (m) was used and transfected at 36 or

48 hours PI (Figure 3.138). However, there was not much difference of the virus titers in

these two cells transfected with GADD45 c¿-siRNA and infected with reoviruses at time

points 8, 16, 24, or 72 hours PI (Figure 3.13). To detect whether the expression of
GADD45g protein was affected by GADD45a siRNA, additional L929 and,Hl299 cells

were transfected with these sets of siRNA. For L929 cells, the expression of GADD45a

protein of the cells transfected with mouse GADD45cr-siRNA and then infected with .

reovirus TlL was inhibited and the protein expression level was about 2 fold less than the

control or other treated groups, and there was no difference in all the cells with different

treatments (Figure 3.1a4); and for HI299 cells the expression of GADD45a protein of

the cells transfected with human GADD4Scx-siRNA and infected with reoviruses TIL or

T3D was inhibited about 2-3 fold less than the control in the cells and other treatments

(Figure 3.148).

3.2.5.5. Relation of NF-rB and GADD45a for reovirus infection. Up to now, it has

been known that the expression of GADD45c¿ is regulated by two pathways in cells: one

is the p53 regulation pathway (Wang et a1.,1999), and the other is the NF-rcB signaling

pathway (Zerbini et a1.,2004). MV results show that p53 is not induced by reovirus

infection, and indeed its presence or absence (as shown by results in the p53* HI299 cells

or p53- H1299 cells) is not required. Therefore, the p53 regulation pathway of GADD45a

is not needed in reovirus infection. The expression of NF-rcB gene induced by reovirus

has been proven in reovirus induced apoptosis (Connolly et al., 2000). V/e wondered

whether the expression of GADD45a induced by reovirus infection at larger doses is
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Figure 3.14.
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Figure 3.14. GADD4Scr protein level of the cells transfected with GADD4So siRF{A

and infected with reoviruses. The cells were transfected with GADD45ct siRNA and

then infected with reoviruses. The cell cultures were harvested at 48 hours PI and

GADD45cr protein levels were measured by Western blotting. The protein density on the

X-ray films was analyzed with the program 'Scion Image'. 
^. 

L929 cells, and B. H1299

cells.N TlL; and T- T3D. (siRNAh means siRNA forhuman cADD45 andsiRNAm

siRNA for mouse siGADD45)
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Figure 3.15. Examination of GADD45o and NF-rcB proteins in cells infected with

reoviruses by Western blotting. The cell lysates of two cells infected with reoviruses

TlL or T3D and harvested at the indicated time points were analyzedby Western blotting

to detect the expressed levels of NF-rcB p65, p50 and GADD45cr proteins. Actin was the

loading control. The protein density on the X-ray films was analyzed with 'Scion Image'

program and the results were expressed as the mean fold of proteins of the infected cells

divided by the control of actin level from three independent experiments (n:3). Enor bars

indicate standard deviation of the means. (I)L929 cells, and (II) H1299 cells. Wvz

GADD45a; IITITIII p65; and N p50. Single asterisks (P < 0.05) indicate significant

difference of GADD45o protein or NF-rB protein levels in cells infected with reovirus

and harvested at the times PI compared to these of the preceding times PI during the

infection periods. Double asterisks (P <0.05) indicate significant difference of GADD45c¿

protein and NF-rcB subunit p65 protein levels compared to NF-rB subunit p50 protein

level in the cells infected with reovirus (Comparison of P values by ANOVA's F- test

and Q-test).

109



related to NF-rB signaling pathway induced by reoviruses. The cell lysates of L929 cells

that were infected with reoviruses TIL and T3D þroven previously to have the induced

expression of GADD45a) were examined with the anti- NF-rcB p65 or p50 antibodies

from Santa Cruz Bio Corp (CA). The NF-rcB p65 subunit was positively induced to

express beginning at about 16 hours PI and reached the highest level at 36-48 hours PI in

L929 cells infected with reoviruses at dose of MOI:10 PFU/cell (Figure 3.154, B); and

there was no difference of expressed levels between reovirus strains TIL and T3D

(Figure 3.154, B). The expression of p65 was generally detected earlier (16 hours PI)

than the expression of GADD45a that could commonly be detected at 24 hours PI

(Figure 3.154, B). However, the p50 protein levels at the different times PI were not

obviously changed (Figure 3.154, B). The positive expression of NF-rB p65 was also

observed in the H1299 cells infected with reoviruses TIL and T3D at the dose of

MOI:I0 PFU/cell and the expression pattem was similar to that in the infected L929

cells (Figure 3.15C, D). The results indicated that cellular protein NF-rcB p65 was

induced to express in reovirus-induced apoptosis, and probably regulates the expression

of GADD45c¿ in reovirus-induced apoptosis.

Full discussionfor the experiments and results is in Chapter 7. Here I can make the

fo ll ow ing conclus ions.

3.3. Conclusion.

1. Reovirus infection can induce different cellular responses that depend on the cell

types. InL929 cells and Vero cells reovirus induces apoptosis; however, cell growth

arrest inHI299 cells. Reovirus induced cell apoptosis or arrest also depends upon the

infection doses of reovirus; that is the infectious doses must be larger than MOI:10

PFU/cell. The cell ï'esponse is not induced by reovirus infection at dose of MOI:O.5

PFU/cell.

2. Reovirus induced cell response is unrelated to the p53 pathway. Reovirus infection

does not induce the transcription of p53; and the expression of p53 in cells also does not

affect virus replication.
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3. The expression of cellular genes GADD45cr , pZI, mcl1, bax are induced by the

infection of reovirus strains TlL and T3D. The other genes such as p53, TRAIL, DR3,

caspase-8, RIP, FAS, FASL do not respond to reovirus infection. The expression of gene

Bcl-x depends upon the reovirus strain: reovirus strain T3D can positively induce the

expression of Bcl-x and reovirus strain TlL may inhibit the expression of Bcl-x in H1299

cells.

4. The expression of cellular gene GADD45a is stably induced by reovirus infection.

, This expression corresponds with the cell responses to reovirus infection, and also is

decided by the infectious doses of reovirus (MOI )10 PFU/cell). UV-inactivated reovirus

particles do not induce the expression of GADD45c.

5. The expression of GADD45cr is regulated by NF-rB pathway in reovirus infection.

However, there are still other pathways to regulate the expression GADD45a because the

dead reovirus does not induce the reaction. Inhibition of GADD45a expression by siRNA

can affect the reovirus replication and decrease the virus titers at 36 and 48 hours PL

6. The expression of GADD45a can inhibit the cell cycle of replication that makes

some suitable conditions for reovirus growth and replication. So GADD45c protein plays

important roles in reovirus infection.
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Chapter 4. FUNCTION OF siRNA ON REOVIRUS REPLICATION.

4.1. Introduction.

RNA interference (RNAi) pathway was first charactenzed in the nematode worTn

Caenorheditis elegans by Fire and colleagues (Fire et al., 1998), who found the double-

stranded RNA (dsRNA) induced a more potent sequence-specific silencing response than

single-stranded antisense RNA alone, which was customarily used for this purpose. In the

past 5 years, an intensive research effort has facilitated the rapid movement of RNAi

from a relatively obscure biological phenomenon to available tool used to silence target

gene expression and perform large-scale functional genomic screens (Tomari andZamore,

2006).

RNAi is carried out in two distinct steps. ln the first step, long dsRNA are processed

into short 2I- to 23-nucleotide-long effector dsRNA called small interfering RNA

(siRNAs) (Elbashir et al., 2001; Hamilton et al., 2002;Zamore et al., 2000). ln the second

step, the siRNAs are assembled into RNA-induced silencing complex (RISCs), which

direct the specific cleavage of the target mRNAs. In these complexes, the short dsRNA

duplex is unwound, generating active RISCs containing single siRNA strands (Nykanen

et a1.,2001). In principle, either of the two siRNA strands can be incorporated into RISCs.

In practice, however, there appear to be rules that govern the selection or stability,

resulting in a bias of one strand chosen over the other (Khvorova et al., 2003). siRNA

pairs with its cognate mRNA, leading to degradation of target mRNA and amplification

of gene-specific silencing si gnals.

Long dsRNA cleaved into siRNA is mediated by a multidomain RNase III family

enzyme (Dicer) (Bernstein et al., 2001). The enzyme is relatively well conserved in

eukoryotes and has been found both in the nucleus and in the cytoplasm (Billy et a1.,

2001). Dicer is also essential for mouse (Bernstein et a1.,2003) and zebrafish (Wienholds

et a|.,2003) development. Recently, some investigators have indicated that an RNAi-

based approach can be utilized to inhibit replication of a number of viruses, including

HIV-I (Novina eta1.,2002), HCV (Kapadia et a1.,2003), HBV (Konishi et a1.,2003),

HDV (Chang and Taylor, z}}3),Influenza virus (Ge et al., 2004), rotavirus (Dector et al.,

2002), and SARS (severe acute respiratory syndrome) (Wang et a1., 2004). Here, I tried

to test whether siRNAs inhibit reovirus replication. These experiments could explain how
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and when reoviruses can function on the expression of GADD45a protein in the process

of the viral replication (determined in previous chapter).

4.2. Results.

4.2.1. Effect of synthesized siRllA on reovirus replication. To test the ability of

siRNAs to function in repressing gene expression, two siRNAs, one copied from MRV

gemomic Ll (RNA-dependent RNA polymerase) and another from M2 (major outer

capsid protein), were made (as described in 2.8.1). Transfection of both siRNAs was

carried out by oligofectamine reagent at doses of 40ng or 80ng per well inZ{-well plates,

then the transfected cells were infected with reoviruses at dose of MOI:5 PFU/cell. The

titers of the viruses harvested at different time points (Days I,2, or 3 PI) were measured

by plaque assays. The results showed that the two siRNAs did not inhibit reovirus

replication, and the titers of reovirus strains T1L and T3D were not much different

compared to the non-transfectedL929 cells (Figure 4.1). The same transfection was

carried out on HI299 cells and the siRNAs did not inhibit reovirus TIL or T3D growth

either (Figure 4.2).

4.2.2. Effect of reoviral genome dsRNA on reovirus replication. Long dsRNAs

cleaved into siRNA is mediated by a multidomain RNase III family enzrye (Dicer)

(Bernstein et al., 2001). The enzyme Dicer is also present in mammalian cells and found

to be essential for mouse development (Bernstein et al., 2003). This importance of Dicer

is also proven in zebrafish development (Wienholds et al., 2003). Long dsRNA triggers

sequence-specific mRNA degradation in mouse oocytes and early mouse embryos

(Svoboda, et aL.2000; Wianny, et al. 2000), and several cell lines in vitro such as

undifferentiated mouse embryonal stem cells (Yang et al., 200T), undifferentiated

embryonal carcinoma cells (Billy, et al. 2001), differentiated mouse neuroblastoma cells

(Gan, et al.2002), human peripheral blood mononuclear cells (Bhargava, et al.2004), rat

hypothalamas (Yi, et al. 2003) and muscle cells (Kong, et al. 2004). The reovirus genome

consists of double-stranded RNA (dsRNA) segments. Because the short dsRNA segments

(siRNA) were expected to specifically interfere with the expression of the target genes,

and the results of two siRNAs showed they did not (Figures 4.1 and 4.2 above), we

wondered whether transfected full-length reovirus genomic dsRNAs would inhibit virus

replication. The reovirus dsRNAs were prepared and purified from batch viral infections
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Figure 4.1. Reovirus replication in L929 cells transfected with siRNA. Mouse L929

cells were transfqcted with siRNAs at doses of 40 or 80 ng/well, and one day later, the

transfected cells were infected with reovirus T1L or T3D at dose of MOI= 5 PFU/cell and

harvested on different days PI. The virus titers of the transfected cells were divided by the

non-transfected cells infected with reovirus at same dose. The data were from three

independent experiments (n=3). Error bars indicate standard deviation of the means. A.

reovirus T1L, and B. reovirus T3D. lffÏ] siRNA-L at 40ngiwell;%VVVA siRNA-L at

S0ng/well; N siRNA-M at 40ng/well; and lilil-ffiI siRNA-M at 8Ong/well.
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Figure 4.2. Reovirus replication in H'1299 cells tranfected with siRNA. Human lung

carcinoma H7299 cells were transfected with siRNAs at doses of 40 or 80 ng/well, and

one day later, the transfected cells were infected with reovirus T1L or T3D at dose of

MOI= 5 PFU/cell and harvested on day 3 PI. The virus titers of the transfected cells were

divided by the non-transfected cells infected with reovirus at same dose. The data were

from three independent experiments (n=3). Error bars indicate standard deviation of the

means. tTlllTilTll.l siRNA-L 40ng; 
NI 

siRNA-L 80ng; 
fN 

siRNA-M 40ng; and

ffi siRNA-M 80ng.
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as described in2.4. The purified reoviral dsRNAs were directly transfected into L929

cells at doses of 5¡rg dsRNA/wellin24 well plates. 24 hours later, the transfected cells

were infected with reoviruses TlL or T3D at MOI:SPFU/cell. When hawested, at72

hours PI, the titers of reovirus in the reoviral dsRNA transfected L929 cells were only

-20-40% of the titers in the infected/non-transfected control cells (Figure 4. 3). Thus,

reovirus replication in the transfected cells was inhibited. However, virus replication in

cells to which genomic dsRNAs was directly added (mock transfection) were not affected,

and the virus titers in this group were almost identical to control groups (Figure 4.3). This

inhibition of dsRNA on reovirus replication was also present in the dsRNA transfected

H1299 cells (Figure 4.4).

4.2.3. Further examination of the inhibition of long dsRNAs on reovirus replication.

In order to further characteÅze long dsRNA inhibition of reovirus replication, three

different doses of dsRNAs (1p9, 5pg, or 1Opg/wellin24 well plate) were transfected into

L929 cells and infected at dose of MOI:5 PFU/cell. The results showed that the

replication of reoviruses T1L or T3D were inhibited similarly, no matter the amount of
transfected dsRNAs. The virus titers in the cells transfected with dsRNAs at 3 doses

(1p9, 5pg, and 1Opg) were reduced about 3-5 fold compared to controls (Figure 4.5).

We know that the dsRNA genome of reovirus is present as L-, M- and S-size segments.

I then tested whether the specific size classes would effect reovirus replication. In order

to separately test the three dsRNA classes on reovirus replication, the L-, M- or S-genes

were separated in agarose gels, and purified and transfected at dose of 50ng/well (full-

length dsRNA was not purified from gel and used with more amount in transfection) into

L929 cells. All dsRNA sizes inhibit the replication of reovirus T1L or T3D (Figure 4.6),

and the virus titers in the cells transfected with three different parts of dsRNAs were not

different from the titers of cells transfected with the whole complement of reoviral

dsRNA (Figure 4.6).

The inhibition of full length dsRNAs on reovirus replication occurred in mammalian

cells. Next, the effect of transfected dsRNAs was measured when cells were infected with

different doses of reovirus. When the dsRNA transfected cells were infected with

reovirus at MOI: 100 PFU/cell, reovirus replication was also inhibited; however, the

inhibition was not as strong as when the infectious dose was MOI:5 PFU/cell. The virus
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Figure 4.3.
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Figure 4.3. Inhibition of transfected long reovirus dsRNAs on reovirus replication in

L929 cells. Mou se L929 cells were transfected with reovirus full-length genomic dsRNA

at 5¡:,glweIl, and one day later, the transfected cells were infected with reovirus T1L or

T3D at dose of MOI= 5 PFU/celt and harvested on different days PI. The virus titers of

the transfected cells were divided by the non-transfected cells infected with reovirus at

same dose. The data were from three independent experiments (n=3). Error bars indicate

standard deviation of the means. A. reovirus TLL, and B. reovirus T3D. f--l Infected

only with no dsRNA added as control; fffil dsRNA transfected; and ffi dsRNA

added directly (without transfection reagents).
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Figure 4.4.

Figure 4.4. Inhibition of transfected long reovirus dsRNAs on reovirus replication in

H1299 cells. Human lung carcinoma H1299 cells were transfected with reovirus full-

length reovirus genomic dsRNA at 5pg/well, and one day later, the transfected cells were

infected with reovirus T1L at dose of MOI= 5 PFU/cell and harvested on different days

PI. The virus titers of the transfected cells were divided by the non-transfected cells

infected with reovirus at same dose. The data were from three independent experiments

(n=3).Errorbarsindicatestandarddeviationofthemeans.

dsRNA added as control ffi dsRNA transfected; and liffil dsRNA added directly

(without transfection reagents).
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Figure 4.5.
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Figur'e 4.5. Inhibition of reovirus dsRNAs transfected at different doses on reovirus

replication. Mouse L929 cells were transfected with reovirus long dsRNA at L, 5 or

lO¡rg/well. One day later cells were infected with reovirus at dose of MOI= 5 PFUicell

and harvested on different days PI. The virus titers of the transfected cells were divided

by the control. The data were from three independent experiments (n=3). Error bars

indicate standard deviation of the means. A. T1L, and B. T3D. l--l Infected only

with no dsRNA added as control;@ dsRNA -transfected (1¡rgiwell); FUffi dsRNA

-transfected (Spg/well); llfllllTlTlll dsRNA -transfected (lgpg/well); f)>ì dsRNA-

added directly (1Opg/well).
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Figure 4.6.

Figure 4.6. Inhibition of reovirus replication after fiffmbction of dsRNA genomic

size classes. Mouse L929 cells were transfected with different genomic parts of reovirus

dsRNA. One day later they were infected with reovirus T1L or T3D at dose of MOI= 5

PFU/cell and harvested on 3 days PL The virus titers of the transfected cells were divided

by the control. The data were from three independent experiments (n=3). Error bars

indicate standard deviation of the *.un..F Infected only with no dsRNA added as

control; ffi Small reovirus genes-transfected (5Ong/well); VTZh Medium ¡eovirus

genes-transfected (5Ong/well); Nl Large reovirus genes-transfected (5gng/well);

Total reoviral dsRNA-transfected (1¡rgiwell)

(Spy'well); F;¡Fi Total reoviral dsRNA added direcrly (5py'welt).
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Figure 4.7.

1.

MOI=5 pfur'cell MOI=100 pfu/cell

Figure 4.7. Inhibition of reoyirus dsRNAs transfected on the replication of reovirus

at two infectious doses. Mouse L929 cells were transfected with full length reovirus

dsRNA at L,5 or lOpg/well. One day later they were infected with reovirus T1L at doses

of MOI= 5 or 100 PFU/cell and harvested on 3 days PL The virus titers of the transfected

cells were divided by the control. The data were from three independent experiments

(n=3).Errorbarsindicatestandarddeviationofthemeans.

dsRNA added as'control; ffi dsRNA-transfected (lpglwell); lffif dsRNA-

transfected (5¡rg/well); ffi dsRNA-transfected (lOpg/well); ElFl dsRNA added

directly(10pg/well).
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titers in the cells transfected with dsRNA and infected at MOI:100 PFU/cell decreased to

about half of the control (Figure 4.7).

Full discussionfor the experiments and results is in Chapter 7. Here I can make the

following conclus ions.

4.3. Conclusion.

' 1. Two sets of reovirus siRNAs did not seem to inhibit reovirus growth. It is possible

that the selection of these parts of siRNAs was not satisfactory or the siRNAs did not

function on virus replication. It indicates that siRNA function is very complex.

2. Long full-length genomic reovirus dsRNA could inhibit reovirus replication.

3. Reovirus S, M and L genomic dsRNA fragments, which used separately, could

inhibit replication.
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Chapter 5. REOVIRUS CORE TRANSFECTION.

5.1. Introduction.

The mammalian orthoreoviruses (reovirus) are naked particles of intermediate

structural complexity with 8 different proteins organized in two concentric capsids

(Nibert and Schiff, 2001). The capsid shells can produce two naturally occurring subviral

particles, which are the Intermediate (or sometimes called "Infectious") subviral particle

(ßVP) and the core. The core contains one copy of each of the genome segments, and

also multiple copies of specif,rc enzymes including an RNA-dependent RNA polymerase

and mRNA-capping enzyme.

Both the ISVP and the core are produced. in vivo by proteolysis. During infection, the

intact reovirus virion attaches to specific receptors on the cell membrane surface and

enters the cytoplasm by endocl'tosis. Proteolysis then sequentially converts the virion

first into the ISVP then the core (Nibert and Schiff, 2001). The ISVP also appears

capable of directly penetrating the cell membrane (Tosteson et al., 1993; Lucia-Jandris et

al., 1993). Uncoated core particles serve as the metabolic machine for synthesizing viral

6RNA, and eventually, new virions (Coombs, 1998; Chandran and Nibert, 2003)'

ISVP ald core particles also may be produced in vitro by proteolysis (Coombs, 1998a;

Yin, et al. 1996). Intact virions are infectious, as determined by standard plaque assays

(Coombs et a1.,1994). Likewise, some ISVPs are also infectious. Comparisons of

particle-to-PFU ratios suggest that some ISVPs may have a higher specific infectivity

than their corresponding intact virions (Nibert et al., 1995), presumably because of

altered o1 conformation on these ISVPs (Furlong et al., 1988). However, the o1 cell

attachment protein of some strains of reovirus is destroyed by proteolysis, resulting in

loss of infectivity of corresponding ISVP (Nibert, eI a\.1995). Irrespective of virus strain,

purifred core particles are poorly infectious, presumably because they lack entry signals

present in outer capsid proteins o1 and pl (Dryden eI a1..1993; Chandran and Nibert,

2003). This suggests that methods that allow the core to gain access to the cell cytosol

could bypass such a cell entry block. Indeed, micro-injection has been used as means of

introducing core particles into cells and promoting virus replication (Moody and Joklik,

19S9). Micro-injection can be a tedious process, not suited to manipulating large numbers

of cells.
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There are several methods used to transfect DNA or RNA into cells. Currently, the most

common methods are lipofectamine and calcium phosphate (CaPO+) (Chen and Okayama'

1987, and 1988). There are a few reports that viruses such as poliovirus (Wilson' et al'

lg17)and HIV (Hodgon and Solaiman, 1996) can be transfected into cells in liposomes

to reproduce new daughter virions'

siRNA, viral genome dsRNA or DNA plasmids were successfully transfected into cells

by using lipofectamine reagents in the previous experiments (see previous chapters)'

. Therefore, whether these transfection methods would allow the non-infectious reovirus

core particle to bypass the cellular membrane and result in a full viral replication cycle is

valuable to investigate. How the expression of GADD45c¿ protein is induced by reovirus

compositions (whether intact virion, or subviral core), or whether expression of

GADD45a protein is induced by the binding process of the reovirus outer capsid protein

with the cell receptors could be determined'

5.2. Results

5.2.1.Reovirus core particles lack outer capsid proteins ol, o3, and pl' To confirm

that proteolytic treatments completely removed outer capsid proteins and generated core

particles, aliquots of virions and cores were resolved in SDS-PAGE and stained to

visualize proteins (Figure 5.1). Although major core proteins À1 and ì"2 comigrate' and

minor core protein ¡-12 comigrates with major outer capsid protein plC (as has been

previously described (Nibert and schiff, 2001; coombs, 2002) intact virions clearly

contained all 8 reovirus structural proteins. In contrast, my core particles lacked

detectable o1, o3, ¡11, and plc. Aliquots of the particles also were examined by electron

microscopy and expected particle morphologies confirmed (Figure 5'24 and B)'

S,Z.Z. Reovirus core particles are non-infectious. To confirm loss of infectivity of the

newly generated oore particles, the capacities of both intact virions and cores were tested

to generate plaques when applied toL929 cells. The amount of each type of particle was

determined by oD266 enumeration. Both TlL and T3D virions had typical particle- to -

PFU ratios of about 400-500. These was scaled to a value of 0 logls(:l) for comparative

purposes (Figure 5.3). By contrast, the infectivity of cores were generally 10s - 107 fold

less than the infectivity of virions as determined by relative particle to PFU ratios,

irrespective of the virus serotype (Figure 5.3). Similarly, reovirus virions were capable of
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Figure 5.1.
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Figure 5.1. SDS-PAGE analysis of proteÍn content of purifTed reovirus virion and

core particles. Approximately 1x10ll purified reovirus virion and core particles were

resolved in7.5Yo SDS-PAGE. Identities of major viral proteins are indicated to the left.

Note loss of detectable outer capsid protein ¡rlC and o3 in core lanes.
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Figure 5.2.

Figure 5.2. Electron micrographs of gradient purified reovirus virion and core

particles. Reoviral virions or cores were purified by CsCl gradient centrifugation and

mounted on 400-mesh formvar-coated copper grids by drop method, negatively stained

with 1.2mM phosphotungstic acid (pH7.0) and examined in a Philips model 201

transmission electron microscope as previously described (Hazelton and Coombs, 1995).

(A) virion particles and (B) core particles. Bar =100nm.

R.
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Figure 5.3.
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Figure 5.3. R.elative partÍcle to FFU ratios of T1L and T3D virion and core

particles. Plaque assays of gradient-purified T1L and T3D virions and cores were

performed on L929 cell monolayers. Plaques were counted and compared to actual

number of physical particles, as determined by ODZ6O. Data is expressed as relative

particle-to-PFU ratios, scaled to a value of lo916 (=1) for virions. The data represents the

average of a minimum of three experiments (n=3) and the erro¡ bars represent one

standard deviation.
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Figure 5.4. Replication capacity of reovirus TIL or T3D virion and core particles

L929 cell monolayers were infected with 1 or 100 particles of purified TIL or T3D virion

or core particles per cell respectively and harvested at indicated times post-infection (PI).

Virus titers were determined by plaque assay (A: 1 particle/cell; or B: 100 particles/cell).

The data represents the average of a minimum of three experiments (n:3) and the error

bars represent one standard deviation. OTlL-virion; O T3D-virion; V TlL-core and

V T3D-core particles.
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infecting and replicating in L929 cell monolayers, and demonstrated a rise in virus titer

during incubation, whereas application of core particles to cells did not result in

substantial viral replication (Figure 5.4).

5.2.3. Pretreatment of cores with lipofectamine dramatically increases capacities of

cores to replicate. Sub-confluent cell monolayers were exposed to two doses (1 or 100

particles per cell) of virus virions or cores that had been treated with lipofectamine

2000rM, using the manufacturers's instructions (Invitrogen), and as described above in

section 2.7.1. Cells in the groups transfected with cores showed morethanT09zo

cytopathic effect (CPE) by 72 hours post-transfection. The cells to which core particles

were added directly did not demonstrate CPE at the time point, consistent with the

inability of cores to infect and replicate. Supernatants and cells from various treatments

were harvested at 72 hours post-treatment, and virus titers were measured by plaque

assays as describedin2.2.2. Yields of infectious progeny from cells that had been

exposed to core particles without transfection reagents was negligible, both in mouse

L929 cells (Figure 5.5) and in monkey Vero cells (Figure 5.6), consistent with early

results (Figure 5.1) that showed cores are essentially non-infectious. Premixing core .,

particles with lipofectamine significantly enhanced production of infectious progenies.

Final virus yields were not significantly affected by the two tested doses (1 or 100 core

particles per cell) (Figure 5.5 and 5.6). These results indicated that lipofectamine

transfection of reovirus core particles assisted passage of the core particles through the

cell membrane and into the cytoplasm. They also confirm that reovirus core particles by

themselves cannot pass the cell membrane. The very low titers of viruses detected when

core particles were added directly to cells in the absence of lipofectamine (-102 PFU/ml),

probably reflect that gradient-purified core particles were not 100% pure and still contain

a very small number of reovirus ISVPs or virion particles. The effect of the lipofectamine

transfection on intact virion particles was also examined. Lipofectamine transfection

resulted in only minor changes in replication capacity of intact virions (Figure 5.5 and

5.6). Although there were only minor differences in the final yields of infectious virus

whenL929 cells were transfected with cores or viruses, paradoxical effects were seen

when Vero cells were exposed to intact virions (Figure 5.6). There appeared to be a dose

response in infectious virus yield and, at low particle treatment (1 particleþer cell),
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Figur,e 5.5. Reovirus TIL virion or core particles transfected with Lipofectamine

2û00 in L929 cells. T1L virion or core particles were transfected into L929 cells with

lipofectamine 2000 or were added directly to L929 cells. After 72 hours, cells were

harvested and virus yields were determined by plaque assays. The data represents the

average of a minimum of three experiments (n=3) and the error bars represent one

standard deviation. I Cores not transfected;

Lipofectamine 2000, N Virions infected and T- Virions transfected with

Lipofectamine 2000. * The virus titers in the cells transfected with viral cores were

significantly higher than the un-transfected controlsby tiest (p <0.05V0)
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Figure 5.6.
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Figure 5.6. Reovirus TLL virion or core particles transfected with Lipofectamine

2000 in Vero cells. TLL virion or core particles were transfected into Vero cells with

Lipofectamine 2000 or were added directly to Vero cells. After 72 hours, cells were

harvested and virus yields were determined by plaque assays. The data represents the

average of the minimum of three separate experiments (!_Ð3nd the error bars represent

one standard deviation. ñ Cores not transfected; 
I 

Cores transfected with

Lipofectamine 2000; N Virions infected; undØ Cores transfected with

Lipofectamine 2000. * The virus titers in the cells transfected with vi¡al cores were

significant higher than that the un-transfected control by t-test (p <O.OS%)
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transfected core appeared to replicate - 1O0-fold better that transfected virions.

The two standard strains of reovirus (TlL and T3D) often show difference in

biological characteristics. For example, reovirus strain TlL viruses infect cells and form

filamentous factories to produce new viruses, but T3D forms globular factories (Parker,

et aL.2002). Reovirus T3D can induce higher levels of cell apoptosis than TlL (Tyler, et

al. 1995). I then determined if there were any differences in lipofectamine 2000

transfection of T1L or T3D was determined. As with TlL core transfection, the virus

titers from cells transfected with reovirus T3D cores, or transfected or infected with

virion particles, reached nearly 108 (Figure 5.7); thus, there were no obvious differences

between the two reovirus strains T1L and T3D. Lipofectamine transfection non-

specifically assists the infectious entry of reovirus core particles through the cellular

membrane. These results also conf,rrm the core particles contain all the information and

necessary materials for replication to produce new viruses once they are able to gain

access to the cytosol.

5.2.4. Transfection of cores with calcium phosphate (CaPO¿) also enhances core

replication. Because CaPO¿ has been successfully used in nucleic acid transfection, we

determined whether calcium phosphate transfection could also act to facilitate core entry.

Calcium phosphate reagents (Invitrogen) were used to transfect reovirus T1L core

particles into L929 cells according to the manufacturer's instructions (as described in

2.7.2). After 3 days of incubation at37oC, the cells were examined and harvested, and the

virus titers in the culture were determined as described in2.2.2. Similarly to the

lipofectamine 2000 reagent transfection, addition of CaPO+ increased the specific

infectivity of core particles, but only -300 fold (Figure 5.8). Thus, lipofectamine

transfection was more efficient than calcium phosphate transfection in L929 cells.

Full discussionfor the experiments and results is in Chapter 7. Here I can make the

following conclus ions.

5.3. Conclusion.

1. Purified reovirus core particles were not infectious when directly added to cell.

2. Transfection reagents enhance core particle entry into cells and the core can

replicate to reach almost same level of viruses as reovirus virions.
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Figure 5.7.
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Figure 5.7. Comparison of reoviruses T3D and TIL core particles transfected with

[,ipofectamine 2000. Reovirus T3D or T].L core particles were transfected into L929

cells with Lipofectamine 2000. After 72 hours, cells were harvested and virus yields were

determined by plaque assays. The data represents the average of a minimum of three

experiments(n=3)andtheerrorbarsrepresentonestandarddeviation

transfected with Lipofectamine 2000;and El T3D cores transfected with

Lipofectamine 2000. {' The virus titers in the cells transfected with reovirus T1L cores

were not significantly different from those that transfected with reovirus T3D cores by r-

test (p = 0.35)
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Figure 5.8.
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Figure 5.8. reovirus T1L core particles transfected with Lipofectamine 2000 or
calcium phosphate. Two doses of reovirus T1L core particles were transfected with
lipofectamine 2000 or calcium phosphate into LgZg cells. TZ hours later, cells were

harvested and virus yields measured. The data represents the average of minimum of
threeexperiments(n=3)andtheerrorbarsrepresentonestandarddeviation

Cores transfected with Lipofectamine 2000; and ffi] Cores transfected with calcium
phosphate. * Thq lipofectamine transfection is significantly efficient than the Ca2*

transfection by t-test (p < 0.05).
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3. Lipofectamine reagent transfection of reovirus cores was significantly more efficient

than Calcium phosphate (CaPO+) methods.

4. These transfection methods may pave the way to improve genetic manipulation.

(The experiments described in this chapter have been published (Jiang and Coombs,

2005. J. Virol. Meth. 128:88-92))
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Chapter 6. SEOUENCING OF A NEW MAMMALIAN REOI/IRUS STRAIN TYPE 2

WTNNTPEG G2w).

6.1. Introduction.

Reovirus has a wide geographic distribution and host range and can infect virtually all

mammals including human beings. There are various reports of pneumonia and other

respiratory diseases in both naturally and experimentally infected primates (Tyler, 2001)

and there have been several reports describing reoviruses isolated from children with

meningitis (Joskw and Aronson, 1958; Johansson et al., 1996; Tyler et a1.,2004). In Dr.

Coombs' Lab, the isolation and partial characterization of a new reovirus strain isolated

from the central nervous system of an immunocompromised 8-week-old female infant

was previously described (Hermann et aL,2004). This reovirus strain was identified as a

reovirus serotype 2 member by virus neutralization and RNA-gel electrophoresis studies

and was named serotlpe 2 Winnipeg (T2W) (Hermann et a1.,2004).

In the previous researches of this thesis, two mammalian reoviruses Type I Lang (TlL)

and Type 3 Dearing (T3D) were used to infect cells and observed the cellular response,

performed siRNA assays as well as prepare the cores for transfection. However, reovirus

type2 strains generally do not grow as well as the other two reovirus serotypes (T1 and

T3). The type 2 reoviruses have not been used to determine their functions on cell

response including apoptosis either. Reovirus T2W strain replicate slower, and to lower

titers than the type 2 prototype.strain T2 Jones (T2J) in various cell lines (data not shown).

Because transfection improved infectivity of viral cores, which also are poorly infectious

(Chapter 5), an attempt was made to use the same method to grow more T2V/. However,

purified T2W virions transfected with Lipofectamine reagents did not show improved

infectivity compared to direct virus infection, the virus titers in transfected cells were

similar to the virus infection (data not shown). As we know most reovirus infections of

humans are sunclinical and association of reovirus with human disease are also very rare.

Only a few of reports showed some reovirus are observed in the samples 0. Thus reovirus

T2W isolated from the brain tissue of one sicked child could represent a clinically

relevant emerging virus. The pathogenesis and molecular characteristics of the virus are

valuable to investigate. First I tried to analyze its genotype by sequencing the S genes due

to that the S1 gene and ol protein of reovirus determine the serotype of reovirus, and
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there also currently were full geneome sequences oî>12 MRV clones for each of the S

genes, whereas there are only 3 or 4 full genome sequence available for most of the M

and L genes in Genbank characteristics so I decided to sequence the T2W S1, 52, 53 and

54 gene seqLlences and to deduce o1,c2, oNS and o'3 protein sequences. Therefore,

T2W S gene sequences and o proteins were compared to all previously reported

mammalian reovirus gene and protein sequences in order to better type the new strain and

attempt to better understand the variation of T2W. In addition, the new reovirus strain

could be typed by genotyping and be used for investigating whether the reovirus type 2

strain could induce apoptosis and activate the expression of cellular GADD45o protein.

6.2. Results.

6.2.1. Sequences of the reovirus T2W 51, 52, 53 and 54 genes: The complete

sequences of the T2W S1, 52, 53 and 54 genes were determined in both directions. The

genes (described in Figure 6.1) were 1435,1331, 1198 and 1196 nucleotides long,

respectively; and submitted to Genbank (Genbank codes in Table 2.2). 
^ll 

T2W S-class

genes contain the conserved nucleotides 5'GATC- at the 5' terminus and 5'- TCATC 3'

at the 3' terminus as shown in Figure 6.1 (identical to the terminal sequences of other

mammalian reovirus genes in GenBank). The T2V/ 52, 53 and 54 genes are the same

lengths as other mammalian reovirus 52, 53 and 54 genes (Figure 6.1), and

corresponding T2W o2, oNS and o'3 proteins that the genes encode are the same lengths

as the cognate proteins of the 3 mammalian prototype reovirus strains TLL,T2I and T3D

(Figure 6.28, C and D). However, the T2W Si gene and encoded o'1 protein differ in size

from the S1 genes and o1 proteins of the 3 prototype strains (Figure 6.14 and 6.2^).

6.2.2. Sequence analysis of the reovirus S1 gene and o1 protein: The reovirus S1

gene encodes virus attachment protein ol (Lee, et al. 1981). The viral o1 protein is

unique to each prototype of mammalian reovirus and determines the serotype and is also

the major genetic determinant of neurovirulence in infected mice (Tyler et al., 1986).

The full-length sequences of the T2W 52, 53 and 54 genes were determined by the 3'end

ligation method (Lambden et al., T992; Yin et a1.,2004) described in Materials and

Methods (2.10.2),but T was unable to obtain full-length sequence of the T2W Sl gene by

this method. The 5' end of the S1 sequence was not identifred no matter what methods
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Figure 6.1.

A. T2W S1 gene sequence:
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T1L-S1
T2J-S1
T3D-S1

T2h1- S i
Tl-L-St-
T2J-S1
T3D-S]-

T2I{- S i
T1L-S1
T2J- S1
T3D-S1

Tl-L-St-
TZU-òI
T3D- S r_

T2[.J- S i
TlL-S1
T2J-S1
T3D- S].

T'21¡¡- S i.
T1L.S]-
T2J- S1
T3D-Sl-

:t'2vJ- 5i.ì

Tl-L-Sl-
T2J- S1
T3D- S L

T2Vr-S1
Tt-L-St-
T2J-S1
T3D-S1

T2'y¡- S i-

Tr_L- Sr-
T2J- S 1

T3D- S 1

T2, r-S i,
T1L-S1
T2J- S1
T3D- S 1

1t2t{- s i
T1L-St"
T2J-S1
T3D-S1

GC'I'ATTCGTACTGATGT - - - CGGATCTGCGTCAGCTCATA.AGGAGAGAGATTCTAGCTCI 5 7
6 C'i] "\TTCGCGCCTATGGA - - TGCATCT - - CTCATÎACAGAGATACGGAAÄATAGTACTCC 5 6
GCTÀTTCGCACTCATGT- - - CGGATCTAGTGCAGCTCATAÃGAAGGGAGATCTTÀCTGTT 5 7

GCTATTGGT - CGGATGGATCCTCGCCTACGTGAÀGAAGTAGTACGGCTGATAATCGCATT 5 9****** * * *** ** * * *

** *

TG-TA- - -GCGACGAGTGAT- - - -GGCGGAG- - - -CGAAA- - -GAÀGTCGAGGA.AATCAÀ 102
AACTATCTGTATCAAGCAATGG - - CT CCCAG - - - - TCAÀA - - AGAAATCGAGGAAÀTCAA 1 O 8

AACTG- -_ -GGAÀTGGAGAATCA- -GCCAACT- - - -CGAAACACGAGATCGAGGAAATTAA 108
A.A,CGAGTGATAATGGAGCÀTCACTGTCAJUU\GGGCTTGAATCAAGGGTCÎCGGCGCTCGA ]- 1 9** ** * *
GAÀACAGATACA.ACAÀTTGCGTAATGACGTCGATGGGATCAÀTCACAÃACTGTCTGCGCA 1 6 2

GA,¡U\CAi\GTCCAGGTCAÀCGTTGÃ,TGATATCAGGGCTGCCÃATATTAAACTCGACGGACÎ 1 6 8

G A'UqC AJU\TTAAAGACATCTCTGCTGATGTCAACAGGATCAGTAACATCGTTGATT CAAT 1 6 8

GAAGACGTCTCAÀ.A,TACACTCTGATACTÄTCCTCCGGATCACCCAGGGACTCGATGATGC 1 7 9*** * ** *

* ** * *

GCAAGGAGAACTCGCTAGCATTACTGCGÀGAGTGTCAGCCATTGAGTCAGGATTTAGTAC 2 2 2

TGGA.AGACAGATTGCTGACATCÀGCAATAGCATCTCAACCATTGAGTCAAGATTGGGTGA 2 2 8

CCAAGGACAACTGGGTGGATTATCTGTACGCGTGTCAGCCATTGAATCGGGAGTTAGTGA 2 2 8

AJU\CA,¡\J\CGAi\TCATCGCTCTTGAGCAAAGTCGGGATGACTTGGTTGCATCAGTCAGTGA 2 3 9* * * * * * * * * * **
ACTTAGCAATAGAGTTACTGACAÀTGAGCGGTCTATCTCGCAACTGTCAGGAGACGTGGG 2 82
GATGGATAÀTCGACTTGTGGGTATCTCGAGTCAGGTCACGCAATTATCTAACTCAGGTAG 2 8 8

GAACGGCAATCGAATTGATAGACTCGAGCGAGATGTCTCCGGCATATCGGCTAGCGTTAG 2 8 8

TGCTCAACTTGCAATCTCCAGATTGGA'\,q'GCTCTATCGGAGCCCTCCNU\CAGTTGTCAÄ. 2 9 9

CGCAATCAATGGTAGTCTATCCACATTGGGTAACAGAATCGATGTTGCAGAACAAGGAÀT 3 4 2

CCAGAACACTCAGAGCATATCCTCATTGGGTGACAGAATCAÀTGCTGTCGAACCACGAGT 3 4 8

CGGAATCGATTCGCGTTTATCCGAGCTGGGTGACCGAGTC.AATGTTGCAGAACAGCGAAT 3 4 8

TGGACTTGATTCGAGTGTTACCCAGTTGGGTGCTCGAGTGGGACAACTTGAGACAGGACT 3 5 9

***** *

* * * ** ** * ** +* *

** ** * ** * * * **

* ** * * * *** * * **

* ** * *

* * * ** *****
TAGCCAGCTGGTTACTAGGACGGACGATCTCACTAGCAGÀÀCATCAGCTTTGGAAGCAAC 4 O 2

TGACAGTCTGGATACGGTCACGTCTAATCTCACTGGACGAÀCATCCACTTTGGAGGCAGA 4 O 8

TGGCCAGTTGGATACAGTCACGGATA.A,TCTCCTTGAGCGAGCATCAAGACTGGAAACTGA 4 O 8

TGCAGACGTACGCGTTGATCACGACAATCTCGTTGCGAGAGTGGATACTGCAGAì\CGTAi\ 4 1 9

GAGTTCATCATTAACAACTGATCTGGCTTCTTTGAAIACACGTGTCACGACGGAG- - - -. 457
TGTTGGAAGCTTACGGACAGAACTAGCAGCGCTAACAACACGGGTGACAACTGAGGTTAC 4 6 8

ÀGTÀTCAGCCATTACTAATGACCTTGGATCATTGAATACGAGGGTGACGACTGAA- - - - - 463
CATTGGATCATTGACCACTGAGCTATCAÀCTCTGACGTTACGAGTAACATCCATA- - - - - 47 4

- - - - - -CTCAATGATATACGTGCA.AAC- - -GTGACAGCCATCTCTGGAAGAGT 501
AAGGTTAGATGGTCTAATCAATAGTGGCCAGAATTCGATTGGTGAGCTATTCACAAGACT 5 2 8

- - - - - - - - - : - - - :l:r:ffiå:ä::iiiäüi : - -il:::ii::iiffiå:i::::::: : 3 l
TGATGTATTGGAACGTGACGCTGTCACGAGTGTGGGTCAGGGATTGGAÃÀÀGACGGGAÃA 5 6 1

ATCCAATGTGGAGACGTCTATGGTGACGACGGCTGGACGGGGACTGCAGA;U\,U\CGGAAA 5 8 8

CACGACACTGGAGACCGATGCCGTGACGTCGGTTGGTCAAGGGCTTCAGAAGACTGGGAA 5 6 7

-TTAGAGCGCACGGCGGTCACTAGCGCGGG- - -AGCTCCCCTCTCAATCCGTAA 554

TTCTGTCAAGGTGATAGCTGGAAACGGTATGTGGTTTAÀTAGCCAGA.A,TCAÀATTCAGCT 6 2 1

CACCTTGAACGTCATTGTAGGTAATGGAATGTGGTTTAATAGTÎCTAATCAATTGCAGCT 6 4 8

CTCGATTAAGGÎTATTGTGGGTACGGGGATGTGGTTCGACCGCAATAATGTTCTGCAGTÎ 6 2 7

TAACCGTATGACCATGGGATTAÀÄTG- -ATGGACTCACGTTGTCAGGGAÀTAATCTCGCC 612

AGATTTATCTGCACAÀ,ATGÀAÀGGTGTTGGATTTGAAGGGTCAGGTATGATAGCÀÀÀGAT 6 8 1

CGACCTTTCGGGGCA¡,TCAAAAGGGGTGGGATTTGTCGGCACAGGAATGGTGGTTAAGAT 70 8
ATTCTTATCGAACCAGCAGAAAGGGTTGGGATTCATAGACAATGGAATGGTAGTGAJUU\T 6 8 7
AT - CCGATTGCCAGGA.AATACGGGTCTGAÀTATTCAAAAIGGTGGACTTCAGTTTCGATT 6 7 1

138

** * *



T2i.J- S i
T1L_S 1

T2J-S1
T3 D-S 1

T2!v-S i
T1L-S 1

T2J-S1
T3D-S1

lt2r,J-s L

T1L-S].
T2J-S 1

T3 D-S 1

miil_Q ì

T1L-S1
T2J-S 1

T3 D-S 1

T2trri- S.L

T1L-S 1

T2J-S1
T3 D-S 1

T2i¡l-S.r
T1L_S].
T2 J_S 1

T3 D-S 1

T2i..J- S l-

l AL-Jl

T2 J_S 1

T3D-S1

T2i,r:- f-ì 1

T1L-S1
T2J-S1"
T3 D-S 1

1")1¡Ì- a ì

TlL-S 1

]ZÙ-J]
T3D-S1

Tîirl-e 1

T]-L-S1
T2J-S ].

T3D-S 1

T2W-S1
T lL-S 1

T2J-S1
T3 D-S 1

'I2'rrf -S i
T1L-S 1

T2J-S1
T3D-S1

CGACGGCACGTACTTCATGTATAACAGCAGTGGTCA.AATCACATTGAAAGACAACATATC 7 4 1

lGATACTAATTATTTTGCTTACAATAGTAå,TGGAGAGATTACATTGGTGAGTCAAATCAA 7 6 8

AGATACCCAGTATTÎCAGCTTCGATAGCAATGGCAACATAACTCTGAACAACAACATAAG 7 4 7

TAATACTGATCAATTC-CAGATAGT- -TAATAATAACTTGACTCTCAAGACGACTGTGTT 7 2 8* * ** * * ** * *

CGATTTTAGAGTAGTA'\'\TCAAGCATTCACATTAGTGACGAGGGCATCGATTCCGACCTA 9 1 8

CGATTTTACAATCATCAÄCTCCGTACTGTCGTTACGGTCACGTTTGACTCTTCCGACATA 9 4 5

GGACTTCGTGGTTACTAACAACGTTCTCACACTGAGAAATCGATCGGTCACGCCAACATT 92 4
TCAACACTTGAAATTAATTCTAGTGGACA-GCTAACTGTTAGATCGACATCCCCGAATTT 8 9 9* * * * * ** * *

TCGGTTTCCTTTGGATTACGATGCTTCGGCGAATATTGTCACGCTTAGCCCGAACTATCG 97 8

CAGGTACCCTCTGGAGCTCGACACAGCAAÄTAATAGAGTGCAGGTGGCAGATCGTTTTGG 1 O O 5

CAAGTTTCCTCTGGAGTTGAATAGTGCTGATAACTCAGTGAGCATTCATAGNU\TTACCG 9 8 4

GAGGTATCCGATAGC-_ -- - -TGATGTTAGCGGCGGTATCGGAATGAGTCCAAATTATAG 9 5 3

AGGG_CTTCCA- -TCCAGGACATCAGCACTTGAGTCACTAAA.A^ATAGATACTGTCTTACC 7 9 B

TGAA-TTGCCA- -TCGCGCGTATCAACACTGGAATCAGCGNU\I\TCGATTCAGTTTTACC 8 2 5

TGGT-CTGCCG--GCGCGAACAGGTTCCCTCGAGGCATCTCGTATCGATGTGGTAGCGCC 8 O4

TGATTCTATCAACTCAAGGATAGGCGCAACTGAGCAAAGTTACGTGGCGTCGGCAGTGAC 7 8 8* * * * * * * ** * * * * *
TCCGTTGGTAGTGCAGGAATCGCAGGGATCTAGGTCACTGCGTTTGTTGTACGAÎGCAGT 8 5B

TCCATTAACCGTACGCGAAGCGAGCGGCGTACGTACCCTGAGCTTTGGTTATGATACGAG 8 85
ACCGCTTGTGATACAGTCTACTGGTAGCACTCGGCÎACTGCGTCTCATGTACGAGGCTGT B 64
TCCCTTGAGATTAAAC- - _ _ - -AGTAGCACGAAGGTGCTGGATATGC- - TAATAGACAGT 8 4 O** * * * *** * ** * *

** ** * * ****

* *** ** * *** * *****

* ** * ** * ** * * ****

* ** * ** * * * ** ** ** * **

** * * * ** ** ** *

* ** *

* * * * ** * *** * ** * * + * * +* *

GGACGTACACCGCTCACACTGGGGTTGATTGGGCACCGATGACTTTGATGTATCCATGT- 138 8

GCACATACACCGGTCATACTCAAGTATATTGGGCTCCGTGGACGATCATGTATCCATGC- 14 12
GAACATATACAGCGCATACCAATGÎCGACTGGGCGCCGATGACCATTATGTACCCATGT- ]- 3 9 5

GTGGCTCAATTACGCACTCAAACAGTAAGTGGCCTGCCATGACCGTTTCGTACCCGCGTA 1 3 6 9* *** * * *** * *** ** *

TATTAGAACTGGCCAATGGACTGGACAÀCTGCAATATCAAACTCCAACTGTCAATTGGAG 1 O 3 8

CATGCGCACGGGTACTTGGACGGGACAATTGCAATATCAGCACCCACAATTGAGTTGGAG 1 O 65
CATTAGACTTGGGCAATGGTCAGGTCAATTGGAATATCACACGCCGAGTTTGCGTTGGAA 104 4

GTTTAGGCAGAGCATGTGGATAGGAATTGTCTCCTATTCTGGTAGTGGGCTGAATTGGAG 1 O 1 3

CGTCCCAGTGACGGTGAAATTGATGCGAGTGAATGACTGGTTAATATTAAGTTTCTCCAG 1 O 98
AGCAÄATGTCACTTTGAATTTGATGAAGGTGGATGATTGGTTGGTGTTGAGCTTTTCTCA 1 12 5

TGCTCCCGTCACGGTTAATTTGATGCGAGTAGACGATTGGCTCATTTTGAGTTTTACTCG 1 1 O 4

GGTACAGGTGAACTCCGACATTTTTATTGTAGATGATTACATACATATATGTCTTCC--A 1 O7 1

ATTCTCAACGGGCG_ _CTATCCTCGCATCTGGTAAGCTCGTTTTAAACTTTGTTACTGGG 1 1 5 6

GATGACGACTAACT--CAATAATGGCAGATGGGAAATTTGTGATTAATTTTGTGTCTGGG 1 1 B 3

GTTTTCGACGAGCGG-CGATCTTAGCGTCAGGAAAGTTTGTATTGAÀCTTCGTAACTGGT 1 1 63
GCTTTTGACGGTTTCTCTATAGCTGACGGTGGAGATCTATCGTTGAACTTTGTTACCGGA 1 ]- 3 1

TTATCTTCAGGGTGGCAGAClGGTTCAACTGAGCCATCGAGTACGACTGACCCA-TTGTC 12 1 5

TTATCTTCTGGATGGCAGACGGGGGATACTGAACCATCGTCAACTATTGATCCA-TTG-C 1 2 4 1

TTGTCTCCAGGGTGGGCGACTGGGAGTACCGAGCCCTCGACAACTACTAACCCA_ CT GT C T222
TTGTTACCACCGTTACTTACAGGAGACACTGAGCCCGCTTTTCATAATGACGTGGTCACA 1 1 9 1

TACGACGT- -__ _TCGCGGCAATTCAATTCGTGAATGGTT-CAAGTCGAGTTGATGCCTT 12 6 9

TACGACAT---_-TTGCCGCGGTCCAATTTCTAAATAACGGTCAA-CGCATTGATGCGTT ].2 95
AACGACGT-----TTGCTGCAATTCAGTTCATCAATGGGTGCATCTCGCGTAGACGCCTT 127 7

TATGGAGCACAGACTGTAGCTATAGGGTTGTCGTCGGGTGGTGCGCCTCAGT-ATATGAG ]. 2 5 O

TCGAATATTAGGAGTCACAGAATGGAÄTGCTGGTGAGTTGGAÀGTATCTGAACTATGGTG 1 32 9
TAGGATCATGGGAGT.ATGGAATGGACGGATGGAGAATTAGAGAT-TAAGAATTATGGTG 1 3 5 3

TAGAATCTTGGGAGTCGCAGAGTGGAATGCCGGGGAACTAGAGAT-CACGAATCATGGCG 1 3 3 6

TAAGAATCTGTGGGTGGAGCAGTGGCAGGATGGAGTACTTCGGTTACGTGT-TGAGGGGG 1309

* * * ** *
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T'2itr- S.l-

T1L-S 1

T2J-S1-
T3D-S1

B. T2W

T1L-S2
12J-52
T3 D-S2

'r2vt-s2.
T IL-JZ

"12J-52
LJU-òZ

T:W-S2
T 1L-S2
T2J-52
T3D-S2

T 2lrr- S 2

T1L-S2
Tt T_et

T3 D-S2

'.l2t"t-s2
TlL-S2
"r2J-s2
T3 D-S2

T2i,r't- S2
L LL-ð¿

T2J-52
T3 D-S2

it'2i.J- -q2
T1L-S2
T2J-52
T3 D.S2

T'2i,rl- S 2

T1L-S2
T2J-52
T3D-S2

T?ïrl-<ì'r

T1L- S2
f L¿-J¿

T3 D- S2

T2'rI-S'2
T1L-S2
T2J-52
T3 D-S2

T2W-52
T1.L-S2
12J-52
T3 D-S2

--CTGGGCTGACGATCCGAGTACGCCACTCGGCACA-GTGGGCATTCA'I'C 1435
- -AATGTGAGGTGAATCTAGCGCG_ -AATCGGCACAAGGGGTCAAT CATC 1 4 5 B

- -CTGGGCTGAGGATCCGGGTGCTCCACTCGGCACA-GTGGCGACTCÀTC 1 4 4 2
GTTTCACGTGAGGATCAGACCACCC--CGCGGCACT-GGGGCATT'rCA'rC 1 4 1 6

52 gene sequence:
r:C1'ATTCGCTGGTCAGTTATGGCACGCGCTGCGTTCCTATTCAÀGACCGTTGGATTCGGT 6 O

GC]Tê.TTCGCTGGTCAGTTATGGCTCGCGCTGCGTTCCTATTCAAGACTGTTGGATTTGGT 6 O

GCT;.-ITTCGCTGGTCAGTTATGGCACGCGCCGCGTTCCTATTCAAGACCGTTGGATTTGGT 6O
GCTATTCGCTGGTCAGTTATGGCTCGCGCTGCGTTCCTATTCAAGACTGTTGGGTTTGGT 6 O*********************** ***** ***************** ***** ** ***
GGGCTGCAAAATGTlCCCATTAÀCGATGAGTTGGCATCTCATTTGCTTAGGGCAGGCAAT 1 2 O

GGTCTGCA'\¡\'\TGTGCCAATTAATGATGAGTTATCGTCACATCTACTTCGAGCCGGTAAT 1 2 O

GGGCTGCNUU\TGTACCTATTAACGATGAGCTTGCTTCACATCTGTTACGAGCTGGAJ\.AT 1 2 O

GGTCTGCAAÀATGTGCCAATTAÃCGACGAACTATCTTCACATCTACTCCGAGCTGGTAAÎ 12 O

** *********** ** ***** ** ** * * ** *** * * * ** ** **t

TCTCCATGGCAATTGACTCAGTTTCTAGATTGGATCAGTCTTGGAAGAGGGCTAGCAACA 1 B O

TCGCCATGGCAGCTGACTCAGTTCTTAGATTGGATAAGTCTTGGAAGAGGATTAGCTACA 1 8 O

TCTCCATGGCAGCTGACGCAATTCClTGACTGGATTAGTCTCGGGAGAGGATTGGCTACC 1 B O

TCACCATGGCAGTTAACACAGTTTTTAGACTGGATAAGCCTTGGGAGGGGTTTAGCTACA 1 8 O** ******** * ** ** ** * ** ***** ** ** ** ** ** * ** **
TCCGCTCTTGTACCGGCAGCTGGCTCACGTTATTATCAGATGAGCTGTTTATTGAGTGGT 2 4 O

TCAGCTCTTGTTCCAÀCCGCTGGTTCAAGATATTATCAGATGAGTTGTTTATTGAGTGGT 2 4 O

TCTGCATTAGTGCCTACGGCGGGATCGCGTTACTATCA.AATGAGTTGCCTACTGAGTGGT 2 4 O

TCGGCTCTCGTTCCGACGGCTGGGTCAÃGATACTATCNU\TGAGTTGCCTTCTA.AGTGGC 2 4 O** ** * ** ** * ** ** ** * ** ***** ***** ** * * *****
ACATTGCAAATTCCATTTAGGCCGAATCATCGTTGGGGTGACGTTCGTTTCCTTCGCCTA 3 O O

ACCCTCCAGATTCCATTTCGTCCTAATCATCGATGGGGAGATATTAGGTTTCTGCGTCTA 3 O O

ACGCTGCAÀATTCCTTTTCGACCNU\TCATAGATGGGGAGACGTACGATTTCTACGTCTG 3 O O .

ACTCTCCAGATTCCGTTCCGTCCTAACCACCGATGGGGAGACATTAGGTTCTTACGCTTA 3 O O
*f * ** ***** ** * ** ** ** * ***** ** * * ** * ** *

GTATGGTCTTCACCCACACTAGATGGATTAGTAGTTGCTCCTCCACAÀGTGCTTGCTCAA 3 6 O

GTGTGGTCAGCTCCTACGCTTGACGGGTTGGTTGTTGCCCCACCGCAGGTCTTAGCTCAG 3 6 O

GTATGGTCTGCTCCTACCCTCGACGGTTTAGTTATTGCACCACCGCCCATTCTTGCGCAA 3 6 O

GTGTGGTCAGCTCCTACTCTCGATGGATTAGTCGTAGCTCCACCACAAGTTTTGGCTCAG 3 6 O** ***** * ** ** ** ** ** ** ** * ** ** ** * * * ** **
CCGGCATTACAGGCACTAGCTGATCGAGCATACGACTGTGATGATTATCCCTTCCTTGCG 4 2 O

CCAGCGTTACAGGCGCAGGCAGATCGAGTGTATGATTGTGATGATTACCCATTCTTAGCA 4 2 O

CCTGCGATACAGGCGCAAGCGGATAGAGCTTACGACTGTGATGACTATCCTTTCCTTGCA 4 2 O

CCCGCTTTGCAAGCACAGGCAGATCGAGTGTACGACTGCGATGATTATCCATTTCTAGCG 4 2 O** ** * ** ** * ** *** *** ** ** ** ***** ** ** ** * **
CGTGACCCTCGATTCAÃACATCGTATATTCCAGCAACTGAGTGCGATTACTTTGTTAAAC 4 B O

CGTGACCCGAGATTTAAGCATCGAGTGTATCAACAATTGAGCGCCGTAACTCTGCTTAA,C 4 B O

CGTGATCCCCGCTTCA,¡U\CATAGAGTATATCAGCAACTTAGTGCGATTACCCTGCTTAAT 4 8 O

CGTGATCCAAGATTCAÀJ\CATCGGGTGTATCAGCAATTGAGTGCTGTAACTCTACTTAAC 4 B O***** ** * ** ** *** * * * ** *** * ** ** * ** * * **
TTAACAGGGTTTGGGCCCATATCGTTCGTTAGAGTAGATGAAGACATGTGGAGCGGTGAC 5 4 O

TTGACGGGGTTTGGTCCAATTTCCTATGTTCGAGTAGACGAGGATATGTGGAGTGGGGAT 5 4 O

CTGACTGGCTTCGGTCCGATATCATACGTGCGGGTTGATGAGGACATGTGGAGTGGTGAC 54 O

TTGACAGGTTTTGGCCCGATTTCCTACGTTCGAGTGGATGAAGATATGTGGAGTGGAGAT 5 4 O* ** ** ** ** ** ** ** * ** * ** ** ** ** ******** ** **
GTGAATCAGTTGATGATGAATTATTTCGGCCATACATTTGTGGAGATTGCTTATACTTTA 6O O

GTGAACCAGCTTCTCATGAACTACTTCGGGCATACGTTTGCGGAAATTGCGTATACATTA 6 O O

GTGAGCCAGTTACTCATGAATTATTTTGGTCACACTTTCGCCGAAATCGCGTACACATTA 6 O O

GTGAACCAGCTTCTCATGAACTATTTCGGGCACACGTTTGCAGAGATTGCATACACATTG 6 O O**** *** * * ***** ** ** ** ** ** ** * ** ** ** ** ** **
TGTCAGGCATCAGCCAATCGTCCCTGGGAGCATGATGGCACTTATGCTAGAATGACTCAÀ 6 6O

TGTCAAGCTTCAGCCAATAGACCTTGGGAGCATGATGGTACGTATGCGAGGATGACTCAA 6 6 O

TGTCAÀGCTTCGGCTAACCGACCATGGGAACATGATGGAACATATGCGCGTATGACTCAA 6 6 O

TGTCAAGCCTCGGCTAATAGGCCTTGGGAATATGACGGTACATATGCTAGGATGACTCAG 6 6O***** ** ** ** ** * ** ***** **** ** ** ***** * ********
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ry' rirl- a )

T1-L-S2
r¿ü-õ¿
T3D- S2

I f L-òZ

TzJ-52
T3D- S2

T2,¡l-52
T1L- S2
T2J-52
T3D-S2

tl1tt,t_t]t

TIL- S2
'r2J -52
T3D- S2

't"2w-s2.
T1L- S2
'12J -52
T3D- S 2

'l2tñ-i:2
T1L- 52
T2J-52
T3 D- S2

'I'?-vJ- s2.

Tt_L- S2
T2J-52
T3D-S2

Tli{- s2
TlL- S2
rz¿-¿z
T3D- S2

T2'd-s2
TLL-52
'12J -52
T3D-S2

't'2\t-s2
T].L - 52
'12J -52
T3D-S2

1r2i.J- S 2

T1L-S2
12J -52
T3D-S2

Tîirl-e'1

Tr.L-S2
T2J-52
T3D-S2

ATTATATTGTCGTTATTTTGGTTATCTTACGTTGGGGTGATTCACCAGCAGAÀCACTTAC 7 2 O

ATTATACTGTCCTTATTTTGGTTATCATATGTCGGTGTAATTCATCAGCAGAACACGTAC 7 2 O

ATAGTGTTGTCGTTGTÎCTGGTTATCGTATGTCGGAGTAATTCATCAACACÀACACGÎAT 7 2 O

ATTGTGTTATCCTTGTTCTGGCTATCGTATGTCGGTGTAÀTTCATCAGCAGÀATACGTAT 7 2 O

** * * ** ** ** *** **** ** ** ** ** ***** ** ** ** ** **
CGAACGTTTTATTTTCAGTGTAATCGTCGTGGGGACGCTGCTGAGGTTTGGATACTATCG 7 8 O

CGGACGTTCTATTTCCAÃTGCAATCGGCGCGGTGATGCTGCTGAAGTATGGATTCTTTCC 7 8 O

CGTACGTTCTAÎTTCCAATGTAÀÎAGACGTGGTGATGCCGCGGAGGTGTGGATACTGTCG 7 8 O

CGGACATTCTATTTTCAGTGTAATCGGCGAGGTGACGCCGCTGAGGTGTGGATTCTTTCT 7 8 O

** ** ** ***** ** ** *** * ** ** ** ** ** ** ** ***** ** **
TGCTCATTAJU\TCACTCTGCCCAGATTAGACCTGGTAATCGTAGTCTATTTGTGGTCCCT 8 4 O

TGCTCATTAAACCACTCCGCCCAGATTAGACCGGGTAATCGCAGTCTATTCGTCATGCCA 8 4 O

TGCTCATTGACTCACTCGGCACAGATAA,GGGCTGGAAATCGTAGCCTTTTCGTCATGCCC 8 4 O

TGTTCGTTGAACCATTCCGCACAÀATTAGACCGGGTêATCGTAGCTTATTCGTTATGCCA 8 4 O

** ** ** * ** ** ** ** ** ** * ** ***** ** * ** ** * **
ACTAGTCCGGATTGGAACATGGATGTTAATCTTATTTTGAGTTCCACCCTTACCGGCÎGT 9 O O

ACAÄGTCCAGATTGGAÀTATGGACGTCAATTTGATTTTA.AGTTCGACGTTGACAGGGTGC 9 O O

ACTAGCCCTGATTGGAACATGGATGÎGAATTTGATTCTCAGTTCAACACTTACTGGATGC 9 O O

ACTAGCCCAGATTGGAACATGGACGTCA.ATTIGATCCIGAGTTCAÀCGTTGACGGGGTGT 9 O O

** ** ** ******** ***** ** *** * ** * ***** ** * ** ** **
CTTTGCTCAGGGACACAACTCCCTTTAATAGATAACAACTCTGTTCCGAÀCGCGTCACGC 9 6 O

TTGTGTTCGGGCTCTCAGTTACCGCTTATTGACAATAACTCAGTGCCTGCGGTTTCGCGT 9 6 O

ACTAGCCCTGATTGGAÀCATGGATGTGAATTTGATTCTCAGTTCAACACTTACTGGATGC 9 O O

TTGTGTTCGGGTTCACAGCTGCCACTGATTGACAATAÀTTCAGTACCTGCAGTGTCGCGT 9 6 O

* ** ** ** * ** * ** * ** ** ** ** ** ** ** * ** *

AACATCCATGGATGGACTGGACGTGGGGGTAATCAATTACAÎGGTTTCCAGGTGCGTAGA 1 02 O

AACATCCATGGTTGGACIGGCAGAGCTGGCÀACCAGCTGCATGGTTTCCA.AGTGCGACGA 1 O 2 O

AACATTCATGGATGGACGGGCCGAGGTGGTAATCAATTGCATGGGTTCCAAGTTCGACGC 1 02 O

AACAÎCCATGGCTGGACTGGTAGAGCTGGTAÀCCAATTGCATGGGTTCCAGGTGAGACGA 1- O 2 O

***** ***** ***** ** * * ** ** ** * ***** ***** ** * *
ATGGTAACTGAGTTCTGTGATCGTCTTAGACGGGATGGGGTGATGACTCAAGCTCAGCAG 1 O 8 O

ATGGTGACÎGAATTCTGTGACAGATTAAGACGCGATGGAGTTATGACTCAAGCTCAGCAA 1- O 8 O

ATGATTACTGAATATTGCGATAGGCTGAGGCGTGATGGCGTGATGACCCCCGCGCAGCAG 1 O 8 O

ATGGTGACTGAÀTTTTGTGACAGGTTGAGACGCGATGGTGTCATGACCCAAGCTCAGCAG 1 O 8 O

*** * ***** * ** ** * * ** ** ***** ** ***** * ** *****
AACCAGGTCGAAGTACTGGCTGATCAGACTCAGCAGTTTAAGAGAGACAA.ACTTGAGACA 1 14 O

AATCAAATTGAAGCGTTGGCAGATCÃAACTCAACAGTTTÀ.A,GAGGGATAAACTTGAGGCG ]- 14 O

ATGCAAATAGAAGCGTTAGGGGATCAGACGCAGCAGTTCAÀ,GCGTGACAAGCTTGAGGCC 114 O

AATCAAGTTGAAGCGTTGGCAGATCAGACTCAACAGTTTAÀGAGGGACAAGCTCGAAACG 1 14 O

* ** * **** * * ***** ** ** ***** *** * ** ** ** ** *
TGGGCTCGTGAAGATGATCAGTATAATCAAGCTCACCCTAATTCGACGATGTTCAGAACT 1 2 O O

TGGGCTAGGGAAGATGATCAGTATAÀTCAGGCTAATCCGÀATTCTACGATGTTCCGÎACG 1-2 O O

TGGGCTTTGGAGGACGATCAATATAÄTCGCGCGCATCCAAACTCGACAATGTTTAGGACT 1 2 O O

TGGGCGAGAGAAGACGATCAATATAATCAGGCTCATCCCAÀCTCCACAATGTTCCGTACG 1 2 O O

AAGCCATTCACTAATGCTCAATGGGGGAGAGGTAATACAGCGGCTACTAGTGCGGCAATT ]- 2 6 O

AAGCCATTÎACGAATGCGCAÄTGGGGACGAGGAAÀTACCGGAGCGACTAGTGCCGCAATT 1 2 6 O

AAGCCATTTACCAATGCTCAATGGGGCCGGGGAAATACAGCAGCGACTAGCGCAGCGATT 1 2 6 O

AÀACCATTTACGAATGCGCA.A,TGGGGACGAGGTAATACGGGGGCGACTAGTGCCGCGATT 12 6 O

** ***** ** ***** ******** * ** ***** * ** ***** ** ** ***
GCAGETCTCATCTAATCGTCTTGA.AGCGTGAGGGTCCCCCCACACCCTCCGCGACTGACC 1 3 2 O

GCAGCCCTTATCTAATCGTCTTGGAGTGAGGGGATCCCCCCACACCCCTCACGACTGACC 1 3 2 O

GCGGCTCTCATCTA.A,CCGTCTGGAAGCGTGGGGGTCCCCCCACACCCTCCTCGGCTGACC 1 3 2 O

GCAGCCCTTATCTGATCGTCTTGGAGTGAGGGGGTCCCCCCACACACCTCACGACTGACC 1 3 2 O

** ** ** **** * ***** * ** * * ** *********** * * ** ******
ACTTATTCìÄTC 1-33]-
ACACATTCATC ]-331
ACCTAT'I]Cè^TC 1331
ACACAT1'CA',I'C L331** *******

** ** ***** ******* ** * ** ** ** ** ***** * **

C. T2W 53 gene sequence:
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't'2i,{- s.l
T1L-S3
IZJ-ùJ

T3D-S3

T2hr- s 3

T1L-S3
T2J_S3
T3D- S 3

T2hì-s 3

T1L-S3
T2J_S 3

r3 D-s 3

'r'2r.i-s 3

T1L_S 3

T2J-S3
T3 D-S3

1'2I¡J _ S :J

T1L-S3
T2J-S3
T3D-S3

'r2i^t- ii 3
T1L-S3
T2J-S3
T3 D-S 3

T2t'ù,'-s -::

T1L-S 3

T2J-S3
T3 D-S 3

T:W-S3
l aL-òJ
I ¿U-JJ
T3 D-S 3

T3i.]-Íì3
T1L-S3
T2J-S3
T3D-S3

T2hr-s3
TlL-S3
T2J_S3
T3 D-S 3

'I'2iir- S:l
TlL-S 3

T2J-S3
T3 D_S 3

ï'2i\I- S-l
T1 L-S 3

T2J-S3
T3D-S 3

GCI] ;A AAGTCACGCCTGTTATCGTCACTATGGCTTCTTCACTCAGAGCAGCGATCTCCAAG 6 O
GCTÉ].AAGTCACGCCTGTTGTCGTCACTATGGcTTccTcACTCAGGGcTGCGATcTCTAAG 6 o
GCTAAAGTCACACCTGTTATCGTCGCCATGGCTTCCTCACTCAGAGCTGCGATCTCAAAG 6 O

GC:'I A AÃGTCACGCCTGTCGTCGTCACTATGGCTTCClCACTCAGAGCTGCGATCTCCAAG 6 O*********** ***** ***** * ******** ******** ** ******** ***
ATTAAACGTGATGATCTTGGTCAGCAAGÎGGGTCCCGGCTATGTCATGCTGAGATCATCT 1 2 O
ATCAAGAGAGATGATGTTGGTCAGCAÀGTTTGTCCAAATTATGTCATGCTTAGATCATCG 1 2 O
ATCAAGCGCGATGATGTCGGTCAGCAAGTATGCCCTAACTATGTCATGTTGAGGTCTTCT ]- 2 O

ATCAAGAGGGATGACGTCGGTCAGCAAGTTTGTCCTAATTATGTCATGCTGCGGTCCTCT 1 2 O********* * * ** **
GTGACAACCAAAGTTGTTCGTAACGTGGTTGAGTACCAAÄ,TTAGGACTGGTGGTTTCTTl 1 8 O
GTCACAACGAAGGTGGTACGAÀJ\CGTTGTTGAGTATCAÀATCCGTACAGGTGGATTCTTT 1 8 O

GTGAATACCAAAGTGGTGAGAAATGTGGTTGACTACCAGATTAJUU\CTGGCGGCTTCTTC 1 B O

GTCACAÀ,CAÀAGGTGGTACGAAATGTGGTTGAGTATCN\,¡\TTCGTACGGGCGGATTCTTT 1 B O** * ** ** ** ** * ** ** ***** ** ** ** ** ** ** *****
TCTTGTCTGTCAATGTTGCGTCCGCTCCAGTATGCCAAGCGTGAGCGGTTGTTAGGCCAG 2 4 O

TCGTGCCTAGCTATGTÎGAGACCGCTCCAGTATGCTAAACGTGAGCGTCTGCTTGGACAA 2 4 O
TCCTGTATCGCAÀTGCTGCGTCCTTTGCAATATGCCAAGCGTGA'U\GATTGCTGGGTCAA 2 4 O

TCGTGCTTAGCTATGCTAAGGCCACTCCAGTACGCTAAGCGTGAGCGTTTGCTTGGTCAG 2 4 O** ** * * *** * * ** * ** ** ** ** ***** * ** * ** **
CGCAATTTGGAACGCATATCCTCTAGAGATATTCTTCAGACTCGTGATCTGCATTCCTTG 3 O O

AGGAATCTGGAACGCATATCGACTAGGGACATTCTTCAGACACGCGATTTGCACTCATTG 3 O O

CGCAACCTAGAACGTATCGCTGCCCGAGACGTGCTGCAAACCAGGGATCTACACTCACTA 3 O O

AGGAATCTGGAACGTATATCGACTAGGGATATCCTTCAGACTCGTGATTTACACTCACTA 3 O O* ** * ***** ** * * * ** * ** ** ** * *** * ** ** *
TGTATGCCTACTCCTGATGCTCCTATGTCAÄACTATCAGGCATCGACTATGAGAGAGCTC 3 6 O

TGCATGCCAÀCTCCTGACGCGCCAATGTCCAATCATCAGGCAGCCACCATGAGAGAGCTG 3 6 O

TGCATGCCCACGCCTGATGCTCCGATGACTAATTACCAGGCTTCCACCATGAGAGAÀTTA 3 6O
TGTATGCCAACTCCTGATGCGCCAATGTCTAATCATCAAGCATCCACCATGAGAGAGCTG 3 6O** ***** ** ***** ** ** *** * ** * ** ** * ** ******** *
ATATGTAGÎTATTTTAAGACAGATCATGCTGATGGTCTGAGATATGTACCAÀTGGATGAT 4 2 O

ATCTGCAGCTACTTCAAGGTCGACCACACTGATGGGTTGAAÀTATATACCCATGGATGAG 4 2 O

GTTTGTGACCACTTCAAGGTTGATCACGTGGATGGACTACGCTATGTCCCCATGGATGAC 4 2 O

ATTTGCAGTTACTTCAAGGTCGATCATGCGGATGGGTTGAÃATATATACCCATGGATGAG 4 2 O* ** *** ** ** ***** * *** * ** ********
CGATATTCGCCCGTCTCGCTGGCTAGGCTTTTTACTATGGGAATGGCTGGACTTCACATT 4 8 O
AGATATTCTCCATCATCGCTTGCCAGATTGTTCACTATGGGTATGGCTGGACTACACATT 4 8 O

AGGTACTCCCCCTCTTCCTTAGCTCGACTGTTTACAÄTGGGAATGGCTGGTCTCCACATC 4 B O

AGATACTCTCCGTCATCACTTGCCAGATTGTTTACCATGGGCATGGCTGGGCTGCACATT 4 8 O* ** ** ** ** * ** * * ** ** ***** ******** ** *****
ACTACAGACCCTTCATATAÀGAGAGTGCCGATAJ\TGCATTTGGCGGCAGACCTTGATTGC 5 4 O
ACCACTGAGCCTTCCTACNUqCGTGTGCCCATCATGCACTTGGCAGCAGATTTGGACTGC 5 4 O

ACGACTGAGCCTGCGTATAAGCGAGTCCCAATTATGCACCTTGCTGCTGAlCTTGACTGC 5 4 O
ACCACTGAGCCATCTTATAAGCGTGTTCCGATTATGCACTTAGCTGCGGACTTGGACTGT 5 4 O** ** ** ** * ** ** * ** ** ** ***** * ** ** ** * ** **
ATGACATTGGCCTTGCCTTACATGATCACTCTCGATGGTGACACAGTTGTTCCTGTCGCT 6 O O

ATGACGTTAGCTTTACCCTACATGATTACACTTGATGGTGACACAGTGGTACCTGTCGCC 6 O O

ATGACATTTGCACTTCCATACATGATCACTGTTGATGGTGATACTGTAGTACCTGTGGCT 6O O

ATGACGCTGGCTCTACCTTACAÎGATTACGCTTGATGGTGATACTGTGGTTCCTGTCGCT 6 O O***** * ** * ** ******** ** * ******** ** ** ** ***** **
CCTGTGGCTTCTGCTGAGCAGTTGTTGGATGATGGCTTCAAGGGCTTGGCTTGTATGGAC 6 6 O

CCAACGCTTTCTGCAGAÀCAGCTTTTGGATGATGGACTTAAGGGATTAGCATGCATGGAT 6 6 O

CCAACTTTACCAGCTGAACGCCTTTTGGATGACGGTTTTAAAGGATATGGTTGTTTAGAC 6 6O
CCAACACTGTCAGCGGAACAGCTTCTGGACGACGGACTCAAAGGATTAGCATGCATGGAT 6 6 O* ** ** * * **** ** ** * ** ** * * ** * **
ATTTCATACGGTTGTGAGGTCGACGCCAATAATCGGTCAGCTGGAGATCAGAGTATGGAC 7 2 O

ATCTCATACGGATGTGAGGTGGACGCTAGCAACCGATCAGCTGGTGATCAGAGCATGGAT 7 2 O

ATCTCATATGGATGTGAGGTTGATGCCAACAACCGGTCAGCGGGAGATCAAÀGTATGGAC ? 2 O

ATCTCCTATGGATGTGAGGTGGACGCGAATAGCCGGCCGGCTGGTGATCAGAGTATGGAC 7 2 O** ** ** ** ******** ** ** * * ** * ** ** ***** ** *****
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T'2i{- S J
T]-L-S3
T2J-S3
T3D-S3

T2r'i* s 3

T]-I, - S 3

T2J-S3
T3D-S3

T1ísl-a ì

11L- S3
T2J- S3
T3D-S3

'1'2vl-';j::,
T1L-S3
T2J-S3
T3D- S 3

1l:ì'ùJ - S -ì

T1L-S3
IZÙ-òJ

T3D-S3

'f2irj-Si
T1L-S3
T2J-S3
T3D- S 3

Tl_L-S3
T2J-S3
T3D-S3

T1L-S3
T2,J-S3
T3D-S3

TCTTCGCGTTGTATCAÀCGAGCTGCACÎGTGATGATACGGCTGAGGCGATATGCATACTA 7 8 O

TCTTCACGATGCATCAATGAGTTATATTGCGAGGAÀACGGCAGAAGCTATCTGTATACTC 78 O

TCATCCAGATGCAÎTAATGAGCTGIATACCGCTGÀAÀCAGCTGAGGCCATTTGTATACTT 7 8 O

TCTTCACGCTGCATCAÃCGAGTTGTATTGCGAGGÀGACAGCAGAAGCCATCTGTGTGCÎT 7 8 O** ** * ** ** ** *** * * * ** ** ** ** ** ** ** * **
AAGACATGTCTGATACTTAACTGCATGCAGTTTAAGTTAGAGATGGACGACCTGGCACÀT 84 O

AAAACATGTCTTGTGCTGAACTGTATGCAATTCA.AACTTGAGATGGATGATTTAGCACAC 8 4 O

AìUU\CTTGTTTGATCCTGAATTGTATGCAGTTTAAGTTGGAGATGGACGACTTGGCÀCAC 84 O

AAGACATGCCTTGTGTTAÀATTGCATGCAGTTTAÀ.ACTTGAGATGGÀTGACCTAGCACAT 84 O** ** ** * * * ** ** ***** ** ** * ******** ** * *****
AACAGCGTAGAGCTGGÀTAAAGTGCAGATGATGATTCCGTTCAGTGAGCGTATCTTTAGG 9 O O

AACGCTACTGAGCTGGACAAGATACAGATGATGATÀCCÎTTTAGTGAACGTGTTTTCAGA 9 O O

AÃTGGATTCGAÀTTAGATAAGGTACAGATGATGATACCATTCAGCGAGAGAGTGTTTCGG 9 O O

A.A,CGCTGCTGAGCTGGACAÀGATACAGATGATGATACCCTTCAGTGAGCGTGTTTTTAGG 9 O O

ATGGCCTCCGCGTTCGCCACAATCGATGCGCAGTGCTTCCGTTTCTGTGTCATGATGA.AA 9 6 O

ATGGCTTCTTCATTTGCTACCATTGATGCCCAGTGTTTCAGGTTTTGTGTGATGATGAAG 9 6 O

ATGGCTTCCGCATTTGCTACCATAGATGTTCAGTGTTTCAGATTTTGTCTTTTGATGAÀG 9 6 O

ATGGCCTCGTCCTTTGCGACTATTGATGCCCAGTGTTTTAGGTTTTGCGTGATGATGAAG 9 6 O***** ** * ** ** ** ** **** ***** ** * ** ** * *******
GACAAGAATTTGA;U\GTTGATATGCGAGAGACTATGAGGACATGGAGGGGACCCAGCTCC 102 O

GATA.AGAATTTGAAGATAGACATGCGTGA.A.ACGATGAGACTTTGGACTCGATCGGCGTTG ]-02 O

GAIA.AGAACCTCAAÀATTGATATGAGGGAGACCATGCGCTTGTGGACGCGCGCTGGCTCG ]- O 2 O

GATAJUUU\TCTGAJUU\TAGATATGCGTGA.AÀCGACGAGACTGTGGACTCGTTCAGCATCA ]- O 2 O

** * ** ** * *********** ** ** ** ** * * ** *

** ** ** * ** * ** *** * ** ** * * * **** * * *

** ** * * * ** ** * * * * * **** * ** * **** **

** * ** * * * ** ** ** *** *****************

* * * ** * ********* * ***** ***** ** * *****

** **** ** È* ** ***** ***** ** * ** ** ** *** * **

GATGACGCTATTGTTATCTCATCATTGACTGTCACCCTGGATAGGGGTAGAÀGGGTTGCT 1. O 8 O

GACGATTCAGTGGTTACGTCATCTTTGAGTATTTCGCTGGATCGAGGTCGATGGGTAGCA ]- O 8 O

GACGACGCCATCTCTACATCTTCCCTGACTATTTCACTGGACCGTGGACGGTGGGTC'GCG 1 O 8 O

GATGATTCTGTGGCCACGTCATCTTTAAGTATTTCCTTGGACCGGGGTCGATGGGTGGCG 1 O 8 O

TCTGATGCA.A.A,TGACACTCGACTGCTCGTATTCCCTATTCGTGTGTAÀTGGGTGAGTGAG ].140
GCTGATGCTACTGATGCTAGATTGCTGGTGTTTCCAÀ,TTCGCGTGTAATGGGTGAGTGÀG 1 1 4 O

ATGGATATGAACGAGGTGCGTCTCTTAGTGTTCCCTGCTCGTGTGTAÀTGGGTGAGTGAT 1 14 O

GCTGACGCCAGTGATGCTAGACTGCTGGTTTTTCCGATTCGCGTGTAATGGGTGAGTGAG J- ]- 4 O

CTGATGTGATCACTGAGGCATGTGCCGATGCTTCGGTGGTGGGTGACGTACATTC]ATC 1 1 9 8

CCGATGTGGÎCGCCAÀGACATGTGCCGGTTTCTTGGTGGTGGGTGGCGCCTAATCÀTC 1 1 9 8

GCTAGGCGATCGTCAGGGCATGTGCCGGTGCCCTGGTGGAGGGTGGCGCTCAAI]CATC,: 1 1 9 8

CTGATGTGGTCGCCAAGACÀTGIGCCGGTGTCTTGGIGGTGGGTGACGCCTAA'I'CATC 1 1 9 8

D. T2W
T2i;J- _c /r

lrL-òq
"r2J -54
T3D-S4

Tlr¡l-c¿

T1L- S4
T2J-54
T3D- 54

T2i+t- S 4

T1L-S4
T2J-S4
T3D- S4

r'2bJ- s 4

T1L-S4
T2J-S4
T3D-S4

54 gene sequence:
G(]'.I.'A'I'TTTTGCCTCTTCCTAGACGTCGTCGCAATGGAGGTGÎGCTTGCCAÀÀCGGTCACC 6O

GC'I'ÀT]TTTTGCCTCTTCCCAJU\CGTTGTCGCAÀTGGAGGTGTGCTTGCCCAACGGTCATC 6 O

GTJTATTTTTGCCTCTTCCTAGACGTTGTCGCAAÎGGAGGTGTGCCTGCCTAACGGTCAÎC 6 O

GC'i'A1]TTTTGCCTCTTCCCAGACGÎTGTCGCAATGGAGGTGTGCTTGCCCAACGGTCATC 6 O

****************** * **** ****************** **** ******** *
AÀ,GGATGGGACAAGACAATCTCAGCACAACTTTATATGATGGTGTGAAGTGGCGCCATCG 1 8 O

AGATCGTGGACÎTGATTAÀCAACGCTTTTGAAGGTCGTGÎATCAATCTACAGCGCGCAAG 1 2 O

AGATiGTCGACTGGATCAATAÄCGCATTTGAAGGACGAGTGTCAATTTACAGTGCTCAGC ]- 2 O

AGGTCGTGGACTTGATTAACAACGCTTTÎGAAGGTCGTGTATCAATCTACAGCGCGCAAG ]- 2 O

AÀGGATGGGACAAGACAATCTCAGCACAÀCTTTATATGATGGTGTGAÄGTGGCGCCATCG 1- 8 O

AGGGATGGGACAJ\,¡\ACN\TCTCAGCACAGCCAGATATGATGGTATGTGGTGGTGCCGTCG 1 8 O

AAGGATGGGACA¡\i\,\CA'\TCTCAGCACAGCCGGACATGATGGTGTGTGGTGGCGCCGTCG ]-80
AGGGATGGGACAJ\,;\iqCA,¡\TCTCAGCACAGCCAGATATGATGGTATGTGGTGGCGCCGTCG ]-80
* *********** ************** * * ******** ** **** *** ***
TA.A,GCATGCATTGTCTAGGCGTCGTTGGATCTCTCCAGCGCNUU\TAi\ì\GCATTTGCCTC 2 4 O

TTTGCATGCATTGTCTAGGTGTTGTTGGATCTCTGCAÀCGCAAGCTGAAGCATTTGCCTC 2 4 O

TATGCATGCATTGTCTAGGTGTGGTTGGGTCACTGCAGCGAJU\GCTGAAGCACTTGCCCC 2 4 O

TTTGCATGCATTGTCTAGGTGTTGTÎGGÀTCTCTACAACGCÀAGCTGAAGCATTTGCCTC 2 4 O* **************** ** ***** ** ** ** ** ** * ***** ***** *
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T'2i4- S 4

T1L-S 4

T2 J-S 4

T3D-S4

T2ii- s 4

T1L-S4
T2J-S4
T3 D-S 4

T2\T_54
T1L- S 4

"t2J-s4
T3D-S 4

'1z.t¡l -'::4
T1 L-S 4

T2J-54
T3 D-S 4

T1L-S4
T2J-54
T3 D-S 4

't'2 i¡- s 4

T1L-S4
T2J-54
T3 D-S 4

'1'2vl-!)'1
T1L-S4
'I2J-54
T3D-S4

T:i¡I- S 4

T1L-S 4

I ¿U-Jq
T3D_S4

T1L_S4
T2J-S4
T3D-S4

T2'rri- 5 4

T 1L-S4
T2 J-S4
T3D-S4

T2t{- -q 4

T1L-S 4
4a A_C A

T3D-S4

it'2i+I-S.1

T1L-S4
T2 J-S 4

T3 D-S 4

ATCATAGATGCAATCAACAGTTGAGACAACAAGATTACGTTGACCTGCAGTTTGCTGACC 3 O O

ACCATAGATGTAATCAACAGATTCGTCATCAGGATTACGTCGATGTACAGTTCGCAGATC 3 O O

ATCATAAGTGCAÀCCAACAGCTACGCCAACAGGACTACGTTGATGTGCAGTTCGCTGATC 3 O O

ACCATAGATGTAÀTCAACAGATCCGTCATCAGGATTACGTCGATGTACAGTTCGCAGACC 3 O O* **** ** ** ****** * * ** ** ** ***** ** * ***** ** ** *
GTGTTACGGCTCACTGGAAÀCGTGGGATGCTCTCATTTGTTTCTCAÀATGCATGCTCTGA 3 6 O

GTGTTACTGCTCACTGGAAGCGGGGTATGCTGTCCTTTGTTGCGCAGATGCACGCGATGA 3 6 O

GGGTTACTGCTCACTGGAÃACGTGGTATGCTATCATTTGTCTCTCAGATGCATGCTATCA 3 6 O

GTGTTACTGCTCACTGGAAGCGGGGTATGCTGTCCTTCGTTGCGCAGATGCACGAGATGA 3 6O* ***** *********** ** ** ***** ** ** ** * ** ***** * È *
TGAATGACGTCCAACCAGAACAJ\TTGGATCATGTAAGAGTCCAAGGTGGTAAATTGGTTG 4 2 O

TGAATGACGTATCACCAGAGGATCTAGACCGTGTGCGTACTGAGGGAGGTTCACTAGTGG 4 2O
TGAACGATGTGACACCCGAAGAGCTTGAAÀGAGTGAGAÀCTGACGGAGGTTCTTTGGCTG 4 2 O
TGAA,TGACGTGTCGCCAGATGACCTGGATCGTGTGCGTACTGAGGGAGGTTCACTAGTGG 4 2 O* ** *** * * *
AÀTTGGACTGGCTACAGGTCGATCCGGGGTCAATGTTCAGATCGATACATGCCAATTGGA 4 8 O

AGTTAAACTGGCTTCAGGTTGATCCAAATTCAÀTGTTTAGATCAATACACTCAAGTTGGA 4 8O
AGCTTAACTGGCTACAAGTGGATCCTGGCTCAÄ,TGITTCGATCAAÎTCATTCCAGCTGGA 4 8 O
AGCTGAACCGGCTTCAGGTTGACCCAÀATTCAATGTTTAGATCAÀTACACTCA.AGTTGGA 4 8 O******** **** ** ** * * ****
CTGACCCCTTGCAGGTTGTGGAAGACTTGGATACCCAACTTGACAGATATTGGACCGCCC 5 4 O

CAGATCCTCTGCAGGTAGTGGATGATCTTGACACTAÀGCTGGATCAATACTGGACGGCCC 5 4 O
CTGATCCCCTTCAAGTGGTTGAGGATCTCGATACTCAGCTAGACCGCTATTGGACAGCGT 5 4 O

CAGATCCTTTGCAGGTGGTGGACGACCTTGACACTAAGCTGGATCAGTACTGGACAGCCT 5 4 O* ** ** * ** ** ** ** ** * ** ** * ** ** ** ***** **
TCAÄTCTAATGATTGATTCATCCGACCTGGTACCCAACTTTCTTATGCGAGATCCTTCTC 6 O O

TGAÀTCTGATGATTGATTCATCCGACTTGGTGCCCAACTTCATGATGAGAGACCCATCAC 6O O

TAÀATCTAÀTGATTGACTCATCAGACTTGGTGCCGAACTTTATGATGCGTGATCCATCGC 6OO
TAAACCTGATGATCGACTCATCCGACTTGATACCCAACTTTATGATGAGAGACCCATCAC 6O O* ** ** ***** ** ***** *** ** * ** ***** * *** * ** ** ** *
ATGCTTTTAATGGTGTTAAGTTGGAGGGTGACGCCAGACAGACCCATTTCTCGCGGACTT 6 6 O.

ATGCATTCAÀTGGTGTGAGACTGGAGGGAGACGCCCGCCAÄACTCAATTCTCTAGGACTT 6 6O
ATGCTTTTAATGGGGTGAAGTTGGAÀGGTGAGGCACGACAGACTCAGTTTTCTCGTACAT 6 6 O

ACGCGTTCAATGGTGTGAÀACTGGAGGGAGATGCTCGTCAAACCCAATTCTCCAGGACTT 6 6 O* ** ** ***** ** * **** ** ** ** * ** ** ** ** ** * ** *
TCGAGCCTCGATCCAGTCTAGAÄ,TGGGGGGTAÀTGGTGTATGACTATTCGGAGCTCGAÄA ? 2 O
TCGATTCGAGATCGAGTTTAGAATGGGGTGTGATGGTTTACGATTACTCTGAGTTAGAGC ? 2 O
TCGATTCAAGATCGAACTTGGAGTGGGGCGTCATGATCTATGACTATTCTGA,¡\TTAGA,¡U\ ? 2 O
TTGATTCGAGATCGAGTTTGGAATGGGGTGTGATGGTTTATGATTACTCTGAGCTGGAGC 7 2 O* ** * **** * * ** ***** ** *** * ** ** ** ** ** * **
GCGATCCACTNU\¡\GGCCGCGTGTATCGTCGTGAGCTTGTCACTCCAGCTCGTGATTTCG 7 8 O
ATGATCCATCGAAGGGCCGTGCTTACAGGAÀGGAATTGGTGACGCCAGCACGAGACTTCG 7 B O

GAGATCCCCTAAAAGGGCGAGCCTACAGGAÃGGAGGTTGTTACACCAGCGAGAGATTTTG 7 B O

ATGATCCATCGAAGGGCCGTGCTTACAGAJU\GGAÄ,TTGGTGACGCCAGCTCGAGATTTCG ? 8 O** ** ** * ** * ** * ** ** ***** * ** ** *
GACACTTTGGATTATCGCATTATTCCCGGGCAACTACACCATTGCTGGGCAAGATGCCTG 8 4 O
GTCATTTTGGATTATCCCACTACTCTAGGGCGACTACCCCAATCCTTGGAAAGATGCCAG 8 4 O

GTCACTTTGGACTGTCGCATTACTCTCGCGCTACAACGCCGATTCTTGGCAÄGATGCCAG 8 4 O

GTCACTTTGGATTATCCCATTATTCTAGGGCGACTACCCCzu\TCCTTGGAi\i\GATGCCGG 8 4 O
* ** ****** * ** *t ** ** * ** ** ** ** * ** ** ******** *

CTGTGTTCTCGGGCATGCTTACCGGGAACTGTAÄAATGTACCCTTGCATTGAAGGAACCG 9 O O

CTGTATTCTCGGGAATGTTGACTGGGAATTGTA¡UU\TGTATCCATTCATCAÃAGGAÀCGG 9OO
CCGTCTTTTCCGGGATGCTCACTGGAAACTGCAryU\TGTACCCCTTCATryUU\GGGACTG 9O O

CCGTATTCTCAGGAATGTTGACTGGGAACTGTAA.AATGTATCCATTCATTAAAGGAÃCGG 9 O O* ** ** ** ** *** * ** ** ** ** ******** ** * *** **** ** *
CGA'\GGTG A'UU\CGGGGAAGAAGCTGGGTGATGCTGTTAATAACATTTGGGGCGTTGAAA 9 6 O

CTAAGTTA.AAGACAGTGCGCAAGCTAGTGGATTCAGTCAATCATGCGTGGGGCGTCGAGA 9 6O
CCAÃÀTTAÀ,GA¡\CGGTCAJUUU\GCTAGTAGATGCTGTGAATCATACGTGGGGCTCTGAGA 9 6O
CTAAGCTGAÀGACAGTGCGCAAGCTAGTGGAGGCAGTCAÀTCATGCTTGGGGTGTCGAGA 9 6 O***** * ** * ** *** ** ** * * ** *
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T2W-S4

TLL-54
T2J-54
T3D-54

T2W-S4
TtL-54
T2J-54
T3D-S4

T2!V-S4
TlL-54
T2,J-54

T3D-54

T2W_S4

Tll,-s4
T2J-54
T3D-54

A 1_020

A CGGGTIGGTTAC]U\C\'I3\CTAÏGC\GC 1O2O

CF(.€ATGGIA.IAACALEA'CAf,GCNGC 1 02 O

WrcTGGCqÍG;\OGGG\1GGrTãCU\TB(.{T\CTATGC\¡\C 1020
**** ** ,ç* ** * ** ** ** ** ** ** *****rr** * ** ** ***** *

AnccoccnATlgrAmc+GcGccÞcAgrTcå@ 1 08 0

AGGCCCCC\T']GTACTAi\CTCCCGCTGCTCTT\CU\1GIIrcru\C.ÀCÊaCC\CQU\GTTCG 1080

AAG 1080

À @1080
********** ******** ******** **** * *****

1140
1140

1140

w 1140

***** * ** * ***** ********* * **** * ** ** ****

Figure 6.1. Alignments of the reovirus T2W S gene sequences. The reovirus T2W S

gene sequences were aligned with 3 prototype strains of mammalian reoviruses (TlL,

T2J and T3D). S1 (A), 52 (B), 53 (C), and 54 (D). Alignments were performed by

Clustal-W (1.82) program. Asterisks indicated the nucleotides in 4 virus sequences are

identical. The 4 nucleotides in the 5' terminal and 5 nucleotides in the 3' terminal

indicate nucleotides that are conserved in the gene sequences of all mammalian reovirus

strains.
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were taken. Therefore, the TA-cloning method was used as described (in 2.f 0.3) and 5

independent clones were picked and sequenced. The sequences of the 5 clones were

completely identical, and the full sequence of T2W S1 gene was thereby achieved. When

compared to other sequences at the nucleotide level by Laligne program analyses (Table

6.1A,), the T2W Sl gene showed most identity (94.3% and93.4%o) to the sequences of

reovirus strains T2llt{etherlands/1984 (T2N84) and T2A{etherlands/1973 (T2N73),55.5o/o

identity to reovirus type 2 prototype strain T2J; about 48o/o identity with reovirus type I

prototype TIL and 3 other type 1 strains; but only about 24-28% identity with all the type

3 viruses. The predicted T2W S I gene product (o'1 protein) was 447 amino acids in

length, and showed most identity (91%) to the type2 viruses T2N84 and T2N73,5lyo

identity with prototypeTZJ reovirus; 47-49% identity with 4 type 1 reoviruses, and only

about 2Io/o identity with type 3 reovirus o1 proteins. To define the evolutionary

relationship of the T2W S 1 gene with the S1 genes of other reovirus strains whose

sequences are deposited in GenBank, we constructed phylogenetic trees by use of

variation in the S1 gene nucleotide sequences and the neighbor-joining algorithm (Figure

6.34). The most noteworthy characteristics of the S1 phylogenetic tree is that the T2W

gene S 1 sequence is more closely related to the S 1 gene of other type 2 reovirus strains,

and most divergent from the type 3 reovirus strains. Alignment of the T2W ol protein

with the TIL,TLJ and T3D o1 proteins with T-coffee (Notredame et al., 2000) showed

that there was great diversity of T2W o'1 with all 3 reovirus prototlpe strains. The T2W

o'1 protein was more related to the ol protein of T2J and T1L than with that of T3D

(Figure 6.34).

6.2.3. Sequence analysis of T2W 52, 53, and 54 genes: Compared to the great diversity

of the T2V/ S1 gene sequence of this clone with the Sl genes of other reovirus strains, the

sequences of the T2V/ 52, 53 and 54 genes showed much higher identity with those of

other reovirus strains in GenBank.

The T2W 52 gene sequence showed 7 5.4o/o, 7 4.5% and 73.5o/o identity with the 3

reovirus prototypic strains TIL,TzJ and T3D respectively, and about 73-75% identity

with the other 9 reovirus strains (Table 6.18). Comparison of the amino acid sequences

of the o'2 proteins predicted for all 13 reoviruses in GenBank indicated the T2W o2

sequence was closer to strain T3D (95%) and TlL (94.7%), and least related to T2J
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Table 6.1. Comparisons of mammalian reovirus S gene and os proteinidentities
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(92.8%) (Table 6.18), as confirmed by analysis of the phylogenetic tree of the 52 genes

(Figure 6.38). For a more detailed amino acid comparison, I aligned the T2W o2 protein

with the TIL,TZJ and T3D o2 proteins with T-Coffee (Notredame, et al. 2000). The

sequences of the o'2 proteins were highly conserved, and all were 418 amino acids in

length. The T2W o2 protein had 22 amino acid differences, compared to the prototype

TIL,TZJ, and T3D o2 proteins, and the differences appeared randomly distributed

(Figure 6.28).

The T2W 53 gene sequence was about 7l-74% identical to each of 19 other reovirus

strains including two serotype prototypic strains T1L and T3D, but least similar to the

sequence of type 2 reovirus prototype reovirus T2I (67.8% identity) (Table 6.1C). The

amino acids of the o'NS protein encoded by the T2W 53 gene showedST-89Yo identity to

other reoviruses, except for reovirus T2J with 85% identity (Table 6.1C). Phylogenetic

tree evolution of the 53 gene showed an overall similar pattern as that generated by the

52 gene. T2W was closer to other reovirus strains than to T2J (Figure 6.3C). The

sequences of the T2W oNS protein (Figure 6.2C) showed more variation to other

reoviruses than did T2W a2 protein (Figure 6.28). There were27 amino acids in the

T2W oNS protein that differed from these of other reoviruses. The highest variations of

the amino acid sequences were in 3 areas (amino acid 105-135;195-245 and 325-355).

The T2W 54 gene sequence had the highest identity with prototype reovirus T2J

(73.4%) and showed about 69.9-72.7% identity with the 54 gene sequences of the 15

other reoviruses in Genbank (Table 6.1D). Analysis of the amino acid sequence of the o3

protein encoded by the 54 gene showed T2W o'3 had about 84-86% identity to the o3

proteins of the other 16 reoviruses in GenBank (Table 6.1D) and 85.5%,84.9o/o and

84.4% identity to three prototype reoviruses TlL,T2I and T3D (Table 6.1D). The T2W

o3 protein sequences had 38 amino acids that differed from these in the prototype

reoviruses TIL,TzJ and T3D (Figure 6.2D).

6.2.4. Further analysis of the predicted secondary structures of the cl, o2, oNS and

o3 proteins of T2W: The MLRC secondary structure prediction program (Combet, et al.

2000) was used to further analyze the predicted secondary structures of the TZW ol, o2,

o'NS and o3 proteins and to compare them to the TlL, T2J and T3D o'1, o2, oNS and o3
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Figure 6.2. Alignments of the deduced reovirus T2\il o protein amino acid

sequences. The deduced reovirus T2W o protein amino acid sequences were aligned

with 3 prototype strains of mammalian reoviruses (TlL, T2J and T3D): o'1 (A), o2 (B),

oNS (C), and o'3 (D). Alignments were performed by T-Coffee programs and visualized

with BoxShade. Amino acid residues that are identical in at least 2 of the sequences are

indicated with black background shading, grey background shading indicates conserved

amino acid substitutions in at least 2 of the sequences. The amino acid sequences of T2W

ot, o2, and o3 proteins identif,red by mass spectrometry are indicated by horizontal lines

above the sequences individually.
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Figure 6.3.
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Figure 6.3. Phylogenetic tree analyses of reovirus T2W genes. Phylogenetic tree

analyses of reovirus T2W genes with all mammalian reoviruses in Genbank: 51 (A), 52

(B), 53 (C), and 54 (D), and homologous genes in other mammalian reoviruses (based on

available GenBank sequence data). Lines are proportional in length to nucleotide

substitutions. Alignments were performed by Clustal-w (Thompson, et al. i994) and

visualized by Treeview (Felsenstein J. i993). GenBank accession numbers and

abbreviation of the analyzed reoviruses are defrned in the Table 2,2legend.
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proteins. The o1 proteins were the most divergent structurally, in keeping with having

the most divergent sequences. The T2W o'1 N-terminal 150 amino acids, corresponding

to the "stalk", consisted primarily of cr-helix and was very similar to this region in the ol
proteins of the other reoviruses (Figure 6.44). The region from amino acids 200 to 300 in

T2W ol contained more predicted c¿-helix structure than this region in the other viruses,

and the structure of the region from amino acids 300 - 400 was predicted to be similar in

all viruses. The C-terminal end of T2W o'1 protein showed a stronger c¿-helix prediction

than this region in the three prototype reovirus o'l proteins.

The predicted secondary structures of the T2W a2, o'NS and o3 proteins were very

similar to the cognate TIL,TZJ, and T3D proteins (Figure 6.48, C, and D). The T2W a2

differed from other reoviruses only in 2 areas: one was the region of amino acids 250-350

that contained 4 B-sheets instead of 5 B-sheets found in the prototype reoviruses, and the

other was the region of amino acids 100-150, which had no B-sheet similar to T2J in

contrast to the one B-sheet found in TlL and T3D (Figure 6.48). The T2W oNS protein

showed 3 minor variations in the predicted secondary structure compared to other

reoviruses: less o-helix in the region from amino acids 230-300, one longer a-helix

between 2 B-sheets of amino acids 310-320, and more B-sheets between amino acids325-

340 (Figure 6.4C). The T2W o3 protein predicted secondary structure had 4 deviations

compared to the prototype reoviruses, one longer c¿-helix region between amino acids 1-

50, an a-helix and B-sheet part between amino acids 110-120,4 p-sheets and 2 c¿-helixes

between amino acids 170-250, and one B-sheet and cr-helix part between amino acids

300-350 (Figure 6.4D).

6.2.5. Confirmation of predicted reovirus T2W o protein sequences by mass

spectrometry: Mass spectrometry was used to analyze the amino acids of reovirus T2W

proteins oI, o2 and o'3 and compare them with the same proteins of reoviruses TlL and

T3D. The o1 proteins of the three reoviruses were distinctly different (Figure 6.54).

Profound, Moverz and ExPASy (Wilkins et a1.,1997) database searches were used to

identity each peak in each separation and identities of many peaks were confirmed by

tandem mass spectrometry. Peptides identified by MS and MSiMS were located within

the T2'W ol sequence to confirm the nucleotide-deduced sequences (Figure 6.34). These

156



Figure 6.4.

A (o'l).

't2w.

T1L.

TzJ.

T3D.

B (o2).

1-2\\:.

T1L.

T¿J.

' 
lllil ,Jìllli il 

' 
r ' *,,,,,, ,, **

'', 
*' llllllll

u 
illil 

,ïilil , ilr il r il ililr ilr il rilfl ril rilr 
llllllll

5t IBB r5B ?øø ?5ø 3øø 358 4Bø

llllll, illllllllllll

lililrï1ilil1tilil

ililililillil|il|illll ill,llilitilililil

til1illi'Ilililillt

illll 
'' 

*,'' *, **,'. ,,i lill 
''', 

,,,1 r * rr * r rril ' llllll u* 
'r'r*

ilililtililililtililil llill 
il ilil,il ilil rilrililr ilr llll ìilr ilrl il il r ilil 

, 

ilil ilr r ilil 
, llllll 

ilil ilil r, ilililr

5ø I øø r 50 2øø e50 388 358 4øø 450

lllrrl.illllllllilllllllt rlll l,illllilllllll

illlil.illilililiilllill1.riltliillltililil

tiililililililìffiilil lllill ll ilr ilr til*rr ' ,, lllillr,,,'* *u,,,, u,,,r, ,,*' 'l,,'. 
** ,,,,, 

',

lilll llllllilllllliil ll lillil ll lll I llll lllllrllll lll ll 
lllilllllill, 

llr lllllll il lllilllll lllllll 
,llll 

llllll lll lr 
,lr

58 tøø 15ø ?øø e5ø 3øS 358 4øø 45S

illll lilllllillllllllilillllrll llllllllllllilllll

ilIrr.lllilil'illlllliliiililrl iilllllilillililli

lllil 
' 

ilil illllillillillililllll ,l 

'* '' 'l', 
* 

'r 'r 
i'il llillllll r ,,' ,,i, , ,*' *,',,,i, ,, ,,ll ,, .,i, l,,,Jr,* ,,,

lillil ' ilï i llllillillilillilllll 
rr rrrr 

' 
rrrr il rrr 

'u 

rrril

I ll lllllu," 
ilil | rililil llilililil il ililll il ilï 

ïr1 
ril ilr ilr,

5B tøø t5ø 2øø ?Sø 3øS 35ø 4øB 45ø

lllllliìtÌliillll l, ,'',,,'' "'* liìllllill ilillil ,,,,lllliillliillllil'lllliiliill,*,,,,,,'','''';,lliliililillilliiliillllillill,,llÌlli
,,,lllliiiìlitilll I rililril rilil,ril 

lrliltil ililill
* 

lillifliliili||il, ilxrrriillril 
ilii ii llii iir l,' lllllili:lil lllliillliillllii l ill , iii

59 røS 15S 2øø ?59 3øø 35ø 4øø

lrt,,, lllliiilliillll, ilr,,,,rllr rt,,,,,tttu,, ltl, 
jiliil 

n,,,,ililiil ' lllliililiïiilil' ill,lilliill' *, ,,''' ** ,,' ,,, , lliliiliiliil

lllliili:Ëlrillll'l',{iþ:-lilli
ru 

lllliil jliilill.ll 
,nil'u rilil 

.il 
lrült il rtlllit ,,il 

llililllliillilll , llil,illillrrr rilr rrril rrrrrr rrrir rrr I 
lllllllilll

5ø t09 lss ?øø e50 3øø 35ø 4øø

u lllliii iliillll ill rrrrr rr rurl ru liili ililill

llliillliiliilill'll-tn--lliil'
lil*ïllií",lilllll"lil"1llllr lr'"illlll'ttt"llil['':llliil

5ø rgø tss ?øg es8 3øø 35ø 4øø

* liillll ilrliil'll, ''', *,' 
'' 

llllll, llllill

iiliilllliiliiliþl.ilt''.lilli
rril 

lilllll il,riil,ll, 
rrrrrr rr *'' 

,* lllillu llillll
il 

iilliillililiilr, llilllillll* 
*' "r il'il ilrir il ¡ 

:llillllliil

50 Løø tsg ?øø e5ø 3øø 35ø 4øø

T3D.

157



C (oNS).

'r2w.

T1L.

T2J.

T3D,

D (o3).

TI L.

TzJ.

T3D.

iiìiiil ,,,, liliiiiiiil
lillill,,,lilililffll,,lillil,,,lliil,,illill,

ii:iiil rrrrlllii;:iilil rllltlll lillillill llllll lllll lllll¡

il l,'' * ' lll' ilr

Illlil ilr illll ilr

Figure 6.4. Secondary structure predictions of o proteins of reovirus T2W.

Comparisons of secondary structure predictions of o,1 protein of reovirus T2W and the 3

prototype strains T|L,TZJ and T3D. Secondary structure predictions made with Network

Protein Sequence Analysis (Combet et a1., 2000); A (ol protein), B (o2 protein), C (oNS

protein), and D (o3 protein); tall vertical lines (cr-helix), medium lines (B-sheet), and

short lines (random coil).
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confirmatory peptides were located throughout the T2W ol sequences, from amino acids

6I to 420, and accounted for 138 of the 447 amino acids (30.9olo protein coverage).

Previously determined T1L and T3D o'1 protein sequences were also confirmed by this

approach (Table 6.2A).

Tryptic peptide spectra of the TlL, T2W, and T3D o2 and o3 proteins (Figure 6.58

and C) also showed some differences, but far less than the o'1 proteins, in keeping with

the greater predicted o'1 variability (Figure 6.54). The T2W o2 and o3 tryptic mass

spectra were also used to locate peptides throughout the T2W o2 and o-3 sequences

(Figure 6.28 and D). Because it is a non-structural protein, I was unable to use this

approach to confirm the T2V/ 53 gene and o'NS protein.

Full discussionfor the experiments and results is in Chapter 7. Here I can make the

following conclustons

6.3. Conclusion.

1. Reovirus Type2Wimipeg (T2W) is a new typeZvirus, as confirmed by the

higher identity of the S1 gene to other serotype 2 reoviruse S1 genes.

2. The T2W Sl and 54 genes are most similar toT2I,but T2W 52 and 53 genes are

most divergent from T2J.

3. T2W is a novel reovirus because all S genes differ from previous reported reovirus

strains.

4. The virus o protein sequences were also analyzedby mass spectrometry and

further confrrmed this reovirus is a new type2 virus strain.

(One article was written from some of this research and acceptedby Virus Genes îor

publication; to appear in October 2006 issue).
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Figure 6.5.
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Figure 6.5. Tryptic mass spectrometry of T2W o proteins. Comparisons of tryptic

mass spectrometry of T2W, TlL, and T3D o1 proteins (A), o'2 proteins (B), and o-3

proteins (C). Each virus was extracted from 6x108 infected cells purified in CsCl

gradients, viral proteins resolved by SDS-PAGE, and the o1, c2, and o'3 protein bands

excised and subjected to in-gel digestion with trypsin. Spectra were acquired on a

prototype MALDI-Qq-TOFMS.
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Chapter 7. DISCUSSION.

There are fwo major purposes of the research in this thesis: the cellular response to

reovirus infection, especially tumor supressor p53 and p53-related proteins, and further

understanding of reovirus replication by molecular biological methods. The experiments

showed that reovirus induced apoptosis or cell arrest in different cell types, and cellular

protein GADD45cr was induced to express by reovirus infection. GADD45cr siRNA

could inhibit expression of GADD45 protein and decreased the level of reovirus

replication. Then I used reoviral siRNA to test whether the technical method could

interfere with reovirus replication; and used the transfection methods to transfect reoviral

core particles into cells in order to examine the hypothesis that transfection could

enhance reovirus core particles entering cells and increase virus replication. Furthermore,

a new type 2 reovirus strain T2W was sequenced to analyze the difference of the S genes.

7.1. Reovirus induced apoptosis or cell arrest and cellular responses.

7.1.1. Reovirus can induce cell apoptotic change or cell arrest in different cell lines.

Reovirus induces programmed cell death (apoptosis) in a wide variety of cultured cells in

vitro and in target tissues in vivo, including the heart and central nervous system (CNS)

(Tyler et al., 1995; Clarke and Tyler, 2005). Reovirus induced cell apoptotic changes

differ in genetics of strain-specific characterization. T3 prototype strains Abney (T3A)

and Dearing (T3D) can induce apoptosis more efficiently than the serotype 1 strain Lang

(T1L) in cell culture (Tyler et al., 1995). Analysis of reassortant viruses that contain

mixtures of gene segments from TlL and T3D indicate that the viral Sl gene is the

primary determinant of differences in the efficiency of apoptosis induction exhibited by

these strains inL929 (Tyler et a1.,1995), MDCK (Rodgers et al., lg97) and HeLa cells

(Connolly et al., 2000). The M2 gene encoding ¡rtl¡r1C (a virus major outer capsid

protein) also functions on the efficiency of apoptosis induction (Rodgers et al., 1997;

Tyler et al., 1995). The mammalian reovirus strains Type 1 Lang (T1L) and type 3

Dearing (T3D) were used to infect three cell lines (MouseL929 cells, Monkey Vero cells

and Human lung carcinoma cell lines (H1299). My results confirm these reoviruses can

induce apoptosis inL929 cells (Figures 3.1 and 3.2) and also indicate apoptosis occurs in

Vero cells (Figure 3.2). The apoptotic cells showed shrinkage, rounding, no normal cell
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structure and phenomena, and detachment from the plates as in other reports (Tyler et al.,

1995). However, anHl299 cell line that is p53-null was also tested to determine the role

of p53 in cell response. After reovirus infection, H1299 cells became larger in size

(Figure 3.2), and the cell numbers decreased compared to the mock control (Figure 3.3).

These results indicate H1299 cells arrest after reovirus infection. Reovirus induced cell

arrest was also seen in other cell lines C127, MDCK, HEK293 and Hela cells (Poggioli,

et al. 2000, and 2002). These data indicate that reovirus infection of cultured cells results

in different response of cells depending upon the cell type. However, the virus replication

inL929 cells or HI299 cells was similar and reached very high level by 72 hours post-

infection. This means that reovirus infection and replication in the different host cells

does not depend strictly upon whether the cell undergoes apoptosis or arrest, and that p53

has little (if any) effect upon reovirus replication, but that p53 is associated with

apoptosis (Ko and Prives, 1996; Vousden and Prives, 2003).

7.1.2. Role of p53 on reovirus infectÍon. As a step in investigating the molecular

events implicated in reovirus-induced cell death or cell arrest, I focused first on the role

of p53 pathway |nHl299 cells. The tumor suppressor protein p53 is an essential

component of an emergency stress response that prevents the growth and survival of

damaged or abnormal cells (Fridman and Lowe, 2003). p53 is a transcription factor

acting as a major mediator of either growth arrest or apoptosis (Ko and Prives, 1996). p53

activates the expression of several downstream target genes including the proapoptotic

bax (Myashita and Read, 1995), pZl (an inhibitor of cyclin-dependent kinases (CDKs)

(El-Deiry ef a1., 1993), mdm2 (Momand et aL., 1992), and GADD45 (growth arrest and

DNA damage) (Kastan et al., 1992). There are several reports that some RNA virus

infections such as HIV (Gaeden and Morrison, z}}5),Influenza virus (Turpin et al.,

2005), rubella virus (Megyeri et al., 1999) and HCV (Siavoshian et al., 2005) can induce

p53 participation in multiple cellular processes of apoptosis. It is not known whether p53

has some function on reovirus induced apoptosis. So a stable HT299 cell line was induced

to transcriptionally express human wild{ype p53 (Chen et al.,1996) to check functions

of p53 on reovirus infection. During experiments, the cells were induced to express wt-

p53 by withdrawing tetrocycline in the media and then infected with reoviruses TlL or

T3D. The results showed that p53 expression did not affect virus replication, and the
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virus titers were not obviously different in the cell culture no matter p53 presence (Figure

3.3). Reovirus infection also did not induce the expression of p53 protein (Figure 3.6, and

3.8). These results indicate that reovirus infection did not induce p53-participated

apoptosis or cell arrest. There may be other cellular pathways play roles in reovirus

infection.

7.1.3. The number of reovirus particles during infection affects reovirus induced

apoptosis. Generally a very large amount of reovirus (MOI:100 PFUicell) has been used

to trigger apoptosis (Tyler et al., 1995) and experimental results presented in the current

thesis also confirmed the reaction. However, reovirus naturally infects host cells at much

lower MOI. Therefore, it was important to determine how cells behave with smaller

(more physiologically relevant) doses of reovirus. I used th¡ee doses of reoviruses

(MOI:I00, 10 or 0.5 PFU/cell) to infect L929 cells, Vero cells or H1299 cells. The

results showed that reoviruses could also induce apoptosis inL929 and Vero cells when

the cells were infected with reoviruses at dose of MOI: 10 PFU/cell (Table 3.2) (Figure

3.3). This was very similar to the cell reaction when infected with dose of MOI:100

PFU/cell (Table 3.2) (Figures 3.2 and 3.5). But reovirus infection at dose of MOI:0.5

PFU/cell did not induce apoptosis. Therefore, reovirus-induced apoptosis depends upon

doses of virus infection. A larger amount of reovirus (MOI > 10 PFU/cell) induces

stronger stress to the cells and results in cell apoptotic response in the early period of

infection (36 hours PI). Smaller amounts of reovirus caused CPE in the infected cells at

laterperiod (after 48 hours PI); and the CPE was not apoptosis. For H1299 cells, different

doses of reovirus infection (MOI: 100, 10, or 0.5 PFU/cell) did not cause cell apoptosis.

However, a larger amount of reovirus infection (MOI > 10 PFU/cell) caused the cells to

arrest much stronger than the dose of MOI= 0.5 PFU/cell. The cell numbers in the groups

infected with doses of MOI > 10 PFU/cell were much less than at MOI:0.5 PFU/cell.

These results indicate that larger amounts of virus contacting and entering cells give the

cells strong signals and suddenly change the cellular conditions, and the cells must make

all necessary changes and responses to virus infection immediately; furthermore these

result in the cells change the expression of some specific genes and result in arrest or

apoptotic responses to reovirus infection.

7.1,4, Expression of cellular proteins in reovirus Ínfection. During reovirus-induced
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apoptosis, a variety of cellular pathways stimulated to change cell reaction and cellular

gene expression have been confirmed. Until now, reovirus infection is known to be

involved in activation of cellular proteins such as cellular transcription factor NF-rcB

(Connolly et al., 2000; Clarke et al., 2003), TRAll-apoptotic pathway (Clarke et al.,

2000;2001), JNK and c-Jun, and mitochondrial signaling system (Rodgers, et al1997;

Kominsky et a1.,2003a; 2003b). Using DNA microarrays, over cellular 20 genes were

found to change their expression after or during reovirus induced apoptosis (Poggioli et

a1.,2002: DeBiasi et al., 2003). It is also important to know whether more cellular genes

could be activated in the process of reovirus-induced cell responses. In the experiments,

two sets of human multi-probe template kits: human stress -1(hstress-1) and human

apoptosis-3 (hAPO-3) were used to detect the transcription level of cellular gene mRNA

by RNA protection assay (RPA). When infected with reoviruses T1L or T3D at dose of

MOI= 100 PFU/cell, GADD45a,p2I, Bax, and mcllgene RNAs were induced higher in

TIL and T3D than the control from 8 to 24 hours PI, and p53 mRNA was not detected in

L929 cells (Figure 3.64). InHl299 cells there was one more gene (c-fox mRNA)

induced to transcribe in addition to GADD45a,p2l, Bax, and mcll genes (Figure 3.68).

However, bcl-x RNA of the cells infected with T3D was induced much higher than the

control, but bcl-x RNA was inhibited in the cells infected with T1L from 8 to 36 hours PI

(Figure 3.68). Other genes such as Caspase-8, FASL, DR3, TRAIL, TRADD and RIP

were not induced to increase inL929 or H1299 cells infected with reovirus TIL or T3D

at 8 or 16 hours PI (Figure 3.94). Some other genes such as FADD, FAP, FAF, RIP and

bcl-2 gene mRNA (also in hstrees-i and hAPO-3 multi-probe template sets) were not

detected after reovirus infection by RPA (Figure 3.98). The results indicated that reovirus

induced apoptosis or cell arrest would trigger some cellular pathways to respond. These

indicate that different cells show different reactions, induced by different cellular proteins

during reovirus infection. Some cellular genes that may be expressed by induction of

reovirus also depend upon the cell types. Interestingly, reovirus infection can induce the

expression of some p53 target genes such as pLl,bax, and GADD45a (Figure 3.6) and

these gene expressions could result in the cell arrest or apoptosis. Therefore, the

expression of GADD4 5o., pTl or bax in reovirus infection is not regulated by a p53

dependent pathway; and these phenomena of p53-independent expression of GADD45c¿
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(Jin et a1.,2000), p21 (Alpan and Pardee, 1996; Zeng and EJ-Deiry, 1996) are also

observed in cell arrest or apoptosis induced by specific stress. There must be other

pathways regulating the reaction of these genes in the infected cells. Furthermore, the

difference of Bcl-x expression in H1299 cells infected with T1L or T3D and no

expression inL929 cells, indicates that the different cells show different reactions during

reovirus infection.

7.1.5. GADD45c¿ response in reovirus infection. Growth Arrest and DNA Damage-

inducible gene 45a (GADD45cr) is a cell cycle regulator, which encodes a protein that is

induced by genotoxic and certain other cellular stress (Smith et al., 1994). GADD45c¿

protein is able to associate with multiple important cellular proteins, including

proliferating cell nuclear antigen p21 (Kearsey et al., 1995), CdcZ (Zhan et al., 1999),

core histone (Carrier et al., 1999), and MTKI/MEKK4 (Takekawa and Saito, 1998).

More findings suggested that GADD45 is involved in the control of cell cycle checkpoint

(Wang et al.,1999) and apoptosis (Harkin et al., 1999). Therefore, GADD45 appears to

be an important player in maintenance of genomic stability. The experiments here

showed that reovirus induced apoptosis inL929 cells and Vero cells or cell arrest in

H1299 cells definitively stimulated the transcription of GADD45c¿ mRNA (Figure 3.6)

and expression of GADD45a protein (Figure 3.11). The response of reovirus induced

GADD45c¿ was correlated to reovirus induced apoptosis or arrest, and depends upon the

dose of reovirus infection. Doses of reovirus of MOI ì 10 PFUicell induced apoptosis or

arrest, and induced the expression of GADD45c. GADD45a was not detected in cells

infected with reovirus at MOI: 0.5 PFU/cell and apoptosis or arrest was also not detected.

The GADD45cr protein was not expressed in the L929 cells orHl299 cells treated with

lfV-inactivated reovirus even at a dose of reovirus particles equal to MOI:100 PFU/cell

(Figure 3.12). This means a larger amount of living reoviruses enter the cytosol and

trigger the expression of GADD45cr, and the induction of GADD45cr is not stimulated by

the reaction of reovirus with cell receptors. The expression of GADD45a is induced by

reovirus infection, and the expression showed time and dose dependent pattems.

Therefore GADD45cr plays some important roles during reovirus infection by controlling

cellular gene activities and stopping the replication of cells; that may set up some suitable
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environment and conditions for reovirus replication and for cell protection to reovirus

invasion. The expression of GADD45o is one of the important cellular factors

responding to reovirus infection.

7.1.6. Regulation of GADD4Sa response in reovÍrus infection. It has been shown that

induction of GADD45 after DNA damage is mainly p53-dependent in human and murine

cells, and the increased expression of GADD45c¿ occurred in the wild-type p53 cells;

and no GADD45a and GADD45cr-mediated G2lM was observed in p53-null Li-

Fraumeni fibroblasts or in normal fibroblasts coexpressed with p53 mutants (Kasfan et

aL,1992; Wang et al., 1999). However, there are also several reports that indicate that

some inducers induce GADD45a in the absence of activated p53 (Jin et al., 2000;

O,Reily et al., 2000); and p53-dependent and -independent mechanisms have been

reported to play a role in the regulation of GADD45 expression (Lakin and Jackson,

1999). Recently some research showed that NF-rB pathway functioned on the expression

of GADD45a (Chen et a1.,200I;Zelbinietal.,2004; Thyss et a1.,2005). In our

experiments, we detected that during reovirus infection the expression of GADd45cr was

induced and the expression of NF-rcB was also induced; the pattems of GADD45cr and

NF.rcB expression were similar and NF-rB was expressed earlier than GADD45cl.

However, these results showed that contradictory reactions about the NF-rcB regulate

expression of GADD45o. Some reports showed that NF-rc8 could positively regulate the

expression of GADD45c under UVB irradiation (Thyss eT a1.,2005). Arsenite treatment

inhibited expression of NF-rcB and can enhance the expression of GADD45o (Chen et al.,

2001), and Zernini et al. (2004) also reported that NF-rcB mediated repression of

GADD45c¿ and y is needed for cancer cell survival. My results showed that p53 protein

was not detected (Figure 3.6), but GADD45cr was highly expressed in reovirus infection.

This means the induction of GADD45a is not regulated by p53 (p53 independent

pathway) for reovirus induced cell reaction. Reovirus infection can induce the expression

of NF-rcB (Connolly et al., 2000). I detected NF-rcB and GADD45 proteins in the cells

infected with reovirus at dose of MOI:10 PFU/cell by Westem blotting. The expression

patterns of NF-rB subunit p65 and GADD45c¿ were induced similarly, and the NF-KB

subunit p65 protein was expressed earlier than the GADD45cr in general (Figure 3.15). It
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is possible that the expression of GADD45cr induced by reovirus infection at larger doses

is related with NF-rB signaling pathway induced by reoviruses. The expression of NF-

rcB could result in the activation of sets of cellular proteins including GADD45cr protein

that NF-rB regulates. However, there may be other pathways to regulate the expression

of GADD45c¿ in reovirus infection because the UV treated reovirus did not induce the

expression of GADD45a protein in these experiments, and the expression of NF-rB is

activated by the binding of reovirus to the cell receptors (Connolly et al., 2000).

7.1.7. GADD4So expression on reovirus ¡eplication. siRNA can be used to silence

gene expression in a sequence-specific manner and the application of siRNA in mammals

has the potential to allow the systematic analysis of gene function (Dykxhoorn et al.,

2003). In order to further understand the function of GADD45a on reovirus replication,

because GADD45c¿ can induce cell G2lM arrest, which makes suitable conditions for

virus growth, GADD45o siRNA was transfected into L929 cells orHI299 cells. The

transfected cells affected reovirus replication. The virus titers in the transfected cells were

lower than the controls and the siRNA from different species at 36 and 48 hours PI

(Figure 3.13). By GADD45cr protein detection, GADD45cr siRNA can inhibit the

expression of GADD45a (Figure 3.14). The inhibition of GADD45c by siRNA partly

decreases the replication of reoviruses. This seems transcient; the viruses can adapt to the

condition of lower GADD45o level and possibly by activating other pathways for

replication, so that reovirus replication increases after 48 hours PI and reaches normal

levels at 72 hours PL The results also indicate that the expression of GADD45a protein

can improve reovirus replication by stopping the cell cycle replication.

7.2. Function of siRNA on reovirus replication:

ln many eukaryotes, double-stranded (ds) RNA inhibits gene expression in a sequence-

specific manner by triggering degradation of mRNA. This effect is referred to as RNA

interference (RNAi). Genetic and biochemical studies have revealed that RNAi is a very

complex reaction, involving many different proteins of mostly undefined functions

(Sharp, 200I). Over the past 5 years, RNA interference has emerged as a natural

mechanism of silencing gene expression. Artificial introduction of siRNA duplexes into
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cells can thus silence the expression of selected genes and a number of methods have

been developed for getting siRNA of a desired sequence into target mammalian cells.

The two most commonly used are to transfect in synthetic short double-stranded RNA

molecules of the desired sequence, which then act to engage zuSC directly (Elbashir et al.,

2001). Alternatively, expression vectors can be introduced into cells, either by

transfection or the use of virus, which direct the production of short hairpin RNA

sequences that are then processed into siRNA within the cell by endogenous enzymes

(Brummelkamp et a1.,2002; Paddison et a1.,2002). The functions of siRNAs have been

used to inhibit virus growth or replication successfully as summarized in the introduction

(Chapter 4.1), In the experiments of siRNA to inhibit reovirus replication, two sets of

siRNAs that are a part of the gene sequence of reovirus RdRp or the M2 gene of reovirus

major outer capsid protein were selected. The design of the siRNAs was based upon

"rules"; that the GC content of the siRNAs should be kept between 30-70% andhave a2

nucleotide 3' overhang of uridine residues, and 5'-phosphate and 3'-hydroxyl groups for

efficiency (Agrawal et al., 2003). Neither set of siRNAs could inhibit reovirus replication.

The titers of two reovirus strains T1L and T3D in the siRNA-transfected cells were not

decreased as we would expect. The efficacy of siRNA-mediated suppression of gene

expression depends on a number of factors, including not only the chosen siRNA

sequence but also the structure of the siRNA, and the receptiveness of the cell type to

siRNA uptake (Kim et a1.,2005; Siolas et a1.,2005). The results of my experiments

indicate that reovirus replication is a complicated process, and to date, there are no

successful reports about reovirus siRNAs. However, the complex of siRNA on rotavirus

replication can give some ideas. Especially for rotavirus, that also belongs to f the

Reoviridae family, there have been several reports that siRNA of rotaviral proteins VP4,

VP7, NSPI, NSP4 and NSP2 could inhibit the expression of their target protein and

decrease virus replication (Dector et al., 2002;Lopez et a1.,2005; Silvestri et al., 2004;

Silvestri et aL.,2005). More interesting, different rotavirus siRNA showed different

function. VP4 siRNA can inhibit the production of infectious viral progeny that are triple-

layered virus particles (Dector et a1.,2002). Rotaviral gene 5 encoding NSPI (an

nonessential protein) siRNA did not reduce infectious virus particles (Silvestri et al,.

2004). Rotaviral gene 8 (encoding NSP2 being a component of viral replication factories)
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siRNA can inhibit NSP2 expression and resulted in inhibiting viroplasm formation, gene

replication, virion assembly and synthesis of the outer viral proteins (Silvestri et al.,

2004). Rotaviral gene 9 encoding VP7 (outer capsid protein) siRNA can also inhibit the

production of infectious virus progeny (Silvestri et al., 2004;Lopez et al., 2005).

Rotaviral gene 10 encoding NSP4 (a rotavirus glycoprotein) siRNA knocked out NSP4

expression and had no marked effect on the expression of other viral proteins or on the

replication of the dsRNA genome segments, but suppressed viroplasm maturation and

caused a maldistribution of nonstructural and structural proteins resulting in inhibition of

packaged virus particle formation (Silvestri et al., 2005).

In 2000, Svoboda, et al. used synthetic 650bp long dsRN As of Mos or Plat genes to

inhibit targets in mouse oocytes and effectively suppress gene expression (Svoboda et al.,

2000); and Wianny, et al. also reported that they injected over 550bp long dsRNA of C-

mos or E-cadherit? genes containing GFP into the preimplantation embryo and it caused

specific inhibition (Wianny et al., 2000). There have been reports of the specific

inhibition of long dsRNAs on target genes in undifferentiated mouse embryonal stem

cells (Yang et al., 2001), undifferentiated embryonal carcinoma cells (Billy et al., 2001),

differentiated mouse neuroblastoma cells (Gan et aI.,2002), human peripheral blood

mononuclear cells (Bhargava et a1.,2004), rat hypothalamas (Yi et aL.,2003) and muscle

cells (Kong et al., 2004). Haase et al. (2005) found that TRBP, a regulator of cellular

PKR and HIV-1 virus expression, interacted with Dicer and functioned in RNA silencing.

Full length dsRNA triggering sequence-specific mRNA degradation is very interesting

and may have a wonderful future. I here transfected full length reoviral dsRNAs into

mouse L929 cells or human H1299 cells directly, and the transfected cells were infected

with reovirus TIL or T3D. The reoviral long dsRNAs could inhibit reovirus replication

and virus titers were decreased by 3-10 fold (Figures 4.3, and 4.4). The inhibition of

reovirus replication also appeared in cells transfected with different dsRNA parts of

reovirus genomes (Figure 4.6). The inhibition was not influenced by different amounts of

dsRNAs (Figure 4.5); however, the dsRNA suppression depended upon subsequent

infectious doses of reovirus; and reovirus could replicate a little when the transfected

cells were infected at alarger amount (MOI:1OOPFU/cell) (Figure 4.7).
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There are some different ideas about the inhibition of long dsRNAs on target genes

that are specific RNAi inhibition or unspecific interferon function. Long double-stranded

RNA (dsRNA more than 30 bp) triggers the response of non-specific interferon and by

activating protein kinase PKR, which phosphorylates the translation initiation factor

elF1o. and leads to a global inhibition of mRNA translation (Stark et al., 1998).

Furthermore, some investigations found that double-stranded (dsRNA) (Alexopoulou et

aL,2001) and single-stranded RNA (ssRNA) (Diebold et aL.,2004; Heil et a1.,2004;

Lund et aL.,2004) can stimulate innate cytokine response in mammals; few studies have

questioned whether siRNA may have a similar effect on immune system (Kariki et al.,

2004; Sioud et a1.,2003). However, Heidel et al. (2004) found that naked synthetic

siRNA down-regulated an endogenous or exogenous target without inducing an

interferon response. Judge et al. (2005) reported that synthetic siRNA stimulated the

sequence-dependent response of mammalian innate immune system; and they also found

the putative immunostimulatory motifs that allowed the design of siRNAs that can

mediate RNAi but induce minimal immune activation. Stein et al. (2005) found that long

double-stranded RNA triggered absence of non-specific effects of RNA interference in

mouse oocytes by analyzing the global pattern of gene expression with microarray

analysis. Wen et al. (2005) reported that down-regulation of specific gene expression by

long dsRNA induced neural stem cell differentiation in vitro. Robalino et al. (2005)

found that double-stranded RNA induced sequence-specific antiviral silencing in addition

to nonspecific immunity in a marine shrimp. Reovirus infection could trigger the

expression of non-specific interferon; and this stimulated response of interferon depends

upon the difference of reovirus strains that reovirus strain T3D can induce more

interferon expression than the strain TlL (Farone et al., 1996).In cardiac myocyte

cultures, reovirus induction of IFN-B is determined by viral core proteins and inversely

correlates with the capacity of viruses to induce CPE in vitro and myocarditis in vivo

(Sheny et al., 1998); also reovirus strains TlL or T3D differed in the extent to which

their replication is inhibited by interferon (Jocobs and Ferguson, 1991). There were

several studies demonstrating that reovirus replicated efficiently in interferon-treated

cells despite activation of antiviral effector enzymes (Danis et al. 1997; Feduchi, et al.,

1988). In my experiments, reovirus long full length dsRNA can positively inhibit reovirus
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replication and the function did not show difference between reovirus strains TIL or T3D.

Furthermore the purified reoviral L, M and S gene dsRNAs also performed the inhibition

on reovirus replication. All these differed with the reovirus-induced interferon function

so that full-length reovirus genomic dsRNA may be a siRNA function in my experiments.

7.3. Infectious entry of reovirus cores into mammalian cells enhanced by

transfection:

Transfection has been reported to enhance replication of some viruses in different ways.

For example, complexing virus particles with lamellar liposome have increased the

effîciency of productive poliovirus (V/ilson et a1.,7977) and HIV (Konopka et al., 1990)

infections in non-permissive or semi-permissive cells. In addition, Lipofectin enhanced

the infectivity of cypovirus particles in cultural insect cells by more than 7 fold (Hill et al.,

1999). This thesis reports reported here that two transfection methods (Lipofectamine

2000 method and Calcium phosphate method) can convert the non-infectious,

transcriptionally active reovirus core into particles that are as infectious as fully

functional virions in at least two different cell lines.

These findings indicate that reovirus core particles contain all the necessary

information for progeny transcription and replication. This has been inferred from

observations that microinjected core particles can sustain a full replication cycle (Moody

and Joklik, 1989). The results of transfection with lipofectamine reagents further confirm

and extend the previous reports observation of reovirus core replication by micro-

injection. ln addition, microinjection is a tedious process not suited to working with large

numbers of cells. The use of transfection reagents, such as lipofectamine reagents or

calcium phosphate assists the reovirus care particles to pass the obstacle of cell

membrane and enter the cytoplasm. The two reagents allowed transfection of reovirus

core particles into the cells for replication, but with different efficiencies; Lipofectamine

2000 enhanced the production of reovirus core particles more than 10,000 fold greater

than the non-transfected control group (Figure 5.3), addition of CaPOa increased the

specific infectivity of core particles, but only -300 fold (Figure 5.4). This may be due to

sensitivity of L929 cells to Lipofectimane transfection; I noticed that more cells died in

the CaPO¿ treatments than in lipofectamine 2000 treatments.
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Finally, reovirus oncolysis has been set up and developed for gene therapy to

kill some cancer cells (Hirasawa et a1.,2002; Norman et al., 2002). The added advantage

of being able to significantly increase the specific infectivity of reovirus cores within a

larger population of target cells may greatly increase reovirus oncolysis treatments and

further assist molecular and genetic manipulations.

7.4. Reovirus T2W S gene sequences:

Mammalian reoviruses share a number of common structural characteristics in the

genome comprising 10 segments of dsRNA and in the number and arrangement of

structural proteins within particles (Nibert and Schiff, 2001). The reovirus strain analyzed

here was isolated from the central nervous system of an 8-week-old female infant with a

history of active varicella, oral th¡ush, hypoalbuminemia, intermittent fevers, diarrhea

and feeding intolerance, and this reovirus strain was identified as reovirus serotyp e 2by

virus neutralization and RNA-gel electrophoresis studies (Hermann et al., 2004).

Sequence analyses of the T2W S1, 52, 53 and 54 genes and the encoded o'1, o2, o'NS

and o3 proteins prove that this newly isolated virus is a novel reovirus and not a

reassortant virus that arose from previously identified strains.

The S1 gene segment of mammalian reovirus is bicistronic, encoding both the viral

attachment protein sigma-1 (o'1) and the nonstructural protein (o'1s) from overlapping but

out-of-sequence open reading frames (Ernst and Shatkin, 1985; Nibert and Schiff; 2001).

o'1 is a structural protein located at the icosahedral vertices of the viral outer capsid and

functions as the viral cell attachment protein (Nibert and Schiff. ,2001) and the major

serotype-specific antigen recognized in HAI and NT assays using type-specific

polyclonal antisera (Tyler, 2001). The viral o'1 protein is unique to each prototype of

mammalian reovirus and determines the serotype and also is the major genetic

determinant of neurovirulence in infected mice (Tyler et aI.,. 1986). Sequence analysis of

the T2W Sl genome segment further supports previous observations of the mammalian

reovirus protein o1, including remarkable degree of variation in size, gene arrangement,

and coding potential of polycistronic S-Class genome segments (Duncan et al., 1990;

Nibert eT. a1.,7990). The T2W S1 gene showed far greater similarity to other type 2 Sl
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genes (92% identity to 2N84 and T2N73, and 5Io/o identity to serotype T2J) than it did to

serotype I and 3 reovirus S1 genes (Table 6.14 and Figure 6.14). These data confirm

that T2W did not result from reassortment between any currently known Typel viruses,

Type 3 viruses or Type 2 viruses; it is, therefore, a new serotype 2 reovirus strain.

The 52 gene of mammalian reovirus encodes structural protein o2 andthe o2 protein

interacts with À1 to form the viral core shell (Mustoe et a1.,1978; McCrae and Joklik,

1987). Sequence analysis of the mammalian reovirus 52 gene showed that the gene and

the encoded o2 protein had very high similarity with other reovirus 52 genes. Notably,

approximately 60 nucleotides at the 5'terminus and 30 nucleotides at the 3'terminus

were markedly conserved in the 4 compared reovirus strains (Figure 6.28) that confirmed

previous reports about the high degree of 52 gene conservation of mammalian reoviruses

(Chapell et a1.,1994). Analysis of the TzW 52 gene also confirmed another property of

the 52 gene in nature, both the 52 gene and the o2 protein showed the highest rate of

identity with the three prototype viruses TlL, T2I and T3D among the comparisons of all

4 S genes, with73-75.5% identity in nucleotide sequence of the 52 gene and92.5-95%o

identity in amino acid sequences of the o2 proteins (Table 6.18, figure 6.18). My data of

T2W 52 gene sequence and o2 protein further conf,rrmed that mammalian reovirus o'2

protein, present within the internal capsid is less interfered by cellular factors and

immune system pressure and remains relatively stable.

The complete T2W 53 gene is 1198 nucleotides in length encoding the367 amino acid

long oNS protein and with short noncoding regions of 23 nucleotides at the 5' terminus

and 64 nucleotides at the 3' terminus, identical to reovirus prototype strains TlL, T2J and

T3D (Richardson and Furuishi, 1983; V/iener and Joklik, 1987). The sequence of the

T2W 53 gene and the encoded o'NS protein were different from the 53 genes of each of

the other 20 known reovirus isolates (Goral et a1.,1996), (Table 6.1C, and Figure 6.lC),

further confirming T2W represent a novel reovirus clone.

The 54 gene of mammalian reovirus, the smallest genome segment, encodes o3 that is

a 365 amino acid protein serving as a major constituent of the reovirus outer capsid

(Giantini et al., 1984; McCrae and Joklik, 1987). The 1196 nucleotide length of the 54

gene and the 365 amino acid length of the o'3 protein of T2W were identical in length to
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the 3 prototype reoviruses T1L, T2J and T3D. However, the T2W 54 gene and o3 protein

showed more variability than the 52 gene and the a2 protein with the 3 prototype

reoviruses (Table 6.1D, Figure 6.2D). For example, the amino acids in the zinc-binding

sites (Schiff et al. 1988) of all o3 proteins were very conserved; however, T2W had one

amino acid difference (S5a to A5a) (Figure 6.3). Furthennore, the amino acids in the

dsRNA-binding site of T2W o'3 protein showed more variability, with 3 amino acid

changes (H2a6 to Yzqo,Dzcz to E or A, and Dz+¡ to E2a3) compared to TIL,TZJ and T3D

(Kedl et al., 1995). Whether these differences of T2W 54 gene and o3 protein change this

virus property of infection and replication needs further investigation, but these data

confirm the virus T2W is not a reassortant virus strain.

7.5. CONCLUSION.

The experiments include 4 areas (1) reovirus infection induces the expression of

GADD45o protein; (2) siRNA inhibition on reovirus or GADD45o protein as well as the

affection of these siRNAs on GADD45o expression or reovirus replication; (3) the

function of transfection of reovirus cores on reovirus replication and further to understand

affection of virus outer capsid proteins and the process of the binding to cellular receptors

on GADD45o response; and (4) sequencing the S genes of the new reovirus type 2 strain

T2W to minoter the difference of three serotype reoviruses inducing cell response and

GADD45o expression with molecular virologic methods. The following conclusions can

be derived from these studies:

1. Reovirus infection can induce different cellular responses that depend on the cell

types. InL929 cells and Vero cells reovirus induces apoptosis; however, cell growth

arrest occurred inHl299 cells. Reovirus induced cell apoptosis or arrest also depends

upon the infection éoses of reovirus; the infectious doses must be larger than MOI=10

PFU/cell. The cell response is not induced by reovirus infection at dose of MOI:0.5

PFU/cell.This is the first report that reovirus infection at the dose (MOI:I0 PFU/cell)

can induce apoptosis.

2. The experiments confirmed that reovirus replication is unrelated to the p53

pathway. Reovirus infection does not induce the transcription of p53; and the expression

of p53 in cells also does not affect virus replication.
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3. The expression of cellular genes GADD4ScIrp?l, mcll and bax are induced by

the infection of reovirus strains TIL and T3D. The other genes such as p53, TRAIL,

DR3, caspase-8, RIP, FAS, FASL do not respond to reovirus infection. The expression of

gene Bcl-x in H1299 cells depends upon the reovirus strain: reovirus strain T3D can

positively induce the expression of Bcl-x and reovirus strain TlL may inhibit the

expression of Bcl-x.

4. The expression of cellular gene GADD45c¿ is stably induced by reovirus

infection. This expression corresponds with the cell responses to reovirus infection,

and also is decided by the infectious doses of reovirus (MOI >10 PFU/cell). UV-

inactivated reovirus particles do not induce the expression of GADD45cr.

5. The expression of GADD4Sa is regulated by NF-rB pathway in reovirus

infection. However, there are still other pathways to regulate GADD45cr expression

because dead reovirus does not induce the reaction. hhibition of GADD45cr expression

by siRNA can affect reovirus replication and decrease the virus titers at 36 and 48 hours

PI.

6. Two sets of tested reovirus siRNAs did not inhibit reovirus growth. It is possible

that the selection of these parts of siRNAs was not satisfactory or the siRNAs did not

function on virus replication. This indicates that siRNA function is very complex.

However, long full-length genomic reovirus dsRNA could inhibit reovirus replication;

and all of reovirus S, M and L genomic dsRNA fragments could have inhibiting ability,

indicating that dsRNA could preform special inhibition as one of the siRNA functions.

7. Purified reovirus core particles were not infectious when directly added to cells.

Transfection reagents enhance core particle entry into cells and the core can

replicate to reach almost same level of viruses as reovirus virions.

8. Reovirus Type 2 Winnipeg (T2!Ð is a new type 2 virus, as confirmed by the

higher identity of the S1 gene to serotype 2 reoviruse S1 genes. However, The T2W 52,

53, and 54 gene are divergent from other reovirus. T2W is a novel reovirus because all S

genes differ from previous reported reovirus strains.
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7.6. FUTURE DIRECTIONS.

7.6.1. Function of GADD45a on reovirus infection: In this research, reovirus infection

at the dose of MOI >10 PFU/cell can induce apoptosis or cell arrest. These cell responses

are not related to p53 protein, so these reactions involve p53-independent pathways. The

expression of GADD45c¿ that is induced by reovirus does not differ between the TlL and

T3D reovirus strains. GADD45cr siRNA can inhibit reovirus replication. This thesis

answers some questions, but also opens some important research areas for further work.

First of all, some stable cell lines in which GADD45a gene would be deleted completely,

or mutated partly (the protein binding sites) could be set up, then infected with reovirus

strains to monitor the virus replication situation. Through these experiments, the function

of GADD45cr on reovirus infection might be better understood. Secondly, it is necessary

to understand which parts of reovirus structures or the process of virus replication is

responsible for inducing the expression of GADD45cr by using drugs and inhibitors (such

as drugs that inhibit virus entering into cells, uncoating or RNA synthesis) to regulate

different aspects of virus replication. Some reovirus /s mutants or reassortant strains may

also be used to test their ability to induce apoptosis or cell arrest, and detect the the

expression of GADD45o'protein. These experiments can further provide some important

information to understand the mechanisms of reovirus induced GADD45cr and cellular

responses.

7.6.2. Cellular response on reovirus infection at small dose (MOI:0.5 PFU/cell): In

the achieved experiments, smaller doses of reovirus infection (MOI:0.5 PFU/cell) did

not induce the expression of GADD45c¿ and no apoptosis could be detected. However,

CPE occurred, and the virus could replicate to reach very high level in cells at the late

period of infection similar to larger doses. Therefore, it is necessary to know whether

there are still some other cellular proteins participating in the process, and what the

proteins do and how they function, because reovirus is a potential oncolysis reagent that

can kill cancer cells in vitro or in vivo. There have been wonderful results of reovirus

killing cancers and oncolytic reovirus has bright future for cancer treatment. An

important question raised by this research is: How many reovirus particles are needed to

treat cancer patients without serious side-effects?
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7.6.3. Relation of the expression of GADD4Sa and/or NF-rB induced by reovirus

infection: In my experiments, reovirus infection could induce GADD45a expression as

well as NF-KB expression. There are some different results about the NF-rcB regulated

expression of GADD45a. Some repofts showed that NF-rcB could positively regulate the

expression of GADD45c¿ under tIV- irradiation (Thyss, et al. 2005). However, arsenite

treatment, which inhibit NF-rcB expression resulted in increasing GADD45cr expression

(Chen et al., 2001). Zernini et al. (2004) reported that knockout of NF-rcB gene would

enhance GADD45a and y expression and they suggested a mechanism of NF-rcB

mediated repression of GADD45o and y for cancer cell survival. In previous reports, NF-

rB was induced to express and resulted in apoptosis after reovirus infection (Connolly, et

al. 2000; Clarke and Tyler, 2005). In my experiments, I found that reovirus infection

induced GADD45o expression and also confirmed NF-rB expression in cells infected

with reovirus. The expression of two proteins GADD45cr and NF-rcB were similar, not

significantly different, during reovirus infection. Therefore, it is necessary to determine

whether NF-rcB regulation effects GADD45c¿ expression during reovirus infection by

setting up some cell lines deleted of NF-rB gene for reovirus infection.

7.6.4. Function of full length dsRNA of reovirus on virus replication: siRNA can

specifically inhibit target gene translation and there have been some reports that long

dsRNA is also involved in the siRNA interference in mammalian cells or embryo (see

Section 7.2).In my experiments, reoviral full length genomic dsRNA could suppress

virus replication. This may have been caused by specific or non-specific affects.

Therefore, this inhibition should be tested for either the specific interference, or universal

interferon function, by detectinginterferon reaction or interference to other virus'

replication. If the inhibition is confirmed to be specific that might be important for

siRNA research on long dsRNA molecular function.

7.6.5. Inhibition of siRNA on reovirus replication: In my experiments, two sets of

siRNA did not inhibit reovirus replication. However, rotavirus siRNA can inhibit

rotavirus replication at different steps of virus life cycle by using different siRNAs (see

section 7.2). If some cell lines inhibiting the specific reovirus protein by siRNA

technique can be established, they could be used to test reovirus replication and
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determine the GADD45cr or other cellular protein responses. These experiments would

provide more information to understand the mechanisms of reovirus infection and cell

protection.

7.6.6. Mapping strain specific difference in Bcl-x expression in Hl299 cells: In the

experiments, Bcl-x was induced to express by reovirus T3D, and inhibited by TlL in

H|zgg cells. There are 10 genomic fragments of reovirus and each of them generally

determines one protein. Different type virus strains exist with difference in genomic and

protein composition. We can use reovirus reassantant strains to infect }11299 cells and

analyze the experession of Blc-x protein inHl299 cells so that the genomic difference

can be mapped out.
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